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a b s t r a c t
Marine records of the Paleocene indicate a series of hyperthermal events characterized by signiﬁcant climatic and
carbon cycle variability, but there are few comparable continental records. The mid-Paleocene biotic event
(MPBE) is a recently described interval deﬁned by a rapid negative carbon isotope excursion and major shortterm changes in marine ecosystems, but it is as yet unclear whether the event was globally important. Here
we present the ﬁrst terrestrial paleoenvironmental record of the MPBE based on paleosols that document
rapid and short-lived increases in temperature and precipitation and resultant shifts in plant assemblages concomitant with substantial carbon isotope excursions. The new record indicates that carbon cycle changes during
the early late Paleocene may have resulted in a two-stage transient hyperthermal event that caused a signiﬁcant
perturbation to both the regional climate and terrestrial ecology of South America in addition to the major biotic
event (MPBE) previously recognized in marine records. Overall, this suggests that the MPBE may have been a
global climate event with far-reaching environmental impacts in both the marine and terrestrial realms.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
The series of Paleogene hyperthermals that have been described
represent the most abrupt and extreme instances of climatic warming
during the Cenozoic, and are likely the best geologic analogues for anthropogenic climate change (McInerney and Wing, 2011; NRC, 2011).
Identifying climatic and ecological responses to these events on land
allows for effective predictions of future global climate patterns and
their impacts on terrestrial biomes and ecosystem services (NRC,
2011; IPCC, 2014). Terrestrial paleoclimate records of these events are
currently limited to major events and come primarily from the northern
hemisphere (Wing et al., 2005; McInerney and Wing, 2011), leaving the
interpretation of most Paleogene events to marine proxy records
(e.g., Hollis et al., 2005; Zachos et al., 2010).
One such event is the mid-Paleocene biotic event (MPBE) or early
late Paleocene event, which is a rapid climate change event accompanied by a major biological turnover during the mid-Paleocene, immediately preceding the Selandian–Thanetian stage boundary (Bralower
et al., 2002; Petrizzo, 2005; Westerhold et al., 2011). The MPBE is identiﬁed in marine cores (Shatsky Rise, Leg 198; Walvis Ridge, Leg 208) by
a distinct drop in carbonate preservation and a substantial change in
microfossil assemblages (Bralower et al., 2002; Zachos et al., 2004).
The event has also been described from marine outcrop sections such
as the Zumaia locality (Spain), which records a sizeable negative carbon
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isotope excursion (CIE) in addition to changes in carbonate preservation
and in microfossil assemblages (Bernaola et al., 2007). As a result of
these records, researchers have suggested that a large mass of isotopically depleted carbon (methane hydrate) may have been released into
the ocean–atmosphere system, triggering carbonate dissolution and
global hyperthermal conditions that may have contributed to a substantial restructuring of both planktic and benthic marine environments
(e.g., Thomas and Zachos, 2000; Petrizzo, 2005; Bernaola et al., 2007;
Westerhold et al., 2011).
Despite potentially signiﬁcant evolutionary implications of the
MPBE and associated hyperthermal conditions (e.g., Thomas and
Zachos, 2000; Petrizzo, 2005), the event remains undocumented on
land and poorly described in the southern hemisphere. In order to
address these issues, we present a multiproxy terrestrial record of
the age and climatic/ecological conditions at Cerro Bayo (northwest
Argentina) during a two-stage hyperthermal event within the early
late Paleocene using magnetostratigraphy, whole rock and stable
isotope geochemistry, and phytolith-based paleovegetation reconstruction, and link these transient terrestrial climatic and ecological conditions to well-described records of the marine MPBE interval.
2. Setting and methods
2.1. Geologic setting
Cerro Bayo is located along the western margin of the Salta Basin
(Fig. 1), a failed rift basin in northwestern Argentina that formed during
the Cretaceous and early Paleogene, and which was later ﬁlled by
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Fig. 1. Map of locality within Argentina (A), with local geology of the Salta Basin (B; modiﬁed from Salﬁty and Monaldi, 2006), and stratigraphy of the lower Cerro Bayo section (C). Stratigraphy indicates sampled paleosols and their identiﬁed pedotypes (A = Alﬁsol, I = Inceptisol), as well as the sampling levels for phytolith assemblages.

