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ARTICLE INFO ABSTRACT

Editor: Bing Shen Salinity, a key property of watermasses, is difficult to reconstruct in paleodepositional systems, and errors in
assigning salinity facies to epicratonic and marginal-marine deposits may be common. In this study, we evaluate
the salinity conditions of mudstones of the Arroyo Malo Formation (AMF), spanning the Triassic-Jurassic tran-

Boron sition (TJT) of the Neuquén Basin, Argentina. Although the AMF has long been considered marine based on its

Keywords:

B/Ga fossil fauna, we find that three elemental salinity proxies (B/Ga, Sr/Ba, S/TOC) are consistent in indicating
Sr/B:

r/ba . . . . . . tes .

Freshwater dominantly freshwater influence, with occasional excursions to low-brackish conditions. In this context, the
Brackish sparse, fragmented, and poorly preserved assemblage of bioclasts in the AMF do not accurately represent its

salinity facies. We infer that, during the TJT, the Neuquén Basin was largely isolated from the Panthalassic
Ocean, or perhaps intermittently weakly connected to it. The same elemental salinity proxies indicate low-
brackish conditions in a Lower Jurassic unit previously assumed to be marine and fully marine conditions in
Lower Cretaceous mudstone formations of the Neuquén Basin. This trend documents the gradual establishment of
open communication with the Panthalassic Ocean, with fully marine conditions prevailing by the Middle to Late
Jurassic. Standard redox proxies show that the AMF watermass was not markedly reducing, demonstrating that
the impoverishment of the fossil biota was not due to unfavorable redox conditions. These findings demonstrate
that inferences of marine conditions based on fossil content are potentially erroneous, and they emphasize the
general need to make use of salinity proxies in analysis of deep-time depositional systems.

Arroyo Malo

1. Introduction

Salinity is one of the most important properties of a watermass,
controlling its density in concert with temperature and strongly influ-
encing water-column stratification and biocommunity composition.
Evaluation of paleosalinity is essential in marginal-marine and cratonic-
interior settings in which seawater and freshwater meet and mix in
variable proportions (Bhattacharya, 1978). Many salinity proxies have
been developed (e.g., stable isotopes, Anderson and Arthur, 1983) but
few can be applied to bulk sediment. As a result, the assessment of
environmental salinity conditions from the past has increasingly relied
upon the examination of fossils, even with the biases that this approach
can present (Fiirsich, 1994). Recently, however, a set of elemental
proxies consisting of boron/gallium (B/Ga), strontium/barium (Sr/Ba),
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and sulfur/total organic carbon (S/TOC) was developed for analysis of
paleosalinity in mudstone and shale formations (Wei and Algeo, 2020),
and these proxies are beginning to rewrite the history of salinity con-
ditions in many epicratonic watermasses (Remirez and Algeo, 2020;
Cheng et al., 2021; Song et al., 2021; Wei et al., 2022; Gilleaudeau et al.,
2023; Liu et al., 2024).

Interpretation of paleoenvironmental conditions such as salinity in
ancient epeiric seas is constrained by a dearth of modern analogues.
Modern epeiric seas show considerable variation in watermass salinity
as a function of regional climate. The Baltic Sea, located in a humid
climate belt, exhibits a strong lateral gradient in salinity from almost
freshwater conditions in its northern and eastern interior regions (<3
psu [= practical salinity units; Millero et al., 2008]) to intermittently
normal marine conditions around the Danish Straits (~30-35 psu)
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(Voipio, 1981). In contrast, the Persian/Arabian Gulf, located in an arid
climate belt, exhibits surface salinities of 38—-40 psu, with salinities up to
~50 psu in nearshore areas and > 100 psu in tidal-flat porewaters
(Reynolds, 1993; Hassanzadeh et al., 2011). On the other hand, the Gulf
of Carpentaria in northern Australia, which is better connected to the
global ocean than either the Baltic Sea or Persian/Arabian Gulf, exhibits
almost uniformly normal marine salinities, i.e., ~35 psu (Somers and
Long, 1994). However, salinity conditions in modern epeiric seas have
changed frequently in the past owing to sea-level fluctuations, e.g., both
the Baltic Sea and Gulf of Carpentaria experienced a transition from a
freshwater lake environment as a result of rising sea level at ca. 11-9 ka
(Berglund et al., 2005; Chivas et al., 2001). Thus, the evidence from
modern epeiric seas suggests that complex spatio-temporal patterns of
salinity variation may have developed in ancient epeiric seas
(Weckstrom et al., 2017; Reeves et al., 2008).

