ABSTRACT

AZM| IFFATNeogene Expansion of Grasslands in South America: Interactions Between
Climate, Ecology, And Tectoni@sgnder the directiorof Dr. Ethan Hyland).

The Neogene, often cited as an analog for futchenate was marked by pronounced climatic and

ecological change, witherhaps the most important being the expansion/of 3INJ} aaf F yYR&a GAF
unevenly across tropical and subtropical regiofisheterogeneous expansionas elicited questions

about the major drivers of grassland ecosystems, and how they might respond under future changes to
global climate¢ KA &4 RA&ZASNIFGA2Y Ay@SadAaarisSa bS23SyS /j F
the roles of Andean orogeny and monsoon development and disturbance in driving those changes.
Through a multiproxy approach using paleosol archives, this study provigasebolution spatio-

temporal reconstructions of climate and vegetation cover spanning the Neogenaess a transect of

basins in Argentindn the first research chapter, Late Miocepaleoenvironmental recordfrom the

Angastaco Basin indicate a limiténtrease in £abundance coinciding with progressive aridification

resulting from orogenic uplifand evolving monsoon patternfn the second research chapter, records

from Middle to Late Miocene deposiia the Cacheuta Basin indicate a transition to wetter conditions
O2yaraitasSyid 6AGK | A0NBYy3IGKSYyAy3d {2dziK ! YSNAOLFY Y2\
The third research chapter describgmleosol records from the southeastern Pampagich reveal

pronounced precipitation seasonality andnaonsoonal influence, with relatively higher but spatially

@I NRA I 0t Findlly, theGaigh3addarch chapter sholvs NS | G A @St &urikgthd i NI / j &
Pliocenein the Choromoro and Tucuman basiimglicaing a delayed onset ofa€xpansion Atogether,

this dissertation shows that@lK 2 dzZ3 K / j ot Anielicégpeayed bitlye Middle Miocene

(16 M3, the broader expansiownf these grasslandsias spatially heterogeneous and asynchronous,

governed bylocalhydroclimateand elevation, ather than a singlelriver regionally These patterns are

consistent with aegionalstrengthening of the South American Monsoon System, marked by increased
precipitation seasonality while temperatures remained comparatively stabieecosystems with
NBAGNROGSR /] LINB A $guing hisNetyensiniedval ipliés thit dalisal 2\R IRt

gl a yz2i azft Stasslantspreatl. ORerall] this work broadens our understanding of how
topography and climate have shaped Neogene ecosystems in South America, highlighting the importance

of regional environmental feedbaskn shaping terrestrial biomes.
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CHAPTER 1: Introduction

1.1 Overview

Grasslands are an essential ecosystem, covering approximately 40% of the Earth's terrestrial
surface, and play a critical role in global biodiversity, carbon storage, and climate reg(Bzrogett et
al., 2021; Liu & Lu, 2022)Vithin these ecosystems, @Grasses form a crucial component, particularly in
tropical and subtropical regions such as the Great Plains of North America, the savannas of Africa, and the
Cerrado and Pampas of South America. Covering approximately 18.8 million square kilomeiargsC
account for ~20% of the global photosynthetic carbon assimilation, contribute to 30% of global agricultural
grain production (Osborne & Beerling, 2005; Still et al., 2003), and shape both global and regional fire
dynamics (Figure .1, Luo et al., 2024 G grasses predominantly thrive in warm, arid, and open
environments, where their efficient photosynthetic pathway provides a competitive advantage under high
light, temperature (Ehleringer, 1978), and periodic water stress conditions (Edwards & Still, 2008)

In the context of ongoing climate change and its predicted ecological impacts, studying the C
grassland ecosystem and its evolutionary history is of critical importangeasses play a significant role
in agriculture and environmental protection, contributing to global food and forage production,
conservation, erosion control, biodiversity, and land managenieluser et al., 2004; Vendramini et al.,
2023) G grasses are highly efficient in carbon sequestration and are well adapted to high temperatures
and low atmospheric G@oncentrations (Christin & Osborne, 2014; Sage, 2004). The unique physiological
characteristics of {plants result in distinct climate sensitiviti€suo et al., 2024)indicating potential
shifts in their global distributionSuch shifts camfluence global food security and ecosystem dynamics
by altering the balance between; @nd G plant dominance across different regiof@otton et al., 2016)
Given the anticipated rise in atmospheric £@long with associated global warming, increased
precipitation in some regions, and aridity in others (IPCC, 2023; Calvin et al., 2023), understanding the

relationship between climate ands@egetation is essentigBeerling & Osborne, 2006)The Late



Miocene, an intervatonsidered analogous to future climate scenarios (Steinthorsdottir et al., 2021),
presents a unigue opportunity to explore this relationship, as it marks the period whegragses began

to proliferate.
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The global dominance ofs@lants observed today is a relatively recent phenomenon, largely
attributed to the expansion of {ggrasslands during thieate MioceneEarly Pliocene (Cerling et al., 1997;
Osborne, 2008). The origin of g¢asses in the Oligocene is attributed to a reduction in atmospheric CO
concentrations (Christin & Osborne, 2014; Osborne, 2008). The continued declingdanCeéntrations
in the Late Miocene was initially proposed as a driver of glohaxpansion during this period, but this
decline in atmospheric G@as been reconsidered as evidence now indicates that atmosphesie s
remained relatively stable during tHeite Miocene (Pagaret al., 1999; Pearson & Palmer, 2000; Royer,
2006). Subsequently, several other environmental and biotic factors have been suggested as drivers of C
grassland expansion, including global and regional climate shifts, changes in fire patterns and feedbacks,
the advent of grazing and evolution of herbivory. However, the key driver of the expansion remains largely

debated, and the recently observed diaoheity in Gexpansion records from different parts of the world

2



(e.g., Edwards et al., 2010; Tauxe & Feakins, 2020), along with variations in regional climatic and tectonic

conditions, indicates the importance of considering regional processes rather than a singular global event.
Thelate Miocene expansion ofs@rasslands in South America remains largely unexplored. In

South America, theéate Miocene expansion ofs@rasses coincides with the evolution and development

of the South American monsoon system, which led to more pronounced seasonal and regional

precipitation patterns(Carrapa et al., 2019; Rohrmann et al., 20I®d)e emergence of this monsoon

system is closely linked to Andean orogeny and associated changes in orographic hydr¢Mintctiest

al., 2010; Rohrmann et al., 2016; Strecker et al., 2007; Uba et al.,.ZD@ig) dissertation seeks to

investigate the mechanisms driving the expansion pfy@sslands in South America during ttede

Mioceng;Pliocene by addressing the following objectives:
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This dissertation aims to deliver a comprehensive understanding of these regional factors driving the
expansion of £grasslands in South America (Figur),1contributing to the broader discussion on the
interaction between climate, tectonics, fire and vegetation dynamics (Fig@yeluring theLate Miocene
to Early Pliocene. Only a handful of studies have described the environmental and ecological conditions
of the Late Miocene in the region, and they primarily rely mostly on qualitative sedimentologith
paleontological evidencéarreda et al., 2007; Carrapa et al., 2019; €kiareguizar & Cladera, 2006;
Pound et al., 2012; Strémberg et al., 2013w studies have documented the presence and expansion of
Cigrasses in South America during this peratt taken together, these studies shaxgriations in timing
and local abundance (e.g., Bywateyes et al., 2010; Cotton et al., 2014; Hynek et al., 2012; Latorre et

al., 1997), and limited links to climatic or fire conditions in the same localities.
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This dissertation examines several Andean basins in northarestcentralArgentina Gee Section
1.4) in order to reconstruct paleoclimate conditions and paleovegetation forltte Miocene using a
multiproxy approachwith high spatietemporal resolutionapplied to collected paleosol sampleSe¢
Section 1.» These proxies include major element geochemical compositions of paledsnizBns,
which are used to estimate mean annual temperature and precipitation for thePaxene interval.
{GFof S A a2 2pIAnalysesipilpeddgenicucarbonates also record climatic conditions like
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horizons are used to infer floral diversity. Phytolith morphologies and assemblages provide additional
insights into vegetation composition and abundance. Finally, polycyclic aromatic hydrocarbons (PAHS)
serve as a proxy for identifying vegetatitypes and reconstructing fire history.

Altogether | apply these methods to sites from several key regions to investigate the influence of

climate and tectonics on the rise of @tasses and fire dynamics, which are presented in the subsequent

chapters:



Chapter 2:Late Miocene expansion of grasslands in northwest Argentina linked to shifting hydroclimate:
a complex interaction of tectonics, climate, and ecoloBuhlishedat Geological Society of America
Bulletin 2025. This chapter explores the Central Andean Angastaco Basin, focusiatedviocene
Pliocene deposits. Using geochemical, isotopic, phytolith, and biomarker analyses, it constructs high
resolution paleoclimate, paleovegetation, and paleofire res@dd investigates the complex interaction
between climate, fire, and the expansion afgasslands.

Chapter 3:Paleosol records dfliocene Climate Evolution in the Cacheuta Basin, NW Argentina. This
chapter examines thiliddle¢Late Miocene deposits of the Cacheuta Basin, employing similar techniques
to those in Chapter 2 to create a comprehensive and loigen paleoenvironmental record. It
investigates the effect of tectonic readjustments on the evolution of the Andean forddasith and their
combined effects on climate and ecosystem development.

Chapter 4:Reconstructing Spatial Variability in Late Miocene Paleoclimate and Paleovegetation Across
the Cerro Azul Formation, Central Argentina. This chapter evaluates the variability, applicability, and
robustness of various climate and vegetation proxies by airajyate MiocengPliocene deposits from

the La Pampa Central Block. It uses geochemical and isotopic analytical techniques, including clumped
isotope paleothermometry, to document the regional variations in climate and vegetation, including the
expansion of ggrasslands within a single formation (the Cerro Azul Fm.).

Chapter 5:SpatieTemporal Synthesis of Climate and Ecological Variability Across Central Argentina. This
chapter synthesizes the spatial and temporal variations in-Rliocene climate and vegetation records
across central Argentina by integrating the data presdriteChapters 2 through 4. It contextualizes the
local variations of £abundance and distributions through the Miliocene within the broader scope of
regional orogenic and climate changes.

1.2 Origin and expansion of G, photosynthesis



C, grasses use a unique photosynthetic pathway, a modifications g@dhGtosynthesis, as an
adaptation to hot and dry environments (Christin & Osborne, 2014), and low atmosphesic CO
concentrations (Osborne, 2008). The ancestral form of photosynthesis,sthigo@synthetic pathway,
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with ribulose1,5-bisphosphate (RuBP) to produce two molecules-ph8sphoglycerate, a threearbon
compound that gives thpathway its name, £photosynthesis (Figurg.3). The key enzyme responsible

for this reaction, ribulosd,5-bisphosphate carboxylase/oxygenase (Rubisco), is sensitive to temperature
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2F 20 fidencyof cafod fixatdn decreases due to an increase in photorespiration (Leegood et
al., 2000), a process where Rubisco catalyzes the reaction of RuBP with oxygendrBteal hi = f S RA Y

a reduction in net carbon gain.
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Sage, 2004)In the G LI G Kgl &% / hi Ad AyAlGArtte FAESR Ay
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giving the pathway its name,@hotosynthesis (Figur&.3). The oxaloacetate is then converted into
malate and diffuses into bundi@ KSI 6 K OStfasx ¢gKSNBE Al dzyRSNH2Sa RS
HnnnoO® ¢ KA ixed byiRublscd in ih& Galin dy@e, which operates similarly tosihati@vay.
The adiitional initial fixation step in.J I yia STFFSOGA PGSt e 02y OSyidNrdSa /
rate of photorespiration (Ehleringer et al., 1997).

G photosynthesis first arose in the Oligocene 34 Ma) in response to declining atmospheric
CQ levels, which acted as a selection press(Edwards et al., 2010; Sage, 2Q0Rgconstructions of
Cenozoic Cevels suggest a drop below ~8§0000 ppm during the Eocer@ligocendAnderson et al.,
2024) triggering the evolution of the pathway(Christin et al., 2008; Edwards et al., 2010; Sage et al.,
2011) Despite their first origin in the Oligocene, thabundanceremained low in abundance until the
Late Miocene when a global expansion afg€asslands occurreEdwards et al., 2010; Singh et al., 2013;
Stromberg & Mclnerney, 2011; Tauxe & Feakins, 20B@Late Miocene expansion of,@rassland was
initially attributed to a further reduction in GQevels (Cerling et al., 1993) based on the theoretical
temperature threshold values (Ehleringer, 1978; Ehleringer et al., 1997) and geochemical mpd«ls of
(Berner, 1998). However, subsequent research suggestedp@é}l levels remained relatively stable
during the expansion of.@rasslands (Pagani et al., 1999; Pearson & Palmer,2000; Royer, 2006, Tauxe &
Feakins, 2020; Anderson et al., 2024), indicatirag the decline imCQ might have driven the evolution
of G photosynthesis, rather than being the primary driver of its widespread expansion iatiadliocene
(Osborne, 2008).

The rejection of the C{tarvation hypothesis necessitates exploring alternative mechanisms to
explain the expansion ok Grasses, giving rise to the propositions of regional factors being the key drivers

(Tauxe & Feakins, 2020) as opposed to the global one (Lu et al., 2020). The ongoing debates surrounding



the primary drivers of the widespread expansion pfiasslands during tHeate Miocene focus on several
key aspects: (1) the relative influence of global versus regional controls; (2) the presenggads€s in
many lowlatitude ecosystems during thiearly Miocene, despite their lack of dominance until tze
Miocene; and (3) the temporal variability in the timing and extentgdXpansion across different regions
(Tauxe & Feakins, 2020). Therefore, to comprehensively understand the expansiogra$stands and
identify the driving factors, it is crucial to explore theimgal environmental and climatic differences that
influenced this process (Higgins & Scheiter, 2012).

The limited dominance of .Qyrasses during thézarly Miocene has been attributed to the
widespread forest covefOsborne, 2008)which suppressed thes@xpansion. Edwards et al. (2010)
suggested a temporal decoupling between the transition from forestsstgr&sslands and the later
expansion of £grasslands. Therefore, to understand the mechanisms,afr&ssland expansion, it is
crucial to explore the impacts of forest ecosystem dynamics on grasslands. One key factor limiting
grassland establishment in modern ecosystems is the dense canopy cover of forests, which restricts
sunlight availability for herceous plants, includingrassegOsborne, 2008; Osborne & Beerling, 2005;
Sage, 2004) However, ecological disturbances such as fire and herbivory could suppress woody
vegetation, creating openings for establishing grasslands. Additionally, forest distribution is related to
climatic gradients, temperature, and precipitatiq@sborne & Beerling, 2005)n extreme climatic
conditions, especially in monsoonal systems, disturbances like fire and herbivory could drive the transition
from woodlands to open grasslands by clearing the canopy cover and preventing further establishment of
woody specie§Osborne, 2008)This shift creates a favorable environment with increased sunlight,
allowing G grasses to thrive in warm, arid conditions where they are competitively advantaged pver C
speciegSage, 2004; Sage et al., 2011)

The diversification and expansion afgtasses in Central and East Asia duringMidle toLate

Miocene have been attributed to increased seasonality, driven by the intensification of the Indian and



East Asian Summer Monsoon systgeng et al., 2018; Li et al., 2023; Lu et al., 2020; Shen et al., 2018;
Sun et al., 2013; J. Wang et al., 2023; Zhisheng et al., 2005; Zhou et al.TPelale Miocen&Pliocene
asynchronous appearance and dominance ofi@sses in the Indian subcontinent have been suggested
to result from the strengthening of seasonal climgBasu et al., 2015; Dunlea et al., 2020; Karp et al.,
2021; Polissar et al., 2021; Quade et al., 1995; Sanyal et al., 23Hdlogic changes driven by seasonal
climate and aridification have been linked with theeXpansion in Europé@Jrban et al., 2010, 2016)
Africa(Dupont et al., 2013; Faith et al., 2024; Hoetzel et al., 2013; Peppe et al., 20@8gnlia(Andrae
et al., 2018)and North AmericéHyland et al., 2018; Cotton et al., 2014; Strémberg & Mclnerney, 2011)
Additionally, seasonal climates establish a positive fire feedback loop, where a moist growing
season results in high biomass production, followed by a dry season that transforms this biomass into
combustible fuel. During the dry season, frequent lightrstrikes often clear the canopy cover (Figure
1.2). The resulting open, hot environment, combined with convective rainfall, then promotes the rapid
growth of G vegetation over €vegetation (Keeley & Rundel, 2005). The role of fire feedback mechanisms
in maintaining modern grassland ecosystems has been widely discussed and documented in numerous
studies(Beatb S@Sa SiG | f®X WaAnHnNnT 5Q!yi2yA2 g *£AG2dz2aS1I wmc
It is not unlikely that a similar feedback mechanism influenced past ecosystems as seasonal climates began
to develop in different regions of the world. Studies suggest that an intensified fire feedback mechanism
played a significant role in the estalilisent of G grasslands during thieate Miocene in Afric§Hoetzel
et al., 2013) South Asi¢Karp et al., 2018, 2021and Central AsigHui et al., 2021)
Several secondary mechanisms have also been proposed to have interacted with changing climate
YR FANBE NBIAYSEAS O2y GNRodziAy3A G Fipplé & Pagdni (#0687) a A 2 OS
identified an increase in wind strength in thate Miocene and suggested that it could have intensified
the fire regimes by facilitating the spread of fires across landscapes, further promegrgs€dominated
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a significant transition in the grasslatwloodland ecotone towards higher rainfall areas. While the cause
of the ecotone shift remainsinclear, it has been attributed to the coevolution of grasses and grazers,
which played a critical role in shaping the ecosys(@sborne, 2008)

The grazing hypothesis suggests two key mechanisms by which herbivory may have driven the
expansion of £grasses. First, grazers preferentially fed anpfants, reducing their abundance and
eliminating competition for £grassegStromberg & Mclnerney, 2011$econd, the high grazing pressure
during thelate Miocene may have promoted grazirggistant traits (such as higher tannin and silica
content, lower palatability, and reduced nutritional quality) and 4imr®moting characteristics in4C
grasses@sborne, 2008; Strdmberg & Mclnerney, 201Rhylogenetic analyses indicate that the origin
and diversification of {ineages coincided with the diversification of mammalian ungulates and their
adaptation to open habitats during the EoceféligocengBouchenakkhelladi et al., 2009; Strémberg et
al., 2013) Although the mechanisms and extent of grazer influence orale Miocene expansion ofC
grasslands remain uncertain, studies indicate that ecological disturbances duringatdeMiocene
disrupted existing ecosystems and promoted conditions favorablesfgrasses (Osborne, 2008; Zhou et
al., 2018). Thus, the variable interactions between local and regional factors, such as seasonal climate
changes, fire regimes, and ecological disturbances, can help explain the timeline and paogah€ion.
1.3Evolution and Development of the South American Monsoon System (SAMS)

The dominant climatic feature of South America is the South American Monsoon System (SAMS),
which controls the distribution and duration of seasonal precipitation across most of the continent. The
monsoon cycle is driven by the differential adiabatic higain the Andean range to the west and the
South Atlantic to the east (de Carvalho & Cavalcanti, 2016). It is composed of multiplevéw
climatological features, including the Chaco Low, the South Atlantic Convergence Zone (SACZ), and the

South AmericahowLevel Jet (SALLJ), along with the Bolivian High (Xue et al. FAQ@&1.4).
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The structures and cycle of the SAMS have been described to follow three distinct phases: onset,
maturity, and decay (Liebmann & Mechoso, 2011; Raia & Cavalcanti, 2008; Vera et al., 2006). The fully
established SAMS during the mature phase brings heawnfataiover the Altiplano Plateau and
southernmost Brazilian highlands (Vera et al., 2006). Api@gsure region forms over the Chaco region
of northwestern Paraguay, southeastern Brazil, and northern Argentina, and the formation of an upper
level highpressure cell called the Bolivian High deflects the easterly moi$aden trade winds
southwards, between the Brazilian plateau and the slopes of the Andes (Rigut@andu & Silva Dias,
1998). This deflection results in precipitation over the southern half of the Amazon Basin and northern
Argentina. It also results in a strong climatic gradient across this region as the eastern flank receives over
1300 mm of rainfall anually while the interior of the orogen remains relatively dry (< 200 mm/yr) (Pingel
et al., 2016).

Paleoclimate data and models indicate multiple intensification stages of the SAMS throughout the
Neogene and Holocene, coinciding with the development of an active orographic barrier along the eastern
flanks of the central Andes (Insel et al., 2010; Kebal., 2011; Micheels et al., 2007, 2011; Steppuhn et
al., 2007). A resultariiate Miocene change from serarid to seasonally humid climate has been inferred
for the eastern flanks of the central Andes based on sedimentological, paleontological, diedst&dpe
evidence in northwestern Argentina and southern Bolivia (Kleinert & Strecker, 2001; Mulch et al., 2010;
Rohrmann et al.,, 2016; Starck & Anzétegui, 2001; Uba et al.,, 2007). The Andean topographic
rearrangements during thieate Miocene, along with resulting changes in circulation patterns and climate,
coincide temporally with the expansion of grasslands andr@sses in South America during tae
Miocene to Early Pliocene (Rohrmann et al., 2016) indicating a potential causal link betweegvease

The link between the expansion of ¥&getation and intensification of monsoonal climate is not
unique to this regionQuade et al. (1995)rst suggested a link between the intensification of monsoonal

climate driven by Himalayan uplift during the latest Miocene aneikPansion in the Indian subcontinent.
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Subsequent studies have identified stepwise expansion, gf&sses from Central Aghi et al., 2023;

Shen et al., 2018; J. Wang et al., 20E3st AsidZhisheng et al., 2005; Zhou et al., 20a@Ay Indian

subcontinent(Kumar et al., 2022; Polissar et al., 2021; Sanyal et al., 2Di@) themid-Miocene to Plie

Pleistocene. Both Indian Summer Monsoon and East Asian Summer Monsoon systems have interacted

variably to, directly and indirectly, regulate regional hydroclimatic conditions and thus influenced C

vegetation patterns during the timeframe mentioned above. A similar linkage betweemtbéMiocene

expansion of £vegetation in South America and the intensification of the SAMS may have

highlighting the potential role of regional climatic controls in shaping.ite Miocene ecosystem.
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1.4 Regionalbackground of the study area

The climate and biogeographic characteristics of South America are closely linked to the region's
major tectonic feature, the Andeamountain range The Andes, which extend 8,000 km from 10°N to
55°S, were formed by the Mesozgienozoic subduction of the Nazca Plate beneath the South American
Plate (Figurd..5). Variations in the dip of the subducted plate have led to distinct segments of the Andes,
including Northern, Central, and Southern Andes (FiguB, each with pronounced differences in
topographt features and climate patterns (DeCelles et al., 2011; Strecker et al., 2007; Villalba Ulberich et
al., 2021).

The Central Andes record multiple orogenic cycles spanning the last 50 Ma, resulting in a ~70 km
crustal thickness and subsequent formation of the Precordillera, Western Cordillera, Altfierao
Plateau, Eastern Cordillera, Subandes and Interandean Znde5anta Barbara Ranges (Barnes & Ehlers,
2009; DeCelles et al., 2011). The Altiplihma Plateau, spanning ~2,000 km with an average elevation
of ~3.8 km (Coutand et al., 2006), is bordered by the thrust systems of the Eastern Cordillera to the east
(Allmendinger et al., 1997; Pingel et al., 2016; Strecker et al., 2007). The plateau and the Eastern Cordillera
have experienced significant uplift and exhumation since the Cenozoic (ByReyes et al., 2010;
Coutand et al., 2006; Garzione et al., 2008k higher elevations of the Eastern Cordillera created an
orographic barrier, contributing to the arid conditions observed within the plateau (Coutand et al., 2006;
Strecker et al., 2007, 2009). However, debates persist regarding the timing and mechahigrase
processes [rapid uplift (Garzione et al., 2008, 2017) vs. slow progressive (Pope & Willett, 1998)]. Studies
suggest that by thdate Miocene, the Pundltiplano Plateau and Eastern Cordillera likely attained
sufficient elevation to influence the South American pateonsoon system (Strecker et al., 2007). The
thick Cenozoic deposits from the intermontane and foreland within thigregffer a unique opportunity

to investigate the interplay between tectonics, climate, and ecosystem evolution diisnqterval.
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Figurel.5: (A) Map of South America showing plate boundaries and Andean zones of subduction (after
Horton, 2018); andB) DEM map showing the study areas: i. Angastaco Basin (Chapter 2), ii. Cacheuta
Basin (Chapter 3), iii. Pampa Central Block (Chapter 4), and iv. Tucuman Basin (Chapter 5)

Angastaco Basin (~25.7Thapter 2 is located along the eastern margin of the Puna Plateau in
the Eastern Cordillera at an elevation of ~2 km (Figusg To the west, it is bounded by Cumbres de
Luracatao and other {$ striking reverse fault bounded ranges, while to the east, it is confined by Sierra
de los Colorados and Sierra Ledn Muerto ranges that currently constitute an efficient orographic barrier
at this latitude (Carrapa et al., 2012). Once contiguous with the Paleogenearetrmreland basin,

extending from Altipland?una Plateau to Eastern Cordillera, the basin underwent deformation and
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subsequent separation from the AltiplasiRuna Plateau at around 20 Ma (Figlr&; Carrapa et al., 2012;
Coutand et al., 2006; Pingel et al., 2016). The exhumation of the Cerro Negro ranges at 13 Ma (Coutand
et al., 2006) separated the Angastaco Basin from the Pucara Basin to the west (F&jurks the
deformation and range exhumation propagated eastward, the upliftment of the Sierra de Colorados range
separated the Angastaco Basin and La Vifia Basin duringatbeMiocene (Coutand et al., 2006). The
Angastaco Basin contains a thick accumulation of Cenozoic clastic deposits, including the Quebrada de Los
Colorados, Angastaco, Palo Pintado, and San Felipe formations (Coutand et al., 2006). This dissertation
focuses on the late Miocene to Pliocene Palo &int Formation and its equivalentshe Jesus Maria,
Guanaco, and Piquete formations from the La Vifa Basiagter 2 Figured.5 and1.6). Previous studies,
including sedimentological, paleontological, and isotopic evidence, suggest that the depositierPalo
Pintado Formation and its equivalents occurred in a fili&eustrine environment under humid conditions
within an overall semarid climate (Carrapa et al., 2012).

Further south, the Andean Range (within the zone of transition from flat subduction to the north
to higherangle subduction to the south) is characterized by four major morphotectonic provinces
established during the Cenozoic, comprising from west to ghset:Coastal, the Principal and Frontal
Cordilleras, and the Precordillera. Deformation and uplift since the Early Miocene (Ramos et al., 1996),
advancing progressively across the continent and sequential uplift of the different morphotectonic units
(Charter et al., 2015; Giambiagi et al., 2016; Ramos et al., 2002) has led to the formation of retroarc
foreland basin systems in this region. The thick Neogene deposits within these basins provided insight into
temporal and spatial variations regarding subsicde and deformation during the MioceriBuelow et al.,
2018; Irigoyen et al., 2000; Levina et al., 20Xfjering valuable insights into how these processes

influenced regional paleoclimate and ecosystem evolution.
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Figure 1.6: Chronological development of the studied basins (locations of the basins are marked on Figure
1.5), including major depositional intervals (formations in gray) and climatic events (colors).

