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ABSTRACT

The evolutionary history of lowland south-
ern South American vegetation, particularly 
during the Paleocene–Eocene, remains enig-
matic due to few existing paleobotanical re-
cords. Existing vegetation models present 
contradicting hypotheses ranging from ex-
pansive grasslands to tropical forests during 
this time. Resolving these contradictions is 
critical for reconstructing the ecological con-
text surrounding the emergence of endemic 
South American faunas and understanding 
the relationship between climate and veg-
etation structure and composition during the 
warmest interval of the Cenozoic. Here, we 
present a basin-wide phytolith analysis from 
Paleocene–Eocene terrestrial deposits in the 
San Jorge Basin, Argentine Patagonia. These 
records expand existing phytolith studies 
and integrate new radiometric dates, provid-
ing a temporally resolved view of vegetation 
dynamics in the early Cenozoic. Phytolith as-
semblage composition suggests that forests 
dominated lowland ecosystems during the 
warm and humid Paleocene to the middle 
Eocene. Relative palm abundance increased 
between the middle and late Eocene as low-
land humid megathermal forests began tran-
sitioning to progressively colder, arid, and 
more open vegetation, corroborated by exist-
ing paleobotanical, geochemical, and faunal 

records. Grasses were rare and likely rep-
resented forest understory elements until at 
least the early–middle Miocene, contradict-
ing hypotheses of early Cenozoic grassy habi-
tats in South America. Grass abundances 
increased between the early and middle 
Miocene occurred alongside the return of 
humid forests as temperatures and precipita-
tion rose in the region. Sustained cooling and 
aridification between the middle Miocene 
and the Quaternary led to the rise of Patago-
nian steppe vegetation.

INTRODUCTION

Understanding the evolutionary history of 
modern biodiversity provides a foundation for 
exploring the processes that sustain ecosystems 
today and will influence them in the future (Bar-
nosky et al., 2017). Although Neotropical and 
South American ecosystems have received much 
attention as modern biodiversity hotspots, the 
evolutionary origins of their floras remain enig-
matic, particularly during the Paleocene–Eocene 
of southern South America (Wilf et al., 2013; 
Jaramillo, 2023). Reconstructing the vegetation 
history of southern South America is essential 
for understanding how floras responded to both 
local and global climate shifts and for provid-
ing direct evidence of the ecological context of 
faunal evolution dynamics during a key phase 
in early Cenozoic Patagonia (Palazzesi and 
Barreda, 2012; Strömberg et al., 2013). This is 
especially true during the Paleocene, as weaken-
ing Antarctic connections and increasing diver-
gence between northern and southern South 

American biotic communities gave rise to the 
continent’s highly endemic faunas (Palazzesi 
and Barreda, 2012; Jaramillo and Cárdenas, 
2013; Strömberg et al., 2013; Wilf et al., 2013; 
Croft et al., 2020).

In the Northern Hemisphere, relatively high 
spatial and temporal sample resolution has 
allowed the characterization of regionally het-
erogeneous plant communities and climate 
during the Eocene (Utescher and Mosbrug-
ger, 2007). In contrast, the paucity of Eocene 
fossil floras in South America has resulted in 
mainly theoretical vegetation models that pro-
vide starkly conflicting Paleogene plant biome 
reconstructions (Jaramillo and Cárdenas, 2013). 
Models of reconstructed Eocene vegetation in 
high South American latitudes range from tropi-
cal forests (e.g., Wolfe, 1985) or mixed forests 
(containing tropical, temperate, and Antarctic 
elements; e.g., Romero, 1986; Iglesias et  al., 
2011) to extensive shrublands or savannas (e.g., 
Ziegler et al., 2003). Available macrofloras and 
spore and pollen records indicate warm and 
humid early Eocene broadleaf forests (Wilf 
et  al., 2005, 2013), transitioning into increas-
ingly arid vegetation types in the middle Eocene, 
ultimately leading to the expansion of grasslands 
in the middle–late Miocene (Barreda and Pala-
zzesi, 2007; Palazzesi and Barreda, 2007, 2012; 
Barreda et  al., 2020). However, fossil macro-
floras and pollen are poorly preserved in the 
Patagonian lowlands, so early Cenozoic records 
are temporally spotty or limited mainly to the 
Andean region (Barreda and Palazzesi, 2010).

In contrast to macrofloras, assemblages of 
microscopic plant biosilica (phytoliths) often 
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leave temporally continuous records, especially 
in well-oxidized deposits or environments not 
suited for preservation of other plant fossils, 
such as those typical of the Cenozoic of Pata-
gonia (e.g., Barreda and Palazzesi, 2010; Zucol 
et al., 2010; Strömberg et al., 2013, 2018). Fur-
thermore, phytoliths provide information rel-
evant to reconstructing the relative abundance, 
composition, and ecology of grass communities 
and the importance of taxa often associated with 
tropical forests such as palms and Zingibera-
les (gingers), which is not readily available in 
macrofloras or pollen records (Piperno, 2006; 
Strömberg et al., 2018). Such phytolith records 
have provided a temporally resolved view into 
the middle Eocene–Miocene landscape evolu-
tion in the lowlands of Patagonia, suggesting the 
emergence of open aridlands by the early mid-
dle Eocene (Strömberg et al., 2013; Dunn et al., 
2015; see also Zucol et al., 2018; Bellosi et al., 
2021). However, comparable records have not 
been available for the Paleocene–early Eocene 

of southern South America, preventing detailed 
reconstructions of the ecosystems that preceded 
the dry shrublands of the middle Eocene.

Here, we fill a critical gap in the record of 
southern South American lowland vegetation 
history by characterizing and interpreting new 
phytolith assemblages preserved in Paleocene–
Eocene terrestrial deposits across the San Jorge 
Basin (SJB) in Argentine Patagonia (Fig. 1). Our 
records from multiple SJB sections significantly 
expand on existing phytolith studies (Brea et al., 
2008; Zucol et al., 2010; Strömberg et al., 2013; 
Dunn et al., 2015; Zucol et al., 2018) by sup-
plying a locally resolved, basin-wide view of 
vegetation change during the Paleocene–early 
Eocene. Herein, we contribute to ongoing work 
to correlate and constrain deposition in the SJB 
(e.g., Raigemborn et al., 2010; Dunn et al., 2013; 
Krause et al., 2017; Raigemborn and Beilinson, 
2020; Raigemborn et al., 2022) by updating and 
providing new geochronologic constraints for 
the base of Las Violetas and Las Flores forma-

tions along the northern and southern margins 
of the SJB.

Within an improved temporal framework, we 
develop a holistic vegetation history for lowland 
southern South America by combining these 
new data with previous work on taxonomically 
informative micro- and macrofloras in the SJB 
and adjacent areas (Wilf et al., 2005; Barreda 
and Palazzesi, 2007; Palazzesi and Barreda, 
2012; Barreda et  al., 2020) and we reanalyze 
middle Eocene–Miocene phytolith assemblages 
of the SJB (Strömberg et al., 2013). Reanalysis 
of Strömberg et  al. (2013) ensures consistent 
extraction and morphotype classification meth-
ods, allowing us to quantitatively analyze phy-
tolith composition change from the Paleocene to 
the early–middle Miocene. This history allows 
us to test the early Eocene forest versus shru-
bland/savanna vegetation hypothesis. Our results 
demonstrate the likely presence of forests and 
other woody angiosperm-dominated or palm-
dominated vegetation throughout the Paleogene 
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Figure 1. Geographic location of the San Jorge Basin, localities included in this study and Paleocene–Eocene stratigraphy modified after 
Raigemborn and Beilinson (2020) and Raigemborn et al. (2022), with updated age estimates based on new U-Pb geochronological results 
in this study. (A) Localities (circled numbers) within the San Jorge Basin (gray shading) in Argentine Patagonia (map modified after 
Raigemborn and Beilinson, 2020, and Raigemborn et al., 2022): 1—Laguna Manantiales; 2—Las Flores (this study) and Gran Barranca 
(Strömberg et al., 2013); 3—Rocas Coloradas; 4—Estancia Las Violetas. Approximate paleocoastline from the PALEOMAP Project Ypre-
sian projection (Scotese and Dreher, 2012). (B) Stratigraphic chart of the studied San Jorge Basin sediments. Circled numbers correspond 
to localities as in panel A. Ages for the Salamanca and Transitional Beds based on Clyde et al. (2014), Rio Chico Group from Krause et al. 
(2017), base of Sarmiento Formation from Dunn et al. (2013), and the Laguna Manantiales (LM) and Estancia Las Violetas sections from 
this study. GSJ—Golfo San Jorge; LMS—Laguna Manantiales Strata; SFm—Sarmiento Formation; TB—Transitional Beds.
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and no evidence of grassland expansion until at 
least the mid-Miocene.

