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Abstract

We investigate the evolution of Cenozoic climate and ice volume as evidenced by the oxygen isotopic composition
of seawater (8'30,) derived from benthic foraminiferal Mg/Ca ratios to constrain the temperature effect contained in
foraminiferal §'%0O values. We have constructed two benthic foraminiferal Mg/Ca records from intermediate water
depth sites (Ocean Drilling Program sites 757 and 689 from the subtropical Indian Ocean and the Weddell Sea,
respectively). Together with the previously published composite record of Lear et al. [Science 287 (2002) 269-272] and
the Neogene record from the Southern Ocean of Billups and Schrag [Paleoceanography 17 (2002) 10.1029/
2000PA000567], we obtain three, almost complete representations of the §'3Q,, for the past 52 Myr. We discuss the
sensitivity of early Cenozoic Mg/Ca-derived paleotemperatures (and hence the 8'80,,) to assumptions about seawater
Mg/Ca ratios. We find that during the middle Eocene (~49-40 Ma), modern seawater ratios yield Mg/Ca-derived
temperatures that are in good agreement with the oxygen isotope paleothermometer assuming ice-free conditions.
Intermediate waters cooled during the middle Eocene reaching minimum temperatures by 40 Ma. The corresponding
8180, reconstructions support ice growth on Antarctica beginning by at least 40 Ma. At the Eocene/Oligocene
boundary, Mg/Ca ratios (and hence temperatures) from Weddell Sea site 689 display a well-defined maximum. We
caution against a paleoclimatic significance of this result and put forth that the partitioning coefficient of Mg in
benthic foraminifera may be sensitive to factors other than temperature. Throughout the remainder of the Cenozoic,
the temporal variability among 8'80,, records is similar and similar to longer-term trends in the benthic foraminiferal
8'30 record. An exception occurs during the Pliocene when 880y, minima in two of the three records suggest
reductions in global ice volume that are not apparent in foraminiferal 8'80 records, which provides a new perspective
to the ongoing debate about the stability of the Antarctic ice sheet. Maximum 8'3Qy, values recorded during the
Pleistocene at Southern Ocean site 747 agree well with values derived from the geochemistry of pore waters [Schrag et
al., Science 272 (1996) 1930-1932] further highlighting the value of the new Mg/Ca calibrations of Martin et al. [Earth
Planet. Sci. Lett. 198 (2002) 193-209] and Lear et al. [Geochim. Cosmochim. Acta 66 (2002) 3375-3387] applied in
this study. We conclude that the application of foraminiferal Mg/Ca ratios allows a refined view of Cenozoic ice
volume history despite uncertainties related to the geochemical cycling of Mg and Ca on long time scales.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Benthic foraminiferal oxygen isotope ratios
provide a detailed and continuous perspective on
the glacial evolution of the Antarctic ice sheet
since the early Cenozoic. Because polar ice sheets
sequester the lighter oxygen isotope, their growth
and decay brings about changes the '30/!°O ratio
in seawater, which are preserved in the oxygen
isotopic composition of foraminifera. Since the
1970s a number of studies have sought to assess
Antarctic glacial evolution on the basis of forami-
niferal 8'%O records. Although only coarse tem-
poral resolution at first, these early studies re-
vealed that Antarctica had been glaciated for
most of the Cenozoic [1,2]. A more recent compi-
lation of foraminiferal 8'80 records supports the
hypothesis that the onset of Antarctic glaciation
occurred during the late Eocene [3]. Because of
the improved temporal resolution, the new rec-
ords provide a detailed view of changes in Ant-
arctic glaciation from tectonic to orbital time
scales [3].

Benthic foraminiferal 8'®0 records have pro-
vided significant insights into the history of Ant-
arctic glaciation, but the absolute magnitude of
ice extent is difficult to constrain with this method
alone. Regional differences in the oxygen isotopic
composition of seawater (8'%0y,) may contribute
to the global ice volume signal recorded in a fo-
raminiferal test. Over long time scales, the iso-
topic composition of seawater may not be linearly
related to the amount of ice at the poles, but
should also vary as function of the isotopic com-
position of the ice [2]. More importantly, temper-
ature dependent oxygen isotope fractionation dur-
ing calcification limits the use of foraminiferal
8130 values as a quantitative proxy for ice volume
fluctuations.

Benthic foraminiferal Mg/Ca ratios have be-
come an increasingly popular proxy to reconstruct
paleotemperatures. In conjunction with foraminif-
eral 8'®0 values this independent temperature
constrain can be used to assess changes in the
880, through time. Studies focusing on the

Pleistocene avoid uncertainties related to tempo-
ral changes in Mg/Ca ratios of seawater on longer
time scales [4,5]. Lear et al. [6] were the first to
present a benthic foraminiferal Mg/Ca record that
spans the entire Cenozoic. Although at low tem-
poral resolution and based on multiple species of
benthic foraminifera from different core locations,
they were able to address large scale changes in
the timing of Cenozoic global ice volume changes.
More recently Billups and Schrag [7] demon-
strated that benthic foraminiferal Mg/Ca ratios
can be used to constrain changes in the 820,
during the Neogene and yield a refined estimate
of individual middle to late Miocene sea level
changes.

