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We present modern B/Ca core-top calibrations for the epifaunal benthic foraminifer Nuttallides umbonifera
and the infaunal Oridorsalis umbonatus to test whether B/Ca values in these species can be used for the
reconstruction of paleo-Δ[CO3

2−]. O. umbonatus originated in the Late Cretaceous and remains extant,whereas
N. umbonifera originated in the Eocene and is the closest extant relative to Nuttallides truempyi, which ranges
from the Late Cretaceous through the Eocene. We measured B/Ca in both species in 35 Holocene sediment
samples from the Atlantic, Pacific and Southern Oceans. B/Ca values in epifaunal N. umbonifera (~85–
175 μmol/mol) are consistently lower than values reported for epifaunal Cibicidoides (Cibicides) wuellerstorfi
(130–250 μmol/mol), though the sensitivity ofΔ[CO3

2−] on B/Ca inN. umbonifera (1.23±0.15) is similar to that in
C. wuellerstorfi (1.14±0.048). In addition, we show that B/Ca values of paired N. umbonifera and its extinct
ancestor, N. truempyi, from Eocene cores are indistinguishable within error. In contrast, both the B/Ca (35–
85 μmol/mol) and sensitivity to Δ[CO3

2−] (0.29±0.20) of core-top O. umbonatus are considerably lower (as in
other infaunal species), and this offset extends into the Paleocene. Thus the B/Ca ofN. umbonifera and its ancestor
can be used to reconstruct bottom water Δ[CO3

2−], whereas O. umbonatus B/Ca appears to be buffered by
porewater [CO3

2−] and suited for constraining long-term drift in seawater B/Ca.
ll rights reserved.
© 2011 Elsevier B.V. All rights reserved.
1. Introduction

The major climatic shifts of earth's recent and deep past, ranging
from the glacial–interglacial cycles of the Pleistocene to the thermal
maxima of the early Cenozoic, have largely been attributed to
systematic changes in the concentration of CO2 in the atmosphere
(e.g., Dickens et al., 1997; Shackleton, 2000). Changes in atmospheric
pCO2, ranging from tens to hundreds of ppmv, should have been
manifested in measurable shifts in the carbonate chemistry of
seawater, specifically pH and [CO3

2−] (Zeebe and Wolf-Gladrow,
2001). An ability to quantify the [CO3

2−] of paleo seawater, particularly
within the deep sea, is thus key to reconstructing changes in the
content and distribution of carbon in the oceans and atmosphere,
and to evaluating the contribution of changes in concentration of
atmospheric carbon to past climate change (e.g., Yu et al., 2010a;
Zeebe et al., 2009). Moreover, knowledge of the carbonate saturation
of past oceans is essential to identifying the range within which
calcifying marine organisms could potentially tolerate future ocean
acidification (Fabry et al., 2008; Feely, 2004; Riebesell et al., 2000).

Attempts to constrain past deep-sea [CO3
2−] include, for example,

measurements of foraminiferal test weight (Broecker and Clark,
2003; Lohmann, 1995), the CaCO3 size index (Broecker and Clark,
1999), calcite crystallinity (Bassinot et al., 2004), foraminiferal Zn/Ca
(Marchitto et al., 2000, 2002), and foraminiferal B/Ca (Yu et al., 2008;
Yu and Elderfield, 2007). In aqueous solutions, the equilibrium
distribution of boric acid ([B(OH)3]) and the borate ion ([B(OH)4−]) is
strongly pH dependent. At low pH (b7) virtually all boron is present
in the form of boric acid, whereas at high pH (N10) boron exists
predominantly in the form of borate. B/Ca in calcite thus could
potentially serve as a pH proxy because the borate ion and not boric
acid is incorporated into the foraminiferal calcite lattice (Hemming
and Hanson, 1992). This appears to work for planktonic foraminifers
(Yu et al., 2007a), but in benthic foraminifera, B/Ca depends upon
Δ[CO3

2−] (where Δ[CO3
2−]=[CO3

2−]−[CO3
2−]sat) (Yu and Elderfield,

2007). Despite large intra-species variations, B/Ca in individual species
of benthic foraminifera lies within a relatively small range linearly
correlated with deep water Δ[CO3

2−] (Yu and Elderfield, 2007). The
correlation between B/Ca and Δ[CO3

2−] exists even at high Δ[CO3
2−], in

contrast with other deep-sea carbonate ion proxies (e.g. calcite
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crystallinity and Zn/Ca; Bassinot et al., 2004; Marchitto et al., 2000,
2002).

