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ABSTRACT

The Yacoraite Formation (Salta rift, Argentina) consists of Maastrichtian–
Danian lacustrine carbonate and siliciclastic deposits with interbedded vol-

canic ash layers, organized in four third-order stratigraphic sequences. It

offers the exceptional opportunity to jointly apply in situ zircon and carbon-

ate U-Pb geochronology that resulted in two distinct depositional age depth

models. Ages of the youngest zircon population from ash layers were line-

arly interpolated to derive a zircon depositional age depth model. A carbon-

ate depositional age depth model was instead obtained from dated carbonate

phases including microbialites, ooids, oncoids of calcitic and dolomitic min-

eralogy as well as early lacustrine calcite cements. Mean ages were defined

from different carbonate phases belonging to the same layer and then line-

arly interpolated. Sedimentation rates were calculated from both depth

models between pairs of dated samples and used to estimate the age of

sequence boundaries, as well as the duration of the four stratigraphic

sequences. The zircon and carbonate depositional age depth models agree

with biostratigraphic constraints and exhibit excellent consistency. The

onset and end of sedimentation were estimated at 68.2 � 0.9 Ma and

62.3 � 0.6 Ma (duration ca 5.7 Ma) via zircon geochronology and at

67.9 � 1.7 Ma and 61.9 � 1.3 Ma (duration ca 6.0 Ma) via carbonate geo-

chronology. Results from this study show that with suitable samples and a

newly implemented working strategy, in situ U-Pb dating of depositional

and early diagenetic carbonates represent a valuable chronostratigraphic tool

for estimating sedimentation rate and duration in poorly time-framed deposi-

tional systems.

Keywords Depositional age model, lacustrine deposits, Maastrichtian–
Danian, sedimentation rate, U-Pb geochronology, Yacoraite Formation.
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INTRODUCTION

Lacustrine carbonate and siliciclastic deposits
represent high resolution sedimentary archives
recording environmental, tectonic and climate
forcing (e.g. Kelts & Talbot, 1990; Leng &
Marshall, 2004). Lacustrine deposits are also
increasingly investigated by the oil and gas
industry since they host major hydrocarbon accu-
mulations (e.g. Bohacs et al., 2000; Katz, 2001;
Thompson et al., 2015; Ceraldi & Green, 2016;
Saller et al., 2016). The reconstruction of the
depositional history as well as the estimation of
sedimentation rates in these settings are usually
hampered by the scarcity of index taxa and by
the problematic recovery of short duration paly-
nomorph biozones (e.g. Wainman et al., 2018).
Sedimentation rates in particular represent key
modulators of proxies used to reconstruct the
depositional system palaeoenvironmental condi-
tions (Crombez et al., 2020), and are fundamental
parameters for backstripping analysis and subsi-
dence curve restoration (Berra & Carminati,
2010). Their estimation is even more challenging
in lacustrine basins where they may vary by sev-
eral orders of magnitude due to the influence of
climate, tectonic and depositional processes (e.g.
Enos, 1991; Einsele, 2001).
Uranium–lead geochronology has proven to be

a useful tool to assess for zircon depositional
ages (ZDA) and for the temporal evolution of
sedimentation rates of continental sedimentary
successions deposited coevally with volcanic
events. Hence, the age of the youngest concor-
dant zircon population is considered as the best
approximation of the host rock depositional age
(e.g. Lehrmann et al., 2006; Wotzlaw et al.,
2014; Schoene et al., 2015; Rossignol et al.,
2019). However, absolute radiometric constraints
are often absent in most continental settings.
Therefore, in such settings, a complex multi-
proxy analysis based on sedimentology, strati-
graphy, magnetostratigraphy and diagenesis is
usually needed to reconstruct the depositional
history and the sedimentation rate evolution
over time (Schumer & Jerolmack, 2009; Cartier
et al., 2018; Frisch et al., 2019).
Radiometric age determination of carbonates has

been a long-standing problem in geochronology.
Since the pioneering work of Smith & Farquhar
(1989) it has been recognized that U-Pb carbonate
geochronology has the potential to directly pro-
vide the timing of carbonate precipitation,
although this was initially limited by the low suc-
cess rate, moderate precision and time-consuming

dating procedures (Rasbury & Cole, 2009). The
advent of the LA-ICP-MS (laser ablation�induc-
tively coupled plasma�mass spectrometry) U-Pb
geochronology of carbonates (LAcarb) increased
the success rate of carbonate dating by ensuring a
higher spatial resolution (Rasbury et al., 2021).
However, LAcarb is currently applied mainly to
calcite cements to date fluid flow events (e.g. Man-
genot et al., 2018; Walter et al., 2018; Cruset et al.,
2020; Mottram et al., 2020; Roberts et al., 2020a,b,
2021; Bilau et al., 2021; Yang et al., 2022). Recent
advances on sample selection and screening tech-
niques (e.g. Drost et al., 2018; Guillong et al.,
2020; Roberts et al., 2020a; Rasbury et al., 2021)
have greatly improved the ability to target deposi-
tional and early diagenetic carbonates, and to cal-
culate ages with adequate precision for
chronostratigraphic and palaeoenvironmental
studies (e.g. Brigaud et al., 2021; Montano et al.,
2021). It is noteworthy that, in contrast to zircon
geochronology, ages obtained from depositional
and early diagenetic carbonates (carbonate deposi-
tional ages; CDA) should be considered as mini-
mum time constraints for deposition. This is
because carbonates are highly susceptible to diage-
netic processes (for example, stabilization, recrys-
tallization and replacement) that may affect the U-
Pb systematic and consequently degrade or reset
the original ages (Jones et al., 1995; Kelly et al.,
2003; Li et al., 2014; Roberts et al., 2020a). In spite
of this, LAcarb dating may provide ages consistent,
within uncertainties, with biostratigraphic and
radiometric constraints. This has been shown for
meteoric cements in speleothems (Hopley et al.,
2019; Woodhead & Petrus, 2019; Nicholson et al.,
2020) and hardgrounds (Liivam€agi et al., 2018;
Scardia et al., 2019; Kurumada et al., 2020; Bri-
gaud et al., 2021; �Srodo�n et al., 2022), lacustrine
tufa, micrites and associated cements (Drost et al.,
2018; Frisch et al., 2019; Parrish et al., 2019; Hoar-
eau et al., 2021; Montano et al., 2021; Rasbury
et al., 2021), marine cements (Meinhold et al.,
2020; Hoareau et al., 2021) and bioclasts (Drost
et al., 2018). Despite these remarkable results, no
study has attempted to define, solely based on
LAcarb, a robust depositional age depth model
along an entire stratigraphic section, which was
also dated by zircon geochronology. The Yacoraite
Formation (Maastrichtian�Danian, north-west
Argentina) represents an ideal target for such pur-
pose. It consists of lacustrine carbonate and silici-
clastic deposits interbedded with volcanic ash
layers and organized in four third-order strati-
graphic sequences (0.5 to 5.0 Ma; sensu Van Wag-
oner et al., 1988). The structural framework,
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stratigraphic architecture and diagenetic history of
this formation are well-known from literature
(Hernandez et al., 1999; Cesaretti et al., 2000; Sial
et al., 2001; Durieux & Brown, 2007; Marquillas
et al., 2007; Rohais et al., 2019; Deschamps et al.,
2020; Gomes et al., 2020). In this study, volcanic
ash layers were sampled together with carbonates
along a stratigraphic section and investigated for
petrography and U-Pb analysis. Concordia ages
were obtained from ash layer zircon grains
whereas weighted average ages were computed
from depositional and early diagenetic carbonates
coexisting in the same layer.
Concordia ages from zircon and weighted

average ages from carbonates were linearly inter-
polated to build ZDA and CDA depth models.
The sedimentation rates, calculated from these
models, were used to constrain the ages of
sequence boundaries as well as the duration of
third-order stratigraphic sequences.
The present study provides insights on the

carbonate dating potential together with a newly
implemented working strategy to reconstruct
depositional age depth models in various sedi-
mentary settings. It reveals that models based on
LAcarb may have the potential to assist chrono-
stratigraphy studies in systems with poor time
constraints.

