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[1] Oxygen isotope records from ODP Site 1052 (Blake Nose, subtropical North Atlantic Ocean) indicate
significant short-term, high-amplitude variability (up to 1.4% in about 2500 to 4000 years) during the late
middle Eocene (37.9–37.5 Ma). These variations reflect a combination of changes in sea surface
temperature and the oxygen isotope composition of the regional seawater. In order to independently
evaluate the magnitude of SST changes at Blake Nose and better understand the nature of environmental
change during the late middle Eocene, we present planktonic foraminiferal Mg/Ca data combined with
d18O data from the same samples. The calculated Mg/Ca paleotemperatures indicate a decrease in SSTs
over the study interval from �33 to 28�C at the same time that previously published foraminiferal
d18Ocalcite values from the same samples also decrease. Thus, the d18Ocalcite values must reflect a significant
component of seawater d18O change in order to reconcile the opposite paleotemperature trends reflected by
both proxies. Calculated d18Oseawater values decreased from �3% at 37.83 Ma to �2% at 37.6 Ma. The
combined trends of the SST and d18Oseawater cannot be explained by an increase of continental ice over this
time interval. Instead, the data favor an overall weakening of the hydrological cycle as global climate
transitioned from the greenhouse to icehouse.
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1. Introduction

[2] Geochemical, paleontological, and sedimento-
logical data indicate that the early Eocene was the
warmest interval of the Cenozoic [e.g.,Wolfe, 1980;
Adams et al., 1991; Zachos et al., 1994]. Temper-
atures during peak Eocene warmth at �50 Ma were
as high as 18�C at high latitudes and >30�C at low
latitudes [e.g., Burgess et al., 2008; Sluijs et al.,
2008; Pearson et al., 2007] suggesting little or no
ice at the poles and a reduced equator-to-pole
gradient compared to the modern. Following the
early Eocene peak warmth, global temperatures
declined, culminating in the expansion of ice sheets
in Antarctica by the earliest Oligocene [e.g., Miller
et al., 1991; Zachos et al., 1996, 2001; Lear et al.,
2000; Coxall et al., 2005].

[3] Oxygen isotope records from high, middle and
low latitudes indicate high-amplitude variations on
orbital and suborbital time scales during the Eocene
cooling trend [e.g., Diester-Haass and Zahn, 1996;
Bohaty and Zachos, 2003; Wade et al., 2001; Wade
and Kroon, 2002]. In the Southern ocean, Diester-
Haass and Zahn [1996] reported short-term fluctu-
ations with periodicities of 100–400 ka in benthic
foraminiferal stable isotope and abundance data
from the Eocene-Oligocene (45–26 Ma) interval
of ODP Site 689, Maud Rise, Weddell Sea. Bohaty
and Zachos [2003] and Bohaty et al. [2009] gener-
ated high-resolution stable isotope records from the
middle Eocene (49–34 Ma) of Kerguelen Plateau
and Maud Rise (ODP Sites 689, 690, 744, 748 and
738) and found a distinct negative d18O excursion
(�1%) at 40.0 Ma (now known as the middle
Eocene Climatic Optimum) in the middle of the
prominent long-term Eocene cooling trend.

[4] In the subtropical North Atlantic (Blake Nose;
Figure 1), Wade and Kroon [2002] found evidence
of significant variability in the oxygen isotope
records from late middle Eocene mixed layer
dwelling planktonic foraminifera (Figure 2) from
ODP Site 1052. These data indicate d18O changes
of up to 1.4% in about 2500 to 4000 years. They
attributed the high-amplitude d18O shifts to
changes in sea surface temperatures (SSTs) of 4
to 10�C based on the presumed absence of signif-
icant ice sheets and hence little contribution from
changes in the overall seawater d18O values.

[5] Such large temperature shifts present a signif-
icantly different view of the Eocene subtropics,
thought to have been relatively stable compared to
polar temperatures [e.g., Pearson et al., 2007].
However, the magnitude of the temperature varia-

tions inferred from the Site 1052 d18O data is
similar to that observed during the Pleistocene
[Kroon et al., 2000] suggesting that subtropical
SSTs during relatively warm, and presumed ice-free
climatic intervals could have exhibited the same
magnitude of environmental change as during
glacial-interglacial climates.

[6] The relatively large changes in SSTs were
based on the assumption that the only source of
foraminiferal d18O variations was seawater temper-
ature. Yet recent evidence suggests that significant
polar ice may have existed as far back as the late
middle Eocene [e.g., Eldrett et al., 2007; St. John,
2008] raising the possibility that some portion of
the magnitude of the subtropical North Atlantic
foraminiferal d18O variations could have been due
to changes in the global seawater isotopic compo-
sition. Thus, the assumption that ice volume var-
iations did not affect the foraminiferal d18O values
changes at Blake Nose may have resulted in an
overestimation of the magnitude of SST changes.

[7] To evaluate the magnitude of SST change at
Site 1052, and better understand the nature of
subprecessional-scale environmental change dur-
ing the late middle Eocene, we present a high-
resolution planktonic foraminiferal Mg/Ca record
from ODP Site 1052 to complement the existing
d18O data. Our interval also covers a major turn-
over in planktonic foraminifera with the extinction
of muricate taxa Morozovelloides and Acarinina
[Wade, 2004; Wade et al., 2008]. The Mg/Ca ratios
provide an independent estimate of SST indicating
significant changes in the seawater d18O composi-
tion of the western subtropical North Atlantic not
previously recognized.

2. Materials and Methods

2.1. Site Information

[8] Coring at ODP Site 1052 (Blake Nose, western
North Atlantic, Figure 1) recovered middle to upper
Eocene siliceous and nannofossil ooze [Norris et al.,
1998]. The modern water depth at Site 1052 is
1345 m. Given that middle-late Eocene sea level
was �100 m higher [e.g., Miller et al., 2005] and
Blake Nose had experienced most of its postrift
subsidence by the end of the Early Cretaceous
[Norris et al., 1998], the paleo–sea level was likely
within 100 m of the modern water depth. The study
interval consists of relatively unconsolidated sedi-
ments and is found at relatively shallow burial
depths (�80 to 120 m) because very little sediment
has accumulated at Blake Nose since the end of the
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Figure 1. Location map showing drill locations and bathymetry (meters) of Ocean Drilling Program Leg 171B,
Sites 1049–1053, and the Blake Plateau (inset) [Norris et al., 1998].