material from the topographically higher Puna and Pampean Arch regions during the Araucana-Mirano Orogeny (Marquillas et al., 2005;
Salﬁty and Monaldi, 2006). While the basin now resides between
approximately 24 and 25°S, during its formation it was positioned
at temperate latitudes around 40°S (± 5°; Scotese, 2000), similar to
many Paleogene terrestrial records from the northern hemisphere
(e.g., McInerney and Wing, 2011). The Cerro Bayo section is composed
of the Balbuena and Santa Bárbara Subgroups, and includes the Tunal
and Mealla Formations, which are primarily mudrocks and sandstones that were deposited along the margin of paleolake Maíz Gordo/
Alemanía (Fig. 1). Many of these are ﬂoodplain deposits that show
substantial evidence of pedogenesis (Marquillas et al., 2005; Do
Campo et al., 2007), with at least 15 distinct and well-deﬁned paleosol
proﬁles exhibiting a range of pedogenic development (Fig. 1; Data Repository Figure DR1). The paleosols in these formations preserve discernable horizonation throughout, and many contain argillic, gleyed,
and carbonate horizons (Data Repository Figures DR1 and DR2). Based
on this horizonation and on pedogenic features such as root traces and
burrows (Data Repository Figure DR2), these paleosols are classiﬁed as
Inceptisols and Alﬁsols using the USDA Soil Classiﬁcation scheme (Soil
Survey Staff, 1999).
2.2. Age model
Magnetostratigraphic sampling of the lower ~ 110-meters of the
Cerro Bayo section was performed to determine normal and reversed
polarity intervals, and to tie the local polarity pattern to the geomagnetic polarity timescale (GPTS; Gradstein et al., 2012). Block samples of
multiple lithologies (siltstone, ﬁne sandstone, limestone) were collected in the ﬁeld and oriented by hand using a Brunton Field Transit compass on cleared bedding planes. Paleomagnetic specimen cores were
drilled from oriented hand samples using a drill press, and further analyses were conducted at the University of Michigan Paleomagnetism
Laboratory. Stepwise thermal demagnetization from 100 to 700 °C
(Fig. 2; regular 50 °C steps to 500 °C, and regular 25 °C steps thereafter)

used an ASC thermal demagnetizer and a 2G cryogenic magnetometer.
Analysis of 66 sampling levels (~1.8 m interval) yielded reliable characteristic remanent magnetization (ChRM) directions at 60 levels (Data
Repository Table DR1). ChRM directions from vector endpoint diagrams
were calculated on a minimum of 5 measurements (250–600 °C) using
Virtual Paleomagnetic Directions (VPD) software (Ramón and Pueyo,
2008). Sample means were calculated for ~3 individual cores per sample level, and samples with a mean angular deviation (MAD) N15°
were rejected from further analysis; all other samples were bedding
and tilt corrected, and statistical models were applied to verify data
quality (e.g., reversals test, Fisher means; Ramón and Pueyo, 2008).
2.3. Geochemical methods
Bulk samples for the stable isotopic analyses of paleosol organic
material (δ13Corg) were collected from trenches (dug to at least 20 cm
depth) to avoid modern contamination and were treated with dilute
HCl (~ 7%) to remove all reactive detrital or pedogenic carbonate
(e.g., Koch, 1998; Cotton et al., 2012), and then rinsed in distilled
water before being dried and packed in tin capsules. Samples were
then analyzed on a Costech elemental analyzer attached to a Thermo
Delta V + isotope ratio mass spectrometer at the University of
Michigan's Stable Isotope Laboratory where results are reported in per
mil relative to VPDB (IAEA standards) with an analytical uncertainty
b0.1‰, and where replicate analyses (at least two per sample) had standard deviations b0.25‰ (Data Repository Table DR2).
Elemental compositions of whole rock samples from the B-horizons
of paleosols (n = 14) were measured via X-ray ﬂuorescence analysis
at ALS Chemex Lab (Vancouver, BC), where analytical uncertainty is
maintained at ~ 0.001% and duplicate analyses of bulk samples had
standard deviations b0.1%. Major elemental composition ratios (CIA-K,
salinization) were used as inputs for mean annual precipitation
and mean annual temperature climofunctions derived from modern
soil weathering proﬁle relationships (Sheldon et al., 2002). These
climofunction relationships have been robustly applied throughout

