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ABSTRACT
Eocene Thermal Maximum 2 (ETM-2; ca. 54.2 Ma) represents the second largest of the 

major Eocene hyperthermals, yet comparatively little is known about the scale and rate of 
climatic change for key regions. Here we provide the first detailed records of subtropical 
sea-surface warming and salinization for ETM-2 at two subtropical locations, Ocean Drilling 
Program Sites 1209 (North Pacific) and 1265 (South Atlantic). Coupled planktic foraminif-
eral Mg/Ca and δ18O indicate 2–4 °C of rapid warming and local salinization of ~1–2 ppt at 
both sites. The increase in sea-surface temperature is equivalent to anomalies reported from 
higher latitude sites, and is consistent with theory on the expected pattern of spatial tempera-
ture response to greenhouse gas forcing in an ice-free world (i.e., no ice-albedo feedback). 
Similarly, the observed salinization is consistent with the hypothesis of enhanced meridional 
vapor transport and increased subtropical aridity in a warmer world.

INTRODUCTION
The early Eocene hyperthermals represent 

potential calibration points for establishing the 
response of global and regional warming and 
shifts in the hydrologic cycle to past changes in 
greenhouse gas (GHG) forcing because they rep-
resent transient and extreme warming events. The 
magnitude of warming (4–8 °C; e.g., Dunkley 
Jones et al., 2013) during the largest hyperther-
mal, the Paleocene–Eocene Thermal Maximum 
(PETM; ca. 56 Ma), and evidence for intensi-
fication of the hydrologic cycle (e.g., Schmitz 
and Pujalte, 2007) are roughly within projections 
given the estimates of GHG forcing and PETM 
climate sensitivity (PALEOSENS Project Mem-
bers, 2012; Kiehl and Shields, 2013).

Subsequent but smaller hyperthermals rep-
resent additional climate sensitivity calibra-
tion points. The Eocene Thermal Maximum 
2 (ETM-2; ca. 54 Ma) followed the PETM by 
1.8–2.0 m.y., and was characterized by sur-
face- and deep-ocean warming (Lourens et al., 
2005; Sluijs et al., 2009; Stap et al., 2009) that 
was approximately half that of the PETM. The 
magnitude of the accompanying carbon isotope 
excursion (CIE, –1‰ to –1.5‰ in benthic fora-
minifera; e.g., Stap et al., 2010a; Fig. DR1 in the 
GSA Data Repository1) and dissolution horizons 

1 GSA Data Repository item 2018045, supplemen-
tal information including methodological details and 
figures that support the discussion, is available online 
at http://www.geosociety.org/datarepository/2018/ or 
on request from editing@geosociety.org

(Lourens et al., 2005; Nicolo et al., 2007; Stap 
et al., 2009; Westerhold et al., 2011) indicates 
a global carbon cycle perturbation that is also 
approximately half that of the PETM, although 
this has yet to be adequately constrained by 
independent observations or modeling.

In addition to warming, the hyperthermals 
are also characterized by a mode shift, or inten-
sification, of the hydrologic cycle. In the case of 
the PETM this includes widespread evidence of 
increased intensity and/or frequency of extreme 
precipitation events and drought in continen-
tal settings (Schmitz and Pujalte, 2007; Kraus 
and Riggins, 2007; Foreman et al., 2012), and 
changes in runoff and/or precipitation and evap-
oration (P-E) in marine settings (Zachos et al., 
2003, 2006; Tripati and Elderfield, 2004; Nicolo 
et al., 2007; Tipple et al., 2011). In particular, 
open-ocean P-E , as inferred from changes in 
sea-surface salinity (∆SSS), appears to have 
declined in the subtropics, and increased in 
high latitudes. Similarly, cursory evidence for 
intensification of the hydrologic cycle has been 
documented for ETM-2 in the Arctic and North 
America (Sluijs et al., 2009; Abels et al., 2012), 
but few other locations.