The Neuquén Basin of Argentina-Chile contains a near-continuous
record of marine and continental sedimentation from the Late Triassic
to the early Paleogene (Howell et al., 2005). The basin experienced
unambiguous marine transgressions from the Panthalassic Ocean during
the Pliensbachian-Bathonian, Tithonian-Berriasian, and Valanginian-
Barremian, resulting in accumulation of richly fossiliferous marine de-
posits (Gasparini and Fernandez, 2005; Riccardi et al., 1999; Aguirre-
Urreta et al., 2011). The Arroyo Malo Formation (AMF), which spans the
Triassic-Jurassic boundary, contains a sparse marine fauna and has long
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been considered to record the earliest marine transgression in the
Neuquén Basin on that basis (Riccardi et al., 2004), implying a
connection with the Panthalassic Ocean (Bechis et al., 2020) and rep-
resenting the only putatively marine record among numerous conti-
nental basins of Late Triassic age in western South America (Franzese
et al., 2003). In this contribution, through the use of elemental proxies,
we re-evaluate the salinity conditions of the AMF, demonstrating its
accumulation under freshwater to low-brackish conditions, and their
implications for the timing of opening of the Neuquén Basin. This study
is an example of the importance of assessing salinity as a proxy for
unravelling the connection of ancient epeiric seas with the open ocean,
as well as to improve our understanding of the initial phases of marine
basins.

2. Geologic setting
2.1. The Neuquén Basin

The Neuquén Basin, located in west-central Argentina and adjacent
Chile (Fig. 1A), represents a thick succession of marine and continental
deposits of Triassic to Cenozoic age (Howell et al., 2005). During the
Late Triassic to Early Jurassic, the southwestern margin of Gondwana
was characterized by an extensional regime, resulting in formation of
multiple rift basins (depocenters) that accumulated thick volcaniclastic
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Fig. 1. (A) Location of the Neuquén Basin and the study area (modified from Schwarz et al.,

2022). 1) Arroyo Malo Formation (Atuel Depocenter), 2) Los Molles

Formation (note: the study samples from this unit are Bathonian in age), 3) Pilmatué Member, Agrio Formation, 4) Agua de la Mula Member, Agrio Formation. (B)
Stratigraphy of the of the Neuquén Basin. Green bars at right show the study intervals. AAM Mbr = Agua de la Mula Member; Pilm. Mbr = Pilmatué Member. (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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and epiclastic continental deposits (Franzese et al., 2003). In the
northern Neuquén Basin (Mendoza Province), the Malargiie-Llantenes
Depocenter accumulated fluvio-lacustrine sediments of the Tronquimal
Group (Artabe et al., 1998), while the Atuel Depocenter hosted the
putatively marine AMF (Spalletti, 1997; Morel et al., 2003; Riccardi,
2019). Subsequently, during the Early Jurassic-Early Cretaceous, the
Neuquén Basin developed into a back-arc basin accumulating interca-
lated marine and continental deposits (Vergani et al., 1995; Howell
et al., 2005). This basin was subject to episodic marine transgressions,
the earliest of which is thought to have been recorded by the AMF
(Riccardi et al., 1997). This formation consists of ~300 m of shale
interbedded with thin beds of siltstone and sandstone, organized into
coarsening- and thickening-upward cycles that were interpreted as de-
posits of a marginal-marine basin proximal to fluvial-dominated slope-
type fan deltas (Lanés, 2005).
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2.2. Ages of study units

Within the Arroyo Malo Formation, the position of the Triassic-
Jurassic boundary has long been based on bivalve, brachiopod, and
ammonoid faunas (Fig. 2; Riccardi et al., 1991; Riccardi et al., 2004),
although it was more recently constrained by the last appearance of
Rhaetian-age bivalves (Septocardia peruviana, Paleocardita peruviana)
and brachiopods (Zugmayerella koerneri), and by the first appearance of
Hettangian bivalves (Palmoxytoma cf. cygnipes, Eopecten cf. velatus, and
Camptonectes? cf. subulatus) and brachiopods (Furcirhynchia cf. trecha-
manni and Lingula cf. metensis) (Riccardi et al., 1991; Damborenea and
Mancenido, 2012; Damborenea et al., 2017). A recent study identified
the Rhaetian taxa Rabdoceras suessi at 73 m and Aulacoceras cf. carlot-
tense at 66 and 73 m, followed by the Hettangian taxa Psiloceras cf.
primocostatum at 188 m and P. cf. polymorphum at 191 and 197 m
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Fig. 2. (A) Paleosalinity proxies (B/Ga, Sr/Ba, and S/TOC) for the TJT Arroyo Malo Formation show a consistent trend toward freshwater conditions with occasional
excursions to low-brackish conditions (biostratigraphy from Damborenea et al., 2017, and Ruhl et al., 2020). P. til. = Psiloceras tilmani, p. = Psiloceras primocostatum).
CIE = Triassic-Jurassic boundary carbon isotope excursion. Paleosalinity proxies for (B) Los Molles Formation, (C) Pilmatué Member (biostratigraphy from Aguirre-
Urreta et al., 2019), P. a. = Pseudofavrella angulatiformis, C. o. = Chacantuceras ornatum, D. c. = Decliveites crassicostratum), and (D) Agua de la Mula Member
(biostratigraphy from Aguirre-Urreta et al., 2019), S. r. = Spitidiscus ricardii, C. s. = Crioceratites schlangintweiti) suggest an increase in salinity that was probably
related to a better connection with the Panthalassic Ocean. Sr/Ba is not displayed in panels C and D due to the large carbonate influence on Sr content.
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(Riccardi, 2019). The characteristic uppermost Triassic 613C0rg excur-
sion, which is located between 175 and 179 m in our measured section
(Fig. 2), helped in refining placement of the TJB at ~183 m (Ruhl et al.,
2020).