The two modern benthic foraminiferal species with robust B/Ca
calibrations, Cibicidoides (Cibicides, Schweizer, 2006) wuellerstorfi
and C. mundulus (Yu et al., 2010b; Yu and Elderfield, 2007), cannot be
used to assess Δ[CO3

2−] during the extreme greenhouse events of the
early Cenozoic, as neither extends back beyond the Oligocene (van
Morkhoven et al., 1986). We have therefore completed a B/Ca core-
top calibration for the longer-lived cosmopolitan species Nuttallides
umbonifera, the closest extant relative to Nuttallides truempyi and a
common Upper Cretaceous–Paleogene species (Kaiho, 1998), and
Oridorsalis umbonatus, which evolved in the Late Cretaceous and is
extant (Kaiho, 1998). N. umbonifera is common in bottom waters at
the low end of the saturation spectrum (i.e., Pacific, Bremer and
Lohmann, 1982). Our results show that B/Ca in N. umbonifera, but not
in O. umbonatus, is significantly correlated with deep-water satura-
tion state and can be used for paleo-reconstructions. We also assess
the sensitivity of benthic B/Ca partitioning to other environmental
parameters such as bottom water temperature (BWT), pH, and the
borate to bicarbonate ratio using principal component analysis and
principal components regression. Finally, we show that during the
middle Eocene, when N. umbonifera coexisted with its ancestor N.
truempyi, the two species recorded similar B/Ca ratios, with an offset
to O. umbonatus that is within the range observed in core-tops.

2. Samples, methods and data sources

2.1. Samples

The B/Ca of the epifaunal benthic foraminifer N. umbonifera and
the shallow infaunal O. umbonatus were measured in 35 Holocene
core-top sediment samples from the Atlantic, Pacific and Southern
Oceans (Fig. 1). Most samples are from box and multicores collected
from abyssal water depths (~3200 to 4900 m, Supplementary Table
S1–S3). To verify that core-top sediments were not contaminated by
pre-Holocene specimens, we also measured the δ18O and δ13C values
of the benthic foraminifer C. wuellerstorfi, which commonly co-occurs
with N. umbonifera and O. umbonatus. Samples with C. wuellerstorfi
δ18ON4‰ (n=6) were rejected as possibly reflecting partial con-
tamination by reworked glacial specimens. We also excluded two
samples from core depths likely to be greater than Holocene in age.
© planiglobe.com 2008

Fig. 1. Locations of core-tops used in this study, the majority of which are box and multi co
(http://www.planiglobe.com).
For the paleo part of this investigation, we analyzed co-occurring
specimens of N. truempyi, N. umbonifera, and O. umbonatus from a set
of 7 middle Eocene samples from ODP Sites 689 and 690, Maud Rise
(Supplementary Table S4). We also analyzed co-existing specimens of
N. truempyi and O. umbonatus from the upper Paleocene-lower Eocene
sections of ODP Sites 1209 on Shatsky Rise, Pacific, and 1263 on
Walvis Ridge, south Atlantic.

2.2. Analytical methods

2.2.1. B/Ca
For each sample, ~10–20 tests (~100–200 μg) of each species were

picked, largely from the 150–250 μm size fraction, then crushed and
cleaned following the methods of Boyle and Keigwin (1985/1986) as
revised by Martin and Lea (2002). Cleaning included multiple ultra-
sonication steps in boron-cleanMilli-Qwater (obtained from aMilli-Q
Academic water purification system with Q-gard boron purification
pack and Quantum ICP) and methanol, as well as an oxidative and
reductive step. The reductive cleaning step does not affect B/Ca by
preferential dissolution (Yu et al., 2007) andwas included so we could
monitor other trace element ratios (e.g., Mg/Ca). All sample handling
following crushing was done in a laminar flow bench using acid-
cleaned plastic-ware.

