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Abstract: The Yacoraite Fm. (Salta rift basin, Argentina) consists of a mixed carbonate–siliciclastic lacus-
trine succession, interbedded with volcanic ash layers and organised in four third-order stratigraphic
sequences. It is one of the few sites in South America that encompass the Cretaceous–Paleogene (K–Pg)
transition, the position of which remains debated. Here, samples were collected along a depocentral
stratigraphic section that was previously dated by zircon and carbonate U-Pb geochronology. The
consistency between zircon and carbonate U-Pb ages, together with an accurate petrographic analysis,
allowed the selection of carbonates potentially preserving the original geochemical signature. Accord-
ingly, C-O stable isotopes were analysed from microbialites, oncoids, ooids and lacustrine cements.
The available depositional age model from zircon geochronology defined the stratigraphic interval,
potentially including the K–Pg transition. Within this interval, carbonates provided negative δ13C
values consistent with the negative C anomaly recorded in various K–Pg sites elsewhere. Additionally,
spherical particles resembling spherulites related to meteorite impacts were found in two samples.
Accordingly, the K–Pg transition could be placed at the top of the second stratigraphic sequence. These
findings encourage further investigation of the Yacoraite Fm. to gain insights into the response of
South American terrestrial settings to the K–Pg palaeoenvironmental crisis.

Keywords: K–Pg boundary; Salta rift; South America; O-C isotopes; spherulites

1. Introduction

The Cretaceous–Paleogene (K–Pg) transition marks one of the main environmental
crises in Earth’s history [1]. This global-scale event was triggered at 66 Ma [2–5] by the
impact of a large asteroid on the Yucatán peninsula (Chicxulub impact structure, Mexico;
Figure 1A), e.g., [1,6,7]. The role of additional events, such as the Deccan trap volcanism, is
an ongoing subject of debate [8–11].

In marine and terrestrial geologic records, the K–Pg transition is marked by the
occurrence of a diagnostic thin layer of clays, named ‘K–Pg boundary clays’, with high
contents of siderophilic elements (e.g., iridium and other platinum group elements), and
by the presence of impact-related spherulites and shocked quartz grains [1,12–16]. The
K–Pg transition is also associated with various pieces of geochemical evidence, such as the
negative carbon excursion [3,17,18] and the sulphur and osmium anomalies [9,19].

In terrestrial palaeoenvironments, the meteorite impact ejecta material caused exten-
sive wildfires. This, together with the impact winter, induced major disruption of plant
species and severe ecological cascade effects [7]. Climatic/ecologic changes and post K–Pg
recovery dynamics in terrestrial settings were also strongly influenced by site-specific
factors such as latitude, distance from the Chicxulub impact site and atmospheric/ocean
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circulations, e.g., [20]. Nowadays, reviews on the distribution of the K–Pg sites world-
wide underline that terrestrial K–Pg sites are poorly represented, e.g., [16,20–25]. Conse-
quently, terrestrial ecosystem changes across the K–Pg transition are, as of today, not well
resolved [24], in particular in South America, where the few sites displaying the K–Pg
boundary diagnostic features are mainly from marine and transitional environments (e.g.,
Gorgonilla Island and the Paraibà Basin; [26–28]) (Figure 1A).

The Yacoraite Formation (Fm.) is a Maastrichtian–Danian lacustrine sedimentary
succession from the Salta Rift Basin (NW Argentina; Figure 1B) consisting of carbonate
and siliciclastic deposits interbedded with volcanic ash layers, e.g., [29,30]. The succession
represents a distal K–Pg site from South America since it encompasses the K–Pg transition,
e.g., [31,32], and it is located >5000 Km from the Chicxulub crater [33]; Figure 1A). Such sites
are particularly relevant for assessing climate and biotic conditions in correspondence with
the K–Pg crisis because they were not influenced by the immediate force of the meteorite
impact. However, the stratigraphic position of the K–Pg transition in this formation remains
highly debated [30,34–38].

U-Pb geochronologic data from ash layers and carbonates along one stratigraphic
section of the Metán sub-basin furnish a new accurate chronostratigraphic framework for
further investigating the position of the K–Pg transition in this formation. [39,40]. Field
work and petrographic analysis along the same stratigraphic section provided an accurate
macro- and micro-facies analysis, one that was also aimed at detecting the occurrence of
possible impact-related particles (e.g., spherulites and shocked quartz grains). Then, C-O
stable isotope analyses were achieved on single carbonate phases (microbialites, ooids, on-
coids and lacustrine cements) that demonstrated preservation of their original geochemical
signatures [39,40]. Pre-existing and new sedimentologic, bio-stratigraphic, geochronologic
and geochemical data allowed the proposal of a most-probable stratigraphic position for
the K–Pg transition in the Yacoraite Fm.
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Figure 1. (A) Location of the Chicxulub impact crater in Mexico and of the study area from the Salta 
region in NW Argentina (yellow dots) together with the distribution map of the K–Pg sites of South 
America from marine (blue stars) and transitional (purple stars) environments. Asterisks indicate 
the occurrence of impact-related spherulites. 1. Colon Fm. [41]; 2. Gorgonilla Island [28]; 3. ODP Leg 
207 [42]; 4. Pernambuco–Paraíba Basin, Poty quarry section [26,27]; 5. Neuquén Basin [43,44]; 6. La 
Colonia Fm. [45]; 7. Lafpán Fm. [46,47]; 8. López de Bertodano Fm. [48]; 9. Sites 516 from DSDP Leg 
72 and site 356 from DSDP Leg 39 [42,46,49]. The dashed circles indicate the distance from the 
Chicxulub crater after [42]. (B) Present-day thickness map of the Yacoraite Fm. in the Metán–

Figure 1. (A) Location of the Chicxulub impact crater in Mexico and of the study area from the Salta
region in NW Argentina (yellow dots) together with the distribution map of the K–Pg sites of South
America from marine (blue stars) and transitional (purple stars) environments. Asterisks indicate
the occurrence of impact-related spherulites. 1. Colon Fm. [41]; 2. Gorgonilla Island [28]; 3. ODP
Leg 207 [42]; 4. Pernambuco–Paraíba Basin, Poty quarry section [26,27]; 5. Neuquén Basin [43,44];
6. La Colonia Fm. [45]; 7. Lafpán Fm. [46,47]; 8. López de Bertodano Fm. [48]; 9. Sites 516 from DSDP
Leg 72 and site 356 from DSDP Leg 39 [42,46,49]. The dashed circles indicate the distance from the
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Chicxulub crater after [42]. (B) Present-day thickness map of the Yacoraite Fm. in the Metán–
Alemania sub-basins in the Salta region with the position of the Juramento stratigraphic section.
Modified from [38].

2. Geological Context

The Salta rift basin (NW Argentina; Figure 1B) belongs to the Andean basin system: a
group of extensional basins that developed during the Mesozoic continental rifting of South
America [50–52]. In the Salta rift basin, structural elements and different subsidence rates
led to the formation of seven sub-basins that were interconnected at the end of Cretaceous
time [53]. These are the Tres Cruces, Lomas de Olmedo, Metán, Alemania, El Rey, Sey and
Brealito sub-basins [54] (Figure 1B).

The Salta rift sedimentary infill (Salta Group) is subdivided into Pirgua (syn–rift phase),
Balbuena (transitional sag phase) and Santa Bárbara (post-rift phase) subgroups [55]. The
Balbuena subgroup comprises, from the base to the top, the Lecho, the Yacoraite and the
Tunal/Olmedo Formations [52].

The Yacoraite Fm. deposited during the main sag phase of the rift and consists of a
lacustrine mixed carbonate–siliciclastic succession deposited in a hydrologically closed
lake characterised by semi-arid palaeoclimatic conditions [30]. The formation reaches
220 m in thickness in the main depocentres and comprises mudstones, oolitic packstones
to grainstones and a large diversity of microbial boundstones, interbedded with fine- to
coarse-grained sandstones, as well as organic-rich deposits, e.g., [30,56–63]. The predomi-
nance of shallow marginal facies (Figure 2) suggests a low to medium gradient ramp-type
margin depositional environment where siliciclastic-dominated facies are mainly located
along previous footwall margins, and carbonate-dominated ones preferentially occur in
palaeohighs away from siliciclastic inputs [30,38].

