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From Boltzmann to quantum theory, from

Einstein to loop quantum gravity, our understanding
of time has been undergoing radical
transformations. Time flows at different speeds in
different places, the past and the future differ far
less than we might think and the very notion of the

present evaporates in the vast universe.

Carlo Rovelli, ‘The order of Time’
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ABSTRACT

Lacustrine deposits are extensively investigated because they play a pivotal role as environmental
recorders and host valuable economic resources. However, chronostratigraphic reconstructions in
these settings are usually hampered by the scarcity of data required to establish the depositional age
of the system. The prime objective of this PhD project was examining benefits and limitations of
carbonate U-Pb (LA-ICPMS) dating (LAcarb) as new chronostratigraphic tool for lacustrine deposits.
The second objective was to investigate the dating potential, in terms of dating success and time
resolution, of various carbonate types and mineralogies with the aim to better organize future LAcarb
based research. To achieve these goals, depositional (microbialites, ooids, oncoids) and early
diagenetic carbonate phases of known absolute age were collected from two lacustrine settings: the
Ries Crater basin (Miocene, SW Germany) and the Yacoraite formation (Fm.) from the Salta rift

basin (Cretaceous-Paleogene, NW Argentina).

A sedimentologic and diagenetic study based on petrography and Oxygen (O) and Carbon (C) stable
isotope analysis allowed to select carbonate phases that most possibly preserved the pristine U-Pb
geochemical composition and consequently inform on the timing of deposition. In the Ries Crater
basin, LAcarb provided accurate ages that allowed chronostratigraphic correlations at a time
resolution of the 3rd order stratigraphic sequence (0.5-5Ma). In the framework of the Yacoraite Fm.,
two depositional age depth model were obtained along a stratigraphic section. One derived from
zircon (ash layer) geochronology (maximum depositional age depth model; MDA depth model) and
the other from LAcarb (minimum depositional age depth model; MIDA depth model). The two
models remarkably overlap and describe the same sedimentation rate dynamic with a time resolution
between 0.9 and 2% (206). The revised depositional age of the Yacoraite Fm. was then integrated in a
chronostratigraphic model merging biostratigraphic, chemostratigraphy and magnetostratigraphy
data from literature. Accordingly, the KPg limit was interpreted to be located in the Yacoraite Fm.
whereas the two Paleocene-Eocene hyperthermals (Paleocene-Eocene Thermal Maximum, PETM;
early Eocene Climate Optimum, EECQO) were identified in the two overlying formations.

A statistical analysis was achieved based on the ages of 80 carbonate phases from the Yacoraite Fm.
Microbialites provided the lowest dating success (41% ages consistent with the MDA depth model)
and age precision (20 < 10%) in contrast with lacustrine cements that yielded the highest dating
success (64% ages consistent with MDA depth model) and age precision (2¢ < 3%). Furthermore,
calcitic phases usually provided more precise ages than dolomitic phases.
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The better comprehension of potentialities and limitations of LAcarb acquired in this PhD allowed to
propose a workflow to build a robust depositional age depth model in lacustrine settings. Three
possible perspective scenarios were introduced: 1) the study of the Ries Crater basin as analogue of
paleolakes on Mars; 2) the use of LAcarb to select pristine carbonates for chronostratigraphic studies;

and 3) basin scale chronostratigraphic correlations in the Yacoraite Fm.

Keywords: Carbonate U-Pb dating, LA-ICPMS, chronostratigraphy, dating potential,

lacustrine deposits, Ries Crater, Yacoraite Fm.
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Résume

Les dépdts lacustres font 1'objet d'études approfondies car ils sont propices a I’enregistrement des
modifications de nombreux facteurs environnementaux (changement climatique, modification du
couvert végétal...), et également car ils renferment des ressources en matiére premiere de toute
premiére importance. Cependant, les reconstructions chronostratigraphiques dans ces contextes sont
généralement entravées par la rareté¢ des données permettant d’établir 1'dge des dépdts de maniere
continue. L'objectif principal de ce projet de these est d'examiner les avantages et les limites de la
datation au carbonate U-Pb (LA-ICPMS) (méthode LAcarb) comme un nouvel outil
chronostratigraphique pour les dép6ts lacustres. Le deuxieme objectif est d'étudier plus précisément
le potentiel de datation de la méthode en analysant sa capacité a établir un age avec résolution
temporelle pertinente en fonction des différents types de carbonates et de minéralogies. Pour atteindre
ces objectifs, plusieurs phases carbonatées (microbialites, ooides, oncoides) et ciments diagenétiques
ont été collectés dans deux exemples lacustres fossiles ayant un age absolu relativement bien établit:
le Miocéne du bassin du cratére Ries (SW Allemagne) et la formation Yacoraite (Crétace-Paléogéne)
du bassin de Salta (NW de I'Argentine). Une étude sédimentologique et diagenétique s’appuyant sur
des analyses pétrographiques et des isotopes stables de 1’oxygéne (O) de du carbone (C), a permis de
sélectionner les phases carbonatées les plus précoces. Ce travail a été réalisé afin de maximiser les
chances d’avoir préservé la composition géochimique originelle en U-Pb des fluides en présence lors
du dép6t. Dans le bassin du cratére Ries, la méthode LAcarb a fourni des ages précis qui ont permis
des corrélations chronostratigraphiques a une résolution temporelle de 1’ordre de la séquence
stratigraphique du 3e ordre (0,5 a5 Ma). Dans le cadre de la formation Yacoraite, deux modeles d'age
ont été obtenus le long d'une coupe stratigraphique de référence. L'un est dérivé de la géochronologie
des zircons extraits des dépdts de cendre volcaniques intercalés dans la formation Yacoraite (modele
d'dage maximum des depots; MDA). Le second est dérivé de la méthode LAcarb (modéle d'age
minimum des dépdts; MIDA). Les deux modéles se superposent remarquablement et permettent de
décrire une méme dynamique des taux de sédimentation avec une résolution temporelle d'environ 0,9
a 2% (20). L'age des dépots révisé pour la formation Yacoraite a ensuite été intégré dans un modele
chronostratigraphique combinant les données biostratigraphiques, chemiostratigraphiques et
magnétostratigraphiques issues de la littérature. La localisation de la limite Crétacé-Paléogene (KPg)
a bien été confortée dans la formation Yacoraite. De plus, la révision des ages de la partie sommitale
de la formation Yacoraite a également permis de valider la localisation des deux phases
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hyperthermiques du Paléocéne-Eocéne (Paleocene-Eocene Thermal Maximum: PETM, et I’optimum

climatique de I’Eocéne; EECO) dans les deux formations sus-jacentes.

Une analyse statistique a ensuite été réalisée sur la base des ages de 80 phases carbonatées de la
formation Yacoraite. Les microbialites ont fourni les plus faibles succes en potentiel de datation (41
% d'ages cohérents avec le modele MDA) ainsi que les plus basses précisions concernant 1'age (2o
<10 %). A I’inverse, les ciments lacustres ont été couronnés des meilleurs potentiels de datation (64
% d'ages cohérents avec le modéle MDA) avec des ages de meilleure précision. De plus, les phases
dominées par la calcite ont généralement fourni des ages plus précis que les phases dolomitiques. Les
avancées concernant les potentialités et les limites associées a la méthode LAcarb ont ainsi permis de
proposer au travers de cette thése une méthode complete pour construire un modéle d'age robuste des
dépbts en milieu lacustre. Les perspectives de ces travaux sont multiples, avec par exemple, une
application sur d’autres sous-bassins sédimentaires de la formation Yacoraite pour mieux comprendre
la segmentation des grands systémes lacustres crétacés, ou I’influence de 1’hydrologie locale sur le
potentiel de datation, ou encore des ¢tudes plus avancées sur I’étude des proxys pouvant servir a

restaurer les conditions hydrologiques et paléo-environnementales des lacs.

Mots-clés: Datation au carbonate U-Pb, LA-ICPMS, chronostratigraphie, potentiel de
datation, dépots lacustres, Ries Crater, Yacoraite Fm.
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1 INTRODUCTION

1.1 The importance of lacustrine carbonate dating

Sedimentary rocks record the passage of time on the Earth through their lithologic, magnetic and
geochemical features and paleontological content. Layered sedimentary successions are most like
massive books to be leafed through to unravel the story of our planet. ‘By extending the principle of
Uniformitarism of James Hutton (Hutton, 1788) it derives that the past is the key to the future (Doe,
1983). Investigating what happened in the past allows to predict future geologic trends such as the
behavior of natural systems in response to climate/environmental changes and catastrophic events
(e.g. meteorite impacts, volcanism and earthquakes; Font & Bond, 2021; Shuman, 2021). This is of
prime importance when considering the present day anthropogenic impact on climate and ecosystems
(e.g. Fawzy et al., 2020). In addition, the study of the past geologic history is essential to understand
the driving forces for life evolution and extinction (e.g. Raup & Sapkoski, 1982; Nakashima et al.,
2018; Chatterjee, 2021; Mangano & Buatois, 2021) and it is required for the discovery and
quantification of sub-surface resources of economic interest (e.g. ores, coal, geothermal resources,
hydrocarbons; O’Brien et al., 2011). It derives that establishing the absolute age of sedimentary rocks

represents the key to investigate the past history of the Earth.

This PhD project focuses on a new promising tool to establish the absolute age of carbonate rocks: in
situ U-Pb carbonate dating via laser ablation inductively coupled plasma mass spectrometer (LA-
ICPMS), which is also named LAcarb (Rasbury et al., 2021). Benefits and limitations of LAcarb have

been investigated in the context of lacustrine sedimentary systems of Cretaceous to Miocene age.

Lacustrine carbonates have been under the spotlight over the past decade because they play a pivotal
role as environmental recorders (e.g. Keltz & Talbot, 1990; Leng & Marshall, 2004; Elias, 2021),
yielding the most complete time-continuous record of terrestrial climate changes. They were
investigated to gather insights on various ‘extreme’ events such as hypertermals (e.g. Scholz et al.,
2007; Matys Grygar et al., 2017), glacial-deglacial climate variations (e.g. Noronha-D'Mello et al.,
2021; Li et al., 2021) and extinctions (e.g. Rohais et al., 2019). They are also studied for their
economic value (e.g. Herrero & Escavy, 2010) since they constitute both source and reservoir rocks
of hydrocarbons (e.g. pre-salt petroleum system; Fernandez et al., 2020), host industrial minerals and

rocks (Katz, 2001) and valuable elements. Finally, lacustrine marginal carbonates from meteorite
11
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impact basins are currently investigated as analogues for palaeolakes on Mars (e.g. Horgan et al.,
2020) which are major targets for future landed investigations and sample return (e.g. Bosac et al.,
2021; Carr, 2021; Scheller et al., 2021; Svensson et al., 2021).

A commonly used statement among scientists who study lacustrine basins is that “lakes are not small
oceans”. Lakes differ from oceans in several significant ways and the chronostratigraphic tools
commonly used to investigate marine settings do not necessarily apply in lacustrine systems (e.g.
Bohacs et al. 2000). In this scenario, carbonate absolute dating via LAcarb may represent the game

changer for lacustrine chronostratigraphy.

Carbonate minerals were considered undatable since the pioneering work of Smith & Farquar (1989)
on Phanerozoic sediments. In successive decades, the application of the U-Pb geochronometer to
carbonates remained a niche geochronological tool, limited by the low spatial resolution of available
techniques and by the analytical challenges in handling low amounts of U and Pb heterogeneously
incorporated in carbonates (Rasbury & Cole, 2009). Technical advances on LA-ICPMS analysis have
largely increased the success rate of carbonate dating and opened up a wide range of applications.
Previous authors provided the timing for brittle deformation (Roberts & Walker, 2016; Ring &
Gerdes, 2016; Goodfellow et al., 2017; Hansman et al., 2018; Parrish et al., 2018; Beaudoin et al.,
2018; Nuriel etal., 2017, 2019; Smeraglia et al., 2019; Smeraglia et al., 2021), hydrocarbon migration
(Mangenot et al., 2018; Holdsworth et al., 2019, 2020), ore mineralisation (Burisch et al., 2017, 2018;
Kreissl et al., 2018), hydrothermal and deep-crustal fluid flow (Drake et al., 2017, 2019, 2020;
Mazurek et al., 2018; Walter et al., 2018; Incerpi et al., 2019; MacDonald et al., 2019; Cruset et al.,
2020; Mottram et al., 2020; Roberts et al., 2020a, 2020b, 2021; Bilau et al., 2021), ocean crust
alteration (Coogan et al., 2016) and thermal evolution and fluid/rock interaction in sedimentary basins
(Lietal., 2014; Pagel et al., 2018; Mangenot et al., 2018; Godeau et al., 2018; Lawson et al., 2018).

However, one of the most intriguing implications of LAcarb is the use as chronostratigraphic tool in
hardly datable depositional settings such as lacustrine and more broadly continental systems.
Encouraging results are shown by previous authors that provided depositional ages consistent with
those obtained by other radiometric techniques for meteoric cements in speleothems (Hopley et al.,
2019; Scardia et al., 2019 ; Woodhead & Petrus, 2019; Nicholson et al., 2020) and hardgrounds
(Methner et al., 2016; Liivamégi et al., 2018; Scardia et al., 2019; Kurumada et al., 2020; Brigaud et
al. 2021), lacustrine tufa, micrites and associated cements (Drost et al., 2018; Frisch et al. 2019;
Parrish et al., 2019; Hoareau et al., 2021; Rasbury et al., 2021), marine cements (Meinhold et al.,
2020; Hoareau et al., 2021) and bioclasts (Drost et al., 2018).

12
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Nevertheless, given the relatively recent application to carbonates (Li et al., 2014), at today benefits
and limitations of LAcarb as chronostratigraphic tools are not fully understood (e.g. Roberts et al.,
2020a) and deserve further investigation. An important issue is represented by the carbonate dating
potential. It is well accepted that not all carbonates are datable and their dating potential is strongly
connected to their initial U-Pb isotope composition which in turn may vary among different
carbonates and paleoenvironments (e.g. Rasbury & Cole, 2009). The pristine isotope composition can
be also easily disturbed during syn- and post-depositional diagenetic processes causing age reset and
degradation (e.g. Rasbury & Cole, 2009). Despite several decades of studies primarily driven by the
field of nuclear waste storage/characterization and environmental hazard (e.g. Suzuki et al., 2016;
Neiva et al., 2019; Romanchuk et al., 2020), the behavior of U and Pb incorporation during carbonate
precipitation till remains unclear. This limits the successful application of LAcarb in various fields of

geoscience and does not allow focusing on specific carbonates that are more suitable to be dated.

1.2 Aims, workflow and thesis outline

The PhD project was held at and funded by IFP Energies nouvelles in collaboration with the Earth
Sciences department of the University of Milan (Italy) and the Frankfurt Isotope & Element Research

Centre (FIERCE) at Goethe Universitdt Frankfurt (Germany) and has the following aims:

1) to assess the accuracy and precision of the LAcarb chronometer on lacustrine carbonates of known

age based on other absolute radiometric constraints;

2) to evaluate the suitability of LAcarb as chronostratigraphic tool to build robust depositional age

depth models in lacustrine settings;
3) to investigate the dating potential of different lacustrine and early diagenetic carbonates;
4) to provide a protocol to use LAcarb as a succesfull tool for chronostratigraphic reconstructions.

The Nordlinger Ries Crater basin (Miocene, SW Germany) and the Yacoraite formation (Fm.)
(Cretaceous-Paleogene, NW Argentina) were investigated for these purposes. They were chosen
because include various depositional (microbialite, oncoids, ooids) and early diagenetic (lacustrine
and meteoric cements) carbonates with different mineralogies (calcitic and dolomitic). The burial
diagenetic overprint was limitedenhancing the probability to investigate carbonates preserving the
pristine isotope composition. Moreover, these two areas have been extensively investigated in the
past (e.g. Arp et al., 2017,2019a,b; Rohais et al., 2012, 2014, 2019; Deschamps et al., 2020 and

13
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references therehin) allowing to work in a well-framed geochronological, sedimentologic,

geochemical and palaeoenvironmental context.

The Ries Crater basin was used as a pilot project to test the use of LAcarb as chronostratigraphic tool
for depositional and early diagenetic carbonates from cool water spring mounds and algal bioherms
of Miocene age. The analyses performed gave accurate and precise results, with ages consistent with
those proposed by previous authors. The accuracy and precision of LAcarb data demonstrated for
lacustrine carbonates of the Ries Crater, paved the ground for the investigation of older Cretaceous-

Paleogene carbonates from the Yacoraite Fm.

The Yacoraite Fm. from the Salta rift basin represents the main object of the PhD project. This
formation was the subject of the JIP COMPAS, a Joint Industrial Project supported by 13 companies
and carried out by IFP Energies nouvelles in the period 2012-2015 (Rohais et al., 2012, 2014; 2019;
Deschamps et al., 2020). The Yacoraite Fm. is the ideal geological object for the aims of the present
research because it consists of a lacustrine sedimentary succession of known age as it is interbedded
with volcanic ashes and exposed in outcrops allowing continuous sampling along vertical sections. A
sampling campaign was accomplished in June-July 2018 in the Salta province (Argentine) to collect
samples from two vertical sections of the basin. The depositional age of the Yacoraite Fm. was
obtained from volcanic ash layers by zircon U-Pb (LA-ICPMS) geochronology. Prior to LAcarb
dating, carbonates were analysed for petrography (optical and CL petrography) and geochemistry C-
O stable isotopes) to select depositional and early diagenetic carbonate phases that most possibly
preserve their pristine isotope compositions. The dataset acquired was used to evaluate the dating
potential of different carbonate types and mineralogies and better understand the main driving factors

for U-Pb incorporation in carbonates from lacustrine settings.
The PhD thesis is organized as follows.

e Chapter 2. General principles of chronostratigraphy, U-Pb absolute dating of zircon grains
and carbonates, mechanisms for U-Pb sequestration in carbonates and the most commonly
used techniques for carbonate dating.

e Chapter 3. Methods used for sample characterization and U-Pb dating (e.g. petrography,
geochemistry and isotope geochronology).

e Chapter 4. Application of LAcarb to the Ries Crater basin. Results are included in a scientific
article published on Earth and Planetary Science Letters (Montano et al., 2021).

e Chapter 5. The Yacoraite Fm., from geological settings to field work and sample acquisition.

14
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e Chapter 6. Application of LAcarb to the Yacoraite Fm. with developments of two depositional
age depth models based on zircon and carbonate dating. Results are included in a scientific
article (Montano et al., in revision). The data showed implications for the recognition of the
KPg limit and of the Paleocene-Eocene hyperthermals (Chapter 6.2).

e Chapter 7. Dating potential statistical analysis based on 80 carbonate phases from the
Yacoraite Fm. Section 7.1 includes a preliminary paragenetic analysis. In Chapter 7.2 the
impact of early and late diagenesis on the dating potential is discussed. Chapter 7.3 includes
a statistical analysis of the dating success and age precision for different carbonate types
(microbialite, ooids, oncoids, cements) and mineralogies (Chapter 7.3).

e Chapter 8. A workflow to build a robust depositional age depth model via LAcarb in lacustrine
sedimentary section is proposed (Chapter 7.4).

e Chapter 9. Main achievements of the PhD project (Chapter 8.1) and potential future
perspectives (Chapter 8.2).

A detailed workflow of the PhD project is shown in figure 1.
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(Montano et al., 2021) (Montano et al., in revision)
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Figure 1. PhD project workflow.
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2 CHRONOSTRATIGRAPHY  VIA ZIRCON  AND
CARBONATE DATING

This chapter aims at providing to the reader background information regarding the use of zircon and
carbonate dating for the chronostratigraphy of lacustrine systems. Chapter 2.1 describes the
challenges in performing accurate chronostratigraphic studies in lacustrine settings, if compared to
marine systems and, in this respect, discuss the importance of radiometric dating (tephrachronology)
in the framework of lacustrine systems. Section 2.2 includes the principles for zircon and carbonate
absolute. A specific focus is given to the present-day knowledge about the mechanisms for U-Pb
incorporation in carbonates, relevant for the comprehension of carbonate dating. In Chapter 2.3
discuss the pro and cons of the two most commonly used techniques for dating (ID-TIMS vs LA-
ICPMS).

2.1 Insights for marine and lacustrine chronostratigraphy

Chronostratigraphy is an interdisciplinary branch of geology that aims at subdividing and correlating
rock strata according to their age and thus it is required for establishing the relative and absolute time
relationship between sedimentary successions regionally and worldwide (e.g. Cohen et al., 2018;

Lucas, 2018). It includes disciplines such as sedimentology, biostratigraphy, chemostratigraphy,

PRIMARY TOOLS INTERPRETATIVE TOOLS
- LITHOSTRATIGRAPHY AND SEDIMENTARY FACIES ANALYSIS
RELATIVE CHRONOLOGY - STRUCTURAL GEOLOGY AND TIME CONSTRAINED
TECTONICS

- BIOSTRATIGRAPHY CHRONOSTRATIGRAPHIC

- CHEMOSTRATIGRAPHY . } i
PALEOENVIRONMENTAL

- MAGNETOSTRATIGRAPHY - PALEOCLIMATOLOGY INTERPRETATION

- SEISMIC STRATIGRAPHY - CYCLOSTRATIGRAPHY

- GEOCHRONOLOGY - SEQUENCE STRATIGRAPHY

(ABSOLUTE DATING)

[ tools commonly applied in lacustrine settings

Figure 2. Schematic overview the principal chronostratigraphic tools. Interpretative tools are based

on primary tool data integration and interpretation.
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magnetostratigraphy, cyclostratigraphy, seismic stratigraphy, sequence stratigraphy, and

geochronology (Fig. 2).

In marine settings integrated chronostratigraphic studies can faithfully rely on various tools. Marine
lithostratigraphic facies have high lateral continuity allowing fast chronostratigraphic correlations
usually based on marker beds (i.e. a bed of rock strata that are readily distinguishable by reason of
physical characteristics and are traceable over large horizontal distances). Biostratigraphy is
extensively applied due to common presence of index taxa (i.e. guide fossils that lived for short time
periods and over wide geographic areas) and biozones (i.e. fossil assemblages) of short time duration
and well known absolute age. The most known examples are the planktonic foraminifera and
ammonites that evolved quickly during Cretaceous allowing high biostratigraphic resolution (e.g.
Lehmann, 2015; Lucas, 2021).

Chemostratigraphy (i.e. the study of environmental chemical variations recorded by sedimentary
rocks) is largely employed in marine systems because the ratios between specific isotopes (e.g.
87Sr/86Sr, 13C/*2C and 80/*%0) in sea water is mostly homogeneous at any one time but fluctuated
over geological time. The resultant ‘seawater curves’ of isotope variation can be used as relative
dating tools for marine sediments (e.g. Burke et al., 1982; Veizer et al., 1999; McArthur et al., 2020).
Chemostratigraphy also relies on the occurrence of specific isotope compositions in sediments, fairly
related to past events (e.g. Sial et al., 2015). To mention some, the *3C, Iridium, Osmium and Sulfur
anomalies are currently used to locate the boundary between Cretaceous and Paleogene which
corresponds to one the five major extinction events on the Earth (e.g. Schoene et al., 2019).
Magnetostratigraphy is used to correlate the record of the polarity reversals of the Earth's magnetic
field recorded in sediments with the geomagnetic polarity time scale (GPTS) provided with numerical
(geochronology and astrochronology) age constraints (e.g. Opdyke & Channel, 1996; Langereis et al.
2010) whereas cyclostratigraphy uses astronomical cycles of known periodicities (e.g. Milankovic
cycles; Milankovic, 1920, 1941) to interpret repetitive patterns in the sedimentary record (e.g. Gilbert,
1895; Einsele & Ricken, 1991; Hilgen et al., 2004). This is based on the fact the orbital cycles have
a direct control on the climate and thus influence sea level, sedimentary features, stacking pattern,
biological content and geochemical composition. Finally, sequence stratigraphy coupled with seismic
stratigraphy are powerful tools for the study of marine sedimentary succession allowing the
recognition of the relationship between strata architecture and changes of sediment supply and
relative sea level (e.g. Catuneanu et al., 2009). All the primary and interpretative tools previously

listed (Fig. 2) yields to high resolution, well time constrained, chronostratigraphic reconstructions in
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marine settings. This is usually not the case of non-marine, and especially lacustrine, carbonate

systems.

Non-marine carbonates are carbonate rock deposits located in continental settings and consist mainly
of karst and cave deposits, hot and cool spring and stream carbonates, calcrete and marginal,
lacustrine-palustrine carbonates (e.g. De Boever et al., 2017; Fig. 3).

basinal lacustrine marginal palustrine,
siliciclastics carbonates pedogenetic
- ooids carbonates
- microbialite

-
® - oncoids spring
carbonates,

stromatolite 4 roots
» oncoids » ooids

zircon autocryst
o zircon xenocryst

o zircon antecryst

meteoric waters
= groundwaters

~ MICROBIAL
BOUNDSTONE

SILTY MARLS

QOLITIC
GRAINSTONE

Figure 3 Non marine carbonates depositional profile and mechanisms for volcanic ash transport and
sedimentation in continental lacustrine settings. (Modified after De Boever et al., 2017). Volcanic
ashes, including zircon grains, are ejected during the magmatic eruption. Zircon autocrysts form
during or shortly before the magmatic eruption whereas older zircon xenocrysts are assimilated
during magma migration (1). Autocrysts and xenocrysts are transported by streams where they are
mixed with zircon antecrysts (path 1-> 2-> 3->5). Zircon grains are also transported by the wind
for long distances (path 1-> 4-> 5). Volcanic ashes are then deposited within the sediments as
showed in pictures 6 and 7. In the circle, photomicrograph of the heavy minerals included in a
volcanic ash layers from the Yacoraite Fm. RC=zircon, HORN=horneblend, K-feld = Potassium
feldspars; APT=apatite, BIOT= biotite.
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Among non-marine carbonates, lacustrine carbonate deposits attract the highest attention due to their
economic value and for their importance in palaeoenvironmental studies (Bohacs et al., 2000).
However, they are some of the most complex systems to investigate for chronostratigraphic

reconstructions.

Lakes are dynamic systems mainly controlled by climate and tectonic processes (e.g. Flugel, 2010).
This induces frequent high-amplitude changes in water level together with high and variable sediment
accumulation rate (e.g. Enos et al., 1991; Einsele, 2001) resulting in a high lateral lithofacies variation
that makes lithology effectively useless for chronostratigraphic reconstructions (e.g. Bohacs et al.
2000; Deschamps et al., 2020). Moreover, they usually lack biozones of short duration and
palynomorphs are not easily recovered, limiting the use of biostratigraphy to vertebrate fossils.
Concerning the lacustrine water chemical composition, closed lakes are basin with relatively low
volume a low water exchange. This in turns implies a site specific geochemistry (e.g. Talbot et al.,
1990; Della Porta, 2015) that hinders correlations with the ‘seawater curves’ of isotope variation (e.g.

Burke et al., 1982; Veizer et al., 1999; McArthur et al., 2020).

A variety of approaches have been employed in an effort to overcome these limitations, such as
seismic stratigraphy, magnetic-reversal stratigraphy, cyclostratigraphy, astrochronology and
sequence stratigraphy (e.g. Bohacs, 2000; Fig. 2). Each of these approaches carries intrinsic
advantages and limitations. Seismic stratigraphy generally lacks the resolution required to capture
fine details of a rapidly evolving lake. Magnetostratigraphy instead has been largely applied in lakes
due to their usually higher sedimentation rates and lack of bioturbation if compared to marine
deposits. This allowing preservation of the initial magnetization signal (Opdyke & Channel, 1996).
Cyclostratigraphy, astrochronology and sequence stratigraphy can also be applied due to the influence
of climate cycles on the sedimentary architecture. However, all these tools do not provide by

themselves any absolute age constraints.

Among the absolute dating tools, tephrachronology is of great importance in lacustrine settings (e.g.
Lowe, 2011). It uses tephra (i.e. volcanic ashes from a single eruption) to create a chronological
framework in which chemo- magneto- cyclo- stratigraphic data can be placed. Ash layers are key
beds for chronostratigraphy. Ashes settle almost instantaneously over wide areas and include minerals
(e.g. zircon, hornblende, K-feldspar, biotite, quartz) formed (almost) coevally with the volcanic
eruption (Fig. 3) and that can be dated with high accuracy with various radiometric methods. To
mention some, fission tracks analysis (on zircon and glass), Argon isotopes dating (K/Ar and
OArP°Ar variant; Deino et al., 2010; Cassata et al., 2010), U-series dating (U-Th/He and U-Pb;
Weiman et al., 2018; Ducassou et al., 2019) and *C for ash layers deposits younger than 60 Ka
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(Alloway et al., 2007). This permits physical and chronologic correlations between far and contrasting
sediment environments. Detrital zircon grains may be also found dispersed in sediments (e.g.
Rossignol et al., 2019). The use of these minerals to establish the depositional age of the system is
defined ‘detrital zircon geochronology’ and is becoming very popular in chronostratigraphic studies
(Finzel & Rosenblume, 2021). Tephrachronology and detrital zircon geochronology are more
successful in lacustrine carbonate settings if compared to marine deposits due to the low clastic
sediment flux that increase the relative proportion of zircon grains deposited from volcanic ash falls.
However, tephra do not always occur interbedded within depositional sequences and thus most non
marine and especially lacustrine settings often completely lack absolute time constraints for

deposition.

2.2 U-Pb chronometer: general principles

Since the pioneering work of Holmes (1911), the use of the Uranium-Lead (U-Pb) isotope
chronometer has come a long way, becoming one of the most powerful dating technique in the
geologic toolbox. It allowed to provide crucial time constraints for the formation of the solar system
and of the Earth (e.g. Patterson et al., 1953; Connelly & Bizzaro, 2017). In the last decades,
development of high-precision dating methods and the sophistication of sampling techniques opened
up a wide range of applications in the Earth sciences. Minerals such as zircon, apatite, monazite are
dated to provide high precision temporal constraints to the geologic timescale (e.g. Gradstein et al.,
2004), for provenance studies in sedimentary settings (source to sink, e.g. Resentini et al., 2020), to
reconstruct the timing of magmtic and metamorphic processes and for thermochronology studies (e.g.
Kirkland et al., 2018). In this section, specific attention is given to the application of the U-Pb
chronometer for the chronostratigraphy of carbonate and siliciclastic depositional systems via zircon
and carbonate geochronology.

The U-Pb isotope chronometer is based on the natural decay processes of the U radioactive isotopes
(i.e. radionuclides) initially incorporated in the mineral to be dated (Fig. 4). In nature the most
common U radionuclides are 23U and 2®U. Over time, 238U and U (i.e. father isotopes) decay
exponentially in 2°Pb and 2°Pb stable products (i.e. daughter isotopes) at a rate described by a
parameter known as the half-life, which are 4,47 billion years for the 28U-2%pPp and 0,703 billion
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Figure 4. 28U and 23U are the 2 long half-life radionuclides of the Uranium used for U-Pb
geochronology. They decay in radiogenic Pb (?°°Pb and 2°’Pb) according to 2 independent decay
chains with associated half-lives. The half-life is the time necessary to transform half of the

radionuclides in radiogenic Pb. The decay rate is exponential.

years for the 2°U-22"Pp decay chains. After one half-life has elapsed, half of the atoms of the father

isotopes will have decayed into the daughter isotope (Fig. 4).

The two U- decays systems are represented by the Bateman equations (Bateman, 1910; Eq. 2.1 and
2.2):

where the subscript O refers to the initial concentration of that isotope or concentration of non-
radiogenic Pb (i.e. common Pb), A is the decay constant precisely determined by alpha-counting

experiments and t is the time elapsed from initial crystallization to the present.

Mass spectrometric techniques employed to date, allow to collect more precisely the isotope ratios
rather than the concentration of the single isotopes. Thus a reference stable isotope has to be used for
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normalization as a denominator of the decay equations. The 2°4Pb is the only stable isotope of Pb and

it is usually a common choice as a reference isotope.

By normalizing the equations 2.1 and 2.2 it results that

206Pb 206Pb 238U N 23
_ b (o) (erasnt —1)

204-Pb 204Pb o 204Pb

207Pb 207Pb 235U N 24
= + [—— (e 2358 _ 1)

204-Pb 204—Pb o 204Pb

The following equation is obtained by dividing the equation 2.4 over the equation 2.3.

207pp, 207 pp,
204pp - 204pp
0

235U (8123515 _ 1) 207Pb *
(206Pb> <206Pb> = <238U> (er23st — 1) = <206Pb> 2.5
0

204Pb 204Pb

Equation 2.5 is very useful because allows to avoid measuring 2*°U concentration. 2*°U has a natural
smaller abundance and a shorter half-life if compared to 2%U, it derives that most of the primordial
235U in the Earth has decayed. At present-day the 23U/2%8U ratio (in equation 2.8) is assumed to be a
known constant in terrestrial and meteoritic systems and equal to 137.818 + 0.045 (Hiess et al., 2012).
Although its value, together with those of the decay constants, are still a matter of debate in the
geochronological community (Craig et al., 2020). The only unknown in these equation remains the
common Pb which represents the amount of Pb that do not derive from the decay of U.

There are several equations allowing the calculation of the common Pb composition and different
diagrams have been used as convenient ways of displaying the isotope composition. In the following
paragraphs the use of the Wetherill Concordia plot for zircon dating and of the Tera-Wasserburg

Concordia diagram for carbonates dating are discussed.

Both approaches require introducing the Concordia curve. Here follows a general explanation of what

the Concordia curve represents and how it is defined.
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The Concordia curve (Wetherill, 1956) is a parametric curve that define the evolution of the
radiogenic Pb ratios through time. In a closed system, the composition of a mineral that initially did
not incorporate any Pb will plot directly on the Concordia curve in a position that provides the
concordant age of the sample. On a simplified dual decay model with no common Pb incorporated,

the equations 2.1 and 2.2 would be:

206Pb — 238U (elz3gt _ 1) 2.6

207Pb — 235U (81235t _ 1) 27

Since the two decay system develop in parallel within a given mineral, they should produce the same
age (i.e. concordant age). Thus, the equations 2.6 and 2.7 can be combined in a diagram where the
composition of a mineral at any given time is given by the coordinates X,Y

207
Pb «
Xaxis = (W) = (e)‘235t - 1) 2.8
206
Pb «
Yaxis = <W> = (elzsat - 1) 2.9

The Concordia curve is obtained by plotting all the (X,Y) points in which the time (t) is equivalent in
equations 2.6 and 2.7 (Fig 5).

The simultaneous use of the two decay chains is the most important value of the U-Pb chronometer
because it provides a powerful internal quality check of the age obtained. If a mineral composition
does not plot on the Concordia curve, the sample incorporated non radiogenic Pb or the isotope system

was disturbed over time (opening system behavior).

It is worth mentioning that none of the U parent isotopes decays directly to Pb, but instead follows a
sequence of alpha and beta decays that create a series of intermediate daughter isotopes and always
lead to the same stable isotope of Pb (Bateman, 1910). In the 2°U/?"Pb and 2*8U/2%Pb decay chains,
the decay constants of all the intermediate daughter isotopes are order of magnitude higher than those

of the parent radionuclide. This means that after a sufficient amount of time the activity (i.e. the
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product of the decay constant and concentration of an isotope) of all intermediate daughters is equal.
This condition is defined ‘secular equilibrium’. Intermediate daughter isotope such as 23°Th are used
to date young materials (<250 Ka) and may constitute a factor of discordance to be corrected

(intermediate daughter product disequilibrium; Schoene et al., 2014).

In high U-bearing minerals such as zircon and monazite, most of Pb occurring is radiogenic and the
eventual Pb initially incorporate can be neglected and occasionally corrected. Minerals such as
apatites or carbonates may instead incorporate high amounts of Pb at the time of crystallization. For

these types of minerals dating is done with a different approach: the isochron dating approach.

2.3 Zircon geochronology and chronostratigraphy

The U-Pb chronometer is commonly applied to date high U-bearing minerals such as zircon grains,
because upon crystallization they incorporate amounts of U at the site of Zirconium ion (Zr) and
virtually no Pb. This means that most of the Pb occurring in zircon grains has a radiogenic origin.

One of the most commonly used graphical representations for the U-Pb isotope composition of a
zircon is the Wetherill Concordia plot (Wetherill, 1956; Fig. 5) which presents 2°°Pb/?*8U and
207pp/23Y isotope ratios on the x and y-axes, respectively. If no opening behavior occurred and the

eventual common Pb was corrected, a single data point falling on the Concordia is sufficient to define
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Figure 5. Synthetic examples of Wetherill Concordia diagrams. To the left. Concordant zircon
composition from the timing of its crystallization (red spot) 2.2 Ga ago. To the right. Discordant
analyses on zircon grains due to opening system behaviour or presence of initial non radiogenic Pb

(common Pb).
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an age. However, some geologic processes (e.g. metamorphism, fracturing and fluid migration) may
cause U and Pb loss/gain in zircon and thus ages will not plot directly on the Concordia curve (Fig.
5B). Such minerals may also incorporate low amounts of Pb that can be generally corrected.

One approach is the common Pb correction based on Stacey & Krammers (1975) model of the Pb
isotope composition of the Earth over time. The modeled isotope ratios values are substituted in the
equation 2.5. On the Wetherill diagram, this would visually result in a shift of the data point to a
position on the Concordia curve (Fig. 5B). There are various approaches to correct for common Pb

and discordance. Further information is in the review Schoene et al. (2014).

Zircon U-Pb geochronology is commonly applied to date sedimentation of carbonate and siliciclastic
rocks. This is done by dating zircon rich deposits such as volcanoclastic sediments (e.g. ash layers)
interbedded within the sedimentary pile or by dating small quantities of zircon grains dispersed in
sediments (i.e. detrital zircon geochronology). Zircon grains included in these deposits may be
autocrysts (i.e. zircon grains belonging to the youngest magma pulse), antecrysts (i.e. zircon
belonging to older magma pulses) and xenocrysts (i.e. zircon grains incorporated during magma
transit) (Miller et al., 2007; Figure 3). Thus, zircon-based chronostratigraphy produces maximum
depositional ages (MDA) which are well known proxies for the true depositional age (TDA) of the
system (e.g. Wotzlaw et al., 2014; Rossignol et al., 2019). Two prerequisetes must be fulfilled in
order to obtain the best assessment for the TDA of the host-rock. 1) The dated minerals must have
crystallized during or shortly before the volcanic eruption (i.e. autocrysts); and 2) volcanic activity

and sedimentation must be coeval (Rossignol et al., 2019).

To obtain the MDA of the host deposits, the youngest population of statistically meaningful,
equivalent and concordant zircon grain ages have to be selected because, according to the law of
inclusions, deposition must postdate the youngest constituent (Dickinson & Gehrels, 2009). Although
various approaches exist to select the youngest population of zircon grains (e.g. Vermeesh et al.,
2021), due to the sampling bias it is possible that the youngest population is not found in the ash
layer/sediments. Various strategies are applied to overcome these limitations. One is the high-n
sampling strategy which requires to sample at least 60-300 zircon grains to limit sampling bias
(Sharman & Malkowski, 2020). Another reliable method consists of systematically comparing the
MDA obtained from a set of samples along a stratigraphic section. If MDA become younger going
upward in the section, this may suggest that the MDA provide the age of sedimentation. Moreover,
prior to dating, reworking processes need to be carefully evaluated and zircon grains with magmatic

composition need to be preferentially targeted.
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2.4 Carbonate geochronology and U-Pb incorporation

Carbonates are low to intermediate U-bearing minerals (10 ppb to 100 ppm; Weyer et al., 2008; Nuriel
etal., 2021; Fig. 6) that incorporate variable amounts of Pb at the time of crystallization (i.e. common
Pb) resulting in a potentially high variability of the parent/daughter isotope ratio, usually expressed
as 1 (i.e. 28U/2%PD). Carbonate ages obtained from the two decays chains are hardly concordant and

their composition will plot out of the Concordia curve.
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Figure 6 Uranium (U) and total lead (Pb, including common and radiogenic) contents of various
carbonate materials based on a compilation from Nuriel et al. (2021). ASH-15D, JT and WC 1 are

currently used carbonate reference materials (RM).