We measured B/Ca along with other elemental ratios by induc-
tively coupled plasma mass spectrometer (ICP-MS; Finnegan Element
XR) using a combination of techniques detailed in Rosenthal et al.
(1999), Yu et al. (2005) and Al-Ammar et al. (1999, 2000). Themasses
analyzed were 11B and 43Ca. The cleaned tests were dissolved in
350–400 mL 0.075 N HNO3 (depending on initial sample weight) and
free-aspirated with a Teflon nebulizer (APEX PFA ST-1255) into a
Teflon spray chamber (ES-2100-5471 47 mm PFA). We measured B
blanks on the same acid as used for sample dissolution, and
monitored intra-run variability with liquid consistency standards
(B/Ca=74 μmol/mol) as well as with a solid foraminiferal consistency
standard composed of crushed and homogenized Globigerinoides
sacculifer from core-top KNR 110 2–58 STN40-2 (without final
sac; B/Ca=92±8 μmol/mol). Based on replicate measures of the
consistency standard, within-run precision is b1% (RSD) and
between-run precision is b5% (RSD) for B/Ca.

Measurements of B/Ca in foraminiferal calcite by ICP-MS may be
compromised by high boron blanks, a memory effect, and a calcium
1 : 200000000
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Fig. 2. Correlation between core-top δ13C (C. wuellerstorfi) and (A) seawater Δ[CO3
2−] (B)

benthic foraminiferal B/Ca ratio (N. umbonifera). δ13C significantly predicts B/Ca ratios
(slope=0.0102, R2=0.42, p=.0012) aswell as seawaterΔ[CO3

2−] (slope=0.019, R2=0.56,
pb .001). Vertical error bars (1σ=±0.02‰) are smaller than the size of the points.
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matrix effect (e.g. Al-Ammar et al., 1999, 2000; Yu et al., 2005). High
boron background levels as well as the memory effect arise largely
because boron tends to volatilize from the sample solution as boric
acid, collecting in droplets inside the spray chamber (Wara et al.,
2003; Yu et al., 2005). The memory effect can be partly minimized
by allocating longer washout and uptake times; washout times were
set to 30 s and uptake time to 40 s. In addition, ammonia gas injected
into the spray chamber at 5 mL/min (Al-Ammar et al., 1999, 2000;
Wara et al., 2003) raises the pH of the droplets enough to change the
speciation of the boron to borate, which is not volatile. This mod-
ification effectively reduced the B blank from N20% of our consistency
standard to a stable 0.4 ppb (b10%). Although this is a relatively high
blank, the blank remained stable throughout the run (±4%), and thus
our liquid consistency standard precision was b2%. To minimize the
matrix effect, Yu et al. (2005) diluted all samples to the same calcium
concentration, which requires the removal of an aliquot for separate
analysis. Small sample sizes prevented our use of this procedure.
Instead we monitored the matrix effect by monitoring Ca concen-
trations ([Ca]) using the same suite of standards from which we
constructed calibration curves (following the method employed by de
Villiers et al., 2002; Yu et al., 2005). The [Ca]-calibration curves
determined from multiple standards are linear and R2-values are
usually greater than 0.999. Valueswere rejectedwhen [Ca] fell outside
the range of concentrations in our standards. Drift correction
standards and blanks were analyzed every 5 samples.

2.2.2. Stable isotopes
We measured carbon and oxygen isotopic ratios on 2–5

C. wuellerstorfi tests from the 150–250 μm size fraction of each core-top
on a PRISM mass spectrometer at the UCSC Stable Isotope Laboratory
facilities. Data are reported using delta (δ) notation and referenced to
Vienna Peedee belemnite. Analytical precision based on replicate
measurements of in-house standard Carrara Marble and NBS-19 is
0.02‰ (1σ) for δ13C and 0.03‰ (1σ) for δ18O.