The palaeontological record includes gastropods, ostracods, avian and non-avian
dinosaur tracks and few preserved palynomorphs that agree with a Maastrichtian–Danian
age for the formation [31,32,35,55,63–75]. A recent U-Pb zircon geochronology survey on
interbedded volcanic ash layers established a sedimentation time between 68.1 ± 0.9 Ma
and 62.3 ± 0.5 Ma [40].

The stratigraphic architecture of the Yacoraite Fm. was primarily controlled by cli-
mate changes [30,38] and the sedimentation pattern and stratigraphic framework are
characterised by multiple hierarchies of cyclicity [30,38,57–59,63,76–79]. The present study
considers the mid-term cyclicity reported by [30,38] for the Metán–Alemania sub-basins.
Accordingly, the Yacoraite Fm. was divided into four mid-term (third-order) stratigraphic
sequences (Sequences 1, 2, 3 and 4) bounded by five sequence boundaries (from the base to
the top, SB1 to SB5; Figure 2). The duration of each sequence is included, ranging between
0.6 and 2.8 Ma, based on zircon (ash layer) geochronology [40]. The four third-order strati-
graphic sequences mentioned correspond to the lithostratigraphic members [29,57] as in the
following: Sequence 1 and Sequence 2 correspond to the Amblayo Member, Sequence 3 to
the Güemes Member and Sequence 4 to the Alemania and Juramento Members (Figure 2).

The stratigraphic position of the K–Pg transition in the Yacoraite Fm. was hypothesised
based on various bio- litho- chemo- chrono-stratigraphic data. However, the authors did
not converge on a single stratigraphic position, since no iridium anomaly of K–Pg boundary
clays has ever been recovered in the seven sub-basins [30,34–38].
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correspond, respectively, to volcanic ash layers and massive bodies of reddish fine-grained alluvial 
deposits. Carbonate textures along the simplified stratigraphic log are: Boun., boundstone; Float., 
Floatstone; Grain., grainstone; Mud., mudstone; Pack., packstone; Rud., rudstone; Wack., 
wackestone. The names of carbonate samples are reported with the following colour code: Black = 
samples analysed for C-O stable isotopes. Grey = samples with no C-O stable isotope analyses. Red 
= samples including spherulites. The scale of the Gamma Ray log is in American Petroleum Institute 
(API) units. (B) Field photograph illustrating an erosional transgressive boundary (SB1) separating 
the Lecho and Yacoraite Formations. (C) Field photograph illustrating the transition from shallow 
lacustrine deposits (FA4) toward massive bodies of siliciclastic alluvial deposits with distinctive 
reddish colour (FA1) along a regressive sequence boundary (SB3). (D) Field photograph of the top 
of Sequence 4 (below SB5), displaying alternation between stromatolite beds and green marly 
deposits representing the FA10a facies association. 

Figure 2. Sedimentology, stratigraphy, and sampling of the Yacoraite Fm. from the Juramento section.
(A) Sedimentological column with sequence stratigraphy, facies associations (FA), lithology, stratigra-
phy, location of the samples investigated and gamma ray log. The positions of sequence boundaries
(SB, in red) and maximum flooding surfaces (MFS, in blue) along the section are appended [30,38].
FA identified based on [30]. Lithostratigraphic units indicated in yellow and pink correspond, respec-
tively, to volcanic ash layers and massive bodies of reddish fine-grained alluvial deposits. Carbonate
textures along the simplified stratigraphic log are: Boun., boundstone; Float., Floatstone; Grain.,
grainstone; Mud., mudstone; Pack., packstone; Rud., rudstone; Wack., wackestone. The names of
carbonate samples are reported with the following colour code: Black = samples analysed for C-O
stable isotopes. Grey = samples with no C-O stable isotope analyses. Red = samples including
spherulites. The scale of the Gamma Ray log is in American Petroleum Institute (API) units. (B) Field
photograph illustrating an erosional transgressive boundary (SB1) separating the Lecho and Yacoraite
Formations. (C) Field photograph illustrating the transition from shallow lacustrine deposits (FA4)
toward massive bodies of siliciclastic alluvial deposits with distinctive reddish colour (FA1) along
a regressive sequence boundary (SB3). (D) Field photograph of the top of Sequence 4 (below SB5),
displaying alternation between stromatolite beds and green marly deposits representing the FA10a
facies association.
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3. Materials and Methods
3.1. Field Survey and Sampling Different

Field survey and sampling was achieved in the Cabra Corral Lake area from the Metán
sub-basin, near the Rio Juramento dam, along the 238 m thick Juramento stratigraphic sec-
tion (25◦18′08.01′′ S, 65◦17′42.91′′ W) (Figure 1B). This section was previously investigated
for U-Pb dating on syn-depositional carbonates and interbedded volcanic ash layers [39,40].

The available sedimentology and stratigraphy of the Juramento section [39] were here
complemented with a continuous sampling (120 samples, approximately one every 2 m)
and a high frequency spectral gamma ray acquisition (Figure 2). The patterns and shapes
of gamma-ray logs are used to assist facies and stratigraphic analysis and the interpreta-
tion of depositional environments. Macroscopic observations allowed the collection of
samples far from mineralized fractures and emersion surfaces to avoid potential overprint-
ing by later fluids of the carbonate pristine geochemistry. Naturally occurring spectral
gamma ray radiation was acquired via a hand-held RS-230 BGO Super-SPEC spectrometer
(813 measurements, one every ~30 cm). Spectral signatures consist of the total radioactivity
(API) obtained as a combined sum of potassium (K), uranium (U) and thorium (Th) contents
using Equation (1), as provided by [80]:

API (TOTAL) = 16 K [%] + 8 U [ppm] + 4Th [ppm] (1)

The present contribution also considers the sedimentologic and stratigraphic studies
conducted in the Alemania, Metán and El Rey sub-basins that have established 10 facies
associations (FA, Figure 2) and a robust basin-scale stratigraphic framework [30,38].

3.2. Petrography

One hundred twenty polished and uncovered thin sections (50–60 µm thick), one for
each sample collected, were prepared for petrographic examination. Conventional optical
petrography was performed using a Nikon ECLIPSE LV100 POL polarised light microscope
which allowed observations under plane-polarised and cross-polarised light (PPL and XPL).
Cathodoluminescence (CL) microscopy was accomplished with a CITL 8200 Mk5 cold CL
instrument, the electron beam of which worked under vacuum conditions (<0.1 mbar) with
an acceleration voltage of 10 kV and a current of 250 µA. The thin sections were partially
stained with a solution of 10% diluted HCl, Alizarin red-S and potassium ferricyanide [81].
Carbonate textures were described by using the classification from [82], whereas FA and
depositional environments were attributed following the scheme proposed by [30]. In this
study the term stromatolite, which includes the microbialite boundstone, is used when
referring to the macro-facies, whereas the term ‘microbialite’ is employed when referring
to the micro-facies. In this respect, microbialite microfabrics have been described using
the classification and terminology defined by [83,84]. The habitus of calcite cements was
described based on [85] classification scheme.

3.3. Micro-Raman Spectroscopy

Micro-Raman spectroscopy was carried out on one thin section using a high-resolution
micro-Raman system (Horiba LabRam HR Evolution spectrometer) at the Department of
Earth Sciences ‘A. Desio’ of the University of Milan (Italy). Material was excited via a
green laser source, Nd-Yag at 532 nm/100 mW with Ultra Low Frequency (ULF) filters.
All spectra in the range 100–3900 cm−1 were collected to observe all the vibrational modes
of the material analysed. Plotting and mineral identification of Raman spectra were done
with CrystalSleuth software [86] and by relying on the pre-existing literature.

