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ABSTRACT
The early Eocene climatic optimum was a
period of major climatic and environmental
change that was caused by perturbations to
the global carbon cycle. Recent work from
terrestrial sections in the Northern Hemisphere demonstrates that the period was
characterized by different responses in the
terrestrial and marine realms, suggesting
that traditional causal mechanisms may not
adequately explain the dynamics of the early
Eocene climatic optimum. Here, we present
a new high-resolution multiproxy record of
terrestrial climatic and environmental conditions during the early Eocene climatic opti
mum from the Southern Hemisphere and
compare this reconstruction to other marine
and terrestrial records. Similar to Northern
Hemisphere terrestrial records, there is a
transient peak period of atmospheric carbon isotope enrichment as well as increased
temperatures and precipitation, which indicate that terrestrial environmental responses
to the early Eocene climatic optimum were
broadly consistent in temperate settings
worldwide. This global consistency in terrestrial records demonstrates differences in
peak warming time scales and carbon isotope
responses between marine and terrestrial
systems, which further constrain potential
causes for the early Eocene climatic optimum
to multiple-system or nontraditional mechanisms and highlight the importance of paired
records for understanding past climate.
INTRODUCTION
The peak of the early Eocene climatic optimum occurred from 53 to 50 Ma as the culmination of a prolonged period of global warming
†
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and climatic change (e.g., Zachos et al., 2008).
It was accompanied by substantial shifts in
greenhouse gas concentrations, global temperatures, and precipitation patterns, as well as floral
and faunal biogeographies, and it may be one of
the best available analogues for future climatic
conditions in a high-CO2 world (>500 ppm; e.g.,
Rohling et al., 2012). The climate impacts and
ecological responses of the early Eocene climatic optimum are well described and robustly
modeled for regions such as North America
and the Pacific Ocean (e.g., Zachos et al., 2008;
Smith et al., 2008; Thrasher and Sloan, 2009;
Huber and Caballero, 2011; Hollis et al., 2012;
Lunt et al., 2012), but the primary cause of the
high carbon dioxide concentrations that led to
the peak conditions of the early Eocene climatic
optimum remains highly contentious (e.g., Kent
and Muttoni, 2008; Smith et al., 2014; Turner
et al., 2014). Descriptions of the cause of these
changes fundamentally affect both the ways in
which global carbon cycle dynamics are understood and modeled, and their potential predictive value for future climate change.
While proxy and model-based estimates of
the magnitude of change in global temperature
increases (~6 °C; e.g., Greenwood and Wing,
1995; Hollis et al., 2012), regional precipitation increases (up to 600 mm yr –1; e.g., Shellito
et al., 2003; Hyland et al., 2013), and atmospheric CO2 concentration increases (~1000
ppm; e.g., Demicco et al., 2003; Hyland and
Sheldon, 2013) are somewhat constrained for
the early Eocene climatic optimum, the release
time scale and source of carbon responsible for
these peak conditions are unclear due to the
complicated nature of terrestrial-atmosphericoceanic interactions in the carbon cycle. Until
recently, nearly all of the available early Eocene climate proxy data came from ocean sediments (e.g., Zachos et al., 2008; Hollis et al.,
2012), but new terrestrial proxy data from both
western North America and now central South
America (Fig. 1) have shed light on discrepancies between the changes recorded in terrestrial

and marine proxy materials (e.g., Krause et al.,
2010; Hyland and Sheldon, 2013; Hyland et al.,
2013), particularly in terms of the time scale of
peak climatic changes and the direction of carbon isotope responses in the different systems.
A comparison of marine and terrestrial rec
ords is crucial for detailing the dynamics of the
global climate system and for understanding
the changes in the carbon cycle that led to the
early Eocene climatic optimum. Here, we compile multiproxy terrestrial records from North
America and present a new record from South
America (Argentina) as the first interhemispheric comparison of the impacts of the early
Eocene climatic optimum on regional climates
and the carbon cycle on land, and we place this
work within the context of established marine
proxy trends during the early Eocene in an attempt to reevaluate potential causal mechanisms
for the peak early Eocene climatic optimum.