GEOLOGICAL SETTING AND
GEOCHRONOLOGICAL BACKGROUND

The Salta rift basin in north-west Argentina
(Fig. 1) belongs to the Andean Cretaceous–
Palaeogene basin system of central-western
South America. Structural highs separate the
southern branch of the Salta rift basin into three
main sub-basins: the El Rey, Alemania and
Met�an sub-basins (Salfity & Marquillas, 1994).
The main tectonic stages of rift evolution are
recorded by the Pirgua (syn-rift deposits; Reyes
& Salfity, 1973), the Balbuena (transitional sag
deposits) and the Santa Barbara (post-rift
deposits) groups (Moreno, 1970). The Balbuena
Group includes, from base to top, the Lecho, the
Yacoraite and the Tunal/Olmedo formations.
The Lecho Formation mainly consists of aeolian
to fluvio-lacustrine sandstones whereas the
Tunal/Olmedo formations are made of playa
lake deposits, including evaporites along with
some fine-grained clastics (Salfity, 1979).
The Yacoraite Formation was deposited in

lacustrine to shallow marine environments coev-
ally with the main stage of rift thermal subsidence

and tectonic quiescence (Salfity & Marquillas,
1994; Starck, 2011). It dominantly consists of
shales, mudstones, oolitic packstones to grain-
stones and microbial boundstones, interbedded
with fine-grained to coarse-grained sandstones
(e.g. Salfity, 1979; Marquillas, 1985; Salfity & Mar-
quillas, 1994; Hernandez et al., 1999; Deschamps
et al., 2020; Gomes et al., 2020). Volcanic ashes
occur interbedded with the sedimentary succes-
sion (e.g. Marquillas et al., 2011; Rohais et al.,
2019). They are known to be coeval with the Pal-
mar Largo volcanism (70 to 60 Ma; Fernandez,
1975; M€adel, 1984; G�omez-Omil et al., 1987;
Omarini et al., 1989; Disalvo et al., 2002),
although they were also attributed to the Late Cre-
taceous volcanic arc of northern Chile (Marquillas
et al., 2011) and have provided one of the oldest,
recycled zircon grains of South America (3.7 Ga;
Paquette et al., 2015).
The stratigraphic architecture of the Yacoraite

Formation has been studied since the 1980s (e.g.
Marquillas, 1985; Salfity & Marquillas, 1994; Her-
nandez et al., 1999). The present contribution
takes into account recent studies that have estab-
lished a robust basin-scale stratigraphic frame-
work (Rohais et al., 2019; Deschamps et al.,
2020). Accordingly, the Yacoraite Formation is
subdivided into four third-order sequences (mid-
term sequences of ca 1 Ma duration; Deschamps
et al., 2020), organized in a second order
sequence (long-term sequence of ca 5 Ma;
Deschamps et al., 2020). The four third-order
sequences are bounded by five sequence bound-
aries (SB) usually associated with a major back-
stepping of the depositional system and erosion
in proximal domains. According to biostrati-
graphic constraints, the age of the Yacoraite For-
mation is Maastrichtian�Danian. Indeed, the
Lecho and Yacoraite formations host well-
preserved Senonian dinosaur bones and tracks
(Raskovsky, 1968; Reyes, 1972; Alonso & Mar-
quillas, 1986; Marquillas et al., 2003; C�onsole-
Gonella et al., 2017) and palynological associa-
tions of Maastrichtian age (Moroni, 1982; Quat-
trocchio et al., 2005; Quattrocchio, 2006),
whereas the Tunal/Olmedo formations are char-
acterized by Danian palynological associations
(Volkheimer et al., 2006). A 12 Ma depositional
time duration (75 to 63 Ma) was proposed for the
Yacoraite Formation by correlating the sediment
regressive/transgressive cycles with the global
sea-level curve (Hernandez et al., 1999). Such an
approach is hampered by the limited connection
of the Salta basin with the ocean and by the fact
that the lake level dynamics and the global sea-
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level curve are out of phase by different orders of
magnitude (e.g. Gebhardt et al., 2017). Zircon U-
Pb geochronology of the Yacoraite Formation ash
layers provided absolute ages spanning from
71.9 � 0.4 Ma to 60.3 � 2.1 Ma (Marquillas
et al., 2011; Pimentel et al., 2012; Rohais et al.,
2019), though inconsistencies among the differ-
ent datasets exist and are discussed in section
ZDA depth model via zircon geochronology.

MATERIALS AND METHODS

Investigated samples

Carbonates and volcanic ashes were sampled from
the Yacoraite Formation along a stratigraphic sec-
tion named Juramento (25°18008.01″S, 65°17042.91″
W) from the Cabra Corral lake area of the Met�an
sub-basin (Fig. 1). This section, located close to
one of the main depocentres, was chosen to mini-
mize the occurrence of major hiatuses that charac-
terize the proximal domains (Deschamps et al.,

2020). The sedimentology and stratigraphy of the
Juramento section, as well as the position of all car-
bonate and ash layer samples are detailed in Fig. 2.
Twelve carbonate samples (JUR1, JUB1, JUB5,
JUB6, CH1, JUB7, JUR8, JUR25, JURC6, JURC10,
JURD3 and JURD9) were collected, together with
five volcanic ash samples (TJ0, TJ3, TJ4, TJ7 and
TJ8) interbedded with the sedimentary succession.
One additional ash sample (TPP3) was collected
from sequence 4 of a stratigraphic section located
ca 4 km away (25°17027″S, 65°21015″W; Fig. 1).
According to the stratigraphic correlations pro-
posed by Rohais et al. (2019) and Deschamps et al.
(2020) the TPP3 sample was projected to ca 219 m
from the base of the Juramento section, where a
thin ash layer also occurs.

Macroscopic and microscopic analysis of ash
layers and carbonates

Ash layers were chosen in the field based on fea-
tures such as thickness, absence of re-
sedimentation/reworking evidence and naked-eye
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(m)

0 50 75 km25

SALTA
Argentina

C
hi

le

Bolivia Paraguay

Brazil

Uru.

Salta

CACHI

ANGASTACO ALEMANIA

METAN

EL REY

N

JURAMENTO 
SECTION

TPP3 

Fig. 1. (A) Location of the Salta rift basin in north-west Argentina. (B) Present day thickness map of the Yacoraite
Formation in the Met�an and Alemania sub-basins with the position of Juramento stratigraphic section and TPP3
ash sample. Modified from Rohais et al. (2019).
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component heterogeneity. The collected material
(2 to 4 kg for each ash layer) was prepared for
petrographic analysis and isotope dating in the
FIERCE (Frankfurt Isotope and Element Research
Center, Goethe University Frankfurt, Germany).
The material was fragmented by high voltage dis-
charge using a SelFrag Lab system (Selfrag AG,
Kerzers, Switzerland) and then sieved to
<280 µm using disposable nylon sieves. Dense
grains were then separated through manual pan-
ning. Up to 182 zircon grains were randomly
handpicked for each ash layer sample to get a
representative selection of the overall zircon
populations and to minimize sampling bias. The
grains were embedded in epoxy resin and ground
down to about half their thickness and then
polished. Zircon petrography under a binocular
microscope was followed by scanning electron
microscope (SEM) analysis. Cathodolumines-
cence (CL) and back scattered electron (BSE)
images were acquired using a JEOL JSM-6490
SEM (JEOL Limited, Tokyo, Japan).
Carbonate samples were selected away from

mineralized fractures and exposure surfaces to
avoid potential overprinting by later fluids. Car-
bonate textures were described by using the
Dunham (1962) classification, whereas facies
and depositional environments were attributed
following the scheme proposed by Deschamps
et al. (2020). In this respect, the term stromato-
lite may include the microbial boundstone that
here will be simply named microbialite.
Twelve polished and uncovered thin sections

(50 to 60 µm thick), one for each carbonate sam-
ple collected, were prepared for petrographic
analysis to characterize the different facies and
to identify various depositional and diagenetic
carbonate phases. Additionally, petrographic
studies aimed to identify carbonate phases with
no evidence of post-depositional diagenetic
modifications. Conventional optical petrography
was performed using a Nikon ECLIPSE LV100
POL polarized light microscope (Nikon, Tokyo,
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Fig. 2. Sedimentological column and sequence stra-
tigraphy of the Yacoraite Formation from the Jura-
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and Deschamps et al. (2020). The names of carbonate
and ash layer samples investigated are indicated in
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Japan) and allowed observations under plane-
polarized and cross-polarized light (PPL
and XPL). Cathodoluminescence (CL) optical
microscopy was accomplished with a cold
CL instrument (8200 Mk5; Cambridge Image
Technology Limited, Cambridge, UK) whose
electron beam worked under vacuum
(<0.1 mbar) with an acceleration voltage of
10 kV and a current of 250 µA. All thin sections
were partially stained with a solution of 10%
diluted HCl, Alizarin red-S and potassium ferri-
cyanide (Dickson, 1966). Calcite cement habitus
were described based on the Fl€ugel (2004) clas-
sification scheme.

Zircon U-Pb geochronology

Zircon grains from the six ash layers sampled
were analyzed for U, Th and Pb isotopes by LA-
ICP-MS at FIERCE, following the methods
described by Gerdes & Zeh (2006, 2009). A
Thermo Scientific Element XR sector field ICP-
MS (Thermo Fisher Scientific, Waltham, MA,
USA) was coupled to a RESOlution 193 nm ArF
Excimer laser (CompexPro 102; Coherent Inc,
Santa Clara, CA, USA) equipped with an S-155
two-volume ablation cell (Laurin Technic Pty,
Canberra, ACT, Australia). The data were
acquired in four analytical sessions in 2018 to
2019. The settings of the laser and the ICP-MS
instruments are given in Appendix S1. The GJ-1
zircon (Jackson et al., 2004) was used as primary
zircon reference material (RM) and BB-16 (San-
tos et al., 2017), 91500 (Wiedenbeck et al.,
1995), Ple�sovice (Sl�ama et al., 2008) and Monas-
tery (Kamenetsky et al., 2014) zircon RMs for
validation of the analytical results. The results
obtained on these RMs were within 0.8% or bet-
ter of the reported ages. Data processing (includ-
ing common Pb correction) was performed using
an Isoplot (Ludwig, 2012) supported Microsoft
Excel�-based spreadsheet (Gerdes & Zeh, 2006,
2009). Uncertainties are reported at the 2r level
and are calculated by quadratic addition of the
internal uncertainties (SE), counting statistics,
background uncertainties, common Pb correc-
tions, excess of scatter (derived from the primary
RM) and the excess of variance calculated from
the offset (or calibrator) RM. A second uncer-
tainty is reported and expands the previous one
with systematic uncertainties. These are the
long-term variance (0.8%, 2r) and the decay
constant uncertainties (see Horstwood et al.,
2016). Concordia diagrams (2r precision ellip-
ses) and Concordia ages were calculated using

Isoplot 4.15 (Ludwig, 2012) and associated
MSWDC+E (i.e. mean squared weighted deviation
of concordance and equivalence).