3.4. C-O Stable Isotope Analysis

The analysis of C-O stable isotopes was achieved on 112 carbonate phases from 88 samples.
Powders were carefully extracted from polished rock slabs by means of a dental

drill (Dremel 225, drill tip size of 0.8 mm) under a binocular microscope from single
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carbonate phases: microbialites (n = 67), ooids (n = 40), oncoids (n = 3) and early cements
(n = 2). Among them, 66 were calcites, 26 were dolomites and 20 had mixed mineralogy
(i.e., dolomite and calcite). Powders were reacted with 100% phosphoric acid at 70 ◦C
using a Gasbench II connected to a ThermoFisher Delta V Plus mass spectrometer and
analysed for C and O stable isotopes at Geozentrum Nordbayern (Germany). ∆13C and
δ18O are reported in per mil (‰) relative to the Vienna Pee Dee Belemnite (V-PDB) standard.
Reproducibility and accuracy were monitored by replicate analyses of laboratory standards
calibrated by assigning δ13C values of +1.95 to NBS19 and −47.30 to IAEA-CO9, and δ18O
values of −2.2 to NBS19 and −23.2 to NBS18. Reproducibility for δ13C and δ18O values
measured on the studied carbonates was ±0.04 and ±0.03 (1σ), respectively. Oxygen
isotope values of dolomite were corrected using the phosphoric acid fractionation factors
of [87]. This correction was not applied to carbonates with mixed mineralogy.

4. Results
4.1. Field Acquisitions

The Yacoraite Fm. along the Juramento section shows a mixed carbonate–siliciclastic
composition. In this work, we mainly refer to previous literature for FA definition and
stacking pattern interpretation [30]. Accordingly, nine FA were identified: alluvial de-
posits (FA1), deltaic deposits (FA2), clastic shore (FA4), offshore/profundal deposits (FA5),
mixed mudflat deposits (FA6), high-energy carbonate shoreface deposits (FA7), low-energy
eulittoral deposits (FA8), shoal (oolitic bank) (FA9) and highly alternating lacustrine de-
posits (FA10), the last subdivided into fluctuating marginal (FA10a) and fluctuating central
(FA10b) (Figure 2).

Consistent with this, the four main sequences established by [30] can be grouped into
two main cycles, subdivided by a major boundary corresponding to SB3 (Figure 2).

Sequence 1 consists of m-scale sequences, primarily organised in a prograding–
aggrading trend in the overall transgressive trend up to MFS1 as underlined by the funnel
shapes in the gamma ray log (Figure 2). The overall prograding trend of Sequence 1 above
MFS1 is then organised in a m-scale aggrading–retrograding trend, as underlined by the
bell shape in the gamma ray log (Figure 2).

Sequence 2 shows the same organisation as Sequence 1. The top of Sequence 2 (above
ca. 126 m; Figure 2) is characterised by a transition from carbonate- to siliciclastic-dominated
deposits, with mixed mudflat deposits (FA6) followed by shoreface and low-energy shore
deposits (FA4). SB3 then marks an abrupt basin-ward shift of the facies associations.
Here, shallow lacustrine deposits (FA4) are overlayed by siliciclastic alluvial deposits (FA1)
(Figure 2) which correspond to a massive body of red alluvial deposits and palaeosoils
(Figure 2C) hosting root traces and small gastropod shells. SB3 is not marked by a main
decrease in the gamma ray log, as was observed for the other sequence boundaries.

Sequence 3 started with high and blocky gamma ray values (Figure 2) corresponding
with FA1. The overall transgressive trend of Sequence 3 is then characterised by an m-scale
prograding–aggrading trend up to MFS3, as underlined by the funnel shapes in the gamma
ray log. As for sequences 1 and 2, the overall prograding trend of Sequence 3 from MFS3
to SB4 is organised in an m-scale aggrading–retrograding sequence, as underlined by the
bell shape in the gamma ray log (Figure 2). The topmost part of Sequence 3 shows a funnel
shape in the gamma ray log, suggesting a prograding–aggrading sequence preserved just
below SB4.

Sequence 4 started with some of the lowest gamma ray values in the Yacoraite Fm.
(Figure 2). As with previous sequences, Sequence 4 consists of m-scale sequences, primarily
organised in an aggrading–prograding trend in the overall transgressive trend up to MFS4,
as underlined by the funnel shapes in the gamma ray log (Figure 2). The overall prograding
trend of Sequence 4 above MFS4 is then organised in an m-scale aggrading–retrograding
sequence as underlined by the bell shape in the gamma ray log (Figure 2).

Stromatolites represent important palaeoenvironmental indicators, especially in asso-
ciation with the extinction events. Since the formation hosts a large diversity of stromatolite
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forms, field acquisition also aimed at observing their distribution along the section. Se-
quence 1 includes mainly planar laminated stromatolites as dominant forms. A general
decrease in the frequency and size of stromatolites is observed at the top of Sequence 2,
with the last stromatolite occurring at 147 m, a few metres below SB3. Sequence 3 showed
the lowest content of stromatolites, with the first few thin stromatolites reappearing at ca.
161 m. Sequence 4 was then characterised by development of m-scale coalescent domes of
stromatolites found in alternation with silty dolomitic marls-to-mudstones, which is the
typical expression of FA10.

4.2. Carbonate Petrography

Petrographic analysis allowed for the characterisation of the micro-facies of the inves-
tigated samples and the discarding of those with evidence of post-depositional diagenetic
modifications. Accordingly, depositional (i.e., microbialites, ooids, and oncoids) and early
diagenetic (i.e., lacustrine cements) carbonate phases were selected to be further investi-
gated for C-O stable isotope analyses (see Section 4.4).

Ooids are present in various carbonate (e.g., oolitic grainstone and stromatolite) and
siliciclastic (e.g., oolitic sandstone and silty oolitic wackestone-to-grainstone) facies. They
are round to sub-round, up to 1000 µm in size and are frequently grouped in lumps
(Figure 3A,B). They generally consist of radial calcite crystals, and display a concentric
arrangement of multiple cortex laminae with thicknesses between few microns to almost
half of the ooid diameter (Figure 3A–C). They display micritic (Figure 3A,B) or detrital nu-
clei; the latter may consist of quartz grains, bioclasts, or peloids. Ooids were differentiated
based on their mineralogy in (1) calcitic ooids (OC; Figure 3A); (2) dolomitic ooids (OD;
Figure 3B); and (3) mixed ooids (MIC-M; Figure 3C), which are those characterised by the
alternation of calcitic and dolomitic laminae.

Microbialite was observed in various carbonate facies (e.g., stromatolite and packstone;
Figure 3D,E) and shows fine-grained or clotted thrombolite microfabrics. In the laminated
microbialite, planar to convoluted microbial laminae reach a thickness of few millimetres
and often show a “moustache-like” wavy lamination pattern. Similar to ooids, micro-
bialites have calcitic (calcitic microbialite, MIC-C; Figure 3C), dolomitic (dolomitic micro-
bialite, MIC-D; Figure 3C) and mixed (mixed microbialite; MIC-M; Figure 3D) mineralogies.
The latter is made either by alternation between mm-size calcitic and dolomitic laminae
(Figure 3D) or by a mixing of calcite and dolomite microcrystals. Authigenic pyrite and
quartz grains may also occur (Figure 3E).

Oncoids are found in the oncoid rudstone facies. They consist of spongiostromate
dolomite oncoids (OND) with sizes up to 2 mm. They have a roundish shape and ir-
regular surfaces, carry micro-pores (Figure 3G,H) and may nucleate around ostracod
shell fragments.