E.G. Hyland et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 417 (2015) 371–378
UP/W

A

B

S

NRM

200

400 500
300

400
600 500
700

600
700

CB-7A

NRM
100

UP/W

300
100

CB-5A

373

200

N

Modern Salta Basin
(NGDC, 2014)
Paleocene Salta Basin
(Prezzi and Alonso, 2002)

C

D
D = 340
I = -46
a95 = 6.8

A/m (10-6)

60

30

CB18A
0
0

100

200

300

400

500

600

700

800

TT (˚C)

D = 166
I = 47
a95 = 13.7

Fig. 2. Magnetostratigraphic results including: example vector endpoint diagrams for normal (A) and reversed (B) samples with thermal demagnetization steps; example thermal decay
diagram for a fully demagnetized sample (C); and (D) a stereoplot of characteristic remanent magnetizations (ChRM) for all samples with Fisher mean values (squares), a95 circles, and
modern and Paleocene poles for NW Argentina.

the Cenozoic (e.g., Retallack, 2007; Torres and Gaines, 2013) on many
continents (e.g., Thomas et al., 2011; Sheldon et al., 2012), and despite
substantial standard error on absolute mean annual temperature and
precipitation estimates (MAT = ± 4 °C; MAP = ± 182 mm yr−1),
both relationships have been demonstrated to describe smallermagnitude changes reliably when used as a vector-of-change or
trending measurement (e.g., Sheldon and Tabor, 2009; Hyland and
Sheldon, 2013). In order to verify trends described by these methods, these results were also compared to the magnitude of change in:
1) mean annual temperature estimates derived from Inceptisol
clayeyness (e.g., Sheldon, 2006), and 2) mean annual precipitation estimates derived from depth-to-Bk horizon measurements (e.g., Retallack,
2005), wherever possible within the Cerro Bayo section. Given the limitations of the absolute estimates and of comparing error between
methods (physical parameter versus chemical composition), results
are expressed as the magnitude of change for climatic conditions
through this time period using average estimates of mean annual temperature and precipitation from the underlying Tunal Formation as a
pre-event baseline for the Paleocene (see Data Repository Table DR3).
2.4. Phytolith analysis
Selected paleosol A horizons (n = 10) were processed for phytoliths
via standard disaggregation-ﬂotation methods (e.g., Strömberg et al.,
2007). Isolates were mounted on slides and counted/photographed
using a Leica petrographic microscope (400–1000× magniﬁcation).
Phytolith morphologies were identiﬁed under rotation on immersionoil slides based on both modern reference collections (Selena Smith,
University of Michigan; e.g., Chen and Smith, 2013) and paleo-