Carbonate U-Pb geochronology

Twelve thin sections were analyzed in one U-Pb
LA-ICP-MS analytical session at FIERCE using
the same instrumentation as for the zircon grains.
Prior to analysis, thin sections were cleaned in an
ultrasonic bath with ethanol. During the LA-
session the ablation parameters were kept con-
stant for all samples and reference materials. The
unstained portions of the thin sections were
ablated in a helium atmosphere (300 ml min�1)
and mixed in the ablation funnel with argon
(1 L min�1) and nitrogen (6 to 8 ml min�1). Ana-
lyses were performed with square ablation spots
(213 µm 9 213 µm), 8 Hz repetition rate and a
fluence of about 2 J cm�2. A manual pre-
screening session allowed identifying areas with
high and variable U/Pb and 207Pb/206Pb ratios.
The settings of the laser and the ICPMS instru-
ment are given in Appendix S1.
Raw data were corrected off-line using the

same Isoplot (Ludwig, 2012) supported Micro-
soft Excel�-based spreadsheet (Gerdes & Zeh,
2006, 2009) as for the zircon analyses. Fraction-
ation of 238U/206Pb, 207Pb/206Pb ratios and their
drift were corrected based on repeated analyses
of soda-lime glass NIST-SRM 614. WC-1 calcite
RM (Roberts et al., 2017) was used to correct for
the matrix offset (5%) between NIST glass and
carbonate. Results were plotted in U-Pb Tera-
Wasserburg Concordia plots using Isoplot 4.15
(Ludwig, 2012) and ages were calculated as the
intersection of the regression lines with the Con-
cordia curve. Regression lines were constrained
with 13 to 40 ablation spots (N) for each of the
investigated carbonate phases. All uncertainties
are reported at 2r and were calculated as
described in the zircon dating methodology.
Speleothem calcite ASH-15D (Nuriel et al.,
2021) was measured as the validation RM. No
common Pb corrections were applied and the
long-term variance used is 1.5% (2r; Montano
et al., 2021).

RESULTS

Ash layer and zircon description

The sampled volcanic ash deposits (TJ0, TJ3,
TJ4, TJ7, TJ8 and TPP3) consist of consolidated
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centimetre-thick to decimetre-thick tabular to
lenticular layers characterized by a white to yel-
lowish colour easily recognizable in fresh out-
crops (Fig. 3). Grain mineralogy is
heterogeneous, so that ash layers consist of vari-
able amounts of quartz, feldspar, plagioclase,
biotite, hornblende, monazite, muscovite, garnet,
apatite, zircon and other unidentified opaque
minerals. Zircon grains are 50 to 150 µm long
and appear mostly clear and colourless and only
rarely yellowish or pinkish. They commonly
exhibit euhedral long-prismatic to needle-like
shape. Some grains show signs of resorption and
rounded edges. Scanning electron microscope
images show the presence of well-preserved
oscillatory zoning in most of the grains. Many of
them display a central tube or a channel filled
with glassy material (i.e. frozen melt), which
together with the CL zonation indicates a volca-
nic origin (Pupin, 1976).

Carbonate facies and petrography

The carbonate samples analyzed include five
different sedimentary facies: fine-grained stro-
matolite (JUR25, JURC10 and JURD3 samples;
Fig. 4A and B), sandy oolitic grainstone (JUR1
sample), grapestone–ooid grainstone to pack-
stone (JURD9 sample; Fig. 4C), oolitic grainstone
(JUB1, JUB7, JUR8 and JURC6 samples; Fig. 4D
to F) and oncoidal rudstone (JUB5, JUB6 and
CH1 samples; Fig. 4G and H). Petrographic anal-
ysis allowed identification of different deposi-
tional carbonate phases characterized by
calcitic, dolomitic or mixed (i.e. calcite and
dolomite) mineralogy. The phases analyzed are:
calcitic ooids (OC), mixed ooids (OM), calcitic
microbialites (MIC-C), dolomitic microbialites
(MIC-D) and dolomitic oncoids (OND).
The fine-grained stromatolite samples are

always characterized by the alternation of cal-
citic (MIC-C) and dolomitic (MIC-D) planar to
convoluted microbial laminae that reach a few
millimetres in thickness (Fig. 4A and B) and
may build up centimetre-sized to decimetre-
sized domal structures (Fig. 4A). The laminae
have a heterogeneous mineralogy and may host
calcite and dolomite microcrystals, together with
authigenic pyrite and quartz grains (Fig. 4B).
The sandy oolitic grainstone sample is poorly
sorted and made of >50% rounded to subangu-
lar, mostly monocrystalline, quartz grains, 100
to 500 lm in size as well as dispersed ooids.
The grapestone–ooid grainstone to packstone
sample includes flat calcitic stromatolite clasts

(MIC-C), calcitic ooids (OC) locally organized in
lumps, and angular to subangular quartz grains,
100 to 200 µm in size (Fig. 4C). The oolitic
grainstone samples (Fig. 4D to F) include cal-
citic ooids (OC), dolomitic ooids (OD) and
mixed ooids (OM), the latter displaying an alter-
nation of calcitic and dolomitic cortex laminae
(Fig. 4E). The oncoidal rudstone samples are
made of dolomitic spongiostromate oncoids
(OND) with size up to 2 mm and a microporous
centre (Fig. 4G and H).
Most samples are cemented by an early diage-

netic calcite, named EC (Fig. 4D) and made by
blocky crystals (ca 150 µm in size) with zoned
dull orange luminescence. The EC precipitated
in the interparticle and framework pores. It
formed before the sediments underwent
mechanical compaction as suggested by the lim-
ited grain-to-grain contacts observed in samples
where this cement occurs (Fig. 4D and F). The
EC is post-dated by other blocky calcite cements,
named LC1 and LC2, which also fill interparticle
pores and are respectively bright orange and
non-luminescent (Fig. 4F and H).

Zircon and carbonate U-Pb geochronology

Zircon crystals of magmatic origin were selected
for analysis based on grain shape and internal
oscillatory zoning. The aim of this selection was
to determine the youngest zircon crystallization
event to date the deposition of the ash layer. It
must be taken into account that the selected
grains may also include zircon antecrysts crys-
tallizing during an earlier pulse in the magma
chamber, as well as xenocrysts that the magma
assimilated from the wall rocks or during
magma transport.
The 294 zircon grains analyzed yielded

206Pb/238U dates ranging between 35 Ma to
1.1 Ga, with dominant density distribution
peaks around 60 to 70 Ma and around 500 Ma
(Appendix S1). About half of the zircon grains
(141) produced 206Pb/238U dates <100 Ma.
Among them, 119 fall in a tight cluster at 63 to
68 Ma on the Concordia curve (i.e. concordant
zircon dates) and 14 do not overlap with their
error ellipses on the Concordia curve (i.e. discor-
dant zircon dates). The remaining eight analyses
have apparently concordant 206Pb/238U dates
and form, together with five of the discordant
analyses, a cluster between 60 to 35 Ma. These
grains were found only in samples TJ4 and
TPP3 (Appendix S1). It is worth noting that no
grains yielded concordant ages between 71 Ma
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and 90 Ma. The Th/U ratios of the 63 to 68 Ma
cluster range from 0.36 to 2.5, being consistent
with a magmatic origin (Williams & Claesson,
1987).
Zircon grains from the 63 to 68 Ma cluster

were detected in all samples except in TJ8. They
form statistically meaningful and equivalent
populations of concordant ages associated with
MSWDC+E ≤ 2 (Table 1; Fig. 5). In TJ0 sample
the young zircon population is poorly repre-
sented, with nine of the 71 zircon grains yielding
a Concordia age of 67.55 � 0.60/0.89 Ma
(MSWDC+E of 1.3). The remaining 62 analyzed
grains were all xenocrysts clustering on Concor-
dia around 430 to 570 Ma and 1.0 to 1.1 Ga. In
the TJ3 ash layer, 29 out of the 55 analyzed
grains form an equivalent age group, with a Con-
cordia age of 67.87 � 0.33/0.64 Ma (MSWDC+E of
1.5). In addition, four grains with a Concordia
age of 70.69 � 0.72/0.91 Ma (MSWDC+E of 0.88)
constitute another independent population,
probably associated with an earlier magma pulse.
In the TJ4 ash layer, 27 zircon grains were ana-
lyzed and, among them, 20 grains define a homo-
geneous group with a Concordia age of
66.27 � 0.27/0.59 Ma (MSWDC+E = 1.4). The
remaining discordant to apparently concordant
analyses produced 206Pb/238U dates ranging from
63 to 45 Ma. In TJ7 sample, 11 equivalent dates
were detected over 55 zircon grains. They
yielded a Concordia age of 65.35 � 0.56/0.77 Ma
(MSWDC+E = 2.0). The remaining 55 grains are
xenocrysts, as shown by their 206Pb/238U dates
ranging from 150 Ma to 1.1 Ga. All zircon grains
selected in TPP3 ash layer sample yielded
206Pb/238U dates <65 Ma. Forty-five grains