Figure 2. Comparison of Site 1052 geochemical data (plotted versus stratigraphic depth in mcd) and SEM images.
(a) Site 1052 planktonic foraminiferal d18O data from Wade and Kroon [2002]. The diamond symbols indicate d18O
analyses conducted on Globigerinatheka specimens, and the squares represent analyses of Acarinina mcgowrani.
(b) Mg/Ca values generated in this study. All trace element data employed Globigerinatheka specimens. The four
samples with Mg/Ca values >5.5 mmol/mol that occur above 85 mcd are likely anomalous and not representative of
paleoenvironmental conditions; hence, these are not included in subsequent discussion of the paleoceanographic
implications. (c) Sr/Ca data from Site 1052. SEM images of Globigerinatheka test wall texture from three samples
(1052F, 10H-2, 115–116 cm; 1052F, 10H-3, 145–146 cm; and 1052B, 11H-5, 35–36 cm) are shown with the
stratigraphic interval of each indicated by the long arrows. Scale bars vary and are indicated in each image.
Planktonic foraminiferal biozones from Wade [2004] and magnetostratigraphy from Norris et al. [1998].
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Eocene. Shipboard and postcruisemicrofossil inves-
tigations indicate that the calcareous fossil groups
are well preserved [Mita, 2001;Wade, 2004; Bellier
et al., 2001; Friedrich and Hemleben, 2007].

[9] We analyzed 121 samples at 10 cm (about 2.5
to 4 ka) resolution over the interval 94.43–82.98 m
composite depth (mcd; please refer to Norris et al.
[1998] for details on how the mcd scale was
constructed at Site 1052) (37.86–37.50 Ma) from
ODP Site 1052 using the same sample intervals for
Mg/Ca analysis as those used by Wade and Kroon
[2002] for stable isotope analysis. We employed
the age model used by Wade and Kroon [2002].

[10] The planktonic foraminiferal genus Globiger-
inatheka provided the best taxa for sea surface
reconstruction among those genera present and
sufficiently abundant for time series analysis
during our study interval. The paleohabitat of
Globigerinatheka has been inferred through
multispecies d18O and d13C comparison [Premoli
Silva et al., 2006]. Middle and upper Eocene
planktonic foraminifera stable isotope analyses
indicate depleted d18O and enriched d13C in
Globigerinatheka in comparison to the rest of the
assemblage [Boersma et al., 1987; Wade, 2004;
Sexton et al., 2006], indicative of a mixed layer
habitat. Concurrent stable isotope measurements
at Site 1052 indicate little (<0.3%) offset in
d18O between Morozovelloides, Acarinina and
Globigerinatheka [Wade and Kroon, 2002; Wade,
2004]. Globigerinatheka probably occupied a mixed
layer habitat and possessed endosymbionts and thus
remained within the photic zone for the majority of
their lifecycle. We therefore consider our Mg/Ca val-
ues to reflect mixed layer sea surface temperatures.

2.2. Mg/Ca as a Paleothermometer

[11] Mg/Ca ratios of modern planktonic foraminif-
era predominantly reflect the temperature of the
water in which they calcified. The proportion of
Mg in foraminiferal calcite increases with increas-
ing temperature [Delaney et al., 1985; Nürnberg et
al., 1996; Elderfield and Ganssen, 2000; Lea et al.,
2000; Dekens et al., 2002; Anand et al., 2003;
Barker et al., 2005]. Anand et al. [2003] derived a
multispecies Mg/Ca temperature calibration for
tropical and subtropical planktonic foraminifera,
broadening the application of the Mg/Ca paleo-
temperature proxy beyond the earlier calibrations.

[12] Mg/Ca analyses paired with foraminiferal
d18O values aid in extracting the relative contribu-
tions of seawater temperature from that of changes

in the isotopic composition of seawater [e.g., Lear et
al., 2000; Elderfield and Ganssen, 2000]. Temper-
atures derived from theMg/Ca values can be used to
calculate the isotopic composition of seawater, and
hence any ice volume or regional d18Osw changes,
from calcite d18O values.

[13] We employ the equation by Anand et al.
[2003]:

Mg=Ca ¼ 0:38 exp 0:09SSTð Þ

to estimate SSTs at ODP Site 1052 and we apply a
middle Eocene seawater Mg/Ca ratio of 4.0 mmol/
mol [Wilkinson and Algeo, 1989]. Our use of 4.0 for
the seawater Mg/Ca value follows the detailed
discussions presented byBillups and Schrag [2002],
Tripati et al. [2003], and Sexton et al. [2006] among
others, which highlight the uncertainty in estimating
ancient oceanic Mg/Ca values. These studies cal-
culated a range of water temperatures using different
seawater values, ranging from an ancient value
derived from the Wilkinson and Algeo [1989] curve
to the modern value of 5.1. Sexton et al. [2006]
demonstrated convincingly that the seawater esti-
mates presented by Stanley and Hardie [1998],
which are significantly lower than those ofWilkinson
and Algeo [1989], result in calculated SSTs
unrealistically high, even for the middle Eocene.
Thus, they adopted a seawater Mg/Ca value of 3.9
mmol/mol. We incorporated a value of 4.0, which is
slightly higher than that used by Sexton et al. [2006],
because our study interval is later in the middle
Eocene (both Stanley and Hardie [1998] and
Wilkinson and Algeo [1989] curves indicate an
increase in seawater Mg/Ca throughout the Cen-
ozoic; thus, younger intervals were characterized by
higher Mg/Ca). However, to illustrate the sensitivity
of the SST calculation to the choice of seawater
value, we calculated the difference in SST resulting
from a seawater value of 3.9 versus 4.0. For a
foraminiferal Mg/Ca value of 4.75 mmol/mol, the
resulting SSTat a seawater value of 3.9 mmol/mol is
31.11�C while at 4.0 mmol/mol is 30.82�C, a
difference of �0.3�C. Thus, the choice of seawater
value affects the absolute value of calculated SST
slightly, but does not affect the magnitude of relative
SST changes inferred from the foraminiferal Mg/Ca
data, nor does it impact interpretation of the results.
We assume that the seawater value remained constant
during our relatively short (�200 ka) study interval.