In this paper we revisit the Cenozoic evolution
of Antarctic glaciation. We present results from
two benthic foraminiferal Mg/Ca records. Ocean
Drilling Program (ODP) site 757, for which we
have a complete record that spans the past 52
Myr, is presently located at intermediate water
depths in the subtropical Indian Ocean (Fig. 1,
Table 1). ODP site 689 lies at intermediate water
depth in the Weddell Sea and spans the early
Eocene to late Oligocene climate transition (Fig.
1, Table 1). Together with the previously pub-
lished composite record of Lear et al. [6] and
the intermediate water depth Neogene record
from the Southern Ocean of Billups and Schrag
[7], we obtain three, almost complete representa-
tions of the 880, for the past 52 Myr. On these
long timescales, Mg*? and Ca*? concentrations in
seawater may not have remained constant, and we
discuss the sensitivity of early Cenozoic Mg/Ca-
derived paleotemperatures (and hence the 3'80y,)
to assumptions about seawater Mg/Ca ratios.

2. Methods
2.1. Site selection
We chose ODP sites 757 and 689 because they

are located at intermediate water depths and have
low sedimentation rates. We focus on intermedi-
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Fig. 1. Locations of sites investigated in this study. Details are given in Table 1. The square marks the position of site 757 during
the early Eocene. Gray diamonds indicate the locations of the sites used by Lear et al. [6] to construct the composite record

(which also includes a short portion of site 689).

ate water depths sites to assure that the sediments
remained above the inferred level of the calcium
carbonate compensation depth during the Paleo-
cene and Eocene [8] minimizing the potential ef-
fects of carbonate dissolution and/or changes in
carbonate ion concentration relative to saturation
on benthic foraminiferal Mg/Ca ratios [9,10]. Low
sedimentation rates offer the advantage that dia-
genetic effects associated with high overburden
pressure and temperature may be minimized [11].

Site 757, on the Ninetyeast Ridge, was located
in the Southern Ocean (45°S) during the early

Table 1

Eocene (~50 Ma) and since then has drifted
north to its present day subtropical position at
17°S [12] (Fig. 1; Table 1). In the modern ocean,
the meridional temperature gradient between 45°S
and 17°S at 1650 m water depth is less than 1°C
[13], and we assume that a geographic tempera-
ture effect on benthic foraminiferal Mg/Ca ratios
was likewise small over the course of the Cenozo-
ic. The Ninetyeast Ridge was subaerially exposed
during the late Paleocene, but site 757 had moved
to within 100 m of its present depth of 1650 m by
the early Eocene [12]. Thus we can also rule out

Location of ODP and Deep Sea Drilling Project (DSDP) sites discussed in this study

Site Long. Lat. Paleolat.? Depth Paleodepth® Time interval
©) ©) ©) (m) (m) (Ma)

ODP 757 88°E 17°S 45°S 1652 1500 0-52

ODP 689 03°E 65°S N/A 2080 1400-1650 30-44

ODP 689°¢ 03°E 65°S N/A 2080 1400-1650 37-48

ODP 7474 77°E 55°S N/A 1695 N/A 0-26

DSDP 522 26°S 05°W N/A 4400 3000 32-35

DSDP 573 0°N 134°W N/A 4300 4300-3000 0-35

ODP 926 4°N 43°W N/A 3600 3500 6-12

4 Paleolatitude of site 757 refers to the latitude during the early Eocene (50 Ma) [12].
b Site 689: water depth during the early Cenozoic (50-35 Ma) [14]; site 757: water depth during the early Eocene (50 Ma) [12].

¢ Site 689 portion of the Lear et al. [6] composite record.
d Billups and Schrag [7].
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that the vertical thermal gradient dominated fora-
miniferal Mg/Ca ratios. Sedimentation rates aver-
age ~1 m/Myr, but decrease by almost an order
of magnitude during the latest Oligocene through
early Miocene [12].

Site 689 is located on Maud Rise in the Weddell
Sea (Fig. 1; Table 1). The core location subsided
by ~250 m during the middle Eocene [14], but we
assume that the effect of a temperature change
associated with sinking of the core location from
1400 m to 1650 m was small. Sedimentation is
continuous at rates averaging ~ 6 m/Myr [14].

2.2. Age control

Age models at all sites reflect the Berggren et al.
[15] time scale. At site 757 a published 880 rec-
ord that spans the earliest Cenozoic (36-52 Ma)
has been updated to Berggren et al. [15] by Za-
chos et al. [3]. We added 8'*O measurements be-
tween 30 Ma and 40 Ma to capture the Eocene/
Oligocene boundary, and we use the associated
rapid 8'80 shift at 33.65 Ma to adjust the age
model for this 10 Myr long time slice to the
Berggren et al. [15] time scale (the age—depth con-

Table 2
Summary of age—depth control points for the Pleistocene
through Oligocene at site 757

Datum Depth Age
(mbsf)* (Ma)®
LO Pseudoemiliania lacunosa 3.05 0.46
LO Calcidiscus macintyrei 9.75 1.59
LO Discoaster brouweri 12.75 1.95
LO Discoaster tamalis 16.30 2.78
LO Reticulofenestra pseudoumbilica 23.30 3.75
FO Ceratolithus acutus 38.95 5.34
LO Discoaster quinqueramus 43.55 5.6
FO Amaurolithus primus 53.25 7.2
LO Discoaster hamatus 71.50 9.4
LO Sphenolithus heteromorphus 83.75 13.6
FO Sphenolithus heteromorphus 96.10 18.2
FO Sphenolithus belemnos 99.45 19.2
FO Discoaster druggii 100.5 29.9
FO Sphenolithus ciperoensis 106.5 29.9

Eocene/Oligocene boundary 120.3-121.8 33.65

2 Depth in the core as meters below sea floor (mbsf) is the
midpoint of the depth range given in [12].

® Ages for the Oligocene through Miocene (29.9-5.6 Ma) are
from [15]; Plio/Pleistocene (5.3-0.46 Ma) from [16].

trol point is included in Table 2). For the young-
est portion of the record (0-30 Ma) we use the
Leg 121 shipboard calcareous nannofossil biostra-
tigraphy updating the ages of datums to those
given by Berggren et al. [15,16] (Table 2). At
site 689 we sampled intervals adjacent to the
8'80 record of [14]. The age model of this site
was updated to [15] by Zachos et al. [3]. The
age model for site 747 was updated to [15] by
Billups and Schrag [7]. The age model of the com-
posite record of [6] is also consistent with [15], at
least during critical intervals such as the Eocene/
Oligocene boundary.