The amount of common Pb is evaluated with the isochron method (Moorbath et al.,1987; Jahn &
Cuvellier, 1994) requiring to perform multiple analyses on the same carbonate phase. If coeval
carbonate minerals evolved from the same inherited Pb composition (e.g. multiple analyses on the
same carbonate), they will form a straight line with age significance on a plot within 2°*Pb/?%Pb vs
2%U/?%Pp space. The regression line of the data points is named isochron and consist of a mixed line
between a total common Pb composition (i.e y-intercept) and a total radiogenic composition (x-
intercept) (Fig. 7). Carbonate U-Pb isotope composition is usually plotted on a 3D Tera-Wasserburg
Concordia diagram (TW diagram; Tera & Wasserburg, 1972a; 1972b) that include both decay chains
(Fig. 7) and it is the inverse of the Concordia diagram (Equations 2.8, 2.9). The TW Concordia
diagram presents the 238U/2%Pp ratio on the x-axis and the 2°’Pb/?°®Pb on the y-axis and also contains
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the Concordia curve previously discussed. Here, a single U-Pb datapoint composition will plot with

the following coordinates:

238U 1
Xaxis = (zoapb *) = (el2sst — 1)
207Pb * (e)ng5t 1)
Yaxis = <206Pb *> (elz3gt 1)

2.10

2.11

where k is the present-day U ratio (**°U/?%U = 1/137.88). The Concordia curve is obtained by

considering the same t in the equations 2.10 and 2.11.
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Figure 7. U-Pb geochronology on carbonates and associated Tera-Wasserburg (TW) Concordia

diagrams. To the left. Petrographic image of an oolitic grainstone. The purple squares represent the

size of the ablation pits. To the right. Tera Wasserburg Concordia diagram. Each purple ellipse

represents a single analysis and relative 2*3U/2%Pb and 2°’Pb /?°®Pb isotope ratio values. The major

and minor axis of the ellipses indicate the uncertainties of the two measured ratios. In ideal conditions

at crystallization time the U/PDb isotope ratios are heterogeneous and Pb/Pb ratio is homogeneous

resulting in a horizontal regression line (the isochron, dotted blue line). As time passes and radioactive

U decays in radiogenic Pb, the regression line will increase its slope and intersect the Concordia curve

in a position which indicates the age of the sample. The upper intercept between the regression line

and the y-axis is the initial 2°’Pb /2%Ph composition of the mineral.
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The initial composition of a carbonate (at to) will plot on a TW Concordia diagram as a set of data
points aligned along a horizontal regression line. Over time, U isotopes of each data point decay in
Pb in a predictable way resulting in a progressive decrease of the slope of the regression line. The age
of the carbonate formation is obtained by the lower intercept between the regression line and the

Concordia curve. For this reason, it is named ‘lower intercept age’.

In order to produce a robust and meaningful age from a carbonate sample, few prerequisites must be
fulfilled: a) the initial 2°’Pb/?%Pb composition has to be homogeneous; b) there must be a sufficient
spread of the u ratio and preferentially high p values; c) the isotope system has to remain closed (Fig.
8). Each of these three conditions is necessary, though not sufficient for a carbonate to be successfully
dated. The first two prerequisites are linked to the behavior of U and its daughter isotopes in aqueous
systems and their sequestration in carbonates. The complexity of carbonate systems may easily result
in Pb isotope heterogeneity or in homogeneous 2%U/?%Pb, both hindering successful dating. Another
fundamental factor to consider is the impact of diagenesis that may modify the pristine isotope

composition and thus age.
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The mechanisms for U and Pb incorporation and disturbance in carbonates during deposition and
diagenesis are not well understood because they do not rely on thermodynamically determined
partition coefficients, but on a large number of phenomenological variables. These include trace
element availability, calcite growth rate, temperature, pH, Eh, pCO2 and the Ca?*/CO3z* ratio in
solution, ionic size, and U complexation (Roberts et al., 2021). The complexity of this phenomenon
results in an unpredictable U-Pb isotope concentration. In fact, carbonates formed by the same fluid
are generally characterized by different U and Pb concentration. For example, coeval marine
carbonates from the present day Bahamas bank showed highly variable average concentrations of U
(~0.03 in mollusks shells and ~3.5 ppm in ooids, Chung & Swart, 1990; Romaniello et al., 2013).

Specific initial composition of carbonates is required to produce robust U-Pb ages (Fig. 8) and while
the spread of U-Pb ratio matters for dating, it is usually the U concentration that limits the dating
potential (Rasbury et al., 2021). At today the promising circumstances for U heterogeneous
sequestration and Pb rejection in carbonates are not fully understood this hindering to evaluate the
dating potential of different carbonates and precipitation conditions and limiting the interpretation of
the derived U-Pb ages. In the last years, geochronology-focused studies about the U incorporation in
carbonates flourished (e.g. Rasbury & Cole, 2009; Kelly et al., 2003, Roberts et al., 2021; Miyajima
et al., 2020). This chapter is a state of the art of the present knowledge of the mechanisms for U-Pb

sequestration in carbonates.

Pb and U are known to be syn-genetically incorporated in carbonate lattice substituting for the Ca?*
ion or adsorbed as inner sphere complexes which means that are bind to the calcite surface through
covalent bonding (Fig. 9).

Pb?* cation is relatively insoluble and particle reactive and in natural fluids it is found at very low
levels (ppt—ppb) providing high Ca/Pb ratio. Despite the slightly larger radius of Pb?* relative to Ca*
(Shannon, 1976; Rouff et al., 2004), it shows affinity for calcite substituting Ca®* in the crystal lattice

and mostly occur as an inner sphere complex (Rasbury & Cole, 2009).

The incorporation of U in carbonates is instead a complex process, less understood. The speciation
of U in the fluid is strictly linked to low-temperature redox conditions of the fluid whereas the
solubility depends mainly on Eh and Ph (e.g. Klinkhammer & Palmer, 1991; Seder-Colomina et al.,
2018). U has then two commonly identified redox states: U™ (more common in reducing
environments) and U*® (more common in oxic environments such as soils, surface waters, oxidized

seawater and groundwater). U** has an ionic radius similar to Ca?* (0.89 A in six-fold coordination;
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Shannon,1976) and thus should be ideally incorporated into carbonates. However, U*" is mostly
insoluble in natural systems and it is usually sequestered by other minerals precipitating in reducing
environments (e.g. uraninite). No lab experiment at low temperature have demonstrated the
incorporation of U™ in carbonate, however: 1) patterns of elevated U concentration are known to
occur in natural carbonates with reduced U (e.g. Klinkhammer & Palmer, 1991; Sturchio et al., 1998;
Coleetal., 2004); 2) progressively higher U concentrations found down core in the Bahamas deposits
where other geochemical parameters (Mo, V, Cr and Co) suggested higher reducing conditions (Wray
et al., 2018); and 3) particularly high U concentrations were detected in cements precipitated in deep
anoxic groundwaters (Drake et al., 2018). Thus, reducing conditions should generally promote the
incorporation of U in carbonates. A possible explanation for U** incorporation is provided by Rasbury
et al. (2021). Based on the high concentration found is lacustrine tufa mounds of the Barstow Fm.
and Mono lake carbonates, they hypothesized that U™ could have been complexed with some
oxyanion (e.g. phosphate, bicarbonate) in the lake bottom waters and then incorporated during
carbonate formation. Conclusively, it appears that U** is the most stable specie of U in carbonates
(Roberts et al., 2021).

Figure 9. In natural aqueous systems U
occurs in two oxidation states: U™ and
U-incorporation U*. U™ (in reducing environments)
U-adsorption  forms U0, U™ (in  oxidizing

environments) forms Uranyl (UO2%")

b

Q@ «f
o CaZt |

reducing conditions

@ U0

oxydizing conditions

ion. These two compounds can be
adsorbed on the carbonate crystal lattice
surface  or  be  syn-genetically
incorporated at the site of Ca?* ions,
inducing a lattice distortion. Uranyl ion
is larger than UO2 and Ca?* sites and for
this reason it has lower affinity with

carbonates.

In oxic conditions U*8 exists in the form of uranyl complex (UO2?*) (Langmuir, 1978) and it is more
soluble if compared to U*. Uranyl ion is larger than UO, and Ca?* sites. Thus, due to the larger size
and higher solubility in natural fluids, its occurrence in carbonates was a long-standing problem.

Kelly et al. (2003) and Reeder et al., (2001) demonstrated that Uranyl can be syn-genetically
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incorporated in carbonates at the site of Ca?* ions inducing a lattice distortion and be long-term
sequestrated (Kelly et al., 2003; 2006).

Uranyl and U-rich minerals (e.g. uraninite) formed in reducing conditions can also be adsorbed to the
crystal lattice surface (Carroll et al., 1992, Geipel et al., 1997, Elzinga et al., 2004, Rihs et al., 2004).
This adsorption process is influenced by the speciation of U*4, the Ca concentration in the fluid, the
Ph and the biogeochemical processes (i.e. the presence of organic matter and its interaction with iron
and manganese oxids). In particular, when Ph > 7 the % of U™ adsorpted via inner sphere complex

strongly decreases whereas more acidic Ph promote adsorption (e.g. Elzinga et al., 2004).

Different carbonate pseudomorphs are also characterized by different U concentrations. Using
modern settings and a laboratory understanding of trace element incorporation, it is known that U
incorporation is higher in aragonite > high Mg calcite> calcite (Chung & Swart, 1990; Reeder et al.,
2001). This is possibly due to a size mismatch between U and Mg which is greater than the one with
Ca (Rasbury & Cole, 2021). No experimental study is available for the incorporation of U in
dolomites. However, due to the similar structures it is expected that dolomite incorporates similar U

concentrations than high Mg calcites (e.g. Rasbury et al., 2021).

Organic matter (OM) degradation and bacterial activity play a pivotal role in the incorporation of U
with processes of direct enzymatic reduction, biosorption, biomineralisation and bioaccumulation
(e.g. McManus et al, 2006; Weyer et al., 2008; Tribovillard et al., 2011). The major effect is given
by the induced changes of redox conditions. Since deposition, the degradation of the OM in sediments
progressively reduces the levels of O (higher reducing conditions down-core) and increases CO>
(promotes carbonate precipitation). The higher reducing conditions of the pore fluid induce a

reduction of U*® to U** thus promoting the sequestration of U into carbonates.

Alkalinity may also be a factor influencing U incorporation as it has been demonstrated that alkalinity
is responsible for the elevated actinide group concentration in carbonates (e.g. Anderson et al., 1982;
Simpson et al., 1982).

Although it is not clear how the interaction between these factors affects U sequestration in
carbonates, it was underlined that specific carbonate types are characterized by high and
heterogeneous U concentrations and lower and homogeneous Pb concentration (Rasbury & Cole,
2009 and Roberts et al., 2021). These are speleothems (e.g. Woodhead et al., 2006; Woodhead &
Petrus, 2019), hardgrounds, aragonitic carbonates or generally carbonate that have an aragonite

precursor (Roberts et al., 2020a; Nuriel et al. 2021; Fig. 6).
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2.5 Dating techniques. ID-TIMS and LA-ICPMS

Until the last decade, most carbonates were considered undatable due to the low/undetectable
concentration of U and Pb isotopes (Chapter 2.4) and the low special resolution of available sampling
techniques. Progressive analytical advances are allowing to date carbonate phases which were
previously considered impossible to date. Initially, sampling was performed via isotope dilution (ID)
and the Thermal ionization mass spectrometer (TIMS) was employed to measure isotope ratios (i.e.
ID-TIMS U-Pb carbonate geochronology). ID-TIMS is known to produce the most accurate
assessment for the age of a sample (e.g. Roberts et al., 2020a) and do not require a solid reference

material. However, it has few disadvantages:

1) sampling requires a clean laboratory facility and a long analytical time with relative high costs,

2) aliquots of the material need to be sampled by drilling or eventually micro-drilling (Fig.10).
Moreover, low U-bearing minerals require a high volume of material to be samples. This
hinders to date poorly voluminous carbonate phases (e.g. fringes of cement), increase the risk
of mixing adjacent carbonates and homogenizes the small scale isotope ratios heterogeneity
(i.e. averaging effect, Roberts et al., 2020a) possibly degrading the accuracy of the final ages
(e.g. Moorbath et al., 1987; Li et el., 2014),

3) in order to target carbonate phases with promising isotope composition and limit the costs,
prior to date it is desirable to map the isotope concentration with other techniques (e.g Drost
etal., 2018).

For these reasons, ID-TIMS is usually employed to precisely date voluminous carbonates phases and
thus it is of prime importance to accurately estimate the age of the reference material (RM). This is

essential for successful dating and interlaboratory comparison.

The Laser ablation inductively coupled plasma mass spectrometer (LA-ICPMS) has become a central
analytical technique for carbonate dating because it has several advantages if compared to ID-TIMS

based geochronology.

1) A clean laboratory facility is not necessary and sample preparation is minimal.

2) LA-ICPMS has high spatial resolution. Sampling is performed directly on this section or slab
via Laser ablation. Ablation spots usually have diameter around 100-200 pum. The carbonate
material required to produce one aliquot (i.e. one data point) is of about 5ug against 5-20mg

for solution based analyses (Axel Gerdes, pers. Comm) (Fig. 10)
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3) Itis possible to perform a pre-screening of a large number of samples in order to choose those
suitable for geochronology in a relative short period of time and for little cost, without
necessarily involving other mapping techniques.

4) U and Pb isotope detection limit is down to 0.1-0.4ppb, which is ideal for low U-bearing

minerals such as carbonates.

200um

ablation spot

U-concentration

Figure 10. ID-TIMS vs LA-ICP-MS. The first image is a Cathodoluminescence (CL) view of a
carbonate sample where 4 different carbonate phases occur. Each phase precipitated in a specific
time. The sampling through milling required for ID-TIMS analysis is not capable to isolate the
carbonate phases, causing mixing of the 4 age domains and relative U-Pb isotope compositions. The
ablation pit (pink square, 200 um by side) used in the LA-ICP-MS method allow to limit mixing

among phases. Conceptual model.

Age produced by LA-ICPMS are known to be less precise than those produced by ID-TIMS (Li et
al., 2014; Roberts et al., 2020a). Indeed, LA-ICPMS has an about 10-20 lower analytical precision
for each analyses (Axel Gerdes pers. Comm.). Nowadays, it has been demonstrated that ID-TIMS
dating does not always lead to an improvement in accuracy on the regressed ages because the
averaging effect may limit targeting the spread of isotope ratios (Roberts et al., 2020a). This results
specifically important in carbonate samples with high p variability. In order to accommodate the

lower precision of LAcarb ages, high-n (i.e. n=number of analyses on which the regression line is
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produced) are recommended when dating by LA-ICPMS. At least 20-30 analyses are considered
sufficient to produce robust LAcarb ages (Beaudoin et al., 2018; Godeau et al., 2018; Yokoyama et
al., 2018) although the appropriate number is strongly sample-specific and depends on the variability

of the initial isotope content (Guillong et al., in revision).

One another limitation of the LAcarb compared to the ID-TIMS dating is the need to normalize the

carbonate isotope composition to the one of a matrix-matched carbonate reference material. A matrix-

Microbialite

Figure 11. Profiles and depth of ablation craters (square ablation spot of 193um) in different
carbonate types. The depth and profile of the crater depth induces a bias in the volume of material
ablated, this possibly affecting the final age results. A) Regular crater in calcitic ooid. B) Irregular
crater in calcitic microbialite reflecting internal heterogeneity. C) Irregular profile in a calcitic
cement. This type profile may be caused by the different optical properties at the contact between
calcite crystals. D) Ablation crater that reaches the thin section glass. In correspondence with the
glass the crater is deeper due to the different optical properties. Images and graphics were produced
with the Digital Microscope VHX-6000 in the department of Petrology and Geochemistry of Goethe

Universitat of Frankfurt am Main.
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matched reference material (RM) is required because optical and chemical properties of the sample
to be dated induce changes in ablation speed (and volume of ablated material) as well as processes of
inter and intra element isotope fractionation at the laser pit site and into the plasma (e.g. Eggins et al.,
1998). This results in a bias between real isotope composition and the measured. Other factors may
be involved. These are the shape and size of the ablation pit, the carbonate mineralogy (Elias et al.,
2021; Nuriel et al., 2021) and the fluency chosen. Nuriel et al. (2019) noted differences between the
use of coarse-grained sparry RM to fine-grained polycrystalline RM, with the latter being skewed
towards older ages by several percent. In this respect, figure 11 shows the different ablation profiles
obtained with the same analytical conditions from various materials. To move toward better precision
and accuracy of LAcarb it will be necessary to have a range of well characterised reference materials
that cover variable carbonate mineralogy (e.g. aragonite, dolomite, calcite), as well as internal

morphology and texture.

An ideal matrix-matched RM is usually characterized by homogeneous isotope composition and/or
ratios. As extensively discussed in the previous sections such conditions are hardly meet in natural
carbonates and since the processes for U-Pb incorporation in carbonates are not fully understood,
producing a synthetic RM with homogeneous composition is not an easy task. Recently, few synthetic
calcite carbonate standards were proposed and are currently tested as secondary RM (e.g. Miyajima
et al., 2020). In the absence of a homogeneous synthetic carbonate RM, Chew et al. (2014) proposed
for LAcarb the use of a natural carbonate sample characterized by a most possibly concordant age
(i.e. all age data points fall on the Concordia curve) or by an isotopically heterogeneous composition

which falls along a mixing line between initial common Pb and radiogenic components (Fig. 12).

The U content of this type of RM has to be not excessive to match signal counts between the reference
material and un-knowns material analysed (Roberts et al., 2017) and ideally it should have a
radiogenic Pb composition > 98% (i.e. its composition plots nearby the Concordia curve; Fig. 12A).
Young carbonates are not good candidates because they contain more common Pb than radiogenic.
Indeed, a sufficient amount of time is necessary for the radiogenic Pb to dominate the Pb isotope
composition and make the common Pb amount almost negligible (Roberts et al., 2017). Available
natural carbonate RMs for LAcarb are WC1 (Roberts et al., 2020a; Fig. 12A), ASH-15D (Mason et
al., 2013; Nuriel et al., 2021; Fig. 12B), JT (Looser et al., 2020; Guillong et al., 2020); AHX-1a
(Cheng et al., 2020) plus few others which are currently tested in different facilities. However, none
of these standards is ‘perfect’. For example, WC-1 is the most used RM. It has a natural 2-3% excess
scatter about the regression line (e.g. the ellipses on the Tera-Wasserburg diagram are not well

aligned) and variable amounts of common Pb (>2%) that can be minimized by data treatment.
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Reference materials with poor scatter around the U/Pb regression line are therefore a pre-requisite for

improving LAcarb dating.

Details on the LA-ICPMS method for carbonate adopted by three major laboratories taking a similar
approach are provided in Roberts & Walker (2016) and Drake et al. (2017) for the British Geological
Survey laboratory (Nottingham, UK); Ring & Gerdes (2016) and Methner et al. (2016) for Goethe-
Universitat (Frankfurt, Germany), and Nuriel et al., (2017, 2019, 2021) for University of California
Santa Barbara (Santa Barbara, USA).

Other techniques of data acquisition, such are the SIMS (U-Pb dating) are now emerging and are

currently refined to be suitable for carbonates dating. An exhaustive review of pro and cons for each

dating technique is provided by Kylander-Clark (2020) and Hoareau et al. (2021).
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Figure 12. Tera-Wasserburg Concordia diagrams obtained by LA-ICPMS for WC1 and ASH15D

carbonate reference materials. A) WC1 reference material has > 98% radiogenic Pb composition.

Isotope ratio data-points are almost on the Concordia curve (black curve). B) ASH15D reference

material has high p ratio heterogeneity and radiogenic Pb composition < 80%. The isotope ratio

data points fall on a mixed line between a total common Pb composition (upper y-intercept) and a

total radiogenic composition (intercept with the Concordia curve, not reported).
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3 METHODS

3.1 Zircon (ash layer) analysis: from sampling to dating

Volcanic ash samples (2-4 kg for each sample) were prepared for petrographic analysis and isotope
dating in the Institute of Geosciences Johann-Wolfgang-Goethe University Frankfurt (Germany)
(Fig. 13). Samples were fragmented with high voltage discharge using a SelFrag Lab system. Mud
was removed via multiple cycles of washing and decantation in a Becher. Powders were then dried
overnight at 200°C and sieved for a fraction < 280 um using disposable Nylon sieves. Heavy grains
were then separated through manual panning. 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. Zircon grain were grouped according to the size, embedded in epoxy resin

mounts, ground down to about half their thickness and then polished.

Zircon petrography was achieved under binocular and was followed by Scanning Electron

Microscope (SEM) analysis. Cathodoluminescence (CL) and back scattered electron (BSE) images

Selfrag washing and sieving manual
crushing decantation panning

petrography ~ grouped for size binocular
and SEM and enveloped picking
in resin

Figure 13 Procedure of zircon grains separation from volcanic ash, from Self rag crushing to

petrography and SEM.
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were acquired using a JEOL JSM-6490 SEM. Zircon grains of magmatic origin. (prismatic habitus
and oscillatory zoning; Corfu, 2012) were then selected for analysis to maximize the chances to

determine the youngest zircon crystallization event.

Zircon grains from the ash layers sampled were analysed for U, Th and Pb isotope by LA-ICPMS at
FIERCE (Frankfurt Element and Isotope Research Centre), Goethe University Frankfurt following
the methods described by Gerdes & Zeh (2006, 2009). Further details are in Montano et al. (in

revision, Section 6.1).
3.2 Carbonate petrography, geochemistry and LAcarb

Thin sections (50-60um thick) were prepared for each carbonate sampled both at IFPEN laboratories
(Rueil Malmaison, France) and at the Thin Section Lab (Toul, France). Manual hand-polishing was

performed on half of these sections.

The sections were analysed under optical and cathodoluminescence (CL) microscopy in order to
characterize the different depositional facies and identify various depositional and diagenetic
carbonate phases. Additionally, petrography aimed at selecting carbonate phases that showed no
major evidence of post-depositional diagenetic modification. Conventional optical petrography was
performed using a Nikon ECLIPSE LV100 POL polarized light microscope and allowed observations
under plane- and cross-polarized light (PPL and XPL). Cathodoluminescence (CL) microscopy was
accomplished with a cold CL apparatus (8200 Mk5 CITL). The electron beam worked under vacuum
(< 0.1 mbar) with acceleration voltage of 10 kV, and current of 250 pA. All thin sections were
partially stained with a solution of 10 % diluted HCI, Alizarin Red-S and potassium ferricyanide
(Dickson, 1966). Calcite cement habitus and dolomite textures were described based on Fliigel (2004)

and Sibley & Gregg (1987) classification, respectively.

The C-O stable isotope signature was obtained from the different carbonate phases occurring in the
samples because bulk analysis was considered unsuitable for the purpose of this study. Carbonate
powders were carefully extracted from polished rock slabs by means of a dental drill (Dremel 225,
drill tip size of 0.8mm) under a binocular microscope or directly from thin sections by a software-
controlled MicroMill device (New wave research; drill tip size 75um). Analyses were achieved at the
Geozentrum Nordbayern (Germany) by Prof. Micheal Joachimski. 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 The 3'3C and §'80 values for carbonates are

reported in %o relative to Vienna Pee Dee Belemnite (V-PDB) standard. Reproducibility and accuracy
40



MONTANO Damaris — PhD thesis - 2021

were monitored by replicate analysis of laboratory standards NBS19 and IAEA-CO9.
Reproducibility for §*3C and 60 values measured on the studied carbonates was +0.04x and +0.03y
(1 std.dev), respectively. Oxygen isotope values reported for dolomite, were not corrected with the

phosphoric acid fractionation.

The workflow followed for LAcarb dating samples preparation is in figure 14.

3.2.1 U-Pb Carbonate geochronology via LAcarb

Sample preparation and LA-ICPMS device. Thin sections were resized with a diamond blade to
reach the size of 2.7 x 2.1 cm in order maximize the number of samples for each analytical session.
Then they were cleaned in an ultrasonic bath with ethanol for 5 minutes, dried with sterile paper and
inserted in the instrument holder (Figures 14 and 15). In order to have a natural light vision and better
discriminate the carbonate phases during the LA-ICPMS analysis, each holder was scanned with a
Resolution of 1200dpi. The image acquired was shown during the LA-session in parallel with the fast

CCD-camera image (Figures 15 and 16).

sampling  thinsections  petrography sonic bath U-Pb isotopes analysis

P ——
—— = —— o O—= =

carbonate thin
sections

standards

samples holder ablation cell

Figure 14. From sampling to U-Pb carbonate analysis. 60um thick thin sections are prepared and
analysed by optical and cathodoluminescence microscopy in order to select the syn-sedimentary
phases which do not show evidence of later diagenetic overprint (e.g. recrystallization). Thin
sections are cleaned in a sonic bath of ethanol (5% mol/L) for 5 minutes, dried in a sterile paper
and inserted in the samples holder together with the 4 standards (cylindrical wafers): 2 NIST glass

and 2 carbonates. The holder is inserted in the ablation cell (Laurin Technic, Australia).

Carbonate thin sections were analysed in 8 U-Pb analytical sessions at FIERCE, Goethe University
Frankfurt (Germany). Analyses were carried out with a Laser Ablation Inductively coupled plasma

mass spectrometer (LA-ICPMS) consisting in a Thermo Scientific Element 2 Xr sector field ICP-MS
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coupled to a Resolution S-155 (Resonetics) 193 nm ArF Excimer laser (CompexPro 102, Coherent)

equipped with a two-volume ablation cell (Laurin Technic, Australia) (Fig. 17).

The ablation is performed in-situ (directly on samples) in a helium atmosphere (300 mi/min). Being
carbonates very low to intermediate U-bearing minerals and also soft materials, a squared ablation
spot of 143-213um in side was chosen. LA-ICPMS device laser can reach 30um in side, but a
sufficient amount of material needs to be ablated in order to keep the U-signal high and thus higher
diameters are recommended for carbonate dating. The laser beam (8 Hz frequency and fluency of
about 2 J/cm?) impacts the sample surface inducing thermal vaporisation and atom ionization in a
process called ‘laser ablation’. The aerosol produced-is transported into the ICP-MS device by a
constant flux of argon (Ar, 1

L/min) and nitrogen (N2; 8 ml/min)
(i.e. carrier gas) and introduced
into an argon plasma torch that
dissociate the molecules (i.e.

atomization) and ionize the

elements. The excited ions are pass "'"y | q LASER souncEU

through the skimmer cone to reach
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(Ludwig, 2012) supported
Microsoft Excel-based spreadsheet Figure 15 Schematic representation of a LA-ICP set-up.
(Gerdes and Zeh, 2006; 2009). From Mangenot, 2017.

Reference materials. In this study two Soda lime glass NIST-SRM (614 and 612) and two carbonates
(WC-1 and ASH-15D) were considered as RMs. Soda lime glass NIST-SRM are Standard Reference
Material (SRMs) coming from the National Institute of Standards & Technology (U.S. Department

of Commerce) and consist of 35x3mm wafer of silica glass characterized by a nominal trace elements
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composition. Nist 612 (https://www-s.nist.gov/srmors/certificates/612.pdf) was used for the
apparatus calibration whereas fractionation of 2°°Pb/28U, 207ph/2%%Ph ratios and their drift were
corrected based on repeated analyses of soda-lime glass NIST-SRM 614
(http://www3.nd.edu/~asimonet/ENGV60500/SRM_NIST_614.pdf; U=0.823+0.002 ppm,
Th=0.748+0.006 ppm, Pb=2.32+0.04 ppm).

The LA-ICP-MS method for carbonates follows a typical sample-standard bracketing approach that
uses a matrix-matched reference material (RM) with known and highly reproducible U-Pb age to
normalize the values measured (i.e. values of the unknown). WC-1 vein calcite was dated by ID-
TIMS at 254.4+6.4 Ma (Roberts et al., 2017). Speleothem ASH-15D was dated by ID-TIMS at 2.965
+ 0.011 Ma (20, Nuriel et al. 2021) and used as calibrator (or secondary RM). RM cylinders are
inserted in the holder together with the samples. A sequence of 6 analyses on RMs (2 on Nist glass

614, 2 on WC-1 and 2 on ASH-15D) were achieved periodically in the analytical session.

LA-ICPMS calibration. Several parameters are adjusted during the calibration which is performed
via continuous ablation through linear pathways on the SRM-NIST glass 620 characterized by a
nominal concentration of U, Th and Pb isotopes. These are: (1) oxides formation (<1% by keeping
stable plasma conditions); (2) the concentrations of the carrier gas (N2, He and Ar); (3) the cooling
gas parameters; (4) the lenses orientation; (5) the torch orientation/plasma position and
radiofrequencies (Rf); (6) the plasma auxiliary gas (Ar); and (8) the magnet field.

Spot selection (pre-screening). Each carbonate phase investigated was manually screened to
identify areas which ensure high and variable U/Pb and 2°’Pb/?%Pb ratios and possibly high dating
potential in the final result (Fig. 18). In order to increase sensitivity and reduce downhole
fractionation, large square holes (143-213um) have been chosen. During the pre-screening, the
operator can visualize on a screen the amount of 28U, 2%Pb expressed in counts per second (cps) to
have a general idea of the U and Pb concentrations in the sample and discard those with very high
and homogeneous Pb composition. For each LA session, 400-500 spots (including those on the

standards) were selected.

After spot selection the analytical session is launched overnight (12 hours) in a fully-automated mode.
Each analysis lasts for ~1.1 min and consists of 3 secs pre-ablation (to remove surface contamination),
20 sec of pre-ablation-washout, 20 sec of background acquisition, 20 sec of sample ablation and 5
sec of washout to remove the ablated and avoid any contamination between different spots. For each
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spot, during the 42-45 sec of data acquisition, the discrete signal of 2%Pb, 2°’Pb, 2%Pp, 2%2Th and 238U
is detected by peak jJumping in pulse counting and analogue mode, with a total integration time of 0.1

s for all five isotopes, resulting in 420-479 mass scans.

ablation yze
spot U Pb Ply™

view of thin sections HD scan view inside ablation chamber U and Pb isotopes in counts
per second (cps)

Figure 16. In situ pre-screening stage. The left screen: HD 1200dpi scan view of the samples holder.
Central screen: live view of a blocky calcite inside the ablation chamber. Black squares are pre-
ablations (with the classic crown of the material ablated around) in position where common Pb was
very high (discarded). The pink square indicates a position selected for the further analyses. Right
screen: diagrams having on the x-axis the atomic mass and on the y-axis the counts per second of

the atomic masses (i.e. 28U, 2°°Pb). The present configuration is from the pink spot selected.

Data processing. Raw data were corrected offline using an in-house Microsoft Excel spread-sheet
program (Gerdes & Zeh, 2009) modified by Axel Gerdes and Richard Albert (Goethe University,

Frankfurt em Main) to fit for carbonates.

The data correction consists of several steps and starts with the treatment of the RM data.

Subsequently corrections are propagated into the unknowns (analyses on samples to be dated).

The instrumental mass bias (i.e. the instrumental drift over time) and is calculated by estimating the
drift of the machine in respect to the primary RM NIST 614 (e.g. Jarvis & Williams, 1993). This drift
is modeled by a polynomial curve which is used for normalization. After applying the normalization
factor, a scatter around the nominal value of the RM remains and represent the ‘excess of scatter’

source of uncertainty (Fig. 17A).
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The excess of scatter is the percentage
by which all primary RM internal
uncertainties have to be increased
(see Horstwood et al., 2016). These
corrections are propagated to the
sequence of unknowns. Corrections
need to be also applied to each
analysis. Usually the isotope ratios for
each analysis has a systematic drift
toward lower values due to the
downhole fractionation (Eggins et
al., 1998) (Fig. 17B) which has to be

corrected by the intercept method.

The matrix offset represent the inter-
element fractionation due to the
optical properties and chemical
composition of the material analysed.
If after correcting for the machine
drift the age obtained from WC-1 RM
is not consistent with the known age,
an internal standard normalized
fractionation factor is extrapolated
(with MSWD of WC1 age = 1;
Horstwood et al., 2016) and multiplied
to all the 2°Pb/?*®Pb isotope ratios of
the increase their

sequence to

uncertainties. Carbonates have

heterogeneous compositions and thus
values measured during the single
ablation (data point signal) are not
constant. The signal for each ablation
spot is given by 420-479 mass scans
(i.e. total mass

scan, including

background acquisition) that are
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Figure 17. Synthetic examples of data treatment. Vertical
scale is exaggerated. A) Data of the standards (entire
session). In red the raw signal from NIST SRM 614
representing the behaviour of the LA-ICPMS during the
analytical session (12h). The signal is normalized to the
known value of the glass with a polynomial equation. The
remaining scatter around the ‘true value’ (grey symbols)
represents the ‘excess of scatter’ B) Treatment of each
measurement. In blue the raw data obtained from a single
measurement with the noise (or background) in the first
seconds and the signal from the glass in the last seconds
of ablation. The shift of 2°°Pb/%8U is due to the downhole
fractionation. The internal uncertainty (SD) of each data
is the scatter downhole

point remaining after

fractionation correction.
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reduced to ~60 by automatized averaging data reduction. The signal scatter around the mean value
represents the internal uncertainty of each data point (SE, Fig. 17B). The background or blank noise
(measured after ‘wash out’) is subtracted to obtain a baseline-subtracted intensity. This adding
another source of uncertainty. Finally, the signal of each data point is manually corrected for outliers

(i.e. out of the +2c SD of the regression line) and possible mixing between different age domains.

Uncertainty propagation. The uncertainty of the age is proportional to the U-Pb data-points scatter
and spread along the linear regression. A poorly constrained regression line (i.e. data scatter, low
spread of the isotope ratios) implies a higher uncertainty of the slope and of the Y =0y intercept, and
thus of the age. The best fit of the regression line is quantified by the Mean Squared of the Weighted
Deviates (MSWD; Wendt, & Carl, 1991). If the assigned errors are the only cause of scatter, the
MSWD will tend to be = 1. Values of MSWD << 1 generally indicate either overestimated analytical
errors or unrecognized error-correlations whereas MSWD >> 1 indicate either underestimated
analytical errors or the presence of non-analytical scatter (Ludwig, 2012). In other words, MSWD
appreciably different from 1 suggest that the system was disturbed after carbonate formation and
multiple age domains are mixed. This is the so-called either ‘geological scatter’, carbonate opening
system behaviour or U-Pb system disturbance. Taken into account the complexity of carbonate
geochronological datasets, Brooks et al. (1972) suggest a cutoff of 2.5 for the MSWD. This rule is
still followed and considered in this study. High data scatter due to isotope system disturbance usually
produce dates with MSWD > 2.5 and are considered errorochrons or, in other words, dates without
geologic meaning. The MSWD values depend also on the uncertainty of each data point (i.e. ellipses
diameters) and their distribution along the regression line. Analyses via dilution techniques (Chapter
2.5) produce data points with smaller uncertainty and thus MSWD may be > 2.5 not necessarily

implying a mixing between age populations.

In the present study the ratio data point uncertainty is given by the quadratic addition of all sources

of uncertainty (random uncertainties) as in the equation 2.13

20 =2+ (g,)% + SE2 + (g,)% + (g,)? + CS? 2.13

where €, = excess of scatter, SE = internal uncertainty €, = excess of variance and &= background

uncertainty and the counting statistical uncertainty (CS).

The couting statistical uncertainty (CS) informs on the reliability of each measurement. It is expressed
with the eq. 2.14

46



MONTANO Damaris — PhD thesis - 2021

’I DT
1000 (1000) 2.14

CS =
VN \DT

where | = signal intensity I (high signal when concentration is high), DT = dwell time and N = number
of measurements for each DT.

According to Horstwood et al. (2016) the random uncertainties has to be propagated with systematic
uncertainty (i.e. limiting uncertainties below which the final uncertainty cannot be quoted or reduced
by increasing the number of data point of the decay constant). Here the decay constant uncertainty
and the long term excess of variance (see below) were propagated into the dataset. This resulting in

the final internal uncertainty of the data point.

Common Pb correction was only done in few samples from the Ries Crater basin providing very high

U-Pb ratio and low common Pb (see details in Montano et al., 2021; Chapter 4.1).

Results are plotted in Tera-Wasserburg Concordia plots (Tera & Wasserburg, 1972a, b) using Isoplot
4.15 which is a Visual Basic Add-in for Microsoft Excel®, produced by the Berkeley Geochronology
Center (Ludwig, 2012). Ages were calculated as the intersection of the regression line of the isotope
values (isochron) with the Concordia curve. Regression lines were constrained with at least 30
ablation spots (N) for each of the investigated carbonate phases, except few cases. The final
uncertainty of the age is given by the error envelope of the regression line and it is named 2 (internal

uncertainty of the age).

In the framework of this PhD project there was the opportunity to analyse the secondary reference
material speleothem calcite ASH-15D (Mason et al., 2016; Nuriel et al., 2021) as an unknown during
six analytical sessions between 2017 and 2019 (Montano et al., 2021, Chapter 4.1) (Fig. 18). This is
done to verify the reproducibility and accuracy of the applied method and compare the results from
the different analytical sessions. The ages obtained yielded a weighted average age of 2.961 +0.037
Ma (MSWD =1.4), consistent within uncertainty with the ID-TIMS age of ASH-15D (2.965 +0.011
Ma, 2c; Nuriel et al., 2020). The ‘long term excess of variance € obtained from ASH-15D data is
1.45% (20; Fig. 20) and was added by quadratic addition to the uncertainties of each lower intercept
age of the analysed carbonates. A 0.34% long term excess of variance for the 2°’Pb/2%Pb y-intercept
of the regression line was obtained from the ASH-15D data (weighted mean of 0.8737 +0.0014 and
MSWD =2 without excess of scatter and 0.8737 +0.0016 and MSWD =1 with excess of scatter of
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0.34%) and was also added by quadratic addition to the y-intercept uncertainty of each analysis (i.e.

on the 29’Pb/?%Pp initial ratio).

Mean = 2.961x20.037 Ma Mean = 2.96110.054 Ma
T MSWD = 1.4, p(x°) = 0.20 MSWD = 1.00, p(x’) = 0.42
3.1+ ASH-15D
3.0+
-‘E --_ —1 -
é —
D
s 2.9+ — ,
D — | E =
i
" EQ
2.8+ g =1.5%
27 b heights are 2a

Figure 18. Sorted intercept ages with 2 uncertainty for ASH-15D (white; nw = 7, MSWD = 1.4)
analysed over a period of about 3 years (2016 to 2019) used to estimate the long-term excess of
variance (¢') of 1.5%. Data to the right (blue) includes the excess of variance propagated by quadratic
addition. Also presented is the super-population mean with & and reference age from ID-TIMS
(Nuriel et al., 2021).

After this estimation, the internal uncertainties 2ci of all ages obtained in this project were propagated
with € = 1.5% (value calculated is 1.45%, 20). This resulting in a final expanded uncertainty

expressed by the equation 2.15.

20cxp = \/(20',-2 + (£)? 2.15
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4 THE MIOCENE RIES CRATER BASIN

The study of the Ries Crater basin aimed at investigating lacustrine carbonates of Miocene age to test
the suitability of LAcarb as chronostratigraphic tool in these settings. The Ries Crater marginal
carbonates provided high dating success and U-Pb ages consistent with those reported by previous
authors for the lacustrine sedimentation (Rocholl et al., 2011; 2017; Schmieder et al., 2018) and with
a precision down 1.5% (20). A scientific article has been published on Earth and Planetary Science

Letters (Montano et al., 2021; Chapter 4.1).

The results obtained allowed stratigraphic correlation between marginal facies and between marginal
facies a basinal siliciclastic units at the resolution of the third order stratigraphic sequence (0.5-5 Ma).
Therefore, they assessed for the success of LAcarb as chronostratigraphic tool in lacustrine settings

and allowed to address further research on another lacustrine succession: the Yacoraite Fm.

Discussion about the perspectives of the results achieved in this study, are in Chapter 9.2.
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4.1 In-situ U-Pb dating of Ries Crater lacustrine carbonates (Miocene,
South-West Germany): Implications for continental carbonate

chronostratigraphy

4.1.1 Abstract

The Nordlinger Ries Crater lacustrine basin (South-West Germany), formed by a meteorite impact in
the Miocene (Langhian; ~14.9Ma), offers a well-established geological framework to understand the
strengths and limitations of U-Pb LA-ICPMS (in situ Laser Ablation-Inductively Coupled Plasma
Mass Spectrometry) geochronology as chronostratigraphic tool for lacustrine (and more broadly
continental) carbonates. The post-impact deposits include siliciclastic basinal facies at the lake centre
and carbonate facies at the lake margins, coevally deposited in a time window of >1.2 and <2Ma.
Depositional and diagenetic carbonate phases (micrites and calcite cements) were investigated from
three marginal carbonate facies (Hainsfarth bioherm, Adlersberg bioherm and Wallerstein mound).
Petrography combined with C and O stable isotope analyses indicate that most depositional and early
diagenetic carbonates preserved pristine geochemical compositions and thus the U-Pb system should
reflect the timing of original precipitation. In total, 22 U-Pb ages were obtained on 10 different
carbonate phases from five samples. The reproducibility and accuracy of the U-Pb (LA-ICPMS)
method were estimated to be down to 1.5% based on repeated analyses of a secondary standard
(speleothem calcite ASH-15d) and propagated to the obtained ages. Micrites from the Hainsfarth,
Adlersberg and Wallerstein facies yielded ages of 13.90 + 0.25, 14.14 £ 0.20 and 14.33 + 0.27Ma,
respectively, which overlap within uncertainties, and are consistent with the weighted average age of
14.30 +0.20Ma obtained from all the preserved depositional and early diagenetic phases. Data
indicate that sedimentation started shortly after the impact and persisted for >1.2 and <2Ma, in
agreement with previous constraints from literature, therefore validating the accuracy of the applied
method. Later calcite cements were dated at 13.2 +1.1 (nw=2), 10.2 £2.7 and 9.51 £0.77Ma, implying
multiple post-depositional fluid events. This study demonstrates the great potential of the U-Pb
method for chronostratigraphy in continental systems, where correlations between time-equivalent
lateral facies are often out of reach. In Miocene deposits the method yields a time resolution within
the 3rd order depositional sequences (0.5-5Ma).