2.3. Analytical Details

[14] We picked 20 to 30 tests of specimens from
the genus Globigerinatheka from the 250–355 mm
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size fraction, and crushed and cleaned them using
the standard rigorous reductive/oxidative cleaning
protocol to remove the oxide coating and any
residual organic material [e.g., Boyle, 1981; Boyle
and Keigwin, 1985]. After cleaning, foraminiferal
samples were analyzed with the Finnigan Element
high-resolution ICP-MS at the Keck Elemental
Geochemistry Laboratory, Department of Geologi-
cal Sciences, University of Michigan. The total
analytical uncertainty associated with the Mg/Ca
measurements was 1.6% (r.s.d.) and 1.0% for Sr/Ca
analyses. These relative standard deviations trans-
late to ±0.08 for Mg/Ca and ±0.014 for Sr/Ca.
Replicate analyses of Mg/Ca values (Table 1)
yielded a standard deviation of 0.02 to 0.18. As
indicated above, the 0.08 variation in Mg/Ca results
in a calculated temperature uncertainty of 0.18�C;
however, this value is negligible relative to the
1.2�C error based on uncertainty in the multispecies
temperature calibration as reported by Anand et al.
[2003]. Thus, we apply the calibration-associated
error as an estimate of the maximum uncertainty,
and recognize that while ±1.2�C indeed alters the
absolute value of the estimated SST, this uncertainty
does not change the trends or relative changes in the
record, which are the focus of this work. This error
in the calculated SST also affects the calculated
d18Osw values discussed in section 3.2. The analyt-
ical error associated with the Mg/Ca measurements
combined with that for the published d18Oc values
(0.09%) [Wade et al., 2001; Wade and Kroon,
2002], results in an uncertainty of ±0.14 on the
d18Osw. However, the maximum uncertainty on the
SSTcalculation translates to ±0.26 on the calculated
d18Osw value.

2.4. Foraminiferal Preservation

2.4.1. Scanning Electron Microscope
Evaluation

[15] One potential cause of the short-term and
high-amplitude changes in planktonic foraminiferal
d18O is dissolution of primary calcite and precip-
itation of inorganic secondary calcite from pore
fluids during diagenesis. Thus, we need to deter-
mine the effects of changes in diagenesis on the
variations in the geochemical records. Selective
dissolution of Mg-rich portions of the test and
precipitation of diagenetic calcite from pore fluids
potentially causes the Mg/Ca of a foraminiferal test
to decrease and d18Ocalcite values to increase [e.g.,
Brown and Elderfield, 1996; Rosenthal et al., 2000].
The absolute effect of secondary calcite on the Mg/
Ca and d18O of a foraminiferal test depends on the

pore fluid composition and the burial conditions of
the particular sedimentary interval.

[16] To exclude diagenesis as a cause of the varia-
tions in the proxy records, we examined foraminif-
eral specimens with a scanning electron microscope
(Figure 2) at the Microscopy and Imaging Center
(MIC) at Texas A&M University, targeting speci-
mens specifically from intervals characterized by
prominent shifts in d18Ocalcite (arrows in Figure 2).
Specimens indicate a frosty texture and recrystal-
lization of the test walls, but there is no evidence
of infilling. The frosty texture indicates that
diagenesis likely affected the absolute d18Ocalcite

value. Sexton et al. [2006], however, found that
while the d18Ocalcite values of ‘‘frosty’’ planktonic
foraminiferal specimens likely were altered, the
Mg/Ca values were much less affected by the initial
diagenetic alteration. Most importantly, the degree
of recrystallization is consistent among all speci-
mens analyzed, indicating that changes in preserva-
tion did not cause the prominent shifts in d18Ocalcite

values and likely did not introduce any bias into the
trends or intersample variations in the Mg/Ca data.

2.4.2. Sr/Ca Measurements

[17] Sr/Ca data provides an additional gauge of
preservation. Recrystallization from pore waters
reduces Sr/Ca values in foraminiferal calcite
[Lorens and Bender, 1980]; thus, diagenetically
altered foraminifera should have lower Sr/Ca values
than pristine samples [e.g., Thomas et al., 1999].
Foraminiferal Sr/Ca analyses (Figure 2) indicate
consistently high values (�1.2 mmol/mol) from
the base of the studied interval (94.46 mcd) to
84.88 mcd, and then values increase to �1.3
mmol/mol for the rest of the study interval. This
increase is close to the prominent increase in d18O at
85.41 mcd; however, the changes do not coincide
precisely. Furthermore, as stated above, there was
no significant difference in the visual assessment of
foraminiferal preservation across this interval of
sharp increase. On the basis of the combination of
SEM and geochemical indices we conclude that
diagenesis had no significant influence on the var-
iations in Mg and d18O contents of the foraminiferal
tests and we interpret values and variations in terms
of paleoceanographic conditions.

3. Results and Discussion

3.1. Mg/Ca Values and Paleotemperatures

[18] The planktonic foraminiferal Mg/Ca values
range from 3.79 to 7.59 mmol/mol over the study

