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Abstract

Facies, microfacies and stable isotope analyses of limestone beds in the
northernmost Nirihuau Basin, North Patagonian Andes, Argentina, document
and constrain the past hydrological, sedimentological and climate conditions
that prevailed during the deposition of a lacustrine system between ca 15 and
13 Ma. This palaeoenvironment is recorded in the middle section of the Nirihuau
Formation, which holds significance because: (1) It was deposited during a
transition from an extensional to a compressional tectonic regime; (2) it spans the
Middle Miocene Climatic Optimum and the beginning of the Middle Miocene
Climatic Transition; and (3) it contains limestone beds interbedded within a 600 m
thick interval of mudstones and siltstones, along with intercalated sandstone
and volcaniclastic bodies. Two detailed sedimentary logs were surveyed along
the Arroyo Las Bayas, at the western and eastern flank of the David Syncline.
Limestones from both stratigraphic sections were sampled as well as isolated
limestone beds from two other sites. One facies association was defined and
interpreted as a perennial lake associated with a deltaic system and dominated by
detrital clastic material. It comprises Facies 1 (Marginal lacustrine) and Facies 2
(Lower delta plain); in both, the presence of grainstones and calcimudstones
stands out. Through petrography and cathodoluminescence studies of these
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1 | INTRODUCTION

Understanding hydrology in deep time is critical when
reconstructing the evolution of palaeolake systems and
for recognising the factors that influenced their sedi-
mentation and ecosystems (Talbot, 1990; Gierlowski-
Kordesch & Kelts, 1994; Carroll & Bohacs, 1999; Bohacs
& Suter, 1997; Bohacs et al., 2000, 2003). Climate and tec-
tonics are the primary and co-equal influencing factors
on hydrology, palaeogeography (basin configuration) and
sediment supply, making isolating the main drivers of
palaeo-hydrological regimes challenging (Vazquez-Urbez
et al., 2013; Benavente et al., 2021). In addition, availabil-
ity and quality of outcrops can make it difficult to discern
the spatial pattern of hydrology and sedimentation in lake
systems.

Stratigraphic data, combined with geochemical, pe-
trographic and sedimentological analyses of continental
carbonates, can provide valuable insights into the hy-
drological regimes of ancient lake basins (Talbot, 1990;
Valero-Garcés et al., 1997; Arenas et al., 1997; Arenas
& Pardo, 1999; Swart, 2015). The analysis of stable iso-
tope ratios (6'°C and 8'®0) in primary carbonate lacus-
trine sediments is a valuable tool in palaeolimnology
and limnogeology, because it provides insights into the
chemical composition of palaeolake waters and the pa-
laeohydrological variations at the basin scale (Kelts &
Talbot, 1990; Talbot, 1990; Camoin et al., 1997; Ricketts
& Anderson, 1998; Leng et al., 2005; Vazquez-Urbez
et al., 2013; Christ et al., 2018). Nevertheless, such stud-
ies demand careful sampling and examination to distin-
guish primary sediments from secondary features that
record processes that could have altered the primary
isotopic signature (Murphy et al., 2014; Swart, 2015).
Interpretation of stable isotopic data in their sedimen-
tological and palaeogeographical context allows the

continental carbonates, nine microfacies were identified: (a) Intraclastic
grainstone, (b) Homogeneous calcimudstone, (c) Silty grainstone, (d) Disrupted
micrite, (e) Birds eye micrite, (f) Bioclastic mudstone, (g) Calcimudstone with
sparse detrital grains, (h) Fenestral micrite, (i) Stromatolitic boundstone. These
indicate mainly bio-induced subaqueous carbonate precipitation and subordinate
deposition by tractive flows with short-distance transport on a littoral lacustrine
environment. Most of these microfacies exhibit very early diagenesis (eogenesis)
effects. These features, and the geochemistry results, indicate that they were
deposited in a palaeolake system under temperate to warm and humid conditions.

carbonates, cathodoluminescence, Miocene, Patagonia, petrography 8'*C and §'%0 stable

accurate identification of primary features that record
palaeoclimate (Kelts & Talbot, 1990; Leng et al., 2005),
the chemical composition of the lake waters and poten-
tial effects of biological activity during carbonate precip-
itation (Guo et al., 1996; Andres et al., 2006).

In this sense, the Nirihuau Formation of the
Nirihuau Basin (Figure 1), located on the eastern
slope of the North Patagonian Andes of Argentina, is
an ideal case for this kind of study, because it records
the palaeoenvironmental and tectonic evolution of this
region during the Miocene (Cazau, 1972, 1980; Cazau
et al., 1989, 2005; Mancini & Serna, 1989; Bechis, 2004;
Bechis & Cristallini, 2006; Paredes et al., 2009; Bechis
et al., 2014b; Orts et al., 2015; Ramos et al., 2015; Butler
et al., 2020; Santonja et al., 2021). Moreover, the middle
section of this unit contains thick lacustrine deposits
with limestone beds that allow microfacies and carbon
and oxygen stable isotope studies because they offer a
well-preserved record of sedimentary processes, and can
provide valuable insights into past hydrodynamics, dep-
ositional dynamics and climate conditions.

Thelacustrine middlesection of the Nirihuau Formation
was deposited between ca 15 and 13Ma (Langhian-
Serravallian) according to available U-Pb geochronology
(Santonja et al., 2021). Its deposition was coincident with
the Middle Miocene Climatic Optimum (MMCO), which
is a warm wet phase that began in the Early Miocene
with elevated global temperatures that peaked from 17
to 15Ma (Zachos et al., 2001), and the Middle Miocene
Climatic Transition (MMCT, ca 14.5—13 Ma), that marked
the beginning of a global cooling (Leutert et al., 2021).
Climate conditions during the Miocene have been broadly
studied in Chile and Argentina, both in the Andean and
extra-Andean regions, by analysing the relationship be-
tween climate and vegetation, fauna or the sedimentary
record (MacFadden et al., 1996; Hinojosa, 2005; Hinojosa
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FIGURE 1 Location map of the Nirihuau Basin. (A) Landsat™ mosaic-based map showing the main regional morpho-structural units
(modified from Bechis et al., 2014b). (B) Regional geologic map of the Nirihuau Basin showing the geologic units and the main structures
of the study area (after Gonzalez Bonorino, 1944; Gonzélez et al., 2000; Giacosa et al., 2001; SERNAGEOMIN, 2003; Bechis et al., 2014b;
Santonja et al., 2021). MTB: ‘Miembro Tobas y Brechas’ defined by Gonzalez Bonorino and Gonzalez Bonorino (1978).

& Gutiérrez, 2009; Kohn et al., 2015; Carrapa et al., 2019;
Raigemborn et al., 2021; Aramendia et al., 2023; Bilmes
et al.,, 2014; Bucher et al., 2020, 2021, among others).
However, few studies have been carried out on carbon-
ate beds from lacustrine basins of the Andean region of
southern South America (Alonso-Zarza et al., 2020).

The lacustrine facies of the middle section of the
Nirihuau Formation (Santonja et al., 2021) constitute a
thick vertical interval (up to 600 m) of tabular mudstone
beds with intercalations of tabular to lentiform sandstone
beds, volcaniclastic deposits such as tuffs and lapilli-tuffs
and limestones. It has been interpreted as a perennial
lake dominated by detrital clastic material that contains
shallowing-upward successions and syndepositional vol-
canism (ash-fall and pyroclastic flow deposits; Paredes
et al., 2009; Santonja et al., 2021). However, there have
been no studies on the hydrological conditions of this
lacustrine system, and the relationship between the sed-
imentation patterns and the lake-basin type remains
unexplored.

This contribution provides new and detailed sedi-
mentological, petrographic and geochemical informa-
tion for two stratigraphic sections of the lacustrine facies

from the middle section of the Nirihuau Formation
along the Arroyo Las Bayas (Figure 1B). These sections
are situated on both flanks of the David Syncline and
are laterally in a similar interval of the unit (Arroyo Las
Bayas and Cerro David sites). They were chosen due to
the quality of the outcrops that contain limestone inter-
calations. Petrographic and geochemical analyses were
also performed on samples of limestone beds from the
Nirihuau Formation of two other sites (Cerro Carbon
and Arroyo del Medio, Figure 1B), located towards the
north of the basin.

The main purpose of this research is to characterise
the carbonate factory of the basin, which will allow a bet-
ter understanding of the hydrological and palaeoclimate
conditions that prevailed during its deposition. The anal-
ysis of these strata could provide the key to classifying
the lake basin as either an overfilled or balanced-fill type.
Moreover, the new data allow us to evaluate a possible
link with the global climate at that time. This study holds
significance as it represents one of the first contributions
about continental carbonate records for the Miocene of
southern South America that addresses their implications
for the climate of Patagonia during the MMCO. Therefore,
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the results herein provide a unique perspective about the
conditions during deposition of the lacustrine facies of the
Nirihuau Formation between 15 and 13 Ma.

2 | GEOLOGICAL SETTING

An important plate reorganisation took place during the
Oligocene to Miocene, when the Farallén Plate split into
the Nazca and Cocos plates, and the convergence between
the South American and Nazca plates experienced a sud-
den acceleration and a shift towards an almost orthogonal
direction (Pardo-Casas & Molnar, 1987; Somoza, 1998).
During this time, several basins developed in the Andes
region between 33° and 45°S filled with thick succes-
sions of volcanic and sedimentary rocks, deposited in
continental or marine environments (Jordan et al., 2001).
Two main basins have been identified near the study
area: Nirihuau and El Bolson (Figure 1A). It has been
proposed that they could have been originally linked but
were later disconnected due to uplift of basement blocks
during the main Andean contractional deformation in
the Neogene (Figure 1A; Ramos, 1982; Spalletti, 1983;
Giacosa & Heredia, 1999, 2004; Cazau et al., 2005;
Paredes et al., 2009; Asensio et al., 2010). The western
depocentres correspond to the El Bolson Basin, which
includes Oligocene to Miocene marine and continental
sequences from the El Foyel Group (Feruglio, 1941; Diez
& Zubia, 1981; Ramos, 1982; Barreda et al., 2003; Asensio
et al., 2005, 2010; Bechis et al., 2014b). The eastern depo-
centres are part of the Nirihuau Basin, located between
41° and 43°30" S at the eastern slope of the Patagonian
Andes (Figure 1A; Giacosa & Heredia, 1999). This basin
is elongated, N to NW, probably influenced by the previ-
ous basement structures (Bechis & Cristallini, 2005). It is
also markedly asymmetrical, with the principal depocen-
tres located at its western border (Giacosa et al., 2005). Its
infill is characterised by volcanic and sedimentary rocks
included in the Nahuel Huapi Group, of Oligo-Miocene
age, comprising the Ventana, Nirihuau and Collén Curd
formations (Cazau et al., 1989, 2005; Gonzalez Bonorino
& Gonzalez Bonorino, 1978; Bechis et al., 2014b, 2015;
Ramos et al., 2015; Butler et al., 2020). In the Early to
Middle Miocene, it records a transition from initially ex-
tensional to syn-orogenic tectonic conditions (Mancini
& Serna, 1989; Bechis & Cristallini, 2006; Asensio
et al., 2008; Bechis et al., 2014b; Orts et al., 2015; Santonja
et al., 2021).