METHODS
To expand and improve paleoclimatic reconstructions of the early Eocene climatic optimum
in the Southern Hemisphere, we constructed a
multiproxy record throughout the early Eocene
for a site in the Salta Basin of northwestern
Argentina (Cerro Bayo; Fig. 1). The Cerro Bayo
section contains a series of fluvio-lacustrine
sediments deposited in the Salta Basin (paleo–
Lake Alémania) during the early Paleogene
(Marquillas et al., 2005). While the Salta Basin
now resides at moderate elevations in the subtropics (near 25°S), deposition originally occurred at lower elevations (<1 km; Marquillas
et al., 2005) and at temperate latitudes around
38°S (±3°; van Hinsbergen et al., 2015), making the Cerro Bayo section a robust comparison
point for many of the other available temperate
zone terrestrial records of the early Eocene climatic optimum.
The age of this record was constrained
through local biostratigraphy and magnetostratigraphic sampling of the upper Cerro Bayo sec-
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tion in the Salta Basin (Fig. 1; Maíz Gordo Formation) to determine local normal and reversed
polarity intervals and to tie the local polarity
pattern to the geomagnetic polarity time scale
(GPTS; Gradstein et al., 2012). Paleomagnetic
sampling included block sampling of multiple
lithologies (siltstone, fine sandstone), which
were oriented in the field using a Brunton Field
Transit compass on cleared bedding planes;
specimen cores were drilled using a drill press
from oriented hand samples at the University of
Michigan Paleomagnetism Laboratory.
Stepwise thermal demagnetization from
100 °C to 700 °C (regular 50 °C steps to 500 °C,
regular 25 °C steps thereafter) used an ASC
thermal demagnetizer and a 2G cryogenic
magnetometer. Analysis of 25 sampling levels
(~5 m interval) yielded reliable characteristic
remanent magnetization (ChRM) directions
at 24 levels (Data Repository Fig. DR1; Table
DR11). ChRM directions from vector end-point
diagrams were calculated on a minimum of
5 measurements (250–600 °C) using Virtual
Paleomagnetic Directions software (Ramón
and Pueyo, 2008; Fig. DR1 [see footnote 1]).
Sample means were calculated for ~3 individual cores for each sample level, and samples
with a mean angular deviation (MAD) >15°
were rejected from further analysis (resultant
MAD values for samples averaged 8.6°); 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).
Paleosols were identified based on field characteristics such as horizonation, pedogenic features (carbonate nodules, clay slickensides), and
other surficial features (root traces, burrows),
and they were classified and described in detail
(e.g., Mack et al., 1993; NRCS, 2014; Fig. DR2
[see footnote 1]). Paleosols were trenched to
avoid modern contamination, and samples were
collected within measured local stratigraphy
and analyzed for both the major-element composition of paleosol bulk samples and the carbon isotope composition of paleosol A-horizon
samples. Major-element data (Table DR2 [see
footnote 1]) from paleosol geochemical analyses (XRF analyses performed at ALS Chemex
Laboratory) of identified B-horizons were input
into weathering climofunctions, using the salini
zation index (SAL; Sheldon et al., 2002) and
the paleosol weathering index (PWI; Gallagher
and Sheldon, 2013) to reconstruct mean annual
temperature (MAT; standard errors = ±4 °C and
±2 °C, respectively) and the chemical index of
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Figure 1. (A) Sites of terrestrial early Eocene climatic optimum reconstructions and detail
of the (B) Northern and (C) Southern Hemisphere sites. ID—Idaho, UT—Utah, WY—Wyoming, CO—Colorado; Br—Brazil, Ur—Uruguay.

alteration minus potassium (CIA-K; Sheldon
et al., 2002) to reconstruct mean annual precipitation (MAP; standard error = ±182 mm yr –1).
Each of these paleosol geochemical methods
has been used worldwide to describe climatic
and environmental change during at least the
Mesozoic–present (e.g., Retallack, 2007; Hyland and Sheldon, 2013), and they have also
proven robust in comparisons with independently derived terrestrial paleoclimate proxies
(e.g., Sheldon et al., 2002; Retallack, 2007;
Hyland et al., 2015a). In order to ensure that
changing paleosol chemistry reflects changes
in weathering intensity rather than changing
sedimentary provenance, Ti/Al ratios were
used to screen paleosol profiles, where constant values indicate stability, and variable values or a stratigraphically defined shift indicate
changing provenance (Driese, 2004; Sheldon
and Tabor, 2009).
