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ABSTRACT

Studies reveal that the sea-surface tem-
perature (SST) of the Northern Hemisphere
decreased at a smaller amplitude than that
of the Southern Hemisphere during the Eo-
cene-Oligocene transition (EOT). This in-
terhemispheric temperature asymmetry has
been associated with intensified Atlantic Me-
ridional Overturning Circulation (AMOC)
that may have driven enhanced precipitation
and weathering in low latitudes and the sub-
sequent drawdown of atmospheric carbon
dioxide. However, no quantitative constraints
on paleo-precipitation have been reported in
low latitudes to characterize the AMOC ef-
fect across the EOT. Here, we present the re-
sults of high-resolution (ca. 6 k.y. per sample)
isotopic and biomarker records from the Gulf
of Mexico. Reconstructed precipitation using
leaf wax carbon isotopes shows an increase of
44% across the EOT (34.1-33.6 Ma), which
is accompanied by a secular increase in SST
of ~2 °C during the latest Eocene. We attri-
bute the enhanced precipitation in the Gulf
of Mexico to the northward shift of the Inter-
tropical Convergence Zone that was driven
by an enlarged polar-tropic temperature
gradient in the Southern Hemisphere and
an invigorated AMOC. Our findings link
changes in meridional temperature gradient
and large-scale oceanic circulation to the low-
latitude terrestrial hydroclimate and provide
paleohydrological evidence that supports
CO,-weathering feedback during the EOT
“greenhouse” to “icehouse” transition.

INTRODUCTION

The abrupt shift in the global climate at the
Eocene-Oligocene (E-O) boundary marks a
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transition from ice-free “greenhouse” conditions
to glacial “icehouse” conditions. The Eocene—
Oligocene transition (EOT) occurred ~34 m.y.
ago and involved the reduction in atmospheric
pCO, (Pearson et al., 2009; Pagani et al., 2011),
the onset of continental-scale Antarctic glacia-
tion (Coxall et al., 2005), cooling in high lati-
tudes (Liu et al., 2009), and massive biotic ex-
tinctions and evolutionary turnover (Wade and
Pearson, 2008). Climate simulation and proxy
studies have proposed that the decrease in pCO,
and opening of Southern Ocean gateways have
triggered feedback among continental weath-
ering, reorganization in oceanic structure and
circulation, and Antarctic glaciation (DeConto
et al., 2008; Lear et al., 2008; Pearson et al.,
2009; Elsworth et al., 2017).

Although there is a consensus indicating
global cooling from the late Eocene to the early
Oligocene, the magnitude and timing of cooling
appear different between low and high latitudes
and between the two hemispheres. Sea-surface
temperature (SST) decreases more substantially
at higher latitudes relative to low latitudes (Liu
et al., 2009; Wade et al., 2012). In addition, the
Northern Hemisphere SSTs did not decrease
until the onset of the early Oligocene glacial
maximum (EOGM), which occurred later than
the Southern Hemisphere cooling at the EOT
(Cramer et al., 2009; Liu et al., 2018). This inter-
hemispherical SST asymmetry has been linked
to changes in oceanic circulation due to Ant-
arctic glaciation and paleogeographic changes
(Goldner et al., 2014; Abelson and Erez, 2017;
Elsworth et al., 2017; Hutchinson et al., 2019).
Benthic foraminifera §'%0 and 6'3C records from
the North Atlantic suggest that modern-like
Atlantic Meridional Overturning Circulation
(AMOC) was either initiated or invigorated dur-
ing the EOT (Katz et al., 2011; Borrelli et al.,
2014; Abelson and Erez, 2017; Coxall et al.,
2018). The coupled ocean-atmosphere models
hypothesize that the growth of the Antarctic ice
sheet during the EOT increased meridional tem-
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perature gradients in the oceans and atmosphere,
which then enhanced the northward heat trans-
port in Antarctic Intermediate Water and invigo-
rated the formation of North Atlantic Deep Wa-
ter (Toggweiler and Samuels, 1995; Sijp et al.,
2009). Other model simulations suggest that
the AMOC strengthened in the late Eocene due
to the opening of the Drake Passage (Elsworth
et al., 2017) and closure of the Arctic-Atlantic
gateway (Vahlenkamp et al., 2018; Hutchinson
et al., 2019; Hutchinson et al., 2021). The in-
ception of AMOC enhanced precipitation at low
latitudes on continents, which triggered positive
feedback between continental weathering and
the drawdown of pCO, (Elsworth et al., 2017).
Climate models and proxy data have suggested
a linkage among change in oceanic circulation,
low-latitude precipitation, weathering processes,
and the consumption of atmospheric CO,. How-
ever, proxy data that characterize the AMOC ef-
fects across the EOT in tropical to subtropical
regions are lacking.