2.3. Analytical methods

Bulk sediment and sample processing followed
standard procedures described in detail by Billups
and Schrag [7]. Between 5 and 15 benthic forami-
nifera of the genus Cibicidoides (site 757: Cibici-
doides wuellerstorfi between ~0 and 14 Ma; Ci-
bicidoides mundulus between ~0 and 20 Ma;
Cibicidoides spp. between 20 and 52 Ma; site
689: Cibicidoides spp.) were picked from the
250425 um size fraction, crushed between two
glass plates and prepared for minor elemental
analyses. The crushed samples were repeatedly
sonicated in deionized water and methanol to re-
move adhering sediment, sonicated in 1 M NH4Cl
to remove exchangeable ions, and boiled in alka-
line peroxide solution (0.15% H;0O, in 0.1 N
NaOH) for 10 min (sonicating once) to oxidize
organic contaminants. Our methodology follows
the procedures of Brown and Elderfield [9], Hast-
ings et al. [17], and Lear et al. [6], which does not
include a reductive cleaning step. More recent in-
vestigations into cleaning methods, however, sug-
gest that the addition of the reducing step can
lower Mg/Ca ratios in some samples (e.g., by
0.13 mmol/mol) but it is not yet clear whether
this effect is species-specific or site-specific [18].
Other effects such as high Mg calcite contamina-
tion, rather than cleaning vigor, may pose an ad-
ditional source of data scatter (e.g., on the Little
Bahama Banks, [19]). Because we are investigat-
ing long-term trends that are defined by relatively
large changes in benthic foraminiferal Mg/Ca ra-
tios apparent at more than one site, we do not
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believe that the omission of the reducing step has
significantly affected our data interpretations.
Each cleaning step was followed by one rinse
plus three sonication steps in DI water to ensure
complete removal of the waste solution. Depend-
ing on the amount of material, cleaned samples
were dissolved in 0.4-0.7 ml of 2% trace metal
clean HNO; to obtain a solution of between 10
and 120 ppm Ca. Mg/Ca ratios were measured on
an Inductively Coupled Plasma Atomic Emissions
Spectrophotometer at Harvard University. Matrix
effects were constrained by analyzing five to six
standard solutions of differing Ca** concentration
and Mg/Ca ratios, a method outlined in detail by
Schrag [20]. Analytical precision based on analy-
ses of a reference standard solution is better than
0.3%. At site 757 we were able to obtain a number
of sample splits of C. wuellerstorfi and C. mundu-
lus; with only few exceptions the replicate analy-
ses lie within ~ 5% (Appendix 1 Background Data
Set'). As detailed by Billups and Schrag [7] at this
site we were also able to obtain C. wuellerstorfi
and C. mundulus measurements from the same
sample intervals (Appendix 1 Background Data
Set!), and we correct C. wuellerstorfi Mg/Ca ra-
tios to C. mundulus by adding 0.2 mmol/mol. We
were not able to determine a species offset be-
tween C. mundulus and Cibicidoides spp., which
are prevalent in the pre Miocene intervals. All
Mg/Ca data (as average ratios from each interval)
are given in Appendix 2 Background Data Set'.

For age model purposes, we carried out 23 oxy-
gen isotope analyses (not shown but added to
Appendix 2 Background Data Set') on three to
five tests of Cibicidoides spp. at site 757. Stable
isotope ratios were measured following standard
procedures using the VG Optima dual inlet iso-
tope ratio mass spectrometer equipped with a
common acid bath located at Harvard University.
Prior to analysis samples were ultrasonically
cleaned, crushed to ensure speedy reaction, and
oven dried. Based on replicate analysis of in-
house standards the precision is better than
0.08 %o .

! http://www elsevier.com/locate/epsl

2.4. Calculation of paleotemperatures and the §'°0
of seawater

Martin et al. [10] and Lear et al. [19] provide
new Mg/Ca to temperature calibrations that in-
corporate different Cibicidoides species (e.g.,
C. wuellerstorfi, C. pachyderma, C. compressus)
and a wider range of temperatures than the pre-
vious calibration of Rosenthal et al. [21]. We use
the equation of Lear et al. [19], which contains the
Martin et al. [10] data set. For the purpose of
comparing our new Cenozoic §'"%Qg, records to
published ones, we also apply the new regression
to the Neogene Mg/Ca record from Southern
Ocean site 747 [7] and the composite Mg/Ca rec-
ord of Lear et al. [6]. To calculate §'80, we
assume modern oceanic Mg/Ca ratios. This as-
sumption may be oversimplified, and we estimate
the effect of varying seawater Mg/Ca ratios on
absolute temperature reconstructions of the mid-
dle Eocene.