The Los Molles Formation is above the Bardas Blancas Formation and
below the Lajas Formation in the study area (Fig. 1). It is barren of
macrofossils, but ammonites have been reported from the upper part of
the Bardas Blancas Formation (Morphoceras sp., Phylloceras sp., and
Lytoceras cf. eudesianum) and the lower part of the Lajas Formation
(Iniskinites crassus, Stehnocephalites gerthi, and Lilloettia cf. steinmanni),
consistent with a middle Bathonian age (Spalletti et al., 2012).

The Pilmatué Member of the Agrio Formation is late Valanginian to
early Hauterivian in age in the study area, as determined from astro-
chronology, U—Pb ages, and ammonite and calcareous nannofossil
biostratigraphy (Aguirre-Urreta et al., 2019). The Pseudofavrella angu-
latiformis ammonite Zone is recognized by the presence of abundant
flattened impressions of Viluceras permolestus near the base of the unit,
whereas its upper part is characterized by the presence of abundant
ammonites defining the Weavericeras vacaensis ammonite Zone (Aguirre-
Urreta et al., 2019). The middle part of the unit yielded a U—Pb CA-ID-
TIMS age of 139.39 + 0.16 Ma (Aguirre-Urreta et al., 2019).

The Agua de la Mula Member of the Agrio Formation lacks
biostratigraphic data in the study area. However, the age of this unit has
been studied in detail at another location (ca. 200 km southward)
through a combination of astrochronology and ammonite and calcar-
eous nannofossil biostratigraphy, and this age framework has been
extrapolated to the present study locale, since the lithology and thick-
ness of this unit is nearly the same in both areas (Remirez et al., 2022a).
Thus, this unit is assigned to the late Hauterivian. The lowermost
ammonite biozone is the Spitidiscus ricardi Zone, as indicated by the
presence of small specimens and flattened impressions of Spitidiscus spp.
near the base of the unit, and the uppermost biozone is the Sabaudiella
riverorum ammonite Subzone, as indicated by the presence of its index
species (Aguirre-Urreta et al., 2019; Marin et al., 2023).

3. Methods
3.1. Sample collection

The present study section (Arroyo Alumbre) at Estancia El Sosneado
(34°49'28” S, 69°53'01” W, Fig. 1) is located in the Atuel Depocenter of
the northern Neuquén Basin. It has been extensively studied with regard
to its paleobiological (Riccardi and Iglesia Llanos, 1999; Riccardi et al.,
1997, 2004; Mancenido and Damborene, 2005; Damborenea and Man-
cenido, 2012; Damborenea et al., 2017; Echevarria et al., 2017) and
sedimentological features (Lanés, 2005; Lanés et al., 2008). For the
AMF, we generated a detailed lithostratigraphic log and collected 130
samples at one-meter intervals in the Arroyo Alumbre section (from 65
m to 193 m above the section base; Fig. 2). We also collected 10, 11, and
11 samples from three auxiliary units: (1) the Lower-Middle Jurassic
(Pliensbachian-Callovian) Los Molles Formation (LMF) at Agua del Naco
in the eastern Sierra de Reyes (36°30' S, 69°30' W); (2) the Lower
Cretaceous (Valanginian-Hauterivian) Pilmatué Member (PM) of the
Agrio Formation at El Portén (37°09'S, 69°41'W); and (3) the Lower
Cretaceous (Hauterivian) Agua de la Mula Member (AM) of the Agrio
Formation at Arroyo Cienaguitas (35°12'S, 69°46'W) (Fig. 1A). C and S
concentrations were analyzed for all samples (see Supplemental Mate-
rial), and minor and trace elements were analyzed for 80 AMF samples
and 32 auxiliary samples.

3.2. C—S analysis

Non-acid volatile sulfur (NAVS) and total organic carbon (TOC) were
determined using an Eltra C/S 2000 Analyzer at the University of Cin-
cinnati. Sample preparation entailed weighing out ~100 mg of powder,
decarbonation with dilute (10%) hydrochloric acid over a hot plate
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(~75 °C) for 6 h, filtering and rinsing repeatedly with deionized water,
and then drying in an oven (~75 °C) overnight. Samples were calibrated
with external (USGS SDO-1, C = 9.68%, S = 5.35%) and internal (DBS-1,
C = 3.50%, S = 1.97%) laboratory standards, and analytical precision
(20) based on replicate analyses was +2% and +5% of measured values
for C and S measurements, respectively.