Geochemistry
Geophysics
Geosystems G3G3

okafor et al.: eocene subtropical environmental change 10.1029/2009GC002450

5 of 13



Table 1. Site 1052 Data and Sample Stratigraphic Information

Sample ID Depth (mcd) Age (Ma) Mg/Ca (mmol/mol) Sr/Ca (mmol/mol) d18O SST d18Osw

1052B-10-5,53-56a 82.98 37.505 4.75 1.34 –1.14 30.8 2.13
1052B-10-5,63-66 83.08 37.509 4.01 1.35 –0.69 28.9 2.18
1052B-10-5,73-76 83.18 37.513 5.75 1.36 32.9
1052B-10-5,83-86 83.28 37.517 4.48 1.35 30.2
1052B-10-5,93-96 83.38 37.521 4.89 1.36 –0.98 31.1 2.36
1052B-10-5,103-106 83.48 37.525 4.07 1.35 –0.85 29.1 2.06
1052B-10-5,113-116 83.58 37.529 4.26 1.36 –0.74 29.6 2.27
1052B-10-5,123-126 83.68 37.533 6.39 1.36 –0.80 34.1 3.16
1052B-10-5,133-136 83.78 37.537 4.86 1.35 –0.67 31.1 2.65
1052B-10-5,143-146 83.88 37.541 4.65 1.34 –0.79 30.6 2.43
1052B-10-6,3-6 83.98 37.545 4.38 1.31 –1.18 29.9 1.90
1052B-10-6,13-16 84.08 37.549 4.24 1.34 –0.67 29.6 2.33
1052B-10-6,23-26 84.18 37.553 6.36 1.35 –0.57 34.1 3.38
1052B-10-6,33-36 84.28 37.557 4.03 1.35 –0.64 29.0 2.24
1052B-10-6,43-46 84.38 37.561 5.26 1.38 –0.83 32.0 2.68
1052B-10-6,53-56 84.48 37.565 4.63 1.37 –1.02 30.5 2.19
1052B-10-6,63-66 84.58 37.568 3.96 1.32 –0.66 28.8 2.17
1052B-10-6,73-76 84.68 37.571 4.33 1.34 –0.58 29.8 2.47
1052B-10-6,83-86 84.78 37.574 7.59 1.37 –0.76 36.0 3.61
1052B-10-6,93-96 84.88 37.577 4.19 1.23 –0.33 29.4 2.64
1052B-10-6,103-106 84.98 37.579 4.67 1.23 –0.78 30.6 2.45
1052B-10-6,113-116 85.08 37.580 3.79 1.24 –0.44 28.3 2.30
1052F-10-2,83-86 85.11 37.583 4.00 1.27 –0.40 28.9 2.46
1052B-10-6,123-126 85.18 37.582 4.70 1.19 –0.80 30.7 2.45
1052F-10-2,9-96 85.21 37.585 4.49 1.20 –0.05 30.2 3.08
1052F-10-2,103-106 85.31 37.587 4.78 1.19 –0.27 30.9 3.01
1052F-10-2,113-116 85.41 37.587 4.78 1.24 –1.75 30.9 1.53
1052F-10-2,123-126 85.51 37.590 4.06 1.25 –1.38 29.1 1.52
1052F-10-2,133-136 85.61 37.592 4.94 1.22 –1.19 31.3 2.17
1052F-10-2,143-146 85.71 37.595 4.83 1.27 –1.14 31.0 2.17
1052F-10-3,3-6 85.81 37.598 4.41 1.26 –1.50 30.0 1.59
1052F-10-3,13-16 85.91 37.600 4.38 1.24 –1.45 29.9 1.63
1052F-10-3,23-26 86.01 37.603 4.04 1.29 29.0
1052F-10-3,33-36 86.11 37.606 4.43 1.26 –1.02 30.0 2.08
1052F-10-3,43-46 86.21 37.608 4.95 1.27 –1.06 31.3 2.30
1052F-10-3,53-56 86.31 37.611 5.79 1.21 –0.90 33.0 2.83
1052F-10-3,63-66 86.41 37.614 4.47 1.27 –0.91 30.1 2.22
1052F-10-3,73-76 86.51 37.617 4.62 1.25 –1.16 30.5 2.05
1052F-10-3,83-86 86.61 37.619 4.40 1.20 –1.30 30.0 1.78
1052F-10-3,93-96 86.71 37.623 4.55 1.19 –1.18 30.3 1.99
1052F-10-3,103-106 86.81 37.627 4.58 1.19 –1.37 30.4 1.82
1052F-10-3,113-116 86.91 37.631 4.72 1.19 –1.25 30.8 2.00
1052F-10-3,123-126 87.01 37.634 4.95 1.20 –0.91 31.3 2.46
1052F-10-3,133-136 87.11 37.638 4.27 1.20 –1.09 29.6 1.93
1052F-10-3,143-146 87.21 37.642 4.38 1.24 –1.02 29.9 2.06
1052F-10-4,3-6 87.31 37.646 4.84 1.17 –1.33 31.0 1.98
1052F-10-4,13-16 87.41 37.649 5.14 1.18 –1.28 31.7 2.18
1052F-10-4,23-26 87.51 37.653 4.88 1.22 –0.87 31.1 2.47
1052F-10-4,33-36 87.61 37.656 5.19 1.17 –0.94 31.8 2.54
1052F-10-4,43-46 87.71 37.660 4.78 1.21 –1.09 30.9 2.20
1052F-10-4,53-56 87.81 37.663 4.95 1.18 –0.91 31.3 2.45
1052F-10-4,63-66 87.91 37.667 4.96 1.16 –0.98 31.3 2.40
1052F-10-4,73-76 88.01 37.671 4.89 1.22 –0.98 31.1 2.36
1052F-10-4,83-86 88.11 37.675 4.68 1.19 –0.97 30.7 2.27
1052F-10-4,93-96 88.21 37.679 4.86 1.20 –0.96 31.1 2.36
1052F-10-4,105-106 88.31 37.683 5.02 1.21 –0.89 31.4 2.51
1052F-10-4,113-116 88.41 37.687 5.24 1.16 –0.74 31.9 2.76
1052F-10-4,123-126 88.51 37.690 4.78 1.23 –0.68 30.9 2.61
1052F-10-4,133-136 88.61 37.693 5.35 1.18 –1.45 32.1 2.10
1052F-10-4,143-146 88.71 37.695 4.97 1.23 –0.58 31.3 2.80
1052F-10-5,3-6 88.81 37.698 5.08 1.25 –0.62 31.6 2.81
1052F-10-5,13-16 88.91 37.700 4.83 1.26 –0.74 31.0 2.57
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Table 1. (continued)