To calculate the 8'%Og, from the Mg/Ca-based
temperatures, we use the composite benthic fora-
miniferal 8'®0 record of Zachos et al. [3] (Fig. 2,
top panel). The Eocene portion of the composite
record incorporates measurements from sites 689
and 757, and thus corresponds directly to our Mg/
Ca records. At site 747 we have paired Mg/Ca
and 88O values [7] and we use them. We solve
the paleotemperature equation of Shackleton [22]
for the 8"y, using Mg/Ca-derived temperatures
together with the foraminiferal §'80 values. This
equation has the advantage that it is calibrated
using benthic foraminifera of the genus Uvigerina,
and Cibicidoides to Uvigerina 880 offsets have
been constrained (+0.64 %o, e.g., [23]).

3. Results

There is a relatively large amount of data scat-
ter during the Eocene and Oligocene portions of
the sites 757 and 689 Mg/Ca records, and high
ratios of up to 6.6 mmol/mol are apparent during
the early Eocene (site 757) (Fig. 2, middle panel).
Sources of the variability include interspecies dif-
ferences in Mg/Ca ratios, insufficient cleaning,
and calcite recrystallization. Interspecies offsets


http://www.elsevier.com/locate/epsl

186 K. Billups, D.P. Schrag! Earth and Planetary Science Letters 209 (2003) 181-195

1 A
0 -
= 11
é -7
CTJ 2 1 o
RS -6
£ =
o) -5 8
g
L4
£
©
- 3 Q
[=)
=
-2
-1
3 5
£
© i
£ 4
E
® 3 1
o
g 2 Lear et al. [6]
| Weddell Sea (site 689)
17 e Indian Ocean (site 757)
0 Southern Ocean (site 747 [7])
g Plcn‘ Miocene [ Oligocene | Eocene
L \' Iqtel \'miqdle'\ 'eq_rly' \' late \Iearjy ['Iat'e\ ' Im!dd!e . \ Iearl
0 10 20 30 40 50
Age (Ma)

Fig. 2. Comparison of the Cenozoic benthic foraminiferal composite 8'30 record [3] (top panel) to benthic foraminiferal Mg/Ca
records from Indian Ocean site 757 and Weddell Sea site 689 (middle panel). The solid lines reflect a 20% exponential smoothing
function through the site 757 (black) and site 689 (gray) data. The bottom panel shows the published composite Mg/Ca record
of Lear et al. [6], which has been smoothed to a 1 Myr temporal resolution, and the Southern Ocean record from site 747 of
Billups and Schrag [7]. The gray line reflects a 10% exponential smoothing function through the site 747 data. The vertical gray
band highlights the Eocene/Oligocene boundary (33.65 Ma, Berggren et al. [15]).

can be as large as 1 mmol/mol [6], and it is pos-
sible that offsets exist among Cibicidoides spp.
used in this study. Insufficient cleaning (omission
of the reductive step) may present a problem if
metal oxides, which are removed during this pro-
cedure [24], are primarily present in the most
deeply buried samples. Another potential source
of data scatter may be calcite recrystallization in
the deepest portion of the sedimentary column.
The partitioning coefficient of Mg for abiotic cal-
cite is two orders of magnitudes higher than that
of biogenic calcite [25], and the addition of diage-

netic calcite would increase foraminiferal Mg/Ca
ratios. To avoid interpretation of singular data
points, we have smoothed the Mg/Ca data at
both sites (Fig. 2, middle panel). It is the parallel
trend of decreasing ratios during the middle Eo-
cene that leads us to believe that interspecies off-
sets, cleaning protocol, and diagenetic effects are
relatively minor.

The smoothed Mg/Ca records agree with the
earlier study of Lear et al. [6] in that there is an
overall decrease in benthic foraminiferal Mg/Ca
ratios over the course of the Cenozoic, but on
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the finer scale some important differences exist
(Fig. 2). Most notably, Mg/Ca ratios at sites
757 and 689 display a much larger range during
the early Cenozoic. Benthic foraminiferal Mg/Ca
ratios at Indian Ocean site 757 and Weddell Sea
site 689 are both highest during the early to mid-
dle Eocene and decrease rapidly until ~40 Ma
(Fig. 2, middle panel). In contrast, the composite
Mg/Ca record of Lear et al. [6], which has been
smoothed to a resolution of 1 Myr, lacks a pro-
nounced Eocene maximum and ratios decrease
more gradually until the early Oligocene (Fig. 2,
bottom panel). At site 757, ratios begin to in-
crease gently after 40 Ma and remain relatively
constant after the late Oligocene (Fig. 2, middle
panel). At site 689, Mg/Ca ratios show consider-
able variability after ~40 Ma as defined by a
small maximum at the middle to late Eocene
transition and a well-defined maximum coin-
cident with the Eocene/Oligocene boundary
(Fig. 2, middle panel). During the Neogene there
is a tendency toward lower ratios in the compo-
site record of Lear et al. [6] and the Southern
Ocean record from site 747 (Fig. 2, bottom pan-
el).