Stable carbon isotope data were generated
from preserved roots and dispersed soil organic

carbon, which were sampled from paleosol
A-horizons and cleaned of modern organics
by ultrasonication in methanol. Samples were
acidified with 7% HCl to remove carbonate,
rinsed, and homogenized before being weighed
into solvent-washed tin capsules (e.g., Cotton
et al., 2012) and analyzed at the University
of Michigan Stable Isotope Laboratory on a
Costech ECS4010 elemental analyzer attached
to a Thermo Delta V+ isotope ratio mass spectrometer. Results are presented in units per mil
(‰) relative to the Vienna Peedee belemnite,
and analyses used International Atomic Energy
Agency (IAEA) sucrose and caffeine as internal
standards to normalize measured values; analyti
cal uncertainty for all analyses was maintained
at <0.1‰ (Table DR3 [see footnote 1]). Preserved organic carbon from paleosols and fluvial
sediments has been used extensively in developing carbon isotope stratigraphies of similar large
continental basins during the Paleogene (e.g.,
Foreman et al., 2012; Abels et al., 2012; Smith
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et al., 2014), and for reconstructing atmospheric
carbon dioxide concentrations and carbon cycle
conditions from paleosol sequences throughout
the Cenozoic (e.g., Cotton et al., 2012; Hyland
and Sheldon, 2013).
RESULTS
Age Model
Magnetostratigraphic samples were universally demagnetized between 500 °C and
700 °C, suggesting magnetite as the primary
ChRM carrier, and resultant sample vectors
define normal and reversed polarity stable
components that cluster into two nearly antip
odal groups with Fisher means at declination
(D) = 170°, inclination (I ) = 33° (a95 = 12.8)
and D = 358°, I = –39° (a95 = 13.5). The two
mean poles pass a reversals test, and their directions are distinct from the modern direction
while fitting an expected Paleogene direction
from NW Argentina (Fig. DR1 [see footnote
1]; Prezzi and Alonso, 2002). These samples
define polarity zones, each of which is based on
multiple stable sample levels (>3), and they are
mostly well constrained (<1 m) and unambiguous zones, except for the single basal sample,
which suggests a possible transitional zone
(Fig. 2). Paleontological age constraints based
on mammalian and palynofloral records known
from the base and upper Maíz Gordo Formation (Fig. 2; Quattrocchio and Volkheimer,
2000; Gelfo et al., 2009) place this section in
the Itaboraian South American Land Mammal
Age (SALMA), and the revised SALMA time
scales of Woodburne et al. (2014) and Clyde
et al. (2014) therefore place the section in the
early Eocene (ca. 54–50 Ma).
When the local polarity time scale is then
compared to global results for the early Eocene
(GPTS; Gradstein et al., 2012), it produces four
possible absolute age correlations, as shown
in Figure 2. Scenario 1 correlates to C24n.3nC22r, with relatively constant moderate deposition rates (~40–50 m m.y.–1). This scenario
assumes that our magnetostratigraphic record
does not capture short-duration (<0.15 m.y.)
subchrons like C24n.2n and C23n.1r (Fig. 2),
which is fairly likely due to the lower sampling
resolution of this formation (cf., Hyland et al.,
2015b). Relatively constant moderate deposition rates are also consistent with sedimentological observations; the formation shows little
evidence for changes in lithology or depositional mode throughout (e.g., Marquillas et al.,
2005), and the moderate sedimentation rate
agrees with estimates from depositional constraints provided by detrital zircon and apatite
fission-track uplift models of these formations
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in the basin and surrounding region (~25–
50 m m.y.–1; DeCelles et al., 2011).