defined an equivalent group, with a Concordia
age of 63.33 � 0.26/0.56 Ma (MSWDC+E = 1.3).
The remaining nine grains gave apparently con-
cordant ages that range from 55 to 43 Ma. Sam-
ple TJ8 was characterized by poor zircon yield
and by the occurrence of xenocrysts only. Eight
out of 21 grains provided 206Pb/238U dates plot-
ting on the Concordia between 420 Ma and
720 Ma. From the 12 carbonate samples studied,
a total of 22 carbonate phases were analyzed: cal-
citic, dolomitic and mixed ooids (n = 6), calcitic
and dolomitic microbialites (n = 7), dolomitic
oncoids (n = 3) and EC cement (n = 6). U and
Pb concentrations were very variable, ranging
from 0.23 to 7.30 ppm and from 0.02 to
12.55 ppm, respectively. The 238U/206Pb and
207Pb/206Pb isotope ratios of all analyzed carbon-
ate phases vary from 0.25 to 89.06 and from 0.09
and 0.84, respectively. The highest 238U/206Pb
and 207Pb/206Pb isotope ratio variability corre-
sponds to the EC cement, whereas all the other
phases display 238U/206Pb isotope ratios mostly
below 30 (see Appendix S1).
Some of the Tera–Wasserburg Concordia dia-

grams with lower intercept ages are displayed in
Fig. 6, while the complete dataset is reported in
Appendix S2. Three of the 22 carbonate phases
analyzed (calcitic ooids from samples JURD9
and JURC10 and calcitic microbialite from sam-
ple JURD9) could not be dated because of too
homogeneous or too scattered U-Pb isotope
ratios (see Appendix S1). The remaining 19 car-
bonate phases (86% of the total) yielded well-
defined regression lines with lower intercept
ages between 67.32 � 1.92 Ma and
58.88 � 2.58 Ma and MSWD (i.e. mean squared

Fig. 3. Field photographs and location of the sampled volcanic ash layers, occurring interbedded within the sedi-
mentary deposits in the Yacoraite Formation. Ash layers are highlighted by dashed white lines. (A) Light yellow
to light pink 30 cm thick massive tabular volcanic ash layer overlaid by laminated siltstone to sandstone with cur-
rent ripples. The decimetre-size rounded domes at the top represents the first stromatolite occurring along the
Juramento section. TJ0 ash layer, sequence 1, clastic shoreface facies association, 15 m from the base. Photograph
width corresponds to approximately 1.5 m. GPS coordinates: 25°18006.12″S – 65°18052.7″W. (B) Light yellow, ca
30 cm thick lenticular ash layer in a carbonate dominated outcrop. TJ3 ash layer, sequence 1, ooid banks facies
association, 68 m from the base. Photo width corresponds to approximately 3 m. GPS coordinates: 25°18005.7″S –
65°17049.1″W. (C) White to light yellow lenticular ash layer, 5 to 10 cm thick, showing internal lamination. TJ4
ash layer, sequence 1, eulittoral facies association, 87 m from the base. Photograph width corresponds to approxi-
mately 70 cm. GPS coordinates: 25°18005.7″S – 65°17047.8″W. (D) Tabular 20 cm thick ash layer overlying oolitic
grainstone with fluid expulsion features (see white arrow). TJ7 ash layer, sequence 2, high-energy eulittoral facies
association, 121 m from the base. The hammer for scale is 35 cm long. GPS coordinates: 25°18008″S – 65°17047.8″
W. (E) Moustache-like thinly laminated stromatolite growing into a lenticular yellowish ash layer. TPP3 ash layer,
sequence 4, alternating marginal lacustrine facies association, 219 m from the base. The yellow scale is 5 cm. GPS
coordinates: 25°17001.5″S – 65°21034.6″W. (F) Tabular, decimetre-thick ash layer interbedded within greenish marl
and massive carbonate deposits. TJ8 ash layer, sequence 4, alternating marginal lacustrine facies association,
232 m from the base. GPS coordinates: 25°18013.8″S – 65°17036.3″W.
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weighted deviates) from 0.5 to 1.8. The precision
obtained (expressed as 2r) ranges from 1.4 to
6.3% (2r, Table 1), with just one age (i.e.

dolomitic microbialite from the JURC10 sample)
displaying an internal uncertainty of 16.7%
(2r).

BA

C D

FE

G H
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DISCUSSION

ZDA depth model via zircon geochronology

To define a robust ZDA depth model for the
Yacoraite Formation, six volcanic ash layers
(TJ0, TJ3, TJ4, TJ7, TPP3 and TJ8) cropping out
in the Met�an sub-basin (Figs 1 and 2) were
examined and mostly showed no reworking fea-
tures (Fig. 3). Except for the TJ8 ash layer, all
the samples included a group of equivalent and
concordant zircon ages between 63 Ma and
68 Ma (Fig. 6). Unlike the high precision ID-
TIMS (isotope dilution – thermal ionization
mass spectrometry) methods (e.g. Wotzlaw et al.,
2014), the LA-ICP-MS technique employed can
resolve relative differences in zircon age popula-
tions down to �0.6% (2r; around �0.4 Ma for
66 Ma deposits). However, the precision
achieved proved suitable for the present study.
The ZDA obtained agree with the Maastrich-
tian�Danian biostratigraphic constraints (e.g.
Moroni, 1982, 1984; Volkheimer et al., 2006;
Valais & C�onsole-Gonella, 2019) and clearly gets
younger up-section, with the exception of TJ4
sample (66.27 � 0.27/0.59 Ma) which appears to
be slightly older than TJ3 sample (65.87 � 0.33/
0.64 Ma), although within uncertainty limits
(Figs 5 and 7).
The ZDA obtained in this study and by previ-

ous authors (Marquillas et al., 2011; Pimentel
et al., 2012; Rohais et al., 2019) were taken into
account (Table 2; Fig. 7) to build the ZDA
depth model along the Juramento stratigraphic
section. To do so, dated ash layers that do not
crop out along the Juramento section were pro-
jected onto it according to the stratigraphic cor-
relations of Rohais et al. (2019) and Deschamps

et al. (2020). It is worth mentioning that Mar-
quillas et al. (2011), Pimentel et al. (2012) and
Rohais et al. (2019) provided partially contra-
dictory results (Fig. 7), and that only Rohais
et al. (2019) followed the uncertainty propaga-
tion procedure recommended by Horstwood
et al. (2016). In contrast to the previous authors,
the ZDA ages here calculated take into account
the expanded uncertainties, which include the
long-term external reproducibility of the
method (0.8%; 2r).
The ZDA from the present study agree within

uncertainties with the ages reported by Rohais
et al. (2019) but not with those from Marquillas
et al. (2011) and Pimentel et al. (2012) (Fig. 7).
Marquillas et al. (2011) dated zircon grains from
two volcanic ash layers, one located at 56 m
and the other projected at 186.4 m from the base
of the section, obtaining ages of 71.9 � 0.4 Ma
and 68.4 � 0.7 Ma, respectively (Table 2;
Fig. 7). These ages are about 3 to 4 Ma older
than those obtained by Rohais et al. (2019) via
replicate analyses on the same ash layers.
Pimentel et al. (2012) dated two layers, the
Basal tuff (63.4 � 0.9 Ma) and the Top tuff
(60.3 � 2.1 Ma), which are projected on the
Juramento section at 185 m and 230 m, respec-
tively (Fig. 7). The Basal tuff has been dated in
multiple analytical sessions by Rohais et al.
(2019) and yielded younger and consistent ZDA
of 65.1 � 0.5 Ma (see TUF3 in Table 2) and
64.8 � 0.5 (see TUFF PP05 in Table 2). The Top
tuff age, the youngest ever proposed for the top
of the Yacoraite Formation, led workers to con-
clude that sedimentation ended at around
60 Ma (Bento-Freire, 2012; Sial et al., 2013;
Gomes et al., 2020). However, the low accuracy
(3.5%, 2r; Table 2) and the high MSWD (6.9;