3.3. Elemental geochemistry

Elemental concentrations (B, Ga, Sr, Ba, Mo, U, Al, and P) were
measured using an Agilent 7500a inductively coupled plasma mass
spectrometer (ICP-MS) at the State Key Laboratory of Geological Pro-
cesses and Mineral Resources (GPMR) of the China University of
Geosciences-Wuhan. About 50 mg of sample powder were weighed into
a Teflon bomb, and 1 mL HNO3 and 1 mL HF were added before heating
for ~48 hat 190 °C in the sealed bomb. After cooling, the contents of the
bomb were evaporated at 115 °C to incipient dryness, and 1 mL HNO3
and 1 mL 1-ppm indium (In) laboratory standard were added. The bomb
was then resealed and heated to 190 °C for another 12 h. The final so-
lution was transferred to a polyethylene bottle and diluted in 2% HNO3
to about 100 mL for ICP-MS analysis. Results were calibrated using the
international standards AGV-2, BHVO-2, BCR-2, RGM-1, and GSR-1 with
an average analytical uncertainty better than 2% (RSD). Mo and U
enrichment factors were calculated following the methodology
described in Tribovillard et al. (2006), where enrichment factor (EF) is
EFx = ([X]sample/ [Al]sample) / ([XIstandard/ [Allstandard) and the reference
standard is average shale (Mo = 1.3 ppm, U = 3 ppm, Al = 88,900 ppm,
Wedepohl, 1991). Also, normalization of these metals with Th was also
performed. These elements (as well as other transition metals) are
generally soluble under oxic conditions yet become particle-reactive and
are removed from solution in the presence of a variety of reductants,
thus enriching sediments in Mo, U, V, and Re (and others) under
reducing conditions. Molybdenum enrichment requires euxinia,
although U enrichment requires only general anoxia (Tribovillard et al.,
2006; Algeo and Liu, 2020; Bennett and Canfield, 2020). The Corg/P
ratio is a molar ratio that relies on the different rates at which organic
carbon and phosphorus are remineralized under different redox condi-
tions (Algeo and Ingall, 2007). If conditions are reducing, the preser-
vation of organic carbon is improved, but reactive phosphorus tends to
be released from sediments back to the water column, causing sediment
Corg/P ratios to increase compared to the ratio of marine phytoplankton
biomass, which is approximately 106:1 (known as the Redfield ratio;
Redfield, 1963).

4. Results and interpretations
4.1. Paleosalinity proxies

In the AMF, elemental paleosalinity proxies exhibit almost uniformly
low values. B/Ga averages 2.0 (range 1.6-2.4), with nearly all samples
below the freshwater-brackish threshold of 3 (Wei and Algeo, 2020)
(Figs. 2 and 3). Sr/Ba averages 0.14 (range 0.11-0.17), with most
samples below the freshwater-brackish threshold of 0.2 (Fig. 2A). The
highest values (0.20-0.26) are associated with high B/Ga (Fig. 2A). St/
Ba is not visibly affected by carbonate-hosted Sr (Fig. 4). S/TOC aver-
ages 0.11 (range 0.04-0.18), with samples approximately bracketing the
freshwater-brackish threshold of 0.1 (Fig. 2A; Wei and Algeo, 2020).
Higher S/TOC values are recorded between 80 and 100 m (average
0.15), coincident with the highest B/Ga values (Fig. 2A), and between
125 and 175 m, where a few isolated samples exceeded typical fresh-
water salinity values (n = 2; Fig. 2A). These salinity proxy results
strongly indicate that the AMF was a dominantly freshwater unit (<1
psw), possibly subject to infrequent brackish episodes.

In contrast to the largely freshwater conditions of the AMF (Triassic-
Jurassic boundary), all younger shale units in the Neuquén Basin (i.e., of
Middle Jurassic to Early Cretaceous age) have much higher means
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Fig. 4. Sr and Sr/Ba vs. CaO crossplots for the AMF indicating no relationship
of Sr or Sr/Ba with carbonate content, and thus the reliability of Sr/Ba as a
salinity proxy (cf. Wei and Algeo, 2020).

(ranges) of salinity proxy values: (1) the Lower-Middle Jurassic
(Pliensbachian-Callovian; note: samples are from the Bathonian part of
formation) Los Molles Formation (LMF) yields B/Ga of 3.50 (2.5-5.1),
Sr/Ba of 0.12 (0.08-0.26; note: a single outlier at 0.7 is likely due to
carbonate-hosted Sr), and S/TOC of 0.17 (0.02-0.60; Fig. 2A), implying
low-brackish conditions (~1-10 psu); (2) the Lower Cretaceous (Val-
anginian-Hauterivian) Pilmatué Member (PM) of the Agrio Formation
yields B/Ga of 7.7 (3.3-13.6), Sr/Ba is indeterminate (too much
carbonate-hosted Sr is present; Moore et al., 2020; Remirez et al.,

2022b), and S/TOC of 0.28 (0.06-0.91; Fig. 2B), implying fully marine
conditions (~30-40 psu); and (3) the Lower Cretaceous (Hauterivian)
Agua de la Mula Member (AM) of the Agrio Formation yields B/Ga of 6.5
(5.1-8.4), Sr/Ba is again indeterminate (due to carbonate content:
Moore et al., 2020; Remirez et al., 2022a), and S/TOC of 0.20 (range
0.04-0.47; Fig. 2C), also implying dominantly marine conditions
although possibly punctuated by intermittent high-brackish episodes
(~10-30 psu).