The subject of this research is the Nirihuau Formation,
which was first characterised by Roth (1922) and was for-
mally defined by Gonzalez Bonorino (1973). It constitutes
part of the clastic and volcaniclastic infill of the Nirihuau
Basin, located south-east of San Carlos de Bariloche

city (Figure 1; Cazau, 1972; Giacosa et al., 2001; Bechis
et al., 2014b). Its thickness varies across the basin, reach-
ing a maximum of 3500m of well-stratified sediments
to the east of the Las Bayas Range (Figure 1B; Mancini
& Serna, 1989; Bechis, 2004; Santonja et al., 2021).
According to available U-Pb geochronological data, this
unit is Early to Middle Miocene in age (22-11.5Ma; Ramos
et al., 2015; Butler et al., 2020; Santonja et al., 2021).
The Nirihuau Formation was interpreted as deposited
in alluvial, lacustrine, deltaic and fluvial environments
(Cazau, 1972, 1980; Spalletti, 1981; Cazau et al., 1989;
Mancini & Serna, 1989; Giacosa et al., 2005; Paredes
et al., 2009; Ramos et al., 2011; Santonja et al., 2021).
However, based on sedimentary structures that suggest
tidal influence (Spalletti, 1981, 1983; Asensio et al., 2004),
on the appearance of marine microfossils (dinoflagel-
lates and acritarchs) found in exploration well samples
(Cazau et al., 1989) and on the discovery of marine mol-
luscs (Gonzalez Bonorino & Gonzalez Bonorino, 1978;
Ramos, 1982), a connection to the sea during deposition
of its middle section was proposed. Nevertheless, the exis-
tence of a freshwater environment is evidenced by osseous
fish, crustacea and ostracods found in different mudstone
levels of the lacustrine facies (Bocchino, 1964; Aragén
& Romero, 1984; Pascual et al., 1984; Cazau et al., 1989;
Aguirre-Urreta, 1992; Bertels & Cusminsky, 1995; Cione
& Béaez, 2007). Abundant remains of fossil flora were
identified the Nirihuau Formation, including dicotyle-
dons from the Nothofagus flora, that would have flour-
ished under a temperate to warm temperate and humid
climate, with drier conditions towards the top of the unit
(Aragon & Romero, 1984; Passalia & Bechis, 2012; Falaschi
et al., 2012; Caviglia & Zamaloa, 2014; Passalia et al., 2019;
Caviglia, 2018).

In the northern sector of the basin, which is the focus
of this study (Figure 1B), the Nirihuau Formation is de-
formed by shallow thrusts and related folds (Gonzilez
Bonorino & Gonzéalez Bonorino, 1978; Bechis, 2004;
Giacosa et al.,, 2005). In particular, the broad David
Syncline (Figure 1B) was formed during the compressive
deformation of the northern sector of the basin, which
took place during the final stages of deposition of the
Nirihuau Formation (Paredes et al., 2009), in response to
the Miocene Andean uplift (Santonja et al., 2021).

3 | STRATIGRAPHIC FRAMEWORK

The most complete and continuous section of the Nirihuau
Formation (around 3500m thick) is exposed along the
Arroyo Las Bayas in the western flank of the David
Syncline (Figure 2B), where it was divided into three dif-
ferent informal units: lower, middle and upper sections

85U8017 SUOWIIOD BAEa.D 3|qeotjdde sy Aq peussnob afe ssjole VO ‘88N Jo se|ni Joj Ariq1T8UlUQ AB]1/W UO (SUOIPUOD-PUe-SLLBYWOD™AB | 1M Ale1q Ul [Uo//:SANy) SUONIPUOD pue swie 1 8y} 89S *[6202/20/02] Uo ARiqiauliuo Ae|im eunuebiveuelyood Aq T6z'2dep/z00T 0T/10p/wod Ae | Arelq1jeuljuo//sdiy wolj pepeojumod ‘T ‘6202 ‘2/87SS02



SANTONJA ET AL.

| 151

FIGURE 2 (A) Detailed geologic map
showing the location of the limestone
beds sampled (yellow and green stars)

at Cerro Carbon (CAR) and Arroyo del
Medio (AME). (B) Detailed geologic map
of the Arroyo Las Bayas area, showing

the location of the limestone beds
sampled (pink and violet stars) and of the
detailed stratigraphic sections surveyed
and studied in this contribution for the

Nirihuau Formation middle section

(red crosses) at the eastern and western
flank of the David Syncline, at Arroyo
Las Bayas and Cerro David (CN and
DAV, respectively) where the limestones
samples were collected. See Figure 1 for
map location and further cartographic
and geologic references.

REFERENCES
¥ High-resolution stratigraphic/ General stratigraphic sections of the lacustrine Limestone
sections location deposits of the Nirihuau Formation location samples

Sites

ik Cerro Carbon (CAR) * Cerro David (DAV) * Arroyo del Medio (AME) * Arroyo las Bayas (CN)

(Santonja et al., 2021). The lower section is constituted
by amalgamated lenticular conglomerate bodies with in-
terbedded volcanic rocks and, in lower proportion, sand-
stones. They were interpreted as deposited on a medial to
distal alluvial fan or an axial fluvial system developed in
the most distal part of an alluvial fan. The middle section
of the unit has two thick intervals of lacustrine deposits,
separated by a Gilbert-type delta (Figure 3A). The older

lacustrine system is made up of fine-grained deposits and
extensive extensional syndepositional features. In contrast,
the younger lacustrine system (above the deltaic depos-
its) exhibits a greater areal extent than the older one, but
similar to thinner vertical thicknesses of fine-grained facies
that contain microfossils that could indicate a brief connec-
tion to the sea during deposition (Mancini & Serna, 1989;
Cazau et al., 1989). Most of the limestone beds studied are
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FIGURE 3 (A) Synthetic stratigraphic section of the Nirihuau Formation middle section along the Arroyo Las Bayas at the western
flank of the David Syncline (Arroyo Las Bayas), based on Santonja et al. (2021). The colour of the lithology column represents the colour

of the deposits. Previously acquired U/Pb LA-ICP-MS geochronology data are also included (Santonja et al., 2021). Vertical scale 1:2000.

(B) Detailed stratigraphic section of the Nirihuau Formation middle section where the limestone beds were identified (CN section). The
colour of the beds reflects the colour of the deposits. Vertical scale 1:200. See Figure 2B for the location of the surveyed sedimentary log. See

Table 3 for microfacies classification of the limestone samples.

exposed in the uppermost portion of the older lacustrine
interval (Figure 3A) and only one limestone bed was ob-
served in the younger lake interval. Finally, the upper sec-
tion of the Nirihuau Formation contains deposits of higher
energy with synsedimentary deformation, interpreted as

sandy braided and anastomosed fluvial systems, with both
braided and meandering channels, and extensive develop-
ment of muddy floodplains (Santonja et al., 2021).

The lacustrine succession along the Arroyo Las Bayas
on the eastern flank of the David Syncline, named in this
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contribution as the Cerro David site (Figure 2B) shows some
differences from the succession in the west. It is about 300m
thick and contains tabular grey to light green siltstones and
mudstones with interbedded sandstones, limestones and,
subordinately, tuffs. Biological activity is registered on the
finer-grained deposits as bioturbation is observed on some
beds. The sandstone intervals are variable in thickness and
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spacing, in most cases with irregular bases and lenticular
geometry. Their abundance and grain size increase towards
the top. Conversely, the limestone beds are restricted to the
first 50m of the succession, which is the section studied in
this contribution (Figure 4A).

Isolated limestone beds have been observed in the
middle Nirihuau Formation at the Cerro Carbén and
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FIGURE 4 (A) Synthetic stratigraphic section of the Nirihuau Formation middle section along the Arroyo Las Bayas at the eastern

flank of the David Syncline (Cerro David site). The colour of the lithology column represents the colour of the deposits. Vertical scale 1:2000.

(B) Detailed stratigraphic section of the middle Nirihuau Formation where the limestone beds were identified (DAV site). The colour of the

beds reflects the colour of the deposits. Vertical scale 1:200. See Figure 2B for the location of the surveyed sedimentary log. See Table 3 for

microfacies classification of the limestone samples.
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Arroyo del Medio sites (Figure 2A), which are located
in the northernmost sector of the basin. However, no
stratigraphic section was described at those sites. At
Cerro Carbon, the limestone bed is interbedded with
siliciclastic deposits represented by brownish medium-
grained to fine-grained sandstones with tractive flow
sedimentary structures and mudstones. At Arroyo del
Medio, the limestone bed is interbedded with siliciclastic
deposits consisting of green-coloured structureless mud-
stones and light-brown to green-coloured fine-grained

sandstone beds 10cm thick, with erosive bases and hor-
izontal lamination, ripple-cross lamination or a struc-
tureless appearance.

4 | METHODS

A 48 m and a 15 m thick stratigraphic log of the middle sec-
tion of the Nirihuau Formation was surveyed in detail along
the Arroyo Las Bayas (Figure 2B), at the western and eastern

Code Description Process
Fm Structureless mudstone Low regime fluid flow, decantation by
flocculation or bioturbation
Fl Laminated mudstone Low regime fluid flow, suspension settle out
or decantation processes
Fh Laminated siltstone Low regime fluid flow, suspension settle out
or decantation processes
Fb Bioturbated siltstone Organism activity
Sm Structureless sandstone Hyperconcentrated gravitational flow or
low regime fluid flow with a sudden loss of
energy and quick deposition
Sh Horizontally bedded sandstone Low/high regime fluid flow (medium- to
coarse-grained sandstone) (tractive flow)
Shh Horizontally bedded sandstone High regime fluid flow (fine-grained
with parting lineation sandstone) (tractive flow)
S1 Low-angle cross-laminated Unidirectional low regime fluid flow
sandstone (tractive flow)
Sr Ripple cross-laminated sandstone Unidirectional low regime fluid flow
(tractive flow)
Srw Wave ripple cross-laminated Bidirectional low regime fluid flow (tractive
sandstone flow)
Sp Planar cross-bedded sandstone Unidirectional low regime fluid flow
(tractive flow)
St Trough-cross-bedded sandstone Unidirectional low regime fluid flow
(tractive flow)
GRi Grainstone with intraclast Tractive flow
GRr Ripple cross-laminated grainstone Unidirectional low regime fluid flow
GRrw Wave-ripple cross-laminated Bidirectional low regime fluid flow
grainstone
GRh Horizontally laminated grainstone Low regime fluid flow
GRht Heterolithic grainstone Low regime fluid flow with tidal influence
GRt Trough-cross-bedded grainstone Unidirectional low regime fluid flow
GRm Structureless grainstone Low-energy conditions
CMm Structureless calcimudstone Low-energy conditions
Tf Tuff Volcanic activity synchronous with
sedimentation
FC Fine coal

Production and accumulation of transported
organic material

TABLE 1 Lithofacies identified along
the detailed stratigraphic sections of the
Nirihuau Formation (Miocene), Nirihuau
Basin, Patagonia, Argentina. Modified
from Miall (1996).
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flanks of the David Syncline, respectively (Arroyo Las Bayas
and Cerro David sites, Figures 3 and 4). They were chosen
due to outcrop quality, with limestone beds interbedded
within the fine-grained deposits. The sections were char-
acterised according to lithology, colour, sedimentary struc-
tures, bed geometries and fossil content. The Rock Colour
Chart of the Geological Society of America (GSA; Goddard
et al., 1948) was used for descriptions. Limestone beds were
described in the field following the Dunham classification
(Dunham, 1962) modified by Wright (1992). Lithofacies were
identified and named, modifying the code of Miall (1978;
Table 1) based on lithological characteristics and sedimen-
tary structures. The lithofacies, which indicate sedimentary
processes according to Miall (1996), were grouped into fa-
cies, to interpret the depositional sub-environment. These
facies were then grouped into facies associations, in order to
interpret the depositional palaecoenvironment and construct
a facies model of the analysed successions as described by
Posamentier and Walker (2006 and references therein;
Table 2).