Scenario 2 correlates to C24n.3n-C23r, with
relatively constant high deposition rates (~105–
175 m m.y.–1). While constant, this scenario has
unreasonably high sedimentation rates compared
to both independent estimates (~3× higher than
DeCelles et al., 2011) and to soil formation models, which suggest that well-developed c alcic
and argillic soils like those observed extensively
here (>12 paleosol profiles; Fig. DR2 [see footnote 1]) require somewhat slower deposition
(e.g., Retallack, 2001). Scenario 3 correlates to
C23n.2n-C21r, with variable but moderate sedimentation rates (~20–75 m m.y.–1). This scenario
is unreasonable due to both the abrupt change
in sedimentation rate in a part of the formation
that lacks any apparent facies change (Fig. 2),
and due to the higher sedimentation rate at the
base of the formation, which is characterized by
lacustrine deposition and paleosol formation and
should therefore represent a period of relatively
slower rates (e.g., Marquillas et al., 2005). Scenario 4 correlates to C24n.1n-C22r, with variable
low to extremely high sedimentation rates (~10–
300 m m.y.–1). This scenario is unreasonable due
to both the many abrupt changes in sedimentation rate for which there is no lithologic evidence
(Fig. 2), and to the extremely high implied sedimentation rates (~300 m m.y.–1), which are inconsistent with the observed deposition of lacustrine mudstones and large-scale soil formation.
As a result, scenario 1 is our preferred GPTS
placement, which means that the early Eocene
climatic optimum is represented in the Salta
Basin at Cerro Bayo by fluvial sediments and
paleosols within the Maíz Gordo Formation,
spanning roughly 53.5–50.5 Ma, based on the
linear interpolation through magnetostratigraphic
and biostratigraphic tie points (Fig. 2). While
recent radioisotopic work from the Green River
Basin has recommended possible revisions to
this portion of the GPTS (expanding C23n; e.g.,
Smith et al., 2014; Machlus et al., 2015), these
changes do not affect the robustness of the interhemispheric correlation of early Eocene climatic
optimum sites, and they have a limited impact on
apparent sedimentation rates (~30–40 m m.y.–1
vs. 40–50 m m.y.–1 for scenario 1). This new age
model for the Maíz Gordo Formation thereby allows for a reconstruction of climate conditions
in South America that has comparable temporal
resolution to other terrestrial sites during the early
Eocene climatic optimum interval.
New Climate Results
Ti/Al ratios in these paleosols remained unchanging stratigraphically (µ = 0.05; s = 0.008;
Table DR2 [see footnote 1]) throughout the sec-

tion at Cerro Bayo, which indicates little or no
provenance change through this interval and
therefore allows for quantitative reconstructions of paleoclimate (e.g., Sheldon and Tabor,
2009). Using paleosol-based terrestrial climate
proxies such as weathering indices of paleosol
profiles (CIA-K and SAL of Sheldon et al.,
2002; PWI of Gallagher and Sheldon, 2013)
and organic carbon isotopic compositions in
paleosol A-horizons (e.g., Cotton et al., 2012),
the first multiproxy record of terrestrial change
during the early Eocene climatic optimum in
the temperate Southern Hemisphere has been
compiled in Figure 3. The early Eocene climatic
optimum is characterized in the Salta Basin by
a positive carbon isotope excursion of ~5.7‰ in
organic carbon (d13C), from roughly –26.4‰ to
–20.7‰, which occurred around 52 Ma. This
carbon isotope change is coupled with an MAT
rise of ~3–6 °C, from roughly 9.9 °C to 12.8 °C
based on the PWI climofunction, and roughly
6.2 °C to 12.3 °C based on the SAL climo
function (Fig. 3). There is also a consequent
MAP increase of ~535 mm yr –1, from roughly
706 mm yr –1 to 1242 mm yr –1 (Fig. 3). Each excursion recovers to near-baseline values within
roughly 1 m.y.
Previous Results
Paleogene terrestrial records from the Northern Hemisphere are known primarily from temperate North America (western United States
and Canada), with the most detailed records
of the early Eocene climatic optimum derived
from basins in Wyoming (Fig. 1; e.g., Greenwood and Wing, 1995; Smith et al., 2008, 2014;
Hyland and Sheldon, 2013; Hyland et al., 2013).