The Gulf of Mexico is part of the Atlan-
tic Warm Pool, the extension and intensity of
which controls heat transport and hydrological
conditions in subtropical Gulf Coastal regions
(Wang and Enfield, 2001). Multi-proxy studies
have shown an ~3 °C cooling within the Gulf
of Mexico during the late Eocene and a signifi-
cant sea-level fall of ~80 m during the EOGM
(Katz et al., 2008; Miller et al., 2008; Wade et al.,
2012). However, pollen records from the Gulf
Coast region suggest gradual cooling and dry-
ing from the late Eocene to the early Oligocene
with no significant change in hydrology or ecol-
ogy near the E-O boundary (Oboh-Ikuenobe and
Jaramillo, 2003). Coastal regions tend to pres-
ent a stronger climatic response that mimics the
change in the marine realm due to its proximity
to the marine moisture source (e.g., Hampshire
Basin in the UK; Sheldon et al., 2016) . How-
ever, it is difficult to explain the discordant pa-
leoclimatic data between terrestrial and oceanic
systems in the Gulf of Mexico (Oboh-Ikuenobe
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Figure 1. Modern boreal summer precipitation is plotted. The maximum precipitation in the
tropics marks the northernmost position of the Atlantic Intertropical Convergence Zone in
boreal summer. The Hiwannee (HIW) core site is marked with a circle. Precipitation data
(mm/day) are derived from the National Centers for Environmental Prediction/National
Center for Atmospheric Research reanalysis data set for the period 1981-2010. Inset shows
the locations of sea-surface temperature records (circles) from Integrated Ocean Drilling
Program Sites 511 and 1404 (Liu et al., 2009, 2018) and terrestrial paleoclimate records (stars)
from the western United States (WUS) (Zanazzi et al., 2007; Fan et al., 2017), St. Stephens
Quarry (SSQ) (Katz et al., 2008; Miller et al., 2008; Wade et al., 2012; Houben et al., 2019),
and the UK discussed in the text (Hren et al., 2013); blue (deep currents) and orange (surface
currents) curves are sketches of Atlantic Meridional Overturning Circulation (AMOC).

and Jaramillo, 2003; Wade et al., 2012). This
highlights the necessity for high-resolution pa-
leohydrological reconstruction across the EOT.
To fill this gap, we measured carbon (6'3C,,,)
and hydrogen (6°H,,,,,) isotopes of terrestrial leaf
waxes from a Gulf Coast drill core to quantify
the paleohydrology across the EOT. We also
measured the tetraether index (TEXg) (Schouten
et al., 2002) to reconstruct the SSTs in the Gulf
of Mexico. The reconstructed paleoclimate is
compared here to contemporaneous terrestrial
and oceanic proxy data, which thus makes it pos-
sible to understand how the continental hydrol-
ogy interacted with the change in oceanic and
atmospheric systems across the EOT.

LITHOSTRATIGRAPHY, AGE
CONSTRAINTS, AND MODERN
CLIMATE

Ellwood et al. (2019) used lithostratigraphy,
biostratigraphy, geochemical, and geophysical
methods to correlate five Eocene—Oligocene
boundary successions in the southeastern United
States, and these results were compared to the E/O
Global Boundary Stratotype Section and Point
(GSSP) located near Massignano in central Italy.
The Hiwannee core (31.83°N; 88.69°W; Fig. 1) in

southeastern Mississippi, USA, is one of the five
sites studied. The whole succession is ~60 m in
length and extends from the upper Eocene North
Twistwood Creek Formation to the lower Oligo-
cene Forest Hill Formation. The Eocene-Oligo-
cene boundary in the study site is placed between
the uppermost Eocene Shubuta Clay Member of
the Yazoo Formation to the lowermost Oligocene
Red Bluff Formation of the Vicksburg Group (Ell-
wood et al., 2019) (Figs. 2-3). These units were
deposited in a shallow marine to marginal marine
environmental setting. The Shubuta Clay Mem-
ber sampled and reported here is ~25 m thick
and is composed of greenish, glauconitic clay
that grades upward into a bluish, phosphate-rich
glauconitic marl. The Red Bluff Formation above
is a tan to brownish, glauconitic-rich, marly clay
with abundant pyrite-filled burrows. This unit is
interbedded with sideritic-carbonate beds that are
latterly altered to iron-oxides. Due to variations in
bed hardness, the contact between the Red Bluff
and the overlying Forest Hill Formations was
washed out during the drilling process. Studies of
the lithostratigraphy of Eocene—Oligocene units
in southeastern Mississippi indicate that the thick-
ness of the Red Bluff Formation is ~3 m (Oboh-
Ikuenobe and Jaramillo, 2003). An ~2.5-m-thick
succession was recovered in the core, but the up-
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permost part of the Red Bluff Formation was lost
during the drilling process.

The age of the Hiwannee core is constrained by
lithostratigraphy, biostratigraphy, and magneto-
stratigraphy (Ellwood et al., 2019). The Eocene—
Oligocene boundary within the Hiwannee core is
identified by the last appearance of Hantkeninidae
in the uppermost Shubuta Clay (Ellwood et al.,
2019). Thus, the boundary is placed at the transi-
tion from the Shubuta Clay into the base of the
Red Bluff Formation. The age model is based on
the correlation of magnetic susceptibility data ()
to the St. Stephens Quarry section (Figs. 2-3),
which presents strong 100 k.y. eccentricity cycles
that are directly comparable to the GSSP in Italy
(Ellwood et al., 2019). The x data for the Oligo-
cene Red Bluff Formation within the Hiwannee
core shows the same 100 k.y. cyclicity as that at
the St. Stephens Quarry, while the cyclicity of the
upper Eocene Shubuta in the Hiwannee core is
twice that in the St. Stephens Quarry sequence
(Ellwood et al., 2019) (Fig. 3). We compared
the x data from the Hiwannee core to the data
from the St. Stephens Quarry to derive the top
(33.45 Ma) and bottom (34.1 Ma) ages of the Hi-
wannee samples. Ages of Hiwannee core samples
within each x zone were determined using lin-
ear interpolation (Fig. 3). In this study, the E-O
boundary was placed at 33.8 Ma after comparison
with published proxy data, but it should be noted
that the latest Geological Time Scale has placed
the E-O boundary at 33.9 Ma (Ogg et al., 2016).