Paleotemperature reconstructions from sites
757 and 689, which assume modern seawater ra-
tios throughout the Cenozoic, illustrate that early
Cenozoic cooling of intermediate waters occurred
prior to the first major episode of Antarctic ice
growth at the Eocene/Oligocene boundary (Fig. 3,
middle panel). Sites 757 and 689 display a temper-
ature minimum at ~40 Ma. At site 689, temper-
atures increase by ~2°C toward the Eocene/Oli-
gocene boundary and decrease again thereafter.
Site 757 displays a gradual temperature increase
between the late Eocene and late Oligocene, but
the temperature remains constant through the
Neogene. This lack of temperature variability is
odd and results in unrealistically high temperature
estimates for the Pleistocene (~ 8°C). For com-
parison, the composite deep water record of
Lear et al. [6] shows a temperature minimum at
~ 30 Ma, relatively constant temperatures during
the Oligocene, and a gradual cooling trend during
the early Miocene. Both the Lear et al. [6] and the
Southern Ocean record from site 747 display cool-
ing trends beginning in the late Miocene, and

Pleistocene temperatures between 1 and 4°C agree
better with modern ocean conditions.

To minimize the effect of transient Mg/Ca ex-
cursions on the §'80y, reconstructions (e.g., the
Mg/Ca and temperature maximum at the Eocene/
Oligocene boundary at site 689), we average the
(smoothed) temperature records to 1 Myr inter-
vals. The Lear et al. [6] record has already been
smoothed to 1 Myr intervals. As discussed by
Lear et al. [6], there is an overall increase in the
calculated 'Oy, over the past 50 Myr, which
agrees well with the increases in foraminiferal
8'30 values and the Cenozoic trend toward polar
glaciation (Fig. 3, bottom panel). There is a gen-
eral agreement among the records in the timing of
8'30g, maxima and minima. All records display a
580, minimum during the middle Eocene,
although the exact timing differs between sites
757 and 689 (both at 40 Ma) and the composite
record of Lear et al. [6] (at 49 Ma). The 88Oy,
record from sites 757 and 689 both imply that ice
growth began at 40 Ma; the Lear et al. [6] record
would accommodate an earlier onset of Antarctic
glaciation. The absolute magnitude of the §'30,
minimum in each instance (—1.3 %o, Lear et al. [6]
composite record; —0.9 %o, site 689; —1.3 %o, site
757) agrees well with 8'%0y, values derived from
oxygen isotope mass balance assuming an ice-free
world (e.g., —0.9 to —1.2%0 depending on as-
sumptions of the isotopic composition of the ice
sheet, —25%o0 and —35 %o , respectively). After the
middle Eocene minimum, the §'80y, at sites 689
and 757 increases gradually at first by 0.4 %0 and
then all records show an additional rapid increase
of 1 %o across the Eocene/Oligocene boundary. At
Indian Ocean site 757 and in the Lear et al. [6]
composite record the 8'8Qy, decreases rapidly
during the late Oligocene (~26 Ma) at about
the same time as benthic foraminiferal §'80 val-
ues (Fig. 3, bottom and top panels, respectively).
Excellent agreement among records also exists
during the early Miocene when all 8'80y,, records
decrease toward a minimum at ~16 Ma, the
early Miocene climatic optimum, followed by an
increase in 8'%0y,, the second major phase of
Antarctic ice growth [1], after which all records
continue to increase through the late Miocene.
During the Pliocene, the Lear et al. [6] composite
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Fig. 3. Comparison of the Cenozoic benthic foraminiferal composite 8'*0 record [3] (top panel) to temperature records derived
from the smoothed benthic foraminiferal Mg/Ca records (middle panel) and 880y, records (bottom panel). Each of the §'30,
records has been averaged to 1 Myr intervals. The vertical gray band highlights the Eocene/Oligocene boundary (33.65 Ma,
Berggren et al. [15]). Temperatures were calculated using the calibration of Lear et al. [l19] where Mg/
Ca=0.867¢0109xtemperature °C) T calculate the &0, we solve the paleotemperature equation of Shackleton [22]:
8180y, = (temperature (°C)—16.4+4*8'8O¢qycice /4.

and the Southern Ocean site 747 8'80g, records the Plio/Pleistocene site 757 values increase rap-
display minima that do not correspond to minima idly resulting in unrealistically high §'3O, value
in the benthic foraminiferal 8'®O record. of ~2%o0 during the latest Pleistocene. At site

The absolute magnitude of §'30, changes dif- 747, however, a Pleistocene §!30,, maximum of
fers among the records creating inter-site offsets ~1%o agrees well with the §'8Qy, to be expected
(Fig. 3, bottom panel). During the Miocene, the during full glacial conditions such as during the
8180, of the two intermediate water records Last Glacial Maximum [26]. The 8'%0y, record

(sites 757 and 747) generally overlap but during based on the Lear et al. [6] data displays notably
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Fig. 4. Cenozoic changes in Mg/Ca ratios of seawater based
on three different numerical models plus ratios measured
from fluid inclusions in marine halites. The two curves from
Wilkinson and Algeo [27] differ in assumptions about resi-
dence times of Mg in seawater with respect to hydrothermal
circulation. The curve of Stanley and Hardie [31] reflects a
two endmember mixing model between river influx and hy-
drothermal brines taking into account a linear decrease in
spreading rates. The Mg/Ca ratios in fluid inclusions display
a large range (indicated by the vertical bars) due to uncer-
tainties related to Ca®* concentrations [36].

lower values than those recorded at the intermedi-
ate water sites.

4. Discussion

4.1. Sensitivity of paleotemperatures to seawater
Mg/ Ca ratios

On long time scales, the application of forami-
niferal Mg/Ca ratios to reconstruct absolute pa-
leotemperatures, and hence the 3'80y,,, may be lim-
ited by the complexity of Mg>" and Ca’* cycling
between carbonate and silicate reservoirs. Weath-
ering of limestone, dolomite, and silicate rocks
supplies Mg?* and Ca’* to the ocean. Carbonate
sedimentation effectively removes Ca>* from sea-
water. Previous studies have suggested that the
importance of dolomite formation decreases dur-
ing the Cenozoic [27], leaving hydrothermal circu-
lation and associated basalt alteration as the pri-
mary sink for Mg and a secondary source of Ca**
[27,28]. Additional minor factors involve the low

temperature alteration of basalt and ion exchange
with clays [29,30].