The early Eocene climatic optimum at these
sites is defined by a positive carbon isotope excursion of ~3‰–5‰ in paleosol organic carbon
(Fig. 4A) and ~2‰–3‰ in pedogenic carbonates, which corresponds to an ~1000 ppm increase in atmospheric pCO2 relative to pre– or
post–early Eocene climatic optimum concentrations (~500 ppm; Demicco et al., 2003; Hyland and Sheldon, 2013). This greenhouse gas
increase was coupled with a temperature rise of
~5–7 °C, indicated by both paleobotanical and
paleosol-based proxies (Fig. 4B; Greenwood
and Wing, 1995; Hyland and Sheldon, 2013;
Hyland et al., 2013), and regional precipitation increases of ~600 mm yr –1 (Fig. 4C; Smith
et al., 2008; Hyland and Sheldon, 2013; Hyland
et al., 2013). Despite difficulties with reproducing global temperature gradients in equable
Eocene climates, both regional climate models
for North America (e.g., Thrasher and Sloan,
2009) and global climate models (e.g., Shellito
et al., 2003; Huber and Caballero, 2011; Lunt
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et al., 2012) suggest that these observed paleoclimatic states as compared with the modern
climate at the same latitudes are consistent with
elevated atmospheric CO2 concentrations similar to those predicted via paleobarometry proxy
methods (i.e., 2–3× pre–early Eocene climatic
optimum).
Previous terrestrial records from the Paleogene of the Southern Hemisphere are more
limited, both in terms of carbon isotope records
and the limited preservation of paleosols or
plant material, though some low-resolution examples exist from basins in Argentina (Fig. 1)
that can be expanded as local stratigraphy
improves (e.g., Krause et al., 2010). Spatially
scattered estimates of paleoclimatic conditions
do however identify the early Eocene climatic
optimum elsewhere in the Southern Hemisphere, with reconstructed peak MAT ~3–6 °C
higher than the Eocene baseline, and peak MAP
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~200–600 mm yr –1 higher than the Eocene
baseline (Fig. 4; Wilf et al., 2003; Retallack,
2008; Krause et al., 2010); however, previous
temporal resolution and a lack of paired carbon
isotope records had previously been insufficient to evaluate the structure and duration of
the peak period.
DISCUSSION
Terrestrial Records
While there is some time-scale uncertainty
inherent in such a broad-scale comparison
across terrestrial localities in different hemispheres, each of the recently described early
Eocene climatic optimum sites (Fig. 1) is fairly
well constrained by internal chronologies, and
each record has been compiled based on the
C23r-C23n boundary, which in each case also

corresponds roughly to the initiation of the early
Eocene climatic optimum terrestrial carbon isotope excursion (Fig. 4). For purposes of comparison between these records from different
hemispheres, with different ranges of absolute
values that are reflective of local conditions, we
report these data as a magnitude of change (e.g.,
DMAT; Fig. 4) with respect to average values
measured before ca. 54 Ma from the same or
nearby sites (Fig. 3; Table DR4 [see footnote
1]). For the DMAT compilation, we use SAL
estimates from Cerro Bayo, as previous methods comparisons suggested that while the PWI
climofunction may better estimate absolute
temperature in many cases (e.g., Gallagher and
Sheldon, 2013), the SAL climofunction most
accurately records the magnitude and direction
of temperature changes when compared to independent data from isotope and paleobotanical methods (e.g., Hyland and Sheldon, 2013).
Based on this overall compilation, terrestrial
climate records from the Northern and Southern
Hemispheres are in broad agreement in terms of
the magnitude and time scale of carbon cycle,
temperature, and precipitation changes that occurred at temperate latitudes during the peak
early Eocene climatic optimum (Fig. 4).
Paleobotanical records from both hemispheres also indicate variable but significant
changes in floral diversity and composition
(Wilf et al., 2003; Hyland et al., 2013), which
may explain minor differences in the magnitude
of the carbon isotope signal observed in different terrestrial localities (Fig. 4A; Smith et al.,
2007), given the similarity in climatic conditions between all of the sites. These records of
climatic change are remarkably consistent between terrestrial localities, as is the pattern of
response showing carbon cycle changes coupled
with temperature increases, which are possibly
followed by a slight temporal delay before precipitation increases (shaded windows in Fig. 4).