Cacheuta BasifChapter 3 is located at the southernmost portion of the Precordillera, and its
development is linked with the evolution of the Andes in the Neogene (FitjH)e It hosts a thick
accumulation of Neogene sediments, including the Marifio, La Pilona, Tobas Angosturas, Rio de Los Pozos,
and Mogotes formations of th®liddle toLate Miocene (Irigoyen et al., 2000; Yrigoyen, 1993). Deposition
of the Marifio Formation is linked with basin subsidence due to a major thrusting event in the Aconcagua
fold and thrust belt in the Cordillera Principal at ca. 16 Ma (Irigoyen et al., 2000). The overlying formations

indicate the successive orogenic evolution, including exhumation, deformation, and episodic volcanic
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activities that migrated eastward over time through tbete Miocene (Figuré&.6). Sedimentological and
stratigraphic evidence show that the Cacheuta basin recordstkenng development of a fluvial/alluvial
fan during a period of general climatic aridity (Hunger et al., 2018).

Between approximately 33° and 34°S, the Andes encompass the transition between the Pampean
flat-slab subduction zone and the southern segment with normal subduction angles (Lossada et al., 2020).
The Andean range in this region is divided into six tectpriwinces, running from west to east: the
Coastal Range, Principal Cordillera, Central Depression, Frontal Cordillera, Precordillera, and Pampean
Ranges. The classic model of Andean evolution suggestddtetMiocene slab flattening led to the
progressie uplift of the Frontal Cordillera and Precordillera, along with the fracturing of the Pampean
Ranges across the broken foreland basin (Lossada et al., 2020). However, due to limited surface exposure
and inadequate subsurface exploration, the tectonicaiyics of this region remain poorly understood.

Neogene sedimentation in this region is represented by the Cerro Azul Formation and its
equivalent, the Epecuén Formation, overlying heterogeneous basement blocks across th&nehdean
region(Figurel.5). The Cerro Azul Formation and equivalent deposits are exposed in central and eastern
La Pampa Province, occupying the La Pampa Central BlockOlpiEer 4, a geomorphic feature with
positive relief(Montalvo et al., 2023)It is characterized by an eadipping regional plain with a variable
slope (0.18° to the west to 0.09° to the east), and a maximum elevation of 400 meters (Folguera & Zarate
2011). The PCB is bounded by the Chadileuvt Block to the south and southe&antRafael Block and
Alvear Basin to the west and northwest, and the Macachin Basin to the east (Folguera & Zarate, 2011).
The Valle Daza Fault cuts through the PCB, forming a step that exposes the Cerro Azul Formation in certain
areas (Folguera et al., 2015)The stratigraphic record in the PCB is discontinuous, with Upper
PrecambriagLower Paleozoic igneousetamorphic complexes (Tickyj et al., 2002) covered by Neogene
sediments following a significant hiatus. In surrounding tectonic basins, deposits dietre Azul

Formation lie unconformably on Miocene marine deposits associated with the &arse SedéFolguera

17



et al., 2015) The Cerro Azul Formation is primarily composed of eolian deposits with localized fluvial
reworking(Montalvo et al., 2023)Compositional and sedimentological analyses of the deposits suggest

a distal synorogenic depositional settiffplguera & Zarate, 2018)hese formations are attributed to the

Late Miocene based on fossil evidence (Montalvo & Casadio, 1988; Pascual, 1965). Deposition occurred
between 12 and 6 Ma (Figule5) following the regression of the Pa®ense Sea during the midliocene
(Folguera & Zarate, 2011; Folguera et al., 2015)

This dissertation examines a northwastsoutheast transect encompassing a diverse geological
setting from the lateEarly Miocene to the Pliocene. During this interval, Andean orogenic pulses resulted
in the eastward migration of the deformation front, leading to progressive basin fragmentation. The
Cenozoic growth of the Andes and the topographic adjustments led tdottmeation of an orographic
barrier in central and southentral Andean regions, which resulted in a strong precipitation gradient from
wegd to east, influencing the regional climate pattgi@outand et al., 2006; Pingel et al., 2016; Strecker et
al., 2007) The fragmented basins in this region preserve records of the complex interactions between
tectonics, climate, and ecosystem dynamics. When considered collectively, these basins provide a
comprehensive perspective on the spate@mporal variabilities of lanate evolution and its impact on
local and regional environments. Therefore, Chapter 5 synthesizes the paleoclimate and paleovegetation
records from the studied basins, including the Angastaco Basin, Cacheuta Basin, and PCB, along with the
Choromoro andTucuman Basin (Figute5), which is situated in the central Andes (~26°S). Located
between the Sierra Pampeanas and the Santa Barbara system, the Tucuman Basin is bothelStcima
de Aconquija and the Cumbres Calchaquies to the west and the Sierra de Guasayan to (tlaéfaast
al., 2011; Zapata et al., 2019) contains MiePliocene fluvial deposits of the India Muerta Formation,
attributed to a Huayquerian South American Land Mammal Age (SALMA) based on fossil é@deciee
Lépez & Babot, 2015)vhile UPb dating constrains its depositional age to approximate8/ Ma(Zapata

et al., 2019) The Tucuman Basin, located on the humid eastern side of the orographic l{Aaeata et
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al., 2019) provides a crucial contrast to the arid western basins and allows the assessment of tectonic
impacts on climate, ecosystems, and environmental change.
1.5 Methods/Proxy Archives

This dissertation provides a comprehensive record of paleoclimate and paleoenvironmental
changes within the studied basinSeé Section 1.3 during the MiocenePliocene using paleosols as a
primary proxy archive. Paleosols are ancient soils preserved in the stratigraphic record, serving as critical
archives of terrestrial paleoclimate and paleoenvironm@ir & Roberts, 2024; Retallack, 1988; Sheldon
& Tabor, 2009) Formed at the Earth's surface where the lithosphere, hydrosphere, atmosphere, and
biosphere interact (Tabor et al., 2017)they capture physical and chemical processes influenced by
climate and are incorporated into the geologic record as buried, exhumed, or relict fe@idmbs, 2021)
Both qualitative and quantitative methods of paleoenvironmental reconstruction have been developed
using paleosol morphology, geochemical and isotopic compositions, and fossil cdieslidon & Tabor,
2009; Tabor & Myers, 20150 his dissertation focuses on the identification of paleosol horizons within the
studied stratigraphic records and the application of qualitative and quantitative environmental
reconstruction techniques utilizing geochemical and isotopic compositions.

The identification and classification of paleosols relies on pedogenic fegtdek et al., 1993)
and comparisons with modern analoguéRetallack, 1994; Soil Survey Staff, 20IMrphological
characteristics such as root traces, horizonation, vertic features (e.g., stwirlk structures and
slickensides), argillic (e.gleying, cutansand carbonate features (e.g., nodules) provide insights into the
climate conditions during their formation (Figut&'). Lateral and vertical changes in the composition and
distribution of paleosols reflect variations in pallemdscape processes and fluctuations in climate and
environmental conditions (Figurk7; Orr & Roberts, 2024)

Soil formation and maturity are influenced by factors such as climate, time, parent material, and

biological activity(Jenny, 1941; Bockheim et al., 201M¥)ature soils generally exhibit wealbveloped
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horizons, reflecting stable environmental conditions. For example, Entisols/Pro{tatk et al., 1993;
Retallack, 1988kpresent a weakly developed soil with limited or no horizonation (Figufg typically
indicating either a short period of formation or unstable environmental conditiosisch as high
sedimentation rate In contrast, Alfisols/Argilliso{#ack et al., 1993; Retallack, 1988 relatively more
mature with moderate to weitleveloped clayich B horizons (Bt) and additional shbrizons (Figuré.7),

formed under varied environmental (séiumid to subarid) conditions. Suborizons exhibiting
prominent pedogenic features, such as carbonate or gypsum nodules, can provide insights into climatic
conditions. For instance, Calcic Alfisols or Aridisalsi€bls(Mack et al., 1993; Retallack, 1988Jlicate

soil formation under sermirid to arid climates (Figur&.7). These qualitative descriptions are often
combined with quantitative approaches to reconstruct past environmental cha(@esldon & Tabor,

2009)
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Figure 1.7: Schematic diagram of paleosol profiles showing different pedogenic features in: i.
Entisol/Protosol, ii. Alfisol/Argillisol, and iii. Calcic Alfisol (Aridisol)/Calcisol; modified after Retallack et al.,
1994 and Mack et al., 1993).
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Quantitative approaches to reconstruct past environment utilize the geochemical and isotopic
composition of paleosols, employing both procéssed models and empirical relationships to infer
paleoenvironmental conditions. Based on modern analogs, pateawi proxies have been developed
using the elemental composition of bulk paleosol matrix to estimate paleotemperature and
paleoprecipitation (Sheldon & Tabor, 2009; Tabor & Myers, 2015). Although certain limitations are
associated with these methods (TaldMyers, 2015), their integration with other prodoased estimates
enhances the reliability of reconstructions and provides valuable insights into Earth's environmental
history.

This study employs a multiproxy approach, utilizing prdesived methods to reconstruct
Mioceng;Pliocene paleotemperature and paleoprecipitation. Paleotemperature estimates were derived
using the Paleosol Weathering Index (PWI; Gallagher & Sheldon, @il8)paleoprecipitation estimates
were based on the Chemical Index of Alteration minus potassiumi{C3Aeldon et al., 2002). In addition,
this study also uses statistical moddls Paleosol Paleoclimate Model (PR#Stinchcomb et al., 2016)
and Sd Geochemistry Paleoclimate Model (SGPM; Jackson et al., 2025), to estimate the
paleotemperature and paleoprecipitation. PRdils a multivariate statistical model that combines partial
least squares regression and a nonlinear spline to estimate paleoclimate conditions (Stinchcomb et al.,
2016). The model is developed using a modern soil database, where major oxides serve agayplan
variables for estimating temperature and precipitation (Stinchcomb et al., 2016). SGPM utilizes an
expanded modern soiladabaseCompared to Stinchcomb et al. (2018)d employs novel partial least
squaresand principle componentsnethods to estimate temperature range and growing season
precipitation, in addition to temperature and precipitation.

For all of these reconstructions, geochemical analyses focused ontibeéZ®n samples (Figure
1.8), with bulk samples analyzed at ALS Chemex (Reno, NV) using bead fusioayafubXescence (XRF)

to quantify the concentrations of 13 major elements.
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In addition to geochemical composition, isotopic composition is also used to determine the
spatiotemporal variabilities in the paleoclimatic conditions. The oxygen isotopic composition of pedogenic
carbonates, ®Q.a, provides insights into moisture availability, and evaporatibiyland & Sheldon,
2016; Koch, 1998a; Leier et al., 2009; Zamanian et al., 2@2&jlects the isotopic signature of the soil
water from which the carbonates precipitated and serves as a proxy for climate and hydrologic factors,
including precipitation and evaporatioiiKoch, 1998a; Quade et al., 1989; Sheldon, 20I8)e
fractionation of oxygen isotopes in pedogenic carbonates at isotopic equilibrium is influenced by both the
isotopic composition of soil water and the temperature at which the carbonates form. Wii@e.,alone
cannot provide quantitative paleotemperature estimates, advancements in methodologies (Dworkin et
al.,, 2005) and the development of clumped isotope measurements allow the reconstruction of

paleotemperaturegZamanian et al., 2021)
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/| £ dzY LISR k)PpAag@heiBometyy is based on the abundance of the doubly substituted
CQ isotopologue £CB0OY*0) in carbonate ions and its relations to the temperature of the carbonate
formation (Eiler, 2007; Ghosh et al., 2006; Huntington & Petersen, #23palaeothermometry is
independent of 80 of source water for carbonate formations as the temperature is inferred from a single
measurable parametgiEiler, 2011)In addition, it is possible to estimate the oxygen isotopic composition
of the source water by pairing the clumped measuremeat, with the 8. (Eiler, 2007; Huntington
& Petersen, 2023)Applications of clumped isotope thermometry have been applied in many recent
studies to extract paleoclimate informatiqiagle et al., 2013; Garzione et al., 2014; Lechler et al., 2018;
VanDeVelde et al.,, 2013; Zhai et al., 200\@hile this technique provides a robust estimation of
paleoenvironmental conditions, their application has some limitations including the diagenetic
alterations, seasonal biases, calibration uncertainties, @tluntington et al., 2009)However, the
multiproxy approach used in this research mitigates the uncertainigsntegrating complementary
geochemicatlataand enhances the robustness of the paleoenvironmental reconstructions.

Carbon isotopic compositions of soil organic mattéf@r,) and pedogenic carbonates€Cearn,)
serve as a proxy for reconstructing past vegetation dynargtiggand & Sheldon, 2016; Koch, 1998a; Leier
etal., 2009; Zamanianetal.,202) ¢ KS + yw/ @I fdzSa 2F az2iAf 2NHFYAO YI
the composition of the overlying vegetatiofiKoch, 1998) Because the {photosynthetic pathway
preferentially incorporates the heavier carbon isotope (3G, JE I yiad SEKAOAG -By¥NA OKSR
to-ME: AY Y2RSNY h3X]2SaeNgizS ahy y T ¢As Blani nSaiérialdecayg alzd (1 2 v =
integrates into the soil, the enrichment of heavier carbon is recorded in soil organic matter, preserving
the relative contributions of £and G vegetation. Pedogenic carbonates formed in isotopic equilibrium
with soil originating from microbial oxidation of organic matter and root respiration reflects the

contributions of isotopically distinct:@nd G biomass grown during the formation of the carbongke®x
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& Koch, 2004)Thus, both *G,yand *Camncan be used to estimate the vegetation compositig@stton
et al., 2012, 2014; Hartman, 2011; Kleinert & Strecker, 2001; Latorre et al., 1997)

In addition to geochemical and isotopic compositions, fossil content such as phytolith
assemblages are a valuable tool for reconstructing paleovegetation conditions. Phytoliths are microscopic
silica (bieopal) structures formed within the interstices @clunae of plant cells. Plants absorb silica as
mono-silicic acid from groundwater, which is transported through the vascular system to various parts.
Under neutral pH, ambient temperature, and pressure conditions, hydrated silica precipitates within cell
walls, cell interiors, and intracellular spad®d&awaz et al., 2019; Piperno, 2006; Stromberg et al., 2016,
2018) Phytoliths are incorporated into soils upon plant decay and preserved across various conditions
(Rashid et al., 2019; Strémberg et al., 20D@spite redundancy and multiplicity biases (Blinnikov, 2013),
phytolith morphotypes can be used reliably to infer paleovegetation compositions and, in many cases,
allow for the identification of plants at lower taxonomic levéMadella et al., 2005; Pearsall, 2016;
Piperno, 1989) Their resilience nature and unique morphometric characteristics enable their use in
paleoecological studies to reconstruct past ecosystems across diverse regions and ifiBaxadsi et
al., 2010; Cotton et al., 2014; Hyland et al., 2015, 2018; Miller et al., 2012; Rehman et al., 2024; Wang &
Lu, 2022)This dissertation employs phytolith assemblages as a proxy to distingiasidl G vegetation
compositions, using the distinct morphologies characteristic ofaka (e.g., Stromberg et al., 2013).
Phytolith assemblages were analyzedhet Paleo3 Laboratory, North Carolina State University, using fossil
YR Y2RSNY NBEFSNBYyOS 02fttSO0GA2ya (G2 RAAOGAYyIdzA 4K
morphologies (e.g., Stromberg et al., 2013).

In addition to phytolith assemblage and carbon isotopic compositidAGfg and| 3CGan),
polycyclic aromatic hydrocarbons (PAHS) were analyzed to infer paleovegetation composition and fire
inputs. The incomplete combustion and pyrolysis of organic matéeisi® the formation of PAHs, which

are resistant to degradation and offer better preservation in soils compared to traditional charcoal and
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pollenbased methods for reconstructing fire activity (Lau et al., 20P@}s can originate from two
primary sources including petrogenic PAHs, derived from thetéomperature maturation of organic
matter in sedimentary or petroleum systems (Douglas & Mair, 1965), and pyrogenic PAHs, which are
produced during the incomplete ogbustion or pyrolysis of biomass and fossil fuels (Karp et al., 2021).
Pyrogenid®AHs have been used to investigate fire regimes and fuel sources across modern and ancient
environmeris (Brittingham et al., 2019; Denis et al., 2012, 2017; Karp et al., 2018, 2021a, ZU#Db).
relative abundance of different PAH compoungaries with fuel composition and combustion
temperature (Karp et al., 2021Jherefore, variation in pyrogenic PAH concentrations within paleosols
can be used to infer fire occurrences and intensity, as well as vegetation type, using specific alkylated PAH
structures and compoundpecific carborisotopic compositions (Karp et al., 2021).

Subsequent chapters provide detailed descriptions of the abovementioned analysis, the results in
each study area, and the limitations and uncertainties associated with them.
1.6 Summary

This dissertation investigates the mechanisms driving the expansion grfa€slands in South
America during thdate MiocengEarly Pliocene, focusing on the complex interplay between climate,
ecosystem, and the evolving Andean orogefitis work seeks to enhance our understanding of how
regional tectonic activities and climatic shifts influenced vegetation dynamics under the influence of the
developing South American monsoon system. This dissertation is composed of six chapterg, witlrti
a brief introduction and overview of the research goals and methods (Chapter 1). Chapter 2 presents a
high-resolution, multiproxy reconstrdion of paleoclimate conditions and paleovegetation patterns in the
Angastaco basin (~25°S), highlighting the role of tectonic uplift in shaping hydroclimatic regimes. Chapter
3 focuses on thdliddle toLate Miocene deposits of the Cacheuta Basin (~33°S), presenting a multiproxy
record of paleoclimate and paleovegetation. This record highlights environmental and ecological

responses to key phases of Andean foreland basin evolution, driven by Precordjldta basin
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subsidence, and subsequent exhumation. Chapter 4 assesses proxy variability and the robustness of
various analytical techniques by analyzing coéatt Miocene deposits from the Pampa Central Block
(~36¢ 38°S). This comparative approach allows the evaluation of distinct regional variations in vegetation
dynamics influenced by localized tectonic and climatic factors. Chapter 5 synthesizes data from the
Angastaco Basin, Cacheuta Basin, Pampa Central Blotk]Twcuman Basin examining spatial and
temporal vaiations in climate evolution and its influence on the expansionajr@&sslands during the
Mio-Pliocene. Overall, this dissertation provides a Hhiggolution terrestrial MiocenePliocene
environmental record on a variety of spatial and temporal scales, aiming to explore the impact of Andean

tectonics on climate evolutioand the expansion ofs@rasslands across the studied regions.
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CHAPTER 2: Late Miocene expansion of grasslands in northwest Argentina linked to

shifting hydroclimate: a complex interaction of tectonics, climate, and ecology

Abstract:

Factors driving the Late Miocene expansiongjr@sses remain widely debated. Here, we explore
the role of climate and fire in controlling the abundance efv€getation in the Angastaco Basin (Palo
Pintado area) and La Vifia Bagiom NW Argentina during the Late Miocene (~4%.33 Ma). From
paleosol horizons, we reconstructed paleoclimate and paleovegetation conditions using phytolith
assemblages, geochemical and isotopic proxies, and also used polycyclic aromatic hydro¢akbim)s (
to determine fireinput. Our paleoclimate reconstructions suggest a stable mean annual temperature
(MAT) of ~10°C and a gradual decline in mean annual precipitation (MAP) from 1100tm880 mmyr
1. Paleovegetation reconstructions from carbon isotopic composition and phytolith assemblages show a
maximum of ~15% &egetation by 6 Ma. No significant increase in fire occurrence or establishment of
fire feedbacks were identified from the PAH data. Though low in abundance (~3% on average), our data
identify the presence of; grass by the Late Miocene. The lack of significaek@ansion in this region is
likely to be controlled by the changing hydroclimatic conditions associated with the Andes mauntain
increasing aridity and elevation constrainggong with the lack of a fire feedbagakight have limited the

distribution of G vegetation.
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2.1. Introduction

The Mioceneepoch(2p al 0 A& |y AYyGSNBLFt Ay 9F NIKQa KAadl
FYR KIFId 06SSy NBFSNNBR (2 a4 aiKS TFdzidzNB 2F GKS LI
for future projections of anthropogenic climate atge. Global climate was ¢8°C warmer than present
(e.g., Westerhold et al., 2020; Steinthorsdottir et al., 2021;) while atmospheric carbon dioxide
concentrations fCQ) ranged from approximately 380 to 710 ppm, comparable to the modern (Balcerak,
2011; Berling and Royer, 2011; Knorr et al., 2011) and predicted changes by 2100 (IPCC, 2014). Modern
global tectonic and topographic configurations also started to take shape during this period, and floral
and faunal communities experienced a series of shifigaral the development of modern ecosystems;
one of these key transitions is the evolution and expansions@fré&sslands (e.g., Edwards et al., 2010;
Stromberg, 2011; Herbert et al., 2016). In modern ecosystengga€ses are mostly found at low latitudes
and low elevations (Sage, 2001) and account fog 28% of gross primary production (Still et al., 2003;

Luo et al.2024), making them an essential part of the global carbon cycle. Ongoing anthropogenic climate
change, characterized by risip@Q levels, increased temperatures, and altered precipitation patterns,
can significantly impact the distribution of, grasslands and their carbon storage dynamics (Luo et al.,
2024). Therefore, understanding the expansion pfii@sses in the Late Miocene is caldor predicting

their response to future anthropogenic changes.

The three primary photosynthetic pathways used in plants a5eQ; and Crassulacean Acid
Metabolism (CAM). {photosynthesis is a specialized adaptation that evolved to enhance photosynthetic
efficiency under high temperatures and low atmospheric; C@hcentrations (Ehleringer and Cerling,
2002; Raghavendra and Sage, 2010) by suppressing photorespirtimnitation of the ancestral £
photosynthetic pathway (Leegood et al., 200Q)pkbtosynthesis involves two stages in which-eadbon
molecule (oxkacetate; OAA) is produced by binding .G@th PEP (phosphoenolpyruvate) in the

mesophyll cell, and OAA reduces into malate and subsequent decarboxylation creates reehCO
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environment for RubisCo in the bundle sheath cells (Ehleringer and Cerling, 2002; Gowik and Westhoff,
2011). This unique pathway is suggested to have evolved as early as the Oligocene (e.g., Ehleringer et al.,
1991; Sage, 2004; Pagani et al., 2005; Cheigt al., 2012; Sage et al., 2012), and by the Late Miocene C
grasses had expanded into tropical, subtropical, and temperate grasslands worldwide at the expense of
both forests and ggrasslands (Cerling et al., 1993; Edwards and Still, 2008; Edwald<26t.0; Herbert
et al., 2016).

Many factors have been proposed to explain the evolution and rapid expansiargedsslands
during the Late Miocene, yet the driver and timing of the phenomenon is still debated. The debate centers
on whether the expansion of,@lants was primarily driven by broad, global changes or by distinct,
regional factors (e.g., Tauxe and Feakins, 2020). Proponents of globally driven changes suggest a broad
global change in atmospheric and/or climatic conditions during the late Cenbzodt al., 2020). Cerling
et al. (1997) proposed a G6&tarvation hypothesis suggesting declinp@Q during the Late Miocene as
a trigger for the expansion; however, this was subsequently abandoned due to lack of proxy evidence for
pCQ changes on these timescales (Pagani et al., 1999; Pearson and Palmer, 2000; Osborne, 2008), as well
as evidence for both diachroneity (e.g., Tauxe and Feakins, 2020) and regionally variable climatic
responses to decliningCQ (e.g., Higgins and Scheiter, 2012). Instead, several other factorastitk
activities (Keeley and Rundel, 2005), wind strength (Tipple and Pagani, 2007), aridity (Saarinen et al.,
2020), and other ecological disturbances (e.g., herbivory, Retallack, 2007; Osborne, 2008) were proposed,
and the variable importance or intaction of these factors may help explain the timeline and pace of C
expansions (e.g., Zhou et al., 2018).

Studies on modern{grasses show that:@hotosynthesis is favored in warm, dry, open habitats
with highlight conditions (Edwards and Smith, 2010), while phylogenetic analysis indicatessthat C
photosynthesis likely arose in monsoaffected regions of waraiemperate to tropical latitudes (Sage et

al., 2012). ¢dominated ecosystems are favored by seasonal climates due to their temperature and
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precipitation gradients, water availability, and fire dynamics (Keeley and Rundel, 2003, Osborn and
Beerling, 2005). These details, along with the spttioporal differences in the spread of @rasslands
as documented in different regions (Freeman and Colarusso, 2001; Hoetzel et al., 2013; Smiley et al., 2018;
Hyland et al., 2019; Feakins et al., 2020) suggests the need to consider the local and regional climate in
context. For instance, Quads al. (1995) reported the Late Miocene\@getation shift ® be coincident
with monsoon intensification due to the uplift of the Tibetan Plateau, which has been reinforced by
additional work (e.g., Karp et al., 2018). Andrae et al. (2018) suggested that highly seasonal precipitation
promoted by a summer monsoon daog the late Pliocene favored; @xpansion in Australia. In Africa,
regional climate change has been attributed as the main driving force causingdgRpaDsion in the Late
MiocengPliocene (e.g., Dupont et al., 2013; Miao et al., 2022; Peppe et al1).20

Variations in the timing of expansion and local abundance; gf&sses in South America during
the Late Miocene highlight the challenges in exploring and understanding these driving mechanisms.
Broadly, the timing of reported@rass expansion from isotopic and fossil records from South America
(Latorre et al., 1997) coincides with the evolution of the South American Summer Monsoon System
(SASM). Rohrmann et al. (2016) suggested that the modern vegetation abundance refledis dtie
conditions of thisregion modulated by the SASM, warranting further exploration to understand the
potential link between the evolution of the SASM and its impact pabbndance. This study seeks to
evaluate the role of hydrological conditions and climatic shifts in shapingstiieg@tation conditions in
northwest Argentina during the Late Miocene. Based on links between seasonal precipitation and C
abundances elsewhere (e.g., Cotton et al., 2016; Andermann et al., 2022), we hypothesize that Late
Miocene G grassland expasion or the lack thereof in this region was primarily controlled by shifting
hydroclimate related taongoingAndean orogenic processes. In addition to the climatic and tectonically
driven topographic variations, we investigate the role of fire occurrence which has been suggested as a

possible secondary factor for promoting @egetation (Sage, 2001; Bond et al.,, 2003). In seasonal
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climates, a positive feedback loop betweesv€getation and fire activities is established by promoting C
grass growth and canopy clearing (Hatch, 1987; Ehleringer and Monson, 1993; Osborn and Beerling,
HAnpTUYX gKAOK KlIa 0SSy 20aSNWSR Ay Y2RSNY 3INIaatl
et al., 2003). Evidence of fire feedbacks facilitatind mnaintaining ¢grasslands during the Miocene has
been identified in South Asia (Karp et al., 2018, 2021a) and Southern Africa (Hoetzel eBal., 201

We reconstruct paleoclimate conditions, paleovegetation and paleofire occurrence in northwest
Argentina during the Late Miocene using a multiproxy appreactiuding bulk geochemical and isotopic
composition of paleosol materials (B horizons, soil organatter, pedogenic carbonates), along with
extracted phytolith assemblages and polycyclic aromatic hydrocarbon abundances (PAHs). We used PAH
biomarkers to reconstruct paleofire input and identify changes in fire regimes by comparing PAH
measurements wh paleoclimate and paleovegetation reconstructions to identify the link between
climate and vegetation changes and the role of fire in these ecosystems.
2.2. Geological setting
2.2.1 Tectonic and environmental context

Cenozoic shortening of the South American plate overriding the Nazca plate with a moderate (30°)
eastward dip (Horton, 2018) led to the formation of the Andean range along the west coast of South
America (Sobolev et al., 2006, Ramos, 2009; Decelles2@hl). During the Cenozoic, the orogenic front
migrated eastward, leading to the evolution of a retroarc foreland basin located east of the central Andean
topographic front that houses a thick accumulation of Cenozoic clastic sediments and paleos@®{Chas
al., 2009; DeCelles et al., 2010nce contiguous with the Paleogene retroarc foreland basin, extending
from the Altiplano Puna Plateau to the Eastern Cordillera, the Angastaco Basin underwent deformation
and subsequent separation from the Altiplano Puna Plateau at around 20 Ma (Coutn®606; Pingel
et al., 2016). As deformation and exhumation progressed eastward, the uplift of the Sierra de Colorados

ranges in the Late Miocene separated the La Vifia Basin from the Angastaco Basin2(Efgurie the
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west, the Angastaco Basin is separated from the Altiplano Puna Platea8 biriking reverse fauliound

ranges such as the Sierra Quilmes and Cerro Duranzo, and to the east by the ranges of the Sierra de los
Colorados and Sierra Ledn Muerto (FigRB; Pingel et al., 2016). The eastern ranges form an effective
orographic barrier that causes intense rainfall along the eastern flank and aaseo arid hinterland

(Hain et al., 2011).