collections (Strömberg, 2003, 2005; Strömberg et al., 2007). Phytolith
morphotypes were then categorized by plant functional group based
on the afﬁnities deﬁned in modern reference collections (see Data
Repository Table DR4), and assemblage composition was calculated by
group as a percentage of the total diagnostic count (N200 per sample;
e.g., Strömberg et al., 2007). Due to the consistent pedotype of the
sampled paleosols (Inceptisols) and the broad functional group comparisons employed, taphonomic biases are assumed to be minimal,
and standard error for vegetation composition is estimated at ± 2%
(Hyland et al., 2013).
3. Results
3.1. Age model
Samples were universally demagnetized between 500 and 700 °C,
suggesting a primary ChRM carrier of magnetite and/or hematite
(Fig. 2C), and resultant vectors deﬁne normal and reversed polarity stable components with a ﬁnal average MAD of 7.4° (Fig. 2A and B). These
components cluster into two nearly antipodal groups (Fig. 2D) with
Fisher means at D = 340°, I = − 46° (a95 = 6.8) and at D = 166°,
I = 47° (a95 = 13.7). The two poles pass a basic reversals test
(Fig. 2D), and pole mean directions are distinct from the modern direction for Cerro Bayo (NGDC, 2014) and also ﬁt the expected Paleocene direction based on paleogeographic reconstructions (Fig. 2D; e.g., Scotese,
2000; Prezzi and Alonso, 2002). When plotted stratigraphically, samples
deﬁne polarity zones for constructing a local polarity timescale (LPTS),
each of which were deﬁned by multiple stable sample levels (N3) and
a lack of ambiguous polarity zones (i.e., single-level reversals, core
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mismatches), which suggests a primary origin for all of the established
intervals (Fig. 3).
These magnetozones show a reliable polarity pattern of a reversed
and a normal interval during the Tunal Formation (Fig. 3), followed by
a substantial disconformity or hiatus as inferred from sedimentological
changes/features (e.g., Marquillas et al., 2005), and then a pattern of
reversed, normal, and reversed intervals during the Mealla Formation
(Fig. 3), again followed by a substantial disconformity or hiatus as
inferred from sedimentological changes/features (e.g., Marquillas
et al., 2005). Based on palynological evidence from lacustrine muds
throughout the Tunal Formation, the formation correlates to the late
Danian stage of the early Paleocene (e.g., Quattrocchio et al., 1997;
Quattrocchio and Volkheimer, 2000). Combined with magnetostratigraphic data (Figs. 2 and 3), this suggests that the Tunal Formation
primarily falls within chron C27n, and as a result, likely spans roughly
62.7–62.4 Mya based on linear interpolation of sedimentation rates between polarity boundaries and reasonable lacustrine deposition rates
for the basin during this period (e.g., Turner et al., 1979; Gradstein
et al., 2012).
Based on palynological evidence from lacustrine muds at the base of
the Mealla Formation, this formation correlates to the Selandian stage of
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3.2. Proxy records
The carbon isotope record (δ13Corg) through the Cerro Bayo section
derived from dispersed and bifurcating paleo-root organic carbon
from paleosol A-horizons identiﬁes two carbon isotope excursions
(CIEs) of roughly −2.9‰ and −4.5‰ from the local Paleocene baseline
values of approximately −22‰ (Fig. 4; Data Repository Table DR2). The
isotope excursions occurred in the paleosols between ~ 40 and 50
meters (− 2.9‰; peak CIE ~ 59.3 Mya), or just below the Selandian–
Thanetian boundary, and between ~80 and 100 meters (−4.5‰; peak
CIE ~59.0 Mya), or during the early Thanetian (Fig. 4).
Climate proxy results from the geochemistry and morphology of
paleosols show a rapid change in climatic conditions at Cerro Bayo
concomitant with both CIEs. Mean annual temperature (MAT) estimates show a minor increase (1–2 °C) during the lower CIE, and a larger
increase (3–4 °C) during the upper CIE, which is also conﬁrmed by estimates based on paleosol clayeyness (Fig. 4; Data Repository Table DR3).
These results also indicate contemporaneous changes in mean annual
precipitation (MAP), with a minor decrease (100–200 mm yr−1) during
the lower CIE, and a larger increase (200–300 mm yr− 1) during the
upper CIE, which is also conﬁrmed by estimates based on paleosol
depth-to-Bk horizon measurements (Fig. 4; Data Repository Table DR3).
The transient climatic shifts recorded at Cerro Bayo are also contemporaneous with shifts in vegetation composition and diversity (Figs. 4
and 5). Paleosol phytolith assemblages show a signiﬁcant change in
dominant vegetation type from a complex ecosystem assemblage with
general forest indicators, dicots, and grasses to a substantially more limited dicot-dominated assemblage during both of the CIEs (Fig. 4). During the two CIEs, assemblages range from 16 to 27% forest indicator
groups, with 73–84% dicot groups and no evidence for grasses (Fig. 6).
However, outside of the CIE intervals, assemblages range from 52 to
62% forest indicator groups, with 32–47% dicot groups and 1–9% grasses