The samples analysed host various diagenetic phases. Among the earliest phases
is a calcite cement given by fibrous-to-bladed crystals that locally forms pendants and
shows a dull orange luminescence (PEC). These may reach a thickness of 150–200 µm,
and presumably formed in the vadose meteoric zone. PEC is only observed in the oolitic
grainstone facies. Most samples are instead cemented by an early diagenetic calcite (EC;
Figure 3G) which consists of equant blocky crystals (up to150 µm in size) with zoned
dull-to-bright orange luminescence (Figure 3H,I). EC is a lacustrine cement precipitated in
the interparticle and framework pores and pre-dated mechanical compaction, as suggested
by the limited grain-to-grain contacts observed in samples where this cement occurs
(Figure 3B). PEC and EC are post-dated by other calcite cements, named LC1 and LC2,
which fill interparticle pores (Figure 3I). LC1 is composed of equant blocky crystals (up to
200 µm) and locally shows a drusy arrangement and displays an un-zoned dull orange
luminescence (Figure 3I). LC2 post-dated LC1 and is composed of equant blocky non-
luminescent crystals (Figure 3I).
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Figure 3. Petrographic images of the carbonate samples investigated. (A) Oolitic sandstone made
of concentric, pink-stained, non-ferroan, calcitic ooids (OC) occurring within a groundmass of fine
quartz grains (qz). Ooids show radial features. UJ7a sample, PPL view, stained section. (B) Oolitic
grainstone made of un-stained non-ferroan dolomitic concentric ooids cemented by a pink-stained,
non-ferroan, equant blocky calcite (EC). UJ30a sample, PPL view, stained section. (C) Detail of an
ooid with cortex indentations (black arrow). It consists in an alternation of pink-stained non-ferroan
calcite laminae and un-stained non-ferroan dolomite laminae. UJ68 sample, PPL view, stained section.
(D) Microbialite consisting of pink-stained non-ferroan calcitic laminae (MIC-C) and un-stained
non-ferroan dolomitic laminae (MIC-D) affected by bioturbation (black arrow). Sample UJ56, PPL
view, stained section. (E) Packstone, including laminated pink-stained calcitic microbialite (MIC-C),
ostracods (ost) and un-stained dolomitic mud clasts (md). Sample UJ56, PPL view, section stained.
(F) Laminated microbialite with mixed mineralogy (MIC-M) composed by pink-stained calcite and
un-stained dolomite micrite grains. Sample UJ45, PPL view, stained section. (G) Oncoidal rudstone
composed of porous un-stained dolomitic spongiostromate oncoids (OND) cemented by early calcite
with equant blocky crystals (EC). Sample CH1, PPL view, stained section. (H) Oncoidal rudstone
composed of spongiostromate oncoids (OND) cemented by an early calcite with zoned dull orange
luminescence (EC). CL view, JUB6 sample. (I) Gastropod shell cemented by early calcite with equant
blocky crystals showing zoned bright orange luminescence (EC), followed by an equant blocky calcite
with dull orange luminescence (LC1) and an equant blocky calcite generating no luminescence (LC2).
UJ53 sample, CL view.

4.3. Petrography and Raman Spectroscopy of Spherulites

Round to sub-round, locally ellipsoidal particles, here named spherulites, were de-
tected in two layers, at 145 m (UJ49 sample; Figures 2 and 4) and at 170 m (UJ58 sample;
Figures 2 and 5) from the base of the Juramento section. The first layer consists of a bed
of ~20 cm thickness made of coalescent domes of laminated stromatolite given by the
alternation of greyish calcitic and yellowish dolomitic laminae (Figure 4A,B). The second
layer consists of 10–20 cm thick grainstone-to-floatstone that exhibits coarsening upward
mm sized trend and no lamination (Figure 5A,B).
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Figure 4. Field photograph, thin section scan and petrographic images of a stromatolite sample
(UJ49) containing spherulites 500–1000 µm in size. (A) Coalescent domes of laminated stromatolite
forming a 20 cm thick continuous bed. Field photograph. (B) Laminated microbialite displaying wavy
laminations alternatively with calcitic (grey, MIC-C) and dolomitic (yellowish, MIC-D) mineralogy.
Spherulites are visible, and were highlighted in white in the lower part of the image. Thin section scan.
(C) Details of rounded to sub-rounded spherulites with a calcite rim (yellow arrow). Spherulites may
contain internal and geopetal sediments (sed) or calcite cements which are made by fibrous-to-bladed
crystals forming pendants (PEC) and by equant blocky crystals (LC1). PPL view. (D) Details of
rounded-to-ellipsoidal spherulites. Calcitic microbialite laminae encrust the spherulites. Moldic
porosity is occupied by internal and geopetal sediments (consisting of carbonate mud, peloids and
rare quartz grains) and equant blocky calcite crystals (LC1) locally with a drusy mosaic. PPL view,
stained section.

In sample UJ49, the spherulites are clear and poorly abundant (~10/cm2; Figure 4B)
with a size usually ~800 µm. In sample UJ58, they instead are in relief on weathered
surfaces and appear as yellowish/reddish, locally hollow grains (Figure 5A). They are
more abundant (>50/cm2) and less sorted than in the previous sample, with sizes of
250–1000 µm (Figure 4B).

In sample UJ49, the spherulites are encrusted by microbial laminae and hold geopetal
and internal sediments which also include small ooids and ostracods (Figure 4C,D). Here,
spherulites present a partially preserved 50 µm size calcite rim (Figure 4C) and are cemented
by early calcite cements PEC and EC (Figure 4C). Later cementation is witnessed by the
presence of the later blocky calcite LC1 in the intraparticle porosity (Figure 4C,D).

Sample UJ58 was affected by multi-stage diagenesis, causing the precipitation of
various phases (Figure 5C,D). Since their mineralogy was not easily identified based on
petrography, they were additionally analysed by Raman spectroscopy. The spherulites
presented a 10 to 200 µm thick external rim of non-luminescent opaque phases (GOE;
Figure 5C,D) which was locally fractured due to mechanical compaction. The Raman
spectrum of these opaque phases is characterised by three main narrow peaks at the
bandwidths 210–225, 280–300 and 370–405 cm−1, and two accessory larger peaks, one
in the bandwidth of 605–715 and another around 1300 cm−1. The three main peaks are
consistent with those detected in goethite [88], although the band configuration reveals the
presence of alteration products. The GOE rim is internally lined by a non-isopachous rim
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of clear, un-stained cement crystals with trapezohedral habitus (AN; Figure 5C). AN may
be followed by an additional GOE rim (Figure 5D). Raman analysis provided a spectrum
with one main narrow peak at 482 cm−1 and four accessory peaks at 298, 385, 1110 and
3560 cm−1, the last suggesting the presence of water. This combination of bands is typical
of pure analcime, e.g., [89].
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Figure 5. Field photograph, thin section scan and petrographic images of a grainstone-to-floatstone
sample (UJ58) containing spherulites 250–1000 µm in size. (A) 10 cm thick grainstone layer host-
ing sub-millimetric, yellowish and locally hollow spherulites (see circle of magnification). Field
photograph. (B) Coarsening upward distribution of spherulites having a yellowish-reddish colour.
Porosity is in blue. The white frames indicate where images C and D are located. Yellow dashed lines
bound a coarsening upward cycle. Thin section scan. (C) Hollow and partially hollow spherulites of
heterogeneous sizes locally displaying a sub-millimetric rim of dark opaque goethite (GOE). Porosity
is filled by various cements. PPL view. (D) Spherulites show a rim of opaque non-luminescent
goethite (GOE), and internally, a non-isopachous rim of clear un-stained analcime cement (AN). The
remaining intraparticle porosity is filled by pink-stained calcite cement composed of equant blocky
crystals with un-zoned dull orange luminescence (LC1) or by a yellowish celestite cement made by
fibrous non luminescent crystals (CEL). PPL (left) and CL (right) view, stained.

The remaining intraparticle porosity was filled by various generations of cements: a
yellowish un-stained cement made by fibrous crystals with sweeping extinction and non-
to-very-dull orange luminescence (CEL; Figure 5D) and the blocky calcite LC1 (Figure 5D,E).
The CEL cement yields a Raman spectrum with one main narrow peak at 996 cm−1 and
accessory peaks at 459 and 1153, in the bandwidth 620–652 and at 3580 cm−1, the last
indicating the presence on water. These bands agree with those from celestite, e.g., [90].

4.4. C-O Stable Isotope Data

The C-O stable isotopes values obtained for the different depositional (MIC-C, MIC-D,
MIC-M, OC, OD, OM and OND) and early diagenetic (EC) carbonate phases from the four
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third-order stratigraphic sequences are summarised in Table 1 and Figure 6. The pendant
early calcite (PEC) could be not sampled due to the limited volume.

Table 1. C-O stable isotope data of the carbonate phases investigated.