GEOLOGICAL SETTING

The Jurassic–Miocene San Jorge Basin (SJB) 
is located in the southern Chubut and northern 
Santa Cruz Provinces of Argentine Patago-
nia (Fig. 1A; Fitzgerald et al., 1990; Legarreta 
and Uliana, 1994; Sylwan, 2001; Krause et al., 
2017). Structurally, it is divided into eastern and 
western areas by the N-S–trending Miocene 
San Bernardo compressional fold belt (Sylwan, 
2001, and references therein). After deposition 
of fluvial and volcaniclastic sediments of the 
Cretaceous Chubut Group, estuarine deposits 
of the early Paleocene (Danian) Salamanca For-
mation (Fig. 1B) records a regional transgres-
sion (Legarreta and Uliana, 1994; Iglesias et al., 
2007; Raigemborn et  al., 2010; Clyde et  al., 
2014; Comer et al., 2015). These Danian strata 
are capped by estuarine swamp deposits and 
paleosols of the nearly basin-wide marker beds 
of the Banco Negro Inferior. The Banco Negro 
Inferior has been interpreted as either the upper 
part of the Salamanca Formation (Andreis, 1977; 
Clyde et al., 2014; Comer et al., 2015) or part 
of an overlying “Transitional Beds” series (Rai-
gemborn et al., 2010) that grade upward into the 
fully continental, middle Paleocene, Río Chico 
Group (Fig. 1A). Herein, we consider the Banco 
Negro Inferior as part of the “Transitional Beds” 
series between the marine deposition of the 
Salamanca Formation and the fully continental 
deposits of the Río Chico Group (Raigemborn 
et  al., 2010). The “Transitional Beds” appear 
absent along the southeast margin of the SJB, 
where the Río Chico Group is instead under-
lain by the Salamanca Formation (Quattrocchio 
et al., 2024).

The early Paleocene–middle Eocene conti-
nental deposits of the northern Río Chico Group 
consist predominantly of high-energy fluvial 
deposits of the Las Violetas and Peñas Colora-
das formations, transitioning upward into the 
increasingly lacustrine and low-energy deposits 
of the Las Flores and Koluel-Kaike formations 
(Fig. 1B; Krause et al., 2010, 2017; Raigemborn 
et  al., 2010, 2018, 2022; Comer et  al., 2015; 
Raigemborn and Beilinson, 2020). Along the 
northwestern margin of the SJB, the Las Viole-
tas Formation is the basal unit of the Río Chico 
Group (Raigemborn et al., 2010). It is uncon-
formably overlain by the Las Flores Formation, 
the youngest Río Chico Group unit there (Rai-
gemborn et al., 2010; Kohn et al., 2015; Krause 
et al., 2017). South of the northern margin, the 
Las Violetas Formation is replaced by the Peñas 
Coloradas Formation as the basal unit of the Río 
Chico Group (Fig. 1B; Raigemborn et al., 2010). 

Along the southern margin of the basin, the 
basal unit of the Río Chico Group is the newly 
defined Laguna Manantiales Strata, greenish 
siliciclastic deposits rich in plant material and 
palynologically distinct from the underlying Sal-
amanca Formation (Quattrocchio et al., 2024). 
The Laguna Manantiales Strata underlie the Las 
Flores Formation, which is in turn overlaid by 
the volcanoclastic Koluel-Kaike Formation as 
the youngest formation of the Río Chico Group 
(Fig. 1A; Raigemborn et al., 2010; Krause et al., 
2017). The Las Flores and Koluel-Kaike forma-
tions along the western and southern SJB are 
overlain by the middle-late Eocene, pedogeni-
cally modified fluvial and aeolian deposits of the 
lower Sarmiento Formation (Raigemborn et al., 
2010; Dunn et al., 2013; Raigemborn and Bei-
linson, 2020).

The Sarmiento Formation contains mostly 
volcanic material reworked through fluvial and 
aeolian transport, later modified by pedogenic 
processes (Spalletti and Mazzoni, 1979). In the 
area of Las Flores/Gran Barranca (Fig.  1A), 
the Sarmiento Formation is subdivided into 
(in stratigraphic order) the Gran Barranca, El 
Nuevo, Rosado, Puesto Almendra Inferior, Vera, 
Puesto Almendra Superior, and Colhue Huapi 
members, deposited between 42.11 Ma and 
18.5 Ma (Ré et  al., 2010; Dunn et  al., 2013). 
North of the Las Flores/Gran Barranca locali-
ties, the Gran Barranca Member is underlaid by 
the Vaca Member (e.g., Krause et al., 2017) in 
sites not analyzed in this study.

Correlating depositional units in the Paleo-
gene SJB has been historically challenging, yet 
it is essential for reconstructing broad evolution-
ary patterns in South American floras and faunas 
(e.g., Clyde et al., 2014; Krause et al., 2017). 
Efforts to temporally constrain early Paleogene 
deposition in the SJB have included sedimen-
tological, magnetostratigraphic, and geochro-
nological approaches (e.g., Raigemborn et al., 
2010; Dunn et  al., 2013; Clyde et  al., 2014; 
Comer et al., 2015; Krause et al., 2017; Raigem-
born et al., 2022; Fig. 1B).

METHODS

Sedimentary rock samples from the Banco 
Negro Inferior, Transitional Beds, and Río Chico 
Group units (Las Violetas, Peñas Coloradas, Las 
Flores, and Koluel-Kaike formations) were col-
lected, from north to south, in the Estancia Las 
Violetas, Bajo Palangana (in the general area of 
Rocas Coloradas following Raigemborn et al., 
2010), Las Flores, and Laguna Manantiales 
localities (Figs.  1 and 2; Raigemborn et  al., 
2010, 2022). These samples were obtained dur-
ing 2009–2018 field campaigns for phytolith and 
geochronological analyses.

Geochronology

Tuffaceous sandstones were collected for 
U-Pb detrital zircon estimations from the Las 
Flores Formation at the Laguna Manantiales and 
Estancia Las Violetas localities, as well as from 
the base of the Las Violetas Formation at Estan-
cia Las Violetas (Fig.  2). Analyses were con-
ducted using laser ablation–inductively coupled 
plasma–mass spectrometry (LA-ICP-MS) at 
Boise State University, Boise, Idaho, USA, and 
at the Arizona LaserChron Center, University of 
Arizona, Tucson, Arizona, USA, for Estancia 
Las Violetas and Laguna Manantiales samples, 
respectively.

Estancia Las Violetas
Methods for zircon analysis followed standard 

protocols at Boise State University (Macdon-
ald et al., 2018; Trayler et al., 2020). Broadly, 
analysis required separation of zircon, mounting 
select sharply faceted grains in epoxy, polishing 
to zircon interiors, imaging using cathodolumi-
nescence, LA-ICP-MS analysis for U-Th-Pb 
isotopes and trace element compositions, data 
reduction using in-house software, and determi-
nation of weighted mean dates for the young-
est age populations using IsoplotR (Vermeesch, 
2018). Age uncertainties combine both spot-spe-
cific counting statistics (which vary) and calibra-
tion uncertainties of ∼1.2‰. The data file in the 
Supplemental Material1 contains analytical and 
standardization details.