(Fig. 6; Data Repository Table DR4). Phytoliths also show declines in
morphotype diversity during both events with the loss of roughly half
of the identiﬁable assemblage during the CIE intervals (Fig. 5); assemblages average ≥ 10 morphotypes during pre-event periods, and ≤ 5
morphotypes during the events themselves (Fig. 5, Data Repository
Table DR4).
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et al., 2007). In addition, carbon isotope data from the Mealla Formation
suggest a second, larger-magnitude CIE (−4.5‰; Fig. 4) roughly 300 kyr
later during the early Thanetian for which there is no high-resolution
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isotopic data in marine records (c.f., Bernaola et al., 2007; Zachos et al.,
2004). This new record suggests that the carbon cycle perturbation
that led to the MPBE may have occurred in two distinct stages, the second stage of which is discussed here as MPBE-2 (e.g., Fig. 4). While there
are currently no isotopic data for this second CIE interval (MPBE-2) in
marine records, the CIE observed in the terrestrial record does correlate
temporally to an interval of other geochemical changes noted in marine
records, including decreased carbonate preservation and enhanced bulk
susceptibility, that are similar to those observed during the initial MPBE
interval (e.g., Bralower et al., 2002; Bernaola et al., 2007). With further
high-resolution carbon isotope sampling in available sediment cores
during this particular interval it may be possible to identify a second
CIE (denoted here as MPBE-2) in marine records as well, and thereby
expand global records of the event(s) in order to improve our understanding of environmental responses to such carbon cycle changes.
The magnitude of the CIE recorded in the terrestrial sediments that
correlates to the initial MPBE is roughly double that of the CIE observed
in marine sediments (c.f., Bernaola et al., 2007), which is consistent with
other records attributed to large-scale methane releases (e.g., Dickens,
2003; McInerney and Wing, 2011), and likely results from a combination of: 1) differences in carbon reservoir sizes (e.g., atmosphere vs. surface ocean; Kump and Arthur, 1999; Beerling, 2000), 2) isotope-effects
related to changes in terrestrial climate during hyperthermals (waterstress, variable gas-exchange rates; e.g., Kraus and Riggins, 2007;
Sheldon and Tabor, 2009; Diefendorf et al., 2010), and 3) preservation
conditions of marine carbonates relative to terrestrial organic carbon
(e.g., Bowen et al., 2004; McInerney and Wing, 2011). Floral shifts
(e.g., Fig. 4) may also contribute to the ampliﬁcation of the carbon isotope excursions in terrestrial organic carbon records as compared to
marine records due to the potential shift in baseline carbon isotope
values between different plant carbon sources (Smith et al., 2007).
However, due to the lack of C4 plant metabolisms during the Paleocene
and the similar baseline range of carbon isotope values in organic
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material from most forest and closed-canopy type vegetation
(e.g., Koch, 1998; Diefendorf et al., 2010), this effect is likely minimal
(≤1‰; Smith et al., 2007) and therefore cannot be responsible for the
entirety of the observed CIEs in these paleosols.
The magnitudes of these negative CIEs are particularly striking in
the context of the global carbon cycle during the Paleocene because
records of this period indicate that the atmosphere was becoming
more isotopically-enriched in 13C (Tipple et al., 2010), and was isotopically enriched relative to measured pre-industrial values from ice cores.
Using the inferred baseline δ13Catm value of −4.5‰ (Tipple et al., 2010),
C3 plants that were not water-stressed should have a δ13Corg value that
was depleted by ca. − 19‰ relative to that value (e.g., Sheldon and
Tabor, 2009), which is very close to the measured pre- and post-MPBE
excursion values from Cerro Bayo (ca. − 23‰; Fig. 4). Thus, both the
rapid timescale of change and magnitude of these negative CIEs relative to background Paleocene conditions suggest a substantial
isotopically-depleted carbon source that could be rapidly assimilated
into the carbon cycle and relatively rapidly buried, which is consistent
with methane hydrate sources, the accumulation and release of which
was likely high during the late Paleocene (e.g., Dickens, 2003;
McInerney and Wing, 2011). Proxy data show relatively low atmospheric carbon dioxide concentrations throughout the mid-Paleocene
(b500 ppmv; Beerling and Royer, 2011), but are generally very low
resolution with poor coverage of transient events, which means that
further high-resolution atmospheric pCO2 records may be necessary to
verify rapid carbon cycle perturbations like these suggested MPBE/
MPBE-2 methane hydrate releases.
Given the relatively small initial atmospheric reservoir size, the
amount of isotopically-depleted carbon necessary to produce the
observed δ13Corg shifts would be relatively modest; using the carbon
accounting method described in Jahren et al. (2001), it is possible to