Geochemical models have been used to con-
strain changes in Mg/Ca ratios through the Pha-
nerozoic [27,31]. During the Cenozoic portion of
the model curves (Fig. 4), Mg/Ca ratios tend to
increase toward the presence in the two models
dominated by a linear decrease in seafloor spread-
ing rates, which serves to decrease the hydrother-
mal sink of Mg (e.g., in fig. 4 of Stanley and
Hardie [31] and the curve labeled B from Wilkin-
son and Algeo [27]). The second model provided
by Wilkinson and Algeo [27] (labeled A in Fig. 4)
assumes a constant residence time of 14 Myr for
ridge-bound Mg and shows little difference be-
tween early Cenozoic and modern seawater ratios.
These models do not take into consideration that
hydrothermal circulation may change in response
to changes in the tectonic regime rather than sim-
ply the rate of seafloor spreading [32,33]. Further-
more, the models neglect that the amount of Mg
uptake at ridges during hydrothermal circulation
may depend on the temperature at the sediment
basement interface and the amount of seawater
percolating through the crust [34]. In a general
sense, fluid inclusions in marine halites [35,36]
would support an increase in seawater Mg since
the early Cenozoic (Fig. 4), but the range in Mg/
Ca ratios is large, reflecting assumptions about
Ca’" concentrations [36]. Thus a correction of fo-
raminiferal Mg/Ca ratios for temporal changes in
seawater Mg/Ca ratios is difficult to justify.
Therefore we use modern ratios, and evaluate
the uncertainties associated with this assumption.

Paleotemperatures based on foraminiferal Mg/
Ca ratios are sensitive to assumptions of seawater
ratios (Fig. 5, Table 3). We illustrate this point
using three examples: at 52 Ma ratios are at a
maximum, at 48-49 Ma ratios can be compared
to the Lear et al. [6] record, and at 40 Ma sites
757 and 689 ratios both reach a minimum. As-
suming ice-free conditions, the oxygen isotope pa-
leothermometer provides a check on the Mg-de-
rived temperatures. Accounting for the three
different seawater scenarios plus modern ratios
results in a Mg-based paleotemperature range of
between 28 and 16°C at 52 Ma (Fig. S5a, Table 3).
The highest temperature estimate corresponds to
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the lowest seawater ratios of Stanley and Hardie
[31], and modern seawater ratios yield the lowest
temperature. None of these estimates agree with
the 12-13°C derived from foraminiferal 'O val-
ues. Three million years later at 48-49 Ma, we
obtain a temperature range of 24-13°C at site
757 and 22-11°C for the Lear et al. [6] composite
record (Fig. Sb, Table 3). In both records modern
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ratios and the high ratio scenario of Wilkinson
and Algeo [27] (curve A in Fig. 4) yield paleotem-
peratures consistent with the oxygen isotope ther-
mometer (11-13°C) (Fig. 5b, Table 3). Lear et al.
[6] Mg/Ca ratios are 0.7 mmol/mol lower than
those at site 757, and the agreement with the oxy-
gen isotope thermometer is slightly better. The
difference is likely a species offset between Oridor-
salis umbonatus, the reference species of Lear et al.
[6] and Cibicidoides spp. used in this study. At 40
Ma modern ratios as well as the high ratio curve
from Wilkinson and Algeo [27] yield excellent
agreement between the Mg/Ca-derived tempera-
tures (7-9°C) and 8'®0-based paleothermometer
(7-8°C) (Fig. 5c; Table 3). If the assumption of
an ice-free middle Eocene is a good one, then
these observations suggest that seawater Mg/Ca
ratios were similar to modern ratios, or at most
~0.5 molar ratios lower than today by 4849
Ma.

The latter two examples highlight the value of
the new Mg-temperature calibrations of Martin et
al. [10] and Lear et al. [19]. The effect of species
offsets (e.g., 0.7 mmol/mol) on the calculated tem-
perature (2°C) appears to be relatively small in
this context. Thus, high ratios at site 757 during
the early Eocene (52 Ma) may be due to a shal-
lower water depth of the core location, but with-
out 880 measurements from these specific inter-
vals we cannot verify this possibility. High