Keywords: U-Pb dating, Laser Ablation, lacustrine carbonates, chronostratigraphy, Miocene.
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4.1.2 Introduction

The application of carbonate U-Pb geochronology was initially limited mainly due to the difficulty
in identifying carbonate samples with high and variable U/Pb isotope ratios, together with the
analytical challenge in handling low amounts of U and Pb (usually <lppm) heterogeneously
incorporated in carbonates (Rasbury & Cole, 2009). Analytical advances on in-situ U-Pb
geochronology via Laser Ablation-Inductively Coupled Plasma Mass Spectrometry (LA-ICPMS)
have greatly facilitated direct dating of carbonates (e.g. Roberts et al., 2017; 2020a; Guillong et al.,
2020).

Recent studies have focussed on a wide spectrum of applications within the geosciences, including
the assessment of tectonic events and fracturing (e.g. Hansman et al., 2018; Nuriel et al., 2019), the
thermal evolution of sedimentary basins (e.g. Mangenot et al., 2018; MacDonald et al., 2019) and the
fluid-rock interactions (e.g. Li et al.,, 2014; Godeau et al., 2018). Geochronology applied to
stratigraphic reconstructions requires dating tools able to produce precise ages. Previous studies
showed that carbonate geochronology via U-Pb (LA-ICPMS) often produces ages that exceed 2-3%
precision (2c) (Roberts et al., 2020a), making the technique not always suitable for stratigraphic
applications. The U-Pb (LA-ICPMS) geochronology has been used to determine carbonate
depositional ages by dating speleothems and palaeosoils (e.g. Scardia et al., 2019; Kurumada et al.,
2020) and only a few studies have reported U-Pb ages for lacustrine carbonates (e.g. Cole et al., 2005;
Frisch et al., 2019). Furthermore, at our knowledge, no study has attempted chronostratigraphic

reconstructions in continental carbonates deposited in time windows of < 5Ma.

Dating lacustrine carbonates is relevant for a variety of applications. In particular, these deposits may
assist palaeoenvironmental and palaeoclimatic studies since they potentially record the lake
geochemical evolution through time. Moreover, they represent potential sources and reservoirs for
hydrocarbons and are targets for petroleum exploration (e.g. Bohacs et al., 2000; Rohais et al., 2019).
Lacustrine marginal carbonates include coated grain and skeletal carbonate sands, as well as
carbonate build-ups, located along the lake shoreline and often organized in discontinuous bodies
(e.g. Della Porta, 2015 and references therein). They are characterized by high facies heterogeneity
and commonly lack biostratigraphic markers, which hinders chronostratigraphic correlations among
time-equivalent lateral facies (e.g. Deschamps et al., 2020). Furthermore, the site-specific
geochemistry of continental fluids does not permit the use of proxies, such as 80, 5!3C and 8/Sr/®sr,

conventionally applied to indirectly date marine carbonates (Veizer et al., 1999). Consequently, at
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present, constraining the relative and absolute ages of lacustrine marginal carbonates and performing

basin-scale correlations remain a challenge.

The Miocene Nordlinger Ries Crater in South-West Germany is one of the most precisely dated
meteorite impact basins on Earth. The impact timing was constrained by the U-Pb and Ar-Ar
geochronometers (Schwarz et al., 2020 and references therein). The post-impact lacustrine deposits
include siliciclastic basinal facies and carbonate marginal facies (Fuichtbauer et al., 1977; Jankowski,
1977). The onset of lacustrine sedimentation is thought to have occurred shortly after the impact
(Buchner and Schmieder, 2009; Stoffler et al., 2013) and a magnetostratigraphy dataset is available
for the basinal facies (Pohl, 1977; Pohl et al., 2010).

Different depositional and diagenetic carbonate phases (i.e. micrites and calcite cements) from three
marginal facies of the Ries Crater basin were investigated with conventional petrography and carbon
(C) and oxygen (O) stable isotope analyses prior to U-Pb geochronology. This was aimed at
identifying phases not affected by later diagenetic modifications, which could have reset the
carbonate U-Pb system (Li et al., 2014; Mangenot et al., 2018).

This study aims to assess: (1) the reliability of the U-Pb (LA-ICPMS) method to obtain geologically
consistent (accurate) and precise ages from lacustrine carbonates of known stratigraphic age
(Miocene) deposited in a time window of <2 Ma; and (2) the suitability of this method for

chronostratigraphy and diagenesis studies in continental sedimentary settings.

4.1.3 Geological and geochronological setting

The Nordlinger Ries lacustrine basin is a circular, flat depression of ~26km in diameter located in
South-West Germany (Fig. 19) that formed due to a meteorite impact (Shoemaker and Chao, 1961).
The impact structure comprises a central crater, an inner ring, a megablock zone and a tectonic crater
rim (Flchtbauer et al., 1977) (Fig. 19).

In this study, it is assumed that the meteorite impact occurred at ~14.9Ma (Langhian, Miocene) in
line with most ages published in the last decade: 14.92+0.02Ma (Rocholl et al., 2018), 14.808+0.038
Ma (Schmieder et al. 2018a), 14.89+0.34 and 14.75+0.22Ma (Schwarz et al., 2020) (see details in
Supplementary data; Section 4.1.9).
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Figure 19. Geographic and geological setting of the study area. A) In the insert, the location of the
Ries Crater impact lake in South-West Germany (centred at 48° 52’ 5.3" N, 10° 33 " 32" E). The
Google Earth satellite image illustrates the main structural elements of the impact zone and the
location of basinal and marginal deposits. The provenance of the investigated samples (HAB2B6,
ME1, WAL, WA2 and WAD) is also reported. B) Simplified North—South cross-section of the Ries
Crater (modified after Arp et al., 2013a). On the left, the location of the studied carbonate marginal
facies (Hainsfarth bioherm, Adlersberg bioherm, and Wallerstein mound) is indicated by stars. On
the right are reported the basinal A-B-C-D lithostratigraphic units that correspond respectively to
the basal, the laminite, the marlstone and the claystone members (after Fuchtbauer et al., 1977,
Jankowski, 1977).
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Shortly after the impact a fluvial system established within the crater (Jankowski, 1981; Buchner and
Schmieder, 2009; Stoffler et al., 2013). River waters, along with post-impact springs circulated in the
basin forming the Ries Crater lake. By the end of the Miocene the basin was filled by up to 350m of
lacustrine sediments (Bolten & Miller, 1969; Arp et al., 2017).

The Ries post-impact sedimentary succession was investigated through outcrop surveys and borehole
core drillings (Flchtbauer et al., 1977; Jankowski, 1977; Arp et al., 2013a, b; 2017; 2019a) and

comprises a basinal succession at the lake centre and marginal facies on the lake margins (Fig. 19).

The basinal succession was subdivided into four lithostratigraphic units (Fuchtbauer et al., 1977;
Jankowski, 1977) from base to top (Fig. 19): basal Member (unit A) mainly consisting of sandstones
reworked from suevite (Stoffler et al., 2013); laminite Member (unit B); marlstone Member (unit C);

and claystone Member (unit D), partially eroded during Plio-Pleistocene time.

Four main facies characterize the basin margins (Arp, 1995 and references therein) (Fig. 19): algal
bioherms, sub-lacustrine spring mounds, carbonate sands and fluvio-deltaic conglomerates. Algal
bioherms (i.e. Staudiberg, Hainsfarth and Adlersberg; Arp, 1995) are mainly built by inverted cones
of Cladophorites green algae, encrusted by micrite (Riding, 1979; Arp, 1995; Della Porta, 2015).
Spring mounds are associated with post-impact hydrothermal springs (e.g. Erbisberg mound; Arp et
al., 2013b) or ambient temperature springs (e.g. the Wallerstein mound; Pache et al., 2001)
discharging into the lake, and consist of mounds and pinnacles made of porous crystalline, micritic
laminated and clotted peloidal carbonate fabrics (Arp, 1995; Pache et al., 2001).

A precise time estimate for the duration of lacustrine sedimentation remains hard to define because
the uppermost deposits of basinal unit D have been eroded during Plio-Pleistocene time (Fuchtbauer
et al., 1977). Based on rhythmic laminations and magnetostratigraphic data from basinal sediments,
Fuchtbauer et al. (1977) and Pohl (1977) proposed that the entire (preserved and eroded) lacustrine
succession was deposited over a time window of 0.3 to 2Ma, whereas more recently, Arp et al. (2017)
reported a duration of 2Ma. Additionally, based on sedimentation rates of basinal units, Jankowski
(1981) suggested that the currently preserved lacustrine deposits formed over a time interval of up to
1.2Ma. In conclusion, according to the existing literature constraints, the four (A-B-C-D) basinal units
were deposited in a time window of >1.2 and <2Ma. Further age constraints on the deposition of the
basinal units derive from magnetostratigraphy data (Pohl, 1977; Pohl et al., 2010), using an approach

previously presented by Arp et al. (2013Db). In this contribution the meteorite impact was assigned to
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the top of C5Bn.1r reverse chron in line with the interpretation of Rocholl et al. (2017, 2018). As a
consequence, unit A is considered to be deposited during the C5Bn.1n normal chron, the transition
from unit B to unit C is within the C5Adr chron and the onset of unit D deposition was assigned to
the boundary between C5ACr and C5ACnh chrons (see details in Supplementary data; Section 4.1.9).

4.1.4 Material and methods

Investigated samples. Five microbial boundstone samples from the marginal facies of the Ries Crater
were collected from three locations (Fig. 1 9and Table 1). The HAB2B6 sample (Hainsfarth bioherm
facies) and the ME1 sample (Adlersberg bioherm facies) come from the Hainsfarth quarry and the
Mellerberg locality, respectively (see Arp, 1995). The WAL, WA2 and WAS samples (Wallerstein
mound build-up facies) were collected at the base of the Wallerstein Castle (see Pache et al., 2001).
Although the sample stratigraphic height along the Wallerstein mound is unknown, based on the
petrographic description of Pache et al. (2001), WAL and WA2 can be ascribed to the basal part of
the mound, and WADS to the central part.

Sample name

Sample location

Facies

Microfacies

Carbonate phases

HAB2BE

ME1T

WAL WAZ

WAS

Hain=farth quarry
48°57'09.2"N; 10°38'33"E

Mellerberg 48°55'22 5"N;
10°29'32"E

Wallerstein Castle
48°53'20.85"N;
10°28'27.4"E

Hainsfarth Jadopharites
green algae bicherm located
at the lake margin

Adlersberg Oodophaorites
green algae bicherm located
at the lake margin

‘Wallerstein sub-lacustrine
spring mound, located at
the lake margin at the site
of groundwater spring

Peloidal skeletal packstone and algal microbial
boundstone with (odophorites green algae tubes and
ostracods, gastropods (eg. Hydrobic trocheles
Sandberger), bivahves. Bioclasts are encrusted by leiolitic
micrite. Primary, mouldic and vuggy pores are partially
filled by cements.

Algal microbial boundstone consisting of Cedophorites
green algae stems encrusted by leiolitic and clotted
peloidal micrite. Primary framework pores are locally
filled by ostracods and bavalve peloidal

packstone/ grainstone. Primary, mouldic and vugsy pores
are partially filled by cements.

Lenticular undulated or planar rigid framework made of
irregular mm-thick layers of leiolitic to clotted peloidal
micrite. Primary and vuggy pores are partially filled by
CEMENts.

Framework of globose pendant-like calcite cements
selectively affected by silicification (chalcedony
sphaeroids). Clusters of micrite with leiolitic to clotted
peloidal fabric. Primary and vuggy pores are partially
filled by cements.

MIC-H micrite; BL
and BEM cements

MIC-A micrite;
DOL B1, B2 and
B3 cements

MIC-M micrite;
M2 and M3
cements

MIC-M micrite;
M1, M2 and M3
CEMENLS

Table 1. Location, facies description and depositional environment of the five samples investigated.
Macro- and microscopic facies are based on previous studies by Riding (1979), Arp (1995) and Della
Porta (2015). The carbonate phases occurring in each sample are also reported (see details in Table
2).

Petrographic analysis. Eight polished thin sections (50-60um thick) were prepared in order to
identify the different depositional and diagenetic carbonate phases (Table 2). Conventional optical
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petrography was performed using a Nikon ECLIPSE LV100POL polarized light microscope and
allowed observations under plane- and cross-polarized light (PPL and XPL). Cathodoluminescence
(CL) microscopy was accomplished with a cold CL 8200 Mk5 CITL instrument. The electron beam
worked under vacuum (<0.1 mbar) with acceleration voltage of 10kV, and current of 250pA. All thin
sections were partially stained with a solution of 10% diluted HCI, Alizarin red-S and potassium
ferricyanide (Dickson, 1966).

C and O stable isotope analysis. Forty-one powder samples from 10 carbonate phases were carefully
extracted from polished rock slabs and thin sections by means of a dental drill or a software-controlled
MicroMill device. Powders were reacted with 100% phosphoric acid at 70°C using a Gasbench 11
connected to a ThermoFisher Delta VV Plus mass spectrometer and analysed for C and O stable

isotopes at Geozentrum Nordbayern (Germany). *3C and 580 values for carbonates are reported in

%o relative to the Vienna Pee Dee Belemnite (V-PDB) standard.

Facies Carbonate Petrographic description Staining Cathodoluminescence (CL) Post-depositional diagenetic
phase TESpONSE modifications

Hainsfarth MIC-H Leiolitic to clotted peloidal micrite (Fig. 2A). Fink Dull to bright orange Ma

bioherm Crystal size =4 pm.

BL Isopachous crusts of fibrous calcite cement, Fink Dark orange to red Mo
80 pm in thickness (Fig. 2A), lining the clotted
peloidal microbial framework pores.

BM Blocky calcite consisting of limpid-transparent Pink Two luminescence domains: Mo
crystals, 50 to 1000 pm in size (Fig. 2A) EMa is non-luminescent and

terminates with a =10 pm
thick bright orange zone; EMb
is non-luminescent (Fig. 2A)
Adlersberg MIC-A Leiolitic to clotted peloidal micrite (Fig. 2B, C, Pink with Mottled. Non-luminescent to Minor dissolution and
bioherm D). Crystal size <4 pm. unstained dull red {Fig. 30 recrystallization. Local
areas (Fig. 2C) replacement by
microcrystalline dolomite
(Fig. 2C)

El Pendant calcite cement, up to 150 pm in size. Fink Mon-luminescent to dull Mo
Crystals are inclusion-rich and light brown in orange
PFL (Fig. 2B)

DoL Isopachous rim of dolomite cement, 50 pm in Unstained Mon-luminescent to very dull Mo
thickness (Fig. 2B, C, ) (Fig. 2C) red (Fig. 20}

B2 Isopachous rim of dogtooth to bladed calcite Pink (Fig. 2C) Zoned. Usually dull red crystal Mo
cement, 200 pm in thickness. Crystals are cores with bright orange
limpid in PPL (Fig. 28, C. D) overgrowths (Fig. 20)

E3 Blocky (ferroan) calcite cement, locally with Blue [Fig. 2C) Dull orange (Fig. 20) Mo
drusy fabric. Crystals are limpid in PPL and up
to 100 pm in size (Fig. 2B, C, D)

Wallerstein MIC-M Leiolitic to clotted peloidal micrite (Fig. 2E. F) Pink Dull orange Local dissolution and rare
maund planar to wavy laminae forming a porous silicification (chalcedomy )
framework. Crystal size <=4 pm.

M1 Globose pendant cement with coalescent Pink [Fig. 2E, Mon-luminescent to dull Minar silicification
calcite crystals, up to 500 pm in size, with G) orange. Locally with bright to (chalcedony) (Fig. 2G)
sweeping extinction in CPL (Fig. 2G). dull orange zones (Fig. 2H)

Alrernation of inclusion-rich and
inclusions-free zones in PPL.

M2 Isopachous rims of fibrous calcite cement, Pink [Fig. 2G) Foned. From bright{dull orange Dissolution at the M1 and M2
500 pm in thickness (Fig. 2E, F. G. H) to non-luminescent boundary (Fig. 2G, H)

M3 Blocky calcite cement. Crystals are limpid and Pink [Fig. 2E) Very bright orange (Fig. 2F) No
up to 500 pm in size (Fig. 2E, F, G, H)

S Chalcedony sphaeroids, ~250 pm in size, with Unstained Mon-luminescent Mo
sweeping extinction (Fig. 2G), selectively (Fig. ZE)

replacing M1 cores and portions of MIC-M.

Table 2 Petrographic description of the phases identified in the three carbonate facies investigated
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Reproducibility and accuracy were monitored by replicate analyses of laboratory standards calibrated
by assigning §*3C values of +1.95%o to NBS19 and -47.30%o to IAEA-CO9 and 580 values of -2.2%o
to NBS19 and -23.2%o to NBS18. Reproducibility for §*C and 580 values measured on the studied

carbonates was +0.04 and +0.03 %o (10), respectively.

U-Pb isotope analysis and dating. Five of the eight investigated thin sections were analysed in
seven U-Pb LA-ICPMS analytical sessions at the Goethe University of Frankfurt (Germany). Prior
to analysis, the sections were cleaned in an ultrasonic bath with ethanol (5% mol/L). Analyses were
performed in different analytical sessions between 2016 and 2019 using a Thermo Scientific Element
2 sector field ICP-MS, coupled to a RESOlution (Resonetics) 193 nm ArF Excimer laser (CompexPro
102, Coherent) equipped with a S-155 two-volume ablation cell (Laurin Technic, Australia). During
each session the ablation parameters were kept constant for all samples and reference materials.
Samples were ablated in a helium atmosphere (300 ml) and mixed in the ablation funnel with argon
(1 L) and nitrogen (6-8ml). Analyses were performed with a square ablation spot of 143 to 213um in
width, 8 to 12Hz frequency and fluence of around 2 J/cm2. A manual pre-screening session allowed
identifying areas with variable U/Pb and 2°’Pb/?%Pb ratios. Raw data were corrected off-line using an
in-house Microsoft Excel spreadsheet program (Gerdes & Zeh, 2009). Fractionation of 2%6Pb/%8U,
207pp/206p ratios and the drift during the analytical session were corrected based on repeated analyses
of soda-lime glass NIST-SRM 614. WC-1 calcite (Roberts et al., 2017) was used to correct for matrix
offsets (5 to 9%) between NIST glass and carbonate. Reported uncertainties for each analysis are
quadratic additions of the within run precision, counting statistical uncertainties and the excess of
variance (2% and 0.2% for the of 2°°Pb/?38U and 2°’Pb/?%Pb, respectively). The excess of variance
was calculated from the WC-1 reference material. Final results were plotted on U-Pb Tera-
Wasserburg Concordia plots using Isoplot3 (Ludwig, 2012) where ages represent the intersection
with the Concordia curve. Regression lines were constrained with 6 to 43 ablations spots (n) for each
of the investigated carbonate phases. All uncertainties are reported as 2c. The speleothem calcite
ASH-15D secondary reference material (Mason et al., 2016, Nuriel et al., 2020) was analysed as an
unknown during six analytical sessions between 2017 and 2019 (Table 3, Supplementary data C.1
and G.1 in section 4.1.9) to verify the reproducibility and accuracy of the applied method and to
compare the datasets from different LA-sessions. The ages obtained from each session yielded a
weighted average age of 2.961+0.037 Ma (MSWD = 1.4), consistent within uncertainty with the ID-
TIMS age of ASH-15D (2.965 + 0.011 Ma, 20; Nuriel et al., 2020).
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The obtained reproducibility between the different sessions is 1.6%. The excess of variance (g°)
obtained from ASH-15D data is 1.45 % (2c) and was added by quadratic addition to the uncertainties
of each lower intercept age of the analysed carbonate phases (Table 3). A 0.34% excess of variance

Figure 20. Petrographic images of the five carbonate samples investigated. A) Microbial boundstone
from Hainsfarth algal bioherm composed of clotted peloidal micrite (MIC-H). Primary framework
pores are filled by isopachous fibrous calcite (BL) and blocky calcite (BM) cements. BM cement
reveals two growth stages (BMa and BMb) under CL. The white arrow indicates a dissolved
gastropod shell (mouldic pore). HAB2B6 sample, CL view. B) Microbial boundstone from the
Adlersberg algal bioherm composed of clotted peloidal micrite (MIC-A). Pores are partially filled by
four successive cement phases: pendant calcite (B1), isopachous dolomite rim (DOL), dogtooth to
bladed calcite (B2) and blocky calcite (B3). ME1 sample, PPL view. C) Microbial boundstone from
the Adlersberg algal bioherm composed of clotted peloidal micrite (MIC-A). Primary framework
pores are filled by three successive cement generations: isopachous rims of dolomite (DOL) and
dogtooth to bladed calcite (B2), followed by a blocky calcite cement (B3). Staining reveals that they
consist respectively of non-ferroan dolomite (DOL), non-ferroan calcite (B2) and ferroan calcite (B3).
Micrite (MIC-A) is locally replaced by micro-crystalline dolomite (see unstained area to the left of
the white dashed line). ME1 sample, stained, PPL view. D) Microbial boundstone from the
Adlersberg algal bioherm composed of clotted peloidal micrite (MIC-A). Primary framework pores
are filled by three successive cement generations: isopachous rims of dolomite (DOL) and dogtooth
to bladed calcite (B2), followed by a blocky calcite cement (B3). The micrite (MIC-A) is locally
recrystallized as suggested by the mottled CL. ME1 sample, CL view. E) Leiolitic to clotted peloidal
micrite (MIC-M) from the Wallerstein mound. Primary framework pores are filled by a sequence of
three successive cements: globose pendant calcite (M1), isopachous fibrous calcite rim (M2) and
blocky calcite (M3). M1 pendant calcite precipitated directly on the micrite laminae (MIC-M).. WAl
sample, PPL view. F) Details of fibrous calcite cement (M2) precipitated on the Wallerstein mound
micrite (MIC-M) and followed by blocky calcite cement (M3). WA2 sample, PPL view. G) Details
of coalescent crystals of pendant calcite cement (M1), partially affected by silicification (SIL;
chalcedony sphaeroids) and followed by fibrous calcite (M2) and blocky calcite (M3) cements, grown
in optical continuity. Dissolution at the boundary between M1 and M2 cements is indicated by the
white arrow. WAS sample, stained, XPL view. H) Globose pendant calcite cement (M1) filling a pore
and post-dated by fibrous calcite cement (M2) and blocky calcite cement (M3) with dull red and
bright orange luminescence, respectively. Dissolution at the boundary between M1 and M2 cements

is pointed by the white arrow. WA5 sample, CL view.
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(") for the of 2°/Pb/?%Pb y-intercept of the regression line was obtained from the ASH-15D data
(weighted mean of 0.8737+0.0014 and MSWD = 2 without ¢, 0.8737+0.0016 and MSWD = 1 with
¢ of 0.34%) and added by quadratic addition to the y-intercept uncertainty of each analysis (i.e. on
the 29’Pb/?%Pb initial ratio).

4.1.5 RESULTS

Petrography and C-O stable isotope geochemistry. The microbial boundstone from each of the
three carbonate facies investigated (Hainsfarth bioherm, Adlersberg bioherm, Wallerstein mound,;
Fig. 19) display specific depositional and diagenetic features (Figure 20 and Table 2). Petrographic
analysis allowed distinguishing 13 depositional and diagenetic phases (Table 1 and 2; Fig. 20). The
depositional carbonate phases consist of leolitic to clotted peloidal micrites, labelled MIC-H, MIC-A
and MIC-M from the Hainsfarth bioherm, Adlersberg bioherm and Wallerstein mound, respectively.
The diagenetic carbonate phases consist of dolomite cement (DOL), chalcedony (SIL) and calcite
cements displaying different habitus and fabric: pendant calcites (B1 and M1), isopachous rims of
fibrous (BL and M2) and dogtooth to bladed (B2) calcites, as well as blocky calcites (BM, B3 and
M3). The results of the C and O stable isotope analyses for the different carbonate phases sampled
are summarized in Figure 21, Table 3 and Supplementary data B (section 4.1.9). All micrites (MIC-
H, MIC-A, MIC-M) exhibit a covariance between §3C and §'80 (R?=0.95). §*3C and &80 values for
micrites (n=11) range between -5.5%o0 and +2.5%o, and between -5.1%o and +3.3%o, respectively. In
particular, MIC-H and MIC-A micrites from the Hainsfarth and Adlersberg bioherm samples,
respectively, display positive §*3C and 5'®0 values, whereas MIC-M micrites from the Wallerstein

mound sample have negative §*3C and 580 values.

S1C and §'0 for B1 pendant cement (n=1) are +0.2%o and -1.7%o, respectively, whereas B2
isopachous cement (n=1) has §*3C of +1.5%o and 580 of +0.7%o. The blocky cements from the algal
bioherms (BM and B3) have a distinctive C-O isotope composition: BM (n=5) is characterized by
negative and consistent 3**C and 520 values with §13C between -5.4%o and -5%o and &30 between
-7.3%o and -7.7%o, whereas B3 (n=3) has a uniform C-O isotope composition with &3C between
+1.4%0 and +1.9%o, and 580 between -5.9%o to -7.5%o. The §*3C and §'80 values of the three calcite
cements from the Wallerstein mound samples (M1, M2, M3) are characterized by §!3C between -
1.2%o and -3.4%o, whereas 580 values are more variable, ranging between -0.8%o and -9.6%o. The
5180 values fall in three distinct clusters: between -0.8%o0 and -4.2%o for M1 (n=4), between -1.8%o

and -5.0%o for M2 (n=5) and between -5.7%o and -9.6%o for M3 (n=10).
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Figure 21. Cross-plot of *3C versus 80 values (in %o, relative to V-PDB) of the carbonate phases
analysed from the three facies investigated. MIC-H, MIC-A and MIC-M stand for micrite from
Hainsfarth bioherm, Adlersberg bioherm and Wallerstein mound, respectively. B1 and M1 are
pendant calcite cements. B2 and M2 are isopachous calcite cements. BM, B3 and M3 are blocky
calcite cements. Note the covariance (R2=0.95) between §**C and 580 values that characterizes the
micrites (reported as crosses). Grey areas indicate the 8*3C and 580 values previously published for
the three carbonate facies investigated (Pache et al., 2001; Della Porta, 2015; Christ et al., 2018).

U-Pb geochronology. Concentration and isotope ratios of U and Pb of all analysed phases are
summarized in Figure 22, Table 3, and Supplementary data C.1 (section 4.1.9). Due to their small
volume, the BL and DOL phases were not sampled and thus not analysed. U and Pb concentrations
are very variable, ranging from 10ppb to 53ppm, and 0.4ppb to 6.4ppm, respectively (Fig. 22A). The
highest U concentrations can be found in micrites (MIC-H, MIC-A, MIC-M) and pendant cements

(B1), mostly with values higher than 1 ppm (Fig. 22A). Figure 4B summarises the 238U/?2%PDb versus
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207Pp/2%pPp ratios of all analysed carbonate phases: 222U/?%Pb varies from 0.03 to 413 and 2°’Pb/?%Phb
ranges from 0.87 to 0.10. All phases are characterised by a high to very high isotope ratio variability
including domains with high p-values (?*®U/%*Pb) close to the Concordia. The Hainsfarth bioherm
carbonates display the lowest variability, with 23U/?%Pp ratios below 1. A clear covariance between
both isotope ratios (R?=0.99; Fig. 22B) suggests that most of the analysed carbonate phases formed
at about the same time. However, MIC-A micrite and M1, M3, BM and B3 cements also include data
points that define a different slope (R?=0.79).

Facies Sample Phase Age** 2" o~ AT ppEEREs g n®  MSWD'  Session Average age* 308 slEgE plo0
(Ma) (%) numbser (Ma)
Hainsfarth HAB2BG MIC-H 13.79 040 25 0834 003 28 140 1 13.90 + 025 08 08 2
bioherm o 14.05 058 37 0837 0004 34 063 4
13.88 050 32 0842 00y 43 1.07 B
1419 087 5.8 0341 oons 31 130 3
BM 13.50 4320 32 0835 0ol 6 o073 1 13.2 £ 110 —52 —75 5
" 13.20 112 B3 0841 0o0F 33 063 B
Adlersberg MEI1 MIC-A 14.22 028 1.3 08 om0 24 DO7 2 14.14 + 0.20 1.9 26 2
bioherm o 1387 044 28 0347 0003 ) L10 4
14.24 046 29 0843 0.003 31 104 3
B1 1415 035 20 0854 0oos 41 130 3 14.27 + 033 L3 03 1
" 14.44 041 25 08568 o7 6 073 2
B2 14.20 1.02 7 0840 ooor 9 1.50 2 o7 -17 1
B3 10.20 280 26 0847 U008 17 2.30 3 L6 —&87 3
Wallerstein WAl MIC-M 1433 0327 1.3 0827 ooy 22 114 3 —5.0 —44 3
maound M1 1428 0E4 57 0825 0004 8 130 3 —28 —-35 G
M2 1419 0&9 45 0832 0010 14 046 3 -29 —62 6
WAz MIC-M 13.74 0&7 49 0838 oo 29 0.85 3 1379 + 042 —41 —33 3
" 1357 0s0 41 0838 0.004 21 1.03 3
15.00 1.32 BB 08339 00s 29 0.80 2
b2 14.42 043 25 0842 009 14 140 2 —31 —41 1
M3 951 077 g 0333 gow 7 L&D 2 -6 —86 2
WAS M1 14.70 1.81 12 0835 0o 28 210 1 22 25 3
Ash15-D 2870 o110 38 0877 oon4 24 DO9 3 2,961 + 0054
2980 o110 37 0872 oooy 26 113 1
1964 ooE4 2B 0874 003 24 D04 7
24972 0,063 23 0874 oo 26 000 4
3.006 o074 25 0873 oo 26 0A6] 3
2919 0u0sm 24 0863 0.01s 20 D33 8
2988 0071 24 0876 001z 26 Da7 B
Nate:

** Tera-Wasserburg diagram U-Pb lower intercept ages.

* Absolute uncertainty (including long-term exccess of variance of 1.5%).

* Relative uncertainty: percent uncertainty of lower-intercept age (without excess of variance).

*Weighted average of n, multiple isochron ages.

* Y-axis intercept = initial Fb/Pb ratio.

# Number of LA-ICPMS spot analyses.

T Mean Squared Weighted Deviates,

8 513C and 5"%0 values expressed as %o relative to V-PDE [Vienna Pee Dee Belemmnite) standard.

n"? Number of §°C and &'%0 analyses LA-session numbers and corresponding dates: 1 = 19/04/16: 2 = 20j04/16; 3 = O404/18: 4 = 27/02/19; 5 = 28/02/19: 6 =
17/06/19; 7 = 16/10{18; 8 = 18/06/19.

Table 3. U-Pb geochronology and C-O stable isotope data of the carbonate phases investigated. U-Pb

geochronology data for the secondary standard (speleothem calcite ASH-15d) are also reported.

Tera-Wasserburg Concordia plots with lower intercept ages are displayed in Figures 23 and 24, while
the complete data set and plots can be found in Supplementary data D, E and F (Section 4.1.9). From
the five analysed samples, a total of 22 lower intercept U-Pb ages were obtained from 10 depositional
and diagenetic carbonate phases (Table 3). Depositional (micrite) and diagenetic (cement) carbonate
phases yielded well-defined regression lines with ages between 14.44+0.41 and 9.51+0.77 Ma, and
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MSWD (Mean Squared Weighted Deviation) of 0.5 to 1.6. The pendant cement (M1) from sample
WADS and the blocky calcite cement (B3) from sample MEL display more scattered isotope ratios, and
consequently higher MSWD (2.1 and 2.3, respectively). The precision obtained for the majority of
the ages ranges from 1.3 to 8.6% (internal uncertainty 2ci; Table 3) and slightly decreases (1.9 to
8.7%) when the long term excess of variance is added (Table 3). After all propagated uncertainties,

60% of the ages have uncertainties below 5% and 27% (six ages) below 3.5%.

Five carbonate phases (MIC-H, MIC-A, MIC-M, BM and B1) were analysed in multiple sessions to
check the reproducibility between sessions and to improve the precision of the ages (Table 3).
Weighted average ages for these phases are reported with the number (nw) of analytical sessions
undertaken in brackets. Micrites from samples HAB2B6, ME1, and WA2 were analysed in 3 to 4
sessions, yielding weighted average ages of 13.90+0.25Ma (nw=4), 14.14+0.20Ma (nw=3) and
13.79+0.42Ma (nw=3), respectively, confirming a within-session reproducibility of 1.5-2%. The data
also indicate that multiple measurements can improve the precision of the ages by a factor of about 2
to 4, since weighted average ages have uncertainties down to 1.5% (20).

Initial 2°"Pb/?%Pb ratios (i.e. y-axis intercepts; Table 3) fall between 0.825+0.004 and 0.869+0.023
and display a slight scatter, which can be expressed in a weighted average of 0.838+0.003 with
MSWD of 9.9. However, there is no discernible difference between different samples or carbonate

phases (cements versus micrites).

4.1.6 Discussion

Petrography and O-C isotope geochemistry of Ries Crater carbonates. Carbonates are common
minerals that precipitate in a variety of depositional and diagenetic environments. They commonly
undergo diagenetic processes such as replacement or recrystallization that may induce textural and
geochemical changes (e.g. Swart, 2015). If carbonates are altered by later diagenetic processes, their
U-Pb isotope system may be disturbed or even fully reset. Consequently, measured carbonate U-Pb
ages may represent the timing of a later diagenetic event rather than the carbonate original
precipitation (Li et al., 2014; Mangenot et al., 2018). Therefore, petrography together with C-O stable
isotope analyses were here used to: 1) define relative timing and precipitation environments of the
carbonate phases, and 2) identify the phases that potentially preserved pristine compositions.
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Figure 22. U and Pb geochemistry for the carbonate phases analysed from the three facies
investigated. Each dot corresponds to an ablation analysis. MIC-H, MIC-A and MIC-M stand for
micrite from the Hainsfarth bioherm, Adlersberg bioherm and Wallerstein mound, respectively. B1
and M1 are pendant calcite cements. B2 and M2 are isopachous calcite cements. BM, B3 and M3 are
blocky calcite cements. A) Cross-plot of Uranium (U) versus Lead (Pb) concentrations expressed in
parts per million (ppm). The carbonate U and Pb composition is included between the dashed lines
(0.025 < U/Pb < 50). The yellow star represents the carbonate U and Pb mean composition after
Roberts et al. (2020a). B) Cross-plot of 23U/2%Pb versus 2°’Pb/?%Pb ratios and corresponding main

regression line (R?=0.99). Some data points define a different slope (R?>=0.79).
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Figure 23. 228U/2%Pp versus 2’Pb/?°®Pb Tera-Wasserburg Concordia diagrams and corresponding

absolute ages for MIC-H and BM carbonates from HAB2B6 sample (Hainsfarth bioherm, in red)
and for MIC-A, B1, B2 and B3 carbonates from ME1 sample (Adlersberg bioherm, in green). Red

dashed lines represent the isochrons. Blue ellipses represent the ‘n’ spot analyses and corresponding

isotope ratios obtained. In blue are the Concordia curves. MIC-H, BM, MIC-A and B1 carbonate

phases were analysed in different analytical sessions: ages obtained for each session are reported as

vertical bars and the produced weighted average ages are indicated by asterisks. All ages are

reported with 2¢ confidence.
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Figure 24. 2%U/%pPh versus 2°/Pb/?°®Pb Tera-
Wasserburg Concordia diagrams and corresponding
absolute ages for MIC-M, M2 and M3 carbonates
from WA2 sample (Wallerstein mound). Red
dashed lines represent the isochrons. Ellipses
represent the ‘n’ spot analyses and corresponding
isotope ratios obtained. In blue are the Concordia

curves. in three

MIC-M phase was analysed
analytical sessions: vertical blue bars represent the
ages obtained, and the produced weighted average
age is indicated by an asterisk. All ages are reported

with 2c confidence.

The depositional carbonate facies investigated (Hainsfarth bioherm, Adlersberg bioherm, Wallerstein
mound) consist of micrites (MIC-H, MIC-A, MIC-M) which show no petrographic evidence of major

diagenetic modifications, beside minor dissolution, dolomitisation and silicification (Fig. 20, Table

2). This is in line with the preservation of low-Mg calcite ostracodes reported from the Hainsfarth

bioherm

facies (Christ et al., 2018).

This is further supported by the covariance between micrite 5'3C and 580 values (R?=0.95; Fig. 21),
also reported by previous authors (e.g. Pache et al., 2001; Della Porta, 2015; Christ et al., 2018),

which is typical of carbonates precipitated in closed lakes (Della Porta, 2015 and references therein).
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The partial dolomitisation affecting the Adlersberg bioherm micrite (MIC-A; Fig. 20C) is considered
an early diagenetic process driven by lacustrine and/or meteoric phreatic fluids (e.g. Riding, 1979;
Arpetal., 2017). Hence, the ages obtained for MIC-A (Table 3) should confidently reflect the timing
of deposition even if ablation spots fall within both dolomitised and undolomitised portions of the

micrite.

The early cementation history of the studied samples was driven by vadose and phreatic lacustrine
fluids and is recorded by the presence of pendant (B1, M1) and isopachous (B2, M2) calcite cements
(Fig. 20, Table 2). These cement types are interpreted to have precipitated together or right after the
bioherm and spring mound micrites (MIC-H, MIC-A, MIC-M) that host them. They are characterized
by 513C and &80 covariance reasonably consistent with that defined for the depositional carbonates

(micrites), though some lower 6180 values also occur (Fig. 21).

The three blocky calcite cements (BM, B3 and M3) post-date the early diagenetic phases (Fig. 20).
They display distinctive CL response and negative 50 values and lack §**C and 520 covariance
(Fig. 20 and 21), suggesting that they resulted from different post-depositional (i.e. precipitating
during later diagenesis) cementation events (e.g. Goldstein, 1991). The CL response of BM cement
(Fig. 20A), together with the negative §C and §'®0 values (Fig. 21), suggest precipitation from
relatively early meteoric phreatic fluids. The B3 and M3 cements occur as last pore-filling phases;
their CL responses (Fig. 20D, H) and negative §'80 values (Fig. 21), together with the ferroan nature
of B3 (Fig. 20C), suggest precipitation from reducing fluids during burial.

The petrographic and C-O isotope analyses suggest that depositional carbonates (MIC-H, MIC-A,
MIC-M micrites) and early diagenetic cements (B1, B2, M1 and M2) preserved their pristine
petrographic and geochemical features. Therefore, the U-Pb ages obtained from these phases (Table
3) may be confidently used to gather insights on the original depositional timing of the three carbonate
facies investigated. Diversely, the U-Pb ages produced from the BM, B3 and M3 blocky calcite
cements (Table 3) should provide information on the timing of three different post-depositional

cementation events.

Ries Crater carbonate U-Pb geochronology. Multiple studies aimed to resolve the general
chronostratigraphy and diagenesis of the Ries Crater lacustrine deposits and focussed on: 1) the
timing of sedimentation onset and the duration of the lake life-time; 2) the margin-margin and basin-
margin stratigraphic correlations; and 3) the cementation history of the marginal facies. This study

reports the first U-Pb ages from both depositional and diagenetic carbonates of the Ries Crater
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marginal deposits. The accuracy of these ages is here discussed within the Ries Crater geological
framework, well-established by previous studies (see section 4.1.2 and Supplementary data A in
section 4.1.9).

1) The reconstruction of the time elapsed between meteorite impact and sedimentation onset, as well
as the entire lake life-time, has been attempted by several authors. The different datasets converge
towards the onset of sedimentation occurring shortly after the impact (Buchner and Schmieder, 2009;
Stoffler et al., 2013) and the entire succession being deposited in a time window of > 1.2 and <2 Ma
(Fuchtbauer et al.,1977; Pohl, 1977; Arp et al., 2017). Overall, the U-Pb ages here obtained for
depositional and early diagenetic carbonate phases from marginal facies (Fig. 23 and 24, Table 3)
agree with a short time gap between impact (~14.9Ma) and sedimentation onset and with the 2Ma
maximum age estimate for the lake life-time previously proposed. Further constraints on lake life-
time duration may be inferred by considering the oldest and youngest U-Pb ages obtained from
depositional carbonate phases (Table 3). The 14.33+0.27 Ma oldest age obtained from the micrite of
the Wallerstein mound (MIC-M), which is known to be coeval with basinal unit C (Arp et al., 2013a,
2017), indicates that the marginal facies analysed presumably existed already at ~14.60Ma (i.e.
~0.30Ma after the impact). This is in line with Arp et al. (2013b) that considered the older basinal
unit B to be deposited around 0.25Ma after the impact (see Supplementary data A; section 4.1.9).
WAZ2 sample micrite (MIC-M) was not taken as the youngest sample because of disturbance of the
U-Pb isotope system. Indeed, multiple dating attempts provided poorly precise ages (uncertainties up
to 9%; Table 3) that are appreciably younger than the fibrous calcite cement M2 (14.42+0.43Ma) held
within the same sample. Therefore, the 13.9+0.25Ma (nw=4) age of the Hainsfarth bioherm micrite
(MIC-H) was taken as the youngest of the dataset. This age suggests that sedimentation has continued
at least up to 13.65Ma (i.e. ~1.25Ma after the impact), in good agreement with the >1.2Ma
sedimentation duration proposed for basinal units (Fuchtbauer et al., 1977; Pohl, 1977; Arp et al.,
2017).