Sample ID Depth (mcd) Age (Ma) Mg/Ca (mmol/mol) Sr/Ca (mmol/mol) d18O SST d18Osw

1052F-10-5,23-26 89.01 37.703 4.91 1.24 –0.60 31.2 2.75
1052F-10-5,33-36 89.11 37.705 5.03 1.21 –0.93 31.5 2.47
1052F-10-5,43-46 89.21 37.707 5.26 1.20 –0.84 32.0 2.67
1052F-10-5,53-56 89.31 37.710 5.48 1.21 –1.10 32.4 2.50
1052B-11-2,73-76 89.37 37.711 5.23 1.21 –0.37 31.9 3.13
1052F-10-5,63-66 89.41 37.712 4.68 1.24 –0.51 30.7 2.73
1052B-11-2,83-86 89.47 37.713 5.01 1.22 –0.86 31.4 2.53
1052F-10-5,73-76 89.51 37.715 5.21 1.22 –0.67 31.9 2.82
1052F-10-5,83-86 89.61 37.719 4.85 1.22 –0.70 31.1 2.62
1052B-11-2,103-106 89.67 37.719 5.64 1.17 –1.13 32.7 2.55
1052B-11-3,3-6 90.17 37.735 5.41 1.19 –1.05 32.3 2.53
1052B-11-3,13-16 90.27 37.738 5.20 1.26 –0.77 31.8 2.71
1052B-11-3,23-26 90.37 37.741 5.16 1.23 –0.87 31.7 2.59
1052B-11-3,33-36 90.47 37.744 5.11 1.22 31.6
1052B-11-3,43-46 90.57 37.748 5.36 1.19 –1.07 32.2 2.48
1052B-11-3,53-56 90.67 37.751 5.03 1.23 –0.49 31.5 2.91
1052B-11-3,63-66 90.77 37.755 5.14 1.23 –0.54 31.7 2.92
1052B-11-3,73-76 90.87 37.758 5.44 1.25 –0.61 32.3 2.98
1052B-11-3,83-86 90.97 37.761 5.50 1.26 –0.77 32.5 2.84
1052B-11-3,93-96 91.07 37.764 5.07 1.24 –0.51 31.5 2.91
1052B-11-3,103-106 91.17 37.766 5.86 1.19 –0.81 33.2 2.95
1052B-11-3,113-116 91.27 37.768 5.43 1.21 –0.56 32.3 3.02
1052B-11-3,123-126 91.37 37.771 5.79 1.20 33.0
1052B-11-3,133-136 91.47 37.773 5.32 1.20 –0.77 32.1 2.77
1052B-11-3,143-146 91.57 37.775 5.17 1.20 –0.50 31.8 2.97
1052B-11-4,3-6 91.67 37.778 5.69 1.20 –0.66 32.8 3.03
1052B-11-4,13-16 91.77 37.780 6.89 1.17 –0.76 35.0 3.39
1052B-11-4,23-26 91.87 37.783 5.66 1.20 –0.79 32.8 2.89
1052B-11-4,33-36 91.97 37.786 5.00 1.19 –0.62 31.4 2.77
1052B-11-4,43-46 92.07 37.789 5.52 1.17 –0.53 32.5 3.10
1052B-11-4,53-56 92.17 37.791 5.39 1.22 –0.44 32.2 3.13
1052B-11-4,63-66 92.27 37.794 4.67 1.24 –0.47 30.6 2.76
1052B-11-4,73-76 92.37 37.797 4.96 1.23 –0.40 31.3 2.97
1052B-11-4,83-86 92.47 37.799 4.85 1.22 –0.45 31.1 2.87
1052B-11-4,93-96 92.57 37.802 5.63 1.20 –0.46 32.7 3.21
1052B-11-4,103-106 92.67 37.805 6.26 1.21 –0.56 33.9 3.36
1052B-11-4,113-116 92.77 37.807 5.59 1.20 –0.69 32.6 2.96
1052B-11-4,123-126 92.87 37.810 5.43 1.25 –0.48 32.3 3.10
1052B-11-4,133-136 92.97 37.813 5.17 1.23 –0.47 31.8 3.00
1052B-11-4,143-146 93.07 37.815 5.32 1.27 –0.61 32.1 2.92

37.815 5.16 1.27 –0.61 31.7 2.85
1052B-11-5,3-6 93.17 37.818 5.22 1.28 –0.77 31.9 2.72

37.818 5.07 1.28 –0.77 31.5 2.65
1052B-11-5,13-16 93.27 37.821 5.23 1.23 –0.69 31.9 2.81

37.821 4.99 1.26 –0.69 31.4 2.70
1052B-11-5,23-26 93.37 37.824 5.28 1.25 –0.80 32.0 2.71

37.824 5.25 1.26 –0.80 31.9 2.70
1052B-11-5,33-36b 93.47 37.827 5.31 1.29 –0.25 32.1 3.28

37.827 5.06 1.27 –0.25 31.5 3.17
1052B-11-5,43-46 93.57 37.830 4.74 1.28 –0.65 30.8 2.62
1052B-11-5,53-56 93.67 37.833 4.71 1.27 –0.43 30.7 2.82
1052B-11-5,63-66 93.77 37.836 4.84 1.27 –0.74 31.0 2.57
1052B-11-5,73-76 93.87 37.839 5.02 1.25 –0.60 31.4 2.80
1052B-11-5,83-86 93.97 37.842 4.86 1.30 31.1
1052B-11-5,93-96 94.07 37.845 4.74 1.27 –0.30 30.8 2.96
1052F-11-1,113-116 94.13 37.846 4.75 1.27 –0.74 30.8 2.53
1052B-11-5,103-106 94.17 37.847 5.53 1.26 –0.57 32.5 3.06
1052F-11-1,123-126 94.23 37.849 –0.40
1052F-11-1,133-136 94.33 37.852 4.91 1.28 –0.56 31.2 2.79
1052F-11-1,143-146 94.43 37.856 4.98 1.25 –0.72 31.3 2.66

a
The d18Ocalcite analyses of samples from 82.98 to 93.37 mcd used Globigerinatheka spp.

b
The d18Ocalcite analyses of samples from 93.47 to 94.43 mcd used Acarinina mcgowrani.
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interval (Table 1 and Figure 2). The first-order trend
is an increase from�5.0 mmol/mol at 94.43 mcd to
�5.7 mmol/mol at �91.67 mcd (37.78 Ma), fol-
lowed by a gradual decrease to �4.8 mmol/mol
at 82.98 mcd (Figure 2). Superimposed on these
long-term trends are high-frequency variations of
�0.6 mmol/mol.