<0

P s

65"50"0" W 65°20M0" W

Eastern Cordillera

Pucara Valley Calchaqui Valley Lerma Valley
8 o
T 1 T L1 £
o E o g
g 3 £ =
B > 8 S @ £ g & 8
3 g S 8 5 5 S -4
= g g 9 S g @ = i
o o S
8 g = T 2 2 = g g
| ® s o B © =
A 58 § & gz g £ A
3 53 s s 5 E 2 2
- -} b < »n = < @ & &
5 [ f | | ||

0
E =5
=4
< 10
S -15
o
& -20
]
-25
-30
-35
Key
Quaternary Alluvium. Miocene Juluy Miocene Angastaco Fm. - Miocene Metan - Oligocene Qda. de los
Subgroup Pliocene San Felipe Fm. Subgroup Colorados/ Lumbrera Fm.
Pliocene- Pleistocene - " .
| Radeat Ol Pliocene Sy g Deposit (B)
Paleocene - Eocene Santa Barbara Subgroup K-Piruga and Balbuena Subgroup [ Undifferentiated basement
—— Normal Fault -4-4.4. Reverse Fault wee Strike-Slip Fault - — =+ Inferred Fault

—4—  Anticline ——  Syncline
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The Angastaco Basin hosts a very thick (>6 km) accumulation of Eocene through Pliocene
terrestrial clastic sediments of the Payogastilla Group (Diaz and Mallizzia, 1983; BRewpbsr et al.,
2010). This group is further subdivided into four formationsthE) Quebrada de los Colorados, 2) the
Angastaco, 3) the Palo Pintado, and 4) the San Felipe (Coutand et al., 2006). The Quebrada de los
Colorados Fm. suggests a maximum depositional age oft376Ma, while the overlying Angastaco Fm.
was deposited bateen ~21 and 9 Ma (Carrapa et al., 2012). The overlying Palo Pintado Fm. is interpreted
to be of middle to upper Miocene age (Starck and Anz6t2g0il; BywateiReyes et al., 2010) based on
interbedded ash beds.The San Felipe Fm. is gradational with the Palo Pintado Fm., and
magnetostratigraphic data suggest it was deposited during ~5 to 2 Ma (Reynolds et al., 2000).

This study focuses on the Late Miocene Palo Pintado Fm. in Angastaco Basin and its equivalents
(Jesus MariaGuanaco, and Piquete Fms.) within the La Vifia Basin (Ridyrdhe Palo Pintado Fm. lies
conformably onthe Angastaco Fm. and can be divided into two sections: 1) the bottom 1500 m is
composed of fine to coarse grained sandstone interlayered with siltstone and mudstone and is interpreted
to be deposited in a meandering fluvial system (Diaz and Mallizzia, 1288)2) the upper 450 m is
composed of coarsening upward sandstone interfingered with massive conglomerate and tuff beds which
is interpreted to be deposited in a braided fluvial system (Diaz and Mallizzia, 1983). Petrographic data
suggest that the Eastei@ordillera has been the major source of these sediments at least between 14.5
Ma and 5 Ma (Coutand et al., 2006). Based on the sedimentological, paleontological, and isotopic values
of pedogenic carbonate nodules from Palo Pintado Fm., ByvReges et al(2010) suggested that this
deposition occurred during relatively humid intervals within a broadly samliclimate. The overlying
San Felipe Fm. consists of cobble conglomerate and fining upward sandstone and is correlated to the
Piquete Fm. irLaVifiaBasin. ltis interpreted to be a braided stream and distal alluvial fan deposit and
reflects an increased aridity compared to the underlying Palo Pintado Fm. Thus, based on these

sedimentological interpretations, the Palo Pintado Formation marks an environmertagetfrom dry
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conditions, reflected in the deposition of Angastaco Fm. ¢(@9a), to a humid one, and is suggested to
coincide with the onset of the SASM (Starck and Anzétegui, 2001; Coutand et al., 2006; BReyateet
al., 2010).

The Palo Pintado Fm. has been correlated with the Jesis Maria and Guanaco formations of the La
Vifia Basin, where Carrapa et al. (2012) studied a >1000 m thick section. The Jesus Maria Formation is
composed primarily of laminated and rippled mudstones, while the overlying Guanaco Fm. is composed
of red, tan and brown silty mudstone and trough cross kestidandstones, and the Piquete Fm., which is
correlated to the San Felipe Fm. (Carrapa et al., 2012), is composed of tan siltstone, sandstone, and
conglomeraes. Overall, these deposits are suggested to be of fliagostrine origin (Carrapa et al.,
2012), and the depositional age of these formations is somewhat constrained via radiometric and
biostratigraphic data. Using zirconrRlh geochronology of one astyker from the Jesus Maria Fm., Carrapa
et al. (2012) dated it to be 14:#0.6 Ma (A3, Figur2.2). An additional K/Ar radiometric age of an ash bed
from the Guanaco Fm. (A4, Fig@.8) suggests it to be 8.780.25 Ma (Del Papa et al., 1993) while zircon
U-Pb geochronology places it at 9.310.31 Ma (Hain et al., 2011). Based on previous studies from a
different locality further north, Ulberich et al. (2021) suggested that the temporal range for the Guanaco
Fm. can be constrained between ~10.9 and ~5 Ma, while the overlying Piquete Fnimatex$tto be
between ~5 and <1.80.2 Ma.
2.2.2 Age model

Based on the previously obtained radiometric ages from these sections, we inferred a compaosite
age model for both subasins (e.g., Carrapa et al., 2011, 2012). Previous age models allow correlation
between the Angastaco and La Vifia basins (Figi2je which were connected before the exhumation of
the Sierra de los Colorados (Starck and Vergani, 1996; ByRayess et al., 2010; Carrapa et al., 2012).
More specifically, the Palo Pintado Fm. represents ~7.24 to 5.96 Ma (ByReyes et al., 2010) and

corresponds to the Huayqueriallontehermosan interval of the South American Land Mammal Ages
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(SALMA), as indicated byRb zircon ages from the interbedded ash layers which precisely bracket the
formation and provide clear markers at 8 m and 1730 m in the section (FxRkeCompared to Palo
Pintado Fm., formations within La Vifia Basin have a less constrained age model derived from two ash
beds. Ash bed A3 found at 129 m in the Jesus Maria Fm. is correlated té’theitdon age of 14.4 + 0.7

Ma (Carrapa et al., 2012) mesponding to Santacruciaraventan interval of SALMA, and ash bed A4 at

411 min the Guanaco Fm. correlates to the biotite K/Ar age of 8.73 + 0.25 Ma (Del Papa et al., 1993; Figure

2.2) in the MayoarHuayquerian interval.
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Previous workers have assumed a uniform sedimentation rate for La Vifia (consistent with
biostratigraphic data and conformable formation boundaries; e.g., BywRéstes et al., 2010; Carrapa et
al., 2011), suggesting this section represents an interval &etw-17 to 4.1 Ma. The substantially higher
sedimentation rate at Angastaco (~1300 m/Myr) relative to La Vifia (~50 m/Myr) is reasonable given their
relative landscape/tectonic positions, with Angastaco receiving sediment directly from the Eastern
Cordilera throughout the Miocene via fluvial and alluvial deposition in the proximal foreland basin, while
La Vifia instead was shielded from sediment sources by the Sierra de los Colorados (e.g.;Byyester
et al., 2010) and filled via slower fluvial andusicine deposition (see below) in the distal foreland basin.
Considering the estimated ages and relative deposition rates of these formations, using the Palo Pintado
Formation along with formations from the La Vifia Basin allows us to create a compositeé oébasin
setting and persisting paleoenvironmental conditions during &5M™a, with a higheresolution record
for the youngest end of this range (¢ Ma).
2.3. Methods
2.3.1 Sample collection

Detailed field stratigraphy and facies descriptions were conducted for each locality, with
particular attention to pedogenically modified zones. Paleosols were identified based on the presence of
a wide variety of features including horizonation, color rmip@s/gleying, complex burrows and root
traces/rhizoliths, as well as pedogenic carbonate nodules and preserved ped structures. Paleosols were
classified by pedotype based on the taxonomic classification schemes of the USDA (Soil Survey Staff, 2014)
and pakosolspecific conventions (Mack et al.,, 1993; Retallack, 2008). Paleosols were described,
photographed, and measured in the field, and samples were collected for geochemical, isotopic, and
phytolith analyses. To obtain fresh samples, weathered or pedogiyimodified surface materials were
removed carefully to depths >30 cm, and samples were collected from all available paleosol horizons, with

specific attention to A and B horizons because they preserve the most phytolitierigdn; Stromberg,
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2004), soil organic matter {Aorizon; Cotton et al., 2014), and relevant geochemical signaisriBon;
Hyland and Sheldon, 2016).
2.3.2 Paleoclimate reconstructions

Paleoclimate reconstructions are based on climofunctions derived from the bulk geochemical
analysis of 17 paleosol samples from the Angastaco Basin, and 11 from the La Vifia Basin. B horizon
samples were selected for these analyses, and were cleaned, puv& R 6 f Hpn >YO0O I | YR K3z
individual cups. As the majority of the paleosols were -naltic Alfisols, the acid pretreatment was
excluded because the error associated with the-Klgroxy is minimal and falls within the error margin
(Michel et al.,2022), and the PPM model uses untreated soil composition (Stinchcomb et al., 2016).
Samples were sent to ALS Chemex (Reno, NV) for bead fusioranfiudrescence analysis of 13 major
elements. Analytical uncertainty is maintained at between 0.001 @rido (depending on element
analyzedSeAppendix Al and duplicate analyses had a mean standard deviation of <0.5%. Whole rock
major elements were then corrected for loss on ignition (LOI) and converted to molar masses before being
used as inputs for stalard paleosol weathering indices (e.g.,<®lAnd PWI) and relevant climofunctions.

For reconstructing paleotemperatures, two methods were used to estimate mean annual
temperature (MAT): the paleosol weathering index (PWI), and the palgadedclimate model (PPMN).
The PWI climofunction is described by Gallagher and Sheldon (2013):

00" MO0 @B 3 .(21)

DwOpnmg 0O pPe 0'Q v T U c8tu 6O .22)
This method has been developed based on the relationship between MAT.%R) and relative loss of
major cations from B horizons during chemical weathering and subsequent leaching. We limit this
paleothermometer to paleosols having PWI less than 60, as PWI>60 would indicate paleosols that are not
distinguishable from parent aterial (Gallagher and Sheldon, 2013). The Pfhbdel is an opefaccess

data-driven spline regression model which includes 11 major and minor oxides and an expanded training
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dataset including the widest range of soils and climates of any of the described climofunctions, and
produced MAT with a root mean squared prediction error (RMSPE) of {&finchcomb et al., 2016)
Paleoprecipitation estimates were determined using the chemical index of alteration minus

potassium (CIA) as an input for the Mean Annual Precipitation (MAP) climofuncti&nQR2) of Sheldon

et al. (2002):
D60 ad ¢ qHQ?d MO ¢ wdd d .223)
0 00 pnmm—— .(24)

This climofunction is based on the principle that silicate mineral weathering forms clay by hydrolysis and
acid attack reactions; as moisture content controls these reactions, a wetter climate would promote clay
formation (Sheldon et al., 2002). The ermargin for MAP reconstruction based on ®&Aas been
updated to reflect the dataset from Lukens et al. (2019), replacing the Marbut (1935) dataset previously
used by Sheldon and Tabor (2009). The application of th& Clinofunction is restricted to necalcic
paleosols (Sheldon et al., 2002). Additionally, the PRMbdel also uses its datdriven spline regression
model to produce MAP estimates, with a root mean squared prediction error (RMSPE) of £512 mmyr
2.3.3 Paleovegetation reconstruction

Paleovegetation reconstructions were carried out using two different methods: phytolith
assemblages and bulk carbon isotopic analysis of soil organic matf€.d). Samples for phytolith
analysis were prepared following a modified version of Stromberg et al. (2003). A total of 28 samples were
selected and analyzed for phytolittased reconstructions from Angastaco and La Vifia basins. Briefly, the
procedure includes: )ltaking a subsample of anh®rizon paleosol (@3 g) and crushing it into finer
FNIAYSyGiazr nwo &dz2oaSljdsSyid aASOAy3I YR 2EARFGAZ2Y AY
pm) and organic matter, 3) deflocculation and clay removal viadieees (53 um) and deionized water
washes, and 4) using ZnBa heavy liquid with a specific gravity of 2.3 gicto float the phytoliths for

separation from remaining grains. Phytoliths were placed on slides with Cargille Meltmount (R.I. = 1.539)
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and were analyzed to identify different phytolith morphotypes and document them with at least 300
grains per slide counted for quantitative analysis, which follows Strémberg et al. (2003). This was carried
out on a Nikon Eclipse-B compound/petrographic imroscope under high magnification (2A®MO00X) at

North Carolina State University.

Identification of morphotypes was based on both fossil and modern reference collections
O0{GNJ YOSNBS wnnoX HwnnnT tKe&d/2NB 5.3 wdzAl Si& o
State University), and follows nomenclature and descripta@getbped by the International Code for
Phytolith Nomenclature (ICPN1.0, Madella et al., 2005; ICPN2.0, Neumann et al., 2019). Morphotypes
were broadly grouped into two categories: forest indicators and grass (land) indicators (Sl). Forest
indicator morphoypes include Forest (Fl), Dicotyledon (DICOT), Conifer (CONI), Sedge (SEDGE), Palm
(PALM) and Marantacea (MAR). Grass indicator morphotypes were further used to estimate abundances
for G vs. G vegetation. Based on the morphotypes produced within the subclades of PACMAD
(Panicoideae, Aristidoideae, Chloridoideae, Micrairioideae, Arundinoideae, Danthonioideae), maximum
and minimum abundances of, @egetation were estimated based on Stromberg and Mclnerney (2011)

using the following formulae:

8 25)

) (26)

Additionally, a bootstrapping function was used for error calculation, computing 95% confidence intervals
(CI) for estimating errors in the abundance of each functional plant type (Chen et al., 2015; Hyland et al
2023).

Samples for bulk paleosol*C,y analysis were collected from-Horizons as described above.
Seventeen samples from the Angastaco basin and twelve samples from the La Vifia basin were processed

for isotopic analysis. Samples were ultrasonicated in methanol to remove labile modern argstec
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and reacted with 6% HCI to remove carbonates. Samples were rinsed with deionized water until they
reached a neutral pH and dried overnight in an oven at 80°C. Dry samples were homogenized and weighed
into tin capsules, which were then loaded into the awogpler of a Costech Elemental Analyzer attached
G2 | 5Stdl b Aa2d02LIS NFrdA2 Yl aa aLSOONRwSI SN i
I FEAF2NYAL {GFGS | YyADSNEA G & O 2 NISR NI RIBS BaE LINBIAGISR L
relative to the Vienna Pee Dee Belemnite (VPDB) standard. Calibration was performed using USGS
aGlFyRIFNRAZ AyOf-dzR®YyA p{ D{f{om: evenudir{dD {pc n1 ®mng:ud/= T+ y R |
=MOMT p NOAm:0® ! yIPCRAIAIOS A dzyNBS NI AAYWUGHEA yFRRNIF G 9 dw
SNNRN) F2NJ NBLX AOFGS FylrteasSa Aa nom:o

To determine the abundance of @nd G biomass from the 3G, signatures, we constructed a
two-component mixing model withs@&nd G endmembers after the proposed model of Cotton et al.
(2012, 2014). £and G plants display distinct isotopic signatures, wittp@ants exhibiting enriched**Cyrq
values compared to«{plants. However, the isotopic composition varies due to climate conditions and
atmospheric C&concentration { 1*Cum). Within modern ecosystems, thé3G,q values for gplants span
abroad range-0 73 -Hi®: 03X NBFE SOGAYy3a GFINRARIFGAZ2ya | aa20Al GdSR
SASTSYR2NF S Ffd>X wnmnT { KSR ¥ompBasitiohstthgdgh timeHn n 0 @ L
also causes*Cyq values to shift. Therefore, to determine cutoff and endmember values to estimate C
versus ¢plant abundances during the Late Miocene within our study sites, it is crucial to consider the
113Cym estimates and climate conditions of the studied interval. We have employed two different
endmember mixing models to estimate maximum and minimum percentage\agetation.

For the maximum {regetation estimate, we followed the Cotton et al. (2012, 2014) model, which
dza $a O2NNBOGA2Yya T2NI £ 20Kt YSIyYy Fyydz t SCINBDOA LA G
adjust the endmembers for pure;@&nd G vegetation. For determination of the Endmember based on

precipitation and aridity, we use the modern plant database of Diefendorf et al. (2010), which compiles
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113C,4 values of modern £plants growing across a wide range of MAP conditions. Based on our
paleoclimate reconstructionSection2.3.2), the estimated MAP for Angastaco Basin (Palo Pintado Fm.)

ranged between 484 and 1084 mmi(BSectior240 @ . I ASR 2y S5ASTSYyR2WE Si | ¢
values of gplants growing between 500 and 1000 mmig-H T ® s @ C2 NJ { KRScolredtigrg a LIK S NA
6S dzaS G(KS Y2XRSoNY: OF Yy BzSNB @2 y & G NHzOG SRp Pl Fadath 2108y S
of-c dm: FNRBY ¢ALIWIX S S | f & Lemdmambar diuef ¢HCIDKBFasHES (K S
Basin is-H p ®n:3 plants lack a similar relationship between their isotopic composition and
LINSOALIGE GA2Y kI NARRAGE YR | NB;plan® o agiverf admospheneh OK S R
composition. Cdbn et al. (2012) consider a slight correctionnf®o:': 6 aSR 2y . dzOKYIl yy
resulting in a reconstructed endmember valuemfv ®1:': T 2 NI wal8e oVOBlants during our

study period. For La Vifia Basin, we followed a similar procedure, using a MAP range between 190 and
1277 mmyrs YR RSUGSNXYAY SR (i RG, valublBf @ ic Ldgal: I (FA22NJ phem@sRESSNG/ 4/
SASTSYR2NF S fd ounmnod | FiS NG WtEstmargdtthelc O2 NNB
endmember values for the Huayquerian, Laventan, Friasian, and Santacrucian South American Land
Mammal Ages (SALMA) intervals at the La Vifia Basin. The estimagedr@ember values for these

intervals wereH N @ yH:mEP yH:mEd s H nldaR = NB & LIS Ol A Pddniemberzv@uesS a G A Y I

for these intervals to bem m ® MIAEM =M P o': M AlPFR = NBALISOGA PGSt o

Our second endmember model uses a conservative approach to determine minimum estimates
of G@SASGF A2y d t NEODA 2 dz&d ‘¥ rdrigirgSram-rardgdod 8 afiizS R A Ol K &S & 2 &
enriched possible $ralues (Passey et al., 2009; Cotton et al., 2012, 2014). In line with the suggested
values, we selectegh H ®o:': | & GKS Y2aild Lisalants bated onhg dsFim@tedSVRAP @ f dzS
(Sectio240 = I YR ( KSNB T BQyferrichedymdre @Wand W80 F 2M2dzf R AYRAOI GS

from G vegetation. We estimated the maximum and minimuawv€getation from both sites using these

two endmember suites.
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2.3.4 Polycyclic aromatic hydrocarbons (PAHS)

Incomplete combustion and pyrolysis of organic matter results in the formation of polycyclic
aromatic hydrocarbons (PAHSs) that resist degradation and allow better preservation ¢orspiaired to
the traditionally used charcoal and pollen methods for reconstructing fire activity (Lau et al., 2010).
Modern gas chromatograph analytical techniques are used to analyze PAH concentrations and reconstruct
the paleofire regime for these sitelSor PAH analysis, bulk paleosol samples frdmmzons were crushed
into a fine powder (<62.5 um), rinsed with acetone to remove modern contaminants, and left to dry. After
crushing again, the samples were transferred to a glass fiber thimble and loimérexiSoxhlet apparatus
where a solution of 85:15 dichloromethane:acetone was used as a solvent. After running for 24 hours,
cycling 46 times per hour, the contents were transferred to a rotary evaporator flask, where the solvent
mixture was evaporatedlhe sample was redissolved in dichloromethane and transferred to a GC vial, to
which was added an internal standard mixture at a 1:20 ratio (v/v) of internal standard to sample. The
internal standards were deuterated PAHs: naphthaler®, dcenaphthene 40, phenanthrene €0,
chrysene dl2, and perylene d2. The samples were then analyzed using a Thermo Trace 1310 Gas
Chromatograph equipped with an 1ISQ mass spectrometer deteatoCalifornia State University
Northridge. Each run was preceded by nine calibration standards containing 63 compounds, and a test
standard was run before each new GC sequence to verify instrument accuracy.

Samples were analyzed in Selective lon Monitoring (SIM) mode to enhance the instrument's
sensitivity for all compounds, including the 16 Environmental Protection Agency (EPA) polycyclic aromatic
hydrocarbons (PAHs) and alkylated PAHs targeted for quaititiiic In addition to the EPA 16 PAHSs,
benzo(e)pyrene (BeP), perylene (PERY), retene (RET), dibenzofuran (DBF), dibenzothiophene {DBT), long
chain nralkanes (C1-Z£38), and alkylated PAHs {C4 NAP, GC4 ANT/PHE, C1 FLE, C1 FLU/PYR,and C1
C2 CHY/BaA) weralso quantified. Standard quantification and confirmation ions were employed in SIM

mode, with peak areas calculated relative to deuterated internal standards using both internal and
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external standards for quantification. For alkylated PAHs without specific standards, quantification was
based on response factors of the closest available standard compound. The detection limit for PAHs in
paleosols and soils was approximately 0.1 pg&gxhlet extraction was used for all samples, with six
duplicate samples and eight method blanks analyzed to ensure accuracy.