2) In the last decades, several authors attempted to establish margin-margin and basin-margin
stratigraphic correlations between the Ries Crater lake deposits, based on drilling campaigns and
sedimentological, geochemical and magnetostratigraphic studies (Arp et al., 2017 and references
therein). Correlations among marginal facies suggest that the Hainsfarth bioherm is younger than the
Adlersberg bioherm and that the Wallerstein mound formed in a time window included between the
growths of both bioherms (Arp et al., 2013a). The U-Pb ages of the three marginal facies overlap
within uncertainties (Table 3, Fig. 25). However, the Hainsfarth and Adlersberg micrite ages

(13.90£0.25Ma, nw=4 and 14.14+0.20Ma, nw=3, respectively, Table 3), together with the weighted
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average age of the early diagenetic B1 and B2 cements (14.27+0.25Ma, nw=3, MSWD=0.59; Table
3) are in agreement with the correlation previously proposed by Arp et al. (2013a). Diversely, the
14.33+0.27Ma age of micrite (MIC-M) from the Wallerstein mound, together with the weighted
average age of the early diagenetic M1 and M2 cements (14.36+0.33Ma, nw=4, MSWD=0.17; Table
3) suggest that the Wallerstein mound formed before and during the Adlersberg bioherm growth (Fig.
25), in contrast with what proposed by Arp et al. (2013a). Available basin-margin stratigraphic
correlations based on sedimentological and geochemical investigations suggest that the basinal C and
D units are coeval with the Adlersberg and Hainsfarth bioherms, respectively (Arp et al., 2017). Age
estimates for the deposition of basinal units (A-B-C-D) were here constrained by coupling the
meteorite impact timing with the basinal unit magnetostratigraphy data using an approach previously
presented by Arp et al. (2013Db) (see section 4.1.2 and Supplementary data A in section 4.1.9). By
combining these age estimates for basinal units with the U-Pb ages obtained in this study from
marginal carbonates, it may be concluded that the three marginal facies formed during the deposition
of basinal unit C and part of unit D (Fig. 25), supporting stratigraphic correlations from previous
authors.

3) Different types of post-depositional cements, precipitated from fluids of meteoric to burial origin,
were recognized within the Ries Crater marginal facies (Pache et al.,2001; Christ et al. 2018).
Although this study mainly focuses on the timing of the marginal facies deposition, it also provides
temporal constraints on the later cementations. The BM, B3 and M3 blocky calcite cements clearly
display younger ages when compared to the depositional and early diagenetic phases previously
discussed (Fig. 25), in line with petrography and C-O isotope geochemistry. In particular, the age of
BM cement (13.20+£1.10Ma, n=2; Table 3) confirms the relatively early origin from meteoric fluids.
Diversely, the B3 and M3 cements reveal younger ages respectively of 10.20+2.80Ma and
9.51+0.77Ma (Fig. 25), pointing at different burial fluid events occurring 4Ma after the deposition of

the three marginal facies.
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Figure 25. Chronostratigraphic chart of Miocene time (IUGS v 2020/01) with absolute ages for
marginal and basinal facies of the Ries Crater lacustrine basin. Absolute ages for the depositional and
diagenetic carbonate phases of the marginal facies (Hainsfarth bioherm, Adlersberg bioherm and
Wallerstein mound) were obtained by U-Pb geochronology via LA-ICPMS. Dashed vertical bars
represent weighted average ages produced by multiple LA-sessions on the same carbonate phases, as
reported in Table 3. All age uncertainties (vertical bars) are reported as 2c. Absolute ages of
geomagnetic polarity chrons are from the Astronomical Tuned Neogene Time Scale (ATNTS2012).
Normal and reverse polarity is indicated in black and white, respectively. The meteorite impact is
considered as occurring at ~14.9Ma (after Schwarz et al., 2020 and references therein), whereas
absolute ages of basinal units (A-B-C-D) are defined after Arp et al. 2013b and Rocholl et al. (2017,

2018).
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To conclude, the carbonate U-Pb ages obtained via LA-ICPMS are consistent with the petrography
and C-O isotope interpretation and with the previous literature constraints on the well-established
geological evolution of the Ries Crater basin. These results allow to successfully validate the
geological consistency (accuracy) of the U-Pb ages obtained and confirms the potential of this dating
approach to reveal origin and precipitation timing of depositional and diagenetic carbonate phases,

also in poorly time-constrained geological contexts.

U-Pb carbonate chronostratigraphy in continental. The carbonate U-Pb geochronology is
considered to be poorly suitable for applications in stratigraphy, mainly due to the large age
uncertainties commonly obtained (Roberts et al., 2020a). However, the results here presented indicate
that in poorly time-framed geological contexts, such as most continental sedimentary systems,
carbonate U-Pb dating may allow to successfully bracket the depositional time of previously

undatable deposits.

Future applications of carbonate U-Pb dating for chronostratigraphic purposes in continental systems
will require well-established dating protocols to overcome current limitations, such as: 1) the choice

of the phases to be dated and 2) the age precision.

1) Firstly, chronostratigraphic studies require to target depositional (e.g. micrite, bioclasts) and early
diagenetic (e.g. marine, lacustrine cements) carbonate phases that may inform about depositional ages
of the continental deposits. Before dating, these phases need to be identified and separated from later
diagenetic phases, commonly occurring in the same sample. Petrography and geochemistry studies,
allowing to reconstruct cement stratigraphy and paragenesis (e.g. Goldstein, 1991), are necessary to
establish relative timing and precipitation environment of the different phases. This knowledge is key
to target the right phases to be dated, depending on the survey final aim. The study here presented
underlines the importance to acquire U-Pb ages based on a detailed petrographic and geochemical
characterization of the carbonate samples. Indeed, three diagenetic phases with post-depositional

features were identified prior to date and, as expected, provided younger U-Pb ages (Fig. 25).

Once the carbonate phases to be dated for chronostratigraphic purposes are identified, the
preservation of their pristine geochemical composition needs to be evaluated. Hints for diagenetic
modifications may be deduced from carbonate petrography and geochemistry features. Diagenetic
overprint of depositional to early diagenetic cements can be inferred, among others, from: 1) the

crystal habitus and size (e.g. micrite crystals > 4um); 2) the staining and CL response (e.g. revealing
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ferroan nature or mottled CL); 3) the presence of micro-fracturing, crystal reaction borders and/or bi-

phase fluid inclusions; 4) the §*C-5'0 compositions that deviate from expected values.

2) The age precision is the key factor to understand the potentialities and limitations of the carbonate
U-Pb geochronology for chronostratigraphic studies. The larger the age uncertainty, the lower the
method time-resolution, resulting in a major limitation in old carbonates. Indeed, the same 1.5% age
precision would result in absolute uncertainties of 0.2-0.3Ma for Miocene carbonates (this study) and
of ~8Ma for Lower Cambrian carbonates. Overall, the initial U-Th-Pb isotope composition and the
dating technigque chosen (e.g. ID-TIMS versus LA-ICPMS), play a crucial role in determining the
final age precision. Previous authors have used carbonate U-Pb dating via bulk (i.e. ID-TIMS) and
in-situ (i.e. LA-ICPMS) analyses to constrain the depositional age of lacustrine deposits of known
age. These studies provide useful information to understand the limitation of these dating approaches
in continental carbonate settings. Isotope dilution (ID-TIMS) U-Pb geochronology was used to date
the Miocene lacustrine carbonate tufa from the Barstow Fm. (California, USA), deposited within a
time window of ~5 Ma (Cole et al., 2005), which is much longer than the 2 Ma depositional time
interval of the Ries Crater deposits. Obtained ages are consistent with Ar/Ar geochronology absolute
constraints and are precise down to 0.9%, due to their exceptionally high U contents (up to 180 ppm).
Similarly, precise U-Pb (ID-TIMS) ages were reported by Hill et al. (2016) from the Upper
Cretaceous-Paleocene Colorado Plateau lacustrine carbonates (U<30ppm). Geochronology by ID-
TIMS is known to provide the most accurate assessment of the U-Pb age of carbonate samples.
However, it is time consuming and labour intensive and it may have a lower success rate due to the
limited spatial-resolution (Roberts et al., 2020a). Indeed, carbonates are characterized by low U and
Pb concentrations (usually <1ppm) that are heterogeneously distributed at the sub-mm scale (Rasbury
& Cole, 2009). This specific composition requires relatively large volumes of material to be analysed,

increasing the risk of mixing carbonate phases with different ages.

In situ (LA-ICPMS) U-Pb geochronology was used by Frisch et al. (2019) to date the Miocene
alluvial-lacustrine carbonates (U<10 ppm) from the Aktau succession (Kazakhstan). The ages
reported show a very good correlation with magnetostratigraphy and cyclostratigraphy data and are
precise down to 3% (2c), in line with Roberts et al. (2020a), who stated that carbonate U-Pb (LA-
ICPMS) ages are mostly associated with uncertainties of 2-3 % (2c), or higher. New advances on 2D
elemental and isotopic ratio mapping allowed Drost et al. (2018) to produce ages with uncertainties
down to 1% from early diagenetic carbonate cements (U<40ppm) of the Carboniferous-Permian
Rothenburg Fm. (Germany). Results are consistent with biostratigraphic constraints and zircon U-Pb

geochronology from interbedded ash layers and encourage the application of this dating approach
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also in Paleozoic continental carbonate systems. The U-Pb (LA-ICPMS) technique was chosen in this
study because it has many key benefits compared to the bulk techniques: the dating procedure is
simpler, faster and analyses are preformed directly on thin sections with sampling (ablation) spot
sizes of <0.2mm. This allows discarding diagenetically altered areas and enables to date
volumetrically minor carbonate phases. Moreover, aiming at identifying areas with high and variable
238/2%pp ratios, thin section isotope mapping and non-systematic (random) sample pre-screening
can be performed prior to analysis (e.g. Drost et al., 2018). These technical advantages significantly
enhance the success rate of carbonate U-Pb dating even if LA-ICPMS is considered to be analytically
less precise than ID-TIMS (Roberts et al., 2020a).

In the present study, the Ries Crater Miocene lacustrine carbonates showed U concentration usually
below 10ppm (Fig. 22) and were dated with precision mostly included between 1.5 and 3% (2c) after
propagating all necessary uncertainties. The ages produced agree with other time constraints
furnished from the well-established geological framework of the Ries Crater basin validating the
accuracy of the applied method. Our results show that ages from depositional and early diagenetic
carbonates are consistent (Fig. 25) since the weighted average age of depositional carbonates (MIC-
H, MIC-A, MIC-M) of 14.09+0.18Ma (MSWD=1.5; nw=11) is within uncertainty indistinguishable
from the 14.30+0.20Ma (MSWD = 0.3; nw = 7) weighted average age of the early diagenetic
carbonates (B1, M1, B2, M2). This suggests that both carbonate types may potentially be used as
reliable geochronometers, as long as they retain their pristine geochemical composition. Depositional
carbonates (micrites) seem to have a higher dating potential since they provided more precise ages
(internal uncertainties between 1.3 to 4.7%, in 9 out of 11 samples) if compared to the early diagenetic
cements. This is most likely due to the interplay of three factors characterizing the micrite samples:
1) higher U/Pb variability, 2) higher U (> 2ppm) concentrations, combined with 3) relatively low
initial Pb (Fig. 22). On the contrary, the early diagenetic cements (B1, M1, B2 and M2), precipitated
from lacustrine fluids, display about 30% less precise ages (internal uncertainties between 1.9 to 7%,
in 6 out of 7 samples). This is not a rule of thumb and is rather due to the initial composition of the
carbonates studied, as shown by previous authors providing highly precise ages from early diagenetic

lacustrine cements (Drost et al., 2018).

Repeated measurements on the same carbonate phases yielded consistent ages within analytical
uncertainties, allowing to assess and recheck the long-term reproducibility of the applied method
(Table 3, Supplementary data G.1 in section 4.1.9). Additionally, a good strategy to improve the age

precision is to determine the weighted average of the single ages produced from a specific carbonate
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phase, especially when the leading cause of uncertainty is the low variability of the U-Pb isotope

ratios.

The age precision obtained in the present study was adequate to constrain the depositional timing of
the three marginal facies investigated and to attempt stratigraphic correlations among time-equivalent
(margin-margin and basin-margin) lateral facies. However, it was not sufficient to resolve their small

age difference (<0.4Ma) in a depositional time window of <2Ma.

Overall, the study here presented shows that in lacustrine (and more broadly continental) deposits of
Miocene age is possible to obtain geologically consistent ages with uncertainties mostly between 1.5
and 3% (20). This may confidently assist stratigraphic studies at the time resolution of 3rd order
depositional sequences (0.5-5Ma). These results encourage the use of U-Pb (LA-ICPMS) technique
as a chronostratigraphic tool for carbonates from continental settings, where other commonly applied
chrono-chemo-bio-stratigraphic approaches may be insufficient and chronostratigraphic correlations

are usually out of reach.

4.1.7 Conclusions

Depositional carbonates (micrites), together with early diagenetic (lacustrine) and post-depositional
(meteoric and burial) calcite cements from marginal facies of the Ries Crater impact basin were
investigated. Petrography and C-O stable isotope analyses indicate that depositional and early
diagenetic carbonate phases preserved pristine geochemical composition and therefore are ideal
targets to apply in-situ U-Pb geochronology (LA-ICPMS) in order to constrain the facies depositional

timing, whereas later diagenetic phases may inform on the post-depositional cementation history.

All carbonates were successfully dated. U-Pb ages of micrites and early diagenetic cements (between
14.7+1.81 and 13.9+0.25Ma) are consistent with the geological and geochronological constraints
offered by the well-framed Ries Crater basin, validating the accuracy of the dataset and of the applied
method. In particular, the U-Pb dataset indicates a very short time elapsed between meteorite impact
and sedimentation onset and matches the minimum and maximum duration of lake life-time. The
consistency between depositional and early diagenetic carbonate ages underlines that both carbonate
types may suitably be used for U-Pb geochronology, as long as they retain their pristine geochemical

composition. Finally, three later calcite cements were also dated at 13.20+1.1Ma, 10.20£2.80Ma and
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9.51+0.77Ma, indicating that the basin was punctuated by different post-depositional cementation

events.

Overall, the time-resolution achieved by the U-Pb (LA-ICPMS) technique for Miocene carbonates
(down to 1.5%, 2c; about 0.2-0.3Ma) was adequate to bracket the depositional age of the marginal
facies investigated and to correlate them with siliciclastic basinal units in a time window <2Ma. This
study conclusively suggests that, with an adequate protocol of sample selection, it is possible to obtain
geologically consistent and precise ages from depositional and diagenetic continental carbonates that
may confidently assist chronostratigraphic studies at the resolution of the 3rd order depositional

sequences (0.5-5Ma).
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4.1.9 Supplementary data

Supplementary data A. In the last decade the Ries Crater meteorite impact was dated by several
authors (e.g., Buchner et al., 2010; Rocholl et al., 2017, 2018; Schmieder et al., 2018a,b; Schwarz et
al., 2020), with ages ranging between 15.00+0.03Ma (zircon U-Pb dating; Rocholl et al., 2018) and
14.50+0.32Ma (Ar-Ar dating of recrystallized feldspars; Buchner et al., 2010). The 0.5Ma
disagreement between these ages can be related to multiple factors as discussed by Rocholl et al.
(2018), Schmieder et al. (2018a, b) and Schwarz et al. (2020). In this contribution is considered to
occurr at around 14.9 Ma, in line with most of the absolute ages published in the last decade (Schwarz

et al., 2020 and references therein).

Absolute age estimates for the deposition of basinal units (A-B-C-D; Fiichtbauer et al., 1977;
Jankowski, 1977) was achieved by coupling the meteorite impact timing with the basinal unit
magnetostratigraphy, as previously done by Arp et al. (2013). Accordingly, the impact related suevite
(i.e. melt bearing crystalline breccia; Stoffler et al., 2013) records a distinctive reverse magnetization
and at the top the transition to normal polarity (Pohl, 1977; Pohl et al., 2010; Fig. A.1). As a
consequence, the impact is supposed to occur at the top of a reverse magnetization stage.

Based on the absolute ages of geomagnetic polarity chrons by Hilgen et al. (2012) the meteorite
impact was possibly allocated at the top of C5Bn.1r (15.03 to 14.87 Ma) or C5ADr (14.77 to 14.61
Ma) reverse chrons (Buchner et al., 2013; Rocholl et al., 2017; Schmieder et al., 2018a,b). The
~14.9Ma impact timing would therefore correspond to the top of C5Bn.1r (14.87Ma), in agreement
with the interpretation of Rocholl et al. (2017, 2018).

The Ries Crater sedimentation onset is known to have occurred shortly after the impact (Buchner and
Schmieder, 2009; Stoffler et al., 2013) as demonstrated by the weathering of the impactites driven by
meteoric fluids (Muttik et al., 2011) and the short-distance fluvial transport of impact related breccia
(Arp et al.,, 2019a). However, the exact time elapsed between the impact and the onset of
sedimentation is at today unconstrained (Schmieder et al., 2018b).

Pohl (1977) suggest that unit A sediments were deposited in a few thousand years at the most and
Arp et al. (2013) indicated that basinal unit B was deposited around 0.25Ma after the impact, which
also implies a very short time gap between meteorite impact and sedimentation onset. Indeed, in
0.25Ma both unit A and part of unit B (at least 150m of sediments) were already accumulated in the
basin. Consequently, it can be deduced that the first basinal sediments (unit A) were deposited during
the C5Bn.1n chron that follows C5Bn.1r (Fig. Al).
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In conclusion, the absolute age estimate for the four basinal units was constrained as follows: unit A

is here considered to be deposited during C5Bn.1n, the transition from unit B to unit C is inside C5Adr
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Figure A.1 Chart summarizing data from the Nordlingen 1973 borehole. Basinal lithostratigraphic

units according to Fiichtbauer et al. (1977) and Jankowski (1977) with corresponding Inclination of
Natural Remnant Magnetization (INRM) and polarity from Pohl (1977) and Pohl et al. (2010).

Normal and reverse polarity are indicated in black and white, respectively, whereas grey areas

indicate insufficient INRM data and uncertain polarity. Absolute ages of geomagnetic polarity

chrons are from the Astronomical Tuned Neogene Time Scale (ATNTS2012) of Hilgen et al.

(2012).
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chron and the onset of unit D deposition was allocated at ~14 Ma, at the limit between C5ACr and

C5ACn chrons. This latter estimate is due to Pohl (1977) who highlights a transition from reverse to

normal polarity at the base of unit D.
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Table B.1. §*3C and 0 values for the ten carbonate
phases analysed are reported in %o relative to the
Vienna-Pee Dee Belemnite (V-PDB) standard. Most of
the carbonate phases were analysed more than once in
order to account for possible heterogeneities of their C-
O stable isotope composition. BL isopachous fibrous
cement from the Hainsfarth bioherm and DOL from the
Adlersberg bioherm (described in Figure 2 and in Table
2) could not be micro-sampled and were therefore not

analysed.
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U-Pb carbonate geochronology LA-ICPMS raw data. The dataset is corrected offline using a macro-

based in-house

MS
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Supplementary data G.
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Figure G.1. Sorted intercept ages with 20 uncertainty for ASH-15D (white; nw = 7, MSWD = 1.4)
analysed over a period of about 3 years (2016 to 2019) used to estimate the long-term excess of
variance (&") of 1.5%. Data to the right (blue) includes the excess of variance propagated by quadratic
addition. Also presented is the superpopulation mean with €' and reference age from ID-TIMS (Nuriel
et al., 2020).
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5 THE CRETACEOUS-PALEOGENE YACORAITE FM.

5.1 Geological context: the Salta rift basin

The Salta rift basin, covering a surface of 150.000 km?, is an Early Cretaceous—Middle Palaeogene
basin located mostly in North-West Argentina (Fig. 26). It was initially interpreted as an aborted
foreland rift basin related to the subduction of the Nazca Plate underneath the South American Plate
(Galliski & Viramonte, 1988). The re-interpretation of the three magmatic and volcanic events (i.e.
high alkaline composition; Viramontes et al., 1999) recognized to be coeval with the Salta rift,
suggests that the rifting was probably associated to the opening of the South Atlantic Ocean that
started during Early Cretaceous (Barremian). Initially the extension generated seven main isolated
depocentres, bounded by structural highs. These sub-basins (i.e. Tres Cruces, Lomas de Olmedo,
Métan, Alemania, El Rey, Sey and Brealito (Reyes, 1972; Salfity,1979; 1980;1982; Schwab, 1984
and Sabino, 2002) got interconnected during the Upper Cretaceous developing the Salta rift basin
(Mon & Salfity, 1995) (Fig. 26).

A BPLVA T BOLIVIA ............... :
J\eARAGUAY My \ * SEPARAGUAY
Trés A
Cruces
CHILE
ARGENITINA
Structural highs
Depocenters of the
Salta basin Salta El Rey
/7 Detposmonal limits
he sag phase _ >
¥ Cabra Corral lake Brealitd Metan
Alemania
100 Km
I

Figure 26 Location of Salta Basin and its sub-basins during the sag phase (Yacoraite Fm. deposition).
Modified after Roemers et al. (2015).
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The basin records 3 main tectonic stages of rifting: the syn-rift stage (Pirgua Subgroup), the
transitional sag phase (Balbuena Subgroup) and the post-rift stage (Santa Barbara Subgroup). In the
main depocentres, syn to post rift deposits reached a maximum thickness of around 5000m thick.

The syn-rift stage (Pirgua Subgroup; Reyes & Salfity, 1973) includes deposits of the Yasera, Las
Curtiembres and Los Blanquito Fms. (Fig. 27). They mainly consist of red beds of fluvial
conglomerates, sandstones, siltstones and shallow lacustrine deposits. During Las Curtiembres Fm.

deposition, the rift had its climax (i.e. maximum fault growth rate controlling the tectonic subsidence).

The transitional sag phase (Balbuena Subgroup) corresponds to the onset of thermal subsidence. It
includes Lecho, Yacoraite and Tunal Fms. deposits, reaching a maximum thickness of 400-500m.
The Lecho Fm. is coeval with the early sag phase and mainly consists of sandstones deposited in
aeolian to fluvio-lacustrine environments. The Yacoraite Fm. (up to 220 m thick) consists in
lacustrine shales, mudstones, oolitic and stromatolitic limestones, interbedded with fine-grained
sandstones. The Olmedo/Tunal Fm., coeval with the late sag phase, corresponds to dark shales, halite,

anhydrite and gypsum deposited in lacustrine, brackish to hypersaline lake environment.

During the post-rift phase (Santa Barbara Subgroup) the basin was filled by the fluvio-lacustrine

deposits of the Maella, Maiz Gordo and Lumbrera Fms. (Moreno et al., 1970).

A NNW SSE

Yacoraite Fm. Tun\al Fm.

Los Blanquitos Fm.

™\ Lecho Fm. 3
o ,*,"‘w‘r J:*‘l\
Yacoraite Fm s
2 Tunal Fm.

S Maella Fm. >

Po&-rift: Santa Barbara-

Figure 27. A) NS seismic line interpretation from the Lomas de Olmedo sub-basin. Modified
from Cominguez & Ramos (1995). Panoramic view of the Salta rift deposits from the Tin Tin

anticline (Amblayo locality).

84



MONTANO Damaris — PhD thesis - 2021

After the Cretaceous rifting, the Salta deposits were involved in the Andean Orogeny (Carrera et al.,
2006; Monaldi et al., 2008 and references therein). The extensional faults got inverted during
Cenozoic times (Fig. 20A) and today the Salta rift deposits are folded and thrusted and exposed with

masterpiece outcrops in the provinces of Jujuy, Salta and Tucuman (Fig. 27B).

5.2 Biostratigraphy and geochronology of the Salta rift deposits

The base of the Pirgua Subgroup is well time-constrained. Indeed, magmatic and volcanic deposits
related to the Alto de Las Salinas Complex (Bossi, 1969) are interbedded at the base of La Yasera
Fm. and provided ages of 128-112 Ma (K/Ar whole rock dating) and 126+3.5 Ma (unspecified
method) (Clebsch, 1991). Further time constraints are available from basalts in La Yasera Fm. (96 +
5, 99 + 5 Ma; K/Ar whole rock dating; Valencio et al., 1976), in Los Curtiembres Fm. (78 £ 5 Ma,
76.4 + 3.5 Ma; K/Ar dating; Valencio et al., 1976; Reyes et al., 1976) whereas the Los Blanquitos
Fm. hosts Senonian sauropod dinosaurs (Bonaparte & Bossi, 1979). At the boundary between Los
Blanquitos and Lecho Fms., volcanic deposits coeval with the Palmar Largo volcanism (Méadel, 1984)
were dated at 70 £ 5 Ma (K/Ar dating, Gomez Omil et al., 1987). Data indicate that the Pirgua

subgroup started to deposit during Barremian and persisted until Maastrichtian.

The depositional timing of the Balbuena subgroup has been long debated (Fig. 28). The Lecho Fm.
hosts well preserved Senonian avian/non avian dinosaur bones (Bonaparte & Powell, 1980; Frankfurt
& Chiappe, 1999, Weishampel et al., 2004; Cénsole-Gonella & Marquillas, 2014; Fig. 29). This,
together with the 70 + 5 Ma age obtained by Gomez Omil et al. (1987) at the top of the Los Blanquitos
Fm. indicate deposition during Maastrichtian. The Yacoraite Fms. has been extensively investigated
due to the occurrence of Senonian avian-non avian dinosaur tracks (Alonso, 1989; Cénsole-Gonella
et & Acefiolaza, 2009; Diaz-Martinez et al., 2016; Console-Gonella et al., 2017; Valais & Cdnsole-
Gonella; 2018) and at the top of the formation of Danian palynomorphs (Moroni, 1982). The
Yacoraite Fm. is interbedded by frequent volcanic tuff ash layers known to be coeval with the Palmar
Largo volcanism (Omarini et al., 1988; Fernandez, 1975). They were also attributed to the Late
Cretaceous volcanic arc of northern Chile (Marquillas et al., 2011). U-Pb isotope radiometric ages
from these layers were obtained by Marquillas et al. (2011), Pimentel et al. (2012) and Rohais et al.

(2019) producing somewhat contradictory results (see Chapter 6).
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Figure 28 Examples of chronostratigraphic interpretation of the Pirgua, Balbuena and Santa Barbara
groups. A) Chronostratigraphy of magmatic, sedimentary, and tectonic events of the Cretaceous Salta
basin. From Marquillas et al. (2011). B) Stratigraphy and age model for the Salta Group. Age tie
points shown by dashed lines, with depositional hiatuses shown by red lines/shading. Grey shaded
bars indicate known climate events with recorded carbon isotope excursions during the Paleogene.

From Hyland & Sheldon (2018).
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In particular, Marquillas et al., (2011) ages are 3-4 Ma older than those obtained by Rohais et al.
(2019) whereas Pimentel et al. (2012) provided the youngest age for the top of the Yacoraite Fm.
(around 60 Ma) although with low precision and bad statistics (see Montano et al., in revision, Section
6.1). Indeed, the age of the Yacoraite Fm. remains debated, especially the base and the top. Dinosaur
evidence are absent in the upper part of the Yacoraite Fm. and in the Tunal/Olmedo formation that
instead presents palynological associations of Danian age (Quattrocchio & Volkheimer, 1988; 2000).
Examples of dinosaur tracks in the Yacoraite Fm. are in figure 29. Conclusively the Balbuena

subgroup was deposited between Maastrichtian and Danian.

Figure 29. Yacoraite Fm. Senonian dinosaur track site from Maimara locality in the Quebrada de Humahuaca
(Jujuy, North-West Argentina). Pictures from field survey. For more details about this outcrop see Cénsole-
Gonella et al. (2017).

The Santa Barbara group lacks absolute chronostratigraphic constraints as well as index taxa with
short time duration. The only available constraint is an ash layer dated at 39.9 + 0.4 Ma at the top of
the Lumbrera Fm. Concerning the Maella Fm., Maiz Gordo Fm. and Lower Lumbrera Fm.,
chronostratigraphic interpretations were achieved by coupling available biostratigraphic,
magnetostratigraphic and geochemical data. Accordingly, various scenarios have been proposed
(Hyland et al., 2015; 2016; Andrews et al., 2017; White et al., 2018; Zimicz et al., 2020; Fernicola et
al., 2021).
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5.3 The Yacoraite Fm.

5.3.1 Geological setting and lithostratigraphy

The Yacoraite Fm. deposited in several sub-basins. The depocentre locations are shown in figure 26.
This study focuses on the Métan-Alemania sub-basins. Until the end of the early sag phase, Métan
and Alemania sub-basins were structured by the Guachipas palaeohigh. At the onset of the main sag
phase, a wide depocentre was established in correspondence with this high. Here the Yacoraite Fm.

reached its maximum thickness.

A wide body of literature deals with the depositional and palaeogeographic settings of this formation
and hypotheses are still debated. According to previous authors the depositional setting could range
from purely shallow marine settings (Marquillas et al., 2007) to purely lacustrine settings (Palma,
1986; Hernandez et al., 1999; Sial et al. 2001). An alternative hypothesis proposes a lacustrine system
that experienced periodic marine incursions through Bolivia and possibly Peru (Marquillas et al.,
2011). Rohais et al. (2012; 2014, 2019) support the scenario according to which the Yacoraite Fm.
was deposited in a shallow lacustrine setting with some possible marine inlets in the northernmost

sub-basins as testified by the presence of marine fish bones.

Lithostratigraphic analyses allowed to subdivide the Yacoraite Fm. in three members: Amblayo,
Guemes and Alemania members (Reyes, 1972; Marquillas & Salfity, 1989). The Amblayo and
Guemes members are characterized by carbonate and clastic dominated deposits, respectively.
Whereas the Alemania Member, at the top, corresponds to an alternation of shallow carbonate beds
and marly deposits.

5.3.2 Facies and depositional environments

Based on facies associations analysis, vertical stacking patterns, lateral facies change and overall
geometry of the Yacoraite Fm. in the Métan-Alemania basin, Deschamps et al. (2020) provides a
general depositional model for this formation.

The predominance of shallow marginal facies primarily suggests that the Yacoraite Fm. deposited on
a low- to medium gradient ramp margin (Deschamps et al., 2020). The depositional model is
characterized by two end-members: one dominated by siliciclastic-deposition and another by

carbonate deposition. The interplay of both sources results in mixed facies.
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The siliciclastic-dominated facies are mainly located along previous footwall margins whereas the

carbonate dominated ones preferentially occur in palaeo-highs far from the siliciclastic inputs.

Figure 30. Field photographs from the Cabra Corral lake area. A) Fine to medium-grained
sandstones with plane-parallel to wave ripples. Siliciclastic shore face deposits. Juramento section.
The hammer for scale is 35cm long. B) Thick and continuous layers of large coalescent domal
stromatolites with the characteristic moustache features growing on green silty dolomitic marls.
Highly alternating facies of sequence 4. C) Red to grey siltstones with abundant current ripples, root
traces and occasional carbonate concretions. The red body was deposited just above SB3. Clastic
shore to alluvial facies. D) Masterpiece outcrop of the highly alternating facies association of the

Alemania Member.

A depositional environment was attributed to each facies association (Deschamps et al., 2020).

In the western (Tintin, Los Cardones and Cachi area) and southern parts of the Métan-Alemania basin,
sedimentation is dominated respectively by high energy and low energy siliciclastic facies

associations (e.g. sandstone with cross stratification or wave ripples; Fig. 30A).
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Carbonate dominated facies associations are instead prevalent in the eastern and southern parts of the
Métan-Alemania basin in correspondence, for example, with the old Guachipas palaeo-high where
detrital input was very low (e.g. oolitic grainstone with wave ripples, stromatolite buildups; Fig.30B)

The upper part of the Yacoraite Fm. (Alemania Member) is characterized by a drastic change in the
sedimentation pattern as well as the dynamic of the sedimentary system. Indeed, all over the basin it
is possible to recognize some highly alternating patterns in the sediment stacking (Fig. 30D) reflecting
frequent and rapid fluctuations of the lake level, favoured by the low bathymetry if compared to the
basal part of the Yacoraite Fm. (i.e. the basin was almost filled by sediments). The high alternating
deposits are characterized by sharp superposition of coarse grained marginal facies (usually oolitic
grainstone with massive stromatolite bodies at the top and desiccation cracks) and silty deeper facies.

5.3.3 Sequence stratigraphy and palaeoenvironmental interpretation

The Yacoraite Fm. is a masterpiece example for the sequence stratigraphy of a lacustrine system since
it consists of a second-order (or long-term) sequence subdivided in 4 ‘third-order’ (or mid-term)
stratigraphic sequences (Rohais et al., 2019; Deschamps et al., 2020; Fig. 31). Higher order cylicities,
especially in the microbial facies, were discussed by Roemers et al. (2015), Deschamps et al. (2020)
and Gomes et al. (2020) but were not considered in the present study that focuses on the third order
cyclicity. In this chapter two types of key stratigraphic surfaces will be mentioned. Sequence
boundaries (SB) bound the stratigraphic sequences and correspond to a basinward shift of the
depositional system, with the abrupt transition from deep to very shallow environments. In proximal
settings, SBs correspond to exposure events and erosion. Maximum flooding surfaces (MFS) instead,
mark the climax of transgression of the depositional system. During sequence 1 deposition, the
bathymetry of the basin progressively increased (transgression) passing from shallow dominated by
clastic input (i.e. erosion of syn-rift shoulders) to deeper with very low clastic input an eulittoral
deposits (i.e. oolitic banks and stromatolites) in correspondence with the palaeo-highs. In sequence 2
the basin become wider and there was increased accommodation space. In sequences 1 and 2 the

microbial forms had their maximum development (Deschamps et al., 2020).

Just prior to SB3, sedimentary facies register a rapid flooding event with increased clastic
sedimentation and shout down of carbonate production in the whole basin (Figures 30C and 31). SB3
marks then an event of complete desiccation of the lake and drastic change of the lake dynamic. After

SB3 the bathymetry increased and had its climax a possible lake stratification in sequence 3. In the
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was chosen because it is located near the

Guachipas palaeo-high where carbonate
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sedimentation was predominant. The Juramento section is one of the thickest sections of the Yacoraite
Fm. (238 m), better representing the diversity of carbonates facies and the lake evolution through
time. Indeed, it is a reference section for the study of the Yacoraite Fm. (e.g. Sial et al., 2001;
Marquillas et al., 2005). The Cachipampa section is located in the western part of the Métan Alemania
basin, in the Parque Nacional Los Cardones (25°16'03.0"S 65°55'24.2"W) at around 3200 m.s.l.m.

A SILICICLASTIC DOMINATED MARGIN CARBONATE DOMINATED MARGIN

Alluvial Deltaic-shoreface Offshore- Oolitic bank  Eulitteral Mixed
profundal

Juramento
section
/

/

] ey W
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lake ==t
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Figure 32 Sampling campaign of the Yacoraite Fm. in the Salta province (Argentina). A)
Synthetic profile of the Yacoraite Fm. depositional system from the Métan —Alemania basin.
Modified after Deschamps et al. (2020). B) Aerial view of the sampling area with the location
of Cachipampa, Juramento, PP13 and PP3 stratigraphic sections. C) Aerial view of the
Cachipampa section area nearby a breeder hut (black building to the right). UC1 and UC37 are
the first and last samples acquired. D) Aerial view of the Juramento section area nearby the
Juramento river dam. UJ1 and UJ78 are the first and last samples collected. The red dotted lines

and arrows indicate the sampling orientations.
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It is reachable by the Route 33 starting from Cachi village (Fig. 32). The Cachipampa section has
been selected because it is located in a margin of the lake dominated by siliciclastic sedimentation.
Being far from the main depocentre, it has a lower thickness (160m). The Cachipampa and Juramento
sections are about 60 Km apart (Fig. 32) and were correlated in the framework of the JIP COMPAS
project (Deschamps et al., 2020). Sedimentary logs inherited from the JIP COMPAS were updated
and detailed at a higher resolution (Fig. 33).

A total number of 10 volcanic tuff deposits were sampled, 8 along the Juramento section and 2 in the
proximal PP13 and PP3 sections stratigraphic sections (Fig. 32). This has been done because in
sequences 3 and 4 of the Juramento section ash layers did not frequently occur and were poorly
voluminous. A total number of 135 carbonate samples were collected approximately each 2-4m along
Juramento (98 samples) and Cachipampa (38 samples) sections (Fig. 33). Field observations allowed
to sample far from mineralized fractures and emersion surfaces to avoid carbonates potentially
overprinted by later fluids. Since-the last 18 metres of the Cachipampa section (sequence 4) could not
be sampled, 16 additional carbonate samples were included, belonging to the JIP COMPAS project.

Results obtained from the Juramento and Cachipampa sections are in Supplementary data 1 and 2.

Figure 33 Juramento stratigraphic section with position of samples collected and field photographs
of the sequence boundaries (SB). A) Lithostratigraphy is after Deschamps et al. (2020). Sequence
stratigraphy is after Rohais et al. (2019) and Deschamps et al. (2020). In yellow the stratigraphic
position of the volcanic ash deposits. TPP3 ash layer stratigraphic height was reported after the
stratigraphic correlations provided by Rohais et al. (2019) and Deschamps et al. (2020). Simplified
stratigraphic log is modified after Rohais et al. (2014). Carbonate samples are reported in both sides.
Those in red were analysed via LAcarb. MFS=maximum flooding surfaces. B) Erosive and
transgressive boundary between Lecho and Yacoraite Fm. (SB1). SB1 marks an abrupt change from
massive aeolian (i.e. Lecho Fm.) to layered lacustrine (Yacoraite Fm.) deposits. C) SB2 is located
in correspondence with the sharp change from shallow (protected eulittoral/shoal facies association)
to deep (offshore facies association) lacustrine deposits. The microbial boundstone below SB2 is
affected by intense recrystallization processes fairly due to exposure along the margin of the basin.
The hammer for scale is 35cm long. D) SB3 marks the passage from shallow lacustrine deposits
(mixed mudflat/clastic shore facies association) toward massive bodies of siliciclastic/fluvial
deposits with distinctive reddish colour. E) Meter scale desiccation crack in correspondence with
SB4 marking a full desiccation event of the lake. F) Top of the Yacoraite Fm. Below SB5 deposits

show the high alternating depositional pattern typical of sequence 4.
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6 LAcarb CHRONOSTRATIGRAPHY OF THE
YACORAITE FM.

LAcarb demonstrated to be a powerful tool to constraint the sedimentation history in hardly datable
continental settings, as underlined by the results achieved on the Ries Crater case study (Montano et
al., 2021; Chapter 4.1) and by previous authors on other continental carbonates (e.g. Frisch et al.
2019; Parrish et al., 2019; Hoareau et al., 2021;). However, at our knowledge LAcarb has never been
used to constrain a depositional age depth model of a sedimentary system along a vertical section.
The Yacoraite Fm. represents an ideal case study for the purpose. The formation was deposited in a
longer time (around 5 Ma; Rohais et al., 2019) if compared to the Ries Crater basin and the
depositional history is well represented by masterpiece outcrops from the basin depocentres where
sedimentation hiatuses are very minor and sedimentation is mostly continuous. A linear maximum
depositional age depth model (MDA depth model) was obtained along the Juramento stratigraphic

section by zircon geochronology to test the accuracy of the LAcarb ages.

The first LAcarb analytical session (set of 12 carbonate samples, 19 carbonate phases dated) provided
accurate ages that were employed to build a minimum depositional age depth model (MIDA depth
model). The results achieved (MDA and MIDA depth models) from the partial dataset of the
Yacoraite Fm. already deserved valorisation and thus are included in a scientific article which is
currently in revision on Sedimentology journal (Chapter 6.1).

Depositional age depth models provide essential temporal frameworks in stratigraphic and
palaeoenvironmental and paleoclimate studies. In this respect, the new revised age of the Yacoraite
Fm. (MDA depth model) demonstrated to have implications on the chronostratigraphy of the
Balbuena and Santa Barbara subgroups that encompass the KPg extinction event and the Paleocene-
Eocene hyperthermals. The location of these events were better defined based on the depositional age
model obtained. Among the Paleocene-Eocene hyperthermals, the Paleocene Eocene Thermal
Maximum (PETM) is considered as the closest geologic analogue for the present day anthropogenic
carbon release and associated climate changes (Haynes & Honisch, 2020) since no other post-
Cretaceous global warmth episodes are known to have occurred at such an accelerated rate (Zeebe et
al., 2016). Discussion on these topics are in Chapter 6.3 and a scientific article is in preparation: ‘A
lacustrine record for the KPg and the Paleocene-Eocene hyperthermals: the Balbuena and Santa

Barbara groups, North West Argentina).
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6.1 Maximum and minimum depositional age models in lacustrine

systems from zircon and carbonate U-Pb geochronology

6.1.1 Abstract

The Yacoraite Fm. (Salta rift, Argentina) consists of Maastrichtian-Danian lacustrine carbonate and
siliciclastic deposits interbedded with volcanic ash layers and organized in four third-order
stratigraphic sequences. It offers the exceptional opportunity to jointly apply in situ zircon and
carbonate U-Pb (LA-ICPMS) geochronology. This results in a maximum depositional age depth
model (MDA, from zircon grains) together with an unprecedented minimum depositional age depth
model (MIDA, from carbonates). Ages of the youngest zircon population of 10 ash layers were
linearly interpolated to derive an MDA depth model. The MIDA depth model is instead based on 19
dated carbonate phases including microbialites, ooids, oncoids and early lacustrine cements of calcitic
and dolomitic mineralogy. Mean ages were defined from different carbonate phases belonging to the
same sample and then linearly interpolated. Sedimentation rates were calculated from both MDA and
MIDA depth models between pairs of dated samples and used to estimate the age of key stratigraphic

surfaces such as sequence boundaries, as well as the duration of the four stratigraphic sequences.