The Hiwannee core site, which is situated in
the eastern part of the Gulf Coastal Plain, is fed
by tropical maritime air masses (Lambert and
Aharon, 2010). The study area experienced mod-
erate seasonality; monthly temperatures ranged
from ~9 °C to 28 °C, and the average monthly
precipitation ranged from ~85 mm (Fall) to
~185 mm (Spring) (www.ncdc.noaa.gov). Con-
vectional rainfall events (hurricanes and tropical
storms) are dominant during Summer, while a
frontal style weather system driven by westerly
jet streams controls Fall, Winter, and Spring pre-
cipitation (Lambert and Aharon, 2010). Interan-
nual change in atmospheric circulation has been
linked to the El NinG—Southern Oscillation and
the position of the Bermuda High, which influ-
ences moisture transport during the Winter/early
Spring and Summer/early Fall seasons, respec-
tively (Katz et al., 2003; Mo and Schemm, 2008;
Lambert and Aharon, 2010). Changes in paleo-
climate on a glacial-interglacial time-scale have
been associated with the shift of the Intertropical
Convergence Zone (Suh et al., 2020).

METHODS AND MATERIALS

The Hiwannee core was sampled at 5-10 cm
intervals (119 samples) covering ~700 k.y. from
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Figure 2. Lithostratigraphy and sampling horizons (gray circles) for the Hiwannee (HIW)
core in Mississippi, southeastern United States, are shown. Magnetic susceptibility data,
interpretation of chronology, and the highest observed occurrence point (HOOP) of fora-
minifera Hantkeninidae are adapted from Ellwood et al. (2019). SSQ—St. Stephens Quarry;
EOB—Eocene-Oligocene boundary. The white versus black boxes in bar logs represent low

versus high magnetic susceptibility values.

the uppermost Eocene Shubuta Clay Member to
the lowermost Oligocene Red Bluff Formation of
the Vicksburg Group (Ellwood et al., 2019). We
studied the weighted mean &°H,,, and 6'3C,,,,, val-
ues of long-chain n-alkanes (n-C,;, n-C,y, and n-
C;,) from the Hiwannee core collected at the town
of Hiwannee in Wayne County, southern Missis-
sippi, USA (31.83°N; 88.69°W; Fig. 1). Given
that the Antarctic ice sheet rapidly grew during
the EOGM, leading to an increase in seawater
oxygen and hydrogen values, the H enrichment,
caused by ice sheet growth, was subtracted to gen-
erate a record with the ice volume effect removed
(8%H,,4x_p)- The 813C,,, data were then used to
quantify the change in mean annual precipitation
(MAP) across the EOT based on empirical equa-

tions generated by a global compilation of mod-
ern plants by Diefendorf et al. (2010) and new
data for trees in the Gulf Coast region (Table S4).
Also measured were the tetraether index (TEX)
values (Schouten et al., 2002) to reconstruct the
SSTs of the Gulf of Mexico. The reconstructed
hydrology and SST history are compared to con-

ISupplemental Material. Table S1: Leaf wax
isotopic records in the Gulf of Mexico; Table S2:
Reconstructions of mean annual precipitation based
on leaf wax carbon isotopic records; Table S3: Sea
surface temperature reconstructions; Table S4: Leaf
wax isotopic records of modern trees. Please visit
https://doi.org/10.1130/GSAB.S.17238875 to access
the supplemental material, and contact editing@
geosociety.org with any questions.
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temporaneous terrestrial and oceanic proxy data
to address the interaction between the oceanic and
atmospheric systems across the EOT.

Total Lipid Extraction, Column
Chromatography, and Characterization

Samples were ground with a mortar and pestle
to a coarse-sand size and freeze-dried for 48 h
before extraction. Total lipids were extracted with
Soxhlet extractors using the azeotrope of dichlo-
romethane (DCM)/methanol 2:1 (v/v) for 48 h.
Total lipid extracts (TLE) were evaporated until
dry under a stream of purified nitrogen. Organic
compounds in TLE were separated into apolar,
intermediate, and polar fractions using a pipette
column filled with ~0.5 g of activated silica gel
and sequentially eluted with 2 ml hexane, 4 ml
DCM, and 4 ml methanol; n-Alkanes contained
in apolar fractions were re-dissolved into 1500
pL of hexane. n-Alkane abundances were then
determined using a Thermal Trace 1310 gas
chromatography (GC)-flame ionization detec-
tor (FID) fitted with a programmable—tempera-
ture vaporization (PTV) injector and TG-1MS
column (60 m long, 0.25 mm i.d., 0.25 pm film
thickness). Samples were carried by helium at a
rate of 2 ml/min. GC oven temperature was pro-
grammed to ramp from 60 °C (thermal holding
for 1 min) to 320 °C at 15 °C/min (holding for
20 min). Individual n-alkanes were identified by
comparing elution time with a reference standard
(Mix A6, n-C ¢ to n-C; A. Schimmelmann, In-
diana University Bloomington, USA).

Terrestrial vascular plant-produced, long-
chain n-alkanes are dominated by a homologous
series from n-C,s to n-Cs;, with odd-over-even
carbon number predominance (Eglinton and
Hamilton, 1967), which is expressed by the car-
bon preference index (CPI):

Y A(23-33)odd + X A(25-35)odd

1
=3 Y A(24-34)even

>

ey

where A stands for the areas of individual
n-alkane compounds, which are calculated by
integrating ion trace peaks from a gas chromato-
graph using the Xcalibur software.

The P,, index (values range from 0 to 1)
is used to reflect the relative contribution of
leaf wax n-alkanes from aquatic macrophytes
(n-C,; and n-C,s) versus terrestrial vascular
plants (n-C,y and n-Cs;) (Ficken et al., 2000).
P, values were determined using the equation:

_ A(23+25)
“A(23+25+29+31)

@
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Figure 3. Age-depth relationship is shown for the Hiwannee core from the late Eocene to
the early Oligocene. The magnetic susceptibility data are from Ellwood et al. (2019). Gray

circles denote the samples.

where A stands for the areas of individual
n-alkane compounds in chromatography.