4.2. Redox proxies

In the Arroyo Malo Fm., most samples yield enrichment factors of
molybdenum (Mogg) below 2.0, indicating no significant enrichment
relative to average shale (Fig. 5A). Only a handful of samples yield
higher Mogr (~2-5), including samples at 87 and 121 m and in the in-
terval from 157 m to 185 m (13 out of 37 samples). Enrichment factors
of uranium (Ugg) are all between 0.5 and 1.5 (Fig. 5A), indicating no
significant enrichment. Co.g/P ratios are mostly <50, indicating well-
oxidized conditions (Fig. 5A). The highest Cor/P ratios (~100-150)
mostly correspond to intervals of high TOC (72, 81, 100 and 124 m),
suggesting slightly reducing conditions.

Mo/Th and U/Th show very low values in the Arroyo Malo Fm.
(median 0.07 and 0.25, respectively), which also confirms the lack of
enrichment in redox-sensitive elements. In the Los Molles Formation,
both Mo/Th and U/Th show very low values (median = 0.39 and 0.38,
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Triassic carbon isotope excursion is the only interval in which suboxic conditions existed. (B) Mo/Th and U/Th for the Los Molles Formation suggest a well-oxy-
genated water column during sediment deposition. (C) Mo/Th and U/Th for the Pilmatué Member show variations in water-column oxygenation, and (D) Mo/Th and
U/Th for the Agua de la Mula Member suggest episodic low-oxygen conditions. For abbreviations and references, see Fig. 2.

respectively), suggesting well-oxygenated conditions (Fig. 5B). The
Pilmatué and Agua de la Mula members show higher medians for Mo/Th
and U/Th (0.84 and 0.98, and 0.76 and 1.13, respectively) influenced by
enrichment in some intervals that likely represent episodic development
of suboxic to anoxic conditions in a generally well-oxygenated setting
(Fig. 5C-D).

5. Discussion
5.1. Potential diagenetic effects on shale salinity proxies

Since our paleosalinity interpretations rely on geochemical proxies,
we will briefly consider whether preserved signals might have been
altered by secondary processes. The thresholds of B/Ga salinity facies
have an accuracy around 88% in modern muddy sediments (Wei and
Algeo, 2020), and the B/Ga proxy has been demonstrated to be highly
sensitive to subtle salinity variations (Remirez and Algeo, 2020). Boron
is adsorbed by clay minerals (into interlayer sites or displacement of
H,0 and OH™ from surface a-AlyOg sites) or incorporated into tetrahe-
dral sites of the clay mineral structure (Keren and Mezuman, 1981;
Mackin, 1987; Williams et al., 2001; Williams and Hervig, 2002; Muttik
et al., 2011). Furthermore, it is also common to find small amounts of

boron in other phases such as Fe and Mn-oxyhydroxides (Donahoe and
Liu, 1998). The most important host of boron in sediments is generally
illite and mixed-layered illite/smectite (up to ~80% of total B), whereas
kaolinite and chlorite generally contain only minor amounts (Perry,
1972). During burial, boron in interlayer sites can undergo adsorption-
desorption processes (You et al., 1996), resulting in its possible loss at
high temperatures and pressures (Williams et al., 2001, 2007; Williams
and Hervig, 2005; Deyhle and Kopf, 2005; Srodori and Paszkowski,
2011). However, primary boron signals may be preserved during the
process of illitization, in which boron is transferred from interlayer sites
in smectite to structural sites in illite, a process that can quantitatively
retain boron under closed porewater conditions (Perry, 1972; Spivack
and Edmond, 1987; Williams et al., 2001). In general, boron is not easily
leached from structural sites, even under acidic conditions (Villumsen
and Nielsen, 1976).

Gallium is commonly present in detrital clay mineral phases, and its
chemistry is controlled by aluminum owing to substitution of Ga>* for
AR (Wang et al., 2011; Breiter et al., 2013). Although less reactive than
boron, aqueous gallium can be adsorbed onto clay minerals, but low
gallium concentrations in most watermasses preclude significant sec-
ondary enrichment (Shiller and Frilot, 1996; Foley et al., 2017). In the
sediment, gallium tends to be immobile during diagenesis (Panahi et al.,
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Fig. 6. Tax, Hydrogen index (HI), oxygen index (OI), and total organic carbon (TOC) for the study section (data from Ruhl et al., 2020).

2000), especially under alkaline porewater conditions as are common in
marine systems (Rytuba et al., 2003). In general, gallium concentrations
are much less variable in shales than boron concentrations, suggesting
that gallium provides a stable denominator against which to evaluate
salinity changes recorded by adsorbed boron (Remirez and Algeo,
2020). This pattern is observed in the Arroyo Malo Fm. (Ga range =
20.6-28.3 ppm; B range = 30.8-78.2 ppm; Supplemental Material).