The pattern of a slight lag between carbon cycle
changes and temperature increases suggests the
likelihood of a CO2 threshold for climate impacts during the early Eocene, possibly linked
to a variable or different Earth system response
rate or larger buffering capacity for carbon inputs (e.g., Rohling et al., 2012; Jagniecki et al.,
2015). The robust link between the temperature and precipitation changes in these records
(shaded windows in Fig. 4) is ascribed to the relationship between increased temperatures and
higher evaporation/precipitation rates in temperate regions, which is observed in terrestrial records of hyperthermal events like the PaleoceneEocene thermal maximum (e.g., McInerney and
Wing, 2011; Foreman et al., 2012) and is also
predicted by modeling experiments of greenhouse conditions (e.g., Held and Soden, 2006).
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and recovery (decreasing values, dark gray) phases. GPTS—geomagnetic polarity time
scale; NALMA—North American land mammal age; SALMA—South American land
mammal age; VPDB—Vienna Peedee belemnite; Br.—Bridgerian.
Terrestrial-Marine Record Comparison
To facilitate a comparison between marine
and terrestrial records, data from each have been
binned into 250 k.y. bins, averaged, and plotted against one another in Figure 5. While this
down-sampling means that processes operating
on very short time scales cannot be considered,
it provides a means for comparing longer-term
changes from records with different amounts
of data. Generally speaking, the amount of data
per bin is similar (Table DR4 [see footnote 1]),
especially when comparing marine and terrestrial DMAT values and when comparing marine and terrestrial D13C values. In the context
of these records, marine proxy records in both
hemispheres also show sizable carbon cycle per-

turbations during the early Eocene (e.g., Zachos
et al., 2008; Hollis et al., 2012), and thus, in a
broad sense, both types of records are potentially consistent with increased atmospheric
CO2 concentrations during the early Eocene climatic optimum (e.g., Lunt et al., 2012; Rohling
et al., 2012). Similarly, both types of records
also show increased temperatures in concert
with these carbon cycle changes (Figs. 4 and 5).
Terrestrial records indicate slightly enhanced
temperature shifts relative to the marine (Fig. 5),
which is an unsurprising pattern that has been
observed at other major climatic transitions
(e.g., Paleocene-Eocene thermal maximum—
McInerney and Wing, 2011; Eocene-Oligocene
transition—Hren et al., 2013) and previously
attributed to the effects of continentality on re-

gional climate responses (isolation and low relative heat capacity of land surfaces as compared
with the world’s oceans; Rohling et al., 2012).
However, the two types of records diverge in
terms of the direction of change of their respective carbon isotope excursions, the timing of the
onset of the carbon cycle perturbation (marine before terrestrial), and the time scale over which the
resultant systemic shifts are manifest. Terrestrial
records of the early Eocene climatic optimum
show an average carbon isotope excursion of
+5‰ (Fig. 5), whereas marine records show the
opposite trend in carbon isotopes, with an average carbon isotope excursion of –1‰ in benthic
records and –0.5‰ in planktic records (Fig. 5;
e.g., Zachos et al., 2008; Dickens and Backman,
2013). A decoupling between terrestrial and marine carbon isotope excursions, and the difference
between planktic and benthic marine excursion
magnitudes and timing (Fig. 5) suggest that the
carbon cycle conditions of the early Eocene were
indeed exceptional (cf., Turner et al., 2014) and
point to the transfer of enriched carbon from the
deep ocean through the shallow reservoir and into
the atmosphere (e.g., Schrag et al., 2013).
In addition to the varied carbon isotope response, the time scales of change are significantly different between the terrestrial record,
where climatic changes are characterized by an
initiation phase including a variable plateau of
peak conditions (~0.5 m.y.) and a subsequent recovery phase (~0.5 m.y.), and the marine record,
where the period is characterized by a gradual
shift and recovery over a duration of ~2–3 m.y.
(Fig. 5; e.g., Zachos et al., 2008; Turner et al.,
2014). Furthermore, the terrestrial records
also indicate a short (<1 m.y.), intense period
of peak warming during an overall period of
warmth, whereas the marine records indicate a
prolonged warm period without a distinct peak
event. These dynamics indicate that the carbon
cycle perturbation that led to the peak early
Eocene climatic optimum and the following
recovery processes operated on an intermediate
time scale (0.5–3 m.y.) and affected major carbon pools differently, which makes it possible
to use both terrestrial and marine carbon cycle
response conditions to differentiate between
causal mechanisms in understanding the imbalance between carbon fluxes and burial that resulted in the circumstances of the early Eocene
climatic optimum (e.g., Schrag et al., 2013).