A total of 10 hand samples were collected from the lime-
stone beds at Arroyo Las Bayas and Cerro David (southern
David Syncline) and at Cerro Carbén and Arroyo del Medio
(northern David Syncline) for further petrographic and
geochemical analyses (Figure 2; Table 3). Carbonate was
determined in hand samples by HCI reaction and calcite
with Alizarin Red-S stain. The samples were chosen to be
representative of all the different macrofabric features iden-
tified in the field. They were named with an abbreviation
of the location (DAV for the Cerro David site, CN for the
Arroyo Las Bayas site, CAR for the Cerro Carbon site and
AME for the Arroyo del Medio site) plus a consecutive num-
ber (Figure 2). Thin sections of hand samples were studied
using a petrographic microscope (Olympus BX-51) at the
Laboratorio de Paleontologia from the Instituto Argentinode
Nivologia, Glaciologia y Ciencias Ambientales (IANIGLA),
in Mendoza City, Argentina. They were described according
to the carbonate fabric features, and the petrographic clas-
sification followed Gierlowski-Kordesch (2010) for carbon-
ate microfacies. Criteria to differentiate primary carbonate
from different diagenetic carbonate phases included a thor-
ough multiproxy study with petrography and cathodolumi-
nescence (Murphy et al., 2014; Henkes et al., 2018; Parrish
et al., 2019; Benavente et al., 2019).

Cathodoluminescence analysis was conducted on
seven of the samples at the Laboratorio de Luminiscencia
of the Departamento de Geologia from the Universidad
Nacional del Sur (UNS), in Bahia Blanca City, Argentina
(Table 3). For this purpose, 30 pm thick thin sections were
prepared from each sample. A Nikon Eclipse 50iPol po-
larisation and fluorescence microscope with a CITL Mk5
cathodoluminescence stage was used. This stage has a
vacuum chamber and contains the sample which was

TABLE 2 Facies and facies association recognised along the detailed stratigraphic sections of the Nirihuau Formation (Miocene), Nirihuau Basin, Patagonia, Argentina, with their main

characteristics. The proportions of the different lithologies are indicated in approximate percentages to reflect their abundance. Goddard et al. (1948) Rock Colour Chart of the Geological

Society of America codes are indicated next to each lithofacies between brackets.

Facies

association

interpretation

Facies interpretation

Facies

Characteristics

Facies association

Perennial lake

Marginal lacustrine

Facies 1: Sm (5Y6/1 - 5B7/1 - 5B5/1 - N8 - 5YR6/1

Up to 70 m thickness of alternating tabular mudstone
and siltstone beds with intercalations of tabular

FA1: Mudstones and

associated with
a deltaic system
and dominated
by fluvial input

- 5YR4/1 - 5Y8/1 - 10YRS/2 - 10Y6/2), Sh (N6 - N8),
S1(N6), St (5Y6/1 - 5Y5/2 - 10Y4/2 - N7 - 5GY5/2

siltstones with interbedded
limestones and sandstones

limestone beds and tabular to lenticular channelised

sandstone bodies of variable thickness and

-5GY3/2 - 5YR4/1), Srw, Fm (5Y4/1 OLIVE GREY -
5Y3/2-5Y7/2-5B7/1-5GY6/1 - N7- N5 - 5GY5/2), Fl

frequency. Organic activity present. (S: 30%; F: 50%;

Limestones:20%; T: <1%; FC: <1%)

(10YR4/2- 5YR4/1 BROWNISH GREY - N7 - 10YR6/2
- 5Y6/1 -5Y5/2), Fh, Fb, CMm (5Y6/1), GRi, GRr,

GRrw, GRh, GRht, Tf (5B7/1 LIGHT BLUISH GREY)

(S: 30%; F: 50%; T: <1%; Limestones: 20%)

Lower delta plain

Facies 2: St, Sr, Sm (5Y4/1 - 5Y6/1), Sh, Fl, Fm

(10YR4/2 - 10YR6/2), Fh, CMm, GRm, FC (S: 40%; F:

50%; Limestones: 10%; FC: <1%)
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irradiated with an electron beam. Analytical conditions
were 0.005mBar with 15Kv under about 250 pA. This
study allowed the identification of different cementation
events and the assessment and estimation of Mn and Fe
content of individual calcite crystals by colourimetry
(comparison with published luminescence standards of
known concentrations; Machel, 2000). In general, calcite
enriched in Mn presents high luminescence and is an
indicator of secondary enrichment (Parrish et al., 2019),
whereas the response is subdued if it contains Fe,
which can be considered a suppressor (Marshall, 1988;
Mariano, 1988).

Eight calcitic carbonate samples were selected for car-
bon and oxygen stable isotope analysis, °C and §'*0
(Table 3). A micro-drill was used to separate primary
precipitated micrite with the intention of obtaining indi-
cators of palaecoenvironmental conditions. Samples were
analysed on a Thermo Fisher Scientific GasBench II, with
a PAL autosampler, a ConFlow IV interface and a MAT
253 mass spectrometer (Thermo Fisher Scientific) at the
Stable Isotope Ratio Facility for Environmental Research
(SIRFER), University of Utah, Salt Lake City, Utah, USA.
Internal reference materials (Carrara marble, LSVEC and
Marble-Std) were calibrated against international stan-
dards NBS-18 and NBS-19. The oxygen fractionation fac-
tor was calculated using the alpha value proposed by Swart
et al. (1991). Values are reported as per mil relative to the
Vienna Peedee belemnite (VPDB) standard. Precision
was better than 0.05%. for "0 and 0.02%. for 5'°C. The
data obtained were analysed statistically with the InfoStat
2020 software to determine sample distribution, and the
Shapiro-Wilk and Pearson tests were performed.

5 | SEDIMENTOLOGY

5.1 | Facies analysis and depositional
palaeoenvironments at Arroyo Las Bayas
stratigraphic sections (CN and DAV sites)

The palaeoenvironmental analysis is based on the
two detailed stratigraphic sections surveyed along
the Arroyo las Bayas. The CN section focussed on the
limestone beds recognised within the lacustrine facies
as described by Santonja et al. (2021; Figure 3). The
Cerro David site (DAV), surveyed in this work, yielded
a detailed stratigraphic section of the carbonate-rich
deposits of the lacustrine facies (Figure 4). One facies
association (FA 1) was defined based on these two sec-
tions to represent the depositional palacoenvironment.
Within this facies association, two facies were inter-
preted, meaning two different subenvironments were
recognised.

51.1 | FA 1: Mudstones and siltstones with
interbedded limestones and sandstones

Description

This facies association exhibits substantial volumes of
mudstones and siltstones with interbedded limestone and
sandstone beds of variable thicknesses, spacing and abun-
dance. A volcanic intercalation occur at the base of the
stratigraphic section at DAV. FA 1 comprises two facies
(Facies 1 and 2; Table 2) according to the predominance of
different lithologies and their characteristics.

Facies 1 occurs in the uppermost part of the strati-
graphic section at CN and in the lowermost portion at DAV
(Figures 3 and 4). This facies exhibits a great thickness of
thinly interbedded light green to grey ostracod-bearing
siltstones and dark grey mudstones, with sandstones and
some limestone beds (Figure 5A). The mudstone and silt-
stone beds are tabular, both laminated (Fl, Fh) and struc-
tureless (Fm). Tetrapod tracks occur at some levels of the
succession (Figure 5D). Plant remains, bioturbation (Fb),
bivalves, fish scales and osseous remains were frequently
observed in these deposits (Figure 5E,F). The interbedded
sandstones occur as thin tabular beds, 5-15cm thick, with
erosional or planar bases displaying various sedimentary
structures (Sh, Shh, SI, Sr, Srw or Sm). The limestones,
at DAV are tabular beds of structureless calcimudstones
(CMm, sample DAV4), ranging from 5 up to 10cm thick,
with planar bases, whereas those at CN consist of tabu-
lar to lentiform beds, from 30 to 10cm thick, with planar
or erosive bases of grainstones (sample CN105) and cal-
cimudstones (samples CN104 and CN106). Grainstones
contain intraclasts (GRi), and different types of lamina-
tion (GRht, GRh, GRr, GRrw), whereas calcimudstones
are mainly structureless (CMm) or have synsedimentary
deformation (convoluted lamination and mudcracks;
Figure 6). These limestone beds contain bivalve fossils,
assigned to the freshwater mussels Diplodon sp. (see
Santonja et al., 2021), and also undetermined ostracod
remains. These ostracods are mostly disarticulated and
generally poorly preserved and exhibit a thin shell wall
typical of freshwater forms. Finally, a 10 cm thick tuff bed
(Tf) was observed at the base of the stratigraphic section
at DAV.

Facies 2 is observed interbedded with Facies 1. At CN
Facies 2 was recognised only in the lowermost part of
the section, whereas at DAYV, it occurs repeatedly in the
section (Figures 3 and 4). Facies 2 consists of grey sand-
stones interbedded with grey siltstones and mudstones
(Figure 5G,H). Subordinate limestone beds and coal layers
were observed. The finer grain deposits are light to dark
green, grey and occasionally brown mudstones and silt-
stones with thin lamination (Fl and Fh, respectively) or
a structureless appearance (Fm). They range in thickness
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TABLE 3 (Continued)

Stable isotopes

Petrography and
Diagenetic zone

5'°0 VPDB

§°C VPDB

Cathodoluminescence and Diagenetic stage

StL/F

Microfacies

Sample

Site

—15.6
=153

=35
=32

Grumous/mottled micrite matrix, spar mosaics,

Fibrous spar—Meteoric

vadose

Stromatolitic
boundstone

AME1

Arroyo del Medio

circumgranular spar rim, and fibrous spar: moderate orange

luminescence

Circumgranular spar

Sparitic valves and other bioclasts: dark orange weak

rim—Meteoric phreatic

luminescence. Fractured feldspar crystals with a bright

luminescent cement

Fibrous spar layers: alternating medium and low

luminescence

Crack margins with dense micrite: dull luminescence.

Microstylolites: non-luminescent

Eogenesis—-Mesogenesis

Abbreviations: StL/F, Stratigraphic log/Facies; VPDB, Vienna Peedee belemnite standard.

from 10cm to 10m, and contain fish remains. The sand-
stone beds are mainly lenticular with erosive bases, range
between 20cm and 90cm thick and contain coarse to me-
dium sand grains. They contain muddy intraclasts and
an internal decreasing grain size trend towards the top.
The sedimentary structures observed are trough cross-
stratification (St), ripple cross-lamination (Sr), horizontal
lamination (Sh) and structureless (Sm). Very scarce lime-
stone beds are interbedded with the fine-grained deposits
(Figure 5B). They consist of calcimudstones and grain-
stones, and are observed as laterally discontinuous bodies
10cm thick with a structureless appearance (CMm and
GRm, samples DAV16, DAV17 and CN103). Also, a coal
layer a few centimetres thick (FC), was observed interca-
lated with the siltstones at the lowermost portion of the
CN stratigraphic section.