Previous attempts to quantify ETM-2 warm-
ing have been limited to a few planktic δ18O 
records that show modest (negative) anomalies 
(Lourens et al., 2005; Stap et al., 2010a), pos-
sibly due to the influence of competing environ-
mental factors, such as higher SSS and acidifi-
cation (e.g., Spero et al., 1997), both of which 

would be consistent with a global carbon cycle 
perturbation. Subtropical salinization would be 
expected due to increased subtropical evapora-
tion and transport of 18O-depleted water vapor 
poleward on a global scale (e.g., Roberts et al., 
2011; Tindall et al., 2010). To circumvent this, 
additional proxies such as Mg/Ca are required to 
constrain sea-surface temperature (SST), which, 
with adjustments for pH (Evans et al., 2016), 
could then allow for estimation of changes in 
local sea-surface δ18Oseawater and thus SSS (e.g., 
Zachos et al., 2003).

To assess whether the magnitude of ETM-2 
warming was globally uniform in the absence of 
an ice-albedo feedback (e.g., Kiehl and Shields, 
2013), and to test if regional P-E declined in the 
subtropics due to increased meridional vapor 
transport consistent with GHG warming (Carmi-
chael et al., 2015), we applied coupled δ18O and 
Mg/Ca paleothermometry in planktic foramin-
ifera from Ocean Drilling Program (ODP) Sites 
1209 and 1265 to establish low- to mid-latitude 
SST and SSS anomalies.

METHODS
Specimens of Acarinina soldadoensis, a 

planktic foraminifera species that likely hosted 
photosymbionts and thus resided in the pho-
tic zone (e.g., Pearson et al., 1993), were col-
lected from the 250–355 μm sieve size fraction 
at 3–5 k.y. resolution from ODP Sites 1209 and 
1265, where ETM-2 is tightly constrained by 
carbon isotope and cycle stratigraphy (Lourens 
et al., 2005; Westerhold et al., 2007; Gibbs et 
al., 2012). Trace element ratios (e.g., Mg/Ca, 
Sr/Ca, Al/Ca, Ti/Ca) of oxidatively reductively 
cleaned specimens (10–20 shells) were mea-
sured by inductively coupled plasma–mass spec-
trometry following the methodology of Brown 
et al. (2011) with an interrun precision for Mg/
Ca of <3% (2 standard deviation). Stable iso-
tope analyses (δ13C, δ18O, Vienna Peedee belem-
nite) were performed on shells from the same 
samples via isotopic ratio mass spectrometry 
with an interrun precision for δ13C and δ18O 
< 0.1% (2 relative standard deviation, RSD) 
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and <0.16% (2 RSD), respectively. A %CaCO3 
record was also generated for ODP Site 1209 via 
coulometric analysis. In addition, we compiled 
previously published bulk CaCO3 (% and δ13C) 
and benthic foraminiferal δ13C and δ18O for Site 
1265 (Stap et al., 2009, 2010a, 2010b) and bulk 
δ13C and benthic foraminiferal δ13C and δ18O for 
Site 1209 (Gibbs et al., 2012; McCarren, 2009). 
Details of all analytical and numerical methods 
are provided in the Data Repository.

From the coupled planktic Mg/Ca and δ18O 
data (Fig. 1), SST and SSS anomalies were 
computed (Fig. 2) following the method of 
Zachos et al. (2003), but accounting for addi-
tional recently discovered proxy sensitivities. 
Specifically, the exponential constant of the Mg/
Ca proxy calibration (A value; see Equation 3 
in the Data Repository) is potentially sensitive 
to Mg/Caseawater (Evans et al., 2016). In order to 
account for this sensitivity, we applied a range 
of constants (A values from 0.05 to 0.09) that 
encompass the error in Mg/Ca temperature 
regression fits for potential Mg/Caseawater values 

of the early Eocene (see the Data Repository; 
Evans et al., 2016) that contribute to the uncer-
tainty in ΔSST (i.e., ±1 °C). Furthermore, Evans 
et al. (2016) observed a pH effect on Mg/Ca 
that they quantified using a logistic fit to trends 