The MDA and MIDA depth models agree with biostratigraphic constraints and are remarkably
consistent as such that the onset and end of sedimentation were estimated at 68.2 £ 0.9 Ma and 62.3
+ 0.6 Ma (duration ~5.7 Ma) via zircon geochronology and at 67.9 = 1.7 Ma and 61.9 + 1.3 Ma
(duration ~6 Ma) via carbonate geochronology.

Results from this study demonstrate that in situ carbonate U-Pb dating of depositional and early
diagenetic carbonate phases represents a valuable chronostratigraphic tool for estimating

sedimentation rate and duration in poorly time-framed depositional systems.

Keywords: U-Pb geochronology, lacustrine deposits, depositional age model, sedimentation
rate, Maastrichtian-Danian, Yacoraite Formation.
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6.1.2 Introduction

Lacustrine carbonate and siliciclastic deposits represent high resolution sedimentary archives of the
past that are commonly addressed to understand the response of present-day natural systems to
catastrophic events (e.g. climate crisis, meteorite impacts, volcanic paroxysms; Ma et al., 2015; Tao
etal., 2017; Zhang et al., 2017; Pancost, 2017; Hodgson et al., 2018). Moreover, lacustrine deposits
are increasingly investigated by the oil and gas industry due to the worldwide discovery of major
hydrocarbon accumulations (e.g. Bohacs et al., 2000; Katz, 2001; Thompson et al., 2015; Saller et al.
2016; Ceraldi & Green 2016). The reconstruction of the depositional history as well as the estimation
of sedimentation rates in these settings is usually hampered by the scarcity of index taxa and by the
problematic recovery of short duration palynomorph biozones (e.g. Wainman et al., 2018).
Sedimentation rates in particular, represent key modulators of proxies used to reconstruct the
depositional system paleoenvironmental conditions (Crombez et al. 2020) and are fundamental
parameters for backstripping analysis and subsidence curve restoration (Berra & Carminati, 2009).
Their estimation is even more challenging in lacustrine basins where they may vary by several orders
of magnitude (e.g. Enos et al., 1991; Einsele, 2000).

U-Pb zircon geochronology has proven to be a useful tool to assess for the maximum depositional
age (MDA\) and the temporal evolution of sedimentation rates of continental sedimentary successions
deposited coevally with volcanic events. Hence, the age of the youngest concordant zircon population
is considered as the MDA of the host deposit (e.g., Lehrmann et al., 2006; Wotzlaw et al., 2014;
Schoene et al., 2015; Rossignol et al., 2019). Biostratigraphic markers and/or absolute radiometric
constraints are often absent in most continental settings. Therefore, a complex multiproxy analysis
based on sedimentology, stratigraphy, magnetostratigraphy and diagenesis is usually necessary to
reconstruct the depositional history and address for the sedimentation rate evolution over time (Cartier
et al., 2018; Frisch et al., 2019; Schumer & Jerolmack, 2009; Crombez et al., 2020).

Radiometric age determination of carbonates was 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 provide the timing of carbonate precipitation, although
this was initially limited by the low success rate, moderate precision, and time-consuming dating
procedures (Rabsury & Cole, 2009). The advent of the LA-ICPMS (laser ablation-inductive coupled
plasma mass spectrometry) U-Pb geochronology of carbonates (LAcarb) largely increased the
success rate of carbonate dating that is currently applied mainly to burial calcite cements to date fluid
flow events (e.g. Mangenot et al., 2018; Walter et al. 2018; Cruset et al., 2020; Mottram et al., 2020;

Roberts et al., 2020a, 2020b, 2021; Bilau et al., 2021). Recent advances on sample selection and
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screening techniques (e.g. Drost et al., 2018; Rasbury et al., 2021; Roberts et al., 2020a) have greatly
improved the ability to target depositional and early diagenetic carbonates and to produce ages with
adequate precision for chronostratigraphic and paleoenvironmental studies (e.g. Montano et al., 2021,
Chapter 4.1). It is noteworthy that, in contrast to zircon geochronology, depositional and early
diagenetic carbonates always provide a minimum time constraint for deposition, since they are highly
susceptible to successive diagenetic reactions that may affect the U-Pb systematic and consequently
degrade or reset the original ages (e.g. Jones et al., 1995, Roberts et al. 2020a). For these reasons, the
wording minimum depositional age (MIDA) is here used when employing carbonate U-Pb ages for
chronostratigraphic studies. In spite of this, with the correct strategy of sample selection and
analytical procedure, LAcarb dating may provide MIDA consistent, within uncertainties, with
biostratigraphic and radiometric constraints. This has been proven for meteoric cements in
speleothems (Hopley et al., 2019; Woodhead & Petrus, 2019; Nicholson et al., 2020) and hardgrounds
(Liivamagi et al., 2018; Scardia et al., 2019; Kurumada et al., 2020; Brigaud et al. 2021), lacustrine
tufa, micrites and associated cements (Drost et al., 2018; Frisch et al. 2019; Hoareau et al., 2021;
Parrish et al., 2019; Rasbury et al., 2021; Montano et al., 2021 in Chapter 4.1), marine cements
(Meinhold et al., 2020; Hoareau et al., 2021) and bioclasts (Drost et al., 2018). Despite these
remarkable results, at our knowledge no study attempted defining, solely based on LAcarb, a robust
depositional age depth model along a stratigraphic section also dated by zircon geochronology. The
Yacoraite Formation (Fm.) (Maastrichtian-Danian, NW Argentina) represents an ideal target for such
aims. It consists of lacustrine carbonate and siliciclastic deposits interbedded with volcanic ash layers
and organized in four third-order stratigraphic sequences (0.5 - 5 Ma; Van Wagoner et al., 1988;
1990). The structural asset, stratigraphic architecture and diagenetic history of this formation are well
known from literature (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 depositional and early diagenetic carbonates along a
stratigraphic section and investigated for petrography and U-Pb analysis. Ages obtained from ash
layer zircon and carbonates were linearly interpolated to build a MDA and a MIDA depth models.
The sedimentation rates, computed from these models, were used to constrain the ages of key

stratigraphic surfaces, as well as the duration of third order stratigraphic sequences.

The present study provides a new approach to reconstruct the depositional age model and
demonstrates that LAcarb based MIDA models may have the potential to assist chronostratigraphy
and paleoclimate studies in poorly time-framed continental systems.
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6.1.3 Geological setting and geochronological background

The Salta rift basin in NW Argentina (Fig. 34) belongs to the Andean Cretaceous-Paleogene basin
system of central-western South America. Structural highs separate the southern branch of the Salta
rift basin into three main sub-basins: El Rey, Alemania and Metan 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 (Fms.). The Lecho formation primarily consists of eolian to fluvio-
lacustrine sandstones whereas the Tunal/Olmedo Fms. is made of playa lake deposits including

evaporites along with some fine-grained clastics (Salfity, 1979).

The Yacoraite Fm. was deposited in lacustrine to shallow marine environments coevally with the
main stage of rift thermal subsidence and tectonic quiescence (Salfity & Marquillas, 1994; Starck,
2011). It dominantly consists of shales, mudstones, oolitic pack- to grainstones and microbial
boundstones, interbedded with fine- to coarse-grained sandstones (e.g. Salfity, 1979; Marquillas,
1985; Salfity & Marquillas, 1994; Hernandez et al., 1999; Deschamps et al., 2020; Gomes et al.,
2020). Volcanic ashes occur interbedded with the sedimentary succession (Marquillas et al., 2011;
Rohais et al., 2019). They are known to be coeval with the Palmar Largo volcanism (70-60 Ma;
Fernandez, 1975; Médel, 1984; Gomez-Omil et al., 1987; Omarini et al., 1988; Disalvo et al., 2002),
although they were also attributed to the Late Cretaceous volcanic arc of northern Chile (Marquillas
et al., 2011) and have provided one of the oldest, recycled zircon grain of south America (3.7 Ga;
Paquette et al., 2015).

The stratigraphic architecture of the Yacoraite Fm. was studied since the 80’s (e.g. Marquillas, 1985;
Salfity & Marquillas, 1994; Hernandez et al., 1999). The present contribution refers to recent studies
establishing a robust basin-scale stratigraphic framework (Rohais et al., 2019; Deschamps et al.,
2020). Accordingly, the Yacoraite Fm. is subdivided into four third-order sequences (mid-term
sequences of ~1 Ma duration; Deschamps et al., 2020), organized in a second order sequence (long-
term sequence of ~5 Ma; Deschamps et al., 2020). The four third-order sequences are bounded by
five sequence boundaries (SB), corresponding to remarkable key surfaces, usually associated with a
major back-stepping of the depositional system and erosion in proximal domains. According to
biostratigraphic constraints, the age of the Yacoraite Fm. is Maastrichtian-Danian. Indeed, the Lecho
and Yacoraite Fms. host well preserved Senonian dinosaur bones and tracks (Rascovsky, 1968;
Reyes, 1972; Alonso & Marquillas, 1986; Marquillas et al. 2003, Console-Gonnella et al, 2017) and

palynological associations of Maastrichtian age (Moroni, 1982; Quattrocchio et al. 2005, 2006),
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whereas the Tunal/Olmedo Fms. is characterised by Danian palynological associations (Volkheimer
et al., 2006). Hernandez et al. (1999) proposed a 12 Ma (75 to 63 Ma) depositional time duration for
the Yacoraite Fm. by correlating the sediment regressive/transgressive cycles with the global sea-
level curve. Such 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-level curve were demonstrated to be
out of phase by different orders of magnitude (e.g. Gebhardt et al., 2017). Zircon U-Pb geochronology
of the Yacoraite Fm. 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 different datasets exist.
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Figure 34. A) Location of the Salta rift basin in NW Argentina. B) Present day thickness map of the
Yacoraite Fm. in the Metan 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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6.1.4 MATERIALS AND METHODS

Investigated samples. Carbonates and volcanic ashes were sampled from the Yacoraite Fm. along
a stratigraphic section (named Juramento; 25°18°08.01° S, 65°17°42.91>°W) from the Cabra Corral
lake area of the Metan sub-basin (Fig. 34). This section, located close to one of the main depocenters,
was chosen to minimize the occurrence of major hiatuses that characterize the proximal domains
(Deschamps et al., 2020). The sedimentology and stratigraphy of the Juramento section, as well as

the position of all carbonate and ash layer samples are detailed in figure 35.

Twelve carbonate samples (JUR1, JUB1, JUB5, JUB6, CH1, JUB7, JURS8, JUR25, JURC6, JURC10,
JURD3, JURD?9) were collected, together with five volcanic ash samples (TJO, TJ3, TJ4, TJ7, TJ8)
interbedded with the sedimentary succession. One additional ash sample (TPP3) was collected from
sequence 4 of a stratigraphic section located ~4 km away (25°17°27°°S, 65°21°15’W; Fig. 34).
According to the stratigraphic correlations proposed by Rohais et al. (2019) and Deschamps et al.
(2020), TPP3 sample was projected at ~219 m from the base of the Juramento section, where a thin

ash layer was also observed.

Macro- and microscopic analysis of ash layers and carbonates. Field observations allowed to
select ash layers according to thickness, presence of eventual re-sedimentation/reworking features
and naked-eye component heterogeneity. The collected material (2 to 4 kg for each ash layer) was
prepared for petrographic analysis and isotope dating in the Institute of Geosciences Johann-
Wolfgang-Goethe University Frankfurt (Germany). Prior to componentry study under binocular, the
material was fragmented with high voltage discharge using a SelFrag Lab system and then sieved for
fraction < 280 um using disposable Nylon sieves. Heavy grains were then separated through manual
panning. 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 binocular was followed by Scanning Electron Microscope (SEM) analysis.
Cathodoluminescence (CL) and back scattered electron (BSE) images were acquired using a JEOL
JSM-6490 SEM.
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Field observations allowed collecting carbonate samples far from mineralized fractures and emersion
surfaces to avoid carbonates potentially overprinted by later fluids. Carbonate 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

stromatolite may include the microbial boundstone that will be here simply named microbialite.

Twelve polished and uncovered thin sections (50-60 um thick), one for each carbonate sample
collected, were prepared for petrography to characterize the different depositional facies and identify
various depositional and diagenetic carbonate phases. Additionally, petrography aimed at selecting
carbonate phases that showed no major evidence of post-depositional diagenetic modifications.
Conventional optical petrography was performed using a Nikon ECLIPSE LV100 POL polarized
light microscope and allowed observations under plane- and cross-polarized light (PPL and XPL).
Cathodoluminescence (CL) microscopy was accomplished with a cold CL apparatus (8200 MKk5
CITL).

Figure 35. Field photographs and location of the sampled volcanic ash layers, occurring interbedded
within the sedimentary deposits in the Yacoraite Fm. 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 current ripples. The dm-size rounded domes at the top represents
the first stromatolite occurring along the Juramento section. TJO ash layer, Sequence 1, clastic
shoreface facies association, 15 m from the base. Photo width corresponds to approximately 1.5 m.
GPS coordinates: 25°18°06.12°’S — 65°18°52.7°’W. B) Light yellow, ~ 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 3m. GPS coordinates: 25°18°05.7°’S —
65°17°49.1’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. Photo width
corresponds to approximately 70 cm. GPS coordinates: 25°18°05.7°’S — 65°17°47.8*”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°18°08°’S — 65°17°47.8”’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°17°01.5”’S — 65°21°34.6”’W. F) Tabular, dm-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°18°13.8*’S —65°17°36.3’W.
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The electron beam worked under vacuum (< 0.1 mbar) with acceleration voltage of 10 kV, and current
of 250 pA. All thin sections were partially stained with a solution of 10 % diluted HCI, Alizarin red-
S and potassium ferricyanide (Dickson, 1966). Calcite cement habitus were described based on Flugel
(2004) classification.

Zircon U-Pb geochronology. Zircon grains from the six ash layers sampled were analysed for U, Th
and Pb isotope by LA-ICPSMS at FIERCE (Frankfurt Element and Isotope Research Center), Goethe
University Frankfurt following the methods described by Gerdes and Zeh (2006, 2009). A Thermo
Scientific Element XR sector field ICP-MS was coupled to a RESOlution 193 nm ArF Excimer laser
(Compex Pro 102, Coherent) equipped with an S-155 two-volume ablation cell (Laurin Technic,
Australia). The data were acquired in four analytical sessions in 2018-2019. The settings of the laser
and the ICP-MS instrument are given in supplementary data S1. The GJ-1 zircon (Jackson et al.,
2004) was used as primary zircon reference material (RM) and BB-16 (Santos et al., 2017), 91500
(Wiedenbeck et al. 1995), Plesovice (Slama et al., 2008) and Monastery (Kamenetsky et al., 2014)
zircon RMs for validation of the analytical results. The results obtained on these RMs were within
0.8 % or better of the reported ages. Data processing (including common Pb correction) was
performed using an Isoplot (Ludwig, 2012) supported Microsoft Excel-based spreadsheet (Gerdes
and Zeh, 2006, 2009). Uncertainties are reported at the 2c level (i.e. 95 % confidence) and are
calculated by quadratic addition of: the internal uncertainties (SE), the counting statistics, the gas-
background uncertainties, the common Pb corrections, the excess of scatter derived from the primary
RM and the excess of variance calculated from the offset (or calibrator) RM. A second uncertainty is
reported and expands the previous one with systematic uncertainties. These are the long-term variance
(0.8 %, 20) and the decay constant uncertainties (see Horstwood et al., 2016). Concordia diagrams
(20 precision ellipses) and Concordia ages were calculated using Isoplot 4.15 (Ludwig, 2012) and
associated MSWDc:€ (i.e. mean squared weighted deviation of concordance and equivalence).

Carbonate U-Pb geochronology. Twelve thin sections were analysed in one U-Pb LA-ICPMS
analytical session at FIERCE, Goethe University Frankfurt (Germany), using the same
instrumentation as for zircon grains. Prior to analysis, thin sections were cleaned in an ultrasonic bath
with ethanol. During the LA-session the ablation parameters were kept constants for all samples and
reference materials. Samples were ablated in a helium atmosphere (300 ml/min) and mixed in the
ablation funnel with argon (1 L/min) and nitrogen (6-8 ml/min). Analyses were performed with

squared ablation spots with side of 213 um, 8 Hz frequency and fluence of about 2 J/cm?2. A manual
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pre-screening session allowed identifying areas with high and variable U/Pb and 2%°Pb/?°’Pb ratios.

The settings of the Laser and the ICP-MS instrument are given in supplementary data S1.

Raw data were corrected off-line using the same Isoplot (Ludwig, 2012) supported Microsoft Excel-
based spreadsheet (Gerdes and Zeh, 2006; 2009) as for zircon analyses. Fractionation of 2°°Pb/2%8U,
207Pp/2%pp 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 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 Concordia curve. Regression lines were constrained over 13 to 40 ablation spots (N) for each of
the investigated carbonate phases. All uncertainties are reported with 95 % confidence 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 % (20; Montano et al., 2021, Chapter 4.1).

6.1.5 RESULTS

Ash layer and zircon description. The sampled volcanic ash deposits (TJO, TJ3, TJ4, TJ7, TJ8,
TPP3) consist of consolidated cm- to dm- thick tabular to lenticular layers characterised by a white
to yellowish colour easily recognizable in fresh outcrops (Fig. 36). Grain mineralogy is
heterogeneous, so that ash layers consist of variable amounts of quartz, feldspar, plagioclase, biotite,
hornblende, monazite, muscovite, garnet, apatite, zircon and other unidentified opaque minerals.
Zircon grains are 50-150 um long and mostly clear and colourless, only rarely yellowish or pinkish.
They commonly exhibit euhedral long-prismatic to needle-like habitus. Some grains show signs of
resorption and rounded edges. SEM images show the presence of well-preserved oscillatory zoning
in most of the grains. Many of them display a central gas tube or a channel filled with glassy material,

which together with the CL zonation indicates a volcanic origin (Pupin, 1976).

Carbonate facies and petrography. The analysed carbonate samples include five different
sedimentary facies: fine-grained stromatolite (JUR25, JURC10 and JURD3 samples; Fig. 37A, B),
sandy oolitic grainstone (JUR1 sample), grapestone-ooid grainstone to packstone (JURD9 sample;
Fig. 37C), oolitic grainstone (JUB1, JUB7, JUR8 and JURC6 samples; Fig. 4D, E, F) and oncoidal
rudstone (JUB5, JUB6 and CH1 samples; Fig. 37G, H and Supplementary data S2). Petrographic
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analysis allowed identifying different depositional carbonate phases characterized by calcitic,
dolomitic or mixed (i.e. calcite + dolomite) mineralogy. The phases analysed are: calcitic ooids (OC),
mixed ooids (OM), calcitic microbialites (MIC-C), dolomitic microbialites (MIC-D) and dolomitic
oncoids (OND).
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The fine-grained stromatolite samples are always characterized by the alternation of calcitic (MIC-
C) and dolomitic (MIC-D) planar to convoluted microbial laminae that reach a few millimeters in
thickness (Fig. 36A, B) and may build up cm- to dm-sized domal structures (Fig. 36A). The laminae
have heterogeneous mineralogy, in particular the dolomitic ones, and may host calcite and dolomite
microcrystals together with authigenic pyrite, and quartz grains (Fig. 36B). The sandy oolitic
grainstone sample is poorly sorted and made of > 50 % rounded to subangular, mostly
monocrystalline, quartz grains, 100 to 500 pum 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, 100-200 um in size (Fig. 36C).
The oolitic grainstone samples (Fig. 36D, E, F) include calcitic ooids (OC), dolomitic ooids (OD) and
mixed ooids (OM), the latter displaying an alternation of calcitic and dolomitic cortex laminae (Fig.
36E). The oncoidal rudstone samples are made of dolomitic spongiostromate oncoids (OND) with

size up to 2 mm and a microporous center (Fig. 36G, H).

Most samples are cemented by an early diagenetic calcite, named EC (Fig. 36D) and made by blocky
crystals, ~ 150 pum in size, with zoned dull orange luminescence. The EC precipitated in the
interparticle pores between the loose grains before sediments underwent mechanical compaction.

This is suggested by the limited grain-to-grain contacts observed in samples where this cement occurs

Figure 36. 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. Authigenic minerals such as sulphates (SUL) also occur. JUR25,
rock-slab scan. B) Fine-grained laminated stromatolite characterised 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 calcite (EC). JUB5 sample, PPL view. H) Oncoidal rudstone with
dolomitic spongiostromate oncoids (OND) cemented by early blocky calcite (EC) with dull orange

zoned luminescence, followed by non-luminescent calcite (LC2). JUB5 sample, CL view.
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(Fig. 36D, F). 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. 36F, H and
Supplementary data 1).

Zircon U-Pb geochronology. Zircon grains 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 in order to date the deposition of the ash layer. It must be taken into
account that the selected grains may also include zircon antecrysts crystallizing during an earlier pulse
in the magma chamber, as well as xenocrysts that the magma assimilated from the wall rocks or

during transport.

The 294 zircon grains analysed yielded 2°°Pb/*8U dates ranging between 3.5 Ma to 1.1 Ga, with
dominant density distribution peaks around 60-70 Ma and around 500 Ma (S1). About half of the
zircon grains (141) produced 2%Pb/?38U dates < 100 Ma. Among them, 119 fall in a tight cluster at
63-68 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. discordant zircon dates). The remaining 8 analyses have
apparently concordant 2°Pb/38U dates and form together with 5 of the discordant analyses, a cluster
between 60 to 35 Ma. These grains were found only in samples TJ4 and TPP3 (S1). It is worth noting
that no grains yielded concordant ages between 71 and 90 Ma. The Th/U ratios of the 63-68 Ma
cluster range from 0.36 to 2.5, being consistent with a magmatic origin (Williams and Claesson,
1987).

Zircon grains from the 63-68 Ma cluster were detected in all samples except for TJ8. They form
statistically meaningful and equivalent populations of concordant ages associated with MSWDc+e <
2 (Table 4 and Fig. 37). In TJO ash layer the young population is poorly represented, with 9 over 71
zircon grains yielding a Concordia age of 67.55 = 0.60/0.89 Ma (MSWDc- of 1.3). The remaining
62 analysed grains were all xenocrysts clustering on Concordia around 430-570 Ma and 1.0-1.1 Ga.
In TJ3 ash layer, 29 out of 55 analysed grains form an equivalent age group, with a Concordia age of
67.87 + 0.33/0.64 Ma (MSWDc-e of 1.5). In addition, four grains with Concordia age of 70.69 *
0.72/0.91 Ma (MSWDc-e of 0.88) constitute another independent population, probably associated to
an earlier magma pulse. In TJ4 ash layer, 27 zircon grains were analysed and among them, 20 grains
define a homogeneous 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 2°°Pb/?%U dates ranging from 63
to 45 Ma. In TJ7 sample, 11 equivalent dates were detected over 55 zircon grains analysed. They

yielded a Concordia age of 65.35 = 0.56/0.77 Ma (MSWDc+e=2.0). The remaining 55 grains are
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xenocrysts, as demonstrated by their 2°°Pb/?*8U dates ranging from 150 Ma to 1.1 Ga. All zircon

grains selected in TPP3 ash layer sample yielded 2°°Pb/?%8U of < 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 9

grains gave apparently concordant ages that range from 55 to 43 Ma. Sample TJ8 was characterized
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Figure 37. 2%Pb/z38U versus 2°7Pb/?®U Wetherill Concordia diagrams showing U-Pb analytical

data of the zircon grains analysed from five ash layer samples. Data point error ellipses indicate

20 uncertainty (95% confidence). Blue line is the Concordia curve. Red dashed ellipses indicate

the derived Concordia age and relative 26 uncertainty. 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 Supplementary data 13).
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by poor zircon content and by the occurrence of xenocrysts only. Eight out of 21 grains provided

205pp/2%8Y values plotting on the Concordia between 420 and 720 Ma. Raw data is in Supplementary

data 13.

Carbonate U-Pb geochronology. From the 12 samples studied, a total of 22 carbonate phases were
analysed: calcitic, 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 resulted to be very variable,
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Figure 38. 228U/2%Pb versus 2°7Pb/?°°Pb Tera-Wasserburg Concordia diagrams and corresponding

absolute ages for the carbonate samples investigated. Data point error ellipses indicate 2 internal

uncertainty (95% confidence) of the isotope ratios on ‘N’ analyses. Red dashed lines represent the

envelopes of the regression lines (isochrons). In blue are the Concordia curves.

110



MONTANO Damaris — PhD thesis - 2021

ranging from 0.23 to 7.30 pg/g and from 0.02 to 12.55 pg/g, respectively. The 28U/?%Pb and
207Pp/2%pp isotope ratios of all analysed carbonate phases vary from 0.25 to 89.06 and from 0.09 and
0.84, respectively. The highest 28U/2%Ph and 2°’Ph/?%®Pb isotope ratio variability characterizes the
EC cement, whereas all the other phases display 2%U/?%Pb isotope ratios mostly below 20. Only a
calcitic microbialite phase (from JURC10 sample) has 233U/?%Pb up to 69.

Tera-Wasserburg Concordia diagrams with lower intercept ages are displayed in figure 6, while the

complete dataset is reported in Supplementary data S1, S2, S3, S4. Three carbonate phases (calcitic

Strat. age* 20°* 200 200 207p, 206,
height Sequence Sample Phase " NF MswDT
(m) (Ma) (Ma) (%) (Ma) 20
232 Ti8 zircon - - - - - - -
219 TPP3 zircon 63.33 026 041 0.56 - 45 1.30
217 JURD3 MIC-C 6344 1533 241 120 0.820410.0015 40 179
JURD3 MIC-D ®2.538 2.05 3.28 2.26 0.8244+0.0029 18 0.82
211 JURC10 MIC-C 6366 144 226 173 0.5254%£0.0045 13 0.82
JURC10 MIC-D 66281 1115 16.65 11.20 0.85260+0.0067 13 0.61
JURCE oM 64.25 248 3.8 2.66 0.8230+0.0040 24 0.74
185 3 JURCE EC 6431 173 268 1.98 0.5105£0.0014 16 1.01
JUR25 MIC-C 6431 264 411 2.81 0.8258+0.0032 29 0.67
136 5 JUR25 MIC-D 6362 398 620 4.09 0.833710.0033 22 1.58
121 17 zircon 6535 056 086 077 - 11 2.0
87 Ti4 zircon 66,27 0.27 0.40 0.59 - 20 1.40
n JURE oD 6511 3.27 5.02 3.41 0.821240.0019 20 0.97
JUR8 EC 66.45 122 184 158 0.8131+0.0105 15 1.62
68 JUB7 oD 65.32 206 3.14 229 0.822240.0015 25 0.59
JUB7 EC 67.32 163 242 1.92 0.82824£0.0023 21 1.25
67.5 T3 zircon $5.87 033 03530 064 - 29 1.50
CH1 OND 56545 147 224 177 0.820410.0021 27 1.02
68 1 CH1 EC 6150 214 346 2.33 0.8156+0.0027 14 1.92
65 JUBE OND 3888 243 413 258 0.8176%0.0019 33 116
JUBE EC 6473 096 148 137 0.8303+0.0032 27 1.41
64 JUBS OND 58542 260 357 278 0.8181+0.0033 20 0.50
JUBS EC 65599 094 142 137 0.8171+0.0043 15 0.98
36 JUB1 oM 65.08 3.66 5.62 3.79 0.5194£0.0042 25 1.59
253 ™o aireen 67.35 060 0.8% 0.20 - 9 1.30
Note:

* 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 **"Pb/***Ph ratio

# number of LA-ICPMS analyses

1 for carbonate ages is Mean Squared Weighted Deviates; for zircon ages is Mean Squared Weighted Deviates of
concordance and equivalence (MSWDc).

Table 4. 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), dolomitic oncoids (OND), early blocky calcite cement (EC
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ooids from samples JURD9 and JURC10 and calcitic microbialite from sample JURD9) could not be
dated since characterized by too homogeneous or scattered U-Pb isotope ratios. Nineteen carbonate
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 from 0.5 to 1.8. The precision obtained (expressed
as 20) ranges from 1.4 to 6.3 % (Table 4), with just one age (dolomitic microbialite from JURC10
sample) displaying internal uncertainty of 16.7 %. Raw data of LAcarb ages is in supplementary data
13.

6.1.6 DISCUSSION

MDA depth model via zircon geochronology

Aiming at defining a robust maximum depositional age (MDA) depth model for the Yacoraite Fm.,
six volcanic ash layers (TJO, TJ3, TJ4, TJ7, TPP3 and TJ8) cropping out in the Metan sub-basin (Fig.
1 and 2) were examined and mostly showed no reworking features (Fig. 35). Except for TJ8 ash layer,
all the samples included a group of equivalent and concordant zircon ages between 63 and 68 Ma
(Fig. 38). Unlike the high precision methods available (e.g. Wotzlaw et al., 2014), the LA-ICPMS
technique employed resolved relative differences in zircon age population down to + 0.6% (2c;
around £ 0.4 Ma for 66 Ma deposits). The precision achieved resulted suitable for the present study.
The obtained ash layer MDA agree with the Maastrichtian-Danian biostratigraphic constraints (e.g.
Moroni, 1982, 1984; Volkheimer et al., 2006; Valais & Console-Gonella, 2019) and get clearly
younger upsection, with the exception of TJ4 (66.3 + 0.3/0.6 Ma), which appears to be slightly older
than TJ3 (65.9 + 0.3/0.6 Ma), although within uncertainties (Figures 38 and 39).

In order to build a most robust depositional age depth model of the Yacoraite Fm., MDA obtained in
this study and by previous authors (Marquillas et al., 2011; Pimentel et al., 2012; Rohais et al., 2019)
were taken into account (Table 5; Fig. 39). To do so, dated ash layers that do not crop out along the
Juramento section were projected onto it according to Rohais et al. (2019) and Deschamps et al.
(2020) stratigraphic correlations. It is worth mentioning that Marquillas et al. (2011), Pimentel et al.
(2012) and Rohais et al. (2019) produced somewhat contradictory results (Fig. 39). Additionally, in
contrast with the results of previous authors, the MDA here obtained take account of the expanded
uncertainties which include the long-term external reproducibility of the method and only Rohais et

al. (2019) followed the uncertainty propagation recommended by Horstwood et al. (2016).
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U-Ph
5 | Strati hi 20°
Authors ample Location Seq.§ _ra 'grap |c* age ¢ n® MSWD*
name height  (m) (Ma)
(Ma)
Quebrada El Chorro, rio
AB7 Juramento. 27.5m above the 1 56.0 71.5 0.4 8 2.30
. base of the Yacoraite Fm.
Marquillas
st al. (2011) Guanaquitos section,
TO1590602 provincial RO,Ute 47 (Cobra 1 186.4* 68.4 0.7 7 0.09
corral dam), 150m from the
base of the Yacoraite Fm.
Assado outcrop, provincial .
pimentel et Basal tuff Route 47 4 186.4 63.4 0.9
al. (2012 i inci
(2022} opertuff  LOMito outcrop,  provincial 230.6* 603 21 10 690
Route 47
TUF2 Juramento section 1 5.0 65.1 0.7 22 0.18
TUF BEB Base Bridge boat section 1 55.0* 67.0 0.7 36 0.17
TUF1lb Juramento section 1 56.0 66.5 0.4 21 0.18
Juramento section
Rohais et al. TUF1 1 56.0 65,2 0.5 44 0.44
(2019)
TUF CIN8 Cachifullo saction 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
TUF3 PP13 section 3 186.4% 65.1 0.9 45 0.92
TUF PPO5 PPOS section 3 186.4% 64.8 0.5 45 0.32
Note:

§ Stratigraphic sequence

° absolute uncertainty {95% confidence) expressed in million years {(Ma)
# number of ICPMS spot analyses on zircons

A Mean Squared Weighted Deviates
* Samples from sections other than Juramento section. Their position is projected along the Juramento section according to
Rohais et al. (2019) and Deschamps et al. {2020) stratigraphic correlations.

available information from the authors

Table 5. U-Pb geochronology data from zircon (ash layers) of the Yacoraite Fm. published by

previous authors.

MDA obtained in the present study agree within uncertainties with the MDA reported by Rohais et
al. (2019) but not with those from Marquillas et al. (2011) and Pimentel et al. (2012) (Fig. 39).
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 and 68.4 £ 0.7
Ma, respectively (Table 5; Fig. 39). These ages are about 3-4 Ma older than those obtained by Rohais
etal. (2019) via replicate analyses on the same ash layers. Thus, Marquillas et al. (2011) ages possibly
represent older volcanic pulses. Pimentel et al. (2012) dated two layers, Basal tuff (63.4 £ 0.9 Ma)
and Top tuff (60.3 £ 2.1Ma), which are projected on the Juramento section at 185 and 230m,
respectively (Fig. 39). Basal tuff has been dated in multiple analytical sessions by Rohais et al. (2019)
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producing younger and consistent MDA of 65.1 + 0.5 Ma (see TUF3 in Table 2) and 64.8 + 0.5 (see
TUFF PPO5 in Table 5). Top tuff age (Pimentel et al., 2012), the youngest ever proposed for the top
of the Yacoraite Fm., led authors believe that sedimentation ended at around 60 Ma (Bento-Freire,
2012; Sial et al., 2013; Gomes et al., 2020). However, the low accuracy (3.5%, 2c; Table 2) and the
high MSWD (6.9; Table 5), together with the unconsistency with biostratigraphic constraints (e.g.
Moroni, 1982, 1984; VVolkheimer et al., 2006; Valais & Cénsole-Gonella, 2019) may indicate poor
reliablility. Rohais et al. (2019) provided the most comprehensive dataset, with robust MDA from
eight ash layers cropping out in different sub-basins of the Salta rift (TUF1/1bis, TUFBBB, TUF3,
PPO5, CIN 8 and Ni 9; Table 5). Evidence for possible re-sedimentation (i.e. currents and reworking
features) were reported only for TUF2 ash layer whose U-Pb age (61.9 £ 0.7 Ma) is possibly much
older than deposition. In addition, Rohais et al. (2019) ages show good agreement with
biostratigraphy (e.g. Moroni, 1982, 1984; Volkheimer et al., 2006; Valais & Console-Gonella, 2019).

In light of what discussed above, ages from Marquillas et al. (2011), Pimentel et al. (2012) and TUF2
sample of Rohais et al. (2019) were not considered for the computation of the MDA depth model.
Moreover, to limit the possible bias due to long distance stratigraphic correlations, only robust MDA
from the ash layers cropping out in the Cabra Corral lake area were used (Table 5). These are TJO,
TJ4, 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 interpolate 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 choice relies on the presence and duration of
hiatuses and on the ages distribution along the section. The Juramento stratigraphic section here
investigated is located close to a basin depocenter (Fig. 34) where hiatuses > 0.1-0.4 Ma are not
expected to occur (Deschamps et al., 2020) and hiatuses < 0.1-0.4 Ma are within the age resolution
achieved (~ 0.6 Ma; 2c). Moreover, the MDA considered to build the model show linear distribution
and get younger going from the bottom to the top of the section (Fig. 39). For these reasons, the MDA
depth model was inferred via MDA linear interpolation. The approach used does not only provide
point age depth estimates as the classic linear interpolation (e.g. Watson et al., 2017), but also takes
into account the MDA uncertainties.
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Figure 39. Maximum depositional age (MDA) depth model of the Yacoraite Fm. via zircon (ash
layer) U-Pb geochronology. Red lines are the sequence boundaries (SB). A) Ages, uncertainties and
stratigraphic positions are reported as coloured bars for all the available ash layers dated (Marquillas
et al., 2011; Pimentel et al., 2012; Rohais et al., 2019; this study). All reported uncertainties are 26
(95% confidence). Dashed bars refer to of ash layers from the Metan and Alemania sub-basins
though not along the Juramento section. Asterisks indicate ash layers from other sub-basins. The
dark grey area represents the MDA depth model obtained by linear interpolation of the zircon MDA.
The duration of each stratigraphic sequence is given in the black frames. B) Evolution of the
compacted sedimentation rates. The grey dashed line refers to rates calculated between dated

surfaces, whereas the black line refers to weighted mean rates of each stratigraphic sequence.
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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 proximity (i.e. the
uncertainties do not increase with distance from the dated layers).

The main limitation of the model produced is the absence of MDA in proximity with the bottom and
top sequence boundaries of the Yacoraite Fm. (i.e. SB1 and SB5, respectively). The same issue was
afforded by Rohais et al. (2019) that estimated the age of these surfaces by calculating the
sedimentation rates from compacted sediments occurring between adjacent pairs of dated layers. With
this approach, sedimentation rates are assumed to remain constant during the deposition of sequences
1 and 4. The same strategy was here employed and considered TJO (67.5 £ 0.6/0.8 Ma) and TPP3
(63.3 £ 0.3/0.6 Ma) samples as the lowermost and uppermost ash layers dated (Fig. 7). Based on a
calculated sedimentation rate of 32 m/Ma for sequence 1, the sedimentation onset (SB1) was
estimated at 68.2 + 0.9 Ma (Fig. 39). Similarly, by considering a constant sedimentation rate of 20

m/Ma for sequence 4, the sedimentation end (SB5) was constrained at 62.3 £ 0.6 Ma.

MIDA depth model via carbonate geochronology

In the framework of chronostratigraphic and paleoenvironmental studies the limitations of LAcarb
may be twofold. The first issue is the achievable age precision (e.g. Rasbury & Cole, 2009). Roberts
etal. (2020a) argued that after propagating all necessary uncertainties most studies so far only reached
a precision of 2.5-3% (2c) or worse. For Upper Cretaceous carbonates this would correspond to an
uncertainty of > 2 Ma. However, Guillong et al. (2020) and Montano et al. (2021, Chapter 4.1)
reported for a Pliocene speleothem RM (Ash-15) a long-term excess uncertainty of 2% and 1.45 %
(20), respectively. In additionally, accurate depositional ages were provided from marine and
lacustrine carbonates by Brigaud et al. (2021) and Montano et al. (2021, Chapter 4.1) yielding the
resolution of the third order stratigraphic sequences. This suggests that Upper Cretaceous carbonates
with sufficient U/Pb isotope ratio variations can be dated with precision better than 2% (2c). The
second issue is related to the age accuracy and to the intrinsic nature of carbonates that are sensitive
to geochemical changes, potentially causing post-depositional age reset or degradation (e.g. Jones et
al., 1995; Roberts et al., 2020a). Consequently, depositional and early diagenetic carbonates may
provide younger ages, recording the timing of later diagenetic modifications (e.g. Li et al., 2014;
Mangenot et al., 2018; Brigaud et al., 2021). For this reason and in accordance with the definition of
MDA from zircon geochronology, carbonate U-Pb ages should be always considered as minimum
depositional ages (MIDA). In order to maximize the chances to produce precise and accurate ages for

chronostratigraphic purposes, it is essential to apply a suitable protocol to select depositional and
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early diagenetic phases. This requires carbonate petrographic and geochemical characterization
(Rasbury et al., 2021; Montano et al., 2021, Chapter 4.1).

Previous studies suggest that depositional and early diagenetic carbonates of the Yacoraite Fm. from
the Metan and Alemania sub-basins were only locally overprinted by burial diagenesis and mostly
preserved pristine petrographic and geochemical features (Marquillas et al, 2007; Sial et al., 2001,
Durieux & Brown, 2007; Rohais et al., 2019; Gomes et al., 2020). As such, their C and O isotope
signatures have been used to reconstruct the evolution of lacustrine water composition (Sial et al.,
2001; Marquillas et al., 2007; Rohais et al., 2019). The depositional and early diagenetic carbonates
here investigated may therefore be considered as good candidates to supply reliable MIDA. This also
applies to the dolomitic phases that have been interpreted as syn-depositional and driven by microbial
activity (Gomes et al., 2020). To further minimize the risk of analysing carbonates disturbed by later
diagenetic modifications, petrographic analyses were carried out to select favourable domains from
depositional carbonates (i.e. microbialites, ooids, oncoids) with calcitic, dolomitic and mixed
mineralogies and from the early blocky EC calcite cement (Fig. 37).

The nineteen carbonate phases successfully dated yielded ages from 67.30 + 1.92 Ma to 58.88 + 2.58
Ma (Table 4, Figure 38, Supplementary data S2, S3, S4) associated with representative number of
measurements and good statistics (13 <N < 40; 2ci down to 1.4 %; MSWD < 2; Table 1). Different
carbonate phases coexisting in the same sample provided consistent results (Fig. 40A), although most
dolomitic phases turned out to be associated to higher uncertainties (usually > 3 %, 2c) if compared

to calcitic phases (Table 4).