Interpretation

Facies 1 is interpreted as having accumulated in a mar-
ginal lacustrine zone. The intercalations of tabular bod-
ies of siltstones, mudstones and sandstones in almost
equal proportions are evidence of coastline fluctuations
in a low-energy environment (Reading, 1996; Paredes
et al., 2009). These deposits result from settle-out pro-
cesses (Fm), and low-flow-regime transport (FIl, Fh,
Sh, SI, Sr) and, in some cases, from oscillatory flows
(Srw) and high-flow-regime transport (Shh; Collinson
& Thompson, 1989). Tetrapod tracks indicate shallow
conditions and a well-oxygenated environment is also
evidenced by the presence of a great variety of biological
activity, such as bivalves, ostracods and bioturbation.
Furthermore, the presence of wave ripple lamination
(Srw) indicates that the deposition occurred above the
wave base (Nichols, 2009).

Facies 2 is interpreted as deposited in a lower delta-
plain environment, where the distributary channels
are preserved as lenticular sandstone bodies with trac-
tive flow structures (St, Sr, Sh, Sm) (Harms et al., 1982;
Link et al., 1978). The overbank or inter-channel areas,
sites of sedimentation of suspended load fallout when
the channels flood, are preserved as tabular bodies of
sandstones, siltstones and mudstones, with low-energy
structures (F1, Fh, Sm, Sh) (Arche, 1992; Reading &
Collinson, 1996; Bhattacharya, 2006). This interpreta-
tion is reinforced by the presence of coal, as a product
of the production and preservation of organic matter
(OM) in shallow, low-energy swampy environments (in-
terdistributary bay; Nichols, 2009). Although limestone
beds are still observed in this facies (CMm), they are less
abundant than in Facies 1 and sandstone intercalations
are more plentiful, suggesting that the environment is
closer to a source of clastic material that would come
from fluvial input (Talbot & Allen, 1996). Facies 2 and
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Carbonate beds

\’«’_~;

Fish gseous
remain

FIGURE 5 Field photographs of the sedimentary facies observed in the Nirihuau Formation middle section. (A) CN stratigraphic
section. Thinly interbedded light green to grey ostracod-siltstones, and dark grey mudstones, with sandstones and limestone beds of Facies 1.
Lower inset shows bed containing bivalve fossils, upper exhibits ostracod-bearing limestone bed. (B) CN stratigraphic section. General view
of the outcrop of Facies 2 affected by syndepositional deformation. Inset shows laterally discontinuous limestone beds interbedded among
fine-grained deposits. (C) DAV stratigraphic section. Tabular deposits of mudstones and siltstones (Fl, Fh, Fm) with interbedded sandstones
from Facies 1 of Facies Association 1. (D) DAV stratigraphic section. Tetrapod footprints preserved on siltstone beds of Facies 1. (E) DAV
stratigraphic section. Detail of siltstone bed containing fish scales and skeletal remains abundant in Facies 1. (F) DAV stratigraphic section.
Detail of bioturbated siltstone bed (Fb) from Facies 1. (G) DAV stratigraphic section. Grey sandstone bed interbedded with grey structureless
mudstones and siltstones from Facies 2. (H) DAV stratigraphic section. Grey sandstone bed interbedded with light to dark green, grey and
occasionally brown mudstone and siltstone with thin lamination from Facies 2.

Facies 1 are considered to have accumulated laterally Based on these observations, this facies association is
to each other because they are generally observed to be  interpreted to reflect a lacustrine environment associated
interbedded. with a delta plain, from a deltaic system. The predominance
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FIGURE 6 Field photographs of one of the limestone beds sampled from Facies Association 1 (Facies 1) from the CN stratigraphic
section. (A, B) Limestone bed corresponding to sample CN104 and the recognisable sedimentary structures: intraclasts (GRi), heterolithic
lamination (GRht), horizontal lamination (GRh), current-ripple cross-lamination (GRr) and wave-ripple cross-lamination (GRrw). Fl:
Laminated mudstones. (C) Details of the uppermost portion of the limestone bed with heterolithic lamination and angular intraclasts.

(D) Details of base of limestone bed with intraclasts. (E) Details of top of the limestone bed with mudcracks and ochre colour, likely due to
oxidation (plan view). See Figures 2 and 3 for the location of the stratigraphic section and sample.

FIGURE 7 Field photographs of
some of the limestone beds sampled. (A,
B) Limestone bed from Cerro Carbén
(corresponding to sample CAR18) and
the sedimentary structures recognised on
it: horizontal lamination (GRh), trough
cross-bedding (GRt) and structureless
(GRm). (C, D) Limestone bed with dome
geometry, radial texture at the base and
banded structure at the top from Arroyo
del Medio (corresponding to sample
AME]1) interpreted as microbialites
formed by bioinduced precipitation. The
main features are indicated. See Figure 2
for the location.

of laterally continuous fine grain size deposits both lam- palaeoenvironment with occasional fluvial influx, result-
inated and structureless, with intercalations of sand- ing in the formation of a delta where the river met the lake
stones and limestone beds suggest a nearshore lacustrine (Anadon, 1992; Talbot & Allen, 1996, Hakanson, 2007).
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5.2 | Limestone beds at Cerro
Carbon and Arroyo del Medio (CAR and
AME sites)

Carbonate deposits occur as isolated beds in the north-
ern part of the basin, at the Cerro Carbon and Arroyo del
Medio sites. Since their macrofabric and microfabric differ
significantly from the carbonates found to the south at the
CN and DAV sites (see Figures 1 and 2 for sites location;
Table 3 for macrofacies and microfacies sample references)
their sampling and analysis provide crucial information
about the entire Nirihuau continental carbonate factory.

5.2.1 | Cerro Carbon site (CAR)

Description

The limestone bed has a tabular geometry ranging from
10 to 15cm thick with a planar to slightly erosive base.
It is a white-coloured grainstone with such sedimentary
structures as horizontal lamination (GRh) and trough
cross-lamination (GRt) or they may appear structureless
(GRm) (Figure 7A,B).

Interpretation

The sedimentary structures observed in the limestone bed
suggest transport of the carbonate material in sublittoral
areas of a lake by low regime tractive flows. The structure-
less grainstones may have been generated through grav-
ity flows or resuspension of sediments (Alonso-Zarza &
Tanner, 2010).

5.2.2 | Arroyo del Medio site (AME)
Description

At Arroyo del Medio a 30cm thick, dark-brown to grey-
coloured limestone bed is exposed. It exhibits a domed
geometry (Kennard & Burne, 1989) consisting of laterally
linked hemispheroids, each about 30cm high, 15cm long
and 20cm wide (Bechis, 2004). The internal growth forms
domes, which have an irregular base, radial texture at the
base where lamina shapes are gently convex with non-
enveloping margins, and a banded structure with slightly
undulatory and laterally continuous laminae at the top
(Figure 7C,D).

Interpretation

The domal carbonate structures with an internal aggrad-
ing fabric made up of laminae are interpreted as microbial-
ites formed mainly by bioinduced precipitation (Awramik
& Riding, 1988; Dupraz et al., 2009), and correspond to

laterally linked hemispheroids sensu Logan et al. (1964).
The irregular base could be due to an uneven original
substrate or to dissolution processes. The hemispheroi-
dal structures indicate a moderate to low hydraulic en-
ergy subenvironment in shallow to intermediate water
depths possibly protected by physical barriers from high-
energy currents (e.g. sand bars; Grotzinger & Knoll, 1995;
Druschke et al., 2009) within the photic zone because they
are built by photo-dependent microorganisms (Dupraz
et al., 2004; Bourillot et al., 2020) and reduced input of
siliciclastic grains (Alonso-Zarza & Tanner, 2010).

6 | CARBONATE MICROFACIES

All the limestone beds sampled were analysed under the
microscope and seven of the samples were selected for
analysis by cathodoluminescence (Table 3). The micro-
scopic study of the thin sections yields microfacies data
which, in conjunction with the insights derived from
cathodoluminescence analyses, provide key information
on sedimentary and diagenetic processes.

6.1 | Microfacies: Intraclastic grainstone

Description

Grain-supported microfabric with subangular to sub-
rounded sparitic intraclasts 472-1180 pm in size. Some
of the intraclasts show evidence of corrosion-like irreg-
ular margins and a 27 pm thick layer of opaque coat-
ing material. They have a rim, with an internal micritic
opaque fringe of 27 pm in thickness, and an external one
of 27-272 pm in thickness (Figure 8A), of circumgran-
ular calcite cement (Figure 8B) and also of crystalline
texture of calcite with radial fibrous habit. Scarce intra-
clasts preserve micritic crenulated lamination. The spar
crystals of the intraclasts are euhedral and vary in size
between 120 pum and 240 pm. There are scarce angular
siliciclasts of feldspars, quartz and volcanic lithic frag-
ments 250 pm in diameter. Spar crystals up to 100 pm
in size with clear contacts fill the interparticle space.
There are also clasts with diagenetic silica of 200 pm.
Some of the intraclasts are connected with the adjacent
ones, leaving only an observable line of opaque material
remaining. This may be attributed either to the loss of
part of the external layer or because the rim precipitated
after they came into contact. Cathodoluminescence
analysis shows that the micrite, fibrous radial calcite
cement and spar have reddish, very dark weak lumi-
nescence, whereas quartz or feldspar clasts are non-
luminescent (Figure 8C).
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Interpretation

The intraclasts are the result of tractive flows eroding
and transporting carbonate deposits from their originally
adjacent subenvironment (Gierlowski-Kordesch, 2010).
This is a common carbonate element in shallow marginal
lacustrine subenvironments (Platt, 1989; Gierlowski-
Kordesch, 2010). Intraclasts most likely represent bio-
genically induced carbonate precipitation of micrite
since some of them still preserve micritic crenulated
lamination (Figure 8A; Dupraz et al., 2009; Gierlowski-
Kordesch, 2010). The irregular margin of a few intraclasts
indicates that transport was not significant (Reading &
Level, 1996; Nichols, 2009). The coating of opaque ma-
terial is interpreted as OM that accumulated after trans-
portation, while the circumgranular calcite cement as
the result of dissolution and reprecipitation of carbon-
ate in a meteoric-phreatic environment (Fliigel, 2010).
The dull luminescence could indicate low Mn content
(Machel, 2000) or Fe concentration above 200 ppm (Hiatt
& Pufahl, 2014). The reddish to dark weak luminescence
is indicative of anoxic pore waters (Hiatt & Pufahl, 2014).

6.2 | Microfacies: Homogeneous
calcimudstone
6.2.1 | Description

This microfacies comprises a homogeneous micrite matrix
with vertical to subhorizontal cracks 1420 pm wide con-
nected by thinner horizontal cracks 120-600 pm in width.
The cracks have an isopachous rim of bladed calcite in
their inner margin; they also contain 120-830 pym diam-
eter, micritic subrounded and subangular intraclasts with

bladed calcite rims of 25pm forming interparticle con-
nections and granular calcite filling the remaining pores
(Figure 8D). The spar crystals vary in size between 12 pm
and 50000pm and form granular mosaics (Figure 8E).
Within the cracks, there are also scarce angular grains
of feldspars, quartz and lithic fragments 240 um in diam-
eter. The micrite matrix is moderately luminescent. The
bladed calcite presents bright luminescence around clasts
(Figure 8F) and dark orange weak luminescence in the
inner margin of the cracks. The granular calcite has dark
brown weak luminescence (Figure 8G). There are also
bright luminescent thin veins affecting the cracks and
non-luminescent silica cement was observed affecting the
micritic matrix in a sector.