[19] Four samples (83.18, 83.68, 84.18, and 84.78
mcd) at the top of the interval had significantly and
anomalously higher Mg/Ca values (Figure 2 and
Table 1) than those recorded throughout the studied
section. We suspect these anomalous values resulted
from calcite loss (much smaller sample size) during
the cleaning. Because they are anomalously high
and do not correspond to any features in the d18O
record [Wade and Kroon, 2002], we assume that
these values do not reflect paleoenvironmental con-
ditions, and we do not include them in our discus-
sion of the paleoceanographic implications of the
combined proxy data sets. Omitting these samples
reduces the range in Mg/Ca values to 3.79 to 6.89.

[20] Sea surface temperatures estimated from the
planktonic foraminiferal Mg/Ca values range from
�28 to 35�C (Figure 3). The long-term trend in the
calculated temperature consists of an increase from
�31�C at 37.85 Ma to �32�C at 37.82 Ma and
then a decrease to �29�C at 37.58 Ma, a cooling of
�3�C over 240 ka. In addition to the overall
gradual decrease in temperature, the high-frequency
variations in Mg/Ca record also indicate short-term
variations in SST superimposed on the long-term
trend. These variations correspond to shifts of

�0.8–1.5�C that occurred on a several ka time
scale. It is interesting to note that the amplitude of
temperature change estimated with Mg/Ca values is
significantly lower than with d18O analyses, sug-
gesting that factors in addition to temperature
caused the prominent changes in foraminiferal d18O.

[21] The reconstructed paleotemperatures from this
study (�28–35�C) are similar to values from other
middle- and low-latitude sites over this time inter-
val (Figure 3). Paleotemperatures derived from the
middle Eocene of Tanzania [Pearson et al., 2001,
2007] range from 29 to 33�C, comparable to values
obtained from this study. Tripati et al. [2003]
reconstructed early Paleogene tropical temperatures
from ODP Site 865 in the equatorial Pacific using
planktonic foraminiferal Mg/Ca ratios and obtained
a value of�30�C at�40Ma. Sexton et al. [2006], in
an attempt to assess the extent of diagenetic alter-
ation in ‘‘frosty’’ planktonic foraminifera, compared
the Mg/Ca of Globigerinatheka specimens from the
middle Eocene of ODP sites 865 and 1052 to
‘‘glassy’’ foraminifera from Istra More 5 (Adriatic
Sea). The Mg/Ca values (2.8–4.75 mmol/mol) they
reported from �38 Ma at ODP Site 1052 and the
calculated temperatures (�25–31�C; applying the a
seawater Mg/Ca value of 3.9 used by Sexton et al.
[2006]) overlapwith values from this study (Figure 3).

3.2. Isotopic Composition of Seawater
(d18Osw)

[22] Mg/Ca derived temperature estimates can
be used to constrain variations in the d18O of

Figure 3. Mg/Ca values, calculated paleotemperatures, and calculated d18Osw values plotted versus age. Black lines
correlate short-term peaks in SST with peaks in d18Osw. The shaded rectangles in the second and third panels indicate
the range of calculated paleotemperature and d18Osw, respectively, from Sexton et al. [2006] for 38 Ma.
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seawater (d18Osw), enabling us to examine the
possibility that ice volume or surface hydrography
varied over the study interval. The d18Osw, ex-
pressed as the per mil deviation from the Standard
Mean Ocean Water (SMOW) scale, is calculated by
solving the quadratic equation for the d18Ocalcite to
temperature calibration of Erez and Luz [1983] and
adding 0.27 to convert PDB to SMOW:

d18Osw ¼ d18Ocþ0:27� 4:52�SQRT 18:3904þ :12TÞð Þð =:06Þð

in which d18Cc is the isotopic composition of the
foraminiferal calcite test referenced to thePDBstandard
(derived from the data set of Wade et al. [2001] and
Wade and Kroon [2002]), d18Osw is the isotopic
composition of the seawater recorded by the surface
mixed layer dwelling foraminifera, andTis temperature
derived from Mg/Ca ratios (this study).

[23] The calculated d18Osw indicates a long-term
decrease from�3% at 37.83Ma to�2% at 37.6Ma
(Figure 3). These values are higher than the current
d18Osw at Blake Nose (�1% [LeGrande and
Schmidt, 2006]) but are comparable to d18Osw val-
ues (�3.3 to 2.0%) calculated from the Mg/Ca data
of Sexton et al. [2006] using the same approach that
we applied to our data set.

3.3. Implications and Causes of SST and
d18Osw Variations

[24] The combined Mg/Ca-derived paleotempera-
tures and calculated d18Osw values indicate signif-
icant short- and long-term hydrographic variability.
The SST record consists of short-term variations
superimposed upon a long-term decrease over the
course of the study interval (37.85–37.50 Ma).
This long-term cooling is accompanied by a de-
crease in the d18Osw. The majority of the short-term
fluctuations in SST and d18Osw that occur on a ka
time scale are also positively and significantly
correlated (R = 0.66 in a linear regression of SST
versus d18Osw); that is, maxima in temperature
correspond to maxima in d18Osw (Figure 3). Below
we discuss the factors that may have caused this
combination of long-term sea surface environmen-
tal variations, as well as the shorter-term fluctua-
tions. Our data do not indicate a significant change
in paleotemperatures or d18Osw associated with
the extinction of muricate taxa Morozovelloides
crassatus and Acarinina mcgowrani at 92.37 and
92.77 mcd, respectively (Figure 3). This major
turnover in planktonic foraminifera therefore does
not appear to be climatically driven. Other factors,

such as demise in photosymbiotic relationships
[Wade et al., 2008] may have been the causal
mechanism.