PAHs can originate from two primary sources: petrogenic and pyrogenic. Petrogenic PAHs are
formed through slow geological processes, while pyrogenic PAHs are produced by the incomplete
combustion of organic materials such as wood, fossil fuels, and vegetdthese PAHs can undergo
weathering due to environmental exposure and burial, complicating paleoenvironmental and paleofire
reconstructions. To differentiate between petrogenic and pyrogenic PAHSs, the Alkylated PAH Derivative
Index (APDI; Karp et al.p20) was utilized. To further distinguish between sources and isolate the
pyrogenic component associated with vegetation combustion, a-megptive matrix factorization
(NNMF) was applied to alkylated phenanthrenes (Karp et al., 2021; Lee & Seung, tieiB@naly, the
Low Molecular Weight (LMW) ratio from Karp et al. (2020) was employed to determine the depositional
mechanisms for PAHs. To address preservation bias between samples, we normalized the total PAH
concentrations using &alkane (Karp et al2020; Ghosh, 2021). Further details of these analyses are
provided inAppendix A

To determine the fire input, we followed relationships described by Denis (2017) and Karp et al.
(2021b):

oQeenop —————  .(27)
¢KS fArad 2F tr1Qa FylFrfteal SR F2N) Gz2aFt O2yOSydNT (A
(ANT), fluoranthene (FLU), pyrene (PYR), RET, benz[aJanthracene (BaA), chrysene (CHY),
benzo[k]fluoranthene (BKkF), (BeP), benzo[a]pyrene (BaP), indencftpgene (IND), and

benzo[ghi]perylene (BgP).
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To determine vegetation burn provenance, we used a combination of the retene proxy (Ramdahl,
1983; Simoneit et al., 1993), and the DMBNd DMPy proxies (Simoneit and Mazurek, 1982; Kappenberg

et al., 2019; Karp et al., 2020) where:

YQO BE @ g (2.8)

(OX M) wni & we

000 ofi ¢ ber—— .(210)

where DMP stands for dimethylphenanthrene. A minimum value of O for the retene proxy indicates
pyrogenic PAHs derived from an angiospetominated ecosystem, while values approaching 1 indicate
pyrogenic PAHs derived from gymnosperms. For the RMPXy,values closer to 0 indicate pyrogenic
PAHs derived from angiosperm trees, while values near 1 indicate pyrogenic PAHs derived from
gymnosperms. Similarly, DMPvalues closer to 0 indicate angiosperm trees, while higher values (>10)
indicate gymnosperms.diails of this method can be found in thg@pendix A
24. Results
2.4.1 Angastaco Basin

ThePalo Pintado Fm. within the Angastaco Basin contains over 1700 m of sediments, primarily
composed of laminated mudrocks, troughoss bedded sandstone, and coarse sandstone with pebbles
and burrows (Figur@.3). The overall lithology and structures suggest two depositional settings for the
Palo Pintado Fm. The lower part@0 m) shows an abundance of pebbly, coarse sandstones and
trough crosdaminated sandvith minor laminated mudrocks (Figuge3, Appendix A The upper part
(9501760 m) shows a sudden increase in mudrocks and-slggiorted conglomerates with decreased
pebbly sands (Figu23). We also identified two ash beds: the first{pat 8 m, and the second-@ at

1730 m.
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Figure2.3: Stratigraphy of Palo Pintado Formation in Angastaco Basin.
We identified 48 paleosols throughout the section. These were categorized into four pedotypes

based on physical characteristics (Fig4) and include a Protosol/Inceptisol (Ag a Gleysol/Alfisol
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(AG2), an Argillisol/Alfisol (AG), and a Gypsisol/Aridisol (A&} (e.g., Mack et al., 1993; Retallack, 2008;
Soil Survey Staff, 2014) (Fig@&d). AGL is a poorly developed soil that contains root traces and sand
lenses within a grey sandy A horizon (<1 m thick) and lacks a B horiz@risA&Gnoderately developed
soil with reddish silty A horizon (~1.5 m thick) with root traces, a distinbbBgon (gleying/mottles), and
a brown silty C horizon (Figu?et). AG3, another moderately developed sdilas a purple, silty A horizon
(>1 m thick) with root traces and burrows underlain by a Bt horizon with mottles and clay cutans (Figure
24). AG4 is a moderately developed soil with A, Bw, By, and C horizons. The A horizon (>1.5 m thick) is
composed of brown sandy silt and has root traces, and the B and By horizons show light green mottles
and gypsum nodules, respectively (Fig@ré). Of these 48 paleosols, AGand AG3 pedotypes are
relatively common throughout the sectiodpendix A while AGL and A& are mostly restricted to
specific intervals in the middle and upper parts of the formation (Figu8e

Paleotemperature estimates based on the PWI proxy show that MAT varies between 10.2 and
10.9+2.1°C with an average of 10.5°C (FiguB&\). This reconstruction suggests very little to no change
in MAT throughout the studied interval. PR¥based reconstructions reveal an average MAT of 10.4°C
that varies between 9.4 and 11#44°C (Figur@.5A). None of these reconstructions shows a significant
trend, with all reconstructions within error of one another throughout the studied interval.
Paleoprecipitatiorestimates from CIX range between 75and 1085+ 299 mmyr* with an average of
912mmyr? (Figure2.5B). Compared to this, the reconstruction based on PRMggests an average MAP
of 747 mmyt, ranging from 414 mmyrto 1032+ 512 mmyr* (Figure2 5B); overall these methods are
within error and suggest an overall decreasing trend in precipitation over the investigated interval. The
geochemical compositions of the paleosol samples from the Angastaco Basin, including major and minor

element percentagesuch as Ti/Al, are reported Appendix A
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Figure2.4: Pedotypes identified within the Palo Pintado Formation:-lA®rotosol/Inceptisol, A@:
Gleysol/Alfisol, AG: Argillisol/Alfisol, and AG: Gypsisol/Aridisol).

We analyzed 19 biomarker samples from Palo Pintado Fm., and based on the NNMF analysis and

APDI values, we identified mixed fractions of pyrogenic and petrogenic PAH signpadix A While
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Figure2.5: Paleoclimate and paleofire reconstructions from Palo Pinté&pMAT; Paleotemperature
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of Alteration minus Potassium (GKA blue circle) and Paleosol Paleoclimate Model (RPgurple
square). (Q Fire input based on Polycyclic Aromatic Hydrocarbons (PAH: red stars).

the APDI proxy suggests mixed pyrogenic and petrogenic sources for Palo Pintado samples, the ratio of

MPh to Ph shows only pyrogenic sources (MPh/Ph <2.43; SI). LMW ratios indicate that most of these PAH

samples reflect residues of primary combustion (Apgig A). Comparison of the pyrogenic fraction of

PAH burn input normalized oveg;@lkane reveals an order of 60 magnitude increase in fire occurrence

at ~7 Ma followed by a decline towards 6 Ma (Figure 2.5C, Appendix A). Overall, there appears to be a

directional decrease in pyrogenic PAH abundances, which we interpret as a decrease in fire occurrence

over the investigated interval (Figure 2.5C). We also used the retenexDMiRd DMPBy/ values to

differentiate between the vegetation burn residue. Tretene values range from 0.04 to 0.50 with an

I dSNJ 3§

27

ndHH

6"

I_I

n ®mo 0-Homihdtell Eckisystenr@ith Scing dixed

angiospermgymnosperm mixed burn inputAppendix A The DMPBy ratios from these samples vary

0S0G6SSyY

nopy

g2

MMPpd GAGK

kx Walues@éiNthisisie varyFbetwedm m

63

Y2ail

6"



ndpH YR M gAGK Iy | @SNI IS -pahd DMByaluessshow gymnosperomT CA 3
dominance with a minor angiosperm presence (Figure 2.6B) within the studied interval. Neither of these
proxies show any directional trends through time.

¢ K 3G values of 17 samples collected from Palo Pintado Fm range-from® p:'z0 niidgn:': >
with an average value ofi ¢ ® '  @.60\Appehd A Based on our maximum estimates af C
abundance using the endmember-ef p ® n: : 3 (Fertid2.3.3), a mixed signal of;&is identified at
around 6.8 to 6 Ma. The estimates of maximumvEgetation range from 0 to 13.7% (Fig2&C,
Appendix & = gAGK Iy | @SNI IS @I f dzS ,vedetatierdestimates basdd oroad 1272 O ®
cutoff value ofH H @ o: pure2GEcosystem show a lack of @getation throughout the studied interval
(Appendix A Nineteen samples from Palo Pintado Fm. were analyzed using phytolith analysis, with an
average of 31 morphotypes (~77 smiwrphotypes) identified per slide and an average of 321 counts
(Appendix A The analysis included identifying and categorizing diagnostic anddiagnostic
morphotypes, with nordiagnostic compound variable groups such as PeNID PALMID,
GRASS/MON@ID, and OTHsctior?.3.3), and fourteerdiagnostic compound variable groups, including
forest and grass indicators {EEN, DICOGGEN, DICGWO, CONI/MONO, CONI, SEDGE, HALM
MAR/COST, BAMB/B, GRASHOOID, PACCABEN, and PANI). Phytolith assemblages suggest that
the ecosystem in Palo Radlo Formation was dominated by forests; an average estimated forest biomass
2F pHOpE: gAGK AaAAYAFAOFIYyG odzi avYlrtfSNI AyLldzi FNRY
16% to 46%) of the total vegetation throughout the section (Figué®, Appendix A. Based on the
assemblages, the grasses were primarily composegl @fith a minor proportion of gplants in the upper
section (Figur@.6D). Gvegetation estimates based on nineteen phytolith samples range from a minimum
GrtdzS 2F n (2 mMyodw: oF@SNIISTHOdE:T " Tnodmz0 G2 Y
G morphotypes are mostly equally distributed between CHLOR, PACCAD and PANI, although some

samples show a dominance of one group over the otlAgmpendix A Paleovegetation estimates from
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sandstone. A 250 m thick JesUs Maria Formation was identified, characterized by laminated mud at the

base and trough crodsedded sandstone at the top (Figu?er). It is overlain by a 250 m thick, brown,
laminated mudstone and trough crobedded sandstone and interbedded laminated evaporite identified
as the Guanaco Fm. (Figuker). The overlying 156n thick trough crosé®edded fine and medium
sandstone interbedded with tainated mud is identified as the Piquete Fm. Four ash beds were identified

within the Jesus Maria Formation at 1 mi{A 10 m (A2), 19 m (A3), and 129 m (4), with an additional

ash bed () located within the Guanaco Formation at 412 m (Fiduirg
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Figure 2.7: Stratigraphy of La Vifia Basin.

Twenty-eight paleosols were identified, which are classified into four pedotypes (FR8)e
Alfisol/Calcic Argillisol (E1), Alfisol/Argillisol (LA2), Inceptisol/Gypsisol (E3), and Inceptisol/Protosol
(L\M4) (e.g., Mack et al., 1993; Retallack, 2008; Soil Survey Staff, 2014)s BMnoderately developed
soil with an A horizon (orangdtg sand, <1m thick) showing root traces, a Bw horizon with mottling and
clay cutans, a Bk horizon with calcium carbonate nodules, and a C horizon @&uitis common in
both the Jesus Maria and Guanaco formations2ldénsists of three horizons: A, Bt, and C (Fig8g

where the A horizon is more than one meter thick and is comprised of dark red silt with visible root traces
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and mottling, and the Bt horizon contains abundant clay cutans and rare iron nodutgsslpvimarily
restricted to the Jesus Maria Fm.-B\s a moderately developed soil with A, By, and C horizons, where
the A horizon contains root traces and mottlinghile the By horizon contains abundant gypsum nodules
(Figure2.8). Within the studied section, only two paleosols of this pedotype were identified, one within
the Jesus Maria Formation at 75 m and the other in the Guanaco Fm. at 9&4nis h\poorly deeloped
paleosol with an A/B horizon showing some light root traces, light green mottling, and sand lenses (Figure
2.8). It is predominantly found within the Guanaco Fm. The Piquete Fm., which unconformably overlies
the Guanaco Formation, does not contain any identified paleosol horizons and, therefore, was not
included in the paleoclimate and paleovegetation reconstiar.

We analyzed six samples of paleosol matrix from the JesUs Maria and five from the Guanaco
formations for paleoclimatic reconstructions. Paleotemperature reconstructions with the PWI proxy show
that MAT varies between 9.4 and 10t2.1°C within the Jesus Maria Fm. and between 8.4 and 10.9
+2.1°C for the Guanaco Fm. (Fig@r8A). The average MAT is calculated to be 2Q.Tor the entire
interval. In addition, PPM estimates suggest an average MAT of 11.1 °C, which varies between 8.5 and
15.7+4°C (Figur@ 9A). None of these reconstructions reveals any significant temperature change within
the studied section in L¥ifia and all proxies are in agreement within error. Paleoprecipitation estimates
(CIAK) for the JesUs Maria Fm. vary between 557 and 32®P mmyr!, with an average of 881 mniyr
(Figure2.9B). For the Guama Fm., MAP estimates range between 324 and 9299 mmyr, with an
average of 748 mmyk These paleoprecipitation estimates suggest that the Guanaco Fm. had slightly drier
conditions compared to the underlying Jesus Maria Fm., a trend that is also observed RPNhe
reconstructions (Figur@.9B).PPM o estimates suggest that MAP varied between 934 and 12372
mmyr?, averaging 1105 mmyfor the Jests Maria Fm. However, for the Guanaco Fm., the average drops
to 441 mmyr with a range between 190 and 63%12 mmyr* (Appendix A While PPM reconstructions

are slightly lower than CiK values, both indicate a significant drop in MAP throughout this intefal.
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geochemical compositions of the paleosol samples from th¥ifiaBasin, including major and minor

element percentages such as Ti/Al, are reported inAbpendix A
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Figure 2.8: Pedotypes identified within the La Vifa Basini-1LVAlfisol/Calcic Argillisol, &/
Afisol/Argillisol, LM8: Inceptisol/Gypsisol, and 47 Inceptisol/Protosol.

Thirteen samples from the La Vifia Basin have been analyzed for PAHs. Based on the NNMF
analysis, we identified mixed fractions of pyrogenic and petrogenic PAH sigppkEn@ix A Both APDI

proxy and ratio of MPh to Ph agree and show pyrogenic sources for these samples (MPh/Ph < 2.43;
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Appendix A Based on the LMW ratio, most of the PAH signals are identified@ada combustion

residue except for two samples, at 12 and 8 Ma, which indicate sidekeed PAHsAppendix A The
comparison of the pyrogenic fraction of PAH burn inputs shows a wide variability in fire contributions,

with no discernible trend observedppendix A Overall, there does not appear to be a directional trend

in fire input over the investigated interval (Fig@®C).The ratio of retene and PAHSs varies between 0.03

FYR nopn AGK Iy I @SNFr3IS 2F ndmo -dominatEd ecodystemd | Y R
during the investigated intervahppendix A DMRy values vary between 1.65 and 16.15 with an average

2F cdcd O 2L0ApahdiDME G A HABNS NI y3IS 06Si6SSy nocd +FyR
= 0.07) (Figur@.10B). These values suggest a gymnospdominated ecosystem witkwo intervals of

enhanced angiosperms during ~12 and 8 Ma (Figure A, B).
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Figure2.9: Paleoclimate reconstructions from La Vifia). MAT paleotemperature reconstructions are
based on the Paleosol Weathering Index (PWI: red triangle) and Paleosol Paleoclimate Modgi (PPM
yellow square)(B) MAP paleoprecipitation reconstructions are based on Chemical Index of Alteration
minus Potassium (CGl& blue circle) and Paleosol Paleoclimate Model (RPpurple square)(Q Fire

input based on Polycyclic Aromatic Hydrocarbons (PAH: red stars).
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investigated interval (Figur2.10C). Based on the maximumde estimates from carbon isotopés the

Huayquerian, Laventan, Friasian, and Santacru8ention2.3.3), we identify the first mixed ecosystem

(G-G) within the Jesus Maria Fm. at 15.5 Ma, with additional occurrences in the Guanaco Fm. toward the

upper section around 8 Ma (FiguPel0C). Our mixing model suggests that through time, the ecosystem

was initially @dominated, transitioning to a mixeC; system by the end of the sectiohhe maximum

Civegetation estimates based on the mixing modaty between 0% and 32.6% with an average of 6.5%

6 T mn &T12:210C Appandidld while the minimum Cestimates vary between 0% to 14.6%

0 @SNI 3ST mdppendix A Theseestintates show an increase divéetation (~15%) in the

upper Guanaco Fm.
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Phytolith assemblages were counted for paleovegetation reconstruction as well. We analyzed

nine slides from La Vifia and identified 27 morphotypes (~6émsaiphotypes) with an average of 338
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counts per slide. Similar to Angastaco Basin, we categorized both diagnostic andliagnostic
morphotypes. Twelve diagnostic compound variable groups were identified. Nine forest indicators (FI)
include FIGEN, DICGGEN, DICGWO, CONI/MONO, CONI, SEDGE, HALMAR/COST, and BAMB/B
(Section2.3.3). The remaining four are grass indicators (Gl): GRAP®OID, PACCABEN, and PANI
(Section2.3.3). The nordiagnostic groups are POGND, PALMND, GRASS/MONUD, and OTH.
Phytolith analysis shows that éhFI morphotypes comprise most of the assemblage; on average, we
estimated that 71% of the biomass in the area was from forest vegetation, whereas grassland vegetation
FO02dzy i SR F2NJ Iy I @SN B%) (Rgire.Mp):EstimatésHinTegeMliof @ ST H ™
[ +A3F NIy3aS FTNRY | YAYAYdzy @Fftdz2S 2F n (2 com: 0
0 @SNI 3ST o dppendix A G noorphetypes in this section include PANI and PACCAD and lack
CHLOR indicators. Paleovegetation estimdrom phytolith assemblages differ from those derived from
118G, > g RAfndicating a higher presence of @getation than phytoliths
2.5. Discussion
25.1 Stratigraphy, Facies, and Paleosols

The Jesls Maria Fm. (~17 to 12 Ma) reveals two distinct units. The lower portion is composed of
thick, red, laminated mud reflecting a le@nergy depositional setting along with several widbeloped
paleosol horizons consistent with a lacustrine depdkdt experiences periodic subaerial exposure
(Scherer et al., 2007, 2015). The lower portion is overlain by a thick troughbedded sandstone with
interdune carbonate, signifying relatively higher depositional energy associated with a fluvial envitonme
(Miall, 2014). The overlying Guanaco Fm. (~12 to 7.48 Ma) indicates a fluctuation in depositional energy
associated with a fluvitacustrine setting where the trough cross bedded sandstone represents a fluvial
environment (Miall, 2014) while the lamired mud with evaporite beds represents a lacustrine

environment (Scherer et al., 2015). The youngest Piquete Fm. (~6.2 to 4.08 Ma), characterized by
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laminated mud and trough crodsedded sandstone with ripp clasts and burrows, reflects sediment
reworking. The facies association suggests a floodplain deposit (Scherer et al., 2015).

The coeval Palo Pintado Fm. (~7.24 to 5.96 Ma) contains a thick accumulation of sediment with a
variable depositional environment. A thick, gray, coarse sand with pebbles with alternating laminated
sandy mud and trough crof®edded sandstone occupying th@ver ~950 m indicates a relatively higher
energy fluvial setting (Miall, 2014). The lateral migration of sand bars indicated by trougkenus=d
sand, with overbank fines such as mudstone and multiple paleosol horizons, points towards a meandering
fluvial depositional environment. The upper ~800 m is composed of-slggiorted conglomerate with
coarse, pebbly sand and indicates a fluvial setting with high energy. The coarser and thicker nature of the
deposit, along with the development of paleosol tzoms, suggest a braided river depositional
environment (Miall, 2014). The mud facies indicate overbank deposits and the coarser sand and
conglomerate deposit, with trough cross beddings are associated with channel deposits (Scherer et al.,
2007).

These interpretations agree with previous studies that suggest an ephemeral fluvial setting for
the Jesus Maria Fm. within the Angastaco Basin (Starck and Anz6tegui, 2001), while the overlying Guanaco
and Piquetdormations indicate a more permanently established fluvial system with variable depositional
energy (Carrapa et al., 2012). Alternatively, these formations could represent the fluvial system associated
with an alluvial fan developed in the distal zone (Galli et2823). The transition indicateke role of
tectonics in basin rearrangement, impacting the local hydrology. This becomes more evident in the Palo
Pintado Formation, which was deposited in a meandering fluvial system and is suggested to record
multiple episodes of tectonic reactivatioleading to the formation of an intermontane basin (Galli et al.,
2017; Ulberich 2021). Tectonic processes controlling the basin evolution and configuration were

accompanied by changes in climate patterns (Starck and Anzétegui, 2001).
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Paleosol types identified in this study can be broadly classified into four categories represented
throughout both sections, though their distribution is not proportional and constant. The most common
paleosol type in both areas is the Inceptisol/Protdgdb 1, L\4), characterized by minimal development
and a lack of distinct sedimentary features that differentiate them from Entisols. They are commonly
identified within fluvial or higkenergy depositional settings (Figl2& and2.7), indicating their psximity
to fluvial distributary systems (Sheldon and Tabor, 2009), as evidenced by sand lenses. Alfisol/Argillisol
(Ag2, 3, and 4 and L-¥ and 2) paleosols defined by moderate development with root traces, cutans, and
mottling/gleying, are also common thughout the studied interval. The clayey accumulations and ped
structures in weldefined B horizons suggest a longer period of soil development. Cutans on surfaces are
indicative of illuviation and can result from clay shrinkage and swelling from intemhivater infiltration
and evaporation, while mottling indicates recurrent waterlogging, signifying localized decomposition and
organic material reduction (Retallack, 1988; Retallack, 1994). Occurrences of calcite (calcic Affjsol, LV
and/or gypsum (Gygisol, A&4) nodules are noted in some paleosols as well, which indicates a seasonally
or variably dry climate that promotes the growth of calcium/gypsum nodules in the vadose zone (Breecker
et al., 2009; Retallack, 2005). These are accompanied by therteapeds in the upper Jesus Maria and
Guanaco formations (Figug?7).

The frequent presence of similar paleosols in both sites indicates a connection between the
environmental conditions at these locations and their relationship to the depositional settings. Using
paleosol morphology and chemical composition allows the retragtion of paleoenvironmental
conditions. The presence of cutans and the existence of gypsum and carbonate nodules in both sites
indicate the development of some paleosols under variable or evolving moisture conditions, which in
some cases may be indioat of seasonal climates (Retallack, 2005; Hatano and Yoshida, 2017). The Ti/Al
ratio is a reliable provenance indicator as it remains primarily unaffected by diagenetic processes

(Sheldon, 2006; Stiles and Stensvold, 2008;). Ti/Al from Palo Pintado aviideemains relatively
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constant with an average value of ~0.05 for both sitéppendix A Relatively low values (<0.1) with
minimal changes in Ti/Al suggest similar parental materials and weathering intensity (Sheldon and Tabor,
2009) and allows for quantitative reconstruction and comparison of paleoclimate from these localities.

One important caveat in paleosol analysis is the {mstal and diagenetic alteration that can
impose secondary signals, complicating further climate and environmental inferences (Sheldon and Tabor,
2009; Hyland et al., 2013). While it is common for paté® to undergo some level of compaction, no
evidence of extreme burial compaction has been noted within the studied paleosol horizons, and burial
depths here are considered minimal (e.g., Carrapa et al., 2012). Secondary weathering and diagenetic
alterations can also complicate the paleosol analysis and reconstructions (Michel et al., 2016; Retallack,
1991). Except for one occurrence of reprecipitated gypsum in the Guanaco Fm. (between 55 m and 65 m),
no other evidence of secondary mineral precipitatioras tbeen identified. CHK estimated from the
elemental ratios of the geochemical composition of Bt horizons also shows little variation throughout,
suggesting consistency in the weathering regime. Therefore, the identified paleosol horizons remain
useful br further climate and environmental analysis applications.
2.5.2 Paleoclimate reconstructions

Paleotemperature reconstructions in La Vifia and Angastaco basins lack any significant changes
through time. Our multiproxy estimates suggest an average annual temperature of ~10°C in Angastaco
and ~11°C in La Vifa basin. The PFiddsed estimates follow a similar pattern as the paleosol weathering
index reconstructions (Figur@4A and2.7A). While there is a general agreement among the estimated
temperatures, these values indicate substantially cooler conditions than modern (~16°C; Fick and Hijmans,
2017). These proxies may be a better indicator of temperature trends than of absolute values (Hyland and
Sheldon, 2016), but regardless suggest that temperature was not a driving factor in any environmental
shifts across this interval. Late Miocene paleoresorttlicate that the global climate was warmer than

present, with atmospheric G@oncentrations ranging between 200 ppm and 400 ppm (Bradshaw et al.,
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2012; Carrapa et al., 2019; Steinthorsdottir et al., 2021). The average temperature in South America during
the Late Miocene was similar to phedustrial values, except for regions experiencing active orogenic
processes (Bradshaw et al., 2012).

In contrast to temperature, precipitation patterns in the Late Miocene were considerably
different from those in the modern. The onset of precipitation seasonality has been identified around the
Late Miocene in South America (Mulch et al., 2010), graduedlysitioning to modern conditions.
Paleoprecipitation reconstructions from Angastaco and La Vifia basins suggest fluctuations between sub
arid and sukhumid conditions. At Angastaco Basin, estimated MAP averages 912'musiyg CIA and
747 mmyrt basedon PPM,. Both reconstructions are generally within error and suggest an overall
decrease in MAP over the studied interval (Fig2eB) with consistently wetter conditions than the
modern (~139 mmy#t). At La Vifia Basin, these same proxies estimate 821 Mi@yAK) and 662 mmyr
1 (PPM.,o) (Figure2.9B), which also indicate wetter conditions than modern (364 mihykVhile
reconstructions from both basins are within error of each other, PPbAsed values are consistently
lower as compared to CIA estimates. Ishould be noted that the uncertainties associated with the
PPM ¢based estimates are higher than those reported for-KJAut the reason for these consistently
lower estimates is unclear. While the absolute values of the reconstructions might be
over/underestimated depending on the proxy reconstruction method, theegahtrend is still valid to
denote the changes in the climatic conditions, with decreased precipitation through time.

During the Late Miocene, global climate and hydrological conditions exhibited regional variability,
with some areas experiencing enhanced precipitation while others underwent drying. Global events such
as the closure of the Tethys gateway and the Certnagérican Seaway, and major orogens in central and
southeastern Asia, Eastern North America, central Andes, and European Alps have impacted regional and
global climate (Steinthorsdottir et al., 2021). While subtropical regions experienced increased aridity,

parts of Europe, Asia, and the Americas saw enhanced seasonality and precipitation patterns (Griffin,
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2002; Dupont et al., 2013; Herbert et al., 2016). Paleoprecipitation records indicate persistently wetter
conditions in southwest Europe, contrasted by aridification trends in central Europe during the Late
Miocene (Bohme et al., 2008). Enhanced seasgnaititl intensification of several monsoon systems is an
important feature of the Miocene. The Asian monsoon system, established by the Late Miocene,
intensified due to the Himalayan orogeny and Tibetan plateau uplift, leading to aridification in inner Asia
and increased precipitation in southern and southeastern Asia (Spicer, 2017; Clift and Webb, 2019). Griffin
(2002) suggests that the development of the Asian monsoon system interacted with the Mediterranean
and resulted in progressive aridification in No/frica during the Late Miocene. The development of the
Asian monsoon system thus gave rise to zones of intense precipitation and aridifications, a trend observed
in South America as well.

Carrapa et al. (2019) suggest a link between Late Miocene aridification in South America and
global climate changes that influenced Hadley cell circulation. The strengthening of Hadley circulation
during this period enhanced moisture convergence toward fh€Z, while the subtropics experienced
greater moisture divergence, reinforcing aridification in the region. The SASM system introduced regional
changes in precipitation patterns linked to the Andean orogeny, enhancing precipitation on the eastern
flank and promoting aridification on the western flank (Bookhagen and Strecker, 2008). A broader shift
toward increased rainfall has been noted in previous studies (Starck and Anzétegui, 2001; Pingel et al.,
2016; Rohrmann et al., 2016); however, the Angastand La Vifia basins in NW Argentina record
progressive aridification (Riges 25 and 29; e.g., Carrapa et al., 2011). The tectonic deformation
progressing eastward and the Late Miocene uplift of local mountain ranges surrounding and splitting the
retroarc foreland basin (into the Angastaco and La Vifia basins) likely contributed significantly to this
aridification (Hain et al., 2011; Galli et al., 2023).

The orogenic adjustments occurring around the Angastaco and La Vifia basins might have induced

a local rainshadow effect, consequently contributing to the drying climate observed in the area. Our
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comprehensive paleoclimate reconstruction records do suggest a reduction in precipitation E&Rire

2.9B), indicative of local aridification during the latest Miocene (by ~6 Ma). However, the similarity in
magnitude and timing of the aridification observed in both the Angastaco and La Vifia basins suggests a
regional influence rather than solely local topaghic changes associated with features such as the Sierra

de los Colorados, Cerro Negro, or Cumbre de Luracatao (c.f., Carrapa et al., 2012).