2.3. Hydrographic data

We estimated site-specific hydrographic data (Supplementary Table
S1–S3), including bottom water temperature (BWT), salinity, total
dissolved inorganic carbon (DIC), total alkalinity (ALK), and nutrient
levels (PO4 and SiO3), from data in the Global Ocean Data Analysis
Project (GLODAP) (Key et al., 2004) and the Carbon in Atlantic Ocean
(CARINA) project (e.g. Key et al., 2010). After correcting for the
anthropogenic CO2 contribution to DIC (when required), we computed
the pre-industrial carbonate chemistry using the CO2sys.xls program of
Pelletier et al. (2007) in accordance with standard protocol (e.g. Foster,
2008; Yu and Elderfield, 2007). We quantified the uncertainty in
our estimates ofΔ[CO3

2−], pH and BWT for each core-top site by locating
all GLODAP and/or CARINA sites within two degrees of latitude and
longitude of each core-top site where possible, and up to five degrees
where data are scarce (b3 stations), averaged the Δ[CO3

2−], pH and
BWTs in that group to generate a value for each core-top site, and finally
bootstrapped each variable to generate estimates of standard error
(Efron, 1979).

2.4. Statistical analyses

For our small Holocene-to-modern data set (n=27), we found
that the slope of the regression line between B/Ca and all param-
eters investigated is highly sensitive to the incorporation of error in
both axes, i.e. the analytical error associated with the measurement of
B/Ca as well as the error associated with estimating seawater Δ[CO3

2−]
at the core-top sites. We used a bivariate least squares regression
(Cantrell, 2008; Reed, 1989; York, 1969; York et al., 2004) pro-
grammed in Microsoft Excel by Kromer (http://vizsage.com/other/
leastsquaresexcel/) to incorporate these errors in both axes.
We also evaluated the sensitivity of B/Ca to a number of hydrographic
parameters (e.g. pH, BWT, [B(OH)4−]/[HCO3

−] as well as Δ[CO3
2−]) by

performing principal component analysis and principal component
regression (Supplementary material, Supplementary Table S5).

3. Results

3.1. Core-top δ13C and δ18O

Core-topbenthicC.wuellerstorfiδ13Cvalues rangebetween~−0.2–1‰
and are positively correlatedwithΔ[CO3

2−] (R2=0.56, pb .001) aswell as
with N. umbonifera B/Ca (R2=0.42, p=.0012) (Fig. 2). Core-top δ18O
values generally range between ~2.8–3.8‰.

3.2. Core-top B/Ca

N. umbonifera and O. umbonatus B/Ca values display large intra-
species differences, similar to those observed by Yu and Elderfield
(2007). B/Ca values range from ~35–60 μmol/mol in O. umbonatus and
~85–175 μmol/mol in N. umbonifera (Figs. 3, 4, 5). N. umbonifera B/Ca
values are offset from those in C. wuellerstorfi (130–225 μmol/mol; Yu
and Elderfield, 2007) by a near constant number (~50 μmol/mol),
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to obtain a standard deviation. Error bars reflect one standard deviation. The quantity sqrt(S/(n−2)) is a “goodness of fit” parameter and its expected value is unity. (B) Foraminiferal
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such that the overall sensitivity to seawaterΔ[CO3
2−] is similar (Fig. 3).

The sensitivity to seawater Δ[CO3
2−] is greater in the epifaunal

N. umbonifera than in the shallow infaunal O. umbonatus, consistent
with the low sensitivities observed in infaunal Uvigerina spp. and
Hoeglundina elegans (Yu and Elderfield, 2007).

3.3. Eocene B/Ca

Co-occurring N. truempyi and N. umbonifera in 7 middle Eocene
samples from ODP Sites 689, and 690 and 1262 show no consistent
B/Ca differences between the two species (Fig. 6). Both species yielded
B/Ca values ranging between 100 and 150 μmol/mol with a sum of the
differences between species of −0.04 and with equal numbers above
and below zero. Analyses of lower Eocene N. truempyi from Pacific
(Site 1209) and Atlantic (Site 1263) cores show a similar range of
B/Ca, though with a few values exceeding 200 μmol/mol. In contrast,
the B/Ca of co-occurring O. umbonatus in both the middle and lower
Eocene samples are consistently offset toward lower ratios by ~50–
80 μmol/mol (Supplementary Fig. S1).