Strat. Seq. Strat. Height (m) Sample Name Facies Carbonate Phase δ13C (‰) δ180 (‰)

Se
qu

en
ce

4

238.0 UJ78
Oolitic grainstone with

carbonate mudclasts OC −1.8 −6.2

237.0 UJ77 Thrombolite-to-microbialite
boundstone MIC-C −1.4 −5.9

236.0 UJ76 Oolitic grapestone-to-packstone OC −0.7 −5.7
233.5 UJ75b Oolitic grapestone MIC-C 0.1 −4.2

OC 0.0 −6.9
233.0 UJ75a Microbialite boundstone MIC-D 0.5 −2.4

MIC-C 0.9 −1.4
230.0 UJ74 Oolitic sandstone with

wave ripples OC 0.0 −3.2
227.0 UJ73 Microbialite boundstone MIC-C −0.2 −4.8
218.0 UJ72 Siltstone with microbial laminae MIC-C 0.5 −1.0
217.0 JURD3 Stromatolite boundstone MIC-D 1.1 1.4

MIC-C 1.4 0.6
216.0 UJ71 Oolitic-grainstone-to-packstone

with mudclasts
OC 1.5 1.3

MIC-C 0.0 −0.5
211.0 JURC10 Microbialite boundstone MIC-C 0.5 1.1
210.0 UJ70 Oolitic grainstone OC 1.1 0.0
208.0 UJ69 Microbialite boundstone MIC-D 1.0 1.9

MIC-C 1.5 1.7
206.0 UJ68 Oolitic grainstone with peloids OM 1.2 1.0

203.0 UJ67 Oolitic grainstone with microbial
intraclasts and silty mudstone OM 1.4 1.9

200.0 U22 Microbialite boundstone MIC-M 1.1 0.2
MIC-M 1.4 1.0

198.2 U21 Microbialite boundstone MIC-C 1.0 1.4

198.0 UJ66b Oolitic grainstone and silty
mudstone OC 0.7 1.1

197.8 U20 Microbialite boundstone MIC-M 1.0 1.4
197.0 UJ66a Microbialite breccia MIC-D 0.3 1.7

MIC-C 1.2 1.3

Se
qu

en
ce

3

194.0 UJ65 Oolitic grainstone with
gastropods and mudclasts

OC 0.1 1.3
MIC-C 0.4 1.7

192.0 UJ64 Silty ooid
wackestone-to-grainstone OC −0.9 0.8

191.2 U19 Microbialite boundstone MIC-M 0.5 1.2
191.0 UJ63 Microbialite boundstone and

carbonate mudstone MIC-C 0.1 1.7

186.8 U18 Microbialite boundstone and
carbonate mudstone MIC-M 0.2 1.3

185.2 U17 Oolitic grainstone OD 0.4 0.3
MIC-D 0.3 3.3

185.0 JURC6 Oolitic grainstone OC 0.2 1.3

185.0 UJ62a Grapestone-ooid
grainstone-to-packstone OM −0.2 −1.0

184.0 U16 Oolitic grainstone OC 0.9 1.2
181.0 U15 Microbialite boundstone MIC-C 1.0 1.4
177.5 U14 Microbialite boundstone MIC-C −1.3 1.9
176.8 U13 Microbialite boundstone MIC-C −1.1 2.9
176.2 U12 Microbialite boundstone MIC-D −2.2 1.7

OC −2.4 1.9
176.0 U11 Oolitic grainstone OM 0.2 1.3
175.0 UJ60 Microbialite and

thrombolite boundstone MIC-C −0.9 2.4
173.2 JURB2 Microbialite and

thrombolite boundstone
MIC-D −2.2 1.7
MIC-C −2.4 1.9

172.0 U10 Microbialite boundstone MIC-M −2.5 0.4
171.5 U9 Microbialite boundstone MIC-M −1.9 0.8

171.0 UJ59 Silty mudstone/wackestone
with bivalve fragments MIC-C −2.3 2.9

170.0 UJ58 Floatstone with quartz grains
with spherulites

169.6 JURB1 Oolitic sandstone OC −1.3 0.4
U8 Microbialite boundstone MIC-C −1.3 1.9

167.2 U7 Microbialite boundstone MIC-M 0.2 1.3
167.0 U6 Microbialite boundstone MIC-C −1.1 2.9
166.0 U5 Microbialite boundstone MIC-C −2.4 1.9

MIC-D −2.2 0.4
163.3 U4 Microbialite boundstone MIC-M −2.5 0.4
163.0 U3 Microbialite boundstone MID-M −1.9 0.8

MIC-C −1.9 0.8
161.5 U2 Oolitic grainstone OM −1.3 0.4
161.0 UJ56 Laminate stromatolite

boundstone and silty ostracods
wackestone with

carbonate mudclasts

MIC-D 1.9 1.6

MIC-C 1.5 1.8
156.0 UJ54 Carbonate mudstone with

rare ostracods MIC-C −1.1 −1.8
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Table 1. Cont.

Strat. Seq. Strat. Height (m) Sample Name Facies Carbonate Phase δ13C (‰) δ180 (‰)

Se
qu

en
ce

2

151.0 UJ53 Sandy gastropods
rudstone–packstone MIC-C −1.7 −1.8

147.0 UJ51 Thrombolite and laminated
microbialite boundstone MIC-C 1.0 1.9

146.0 UJ50 Carbonate mudstone and oolitic
grainstone-to-packstone

OC 1.2 1.7
MIC-C 0.7 1.6

145.0 UJ49 Microbialite boundstone
with spherulites

MIC-D 1.3 2.5
MIC-C 1.5 2.4

140.0 UJ48 Oolitic grainstone-to-packstone
with microbial intraclasts OC 1.2 1.1

139.0 UJ47 Microbialite boundstone with
ooids and mudclasts MIC-C 1.0 2.0

136.2 U1 Microbialite boundstone MIC-D 1.2 −0.1
136.0 JUR25 Microbialite boundstone MIC-D 1.2 1.2
134.0 UJ45 Microbialite boundstone MIC-D 1.9 −0.3

MIC-C 2.2 3.4
131.0 UJ44 Oolitic grainstone OM 1.8 −0.2
127.0 UJ43 Laminated Microbialite

boundstone with ooids and
coated grains

MIC-D 1.9 4.9

MIC-C 2.2 2.8

125.0 UJ42 Grapestone-ooid
grainstone-to-packstone OC 1.9 2.9

122.0 UJ40 Oolitic grainstone with
mudclasts

OC 2.0 −0.1
MIC-D 2.6 4.3

120.0 UJ39 Oolitic grainstone OC 2.0 0.8
114.0 UJ38 Oolitic grainstone OC 1.7 2.2
105.0 UJ36 Oolitic grainstone OD 3.0 2.5
99.0 UJ33 Mudstone/wackestone with

coated ostracods, ooids
and quartz

OC 2.4 1.5
MIC-C 1.7 2.4

Se
qu

en
ce

1

96.0 UJ32
Laminated

mudstone/wackestone with
ostracods and rare ooids

MIC-C 1.8 0.9

91.0 UJ31 Oolitic grainstone OM 2.7 5.1
88.0 UJ30A Oolitic grainstone OD 3.2 3.6

79.0 UJ26 Oolitic grainstone and carbonate
mudstone with ooids OD 3.5 4.7

72.0 UJ24B Thrombolite boundstone with
coated gastropod/ooid
grainstone-to-rudstone

OM 3.3 2.0

MIC-M 3.5 4.0

71.5 UJ24a Coated gastropod/ooid
grainstone-to-rudstone OC 3.7 6.3

71.0 JUR8 Oolitic grainstone OM 2.5 1.3
66.5 UJ21 Oncoidal rudstone EC 2.7 1.7
65.0 CH1 Oncoidal rudstone OND 3.5 6.3
64.8 UJ20 Oncoidal rudstone EC 3.0 4.4