2.5.3 Paleovegetation records and comparisons

Paleovegetation reconstructions from the La Vifia and Angastaco basins indicate- forest
dominated ecosystems with mixed grass/shrub persisted during ~17 to 5 Ma based on the bulk carbon
isotope signatures, phytolith assemblage, and PAHs. Our paleovegetationstructions identify first
appearance of @S 3ASGF GA2Y | NRBdzy R mc ®n B@d=-HOLIME:DZE A YKRO (KSR
trends of the carbon isotopic signatures from both basins mark a moderate increagpancéntage (to
~15% based on minimum§ & G A Y I (i 8G,, SFeNsBcYWor24.2) during the Late Miocene (~7 Ma)
(Figure2.6C,2.10C). A similar trend is identified from the phytolith assemblages (F&bite2.10D). Both
isotope composition and phytolith assemblages show a moderate increasagiasses, where carbon
isotopebased reconstructions indicate a maximum peak of 32.2%t C5 Ma, contrasting with the
maximum Gvegetation of 21% at 6.1 Ma shown through phytolith assemblages. Despite the similarity of
the temporal variation in £vegetation, a slight disparity in the absolute values gfv€getation is
observed between the carbon isotopic composition and phytolith assemblages.

This difference may arise from either an underestimation based on phytolith assemblages, or an
overestimation based on carbon isotopic composition. Fredlund and Tieszen (1994) demonstrated that in
the temperate ecosystem of the North American Great Plaipisytolith assemblages tend to
underrepresent tall £grasses (Panicoideae) and are counterbalanced by the overrepresentatian of C
short grasses (Chlorideae), resulting in roughly accurate total. %dditionally, grasses are known for

being prolific producers of phytoliths (Hyland et al., 2013); therefore, it is unlikely that the phytolith
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assemblages would lead to an underestimation af gtasses $e Section2.3.3). Alternatively,
uncertainties introduced by the isotopic reconstruction method might have resulted in the overestimation
of G grasses.
The estimate of maximum.G@ 6 dzy Rl y O &G, v@AILER iy controlled by several factors
affecting carbon fractionation and soil organic carbon (SOC) preservation. During microbial decomposition
of SOC, heterotrophic respiration g@eferentially respired’C, resulting in solid decomposition products
enrichedin®¥ o6& dzLJ (2 dci': 62@YYyS HANTOLI Hégatadich SWAiSKG f S|
from modern soils show that the range B€ enrichment varies with climate and soil maturity (Krull e
I f ®X HAAHT YNHzZf FYR . N}&Z Hnnpo | yfe, @08 85a 008Kk
FYR H®Po: FT2NJ iNBSa FyR FT2Nbas NBaLISOGAGSt e oYNHA €
In addition, the overestimation could be attributed to the limitations imposed by the end member
values used in the isotogeased paleovegetation reconstruction. Our end member values are based on
Diefendorf et al. (2010), which investigates the correlatimtween carbon isotopes of leaves and mean
Fyydz-f LINBOALIAGEGAZ2Y o6a!tod 5 SAThiuesSn DiekeSdoriCe? al. LINS K S
(2010), there is a lack of data from South America. While several studies have demonstrated increased
113G,4 values at higher altitudes due to temperature variation (Li et al., 2009) and atmospheric pressure
0%K2dz St It ®dX HanmoLI {KStR2y Si I fo@andelavatiorin F 2 dzy R
gymnosperms. Regardless of the impact of altitude on isotopic discrimination, an expanded dataset from
South America would help address these discrepancies effectively.
Our minimum Gestimates based on a more conservative cutoff val2.8%) underestimate.C
vegetation compared to those reconstructed from phytolith assemblaggmpdndix A While the
absolute values of maximum/minimum&a G A YI (G Sa RSNAWBSIRnofpiedskly align with

those obtained from the phytolithhased method, the overall trends agree. Both approaches indicate a
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predominance of &regetation over ¢throughout the studied interval and identify an increase ilc@ver
by ~6 Ma in this area.

Our biomarker analysis also broadly agrees with these reconstructions. While the retenex DMP
and DMPYy ratio cannot be used to differentiate between ¥&rsus ¢cover specifically, we used these
values to distinguish between gymnosperm and angiosperm groups and identify a broad trend in
vegetation dynamics. However, we find discrepancies between the-DitiRl DMPy values and retene
values. Both DMR and DMPy values indicate a trend towards a gymnosperich cover for the Palo
Pintado and La Vifa basithroughout the studied interval with minor angiosperm input at around 12, 8,
and 7 Ma, while retene values denote absence/low abundance of gymnosperms throughout the studied
interval Appendix A Heppenheimer et al. (1992) have suggested that diagenetic conditions such as
temperature and pressure can cause alteration of retene telIMP thus increasing the DMPand DMP
y values (higher gymnosperm) and reducing the retene ratio, leading teex [gymnosperm abundance
based on the retene proxy. Sucheahtion can explain the disagreement between retene and Bid
DMRy values observed here. However, NNMF analysis indicates pyrogenic sources for most of the
samples, except for a minor petrogenic input, as evidenced by the APDI proxy for a few eonplalo
Pintado Fm.Appendix A Considering our multiproxy vegetation reconstruction holistically, these data
collectively point towards a forest/woodland ecosystem with substantial presence of grasses (>20%) and
with a lack of substantials€over (40%) before ~8 Ma.

Previous studies have suggested a Late Miocene transition from a forested ecosystem to a mosaic
habitat with increasing grass vegetation in NW Argentina (Starck and Anzétegui 2001; Zimicz et al., 2018;
Ercoli et al., 2019). MacFadden et al. (1996) repodddansition from Gecosystem towards a mixed
ecosystem with a significant component afgfasses, which aligns with Latorre et al.'s (1997) findings of
G enrichment in the Late Miocene based on soil carbonates in NW Argentina. Specifically, in the

Angastaco Basin, the Palo Pintado Fm. has been proposed to represgmicantane ecosystem based on
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mammal fossil assemblages (Candela et al., 2021) and isotopic values from pedogenic carbonates
(BywaterReyes et al., 2010). However, Bywate6 &8 Sa S | f ® RChemrishmeént iAtReSy G A T A
upper Palo Pintado Fm., though it remained inconclusive whether this enrichment was dug to C
vegetation or aridityh Yy RdzZOSR &G NB&& P hdzNJ Ydzf (A LINBCEedrichM@&0 2 y & (i N
pattern, detecting the presence of;®@egetation through €Y 2 NLJK2 G @ LJSa ot 'Yk > /| [ h
enrichment, with a gradual increase observed towards the end of our study interval (~6 Ma). Our
paleovegetation reconstruction suggests an increasing presence of grass, indicating a transition from a
predominantly forested ecosystem to one with expandgrgss vegetation and confirming the onset of

C presence in the Late Miocene.

While significant increases in @rasses in the Late Miocene have been reported from different
continents (e.g., Cerling et., 1997; Latrubesse et al., 2010; Hyland et al., 2019; Feakins et al., 2020),
regional variability in the timing and abundance of thev€yetation is noted in South America. Latorre et
Ffd omdpdT 0 LINBG \BIYes Sdin palgbsaicarbosaies from Puerta de Corral Quemado
(Figure2.11, PCQ) in NW Argentina, suggesting the presencevef€tation during 7.86.7 Ma. Fossilize
rodent teeth enamel data corroborates the presence p¥€jetation (Hynek et al., 2012). However, using
paleodiet as a paleovegetation proxy can lead to an overestimatiorny abhdance due to dietary
preferences (Cotton et al., 2014). Contrary to the previously suggested expansipgragses (Kleinert
and Strecker, 2001), Cotton et al. (2014) noted a lacl eégetation in Entre Rios, located further south
than Angastaco Basin (Figzd 1; ER). Instead, they reported a rise efgasses outcomgag palms
and woodland vegetation in a cool, arid climate. Ghosh (2021) similarly observed the absejgas$€s
in Rio Iruya, located further north than Angastaco Basin (F@dde RI). Their study suggests a forest
dominated ecosystem persisted throughout the Late Miocene, with the first appearancg @S noted
at 6.6 Ma, though it remained in low abundances throughout the Late Miocene. Findings from these

studies and our records collectively show no evidence supporting a substargigadhson in NW
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Figure2.11: Spatied SYLI2 NI t @ NR I 6 A BQiadd GivggetdtimBignals Juiing dhe 2 y =
Messinian (A, B) and Tortonian (C, D) in NW Argentina. The background map shows mean annual
precipitation (A, C) for Andean elevation of 100% (B) and 75% (D) of modern elevation, respectively (after
Insel et al. 2010). The mnyms showing the locations of the prosgrived MAP and LOvegetation
estimates, are as follows: EREntre Rios; RIRio Iruya; PCQPuerta Corral Quemado; t\La Vifa; PP

Palo Pintado.
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Argentina during the Late Miocene (Figuell). Instead, our reconstruction suggests a forest or
woodlanddominated ecosystem with minimal presence afg@asses, similar to Rio Iruya and Entre Rios.
Although we did not detect a substantial expansion o¥é€etation in the Angastaco/La Vifia Basin, our
study does still show a minor increase yaBundance by the Late Miocene (~6 Ma). The expansion of C
vegetation (to modern abundances; .cRowell and Still, 2009; Luo et al., 2024) in this region likely
occurred slightly later than previously proposed (e.g., Latorre et al., 1997), perhaps during the Pliocene or
Quaternary.
2.5.4 Drivers of G grasses and possible complications

Several mechanisms have been proposed to explain the Late Miocegeass expansion,
including declining atmosphergCQ (e.g., Cerling et al., 1993). While the initial suggestion of declining
atmospheric C@concentrations seems unlikely, as Q€constructions suggest that concentrations fell
below the threshold level (500 ppm) during the Oligocene and remained stable throughout the Late
Miocene (Pagani et al., 1999), this may have allowed for regionally different mechanisms to control the
roughy contanporaneous phenomena on different continents. Aridification has been proposed as a
driver of Late Miocene Agrassland expansion in North America (Hyland et al., 2019), Africa (Sepulchre et
al., 2006) and Asia (Huang et al., 2007). Prolonged aridity, along with corresponding increases in fire
activity (e.g., Scheiter et al., 2012; Hoetzel et al., 2013; Bond)204%e been suggested to cause the C
expansion in Africa (Dupont et al., 2013), Tibetan Plateau (Hui et al., 2021) and Indian Subcontinent (Karp
et al.,, 2021a). Additional studies from Asia and North America suggest the development of seasonal
climates favored the expansion of g¢asses (Huang et al., 2007; Cotton et al., 2016).

The environmental shift toward aridity provides @rasses with advantages oveg §pecies
(particularly trees and shrubs) due to the specialized adaptations of ihgh@osynthetic pathway,
including enhanced drought tolerance and highter use efficiency (Christin and Osborne, 2014). We

observed a slight increase in @getation cover at our studied basins, coinciding with a decrease in
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precipitation, implying a relationship between vegetation and climate. Specifically, in the La Vifia Basin,
there was a decline in MAP at 15 Ma and 8 Ma, aligning with the emergence and growtrege@tion.
Similarly, around 6 Ma, a decreasing trend in MAP is correlated with expansipvegfetation, indicating

a connection between local hydroclimate and vegetation dynamics. Transitioning to an arid climate with
a stable warm temperature in the studied area might explain the increasecion@positionin this region,

as G plants have high water use efficiency and drought tolerance (Christin and Osborne, 2014).

Fire clears out dense forest vegetation and promotes the growth, gf&3ses by allowing more
resources to them, resulting in a positive fitefeedback loop. For example, Karp et al. (2018) identified
Fy AYONBIFI&aSR FANB AyLlzi Ay GKS {KAQI t¥Clyvames2 G KA f
indicating @ expansion. However, our PAH reconstruction of paleofire occurrences from La Vifia Basin
lacks any significant trend, and our records show a weak decline in fire input in the Angastaco Basin by
the Late Miocene. Similarly, Ghosh (2021) demonstrate thatifipeit does not correspond to the
expansion of £vegetation at a contemporaneous site farther north in Argentina. The absence of clear
evidence for fire activity across the region implies a relatively limited role in the expansion of C
vegetation, potenially because tree cover remained high and the extent,afo@er at these sites might
not have been substantial enough to trigger opgnassland feedback mechanisms (c.f., Karp et al., 2018).

The development of seasonal climates has been proposed as a way to facilitzegetation
expansion, particularly in regions influenced by monsoon systems. Seasonal climates, characterized by
alternating hotwet and drycool seasons, create favorable conditions farg@asses to thrive at the
expense of forests (Osborne, 2008). Modern ecosystem studies support this notion, suggesting that
increased warnseason precipitation promotes the dominance afv€getation over gplants (Cabido et
al., 2008). Thiselationship is also evident in the Miocene vegetation record, where Late Miocgne C
expansion was associated with elevated weseason rainfall in East Asia (Huang et al., 2007), North

America (Cotton et al., 2016), and Africa (Feakins, 2013). Though sparse, both proxy antasvedel
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paleoclimate data suggest a change in the overall precipitation regime across this region during the Late
Miocene (Kleinert and Strecker, 2001; Cotton et al., 2014; Carrapa et al., 2019; Candela et al., 2021) and
is linked with the development of seasomgl{Starck and Anzétegui, 2001). This climatic shift is consistent
with the development of the orographic barrier, which was in place once the Andes reached 50% of its
modern elevation (Insel et al., 2010). Studies suggest that the Andes reached appebxif®®o of its
modern elevation by ~ 8 Ma and approached its modern elevation by the Late Mi&teoene (Mulch
et al., 2010; Insel et al., 2012). Therefore, the broader regional climate became a wetter, likely seasonal
climate by the Late Miocene, resinlg in increased precipitation along the eastern flank of the Andes. At
the same time, new structural ranges might have caused rain shadow effect that causes drier conditions
within the Angastaco and/or La Vifia basins. While our data does not preclugeshibility of a seasonal
climate, the lack of direct evidence for seasonal variation highlights the need for further studies to provide
more definitive proof and to clarify the extent of seasonality in the Late Miocene climate of the region.
Regional vegetation dynamics seem to show a slight increase iredetation during the
Messinian (7.245.33 Ma; Figur@.11A) relative to the Tortonian (11¢.24 Ma; Figur@.11C), reflecting
a potential correlation with this modeled shift in seasonality. Puerta Corral Quemado (PCQ; Latorre et al.,
1997) and Palo Pintado (PP; FigRrelLC) show higher abundance inv@getation than Entre Rios (ER;
Cotton et al., 2014) and Rio lruya (RI; Ghosh, 2021) during the Messinian gldukewhile La Vifa
shaws higher abundance of:@egetation by the Tortonian (FiguBel1C). Limited proxy support for this
seasonality connection includes the abundance of PANI phytolith morphologies and relative absence of
CHLOR phytolith morphologies in the youngest portion of our redpgdéndix A, which has been linked
to enhanced seasonality/monsoonal intensity in other regions (e.g., Kumar et al., 2022), indicating a
similar combined aridification/seasonality mechanism might have drivexb@dance in NW Argentina.
While we found a close relationship between declining precipitation and increassmals,

neither of these proxies show a rise ind@mposition to high (>50%) levels as observed elsewhere during
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the Late Miocene (e.g., Cerling et al., 1997; Fox and Koch, 2003; Hynek et al., 2012). Multiple factors
control the distribution of €grasses in the modern world, including temperature, precipitation, and
elevation (e.g., Ehleringer et al., 1991; Edwards et al., 2010). In NW Argentina, elevation places a maximum
limit on G distributions by controlling local temperature and precipitation gradients (Tiezsen et al., 1979;
Cavagnaro, 1988; Cabido et al., 1997). These studies have shown that higher elewvatisrfgrasses
over G. Cavagnaro (1988) reported that in NW Argentina, the transition rangesf@ @minance is
between 1100 m and 1600 m, above whiclg@sses form the major component of the total vegetation.
To investigate the impact of elevation, we compared the regional paleovegetation record against modeled
elevation (Insel et al., 2010) during the Messinian (Figuk&B) and Tortonian (Figug11D). During the
Tortonian period, these sites likely were situated at elevations above 1000 meters (Rigai).
Subsequently, they experienced uplift, consistently maintaining a high altitude throughout the Late
Miocene (Figur®.11D) as they approached their modern elevations. While our comparison suggests no
direct correlation between £abundance and elevation (Figuel1), the already high elevation of these
sites may have limited the maximum abundance efv€getation during the Late Miocene, pddy
explaining smaller or absent €pansions observed in this and other elevated regions.
2.6. Conclusions

Here, we examined the link between paleoclimate andégetation of the Late Miocene in the
Angastaco and La Vifia Basins of NW Argentina. We reconstructed paleoclimate, paleofire, and
paleovegetation conditions using a multiproxy approach from preserved paleosols within the Palo
Pintado, Jests Maria, and Gua O2 T 2 NX¥Qylblothafkerd(PAH), and phytolith assemblages
suggest a forest/woodlandominated ecosystem with lows@bundances. Paleosol geochemistry proxies
show stable mean annual temperats (MATS) and a gradual decline in mean annual precipitation (MAP)
leading to the onset of regional aridity. PAHs show an absence of a positive fire feedback mechanism

during the Late Miocene. Given the synchroneity in observed shifts in regional hgdatecpatterns and
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vegetation records, the minor increase in @egetation (~86 Ma) appears to be correlated with
aridification and possible enhanced seasonality in NW Argentina. This suggests that the evolution of the
SASM may have contributed to expandingg@asslands in the region, but local elevation also likely
provides a topdown control on maximum&bundance. Further investigation is required to validate this
hypothesis, necessitating the development of more robust climtattonic models coupled with proxy

basedestimates which can directly reconstruct seasonal precipitation variations.
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CHAPTER 3: Miocenepaleosol records oimonsoonal climate evolution from the Cacheuta
Basin, NW Argentina.
Abstract:

The evolution of the South American Monsoon System (SAMS) since the Cenozoic has played a
critical role in shaping regional climate and ecosystems, as well as the global climate system. However,
the timing and development of the SAMS remain poorly undemtarhis study investigates the Late
Miocene evolution of monsoonal climate linked to the SAMS in the Cacheuta Basin, NW Argentina, using
well-preserved paleosol horizons within the Neogene depositx(12al 0 © ! Ydzf GALINRE®@
including geochemical nal stable isotopic analysis, clumped isotope paleothermometry, phytolith
assemblages, and biomarker data is used to reconstruct paleoclimate and paleoenvironmental conditions.
Paleoclimate reconstructions indicate a more humid hydroclimate than present, a stable mean annual
temperature, and an average warm month mean temperature of 31°C across the studied interval. Mean
annual and growingeason precipitation estimates show amcreasing trend, ranging from 300 to
Mapp NWRNIcc G2 respegielyyTraseNdroxypased estimates are consistent with model
derived estimates of the region for 10 and 8 Ma. The oxygen isotopic composition of the source water,
reconstructed from pedogenic carbonates, ranges fré® to-H ®H : ® t | £ S2@3S3ISsEiF GA2Y
A Y RA Oldordinated, serOf 2aSR F2NBad S0O02a2dadSY gAGK aLR2NF RA
F LILJSE NI yOSa 2F /) 3IANraasSad b2 aAIYAFAOFYG GNBYR A
AYONBIFAS Fd dy al XISk NDFOFEORRSE j o AANK AGEKCE @ h dzNJ
suggests enhanced precipitation seasonality and hydroclimatic variability during the Late Miocene,

indicating the development of a monsodahiven climate in this region.
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3.1 Introduction

Monsoonal climates play a crucial role in shaping global ecosystems, driving seasonal variations
in precipitation that sustain diverse floral and faunal communities. Globally, monsoon systems cover half
the planet (Figure 3.1A) and impact the livelihoofls@arly 70% of the world's population (Chang et al.,
2018; Geen et al., 2020; Zhisheng et al., 2015). These climatic systems are particularly important for
tropical and subtropical regions, where they regulate water availability, influence plant proitgcind
control the distribution of vegetation types (Gadgil, 2003; Gupta et al., 2020; Webster et al., 1998).
Monsoonal climates support global biodiversity by sustaining rainforests, grasslands, and savannas, while
also influencing evolutionary processéy creating dynamic environmental pressures (Forzieri et al.,
2011; Gupta et al., 2020; Notaro et al., 2011). Therefore, understanding how monsoonal climate patterns
will evolve in the future is of critical importance. However, uncertainties in predidtiture changes in
monsoonal distribution and intensity driven by ongoing anthropogenic climate change (Chang et al., 2018;
Chen et al., 2020; Wang et al., 2022), highlight the need to study thetdomgevolutionary records of
regional monsoon system$/pon & Ha, 2020). In addition to offering critical insights into monsoon
climate dynamics, studying past monsoon systems provides valuable analogs for predicting future climatic

conditions (e.g., Seth et al., 2019; Tierney et al., 2020).

The South American Monsoon System (SAMS) is one of the most prominent monsoon systems in
the Americas (de Carvalho & Cavalcanti, 2016), playing a crucial role in regulating regional climate and
sustaining the rich biodiversity of South America and the Am&asin (Silva & Kousky, 2012). The SAMS
is primarily driven by differential heating between the continent and the Atlantic Ocean, influenced by
the Andes to the west and the South Atlantic to the east (de Carvalho & Cavalcanti, 2016). Key atmospheric
features include the Chaco Low, the South Atlantic Convergence Zone (SACZ), the South American Low
Level Jet (SALLJ), and the Bolivian High (Figure 3.1B). The SAMS follows a seasonal cycle with three distinct

phases: onset, maturity, and demise with interaahwariabilities in their timing and intensity (e.g.,
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Liebmann & Mechoso, 2011; Marengo et al., 2010; Raia & Cavalcanti, 2008; Vera et al., 2006). During the
mature phase (December through February), a-fmessure system over the Chaco region and the
Bolivian High redirects moistiladen easterly winds solvard, driving intense rainfall over the
Altiplano Plateau, the southern Amazon Basin, and northern Argentina (Marengo et al., 2010; Vera et al.,
2006). As the monsoon transitions into the demise phase (Mgkpfil), driven by weakening laratean
temperature contrasts and a shift in atmospheric circulation, it leads to reduced moisture transport and

a reversal of wind patterns (Vera et al., 2006).
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Figure 3.1: Map showing (A) the distributions of major regional Monsoon Systems (after IPCC, 2021) Areas
over Central America, equatorial South America, and southern Africa are highlighted with dotted magenta
and dotted blue are not classified as distiregional monsoons (B) prominent features of South American
Monsoon System (SAMS; after Wang et al., 2006).
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Variations in the intensity and distribution of precipitation in the SAMS are governed by complex
interactions between oceanic and atmospheric processes (Raia & Cavalcanti, 2008). However, over
geological timescales, SAMS development has been tracedtddbk Miocene and its variability and
intensity appears closely linked to the uplift of the Andes (e.g., Pingel et al., 2016; Rohrmann et al., 2016).
Paleoclimate data and modeling studies suggest multiple intensification stages of SAMS throughout the
Neagene and Holocene, coinciding with the uplift of the Andes, which acted as a topographic barrier,
enhancing moisture transport from the Atlantic and promoting orographic precipitation on the eastern
slopes (e.g., Insel et al., 2010; Knorr et al., 2011hadits et al., 2007, 2011; Steppuhn et al., 2007). The
orogenydriven intensification is reflected in a shift from seaid to humid conditions during the late
Miocene, inferred from sedimentological, paleontological, and stable isotope evidence from
northwestern Argentina and southern Bolivia (e.g., Kleinert & Strecker, 2001; Mulch et al., 2010;
Rohrmann et al., 2016; Starck & Anzotegui, 2001; Uba et al., 2007). Consequently, the Cenozoic rise of the
Andes and development of the monsoon system influenckd tegional and global climate and

biogeographic patterns.

Globally, the Cenozoic marks a critical transition from predominantly cloaedpy forests to
more open grassland ecosystems, with tbete Miocene marking the widespread expansion af C
grasslands. Though debated (Azmi et al., 2025), the asynchronous risegs€es during théate
Miocene has been linked with the development and intensification of monsoon systems from different
regions (Andrae et al., 2018; Cotton et al., 2016; Dupont et al., 2013; Karp et al., 2018; Quade et al., 1995).
The replacemset of forest cover by open grasslands and the increase,igr&ss cover represent a
transition in plant communities and have cascading effects on herbivore populations and broader trophic
networks. Despite spatieemporal variation, several studies have suggested a transition towards a C
grassland in South America coinciding with the development of SAMS duribatéheliocene. However,

several factors complicate our ability to fully reconstruct the climatic and ecological shifts associated with
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Andean orogeny and SAMS evolution, including (i) the complexity of Andean evolution, coupled with
spatiotemporal variations (Horton, 2018), (ii) lack of paleoenvironmental records and limited proxies for
seasonality, (iii) regional variability in monsooavdlopment, and (iv) poor age constraints of many
Neogene formations in these areas. Such uncertainties highlight the importance of understanding the
variability in orogenic processes and their impacts on climate patterns across regions while accounting fo
local factors. A multiproxy approach integrating sedimentary, geochemical, and paleontological data to
produce a higkresolution paleoenvironmental record can advance our understanding of the links
between monsoonal climate variability, vegetation changad ecosystem evolution over thete

Miocene.

We investigate the thick Neogene deposits of the Cacheuta Basin, a retroarc foreland basin in the
SouthCentral Andes, located approximately 30 km wsstithwest of Mendoza and adjacent to the
Aconcagua Fold and Thrust Belt (AFTB). This study explonedatienship between orogenic processes
and the development of the monsoonal climate in this region and their impacts on the ecosystem.
Stratigraphic and paleopedologic analyses of khiddle to Late Miocene deposits provide key insights
into basin evolution and paleoenvironmental dynamics. We used a multiproxy approach to reconstruct
paleoclimatic conditions and past vegetation composition, integrating bulk geochemical and isotopic
analyses of pabsol materials (including A and B horizons, soil organic matter, and pedogenic carbonates)
with phytolith assemblage data. Late Miocene climate conditions were also reconstructed using
Community Earth System Model (CESM) simulations, providing a regaad@l framework for
comparison with sitespecific proxyderived paleoclimate estimates. We also used polycyclic aromatic
hydrocarbons (PAHS) to reconstruct paleofire inputs and biomass composition, in an effort to reveal how
evolving monsoonal seasonalityodulated fire regimes, thereby shaping the broader ecosystem across
the Cacheuta Basin. To refine the chronostratigraphic framework, we collected and dated new-detrital

zircon samples from the previously poorly constrained Mogotes Formation. The updated
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chronostratigraphic framework allows for better constraints on the timing of tectonic activity, monsoonal

climate evolution, fire regime changes, and ecosystem shifts in the Cacheuta Basin.

3.2 Geological Background

3.2.1 Tectonics and paleoenvironments

The subduction of the Nazca Plate beneath the South American Plate has led to the formation of
the Andes, the world's secorlighest orogenic belt with average elevations exceeding 4,000 meters,
marking the western margin of the continent (Buelow et al1& and references therein; Lothari et al.,
2025; Ramos, 1996). Variations in the dip angle of the subducting slab have produced a segmented
continental margin with alternating fladlab and normaslab subduction (Horton, 2018), driving
differential orogenic evolution and contributing to the complex lateral development of the foreland basin

system (Lothari et al., 2025).