Leaf Wax Carbon Isotopic Analysis

Leaf wax carbon isotopic values were mea-
sured using a Trace 1310 GC coupled with a
Thermo Delta V Advantage isotope ratio mass
spectrometer (IRMS) with a Thermo Isolink
interface. The Trace 1310 GC was fitted with a
PTV injector and a TG-5MS column (30 m long,
0.25 mm i.d., 0.25 pm film thickness). Samples
were carried by helium at a rate of 2 ml/min.
Compounds were separated by the GC, with the
temperature being programmed to ramp up from
60 °C (held for 2 min) to 170 °C at 14 °C/min,
to 300 °C at 3 °C/min, and then to 320 °C at 14
°C/min, with an isothermal holding of 5 min. A
duplicate analysis was applied to each sample.
The n-alkane reference materials of Mix A6 were
measured every four to six analyses to monitor
instrumental drift. The mean analytical precision
for §'3C of Mix A6 is 0.1%o. Carbon isotopic val-
ues were calibrated relative to Mix A6 and re-
ported relative to the Vienna Pee Dee Belemnite
(VPDB) standard and expressed in per mil (%o):

e =( Riample 1) , 3)

reference
where R represents the 13C/'2C ratios in samples
and standard reference. The weighted mean §!°C

values of n-C,;, n-C,, and n-C;; were calculated
as follows:

YA x8°C

13
5 Cwax = ZA, 5 (4)

where A stands for the areas of n-alkanes with i
(27-31) indicating the carbon chain-length.

Leaf Wax Hydrogen Isotope Analysis

Leaf wax hydrogen isotope values were mea-
sured by the same GC-Isolink-IRMS system
with a high-temperature conversion (HTC) con-
figuration. GC and column settings were identi-
cal to those used in the carbon isotope analysis.
The H;* factor was measured three times daily
prior to isotopic analysis. A duplicate analysis
was applied to each sample with a mean ana-
lytical precision of 1.6%o for §°H. The n-alkane
reference material (Mix A6) was measured every
four to six analyses to monitor instrumental drift.
Hydrogen isotope ratio values were calibrated
relative to Mix A6 and reported relative to the
Vienna Standard Mean Ocean Water (VSMOW)
standard. The mean analytical precision of 62H
for Mix A6 is 1%o. Hydrogen isotopic composi-
tions were determined using the following equa-
tion and expressed in per mil (%o):

5°H = (Rm_ 1) , 5)

reference
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where R stands for the 2H/H ratios of samples
and reference materials. The weighted mean ?H
values for n-C,;, n-C,o, and n-Cs, are calculated
as follows:

§H,, = =X A‘ZXASZHi , ©)

where A stands for the areas of n-alkanes and i
(27-31) indicates the carbon chain-length.

Analysis of Glycerol Dialkyl Glycerol
Tetraethers

The methanol fraction containing glycerol di-
alkyl glycerol tetraethers (GDGTs) was analyzed
using an Agilent 1290 series ultra-high perfor-
mance liquid chromatography (UPLC) system
that was coupled to an Agilent 6530 qTOF mass
spectrometer through an Agilent jet stream dual
electrospray ionization (AJS-ESI) interface fol-
lowing the methodology of Liu et al. (2019). The
relative abundance of GDGTs is used to derive
the TEXg, index values that were converted to
the SSTs by applying a linear TEX"-SST re-
lationship with a calibration error of 4+ 2.5 °C
(Kim et al., 2010). The calibration results are
provided in Table S3 (see footnote 1) using a
linear relationship as in Schouten et al. (2002)
and a Bayesian regression model (BAYSPAR)
(Tierney and Tingley, 2014).

REMOVAL OF ICE VOLUME EFFECTS
FROM §H,,,x RECORDS

The rapid growth of the Antarctic ice sheet
during the EOGM (ca. 33.65 Ma) caused the
enrichment of 8’H in seawater and thus influ-
enced leaf wax 6°H,,,, values in samples younger
than 33.65 Ma. Previous studies of marine 6'30
records reveal a 0.6%o enrichment in seawater
8180 due to Antarctic glaciation (Katz et al.,
2008; Miller et al., 2008). Therefore, the ice vol-
ume effects on the 8’H,,,, record are corrected
as follows:

(1) The slope of the local meteoric water
line (7.2) from the International Atomic Energy
Agency (IAEA) station in Alabama (Lambert
and Aharon, 2010) was used to convert the
change in seawater 6'0 to 6?H. The change of
0.6%o in seawater §'0 is equivalent to a 4.3%o
change in ?H. The change in seawater &°H is as-
sumed to be reflected in precipitation §°H,,.

(2) The relationship between the hydrogen
isotopic composition of leaf waxes (6°H,,,)
and precipitation water (6°H,) is defined by the
following,

wax

Hyw +1

1 7
FH,+1 @

8wax/p =



where €,,y,, is used to characterize the apparent
fractionation between §°H,,, and &H,,, which is
reported in per mil (%o) (Sachse et al., 2012).
During the late Eocene and early Oligocene,
warm temperate forests were predominant in
the southeastern United States (Oboh-Ikuenobe
and Jaramillo, 2003), and there was little C,
grassland before the early Miocene (Tipple
and Pagani, 2010). The average €., value
(~130%o0) derived from n-C,y of North Ameri-
can C; forest (Hou et al., 2007) was used here to
convert the change in &H,, to the equivalent of
4.9%o0in 8°H,,,,.

(3) Then the ice volume-induced 6°H,,,, en-
richment (4.9%0) was subtracted from samples
that are younger than 33.65 Ma to obtain an ice-
volume corrected 8°H,,,_; record.