OND 4.2 6.0
63.0 UJ19 Oncoid rudstone with rare ooids OND 4.0 5.0
59.0 UJ18 Thrombolite and microbialite

boundstone with ooids MIC-C 4.4 8.7
57.5 UJ17 Oolitic grainstone OD 3.4 5.1
57.0 UJ16 Microbialite boundstone with

oolitic grainstone
OC 2.7 3.8

MIC-D 3.5 4.2
55.8 UJ15 Oolitic grainstone OC 2.2 3.4

55.0 UJ14
Sandy oolitic

grainstone-to-wackestone
with quartz

OC 2.3 2.6

42.5 UJ13 Microbialite boundstone and
oolitic grainstone MIC-D 1.9 2.7

32.5 UJ11
Medium grained sandstone,

thrombolite and
microbialite boundstone

MIC-C 1.6 0.3

31.5 UJ10 Oolitic grainstone OC 2.2 3.6
30.5 UJ9 Laminated microbialite

boundstone with ooids MIC-C 2.2 1.0

28.0 UJ8 Grapestone-ooid
grainstone-to-packstone OC 1.9 2.1

25.5 UJ6a Laminated microbialite
boundstone with ooids

MIC-D 2.4 3.7
MIC-C 1.9 2.0

The δ13C and δ18O values are included between −2.46 and 8.67‰, and between
−6.85 and 8.67‰, respectively, with no discernible difference among carbonate phases
(Figure 6). However, a possible correlation stands among the third-order stratigraphic se-
quences. In sequences 1 and 4 carbonates exhibit covariance between δ13C and δ18O values
(R2 = 0.57 and R2 = 0.73, respectively). Sequence 1 (n = 26) is characterised by positive
δ18O values (0.31 to 8.67‰; mean = 3.26‰) and positive δ13C values (1.65 to 4.44‰;
mean = 2.87‰), whereas Sequence 4 (n = 27) mostly displays negative δ18O values (−6.85
to 1.87‰; mean= −0.95‰) and lower δ13C values (−1.83 to 1.54‰; mean = 0.57‰).
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In sequences 2 and 3 carbonates exhibit no covariance between the δ13C and δ18O val-
ues. Samples from Sequence 2 (n = 23) mostly fall in the first quarter of the cross-plot
(Figure 6) and are thus characterised by positive δ18O (−1.80 to 3.71‰; mean = 1.46‰)
and δ13C (−1.71 to 2.96‰; mean = 1.56‰) values. Conversely, samples from Sequence 3
(n = 36) mostly fall in the fourth quarter of the cross-plot, with lower δ18O (−1.84 to 3.29‰;
mean = 1.29‰) and δ13C (−2.46 to 1.87‰; mean= −0.81‰) values.
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Figure 6. δ13C versus δ18O cross-plot of the single carbonate phases analysed. For each data
point the symbol refers to the carbonate phase and the colour to its mineralogy. Note the δ13C-
δ18O covariance in Sequence 1 and Sequence 4 (purple and blue regression lines, respectively).
No δ13C-δ18O covariance is recorded in Sequence 2 or Sequence 3. The black ellipses include the
results of C-O stable isotope analysis of bulk carbonate samples from the Metán-Alemania sub-
basins reported by [36]. Amblayo Member corresponds to Sequence 1 and Sequence 2, Güemes
Member corresponds to Sequence 3) and Alemania and Juramento Members correspond to Sequence
4. Members are presented in Figure 2.

5. Discussion
5.1. K–Pg Transition in the Yacoraite Fm.

The stratigraphic position of the K–Pg transition in the Salta rift basin has long been
debated, since no iridium anomaly or impact clays have ever been recovered [30,34–38].
Initially, the lack of stratigraphic discontinuity between Yacoraite and Tunal/Olmedo Fm.
led to the assumption that the K–Pg transition was preserved in the Tunal/Olmedo Fm. [91].
Afterwards, the transition was placed at the top of the Yacoraite Fm. in correspondence with
a negative carbon excursion [34]. Both hypotheses are disproved by the presence of Danian
palynomorphs at the top of the Yacoraite Fm. [32,66,92]. The following studies suggest that
the K–Pg transition should be placed within Sequences 2 or 3, since abrupt lithologic and



Geosciences 2023, 13, 227 14 of 26

geochemical changes are found in this stratigraphic interval: [35,36,38]. However, some
geochronologic data seem to be in contrast with this last hypothesis [93].

To locate the K–Pg transition in the Yacoraite Fm., pre-existing biostratigraphic, lithos-
tratigraphic, geochemical and geochronologic data from different sub-basins of the Salta
rift were discussed considering the new data acquired in this study.

The 238 m thick Juramento stratigraphic section from the Metán sub-basin (Figure 1B)
was selected for this purpose for several reasons. (1) It is included in pre-existing basin-
scale chronostratigraphic correlations [30], allowing the easily reporting of data (e.g.,
biostratigraphic data) from other sub-basins along this section. (2) The section is located
close to the main depocentre of the Metán–Alemania sub-basin (Figure 1B); here, carbonate
sedimentation was predominant and major hiatuses that usually characterise the proximal
domains are not expected [30], enhancing the probability of detecting a preserved K–Pg
boundary layer. (3) The depositional age along this section was previously constrained by
zircon (ash layer) U-Pb geochronology [40]. (4) Finally, carbonates along the Juramento
section underwent minor diagenetic overprint [40]; this is of prime importance, since the
use of C- and O-stable isotope data to locate the K–Pg transition is generally limited by the
high sensitivity of carbonates to geochemical modifications during diagenesis.

Biostratigraphic analysis, in particular the study of palynomorphs, is one of the most-
used approaches for locating the K–Pg transition in terrestrial settings, since the limit
between Cretaceous and Paleogene notoriously corresponds to an important biologic
turnover [24]. However, the calcareous composition of the Yacoraite Fm. limited paly-
nomorph preservation, and thus, only a few palynomorphs have been recovered, one in
the western part of the Alemania sub-basin (Don Otto mine section), and one from the
Lomas de Olmedo sub-basin [32,66,92] (Figure 1B). The Yacoraite Fm. is known to host
well-preserved Senonian dinosaur ichnofossils, which were found in the costal domains of
the Tres Cruces sub-basin, e.g., [31,32,35,64,65,67,74]. By correlating these biostratigraphic
data along the Juramento section, it can be derived that the K–Pg transition should be
preserved in a ~90 m thick (~130–220 m) stratigraphic interval included between the middle
of Sequence 2 and the middle of Sequence 4. This interval is bounded by the position of the
youngest dinosaur ichnofossil and the oldest Danian palynomorph [66,67] (Figure 7).

Additional information regarding the position of the K–Pg transition can be obtained
from zircon (ash layer) geochronology, a well-established chronostratigraphic tool in ter-
restrial settings [94]. Various authors provide U-Pb ages from ash layers in the Cobra
Corral Lake area of the Metán–Alemania sub-basin [38,40,93,95]. However, these ages do
not always agree (see discussion in [40]), and consequently do not converge on the same
stratigraphic interval for the location of the K–Pg transition (Figure 7). Indeed, by linearly
interpolating the single age datasets from different authors, determines that the K–Pg tran-
sition is located: (1) inside the Tunal/Olmedo Fm., based on the ages from [ì93]; (2) between
125 and 175 m (50 m thick interval), based on the ages from [95]; and (3) between 40 and
180 m (140 m thick interval), based on the ages from [38,40] (Figure 7). The first scenario is
in contrast with the presence of Danian palynomorphs at the top of the Yacoraite Fm., as
already mentioned [32,66,92]. The second scenario agrees with the hypothesis of the K–Pg
transition occurring somewhere inside sequences 2 and 3 [35,36]. Nevertheless, the two
ages published in [95] are both younger than 66 Ma and associated with large uncertainties
(see the discussion in [40]). Finally, the third scenario yields a large stratigraphic interval
included between sequences 1 and 3 (Figure 7). In contrast with previous scenarios, this last
scenario relies on robust depositional age depth models obtained by interpolating 11 ages
younger and older than 66 Ma, which are well-distributed along the Juramento section [40].
The important thickness of this stratigraphic interval is due to the unresolvable uncertainty
of the zircon depositional age model (0.9%, 2σ) and to the high sedimentation rates (up to
150 m/Ma) recorded in this stratigraphic interval [40].
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By jointly applying biostratigraphy and U-Pb zircon geochronology, it is possible to
define a ~50 m thick stratigraphic interval (between ~130 and 180 m) that most possibly
includes the K–Pg transition (Figure 7).