in field and laboratory data (Equation 1 in the 
Data Repository), although they could not sta-
tistically rule out a linear fit (Equation 2 in the 
Data Repository). Using a δ11B-based estimate 
of ∆pH (Penman et al., 2014) for the PETM, 
Evans et al. (2016) applied a pH correction to 
planktic δ18O and Mg/Ca data of Zachos et al. 
(2003) to highlight the significance of this effect. 
Because ∆pH has not yet been established for 
ETM-2, we apply a ΔpH of −0.05 pH units, esti-
mated using Long-Term Ocean-Atmosphere-
Sediment Carbon Cycle Reservoir (LOSCAR) 
carbon-cycle simulation of the event, as con-
strained by observations of the magnitude of the 
CIE, ΔSST, and changes in the carbonate com-
pensation depth (CCD) (see the Data Reposi-
tory). Applying both the logistic and linear pH 
adjustments, the pH effect on our Mg/Ca-∆SST 
is <−0.1 °C (Fig. DR3). Scaling the Site 1209 
δ11B-based PETM ΔpH (Penman et al., 2014) to 
ETM-2 using the planktic CIE recorded for each 
event (see the Data Repository) leads to a larger 
ΔpH (−0.11 pH units), although the added effect 
on our results is minimal (<0.1 °C decrease in 
ΔSST and <0.2 ppt decrease in ΔSSS; Fig. DR3).

Planktic δ18O values are also adjusted with 
LOSCAR-based ∆pH (−0.05 pH units) fol-
lowing the Globigerina bulloides relationship 
initially ascribed to a [CO3

2–] effect on δ18O 
by Spero et al. (1997) (i.e., −2.51‰ per pH 
unit), before estimating and removing the Mg/
Ca-based temperature influence to determine 
δ18Oseawater. The residual shifts in δ18Oseawater are 
then converted to ∆SSS using 0.25‰–0.50‰ 
per ppt from Zachos et al. (2003). This approach 
assumes (1) the complete absence of ice sheets 
to influence δ18Oseawater, and (2) that the state of 
foraminifera preservation is uniform on short 
length scales, where lithology (i.e., %CaCO3) 
is relatively invariant (Fig. 1).

RESULTS
At both sites, Mg/Ca increases by ~25% dur-

ing the CIE (Fig. 1). Given the long residence 
times of Mg and Ca in seawater (>1 m.y.), 

Figure 1. A: Bulk CaCO3 concentration (black line, this study) and δ13C (orange symbols, Gibbs 
et al., 2012), benthic (Nuttallides truempyi; blue symbols) δ18O (McCarren, 2009; this study = 
open symbols), planktic (Acarinina soldadoensis) δ13C (burgundy symbols), δ18O (green sym-
bols) and Mg/Ca (red symbols) (this study) for Ocean Drilling Program (ODP) Site 1209 (~28°N 
paleolatitude; van Hinsbergen et al., 2015). Data are plotted versus absolute age using the age 
model of Lauretano et al. (2016). The age model for Site 1209 was generated by tying the bulk 
δ13C record at Site 1209 to bulk δ13C at Site 1265. Inset: The site map displays the continental 
configuration at 54.0 Ma and indicates the paleolocations of Sites 1209 and 1265. The pink 
shaded bar highlights ETM-2 (or the H1 event). B: ODP Site 1265 (42°S paleolatitude). Symbols 
as in A except CaCO3 data (% and δ13C; black line and orange symbols, respectively)  are from 
Stap et al. (2009) and benthic (N. truempyi, blue symbols) δ18O data are from Stap et al. (2010b). 