Fig. 4. Mesoscopic and petrographic images of the carbonate samples investigated. (A) Laminated to columnar
fine-grained stromatolite displaying an alternation of calcitic (grey) and dolomitic (beige) sub-millimetric laminae,
indicated respectively with MIC-C and MIC-D – see (B). Authigenic minerals such as sulphates (SUL) also occur.
JUR25, rock-slab scan. (B) Fine-grained laminated stromatolite characterized by the alternation of pink stained
(non-ferroan) calcitic laminae (MIC-C) and unstained (non-ferroan) dolomitic laminae (MIC-D). JURD3 sample,
stained, PPL view. (C) Grapestone�ooid grainstone to packstone composed by non-ferroan calcitic ooids (OC) and
quartz grains (QZ). JURD9 sample, stained, PPL view. (D) Oolitic grainstone made of non-ferroan dolomitic ooids
(OD), cemented by a non-ferroan blocky calcite (EC). JUR8 sample, stained, PPL view. (E) Oolitic grainstone given
by mixed ooids (OM) displaying an alternation of calcitic and dolomitic cortex laminae (OM). JUB1 sample,
stained, PPL view. (F) Oolitic grainstone made of dolomitic ooids (OD) cemented by early blocky calcite (EC) with
a zoned dull orange luminescence, followed by non-luminescent calcite (LC2). JUB7 sample, stained, CL view. (G)
Oncoidal rudstone composed by porous dolomitic spongiostromate oncoids (OND) cemented by early blocky cal-
cite (EC). JUB5 sample, PPL view. (H) Oncoidal rudstone with dolomitic spongiostromate oncoids (OND) cemen-
ted by early blocky calcite (EC) with dull orange zoned luminescence, followed by non-luminescent calcite (LC2).
JUB5 sample, CL view.
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Table 2), together with the inconsistency with
biostratigraphic constraints (e.g. Moroni, 1982,
1984; Volkheimer et al., 2006; Valais & C�onsole-
Gonella, 2019) may indicate poor reliability.
Rohais et al. (2019) provided the most compre-
hensive dataset, with robust ZDA from eight ash
layers cropping out in different sub-basins of
the Salta rift (TUF1/1bis, TUFBBB, TUF3, PP05,
CIN 8 and Ni 9; Table 2). Reworking features
were reported only for the TUF2 ash layer
whose U-Pb age (61.9 � 0.7 Ma) is possibly
much older than the true depositional age. In

addition, the ages from Rohais et al. (2019)
show good agreement with biostratigraphy (e.g.
Moroni, 1982, 1984; Volkheimer et al., 2006;
Valais & C�onsole-Gonella, 2019).
In light of these findings, the ages from Mar-

quillas et al. (2011), Pimentel et al. (2012) and
the TUF2 sample of Rohais et al. (2019) were
not considered for the computation of the ZDA
depth model. Moreover, to limit the possible
bias due to long distance stratigraphic correla-
tions, only robust ages from the ash layers
cropping out in the Cabra Corral lake area

Table 1. U-Pb geochronology data obtained for the zircon and carbonate samples investigated. Carbonate phases
are: calcitic microbialite (MIC-C), dolomitic microbialite (MIC-D), dolomitic ooids (OD), mixed ooids (OM), dolo-
mitic oncoids (OND) and early blocky calcite cement (EC).

Strat.
height (m) Sequence Sample Phase

Age* 2ri
† 2ri

‡ 2rex
§

207Pb/206Pb � 2r¶ n** MSWD††(Ma) (Ma) (%) (Ma)

232 4 TJ8 Zircon – – – – – – –

219 TPP3 Zircon 63.33 0.26 0.41 0.56 – 45 1.30

217 JURD3 MIC-C 63.44 1.53 2.41 1.80 0.8204 � 0.0015 40 1.79
JURD3 MIC-D 62.58 2.05 3.28 2.26 0.8244 � 0.0029 18 0.82

211 JURC10 MIC-C 63.66 1.44 2.26 1.73 0.8254 � 0.0045 19 0.82
JURC10 MIC-D 66.81 11.15 16.69 11.20 0.8260 � 0.0067 13 0.61

185 3 JURC6 OM 64.25 2.48 3.86 2.66 0.8230 � 0.0040 24 0.74
JURC6 EC 64.51 1.73 2.68 1.98 0.8105 � 0.0014 16 1.01

136 2 JUR25 MIC-C 64.31 2.64 4.11 2.81 0.8258 � 0.0032 29 0.67
JUR25 MIC-D 63.62 3.98 6.26 4.09 0.8337 � 0.0053 22 1.58

121 TJ7 Zircon 65.35 0.56 0.86 0.77 – 11 2.0

87 1 TJ4 Zircon 66.27 0.27 0.40 0.59 – 20 1.40

71 JUR8 OD 65.11 3.27 5.02 3.41 0.8212 � 0.0019 20 0.97
JUR8 EC 66.45 1.22 1.84 1.58 0.8131 � 0.0105 15 1.62

68 JUB7 OD 65.52 2.06 3.14 2.29 0.8222 � 0.0015 25 0.59
JUB7 EC 67.32 1.63 2.42 1.92 0.8282 � 0.0023 21 1.25

67.5 TJ3 Zircon 65.87 0.33 0.50 0.64 – 29 1.50

66 CH1 OND 65.49 1.47 2.24 1.77 0.8204 � 0.0021 27 1.02
CH1 EC 61.90 2.14 3.46 2.33 0.8156 � 0.0027 14 1.92

65 JUB6 OND 58.88 2.43 4.13 2.58 0.8176 � 0.0019 33 1.16
JUB6 EC 64.73 0.96 1.48 1.37 0.8303 � 0.0032 27 1.41

64 JUB5 OND 65.42 2.60 3.97 2.78 0.8181 � 0.0033 20 0.50
JUB5 EC 65.99 0.94 1.42 1.37 0.8171 � 0.0043 15 0.98

56 JUB1 OM 65.08 3.66 5.62 3.79 0.8194 � 0.0049 29 1.59

25.5 TJ0 Zircon 67.55 0.60 0.89 0.80 – 9 1.30

* Carbonate Tera-Wasserburg plot U-Pb lower intercept ages; zircon Concordia ages.
† Absolute internal uncertainty (without including long-term excess of variance).
‡ Relative error: percent of internal uncertainty without including long-term excess of variance.
§ Absolute uncertainty including long-term excess of variance (0.8% for ash layers, 1.5% for carbonates).
¶ Carbonate isochron y-axis intercept and absolute uncertainty = initial 207Pb/206Pb ratio.
** Number of LA-ICPMS analyses.
†† For carbonate ages is Mean Squared Weighted Deviates; for zircon ages is Mean Squared Weighted Deviates of
concordance and equivalence (MSWDC+E).
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were used (Table 2). These are TJ0, TJ3, TJ4,
TJ7 and TPP3 from this study and TUF1/1bis,
TUFBBB, TUF3 and PP05 from Rohais et al.
(2019).
Various approaches may be employed to inter-

polate linear and non-linear age datasets along a
stratigraphic section in order to build a

depositional age depth model (e.g. Blaauw,
2010; Blaauw et al., 2012, 2018; Lougheed &
Obrochta, 2019). The Juramento stratigraphic
section is located close to a basin depocentre
(Fig. 1) where hiatuses >0.1 to 0.4 Ma are not
expected to occur (Deschamps et al., 2020) and
hiatuses <0.1 to 0.4 Ma would be undetectable
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Fig. 5. 206Pb/238U versus 207Pb/235U Weatherill Concordia diagrams showing U-Pb analytical data of the zircon
grains analyzed from five ash layer samples. Data point error ellipses indicate 2r uncertainty (95% confidence).
Blue line is the Concordia curve. Red dashed ellipses indicate the derived Concordia age and relative 2r uncer-
tainty. Concordia age results are reported with internal uncertainty (first number) and with long term excess of
variance (second number). Rejected analyses are not shown (see Appendix S1).
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by the time resolution achieved (ca 0.6 Ma; 2r).
Moreover, the ages used to build the model are
linearly distributed and get younger from the
bottom to the top of the section (Fig. 7). For
these reasons, the ZDA depth model was
inferred via linear interpolation (e.g. Watson
et al., 2017). This is known to produce plausible
age depth models that are comparable to those
obtained by more advanced interpolation
methods (for example, Bayesian statistics;
Blaauw et al., 2018). The approach used does
not only provide point age depth estimates simi-
lar to the classic linear interpolation (e.g. Wat-
son et al., 2017), but also takes into account the

age uncertainties. In this respect, confidence
intervals for the discrete undated parts of the
stratigraphic section are assigned by considering
the age uncertainties of the ash layers located in
close proximity. This means that in contrast to
other interpolation methods (e.g. Ramsey & Lee,
2013) the uncertainties of the age model do not
increase with distance from the dated layers.
The main limitation of the model produced is

the absence of dated ash layers close to the bot-
tom and top sequence boundaries of the Yacoraite
Formation (i.e. SB1 and SB5). The same issue
was encountered by Rohais et al. (2019) who esti-
mated the age of these surfaces by calculating the
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Fig. 6. 238U/206Pb versus 207Pb/206Pb Tera-Wasserburg Concordia diagrams and corresponding absolute ages for
six of the carbonate samples investigated. Data point error ellipses indicate 2r internal uncertainty (95% confi-
dence) of the isotope ratios on ‘n’ analyses. Red lines represent the envelopes of the regression lines (isochrons).
In blue are the Concordia curves.
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compacted sedimentation rates between adjacent
pairs of dated layers. In this approach, sedimen-
tation rates are assumed to remain constant dur-
ing the deposition of sequences 1 and 4. The
same strategy was employed here and considered
TJ0 (67.55 � 0.60/0.80 Ma) and TPP3
(63.33 � 0.26/0.56 Ma) samples as the lowermost
and uppermost ash layers dated (Fig. 7). Average
sedimentation rates were calculated between
pairs of dated layers by also considering the age
uncertainties. These values were employed to
estimate the age of sequence boundaries from
which the average sedimentation rates per strati-
graphic sequence were also calculated. Accord-
ingly, sedimentation rates of 32 m Ma�1 and
20 m Ma�1 were computed for sequence 1 and
sequence 4, respectively (Fig. 7). Based on these
calculations, the sedimentation onset (SB1) and

end (SB5) were estimated at 68.1 � 0.9 Ma and
62.3 � 0.5 Ma, respectively.