The end of Cretaceous—and the beginning of Paleogene time was a period charac-
terised by drastic climate changes. Perturbation of the carbon cycle is recorded in organic
matter and carbonates as important anomalies of δ13C and δ18O [3,17,18]. In terrestrial
settings, the negative δ13C excursion reaches down to −1.5/−2‰ [17]. Fluctuation of
carbonate C-O stable isotope ratios were investigated in three different studies [34,36,38] in
the Metán–Alemania, Sey and Tres-Cruces sub-basins, although they were mainly obtained
from bulk analysis. Given the presence of later carbonate phases (Figure 3), bulk analysis
represents a limiting factor for the accuracy of C-O stable isotope results (Figure 8). Similar
to that which has been discussed for the U-Pb zircon ages, these studies do not converge on
the same stratigraphic position for the K–Pg transition (Figure 8). The first study [34] places
the transition at the top of the Yacoraite Fm./base of Tunal Fm., although, as previously
stated, this hypothesis has been disproved. The second study [36] locates the transition
inside sequence 3, where various geochemical anomalies have been detected; these are
decreased Mg/Ca and Mn/Sr ratios and the lower concentration of certain elements (i.e.,
Si, Al, and Fe); positive peaks of Hg and Sr; and a positive anomaly of siderophile elements
(i.e., PGE; Cr, Ni and Co) [34–37]. Finally, the third study [38] places the transition in an
interval included between the top of Sequence 2 and the base of Sequence 3 based on a
multiproxies survey conducted in the Metán–Alemania sub-basin.

New C-O stable isotope data were obtained for the first time in this case study on
single depositional and early diagenetic carbonate phases after a careful petrographic
analysis that aimed to discard those phases affected by later diagenetic modifications. The
preservation of the pristine geochemical signal of these carbonates was further assessed
based on the consistency between zircon and carbonate U-Pb ages along the Juramento
section [39,40]. Indeed, U-Pb geochronology proves to be an excellent tool for constraining
accurate depositional ages in lacustrine systems from carbonates not affected by post-
depositional diagenetic modifications [96,97].

In the ~60 m thick stratigraphic interval (between ~130 and 180 m) identified by biostratig-
raphy and U-Pb zircon geochronology (Figure 7), carbonates provided negative δ13C values
down to −2.5‰ between 151 and 176 m (~25 m interval), values which correspond with the
top of Sequence 2 and the base of Sequence 3 (Figure 8). This negative shift is consistent with
the negative C anomaly recorded in various K–Pg sites elsewhere [3,17,18]. The anomaly starts
two metres below SB3 and reaches its peak between 163 and 176 m. The recovery was
drastic, with δ13C returning to positive values at around 180 m, 29 m above the onset of the
negative shift (Figure 8). Based on the sedimentation rates of 150 m/Ma already known for
this stratigraphic interval [39], the time interval between onset and recovery of the negative
shift was around 0.2 Ma.

In terrestrial settings, the K–Pg negative carbon excursion is associated with other
indicators of ecosystem disruption. In the framework of the Juramento section, the top
of Sequence 2 (starting at ~126 m) was characterised by the progressive transition from
carbonate- to siliciclastic-dominated sedimentary facies (Figure 2). The basin-ward shift
reached its acme at SB3 with the deposition of a massive clastic blanket of red alluvial
deposits (Figures 2 and 7). In addition, the top of Sequence 2 also saw the decrease of
carbonate production, as witnessed by the reduced frequency and size of stromatolite
buildups (Figure 2). The last stromatolite was detected at ~147 m, which, based on the
depositional age model from [40], formed less than 0.03 Ma before the onset of the carbon
excursion (Figure 2).
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Figure 7. Sequence stratigraphy (Seq. strat.), biostratigraphy (Bio.) and U-Pb zircon (ash layer)
geochronology from previous studies. Sequence stratigraphy from [30,38]:SB in red are Sequence
Boundaries, MFS in blue are Maximum Flooding Surfaces. Bibliographic source for biostratigraphic
data from: 1. [72]; 2. [71,73]; 3. [32]; 4. [67]; 5. [72]; 6. [66]; and 7. [98]. U-Pb zircon ages from: green [93];
blue [95]; grey [38] and black [40]. Green, blue, and purple areas are depositional age models obtained
by linear interpolating the ages from each age dataset. The stratigraphic interval where the K–Pb
transition (66 Ma) is preserved according to the different age datasets is indicated by the dashed lines.
Stratigraphic position of fossils and U-Pb ages along the section derive from basin-scale stratigraphic
correlation from [30].

Previous authors have highlighted, below and in correspondence with SB3, changes in
catchment dynamics, increase of clastic supply and sedimentation rates, and modification
of source rock quality (i.e., higher hydrogen index and total organic carbon). A tectonic
trigger for these changes was excluded by these authors; they rather hypothesised the
occurrence of abrupt climate changes affecting vegetation cover and architecture of the
Salta rift basin [30,38].

The Chicxulub meteorite impact is known to have produced a massive cloud of
dust and acid aerosol that, in terrestrial settings, caused extensive wildfires and inhibited
photosynthesis, accounting for the extinction of plants [1] and the decrease/shut-down of
carbonate production [19]. Changes in depositional environment and catchment dynamic,
as well as the increase in clastic supply and sedimentation rates, are also expected due to
the loss of vegetation cover [24]. These palaeoenvironmental indicators are observed along
the Juramento section below SB3, as previously discussed.

Pre-existing biostratigraphic and geochronologic data, together with stratigraphic po-
sition of the negative carbon excursion and sedimentologic/palaeoenvironmental evidence,
suggest that the K–Pg transition possibly occurred before SB3, which is located at 153 m
along the Juramento stratigraphic section (Figures 7 and 8).
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Fm. from the Metán–Alemania sub-basins. Yellow areas represent the location of the K–Pg according
to different authors: (A) [34]; (B) [36]; (C) [38]; (D) this study where, for each data point, the symbol
refers to the carbonate phase and the colour to its mineralogy. Lith. = lithology. Sph. = spherulites.
Cr-Co-Ni refers to the positive anomaly of siderophile elements from [35]. Red and blue horizontal lines
are respectively Sequence Boundaries (SB) and Maximum Flooding Surfaces (MFS). SB and MFS were
reported along the different stratigraphic sections based on the chronostratigraphic correlations of [30].
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5.2. Spherulites from the Yacoraite Fm.

Distal K–Pg boundary layers, including impact spherulites and other components (e.g.,
shocked quartz grains), represent the late-stage fallout from a mixed-target meteorite vapor
plume. Spherulites, together with the iridium anomaly, are considered as the best proxies for
correctly locating the K–Pg transition [1]. Distal spherulites were transported for thousands
of kilometres in the atmosphere, and thus have been described in multiple distal K–Pg
sites worldwide, e.g., [15,99–101]. In contrast with glassy spherulites from proximal K–Pg
sites (i.e., microtektites), distal impact spherulites (i.e., microkrysites) consist of spherical to
sub-spherical particles with diameters of only a few 100 µm [102]. They contain microlites
(i.e., minerals precipitated during cooling) and various diagenetic replacement products of
a pristine unknown composition [15]. The correct recognition of distal impact spherulites
in sedimentary rocks is critical, since these particles have a variable composition [102],
and, due to diagenetic alterations, they can be mistaken for other spherical particles such
as dissolved ooids, algal resting cysts or calcispheres (pithonellids), microbial spherules
(Figure 9), or volcanic glass spherules [103].

In the framework of the Juramento stratigraphic section of the Yacoraite Fm., partially
hollow spherical and sub-spherical particles with sizes of 250–1000 µm were detected in
two layers, specifically, at 145 m (UJ49 sample; Figure 4) and 170 m (UJ58 sample; Figure 5).