The Cacheuta Basin (~33°S) is situated within the transitional zone between tistalflat
subduction region to the north, known as the Pampeanglab domain of the central Andes (B3°S),
and the steeper subduction zone to the south (Figure 3.2A,Bgéfuet al., 2018; Lossada et al., 2020).
North of this latitude, the Andean orogen consists of five morphotectonic units formed during the
Cenozoic: the Coastal Cordillera, the Principal Cordillera, the Frontal Cordillera, the Precordillera, and the
SierraPampeanas, from west to east (Buelow et al., 2018; Hunger et al., 2018). Though debated (Alarcon
& Pinto, 2015), deformation and uplift are suggested to begin in the westernmost part of the orogen
during theEarly Miocene (Ramos et al., 1996) and continue to progress eastward throughout the Neogene
accompanied by the migration of arelated magmatism and the sequential uplift of the various
morphotectonic units (e.g., Charrier et al., 2014; Giambiagi & R&008; Giambiagi et al., 2016; Hunger
et al., D18; Ramos et al., 2002). By 18 Ma, the Principal Cordillera started to deform and uplift,

accompanied by the episodic development of the AFTB. Buelow et al. (2018) suggest that the uplift of the
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Principal Cordillera, Frontal Cordillera, and Precordillera during the-edd§vliocene was accompanied

by the formation of the Cacheuta retro arc foreland basins driven by contractional deformation and crustal

thickening (Figure 3.2C).
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Figure 3.2: Map showing (A) geology of the study area with studies section marked in red circle, (B)
schematic of the tectonic model (after Lossada et al. 2020), and (C) chart summarizing major tectonic
events and the general stratigraphy of the Cachewdai®

The 2200 m thick clastic deposits of the Cacheuta Basin reflect episodic sedimentation during the
eastward propagation of the thrust associated with AFTB. The sedimentary infill of the Cacheuta Basin is

comprised of the following formations: Divisadero g@rMarifio, La Pilona, Tobas La Angostura, Rio de
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los Pozos, and Mogotes (Figure 3.2C). The Paleogene Divisadero Largo Formation compgiséiseithe
clastic, gypsum, ananhydrite horizons interpreted to be deposited in an ancient sabkha to mudflat
system (Hunger et al., 2018; Irigoyen et al 2000). iaormation disconformably overlies the
Divisadero Largo Formation and is composed of intercalated pebble conglomerate, lithic arenite, siltstone,
and mudstone (Hunger et al., 2018). The progradation of the basal Marifio Formation into the gradually
subsding Cacheuta depocenter marks the initiation of Miocene basin subsidence at 19.2 + 0.26 Ma
(Buelow et al., 2018)'he transition from the basal muddy, weakly to moderately pedogenized alluvium,
interspersed with isolated sandy to fine gravelly membersthef Marifio Formation, to the upper
members of crosstratified sandstone and conglomerate within channel fills, accompanied by muddy
overbank deposits, indicates a shift in the depositional environment from alluvial to fluvial conditions,
with the intermittent eolian setting suggesting climate aridification and/or a regional reorganization of

the primary fluvial system (Hunger et al., 2018).

The La Pilona Formation unconformably overlies the Marifio Formation through -anigle
unconformity and consists of interbedded pebble to cobble conglomerates, gravelly sandstones, and both
massive and crosstratified sandstones, with minimal mudstonauow et al., 2018; Hunger et al., 2018;
Lossada et al., 2023; Yrigoyen, 1993). It represents foreland deposition within an ephemeral fluvial setting
and is marked by pulses of volcanic activities inlthie Miocene (Buelow et al., 2018; Lossada et al.,
2023). The overlying Rio de los Pozos Formation is characterized by poorly consolidated lithic arenite,
sandy conglomerates, and firggained clastic deposits (Lossada et al., 2023), reflecting a proximal fluvial
setting with intermittent volcanic activitiBuelow et al., 2018). The overlying youngest unit, the Mogotes
Formation, is composed of pebbles to boulder conglomerates interspersed with mudstone and siltstone

layers indicating a proximal alluvial fan depositional setting (Buelow et al., 2018).

3.2.2 Age model
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The age model of the Cacheuta Basin infill has been constrained through a combinati&b of U
geochronology on volcanic tuff and detrital zircons (Buelow et al., 26%8)3°Ar ages of volcanic tuff
(biotite and hornblende), and magnetostratigraphy (Irigoyen et al., 2000). Irigoyen et al. (2000) suggested
that the Marifio Formation was deposited between 15.7 Ma and 12.0 Ma, while Buelow et al. (2018)
proposed a depositional ageetween 19.2 £ 0.6 Ma and 12.03 + 0.45 Ma, indicating an earlier initiation
of basin subsidence closer to 20 Ma. With an approximate thickness of 1180 m, the sedimentation rate
for the Marifio Formation is estimated at 0.16 mm/yr (Buelow et al., 2018). This updated chronological
framework suggests a slower accumulation than the 0.22/yn sedimentation rate suggested by
Irigoyen et al. (2000). The-Rb zircon age from the base of the overlying Tobas La Angostura Formation
constrains the minimum age of the La Pilona Formation at 8.39 + 0.42 Ma (Buelow et al., 2018). This age
constraintis further supported by &Ar/*°Ar hornblende age of 9.30 + 0.68 Ma from samples collected
from a similar level in Tobas La Angostura Formation (Irigoyen et al., 2000). The La Pilona Formation, with
an observed thickness of approximately 860 m, thus yields a sedimentation rate of 0.39 (Boelow

etal., 2018).

The base of the Tobas La Angostura Formation, characterized by approximately 160 m of
tuffaceous deposits, spans from ca. 8.39 to 8.31 Ma, while the upper boundary is constrainedrty a U
zircon age of 7.41 + 0.66 Ma (Buelow et al., 2018). The sparsm zi@pulation and limited
geochronological constraints yield a maximum depositional age of 7.41 + 1.3 Ma for the middle of the Rio
de los Pozos Formation, resulting in a sedimentation rate of 0.16 mm/yr (Buelow et al., 2018). The
stratigraphically higher Figotes Formation lacks geochronological data. It is, therefore, constrained as
younger than 7.4 Ma (Buelow et al., 2018), with its depositional timing and relationship to basin dynamics
remaining uncertain.This study providesnew WU;Pb detrital zircon data to improve age constraints for

the Mogotes FormationSe Sectior3.5.1).
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This study infers a linear age model for each of the studied deposits based on the abovementioned
depositional ages and sedimentation rates (Figure 3.3), which provides a temporal context for basin

development and associated paleoenvironmental changes.

3.3. Methods
3.3.1 Paleosol classification and sample collection

The stratigraphic succession of the Cacheuta Basin was studied in three different sections (Figure
3.2A), where detailed field stratigraphy and facies descriptions were documented, with emphasis on
pedogenically modified intervals. These measured strapigi@sections serve as a framework for paleosol
sampling and further analysis, including correlation to existing geochronology. Paleosols were identified
based on key diagnostic features, including horizonation, color changes or gleying, the presence of
complex burrows and root traces (rhizoliths), pedogenic carbonate nodules, and other preserved
pedogenic structures (e.g., cutans/slickens). The classification scheme follows the taxonomic framework
of the U.S. Department of Agriculture (Soil Survey Stéff4P and established paleosol classification
schemes (Mack et al., 1993; Retallack, 2008). Paleosols were described, photographed, and systematically
trenched and sampled in the field for geochemical, isotopic, and phytolith analyses. Samples were
collectad from all available paleosol horizons, with particular focus on the A and B horizons due to their
potential to preserve phytolith assemblages (A horizon; Strdmberg, 2004), soil organic matter (A horizon;
Cotton et al., 2014), and geochemical signals méto paleoenvironmental reconstructions (B horizon;
Hyland and Sheldon, 2016). Surface layers affected by modern weathering or pedogenic alteration were
avoided by removing >30 cm of surface material before collecting samples from fresh sufaces.
detrital zircon geochronology samples were also collected from identified reworked ashy horizons in

Section Five of the Mogotes Formation (Figure 3.3).

3.3.2 Detrital zircon analysis
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Two samples (T"W5-DZ1 and TW5-DZ2) were collected from Section Five at heights of 32 m
and 70 m, respectively, corresponding to 1122 m and 1160 m on the composite stratigraphy (RBgure 3
Zircon separation was conducted at California State University, Northridge, using standard magnetic and
densitybased techniques, and resultant abundantBon n x Y |y 3dzf F NJ 462 NRBdzy RSR 1
and imaged (FigurBl inAppendix B. The resulting mounts were sent to the Isotope Geology Lab at Boise
State Univesity for IGPb LACPa { 'y I f @&aAad t NA2NJ (2 FylFfeairas 1T AN
for 60 hours to reduce radiation damage and enhance CL imaging and ablation consistency. Grains were
AaASOSR Ayil2 GKNBS caphSx ¥R Béuptdd bys¥eon donbidey @pe inn
epoxy, and polished to expose grain interiors. Cathodoluminescence (CL) imaging was performed using a
Hitachi TM4000 SEM to identify internal zoning and avoid cracks or inclusions. Laser spots were

distributed pragortionally across size fractions, targeting dominant growth domains q284yrains

OBhmMpn XYOIcvpaen KNIOAY & yoRr i KS NBYFAYRSNI Ay GKS fT1n X

UcPb geochronology was conducted vialCRMS at Boise State University using a Teledyne
lyltteidsS 9EOAGSH mMdo yY SEOAYSNI 1 SN O2dME SR G2
Analyses followed #house protocols for acquisition and calibration dfPb isotopic data, high field
strength elements (HFSE), rare earth elements (REE), and Ti concentrations. Zircons were ablated using a
Hn XY €FasSNI aLkRid 6AGK  FfdzSyO0S 27F duweeppitddaridyy | YR
on a MNia/alldam o6ftlyl1= wn & FotldGA2yod ot GSR YI G§SNJ
Signals were backgrourldzd G NI OG SR FyR AYyOUSNylLrftte y2N¥YItATSR
calibrated against NIST SRM 610/612 glasses. Analysesgnifftant common P{*Pb) were excluded

due to low signato-noise ratios (<100 c8Hg during blanks).

UcPb ages were corrected for instrumental fractionation using zircon standards and plotted on

Wetherill and TeraVasserburg concordia diagran®e@Appendix B Maximum depositional ages (MDAS)
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were interpreted following recommended approaches (Vermeesch, 2021), where presented MDA
candidates are the youngest single concordant analysis (youngest date) arglgta& uncertainty, and

the weighted mean of the youngest group of dates (n > 2) tbgéther yield a mean square of weighted
deviates (MSWD) <1 (Wendt and Carl, 1991), and full 95% confidence interval for the weighted mean of

the population (Herriott et al., 2019).

3.3.3 Geochemical analysis

Bulk paleosol major element analyses were carried out to estimate paleoclimate conditions. The
paleoclimate reconstruction estimates include mean annual temperature (MAT), mean annual range of
temperature (MART), mean annual precipitation (MAP), and gmpwseason precipitation (GSP).
Paleoclimate reconstructions are based on climofunctions derived from the bulk geochemical analysis of
29 paleosol samples {Borizon) from the Cacheuta Basin sequence. Samples were cleaned, pulverized
OFHPAN >YUZI eédynRndikdiial&is&nd ivére sent to ALS Chemex (Reno, NV) for bead fusion
and Xray fluorescence analysis of 13 major elements. As the majority of the paleosols weoalnmn
Alfisols, the acid pretreatment was excluded because the error associatetheiCIAK proxy is minimal
and falls within the error margin (Michel et al., 2022), and the Soil Geochemistry Paleoclimate Model
(SGPM) uses untreated soil composition (Jackson, 2023). Analytical uncertainty is maintained at between
0.001 and 0.1% (depéing on the element analyzed&ppendix B and duplicate analyses had a mean
standard deviation of <0.5%. Whole rock major elements were then corrected for loss on ignition (LOI)
and converted to molar masses before being used as inputs for standard paleosol weathering indices (e.qg.,
CIAK and RVI) and relevant climofunctions. Two methods were used to reconstruct MAT: the paleosol
weathering index (PWI;%R0.57), and the SGPM. The PWI climofunction is described by Gallagher and

Sheldon (2013):

DOpnm 18§ 0 pPe 0'Q VAT U ¢8tu 6 O .(3.1)

-1 43 &1 IDw0 ¢@RA3xxn 3  .(32
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This method is based on the relationship between the relative loss of major cations from B
horizons during chemical weathering and subsequent leaching. Following Gallagher and Sheldon (2013),
we apply this paleothermometer only to paleosols with a Paledgéeathering Index (PWI) less than 60,
as higher PWI values (>60) indicate paleosols that are not sufficiently weathered to be distinguished from
parent material. In addition, we used the SGPM, which applies a novel partial least squares (PLS)
regression m#od that incorporates an expanded modern soil database to estimate temperature and
precipitation variables. This method provides estimates of MAT and MART (calculated as the difference
between the warmest and coldest mean monthly temperatures) and agsogmedictive error, and also

excludes relatively unweathered soils (Jackson, 2023).

MAP estimates were determined using the chemical index of alteration minus potassiwi)(CIA

as an input for the mean annual precipitation (MAP) climofunctida (R72) of Sheldon et al. (2002):

#) !+ pmn——— .(3.3)

-1 040 G wi ccpQ ® (S.E=£299 mmyr, Lukens et al., 2019).(3.4)

This climofunction is based on the principle that silicate mineral weathering produces clay through
hydrolysis and acid reactions, with moisture availability as the primary control on these processes
(Sheldon et al., 2002). Consequently, wetter climatesmmte higher clay formation (Sheldon et al.,

2002). The application of the CKAclimofunction is limited to nenalcic paleosols (Sheldon et al., 2002).

In addition to estimating MAP using the @{Aclimofunction, this study employed the SGPM
(Jackson, 2023), which also provides estimates of growing season precipitation (GSP), where GSP is
defined as the total precipitation during months when the mean tempure exceeds 10 (generally
summer). This method provides estimates of MAP and GSP and associated predictive error using the same

PLS method as above, but does not exclude calcic soils (Jackson, 2023).
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3.3.4 Climate model

Highresolution simulations from the Community Earth System Model (CESM) were used to
Ay@SaaAarisS yR O2YLINB GSYLISNI GdzZNBE FyR LINBOALRKIGI
coupled, threedimensional global climate model based on the Commuritgdie System Model (CCSM;
LEFPO1lY2yY SO FE®dX wnamouI YR AyOfdzRSa AYyGSNI OGAGBS
Our simulations employ the sevengeneration Community Atmosphere Model, CAM4 (Neale et
If ®X HAmMoU | YRI¥ERS a2RSt/ DENESRYE n[ 6/ [anT [FeNByOS
component. Vegetation was prescribed using a dataset based on the modern global potential vegetation
distribution from Ramankutty and Foley (1999), with modern-doeered areas modifte to reflect
reconstructed paleo ice extent. Topography, sea level, and ice extent were implemented following
reconstructions by Rowley et al. (2013). The ocean is represented by a thermodynamic slab ocean model
(DOCN), and greenhouse gas concentrationsevpeescribed according to reconstructions by Pagani et
Ffd omMmdppod ¢KS &2t N O2yadltyd FyR 2NBAGEE LI NI YS
CESM experiments were performed globally using a 0.5° horizontal resolution and 26 levtisalEach
simulation was run for 100 years, with the final 30 years averaged to analyze climate variables under near
equilibrium conditions. Model output was generated as monthly averages, allowing analysis of seasonal
variability and longerm climatemeans. We explicitly simulated miih Late Miocene climates to explore
shifts in seasonal monsoonal precipitation and assess their consistency with geologic and multiproxy

paleovegetation records.

3.3.5 Isotope analyses

Isotopic analysis of samples collected from the Cacheuta Basin included stable carbon and oxygen
Ad202LIA0 byl R &d® o WY R, wOf dzYLISR A&2G21LIS o6njho LI €S
OFNb2ylF(dS y2Rdz Saz |yR &aidloftS OFNDB2YVY ogh aRge2 LA O |
measurements are used to infer paleovegetation and paleoclimate conditions.
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33.5.1 I sotope analyses of cp,edagedd cpca) bonat
CKS Aa2302LIA0 02 YLRA A kg &SR Any] i JdzRAF LIS R Sy A O

(n=6) were analyzed in the Paleo® Laboratory at North Carolina State University. Pedogenic carbonate

nodules were sampled from Bk horizons at depths greater than 30 cm below the paleosol surface across

the studieda SO A2y (G2 YAYAYAT S GKS AyFtdsSyO0S 2F lFivYzal

nodules smaller than 1 cm in diameter were cleaned using deionized water in an ultrasonic bath for 30

minutes andsubsequently dried overnight. These were then crushed into fine powder using a mortar and

pestle. Nodules larger than 1 cm were cut into slabs to expose a fresh surface and drilled into powder

dzaAy3 | S5NBYSt G22t asSd I d) Miwoewdered sampldas weredckanéddsR A 3 S €

ddz0 YSNHAY3I GKSY Ay o KeRNR3ISY LISNBEARS 61ihiovo 2

thoroughly rinsed with deionized water and dried.

Approximately 700 pg of sample powder and 4900 pg of standard material (IAEA C2, BTH
ETHR 0O ¢6SNB 6SAIKSR Ayl2z2 GAlLtao {IYLIfSa gSNBE RAISaA
dzaAy3d GKS bdzZ FND | dzi2Yl SR OleNaiygladid digestod wasS ® ¢ K |
cryogenically purified using a series of cold fingers and a Porapak Q trap helgatc / ® / f dzYLISR A
measurements were conducted using a Nu Instruments Perspective IS isotope ratio mass spectrometer

equipped withadualy f SG a2adSysz Fft26Ay3I aAYdz GFyS2dza YSI &d;

44¢49 (M/z).

Lyl Y R odoviluds were reported relative to the Vienna Pee Dee Belemnite (VPDB), while
njih @IftdzSa ¢SNBE Ol {-Gathonl DicRkidk Equibriuin KSSaleQDFES) SoNdwingN.D
Bernasconi et al. (2021). All samples were analyzed in three to five replicat@suoe reproducibility
and minimize analytical uncertainty, and internal laboratory (C64) and international (IAEA C2, ETH3)
carbonate standards were used to monitor instrumental accuracy. Data were reduced using pooled

standardizatiorapproaches (e.gDaéron, 2023 | YR LI £ S2G§SYLISNI G dzNBa 6SNB C
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using Anderson et al. (2021) with Brand et al. (2010) O2 NNB OG A 2 Y  LI.NRIWESWEe® NE © ¢ K
normalized to the Vienna Standard Mean Ocean Water (VSMOW) scale following Coplen et al. (1983) and
GSNBE &ddzoaSldsSyiafe dzZASR (2 SaiAY¥MEAaAYIdn$ ht udli S2% Sxz

T2(t26Ay3 YAY YR hQbSAt omMppT OO

The isotopic composition of pedogenic carbonate has long been used as a paleoenvironmental
indicator, including atmospheric circulation, precipitation patterns, shifts in vegetation, paleoaltimetry,
and formation temperatures (e.g., Amundson et al., 199€ling et al., 1989; Eiler, 2007; Garzione et al.,
HnnnX wnnnT vdzZ-RS S&G |t ®dI WA Aeried temparatired as9dnNI & &
approximation of mean annual air temperature (e.g., Quade et al., 2007, 2013). However, subsequent
studies havedentified a strong seasonal bias in carbonate formation, showing that diurnal and seasonal
changes in soil moisture, temperature, ap€Q influence carbonate precipitation and dissolution
(Breecker et al., 2009; Passey et al., 2010; Peters et al., 2013). Studies have shown that pedogenic
OFNb2ylFdiSa F2N¥ Ay GKS g NySad Y2yiK 2F GKS &SI NJ
peak summer soil or neasurface air temperatures rather than the annual means (Kelson et al., 2018,
2020; Quadeetaly n Mo 0 @ ¢ KS NB F 2 NS >basedpaléotetniedaRré rectristRidtions &S nj h
a proxy for warramonth mean temperature (WMMT; Burgener et al., 2016; Hough et al., 2014; Passey et

al., 2010).

t SR2ISYAO OFNb2yliGSa F2N¥YSR Ay A&a202LRAO Sljdzf
oxidation of organic matter and root respiration, reflect the relative contributions of isotopically distinct
I'i FYR [j LIXFYyd 0A2YF &a sRAINROKE GilaNIn2oyd (0 S F 2N FRIAATA
GKS FGY24LIKSNBEs: Al 0S02YSa Sy NA OK Siiganik yfatter (Cerling &  + LILJ
& Quade, 1993).Additionally, temperaturedependent fractionation during calcite precipitation
contribdzi S& 'y SYNAROKYSy(d 2F NRdAKt& mndp:d ! & I NBA&dA
OFNb2ylFiSa F2NX¥AY3I |G RSLI HpEEF GXNIGH & IS Zd 27y B YD S
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KAIKSNI KIFy 13aa20AF0SR a2Af 2NHIFIYAO YdhinieSgk 6 Y2 OKX

c
(V)]

Section35@ FyR SAGAYFGS NBE I GABS [ icnValied werg condeReti i | G A2y

Slj dzA @I f®ysiibtractingithis offset.

3.3.5.2 Isotope analysis of soil organic mattefi¢*Corg)

Twenty-nine samples were collected fromi2 NJX T 2 y.dandFadaied af thé Stable Isotope
Lab at California State University, Northridge. The samples were broken into smaller pieces (<1 cm) and
ultrasonicated in methanol to remove labile modern organic matter, followed by a reaction with 6% HCI
to eliminate @rbonates. The samples were then rinsed with deionized water until a neutral pH was
achieved and dried overnight in an oven at 80°C. Once dry, the samples were homogenized, weighed, and
placed into tin capsules, which were loaded into the autosampler @foatech Elemental Analyzer
O2yySOUGSR G2 I 5Stidl b AagzkwWRLIBSAI 6NB XNBEBRNASBOK
relative to the Vienna Pee Dee Belemnite (VPDB) standard. Each analysis included set amounts of USGS
Aaz2i02LIS &l yRI MaPpadndp! {sD {nchwn¥Ye: -+mnud@f o ¢ H Yi dnmiwA.17 { D{ c 0
F N ®nn:: as aloicarbod Boil standard (Low Organic Content Soil Standard OAS Cat NocB2153
/| SNIAFTAOFGS Db2d ountnn FNRBY 9ftSYSyll surecadk @&l y I f &
0SAAYYAYIAZ YARRESZI FyR SyR 27T ,Svallek wasdzsgirdainddyat: £ & G A C
I LIWNRBEAYFGStEE nom:T YR GKS | gSNF 38 aidl yRFENR SNNE

¢KS FodzyRFyOS 2F /i |FyR |j QO§5BEE BRIy &l &1 REYR
SEKAOALG RAAGAYOG Aa202LIA0 &AJyBHidawSH o6 KIj y LI i yID&EI A
photosynthetic pathway preferentially incorporates the heavier carbon isotope (*3C) (Koch, 1998).
However, the isotopic composition of plant matter can vary due to climate conditions and atmospheric
I'hi O2yOSYUNI GA2Yy D LY ooW2RIINA FANA & & (-8 A SyREIK SNI L yLEus
(Kohn, 200), while the same for {plants vary betweenm n:': -Ni@&': O0¢AS&al Sy g . 2dzii

reflecting variations associated with factors like humidity and plant taxonomy (e.g., Diefendorf et al.,
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HAamMnT {KSEtR2Y Sl If ®I HAHADIPE AZRRAZAEGNI &1 X €Sy F6 1AW @l
Therefore, to establish cutoff and endmember values for estimatinggSus ¢plant abundances during
thel §S aA20SySI Al A& S &sifaes dnd dimateZondition® By Gpedhig NJ + u v

time interval being studied.

This study evaluates the presence/absence oG 3 S i | (i A 2 sigdziukes i applying /
cutoff values, following Cotton et al. (2012, 2014), which account for local precipitation regimes and
atmospheric composition. Using modern plant data from Diefendorf et al. (2010), the estimated MAP
range from this study, and regoa ( NX2&i, SaRiesc dm'c: 5 ndc:: T t - aasSe Si Ffd
HAMAOY 6S RSGSNXYAYSR (KS VY¥®EZdGiedtyta SN 0b:x @S ¢ @dzia 2 DF
reLINB & Sy (& (i RS eniichnieht Blekafved in a pure €osystem within a senarid interval,

YR (Kdza Y ZEQBlueskpigsdntis@re presence pi€etation.

3.3.6 Phytolith assemblages

Phytolith analysis was carried out in the P&lkeab at North Carolina State University following a
modified version of Strémberg et al. (2003). Eleven samplds(i&on) from the Cacheuta Basin were
selected for phytolith analysis¢3 g of each sample were crushed into finer fragments, reacted with HCI,
YR GKSy aAS@OSR (2 SEOfdzZRS LI NIAOESa fFNAHSN (KIy
solution to eliminate organic matter before deflocculation and removal of clafigies through siewng
gAGK I po xY YSaK FYR glFaKAYy3 gAGK RSA2YyAT SR 41t
heavy liquid flotation (specific gravity = 2.3 g/cms3). Phytoliths were mounted on slides with Cargille
Meltmount (R.l. = 1.539) and analyzed under a Nikalipse NE compound/petrographic microscope, at

magnifications of 20€1000X. At least 300 phytolith grains were counted per slide for quantitative

analysis, following the protocol of Stromberg et al. (2003).
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Morphotype identification was based on fossil and modern reference collections, including
Stromberg (2003, 2004), PhytCore DB (Albert et al., 2016), and E.G. Hyland's reference collection at North
Carolina State University. The identification follows tlmmnenclature and descriptors outlined in the
International Code for Phytolith Nomenclature (ICPN1.0; Madella et al., 2005) and ICPN2.0 (Neumann et
al., 2019). Morphotypes were broadly classified into two functional groups: forest indicators and grass
indicaors. Forest indicator (FI) morphotypes include Forest (Fl), Dicotyledon (DICOT), Conifer (CONI),
Sedge (SEDGE), Palm (PALM), and Bambusoid (BAMB). Grass indicator (Gl) morphotypes consist of Grass
(GRASS), Pooideae (POOID), Chloridoideae (CHLOR), Pami¢®ANI), and PACCAD (which includes
Panicoideae, Arundinoideae, Chloridoideae, Centothecoideae, Aristidoideae, and Danthonioideae). Gl
Y2NLIK2(§&81LIJSa ¢oSNBE FdNIKSNJ dzaSR G2 SadAyldsS GKS NBf |
YR YAY A YgeMton/ gbundghSes were estimated by including and excluding PACCAD
morphotypes, respectively, following the methodology of Stromberg and Mclnerney (2011). A
bootstrapping function was used for error calculation, computing 95% confidence intervals (Cl) fo

estimating errors in the abundance of each functional plant type (Chen et al., 2015; Hyland et al., 2023).