6.2.2 | Interpretation

The homogeneous micrite microfacies is interpreted as
authigenic precipitation of carbonate in a subaqueous
subenvironment (Schrag et al., 2013). The observed cracks
have sharp margins and a different infilling than the ma-
trix; therefore, they are interpreted as subaerial exposure
cracks (Gierlowski-Kordesch, 1998). This implies the
limestone bed records a shallowing upward trend, which
is common in carbonate lacustrine ramp margins charac-
terising a prograding trend (Figure 6; Platt & Wright, 1991;
Tucker & Wright, 2002). Crack infilling is interpreted as
carbonate grains eroded and transported from adjacent
settings with moderate- to high-energy conditions (Platt
& Wright, 1991) or perhaps shallower areas that had been
desiccated (Gierlowski-Kordesch, 2010). The subrounded
and subangular shape of carbonate grains points to the
first option as the most plausible one. The bladed calcite

FIGURE 8 Microphotographs of some of the limestone beds sampled in the Nirihuau Formation middle section at the CN stratigraphic

section. (A) Grain-supported matrix of subangular to subrounded sparitic intraclasts (sample CN103). White dashed line indicates micritic

crenulated lamination. (B) External layer of the circumgranular calcite cement rim (sample CN103). (C) Micritic matrix with homogeneous
reddish very dark dull luminescence with non-luminescent siliciclast (sample CN103). Upper left corner shows the same siliciclast under
parallel polarised light. (D) Homogeneous micrite matrix with vertical to subhorizontal wide cracks connected by thinner horizontal cracks
(sample CN104). Isopachous rim of bladed calcite in inner margin, micritic subrounded intraclasts with bladed calcite rim (meniscus
cement), and spar cement on the remaining vugs and voids of the cracks. (E) Granular mosaics of spar crystals (sample CN104). (F) Crack
with angular siliciclasts of weak luminescence with a bright luminescent carbonate rim (sample CN104). (G) Homogeneous micritic matrix
with weak orange luminescence disrupted by a crack with an inner margin of bladed calcite rim and subrounded micritic intraclasts, the
remaining vugs of the crack are filled with a sparitic cement (sample CN104). Parallel polarised light picture shown on the left. Black dashed
line indicates limit of bladed calcite and spar cement. (H) Grain-supported micrite grumous matrix of subangular to subrounded micrite
intraclasts (sample CN105). A few contain horizontal laminae. (I) Scarce rounded intraclasts with faint tubules in a radial disposition
(white dashed line) (sample CN105). (J) Scarce and dispersed disarticulated calcitic valves (sample CN105). (K) Homogeneous to grumous
micrite matrix with peloidal texture (sample CN106). (L) Faint fenestral appearance (sample CN106). (M) Scarce and dispersed siliciclasts,
some replaced by carbonate (corrosion) with bright orange luminescence (sample CN106). (N) Homogeneous micritic matrix with dull
luminescence. Moderate luminescence microspar cement on the fenestrae. Blocky spar disarticulated valve with weak to no luminescence
(white dashed line) (sample CN106). (O) Homogeneous and grumous micrite matrix with vertically aligned disruptive structures (birds
eye) with microspar margins (sample CN108). B.cc., bladed calcite; C, cement; GM, Gromous micrite; I, Intraclast; m, Meniscus cement; Sc,

Siliciclast; V, valves.
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interparticle connections between adjacent carbonate  calcite cement filling the remaining pores strongly sug-
grains are interpreted as meniscus cement characteris- gests a change to a meteoric-phreatic environment dur-
tic of the vadose subenvironment (Armenteros, 2010;  ing burial (Fliigel, 2010). The bright luminescence of the
Christ et al., 2018). However, the presence of granular  rims is interpreted as possibly precipitating under low
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Fe concentrations and the presence of Mn in an oxygen-
poor microenvironment (Hiatt & Pufahl, 2014; Christ
et al., 2018). The dull luminescence, dark bladed calcite
is interpreted as forming in the phreatic meteoric suben-
vironment (Fliigel, 2010) under high Fe and/or low Mn
concentrations (Machel, 2000). The dark brown, dull
luminescence granular spar is interpreted as due to the
presence of Fe in a reducing microenvironment (Hiatt &
Pufahl, 2014).

6.3 | Microfacies: Silty grainstone

6.3.1 | Description

This microfacies has a grain-supported siliciclastic micro-
fabric with abundant carbonate intraclasts of grumous
micrite. The intraclasts are subangular to subrounded
240-2000 pm in size, while a few of them contain horizon-
tal crenulated laminations which measure 25 pm in thick-
ness. Some intraclasts are elongated and have different
crenulated layers of microspar (Figure 8H), whereas oth-
ers contain radially disposed straight tubules 25 pum thick
and 240 pm long. There are also scarce rounded intraclasts
with faint tubules of the same size radially disposed to form
structures 300 pm thick (Figure 8I). This radial disposition
of tubular structures originates from a structureless mic-
rite differentiated nuclei. The micrite intraclasts contain
scarce and dispersed calcitic disarticulated valves, 350 pm
long and 12 pm wide (Figure 8J). Abundant angular silici-
clastic grains of quartz, feldspar and biotite (240-700 pm)
occur randomly dispersed. Some of them have corroded
margins. There are devitrified lithoclasts filling voids and
vugs and also patches of zebraic chalcedony 350-4500 pm
across.

6.3.2 | Interpretation

Sorting and shape of siliciclastic grains suggest a mod-
erate- to high-energy subenvironment and transport
from proximal areas. Micritic intraclasts are interpreted
as transported by tractive flows from their original sub-
environment. Their shape suggests transport distance
was minor. Crenulated micrite is commonly the result
of microbial biofilms inducing precipitation of carbonate
(Duprazetal., 2009). The tubular structures are interpreted
as due to filamentous algae (Freytet & Verrecchia, 1998;
Astibia et al., 2012; Benavente et al., 2012). These two
features strongly support that the micrite was biogenic
and carbonate precipitation was probably biogenically
induced (Dupraz et al., 2009). The disarticulated and
fragmented valves might belong to ostracods or bivalves

(Cohen, 2003; Gierlowski-Kordesch, 2010). Transported
carbonate grains with shell fragments are common in
moderate- to high-energy lacustrine ramp margins (Platt
& Wright, 1991). The corroded siliciclastic grains probably
were transported from distant areas.

6.4 | Microfacies: Disrupted micrite

6.4.1 | Description

This microfacies is composed of grumous micrite
(Figure 8K,L) disrupted by abundant circumgranular and
straight cracks 120 pm wide and 700 pm long, and micro-
spar patches. The patches are vertically to subhorizontally
aligned and more abundant towards the top, measuring
between 25um and 3500pm in length. Crystals of the
spar infilling the cracks vary between 25um and 50 pm
in their major axis and form blocky mosaics. There are
scarce disarticulated and neomorphosed valves and si-
liciclastic grains. Valves measure 120 pm long and 12pm
wide and are replaced by granular calcite. Siliciclastic
grains are very scarce and dispersed and include angular
silt-sized (25-50 pm) grains of quartz. There are also nu-
merous subrounded empty voids 25-50pm in diameter.
Cathodoluminescence shows a dull luminescence matrix
(Figure 8M,N). Some clasts are partially replaced by car-
bonate (corrosion) and show bright orange luminescence
(Figure 8M). A moderate luminescence microspar cement
is observed in the patches, whereas the blocky calcite in
cracks and valves is non-luminescent (Figure 8N).

6.4.2 | Interpretation

Homogeneous micrite precipitated subaqueously and the
grumous texture of the carbonate suggests biogenically
induced precipitation (Dupraz et al., 2009). The presence
of circumgranular cracks and microspar patches repre-
sent subaereal exposure of the micrite and decay of the
microorganisms that induced carbonate precipitation
(Fliigel, 2010; Alonso-Zarza & Wright, 2010). These struc-
tures form in microbial micrite when part of the biofilm
dies after subaerial exposure which also supports that
the micrite is biogenic (Alonso-Zarza & Wright, 2010).
The valves are interpreted as ostracods and support a
subaqueous subenvironment interpretation (Gierlowski-
Kordesch, 2010). This carbonate microfacies also records
a shallowing-upward history (Figure 6) (Gierlowski-
Kordesch et al., 1991; Platt & Wright, 1991). The dull lumi-
nescent grumous micrite matrix is interpreted as preserved
primary micrite (Benavente et al., 2023). Straight cracks
are interpreted as the result of mechanical compaction
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(Fliigel, 2010). Microspar with moderate luminescence
corresponds to dissolution of the original micrite and sub-
sequent cement precipitation (Armenteros, 2010). The
non-luminescent blocky spar in cracks is interpreted as
diagenesis in the meteoric vadose and/or phreatic zones
(Armenteros, 2010; Fliigel, 2010). Bright luminescence in
corroded clasts resulted from cementation with Mn pres-
ence and non-Fe (Hiatt & Pufahl, 2014).

6.5 | Microfacies: Birds eye micrite

6.5.1 | Description

This microfacies consists of grumous micrite matrix with
abundant vertically aligned disruptive structures (birds-
eye) with microspar margins that measure between 25 pm
and 70pm (Figure 80). Particles include very scarce an-
gular silt-sized grains of quartz (35pm), and articulated
ostracod valves that form voids (360-470pm long and
240 pm wide). This microfacies also has aligned patches of
black clotted and dark reddish opaque material.

6.5.2 | Interpretation

The grumous micrite is interpreted as biogenic in ori-
gin (Dupraz et al., 2009) that precipitates subaqueously
(Gierlowski-Kordesch, 2010) whereas birds-eye structures
commonly form as a result of subaerial exposure of mi-
crobial biofilms, necrosis and gas generation that made
the pores in the resulting fabric (Fliigel, 2010). This im-
plies that the limestone bed records lake-level fluctua-
tions (Tucker & Wright, 2002). The presence of ostracods
supports a subaqueous subenvironment (De Deckker &
Forester, 1988; Gierlowski-Kordesch, 2010). The opaque
and dark material is interpreted as OM (sensu Tucker &
Wright, 2002; Scholle & Ulmer-Scholle, 2003).

6.6 | Microfacies: Bioclastic mudstone

6.6.1 | Description

The bioclastic mudstone microfacies has a siliciclastic
matrix with abundant dispersed disarticulated sparitic
valves of ostracods (240-600pm long and 25um thick).
Valves are oriented concave-up or concave-down with the
major axis parallel to lamination. Most of the valves are
filled or replaced by fibrous calcite cement (Figure 9A),
and some disarticulated valves appear to have calcite ac-
icular crystals that range in size from 60 to 175pm long
and are 12pm wide. The matrix includes abundant and

randomly dispersed angular silt to very fine sized grains
of quartz and feldspar (25 and 70 pm in their major axis).
Cathodoluminescence shows a non-luminescence fine-
grained siliciclastic matrix with moderate luminescence
carbonate in bioclasts, overgrowth cement and filling mi-
crofractures (Figure 9B,C).

6.6.2 | Interpretation

Concentrations of valves is interpreted as the result of
transport from their original subenvironment by tractive
flows. The shell alignment observed is indicative of a pre-
dominantly low-energy ramp-type lacustrine margin with
episodic reworking processes (Platt & Wright, 1991; Tucker
& Wright, 2002). The non-luminescent matrix is indicative
of an oxidising microenvironment probably devoid of Mn
(Tucker & Wright, 2002). Moderate luminescence microf-
ractures, cement and bioclasts can reflect low Fe and mod-
erate Mn concentrations (Scholle & Ulmer-Scholle, 2003).
The fibrous spar cement corresponds to the fossilisation
process and characterises the meteoric vadose and phreatic
zone (Fliigel, 2010; Armenteros, 2010). The acicular spar
crystals in bioclasts suggest mixed conditions and/or ma-
rine zones during fossil diagenesis (Fliigel, 2010).