3.3.1. Ice Volume

[25] The overall long-term decrease in SSTs coin-
cides with a similar decrease in global deep water
temperatures [e.g., Zachos et al., 2001] and is
consistent with a potential increase in or onset of
continental ice expansion. However, the decrease
in d18Osw is the opposite trend expected for a build
up of ice. While St. John [2008] recently reported
evidence for the existence of Arctic sea ice as early
as the middle Eocene (�46 Ma), and Eldrett et al.
[2007] reported dropstones delivered by glacial ice
as old as 38 Ma, our data suggests that changes in
continental ice volume that may have been associ-
ated with ice rafting were not significant enough to
alter d18Osw values. Burgess et al. [2008] reached a
similar conclusion for an earlier middle Eocene
interval (�41 Ma) in a study of benthic and
planktonic foraminiferal d18O, Mg/Ca, and TEX86

analyses from the southwestern Pacific Ocean.
However, given that global climate during the
study interval was in the midst of the global cool-
ing trend that culminated in the Eocene-Oligocene
transition, we do not dispute the possibility that
continental ice could have begun to increase grad-
ually. For example, a subtle global ice volume
effect could have existed but have been overprinted
in the subtropics by more prominent local/regional
hydrographic changes.

[26] The short-term variations in sea surface hydro-
graphy (e.g., the concomitant changes in SST and
d18Osw) likely do not support a glacial mechanism
for similar reasons: short-term warming that may
have caused a decrease in glacial ice would have
been accompanied by a decrease in d18Osw, and the
opposite occurs in our data set.

3.3.2. Variations in the Gulf Stream
and Upwelling

[27] Short-term variations in temperature and
d18Osw observed at Blake Nose (Figure 3) could
be due to changes in local/regional hydrography.
Wade and Kroon [2002] proposed fluctuations in
the path of the proto–Gulf Stream as a cause of the
high-amplitude SST changes (based on planktonic
foraminiferal d18O). We revisit this hypothesis here
with the new Mg/Ca SST and reconstructed d18Osw

values. Modern western boundary currents consti-
tute temperature and salinity anomalies relative to
the surrounding water masses [e.g., Levitus et al.,

Geochemistry
Geophysics
Geosystems G3G3

okafor et al.: eocene subtropical environmental change 10.1029/2009GC002450

9 of 13



1994; Levitus and Boyer, 1994]. While the proto–
Gulf Stream during the Eocene likely was not as
strong a western boundary current as its modern
counterpart due to the open Caribbean connection,
Watkins and Self-Trail [2005] suggested that a Gulf
Stream was present since at least the late Maas-
trichtian. Pinet and Popenoe [1985] inferred from
seismic data that the position of the proto–Gulf
Stream varied in the past. The inferred onshore-
offshore shifts during the late middle Eocene could
have resulted in several degrees of SST and sig-
nificant d18Osw change. Furthermore, the positive
correlation within the combined SST and d18Osw

changes supports the hypothesis that changes in the
influence of the western boundary current in the
Blake Nose region caused the hydrographic
changes. That is, a stronger influence of the
proto–Gulf Stream at the study site should have
caused higher temperatures and salinities (i.e.,
higher Mg/Ca and d18Osw values), and vice versa.

[28] In addition to migration of the Gulf Stream
track, changes in the distribution of proto–Gulf
Stream eddies may have produced periodic hydro-
graphic changes in the study region. Modern Gulf
Stream eddies, usually 100–200 km in diameter,
form from the cutoff of Gulf Stream meanders. The
meanders grow and separate from the Gulf Stream
and they migrate northward of the stream to form
anticyclonic (warm-core) eddies and southward to
form cyclonic (cold-core) eddies [Richardson,
1983]. Rings also move westward when they are
not touching the Gulf Stream and eastward when
they are attached to it [Fuglister, 1972; Richardson,
1983]. Since these rings have a different temperature
and salinity signature from the surrounding water,
their migration to surrounding areas could have
contributed to the reconstructed variations in SST
and d18Osw at Blake Nose.

[29] Upwelling of colder waters is another potential
cause of the short-term hydrographic variations at
Blake Nose area, as previously suggested by Wade
et al. [2000] to explain the d18Ocalcite variations.
Several climate model simulations [Bice et al.,
2000; Huber and Sloan, 2000] have predicted
Ekman-driven upwelling along the eastern North
Atlantic margin during the Eocene.

[30] Some combination of the three Gulf Stream–
associated hydrographic changes (meanders,
eddies, or upwelling) likely produced the recorded
short-term changes in SST and d18Osw at Blake
Nose, and potentially could have contributed to the
longer-term trends apparent in the records (e.g., a
long-term shift in the pattern of the western bound-

ary current). However, the long-term changes evi-
dent in the Mg/Ca and d18Osw records may have
resulted from a more global-scale process, and
below we explore the potential role of the global
hydrologic cycle.

3.3.3. Changes in the Hydrologic Cycle

[31] Surface water d18O can be influenced by
factors such as evaporation, precipitation, atmo-
spheric vapor transport and Rayleigh distillation.
An excess of evaporation over precipitation (E-P)
results in relatively high local/regional surface
water d18Osw. Thus, regions characterized by high
rates of evaporation, such as the subtropics, have
higher d18Osw values than regions characterized by
high rates of precipitation, such as the ITCZ or
polar regions.

[32] Results from the IODP Arctic coring expedi-
tion suggest that the early Eocene ‘‘greenhouse’’
interval was characterized by intensified hydrologic
cycling [e.g., Brinkhuis et al., 2006; Pagani et al.,
2006; Sluijs et al., 2006]. This means that overall
enhanced rates of evaporation, presumably from the
subtropics, led to generally enhanced rates of pre-
cipitation at the poles. Brinkhuis et al. [2006]
suggested episodes of increased freshening of Arctic
surface waters during the early Eocene (�50 Ma)
based on the presence of fresh water ferns Azolla.
Pagani et al. [2006] found enriched dD of Arctic
precipitation during the early Eocene due to de-
creased rainout during moisture transport from
lower latitudes to the Arctic and increased mois-
ture delivery to the Arctic. Sluijs et al. [2008]
attributed increased sediment accumulation rates
during the PETM in the Arctic Ocean to enhanced
siliciclastic input by rivers in response to an inten-
sification of the hydrological cycle.