Laguna Manantiales
U-Pb detrital zircon ages for the base of 

the Laguna Manantiales section were deter-
mined using LA-ICP-MS using a NU Plasma 
multicollector ICP-MS and Teledyne Photon 
Machines Analyte G2 ArF excimer (193 nm) 
laser ablation system at Arizona LaserChron 
Center. Instrumental bias, drift, and inter-ele-
ment fractionation corrections were performed 
by standard-sample bracketing, using FC-1 
zircon with a well-established chemical abra-
sion–isotope dilution–thermal ionization mass 
spectrometry (CA-ID-TIMS) 206Pb/238U age of 
1095.97 ± 0.68 Ma (Ibañez-Mejia and Tissot, 
2019) as primary reference material. U-Pb anal-
yses were performed using a laser-beam diame-
ter of 30 µm and simultaneously measuring 238U, 
232Th, 208Pb, 207Pb, and 206Pb in Faraday cups, 
while 204(Pb + Hg) and 202Hg were measured 

1Supplemental Material. The raw phytolith count 
data, expanded methods on phytolith morphotype 
classification and analysis, detailed procedures for 
radiometric dating, and the implementation of the 
age model. Please visit https://doi​.org​/10​.1130​/
GSAB​.S.XXXX to access the supplemental material; 
contact editing@geosociety​.org with any questions.
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using discrete-dynode secondary ion multipliers. 
Data collection and processing follow the meth-
ods of Sundell et al. (2021). Zircon crystals from 
Fish Canyon Tuff (ca. 28.5–28.2 Ma; Wotzlaw 
et  al., 2013), R33 (419.26 ± 0.38 Ma; Black 
et  al., 2004), and SL-F (555.86 ± 0.68 Ma; 
Wang et al., 2023) were analyzed as secondary 
reference materials and treated as unknowns, 
to evaluate session accuracy. Calculated mean 
ages for these secondary reference materials 
are 28.08 ± 0.43 Ma (2σ, n = 5, mean square 
of weighted deviates [MSWD] = 2.3) for Fish 
Canyon, 421.9 ± 4.8 Ma (2σ, n = 5, MSWD = 
0.21) for R33, and 556.0 ± 5.3 Ma (2σ, n = 15, 
MSWD = 0.16), which are within uncertainty of 
their respective reference values.

Age Model

To place new samples in a temporal frame-
work, we generated age-depth models for each 
stratigraphic section using ModifiedBChron, a 
Bayesian age-depth model modified to allow the 
use of deep-time geochronologic data, includ-
ing 40Ar/39Ar and U-Pb (Haslett and Parnell, 
2008; Trayler et al., 2020). In our implementa-
tion, prior distributions were assigned based on 
the type and associated uncertainty of each age 
constraint: absolute dates were modeled using 
normally distributed priors, while magnetostrati-
graphic constraints were assigned uniformly 
distributed priors with uncertainties equal to 
half the duration of the chron (see the Supple-

mental Material for section-specific constraints 
and results). The model interpolates between the 
known age constraints to estimate ages continu-
ously along each section. We combined previ-
ously published age constraints for each section 
(Dunn et al., 2013; Clyde et al., 2014; Krause 
et al., 2017) with the new ages presented here. 
The existing age model from Strömberg et al. 
(2013) was used for the Sarmiento Formation.

Phytolith Analysis

Sedimentary rock samples were processed 
for phytoliths using modified standard methods, 
comprising chemical and mechanical steps to 
isolate biosilica particles (see Strömberg et al., 

Figure 2. Distribution of phytolith and geochronology samples across our studied localities. 1—Laguna Manantiales; 2—Las Flores; 3—
Rocas Coloradas; 4—Las Violetas. Modified after Raigemborn and Beilinson (2020), with age constraints compiled from Dunn et al. (2013), 
Clyde et al. (2014), and Krause et al. (2017). See the Supplemental Material for reference numbers and sample-specific results (see text 
footnote 1). CF—Chenque Formation; KKF—Koluel-Kaike Formation; PCF—Peñas Coloradas Formation; S & SMF—Sarmiento Forma-
tion; TB—Transitional Beds; V—volcanics; M, C, S—mudstones, conglomerate, sandstone.
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2013, 2018). Approximately 1 g of sediment 
per sample was homogenized using a mortar 
and pestle, after which carbonates and organic 
matter were removed using hydrochloric acid 
and Schultze’s solution, respectively. Particles 
>250 μm in diameter were removed via siev-
ing. Clays were removed via repeated washing, 
sieving, centrifuging, and decanting, and bio-
silica particles were isolated from the remain-
ing sediment by heavy liquid (a zinc bromide 
solution with specific gravity 2.38) flotation. 
Extracted biosilica samples are housed in the 
Burke Museum of Natural History and Culture, 
University of Washington, Seattle, Washington, 
USA (UWBM); duplicate slides are reposited 
in the Argentinian Museo Regional Provincial 
Padre Jesus Molina (Rio Gallegos, Santa Cruz 
Province) and Universidad Nacional de La Pata-
gonia San Juan Bosco (Comodoro Rivadavia, 
Chubut Province; Tables S2 and S3). Extracted 
particles were fixed on microscopy slides using 
Meltmount, scanned, and counted at 1000× 
magnification under a compound microscope. 
The abundance and preservation of phytoliths 
within each sample were assessed following 
Strömberg et al. (2018; Table S1). Poorly pre-
served samples with significant breakage, inter-
nal structure alteration, or dissolution of phy-
toliths were excluded from analysis but were 
described qualitatively (Fig. S4).

At least 200 diagnostic phytoliths per sam-
ple were tallied (Strömberg, 2009). Phytolith 
morphotype classification followed Strömberg 
(2003) and Strömberg et  al. (2013), group-
ing morphotypes into broad plant functional 
groups. Major plant functional groups relevant 
to this study include the following. (1) Conifers, 
Woody and Herbaceous Dicotyledonous angio-
sperms, Fern, Cycad, and Ginkgo. These groups 
are collectively referred to as forest indicators 
(FI) based on their broad ecological preferences 
(Strömberg et al., 2018). (2) Grasses (Poaceae 
family) of open and closed habitats (represented 
by grass silica short cell phytoliths [GSSCPs]). 
(3) Palms. (4) Zingiberales (ginger relatives) and 
(5) Aquatic Plants. Classifications are based on 
the UWBM phytolith reference collection and 
phytolith reference literature (e.g., Strömberg, 
2003; Piperno, 2006). Morphotypes not defined 
in Strömberg (2003) were described following 
the International Code for Phytolith Nomen-
clature (ICPN) 2.0 (Neumann et al., 2019; see 
the Supplemental Material). Non-diagnostic 
morphotypes are also identified but not used for 
interpretation. These morphotypes either appear 
in a broad range of taxa or their production is not 
proportional to the contributed biomass (Ström-
berg et al., 2018).

In addition to the plant functional groups, 
we analyzed changes within trees and shrubs, 

excluding palms within the FI group. We com-
pared our results with those of Strömberg et al. 
(2013), given that they were obtained using the 
same extraction, counting, and morphotyping 
methods. To ensure a consistent comparison, 
accounting for potential variability in morphot-
ype assignment between investigators, we took a 
conservative approach, simplifying morphotype 
counts by using broader categories encompass-
ing similar shapes (e.g., spherical and subspheri-
cal bodies; Table S5). Although these groups do 
not correspond directly to specific taxa, their 
abundance variation in phytolith assemblages 
should signal shifts in plant community compo-
sition (e.g., Zucol et al., 2010). We applied the 
subsequent analyses to the simplified morphot-
ype count matrices (Table S11).

The relative abundances of plant functional 
groups within diagnostic counts were cal-
culated, and 95% confidence intervals were 
estimated using bootstrapping (n = 10,000; 
Strömberg, 2009). In each studied locality, we 
applied locally estimated scatterplot smoothing 
(Cleveland and Devlin, 1988) to test for tempo-
ral trends in mean abundances of major plant 
functional groups (see the Supplemental Mate-
rial for method description and considerations). 
Principal components analysis and hierarchical 
cluster analysis were used to investigate pos-
sible composition-driven groupings within 
major functional groups across space and time. 
We excluded morphotypes counted <10 times 
across all studied samples and normalized the 
resulting matrix using a logarithmic transfor-
mation to reduce the effect of count variability. 
Samples and associated compound variables 
(formation, age, study site) were clustered using 
a pairwise Euclidean distance matrix and linked 
through Ward’s method. In addition, we tested 
for temporal variation in canopy structure using 
reconstructed Leaf Area Index, a method based 
on epidermal phytolith morphology (Dunn et al., 
2015). All analyses were conducted in R v.4.4.0 
(see the Supplemental Material).