3.3.7 Biomarker analysis

Incomplete combustion and pyrolysis of organic matter results in the formation of polycyclic
aromatic hydrocarbons (PAHS) that resist degradation and allow better preservation in soil compared to
the traditionally used charcoal and pollen methods for restoucting fire activity (Lau et al., 2010).
Modern gas chromatograph analytical techniques are used to analyze PAH concentrations and reconstruct
the paleovegetation and paleofire occurrences for the Cacheuta Basin (e.g., Azmi et al., 2025). For PAH
analyss, bulk paleosol samples fromh&rizons were crushed into a fine powder (<62.5 pum), rinsed with
acetone to remove modern contaminants, and left to dry. After crushing again, the samples were
transferred to a glass fiber thimble and lowered into a Soxhlgbaratus where a solution of 85:15

dichloromethane:acetone was used as a solvent. After running for 24 hours, cyditighnds per hour,
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the contents were transferred to a rotary evaporator flask, where the solvent mixture was evaporated.
The sample was redissolved in dichloromethane and transferred to a GC vial, to which was added an
internal standard mixture at a 1:20 ratio (v/v) of intat standard to sample. The internal standards were
deuterated PAHSs: naphthalene8] acenaphthene-d0, phenanthrene 4.0, chrysene 4.2, and perylene

d-12. The samples were then analyzed using a Thermo Trace 1310 Gas Chromatograph equipped with an
ISQ mas spectrometer detector at California State University Northridge. Each run was preceded by nine
calibration standards containing 63 compounds, and a test standard was run before each new GC

sequence to verify instrument accuracy.

Samples were analyzed in Selective lon Monitoring (SIM) mode to enhance the instrument's
sensitivity for all compounds, including the 16 Environmental Protection Agency (EPA) polycyclic aromatic
hydrocarbons (PAHs) and alkylated PAHs targeted for quatitific In addition to the EPA 16 PAHSs,
benzo(e)pyrene (BeP), perylene (PERY), retene (RET), dibenzofuran (DBF), dibenzothiophene {DBT), long
chain nalkanes (C1Z38), and alkylated PAHs {C4 NAP, GC4 ANT/PHE, C1 FLE, C1 FLU/PYR,and C1
C2 CHY/BaA) welalso quantified. Standard quantification and confirmation ions were employed in SIM
mode, with peak areas calculated relative to deuterated internal standards using both internal and
external standards for quantification. For alkylated PAHs without ipestandards, quantification was
based on response factors of the closest available standard compound. The detection limit for PAHs in
paleosols and soils was approximately 0.1 pg/kg. Soxhlet extraction was used for all samples, with six

duplicate sampleand eight method blanks analyzed to ensure accuracy.

To differentiate between petrogenic and pyrogenic PAHSs, the Alkylated PAH Derivative Index
(APDI; Karp et al., 2020) was utilized. To further distinguish between sources and isolate the pyrogenic
component associated with vegetation combustion, carbongneice index (CPI; Marzi et al., 1993) and
PAH alkyltion index (PAI; Hindersmann et al., 2020) were employed to determine the source or organic

matter of PAHs. To address preservation bias between samples, we normalized the total PAH
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concentrations using#alkane (Azmi et al., 2025; Karp et al., 2020; Ghosh, 2021). Further details of these

analyses are provided AppendixB.

To determine the fire input, we followed relationships described by Denis (2017) and Karp et al.

(2021b):

000 R 6B ——  (3.5)

¢KS fA8G 2F t!1Qa IylrfelT SR F2NJ G2aGFrf O2yOSy(dNI GA
(ANT), fluoranthene (FLU), pyrene (PYR), RET, benz[a]Janthracene (BaA), chrysene (CHY),
benzo[k]fluoranthene (BKkF), (BeP), benzo[a]pyrene (BaP), indencftipdene (IND), and

benzo[ghilperylene (BgP).

To determine vegetation burn provenance, we used a combination of the retene proxy (Ramdahl,
1983; Simoneit et al., 1993), and the DMBnd DMPy proxies (Kappenberg et al., 2019; Karp et al., 2020;

Simoneit and Mazurek, 1982), where:

YQO 08 @ AFC (3.6)
_— h 8sh
OLUL - o h - .(3.7)
i~ T n h
OLUL .(3.8)

and DMP stands for dimethylphenanthrene. A minimum value of 0 for the retene proxy indicates
pyrogenic PAHs derived from an angiospetominated ecosystem, while values approaching 1 indicate
pyrogenic PAHs derived from gymnosperms. For the RMPOXy, vaues closer to 0 indicate pyrogenic
PAHs derived from angiosperm trees, while values near 1 indicate pyrogenic PAHs derived from
gymnosperms. Similarly, DMPvalues closer to 0 indicate angiosperm trees, while higher values (>10)

indicate gymnosperms. Daits of this method can be found in Azmi et(aD25).
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34 Results
3.4.1 Stratigraphy and paleosols

Our stratigraphic record of the Cacheuta Basin (Figure 3.3), constructed from three transects
(Appendix BFigures B2 B4), reveals approximately 1200 m of clastic sedimentary deposits. The basal
177 m consists predominantly of grey pebllebble conglomerate interbedded with massive sandstone
and minor reddish mudstone, corresponding to the uppermost part of the Marifio &iwm This coarse
grained unit is overlain by 575 m of alternating pebbtdble conglomerate beds with occasional sand
lenses, fingo medium sandstone, and mudstone, correlated to the La Pilona Formation. A minor increase

in mudstone towards the upper La Pilona Formation iseoked.

The Tobas La Angostura Formation rests unconformably on the La Pilona Formation, consisting of
165 m of ashy sand, silt, and volcanic deposits, with reworked tuff and pyroclastic materials within
conglomerates. The Tobas La Angostura Formation transiji@wially to the overlying Rio de los Pozos
Formation, composed of 165 m of interbedded mudstones, yellow tuffaceous sandstones, and grey
conglomerates. Localized evidence of mammal burrows was observed within this formation. The Mogotes
Formation unconfamably overlies the Rio de los Pozos Formation and shows an increase in-coarse
grained deposits, characterized by disorganized pebble to boulder conglomerate interbedded with fine to

medium sandstone, grey tuffaceous reworked ash, and reddish mudstoneqBig}).

A total of four volcanic ash layers: AshAsh2, Ash3, and Ask (Figure 3.3), served as
chronostratigraphic markers for correlatioBde Sectio.2.2). Ashl and Ask were identified within
the La Pilona Formation at 641 m, and 738 m, respectively3Astd Ask were identified within Tobas

la Angostura and Rio de los Pozos formations, at 881 m, and 995 m (Figure 3.3), respectively.
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Figure 3.3: Cacheuta Basin composite stratigraphy.

Thirty paleosol horizons were identified throughout the studied section and categorized into
three major pedotypes based on physical characteristics: Argillisol/Alfisdl)(GBotosol/Entisol (CB),
and Calcisol/Calcic Alfisol (3BAppendix B (e.g., Mack et al., 1993; Retallack, 2008; Soil Survey Staff,

2014). CH represents a moderately developed soil characterized by a redshn sandy A horizon
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(>50 cm thick) with root traces and peds approximately 1 cm in diameter. The underlying Bt horizon (>55
cm thick) exhibits reddishrown clay, gleying, and clay slickens, with occasional occurrences of a C
horizon (Figure 3.4). GBis the most common pedgpe, with 18 occurrences identified across the
Cacheuta Basin stratigraphic sections and a consistent presence in all formatieRsis GBpoorly
developed soil lacking a B horizon, defined by a reddisivn sandy A horizon (~100 cm thick) with root
traces and gleying (Figure 3.4). Five paleosols of this pedotype were identified across the Cacheuta Basin
stratigraphic sections, with no strong spatial pattern in their distribution.3@8presents a moderately
developed soil with brown sandy clay, A horiZ<30 cm thick) containing root traces followed by a Bt
horizon (~40 cm thick) with gleying and clay slickensides, a Bk horizon (~30 cm thick) with calcium
carbonate nodules, and a sandy C horizon (Figure \Bi#). seven paleosols of this pedotype iddisd

across the Cacheuta Basin stratigraphic sectiGiB3 is most commonly observed within the Rio de los

Pozos Formation.

3.4.2 UPb detrital zircon ages
A maximum depositional age is determined for samplesMB-=DZ1 and TW5-DZ2 (Tabl8&.1).
TUM5-DZ1, collected from the base of the Mogotes Formation, yielded an age of 7.6 + 0.3 Ma (n = 7,
MSWD = 0.74). FM5-DZ2, collected from the top of the Mogotes Formation, yielded an age of 7.1 £ 0.5
Ma (n = 2; MSWD = 0.2T)hese dates constrain the age of the Mogotes Formation to between 7.6 and
TOM al @ | aAy3 GKS GKAOlySaa o0SieSSy RIFEGSR K2NAT 2

6dndp al 0z yI NI-SIRA 28y (dnicvizy YY&@NBY A& SAGAYFGSR I ON
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Figure 3.4: Major pedotypes identified within the Cacheuta Basin, along with associated exemplar

geochemical profiles

Table 3.1: Summary of Detrital Zircon Analyses and MDA Estimates from the Mogotes Formation

Sample Height Total Number of MDA Candidate$
(m) number of  concordant v Cdat v Tmod
analyses (N) analyses (n) oungest date oungest mode
TUM5-DZ1 1125 127 122 6.5+1Ma Tdc B ndo al
TUM5-DZ2 1160 268 246 6.8+0.9Ma Tdm 5 nodp al

a5! 'Yl EAYdzY RS Lufcgriittiesraported at 9996 donfidenéeSomposite stratigraphyF{gure 3.3).

3.4.3 Geochemical

Paleotemperature reconstructions include mean annual temperature (MAT) and mean annual

analyses

range of temperature (MART) estimateblost samples exhibit high PWI values (range33

average=53.3), consistent with the elevated CaO content of the paleosppeiidix B As the MAT

climofunction is restricted to PWI <60, estimates from this approach were derived from the 24 samples
within the applicable range, yielding MAT values of 81368 + 2.1°C, with an average of 10.8°C and a

standard deviation of 0.5°C (kg 3.5A). The SGPM model yields similar MAT estimates, ranging from 8

129



to 10°C, with an average of 9.3°C and a standard deviation of 0.6°C (RMSPE=4.2°C; Figure 3.5A). MART
estimates from the SGPM model range between 23.8 and 26.8°C, with an average of 25.3°C a standard
deviation of 0.6°C (RMSPE=5.1°C; Figure 3.6A). Thedsymeimdent MAT estimates are consistent within

error, showing no significant trend in MAT across the studied interval despite a slight increasing trend

noticed in MART (Figure 3.6A).

Paleoprecipitation reconstructions include mean annual precipitation (MAP) and growing season

precipitation (GSP) estimates. MAP estimates based on th& Cli#énofunction range between 305 and

MONn B HPP YYENRBUS SAGK |y R RENIAT I A2/ (Figuie3.6B) Y18 NEYLE N

w»

{Dta Y2RSf 2dzildzia adza33asSad a!t SadAvyYlrisSa o0SGeSSy
YY&NRy | &idlFyRFENR RSQGAFGAZ2Y 2F wmnn YY@NRy owa{tor
overlapping MAP estimates within error, and indeat slight increase in paleoprecipitation throughout

GKS aiGdzZRASR AYOGSNBIto® D{t SaidAyYlFriSa FTNRY G(KS { Dt a
F@SNF3IS 2F HTOo YY &@NEu | YR Appeadxpsiowving slighSidtieasé A 2 y 2

in growing season precipitation through time (FigurbQ).

3.4.4 Climate model

¢tKS /9{a aAaydzZladAaz2ya F2NJ mn al FtyYyR y al aKz2g
temperatures (Figur8p ! 0 X GgAUGK @l fdzSa 2F wmcodpc/ G wmn al |y
deviations of 1.3°C and 1.0°C, respectively). However, the mean annual temperature range, calculated as
the difference between the 3@ear average of monthly maximum and minimum temgiares, increased
slightly from 19.2°C at 10 Ma to 22.4°C at 8 Ma (Fig@#®é\), indicating a minor rise in seasonal
temperature variability¢ KS YSFy Fyydz- € LINBOALAGFOGA2Y FaG1twmn al
GAGK Yy @SN IS (FgureBp 2F Finlny RIYNIR NR 3N 8 MBAMAY Yaries b Y'Y
0SG6SSY uwumy IYR amMpk Y & KISINFigu®35R, Btandasdodevigtign: & NJ

ny d Y refebling a slight overall increase in MAP. In contrast, estimates of growing season
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Figure 3.5: Paleoclimate reconstruction from the Cacheuta Basin. (A) Paleotemperature reconstructions:
Mean Annual Temperature (MAT) based on Paleosol Weathering Index (PWI, red circles) and Soil
Geochemistry Paleoclimate Model (SGPM, black circles);t€lMuel (CESM, yellow square), and Warm
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triangles). (B) Precipitation reconstructions: Mean Annual Precipitation (MAP) based on Chemical Index
of Alteration mirus Potassium (CIK, light blue circles), Soil Geochemistry Paleoclimate Model (SGPM,
dark blue circles), and Climate Model (purple square). (C) Growing Season Precipitation (GSP) based on
Soil Geochemistry Paleoclimate Model (SGPM, purple circles) anédiva
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3.4.5 Isotope analyses

1 ychMalues from six samples range freh8 to-c D H:': = A G K oyl S NIPGIST A S
a0 yYRIFNR SNNENI nono:0d 2KSy O2y@SNISR G2 SljdzA g f
233t0-HMPT: T -OISNEBEAPR 2y GKS Odzi2FF OFfdzST (GKS LINB2
around 8 Ma (Figur&@T1 ! 0 ® | 26 S@OSNE GKS 2@0SNXff GNBYR NBTt SO
through time.pj h @I f dzS&a NI y3IS FNRIY] O/Ed pgcAnd Ki 21 yn dhp@SiNd ISL 2 7
a0l yRI NR S MpBnWiX B Gobresponding paleotemperature estimates span from 26.1 t

35.5°C, averaging 31.2°C (average standard error= ~2°C; Figure 3.5A%QThealues vary between

6.86 and-9.43: GAGK |y & @ENI S OSMI IS <o ITWRIBNFhile SHeNE NJ
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NBE O2 y a (i NHxQlileS\Rry betyweerc ®di's -HyHR: A 0 K nyd sk« SONA- {FaSh 22TF | @S N
a0 yYRIFINR SNNEBENI ndo: T CAIdz2NE o dc/ 0 PFOehkoGgh @@ S NI € £ G N
¢ K 3G values from twentynine samples vary betwee25.3to-H H dm': gAGK +y | @SN

Hn OM: Tg:mapT p . | &SR 2 yof X3S I Quégétatidrifis iddritifiediz8oand 7 Ma (Figure

3.7A). The overall trend shows an increas&@ enrichment through time.
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Figure 3.6: Seasonality Indicators. (A) Mean annual range of temperature based on Soil Geochemistry
Paleoclimate Model (SGPM, Black), clumped isotope paleothermometry following Burgener et al. (2019;
red) and climate model (CESM, yellow) [modern warmedtadest quarter mean temperatures are ~20

°C and ~5 °C, respectively; Fick & Hijmans, 2017)]. (B) ratio between growing season precipitation and
YSIY FyydzZ f LINBOALRGEFGAZ2Y o6f AIK(G o0f dzS & ljfdpeBao T
dark blue circles). [here, TLA: Tobas La Angostura; RdIP: Rio de los Pozos].
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3.4.6 Phytolith analysis
Eleven samples were analyzed for phytolith morphology, with an average of 78 morphotypes
(=130 submorphotypes) identified per slide and an average of 315 counts. The analysis included the

identification and classification of both diagnostic (D) and nagrastic (ND) morphotypes. The identified
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forest indicator (FI) groups includeGEN, DICOGGEN, DICGWO, CONI/MONO, CONI, SEDGE, FALM
and BAMB/B (GENgeneral, WO woody, B- basal). The grass indicator (GI) groups include GRASS

POOIED, CHLOR, PANI, and PACGEN (FigurB8 in Appendix B.

The estimated average forest biomass is 53% (range zplo8e: T ' 0ddE: 0T GKAT S
grass composition is 37% (range = 84%:: T~ I H ® T3, WegdiaGoh Bstilhafes basedan 0 @/
eleven phytolith samples range from a minimum value of@%® 0" 6 F GSNIF IS dmM>T ° T H
value of 0%mM o ®di> o GSNI IS dm:>T [ w3 o vegefajoR(FigukeBXBJ.I | Y]
.FaSR 2y GKS Gg2 alyYLiSa gAGK /j Y2NLK2GéLSaz |y
reflected by higher proportions of both PANI and PACCAD morphotypes and an insignificant presence of

CHLOR.

3.4.7 Biomarker analysis

Based on the APDI, PAI, and CPI obtained from seventeen samples analyzed for PAHs, we
identified mixed fractions of pyrogenic and petrogenic PAH sigAgisegnhdix B. The proportion of the
LBNRISYAO t! 1l FNIOGAZ2Y @GFENASAE 06S0Gs6SSy nodént YR 7
heterogeneous fire contributions with no clear directional trend (Figure 3.8A). A pronounced spike in the
fireZd y LJdzii LINPE& 6ndy 0 200dz2NBE |G 9y al O6CA3IdzZNB o dy! 0d
0 Y S| vy ) lindicatihg majority angiosperfierived biomass fuel source with some samples showing
mixed angiosperafyymnosperm inputs Appendix B. DMPRX ratios range between 0.81 and 0.95
OYSIY I nodnT CAIdzNBNIaidy2.a80 NI g/KASNIOF Sal 958aSty wonn | yR

3.8C), consistent with a gymnospedominated ecosystem and showing no clear temporal trend.
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3.5 Discussion
3.5.1 Age model

The new detrital zircon ¢Pb data provide a geochronological constraints for the Mogotes
Formation. Without a direct age control, the Mogotes Formation was previously suggested to be younger
than 7.4 Ma, based on the ages from the underlying tuffaceous led.a Pilona Formation (Buelow et
al., 2018). Maximum depositional ages of 7.6 £ 0.3 Ma (base) and 7.1 = 0.5 Ma (upper level) obtained in
this study confirm the younger age of the Mogotes Formation (Figure 3.3) and refine its depositional age
range.Although the top of the formation was not encountered in this study, these new ages provide

improved chronostratigraphic constraints for the Mogotes Formation.
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Tobas La Angostura; RdIP: Rio de los Pozos].

Assuming a neacontinuous sediment deposition between the dated horizons, the Mogotes
C2NXIGA2Yy @AStRa Fy | @SNIX¥3IS aSRAYSyildldAz2zy NXridsS 27
rates suggested for the underlying formatione¢SSectior8.2.2). Buelow et al. (2018) interpreted the
Mogotes Formation as representing a rapid deposition in a proximal alluvial fan setting adjacent to active
thrust faults within the Cordillera Frontal. However, our detritaton ages suggest a lower average
sedimentdion rate instead. This apparent discrepancy could be due to the use of MDAs as true
depositional ages, which can lead to ov@runderestimation of sedimentation rates because of inherited
or recycled zircons and the statistical rarity of the youngestingr (Sharman & Malkowski, 2020;
Vermeesch, 2021). Alternatively, the lower sedimentation rate could be attributed to fan dynamics, as
alluviafan systems commonly experience short, rapid sedimentation events interspersed with longer
periods of reduced smentation phases due to channel avulsion and lobe switching (Yu, 2025; Clarke,

2015). Such hiatus events can impact the estimated accumulation or sedimentation rate (Sadler, 1999).

135



In addition, unlike the underlying units, which contain multiple volcanicfaliihorizons and reworked

ash in most lithologies, the Mogotes Formation lacks primary volcanic deposits, suggesting that
sedimentation was driven solely by alluvial procesa#isar than by a combination of alluvial and volcanic
inputs.The absence of this significant material source may therefore have impacted overall sedimentation
rates. As the full thickness of the Mogotes Formation was not encountered and age contratesi im

the dated intervals, the estimated sedimentation rate may not be representative of the entire formation.
Therefore, the newly obtained MDAs are used to establish a chronostratigraphic framework for the dated
interval of the Mogotes Formation. Inquorating these new results with previously published ages, an
age model is developed (Figure 3.3), providing a temporal context for the paleoenvironmental

reconstructions discussed below.

3.5.2 Stratigraphy and paleosols

The upper Marifio Formation (ca. >12.5 Ma), characterized by stacked, amalgamated
conglomerates with interbedded sandstone and mudstone, is interpreted as a fluvial system dominated
by highenergy depositional processes. The observed coarsammgrd succssions, composed of
pebbly conglomerates, are consistent with deposition in braided river channels, whereas thgrfiimerd
mudstone and siltstone likely reflect interchannel or overbank deposition (Miall, 1985; Reading, 2009;
Rust & Gibling, 1990Durinterpretation is consistent with that of Irigoyen et al. (2000), who described
the Marifio Formation deposited within a fluwialluvial deposition setting under arid to seanid
conditions dominated by ephemeral stream processes, and Buelow et al. (2di@proposed a braided
stream system within a distal terminal fan setting. The abundance of Argillisol/Alfisdl) (@Rlotypes
within the upper Marifio Formation indicates prolonged periods of landscape stability and vegetated
floodplain development undesemtarid to subhumid conditions, with episodes of fluvial deposition

(Hyland and Sheldon, 2013; Kraus, 1999).
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The overlying La Pilona Formation is composed of thick intercalated pebbtmbblesized
conglomerates with minor sandstone and siltstone, along with twofalhorizons (A1 and A2; Figure
3.3), indicative of deposition under higimergy conditions. e stacked conglomerates are interpreted as
fluvial channel fills (Hunger et al., 2018; Owen et al., 2017), while occasionaktaigied sandstone
and conglomerate units represent the development of subaqueous dunes. The subordinate siltstone
intervals are interpreted as overbank deposits. Overall, the La Pilona Formation reflects a fluvial
depositional setting, consistent with previous interpretations (Buelow et al., 2018; Hunger et al., 2018;
Irigoyen et al., 2000). The shift towards coarser claséssi(compared to the underlying Marifio
Formation), is interpreted to reflect increased orogenic exhumation in the source area (Hunger et al.,
2018). This change likely resulted in higher sediment flux and influenced depositional dynamics, as further

eviderced by the variations in pedotypes identified within the La Pilona Formation.

The lowermost part of the La Pilona Formation is dominated by Protosol/Entis@) (@&8lotypes
(Figure 3.3), suggesting an active depositional setting characterized by high sedimentation accumulation,
minimal soil development, and low landscape stabilitycontrast, the abundance of Alfisol/Argillisol {CB
1) pedotypes throughout the rest of the formation, along with the occasional presence of Calcic Alfisol
(CB3), indicates a shift toward a more stable landscape. This transition reflects a declirginmeise
accumulation and the development of vegetated floodplain environments with prolonged periods of

subaerial exposure under sesaiid, seasonally dry conditions.

The overlying ashich Tobas La Angostura Formation, composed of conglomerate and sandstone
with minor mudstone, is indicative of a fluvial depositional setting with a marked increase in volcanic
inputs (Figure 3.3), which is consistent with previous jmtetations (Buelow et al., 2018; Irigoyen et al.,
2000). The presence of Argillisol/Alfisol {OBand Calcic Alfisol (€8 suggests stable soil development

within a subhumid to serrrid environment with seasonally dry conditions.

137



The Rio de los Pozos Formation, composed of mudstone, sandstone, tuffaceous sandstone, and
conglomerate, reflects a fluvial depositional environment (Figure 3t3fk conglomerate beds were
likely deposited within braided fluvial channels (Hunger eRall8), whereas the finegrained mudstone
and tuffaceous sandstone suggest overbank and floodplain deposits with intermittent volcanism (Hunger
et al., 2018; Irigoyen et al., 2000;). Burrows identified within these finer units suggest intervals of slower
sediment accumulation, which is further strengthened by the presence of more developed pedotypes in
this formation. The dominance of Calcic Alfisol-8FBnd Argillisol/Alfisol (GB) indicates the persistence
of a subarid to subhumid climate with seastipadry conditions. The occasional presence of
Protosol/Entisol (CR) likely reflects brief periods of rapid sedimentation and shifts in depositional

dynamics.

The Mogotes Formation indicates deposition in a proximal alluvial fan setting, as indicated by
disorganized pebble to boulder conglomerates interbedded with minor siltstone and tuffaceous
sandstone (Hunger et al., 2018; Irigoyen et al., 2000). The occeramnvelldeveloped Argillisol/Alfisol
(CB1) paleosols (Figure 3.3) indicates intervals of prolonged subaerial exposure and reduced

sedimentation under a subhumid to seianiid, seasonally dry climate.

3.5.3 Paleoclimate

Paleotemperature reconstructions indicate no significant trend in MAT across the studied
interval. Our multiproxy estimates, using both the PWI climofunction and SGPM methods, yield an
average MAT of approximately 10°C, with consistent patterns and opénigpincertainty ranges (Figure
3.5A). These reconstructions suggest a slightly cooler climate compared to the modern regional MAT of
~13°C (Fick and Hijmans, 2017). However, this temperature offset contrastsLatéhMiocene
paleoclimate records that indate a warmetthan-modern global climate (Steinthorsdottir et al., 2021).
In South America, average temperatures during thge Miocene were comparable to piadustrial

values, except in regions undergoing active orogenic processes (Bradshaw et al., 2012). Although the
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Cacheuta Basin experienced some orogenic rearrangements (Hunger et al., 2018) duhfigdieeto
earlylLate Miocene, paleoelevation models suggest that it reachedYe&r RS N} St S@IF GA2ya o6 Y
GKIFIG GAYS YR SELISNASYOSR YAYAYLEFE dzZLJX AFG FFGSNI dm

proxies are likely more reliable for capturing relative fsmature trends than for reconstructing absolute

MAT values (Hyland and Sheldon, 2016), which may have been close to modern.

The CESM simulation results align broadly with the paetved paleoclimate reconstructions,
though key differences in magnitude and resolution highlight the strengths and limitations of each
approach. While the absolute values of the simulated MAT €16.9 & mn al | yR wmc ®mc/ |
than proxybased MAT estimates (which average ~10°C using both the PWI and SGPM climofunctions),
they align more closely with piadustrial values. The offset likely reflects differences in model spatial
resoluton, and boundary conditions (likpCQ). However, both the model and proxy derived

reconstructions indicate minimal change in MAT across the interval.

Nar-derived paleotemperatures from Cacheuta Basin vary between38% (Figure 3.5A). Quade
Si Ifd 6HnAnMOUO AK2¢ G KitypicalyexceedsYMAR B/MI5°C 81 gaasomByyiry Sy (i =
settings and correlates with monsoon offset from MAT. Compared to modern WMMT near CaBhsinta
(~20°C)our reconstructions suggest a higher WMMT than modern. The WMMT varies substantially
between 1@t al X NARAAY3I 0620S onc/ FTNRdzyR y al | yYyR RNERL
These fluctuations in @& summer temperature, contrasted with the relatively stable MAT trend, indicate
fluctuations in seasonal moisture balance and&oying timing, likely linked to the evolving strength of

the SAMS.