Two carbonate phases provided younger ages and thus were not used to build the MIDA depth model.
These are the dolomitic oncoids from JUB6 sample and the early blocky EC calcite cement from CH1
sample (Table 1, Fig. 40A). The age of the dolomitic oncoids may be due to a local recrystallization
process that is known to commonly affect early dolomites (Kupecz & Land, 1994; Machel, 1997,
Kaczmarek & Sibley, 2014). This has been extensively discussed by Elisha et al., (2020). Whereas,
the age of the EC calcite cement may be due to the additional ablation of some late blocky calcite
cements (see Supplementary data S2 for further details).
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Figure 40. Minimum depositional age (MIDA) depth model of the Yacoraite Fm. via carbonate U-
Pb geochronology (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 MIDA depth model. For comparison, the MDA depth model (light grey area) is also
reported. SB ages were inferred from the MDA (in red) and MIDA (in blue) depth models. All
reported uncertainties are 26 (95% confidence). The duration of each stratigraphic sequence is
given in the black frames. B) Weighted average ages (MIDAw) of carbonate phases from the same
sample are reported in the black frames together with the number of single MIDA considered (N)
and the Mean Squared Weighted Deviates (MSWD) of the weighted average ages. The blue area
represents the depth model obtained by MIDAw linear interpolation. C) Evolution of the
compacted sedimentation rates along the stratigraphic section. The blue dashed line refers to rates
calculated between dated carbonate samples (MIDAw), whereas the blue continuous line refers to

weighted mean rates for each stratigraphic sequence.
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The MIDA depth model was therefore derived from seventeen carbonates with statistically robust U-
Pb ages recording an overall youngening upward trend. The construction of the MIDA depth model
was afforded by computing weighted average ages (MIDAw) from carbonate phases occurring in the
same sample (Fig. 40B). Prerequisite to adopt this approach is that each MIDAw derives from a
statistically concordant MIDA population (i.e. U/Pb lower intercept ages overlapping within their
uncertainties; MSWD < 1.5). The MIDAw used (Fig. 40B) are between 66.6 + 1.5 (sample JUB7; N
=2; MSWD =1.4) and 63.1 £ 1.4 Ma (sample JURD3; N = 2; MSWD = 0.02).

The lack of hiatuses > 0.1-0.4 Ma along the stratigraphic section investigated (Deschamps et al.,
2020) and the overall linear distribution of the MIDAw, allow to perform a linearly interpolation to
derive a MIDA depth model. By applying the same procedure as for the zircon MDA, the strati
graphically lowest and highest carbonate samples dated (i.e. JUB5, 65m above SB1 and JURD 3,
20m below SB5; Table 4) were used to estimate the onset and end of sedimentation. Sedimentation
rates of 42 m/Ma and 15 m/Ma were calculated for sequences 1 and 4 via the MIDA depth model
(Fig. 40C). Accordingly, the onset and end of sedimentation were respectively estimated at 67. 9
1.74 Ma and 61.9 + 1.27 Ma.

The novel approach presented allowed to define a depositional age depth model (i.e. the MIDA depth
model) for the Yacoraite Fm. solely based on LAcarb ages that revealed to be consistent with
biostratigraphic constraints (e.g. Moroni, 1982, 1984; Volkheimer et al., 2006; Valais and Cénsole-
Gonella, 2019). The temporal resolution achieved is between 2 and 2.6 % (2c) and agrees with the

known precision of LAcarb dating technique.

MDA versus MIDA depth models

The Yacoraite Fm. gave the opportunity to build two depositional age depth models., one derived
from zircon geochronology (MDA depth model; Fig. 39) and the other from LAcarb (MIDA depth
model; Fig. 40). 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 Yacoraite Fm. (Fig. 39B
and 40C).

Zircon geochronology, a well-established chronostratigraphic tool for continental depositional
systems, served the prime scope to evaluate the reliability of the newly proposed LAcarb based age
depth model. The two models remarkably overlap and describe the same sedimentation rate dynamics
(Fig. 39B, 40B). Between SB1 and SB2, they provided sedimentation rates respectively of 32 and 42
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m/Ma, 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
and 125 m/Ma in sequence 2 and 126-260 m/Ma in sequence 3. In correspondence with SB3
sedimentation rates reach their maximum peak, with values up to 150 and 330 m/Ma, respectively
(Fig. 39B, 40B). This peak in line with a pulse of carbonate production and sediment supply known
for this stratigraphic interval (Rohais et al., 2019). The higher sedimentation rates recorded in
sequence 3 by the LAcarb model (Fig. 8C) may be due to a Sadler effect (Sadler, 1981) induced by
the presence of only one sample analysed in between 70 and 180 m (i.e. JUR25 =64.1 £ 2.3 Ma, N
=2; MSWD = 0.2). Starting from SB4 the sedimentation rates decreased respectively down to 20 and
15 m/Ma. This agrees with the depositional system of sequence 4 being characterized by multiple
emersion events that culminated in a major exposure in correspondence with SB5 (Deschamps et al.,
2020).

Sequence boundary ages estimated from the two models are consistent within uncertainties, although
the ones inferred via LAcarb are in average 0.4 Ma younger (Fig. 8A). This reflects the notions of
maximum and minimum age estimates provided by the two chronostratigraphic tools. LAcarb ages
are also less precise than zircon ages so that zircon and LAcarb based age depth models provided
precisions of ~ 0.9 to 1.4 % and ~ 2.0 to 2.6 %, respectively (Fig. 39 and 40).

Ages of SB1 and SB5 were inferred from both models (Fig. 39 and 40). Accordingly, the Yacoraite
Fm. 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. Thus, the total sedimentation duration inferred is of ~5.7 Ma and ~6.0 Ma, respectively. It is
therefore possible to assess that sedimentation started at ~68 Ma and ended at ~62 Ma, respectively
during the Maastrichtian and the Danian times. These results agree with the presence of Maastrichtian
dinosaur footprints in sequence 2 of the Yacoraite Fm. (Cénsole-Gonella et al., 2017) and of Danian

palynomorphs in the overlying Tunal Fm. (Volkheimer et al., 2006).

The duration of the four third order stratigraphic sequences which compose the Yacoraite Fm. was
then calculated (Fig. 39 and 40). It spans from 0.7 Ma (sequence 3) to 2.8 Ma (sequence 1) based on
zircon 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 duration of 0.5 to 5 Ma; VVan Wagoner et al., 1988;
1990) recorded in the Yacoraite Fm. by previous authors (Marquillas, 1985; Salfity & Marquillas,
1994; Hernandez et al., 1999; Rohais, et al., 2019; Deschamps et al. 2020).

The remarkable match between the zircon and LAcarb based age depth models, together with their
consistency with biostratigraphic constraints, suggest that LAcarb may be used as a reliable

chronostratigraphic tool to compute depositional age depth models in sedimentary systems. The
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workflow followed, that included an accurate sample selection prior to LAcarb analyses, the use of
expanded uncertainties which additionally include the long-term external reproducibility of the
method and the implementation of an unprecedented carbonate age data averaging approach (Fig.
9B), is therefore highly encouraged.

In respect to the LAcarb age data interpolation, the absence of major depositional hiatuses and the
availability of carbonate ages linearly distributed along the section (Fig. 40B) allowed to apply a
classical linear interpolation approach (e.g. Blaauw, 2010; Blaaw et al., 2018). This is known to
produce plausible age depth models which comparable to those obtained by more advanced
interpolation methods (e.g. Bayesian statistic). However, future applications to more complex
carbonate age datasets may require advanced interpolation approaches to produce robust depositional
age depth models (e.g. Blaauw, 2010; Blaauw et al., 2018; Lougheed & Obrochta, 2019).

It is worth mentioning that the accuracy of the results achieved in the context of the Yacoraite Fm.
may have been promoted by the minor diagenetic overprint of the carbonates analysed (Marquillas et
al, 2007; Sial et al., 2001; Durieux & Brown, 2007; Rohais et al., 2019; Gomes et al., 2020) and/or

by the specific geochemical composition of the Salta rift waters.

Carbonates precipitated from lacustrine and especially groundwaters are notably more prone to be
dated with U-Pb geochronology (Rasbury & Cole, 2009) and often provide accurate and precise ages
(Drost et al., 2018; Liivamaégi et al., 2018; Frisch et al. 2019; Hopley et al., 2019; Parrish et al., 2019;
Scardia et al., 2019; Kurumada et al., 2019; Brigaud et al. 2020; 2021; Nicholson et al., 2020; Nuriel
et al., 2021; Rasbury et al., 2021; Hoareau et al., 2021; Montano et al., 2021, Chapter 4.1). This
suggests that the lacustrine origin of the Yacoraite Fm. carbonates and the influence of groundwaters
discharging into the lake could be major reasons for the remarkable match between the zircon and the
LAcarb based age depth models compiled (Fig. 39 and 40). Other factors could have promoted the
incorporation of favourable U-Pb contents in the Yacoraite Fm. carbonates: (1) the widespread
microbial activity (Gomes et al., 2020; Deschamps et al., 2020); (2) the fluid reducing conditions
recorded in correspondence with anoxia periods (Rohais et al. 2019); and (3) the high fluid alkalinity
witnessed by, among others, the precipitation of syn-depositional smectite authigenic mineral (Gomes
et al., 2020).

Due to the common lack of chronostratigraphic constraints, lacustrine and more broadly continental
are among the most challenging materials to be dated. In these settings, the reconstruction of the
sedimentation rate dynamics commonly requires a complex multiproxy analysis (Schumer &
Jerolmack, 2009; Cartier et al., 2018; Frisch et al., 2019). Noteworthy, the high dating potential of

lacustrine carbonates demonstrated by recent LAcarb application (Montano et al., 2021, Chapter 4.1
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and this study), leads to a new scenario in which they are possibly among the best candidates for

successful LAcarb based chronostratigraphy.

6.1.7 CONCLUSIONS

The Yacoraite Fm. (Maastrichtian-Danian, Salta rift basin), composed by volcanic ashes and
lacustrine deposits organized in four third order stratigraphic sequences, represents the ideal target to
validate the reliability of carbonate U-Pb geochronology for chronostratigraphic studies. Maximum
and minimum depositional age depth models (respectively, MDA and MIDA) were constrained via
zircon and carbonate U-Pb geochronology along the same stratigraphic section.

Zircon geochronology produced youngening upsection ages (between 68.2 £ 0.9 and 62.3 + 0.6 Ma)

that were linearly interpolated. The derived MDA depth model provided a precision of 0.9-1.4 %.

Lacustrine carbonates, including microbialites, ooids, oncoids and early cements, were dated. A novel
approach to develop the MIDA depth model was implemented: weighted average ages (between 66.6
+ 1.5 and 63.1 + 1.4 Ma) were derived from dated carbonate phases coexisting in each sample and
were then linearly interpolated along the section. The model provided a precision of 2 to 2.6%.

The MDA and MIDA depth models remarkably overlap and suggest that sedimentation started at ~68
Ma and ended at ~62 Ma, in agreement with biostratigraphic constraints. The sedimentation rates
calculated from the two models agree with sedimentological and stratigraphic evidence. In addition,
the duration inferred for the stratigraphic sequences (0.4 — 2.1 Ma) is consistent with the known third

order cyclicity of the Yacoraite Fm.

Results from this study demonstrate that carbonate U-Pb geochronology can be reliably used to
provide depositional ages at the resolution of the third order stratigraphic sequence. This is
particularly relevant to reconstruct chronostratigraphy, sedimentation rate dynamics and

paleoenvironmental evolution of hardly datable sedimentary rocks from continental settings.
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6.1.9 Supplementary data

Supplementary data 1.

Excel file S1. Settings of the Laser and of the ICP-MS instrument and raw data for zircon and carbonate dating

sessions. The raw data of this article is included in Supplementary data 13.
Supplementary data 2.

Two of the 22 carbonate phases analysed yield U-Pb ages younger than the rest of the dataset. They
do not agree with the zircon U-Pb ages of volcanic ashes from stratigraphically close layers (compare
figures 7 and 8). These phases consist of the dolomitic oncoids from JUB6 sample (58.88 + 2.43 Ma)
and the blocky calcite cement (EC) from the CH1 sample (61.9 + 2.14 Ma).

The most likely explanation for the younger age of the oncoids from JUB6 sample resides in their
dolomitic mineralogy (see also Elisha et al., 2020). Dolomites are known to be very susceptible to
recrystallization process, especially when formed during early stages of diagenesis (Kupecz and
Land, 1994; Machel, 1997). Despite the existence of empiric petrographic hints (e.g. crystal
coarsening, increase in non-planar crystal boundaries, irregular contacts between crystal cores and
rims revealed by UV-light or CL petrography; Montafiez and Read, 1992; Kaczmarek and Sibley,
2014), early dolomite recrystallization was reliably disclosed only by isotope and elemental analyses
and more recently by As7 thermometry (Al-Aasm, 2000; Winkelstern and Lohmann, 2016; LukoczkKi
et al, 2019; Veillard et al., 2019). In this study, there is a lack clear petrographic hints and
geochemical/thermometric data to prove recrystallization. AS such, the choice of the dolomite
samples to be analysed for U-Pb geochronology relied on the good preservation of the sample syn-
depositional features. The spongiostromate oncoids from JUB6 sample, beside local dolomite crystal
coarsening, display good preservation of the internal structure (Fig. S2.a). It is thus suspected that
they only underwent local recrystallization during the early stages of burial, possibly promoted by
the microporous cores (Fig. S2.a) favouring fluid-rock interaction. The most likely explanation for
the younger age of the early blocky cement (EC) from CH1 sample resides in the occurrence of also
two later blocky calcite cements (LC1 and LC2), as revealed by CL petrography (Fig. S2.b). The
three cements occur spatially close to each other and were hardly distinguishable during ablation.
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Figure Supplementary data 2. A) Petrographic details of the carbonate phases with younger ages
and corresponding 23U/?%Pb versus 2°"Pb/?%Pb Tera-Wasserburg Concordia diagrams. Internal
structure of dolomitic oncoids (OND) with microporous cores that could have promoted fluid-rock
interaction and dolomite recrystallization. JUB6 sample, oncoid rudstone, PPL view. To the right:
238/2%pPh versus 27Ph/?°®Ph Tera-Wasserburg Concordia diagram and corresponding absolute
ages for JUB6 dolomitic oncoids. Data point error ellipses indicate 2c internal uncertainty (95%
confidence) of the isotope ratios on ‘N’ analyses. Red dashed lines represent the envelopes of the
regression lines (isochrons). In blue are the Concordia curves. B) Dolomitic oncoids (OND)
cemented by three spatially close calcite generations. 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. To the right: 228U/2%Pp versus 2°/Pb/?°°Pb Tera-Wasserburg Concordia diagram
and corresponding absolute age of EC calcite from sample CH1. Data point error ellipses indicate
2 internal uncertainty (95% confidence) of the isotope ratios on ‘N’ analyses. Red dashed lines

represent the envelopes of the regression lines (isochrons). In blue are the Concordia curves.
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Supplementary data S3. 2%U/?%Pb versus 2’Pb/?%Pb Tera-Wasserburg Concordia diagrams and
corresponding absolute ages for the carbonate samples investigated. Data point error ellipses indicate
20 internal uncertainty (95% confidence) of the isotope ratios on ‘N’ analyses. Red dashed lines

represent the envelopes of the regression lines (isochrons). In blue are the Concordia curves.
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The age of EC cement in this sample was therefore possibly due to some LA-analyses erroneously

performed on these coexisting calcites. The later LC1 calcite was tested multiple times from different

samples. This calcite always characterised by low radiogenic Pb content and low spread of the

238/2%pp ratio. Its U-Pb composition possibly falls close to the upper intercept to the Concordia,

causing an ‘artificial’ anchoring of EC cement regression and thus a younger age.
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Supplementary data S3. 238U/2%°Pb versus 2°’Pb/?®Ph Tera-Wasserburg Concordia diagrams and
corresponding absolute ages for the carbonate samples investigated. Data point error ellipses
indicate 26 internal uncertainty (95% confidence) of the isotope ratios on ‘N’ analyses. Red
dashed lines represent the envelopes of the regression lines (isochrons). In blue are the Concordia

Curves.
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6.2 Chronostratigraphic implications for KPg, PETM and EECO

events

The Balbuena and Santa Barbara groups consist of the sag to post-rift deposits of the Salta rift basin
(Fig. 27). They are some of the best candidates to show the importance of lacustrine carbonates as
environmental recorders. Indeed, biostratigraphic evidence (Rascovsky, 1968; Reyes, 1972; Moroni,
1982; Alonso & Marquillas, 1986; Marquillas et al. 2003, Quattrocchio et al. 2005, 2006; VVolkheimer
et al., 2006; Cdnsole-Gonnella et al, 2017) indicate that they accumulated coevally with pivot
events of the Earth history. These are the KPg extinction event (precisely dated at 66 Ma; Sprain et
al., 2018) and the Paleogene-Eocene hypertermals such as the Paleocene-Eocene Thermal Maximum
(i.e. PETM; dated at 55.9-56 Ma, e.g. Zeebe & Lourens, 2019) and the Early Eocene Climate
Optimum (i.e. EECO, dated at 51-53 Ma, Raine et al., 2013).

Consequently, formations included in the Balbuena and Santa Barbara groups (Lecho, Yacoraite,
Tunal, Maella, Maiz Gordo and Lumbrera Fms.) have been extensively investigated for the purpose
to locate these events (e.g. Hyland et al., 2015, 2016; White et al., 2018; Rohais et al., 2019; Zimicz
et al., 2020; Fernicola et al., 2021; Fig. 28).

Geochemical (i.e. C-O stable isotopes) and magnetostratigraphic data are provided by previous
authors for some of these formations (e.g. Sial et al., 2001; Marquillas et al., 2007; Del Papa et al.,
2010; Sial et al., 2013; Hyland et al., 2015; 2016; Andrews et al., 2017; White et al., 2018; Rohais et
al., 2019; Zimicz et al., 2020) along three main stratigraphic sections: Juramento section, Tin-Tin
section and Cerro Bayo section (Fig. 41). However, the lack of robust absolute time constraints (i.e.
available only for the Lumbrera Fm.; Del Papa et al., 2010; Fernicola et al., 2021) limited to tie the
local geomagnetic polarity patterns to the polarity timescale (GTPS; Gradstein et al., 2012).
Consequently, it was challenging to associate specific geochemical signals recorded by the sediments
with those events of known timing.

In this chapter available magnetostratigraphic and biostratigraphic data will be coupled with the
zircon absolute ages obtained in Montano et al. (in revision; Chapter 6.1) to attempt defining the
depositional age of Tunal, Maella, Gordo and Lumbrera Fms. Since geochemical data from previous
authors were mainly obtained by bulk analysis (carbonates) or from organic matter, in this study new
C-O stable isotope analyses were carried out along the Juramento stratigraphic section from
depositional and early diagenetic carbonate phases (i.e. microbialites, ooids, oncoids and lacustrine

cements) that were selected after an accurate petrographic analysis. Geochemical data (from this
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study and previous authors) will be discussed to best locate the KPg boundary and the Paleogene

hypertermals in these formations.
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Figure 41. Location of the stratigraphic sections considered for the chronostratigraphic analysis of
the Balbuena and Santa Barbara groups. A) Map of the Salta rift sub-basins (Alemania, Metan, Sey
and El Rey) during the sag phase (Yacoraite Fm. deposition). Modified after Roemers et al. (2015).
The dark blue area nearby the red-star is the Cabra Corral lake. B) Aerial view with the location of
the Juramento (red star), Cerro Bayo (orange star), Cachipampa (white star) and Tin Tin (green

star) stratigraphic sections.

6.2.1 Chronostratigraphy of the Balbuena Santa Barbara group

A multiproxies chronostratigraphic model of part of the Balbuena and Santa Barbara groups is shown
in Figure 42 that resumes all the biostratigraphic (Rascovsky, 1968; Reyes, 1972; Moroni, 1982;
Alonso & Marquillas, 1986; Quattrocchio & Volkheimer, 2000; Marquillas et al. 2003, Quattrocchio
et al. 2005; Volkheimer et al.,, 2006; Console-Gonnella et al, 2017; Fernicola et al., 2021),
chemostratigraphic (i.e. C-O stable isotopes obtained from carbonates in this study and from organic
matter by Hyland, 2015, 2017 and Andrews et al., 2017), chronostratigraphic (i.e. U-Pb ash layer
ages; Del Papa et al., 2010; Rohais et al., 2019; Fernicola et al., 2021; Montano et al., in revision,
Section 6.1) and magnetostratigraphic (Del Papa et al., 2010; Sial et al., 2013; Hyland et al., 2015;
2016; Andrews et al., 2017; White et al., 2018; Zimicz et al., 2020) data available for the formations
investigated. The data listed are from three stratigraphic sections of the Salta rift basin: Juramento
section (i.e. Montano et al., in revision, Chapter 6.1), Cerro Bayo section (i.e. Hyland et al., 2015)
and Tin Tin section (i.e. Fernicola et al., 2021). In order to properly interpret all data, it is worth

underlining that previous authors (e.g. Marquillas et al., 2005) mentioned the occurrence of
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unquantified sedimentary hiatuses at the boundaries between Yacoraite, Tunal, Maella, Maiz Gordo

and Lumbrera Fms where erosive surfaces were detected in the proximal domains.

Key points to decipher the chronostratigraphic history of the Balbuena-Santa Barbara continental
series is to attribute an identity to the normal polarized intervals recorded by the sediments in the
Tunal and Maella formations, which are currently highly debated (e.g. Hyland et al., 2015; 2016;
Andrews et al., 2017; White et al., 2018; Zimicz et al., 2020; Fernicola et al., 2021). Hyland et al.
(2015; 2016) and Hyland & Sheldon (2018) presented a chronostratigraphic interpretation that
identifies in C27n (~63 - 62.11 + 0.3 Ma; Gradstain et al., 2012) the normal polarized chron of the
Tunal Fm. (Cerro Bayo section). The same polarity chron is interpreted to be C28n (~ 64.6 - 63.4 =
0.3 Ma; Gradstein et al., 2012) by White et al. (2018) and C29n (65.72 + 0.01 - 64.86 + 0.3 Ma,
Gradstein etal., 2012; Sprain et al. 2018) by Zimicz et al. (2020). This clearly affects the interpretation

of the ages of the overlying formations.

The depositional age depth model obtained from zircon geochronology (MDA depth model in
Montano et al. in revision; Chapter 6.1) suggest that the top of the Yacoraite Fm. is at 62.3 + 0.56
Ma, thus between 62.86 (i.e. older age limit) and 61.74 (i.e. younger age limit) Ma.

By taking into account: 1) this age interval; 2) the occurrence of Danian palynomorphs at the bottom
of the Tunal Fm. (Quattrocchio et al., 1997; Volkheimer et al., 2000); and 3) the reverse magnetization
recorded at the top of the Yacoraite Fm. and at the base of the Tunal Fm. (Hyland et al., 2015), the
only possible time scenario identifies the limit between Yacoraite and Tunal Fms. in chron C27r
(Figure 42A). Accordingly, the previously unquantified sedimentation hiatus between Yacoraite and
Tunal Fms. results to have a minor duration, possibly < 0.5 Ma.

Following this interpretation, the Maella Fm. was deposited during the polarity chrons C26r, C26n
and C25r, in agreement with: 1) the occurrence of Selandian Palynomorphs (Quattrocchio &
Wolkheimer, 2000); and 2) the reverse magnetization at the base of the Maiz Gordo Fm.
(corresponding to the top of C25n). Thus, the sedimentary hiatus at the top of the Tunal Fm. is < 2.5
Ma (Figures 42A and 42B).

The Maiz Gordo Fm. hosts Late Paleocene-Eocene palynomorphs and mammals (Quattrocchio &
Volkheimer, 2000, Marquillas et al., 2005). This, together with the chronostratigraphic interpretation
previously discussed, suggests that the Maiz Gordo Fm. was deposited during chrons C25n, C24r and
possibly C24n (?) (Figures 42B and 42C). The low sampling resolution of magnetostratigraphic data
in this formation possibly does not capture the short duration subchrons of C24n (i.e. C24n.3n,
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C24n.2n and C24n.3n) and thus the upper limit of the Maiz Gordo Fm. remains unclear (Figures 42B
and 42C).

The Lumbrera Fm. is subdivided in two units separated by an erosive surface (Del Papa et al., 2010).
This formation lacks magnetostratigraphic data but includes in the lower unit Lutetian mammal fossils
(Quattrocchio & Volkheimer, 2000; Quattrocchio et al., 2005; Del Papa et al., 2010; Quattrocchio et
al., 2015) and at the top of the lower unit an ash layer of 46.2 Ma (Fernicola et al., 2021) supporting
the Lutetian age of the lower Lumbrera (Fig. 42C). The absence of further age constraints or
information about sedimentation rates hinders to know if the onset is in the upper Ypresian or in lower
Lutetian. The top of the Lumbrera Fm. instead, is marked by an ash layer dated at 39.9+0.4 Ma
(Bartonian; Del Papa et al., 2010; Fig. 42C).

To conclude, according to the chronostratigraphic scenario proposed in Figure 42, in the Metan
Alemania basins the Yacoraite Fm. is Maastrichtian-Danian (~ 68-62 Ma), the Tunal Fm. is late
Danian (~ 62.7-62.2 Ma), the Maella Fm. is deposited during the late Selandian and early Thanetian
(~ 59.5-58.5 Ma), the Maiz Gordo Fm. during late Thanetian and Ypresian (~ 57 — 53? Ma) whereas
the Lumbrera Fm. during late Ypresian or Lutetian and Bartonian. Durations inferred are calculated

from the preserved deposits and do not consider possibly eroded stratigraphic intervals.

Figure 42. Integrated chronostratigraphic model of part of the Balbuena and Santa Barbara groups.
Juramento section (this study), Cerro Bayo section (Hyland et al., 2015) and Tin Tin section
(Fernicola et al., 2021). Biostratigraphic data (Bio.) from Rascovsky (1968), Reyes (1972), Moroni
(1982), Alonso & Marquillas (1986), Marquillas et al. (2003), Quattrocchio et al. (2005),
Volkheimer et al. (2006), Console-Gonnella et al. (2017). Biostratigraphic marker positions along
the Juramento section are after Rohais et al. (2019) and Deschamps et al. (2020) stratigraphic
correlations. *3C and 580 are the Carbon (C) and Oxygen (O) stable isotope values calculated from
carbonates (this study, expressed as relative to Vee Pedebee Belemnite standard) and from organic
matter (313Corg., Hyland et al., 2015). Blue arrows point to negative shifts of §3C associated to
events of temperature raise. The Geomagnetic polarity scale (GTS 2012) is from Gradstein et al.
(2012) whereas ICS 2021/05 stands for International chronostratigraphic chart (Cohen et al., 2013).
Barred areas of magnetostratigraphic correlations represent sedimentation hiatuses. KPg =
Cretaceous Paleogene extinction event (age from Sprain et al., 2018); PETM= Paleocene Eocene
Thermal Maximum (age from Zeebe & Lourens, 2019). EECO = Early Eocene Climate Optimum
(age from Raine et al., 2013).
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6.2.2 The KPg boundary in the Yacoraite Fm.

The KPg boundary marks one of the ‘big five’ biologic turnovers, the most important extinction
events of the Earth history (e.g. Song et al., 2021). They concerned the extinction of the non-avian
dinosaurs and about 50-75% of all terrestrial and marine taxa. In the oceans, this crisis has influenced
the food chain and caused almost a complete extinction (99%) of planktonic foraminifera (e.g. Molina
etal., 1988).

The extinction event is known to be coeval with the Chicxulub meteorite impact (Yucatan peninsula,
Mexico) and the Deccan trap volcanism (India). The meteorite impact is considered as the primary
driving force for the mass extinction (Hull et al., 2020 and references therein). However, recent
literature (e.g. Hull et al., 2020) suggest that the Deccan volcanism (active before and after the
meteorite impact) could have promoted the climatic changes by releasing Giga tons of CO2 and SO>
in the atmosphere, predisposing faunas to the extinction.

The sedimentary layers deposited coevally with the meteorite impact are enriched in extra-terrestrial
siderophilic elements such as iridium, defining the so called ‘iridium anomaly’(Smith et al., 1980).
Tephra layers located a few centimetres from the Iridium anomaly allowed to produce precise time
constraints for the impact. Accordingly, the KPg has been precisely dated at 66 Ma (66.021 + 0.081
from Clyde et al., 2016, 66.038 + 0.098 Ma from Renne et al. 2013, 66.05 +0.008/0.043Ma from
Sprain et al. 2018). Thus, it is coeval with the geomagnetic polarity chron C29r (65.688- 66.398 Ma;
Gradstein et al., 2012).

In sedimentary series the occurrence of the KPg horizon is usually associated with different
geochemical anomalies, witnesses of the environmental crisis (e.g. Hull et al., 2020). The §'3C
negative excursion is the most commonly known geochemical anomaly existing in correspondence
with the biotic extinction. It is recorded in calcite and organic matter that formed in ocean and
continental waters (2-3%0 in marine settings, 1.5-2% in continental settings). During late
Maastrichtian, around 0.3-0.2 Ma before the meteorite impact, a +2°C warming event, probably
associated with the onset of the Deccan volcanism is recorded by an increase in §'80 signal (Schoene
et al. 2019). In correspondence with the impact, temperature strongly decreased in the so called
‘impact winter’. This brief period of global cooling was possibly caused by the thick cloud of
materials ejected in the atmosphere by the meteorite impact (e.g. Vellekoop et al., 2016). The impact
winter was followed by a period of greenhouse warming caused by CO: released into the atmosphere
(Vellekoop et al., 2016). Other geochemical anomalies are known, such as the sulphur anomaly (Witts

et al., 2018) and Osmium anomaly (Schoene et al., 2019).

132



MONTANO Damaris — PhD thesis - 2021

According to the MDA depth model here presented for the Yacoraite Fm. (Montano et al., in revision,

Chapter 6.1) the KPg boundary event could have occurred between 50 and 180m along the Juramento

section. There are several reasons to believe that the event was recorded just below SB3 at around

150m from the base of the Juramento section (Fig. 42A).

1)

2)

3)

4)

Biostratigraphic evidence. Dinosaur tracks were recognized at the base of the Yacoraite Fm.
(Diaz-Martinez et al., 2016; Cdnsole-Gonella et al., 2017) and few metres below SB3 in the
Maimara section (Console-Gonella et al., 2017; stratigraphic interpretation from Rohais et al.,
2019). No evidence of dinosaur life is found in sequences 3 and 4.
Sedimentologic/lithostratigraphic evidence: the SB3 marks a sharp transition from carbonate
dominated deposits to clastic deposits, with a complete shout down of carbonate production.
Sedimentological evidence indicate that this change is sedimentation dynamic started few metres
below SB3 (Deschamps et al., 2020). The shutdown of carbonate production may have been
promoted by dust clouds related to the meteorite impact and volcanic events, blocking sunlight
for enough time to hinder photosynthesis. The reappearance of clastic deposits should instead
correspond to an increase of sediment supply due to erosion, possibly favoured by the
disappearance of soils and vegetation in association with the KPg event (Deschamps et al., 2020).
Geochemical evidence. Few metres below SB3 there is a negative pulse of §*3C values (down to
-5%o) that was recognized in the present study (Fig. 41A), and by Marquillas et al. (2007), Sial et
al. (2001, 2013) and Rohais et al. (2019). Such negative values are considered not compatible
with processes such as an increase in water supply from the catchment area and consequent
increase in isotopically light carbon flowing into the basin. Thus, it thus should be triggered by
an external force (Rohais et al., 2019). It is worth mentioning that no Iridium anomaly has been
recognized around SB3 (Rohais et al., 2019).

Sedimentation rates and palaeoenvironmental evidence. The MDA model (Montano et al., in
revision, Chapter 6.1) indicates that sedimentation rates had a major peak (up to 150m/Ma) around
SB3, with the highest values recorded in the formation. After this event, sedimentation rates tend
to initial values (around 10m/Ma). Similar results were obtained by MIDA depth model (Chapter
6.1). Sedimentation rates in lacustrine settings are influenced by tectonic and climate changes.
Backstripping analysis (Stark, 2011) did not highlight any major peak in the subsidence. Thus,
such sedimentation rate dynamic has to be attributed to a major environmental change. The
possible involvement of the KPg event into the changes in catchment dynamic, erosion processes,
carbonate production and environmental conditions in correspondence with SB3 are extensively
discussed by Rohais et al. (2019) and Deschamps et al. (2020).
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After catastrophic events, ecosystems and biodiversity require time to recover. It is not clear if the
recovery is coeval (e.g. Coxal et al., 2006) or not (e.g. Brich et al., 2021) with the re-establishment
of pre-KPg C-O stable isotope values (i.e. carbon pump recovery). However, by assuming that the
negative §*3C peak at 150m along the Juramento section corresponds to the KPg event, the 5!°C and
5180 recovered to pre-KPg values (values measured before 150m) at around 195m from the base of
the section (45m after the supposed KPg event). According to the MDA depth model (Montano et al.,
in revision, Chapter 6.1) this stratigraphic height corresponds to approximately 64.5 Ma. This
evidence indicates that in the Yacoraite Fm. area the carbon cycle possibly recovered around 1.5 Ma
after the KPg event (Fig. 42A) in agreement with Birch et al. (2021) that reported a period of 1.8 Ma.

6.2.3 Paleocene Eocene hyperthermals

The early Cenozoic (Paleocene and Eocene, 56-48 Ma) was a period characterized by long-term
warming punctuated by periods of rapid global hyperthermal events named Paleocene-Eocene
hyperthermals (e.g. PETM and EECO; Zachos et al., 2008; Cramwinckel et al., 2018; Inglis et al.,
2020). They have been recognized in different localities in the world and a masterpiece outcrop
belongs to the Zumaia Fm. in Spain (e.g. Bernaola et al., 2009). The most common evidence in the
sedimentological record are the carbon isotope excursions with negative shifts of §'3C values in both
carbonates and organic matter due to temperature driven carbon-cycle instabilities (e.g. Mclnerney
& Wing, 2011).

Paleocene Eocene Thermal Maximum. In correspondence with the Paleocene Eocene Thermal
Maximum (PETM; ~ 56-55.9 Ma; e.g. Zeebe & Lourens, 2019) global surface temperatures rose
rapidly by +4 to +8 ° (e.g. Westerhold et al., 2018; Inglis et al., 2021). For reasons which are currently
highly debated (e.g. Stokke et al., 2020), a large input of 2C rich carbon was released into the
biosphere leading to rapid oceans acidification and extinction of deep-sea organisms (Mclnherney &
Wing, 2011). In the marine and terrestrial sedimentologic records this corresponds to a 2.5-8 %o

negative carbon isotope excursion (e.g. Mclnerney & Wing, 2011).

In the Salta rift basin the PETM has been located by Andrews et al. (2017) at the top of the Maiz
Gordo Fm., whereas according to Hyland & Sheldon (2018) it is hidden inside the sedimentation

hiatus between Maella and Maiz Gordo Fms.
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Based to the time scenario discussed in Chapter 6.2 (Fig. 42), the 55.9-56 Ma PETM interval
correlates at the base of the Maiz Gordo Fm., in contrast with what previously proposed. This
interpretation is further supported by geochemical data. Indeed, §**C shows the lowest values (down
to -26%o) with a drop of - 5%o (Fig. 42B) right in correspondence with the base of the Maiz Gordo
Fm. Moreover, in this stratigraphic interval it is possible to recognize the typical PETM variations
of 13C, usually characterized by a rapid onset followed by a stable phase and a gradual recovery to
initial conditions (Mclnerney and Wing, 2011).

Early Eocene climatic optimum. The early Eocene climatic optimum (EECO; 53-49 Ma; Crouch et
al., 2020) was a period of major climate and environmental change caused by a peak of greenhouse
gas concentrations, especially CO2, and general perturbation of the global carbon cycle (e.g. Zachos
et al., 2008).

In the Salta rift basin, the EECO was located by Hyland & Sheldon (2018) at the base of the Maiz
Gordo Fm. (in correspondence with the §*3C drop that in this study have been attributed to the PETM).

According to the time scenario proposed in Chapter 6.2, part of the EECO should be recorded in the
upper Maiz Gordo Fm. and part hidden in the hiatus between Maiz Gordo and Lumbrera Fms. (Fig.
42B and 42C). This interpretation is further supported by the occurrence of high frequency variations
of organic 8*3C reported by Andrews et al. (2017) in the upper Maiz Gordo Fm. (Fig. 24C).

The Balbuena and Santa Barba groups deserve further investigation due to their pivot importance as
recorders of the PETM and EECO thermal events. Isotope radiometric constraint and more detailed
sedimentological, geochemical and magnetostratigraphic data of the Maiz Gordo and Lumbrera Fms,
would allow to better constrain the boundary between the formations, evaluate the extent of the
corresponding sedimentary hiatuses and more accurately constrain the position of the Paleocene

Eocene hyperthermals for future paleoclimate studies.
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7/ LACUSTRINE CARBONATES DATING POTENTIAL

In the framework of the chronostratigraphic application of U-Pb carbonate dating, the term ‘dating
potential’ refers to the probability to produce precise carbonate U-Pb ages that most possibly
approximate the true depositional age (TDA) of the system (i.e. accurate depositional age). Thus,
evaluating the dating potential requires to establish the dating success rate (i.e. percentage of

carbonates that provide a depositional age) and the age precision (i.e. time resolution of the method).

At today there is a lack of predicting criteria for the dating potential of various carbonates,
mineralogies, and environmental conditions. A better comprehension of the driving forces for the
dating potential would allow to organize the field work and the analytical strategy potentially
reducing the number of needed LAcarb analytical sessions, limiting costs and the overall time

required to produce a robust a depositional age depth model of a sedimentary system.

The possibility to obtain accurate and precise depositional ages is directly linked to the pristine U-Pb
isotope composition and preservation during diagenesis (e.g. Rasbury & Cole, 2009). In ideal
conditions for dating, statistically robust (i.e. well regressed) lower intercept U-Pb ages are produced
from carbonates that initially incorporated high and variable amounts of U and low and homogeneous
amounts of Pb (i.e. common Pb) (Rasbury & Cole, 2009) and did not suffered post depositional
diagenetic modifications (Chapter 2.4).

These specific initial conditions lead to an isotope configuration that is deterministic at any given
time and characterized by high and variable p (2®U/?%Pb) ratio. In a Tera-Wasserburg Concordia
diagram this is expressed by high, variable and well aligned 238U/2%Pb isotope ratios, with data-points
most possibly close to the Concordia curve. Ages derived from carbonates characterized by a well-
behaved U-Pb systematics are associated with MSWD ~1 and low relative uncertainties (i.e. age
uncertainty in %). Unfortunately, these ideal conditions are not always met in natural carbonates
because: (1) they are heterogeneous in texture and in elemental/isotope composition; (2) coeval
carbonates from the same paleoenvironment may display large variations in U and Pb isotope contents
as well as various ranges of the 232U/?%pPp and 2°7Pb/?%Pb ratios, (3) natural carbonates usually
incorporate huge amounts of common Pb and low amount of U which are the major limiting factor
for dating (i.e. in particular when U has low concentration and variability) and (4) common diagenetic

processes affecting carbonates may induce age reset and/or degradation.

For this reason, since the advent of U-Pb carbonate geochronology, the comprehension of the

mechanisms for U-Pb sequestration, as well as modification of U-Pb composition during diagenesis,
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became relevant for the comprehension of the dating potential. Specific carbonate types such as
speleothems are known to produce more accurate and precise ages due to the initial incorporation of
favourable U-Pb isotope concentrations (e.g. Woodhead & Petrus, 2019) Noteworthy, according to
the present knowledge of the mechanism for U and Pb incorporation in carbonates, also different

mineralogies could be potentially associated to different dating potentials.

In order to investigate the factors possibly affecting the carbonate dating potential, a statistical
analysis was achieved in the framework of the Yacoraite Fm. Petrography and geochemistry analyses
were used for sample characterization as discussed in Montano et al. (in revision, Chapter 6.1) and
allowed to select 80 carbonate phases showing no major evidence of post-depositional (burial)
diagenetic modifications and were further dated via LAcarb (Chapter 7.1). The impact of early and
late diagenesis on the dating potential was discussed based on petrography, geochemistry (C-O and
U-Pb) and LAcarb data (Chapter 7.2). The dating success was estimated by calculating the % of
depositional ages (i.e. consistent with the MDA depth model) obtained for each carbonate type and
mineralogy among the 80 carbonate phases selected. Similarly, the precision of the technique was
evaluated by analysing the distribution of the uncertainties into the dataset (chapter 7.3). Results from
this study are included in a scientific article in preparation: ‘U-Pb LA-ICPMS dating potential of

Cretaceous-Paleogene lacustrine carbonates’.
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7.1 Petrography, geochemistry and LAcarb

A pre-analytical sample characterization was achieved via petrographic (optical and CL-petrography)
and geochemical (staining and C-O stable isotope) analysis along the Juramento stratigraphic section
following the approach already presented in Montano et al. (2021; Chapter 4.1) and Montano et al.
(in revision; Chapter 6.1). This study aimed at delineating a paragenesis for the Metan-Alemania
basin and was achieved with the purpose to understand which process is actually being dated via
LAcarb (e.g. carbonate deposition or later diagenetic process) and discard, for further LAcarb

analysis, carbonates pervasively affected by later diagenesis.
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The Juramento section from Métan Alemania sub basin was selected because in this area the burial
overprint on pristine carbonate composition was interpreted to be minor (Marquillas et al, 2007; Sial
et al., 2001; Durieux & Brown, 2007; Rohais et al., 2012; 2014, 2019; Gomes et al., 2020; Montano
et al., in revision, Chapter 6.1) and thus carbonates should mostly preserve their initial geochemical

composition and depositional age.

Field survey along the Juramento section provided a total number of 97 carbonate samples consisting
mainly of gastropod rudstone (Fig. 43A), microbial boundstone (Fig. 43B,C), oolitic grainstone (Fig.
43 D,E,F,G,H,]) and oncoid rudstone. A description of sedimentary facies is in Montano et al. (in
revision; Chapter 6.1). The diagenetic study here presented strongly benefited from the prexisting
literature about the diagenesis of the Yacoraite Fm. (Marquillas et al, 2007; Cesaretti et la., 2000; Sial
et al., 2001; Durieux & Brown, 2007; Rohais et al., 2012; 2014, 2019; Gomes et al., 2020), in

particular for the recognition of burial diagenetic phases.