RESULTS

New U-Pb Ages

Estancia Las Violetas
Twenty-five spot analyses for sample LV-14-

12-09 include two inherited Mesozoic grains, 
then a temporally coherent distribution with 
apparent ages of ca. 60 Ma (Fig.  3A). Omit-
ting one young statistical outlier, 22 analyses 
define an age of 60.01 ± 0.58 Ma (internal 2σ 
errors only; total error is ± 0.86 Ma, 2σ), with 
a probability of fit of 0.072. Fifty spot analyses 
for sample LV-6 include three inherited grains 
with Paleozoic and Mesozoic ages, then a broad 

distribution with apparent ages ranging from ca. 
60 Ma to ca. 50 Ma (Fig. 3B). The youngest, sta-
tistically coherent population of ages includes 34 
grains with an average age of 50.93 ± 0.40 Ma 
(internal 2σ errors only; total error is ± 0.77 Ma, 
2σ), with a probability of fit of 0.074. We 
interpret the ages of 60.01 ± 0.86 Ma and 
50.93 ± 0.77 Ma to represent the timing of 
deposition for these strata.

Laguna Manantiales
The volcaniclastic horizon from the base of the 

Laguna Manantiales section yielded a complex 
age spectrum, with individual zircon dates rang-
ing from ca. 1050 Ma to 53 Ma (Fig. 3C), consis-
tent with sedimentary reworking. To obtain the 
most likely maximum depositional age for this 
horizon, 300 zircon crystals were analyzed. Thir-
teen of the analyzed zircons yielded Cenozoic 
ages, and the youngest five grains define a coher-
ent cluster with a weighted mean 206Pb/238U age 
of 53.57 ± 0.59 Ma (2σ; analytical uncertainty 
only). Including propagation of within-session 
random and systematic uncertainties yields a 
final 206Pb/238U age of 53.57 ± 0.75 Ma (2σ, 
n = 5, MSWD = 0.89), which includes analyti-
cal uncertainty, uncertainty on the ID-TIMS date 
of the primary reference material, normalization 
uncertainty for sample-standard bracketing, non-
radiogenic Pb correction of uncertainty, and 238U 
decay constant uncertainty.

Phytolith Preservation and Assemblages

Phytolith preservation and recovery are 
uneven across the sampled localities and appear 
to be positively correlated with ash and silt 
content of the sediment (see the Supplemental 
Material). Claystones and fine to coarse-grained 
sandstones produced the least consistent recov-
ery and worst preserved phytoliths, in line with 
published observations (e.g., Zucol et al., 2010; 
Strömberg et al., 2018). Paleosol development 
(Raigemborn et  al., 2018, 2022; Raigemborn 
and Beilinson, 2020) does not correlate with 
preservation quality, but beds with carbonaceous 
material, such as the Transitional Beds (Raigem-
born et al., 2010), yielded most of the poorly pre-
served samples. Non-phytolith biosilica (fresh-
water sponge spicules and occasional diatom 
fragments) are sparse to moderately abundant 
in individual samples and occur in 53% and 
69% of the samples, respectively. They appear 
in fine-grained beds interbedded with coarser-
grained and often cross-bedded channel depos-
its. Chrysophyte cysts are present in ∼24% of 
samples but are rare overall.

Phytolith assemblages are overwhelmingly 
dominated by Palm and FI morphotypes. In 
general, palm-associated morphotypes inversely 
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correlate with non-diagnostic forms, indicating 
that non-diagnostic forms were primarily pro-
duced by FI taxa. Palm-derived Spheroid echi-
nate (morphotype Clm-2 in Strömberg, 2003; 

Fig. 4A) is the single most common morphot-
ype observed in all our samples, representing 
up to 56% of the total count in palm-dominated 
assemblages. Aquatic Plants and Zingiberales 

are rare, representing <2% in four and one 
sample, respectively. GSSCPs constitute <1% 
of total counts in five samples, with a maximum 
of only ∼7% in two samples in the Las Flores 

A B

C D

E

Figure 3. Zircon U-Pb geochronology for Estancia Las Violetas (A, B) and Laguna Manantiales (C–E). (A) Ranked age plot of laser abla-
tion–inductively coupled plasma–mass spectrometry (LA-ICP-MS) U-Pb dates from sample LV-14-12-09. Green bars are included in the 
weighted mean age; blue bars are statistical outliers and were not included in the mean age. (B) Ranked age plot of LA-ICP-MS U-Pb dates 
from sample LV6-base. Green bars are included in weighted mean age; white bars were manually removed from weighted mean age; blue 
bar is a statistical outlier and was not included in the mean age. (C, D) U-Pb concordia diagrams from chemical abrasion–isotope dilution–
thermal ionization mass spectrometry (CA-ID-TIMS) analytical results for the tuffs analyzed in sample ARG14-72. (E) Ranked age plot of 
LA-ICP-MS U-Pb dates from sample ARG14-72. Green bars are included in the weighted mean age. MSWD—mean square of weighted 
deviates.
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Figure 4. (A–N) Selected phytolith morphotypes in phytolith assemblages of the Paleocene–Eocene San Jorge Basin. International Code for 
Phytolith Nomenclature (ICPN) 2.0 (Neumann et al., 2019) name (when applicable) in parenthesis. (A) Cl−3. (B) Clm-2 (Spheroid echi-
nate). (C) Tra-F2, vessel element phytolith. (D) Bi-7 (Bilobate) grass silica short cell phytolith (GSSCP). (E) CO-1A (Rondel) GSSCP. 
(F) CE-1 (Crenate) GSSCP. (G) Epi-1 polygonal epidermal phytolith. (H) Elo-1 (Elongate entire) epidermal phytolith. (I) Scl-7A, scler-
eid phytolith. (J) Epi-2, anticlinal epidermal phytolith. (K) Blo-F2, blocky phytolith. (L) Blo-11 blocky phytolith. (M) Tra-2 (Tracheary 
annulate). (N) SclF-1, sclereid phytolith. Phytoliths A, C, G, and I–N are forest indicators; H is a common but non-diagnostic phytolith;  
B is a palm indicator; D–F are GSSCPs (see text), associated with open-habitat grasses. Scale bar = 10 microns. (O) Temporal trends in the 
relative abundance of forest indicators within diagnostic counts, combining the results from this study and Strömberg et al. (2013). Ages of 
stratigraphic units in the Sarmiento Formation from Dunn et al. (2013); samples of Laguna Manantiales, Rocas Coloradas, Estancia Las 
Violetas, and Las Flores localities placed in a temporal framework using ModifiedBChron (see text for details; Trayler et al., 2020). Global 
δ18O curve and warming events from Zachos et al. (2001). KK—Koluel-Kaike Formation; LF—Las Flores Formation; PC—Peñas Colo-
radas Formation; TB—Transitional Beds; mbr suffix—member of the Sarmiento Formation; GBmbr—Gran Barranca; Rmbr—Rosado; 
PAImbr—Puesto Almendra Inferior; Vmbr—Vera; PASmbr—Puesto Almendra Superior; CHmbr—Colhue Huapi; PETM—Paleocene 
Eocene Thermal Maximum; EECO—Early Eocene Climatic Optimum; EOT—Eocene Oligocene Transition; LOWE—Late Oligocene 
Warming Event. Eocene–Miocene Patagonian vegetation trends from Barreda and Palazzesi (2007).
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Formation in Laguna Manantiales; non-diagnos-
tic grass phytoliths (e.g., epidermal phytoliths) 
are also rare (Table S7). In samples where GSS-

CPs represent <1% of counts, morphotypes are 
either bilobates (Fig. 4D) typical of members of 
the PACMAD clade (Poaceae subfamilies Pani-

coideae, Aristidoideae, Chloridoideae, Micrai-
roideae, Arundinoideae, and Danthonioideae; 
Soreng et al., 2022), or conical rondels (Fig. 4E) 
often associated with the BOP clade (Bambu-
soideae, Oryzoideae, and Pooideae; Soreng 
et  al., 2022; Fig.  4). GSSCP morphotypes in 
Laguna Manantiales are strongly associated with 
grasses within the BOP clade (e.g., Strömberg 
et al., 2013; Peppe et al., 2023), specifically the 
Pooideae.

Principal Components Analysis Results

Principal components analysis shows that 
the overall compositions of FI morphotype 
assemblages strongly overlap across forma-
tions within the Río Chico Group. However, 
the degree of compositional heterogene-
ity varies through depositional environment, 
space, and time (Fig. 5A). Assemblages from 
estuarine swamp deposits and paleosols of the 
Banco Negro Inferior marker bed are the most 
homogeneous, followed by the rest of the Tran-
sitional Beds. All units of Río Chico Group 
overlap significantly, with assemblages from 
the Las Flores Formation being the most het-
erogeneous (Fig. 5A). Fluvial deposits of the 
Las Flores and Koluel-Kaike formations are the 
most widely distributed across our study area 
and show significant overlap both in terms of FI 
composition across localities and across 5 Ma 
time bins (Fig. 5B). Nonetheless, there is more 
overlap across studied localities than age bins, 
independently of the overall percentage of FI in 
the samples (Fig. 5B).