-
Fig. 5. Graphical illustration of the sensitivity of temperature
reconstructions (y-axis) to seawater Mg/Ca ratios (x-axis) at
(a) 52 Ma, (b) 48-49 Ma, and (c) 40 Ma. The contours
(benthic foraminiferal Mg/Ca ratios in mmol/mol) were de-
rived using the temperature calibration of Lear et al. [19].
The solid square in each panel denotes the intersection be-
tween observed foraminiferal Mg/Ca ratios and seawater Mg/
Ca ratios of Stanley and Hardie [31], the solid and open
circles mark the intersection between observed foraminiferal
Mg/Ca ratios and the seawater Mg/Ca curves of Wilkinson
and Algeo [27] (A and B in Fig. 4, respectively), and the star
indicates the intersection between observed foraminiferal Mg/
Ca ratios and modern seawater Mg/Ca ratios [30]. The corre-
sponding temperatures in each scenario can be read off the
y-axis and are summarized in Table 3. The gray arrows in
(a) point to a predicted seawater ratio given averaged fora-
miniferal Mg/Ca ratios of 5 mmol/mol assuming a §'®0-de-
rived temperature of 12.5°C (see text).
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foraminiferal ratios could also reflect high sea-
water ratios. At 52 Ma, we would arrive at a
predicted seawater Mg/Ca ratio of ~8 mmol/
mol (e.g., Fig. 5a). This estimate clearly disagrees
with any of the modeled curves as well as the fluid
inclusion data and would imply a rapid decrease
in seawater ratios to modern ones between 52 and
48 Ma. Regardless of the cause, 880, values
calculated from Mg/Ca-derived temperatures and
the composite 3'80 record between 52 and 49 Ma
are questionable. It may be that the largest uncer-
tainty in Mg/Ca-derived temperature reconstruc-
tions relates to assumptions about temporal
changes in seawater Mg/Ca ratios rather than in-
terspecies offsets, cleaning methods, or diagenesis.
Although seawater ratios may have been similar
to modern ratios during the middle Eocene, they
may not have remained constant since then.

4.2. FEocenelOligocene boundary: temperature
versus biogeochemical effects

The Eocene/Oligocene boundary represents one
of the most rapid transitions in global climate [3].
Yet, as pointed out by Lear et al. [6], neither the
composite nor a high resolution record generated
specifically for this purpose show a decrease that
would signify deep water cooling concurrent with

Table 3

this event. We observe an increase in intermediate
water temperatures at Weddell Sea site 689 during
the late Eocene that culminates in a marked tem-
perature maximum coeval with the large forami-
niferal 880 shift that characterizes the Eocene/
Oligocene boundary (Fig. 3, middle panel). Our
results could be taken as evidence for the impor-
tance of a relatively warm high latitude ocean to
fuel an expanding ice sheet with moisture (e.g.,
the snow gun hypothesis [37]).

However, in light of recent studies that have
elucidated the importance of seawater chemistry
on elemental ratios in biogenic carbonate [38-40],
we put forth that the increase in Mg/Ca ratios at
this site could also indicate a sensitivity of the
partitioning coefficient of Mg in benthic forami-
nifera to environmental factors other than tem-
perature. Periods of enhanced primary productiv-
ity, as evidenced by site 689 benthic foraminiferal
abundance patterns and increases in productivity
of siliceous organisms, occurred in the Southern
Ocean during the middle Eocene (42-44 Ma), the
late Eocene (35 Ma) and most notably at the Eo-
cene/Oligocene boundary (33.5 Ma) [41]. The for-
mer two intervals roughly correspond in time to
intervals during which we observe relatively high
benthic foraminiferal Mg/Ca ratios at site 689
(e.g., Fig. 2). The latter interval, the Eocene/Oli-

Sensitivity of Mg-derived paleotemperatures to assumptions of seawater ratios

Site Time Mg/Ca calcite 3'80-based temperature  Mg/Ca seawater Mg/Ca-based temperature
(Ma) (mmol/mol)?* (°C)® (molar ratio)° ccy!
757 52 5.0 12.1-13.3 1.5 27.5
32 20.5
4.5 17.4
5.2 16.1
757/Lear et al. 48-49 3.6/2.9 11.3-12.5 1.6 23.9/21.9
33 17.2/15.2
4.6 14.2/12.2
5.2 13.1/11.1
7571689 40 1.8/2.0 6.5-7.7 1.8 16.4/17.4
35 10.3/11.3
4.8 7.4/8.4
5.2 7.6/7.7
4 Mg/Ca ratios are averages obtained from the smoothed records (Fig. 2).
® The range reflects temperatures using a 8'%0 value of the ice of —35 and —25 %o .
¢ Seawater ratios in vertical order are from [31], [27] (curves B and A, respectively, in Fig. 4), and the modern ratio.
d

Temperatures in front of the slash are based on site 757, temperatures after the slash are based on Lear et al. [6] for the 48-49
Ma time interval and from site 689 for the 40 Ma time interval.
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gocene boundary coincides with the well-devel-
oped maximum in site 689 Mg/Ca ratios (Fig. 2
middle panel). Increased productivity adds to
the food supply of benthic organisms and could
affect foraminiferal biomineralization rates. How-
ever, unlike the partitioning coefficient of Sr,
which is positively correlated with calcification
rates, or the partitioning coefficients of Co, Mn,
and Cd, which are negatively correlated with cal-
cification rates, there is no significant influence of
rate on the partitioning coefficient of Mg in inor-
ganic calcite experiments [42-44]. With respect to
biogenic calcite, Sr uptake into coccolithophorid
calcite is enhanced when environmental condi-
tions support higher growth and calcification
rates [39,45]. Culture experiments with planktonic
foraminifera illustrate that Sr/Ca ratios tend to
increase with seawater pH, which may reflect en-
hanced calcification in response to a higher car-
bonate ion concentration [38]. But this mechanism
cannot explain Mg uptake in planktonic forami-
nifera as the culture experiments indicate that Mg/
Ca ratios decrease with increasing pH [38].
Clearly, it is problematic to explain the nature
of the Mg/Ca peak at the Eocene/Oligocene
boundary; too little is known about Mg uptake
into benthic foraminiferal tests. Because of these
factors, we are cautious with paleoceanographic
interpretations of the site 689 Mg/Ca record
across this climate transition.

