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B/Ca in planktonic foraminifera as a proxy for surface seawater pH
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[1] Boron isotope systematics indicate that boron incorporation into foraminiferal CaCOs is determined by the

B/ Ca]CaC03
B(OH), /HCO; |
estimate seawater pH and PCO,. We have measured B/Ca ratios in Globigerina bulloides and Globorotalia
inflata for a series of core tops from the North Atlantic and the Southern Ocean and in Globigerinoides ruber
(white) from Ocean Drilling Program (ODP) site 668B on the Sierra Leone Rise in the eastern equatorial
Atlantic. B/Ca ratios in these species of planktonic foraminifera seem unaffected by dissolution on the seafloor.
Kp shows a strong species-specific dependence on calcification temperature, which can be corrected for using
the Mg/Ca temperature proxy. A preliminary study of G. inflata from Southern Ocean sediment core CHAT 16K
suggests that temperature-corrected B/Ca was ~30% higher during the last glacial. Correspondingly, pH was
0.15 units higher and aqueous PCO, was 95 patm lower at this site at the Last Glacial Maximum. The
covariation between reconstructed PCO, and the atmospheric pCO, from the Vostok ice core demonstrates the

partition coefficient, Kp (= [ ), and [B(OH); /HCO3 Jseawater» providing, in principle, a method to

seawater

feasibility of using B/Ca in planktonic foraminifera for reconstructing past variations in pH and PCOs,.

Citation:
Paleoceanography, 22, PA2202, doi:10.1029/2006PA001347.

1. Introduction

[2] Boron isotopic compositions of marine carbonates
have been used to estimate paleo-CO, concentrations for
periods older than available from ice cores [Spivack et al.,
1993; Palmer et al., 1998; Pearson and Palmer, 1999;
Pearson and Palmer, 2000] and to reconstruct surface pH
variations on glacial/interglacial timescales [Sanyal et al.,
1997; Sanyal and Bijma, 1999; Palmer and Pearson, 2003;
Hénisch and Hemming, 2005]. The principle of the §''B
method is based on the speciation of boron in seawater.
Dissolved boron in seawater exists primarily as a mixture of
the mononuclear species B(OH); (boric acid) and B(OH)4
(borate), the proportions of which are highly pH-dependent
(Figure 1a). Boron isotopes are fractionated between the
two species (Figure 1b) and because the boron isotopic
composition of marine carbonates falls close to the isotopic
composition of borate, B(OH), is thought to be the species
incorporated into carbonates [Hemming and Hanson, 1992]:

CaCO; + B(OH), — Ca(HBO3) + HCO; + H,0 (1)

[3] The selective incorporation of B(OH); into CaCO;
also has implications for boron concentrations in CaCOj. It
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follows from equation (1) that the partition coefficient, Kp,
between calcium carbonate and seawater is defined as:

. [HBO3T™/CO Jeuco, [B/Cacyco,
[B(OH);/HCO;] seawater [B (OH);/HCO;] seawater
(2)
or
[B/Ca]CaCO3: Kp- [B(OH);/HCO;] seawater (3)

[4] In the modern ocean, the [B(OH); /HCO3 Jscawater ratio
is proportional to pH as the concentration of B(OH),
increases, and that of HCO; decreases, with increasing
seawater pH. The oceanic residence time of boron has been
estimated to be 14—-20 m.y. [Spivack and Edmond, 1987;
Lemarchand et al., 2000; Lemarchand et al., 2002], and
thus substantial fluctuations of boron concentration, [B],
are unlikely over periods shorter than a few millions of
years. Coupling between seawater [B(OH),/HCO5 | and pH
would be expected for at least the Pleistocene glacial/
interglacial cycles. For surface waters in equilibrium with
the atmosphere, [B(OH); /HCO3 Jscawater ratios should be
elevated in glacial times when atmospheric pCO, was lower
and surface water pH and salinity were higher. Therefore if
the Kp in equation (3) is constant, or can be quantified, it
should be possible in principle to estimate paleo-pH values
of seawater using boron concentrations in marine calcium
carbonate.