The overlying Sarmiento Formation FIs are 
significantly more heterogeneous and show 
more internal temporal variability than the 
underlying formations combined (Fig.  5A). 
The basal Gran Barranca member is most 
compositionally diverse. All members of the 
Sarmiento Formation except the Vera Member 
overlap with the Río Chico Group (Fig. 5A). 
The Vera Member spans the Eocene–Oligocene 

A

B

Figure 5. The composition of forest indica-
tor phytoliths through time and space in 
the San Jorge Basin, as visualized through 
principal component analysis (PCA). (A) 
PCA of new Paleocene–Eocene assemblages 
only (left) and new data plus the seven mem-
bers of the Sarmiento Formation (right). (B) 
Comparison of spatial and temporal pat-
terns across the Koluel-Kaike (top row) and 
Las Flores (bottom row) formations. Left 
panel for each represents PCA of individual 
samples grouped by 5 Ma time bin, while 
right panel shows PCA groupings by study 
locality.
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Transition (EOT) and forms the most distinct 
and internally homogeneous unit (Fig.  5A). 
Palms overwhelmingly dominate the Vera 
Member, while higher proportions of both FI 
and grasses characterize both the stratigraphi-
cally lower and higher Puesto Almendra Infe-
rior and Puesto Almendra Superior. The Puesto 
Almendra Superior first shows a transition to 
moderately abundant grass communities (up 
to 25% of diagnostic morphotypes; Strömberg 
et al., 2013), dominated by pooid open habitat 
grasses in the early Miocene.

Cluster Analysis

The hierarchical cluster analysis on FI com-
position across all samples shows that time 
interval, rather than locality, primarily dictates 
clustering (Fig.  6). Sample-based (Q-mode) 
hierarchical cluster analysis identifies three 
main clusters based on the dominant 5 Ma age 
bins of the samples. Grouped by epoch, these are 
Paleocene–early Eocene (i.e., Transitional Beds, 
Peñas Coloradas, Las Violetas, and the base of 
Las Flores formations), middle–late Eocene 
(Las Flores, Koluel-Kaike, and Sarmiento for-
mations), and Eocene–Oligocene transition 
(Sarmiento Formation; Fig. 6A). Variable-based 
(R-Mode) hierarchical cluster analysis of rela-
tionships among 5 Ma age groups further sup-

ports this pattern, forming distinct Paleocene–
early Eocene, and Eocene–Oligocene transition 
clusters (Fig. 6B). Notably, samples from the 
EOT and adjacent time bins form a strikingly 
homogeneous cluster in both Q- and R-modes 
(Fig. 6). In contrast, the remaining two clusters 
in Q-mode analysis are more heterogeneous. 
R-mode analysis shows that middle Eocene 
assemblages are most like those of the early–
middle Miocene, followed by Paleocene–early 
Eocene assemblages (Fig. 6B).

Compositionally, palm phytoliths dominate 
the EOT and adjacent assemblages (40–30 Ma) 
of the Puesto Almendra Inferior and Superior 
members (Figs. 6A and 6B), while FIs domi-
nate the remaining clusters. FI composition also 
appears to be largely driven by time rather than 
space. For example, FI assemblages in Las Flores 
and Laguna Manantiales, which are separated 
by >200 km, both capture the early to middle 
Eocene Las Flores and Koluel-Kaike formations. 
The overall FI composition of these localities is 
more similar to each other than to localities that 
are geographically closer (Fig. 6C).

Reconstructed Leaf Area Index

Reconstructed Leaf Area Index values for 13 
samples distributed across the Laguna Manantia-
les, Rocas Coloradas, and Estancia Las Violetas 

sites show no discernible trend across space and 
time. Values ranged from 0.44 to 2.07, corre-
sponding to desert/shrublands and wet decidu-
ous forests, respectively. Our interpretations did 
not include these results (see the Supplemental 
Material for discussion).

DISCUSSION

Improved Geochronological Framework

Our results refine the only existing age con-
straint for the base of the Las Violetas Forma-
tion and provide new geochronological data for 
the Las Flores Formation at both the northern 
(i.e., the Estancia Las Violetas locality) and 
southern (i.e., the Laguna Manantiales local-
ity) margins of the San Jorge Basin (SJB). In 
the Cañadón Hondo locality (∼50 km west of 
the Estancia Las Violetas), Andreis (1977) pro-
duced a radiometric age of 61 ± 5 Ma for the 
transitional levels (then considered the top of 
the Salamanca Formation) separating the Sala-
manca and Las Violetas formations. To date, 
this had been the only constraint on the age 
of the Las Violetas Formation. Our new date 
places the base of Las Violetas Formation at 
60.01 ± 0.58 Ma, providing significantly lower 
uncertainty, and a better-constrained age model 
for the sequence outcropping at the Estancia Las 
Violetas locality. Basin-wide, the base of the 
Las Flores Formation has been inferred to be at 
least ca. 56 Ma, based on an erosional uncon-
formity with the underlying Las Violetas and 
Peñas Coloradas formations linked to a global 
sea-level fall (Krause et al., 2017). This interpre-
tation is consistent with our age estimate for the 
lower Las Flores Formation along the southern 
SJB (Laguna Manantiales; 53.57 ± 0.59 Ma); 
however, our results from the northern margin 
(i.e., Estancia Las Violetas) place the base of 
the Las Flores Formation at 50.93 ± 0.40 Ma. 
This result, coupled with differences in thick-
ness, sedimentary facies, and paleosol types of 
this unit across various locations in the SJB, 
could suggest diachronous deposition of the 
Las Flores Formation between the northern and 
southern SJB, or that the base of the Las Flores 
Formation is not preserved along the northern 
margin of the basin. Without additional age 
constraints for the top of Las Violetas or Peñas 
Coloradas formations, it is not possible to rule 
out either possibility.

Our new geochronological results provide the 
first two absolute age constraints the base of the 
Las Flores Formation, as well as the first revised 
age estimate for the base of Las Violetas Forma-
tion in Estancia Las Violetas (Fig. 1B). The base 
of the Las Flores Formation at both Estancia 
Las Violetas and Laguna Manantiales localities 

A
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Figure 6. The composition of forest indicator phytoliths through time and space in the 
San Jorge Basin, as visualized through a two-way hierarchical cluster analysis (HCA). (A) 
Sample HCA, highlighting three clusters characterized by the most common 5 Ma age bins 
and their geological ages. (B) Age bins clustered by composition. (C) Localities clustered by 
composition.
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appears to be younger than previously inferred 
(ca. 56 Ma), suggesting that sedimentation was 
delayed due to global sea-level fall, it remains 
unclear if it was diachronous across the SJB. 
Further work is needed to clarify this. The age 
of the lower Las Flores Formation in Laguna 
Manantiales indicates that the Early Eocene Cli-
matic Optimum (EECO) is captured at least in 
this section, in agreement with interpretations 
based on the paleosol type and the degree of 
paleosol development (i.e., Ultisol- and Plin-
thitic Ultisol–like paleosols; Raigemborn et al., 
2022). The base of the Las Violetas Formation 
is older than previously estimated, shifting from 
the late to the middle Paleocene. Although it is 
unclear whether the EECO could be preserved 
in Estancia Las Violetas given the erosional 
unconformity at the base of the Las Flores For-
mation, it is possible that it is preserved near 
the upper exposure of the Las Violetas Forma-
tion, where strongly developed paleosols (i.e., 
Alfisol-like paleosols) are present (Raigemborn 
et al., 2022).