4. Discussion

4.1. Nuttallides umbonifera

B/Ca in N. umbonifera appears to be positively correlated with
pH, Δ[CO3

2−], BWT and [B(OH)4−]/[HCO3
−] and negatively with water

depth (Fig. 4), but inmost cases the correlation is not significantwithin all
regions. For example, B/Ca inN. umboniferadoes not co-vary consistently
with deep water pH: in the Pacific and Southern Oceans, where B/Ca
decreases with increasing water depth, core-top B/Ca varies by more
than 30 μmol/mol while pH varies little (~7.76–7.77). This indicates
that deep water pH does not completely explain N. umbonifera B/Ca,
and another parameter may be responsible for the 30 μmol/mol
variability in the Pacific. Alternatively, there may not be sufficient
variability in pH within the Pacific to show a significant relationship.
Similar inferences can bemade for the influence of temperatureand [B
(OH)4−]/[HCO3

−] on B/Ca, as bottom water temperatures in the Pacific
cluster at ~1.5 °Cwhereas B/Ca ratios spanmore than 40 μmol/mol, and
invariance in Pacific [B(OH)4−]/[HCO3

−] ratios (0.0185–0.0187 mol/mol)
corresponds to a large spread in B/Ca. None of these parameters thus
shows a consistently significant correlation with B/Ca, in agreement
with Yu and Elderfield (2007).

In contrast, the correlation between benthic B/Ca and Δ[CO3
2−] is

consistent across multiple ocean basins, water temperatures and water
depths with a sensitivity of B/Ca to Δ[CO3

2−] of 1.23±0.15 (Table 1,
Figs. 3 and 4), comparable to that in C. wuellerstorfi (1.14; Yu and
Elderfield, 2007). Based on 2 standard error on the regression,
the uncertainty associated with reconstructing bottom water Δ[CO3

2−]
from N. umbonifera B/Ca is ~10 μmol/kg. Scatter may be due to
bioturbation (i.e., mixing of tests of different ages) as well as to
variability in foraminiferal B/Ca. For instance, the standard deviation of
duplicatemeasurements of different sub-samples of foraminifera froma
single sample averages ~5 μmol/mol (Yu and Elderfield, 2007) to as
much as ~8 μmol/mol (this study). B/Ca in N. umbonifera is significantly
correlated with deep water Δ[CO3

2−] across a wide geographic range,
thereby providing a robust basis for the reconstruction of past deep
water saturation states. The calibration of this species extends the utility
of this proxy into more corrosive waters and potentially into the Late
Cretaceous (the stratigraphic range of N. truempyi).

4.2. Oridorsalis umbonatus

OurO. umbonatus sample size is small (n=9), but the species' B/Ca
values (~35–85 μmol/mol) are consistently lower than those in
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epifaunal species, even across a relatively wide range of seawater
Δ[CO3

2−] values (~−20–40 μmol/kg), consistentwith Rae et al. (2011).
B/Ca in O. umbonatus appears to be largely insensitive to seawater
Δ[CO3

2−] (R2=0.31, p=0.12) and BWT (R2=0.14, p=0.33) (Fig. 5).
Correlations between B/Ca and pH (R2=0.53, p=0.027) or [B
(OH)4−]/[HCO3

−] (R2=0.55, p=0.023) depend largely on one data
point with a value of 85 μmol/mol, with all others between~35–
55 μmol/mol. The B/Ca in this largely shallow infaunal (Rathburn

image of Fig.�4
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and Corliss, 1994; Thomas and Shackleton, 1996) species probably
reflects that this species calcified in contact with pore water rather
than seawater, and thus cannot be used to reconstruct past bottom
water Δ[CO3
2−]. A combination of B/Ca data from both O. umbonatus

and N. umbonifera or another calibrated species could still be a useful
indicator of saturation state, as the difference in B/Ca between such
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species should be amplified or reduced at high vs. low saturation
states. In addition, the difference between the two species provides a
qualitative assessment of diagenetic overprinting, or the lack thereof,
in older material.
4.3. Deep time: Calibration of Nuttallides truempyi

Extending the N. umbonifera B/Ca calibration into deep time
using N. truempyi, an extinct species, involves a few assumptions that
require testing. First and foremost, do both species incorporate B in
a similar manner? Modern calibrations show that the relationship
between B/Ca and Δ[CO3