4.3. Evolution of Cenozoic ice volume

The Mg/Ca-based §'8Oy, reconstructions from
sites 757 and 689 provide evidence for ice growth
starting by ~40 Ma. Assuming a '8O-depleted
late Pleistocene ice sheet with a 8'3O value of
—35%0, the 0.4%0 increase in 880y, between
~40 and 36 Ma (Fig. 3) indicated by both of
our records supports growth of Antarctic ice
equal to 25% of the modern cryosphere. If we
allow for an ice sheet with a 'O value of up
to —17%o0 due to likely warmer polar climates
[2], the volume of ice is correspondingly higher,
but no more than 50% of the modern. These re-
sults are consistent with other foraminiferal-based
reconstructions that have suggested presence of
ice during the middle to late Eocene [46]. Other

geochemical evidence, changes in the percent illite
and chlorite to Southern Ocean sediments, indi-
cates glacial activity on Antarctica at 38-39 Ma
[47]. At the Eocene/Oligocene boundary, there is
an ~1%o increase in the 88Oy, [6], and our
smoothed 8'%0y, records from sites 757 and 689
agree with this reconstruction (Fig. 3, bottom
panel). Assuming an '80-depleted ice sheet with
a 880 value of —35%0, one arrives at an ice
volume equivalent to the modern cryosphere,
which includes an ice sheet on Greenland. Add
to that the volume of ice present prior to this
event, we are lead to conclude that early Oligo-
cene ice extent was comparable to that of the
Pleistocene, which leads us to speculate that ice
may have existed in the Northern Hemisphere as
well.

After the Eocene/Oligocene boundary, parallel
trends among the §'80y, records of Lear et al. [6]
from site 757 and the Southern Ocean record
from site 747 [7] allow for confidence in determin-
ing the timing of large-scale ice volume changes
(Fig. 3). Accordingly, there have been three times
of reduced global ice volumes, during the late
Oligocene (~26 Ma), the early Miocene (~ 16
Ma), and the Pliocene (~2-4 Ma). The late Oli-
gocene and early Miocene §'80y,, minima are con-
sistent with minima in the benthic foraminiferal
8'30 record, but the Pliocene deglaciation event is
not. The possibility of a Pliocene melt-back in
Antarctic ice is particularly intriguing because of
the debate that still surrounds the stability of the
Antarctic ice sheet during this period of time. The
foraminiferal 8'80 record has long been taken as
evidence against Antarctic deglaciation [48]. In
view of the 8'%0y, reconstruction presented here,
it appears that a fresh look at the issue of Ant-
arctic ice sheet stability is warranted.

Relatively large offsets among the §'8Oy, re-
cords develop after the Eocene/Oligocene bound-
ary. Constant offsets such as during the early
Miocene may incorporate the effects of interspe-
cies differences, but temporal changes in inter-site
gradients between the intermediate water sites and
the composite record of Lear et al. [6] (deep water
sites, Table 1) such as beginning during the mid-
dle Miocene may reflect a regional change in the
8'30 value of the water masses. Late Pleistocene
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offsets among the three sites are difficult to ex-
plain, only the maximum '3y, values of 1 %o
from site 747 agree with the values derived from
the geochemistry of pore fluids [26]. The temporal
resolution of the composite record of Lear et al.
[6] is low, and the true amplitude of the Mg/Ca
signal may have been aliased. As noted above, the
most recent 8Oy, values from site 757 are higher
than what can be expected based on modern
ocean intermediate water hydrography. We spec-
ulate that Plio/Pleistocene Mg/Ca ratios at this
site may be contaminated with high-Mg calcite,
which appears to be a possibility at other warm,
relatively shallow water depths (Little Bahama
Bank, Lear et al. [19]).

5. Conclusion

We present two new benthic foraminiferal Mg/
Ca records from intermediate water depth sites to
reconstruct paleotemperatures as a means to infer
changes in the 88O, related to Antarctic cryo-
sphere development during the Cenozoic (0-52
Ma). Together with published records our results
indicate that Mg-derived paleotemperatures are
highly sensitive to assumptions about seawater
Mg/Ca ratios. Using the oxygen isotope paleo-
thermometer to provide a temperature constraint
during presumable ice-free conditions (middle Eo-
cene) we observe that a good match can be
achieved with Mg/Ca-derived temperatures if we
assume modern seawater ratios, or ratios at most
0.5 molar ratios lower than today. An increase in
8'80, begins at at least ~40 Ma, which supports
studies that have proposed a middle Eocene, or
earlier, onset of Antarctic glaciation. An increase
in Mg/Ca ratios at the Eocene/Oligocene bound-
ary apparent at Weddell Sea site 689 could be
interpreted as a high latitude warming concurrent
with the major phase of Antarctic ice sheet expan-
sion. However, we caution that these results may
provide an example of additional biogeochemical
controls on the partitioning coefficient for Mg in
benthic foraminiferal calcite. During the Neogene,
agreement in trends between the 8'%0y, and the
global benthic foraminiferal §'%0 record exists in
the timing of ice volume changes during the late

Oligocene and Miocene, but not the Pliocene.
During the Pliocene two of the 880y, records
display a minima, which would be more consis-
tent with those scenarios that have argued for
Antarctic deglaciation. Although 880y, values
become unrealistically high at site 757 during
the  Plio/Pleistocene, maximum Pleistocene
880, values at site 747 are in excellent agree-
ment with the 880y, derived from other geo-
chemical proxies. This observation underscores
the value of the new Mg/Ca-temperature calibra-
tions of Martin et al. [10] and Lear et al. [19].
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