The range of temperatures offers additional insight into seasonal variability. MART estimates
derived from the SGPM method yield an average of ~25.3°C, with minor increase observed toward the

younger interval (Figure 3.6A). While the CESMehBdS NA SR a! w¢ @I f dzSa o6 mdpdPHc/
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following Burgener et al. (2019), show a broader range of temperatures (Figure 3.6A). The discrepancy
between the two methods is likely due to differences in proxy sensitivity. While the bulk geochemical
composition of palead reflects average conditions over longer periods, clumped isotope estimeges a

biased toward the dry season when higher summer temperatures promote soil moisture evaporation and
carbonate formation (Breecker etal., 2000)a | NBadzZ 4> Y2ad Y2RSNYy azift O
warm-season bias (Burgener et al., 2016; Passey et al., 2010; Quade et al., 2013). However, studies suggest
that this bias is not universal, especially in regions with strongly seasonal precipitdiere delayed soil

drying can lead to carbonate precipitation that records mean annual rather than pewdner
temperatures (e.g., Kelson et al.,, 2018; Peters et al., 2013). Peters et al. (2013) show that at lower

St SOLGA2Y o6fHnnn YO {2y Ftempgérbturss larg seSsg to Precipisafion 2 F - G K
seasonality TKRSNBF2NB>X (GKS npjh NBO2NR Ay GKS /I OKSdzil
distribution of warmth and dryness, with temperature seasonality intensifying gradually duringatbe

Miocene and the warmest intervals exhibiting greater variability.

Mean annual precipitation (MAP) estimates from SGPM aneKGikmofunctions yield average
gl f dz§a 2wW!1yrRe nYoyr!, raspectively. Both estimates follow a similar pattern; Z&IA
estimates are higher than those of SGBlbed reconstruction, though they remain within mutual error
margins. The CESM simulations show a slight increase in mean annual precipitation from 839.7 to
MmO YY B@NRBuI O2yaAraidSyd -warited MAPKeStimaieN igfdRs tie GtadeNIIS R
interval Figure 3.5B). Although the absolute MAP values are somewhat higher in the simulations, they
agree on the direction of change. While both reconstructions suggest an overall increase through time
(Figure 3.5B), a threpoint moving average identifies shemrm fluctuations Appendix B MAP
RSONBIaSa G2yrtINR dyWwRidppn na IYSY F2f € 2SR oW Iy Amyi@NB lad &
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suggesting that the Cacheuta Basin was still situated on the wetter, windward flank of the evolving Andean

rain shadow.

The growing season precipitation follows a similar pattern to MAP with a substantial proportion
of that precipitation concentrated during the growing season (Figure 3BBijing &10.5 Ma, more than
half of the annual rainfall occurred during the growing season, comparable to maugthZ and
centralZSouth America, where >50% of yearly precipitation is received in the DJF monsoon core (Silva &
Y 2 dza 1 & Becausevboth ®MAP and GSP are derived fromZpedichemical indices, they share
potential biases related to parent lithology, diagenesis, and calibration limits. However, these factors
should influence absolute values more than the relative trend in GSP and MAP estimated, suggesting the
overall trend tabe useful in inferring paleoclimatic changes. Growsegson precipitation estimates from

modeled simulations follow a similar pattern.

The CESM simulations broadly support the prdesived estimates as both modednd proxy

based reconstructions suggest that over 50% of total precipitation occurred during the growing season
(Figure 3.6B), consistent with a weltablished monsoonal sysh. Modeled GSP values remain relatively
adroftS 0SG6SSY wmn al |yR vy aderivdd ¢gsBmatedNBgure 8.3CH Khief & KA
observed difference in values can be attributed to the inherent differences between the modeling and

proxy approghes. CESM outputs capture regierehle atmospheric processes and produce spatially
averaged outputs, whereas proxierived estimates likely reflect local conditions. While proxies are

limited by temporal sampling resolution and assumptions embedded in climofunctions, the CESM

simulations provide independent evidence for a seasonal pitatipn hydroclimate regime without the

lithological biases that affect bulk geochemical proxies. Therefore, the consistent increase in concentrated
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precipitation suggests that thieate Miocene climate likely exhibited modeéfike monsoonal seasonality,

with progressively stronger sumnm#ominated rainfall as the SAMS intensified.

¢ KS sivaleesin the Cacheuta Basin show a temporal fluctuation of alternating depleted and
SYNAOKSR AYUSNIDIf & 0CAIdzNB pvadlees B-ab: I SWAK 2IRER ghN @K &2
reflect reduced evaporative enrichment in the soil, consistent with increased moisture availability and
more effective precipitation. In contrast, the intervals with more enriched values (approaehingz 9y
Ma) suggest enhanced evaporation or a possible shift toward isotopically heavier moisture sources. Thes
Ft dzO {0 dzF G AWRiYiply dynafic ‘charges in the local hydrologic regime, pointing to variable
seasonality, moisture recycling intensity, and/or shifts in dominant sources duringth®liocene (Hoke

et al., 2013, 2014; Poulsen et al., 2010).

Overall, our multiproxy reconstructions suggest a stable temperature, while maximum summer
temperature varied and became more extreme towards the younger interval. A wetter than modern
condition persisted throughout the studied interval with marked shifiward a larger summer share of
LINBOALAGIFGA2Yy® hEe3ISy Aaz2iG21L35a O2y T aNdMesiMlings 6 S0 S
of evidence point to an increasingly seasonal climate in the Cacheuta Basin dutiatgtihiocene. These
findings ae consistent with regional studies suggesting intensification of the SAMS during this interval

(Rohrmann et al., 2016; Strecker et al., 2007) and provide additional insight into climate evolution in this

region.

3.5.4 Paleovegetation and paleofire input
Paleovegetation proxies from the Cacheuta Basin suggest a predominantly forested ecosystem
with subordinate grass/shrub vegetation throughout the studied interval. Despite a minor enrichment
(261 NRaA Gg0lafldiSa INEYFAYa O2yaradsyjit Bdzy2 B - REAE &K

HHPO: 0D ¢KS FTANBUG | YRR YIEBILISH NBEAATDY | £ ZalgvaluSsR @y i |
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identifies the first signals identified at 8 Ma (Figure 3.7A) with a minor decline in C4 abundance through

Tal ® tFAKNPR hRymi - FNBY /| QkoQ\idiids of 4602 ¢ g i/ &f A IKG T &
the suggested Iemt:: 2FFaSid o6/ SNIAyYy3ISX mpdmMT /SNIAYy3I 3 vdz
differences likely reflect loproductivity soils where subdued root respiration allows a greater
FGY2ALKSNAO /hi aA3ylt IyR 'YL ATASAE RAFTFdAdzAALBS Sy

¢lFo62NJ S fdT HAMOUL D

LEfGSNY I GA DS Bosgvalués Soull vefRd SHisE in tihalofganic matter record, where
1 uoilvalues are anomalously depleted. This may result from selective preservatitic-dépleted
compounds (Dumig et al., 2013), or pal&positional alteration (Wynn, 2007) processes that reduce the
tyw/ 2F o0dz{ 2NHIFIYAO YIFGGSNI NBtFGABS (20 thINA Y I NE
underestimate the true vegetation signal, further complicating direct comparisons with pedogenic
carbonated | f dzSa ® | & vabed GrblBpicallyanrched relative to original plant biomass due to
YAONROAIET RSO2YLRAAUGAZY 02 &Y g ofisatsiobser®ed &t [CA&NBtE 2 NB
Fary tA1Ste@ NBTE S Odb vdluesoPedogenictchBorates yaheRbeeid SHRwn itoy L/
2OSNBaGAYFOGS /) ©@S3SaGlrdAz2y | odzyRFyOSs A& RSY2yaidN
may result from lowproductivity ecosystems, carbonate formation on limestaiah substrates (Hsieh &
Yapp,1999; Tabor et al., 2004), or diagenetic overprinting (Cotton et al., 2012; Sheldon & Tabor, 2009).
wS3I NRf Saa 2F (KSaS 2FFaSdaz 020K Aa2G2LA O LINBEA!
ecosystem throughout the studied interval.

Phytolith assemblages also support a predominantly forested ecosystem with some grass and
shrub vegetation. Quantitative estimates indicate that forest indicators make ug6&80 of the
assemblages, while grass indicators comprise¢43%, with a minor upard trend in forest signals
OKNRdzZZK GAYS OCAIdZNE odTt. 0@ ! Y2y3d (KS 3INFaad AYyRAC

taxa are present but limited, primarily represented by morphotypes assignable to the PACCAD,
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Panicoideae (PANI), and Chloridoideae (CHLOR), with a higher abundance of PANI than CHLOR. However,

/'j ardaylrta NS tAYAGSR G2 G662 AyOiGSNBIfax dwmnop al

Overall, the phytolithbased reconstruction align well with the isotopic data, reinforcing the

AYGSNILINSBGREXRY 2FRIfVYRAaOI LIS gAGK ftAYAGSR yR GSY
To study compositional differences among the phytolith assemblages from different formations,

we conducted a principal components analysis (PCA) using eleven functional groups (FI, DICOT, CONI,

SEDGE, PALM, BAMB, GRASS, POOID, CHLOR, PANI, and PAEBCADysiltereflect shifts between

closed and open vegetation structures where samples positioned toward the negative PC1 and higher PC2

are associated with greater abundances of PALM, FI, and CONI, suggesting these assemblages represent

more closed, forsted environments (Figure 3.9A). In contrast, samples aligned with the positive PC1 axis

daK2¢g aGNRy3a aa20AFGA2ya gAGK /) 3IANIaa Ofl RSa adx

general PACCAD grasses, indicative of more open,-gpasisated hndscapes with reduced canopy

O20SN®» ¢KAa LI GGESNY FftAdya sAGK S02f23A0Ft SELIS

seasonality and aridity, while closednopy forests persist under more stable and humid conditions

(Edwards et al., 2010; Stromige 2011). However, the general GRASS functional group loads negatively

along PC1, clustering with forest indicators (FI), palms (PALM), and conifers (CONI), rather than with the

moreopenSY BANR Y YSyYy G /j 3INI &a 3INRdzZIA o6SPIPT /I [ hwX t! |

To better understand the ecological gradients, we ran a second set of PCA with thirteen functional
groups by separating the negiagnostic grass (GRASB) from diagnostic grasses and including OTH
group. In the updated PCSRASSID loads negatively along PC1 and clusters with forest indicators (FI),
conifers (CONI), and palms (PALM), suggesting that these morphotypes are more abundantiossemi
or forestmargin environments (Figure 3.9B). The general GRASS categanyeso load negatively on
PCland clusters with forest indicators, even after separating out-diagnostic types. The OTH group

loads strongly on the positive end of PC2, distinct from both the egresironment grass clades and forest
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indicators, likely representing ecologically ambiguous or understory elements that lack diagnostic value
for habitat interpretation.The cooccurrence of GRASS (both diagnostic and nondiagnostic) morphotypes
with forest taxa may indicate low ground cover grasses persisting under partially closed canopies in
seasonally dry forests or riparian margins (Barboni et al., 2007; Currano 2020;, Stromberg, 2011).
These findings highlight the importance of distinguishing between different grass lineages when
interpreting vegetation openness and suggest a more nuanced vegetation structure than a simple forest

to-grassland transition (Edwards et al., 2010; Stromberg, 2011).
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Figure 3.9: Principal component analysis (PCA) of 11 phytolith samples from Cacheuta Basin, including 11
plant functional groups (A) or including 13 plant functional groups (B).
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Ly o024K t/! FrtylrfeasSasz alyvYLXSa ftA3aySR sAGK (GKS
grass clades such as CHLOR, PANI, and PACCAD grasses, indicative of more egemngtass
landscapes that are typically favored under seasonal climaidspronounced dry periods and reduced
canopy cover. However, most samples show weak alignment with these-@paronment indicators,
suggesting that such conditions were limited in extent or duration. Instead, the majority of assemblages
likely represensemiclosed ecosystems, such as woodland, savanna mosaics, or seasonally dry forests,
GKSNBE 3INFraasSa oSNB LINBaSyd odzi y2i R2YAYlIylid ¢KAA
grasses tend to expand under increased seasonality and aridiile wlbsedcanopy forests persist in
more humid and stable environments (Strémberg, 2011; Edwards et al., 2010). In addition, both PCA
analyses show a clustering of samples from the Marifio and Mogotes formations, characterized by
negative PC1 and higher 2@alues. In contrast, samples from the La Pilona and Rio de los Pozos
formations align with higher PC1 and lower PC2 values. This separation likely reflects a shift in ecosystem
across the studied interval, which is further supported by the BXvhd DMPY ratios derived from PAH

analysis, which indicate a mostly gymnospetaminated biomass signal throughout the studied interval.

The occurrence of gymnosperm signals in phytolith and PAH proxies suggests that the burning
vegetation largely originated from woody, forested components rather than open grasslands. However,
at ~8 Ma, a pronounced spike in the paleofire input coinciddb wishift in DMPX and DMPY ratios
toward values indicative of angiosperm biomass (Figure 3.8) and a drop in retene Yadpesdix B. The
coincidence of elevated fire input and angiosperm signal suggests an episodic increase in angiosperms,
resultingin abundant fuel and elevated fire activity. In turn, increased fires might have helped maintain
ecosystem openness by creating canopy gaps and recycling nutrients, resulting in-vedgpbsitive
feedback loop before reverting to a more gymnospeiah, fire-suppressed state. A similar shdisted
positive fire feedback loop has been documented in the Rio Iruya Basin (~22.9°S), where intervals of

elevated fire frequency coincided with enhanced precipitation and increased angiosperm (Ghosh, 2021).
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Our multiproxy evidence points to a sefribsed to closed vegetation mosaic in the Cacheuta
.FaAyT LldzyOldzr GSR 2yfée o6& ONARSTFI 201t ATZ8Rs SLIA a2
signal, the dominance of foredidicator phytoliths, and gymnosperms imply that fully open grasslands
never became regionally extensive here during thei S aA20SyS® t I f S2SYJANRY Y
nearby Andean and foreland basins support this view. Mammalian &sdilepe data from the Argentine
Pampas show premninantly woodland and woodek@rassland and xerig@iets during the Chasicoan
Stage l@ate Miocene) and the Huayquerian Stadaté¢ MiocenegEarly Pliocene), with only minor,
latea G 3S /] A Paded Bt 4.5 2028) ICsfdefio et al. (2023) described Tupungato
t ASRNI} & /2t2NIRIA Fldzylf |&dasSyofl3asSazr adNF dAINI LK
interval, which shares its taxonomic signature with other Huayigmemammal faunas that inhabited
mixed, seniarid woodlands rather thanpen grasslands. These regional floral and faunal datasets are
consistent with our interpretation that open vegetation in ceng&eéstern Argentina remained spatially
restricted and climatically constrained during the § S aA 2 O0SySs fA{1Sft& Y2RdzZ I

topography, and an intensifying SAMS.

3.5.5 Development of monsoonal conditions

The Miocenerepresentsa globally warmer interval, marked by the Mid Miocene Climatic
Optimum when global temperatures were approximatetg3 / ¢ KA IKSNJ G KIy G2RlF&x ¥
trend in the Late Miocene associated with the expansion of Antarctic ice sheets (Herbert et al., 2016;
Zachos et al., 2001%lobal sea surface temperature records indicate a decline of nearly 6°C during the
Late Miocene cooling interval (Herbert et al., 2016; Holbourn et al., 2018; Martinot et al., 2022; Tanner et
al., 2020; Wen et al., 2023gading to a steeper equatdp-pole temperature gradient and a general
strengthening of global monsoon systems (Herbert et al., 2016). In South America, multiple lines of
evidence, including sedimentological, isotopic, and climate modeling studies, stuipg¢ the South

American Monsoon System (SAMS) had already been established by #H@enadoic but underwent
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significant intensification during theate Miocene (Acosta et al., 2024; Insel et al., 2012; Mulch et al.,

2010; Quade et al., 2007; Rohrmann et al., 2016; Strecker et al., 2007). A rapid increase in sediment

I OO0dzydzt F A2y NI GSA& FyR LlzZ aSa 2F O2I ¢khifterfddied a G A O R
as responses to enhanced monsedmven runoff (Strecker et al., 2007). Stable isotope studies from

LI £ S22t AYSGNER o6tuah YyR 150 fa2 AYyRAOI&& AyONB
during this time (Mulch et al., 2010). These proxy data are supported by paleoclimate model simulations

that show a positive precipitation anomaly and isotopic enrichmeqtift Ay 1 uah0 2 @3SNI {F
' YRS& dzy RSNJ KA IKSNJ | ingt@sirdrieSshidsodality and coriv&@ySrairtall dutiogy A y G A
the austral summer (Acosta et al., 2024). Coinciding with these climatic changes, the Andean orogen
experienced a phase of rapid uplift and deformation. The latest Miocene to Pliocene was maried by
significant rise of the Altiplano and a continued eastward migration of the orogenic front resulting in uplift

of major structural blocks across the northern, central, and southern Andes (Boschman, 2021).

In the Cacheuta Basin, Miocene sedimentary deposits indicate key regional hydroclimatic
transitions linked to this broader South American climate evolution. Duringahg to Middle Miocene,
the Marifio Formation records extensive eolian deposits, indicating arid conditions (Buelow et al., 2018;
Hunger et al., 2018). However, by thiddle Miocene Climatic Optimum (MCO; ~€lI4 Ma), this basin,
Ff2y3 gAGK 20KSNE FONR&aa | d9mannn 1Y €FGAGdzZRAYFE 0
shift to fluviatlacustrine deposition, driven by elevated global temperatures during the MCO and resultant
regional increase in moisture availability (George et al., 2025). This transition is interpreted as-climate
driven rather than tectonically induced, based tre synchronous timing of facies changes across
structurally diverse regions. Supporting this interpretation, paleoclimate model simulations forced with
St SOIGSR GY2ALKSNAO /hi NBLNRBRIzOS | adNBy3 | dza

enrichmentA Y YSUGS2NAO +tuyush Ay GKS /SyGNlf ! yRSaszs O2yaa
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rainfall (George et al., 2025). The demise of eolian conditions and expansion of fluvial systems in the

Cacheuta Basin thus reflect broader Miocene monsoon intensification across the region.

Our multiproxy reconstruction approach identifidste Miocene climate variability in the
/' OKSdzii . FaAy o06SiG6SSy ™mH-based Reconstruations of ApsedipSafon, G A y 3
GSYLISNI d2NBx @S3SGlFGA2y S YR FANB AyLldziade ¢KS Ayl
climate withrelatively weak seasonality compared to the younger phase. Reconstructed MAP and GSP
values indicate consistent moisture availability, but the lower GSP/MAP ratio suggests that rainfall was
more evenly digibuted throughout the year, lacking a pronounced waseason concentration (Figure
3.6B). This pattern is consistent with preonsoon hydroclimate and likely represents the continued
effects of the MCO. The onset of basin subsidence and megafan progradgt 6 SG 6SSy wmm |y
6.dzSt2¢ SiG Ifdx wnmyo O2AYy OARSa -sédimérikary ier§anizatodp a I ¢

to a hydrologic shift toward more sumn¥scused rainfall.

While different proxies broadly agree, the younger interval¢flO a | 0 Ad Y2NB N2

O2yaUNFAYSR RdzS G2 GKS | @ Afl 0Af Adrided &tiatésf FdaMiLISR A 3

(7))

RS

Qx

our reconstructions, we identify two key climatic intervals. Th@ irs I G mMn®p al X A
breakpoint analysis of growing season precipitation (GSP), which reveals a statistically significant
difference between values above and below this threshold, marking the onset of increasees@ason
rainfalland hel KG SY SR &St azytfAdGe O0CAIdZNBE odcovd® ¢KS &aS02)
more pronounced variability across multiple proxies (Figure 3.6). During this interval (~8 Ma), we observe
0KS 461 N¥Sad NBO2yaidNHzOGSR & dzvabedbudgestingSitNdr icdzbdsBaa > € S
evaporation or a shift in moisture source, and a sHived spike in fire input. The increased pulse of fire
AyLlzi O2AyOARSE gAGK | f20Ff A b&& intligalonBf largiSspekny /| =

biomass, suggesting ecosystem sensitivity to hydroclimate change.
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The rise in the GSP/MAP ratio indicates an increase in concentrated precipitation during the
growing/warm season, likely from lolevel easterly moisture within a deeper, wider foreland
6{ GNBOTSNI SG I fdZ HAATOLD Mdénat NBR @R fo@x$:a NBS 55 = f
0KS pupathe &t 5. H(-ct:yOR AlufadeSa FNRY §8HVa indicatd aiziRrhanéedzNA y 3
O2y@SOGAQGS NBOEOftAYy3d O09KESNR 9 t2dzZ &Sy wnngod {;
WMMT suggests warmer summaedative to average temperature. These estimates are consistent with
intensified lowf S@St Y2Aa40Gdz2NBE O2ydSNHSYOS 2@0SNJ 6KS SI adSNJ
these lines of evidence show that during 1y5dp al = GKS / F OKSdzil . FaAy ¢l a

seasonal, monsoedominated hydroclimate.

This climatic trend is further supported by the CESM model outputs, which indicate a strongly
aSlrazyrt LINBOALAGFGAZ2Y NBIAYS G 024K mn YR y al
percentage of convective precipitation relative to total anntahfall consistently exceeds 50% at both
GAYS atAo0Sas gAlGK || aft A3IKG RSONBI &S -derived &StdaBsR 0y
(Figure 3.6), reinforcing the interpretation of a sustained, seasonally concentrated precipitation regime
Moreover, the broader climate trends simulated by the model are generally consistent with those inferred
from isotopic and geochemical proxies. Taken together, the proxy and model reconstructions suggest that
I N2dzy R y al = (KS NB granduicedHydraSlimatié war@kiligy ofihets Mivecana, i

marked by enhanced seasonality and fluctuations in moisture availability.

t NEOA2dza aA0dzZRAS& ARSY (A Te Lale Mibddrie & &torre & al./ 9973 NI 4 &
MacFadden et al., 1996), commonly linked to declining atmospperici  S@Sta FyR | aKAT
seasonal, firgprone climate (Stromberg, 2011). Climate model simulations and isotopic proxy data
suggest that the South American Laevel Jet (SALLJ) intensified and shifted southwest during this time
(Mulch et al.,, P10; Rohrmann et al., 2016). Insel et al. (2012) show that as the Andes rose from

approximately 50% to 75% of their modern elevation, the subtropical high intensified and migrated
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southward. South of 30°S, where the SALLJ terminates, this shift resulted in an increased influx of
isotopically heavier subtropical moisture into the eastern Andean foreland, while reducing the
contribution of isotopically depleted mithtitude air massesAdditionally, the continued Andean uplift
during the Late Miocene sharpened isotopic lapse rates and altered-lewel circulation patterns,
redirecting easterly moisture and enhancing convective rainfall along the eastern flank of the orogen

(Insel et &, 2012).

The Late Miocene marks the onset of convective rainfall in the Central Andes, representing a key
climatic transition from arid to more humid conditions (Kleinert and Strecker., 2001; Poulsen et al., 2010;
Uba et al., 2007) which is linked to the developmeihmonsoon system beginning as early asktiddle
Miocene. These hydroclimatic changes are attributed primarily to topogragtiyen modifications in
atmospheric circulation patterns, rather than global climate forcing (Rohrmann et al., 2016). Ots resul
are consistent with these interpretations and provide additional detail through-reégblution multiproxy
reconstructions, offering a comprehensive record of Late Miocene hydroclimate and its connections to

regional tectonic and ecological dynamics.

3.6 Conclusions

This study investigates the Late Miocene evolution of the monsoonal climate in the Cacheuta
Basin, linked to the intensification of the South American Monsoon System. New geochronological data
yield an improved age control for the Mogotes Formation 7.6 Ma), providing an updated
chronological framework for multiproxy reconstructions of paleoclimate and paleoenvironmental
conditions between 12 and 7 Ma. A wettdran-modern condition with relatively stable
paleotemperatures and a sernlosed ecosystem psisted throughout the studied interval. This study
identifies a progressive shift toward a more seasonal, monsmsociated climate, marked by
increasingly warm summers and growing season precipitation, with two key intervals of climatic variability
aalnno®p al yR y al® DS20KSYAOFf FyR A&a202LA0OG SOARS
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aSlrazy LINBOALRAGIGARZ2Y G mnop al X F2ft26SR o6& Ayid$S:
with overall climate conditions, paleovegetation records indicate a predominantly forested ecosystem

7 A A

gAGK Ay GSNYAGUGSdgninardyD &z NEy R83 RYRADF GAYy3 GK Foas
| 26 SOSNE O2AYyOARAY3I 6AGK GKS y al &KAFUE Ay KeéRNERC
and an episodic increase in fire input. Overall, the f@golution multiproxy paleoenvironmenia
reconstructions from this study indicate the development of a Late Miocene monsoonal climate in this
NEIA2YS gAGK SLIAEA2RAO0O FANB S@Syida FyR ONRST /) 13

under changing hydroclimatic conditions, reflectthg evolving South American Monsoon System.
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CHAPTER 4: Reconstructing Spatial Variability in Late Miocene Paleoclimate and
Paleovegetation Across the Cerro Azul Formation, Central Argentina
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4.1 Introduction
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4.3 Methods
4.3.1 Study area and localities
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4.3.2 Paleosol classification and sample collection
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4.3.3 Geochemical analysis
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¢2 | 002dzyd 2yte FT2NI /I +F+3aa20AFriSR 6AGK aArAtAO0rd
maximum allowable value for silicatierived Ca (McLennan, 1993). Accordingly, the final corrected CaO
gl a asSa Sldat G2 blih 6KSKSYrN I hp bl ibh3d hioy R 2S ljSdfatd:
indices reported in this study (Tabld.2), as well as the -climofunctieserived paleoclimate
reconstructions, were calculated using the corrected CaO* values.

Table 4.2. Paleosol indices and paleoclimate proxy definitions.
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In addition to these standard climofunctions, this study applied the Soil Geochemistry
Paleoclimate Model (SGPM; Jacks20i£5), which uses multivariate principal components analysis (PCA)
prediction calibrated against a large modern soil database. SGPM provides quantitative estimates of MAT,

mean annual range in temperature (MART), MAP, and growing season precipitation (GSP), along with
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associated predictive errors. GSP is defined as the total precipitation during months when the mean
temperature exceeds 10°C. SGPM excludes relatively unweathered soils from temperature estimates
while incorporating all soil types, including caleils in precipitation reconstructions. As many of the
paleosols here are Calcic Alfisols, for which thekCéimofunction is not recommended (Sheldon et al.,
2002), SGPM provides a more appropriate approach for reconstructing precipitation, and provides
addtional outputs (MART, GSP) which are unavailéifien commonly used segeochemistrybased
climofunctions.
4.3.4 Stable isotope analyses
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4.3.5 Phytolith assemblage
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44 Results
4.4.1 Stratigraphy and pedogenic features
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44.2 Geochemistry
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