Figure 2. A: Eocene Thermal Maximum 2 (ETM-2) (or the H1 event) sea-surface temperature 
(SST) and sea-surface salinity (SSS) anomalies from Ocean Drilling Program (ODP) Site 1209. 
δ18O-based SST anomaly is pH adjusted. Mg/Ca-based SST and temperature-adjusted δ18Oresidual-
based SSS anomalies are generated following the methodology outlined in the text and in the 
Data Repository (see footnote 1). B: ODP Site 1265. 
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Mg/Caseawater should have remained constant over 
the duration of the study interval (~200 k.y.); 
thus, the Mg/Ca anomalies must reflect ΔSST. 
During the CIE of ETM-2, planktic δ18O val-
ues decrease by <0.5‰ during the CIE at South 
Atlantic ODP Site 1265, but at Pacific Site 1209 
show little to no decrease beyond background 
variability. In contrast, benthic δ18O data show 
a similar 0.6‰–0.7‰ decrease at both loca-
tions (Fig. 1; Stap et al., 2010b), suggesting 
similar warming of the deep sea. Surface-ocean 
CIEs of ~−1.5‰ are recorded in mixed-layer 
planktic foraminifera at both sites (Fig. 1). The 
%CaCO3 decreases by ~40% at Site 1265 (Stap 
et al., 2009) and by ~5% at Site 1209 (this study) 
during the CIE (Fig. 1).

ΔSST AND ΔSSS FROM THE 
SUBTROPICS DURING ETM-2

We focus on establishing anomalies instead 
of absolute SST and SSS, because recrystalliza-
tion of planktic foraminifera in carbonate-rich 
pelagic oozes can shift δ18O substantially (Pear-
son et al., 2001). Any overprint of δ18O, however, 
should be uniform over the short length scales 
studied here, and features such as anomalies 
(and cycles) are typically preserved (Kozdon et 
al., 2013). In contrast, Mg/Ca seems to be mini-
mally affected by recrystallization in relatively 
closed systems such as the low-porosity pelagic 
muds at Sites 1209 and 1265 (Kozdon et al., 
2013; Edgar et al., 2015). Dissolution, however, 
tends to decrease Mg/Ca and increase δ18O in 
foraminiferal calcite (Dekens et al., 2002). Com-
bining the dissolution sensitivity of the modern 
foraminifera G. ruber (Dekens et al., 2002) with 
our simulated CCD response for ETM-2 (Fig. 
DR2) translates to a potential Mg/Ca decrease 
due to dissolution of 1%–3% and 2%–6% in 
the Pacific and Atlantic, respectively. In terms 
of SST, this would dampen ETM-2 warming by 
<0.5 °C in the Pacific, and <1 °C in the Atlantic. 
In contrast, δ18O dissolution sensitivity might 
suggest a potential increase in foraminiferal 
δ18O of <0.04 ‰ and <0.08‰ for the Pacific 
and Atlantic, respectively. This magnitude of 
δ18O enrichment would tend to amplify our cal-
culated ΔSSS by only <0.25 ppt, for both sites. 
However, estimates of the effect of dissolution 
on our results are likely extremes, as the depth-
dependent dissolution effect probably overcom-
pensates for actual dissolution (e.g., Hönisch et 
al., 2013). Furthermore, the muted δ18O tem-
perature signal is observed at both sites, which 
exhibit variable decreases in %CaCO3.

In general, Mg/Ca suggest a similar degree 
of warming in the equatorial Pacific and South 
Atlantic during ETM-2. The δ18O anomalies, in 
contrast, are small and unequal, indicating local 
salinity-related anomalies in δ18Oseawater. We find 
that the total rise in SST amounts to 2–4 °C 
during ETM-2 (Fig. 2) and residual shifts in 
δ18Oseawater indicate an increase in SSS of +2 ± 1 

ppt at Site 1209 and +1 ± 1 at 1265 (Fig. 2), sug-
gesting increased subtropical aridity coincident 
with the warming.

DISCUSSION
The 2–4 °C warming in low to mid-latitudes 

established herein is similar in magnitude to 
bottom-water warming recorded by deep-sea 
benthic δ18O (~3 °C; Stap et al., 2010b), where 
negligible changes in pH and salinity are pre-
dicted, by inference, in areas of bottom-water 
formation in the Southern Ocean and the Arctic 
(3–5 °C ΔSST; Sluijs et al., 2009). The spatial 
pattern of warming for ETM-2 is similar (albeit 
smaller in magnitude) to the pattern recorded by 
Mg/Ca and GDGT (glycerol dialkyl glycerol 
tetraethers) based temperature estimates during 
the PETM (e.g., Dunkley Jones et al., 2013) and 
expected pattern of warming in a largely ice-free 
world that lacks ice-albedo feedbacks (Kiehl and 
Shields, 2013).