No Early Cenozoic Grasslands in Southern 
South America

The scarcity of grass phytoliths in our biosil-
ica assemblages stands against models suggest-
ing early Eocene savannas in southern South 
America (e.g., Ziegler et  al., 2003). Instead, 
our results align with previous interpretations 
of grasses as rare understory components in 
Paleocene–middle to late Eocene assemblages 
(e.g., Raigemborn et al., 2009). Some previous 
studies in the SJB proposed the rise of (sub)
tropical C4 grasslands in Argentine Patagonia 
by 40 Ma based on PACMAD-associated GSS-
CPs in middle Eocene phytolith assemblages 
of the Koluel-Kaike and Sarmiento formations 
(Zucol et al., 2010, 2018; Bellosi et al., 2021) as 
well as sedimentology, paleopedology, and the 
fossil record of dung beetle brood balls (Sán-
chez et  al., 2010; Bellosi and Krause, 2014; 
Bellosi et al., 2021). If this scenario were accu-
rate, we would expect to find PACMAD-associ-
ated morphotypes in high abundances (∼>35% 
and typically >50%) in our middle Eocene 
phytolith assemblages (e.g., Strömberg et al., 
2013; Peppe et al., 2023). In contrast, only a 
small subset of our Paleocene to middle Eocene 
assemblages contains identifiable grasses, and 
even when present, GSSCPs constitute a small 
fraction of diagnostic morphotypes (<10%). 
These results are consistent with other meth-
odologically similar phytolith studies in the 
Sarmiento Formation (e.g., Strömberg et  al., 
2013; Dunn et  al., 2015), as well as palyno-
logical and macrofossil studies from Patagonia 
(Barreda and Palazzesi, 2007; Palazzesi and 

Barreda, 2012). Grasses were rare until the 
middle-late Eocene (Fig. 5B) and were unlikely 
to have been dominant components of the land-
scape during this time.

Several factors may explain the discrepancy 
between our findings and earlier phytolith-
based reconstructions that suggest the Eocene 
emergence of grasslands. First, the phytolith 
extraction protocol and morphotype counting 
in earlier studies differ from those applied in 
this study. Previous analyses separated phy-
toliths by size fraction (5–53 μm and 53–250 
μm), counted each fraction independently, and 
later combined datasets to make interpretations 
(Zucol et al., 2010, 2018; Bellosi et al., 2021). 
This method, paired with extractions from indi-
vidual plant species, is commonly applied in 
Quaternary phytolith studies to identify plant 
groups that may be over- or underrepresented 
in the assemblage (Piperno, 2006; Iriarte and 
Paz, 2009; Dickau et  al., 2013; Piperno and 
McMichael, 2020). While this method is effec-
tive for modern calibration studies, we argue 
against applying it to fossil assemblages as it 
may skew the interpretation of assemblage 
composition by overrepresenting phytoliths 
within either size class (by ignoring the relative 
abundance of size fractions in the assemblages 
overall) while providing little insight into the 
taxonomic composition of the flora from which 
it originates (Strömberg et al., 2018; Crifò and 
Strömberg, 2021).

Secondly, the morphotypes included in over-
all vegetation analysis differ between our study 
and previous interpretations. Zucol et al. (2010) 
and Bellosi et  al. (2021) assessed grass bio-
mass based not only on GSSCPs, but also on 
other morphotypes, including elongates (e.g., 
Fig.  4H), Acute bulbosus, and Bulliform 
flabelate to assess grass biomass, thereby 
augmenting the representation of grasses. In 
contrast, we do not include these non-GSSCP 
morphotypes in our vegetation analyses, because 
many of these forms can be produced by diverse 
other plant taxa, including palms or other mono-
cots (e.g., Piperno, 2006; Neumann et al., 2019). 
In addition, their production has been linked to 
factors such as evapotranspiration rates, rather 
than biomass, although the relationship has 
proven complex (Piperno, 1993; Bremond et al., 
2005, 2008; Madella et al., 2009; Jenkins et al., 
2020; D’Agostini et al., 2025).

We believe these key differences in labora-
tory and counting approaches overrepresent 
grass abundances in previous studies, which, 
combined with abundant palm phytoliths, led 
Bellosi et  al. (2021) to interpret late Eocene 
vegetation in the Gran Barranca Member of the 
Sarmiento Formation as palm savannas analo-
gous to modern-day palm and grass-dominated 

Chaco District vegetation in eastern Argentina 
(Cabrera, 1971), and savannas emerging in the 
late Eocene Puesto Almendra Inferior member. 
The scarcity of GSSCPs in the assemblages do 
not agree with this interpretation and are bet-
ter aligned with other regional paleobotanical 
records (e.g., Barreda and Palazzesi, 2007; Pala-
zzesi and Barreda, 2012).

The presence of dung beetle brood balls in the 
middle to late Eocene deposits of the Koluel-
Kaike Formation and Gran Barranca Member of 
the Sarmiento Formation has also been seen as 
evidence for grassland environments, primarily 
due to the presence of GSSCPs in their phytolith 
content and modern dung beetle habitat prefer-
ences (Bellosi et  al., 2021). However, GSS-
CPs are uncommon in phytolith assemblages 
extracted from these brood balls (Sánchez 
et al., 2010), indicating that grasses were rare 
in the diets of the dung producers and the habi-
tat in which they were deposited (Strömberg, 
2011); further, under the morphotype classifi-
cation system used in this study, GSSCPs from 
dung beetle balls correspond to pooid grasses, 
not PACMADs, consistent with our results 
(Figs. 4D–4F; see also discussion in Strömberg 
et  al., 2013). While dung beetle assemblages 
are more abundant and species-rich in African 
savannas than in forests (Kunz and Krell, 2011), 
the opposite pattern is observed today in the 
Neotropics, where forests support greater dung 
beetle richness and abundance than savannas 
(Estrada and Coates-Estrada, 2002; Vulinec, 
2002; Kunz and Krell, 2011). This contrast 
has been proposed as the legacy of Pleistocene 
megafaunal extinctions in the Americas, which 
impacted open habitats more severely than 
closed ones (Halffter, 1991; Galetti et al., 2018), 
but, to our knowledge, this hypothesis has yet to 
be formally tested.

Early Eocene Forest Expansion

Our new spatially and temporally resolved 
record of vegetation change over the first 20 
million years of the Cenozoic, coupled with the 
assemblage data of Strömberg et al. (2013), doc-
uments major temporal changes in vegetation 
composition, diversity, and structure through the 
first ∼45 million years of the Cenozoic. Palm 
phytoliths dominate early Paleocene Banco 
Negro Inferior phytolith assemblages, consis-
tent with abundant palm pollen across northern 
and central Patagonia and warm, wet conditions 
that stabilized mangrove communities in coastal 
plain swamps (Feruglio, 1949; Barreda and Pala-
zzesi, 2007; Comer et al., 2015). Palm content 
decreased during a sedimentological transition 
to fully fluvial environments in the Río Chico 
Group through the Transitional Beds (Fig. 4). In 
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the early Eocene, woody dicots and other FIs had 
become abundant (>50% of diagnostic counts) 
relative to palms in most assemblages across the 
SJB (Fig. 4). The most compositionally hetero-
geneous assemblages of the Río Chico Group 
appear leading up to the EECO in the Las Flores 
Formation, coeval with the highest estimated 
floral diversity in Cenozoic Patagonia (Wood-
burne et al., 2014). Palynofloras and macrofossil 
floras across Patagonia similarly indicate highly 
diverse megathermal humid forests of mixed 
Neotropical and Gondwanan composition (Wilf 
et al., 2005; Barreda and Palazzesi, 2007; Igle-
sias et al., 2007; Palazzesi and Barreda, 2007; 
Raigemborn et al., 2009).

The significant expansion of tropical biomes 
reflected in the early Eocene Las Flores Forma-
tion is associated with peak diversity of euthe-
rian (placental) and metatherian (marsupial 
and relatives) mammals (Goin et  al., 2016; 
Goin and Martin, 2022). The earliest records of 
xenarthrans (armadillo, anteater, and tree sloth 
relatives) in Patagonia are from the Las Flores 
Formation and occur concurrently with an explo-
sive radiation of South American native ungu-
lates (e.g., Notoungulata) as recorded in various 
localities and facies of the Las Flores Formation, 
including the Las Flores and Estancia Las Viole-
tas localities (López et al., 2020).