Early Eocene Climatic Optimum in
the Context of Paleogene Warming
The early Paleogene is defined by long-term
(>10 m.y.) warming and includes the apex
of Cenozoic warmth during the early Eocene
climatic optimum (e.g., Zachos et al., 2008).
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Figure 5. Carbon cycle dynamics during the early Eocene, including: (A) atmospheric
carbon dioxide concentrations (modified from Hyland and Sheldon, 2013), (B) terrestrial
and marine (Pacific TEX86 [tetraether index of 86 carbon atoms] and Mg/Ca; Hollis et al.,
2012) temperature excursions (ΔMAT), (C) compiled terrestrial carbon isotope excursions (Δ13C), and (D) marine benthic and planktic carbon isotope excursions (Atlantic,
Indian, and Pacific Ocean Δ13C; Zachos et al., 2008; Coccioni et al., 2012; Dickens and
Backman, 2013). Displayed points are average values of all data within 250 k.y. windows
(A–P) from original sources; actual values are compiled in Table DR4 (see text footnote 1). Arrows highlight the opposite direction of change in isotope records, and shaded
boxes indicate distinct time scales of change between marine and terrestrial records.
Numerous short-term hyperthermal events super
imposed within the overall warming trend of
the Paleogene have been identified and named
using marine paleoclimatic records (Cramer
et al., 2003; Zachos et al., 2008; Turner et al.,
2014). Generally speaking, they represent very
short-term (<200 k.y.) climate and carbon cycle
fluctuations, and they are normally of relatively
modest magnitude, with the obvious exception
of the Paleocene-Eocene thermal maximum
(McInerney and Wing, 2011). These shortterm hyperthermal records also show coherent
responses to both carbon cycle and climatic
changes between the marine and terrestrial
realms (e.g., Paleocene-Eocene thermal maximum—McInerney and Wing, 2011; middle
Eocene climatic optimum—Sluijs et al., 2013).
Three of the minor hyperthermal events identified in marine foraminiferal records during this
period, the “J,” “K,” and “L” events (Cramer
et al., 2003), occurred within the prolonged early
Eocene climatic optimum peak warmth. However, only the “K” event appears to have lasted
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even 100 k.y. or had a carbon isotope excursion
>0.2‰, and in each case, the postevent carbon
isotopic values match the pre-event values. In
contrast, a “wider-lens” look at the records of
the peak early Eocene climatic optimum suggests a moderate-time-scale (≥500 k.y.) change
in carbon cycling and climate within this apex
of Cenozoic warming, where marine and terrestrial realms exhibited distinct responses (Fig. 5).
While it is possible that a series of short-term
hyperthermal events remains undiscovered
within these longer-term peak warming records
and contribute to these differences, the distinct
responses likely point instead to a more complex interplay of causal mechanisms during the
early Eocene climatic optimum.
Implications for Causal Mechanisms
The contrast in carbon isotope responses has
important implications for understanding the
global climate system because the interconnections between the marine and terrestrial realms

mean that it is unreasonable to consider any of
these compiled records separately, which requires that any potential mechanisms of change
generate the conditions observed in both systems during the early Eocene climatic optimum.
Therefore, the combination of a positive carbon
isotope excursion on land and a negative carbon
isotope excursion in marine records precludes
certain causal mechanisms that would result in
a globally negative carbon isotope excursion,
such as methane hydrate releases (Dickens,
2003; McInerney and Wing, 2011), orbitally
enhanced organic carbon cycles (Turner et al.,
2014), or a terrestrial biosphere shift (loss of or
change in dominant vegetation type; e.g., Beerling, 2000; Smith et al., 2007). Furthermore, the
observed carbon cycle and climate conditions
are expressed on an intermediate time scale,
suggesting that short-term perturbations (e.g.,
methane releases, most orbital cycles) may also
be insufficient as drivers by themselves.