Our finding of increased subtropical salinity 
during ETM-2 supports theoretical consider-
ations of Eocene greenhouse warming effects on 
atmospheric vapor transport, ocean salinity, and 
δ18Oseawater. Simulations with isotope-enabled cli-
mate models (Roberts et al., 2011; Tindall et al., 
2010) suggest relatively enhanced evaporation in 
the subtropics and net transport of 18O-depleted 
moisture poleward, raising both the salinity and 
δ18Oseawater of subtropical surface waters. In one 
simulation involving the GISS (Goddard Insti-
tute for Space Studies) ModelE-R (Roberts et al., 
2011), P-E decreases in the subtropical latitude 
bands from 15°S to 45°S, and from 10°N to 
40°N, resulting in 0.5–2.0 ppt  local increases 
in SSS, the largest increases occurring in the 
subtropical Pacific and the North Atlantic and the 
smallest in the equatorial Pacific. Similarly, the 
HadCM3 (Hadley Centre coupled atmosphere-
ocean general circulation model) was used to 
simulate differences between preindustrial 
and Eocene δ18Oseawater producing broadly simi-
lar results as the GISS ModelE-R, with some 
local differences in the Indian Ocean and North 
Atlantic Ocean basins (Tindall et al., 2010). It 
is interesting that near Site 1265, simulated 
changes in P-E appear to be small, and so the 
site would record a reduced δ18Oseawater anomaly, 
consistent with our findings. While orbital forc-
ing and ocean circulation might have contributed, 
the close covariation of SSS and SST with the 
CIE during the transient Eocene hyperthermals 
supports a primary feature of climate theory, 
that GHG warming drives increased meridional 
moisture transport, i.e., intensification of the 
hydrologic cycle (Carmichael et al., 2015).

Our estimate of surface salinization recorded 
during ETM-2 at Site 1209 is similar in mag-
nitude to the original estimate of a 2–3 ppt 
increase for the PETM (Zachos et al., 2003). 
This original estimate was not adjusted for pH 
or for other effects on either δ18O and Mg/Ca. 

In order to compare the salinity anomalies for 
the PETM and ETM-2, we recalculated PETM 
ΔSST and ΔSSS using planktic Mg/Ca and δ18O 
data from Zachos et al. (2003). Applying the 
same range in Mg/Ca temperature sensitivity 
(A values) as used for ETM-2 and adjusting for 
ΔpH using simulated LOSCAR Pacific surface 
PETM ΔpH (~−0.17 units; Zeebe et al., 2009), 
we estimate a salinity anomaly of 3 ± 2 ppt for 
the PETM at Site 1209 (Fig. DR4). We used 
the LOSCAR PETM ΔpH over the δ11B-based 
PETM ΔpH to maintain consistency when com-
paring the SSS anomalies for the two events. 
The large uncertainty in the recalculated PETM 
∆SSS reflects a broad range of possible Mg/Ca 
temperature sensitivities for the Eocene. When 
averages are compared, the PETM salinity 
anomaly at Site 1209 is slightly larger than 
the anomaly for ETM-2 (i.e., 3 ± 2 ppt for the 
PETM, and 2 ± 1 ppt for ETM-2; Fig. 2; Fig. 
DR4), as one would expect, due to the relatively 
larger perturbations in temperature and hydro-
logical cycle during the PETM compared to 
ETM-2.

In summary, this study documents patterns of 
sea-surface warming and salinization of the sub-
tropical (~28°N) Pacific and subtropical (~42°S) 
South Atlantic during ETM-2 that are consis-
tent with theoretical predictions of the climatic 
response to GHG forcing, including globally 
uniform warming in the absence of ice-albedo 
feedback, a decrease in P-E, and a correspond-
ing increase in SSS at low to mid-latitudes, sug-
gesting enhanced meridional vapor transport.
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