CDA depth model via carbonate
geochronology

To define a CDA depth model for the Yacoraite
Formation, the 19 carbonate phases dated along
the Juramento section were taken into consider-
ation (Fig. 8). Among them, 10 are dolomitic or
mixed (dolomite and calcite) phases. They were
also considered to infer depositional ages since
dolomitization has been interpreted as syn-
depositional and driven by microbial activity
(Gomes et al., 2020). All phases dated yielded
ages from 67.30 � 1.92 Ma to 58.88 � 2.58 Ma
(13 < n < 40; 2ri down to 1.4%; MSWD < 2;
Table 1; Fig. 6, Appendix S2). Different

Table 2. U-Pb geochronology data from zircon (ash layers) of the Yacoraite Formation published by previous
authors.

Authors
Sample
name Location Seq.*

Stratigraphic
height (m)†

U-Pb
age
(Ma)

2r‡
(Ma) n§ MSWD¶

Marquillas
et al.
(2011)

AB7 Quebrada El Chorro, R�ıo
Juramento. 27.5 m above the base
of the Yacoraite Formation

1 56.0 71.9 0.4 8 2.30

TO190602 Guanaquitos section, provincial
Route 47 (Cobra Corral dam),
150 m from the base of the
Yacoraite Formation

1 186.4† 68.4 0.7 7 0.09

Pimentel
et al.
(2012)

Basal tuff Assado outcrop, provincial Route
47

4 186.4† 63.4 0.9 – –

Upper
tuff

Lomito outcrop, provincial Route
47

4 230.6† 60.3 2.1 10 6.90

Rohais
et al.
(2019)

TUF2 Juramento section 1 5.0 69.1 0.7 22 0.18

TUF BBB Base Bridge boat section 1 55.0† 67.0 0.7 36 0.17

TUF1b Juramento section 1 56.0 66.5 0.4 51 0.18

TUF1 Juramento section 1 56.0 66.2 0.5 44 0.44

TUF CIN8 Cachifullo section 2 90.0† 65.7 0.6 27 0.04

Ni 9 North Isonza section 3 150.0† 65.4 1.0 9 1.60

TUF 3 PP13 section 3 186.4† 65.1 0.9 45 0.92

TUF PP05 PP05 section 3 186.4† 64.8 0.5 49 0.32

* Stratigraphic sequence.
† Samples from sections other than the Juramento section. Their position is projected along the Juramento section
according to Rohais et al. (2019) and Deschamps et al. (2020) stratigraphic correlations.
‡ Absolute uncertainty (95% confidence) expressed in million years (Ma).
§ Number of ICP-MS spot analyses on zircons.
¶ Mean squared weighted deviates.
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carbonate phases in the same layer mostly pro-
vided consistent results (Fig. 8A), although most
dolomitic phases turned out to be associated
with higher uncertainties (usually >3%, 2r)
when compared to calcitic phases (Table 1).

Two carbonate phases provided younger ages.
These are the dolomitic oncoids from JUB6 sam-
ple and the blocky EC cement from CH1 sample
(Table 1; Fig. 8A). The young age of the dolo-
mitic oncoids in JUB6 sample (Fig. 9A) is
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Fig. 8. Carbonate depositional age (CDA) depth model of the Yacoraite Formation from carbonate U-Pb geochro-
nology (LAcarb). Red lines are the sequence boundaries (SB). (A) Ages, uncertainties and stratigraphic positions
are reported for all carbonate phases dated in this study. The blue area represents the CDA depth model. For com-
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possibly due to recrystallization, a process com-
monly occurring in early dolomites (Kupecz &
Land, 1994; Machel, 1997; Elisha et al., 2021).
This phase was selected for U-Pb geochronology
since petrographic analysis did not reveal clear
petrographic hints for recrystallization (e.g. Mon-
ta~nez & Read, 1992; Kaczmarek & Sibley, 2014)
and the oncoids displayed good preservation of
their internal structure (Fig. 9C). However, the
resulting age reflects the effect of recrystallization
during early burial possibly driven by the oncoid
microporous cores (Fig. 9C). Conversely, the
young age of the blocky EC cement from CH1
sample (Fig. 9B) is possibly due to the close
occurrence of this phase with two later blocky

calcite cements (LC1 and LC2; Fig. 9D). These
later cements possibly also occurred deeper in
the thin section, below the targeted EC cement,
and were also sampled by the laser.
In order to construct a CDA depth model all

the dated carbonate phases (n = 19) were ini-
tially considered. Then, weighted average ages
(CDAw) were computed from carbonate phases
occurring in the same layer (Fig. 8B). Prerequi-
site to adopt this approach is that each CDAw
derives from a single CDA population. The
MSWD parameter is used to evaluate the con-
sistency of ages from carbonate phases that
should record the same geological event. It was
stated that the CDAw obtained from different
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Fig. 9. 238U/206Pb versus 207Pb/206Pb Tera-Wasserburg Concordia diagrams and petrographic details of the two
carbonate samples which record younger ages. (A) and (B) 238U/206Pb versus 207Pb/206Pb Tera-Wasserburg Concor-
dia diagram and corresponding absolute ages of the dolomitic oncoids from JUB6 sample and the EC calcite from
CH1. Data point error ellipses indicate 2r internal uncertainty (95% confidence) of the isotope ratios on ‘n’ ana-
lyses. Red lines represent the envelopes of the regression lines (isochrons). In blue are the Concordia curves. (C)
Petrographic image illustrating the internal structure of dolomitic oncoids (OND) with microporous cores. JUB6
sample, oncoid rudstone, PPL view. (D) Dolomitic oncoids (OND) cemented by three spatially close calcite genera-
tions. The blocky calcite with dull orange zoned luminescence (EC) is post-dated by two blocky calcites (LC1 and
LC2) which are bright orange and non-luminescent, respectively. The trace of a LA-spot is also illustrated. CH1,
oncoidal rudstone, CL view.
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age populations result in MSWD ≫1 (Horst-
wood et al., 2016). The application of the
weighted average statistics to the Yacoraite For-
mation dataset allowed to discard the two
younger ages previously discussed (Fig. 9).
Indeed, the CDAw calculated for JUB6 and CH1
samples by also including the two younger ages
resulted in MSWD >6. Consequently, the youn-
ger ages were rejected and the weighted average
ages recalculated. As such the CDA depth
model was derived from 17 carbonate phases
for which the calculated CDAw (n = 8) satisfy
the above MSWD criterion. The eight CDAw
used for the model (Fig. 8B) are included
between 66.60 � 1.50 Ma (sample JUB7; n = 2;
MSWD = 1.4) and 63.10 � 1.40 Ma (sample
JURD3; n = 2; MSWD = 0.02).
The assumed lack of hiatuses >0.1 to 0.4 Ma

along the stratigraphic section investigated
(Deschamps et al., 2020) and the overall linear
distribution of the CDAw, allow a linear inter-
polation (e.g. Watson et al., 2017) to derive a
CDA depth model. By applying the same proce-
dure as for the ZDA depth model, the stratigra-
phically lowest and highest carbonate samples
dated (i.e. JUB5, 65 m above SB1 and JURD3,
20 m below SB5; Table 1) were used to esti-
mate the onset and end of sedimentation. Sedi-
mentation rates of 42 m Ma�1 and 15 m Ma�1

were calculated for sequences 1 and 4 via the
CDA depth model (Fig. 8C). Accordingly, the
onset and end of sedimentation were respec-
tively estimated at 67. 9 � 1.7 Ma and
61.9 � 1.2 Ma.
The novel approach presented allowed defin-

ing a CDA depth model for the Yacoraite Forma-
tion solely based on LAcarb ages that is
consistent with biostratigraphic constraints (e.g.
Moroni, 1982, 1984; Volkheimer et al., 2006;
Valais & C�onsole-Gonella, 2019). The model
temporal resolution achieved is between 2.0%
and 2.6% (2r) and agrees with the known preci-
sion of the LAcarb technique (down to 2.0%
and 1.4%, 2r, respectively from Guillong et al.,
2020 and Montano et al., 2021).