While longer-term carbon releases from either surface ocean inorganic carbon reservoirs
or from enhanced volcanism could result in different carbon isotope excursion patterns both on
land and in the oceans, these mechanisms are
still inconsistent with proxy records because
of the differences in time scale between the
observed marine and terrestrial carbon isotope
excursions, which are too disparate for stable
long-term processes (Schrag et al., 2013). Furthermore, these mechanisms are also incompatible with the substantial atmospheric CO2
increase recorded by terrestrial proxies, which
is likely too large for a typical surface ocean
source (Zeebe et al., 2009; Sluijs et al., 2013)
or for a volcanic carbon source with an appropriately intermediate duration (e.g., Bryan and
Ferrari, 2013).
These conditions point either to: (1) multi
ple interacting causal mechanisms and carbon
cycle–
climate feedbacks as yet undescribed
for Paleogene climate events, or (2) a potential
large-scale carbon transfer to the atmosphere
that initiated in the deep marine realm as warming ocean temperatures increased oceanic ventilation and mixing (e.g., Sexton et al., 2011;
Green and Huber, 2013; Sluijs et al., 2013).
A ventilation/mixing scenario initiating in the
deep marine realm could explain the difference
in carbon isotope records, driving the removal of
isotopically enriched inorganic carbon from the
deep ocean reservoir and introducing it into
the relatively more depleted atmospheric reservoir, with the surface ocean as an intermediary. As a result, both the surface and larger deep
ocean pools would become slightly more depleted in d13C, producing a minor negative carbon isotope excursion, while the much smaller
atmospheric pool would become substantially
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more enriched in d13C, producing a larger positive carbon isotope excursion (e.g., Fig. 5).
Changing ocean ventilation/mixing would
also explain the difference in carbon isotope excursion onset timing (marine before terrestrial)
and duration of the peak early Eocene climatic
optimum in these records (Fig. 5), where carbon cycle changes would have occurred first
within ocean reservoirs as ventilation/mixing
reorganized oceanic carbon pools, followed
by changes in the atmosphere and on land as
carbon concentrations in the surface ocean exceeded buffering capacities (e.g., Zeebe, 2012).
Subsequent peak atmospheric carbon dioxide
concentrations from marine carbon releases
could then have been drawn down over time via
large-scale carbon burial driven by greenhouseenhanced marine productivity (e.g., Norris et al.,
2013) as well as enhanced continental weathering and marine sedimentation (e.g., Dallanave
et al., 2015), which accounts for the observed
gradual carbon cycle stabilization and return
to baseline Eocene conditions (Fig. 5). While
such a scenario is reasonable based on compiled proxy observations, further examination
of carbon cycle and ocean circulation dynamics
is required through rigorous scenario testing using tools such as: (1) mechanistic carbon cycle
models that include both marine and terrestrial
conditions and reservoirs (e.g., Zeebe et al.,
2009), and (2) paleoplate and paleocean chemistry reconstructions that can identify relevant
causal changes in ocean basin geometries and
potential circulation patterns (e.g., Norris et al.,
2013; van Hinsbergen et al., 2015).
CONCLUSIONS
We present a high-resolution multiproxy
record of the early Eocene from the Southern
Hemisphere at a site on the margin of the Salta
Basin (Argentina), where biostratigraphy and
new magnetostratigraphy of the Maíz Gordo
Formation indicate that it is early Eocene in age
and preserves a sequence of fluvial and paleosol
sediments that correspond to the early Eocene
climatic optimum. Multiproxy reconstructions
from these paleosols record a peak period of
carbon isotopic enrichment (up to 5‰ higher),
increased MAT (up to 6 °C higher), and increased MAP (up to 500 mm yr –1 higher) that is
consistent with results compiled from temperatelatitude Northern Hemisphere sites. When paired
with marine records of the early Eocene climatic
optimum, these consistent aggregated terrestrial
responses provide a set of constraints for carbon
cycle perturbation scenarios, and, in particular,
they highlight substantial differences in time
scale and carbon isotope responses between
marine and terrestrial records, which could sug-

gest a multiple-mechanism or nontraditional
cause for the early Eocene climatic optimum
(e.g., changes in ocean ventilation/mixing). This
further indicates that paired marine-terrestrial
records may be crucial to understanding past
changes in the carbon cycle and their impacts on
global climate.
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