2−] is not the same for species within a genus.
For example, C. wuellerstorfi and C. mundulus have noticeably differ-
ent calibration slopes and intercepts (1.14x+177 and 0.69x+119,
respectively; Yu and Elderfield, 2007). Such differences, in large
part, may be explained by habitat preference; specifically, whether a
species prefers the sediment/water interface or a few centimeters
belowwill influence the Δ[CO3

2−] to which it is regularly exposed, and
in theory the B/Ca. For our calibration, Δ[CO3

2−] is calculated for the
overlying water and compared to both epifaunal and infaunal species.
However, pore water saturation state deviates from bottom water
Δ[CO3

2−], particularly in sediments below Δ[CO3
2−] depth (Bijma,

et al., 2002; Sarmiento and Gruber, 2006), so that only the epifaunal
species should exhibit a high sensitivity. This explains B/Ca patterns
observed in C. wuellerstorfi and C. mundulus, with the former residing
at the interface or on objects sticking out into the water column and
the latter just a few cm below (0–4 cm) (e.g. Rathburn and Corliss,
1994). As such, C. mundulus as well as other infaunal taxa, for example
O. umbonatus and Uvigerina spp, reside in waters that are more
buffered with respect to saturation than the overlying waters.

Epifaunal N. umbonifera occupies a similar habitat as C. wuellerstorfi
(e.g., Rathburn and Corliss, 1994) and thus shows a similar B/Ca vs
Δ[CO3

2−] sensitivity (this study). The presumption is that the extinct
Table 1
Regression betweenbottomwaterΔ[CO3

2−] andB/Ca ratiosmeasured inN. umbonifera and
O. umbonatus fromHolocene core tops. Species arefitted to the formB/Ca=a Δ[CO3

2−]+b
using a bivariate least squares regression that accounts for uncertainty inboth thex- andy-
axes (Reed, 1989;York, 1969). Thequantity sqrt(S/(n−2)) is a “goodnessoffit”parameter
and its expected value is unity.

Species a b n sqrt(S/n-2)

N. umbonifera 1.23±0.15 134±2.7 27 2.9
O. umbonatus 0.29±0.2 56.4±5.5 9 4.1
N. truempyi occupied the same niche as well (Thomas, 1998). Our
analyses of co-occurring N. truempyi and N. umbonifera from middle
Eocene samples from Sites 689, 690 (Maud Rise) and 1262 (Walvis
Ridge) show no consistent offset (Fig. 6), confirming this presump-
tion. Moreover, co-existing O. umbonatus show roughly the same
B/Ca offsets to both species of Nuttallides in Paleocene, Eocene,
Glacial–Interglacial, and Holocene sediments (Fig. 6, Supplementary
Fig. S1). The offset holds for B/Ca from high and low latitudes in
the Pacific and Atlantic Oceans, lending credence to our assumption
that the extinct N. truempyi occupied the same niche asN. umbonifera
and their relationships to O. umbonatus have held throughout the
Cenozoic.

The relative constancy in Oridorsalis–Nuttallides B/Ca over the last
55 Mya is noteworthy. It is beyond the scope of this paper to discuss
this in detail, but one implication is for long-term stability of
seawater B/Ca. Modeling suggests minimal change in the B concen-
tration over the Cenozoic (~10%; Lemarchand et al., 2002), whereas
Ca is thought to have declined overall (e.g. Horita et al., 2002), though
by how much, and with how much superimposed variability, is
debated (e.g. Fantle and dePaolo, 2005; Griffith et al., 2008). If so, all
else being equal, we would expect oceanic B/Ca values to be higher
at present than during the Eocene. Because the ratio is about the
same or slightly lower, this might imply a compensating effect in
carbonate saturation, though further research is required for a full
investigation of this idea.