6.7 | Microfacies: Calcimudstone with
sparse detrital grains

6.7.1 | Description

This microfacies contains abundant angular silt-size
grains of quartz and feldspar (25 and 60pum), in a gru-
mous micrite matrix disrupted by vertical and horizontal
cracks. Particles also include rare disarticulated and ran-
domly oriented ostracod valves that range in size from
350 to 700pm long and 12-25pm wide (Figure 9D,E).
Cathodoluminescence shows a dull brown to non-
luminescent matrix (Figure 9F), aswell asnon-luminescent
siliciclastic grains, which are concentrated on fractures
(Figure 9F,G). Fractures show an isopachous calcite, non-
luminescent cement rim that measures 50-150 pm thick,
possessing dull luminescence in the centre (Figure 9F).
The matrix is disrupted by vertical and horizontal cracks
that have bright orange luminescence, whereas ostracod
valves are non-luminescent (Figure 9H,I).

6.7.2 | Interpretation

Grumous micrite is interpreted as the result of bio-
genically induced precipitation (Dupraz et al., 2009).
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FIGURE 9 Microphotographs of some of the limestone beds sampled in the Nirihuau Formation middle section at the DAV
stratigraphic section. (A) Abundant disarticulated sparitic valves dispersed in the siliciclastic fine-grained matrix (sample DAV4). Some

have fibrous spar cement. (B) Fine-grained matrix with very weak to no-luminescence. Abundant dispersed bioclasts with moderate

luminescence. Some disarticulated valves present calcite fibroradial overgrowth (sample DAV4). (C) Bright luminescence microfractures

affecting the non-luminescent matrix (sample DAV4). The white-dashed lines indicate some of the angular non-luminescent siliciclasts

dispersed in the matrix. (D) Grumous micrite matrix with very abundant angular siliciclastic grains of quartz and feldspar and rare

disarticulated sparitic valves (sample DAV17). (E) Abundant randomly oriented valves dispersed in a micritic matrix (sample DAV16).

(F) A dull brown to non-luminescent matrix disrupted by fractures filled with non-luminescent siliciclasts (sample DAV17). The white

dashed line indicates the isopachous spar rim filling fractures with no-luminescence near their margins and dull luminescence in their

centre. (G) Same picture as Figure 9F but under parallel polarised light. The siliciclasts can be distinguished. (H) Scarce disarticulated valves

dispersed in the grumous micrite matrix (both dull to non-luminescent) (sample DAV17). Some thin microfractures affect the matrix with

bright orange luminescence. (I) Same picture as Figure 9H but under parallel polarised light. The arrows indicate the position of the valve

and microfracture on Figure 9H. Bc, bioclasts; C, cement; cc. fr. calcite fibroradial overgrowth; Mf, microfracture; Sc, siliciclasts.; V, valves.

Valves are most likely from bivalves (Gierlowski-
Kordesch, 2010). This accords with previous descriptions
where bivalves of Diplodon sp. genus (Unionoida) were
reported from the unit (Santonja et al., 2021). The abun-
dance of angular siliciclastic grains and the scarce valves
suggest a high-energy setting (Platt & Wright, 1991) very
close to the clastic supply area. The dull brown lumines-
cence to non-luminescence of the matrix is interpreted as
the result of low Mn and the presence of Fe in a reducing
microenvironment (Hiatt & Pufahl, 2014). Similarly, the

non-luminescent spar rim in fracture margins and dull
luminescence in their centre correspond to low Mn con-
centrations and the presence of Fe (Hiatt & Pufahl, 2014).
The bright orange luminescence of the cracks is inter-
preted as the opposite situation (Richter et al., 2003).
Non-luminescent valves are interpreted as high Fe con-
centrations and/or Mn absence (Machel, 2000). Although
the sample lacks diagnostic features to constrain the dia-
genetic zone, based on the observed cements, meteoric
conditions can be interpreted.
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6.8 | Microfacies: Fenestral micrite
6.8.1 | Description

This microfacies is dominated by grumous micrite with
rare siliciclastic grains of quartz and feldspar (Figure 10A)
that measure 120-290 um in diameter; and scarce disartic-
ulated valves that measure 240-350 pm long and 12-25 pm

wide. The matrix is characterised by abundant irregularly
distributed LF-BI type fenestrae that measure between
200 pm and 500 pm across. Some of the fenestral space has
been filled by microcrystalline quartz (Figure 10A,B). The
micrite and patches of blocky spar cement show bright
orange luminescence (Figure 10C). The valves and silici-
clastic grains have dark brown dull luminescence or are
non-luminescent (Figure 10C).

FIGURE 10 Microphotographs of the limestone beds sampled in the Nirihuau Formation at Cerro Carbon and Arroyo del Medio sites.
(A) Grumous micrite with rare siliciclastic grains of quartz and feldspar and scarce disarticulated valves. Some of the fenestral space has
been filled by microcrystalline quartz (sample CAR18). (B) Grumous micrite matrix is observed with bright orange luminescent matrix.
Scarce siliciclasts and disarticulated valves with dark brown dull luminescence or non-luminescence are dispersed in the matrix (sample
CAR18). (C) Same picture as (B) but under parallel polarised light. The red dashed line indicates the position of the clast marked in (B). (D)
Grumous micrite matrix disrupted by cracks filled by inequigranular mosaics of spar, angular siliciclasts and disarticulated sparitic valves
(sample AMEL1). Valves can have a concentric black dark opaque material coating. (E) White arrow points to the aggrading fibro-radial spar
structures dispersed in the grumous micrite matrix observed (sample AME1). They overlap up to three layers. (F) Mottled micrite with high
orange luminescence (sample AMEL1). Bioclasts, 0ooids, clasts and other particles of dull luminescence with a cement of bright luminescence
filling the voids are observed. (G) Fitted disarticulated valves and other particles of dull luminescence with a cement of bright luminescence
filling the voids (sample AMEL1). (H) Interlayered thin laminae of fibro-radial spar forms alternating dull and non-luminescent layers
indicative of a possible biogenic origin (sample AME1). (I) Thin laminae of fibro-radial spar interlayered with alternate brighter and weaker
luminescence of possible biogenic origin (sample AME1). C, cement; GM, Gromous micrite.; Sc, siliciclasts; V, valves.
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6.8.2 | Interpretation

Grumous micrite is interpreted as the result of biogeni-
cally induced precipitation (Dupraz et al., 2009). Fenestrae
are commonly formed when microbial mats or biofilms
are subaerially exposed (Fliigel, 2010), this suggests that
the carbonate precipitated subaqueously and was subse-
quently exposed (Alonso-Zarza & Wright, 2010). Blocky
spar characterises the meteoric vadose and/or phreatic
diagenetic zones (Armenteros, 2010). Bright orange lumi-
nescent micrite and spar cement are interpreted as due to a
high concentration of Mn and a low concentration of Fe in
an oxygen-poor microenvironment (Hiatt & Pufahl, 2014).

6.9 | Microfacies:
Stromatolitic boundstone
6.9.1 | Description

This microfacies has a matrix of grumous micrite dis-
rupted with cracks filled by inequigranular mosaics of
spar, angular siliciclasts and disarticulated sparitic valves
(Figure 10D,E). The spar crystals measure between
40pum and 200 pm along their major axis. The valves are
200-800 pm in length and 20pm thick. They can have a
concentric coating of a dark black opaque material 30 pm
thick (Figure 10D). The margins of the cracks are smooth
with dense micrite or concentrations of opaque material
and dark pellets 20 pm in diameter. Dispersed in the ma-
trix are aggrading fibrous spar structures that overlap up
to three layers of fibro-radial spar, where the crystals have
their long axis perpendicular to the micrite lamination. At
their greatest extent, these structures measure up to 30 pm
long and 100 pm wide but they are narrower at their base
(Figure 10E), with lateral changes to micrite. There are
dispersed aggregate carbonate grains that range in size
from 100 to 300 pm in diameter (Figure 10F,G). There are
also voids and interparticle spaces dispersed in the ma-
trix that have been filled with spar mosaics and present
a 10 pm thick circumgranular spar rim. Mottled micrite
and spar carbonate cement have bright orange lumines-
cence. The fibro-radial spar forms alternating dull and
non-luminescent layers (Figure 10H,I). Valves have dark
orange low luminescence. Feldspar crystals are fractured
and their fractures are filled with a bright luminescent
carbonate cement. Microstylolites are non-luminescent.

6.9.2 | Interpretation

The grumous micrite microfabric is indicative of bio-
genically induced carbonate precipitation (Chafetz &

Buczynski, 1992; Dupraz et al., 2009), and not trapping
and binding (Burne & Moore, 1987) as would have been
expected from the macrofabric (Braga et al., 1995). Fibro-
radial sparitic aggrading structures are interpreted as
biogenic build up structures and are the microscopic ex-
pression of the domal stromatolitic macrofabric observed
in outcrop. Sparitic valves are interpreted as ostracods
(Gierlowski-Kordesch, 2010). Their inclusion in coated
structures forming incipient carbonate aggregate grains
indicates agitation in a high-energy environment (Arenas
et al.,, 2007). Micritic fragments observed in the aggre-
gates are interpreted as originating from fragmentation
of biogenic structures in a moderate- to high-energy en-
vironment and coated by agitation of the water column
(Fliigel, 2010). Fibro-radial spar is typical of the meteoric
vadose diagenetic zone (Fliigel, 2010). The circumgranu-
lar rim and corroding cement in the siliciclasts with bright
orange luminescence are interpreted as forming in the
meteoric phreatic zone with low Fe concentrations and
the presence of Mn (Fliigel, 2010; Hiatt & Pufahl, 2014).
The fibro-radial spar with alternating dull and non-
luminescent layers could be a response to variations in
the OM content between layers, which in turn, exhibit a
different response to diagenesis (Icole et al., 1990). Dark
orange, dull luminescent sparitic bioclasts are interpreted
as the result of cementation in an oxidising microenviron-
ment (Hiatt & Pufahl, 2014).

7 | CARBON AND OXYGEN
STABLE ISOTOPE COMPOSITION

The limestone samples analysed from the Nirihuau
Formation at the Cerro Carbon (CAR), Arroyo del Medio
(AME), Arroyo Las Bayas (CN) and Cerro David (DAV)
sites (Figure 2; Table 3) have 80, values that range
between +1.1 and —15.6%0 (y average=—9.0%0; 1l6="7.8;
N=9) and §"*C,,, values that range from +14.2 to —4.0%.
(y average=1.8%o; 1l6=6.2; N=9) (Table 3; Figure 11).
These are broad ranges for both the O and C isotope
values. The correlation coefficient between §'°0,, and
813C,, is r=0.56 (r<0.7), p=0.15, indicating a low corre-
lation between the variables tested; however, the number
of samples analysed is small (n=9).