The warmest period of the Eocene, the EECO, 
lacks well-preserved phytoliths. Abundant 
organic matter may have suppressed phytolith 
preservation during an interval of increased pro-
ductivity and low sedimentation rates, as evi-
denced by paleosols (e.g., Ultisol- and Plinthitic 
Ultisol–like paleosols) in the Laguna Manantia-
les section (Bennett and Siegel, 1987; Strömberg 
et al., 2018; Raigemborn et al., 2022). The sam-
pled beds represent B or C soil horizons, which 
tend to have lower concentration of phytoliths, 
and thus recovery would be lacking; however, 
previous work has found that these deeper soil 
horizons often have phytoliths of comparable 
preservation, even if not as abundant (Miller 
et al., 2012; Strömberg et al., 2018). Thus, the 
sampling strategy is unlikely to be the reason for 
poor recovery in this interval.

By the early–middle Eocene following the 
EECO, proportions of FIs decreased across 
the studied sections, falling to <25% in the 
Laguna Manantiales and Estancia Las Violetas 
localities. This decrease in FIs correlates with 
decreasing global temperatures (Fig. 4O) and a 
decrease in thermophilic taxa in coeval paleobo-
tanical records in Patagonia (Barreda and Pala-
zzesi, 2007; Rossetto-Harris and Wilf, 2024). FI 
composition heterogeneity also declined (albeit 
based on a limited sample size) between the Las 
Flores and Koluel-Kaike formations (Fig.  4), 
suggesting an increasingly homogeneous veg-

etation in the SJB. This potential decline in 
diversity could signal, as suggested in previ-
ous studies, an increasingly endemic southern 
South American vegetation as the opening of 
the Drake Passage severed biogeographic con-
nections between South America and Australasia 
via Antarctica (Gandolfo et al., 2011; Carvalho 
et al., 2013; Wilf et al., 2013; Kooyman et al., 
2014; Reguero et  al., 2014; Rossetto-Harris 
et al., 2020; Gao et al., 2025), and Neotropical 
taxa abundance started to decline in southern 
South America (Barreda and Palazzesi, 2007; 
Jaramillo and Cárdenas, 2013).

In the Koluel-Kaike Formation, in contrast to 
the decrease in FIs at Laguna Manantiales dur-
ing the middle Eocene, FIs became increasingly 
abundant at the Las Flores locality (Fig. 4O). 
It is possible that facies and environmental dif-
ferences drove this disparate trend. However, 
given the apparent compositional homogene-
ity of FI assemblages across space and time 
in the Koluel-Kaike Formation (Fig.  5B), we 
favor an alternative explanation whereby the 
disparity is instead a result of inaccurate age 
model predictions for samples near the top of 
the Laguna Manantiales section, where fewer 
age constraints are available relative to the Las 
Flores locality. This hypothesis is supported by 
paleopedological studies, which infer consistent 
mean annual temperature and mean annual pre-
cipitation for the Koluel-Kaike Formation in the 
areas of the Las Flores and Laguna Manantia-
les localities (Krause et al., 2010; Raigemborn 
et al., 2018, 2022); thus, the top of the Laguna 
Manantiales section may be older than 45 Ma 
(Raigemborn et al., 2022). Further dating efforts, 
particularly in Laguna Manantiales, are needed 
to fully evaluate the influence of the age model 
on our results.

Rise of Open Habitats, Then Return of 
Forests

Our reanalysis of Sarmiento Formation phyto-
lith records in the Las Flores and Gran Barranca 
localities sheds new light on ensuing middle 
Eocene–early Miocene vegetation changes in 
the SJB. This section hosts a rich record of phy-
toliths, reconstructed Leaf Area Index, stable 
isotopes, faunas, and sedimentology (Bellosi, 
2010; Bellosi et al., 2010; Carlini et al., 2010; 
Dunn et al., 2013; Strömberg et al., 2013; Dunn 
et al., 2015; Kohn et al., 2015), which have been 
interpreted to show a shift toward increasingly 
open, arid habitats in the form of dry-adapted 
shrublands where presumably low-growing 
palms played a dominant role (Dunn et al., 2015; 
Kohn et al., 2015).

Palms gradually increased in abundance 
between ca. 37.5 Ma and ca. 35 Ma, reaching 

a maximum across the EOT (Strömberg et al., 
2013; Kohn et al., 2015). This shift was poten-
tially linked to an increase in the intensity and 
frequency of wildfires (Fig.  4O, Strömberg 
et al., 2013; Selkin et al., 2015). Nonetheless, 
FI compositions remained relatively homoge-
neous from the latest Eocene to the early Oli-
gocene. Pollen and macrofloral records, which 
are biased toward woody dicots and conifers, 
show a gradual change in plant community 
composition toward an increasingly cold and 
arid-adapted vegetation during this time and the 
expansion of Nothofagus (southern Beech) for-
ests, but no abrupt shifts across the EOT bound-
ary (Barreda and Palazzesi, 2007; Quattrocchio 
et al., 2013).

Because macrofloras, palynofloras, and phy-
tolith assemblages are preserved in different 
contexts and capture different spatial resolu-
tions (e.g., Strömberg et al., 2018), we propose 
that the seemingly contrasting vegetation trends 
inferred from these complementary sources 
of paleobotanical data might signal landscape 
heterogeneity. That is, whereas certain areas—
perhaps uplands or coastal areas—remained 
forested, open, woody vegetation expanded in 
the lowlands, increasingly so toward the end of 
the Eocene and into the Oligocene, even as the 
composition of the woody components appeared 
not to have changed significantly as seen in the 
phytolith record analyzed herein. The absence 
of substantial vegetation change across the EOT 
aligns with δ18O records that suggest that unlike 
in the Northern Hemisphere (Zanazzi et  al., 
2007; Hren et al., 2013), no significant cooling 
occurred in Patagonia at this transition (Kohn 
et al., 2015). Note, however, that the temperature 
history across the EOT is controversial, as at least 
one clumped isotope record from the Southern 
Ocean shows no resolvable temperature decrease 
(0.4 ± 1.1 °C; Petersen and Schrag, 2015), while 
a hydrogen isotope record from Gran Barranca 
suggests a decrease of 5 ± 1 °C (Colwyn and 
Hren, 2019).

Against this background of potentially 
merely gradual alterations in regional tem-
peratures and increasing aridification, faunal 
records show that South American mammal 
communities experienced significant taxo-
nomic and ecological changes after the early 
Eocene, including marked shifts across the 
EOT. Metatherian diversity decreased dra-
matically between the Eocene and Oligocene, 
and surviving lineages experienced significant 
ecological turnover, by which fruit-eating taxa 
declined and, concurrently, grain and seed-eat-
ing taxa increased (Goin et al., 2016). Starting 
in the middle Eocene, South American native 
ungulates evolved high-crowned (hypsodont) 
or ever-growing (hypselodont) molars, den-
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tal adaptations to abrasive items, including 
dietary grit (e.g., Damuth and Janis, 2011; 
Strömberg et  al., 2013; Kohn et  al., 2015; 
Goin et  al., 2016; Goin and Martin, 2022). 
In parallel, ungulates with low-crowned teeth 
adapted for softer foods (e.g., tree leaves) dis-
appeared from Patagonia, becoming confined 
to lower latitudes in South America. In addi-
tion to taxonomic turnover, the EOT reveals 
a trend toward increased body mass in South 
American native ungulates like Astrapotheria, 
Notoungulata, and Pyrotheria (Croft et  al., 
2020). Many of these changes were initially 
interpreted as responses to cooler climates but 
are also consistent with adaptations to increas-
ingly open, arid (but relatively warm) habitats 
and the loss of forests with ample supply of, for 
example, fruits (e.g., Dunn et al., 2015; Kohn 
et al., 2015; Chen et al., 2019).

Records from the Colhue Huapi Member at 
Gran Barranca show that, by the early Miocene, 
the composition and heterogeneity of FI assem-
blages rebounded to become broadly similar to 
those of the Gran Barranca Member (Figs. 5A 
and 6). FI phytoliths increased (Fig. 4O), and 
open-habitat grasses expanded at the expense of 
palms (Strömberg et al., 2013). Reconstructed 
Leaf Area Index indicates the reappearance of 
relatively closed lowland habitats (e.g., broad-
leaf forests, although alternating with grassy 
patches; Dunn et  al., 2015). Stable C isoto-
pic data indicate that regional rainfall levels 
increased toward the early Miocene (Kohn 
et al., 2015; Trayler et al., 2020), perhaps allow-
ing for a more closed canopy overall, at least 
initially. These combined records point to more 
locally heterogeneous vegetation, both in terms 
of composition and structure, relative to the 
late Eocene and early Oligocene. Our data and 
interpretations agree with other paleobotanical 
data from Patagonia that suggest a re-emergence 
of megathermal, yet more xerophytic, commu-
nities in the lead-up to the warmer and wetter 
climates of the middle Miocene (Barreda and 
Palazzesi, 2007; Palazzesi and Barreda, 2007; 
Trayler et al., 2020).