Figure 43. Petrographic images of the samples investigated. The sample name is to the right corner
of each image. A) Gastropod rudstone. The gastropod shell has micritised borders and was
subsequently leached and filled by later blocky calcite cement (LC) and chalcedony (SIL).
Stained, XPL view. B) Microbial boundstone characterized by the typical alternation between
calcitic (MIC-C) and dolomitic (MIC-D) mineralogy. Bioturbation features can be recognized
between laminae. Stained, PPL view. C) Calcitic microbial boundstone characterized by
dolomitized and un-dolomitized areas hosting framboidal pyrite crystals. Microbialite is affected
by partial silica replacement and presence of areas with coarser crystals (possible evidence of
recrystallization). Stained, XPL view. D) Detail of an ooid characterized by the mimic
dolomitization. At the top of each lamina it is possible to recognize borrowing features. Stained,
PPL view. E) Oolitic grainstone with evidence of selective replacive silicification (SIL) of calcitic
ooids (OC). Stained, PPL view. F) Oolitic grainstone made by ooids characterized by typical
alternation between stained calcitic and unstained dolomitic laminae. Compaction features (e.g.
indented borders and few stylolites) occur. Relicts of an isopachous rim (around 30um thick) of a
very early fibrous calcite (EEC) are preserved around the ooids. Stained, PPL view. Oolitic
grainstone with ooids cemented by a blocky calcite cement (EC) characterized by a concentring
zoning under CL with the alternation between dull and slightly luminescent orange zones. CL
view. H) Oolitic grainstone affected by pervasive microfracturation and dissolution (white arrow).
PPL view. I) Oncoid boundstone made by dolomitic oncoids (OND) cemented by a blocky calcite
cement (EC). PPL view.
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Depositional carbonate phases identified are calcitic, dolomitic and mixed (calcitic and dolomitic)
microbialites (MIC-C, MIC-D and MIC-M, respectively), calcitic dolomitic and mixed ooids (OC,
OD and OM, respectively) and dolomitic oncoids (OND). Diagenetic carbonate phases instead are
the isopachous fibrous cement EEC (Fig. 43A and 43F), the blocky calcites EC and LC1 and the
drusy mosaic calcite LC2 (Fig. 43 A,G,H,1). Two types of chalcedony (SIL 1 and SIL2; Fig. 43A, E,

C,E) were also identified.

Carbon and Oxygen stable isotopes are well known proxies for hydrologic and climate conditions in
terrestrial settings (e.g. Talbot, 1999, Leng & Marshall, 2004; Bernasconi & Mckenzie, 2013; Boever

et al., 2017) and provide precious insights about the diagenetic history of the samples analysed.
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Figure 44 Cross plot of 80 vs §*3C values of the carbonates investigated from the Yacoraite Fm.
at the Juramento section. The black dashed line indicates the covariance between §'80 and §*°C
values. The coloured arrow shows the evolution of the lacustrine water from the bottom (sequence
1) to the top (sequence 4) of the formation. Information about the meaning of carbon and oxygen
stable isotope signatures (black arrows) and the signature of other lacustrine carbonates (grey areas)
are from Talbot (1990), Leng & Marshall, (2004), Della Porta (2015) and De Boever et al. (2017).
The composition of Ries Crater carbonates was implemented with the results obtained in Montano

et al. (2021, Chapter 4.1).
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The C-O stable isotope data was acquired for microbialites, ooids, oncoids and for EC and LC1
cements. Depositional carbonates and the blocky calcite cement EC from the 4 stratigraphic
sequences record the isotope composition covariance typical of carbonate formed in closed basins
(Fig. 44). This was also discussed in the framework of the Ries Crater case study (Montano et al.,
2021, Chapter 4.1). Carbonate from the Juramento section have mostly positive values of §**C and

580 ratios (up to +4 and +10, respectively; Figures 42A and 44).

This usually suggest precipitation in relative evaporative conditions along the lake margin. Only few
carbonates provided §'80 values < -1 (and down to -8). They occur in correspondence with SB3 and
10 metres below SB5 (Fig. 42A). This is consistent with infiltration of light meteoric waters during
emersion events along the lake margin. Few data points from sequence 3 have instead positive 580
and negative 8'°C (Fig. 42A) which agrees with the high amounts of organic material accumulated at
the base of sequence 3 (High TOC; Rohais et al., 2019).

Here follows the discussion about the diagenesis in the Juramento stratigraphic section. Paragenesis

is in figure 45.

Paragenetic stages

EARLY DIAGENESIS |BURIAL DIAGENESIS | TELOGENESIS
shallow
burial

syn-dep.| early

Bioturbation

Micritization

Framb. Pyrite

Calcite EEC

Dissolution |
Dolomite D1 1
Silicification 1 I
Calcite EC [ |
Compaction L

Calcite LC1 -
Dissolution
Dolomite D2 .

Fracturing -
Calcite LC2 Il
Silicification 2  —

Minerals and diagenetic processes

Figure 45. Paragenesis of the Yacoraite Fm. based on petrographic and carbon oxygen stable isotope
data from the Yacoraite Fm. In blue the minerals and diagenetic processes occurring during early

diagenesis.
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Micritization. During deposition, bioclasts (e.g. gastropods and ostracods) and ooids were affected
by syn-depositional micritization (Fig. 43A). Bioturbation and borrowing instead involves most
depositional facies (Fig. 43B).

Framboidal pyrite. Microbial carbonates include framboidal pyrite (Fig. 43C) which is usually
associated to syn-depositional microbial activity and reducing conditions (e.g. Tucker & Wright,
1990).

Early calcite 1 (EEC). In the grain-supported facies (rudstone and grainstone) a very thin isopachous
rim of fibrous non-ferroan calcite (EEC) occurs around the grains, hindering their contact (Fig. 43F).
Due to the habitus, fabric and occurrence before mechanical compaction, EEC was interpreted as a
very early phreatic lacustrine cement with an aragonite or HMC precursor. Cross-cut relationship
indicate that EEC is followed by the blocky calcite cement EC (Fig. 43G).

Dissolution 1. Early dissolution involves all carbonate phases (microbialite, ooids, oncoids) but
especially EEC cement and the gastropod shells (Fig. 43A) possibly due to their less stable

mineralogy.

Dolomitization 1. Microbial carbonates (i.e. initially calcitic/aragonitic microbialites, ooids and
oncoids) underwent an early diagenetic fabric preserving dolomitization (Dolomitization 1) as
demonstrated by the typical alternation between calcitic and dolomitic laminae in both microbialites
(Fig. 43B and 43C) and ooids (Fig. 43C) and by the pervasive dolomitization in oncoids. This process
is considered a mimic dolomitization (Dolomite 1) driven by the presence of microbial activity, high
evaporation and high Mg/Ca ratio in the waters (e.g. Corsetti et al., 2006; Boever et al., 2017) and
was discussed in the framework of the Yacoraite Fm. by Gomes et al. (2020). Dolomitic and calcitic
phases show similar C-O stable isotope values (Fig. 44), assessing for a very early/syn-depositional

diagenetic process.

Silicification 1. Calcitic and dolomitic microbialites and ooids are affected by replacive
pseudomorphic silicification by microcrystalline chalcedony aggregates (Figures 43A, 43C and 43E)
(especially at the top of sequence 4 and locally at the base of the section in sequence 1). Silicification
is common in high alkaline and evaporative lacustrine environments with the presence of microbial

activity and is considered an early diagenetic process (e.g. Boever et al. 2017).

Early calcite 2 (EC). EC is a non-ferroan blocky calcite that exhibits a concentring zoning under CL

with the alternation between dull and slightly luminescent orange zones. It lines grains/pores
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hindering the contacts in grainstone and rudstones textures, dedolomitizes dolomitic microbialite and
ooids and fills moldic pores (dissolved gastropod shells). Thus it formed after/together with early
dissolution, after dolomitization 1 and before chemical compaction. EC shows positive §13C and §*80
values consistent with those of depositional carbonates (Fig. 44). This, together with petrographic
features and cross-cutting relationships, supports precipitation during early shallow burial in the

interparticle and moldic pores.

Burial diagenesis. Later diagenesis is marked by the occurrence of chemical compaction and
fracturing. Late diagenetic phases are mainly: a bright orange luminescence blocky calcite cement
(LC1), a ferroan dolomite cement (DOL2) and a non-luminescent drusy mosaic calcite cement (LC2)
occurring mainly in fractures and veins (i.e. it postdates or is coeval with a second fracturation event).
After LC2, late gypsum occludes the remaining interparticle pores (SIL 2). The blocky calcite LC1,
the only one analysed for C-O stable isotopes shows a distinctive negative isotope signature with §*80
down to -13%. (V-PDB) that could be explained with precipitation at high temperatures during burial
(Fig. 44). A more exhaustive discussion about burial diagenesis in the Meétan-Alemania basin is in
Sial et al. (2001) and in Durieux & Brown (2007).

After the diagenetic study, depositional carbonates with evidence of the burial diagenetic
modifications previously listed were not analysed for LAcarb because they may easily provide
younger or errorochron ages. It derives that 43 samples have been judged suitable for
chronostratigraphic studies. From them, 80 carbonate phases (microbialites, oncoids, ooids and early
lacustrine cements) were randomly screened via LAcarb in seven analytical sessions and provided 50
U-Pb ages (i.e. 62% of carbonate analysed provided an age) (Fig. 46 and supplementary data 4 to 13).
Only 6 ages resulted appreciably younger (CH1-EC, JUB6-OND, UJ24b-OM, UJ43 MIC-C, UJ62a-
OM and UJ7-EC carbonate phases) than the depositional age of the system as constrained by zircon
geochronology (MDA depth model, Montano et al., in revision, Chapter 6.1) whereas, only sample
UJ73 produced an older age. This latter was dated in multiple dating sessions obtaining consistent
results. The reason for the older age may reside in a wrong sampling or in the possible re-
sedimentation of an older grain. In total, only the 8% of carbonates analysed provided ages
unconsistent with the MDA depth model and 33% were undatable due to very homogeneous isotope
ratios and very high Pb composition (?°’Pb/2%Pb > 0.75 which means high common Pb composition).

It is worth mentioning that 3 carbonate phases providing younger ages showed very mild evidence of

diagenetic modifications. The issue of undetected neomorphism involves only the 7% of analysed
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phases and it is not a limiting factor when chronostratigraphic investigations are based on multiple

samples and younger phases can be easily discarded.

In this respect, literature provides various microanalytical tools, destructive or not, for LAcarb sample
selection (e.g. Petrus et al., 2017; Drost et al., 2018; Roberts et al., 2020a; Rasbury et al., 2021;
Roberts et al., 2021). Among them, elemental/isotope mapping techniques demonstrated to be
precious tool to avoid altered areas based on their chemical compositions and target areas that ensure
high and heterogeneous [ ratio (i.e. high dating potential). These techniques may be important allies

when dealing with samples that underwent a complex diagenetic history.

Noteworthy, the results achieved in this study on a wider dataset if compared to Montano et al., 2021,
Chapter 4.1) and Montano et al. (in revision, Chapter 6.1) still demonstrates that petrography,
geochemistry and U-Pb screening via random spot selection are sufficient to evaluate the origin of
the carbonate to be dated, detent the isotope ratios variability and obtain robust depositional ages. If
no ‘hot spots’ are found with the random spot selection, the sample has to be considered generally
undatable or hardly datable (33% of samples analysed) and thus clearly associated with a low dating

potential.
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Figure 46 LAcarb geochronology of the Juramento section. U-Pb Ages (symbols), uncertainties

(20, 95% confidence, horizontal bar) and stratigraphic positions are reported for all carbonate dated.

For comparison, the grey area is the MDA depth model (Montano et al., 2021b). All reported

uncertainties are 26.
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7.2 Diagenetic overprint on the pristine U-Pb isotope composition

At today the impact of early and late diagenesis on the pristine isotope composition and dating
potential (i.e. possibility to obtain precise ages that inform on the depositional age of the system) is
not well understood and few questions still require comprehensive answers. Do different diagenetic
processes cause specific U-Pb disturbances? Are U and Pb inherited in the newly recrystallized
phases? Is diagenesis a blocking factor to obtain accurate ages? This Chapter aims at better
understanding the role of diagenesis by focusing on the dataset obtained from the Juramento
stratigraphic section. Results from field survey (Chapter 5.4), petrography, C-O stable isotope and
LAcarb analyses (Chapter 7.1) were discussed in light of pre-existing literature about the mechanism

for U-Pb sequestration in carbonates (Chapter 2.4).

Carbonates are highly susceptible to diagenesis from initial deposition to deep burial and exhumation,
particularly when fluid chemistry and temperature change bringing them out of their stability field.
Carbonate geochronologists usually refer to processes of ‘opening system behaviour” when they
discuss the isotope system disturbance due to diagenesis (e.g. Roberts et al., 2020a). However, this is
erroneously employed because ‘opening system behaviour’ refers to processes of solid state diffusion
or generally elemental mobility in conditions of high temperature and/or pressure. In this manuscript,
the term ‘disturbance’ and ‘diagenetic overprint’ are also used at the place of ‘opening system
behaviour’. It is well accepted that the disturbance on the U-Pb isotope system due to diagenesis is
far from systematic and it results in a complete reset of the isotope ratio configuration or in a data
scatter which is greater than the one attributed to analytical uncertainty or initial Pb isotope
heterogeneity (Rasbury & Cole, 2009). Accordingly, samples in which the geochemical composition
have been completely reset are assumed to inform on the timing of the diagenetic reset (i.e. new
crystallization, younger age). Conversely, carbonates partially ‘overprinted’ by diagenesis should
produce less precise ages which are either consistent with deposition, younger or are dates without
any geologic meaning (i.e. ‘errorochron’ (e.g. Jones et al., 1995; Roberts et al., 2020a). Indeed, as
discussed in Montano et al. (in revision, Chapter 6.1) the impact of diagenesis is one of the main
reasons for the necessity to consider carbonate U-Pb ages as minimum depositional ages (MIDA), in

agreement with the definition of maximum depositional ages (MDA) used in zircon geochronology.

The Tera-Wasserburg Concordia diagram, representing the most common way to show the U-Pb

isotope composition of carbonates, provides precious insights regarding the eventual diagenetic
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overprint. Proxies to be considered are mainly the distribution (i.e. alignment and p ratio
heterogeneity) and uncertainty (i.e. ellipses data points) of the U-Pb analyses. On these diagrams, U
mobility will appear as a subhorizontal shift of the data-points to the right reflecting U gain

(apparently younger age) and to the left reflecting loss of U (apparently older age).

Here follow the discussion regarding the most common processes affecting carbonates after
deposition. Specific focus is given to neomorphism by stabilization and replacement, and

cementation.

Stabilization is a form of neomorphism associated with the metastability of mineral polymorphs (e.g.
aragonite, high magnesium calcite) that are ‘stabilized’ into more stable phases (low magnesium
calcite, LMC) preserving most textural features. It is considered a combination of slow and coeval
dissolution-precipitation processes that usually occur at any times after deposition (e.g. Frisia et al.,
2002, De Boever et al., 2017). The behaviour of U-Pb elements as well as the impact on the U-Pb age
during stabilization is still a matter of debate (Morrison & Brand, 1988; Chung & Swart, 1990; Smith
et al., 1994; Jones et al., 1995; Kelly et al., 2003; Li et al., 2014; Hansman et al., 2018). It is well
accepted that age obtained from an inverted LMC represents the timing of stabilization (e.g. Li et al.,
2014) because stabilization causes precipitation of a ‘new’ more stable carbonate phase (i.e. isotope
system reset). Results from Jones et al. (1995) and Kelly et al. (2003) that suggest during stabilization
an important U-loss occurrs due to the higher solubility of U, in particular in oxidizing environments
(Chung & Swart, 1990; Smith et al., 1994; Lachniet et al., 2012 Li et al., 2014). Regarding the
behaviour of Pb, it can be inherited (Morrison & Brand, 1988) or lost (Smith et al., 1994) during
stabilization.

Based on these findings, it is expected that: 1) if stabilization occurred during or shortly after
deposition the age of the inverted carbonate should faithfully represent the timing of deposition
(within uncertainties); 2) stabilized carbonates lose part of their U with consequent reduction of the
initial dating potential (i.e. dating potential is higher when U is high and heterogeneously distributed
into the sample); and 3) the presence of carbonates with slightly different ages (due to the slow
process of stabilization) may induce a scatter of the U-Pb data points in the TW Concordia diagram

with consequent lower age precision.
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In the framework of the Yacoraite Fm., a possible example is given by the ooids from sample UJ62a
(located at 135m from the base of the Juramento stratigraphic section; Fig. 26). These ooids preserve
their pristine petrographic features (Fig. 47), show slightly lower 5180 values (0.9%o against 2%o of
the adjacent samples; Fig. 42A) and produced an appreciably younger age (Fig. 47). These features
agree with a stabilization process that involved this sample around 3-4 Ma after deposition. In the
TW Concordia diagram of sample UJ62a, the isotope ratio data points have higher uncertainty (i.e.
bigger ellipses) and are slightly scattered and shifted toward lower values (possible U-loss) if
compared to those of preserved ooids (Fig. 47A). The U/Pb ratio values are more homogeneous (U/Pb
<18 vs < 35 in preserved ooids) and common Pb fraction is higher (Pb/Pb > 0.68 vs > 54 in preserved

ooids). This specific U-Pb isotope composition may possibly describe the impact of a process of

stabilization.
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Figure 47 Tera-Wasserburg Concordia diagrams and petrographic images of preserved ooids and
in ooids affected by fabric preserving diagenesis (stabilization?). The red arrows indicate possible

U-loss. OM= mixed ooids, OC= calcitic ooids, EEC= early lacustrine fibrous aragonite/HMC

cement, EC=early lacustrine blocky calcite cement.
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Replacement. Neomorphic replacement refers to a complete dissolution and very fast crystallization
which cause a reset of the chemical composition and usually a textural change (i.e. increased crystals
size with mosaic fabric, sweeping extinction). The fast geochemical reset suggests that replaced
carbonates reliably inform on the timing of the replacement. Results from Kelly et al. (2003)
demonstrate that replacement may also allow partial retention of U in the newly formed carbonate
with a possible U-loss, similar to what described for the stabilization process. In lacustrine settings
common replacement processes during early diagenesis are dolomitization and silicification which
are both associated to microbial activity and OM degradation by sulphate reduction (De Boever et
al., 2017).

The impact of early diagenetic mimic dolomitization on the pristine U-Pb composition was observed

in the framework of the Yacoraite Fm.
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Figure 48. Mesoscopic image and Tera-Wasserburg Concordia diagrams of JURC10 and JURD3
microbial boundstone samples from the Juramento stratigraphic section. A) Laminated fine-grained
stromatolite displaying an alternation of calcitic (dark areas, MIC-C) and dolomitic (beige areas,
MIC-D) laminae. JURC10, rock-slab scan. B,C,D,E) Calcitic and dolomitic laminae show
consistent depositional U-Pb ages that agree with the MDA depth model from Montano et al. (in
revision, Chapter 6.1). Dolomite is characterized by lower spread of U-Pb isotope ratio and lower

U concentration.
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Figure 48 shows the TW Concordia diagrams of two microbial samples providing depositional ages.
Dolomitic laminae are usually characterized by lower spread of the U-Pb isotope ratios if compared
to calcitic phases as well as lower U concentration (Chapter 7.3). In many samples this hindered to
produce an age. The lower spread of U-Pb isotope ratios may be due to U-loss during dolomitization.
Another possible explanation is that dolomite is also less prone to incorporate U if compared to

calcite. Further discussion about the topic is in Chapter 7.4.

Cementation (i.e. precipitation and growth of crystals in pores of an existing fabric decreasing
porosity; Fligel, 2004) is not believe to cause any geochemical reset, although small cements in the
interparticle pores (e.g. in microbial carbonates) may alter the bulk composition of the carbonate that

would appear as partially overprinted. In a TW Concordia diagram this would results in a scatter of
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Figure 49. Tera Wasserburg Concordia diagrams and cathodoluminescence petrographic images of
the early calcite cement EC. In sample UJ7 EC is characterized by precise data points (small ellipses)
well aligned along the regression line. The age obtained is precise (2ci = 0.6%) and MSWD is < 2.5.
All these factors suggest that this age could reliably inform on the depositional age of the system. C)
The cement EC in sample UC10 shows scattered U-Pb isotope composition. Ellipses data points are
big indicating heterogeneity in the ablation spot. It is also possible to recognize a secondary alignment

fairly associated to a younger event (blue dotted line).
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data point and consequent lower age precision (Fig. 49). Cements are also important witnesses of
high temperatures and chemical changes during burial. The occurrence of burial cements has to be a
wakeup call. Indeed, lab experiments already demonstrate that high temperatures during burial
diagenesis promote U and Pb mobility (Roberts et al., 2021) and deep buried carbonates more
favourable lose their pristine isotope composition. This is the reason why it is highly encouraged to
select for chronostratigraphic studies based on LAcarb, only geologic areas which are not affected by
high T deep burial diagenesis. (ndf. This do not imply that deep buried carbonates can never be used
as proxies for the pristine composition, as demonstrated by depositional ages obtained by Meinhold

et al. (2020) from preserved Ediacaran spherulites.)

Other factors affecting the pristine isotope composition during diagenesis. A specific focus has
to be given to the changes in redox conditions occurring during diagenesis. Oxidizing conditions
promote the mobilisation of U as U*® because it is very soluble. This leads to higher U loss during
fluid-mineral interaction in oxidized systems. Conversely, in reducing conditions the reduced U** has
lower solubility if compared to U*®. Thus it can be hypothesized that diagenetic modifications in
reducing environments may be favourable for the retention of U and limit U-loss. Diagenesis affects
carbonates according to various factors: mineralogy (i.e. stability of pristine mineralogy), grain size
(i.e. small particles such as micrite particle dissolve more rapidly than large grains) and porosity (i.e.
higher permeability for later fluids). For this reason, some carbonates are more prone to be
recrystallized and lose their pristine composition. Another factor to consider is the occurrence of
meteoric diagenesis. Indeed, meteoric waters are known to preferentially leach U during their
infiltration thus causing preferential disturbance of the U-Pb isotope ratio and dating potential
(Rasbury & Cole, 2009). Samples from the last metres of the Juramento stratigraphic section provided
mostly errorochron dates or very imprecise ages (Fig. 46). This may be caused by the infiltration of
meteoric waters in correspondence with a major emersion event at the top of the Yacoraite Fm.
(Chapter 6.2).

Focus on high common Pb composition. According to Roberts et al. (2021) this type of
configuration could have evolved from a pristine geochemical composition characterized by high Pb
(i.e. natural low dating potential) or it could be due to common Pb addition during diagenesis. As a
general principle diagenesis is known to affect more U composition rather than Pb composition
(Roberts et al., 2021) because at environmental temperatures U is highly soluble and tends to be
mobilized inducing a U loss (or more rarely an addition). Pb is usually insoluble and tends to remain
in the solid system and diagenetic fluids can be highly enriched in Pb resulting in possibly high

common Pb composition in diagenetically disturbed samples.
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In the framework of the Yacoraite Fm. around 33% of the carbonates analysed exhibits a lack of
spread in U/Pb ratios and the composition is dominated by common Pb (238U/2%Pb < 2; 207Pb/?%pPp >
0.75; Fig. 34) hindering to establish a robust regression line (Fig. 36A) (Fig. 36). Samples
characterized by this isotope composition were carefully re-analysed for petrography and
geochemistry that did not highlight differences with preserved carbonates. This suggest that the high
common Pb composition may be pristine or further Pb was possibly added during syn-depositional/
early diagenetic stabilization as demonstrated for sample UJ78 which is affected by silicification (Fig.
50).
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Figure 50 Tera Wasserburg Concordia diagrams and petrographic images of calcitic ooids (OC) and
microbialites (MIC-C) presenting very high common Pb (Pb/Pb>0.7,0.8) and low spread of U/Pb
isotope ratio (<4.5). Data points are scattered and/or have big uncertainty. Resulting ages are
imprecise and unreliable (MSWD >3). In sample UJ33 petrographic analysis do not show evidence
of diagenetic overprint whereas sample UJ78 is strongly affected by silicification (SIL). Black arrow

indicates the subhorizontal trend-line of data points due to a possible U gain.
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This study highlights that LAcarb, together with a careful petrographic and geochemical analyses,
may be considered as an additional tool to detect diagenetic modifications in carbonates. Carbonates
with very precise ages, well spread U-Pb isotope ratio and low common Pb should most possibly
preserve their pristine composition. This implication of LAcarb may be relevant for paleoclimate
studies requiring to target samples preserving the pristine geochemical composition. According to the
results of this study, LAcarb may not be an ideal ‘diagenesis detector’ only when carbonates are
characterized by very homogeneous/high common Pb composition. The perspective about the use of

LAcarb as a ‘diagenesis detector’ is introduced in Chapter 9.2.
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7.3 Success rate and time resolution of LAcarb

In this Chapter, a statistical analysis has been done along the Juramento stratigraphic section. The
Yacoraite Fm. is here considered a ‘lacustrine test case’ to understand the general success rate and
time resolution of LAcarb technique in lacustrine settings. Success rate of LAcarb and the uncertainty
distribution were observed for the total dataset (i.e. general dating potential) and according to the
mineralogy (i.e. calcite and dolomite) and carbonate types (i.e. microbialite, ooids and lacustrine
cement). Phases considered are calcitic and dolomitic ooid (OC and OD), calcitic and dolomitic
microbialite (MIC-C and MIC-D), dolomitic oncoids (OND) and lacustrine calcitic cement (EC).
This study is based on 80 carbonate phases selected because they do not show major evidence of
burial diagenetic modifications (samples discussed Chapters 7.1 and 7.2). In this respect, it is worth
mentioning that this statistical analysis is influenced by the diagenetic overprint (early and late) on
the carbonate analysed. Depositional systems which are strongly affected by later fluid migrations
may provide lower success rate and time resolution. As a consequence, specific attention is given to

the diagenetic processes that may have affected each carbonate type or mineralogy analysed.

General dating potential. Data indicate that 62% of the carbonates analysed (50 over 80 phases)
were characterized by isotope composition suitable for dating (Fig. 51A). Indeed, the ages obtained
were well regressed and associated with MSWD < 2.5 (except 4 samples; Fig. 51B). The 54% of
them (43 over 80 phases) produced ages consistent with the depositional age of the system as known
from zircon geochronology and 8% (7 over 80 phases) resulted younger or older (Fig. 51A). The
remaining samples (30 phases, 38%) are either undatable (high common Pb composition Pb/Pb >
0.75-0.8, U/Pb < 2-4, high data scatter; Fig. 37 and 38) or errorochron dates (MSWD > 11, uncertainty
>20%; Fig. 51A).

This indicates that the general dating success for chronostratigraphic studies is of about 54%. The
uncertainty distribution (2cexp) analysis (Fig. 51C) indicate that 38% of carbonate phases analysed
(30 phases) are associated with uncertainty between 1.7 and 4%, thus perfectly suitable for
chronostratigraphic studies. In the need of a higher precision (e.g. paleoclimate studies), it is worth
mentioning that only 13 among the 80 carbonate phases analysed (16%), showed a robust depositional
age with uncertainty below 2% (Fig. 51C). This is in agreement with the known time resolution of
the method (e.g. Montano et al., 2021 in Chapter 4.1; Montano et al. in revision in Chapter 6.1 and
Roberts et al., 2021).
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Figure 51 Statistical analysis for the general dating potential of LAcarb for chronostratigraphic
studies. The study was achieved along the Juramento stratigraphic section based on 80 carbonate
phases analysed. A) Pie chart showing the percentage of carbonates providing ages consistent,
younger and older than the MDA depth model (Montano et al., in revision, Chapter 6.1). Undatable
carbonates are characterized by homogeneous and high common Pb composition (Pb/Pb>0.7-0.8)
and low spread of U/Pb isotope ratios that hindered to obtained a U-Pb age. This composition is
considered pristine in most samples (see section 7.2), Errorochrons are dates associated with
uncertainty > 15% and MSWD>>2.5 suggesting diagenetic overprint. B) Density distribution plot
(50bins) of the MSWDs from the ages obtained. C) Density distribution plot (50 bins) of the
associated expanded uncertainties. Most carbonates have uncertainty between 1.7 and 3% thus
suitable for chronostratigraphic studies. Density distribution plots were obtained via lIsoplot 4

software.

Mineralogy. Calcitic phases (calcitic microbialite, ooids, and early cements; N=52) and dolomitic
phases (dolomitic microbialite, ooids and oncoids; N=12) provided the same dating success, 57% and
58%, respectively, although ages obtained from dolomitic phases were less precise (Fig. 53) since the
samples are usually characterized by a lower spread of their U/Pb isotope ratios (Fig. 52B). In
contrast, mixed dolomite/calcite phases are associated with the lowest success rate (33%) and highest
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Figure 52 U and Pb geochemistry for the carbonate phases
analysed A) Cross-plot of Uranium (U) versus Lead (Pb)
concentrations expressed in parts per million (ppm). The
carbonate U and Pb composition is included between the
dashed lines (0.01 <U/Pb <100). B) Cross-plot of 2%U/?%Ph
versus 207Pb/?%Ph ratios. Calcitic depositional carbonates
(blue area) include calcitic microbialite (MIC-C) and calcitic
ooids (OC). Dolomitic depositional carbonates (red area)
include dolomitic and mixed microbialite (MID-D and MIC-
M), dolomitic and mixed ooids (OD and OM) and dolomitic
oncoids (OND). Undatable phases (black area) are carbonate
phases where a robust regression line could not be established
due to very low U/Pb isotope ratio variability. Errorochrons
(barred area) are dates with poor statistics (MSWD > 11,

uncertainty >20%).
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Figure 53 Success rate for chronostratigraphic studies and uncertainty distribution of the different
carbonate phases and relative mineralogies from the Juramento section. Pie charts represent the
dating success of for each mineralogy if compared to the total number of carbonate samples analysed
(Nt). N is the number of carbonate phases with age consistent with the MDA depth model (Montano

et al., in revision, Chapter 6.1).

Carbonate type. Microbialites (N=34), ooids (N=25), oncoids (N=3) and lacustrine cements (N=16)
provided a dating success rate for chronostratigraphic studies of 41, 64, 67 and 64% (Fig. 53). These
percentages are biased by the fact that the different carbonate phases are not represented by the same
numerical population, especially the oncoids whose dating potential will not be discussed (only 3
oncoid rudstone samples dated). Microbialites provided the lowest success rate (41%). Concerning
the age precision, all carbonate types provided some accurate ages with precision below 3-4%,
although microbialite and ooids statistically produced less precise ages with uncertainties up to 6-8%
(Fig. 53). By considering the mutual importance of dating success and age precision in the dating
potential, microbialite is the carbonate type that provided in average less precise and accurate ages.
In contrast, 60% of calcite cement EC analysed provided depositional ages with precision always

below 3%. Indeed, EC cements results to be the carbonate phase with the highest dating potential for
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chronostratigraphic studies. The dating potential of the different carbonate phases analysed is here

discussed in light of their U-Pb composition and diagenetic features.

Microbialite. Microbialites showed U concentrations of 0.4-40 ppm consistent with those from the
early lacustrine calcite EC (0.2-40 ppm) that provided the highest dating potential. However, Pb
concentration is higher (up to 20 ppm against 5 ppm of EC cement). Concerning the U-Pb isotope
ratios, microbialites provided 2°’Pb/2%Pb ratio > 0.5 (high common Pb composition; Fig. 54) and
U/Pb isotope ratio up to 40-50, which is 50% lower than the maximum U/Pb isotope ratio values of
EC cement (Fig. 54). This specific U-Pb composition suggests that the lower dating potential of
microbialites may be due to the high Pb concentration. What may have caused the incorporation of
high amounts of Pb in microbialites? Microbialites are organo-mineralized carbonate rocks whose
precipitation is induced and/or influenced by microbial communities (mainly filamentous
cyanobacteria) enveloped by an organic extracellular polymeric substance (EPS, Decho, 1990) and
organized in microbial mats (e.g. Suarez-Gonzales et al., 2019). Cyanobacteria EPS traps detrital
material (e.g. quartz grains, clay minerals) possibly causing an enrichment in detrital Pb (or common
Pb). This is evident in the microbialites from the Yacoraite Fm. that are characterized by the

occurrence of frequent interlayered clays and quartz grains (Gomes et al., 2020).
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Figure 54. Cross-plot of 238U/2%Pp versus 2°’Pb/2%Pb ratios of the carbonate analysed according to

carbonate type (symbol) and mineralogy (colour).

Roberts et al. (2020a) suggests that the low dating potential of microbialites is mainly promoted by
neomorphic processes. Indeed, microbialites are highly porous (e.g. 20% porosity, Hargrave et al.,
2014) and are formed from low-density carbonate, more susceptible to chemical leaching and U-Pb
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mobilization during neomorphism. In the framework of the Yacoraite Fm. it is not possible to exclude
the impact of neomorphic processes in the low dating success (around 60% of microbialites are
undatable) because petrographic analysis detected neomorphic features such as syn-depositional

mimic dolomitization and early diagenetic dissolution (dissolution 1) (Chapter 7.1 and 7.2).

Microbial carbonates were also analysed in the framework of the Ries Crater basin (Montano et al.,
2021, Chapter 4.1) were they showed a very high dating success rate and provided the most accurate
assessment of the depositional age of the system, with precision down to 1.3% (25). The U and Pb
concentrations in the Ries Crater microbial carbonates are similar with those from the Yacoraite Fm.
but the Ries Crater microbialites showed a higher radiogenic proportion of Pb (2°’Pb/?°°Ph down to
0.1 against 0.5 of the Yacoraite Fm.) suggesting that initial U was higher and common Pb was lower.
This specific isotope composition could have been boosted by the high alkalinity of the Ries Crater
lacustrine waters (Arp et al., 2013). Indeed, alkalinity is known to promote the incorporation of
actinides in carbonates (e.g. Simpson et al., 1982). This was discussed by Cole et al. (2004, 2005)
and Rasbury & Cole (2009) for the microbial/tufa mounds of the lacustrine Barstow Fm. (Miocene).

Ooids. Ooids form via organomineralization through biologically induced and influenced
mechanisms (e.g. Harris et al., 2019). This suggests that the low dating potential of ooids may be due
to the same processes previously described for microbialites. In the framework of the Yacoraite Fm.
the U/Pb isotope ratio values of ooids (<15-20, Fig. 54) are less heterogeneous if compared with those
from microbialites (<40-50; Fig. 54) and EC blocky calcite cement (<100; Fig. 54). Petrographic
analysis also highlighted the presence of quartz grains and clay layers within their cortex (Fig. 43).
These features suggest that the low dating potential of microbialites may be possibly due to high

initial Pb, as discussed for microbialites (Fig. 55).

However, the low precision of some ages obtained, in particular from ooids with mixed
calcitic/dolomitic mineralogy or with dissolution evidence, may be also related to processes of
dissolution and neomorphism. The fibrous radial structure of ooids, still visible in most samples (Fig.
29) suggest an aragonite (or HMC) precursor. Aragonite/HMC dissolution and stabilization (Chung
& Swart, 1990; Reeder et al., 2001; Kelly et al., 2003) together with the mimic dolomitization (Elisha
et al., 2020 and Chapter 7.2) could have possibly induce a disturbance of the pristine U-Pb isotope

composition of ooids (Fig. 55).
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Figure 55. Simplified schematic depositional and diagenetic processes for the incorporation of U and
Pb in microbialite (A), ooids (B) and early lacustrine cement (B) in the Yacoraite Fm. Microbialite
and ooids incorporate clay particles and quartz crystals during their formation. Reducing conditions
increase according to depth, microbial activity and organic matter (OM) degradation. In addition,
microbialite and ooids were affected by syn-depositional (e.g. mimic dolomitisation) to early
diagenetic (e.g. dissolution) processes. The low dating potential of these carbonate types is thus an

interplay of both depositional mechanisms and syn-depositional to early diagenetic processes.

Lacustrine cement. The blocky calcite cement EC provided the highest dating potential in terms of
success rate and precision. EC is characterized by a very favourable U-Pb elemental and isotope
composition which is the reason for the high dating potential: U is heterogeneously distributed with
concentrations between 0.01 and 34 ppm whereas Pb concentration is low, between 0.001 and 10ppm
(Fig. 52). Pb composition has a high radiogenic proportion (Pb/Pb < 0.5) with values included
between 0.06 and 0.84 and U/Pb ratio well spread between 0 and 100 (Fig. 52). Indeed, in contrast
with all depositional phases, EC preferentially rejected Pb and incorporated huge amounts of U.

There are several factors that could have promoted such specific U-Pb composition (Fig. 55).
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EC blocky calcite was interpreted as an early shallow burial cements precipitated in the interparticle
pores within the sediment (Chapter 7.1). Here the reducing conditions are higher due to lower
connection with the oxidized lacustrine waters from the surface. Moreover, degradation of organic
matter and microbial activity usually cause increased reducing conditions. As previously explained
(see Chapter 7.2) reducing conditions promote the incorporation of U in carbonates because the
reduced specie of Uranium (U*") has a size more suitable to enter the carbonate crystal lattice
(Shannon, 1976; McManus et al. 2006; Weyer et al., 2008, Cumberland et al., 2016).

A second reason for the high U concentration may reside in the timing of this cementation event.
Paragenetic analysis suggest that EC precipitated coevally or right after an early dissolution event
(Dissolution 1, Fig. 45). Dissolution involved some gastropods, ooids (especially the cores) and the
isopachous fibrous cement EEC that was interpreted as an early lacustrine aragonitic/HMC cement
(EEC). Since U is soluble, it tends to be lost during dissolution/stabilization. Thus, it is fairly possible
that EC precipitated from a fluid enriched in U derived from the dissolution of other carbonate phases.
A third consideration is the petrographic and geochemical preservation of EC cement. This is due to

its stable mineralogy and low reactive surface area (if compared with microbialite).

All these factors (reducing conditions, precipitation coeval/right after a dissolution event and
petrographic/geochemical preservation) potentially promoted the high dating potential of the

lacustrine blocky calcite EC.

In the framework of the Ries Crater basin, two early cements were also analysed, one vadose/pendant
calcite and one lacustrine/fibrous isopachous calcite (Chapter 4.1). The vadose cement provided
dating success and precision similar with those obtained from the EC blocky cement of the Yacoraite
Fm., in agreement with the high dating potential previously demonstrated for cements formed from
mixed meteoric/lacustrine waters (e.g. Rasbury & Cole, 2009, Woodhead & Petrus, 2019). The
lacustrine fibrous cements, due to its pristine aragonitic/HMC mineralogy was extensively affected

by dissolution and usually provided very imprecise ages and general low dating potential.

In conclusion, results from this study highlight that the estimation of the dating potential for the
different carbonate types to be dated via LAcarb has to be considered in light of the mechanisms for
the carbonate formation (i.e. organomineralization or chemical precipitation), petrographic features
(i.e. habitus, texture, reactive surface area) and mineralogy (i.e. stable vs unstable pristine

mineralogy).
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8 STRATEGIES TO BUILT A DEPOSITIONAL AGE
MODEL

8.1 MIDA depth model: full dataset (Juramento section)

The consistency between MDA and MIDA depth models (Montano et al., in revision, Chapter 6.1)
showed that it is possible to use LAcarb to build accurate depositional age depth model for

chronostratigraphic and palaeoenvironmental studies.

In this chapter, a second minimum depositional age depth model (MIDAfull; Fig. 56) was built based
on the full dataset of the Juramento stratigraphic section (Chapter 7.1). A total number of 43 ages
were linearly interpolated following the approach proposed in Montano et al. (in revision, Chapter
6.1). Noteworthy, in this case weighted average ages were produced from carbonate phases belonging
to the same sample or from samples located at a stratigraphic distance of maximum +2 m, this adding
an uncertainty expressed in metres in the vertical axis (i.e. stratigraphic height; Fig. 56). This
approach implies the assumption that no major sedimentary hiatuses occurred in the £2 m intervals
considered. Thus, a sedimentological analysis was achieved to limit the bias due to this assumption.

The sedimentation rates and sequence boundaries age constraints obtained by zircon geochronology
(MDA depth model, Montano et al., in revision Chapter 6.1) have been compared with those obtained
by LAcarb in Montano et al. (in revision, Chapter 6.1) (MIDApart, 19 ages) and by considering the
full dataset of the Yacoraite Fm. (this chapter, 43 ages, MIDAfull) (Fig. 43). The sedimentation rate
dynamics described by the three datasets are consistent and underline a similar peak of sedimentation
rates around SB3 (Figures 56B and 57). Sequence boundary ages derived by the 3 models also agree
within uncertainties (Fig. 57). MIDA models provided ages which are in average 0.5 Ma younger
compared with those from zircon geochronology. This is in agreement with the principle of ‘minimum
depositional age’ explained in Montano et al. (in revision, Chapter 6.1). Concerning the method time
resolution, the precision reached by the 3 models (calculated over the uncertainties of the SB ages) is
~2.010 2.6 % (MIDApart), 1.5 to 2% (MIDAfull) and 0.9-1.4% (MDA)).