The S/TOC proxy is highly effective at distinguishing freshwater
from more-saline facies, with an accuracy of ~91% in modern muddy
sediments, but it is not robust in distinguishing brackish from marine
facies (Wei and Algeo, 2020). During burial diagenesis, both S and TOC
content can be affected, especially due to increasing temperatures that
lead to thermochemical sulfate reduction, which reduces sedimentary
sulfur concentrations (Machel, 2001; Watanabe et al., 2009). Similarly,
burial diagenesis can degrade the organic fraction of the sediment, but
its effects are related to the type of organic matter present (Tyson, 2012).

Sr/Ba can discriminate freshwater, brackish, and marine salinity
facies, but its accuracy (~66%) is lower than that of B/Ga in modern
muddy sediments (Wei and Algeo, 2020). During burial diagenesis,
strontium can be released from the host phase by degradation of organic
matter, dehydration and/or illitization of clay minerals, as well as by
dissolution and/or albitization of plagioclase and K-feldspar (Sullivan
et al., 1990; Feldman et al., 1993; Salminen et al., 2005; Yang et al.,
2004a, 2004b, 2006). Nevertheless, Ca-bearing minerals such as car-
bonates and authigenic albite can incorporate the leached Sr into
diagenetic phases, limiting its diffusion out of the sediment (Feldman
et al., 1993). Similarly, barium can be remobilized during burial
diagenesis, especially from reduction of barite (common in organic-rich
sediments) in anoxic bottom waters or porewaters during early
diagenesis (Dymond et al., 1992; Salminen et al., 2005; Holland and
Turekian, 2010). However, diagenetic transformation of clay and sili-
cate minerals can release barium during the late diagenetic stage
(Holland and Turekian, 2010). A common problem in use of Sr/Ba ratios
as a salinity proxy in shales is the presence of strontium sourced from
carbonate phases (Wei and Algeo, 2020). The present study section ex-
hibits values of CaO below 2 wt.% (average shale ~3 wt.%) as well as a
lack of a linear covariation between Sr and CaO (Fig. 4), consistent with
its Sr content being hosted dominantly by the clay fraction and not
sourced from carbonate components in the sediment.

The possibility of thermal alteration of salinity proxy signals should
be considered, although the thermal history of the study section is not
well constrained. The 250-m-thick succession of the Triassic-Jurassic
Arroyo Malo Formation in the Arroyo Alumbre section is assumed to
have experienced a relatively uniform burial and thermal alteration

history. The tectonic history of the Atuel depocenter started with a
rifting phase during the Late Triassic that developed several small
depocenters along the southwestern margin of Gondwana (Vergani
et al., 1995; Howell et al., 2005). Following the Early Jurassic, active
subduction led to the development of the Andean magmatic arc along
the western margin of this supercontinent (Mpodozis and Ramos, 1990),
behind which formed thermal subsidence-controlled and connected
back-arc basins (Howell et al., 2005). During the Late Cretaceous, the
Andean Orogeny began (Zapata and Folguera, 2005), with multiple
stages extending to the Miocene and recent (see Bechis et al., 2020, for a
recent review). Various deformation pulses associated with thermal
maturation of the sedimentary succession are thought to have been
responsible for thermal degradation of organic matter and alteration of
mineralogical assemblages (Percival et al., 2017; Ruhl et al., 2020). To
date, however, no studies have carried out a systematic analysis of the
burial history of the study area.

The organic fractions of the study units were characterized in greater
detail by Ruhl et al. (2020). Rock-Eval analysis yielded TOC values
ranging from 0.06 and 1.59wt.% (average = 0.56wt.%, 16 percentile
= 0.18wt.%, 84th percentile = 0.92wt.%), which are similar to our re-
sults (range 0.15 to 1.89wt.%, average = 0.66wt.%, 16™ percentile =
0.26wt.%, 84™ percentile = 1.15wt.%). Oxygen index (OI) values range
from 0.5 to 206 mg CO»/g TOC (average = 24.6, 16" percentile = 2.0,
gath percentile = 44.7), and Ty values from 128 to 577 °C (average =
295 °C, 16™ percentile = 131 °C, 84" percentile = 449 °C; Fig. 6).
Samples from below 200 m in the Ruhl et al. (2020) study (their Fig. 2)
are equivalent to the present study section (Fig. 6). Sources rocks are
considered overmature if Ty,q, values exceed 450, 460, and 470 °C for
kerogen types I, II and III, respectively (Nali et al., 2000). Apart from
four samples (out of 22) located between 164.4 and 180.9 m (~600 °C),
all samples of the Arroyo Malo Fm. yielded T, values below 400 °C,
with many values around 330 °C (Ruhl et al., 2020) (Fig. 6). Sample-to-
sample variations in Tj,q, values were probably influenced by factors
such as oxidation and/or reworking of the original organic matter (Yang
and Horsfield, 2020), because the samples with higher Tj,,,, values come
from a fine-grained sandstone facies with slump folds and plant remains
(Lanés, 2002; Lanés et al., 2008). However, low values of OI as well as
hydrogen index (only analyzed in two samples, both below 15 mg CO»/g
TOC) possibly indicate intense degradation of the original organic
matter. Significantly, however, any changes in clay-mineral assemblages
and/or the organic fraction due to thermal burial effects should have
been relatively uniform throughout the entire section.
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5.2. The salinity evolution of the Neuquén Basin