Non-Analog Ecologies Characterized South 
American Plant Communities

Emerging reconstructions of ancient Patago-
nian ecosystems strongly suggest non-analog 
ecological associations of important plant func-
tional types and faunas. For example, Pooideae 
today are predominantly cold- and dry-tolerant 
(Edwards and Smith, 2010; Schubert et  al., 
2019). In contrast, members of Pooideae occur 
in the Las Flores Formation of the Laguna 
Manantiales assemblages of the early Eocene, 
when Patagonian paleoclimates were signifi-

cantly warmer and wetter than today (Wilf 
et al., 2005; Palazzesi and Barreda, 2007), and 
abundant palm phytoliths indicate frost-free 
climates (e.g., Wing and Greenwood, 1993; 
Reichgelt et al., 2018; Brightly et al., 2024). 
This Pooideae–Arecaceae (palm) association, 
which has also been observed in, for exam-
ple, the middle Miocene lowlands of Bolivia 
(Strömberg et  al., 2024), could suggest that 
either palms or Pooideae had a broader climatic 
tolerance range in the past. Based on the docu-
mentation of thermophilic taxa in the Eocene 
of Patagonia (Palazzesi and Barreda, 2007), the 
latter is more likely.

Although we cannot yet reliably infer the 
paleoecology of ancient palms based on phy-
tolith morphology alone (Brightly et al., 2024), 
the dominance of palms in Eocene–Miocene 
shrublands potentially maintained by episodic 
wildfire activity (Selkin et al., 2015) suggests 
that their niche space may have also been non-
analog. Many modern palm species are resistant 
to or adapted to fire (McPherson and Williams, 
1998; Souza and Martins, 2004; Liesenfeld, 
2025), but palm-dominated vegetation today 
typically experiences infrequent burning 
(McPherson and Williams, 1998). Broader envi-
ronmental tolerances of extinct taxa compared 
to their modern relatives could have facilitated 
the establishment of non-analog mixed tropical-
Antarctic paleofloras during the early Cenozoic, 
in the context of regional climate systems only 
possible before the rise of the Andes (Hinojosa 
and Villagrán, 2005). Today, areas with palm-
dominated vegetation in southern South Amer-
ica are characterized by a continuous C4 PAC-
MAD grass understory (Cabrera, 1971; Sosinski 
et al., 2019; see also discussion in Strömberg 
et al., 2024), yet we see no PACMADs in our 
phytolith assemblages.

Other studies have struggled to interpret 
paleobotanical assemblages in the Cenozoic of 
Patagonia, given their inferred non-analogous 
vegetation structure (Dunn et  al., 2015) and 
composition, which includes a mix of Neo-
tropical and Antarctic lineages resulting in the 
so-called “mixed paleofloras” (e.g., Romero, 
1986; Iglesias et  al., 2007; Hinojosa and Vil-
lagrán, 2005; Wilf et al., 2013; Hinojosa et al., 
2016). These compositional differences were 
possibly accompanied (or driven) by alterations 
in plant physiological functions (e.g., drought 
tolerance) relative to today, due to the elevated 
temperatures and pCO2 levels of the early Ceno-
zoic (Kohn et al., 2015; Hinojosa et al., 2016); 
however, this hypothesis remains untested.

Like floras, faunal communities in Patagonia 
were neither functionally nor compositionally 
analogous to any extant community in South 
America or elsewhere, particularly during the 

emergence of highly endemic early Paleogene 
communities. These communities were charac-
terized by a remarkable diversity of non-therian 
and therian mammals (Pascual and Ortiz-Jaure-
guizar, 2007) and were dominated by herbivo-
rous forms like South American native ungulates 
(Croft et al., 2020). In contrast, few mammals 
with carnivorous diets were recorded. Instead, 
birds, crocodilians, and large snakes likely 
assumed the primary predatory roles in these 
ecosystems, both in the early Eocene of Pata-
gonia and in Antarctic localities (Croft, 2006; 
Woodburne et al., 2014; Gelfo et al., 2019; Croft 
et  al., 2020; Acosta Hospitaleche and Jones, 
2024). As global temperatures declined at the 
EOT, mammalian communities also displayed 
species with larger body sizes, ultimately giv-
ing rise to Miocene assemblages that lack mod-
ern analogs but are functionally more similar to 
those found in Southeast Asia and Africa (Cat-
ena and Croft, 2020).

CONCLUSIONS

We present the first basin-wide Paleogene 
paleobotanical reconstruction of southern 
South American floras. Furthermore, we dem-
onstrate that integrating phytolith analysis 
with pollen, macrofloral, sedimentological, 
and geochemical records yields a nuanced 
view of vegetation structure, composition, 
and climatic mechanisms in the early Ceno-
zoic, and provides an evolutionary context 
for the highly endemic South American fau-
nas of the early Cenozoic. Taken together, 
paleobotanical records of the SJB suggest 
that warm and humid forests covering south-
ern South America in the Paleocene–early 
Eocene transitioned into more open, arid 
shrublands in the Patagonian lowlands by 
the middle to late Eocene (Sarmiento Forma-
tion) as regional climates became cooler and 
drier. Humid megathermal forests returned by 
the early–middle Miocene as temperatures 
and precipitation increased, but open-habitat 
grasses also expanded, pointing to a mosaic 
landscape. These changes roughly track global 
temperatures (Zachos et al., 2001; Westerhold 
et al., 2020), although some local records sug-
gest little to no temperature variation during 
rapid and globally significant climatic events 
such as the EOT (e.g., Kohn et al., 2015). In 
the context of previous paleobotanical work 
demonstrating the existence of Gondwanan 
connections in Eocene macrofloras of Pata-
gonia (Wilf et  al., 2005; Raigemborn et  al., 
2009; Gandolfo et al., 2011; Kooyman et al., 
2014; Rossetto-Harris et  al., 2020), and the 
increased dissimilarity between Neotropical 
and southern South American palynological 
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records during the early Eocene (Jaramillo 
and Cárdenas, 2013) the new Paleocene–early 
Eocene SJB phytolith record signals the last 
pulses of Antarctic, rather than Neotropical 
rainforest expansion, and contradicts hypoth-
eses that grassy habitats spread in early Ceno-
zoic of southern South America.

The incomplete yet ecologically diverse 
fossil record of Antarctic mammals, currently 
restricted to the Eocene La Meseta and Subme-
seta formations on Seymour/Marambio Island, 
provides some support for the notion of forest 
expansions across the southern part of the Gond-
wana continents during this time. For example, 
the largest Antarctic mammals (>10 kg) of the 
South American native ungulates (Astrapoth-
eria and Sparnotheriodontidae) have browsing 
specializations characteristic of forest-dwelling 
mammals (Gelfo et al., 2019). Antarctic metathe-
rians (<1 kg) were likely adapted to processing 
relatively hard food items, including seeds, 
specific types of fruits, and insects with rigid 
exoskeletons, while some marsupials were strict 
fruit or leaf-eaters, all pointing to forested envi-
ronments (Chen et al., 2019; Goin et al., 2020).

Understanding the history of South American 
vegetation is vital for inferring what mecha-
nisms and circumstances dictated its origin (e.g., 
Hoorn et al., 2010). It is also key for inferring 
what processes drove Cenozoic faunal evolution 
because vegetation structure and composition 
directly influence the availability of habitats and 
resources (e.g., Chen et al., 2019). For example, 
in southern South America, browsing mammal 
diversity peaked in the early Paleogene when 
paleobotanical evidence suggests closed forests, 
followed by a decline during the Eocene–early 
Oligocene as herbivores adapted to the increas-
ingly open habitats with abundant abrasive par-
ticles, notably decoupled from the later rise of 
grassy habitats (Ortiz-Jaureguizar and Cladera, 
2006; Strömberg et al., 2013; Dunn et al., 2015; 
Kohn et al., 2015). Future research prioritizing 
the integration of floral and faunal records in 
local and global climatic contexts will enhance 
our understanding of past ecosystem assembly 
and function and better predict how modern eco-
systems may respond to ongoing environmen-
tal changes.
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