calculate a rough estimate of how much methane would need to be released into the atmosphere to trigger the suggested δ13Catm shift. Making these carbon cycle perturbation estimates requires a number of
assumptions, including: 1) a baseline δ13Catm value of − 4.5‰ (Tipple
et al., 2010), 2) methane with a δ13C value of − 60‰ (e.g., Jahren
et al., 2001; Dickens, 2003), and 3) a starting atmospheric carbon reservoir of ~1500 Gt (i.e., 2.5 times the preindustrial value; e.g., Beerling and
Royer, 2011), so they should not be considered fully quantitative, but
nonetheless illustrate that a relatively modest injection of methane to
the atmosphere could produce the observed δ13Corg record for the
MPBE intervals (Fig. 4). Assuming that each of the observed δ13Corg
shifts was due to a geologically instantaneous methane addition to the
atmosphere (without oceanic buffering; e.g., McInerney and Wing,
2011), then the MPBE-1 isotopic shift of −2.9‰ would represent addition of ~83 Gt of methane-derived carbon and the MPBE-2 isotopic shift
of −4.5‰ would represent an addition of ~132 Gt of methane-derived
carbon to the atmosphere (c.f., Jahren et al., 2001). Given that there
could be as much as 5000 Gt buried in shallow marine sediments in
the modern ocean (World Ocean Report, 2010), and that seaﬂoor methane hydrate was thought to have been much more extensive in the
Paleocene (e.g., Dickens, 2003), each of these potential CIEs would represent a release of b 3% of the global budget. The similar timing of the
δ13C excursions in both marine and terrestrial records in different hemispheres also suggests that the release of isotopically-depleted carbon
(i.e., methane hydrates) was a global rather than regional and likely
multi-stage event (c.f., Bernaola et al., 2007), and that carbon cycle perturbations may have played a substantial role in the climatic and biotic
changes observed during the MPBE and MPBE-2 intervals (Fig. 4).
The transient warming response observed in the terrestrial South
American record for these events agrees well in terms of the expected
magnitude of change with projections from marine oxygen isotope
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records for the MPBE, which suggest 2–3 °C of warming (Bralower et al.,
2002; Zachos et al., 2004; Lourens et al., 2005). This magnitude of
warming also ﬁts with atmospheric pCO2-temperature sensitivity estimates based on comparable methane-release scenarios (e.g., Zeebe
et al., 2009; McInerney and Wing, 2011; IPCC, 2014). Furthermore, observational and modeled results suggest regionally variable changes,
such as enhanced wetting or drying trends, in local hydrologic cycling
under similar greenhouse conditions (e.g., Bowen et al., 2004; Kraus
and Riggins, 2007; Winguth et al., 2010). While this local climatic
enhancement may partially explain the different precipitation responses for this locality during MPBE and MPBE-2 (Fig. 4), the distinct
directional responses may also reﬂect subtle changes in the topography
of nearby uplifted regions (local orographic barriers) during the latestage Araucana Orogeny (Salﬁty and Marquillas, 1994; Marquillas
et al., 2005). In addition to climate proxy record agreement, the stratigraphic record at Cerro Bayo shows lithologic changes toward larger
and more frequent thick and coarse-grained ﬂuvial channel deposits
during the MPBE intervals (Fig. 1). These sedimentological changes suggest a shift toward less stable environmental conditions possibly caused
by increased weathering and vegetation changes during the events
(e.g., Fig. 4), which may be similar to the “system clearing” erosional
events observed in terrestrial basins during other Paleogene
hyperthermals like the Paleocene–Eocene Thermal Maximum (PETM;
Foreman et al., 2012).
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(e.g., Strömberg et al., 2013), it is important to note that: 1) overall
plant diversity during the mid-Paleocene was likely substantially
lower than at other times during the Cenozoic (Wing et al., 1995;
Peppe, 2010), even in the relatively higher-diversity South American
ﬂoras (Jaramillo et al., 2006; Iglesias et al., 2007), and 2) the number
of phytolith morphotypes increases dramatically through time with
the introduction and spread of grasses, which produce more diagnostic
morphotypes than other plant groups (Strömberg, 2003; Piperno,
2006). Due to both the limited abundance of grasses and the generally
lower overall ﬂoral diversity of the middle Paleocene, the low number
of morphotypes in this section is likely not a result of preservational
biasing, and the observed trends in vegetation composition during the
MPBE intervals are likely robust. These trends are also supported by evidence from other northern and central South American sites that show
low overall ﬂoral diversity punctuated by periods of substantial ecosystem variability through the middle and late Paleocene (Jaramillo and
Dilcher, 2000; Quattrocchio and Volkheimer, 2000; Jaramillo et al.,
2006). These vegetation reconstructions also indicate the dominance
of palms (a traditional climatic indicator, where cold month mean temperature N5 °C; Sakai and Larcher, 1987) in equatorial regions and the
absence of palms in mid-latitude regions like the Salta Basin, which
both supports moderate temperature estimates in the climatic records
of Cerro Bayo and furthermore suggests that Paleocene latitudinal climatic gradients may have been more extreme (similar to modern)
than previously thought (e.g., Rose et al., 2011).