The AMF has never been deeply buried, and the consistency of the
paleosalinity interpretations yielded by the three elemental proxies ar-
gues strongly for preservation of a primary salinity signature. The ma-
jority of samples from this formation exhibit freshwater values for all

proxies (79 of 80 of B/Ga; 75 of 80 of Sr/Ba; 70 of 130 of S/TOC), and

the remainder yield mixed freshwater-brackish values, based on the

salinity facies thresholds of Wei and Algeo (2020). On this basis, we infer
a dominantly freshwater environment that may have shifted occasion-
ally to low-brackish conditions. Such conditions are consistent with the
more proximal (i.e., landward) regions of a large estuary such as the
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the W-SW in the middle part of the section, rotating toward the W-NW in

its upper part, but this pattern could have been produced either in a

slope fan-delta (Lanés, 2005; Bechis et al., 2020) or an estuarine system
(Hanebuth et al., 2012). In any case, low salinities near freshwater

conditions could be possible (Fig. 8).

For the younger stratigraphic units analyzed in this study, the
elemental salinity proxies suggest a progressive evolution from low-
brackish conditions in the Middle Jurassic LMF to high-brackish or
fully marine conditions in the Lower Cretaceous PM and AM (Fig. 8).
The LMF was deposited during a major transgression of the Neuquén

Basin (Vergani et al., 1995), where the influence of fluvial freshwater

discharge was inferred from palynological studies (Martinez et al., 2008;

Olivera et al., 2020). However, our results suggest low bottom-water

salinity values for this unit, whereas a previous study inferred salinity

reduction only in the surface layer with normal-marine conditions in the
deeper watermass (Olivera et al., 2020). Open-ocean circulation is

Chesapeake Bay (Pritchard, 1952). Our findings disprove a previous
model for the AMF that inferred a fluvio-dominated slope-type fan delta
within a basin of fully marine salinity (Lanés, 2005; Riccardi et al.,

2004), suggesting instead that the delta was likely a dominantly fresh-
contradictory with low-brackish values, and freshwater discharge was

probably more important than previously assumed, at least for the
northern Neuquén Basin. The LMF has been regarded as fully marine
based largely on fossil content (Riccardi et al., 2011), but it seems likely
that freshwater discharge into a relatively small basin (Privat et al.,
2021) reduced the salinity of the entire watermass (Fig. 8). Moreover,
the LMF study section is barren of macrofossils (Spalletti et al., 2012).
On the other hand, our salinity interpretations for the PM and AM are
consistent with those of previous studies, which have inferred fully
marine conditions on the basis of fossil content (e.g., Lazo et al., 2005)
and oyster-shell oxygen isotopes (Lazo et al., 2008). The salinity proxy
data of the present study document progressively greater marine

water environment.

The Mesozoic Neuquén Basin was a relatively small, shallow
epicontinental sea influenced by both freshwater influx and evapora-
tion, potentially causing salinity to vary in both space and time (Schwarz
et al., 2022). Earlier interpretations of marine conditions for the

Triassic-Jurassic boundary deposits of the Neuquén Basin were based
largely on the presence of small numbers of putatively marine fossils

(Fig. 7). Reported sedimentological features such as high mudstone

abundance, the presence of low-density turbidite and cohesive debris

flows, and the absence of tidal and wave structures (Lanés, 2005) are not
Other
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diagnostic of depositional environment. The relatively consistent
orientation of paleocurrent structures indicates basin deepening toward
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Fig. 7. Fossil distribution in the Arroyo Malo Formation at the Arroyo Alumbre section in southern Mendoza Province (northern Neuquén Basin). The fossils record is
sparse and highly fragmented, which suggests strong reworking and transport before final deposition. Fossil data are from Riccardi et al. (2004), Damborenea et al.

(2017), Riccardi (2019), and Pérez Panera et al. (2023).
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Fig. 8. Paleogeographic reconstruction of the Neuquén Basin from the Late
Triassic to Early Cretaceous. The basin opened progressively to the Panthalassic
Ocean during this interval, producing fully marine conditions by the Cretaceous
(reconstructions based on Howell et al. (2005), Olivera et al. (2020), Lazo et al.
(2008), and this study).

influence from the Triassic-Jurassic boundary (~201 Ma) through the
Early Cretaceous (~130 Ma), presumably as a result of gradually
improving connectivity of the Neuquén Basin with the Panthalassic
Ocean to its west (Fig. 8).