7.1 | Interpretation

The 5'°C_,, values obtained range from positive to nega-
tive values, but most of them are positive (Figure 11).
This is consistent with several different processes such
as accumulation of OM at the bottom of a stratified lake
system, fractionation due to exchange with atmospheric
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CO,, or a limestone-rich catchment (Leng et al., 2005).
The latter can be dismissed as there is no record of older
carbonates in the study area. Extremely positive values
like the one from sample CN108 have been attributed
to methanogenic bacteria in the lake waters (Potter
et al., 2004). However, there is not a well-defined trend
in the data set to infer that effect for carbonate precipi-
tation. Nevertheless, the §'*C_,, values obtained for the
CN site show a stratigraphic trend from more negative
to positive values, which could indicate the effect of
exchange with atmospheric CO, through time, or per-
haps volcanic influence. A volcanic effect has been in-
terpreted in modern lakes (Valero-Garcés et al., 1999)
and could be a more plausible interpretation for the
more positive '°C,,, values of the Nirihuau Formation
since significant pyroclastic material is recorded in-
terfingered in the lacustrine sedimentary succession
that contains the carbonates (Santonja et al., 2021).
Alternatively, negative values might be linked to the
mixing of waters during the seasonal breakdown of lake
water stratification and the decomposition of OM (Leng
& Marshall, 2004). This stratification is inferred based
on the sedimentary features observed in the lacustrine
deposits of the Nirihuau Formation middle section,
such as the dark-coloured laminated mudstones (Fl)
found in the lake-centre facies (Santonja et al., 2021),
where the calm and less oxygenated deep-water area fa-
voured the settling of fine material (Hdkanson, 2007),
that contrast with Facies 1 and 2 (Marginal lacustrine

and Lower-delta plain facies, respectively), where there
is evidence of agitation of the lake surface by waves and
circulation, generating an oxygenated environment
(Nichols, 2009).

The 60, values obtained range from positive to
negative but most of them are negative, reaching values
of —15.6%0. This is consistent with meteoric water ori-
gins and possibly groundwater supply (Leng et al., 2005).
Positive values might reflect an evaporative effect operat-
ing in the lacustrine system, whereas negative values rep-
resent dilution stages with significant water input (Leng
et al., 2005). This accords with the microfacies where the
positive values are recorded (birds eye micrite and ho-
mogeneous calcimudstone), since both present evidence
of subaerial exposure. The §'®0 values obtained for the
Arroyo las Bayas site (CN samples) show alternating neg-
ative and positive values that could potentially indicate
repeating diluted and evaporative stages (lake-level fluctu-
ations). However, the small number of samples demands
caution in the interpretation.

The low correlation coefficient (r<0.7) between car-
bon and oxygen isotope data points to a short residence
time for the palaeolake waters, which would indicate
an open hydrology for the system (Talbot, 1990; Leng
et al., 2005; Alonso-Zarza et al., 2012). However, while the
data set presents scattered data points representing four
different sites across the palaeolake, it lacks the high tem-
poral resolution required to allow such an interpretation
for the lacustrine system.
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8 | DISCUSSION

8.1 | Lacustrine depositional
environment

According to the sedimentological evidence from the
four sites analysed, a littoral lacustrine environment can
be identified (Platt & Wright, 1991). In the stratigraphic
sections studied, carbonate production is recognised
in the marginal lacustrine (Facies 1), and lower delta-
plain (Facies 2) facies. Nearshore carbonate production
is mostly biogenic or bio-induced although inorganic
carbonate precipitation may also occur in shallow water
(Platt & Wright, 1991). According to previous provenance
analysis conducted by Santonja et al. (2021), this lacus-
trine system of the middle Nirihuau Formation contains
a substantial amount of volcaniclastic material of inter-
mediate to basic composition, which most likely came
from the erosion of the El Maitén Volcanic Belt (Figure 1;
Rapela et al., 1988; Fernandez Paz et al., 2019), or by ef-
fusions synchronous with sedimentation, linked to the
contemporaneous magmatic arc. At that time, the main
sediment sources would have been located to the west of
the basin.

The Nirihuau carbonate microfacies and facies accu-
mulated under both low- and high-energy conditions
(Platt & Wright, 1991). High- to moderate-energy micro-
facies and facies have been recognised mainly at CAR (in
the north) and DAV (in the south), with the development
of carbonate deposits accumulated by tractive flows such
as bioclast concentrations and sedimentary structures,
such as GRm, GRt and GRh, which are also observed in
the clastic deposits (Sr, Srw, Sh, S, St). Moderate- to low-
energy carbonate sedimentation is identified at AME, rep-
resented by stromatolite aggradation. The development of
the laterally connected domal carbonate structures could
be favoured by physical barriers, such as sand bars, that
protect them from high-energy currents. The low-energy
carbonate precipitation is characterised by micritic and
intraclastic carbonate microfacies, and can present ev-
idence of subaerial exposure (Tucker & Wright, 2002).
Those features have been found principally at CN, rep-
resented mainly by biogenically induced micrite precipi-
tation and by the absence of sedimentary structures that
indicate high-energy processes. The desiccation cracks
found in sample CN104 (Homogeneous calcimudstone),
which are superimposed on carbonates with subaqueous
features, could indicate that lake-level fluctuations were
rapid. Subaerial exposure is also supported by birds eye
micrite structures from sample CN108. This supports the
hypothesis that this margin of the lake system had a low
gradient, where minor lake-level fluctuations could have
led to significant surface exposure.

In light of the aforementioned features and according
to the distribution and characteristics of the different sites
analysed, it could be argued that the palaeolake system
had a variable physiographic configuration (Figure 12).
However, the variations observed in the different sectors
of the basin are not necessarily only spatial variations
within the lacustrine system. There may also be temporal
differences because limestones are present in both the first
and the second lacustrine systems of the middle Nirihuau
Formation (Santonja et al., 2021), but further stratigraphic
correlations are necessary to determine this.

The Nirihuau palaeolake could correspond to ei-
ther the fluctuating-profundal or the fluvial-lacustrine
facies associations that characterise balanced-fill and
overfilled lake basin types, respectively (sensu Bohacs
et al.,, 2000). This conclusion is based on the detailed
stratigraphic analysis of the middle Nirihuau Formation,
sedimentary structures observed, abundant freshwater
fossils (Bocchino, 1964; Aragén & Romero, 1984; Pascual
et al., 1984; Cazau et al., 1989; Aguirre-Urreta, 1992;
Bertels-Psotka & Cusminsky, 1999; Cione & Bdaez, 2007;
Santonja et al., 2021; this contribution), and the progra-
dational stratal stacking patterns which demonstrate mix-
tures of the characteristics of the two lacustrine facies
associations.

A balanced-fill lake basin (Bohacs et al., 2000) occurs
when the rates of sediment plus water supply relative to
potential accommodation, are relatively equal over the
time span of sequence development. Periodically, water
inflows are sufficient to fill available accommodation,
but are not always matched by outflow. Consequently,
lake-level fluctuations driven by climate are common.
This lake-basin type generally records a combination of
progradation of clastic sediments and vertical aggrada-
tion of chemical sediments due to desiccation cycles. On
the other hand, an overfilled lake (Bohacs et al., 2000),
occurs when the rate of supply of sediment and water
consistently exceeds potential accommodation and
where water inflows are in equilibrium with outflows.
These types of lakes are very closely related to perennial
river systems. Their deposits are commonly interbed-
ded with fluvial deposits and coals (fluvial-lacustrine
facies associations). Carbonates are generally abundant
in both types of lakes but differ in their detailed char-
acteristics. However, the features identified were incon-
clusive for either type of lake basin. Therefore, with the
observations presented here, no major distinction could
be made between balanced-fill and overfilled lake ba-
sins. Further sedimentary analyses and correlation of
more stratigraphic successions need to be made, con-
centrating on the relationships between various facies
and carbonate types in vertical and lateral sequences,
their stacking patterns, and the detailed characteristics
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FIGURE 12 Regional map showing the morpho-structural units, the Nirihuau Formation outcrops and the location of the limestone
beds sampled along the northernmost sector of the Nirihuau Basin (See Figure 1 for location and further references). Each star represents
a single sample. The stable isotope analysis results (6130 and 8'*C minimum and maximum values) are shown in the picture next to the
corresponding samples for each site. At Arroyo del Medio (green star), an average of the results of the two samples analysed from the
same bed is shown. Schematic logs of the limestone bed outcrops from the different sites are represented with their main macroscopic and
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of OM, in order to proceed with the classification and
determine the lake basin type for the middle section of
the Nirihuau Formation.

8.2 | Carbonate diagenesis

Petrographic and cathodoluminescence analyses reveal
different diagenetic phases which affect the primary fab-
ric of the carbonate in the Nirihuau Formation. The dia-
genetic phases were identified following the proposal of
Armenteros (2010).

The grumous to homogeneous micrite observed in
some samples (Table 3; Figures 8D through G, K through
O, 9D through I and 10) is considered to be primary pre-
cipitated calcite (Murphy Jr. et al., 2014), suggesting

biogenically induced precipitation of carbonate (Dupraz
et al., 2009; Taher & Abdel-Motelib, 2014). Therefore, this
micrite records the primary conditions of carbonate pre-
cipitation in continental palaeoenvironments through its
stable-isotope composition.

Valves recognised in all microfacies are mainly spar-
itic and they preserve their original morphology very well,
pointing to a meteoric-vadose diagenetic zone during fos-
sil diagenesis (Armenteros, 2010). Sparitic and microspar-
itic cements, identified in all the microfacies, are restricted
to cracks, voids and rims. Their habit and luminescence
are highly variable, pointing to different stages and diage-
netic zones (Armenteros, 2010). Petrographic features of
the different cements have allowed the identification of
a meteoric-diagenetic zone, ranging from vadose to phre-
atic (Fliigel, 2010; Armenteros, 2010) (Table 3). There is
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an exception for the Bioclastic mudstone microfacies from
the Cerro David site (DAV). This microfacies shows a fi-
brous spar cement, characterising the meteoric-vadose di-
agenetic zone (Fliigel, 2010; Armenteros, 2010), but also
some of the bioclasts in it appear to present acicular spar
overgrowth (Table 3; Figure 10F through I). This cement
has been reported either for the mixed meteoric-marine
diagenetic zone or the marine diagenetic zone (Tucker &
Wright, 2002; Fliigel, 2010). In the case of the Nirihuau
Formation, it has been proposed that deposition occurred
mainly in continental fluvial and lacustrine environ-
ments, but also with a restricted marine incursion. The
marine interpretation is based on the occurrence of ma-
rine microfossils (dinoflagellates and acritarchs), marine
molluscs, heterolithic sedimentary structures and mud
drapes and bedding patterns found in the northern sec-
tor of the basin (Spalletti, 1981, 1983; Asensio et al., 2004,
Cazau et al.,, 1989, Gonzilez Bonorino & Gonzilez
Bonorino, 1978; Ramos, 1982). In this context, the acicular
spar cement involved in fossil diagenesis could be consid-
ered an indicator of a mixed meteoric/marine diagenetic
zone in the eastern margin of the basin. However, addi-
tional data is needed to confirm this interpretation.

Cathodoluminescence shows that the micrite is char-
acterised by low to no luminescence in most of the sam-
ples, reinforcing the petrographic interpretation of it as a
primary feature. Two samples from the north of the basin,
however, a stromatolitic boundstone from the Arroyo del
Medio site and a fenestral micrite from the Cerro Carbon
site, exhibit bright luminescence of the grumous or homo-
geneous micritic matrix (Table 3; Figure 10). This would
indicate a very early stage of diagenesis (eogenesis), pos-
sibly simultaneous with primary carbonate precipitation,
implying that the north area of the basin had substantial
pore-fluid influx at a very early stage during carbonate
precipitation.