ZDA versus CDA depth models

The Yacoraite Formation affords the opportunity
to build two depositional age depth models, one
derived from zircon geochronology (ZDA depth
model; Fig. 7) and the other from LAcarb (CDA
depth model; Fig. 8). Zircon geochronology, a
well-established chronostratigraphic tool for
continental depositional systems, served as a

robust framework to evaluate the reliability of
the newly proposed LAcarb based age depth
model. The two models were used to calculate
the compacted sedimentation rates between
adjacent pairs of dated layers, as well as the
ages of the five sequence boundaries (SB1 to
SB5) and the duration of the four third-order
stratigraphic sequences that compose the Yacor-
aite Formation (Figs 7B and 8C).
The two models overlap with excellent agree-

ment (Figs 7 and 8). Sequence 1 yields sedimen-
tation rates of 32 m Ma�1 and 42 m Ma�1,
respectively, from ZDA and CDA depth models,
which agree with the long transgressive trend
established for sequence 1 (Deschamps et al.,
2020). In sequences 2 and 3, the sedimentation
rates progressively increased, with mean values
of 94 to 125 m Ma�1 in sequence 2 and 126 to
260 m Ma�1 in sequence 3. At SB3 sedimenta-
tion rates reach their maximum peak, with
values up to 150 m Ma�1 and 330 m Ma�1,
respectively (Figs 7B and 8B). This peak is in
line with a pulse of carbonate production and
sediment supply known for this stratigraphic
interval (Rohais et al., 2019). The higher sedi-
mentation rates recorded in sequence 3 by the
LAcarb model (Fig. 8C) may be due to a Sadler
effect (i.e. changes in the sedimentation rate
estimations depending on the vertical distribu-
tion and uncertainty of the ages; Sadler, 1981),
which is induced by the presence of only one
sample analyzed between 70 m and 180 m (i.e.
JUR25; CDAw = 64.10 � 2.30 Ma, n = 2;
MSWD = 0.2). Starting from SB4 the sedimenta-
tion rates decreased down to 20 m Ma�1 and
15 m Ma�1, respectively. This agrees with the
depositional system of sequence 4 being charac-
terized by multiple emersion events that culmi-
nated in a major exposure in correspondence
with SB5 (Deschamps et al., 2020). The sedi-
mentation rates calculated for each stratigraphic
sequence represent mean estimates and may
vary according to the vertical distribution and
age uncertainty of the dated samples. As such,
the values obtained by the two models may dif-
fer (for example, sequence 3) although they
describe the same sedimentation rate dynamics.
Sequence boundary ages estimated from the

two models are consistent within uncertainties,
although those inferred via LAcarb are on aver-
age 0.4 Ma younger (Fig. 8A). This reflects the
notion of minimum age estimate provided by
carbonates related to early diagenetic modifica-
tions. LAcarb ages are also less precise than zir-
con ages so that ZDA and CDA depth models
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provide precision of ca 0.9 to 1.4% and ca 2.0
to 2.6%, respectively (Figs 7 and 8).
Ages of SB1 and SB5 were inferred from both

models (Figs 7 and 8). Accordingly, the Yacor-
aite Formation was deposited between
68.1 � 0.9 Ma and 62.3 � 0.6 Ma and between
67.9 � 1.7 Ma to 61.9 � 1.3 Ma, respectively,
from ZDA and CDA depth models. Thus, the
total sedimentation duration inferred is ca
5.7 Ma and ca 6.0 Ma. It is therefore possible to
assess that sedimentation started at ca 68 Ma
during Maastrichtian time and ended at ca
62 Ma during Danian time. These results agree
with the occurrence of Maastrichtian dinosaur
footprints in sequence 2 of the Yacoraite Forma-
tion which are not recorded in the youngest
sequences (C�onsole-Gonella et al., 2017) and of
Danian palynomorphs in the overlying Tunal
Formation (Volkheimer et al., 2006).
The duration of the four third-order strati-

graphic sequences, which compose the Yacoraite
Formation (Figs 7 and 8), span from 0.7 Ma
(sequence 3) to 2.8 Ma (sequence 1) based on zir-
con geochronology and from 0.4 Ma (sequence 3)
to 2 Ma (sequence 4) based on LAcarb data. This
supports the third-order cyclicity (i.e. cycle dura-
tion of 0.5 to 5 Ma; Van Wagoner et al., 1988)
recorded in the Yacoraite Formation by previous
authors (Marquillas, 1985; Salfity & Marquillas,
1994; Hernandez et al., 1999; Rohais, et al., 2019;
Deschamps et al., 2020).

Carbonate dating potential: insights from the
Yacoraite Formation

The excellent match between the ZDA and CDA
depth models from the Yacoraite Formation
(Fig. 8A), together with their consistency with
the available biostratigraphic constraints, suggest
that LAcarb may be used as a reliable chrono-
stratigraphic tool to compute robust depositional
age depth models. However, limitations of this
tool require to be better understood for reliable
applications in settings that lack independent
chronostratigraphic constraints (for example, zir-
con ash layer ages). The term dating potential
refers to the probability to produce accurate and
precise ages. Evaluating the dating potential
requires to establish: (i) the dating success rate
(i.e. the percentage of samples providing accu-
rate ages); and (ii) the time resolution of the
method (i.e. the age precision). These parame-
ters mainly depend on the sensitivity of carbon-
ates to diagenetic modifications and to the
original U-Pb carbonate composition.

Carbonates are sensitive to textural and geo-
chemical changes due to diagenesis, potentially
causing age resetting (Jones et al., 1995; Kelly
et al., 2003; Li et al., 2014; Roberts et al., 2020a).
Consequently, depositional and early diagenetic
carbonates may easily provide younger ages,
recording the timing of later diagenetic modifica-
tions (e.g. Jones et al., 1995; Li et al., 2014; Man-
genot et al., 2018; Roberts et al., 2020a; Brigaud
et al., 2021). Carbonate grains and cements origi-
nally precipitated with an unstable mineralogy
(i.e. aragonite, high-Mg calcite and dolomite) are
more prone to undergo these modifications and
are usually associated with a lower dating poten-
tial (Li et al., 2014; Brigaud et al., 2021; Elisha
et al., 2021). However, grains and cements with
stable mineralogy may also be exposed to diagen-
esis if they are characterized by high reactive sur-
faces (function of their coarseness) or if they
occur in permeable carbonate facies that favour
post-depositional fluid migrations.
Although diagenesis plays an important role

on the dating potential, this is strongly linked to
the pristine U-Pb composition of carbonates.
The latter in turn depends on the environmental
conditions and processes driving precipitation.
Statistically robust lower intercept U-Pb ages are
calculated from carbonates that initially incorpo-
rated high and variable amounts of U and low
and homogeneous amounts of Pb (Rasbury &
Cole, 2009). However, while the initial heteroge-
neity of the U/Pb ratios matters, the U concen-
tration is the main dating potential limitation
(Rasbury et al., 2021). The mechanisms for U
incorporation are not well-understood because
they rely on many factors. These include U and
Pb availability in the fluid, mineralogy, carbon-
ate type, growth rate, temperature, pH, Eh,
pCO2, Ca

2+/CO3
2- ratio, U complexation, organic

matter degradation and microbial activity (Kelly
et al., 2003; Cole et al., 2004; Tribovillard et al.,
2006; Miyajima et al., 2021; Roberts et al.,
2021). Although the interplay between these fac-
tors remains unclear, carbonates precipitated
from lacustrine water, meteoric water and
groundwater are particularly amenable to dating
(e.g. Rasbury & Cole, 2009; Drost et al., 2018;
Liivam€agi et al., 2018; Frisch et al., 2019; Par-
rish et al., 2019; Woodhead & Petrus, 2019; Kur-
umada et al., 2020; Nicholson et al., 2020;
Roberts et al., 2020a, 2021; Brigaud et al., 2021;
Hoareau et al., 2021; Montano et al., 2021; Nur-
iel et al., 2021; Rasbury et al., 2021).
The Yacoraite Formation lacustrine carbonates

proved to have a good dating potential. Indeed, 17
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over the 22 carbonate phases analyzed (77%)
yielded ages consistent with those from zircon geo-
chronology (Figs 6 and 8A; Appendix S2). Two
phases gave ages younger than deposition (Fig. 9)
and only three phases were unsuitable for dating
(Pb >10 ppm and U <7 ppm; Appendix S1). The
achieved age precision is down to 1.4% (2r). The
quality of these results, both in terms of accuracy
and precision, was favoured by various factors.
Depositional and early diagenetic carbonates of the
Yacoraite Formation from the Met�an and Alemania
sub-basins were only locally overprinted by burial
diagenesis and mostly preserved pristine geochem-
ical features (Sial et al., 2001; Durieux & Brown,
2007; Marquillas et al., 2007; Rohais et al., 2019;
Gomes et al., 2020). Consequently, the C and O
isotope signatures of these carbonates have been
used to reconstruct the evolution of the lacustrine
water composition (Sial et al., 2001; Marquillas
et al., 2007; Rohais et al., 2019). Additionally, the
original U and Pb geochemistry of the investigated
carbonates played an important role in the dating
potential. The Juramento stratigraphic section is
located close to a basin depocentre (Fig. 1;
Deschamps et al., 2020) where the input of terrige-
nous clays, commonly rich in Pb, was limited.
This is of great importance since high Pb concen-
trations negatively affects the feasibility of dating.
In parallel, the suitable U concentration of the
investigated carbonates could have been promoted
by the widespread microbial activity