5.3. Fossils as salinity indicators

The primary evidence on which an interpretation of marine condi-
tions for the AMF was based is the presence of putatively marine fossils
(Fig. 7). However, the fossil content of the AMF has been described as
low-diversity, sparse, and poorly preserved (Riccardi et al., 1997, 2004;
Damborenea and Mancenido, 2012; Damborenea et al., 2017; Riccardi,
2019; Pérez Panera et al., 2023). Among the fossils recovered from this
formation are small tests of agglutinated foraminifera (Haplo-
phragmoides-like and nodosariids) and rare ostracods (Ogmoconchella)
near the base of the section and around 250 m, all of which are poorly
preserved (Riccardi et al., 1997). The most numerous macroinvertebrate
clade is bivalves, of which at least 15 species are recognized, with
specimens preserved mostly as external or internal molds in nodules
(Riccardi et al., 2004; Damborenea and Mancenido, 2012; Damborenea
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etal., 2017). Both shallow infaunal and epifaunal suspension feeders are
present, but one common species (Asoella campbellorum n. sp.) has a
pendant habit, being associated with fragments of ammonite shells and
driftwood debris (Damborenea and Mancenido, 2012). Other less com-
mon invertebrate clades include gastropods, ammonoids, cnidarians,
brachiopods and nautiloids (Riccardi et al., 2004), and terrestrial plant
remains include Zuberia cf. zuberi and other Equisetales (Riccardi et al.,
1997, 2004).

Low and/or fluctuating salinities would have been a major envi-
ronmental impediment to colonization of the latest Triassic Neuquén
Basin by marine animals. Redox proxies (Mogr, Ugr, and Corg/P) are low
enough to indicate that the AMF watermass was not markedly reducing
(Fig. 5), which suggests that the impoverishment of the fossil biota was
not related to low oxygen levels. The dominance of a single clade (i.e.,
bivalves) is consistent with reduced-salinity conditions (Whitfield et al.,
2012). As a clade, bivalves exhibit relatively wide salinity tolerances
(Pourmozaffar et al., 2020), and the relationship of specific bivalve taxa
to salinity variation in the Neuquén Basin needs investigation. The
presence of fossils of putative marine origin in the AMF is likely due to
several processes. First, transportation of living or dead organisms from
adjacent marine areas is common (Yacobucci, 2018). For example,
modern Nautilus shells can float long distances before reaching their
final sites of deposition (Reyment, 2008), which may account for the
infrequent occurrence of ammonites as well as pendant bivalve species
(Riccardi, 2019). Other transport processes such as storm surge and
marine sediment reworking can be largely discounted owing to the low-
energy environment in which the AMF was deposited. Second, some
organisms regarded as stenohaline marine fauna have a wider salinity
tolerance than commonly assumed (e.g., Bickert et al., 1997; Mangano
et al., 2021). In this regard, elemental salinity proxies may prove useful
for refining the salinity tolerances of various ancient taxonomic clades.
Another possible explanation is the existance of strong salinity fluctua-
tions around the opening of the Neuquén Basin to the Panthalassic
Ocean, similar to those observed in the modern Baltic Sea, in which
east-west wind conditions trigger episodic watermass exchange with the
North Sea, allowing rapid but transient changes in salinity (Lehmann
et al., 2022). In this case, the salinity record presented here for the
Neuquén Basin would represent the freshwater endmember of a basin
subject to strong lateral salinity gradients.

5.4. Timing of opening of the Neuquén Basin

Except for the Atuel depocenter, all subbasins of the Late Triassic
Neuquén Basin were synrift grabens filled with continental, volcanic,
and volcaniclastic deposits (Spalletti, 1997; Franzese et al., 2003; D’Elia
et al., 2020). The closest and most similar one is the Malargiie-Llantenes
depocenter, which contains lacustrine deposits of the Llantenes For-
mation (Tronquimalal Group) of probable Late Triassic age (Norian to?
Rhaetian) (Spalletti, 1997; Morel et al., 2003). Its palynomorph
assemblage includes Linguifolium, Cupressaceae, and Protojuniperoxylon
ischigualastense (Artabe et al., 2001; Gnaedinger and Zavattieri, 2020),
indicating a lake basin in a humid climatic belt, surrounded by decid-
uous forests and with the influence of marine incursions from the west
(Gnaedinger and Zavattieri, 2020). Similar conditions are likely to have
existed in the Late Triassic Neuquén Basin, accounting for the juxtapo-
sition of marine fossils with elemental proxy evidence of low-salinity
conditions. The strata overlying the AMF represent the earliest basin-
scale marine inundation of the Neuquén Basin, which we date to the
Pliensbachian (Early Jurassic).

6. Conclusions

Paleosalinity proxies (B/Ga, Sr/Ba, and S/TOC) demonstrate the
existence of freshwater to weakly brackish conditions in the Neuquén
Basin during the Triassic-Jurassic transition. These results contradict
previous assumptions of marine salinities based on a poorly preserved
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assemblage of putatively marine fossils of the Arroyo Malo Formation.
Our results are more consistent with the Neuquén Basin being a large
estuary that was weakly connected to the Panthalassic Ocean, subject to
only occasional marine incursions. Thus, the AMF of the Atuel Depo-
center represents a largely continental setting, similar to that of other
Neuquén Basin depocenters during the Late Triassic. These findings
demonstrate the importance of multiproxy approaches to establish
paleosalinity conditions in continent-margin and marginal-marine ba-
sins and the need for application of paired salinity-redox proxies in order
to correctly interpret paleoenvironmental variations.
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