The various spar cements found, being fibrous,
bladed, granular, blocky and isopachous, have mostly
weak to moderate luminescence. Only cracks filled with
spar in one sample (calcimudstone with sparse detrital
grains microfacies from DAV) show bright luminescence
(Figure 9F,H). This again points to the southern area as a
distinct sector, in this case with a different composition of
the fluids involved in the diagenesis of the deposit. Only
one sample from AME, in the north (Figure 12), presents
evidence for chemical compaction as microstylolites. The
lack of this kind of structure in most of the samples sug-
gests that deep burial diagenesis (mesogenesis) was minor
in this area of the basin (Bathurst, 1975; Choquette &
James, 1987).

The combination of petrographic features and their re-
sponse under cathodoluminescence indicates a predomi-
nance of mineral precipitation in the meteoric-vadose and

meteoric-phreatic zones, with variations in the redox con-
ditions. This supports the interpretation of an eogenetic
to a shallow mesogenetic diagenetic stage (Bathurst, 1975;
Table 3).

8.3 | Palaeoclimate inferences

Oxygen and carbon stable-isotope records have served
as the principal means of reconstructing global and re-
gional climate change on a variety of geologic time-
scales (Emiliani & Edwards, 1953; Savin et al., 1975;
Shackleton, 1987; Matthews & Poore, 1981; Miller &
Katz, 1987; Zachos et al., 2001). Also, lakes serve as highly
sensitive and dynamic systems with the potential to re-
cord climate changes, such as shifts in precipitation pat-
terns (Tucker & Wright, 1990; Leng & Marshall, 2004;
Gierlowski-Kordesch, 2010). Lacustrine carbonates are
particularly useful for tracking this information and
hence represent a valuable palaeoenvironmental record
(Liidecke et al., 2013).

Lake waters are part of the meteoric water cycle and the
oxygen isotopic composition of meteoric waters (5'°0,,)
is affected by many factors. The most important fraction-
ation mechanisms for water are evaporation and conden-
sation at the hydrosphere-atmosphere interface (Horita
& Wesolowski, 1994). The §'*0 composition of lake water
(8"0y,) is influenced by the oxygen isotopic composition
of meteoric waters supplied to the lake, by precipitation,
surface run-off and groundwater inflow. Evaporation,
itself governed by temperature and relative humidity,
strongly controls depletion of the light oxygen isotope °0
in the liquid-water phase. Changes in temperature, rainfall
sources, riverine influx and groundwater input are recorded
in the oxygen isotope ratios of carbonates (6'*0.,,) which
precipitate from lake water (Turner et al., 1983; Talbot, 1990;
Teraneset al., 1999; Lamb et al., 2000; Schwalb & Dean, 2002;
Leng & Marshall, 2004; Yansa et al., 2007; Davis et al., 2009;
Deocampo, 2010; Kent-Corson et al., 2010). Stratigraphic
changes in §'®0,,,,, values of lacustrine sections can there-
fore be attributed to changes in 5'®0y,, or temperature (Leng
& Marshall, 2004; Leng et al., 2005).

8'3C values in lacustrine environments are controlled
by three main processes: (1) 8**C composition of inflow-
ing waters, (2) CO, exchange between atmosphere and the
total dissolved inorganic carbon (TDIC) and (3) photosyn-
thesis/respiration of aquatic plants and algae within the
lake (Leng & Marshall, 2004; Leng et al., 2005). In turn, the
TDIC concentration in the lacustrine environment is gov-
erned by changes in carbon and nutrient cycling, as well
as productivity within the lake and its catchment, which
are often climatically controlled (Leng & Marshall, 2004;
Leng et al., 2005).
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The limestone samples analysed from the Nirihuau
Formation at the CAR, AME, CN and DAV sites have a
broad range of values of %0, (+1.1 to —15.6%0) and
8"C ey (+14.2 to —4.0%0) (Table 3; Figure 11). The §'*0
lacustrine signature of limestones from DAV presents
an alternation of more negative and positive values that
suggests possible alternating dilution (more negative val-
ues) and evaporation stages (less negative values). Such
changes are usually controlled by climate effects but can
also be triggered by tectonism modifying drainage net-
works and/or the catchment area leading to lake-level
fluctuations. Therefore, it is difficult to confirm a climate
effect on the '°0 signature with data this limited.

The 80 values obtained for the Nirihuau lime-
stone beds agree with the general depletion in §'*0 val-
ues recorded in the global deep-sea curve from Zachos
et al. (2001, 2008) during the MMCO, and the 813C data
match the range in values of Zachos et al. (2001, 2008) for
the same event. During the late Oligocene (26-27Ma), a
warming trend took place, and it lasted until the Middle
Miocene (15Ma). During this period of time, Antarctic ice
reduced its extent and global ice volumes remained (rel-
atively) low. With the exception of several brief periods
of glaciation, oceanic bottom-water temperatures slightly
increased over time (Wright et al., 1992). This warm phase
reached its peak from 17 until 15Ma, during the MMCO
(Flower & Kennett, 1994; Hinojosa, 2005; Hinojosa &
Villagran, 2005). Numerical simulations indicate global
mean annual temperatures were about 3°C higher than
today (You et al., 2009; Knorr et al., 2011). The limestone
beds of the Arroyo Las Bayas section (CN site), which
belong to the first lacustrine system in the Nirihuau
Formation, were deposited during this warm period
(Figure 3), according to U-Pb geochronological data pub-
lished by Santonja et al. (2021). The MMCO was followed
by a long-term gradual cooling and re-establishment of
a significant ice-sheet on Antarctica by 10Ma (Zachos
et al., 2001). The important process of global climate re-
organisation that followed the MMCO is known as the
MMCT and took place between ca 14.5 and 13 Ma (Flower
& Kennett, 1994; Super et al., 2018; Leutert et al., 2021
and references therein). During this period, the depo-
sition of the second lacustrine interval of the Nirihuau
Formation took place (Figure 3A), according to U-Pb dat-
ing (Santonja et al., 2021), where sample CN108 from the
Arroyo las Bayas site (CN) and possibly the limestones of
the Cerro David site (DAV) were obtained.

According to the vegetation found in Patagonia
during the Oligocene and Miocene, the forests were
dominated by a cool temperate biome constituted
mainly by Nothofagus (Barreda & Palazzesi, 2007;
Iglesias, et al. 2011; Passalia et al. 2016). However, the
short climatic optimum of the Middle Miocene, with

high global temperatures (Zachos et al., 2001), is as-
sociated with a marine transgression over Patagonia
(Uliana & Biddle, 1988; Barreda et al., 2007; Malumian
& Nanez, 2011) and caused the southward shift of
some wet-tropical palaeofloral elements such as
Sapindaceae-Cupania, Euphorbiaceae, Bombacaceae,
Malpighiaceae, Cyperaceae, Sparganiaceae/Tifaceae,
Restionaceae, Malvaceae and Polygonaceae (Barreda
et al., 2007; Iglesias et al., 2011). Also, pollen records
from late Oligocene-Middle Miocene marine strata of
Patagonia indicate humid forest conditions dominated
by Nothofagus and podocarps, with low abundances
of arid-adapted (inferred as open habitat) taxa before
10Ma (Palazzesi & Barreda, 2012; Dunn et al., 2015).
Regarding vertebrates, in the Early and Middle Miocene,
amphibian calyptocephallelids are recorded in extra-
Andean regions of Patagonia, reaching the southern-
most tip of the continent, alongside the presence of
Ceratophrys genus (Fabrezi, 2006; Frost et al., 2006),
which extends beyond the southern distribution limit
of the calyptocephallelids (ca 39°S). This convergence
of elements of different biogeographic origin is possibly
a result of the warm climate conditions that peaked in
the late Middle Miocene (Zachos et al., 2001). The last
(youngest) records of calyptocephallelids in Argentina
are from the Late Miocene (Cione & Béez, 2007).

A cool temperate to warm temperate and humid climate
with a relatively abundant to moderate rainfall regime and
the development of bi-seasonality (a cold and a warm sea-
son, and a dry and rainy season during the year) has been
interpreted from deposits of the lower and middle section
of the Nirihuau Formation, based on megaflora, micro-
flora and fungal evidence (Falaschi et al., 2012; Caviglia
& Zamaloa, 2014; Caviglia, 2018; Machado et al., 2022,
2024). These conditions would have lasted until the depo-
sition of the middle section, where the lacustrine carbon-
ates were observed, since a change is recorded later, in the
palaeoflora records of the upper section of the Nirihuau
Formation (Passalia et al., 2019) dated with U-Pb between
ca 13 and 11 Ma (Santonja et al., 2021).

Given all the above-mentioned, the lacustrine car-
bonates of the middle Nirihuau Formation were precip-
itated and accumulated under the temperate to warm
and wet conditions that prevailed in Patagonia during
the MMCO and the MMCT. These conditions continued
until the early stages of the Andean uplift (Middle to Late
Miocene; Ramos et al., 2015; Butler et al., 2020; Garcia
Morabito et al., 2021; Santonja et al., 2021), whose ef-
fects are interpreted to be recorded in the upper Nirihuau
Formation on sedimentary and palaeoenvironmental evi-
dence (Santonja et al., 2021). The orogenic shadow effect
of the Patagonian Andes developed after 14.6 Ma (Bucher
et al., 2020) would have led to an aridification, due to the
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flux of the westerlies discharging water on the western
side of the Cordillera leaving dry air circulation to the
east (Compagnucci, 2011; Le Roux, 2012). This would
have led to the retreat of the flora taxa as a consequence
of the lower rainfall regime and dryer conditions on the
eastern slope of the Andes (Barreda & Palazzesi, 2021),
and to the extinction of several vertebrate lineages (Ortiz-
Jaureguizar & Cladera, 2006).

9 | CONCLUSIONS

The precipitation and accumulation of the continental
limestone beds in the Nirihuau Formation in the Nirihuau
Basin occurred in a Ca-rich littoral lacustrine setting, with
Facies 1 representing a lake margin and Facies 2 a lower
delta plain palaeoenvironment. This lacustrine margin
carbonate factory is characterised by abiotic and biotic el-
ements and processes. It was dominated by bio-induced
subaqueous carbonate precipitation as well as deposition
by tractive flows, and was later affected by subaerial expo-
sure and diagenetic processes.

The main diagenetic zones were the meteoric-vadose
and meteoric-phreatic, and the dominant diagenetic stage
was eogenesis, associated with scarce signs of chemical
compaction that point to shallow mesogenesis processes,
according to petrographic and cathodoluminescence anal-
yses. Grumous micrite is interpreted as primary.

Although the low correlation coefficient between §"°C
and 8'®0 values indicates a short residence time of the
palaeolake waters, the lake basin type and its palaeohy-
drology cannot be adequately defined with the sparse data
set presented here. Further sedimentary analyses of more
stratigraphic successions within the basin need to be per-
formed to determine those aspects of the lacustrine sys-
tem that prevailed during deposition of the middle section
of the Nirihuau Formation.

Finally, the §'%0 and §'3C values are consistent with the
general values recorded in the global deep sea curve from
Zachos et al. (2001, 2008) during the MMCO (17-15Ma),
when most of the limestone beds of the lacustrine system
of the middle section of the Nirihuau Formation were de-
posited, according to previously published U-Pb data. At
that time, temperate to warm seasonal palaeoclimate con-
ditions are interpreted to have prevailed during deposition
of these carbonate facies, based on oxygen and carbon sta-
ble isotope data together with other proxies, such as fos-
sil flora found in this unit. The outcomes outlined in this
study offer a new approach to the current understanding
of the past hydrological, depositional and climate condi-
tions that prevailed during the deposition of the lacustrine
intervals of the middle section of the Nirihuau Formation
between 15 and 13 Ma.
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