[33] The late middle Eocene represents the most
recent transition from a greenhouse to an icehouse
climate. If high rates of hydrologic cycling char-
acterized the greenhouse climate state, then the
transitional interval should have been characterized
by the decrease in overall hydrologic cycling. Such
a decrease would have impacted the region of
evaporation (the vapor source in the subtropics)
as well as the region of ultimate precipitation (the
high latitudes). The gradual long-term decrease in
Site 1052 d18Osw values over the study interval
(Figure 3) may be evidence of the response of the
subtropics to the general decline in hydrologic
cycling. An overall decrease in the rate of evapo-
ration would have been manifested as a decrease in
the d18Osw in the surface waters of the vapor source.
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Thus, our data corroborate the hypothesis that the
rate of global hydrologic cycling was higher during
greenhouse climate intervals and lower during ice-
house intervals.

4. Conclusions

[34] Middle Eocene planktonic foraminiferal Mg/Ca
values from ODP Site 1052 reflect a gradual long-
term decrease from 5.7 mmol/mol at �37.8 Ma to
4.8 mmol/mol at �37.5 Ma. This translates to a
decrease in SSTs from �32.8 to 30.8�C. d18Osw

values calculated using the Mg/Ca-estimated paleo-
temperatures decreased from �3.0% at 37.8 Ma to
�2.1% at 37.5 Ma. Superimposed on the long-term
trends are short-term (�ka scale) variations in both
SSTs and the d18Osw. The short-term trends in the
combined SST and d18Osw data sets corroborate the
hypothesis that variations in the Gulf Stream caused
frequent and relatively high-amplitude sea surface
hydrographical changes at Blake Nose. However,
the long-term hydrographical changes at Blake Nose
likely reflect weakening of global hydrologic cycl-
ing as the climate transitioned from a greenhouse to
an icehouse.

Acknowledgments

[35] We gratefully acknowledge support to C. U. Okafor from

the National Association of Black Geologists and Geophysi-

cists for two grants that covered analytical expenses, as well as

Scholarships from ConocoPhillips and Chevron awarded by

the Department of Geology and Geophysics for salary support.

We wish to thank Cedric John and Appy Sluijs for thoughtful

and thorough reviews that improved the manuscript, as well as

Vincent Salters for his service as Editor. The Ocean Drilling

Program (ODP) provided samples from Blake Nose. The ODP

is sponsored by the U.S. National Science Foundation and

participating countries under management of the Joint Ocean-

ographic Institutions Inc.

References

Adams, C. G., D. E. Lee, and B. R. Rosen (1991), Conflicting
isotopic and biotic evidence for tropical sea-surface tempera-
tures during the Tertiary, Palaeogeogr. Palaeoclimatol.
Palaeoecol., 77, 289–313.

Anand, P., H. Elderfield, and M. H. Conte (2003), Calibration
of Mg/Ca thermometry in planktonic foraminifera from a
sediment trap time series, Paleoceanography, 18(2), 1050,
doi:10.1029/2002PA000846.

Barker, S., I. Cacho, H. Benway, and K. Tachikawa (2005),
Planktonic foraminiferal Mg/Ca as a proxy for past oceanic
temperatures: A methodological overview and data compila-
tion for the last glacial maximum, Quat. Sci. Rev., 24, 821–
834, doi:10.1016/j.quascirev.2004.07.016.

Bellier, J. P., M. Moullade, and B. T. Huber (2001), Mid-
Cretaceous planktonic foraminifers fromBlake Nose: Revised

biostratigraphic framework [online],Proc.OceanDrill. Program
Sci. Results, 171B, 12 pp. (Available at http://www-odp.
tamu.edu/publications/171B_SR/VOLUME/CHAPTERS/
SR171B03.PDF)

Bice, K. L., C. R. Scotese, D. Seidov, and E. J. Barron (2000),
Quantifying the role of geographic change in Cenozoic
ocean heat transport using uncoupled atmosphere and ocean
models, Palaeogeogr. Palaeoclimatol. Palaeoecol., 161,
295–310, doi:10.1016/S0031-0182(00)00072-9.

Billups, K., and D. P. Schrag (2002), Paleotemperatures and
ice volume of the past 27 Myr revisited with paired Mg/Ca
and 18O/16O measurements on benthic foraminifera, Paleo-
ceanography, 17(1), 1003, doi:10.1029/2000PA000567.

Boersma, A., I. Premoli Silva, and N. J. Shackleton (1987),
Atlantic Eocene planktonic foraminiferal paleohydrographic
indicators and stable isotope paleoceanography, Paleoceano-
graphy, 2, 287–331, doi:10.1029/PA002i003p00287.

Bohaty, S. M., and J. C. Zachos (2003), Significant Southern
Ocean warming event in the late middle Eocene, Geology,
31, 1017–1020, doi:10.1130/G19800.1.

Bohaty, S. M., J. C. Zachos, F. Florindo, and M. L. Delaney
(2009), Coupled greenhouse warming and deep-sea acidifica-
tion in the middle Eocene, Paleoceanography, 24, PA2207,
doi:10.1029/2008PA001676.

Boyle, E. A. (1981), Cadmium, zinc, copper and barium in
foraminiferal test, Earth Planet. Sci. Lett., 53, 11–35,
doi:10.1016/0012-821X(81)90022-4.

Boyle, E. A., and L. D. Keigwin (1985), Comparison of
Atlantic and Pacific paleochemical records for the last
250,000 years: Changes in deep ocean circulation and
chemical inventories, Earth Planet. Sci. Lett., 76, 135–150,
doi:10.1016/0012-821X(85)90154-2.

Brinkhuis, H., et al. (2006), Episodic fresh surface waters in
the Eocene Arctic Ocean, Nature, 441, 606 – 609,
doi:10.1038/nature04692.

Brown, S. J., and H. Elderfield (1996), Variations in Mg/Ca
and Sr/Ca ratios of planktonic foraminifera caused by post-
depositional dissolution: Evidence of shallow Mg-dependent
dissolution, Paleoceanography, 11, 543–551, doi:10.1029/
96PA01491.

Burgess, C. E., P. N. Pearson, C. H. Lear, H. E. G. Morgans,
L. Handley, R. D. Pancost, and S. Schouten (2008), Middle
Eocene climate cyclicity in the southern Pacific: Implications
for global ice volume, Geology, 36, 651–654, doi:10.1130/
G24762A.1.

Coxall, H. K., P. A. Wilson, H. Pälike, C. H. Lear, and
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