Wax—

RESULTS
Characterization of n-Alkanes

Plant cuticular waxes coating leaf surfaces
maintain water balance and prevent physical
damage to leaf cells. n-Alkanes, as one of the
major compounds consisting of leaf waxes, are
ubiquitously preserved in almost all types of
sedimentary environments. A rigorous cut-off of
CPI values for terrestrial higher plant sources has
been suggested to be greater than two (Bush and
Mclnerney, 2013). Samples with CPI values near
one are suspected to be influenced by thermal al-
teration or degradation after deposition. Our CPI
values range from 2.2 to 4.0, which indicates that
Hiwannee sediments are less likely to be influ-
enced by post-depositional alteration.

P,, values are used to evaluate the relative
aquatic input relative to that of terrestrial plants,
with a higher P,  value indicating a higher pro-
portion of aquatic input. P,, values vary between
0.2 and 0.5 in the whole series, and there is a
marked decrease of ~0.2 between ca. 33.75 Ma
and ca. 33.65 Ma (Fig. 4A).

Leaf Wax Carbon and Hydrogen Isotopic
Results

The §3C,,, values at Hiwannee decrease
by ~1.6%o across the EOT, with mean value
shifts from —29.5%¢ during the late Eocene
to —31.1%o after the EOGM (Fig. 4B). This
change in §'3C,,, values is synchronous with
a positive shift in benthic foraminifera §'30 re-
cords from the global data set (Figs. 4B and 4E).
The 8°H,,,,_; record shows an ~10%o negative
shift over 350 k.y. (ca. 34.00-33.5 Ma) across
the EOT, which is coeval with the negative shift
in d13C,,, values (Figs. 4B—4C). The mean
8’H,,,,; values change from —158%o before the
EOT to —169%o after the EOGM.

Eocene—Oligocene transition in the Gulf of Mexico

TEXy,-Based Sea-Surface Temperature
Reconstructions

TEXgs-based SST reconstructions in the
Hiwannee core (Fig. 4D) increase from

28 °C to 31 °C from 34.1 Ma to 33.8 Ma and
decrease by ~3 °C within the following 50 ka
(33.8—33.75 Ma). While samples younger than
33.75 Ma show high terrestrial-branched GDGT
(br—GDGT) input, multivarious quantitative
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Figure 4. Paleoclimatic reconstruction in the Gulf of Mexico is based on leaf wax carbon and
hydrogen isotopes and TEX4 sea-surface temperatures (SSTs). (A) P,, record; black curve
is generated by Loess regression. (B) §3C,,, record. (C) 8°H,,,, ; record. (D) TEXy; SSTs,
with branched and isoprenoid tetraethers (BIT) < 0.5 and a calibration error of * 2.5 °C;
black curve is generated by local regression. SSTs with BIT > 0.5 are reported in the Supple-
mentary Material (see footnote 1). (E) A global compilation of benthic 80 records with
the black line represents a 10-point moving average (Cramer et al., 2009). The shaded bar
denotes the Eocene-Oligocene transition (EOT) interval. EOGM—early Oligocene glacial
maximum; EOB—Eocene-Oligocene boundary.

Geological Society of America Bulletin

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B36103.1/5539034/b36103.pdf
bv | ouisiana State LJniv user



and correlation analyses were performed and
showed that samples having a branched and
isoprenoid tetraethers (BIT) index smaller than
0.5 are best for constraining the SST variations
(Supplemental Material; see footnote 1).

DISCUSSION

Evidence of Early Oligocene Glacial
Maximum Sea-Level Fall

A drastic change in P, values (Fig. 4A)
is synchronous with the EOGM. P, values
decreased markedly by ~0.2 at ca. 33.65 Ma
(Fig. 4A), which indicates an increase in ter-
restrial organic matter input that may have
resulted from rapid eustatic fall driven by
Antarctic glaciation. Marine 6'%0 and Ca/Ma
records from nearby successions in the St.
Stephens Quarry site in Alabama support the
major drop in sea level in the Gulf of Mexico
associated with the EOGM (Katz et al., 2008;
Miller et al., 2008).

Hydrological History in the Gulf of Mexico
during the Eocene-Oligocene Transition

813C,,,« 1s a function of the §3C of atmo-
spheric CO, (83C,,,) and photosynthetic
fractionation (A, during carbon fixation
(Farquhar et al., 1982). Photosynthetic frac-
tionation is modulated by both physiological
(photosynthetic pathways) and environmental
(water stress) variables. Plants with different
photosynthetic pathways can result in distinct
carbon isotopic signatures. C; (Calvin-Ben-
son) carbon fixation pathways show a larger
fractionation than the C, (Hatch-Slack) path-
ways (Diefendorf and Freimuth, 2017). There-
fore, the mean §'3C,,,, value of C; plants is
~—33%0, whereas the mean value of C, plants
is ~—22%o. 813C,,, data from the Hiwannee
site range from —31.6%0 to —28.7%o0, which
indicates that C; plants were dominant in the
Gulf Coast region during the late Eocene and
into the early Oligocene. The results reported
here are comparable to the §'3C,,, records
from the Gulf of Mexico during the same time
interval (Tipple and Pagani, 2010). Variation
of 813C,,,, values in the Hiwannee core reflects
a change in A, as the §'3C,, is relatively
constant across the EOT, as indicated by ben-
thic foraminifera 8'3C records (Tipple et al.,
2010). Water stress predominantly controls
A, by regulating leaf gas exchange via con-
straints on stomatal conductance. Therefore,
plant carbon isotopic fractionation is strongly
correlated with mean annual precipitation, so
that §3C,,, values decrease with increasing
precipitation (Diefendorf et al., 2010). A 1.6%o
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negative shift in 6!3C,,, values in Hiwannee
implies an increase in precipitation in the Gulf
of Mexico through the EOT.