163



MONTANO Damaris — PhD thesis - 2021

. A Compacted
MIDA depth models via LAcarb sedimnentation rates
— N=3; MSWD=0.2 - 240
#
61.8+1.3 Ma N=6; MSWD=14 20y=+2m E
S
= o B
N=3; MSWD=0.59 o N=3;MswD=02| =
2oy=+1.5m 20y=+0.5m N " -
64.1+1.4 Ma |= - 200
N=3; MSWD=0.2 § 5
20y=+0.5m o Sannanes, ‘
2 : [92]
g :lll l}IIIIIIIIlIIIIE—
64.9+1.1 Ma
! *L 150
T | i
20y=+0.75m 0 o [1:07 : i
o - = ; :
- m :Illlllll.:l sasanannanef
“{N=2; MsWD=091 c < i
65.3+1.0 Ma e
N=3; MSWD=0.35 § [
20y=%0.5m N=2; MSWD=0.66 : i
-3; MSWD=1.2 N=4; MSWD=08 | - s [
20y=10.5m 20y=+0.5m ] -
N=2; MSWD=0.0 N=2; MSWD=02 : - 50
20y=+0.25m 20y=+0.25m éf: - E“] B
687+12Ma = - | [
74 ! 7'2 L 7'0 L 6I8 ' 6'6 64 v 6|2 : 6I0 L 5'8 ! 56 T Rate between dated ’_'T'_'_'_o (m)
; 0 . o .. . 150
time (Ma)
(m/Ma)
=0O= weighted average ages é rate between
= carbonate samples
[C] vLAcarb MIDA depth model
[OJ zircon MDA depth model e per.
stratigraphic sequence

Figure 56 Minimum depositional age (MIDA) depth model of the Yacoraite Fm. via LAcarb based

on the full dataset. A) Weighted average ages of carbonate phases located at a stratigraphic distance

< £2 m are reported in black. Frames include the number of single MIDA considered (N) and the

Mean Squared Weighted Deviates (MSWD) of the weighted average ages. Shaded ages are

younger or could not be averaged due to the distance from other dated samples. The green and

grey areas represent the MIDA (full dataset model) and MDA depth models (Montano et al., in

revision, Chapter 6.1). Red lines are the sequence boundaries (SB) and their ages (in blue) were

estimated via MIDA model. All uncertainties are 26 (95% confidence). B) Evolution of the

compacted sedimentation rates along the stratigraphic section.
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Values obtained by MDA and MIDAfull are mostly consistent (Fig. 57) and suggest that LAcarb

based chronostratigraphic studies should be achieved on a large set of samples (i.e. high-n sampling)

to reach an accuracy and time resolution comparable with those from zircon geochronology. This is

specifically important when high age precision is required, from example in paleoenvironmental and

paleoclimate studies.
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Figure 57 Comparison between depositional age depth models obtained by zircon

geochronology (MDA depth model, black line) and by LAcarb considering the partial dataset

(MIDApart, 19 ages, 1 LA session from Montano et al., in revision, chapter 6.1, blue line) and

the full dataset (MIDATfull, 43 ages, 7 LA sessions, green line). Note that the SB age estimates

do not overlap in the diagram to better show the age difference.
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8.2 WORKFLOW FOR FUTURE STUDIES

Based on the results achieved in this PhD project, a workflow to build robust depositional age depth

models is proposed (Fig. 58).

CHOICE OF THE
STRATIGRAPHIC
INTERVALS
TO BE DATED

U-Pb
GEOCHRONOLOGY

MIDA DEPTH
MODEL

WORKING STRATEGY FOR MIDA DEPTH MODELS

SAMPLING
FREQUENCY

2. FIELD SURVEY OBSERVATION "

"\MMPLES

% 3. PETROGRAPHYC ANALYSES o ECTION

/1. PRELIMINARY \
. SEDIMENTOLOGICAL ANALYSIS

S|

4. GEOCHEMICAL ANALYSES

/" 5. LAcarb GEOCHRONOLOGY

6. INTERPOLATION METHODS

Figure 58. Working strategy to build a depositional age model along a vertical stratigraphic section

via LAcarb.

Frequency along the stratigraphic section. The frequency of the stratigraphic layers or intervals be

dated has to be carefully evaluated after a preliminary sedimentological analysis. Indeed, it depends

on the distribution and availability of carbonate facies along the section, the presence of eventual

sedimentary hiatuses and the

sedimentation rates dynamic. High sedimentation rates do not require

high frequency sampling in contrast with condensed and low sedimentation rates intervals (Chapter

8.1)

Samples selection. The selection of promising samples to be dated starts from the field survey

observations. Carbonate samples need to be selected far from mineralized surfaces and faults. This is

required to limit the disturbance of the U-Pb isotope composition and age caused by the migration of

later fluids (Chapter 5.4). Carbonates along emersion surfaces (e.g. sequence boundaries) should be
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sampled with the aim to target meteoric cements related to the emersion event. Indeed, carbonates
precipitated from meteoric waters or under the influence of meteoric waters (e.g. vadose cements,
speleothems) are usually associated with a high dating potential (e.g. Woodhead & Petrus, 2019;
Gomes et al., 2020; Montano et al., 2021 and Montano et al. in revision in Chapters 4.1 and 6.1).
Instead, it was demonstrated (Chapter 7.2) that meteoric diagenesis on depositional phases may cause
a reduction of the age precision due to U leaching (e.g. carbonates in the last 2-3 m of the Yacoraite
Fm. below SB5). The analysis done in the framework of the Yacoraite Fm. showed that early
lacustrine cements statistically provide the most accurate assessment of the depositional age of the
system (if compared to microbialite and ooids from the same palaeoenvironment), with a dating
success rate for chronostratigraphic studies of about 65% and uncertainties mostly below 2-3% (20).
It derives that lacustrine cements should also be preferentially targeted for chronostratigraphic
studies. In contrast, phases characterized by mixed calcitic/dolomitic mineralogy provided the lowest
dating success (33%) and age precision, thus less suitable for chronostratigraphic studies (Chapter
7.3).

Pre-analytical sample characterization is required to reduce the time wasted on unsuitable samples,
improving the quality of collected data, enhancing the overall efficacy of U-Pb dating for
chronostratigraphic studies. Petrographic and geochemical analyses were adequate to select most
preserved carbonate phases (Chapter 7.1) although samples with a complex diagenetic history may
require to be mapped for various geochemical proxies as demonstrated by Drost et al. (2018). A
second approach that can be consider to detect post-depositional diagenetic modification is the
analysis of the U-Pb isotope composition of carbonates in the Tera-Wasserburg Concordia diagram
(Chapter 7.2).

LAcarb dating and spot selection. Spot selection via random screening is highly encouraged and
demonstrated to be adequate to detect hot spots providing a general idea on the dating potential of
specific phases. Samples with very homogeneous U-Pb isotope ratios or very high common Pb can
be easily discarded prior to be analysed (Chapter 7.1).

Age data points interpolation Literature provides various approaches to interpolate the age data
point along a vertical section in order to build MDA depth models via zircon geochronology (e.g.
Blaauw 2010; Blaauw et al. 2012; 2018; Lougheed & Obrochta, 2019). Similar approaches can be
applied with LAcarb ages. Advanced methods of interpolation such as the Bayesian statistics rely on
numerical methods to run iterations and select the best depositional scenario. These approaches are

required when dealing with un-linear datasets associated with depth and age uncertainties and in
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particular when age-reversals (i.e. ash layers becoming older upsection) occur within the dataset (e.g.
Blaauw & Christen, 2005; Baresel et al., 2017). Classical approaches, such as the commonly used
linear interpolation are ideal in simple geologic contexts with no major sedimentation hiatuses and
with age data points regularly distributed along the stratigraphic section (e.g. Watson et al., 2017).
The linear interpolation approach generally provides a point age depth estimate without considering
MDA uncertainties and assumes that abrupt changes in sedimentation rate took place exactly at the
dated depths with no smoothening of the depositional curve. Although this latter assumption is often
likely to be wrong, linear interpolation is known to produces plausible age depth models (e.g. Blaauw,
2010 and Blaauw et al., 2012) which are not far from those obtained by more advanced interpolation

method and resulted successful in the framework of the Yacoraite Fm. (Chapters 6.1 and 8.1).
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9 CONCLUSIONS AND PERSPECTIVES

9.1 Conclusions

The present PhD project focused on carbonate U-Pb dating via LA-ICPMS (LAcarb) as additional
chronostratigraphic tool for lacustrine deposits. The Ries Crater basin (Chapter 4) and the Yacoraite
Fm. (Chapters 5,6,7 and 8) demonstrated to be the ideal case studies to test the accuracy, precision,
potentialities, and limitations of LAcarb in the framework of chronostratigraphic investigations.

In the Ries Crater basin (Chapter 4) LAcarb ages obtained from preserved depositional (calcitic and
dolomitic microbial carbonate) and early diagenetic (lacustrine and meteoric cements) carbonates
were precise down to 1.5% and allowed chronostratigraphic correlations between discontinuous
marginal facies and between marginal facies and basinal siliciclastic units. The depositional ages and
chronostratigraphic correlations achieved were consistent with the known depositional age of the
system based on U-Pb and Sr/Sr dating applied on non-carbonate material. Results from this study
suggested that LAcarb may allow chronostratigraphic investigations at the resolution of the third
order stratigraphic sequence (0.5-5Ma).

In the framework of Yacoraite Fm. (Chapters 6 and 8), the depositional age was calculated via zircon
geochronology (MDA depth model, Chapter 6.1) from volcanic ash layers interbedded within the
stratigraphic section. LAcarb ages obtained from depositional carbonates (calcitic and dolomitic
microbialite, dolomitic oncoids and calcitic/dolomitic ooids) and lacustrine calcite cements were
interpolated to build two linear depositional age depth models for the same stratigraphic section dated
by zircon geochronology. One model was based on the results obtained from a single LAcarb
analytical session (MIDApart, 19 ages; Montano et al., in revision, Chapter 6.1) and the other on the
full dataset consisting of 7 analytical sessions (MIDAfull, 43 ages, Chapter 8.1). The LAcarb models
obtained are consistent with the depositional age reconstructed from zircon geochronology and
yielded a time resolution down to 1.5-2% (Chapter 8.1).

The new revised age of the Yacoraite Fm. showed implication for the general chronostratigraphy of
the Salta rift basin deposits (Chapter 6.2). Based on multiple sedimentologic, chronostratigraphic,
geochemical and palaeontological evidence the most possible position of the KPg extinction event

and of the Paleocene Eocene hyperthermals (PETM and EECO) events have been defined.

Results from this study also provided precious insights regarding the dating potential of various

lacustrine carbonates (Chapter 7). This is specifically important to better understand the mechanisms
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of U sequestration in carbonates from lacustrine settings and boost the dating success of LAcarb
technique. The dating potential is given by an interplay of various factors: the mechanism of
carbonate formation (i.e. organomineralization or chemical precipitation) and how the carbonate is
prone to maintain the pristine composition. This in turns depends on petrographic features (i.e.
habitus, texture, reactive surface area) and mineralogy (i.e. stable vs unstable original mineralogy)
(Chapter 7.2). Although all carbonate types (microbialite, oncoids, ooids and lacustrine cements)
provided some depositional ages, the early lacustrine cements yielded the highest dating success and
higher age precision (i.e. 65% depositional ages, precision below 3%). Conversely, microbialite
provided the lowest dating success (i.e. 41 % of depositional ages) and low age precision (i.e.
uncertainties up to 6-8%), similar to those of ooids. Dolomitic carbonates and those with mixed
dolomitic/calcitic mineralogies yielded statistically less precise ages and thus demonstrated to be less
suitable for chronostratigraphic studies. The high dating potential of the lacustrine calcite cement was
interpreted to be due to precipitation in more reducing conditions from a fluid enriched in U. In
contrast, microbialites and ooids lower dating potential is interpreted to be mainly due to
incorporation of high amounts of Pb during their formation.

Considering the better comprehension of potentialities and limitations of LAcarb acquired in this PhD
project, a protocol to build a robust depositional age depth model solely via LAcarb is proposed
(Chapter 8.2) and consists of four steps: 1) the choice of the number of samples to be dated along the
chosen stratigraphic section; 2) the most promising sample selection; 3) the LAcarb dating and spot

selection approach and 4) the strategy of data point interpolation.

Some future perspectives of the project are discussed in Chapter 9.2.
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9.2 Perspectives

The success of LAcarb in the Ries Crater basin a Yacoraite Fm. lacustrine successions opened a wide
array of possible applications. Here three perspectives are discussed: 1) the study of the Ries Crater
basin as analogue of paleolakes on Mars, 2) the use of LAcarb to select pristine carbonates for
chronostratigraphic studies and 3) further LAcarb analyses to achieve chronostratigraphic
correlations of the Yacoraite Fm. at basin scale. Preliminary analyses were conducted during this PhD

project regarding the third prospective mentioned.

9.2.1 Chronostratigraphic model of the Ries Crater basin: an analogue for

paleolakes on Mars

In the last years The Ries Crater impact basin has attracted great attention since it is considered as a
valuable analogue of impact-related paleolakes on Mars, such as the Jazero and Gale craters (e.g. Arp
et al., 2019b; Svensson et al., 2021; Arp et al., 2021). These craters are currently explored by NASA
Curiosity and Perseverance Rover (Carr, 2021) because life possibly existed on their margins before
Mars lost its own atmosphere and water could be still present beneath their surfaces (e.g. Horgan et
al., 2020; Bosac et al., 2021; Scheller et al., 2021; Svensson et al., 2021). Appraising the temporal
relationship of carbonate facies in these settings is thus of prime importance in the framework of
astrobiology (Osinski et al., 2020) because it would allow to understand when and where

environmental conditions could have been suitable for life after the meteorite impact occurred.

In the framework of this PhD project, LAcarb technique provided time constraints for the Ries Crater
deposits (Chapter 4), particularly the time elapsed between meteorite impact and bioherm growth.
Future studies may concern high resolution chronostratigraphic analyses, involving older bioherm
and hydrothermal spring mound, with the aim to produce a temporal/spatial depositional model for
the Ries Crater facies. It is worth mentioning that meteorite impacts often induce hydrothermal fluid
migrations and consequent development of hydrothermal spring mounds. Due to favourable chemical
and temperature conditions, hydrothermal vents are known to play an important role in the origin of
life (e.g. Osinski et al., 2020). Thus, hydrothermal spring mounds from the Ries Crater (e.g. Arp et
al., 2013b) should be preferentially target for future LAcarb based investigations.
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9.2.2 Implications of LAcarb for paleoenvironmental and paleoclimate studies

Due to the alerting impact of present-day anthropogenic CO> release to the ecosystems and general
global warming, there is an increasing interest to examine intervals in the geological past tha record
major environmental changes and biologic turnovers occurred (e.g. Keltz & Talbot, 1990; Leng &
Marshall, 2004; Elias, 2021; Shuman, 2021). Mandatory prerequisite for these investigations is the
assumption that the carbonate samples selected preserve their pristine geochemical composition.
Although various tools are commonly employed to detect possible diagenetic modifications, (e.g.
Drost et al., 2018; Li et al., 2021; Rasbury et al., 2021), the evaluation of carbonate geochemical
preservation remains a matter of debate and is one of the most discussed topics in
palaeoenvironmental/paleoclimate research (e.g. McCormack & Kwiecien, 2021). In such scenario
LAcarb may be considered as an additional tool to discriminate geochemically pristine and disturbed
carbonate samples. As extensively discussed in this text, since U is very soluble, it tends to be easily
leached during neomorphic processes, also during early diagenesis, resulting in an age reset or
degradation (Chapter 7.2).

In the context of paleoclimate studies, the lacustrine Yacoraite Fm. can be considered as an ideal
object to test the use of LAcarb as both dating tool and diagenesis detector. The formation has been
already dated via zircon and carbonate geochronology (Montano et al., in revision; Chapter 6.1),
allowing to work in a well time-framed geologic context to test the accuracy of LAcarb ages. Previous
authors demonstrate that the lacustrine deposits record important changes in environmental
conditions (e.g. alkalinity, salinity, lake dynamic, KPg extinction; Rohais et al., 2019; Deschamps et
al., 2020). Moreover, carbonates from the sub-basin investigated (Chapter 5.4) showed a minor burial
diagenetic overprint on the pristine isotope composition (Chapters 7.1 and 7.2), good dating success
(54% of ages consistend with zircon geochronology; Montano et al. submitted; Chapter 6.1) and good

age precision (uncertainties down to 1.8%, 2c).
A possible workflow for a future project may involve the following steps:

1) Petrography and elemental geochemistry are used to discard carbonates with clear evidence
of diagenetic modifications, as usually done in any paleoclimate study (Chapter 6 and 7).

2) Carbonates selected are dated via LAcarb (Chapter 7). Only carbonates with U-Pb ages that
become younger going from the base to the top of the stratigraphic section and with
uncertainty < 3%, well alignment of isotope ratio datapoints and high radiogenic proportion
of Pb has to be targeted fort paleoclimate analyses (Chapter 7.2).
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3) The palaeoenvironmental/paleoclimate evolution of the lake is investigated through
elemental/isotope analyses via LA-ICPMS on the carbonates selected. Some proxies to be
considered are Cu/Al Ni/Al for OM flux and palaeoproductivity, U/Th, V/Cr and V/V+Ni for
the redox conditions, B for the evaporative conditions, Ph and salinity (e.g. Rohais et al.,
2019). In the framework of this PhD project, elemental analytical sessions were attempted but
resulted mostly unsuccessful due to quartz contamination and issues with the spectrometer.
Moreover, the Covid-19 health emergency hindered to repeat the measurements in further

sessions.

9.2.3 Basin scale chronostratigraphic correlations of the Yacoraite Fm.

The possibility to use LAcarb for inner basin-margin and margin-margin chronostratigraphic
correlations in a lacustrine basin has been investigated in the framework of the Ries Crater meteorite
impact basin (Miocene, SW Germany, Chapter 4). The study demonstrated that LAcarb allows
chronostratigraphic correlations in small lacustrine basins (< 30 Km in diameter) of Miocene age that
persisted for around 1.2-2 Ma (Montano et al., 2021, Chapter 4.1). The time resolution achieved was
down to 1.5% (20) and suggest that LAcarb may be even more useful in larger basins that evolved in

a longer time.

A good case study to investigate this application is surely the Yacoraite Fm. (Cretaceous-Paleogene,
NW Argentina) that covers a massive surface of 150 000 Km? (diameter > 200 Km) and was deposited
in around 6Ma (Chapters 6 and 8). In the framework of this PhD project, field survey allowed
collecting samples from two stratigraphic sections of the basin located at the margins of the lake, one
dominated by carbonates (Juramento section) and the other by siliciclastics (Cachipampa section)
(Chapter 5.4).

The first aim of a potential future project could be to attemp correlating via LAcarb these two
stratigraphic sections that are characterized by different thicknesses, sedimentation rates, depositional
profiles and influxes of continental waters. The possibility to work on coeval samples from two
different areas of the basin would also allow to better understand the role of specific environmental

conditions (e.g. different detrital imput and continental water influx) on the dating potential.
Preliminary results and future research

The Juramento stratigraphic section has been dated via zircon geochronology and LAcarb. Results

are in Chapters 6, 7 and 8. Concerning the Cachipampa section, field survey allowed collecting 38
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carbonate samples a no ash layers

because poorly voluminous. Preliminary

analyses were achieved on these
carbonate samples.
Petrographic analysis underlined

diagenetic features consistent with those
observed in the Juramento section.
Similarly, C-O stable isotope analysis
indicates the same covariance typical of
closed lakes (Fig. 60). This suggests that
also carbonates from the Cachipampa
section did not suffer a strong diagenetic

overprint.

The absence of ash layer samples does
not allow to produce a MDA model as
previously done for the Juramento
section. To overcome this issue, the
sequence boundary ages estimated from
Juramento section (Chapter 8) were
reported along the Cachipampa section
according to the chronostratigraphic
correlations provided by Rohais et al.,
(2012; 2014, 2019) and Deschamps et
al., (2020) (Fig.61).
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elemental and isotope composition suggesting the carbonate type has an important influence on the
U-Pb incorporation and dating potential. LAcarb provided some depositional ages (Fig. 61) with an
apparently lower average age precision. However, the present dataset requires further refinement and
new analytical sessions have to be achieved. Indeed, due to the lower sedimentation rates of the
Cachipampa section and the lower age precision observed, a robust depositional age depth model may

possibly be obtained only via a higher sampling frequency (Chapter 8.2).

Figure 60 A) Juramento stratigraphic section. Carbon (5!3C) and oxygen (5'80) stable isotope data (to
the left), and minimum depositional age (MIDA) depth model (to the right) from figure 56 (Chapter
8.1). B) Cachipampa stratigraphic section. To the left Carbon (5'3C) and oxygen (5'80) stable isotope
data. To the right, the depositional model (in green) is built considering the position of the sequence
boundaries (Rohais et al., 2019; Deschamps et al., 2020) and their age estimated along the Juramento
section. A cluster of younger ages (dashed area) obtained in Sequence 1 from both Juramento and
Cachipampa sections indicates a possible event of fluid migration and neomorphism at around 61.5
Ma. C, D, E) Petrographic image and TW Concordia diagram of calcitic ooids (OC) calcitic
microbialite (MIC-D) and burial cement (LC1). Carbon and Oxygen stable isotope values are

expressed as relative to the Vienna Pee Dee Be Standard (V-PDB).
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123 stromatolite boundstone  UJ41
122 oolitic grainstone U0 oc 195 -0.07
uJ4o MIC-D 2.63 4.28
- . uj39  ocC 1.98 0.80 27/02/2019 6531 149 1.80 276 33 1.2 0.821+0.001 0
120 oolitic grainstone
uJ39 EC 27/02/2019
oolitic grainstone uJ38 0OC 1.72 220
114 stromatolite boundstone  UJ37b
113 stromatolite boundstone  UJ37a
105 oolitic grainstone ujze 0D 296 247
102 oolitic grainstone uJ35
100 gastropods . ui3a
rudstone/grainstone
uj33  ocC 237 1.50
99 oolitic grainstone uUJ33 EC 16/10/2018
Uj33  MIC-C 1.72 2.40 16/10/2018 77.00  30.00 16 43 0.833£0.009 11
98.5 stromatolite boundstone  UJ33A MIC-C 16/10/2018
96 stromatolite boundstone  UJ32  MIC-C 1.80 0.91
91 oolitic grainstone uj31 oM 2.75 5.07
88.5 stromatolite boundstone  UJ30B
88 oolitic grainstone UJ30A OD 3.25 3.62
86 oolitic grainstone uJ29
1 oolitic grainstone to
85 packstone with gastropos  UJ28
and mudclasts
30 Agglutlnat.ed, dendriform ui27
stromatolite boundstone
79 oolitic grainstone uj26  OD 3.45 4.70
74 trombolite boundstone uJ25

£ stratigraphic height along the Juramento section in metres

© Stratigraphic sequence according to Rohais et al. (2019) and Deschamps et al. (2020)

* §13C and 6180 values expressed as relative to V-PDB (Vienna Pee Dee Belemnite) standard.
** Tera-Wasserburg diagram U-Pb lower intercept ages
# Absolute internal uncertainty (excluding long-term excess of variance of 1.5%).

$ Absolute expanded uncertainty (including ong-term excess of variance of 1.5%).
" Number of LA-ICPMS spot analyses.
1 Mean Squared Weighted Deviates

" Y-axis intercept =initial Pb/Pb ratio.
9 rejected datapoints

Table Supplementary data 4. Results Juramento section sequences 1 and 2
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Seq. Sample Carb. Age** 20" s 2 MSWD
me ~od Carbonate facies ample  Lam. - 130x %0+ LA session e 201 2060 Cexp y-int" rej 1
© name phase (Ma)  (Ma) (Ma) (%) +
238 oolitic grainstone uj78 0OC -1.83 -6.18 16/10/2018 60.00 17.00 22 3.7 0.818+0.003 0
238 uJ78 MIC-C 16/10/2018
237 stromatolite boundstone UJ77  MIC-C -1.37 -5.86
236 oolitic grainstone uj76  ocC -0.66 -5.67
- . UJ75b MIC-C 0.14 -4.17
233.5 oolitic grainstone
UJ75b 0OC -0.02 -6.85 27/02/2019 61.38 6.17 6.20 10.10 30 1.0 0.818+0.001 0
233 stromatolite boundstone Ui75a MIC-D 0.51  -1.23  28/02/2019
UJ75a MIC-C 0.93 -1.42 28/02/2019 75.00 15.00 15.04 20.00 13 5.6 0.815+0.004 0
230 oolitic grainstone uj74  OC -0.01 -3.24 16/10/2018 61.70 1.80 2.00 3.24 23 0.8 0.817+0.002 4
229 grapestone-ooid JURD9 OC 14/08/2016
grainstone to packstone JURD9 MIC-M 14/08/2016
uj72 MIC-C -0.17 -4.82 17/04/2019 65.69 0.57 1.13 1.70 32 1.4 0.828+0.002 2
uJ73 MIC-C -0.17 -4.82 17/06/2019 63.72 0.66 1.20 28 0.7 0.832+0.002 0
227 uj73 MIC-C -0.17 -4.82 16/10/2018 64.13 0.67 1.20 1.87 25 1.5 0.826+0.002 0
uJ73 MIC-C -0.17 -4.82 28/02/2019 64.74 097 1.30 2.10 35 0.7 0.826+0.002 1
uj73 MIC-C -0.17 -4.82 27/02/2019 64.40 0.68 1.20 1.86 31 13 0.824+0.001 1
227 uJ73 MIC-D 17/04/2019 63.70 212 230 3.61 16 2.2 0.818+0.003
4 il ith algal
218 siltstone with alga U2 MICC 055 -1.03
laminae
. . . JURD3 MIC-D 1.08 1.45 14/08/2016 62.58 2.05 2.26 3.61 18 0.8 0.824+0.003 0
217 fine grained stromatolite
JURD3 MIC-C 1.40 0.58 14/08/2016 63.44 153 1.80 284 40 1.8 0.820+0.001 O
uj71  oC 1.54 1.25 27/02/2019 62.31 450 4.60 7.38 13 0.9 0.820+0.002
216 oolitic grainstone UJ71  EC 27/02/2019
uJ71 MIC-C 0.02 -0.54 27/02/2019 4
. . .. JURC10 MIC-D 14/08/2016  63.66 144 173 272 19 0.8 0.825+0.004 0
211 fine grained stromatolite
JURC10 MIC-C 0.54 1.15 14/08/2016 66.81 11.15 11.20 16.76 13 0.6 0.826+0.007 0
210 oolitic grainstone uJj70  ocC 1.07 0.00
208 stromatolite boundstone Wwes  MIC-D 103 151 16/10/2018
ulJeg MIC-C 1.51 1.73 16/10/2018 62.70 1.20 1.80 287 25 13 0.816+0.002 0
206 oolitic grainstone with pel UJ68  OM 1.18 1.03

oolitic grapestone with
microbial intraclasts
198 oolitic grainstone uJeeb 0OC 0.75 1.10
uUleba MIC-D 0.26 1.69
Uleba MIC-C  1.19 1.32
oolitic grainstone with ~ UJ65  OC 0.08 1.27

203 ule7 OM 142 187

197 stromatolite breccia

194
gastropods and ule5 MIC-C 0.36 1.69
192 oolitic grainstone uled OC -0.95 0.84 16/10/2018 64.70 2.00 2.20 340 25 1.0 0.821+0.002 0
ule4  MiC-C 16/10/2018
191 stromatolite boundstone UJ63  MIC-C  0.13 1.67 27/02/2019
- . JURC6 OC 0.20 1.29 14/08/2016 64.25 2.48 2.66 414 24 07 0.823+0.004 0
185 oolitic grainstone
JURC6 EC 14/08/2016 64.51 1.73 1.98 3.07 16 1.0 0.810+0.001 O
- . ule2a EC 17/06/2019 64.30 1.10 1.50 233 30 1.7 0.820+£0.003 1
184.5 oolitic grainstone
ule2a OM -0.17 -0.98 28/02/2019 57.10 4.00 4.10 7.10 22 1.8 0.835+0.008 6

180 oolitic grainstone uJel

domal stromatolite and
175 g comastromatolteand . w\ucc 000 242 27/02/2019 6499  1.64 1.90 292 31 1.0  0.823:0.002 0
trombolite boundstone

171 laminated stromatolite bc UJ59 ~ MIC-C  -2.25 2.94
170 oolitic grainstone uJ58 EC 17/06/2019  65.62 0.85 1.30 1.98 28 1.1 0.819+0.003 3
169 oolitic grainstone uj57  oC 16/10/2018 64.60 1.10 1.50 232 30 1.2 0.819+0.002 0
uj57  MIC-C 16/10/2018 -
ulJ56 oD 16/10/2018 -
160 carbonate mudstone uJs56  MIC-D 1.87 1.55 16/10/2018 -
ujs6  MIC-C 1.46 1.78 16/10/2018 64.30 2.20 2.40 3.73 27 1.3 0.822+0.030 0
158 siltstone uj55 LC 17/04/2019
156.5 carbonate mudstone UJ54a
156 carbonate mudstone uj54 MIC-C -1.06 -1.84

£ stratigraphic height along the Juramento section in metres

© Stratigraphic sequence according to Rohais et al. (2019) and Deschamps et al. (2020)

* 813C and 8180 values expressed as relative to V-PDB (Vienna Pee Dee Belemnite) standard.
** Tera-Wasserburg diagram U-Pb lower intercept ages

# Absolute internal uncertainty (excluding long-term excess of variance of 1.5%).

$ Absolute expanded uncertainty (including ong-term excess of variance of 1.5%).

" Number of LA-ICPMS spot analyses.

t Mean Squared Weighted Deviates

" Y-axis intercept =initial Pb/Pb ratio.

1 rejected datapoints

Table supplementary data 5. Results from Juramento section sequences 3 and 4.
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Seq. Sample Carb. Age** 20" $ MSWD
me o9 Carbonate facies ample  Lan 88c* 6"0* LAsession ge 20 20ep  MSWD N y-int" rej 1
© name phase (Ma) (Ma) (Ma) t
UJ24B EC 17/06/2019 65.80 1.00 1.40 213 2 19.0 0.770£0.004 9
. uj24B OM 3.28 2.05 27/02/2019 59.20 4.90 5.00 845 11 31.0 0.774£0.004 0
72 stromatolite boundstone
UJ24B MIC-M 3.52 4.03 27/02/2019
UJ24B  MIC-C 27/02/2019 78.00 13.00 13.00 16.67 24 31.0 0.809+0.035 6
71.5 oolitic grainstone UJ24a OC 3.75 6.27
. . JUR8 OM 25 1.33  14/08/2016 65.11 327 341 524 1 20.0 0.821+0.002 0
71 oolitic grainstone
JUR8  EC 14/08/2016 66.45 122 1.58 238 2 15.0 0.813£0.010 0
. . uj23  om 27/02/2019 67.37 5.28 5.40 8.02 1 25.0 0.816+0.003 5
69 oolitic grainstone
uJ23  EC 17/06/2019 65.13 0.58 1.10 169 1 27.0 0.827£0.003 5
. . JuB7 0D 14/08/2016 65.52 206 229 350 1 25.0 0.822+0.015 0
68 oolitic grainstone
JUB7 EC 14/08/2016 67.32 1.63 192 285 1 21.0 0.828+0.002 0
67 oolitic grainstone uJ22
66.5 oolitic grainstone uj21  EC 269 1.74
66.2 CH1 OND 3.51 6.26 14/08/2016 65.49 1.47 177 270 1 27.0 0.820£0.002 0
’ CH1 EC 14/08/2016 61.90 214 233 376 2 14.0 0.816+0.0027 0
. JuB6  OND 14/08/2016 58.88 243 258 438 1 33.0 0.818+0.002 0
65 oncoidal rudstone
JuBe  EC 14/08/2016 64.73 0.96 1.37 212 1 27.0 0.830£0.003 0
64.8 oncoidal rudstone ui20- EC 301 4.38
UJ20 OND 4.19 6.05
JuB5  EC 14/08/2016 65.99 0.94 1.37 208 1 15.0 0.817+£0.004 0
64.5 oncoidal rudstone JUB5  EC 17/06/2019 64.78 0.51 1.10 1.70 1 42.0 0.831+0.006 3
JUB5 OND 14/08/2016 65.42 260 278 425 1 20.0 0.818+0.003 0
63 oolitic grainstone uJ19 OND 3.98 5.01
trombolite boundstone
59 inside and oolitic UJ18 MIC-C 4.44 8.67
grainstone
oolitic grainstone uj17 oD 3.44 5.09 17/06/2019
57.5 liti inst d
ooltic gramstone and ;45 ge 17/06/2019 6520 170 190 291 2 290  0.825:0.008 2
microbial boundstone
57 uJjl6  OC 2.73 3.77
uJjl6 MIC-D 347 4.18
56.5 oolitic grainstone JuBl OM 14/08/2016 65.08 3.66 3.79 582 2 29.0 0.819+0.005 0
55.8 1 oolitic grainstone uJ1s  ocC 2.22 3.40 16/10/2018 66.30 130 1.60 241 1 30.0 0.815£0.004 0
uJj14  MIC-C 16/10/2018
55 oolitic grainstone uJj14  oC 2.33 256 16/10/2018 66.90 1.60 2.00 299 1 28.0 0.802+0.001 0
225 planar stromatolite U3 MD 187 272
boundstone
uJj12  EC 27/02/2019
uJj12  MIC-C 27/02/2019
42 oolitic grainstone uj12  ocC 27/02/2019 66.94 1.60 1.90 284 1 30.0 0.820£0.001 0
medium grained
325 sandstone and uji1 MC 1.65 0.31
stromatolite boundstone
315 oolitic grainstone uJ10  ocC 2.25 361
mustache stromatolite
30.5 uJ9 MIC-C 215 0.97
boundstone
28 oolitic grainstone uJ8 ocC 1.94 207
loid ooliti inst
26.3 peloid ooliticgrainstone ;17 g¢ 17/06/2019 65.84 041 110 167 2 310  0.821:0.004 2
to packstone
255 trombolite to planar 16a MIC-D 242 3.72
’ stromatolite boundstone MIC-C 193 1.98 16/10/2018 67.74 0.58 1.20 177 1 31.0 0.815£0.002 0
24 sandy oolitic grainstone  UJ6
18 sandy oolitic grainstone  UJ5
5.5 sandy oolitic grainstone  UJ4
5 sandy oolitic grainstone JUR1  OC 14/08/2016
4 sandy oolitic grainstone  UJ3 oc 27/02/2019
medium grained
sandstone with
2.5 uj2
carbonate algal mats and
ostracods
silty to fine-grained
) sandstone with

carbonate algal mats and
ostracods

£ stratigraphic height along the Juramento section in metres
© Stratigraphic sequence according to Rohais et al. (2019) and Deschamps et al. (2020)

* §13C and 6180 values expressed as relative to V-PDB (Vienna Pee Dee Belemnite) standard.

** Tera-Wasserburg diagram U-Pb lower intercept ages

# Absolute internal uncertainty (excluding long-term excess of variance of 1.5%).
$ Absolute expanded uncertainty (including ong-term excess of variance of 1.5%).
" Number of LA-ICPMS spot analyses.

T Mean Squared Weighted Deviates

" Y-axis intercept =initial Pb/Pb ratio.

9 rejected datapoints

Table Supplementary data 6. Results Juramento section sequence 1
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Sample Carb. Age**  2cint 2cexp 20exp

mE Seq.© hame phase 813C* 6180* LA session (Ma) #(Ma) $(Ma) (%) N" MSWDt y-int" rej 1
160 CPP74 ocC -3.50 -5.48
159 CPP72 ocC -2.75  -4.23
158 CPP69 ocC -2.38  -4.13
156 CPP63 MIC-C -2.17  -3.10
155 CPP58 ocC -0.12  -5.04
154 CPP55 MIC-C 0.38 1.69
153.5 CPP47 ocC -2.29  -4.15
151 CPP39 ocC -1.24  -2.65
150.5 CPP37 ocC -2.20  -6.01
150 CPP35 ocC -1.47 -0.98
143 4 CPP26 ocC -2.59 -0.48
143 CPP26 MIC-C -230  -1.25
142 ucs7 ocC -2.15  -6.08 28/02/2019 58.50 2.30 2.40 420 31 5.6 0.802+0.007 0
140 ucC3e MIC-D -3.29  0.67
140 ucCse MiC-C -3.03 -1.66
139 CPP21 MiC-C -296 -1.15
139 CPP21 MIC-D -2.35 2.14
138 CPP20 -2.52  -4.06
133.5 CPP5 ocC -4.16  -4.88
132 CPP1 -3.32 -4.08
126 ucs4 oD 28/02/2019 62.00 36.00 36.01 58.00 18 38.0 0.825+0.030 0
112 ucs3 ocC 0.24 0.31 17/04/2019  63.28 1.85 2.00 3.20 26 1.4 0.817+0.001 0
110 uc32 MIC-D -0.24  -2.14
108 ucs1 MIC-D 1.54 4.42
108 MIC-C 1.28 1.61
105 uc3o MIC-C 1.04 1.38 28/02/2019  66.90 1.43 1.70 2.60 43 0.9 0.838+0.002 0
104.5 MIC-D 1.10 3.00 28/02/2019 62.50 1.80 2.00 3.40 35 1.5 0.830+0.003 0
97 3 ucas MiC-C 0.70 1.15 17/06/2019  66.21 1.60 1.90 280 13 0.8 0.834+0.001 0
97 ucag MIC-D 0.56 0.33
93 ucz2e MIC-C -0.95 -1.98
91 uca2s oD 16/04/2019 54.20 16.43
90 uc24 MiC-C 1.19 0.86
90 ucz24 MIC-D 0.22 4.28
90 ucz24 oD 1.08 1.63
88 ucz3 ocC 0.37 -1.34 17/06/2019 3 3
88 uc23 ocC 17/04/2019 6 6
84 uc22
81 uc21 ocC 0.13 1.06
80 uc20 EC -0.05 -11.48
80 uc20 MiC-C 0.10 -0.55
80 2 ucz20 MIC-C -0.56 -0.68
74 ucz20 LC 251 4.63 28/02/2019 64.60 2.70 2.80 4.40 27 1.8 0.835+0.008 0
66 uci19 EC 0.03 -8.82
66 uc19 MiC-C 1.67 2.18
66 UC19 0ocC 1.78 2.17 28/02/2019  65.90  3.80 3.90 590 35 1.7 0.832+0.003 2
62.5 ucis MIC-D 3.64 6.84
62.5 ucCi1s oD 214 0.67
60 uc17 MiC-C 2.84 5.61
56 uci1s oD 2.48 6.59 17/04/2019 64.50  4.50 4.60 7.10 23 11.2 0.792+0.007 2
56 uci1s MIC-C 1.33 3.34
51 uci4 oD 2.35 4.45
51 uci4 EC 0.91 -9.79 17/06/2019  63.06  0.45 1.00 166 31 1.2 0.853+0.004 0
41 uc11 EC 17/04/2019
41 uc11 MIC-D 1.97 2.07 17/04/2019
41 uc11 MiC-C 1.69 1.61
41 1 uc11 oD 16/04/2019  66.99 1.92 ‘
39 uci1o EC 17/06/2019  60.50 1.70 1.90 3.20 30 10.0 0.840+0.023 1
ucio LC 16/04/2019 59.70 2.50 ‘
37 Ucob LC 17/04/2019 61.82 1.39 1.70 270 28 4.5 0.815+0.004 4
36.5 UCob oD 1.87 1.46 17/04/2019 62.90 8.20 8.30 13.00 3 0.7 0.813+0.006 2
345 uce MIC-D 2.08 5.13 17/04/2019 85.38  5.23 5.40 6.30 21 3.0 0.859+0.004 0
34 uco MIC-C 17/04/2019 70.43 1.50 1.80 250 33 4.2 0.838+ 0.002 1
27 ucz oD? 76.20 4.50
25 uce MIC-D -0.39 3.83
20 ucs oc? 28/02/2019 64.30 2.10 2.30 3.60 28 0.6 0.814+0.003 0
18 uca MIC-D 1.25 5.61
16 UcC3 MIC-C 28/02/2019  66.10  2.90 3.06 3.24 22 1.6 0.812+0.004 0

£ stratigraphic height along the Juramento section in metres

© Stratigraphic sequence according to Rohais et al. (2019) and Deschamps et al. (2020)

* §13C and 6180 values expressed as relative to V-PDB (Vienna Pee Dee Belemnite) standard.
** Tera-Wasserburg diagram U-Pb lower intercept ages

# Absolute internal uncertainty (excluding long-term excess of variance of 1.5%).

$ Absolute expanded uncertainty (including ong-term excess of variance of 1.5%).

" Number of LA-ICPMS spot analyses.

1 Mean Squared Weighted Deviates

" Y-axis intercept =initial Pb/Pb ratio.

1 rejected datapoints

Table Supplementary data 7. Results Cachipampa section
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Table supplementary data 9. Tera Wasserburg diagrams from the LAcarb session done on 16/10/18
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Table supplementary data 10. Tera Wasserburg diagrams from the LAcarb session done on 27/02/19
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Table supplementary data 11. Tera Wasserburg diagrams from the

LAcarb session done on 28/02/19
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Tera Wasserburg diagrams from the LAcarb session done on 17/04/19
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Supplementary data 13

Excel file SUPPLEMENTARY DATA 13. Settings of the Laser and of the ICP-MS instrument and raw data

for zircon and carbonate dating sessions.
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