characterizing the whole deposition of the Yacor-
aite Formation (Deschamps et al., 2020; Gomes
et al., 2020). This is known to play a pivotal role
in the incorporation of U via processes of direct
enzymatic reduction, biosorption, biomineraliza-
tion and bioaccumulation (e.g. Cole et al., 2004;
McManus et al., 2006; Tribovillard et al., 2006).
Despite these common conditions controlling the
general availability and incorporation of U and Pb,
the different carbonate phases analyzed provided
variable age precisions (Table 1; Fig. 6;
Appendix S2). In particular, the early lacustrine
cement (EC) yielded the highest age precision with
uncertainties down to 1.4% (2r). This cement
showed the ideal composition for dating with het-
erogeneous 238U/206Pb values bracketed between
0.2 and 89 (Fig. 10) and U and Pb concentrations
up to 7.3 ppm and 3.1 ppm, respectively. It pre-
cipitated early within the interparticle and frame-
work pores of the carbonates. Here the relatively
more reducing conditions, due to the limited con-
nection with the lacustrine waters above the sedi-
ment�water interface, may have favoured U
incorporation. Furthermore, this cement consists
of coarse blocky crystals of low-Mg calcite. The
low reactive surface and stable mineralogy possi-
bly prevented diagenesis to alter the initial favour-
able composition. Contrarily, depositional
carbonates (i.e. microbialites, ooids and oncoids)
provided a slightly lower age precision with uncer-
tainties from 1.7 to 16% (2r). These phases are
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Fig. 10. Cross-plot of 238U/206Pb versus 207Pb/206Pb ratios of the 17 carbonate phases used to build the CDA depth
model. Each dot corresponds to an ablation analysis. Depositional carbonates (microbialites, ooids and oncoids)
are grouped together and distinguished based on their mineralogy (calcite in blue versus dolomite in red). The
early calcite cement (EC) is represented by light blue squares.
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characterized by more homogeneous 238U/206Pb
values, mostly between 0.5 and 30 (Fig. 10), and
an overall higher Pb concentration (up to 10 ppm).
The microbial communities that are known to
induce and/or influence the precipitation of these
carbonate phases may have trapped fine-grained
detrital material such as clays (e.g. Suarez-
Gonzalez et al., 2019) accounting for the Pb
enrichment. Additionally, the high microporosity
(and reactive surface) associated with these car-
bonates could have induced syn-depositional
fluid–rock interactions and consequent lower age
precision.

Strategy for building CDA depth models

To maximize the chances to obtain a reliable
depositional age depth model based on LAcarb,
a working strategy is here proposed. This strat-
egy consists of the following steps: (i) choice of
stratigraphic section and samples; (ii) sample
petrography and geochemistry; (iii) LAcarb feasi-
bility screening; and (iv) weighted average statis-
tics and data interpolation.

Choice of stratigraphic section and samples
Stratigraphic sections that suffered severe burial
diagenesis, fracturing, hydrothermalism and/or
hosting ore mineralization should be avoided,
since the carbonates could possibly record the
timing of later fluid-flow events rather than of
deposition.
The frequency of sampling along the section

has to be carefully evaluated after a preliminary
sedimentological analysis. The availability of
carbonate layers along the section, the occur-
rence of possible emersion surfaces and related
sedimentary hiatuses and the sedimentation rate
evolution should be taken into consideration.
Intervals characterized by high sedimentation
rates will require lower sampling frequency than
those with low sedimentation rates.
The layers to be sampled should be those

where various coeval carbonate types coexist
(for example, ooids, microbialite, oncoids, bio-
clasts and cements). This will allow dating mul-
tiple phases that represent the same geological
event (i.e. deposition) and potentially will give a
single age population. This choice may be dic-
tated also by the presumed dating potential of
the different carbonates (see previous section).
Therefore, bioclasts that are known to precipi-
tate with aragonite or high-Mg calcite mineral-
ogy and carbonate mud characterized by high
reactive surface, should be avoided.

Sample petrography and geochemistry
A petrographic characterization is of primary
importance to select depositional and early dia-
genetic carbonates that will most possibly pro-
vide depositional ages. The diagenetic
overprinting of these carbonates may be inferred,
among others from: (i) the staining and CL
response (Dickson, 1966; Machel, 2000) reveal-
ing ferroan versus non-ferroan composition; (ii)
the coarseness of micrite crystals (e.g. Deville de
Periere et al., 2011) revealing possible recrystal-
lization; (iii) the obliteration of primary features
(for example, concentric and radial crystal
arrangement in ooids; Simone, 1980); and (iv)
the occurrence of pervasive chemical compac-
tion features (for example, stylolitization).
Despite the quality of the petrographic work, car-

bonate phases altered by later diagenesis may be
erroneously chosen. This was the case for the dolo-
mitic oncoids from the JUB6 sample (Fig. 9). Geo-
chemical analysis accomplished in parallel of the
petrographic work can mitigate selecting altered
carbonate phases. Carbon, oxygen and strontium
isotopes provide insights on the sample palaeoen-
vironment and diagenetic history (e.g. Talbot,
1990; Swart, 2015). In marine contexts the preser-
vation of pristine geochemical compositions of car-
bonates may be tested by evaluating the
consistency of the d18O, d13C and 87Sr/86Sr mea-
sured with those of coeval carbonates from global
chemostratigraphic curves (e.g. Veizer et al., 1999).
Elemental geochemistry of depositional and early
diagenetic carbonates commonly reveals lower Fe-
Mn and higher Sr-Na contents compared to carbon-
ates precipitated or modified during burial (Kretz,
1982; Veizer, 1983; Barnaby & Rimstidt, 1989).
Geochemical maps may also be useful to evaluate
the compositional consistency among coeval car-
bonate phases (e.g. Drost et al., 2018).

LAcarb feasibility screening
Despite the efforts made in the previous steps
to select the carbonate phases to be dated, the
complexity of U-Pb incorporation and the dia-
genetic disturbance in carbonates may result
in unpredictable low dating potential even in
ideal carbonates. Consequently, it is highly
encouraged to perform a LAcarb screening on
a few samples to evaluate the dating feasibility
(i.e. presence of suitable U-Pb composition)
and the quality of the achievable ages. After-
wards, LAcarb analytical sessions on the
whole sample set may be performed by follow-
ing the method reported in this study (Ring &
Gerdes, 2016) or those adopted by other
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laboratories (e.g. Roberts & Walker, 2016; Nur-
iel et al., 2021).

Weighted average statistics and data
interpolation
Due to the issue of diagenesis, one U-Pb age is
commonly not sufficient to reliably inform on the
depositional age of the sampled layer. To provide
more robust time constraints for deposition, it is
here proposed to calculate weighted average ages
(CDAw) from depositional and early diagenetic
carbonates coexisting in the same layer. When the
CDAw obtained are characterized by MSWD ≫1 it
is suggested to reject the younger ages (see section
CDA depth model from carbonate geochronol-
ogy). If all of the carbonate phases analyzed in the
layer have been reset by the same event of post-
depositional diagenesis, the resulting CDAw
would satisfy the MSWD criterion and errone-
ously considered to construct the age depth
model. This CDAw may however cause an age
reversal in the model and could thus a posteriori
be discarded from the dataset by applying the
principle of superposition.
Once the weighted average ages have been

obtained and possible outliers eliminated, data
interpolation has to be performed in order to
build the CDA depth model. The choice of the
interpolation approach relies on the distribution
of the ages along the section and the occurrence
and duration of possible hiatuses. Linear data
interpolation (e.g. Watson et al., 2017) is recom-
mended when ages are linearly distributed and
major hiatuses do not occur along the section.
Conversely, more complex LAcarb dataset (for
example, numerous ages, variable uncertainties
and presence of hiatuses) would require other
interpolation methods (e.g. Blaauw, 2010; Blaauw
et al., 2012, 2018; Lougheed & Obrochta, 2019).

The strategy proposed here may be of valuable
help for future LAcarb applications and can be
adopted in various geological contexts, from
marine to continental. Therefore, LAcarb can
integrate the current chronostratigraphy toolbox
and be used to build depositional age depth
models and evaluate the sedimentation rate
dynamics in settings with otherwise poor time
constraints for deposition.

CONCLUSIONS

The Yacoraite Formation (Maastrichtian–Danian,
Salta rift basin), composed by lacustrine deposits

with interbedded volcanic ashes and organized in
four third-order stratigraphic sequences, represents
an ideal target to validate the reliability of carbon-
ate U-Pb geochronology for chronostratigraphic
studies. Two depositional age depth models were
constrained via zircon and carbonate U-Pb geochro-
nology along the same stratigraphic section. Zircon
geochronology produced ages that get younger
up-section (between 67.55 � 0.89 Ma and
63.33 � 0.56 Ma) and were linearly interpolated to
derive a depositional model with a precision of 0.9
to 1.4% (2r).
Lacustrine carbonates, including microbialites,

ooids, oncoids and early cements, were dated. A
novel approach to develop a depositional model
via LAcarb was implemented: weighted average
ages (between 66.60 � 1.50 Ma and 63.10 �
1.40 Ma) were derived from dated carbonate
phases coexisting in the same layer and were
then linearly interpolated along the section. The
model provided a precision of 2 to 2.6% (2r).
The two models exhibit excellent overlap and

suggest that sedimentation started at ca 68 Ma
and ended at ca 62 Ma, in agreement with bio-
stratigraphic constraints. The sedimentation
rates calculated from the two models agree with
sedimentological and stratigraphic evidence. In
addition, the duration inferred for the four
third-order stratigraphic sequences (0.4 to
2.1 Ma) is consistent with the known third-
order cyclicity of the Yacoraite Formation. A
versatile working strategy is proposed to over-
come the main LAcarb limitations (i.e. carbonate
composition and diagenesis) and to build reli-
able LAcarb-based depositional age models.
Results from this study show that, with the

favourable samples and a suitable working strat-
egy, carbonate U-Pb geochronology can be reli-
ably used to provide depositional ages at the
resolution of the third-order stratigraphic
sequence. This is particularly relevant to recon-
struct chronostratigraphy and sedimentation rate
dynamics of hardly dateable sedimentary rocks
that are not amenable to other geochronological
tools.
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