&?H,,,,, from modern lake sediments reflects
the hydrogen isotopic composition of source
waters and varies among plant forms due to bio-
synthetic differences (Hou et al., 2008; Sachse
et al., 2012). As the primary control of ?H,,,
values, precipitation 6?H, changes as a function
of temperature, precipitation amount, evapora-
tion, and other climatic factors. §?H,,, has been
used to reconstruct the long-term hydrologic
evolution of the Great Plains of North Amer-
ica since the late Eocene (Tipple and Pagani,
2010). The current study focuses on the change
in paleoclimate in Gulf Coastal areas across the
EOT. The variation of interannual precipitation
6?H,, around the Gulf Coast mainly reflects
changes in rainfall amount; lower 6°H,, values
indicate increasing precipitation and vice versa
(Lambert and Aharon, 2010). Seasonal and an-
nual temperatures have little influence on pre-
cipitation isotopic values (6'%0 and 82H) in the
U.S. Gulf Coast (Vachon et al., 2010) due to
weak seasonality and a single moisture source
from tropical maritime air masses (Lambert and
Aharon, 2010), so that isotopic amount effects
may overwrite the temperature effects. Long-
term temperature changes are unlikely to cause
observed negative shifts in 6°H,,,_; values
because TEXg.-based SSTs slightly increase
from 34.1 Ma to 33.8 Ma, which is supposed
to increase rather than decrease §°H,,,,_; val-
ues due to the effects of isotopic temperature
(Rozanski et al., 1993). Moreover, the decrease
in hydrogen isotope values is less likely attrib-
uted to the reduced vapor content in air and the
sub-cloud evaporation associated with cooling
because the climate in the Gulf of Mexico was
warmer during this interval (Figs. 4C-4D).
Therefore, the negative shift in §°H,,,,_; across
the EOT represents an increase in the amount
of precipitation.

Change in plant communities should have a
negligible effect on 6'3C,,,, and 6°H,,,,_; values
in the Hiwannee core across the EOT. Stud-
ies conducted using modern plants suggest
that plant carbon and hydrogen isotopes vary
among taxonomic groups (Diefendorf et al.,
2010; Sachse et al., 2012). For example, car-
bon isotopic fractionation of gymnosperms is
~3-5%o less than that of angiosperms, which
results in higher §'3C,,,, values in conifers than
in angiosperms (Diefendorf et al., 2011). Hy-
drogen isotopic fractionation in graminoids
is greater than in trees and shrubs by ~30%o
(Sachse et al., 2012). The Gulf Coast region
was dominated by tropical to subtropical forest
assemblages during the late Eocene and the
early Oligocene, including Quercoidites, Se-
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quoiapollenits, Cupressacites, and Cyrillace-
aepollenites (Oboh-Ikuenobe and Jaramillo,
2003). Although Quercoidites increase slightly
during the Oligocene, there is no significant
paleofloristic change and turnover across the
Eocene—Oligocene boundary (Oboh-Ikuenobe
and Jaramillo, 2003).

83Cysx-BASED RECONSTRUCTIONS
OF PRECIPITATION

d13C,,, records were used to reconstruct EOT
precipitation in the Hiwannee. The change in
precipitation is calculated relative to the mean
annual precipitation during the latest Eocene
(prior to 34.0 Ma). The reconstruction of pre-
cipitation using 6'3C,,, is based on empirical re-
lationships of modern leaf discrimination (A,)
values as a function of mean annual precipita-
tion (Diefendorf et al., 2010). Conversion from
O13C, 4 t0 Ay, involves two processes: (1) deter-
mination of A, between §13C of the bulk leaf
(8BCpeyp) and 813C of the atmosphere (53C,,)
and (2) calculation of biosynthetic fractionation
(€1ea¢) between §13C,; and 613C,,,,, expressed by:

13
At = w—l x10°, ®)
6 ‘Cleal' +1
UCu +1 N
reat = | wir - 1 |x10%,
feat (513cleaf +1 ] (9)

where §13C,,, is ~—5.9%o during this inter-
val (Tipple et al., 2010). 8'3C,.,; is the carbon
isotopic composition of the bulk leaf. The
€.t Detween 813C,,, of long-chain n-alkanes
(n-Cy;, n-Cy, and n-C;,) and bulk leaf §'3C,,;
is ~-4.6%o for C; plants based on the compila-
tion of modern plants (Tipple and Pagani, 2010;
Diefendorf and Freimuth, 2017). Analysis of
woody C; plants from the global data set in-
dicates that A, is linearly correlated with the
log of mean annual precipitation (MAP) (Dief-
endorf et al., 2010). To quantify the change of
MAP in the Hiwannee core through the EOT,
we calculated the A,,; for our 63C,,, records
and then employed an empirical A,,; — MAP
relationship, expressed by:

log(MAP) = 0.10(+0.04)
X Ajeyr +1.01(20.08)(R = 0.73, n =105).
(10)

Data used to derive Equation (10) are from a
global compilation of modern plants by Dief-
endorf et al. (2010) and new data for trees in
the Gulf Coast region (Fig. 5; Table S4; see
footnote 1). Pollen data indicate a stable plant
assemblage in Gulf Coast regions. Hence, we