5. Status of the benthic B/Ca proxy

The relationship between B/Ca and Δ[CO3
2−] in benthic foraminif-

era is empirical, but significant, and thus can serve as a proxy for past
deep water saturation state. Use of this proxy should include
constraints on water depth, BWT and salinity (the latter not usually
important in the deep sea but potentially in shallower waters), and
involve other carbonate system proxies such as carbonate content,
fragmentation, and shell mass indexes. The application of the B/Ca
proxy in deep time also requires consideration of past variations in
both the boron and calcium concentrations in seawater ([B]sw and
[Ca]sw, respectively). Because the residence time of boron in seawater
is long (15–20 My, Lemarchand et al., 2000, 2002), changes in [B]sw
can be assumed constant over intervals that are short relative to its
residence time. In addition, the theory behind the proxy assumes that
borate, not boric acid, is incorporated into the tests of foraminifera.
Nuclear magnetic resonance (NMR) data, however, indicate that both
trigonal boric acid and tetrahedral borate are present at almost equal
abundance in biogenic calcite and aragonite (Klochko et al., 2009),
and we do not know whether seawater boric acid is entering the
crystal lattice, or borate is converted to boric acid internally. None-
theless, the variance in benthic foraminiferal B/Ca with seawater
carbonate chemistry appears to be robust, and should prove useful
for constraining past variations at longer time scales than glacial–
interglacial time-scales (Yu et al., 2010a, b).

6. Down-core application of the N. umbonifera calibration

Past deep-water Δ[CO3
2−] can be calculated using down-core values

(Yu et al., 2008):

Δ CO2−
3

h i
= Δ CO2−

3

h i
pre−industrial

+ Δ B= Cað Þ= sensitivity ð1Þ

where Δ[CO3
2−]pre-industrial is the pre-industrial Δ[CO3

2−] value (Key
et al., 2004), Δ(B/Ca) is the change in B/Ca in down-core samples
relative to the core-top B/Ca value (preferably an average of the
top three samples), and sensitivity is the calibrated sensitivity of
B/Ca to Δ[CO3

2−] (1.35 μmol/mol per μmol/kg for N. umbonifera). In
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this way, Yu et al. (2008) avoided complications due to the
uncertainties in hydrographic data. Paleo-[CO3

2−] can then be
calculated by:

CO2−
3

h i
= Δ CO2−

3

h i
+ CO2−

3

h i
sat

ð2Þ

when [CO3
2−]sat can be constrained. [CO3

2−]sat is influenced by sa-
linity (S), pressure (P), and BWT, which collectively have a close to
negligible effect on [CO3

2−]sat on glacial/interglacial timescales (Yu
et al., 2008), so that pre-industrial values can be used to calculate
[CO3

2−]. In deeper time, it is important to constrain these variables
using other proxies (e.g. δ18O, Mg/Ca) along with numerical
models (e.g., Zeebe and Zachos, 2007) to estimate [CO3

2−]sat.
Relative changes in B/Ca ratios can provide semi-quantitative con-
straints on changes in bottom water [CO3

2−], but quantitative esti-
mates of past deep-water [CO3

2−] will likely require a multi-proxy
approach.

7. Conclusion

B/Ca in N. umbonifera is significantly, positively correlated with
deep-water saturation state, and the relationship between B/Ca and
Δ[CO3

2−] remains consistent across all investigated ocean basins,
water depths and temperatures. Δ[CO3

2−] is the only variable
considered for which this is true, suggesting that B/Ca ratios in
N. umbonifera, like those in C. wuellerstorfi, can serve as a proxy for
past deep-water saturation states. Application of the proxy requires
use of an optimum calibration line, which we calculated by means of a
bivariate least squares regression incorporating errors along both
axes. We demonstrate that co-occurring middle Eocene N. umbonifera
and N. truempyi do not have significantly different B/Ca, and therefore
this core-top calibration extends the utility of the B/Ca proxy beyond
glacial–interglacial timescales into deeper time, as well as into more
corrosive waters not inhabited by other calibrated species. Because
of its infaunal habitat, B/Ca in O. umbonatus is largely insensitive to
bottom water Δ[CO3

2−], and cannot be used for reconstruction of
saturation states (e.g. Yu and Elderfield, 2007). It does, however, hold
promise for constraining long-term changes in seawater B/Ca.

Supplementarymaterials related to this article can be found online
at doi:10.1016/j.epsl.2011.08.023.
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