At 145 m, spherulitic particles are hosted in a microbial boundstone buildup formed
in a mixed mudflat depositional environment [30]. Microbial spherules were observed
in various stromatolite buildups in the Yacoraite Fm. [75,76,104] and consist of spherical-
to-elliptical particles, up to 1–2 mm size, which are composed of a fine-grained nucleus
surrounded by a cortex of radiating crystals (Figure 9A) of either aragonite or calcite [103].
Spherulitic particles from sample UJ49 do not show any nucleus or crystals radiating from
the core (Figure 9) but rather host geopetal and internal sediments (Figure 4C,D), and
sometimes partially preserve a former external rim of calcite (Figure 4C). A microbial origin
theory would imply that these particles were affected by a very early dissolution that cre-
ated space for internal sedimentation. In this sample, dissolution did not affect microbialite
laminae, nor were the ooids hosted in the internal sediment. This suggests that these may
have been hollow grains embodied during the trapping processes of microbialite formation.
The literature provides various examples of impact spherulites having a complete carbonate
composition due to post-depositional dissolution and cementation [105–109]. Additionally,
the UJ49 sample is located 2 metres below the last microbialite of Sequence 2, before the
shut-down of carbonate production at SB3 (Figure 2 and [38]) and it is located only 6 m
below the negative δ13C excursion. Its stratigraphic position, together with the specific
diagenetic features, may suggest that these are impact-related spherulites trapped during
stromatolite formation (Figure 8).

At 170 m along the Juramento section, spherulitic particles are instead hosted in a
grainstone–floatstone deposited in a clastic shoreface depositional environment [30]. In
contrast with previous spherulites, these do not have a carbonate composition, but rather
consist of an external rim of goethite which is internally lined by an analcime cement
(Figures 5 and 10). Remnant porosity is filled by other phases, such as celestite and later
blocky calcites (Figures 5 and 10). Given the depositional environment, these hollow grains
could potentially consist of dissolved ooids. However, none of the spherulitic particles
from this sample preserve ooid features (e.g., radial features and internal lamination), and
UJ58 is the only sample characterised by such diagenetic features among those investigated.
These factors support the hypothesis that the spherulitic particles from the UJ58 sample are
not dissolved ooids.

Distal impact spherules with goethite composition are one of the most-studied types
of K–Pg distal spherulites, described in various sites including Italy, Spain, Denmark and
New Zealand, e.g., [15,99,110–116]. They are characterised by a variable composition, with
a microcrystalline groundmass of impure goethite containing variable amounts of silica,
aluminium and iron [15]. The Raman spectrum of goethite phase from the UJ58 sample
slightly differs from the one of pure goethite, disclosing a heterogeneous mineralogical
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composition. Similar variation in band peaks of goethite from distal impact spherulites were
interpreted by previous authors as being due to the typical olivine-to-goethite diagenesis,
e.g., [15,117] or pseudomorphic replacement of FeS2-rich spherules [118]. Concerning the
other phases detected, authigenic analcime and celestite have already been described in the
Yacoraite Fm. by [76] as early diagenetic cements reflecting higher flux of freshwater into
the lake. However, analcime may also derive from the alteration of clay minerals, feldspars
and feldspathoids [119] and has been described as a diagenetic product of pristine siliceous
glass in impact spherulites [120].

Among the 120 samples examined along the 238 m Juramento section, only the two
at 145 and 170 m hosted spherulitic particles whose concentration, size, morphology and
mineralogy support an impact-related origin. The stratigraphic position of these layers falls
between the 151–176 m interval proposed for the K–Pg transition based on biostratigraphic,
geochronologic and geochemical analysis (Figure 11).

The literature provides various examples of K–Pg sites hosting multiple layers with
impact spherulites, e.g., [121,122]. The first spherulite-rich deposits are found slightly below
or in correspondence with the negative δ13C excursion, which agrees with the position of
the first layer of this study, and the additional deposits are usually interpreted as being
reworked, which is also in line with the size-graded bedding observed in the second layer.

Conclusively, this multiproxy approach suggests that the K–Pg transition could have
occurred along the Juramento stratigraphic section in correspondence with or slightly
below the first spherulite layer located at 145 m. A future study with higher sampling
frequency could sustain this interpretation.
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Figure 9. Microphotographs of microbial spherules and impact spherulites. (A) Microbial spherules
from the Yacoraite Fm. Calcite crystals radiate from a core (dashed circle). Modified from [76].
(B) Carbonate spherulite from sample UJ49 (this study). (C) Distal K–Pg spherulite from North
Dakota entirely filled by a calcite cement. Modified from [123].
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Figure 10. Microphotographs and Raman spectroscopy of the grainstone-to-floatstone UJ58 sample
hosting spherulites. (A) Detail of a spherulite internally lined by a non-isopachous rim of clear
analcime cement and filled by yellowish celestite cement made by fibrous crystals (C). (B) Detail
of a partially hollow spherulite showing a sub-millimetric rim of dark opaque goethite (E) lined
internally by a non-isopachous rim of clear analcime cement (D). (C) The Raman spectrum of the
fibrous cement is consistent with the one of celestite from [90]. (D) The Raman spectrum of the clear
cement is consistent with the one of analcime from [89]. (E) The Raman spectrum of the opaque
phases is consistent with the one of goethite from [88].
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Figure 11. Possible location of the K–Pg boundary (green area) in the Yacoraite Fm. along the Juramento strati-
graphic section, based on lithostratigraphy, biostratigraphy, C-stable isotope and U-Pb zircon geochronology.
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Sequence strat. = sequence stratigraphy, after [30,38]. SB in red are Sequence Boundaries;
MFS in blue are Maximum Flooding Surfaces. Litho. = lithology (this study) includes the
position of the spherulite rich layers (green stars) and of the red siliciclastic bodies (red);
Bio. = biostratigraphy, including the position of the last stromatolite of Sequence 2 and first stro-
matolite of Sequence 3 (str., in red, this study). The last dinosaur track of Sequence 2 [67] and the
first Danian palynomorph in sequence 4 [66] were reported along the Juramento section based on
the chronostratigraphic correlation of [30]. Carbonate δ13C from this study; depositional age model
based on zircon (ash layer) geochronology after [39] is shown in pink. Ages estimated for SB are in
red. The yellow areas represent the stratigraphic intervals that include the K–Pg transition based on
each proxy.

6. Conclusions

The Yacoraite Formation (Maastrichtian–Danian, Salta rift basin) consist of lacustrine
carbonate and siliciclastic deposits organised in four third-order stratigraphic sequences.
It represents a distal terrestrial K–Pg site, which makes it an ideal target to comprehend
the response of terrestrial ecosystems from South America to the K–Pg environmental
crisis. The position of the K–Pg transition in the formation has long been debated and was
investigated in this study along a depocentral stratigraphic section of the Metán sub-basin
that was previously dated via zircon and carbonate U-Pb geochronology.

Pre-existing biostratigraphic data from other sub-basins and U-Pb zircon (ash layer)
ages from this section indicate that the K–Pg transition falls in a stratigraphic interval
included between sequences 2 and 3.

New C-O stable isotope data were obtained from single carbonate phases, including
microbialites, ooids, oncoids and early lacustrine cements, whose preservation was assessed
based on the consistency between zircon and carbonate U-Pb ages. Carbonates provided
negative δ13C values in a narrow interval which starts slightly below SB3 and falls within the
stratigraphic interval defined in biostratigraphic and geochronologic data. Here, changes
in lake dynamic regime and catchment areas, abrupt transitions from carbonate-dominated
to siliciclastic-dominated sedimentary facies and general decrease of carbonate production
were also identified.

Partially hollow spherical and sub-spherical particles whose concentration, size, mor-
phology, and mineralogy support an impact-related origin were detected in two layers. The
first represents the last stromatolite buildup before SB3 and is located few metres below the
onset of the negative carbon excursion. The second, showing evidence of transport and
reworking, is located slightly below the end of the negative carbon excursion. These data
suggest that the K–Pg transition is located below SB3, in proximity to the occurrence of the
first spherulite layer detected.

The findings of this study encourage further investigation on the Yacoraite Fm. to
attempt to detect the iridium anomaly in the stratigraphic interval here identified.
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