Eocene—Oligocene transition in the Gulf of Mexico

1A . f 17001 B - 80
s () T -
s p T 1
5 Lol - 60
; i 15001 k Ly g |
—_ s IS & —LTFT- - |z 1-}1 Q)
8 H T2 ot ) 40 &
£ ¢ Eiz00f Ly HFE U My q o
(;é o, % 21 -r_“T -7 - <
< = .S 20 =
1100 - :‘T"g:‘-’fﬁg B g |
19zt o =
1 o [[TEESRET -0
900 - i
S
£ - -20
T T T T T T 700 B T T T T T T T T T
2.2 24 2.6 2.8 3.0 3.2 334 335 336 337 338 339 340 341 342
log (MAP) Age (Ma)
Figure 5. Mean annual precipitation (MAP) reconstruction is based on A, (A) The linear relationship between A, and log(MAP), with

MAP data in millimeters. The A, and MAP data (dots) are adapted from Diefendorf et al. (2010). The shaded area denotes the 90% con-
fidence interval. (B) Change of mean annual precipitation (MAP) in millimeters (left vertical axis) and in percentage (right vertical axis)
at Hiwannee across the Eocene-Oligocene transition is quantified by the §'3C,,, record. The data are presented in dots with dashed line
generated by local regression. MAP % are calculated relative to the mean values for the late Eocene (before 34.0 Ma) and are reported in

percentage (%).

argue that §'°C,,,, values in the Hiwannee core
are reliable for predicting precipitation change
across the EOT. §'3C,,-based reconstructions of
precipitation amount increase from an average of
965 £ 30 mm during the latest Eocene (before
34.0 Ma) to 1392 + 37 mm during the early
Oligocene (33.45-33.70 Ma) (Fig. 5), which is
equivalent to an increase of 44% in precipita-
tion across the EOT. Genetic variability among
plant species may impact the absolute values
of the predicted MAP (Ehleringer et al., 1991;
Diefendorf and Freimuth, 2017). However, if
this empirical relationship is valid for individ-
ual plant species and the composition of plant
communities is stable, the uncertainty of recon-
struction is likely to affect the absolute precipita-
tion amount but not the proportional change in
MAP (MAP%).

Interhemispheric Temperature Asymmetry
across the Eocene-Oligocene Transition

Our TEXg4-based SST reconstructions show
a cooling magnitude (~2—4 °C) similar to that
of the record at the St. Stephens Quarry (Wade
et al., 2012) across the EOT. The new SSTs re-
ported here also capture a secular warming trend
within ~300 k.y. before this cooling, which is
concordant with an increasing SST in the Gulf
of Mexico and equatorial Atlantic during the
late Eocene (Tremblin et al., 2016; Houben
et al., 2019). Warming at low latitudes during
the late Eocene might have reflected increasing
heat accumulation in the tropical and subtropical
Atlantic, which can be attributed to an invigo-
ration of modern-like AMOC (Tremblin et al.,
2016; Elsworth et al., 2017; Vahlenkamp et al.,

2018; Hutchinson et al., 2019; Toumoulin et al.,
2020; Hutchinson et al., 2021). This inference is
supported by the increasing meridional benthic
foraminiferal 6'%0 gradient among the Atlantic
and Southern Oceans (Cramer et al., 2009) and
enhanced vertical mixing between Atlantic inter-
mediate and deep water inferred by the collapse
in the planktic-benthic §'3C gradient (Abelson
and Erez, 2017; Coxall et al., 2018). The warm-
ing of SST in the Hiwannee core during the late
Eocene indicates an increase in heat transport
and supports the presence of a modern-like
AMOC in the Atlantic, which would result in
northward heat transport and a warmer Northern
Hemisphere than Southern Hemisphere (Buck-
ley and Marshall, 2016).

The TEXg, temperatures reported here agree
with other temperature proxy data and benthic
8180 records and reveal that the SST changes
slightly across the EOT in the subtropics and
Northern Hemisphere relative to >8 °C cool-
ing in the Southern Hemisphere (Lear et al.,
2008; Cramer et al., 2009; Liu et al., 2018). The
magnitude of change in the SST at the Hiwan-
nee core location is consistent with the U
SST data from Site 1404 in the North Atlantic
(Fig. 6B), where the SST decreases less than 2
°C in association with the EOT (Liu et al., 2018).
In addition, terrestrial paleoclimatic proxy data
from the Northern Hemisphere (Fig. 6A) also
show a delayed cooling that does not begin un-
til the EOGM at ca. 33.65 Ma (Zanazzi et al.,
2007; Hren et al., 2013; Fan et al., 2017). For
example, temperature proxy data from continen-
tal North America indicate that there is a more
pronounced cooling (~7-8 °C) from the late Eo-
cene into the early Oligocene, while the major
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phase of cooling occurs after ca. 33.6 Ma, Con-
trary to the Northern Hemisphere, the U; SST
from site 511 in the Southern Ocean (Fig. 6B)
strikingly declines during the late Eocene,
which is ~0.5-1 m.y. earlier than the cooling
in the Northern Hemisphere (Liu et al., 2009).
This asymmetric temperature pattern across the
EOT is unlikely to be attributed to the ,CO, drop
alone, which is supposed to synchronously cool
global temperatures. Climate simulations and
proxy data indicate that the southern—northern
temperature difference is associated with the es-
tablishment of the Antarctic Ice Sheet, which in-
tensifies the meridional temperature gradient and
invigorates oceanic circulation (Goldner et al.,
2014; Liu et al., 2018). A recent modeling study
proposes another hypothesis that illustrates the
effect of the closure of the Arctic—Atlantic gate-
way, which suggests that a strengthened AMOC,
due to closure of the seaway, might increase oce-
anic carbon uptake, enhance weathering, and in
turn cause a reduction of atmospheric CO, and
Antarctic glaciation (Hutchinson et al., 2019).