4.2. Biotic event on land
5. Conclusions
Changes in marine assemblages and diversity during the MPBE, such
as the expansion of perturbation-tolerant benthic foraminifera at the
expense of temperature-sensitive planktonic groups (Fig. 4; Bernaola
et al., 2007), are also suggestive of changing ocean temperatures and
carbonate chemistry, particularly in the sea surface (Bralower et al.,
2002; Lourens et al., 2005). This sea-surface warming triggered a substantial top-down perturbation of marine biotic systems and the reorganization of foraminiferal and nannofossil communities (Petrizzo, 2005;
Bernaola et al., 2007), which is contemporaneous with the vegetation
assemblage shifts and diversity changes demonstrated by phytoliths in
terrestrial records (Fig. 4).
The substantial changes in composition of local vegetation shown by
this record during the MPBE/MPBE-2 events are also similar in character
to the marine reorganization, as decreases in vegetation diversity and
the loss of grasses and of generic forest indicator groups in favor of a
speciﬁcally dicot-dominated (primarily angiosperm trees) assemblage
(e.g., Figs. 4–6) are consistent with ecological responses to other
major hyperthermal events such as the PETM (e.g., Wing et al., 2005).
Vegetation changes during the MPBE interval were likely local environmental shifts or extirpations related to climatic conditions and not
broader-scale ﬂoristic turnover events, as evidenced by the rapid return
of all functional groups (Fig. 5) and the restructuring of the assemblage
to its original state (Fig. 4) after the hyperthermal conditions ceased.
However, vegetation changes during the MPBE-2 interval may have actually resulted in a net diversity loss similar to those observed in marine
records, with the reduction in morphotypes (Fig. 5) and shifted assemblage (Fig. 4) persisting after the cessation of hyperthermal conditions.
While this vegetation record is not long enough to assess the continuing
character of South American ﬂoral groups fully, it does suggest that the
combined MPBE/MPBE-2 intervals played an important role in the ecosystem development of the region during the late Paleocene.
Overall phytolith morphotype diversity (Fig. 5) is not directly linked
to vegetation diversity, as redundancy and multiplicity are common among phytolith morphotypes (Piperno, 2006); however, signiﬁcant changes in the relative abundance of functional groups, as
observed through this section (Fig. 4), can signal major shifts in
ecosystem composition (Strömberg et al., 2007). While the number of
diagnostic morphotypes (n = 12) in this middle Paleocene section is
low compared to other Cenozoic assemblages in South America

Multi-proxy terrestrial paleoclimatic and paleoenvironmental records of the early late Paleocene from the southern hemisphere (Salta
Basin, Argentina) suggest that the mid-Paleocene biotic event (MPBE)
also impacted terrestrial systems and may have occurred in two stages.
Paleosol-derived carbon isotope records show carbon cycle instability
and evidence for a pair of possible large-scale methane releases during
the early late Paleocene, which led to global greenhouse conditions
linked to the timing of the MPBE. Terrestrial records also show resultant
perturbations in the regional climate of central South America, including increased mean annual temperatures and shifts in precipitation
during the identiﬁed MPBE intervals. Contemporaneous shifts in environmental conditions and substantial changes in both vegetation assemblage composition and diversity during these intervals further
support the global and multistage nature of the MPBE. These shifts further provide examples of the range of possible environmental responses
to potential methane releases related to future warming conditions and
carbon cycle instability.
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