Hydrological Changes in the Gulf of
Mexico Driven by Interhemispherically
Asymmetric Temperatures

An increase in precipitation is synchronous
with a positive shift in global marine §'80 re-
cords (Cramer et al., 2009), and a cooling of
southern high-latitude temperatures (Liu et al.,
2009; Figs. 6B—6D), which indicates that the
hydrological change along the Gulf Coast is as-
sociated with changes in meridional temperature
gradients and the reorganization of oceanic and
atmospheric circulation. Here it is argued that
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Figure 6. Comparison of leaf wax isotope-based rainfall variations and temperature records
in both hemispheres is shown. (A) Change in mean annual average temperature (MAAT)
from continental records (Zanazzi et al., 2007; Hren et al., 2013; Fan et al., 2017); data
are smoothed by local regression (curves). (B) Sea-surface temperatures (SST) from sites
511 (North Atlantic) and 1404 (South Atlantic) (Plancq et al., 2014; Liu et al., 2018) and
new TEXg, at Hiwannee (Gulf of Mexico). Temperature changes (AT) are relative to the
mean values between 34.5 Ma and 37 Ma at individual localities. SST's in sites 511 and 1404
(points) are smoothed by local regression (curves). (C) Reconstructed mean annual precipi-
tation (MAP) based on §'3C,,; dashed line represents the average MAP for the early Oli-
gocene (33.45-33.70 Ma); dotted line denotes the average MAP for the late Eocene (before
34.0 Ma). Change of MAP in percentage (MAP %) is calculated relative to the mean values
for the late Eocene (before 34.0 Ma) and is reported in percent (%). The shaded bar denotes
the Eocene-Oligocene transition (EOT) interval. (D) Global benthic 880 records with a
10-point moving average (Cramer et al., 2009).

increased precipitation across the EOT is as-
sociated with a strengthened AMOC that shifts
the Intertropical Convergence Zone northward.
Millennial-scale climatic modeling for glacial—
interglacial cycles has suggested that the inter-
hemispheric asymmetric temperature gradient
impacts the Hadley and eddy circulation and
forces the Intertropical Convergence Zone to
shift toward relatively warmer regions by alter-

nating atmospheric heat exchange between the
tropics and mid-latitudes (Broccoli et al., 2006;
Chiang and Friedman, 2012). Substantial cool-
ing in the Southern Hemisphere and AMOC-
intensifying northward heat transport across
the EOT would be expected to strengthen the
southern Hadley cell and weaken the northern
Hadley cell, which enlarges the meridional pres-
sure gradient between the Southern and North-
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ern Hemisphere. This interhemispheric pressure
gradient potentially enhances moisture and heat
transport from the subtropical Atlantic to the
Gulf Coast, shifting the Intertropical Conver-
gence Zone toward the relatively warmer North-
ern Hemisphere with intensified rainfall in Gulf
of Mexico regions. Similar interhemispheric
climate dynamics driven by Intertropical Con-
vergence Zone displacement have also been pro-
posed to explain the Quaternary climatic change
in the Gulf of Mexico (Suh et al., 2020) and East
Asian summer monsoon intensification during
the late Miocene—Pliocene (Ao et al., 2016) and
middle Miocene (Holbourn et al., 2010).

The northward migration of the Intertropical
Convergence Zone is supported by a dust prov-
enance study from central equatorial Pacific
site 1334 that suggests a northward shift of the
rain belt across the EOT (Hyeong et al., 2016).
However, precipitation remains unchanged or
decreases in the mid- to high latitudes in North
America (Sheldon and Retallack, 2004; Retal-
lack, 2007; Zanazzi et al., 2007; Fan et al., 2017)
and in mid-latitude Asia, including the Xining
Basin (Dupont-Nivet et al., 2007) and Lanzhou
Basin (Ao et al., 2020). In combination with
these published studies, our study reveals that
the enhanced precipitation due to the northward
shift of the Intertropical Convergence Zone dom-
inates the tropics and sub-tropics. This pattern
broadly supports the results from climate model-
ing studies, which show enhanced precipitation
predominantly in the low latitudes of the North-
ern Hemisphere (Elsworth et al., 2017). But our
records also reveal differences in predictions of
slightly strengthened precipitation in the Gulf of
Mexico from modeling studies, which calls for
extensive proxy studies and the incorporation of
numerical modeling. Furthermore, the displace-
ment of the Intertropical Convergence Zone ap-
pears to have produced a rapid change within
500 k.y., which is identical to the transient nature
of interhemispherically asymmetric temperature
patterns (Liu et al., 2018; Fig. 6).

CONCLUSIONS

Leaf wax carbon and hydrogen isotopic re-
cords indicate enhanced precipitation in the
subtropical North American Gulf Coast re-
gion during the Eocene—Oligocene transition
(34.1-33.6 Ma). Precipitation reconstruction
from leaf wax carbon isotopic values suggests
an increase in mean annual precipitation of 44%.
The change in precipitation is accompanied by
a secular increase in TEXg4-based sea-surface
temperature reconstruction of ~2 °C during the
latest Eocene. The enhanced precipitation in the
Gulf of Mexico is attributed to the northward
shift of the Intertropical Convergence Zone,



which was driven by the enlarged polar-tropic
temperature gradient in the Southern Hemi-
sphere and the strengthened Atlantic Meridional
Overturning Circulation (AMOC). Paleoclimatic
reconstruction supports the change in Atlantic
Ocean circulation and the invigoration of mod-
ern-like AMOC during the late Eocene. These
findings highlight the critical role of meridional
temperature gradient and large-scale oceanic cir-
culation in modulating tropical and subtropical
hydroclimate and its potential impacts on CO,-
weathering feedback during the “greenhouse” to
“icehouse” transition through the Eocene—Oli-
gocene boundary.
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