[5] Positive correlations between B abundance and 6''B
have been observed in marine carbonates (high-Mg calcite,
calcite, and aragonite) [Hemming and Hanson, 1992], in
inorganic calcite precipitated in the laboratory [Sanyal et al.,
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Figure 1. (a) Fraction and (b) isotopic composition of
dissolved boron species as a function of pH. The curves are
predicted under the condition of T = 25°C, S = 35 practical
salinity units (psu), and [B];,; = 416 pumol/kg in the surface
seawater.

2000], and in cultured shells of the planktic foraminifer
Orbulina universa [Sanyal et al., 1996], consistent with the
model in which B(OH); is adsorbed on the carbonate
surface [Hemming and Hanson, 1992]. Values of K for
B incorporation into these “marine carbonates” and inor-
ganic calcite are roughly constant, at ~0.012 and 0.001,
respectively [Zeebe and Wolf-Gladrow, 2001]. In contrast,
Kp for B in O. universa is highly variable, with values
ranging from 0.0003 to 0.0028. No clear relationship
between B concentration and §''B was found in cultured
or modern (core top) Globigerinoides sacculifer [Sanyal et
al., 1995; Sanyal and Bijma, 1999; Sanyal et al., 2001].
However, a positive correlation between B/Ca and Mg/Ca
(R* = 0.42, n = 15) in G. sacculifer from core Ocean
Drilling Program (ODP) site 806 has been observed [Wara
et al., 2003], indicating that B incorporation in foraminifer
shells may be influenced by their calcification temperature.
Seawater pH decreases at higher temperatures, suggesting
that B/Ca should decrease with increasing temperatures if
pH is the only controlling factor. This pattern has been
observed in corals, which show positive correlations
between B/Ca and both Sr/Ca and U/Ca, the incorporation
of which is inversely correlated with temperature [Sinclair
et al., 1998; Fallon et al., 1999; Sinclair, 2005]. Ion
microprobe analyses of B-doped calcite single crystals show
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that boron oxyanions are incorporated differently between
nonequivalent vicinal faces [Hemming et al., 1998], sug-
gesting that, besides the fluid chemistry, crystal growth
processes influence B incorporation into calcite.

[6] In this study, we have analyzed B/Ca ratios of core top
planktonic foraminifera from the North Atlantic Ocean and
the Southern Ocean to provide empirical calibrations for K,
in planktonic foraminifer shells. The temperature influence
on Kp was also investigated using down core samples from
the tropical Atlantic Ocean (ODP site 668B), for which
independent pH estimates from boron isotopes are available
[Honisch and Hemming, 2005]. We estimated changes in
aqueous pH and PCO, across termination I in the Southern
Ocean, using B/Ca ratios of Globorotalia inflata from core
CHAT 16K to assess the potential of B/Ca as a paleo-pH

proxy.

2. Materials and Methods

2.1. Sediment Locations and Modern Hydrographic
Data

[7] A suite of box core tops, collected between 35° and
65°N during the North East Atlantic Paleoceanography and
Climate Change Project (NEAPACC) and Actuomicropa-
leontology Paleoceanography North Atlantic Project
(APNAP) cruises in the North Atlantic (Table 1 and
Figure 2) was used to investigate the variability of K, into
the planktonic foraminifera Globigerina bulloides and
Globorotalia inflata. The core tops provide an ideal set of
samples to investigate incorporation of trace elements into
planktonic foraminifer shells and have been used for previ-
ous studies taking the advantage of systematic changes in
surface water hydrography along the latitudinal transect
[Rickaby and Elderfield, 1999; Elderfield and Ganssen,
2000; Elderfield et al., 2000; Barker and Elderfield,
2002]. Because of thermodynamics, surface water temper-
ature, pH, [B(OH);/HCO;5] and [CO3"] increase from
north to south and hence the latitudinal range serves as a
good field to test B/Ca and variability of K. Radiocarbon
dating verified that all core tops were <3 ka [Rickaby and
Elderfield, 1999]. G. inflata of the late Holocene from ODP
site 1088B and CHAT 16K in the Southern Ocean were
analyzed to distinguish between temperature and carbonate
ion (CO3") effects on Kp.

[8] The feasibility of using B/Ca as a paleo-pH proxy was
tested directly by comparisons of foraminiferal B/Ca with a
record of §''B from ODP site 668B (4°46'N, 20°55'W,
2693 m water depth) on the Sierra Leone Rise (Figure 2)
[Honisch and Hemming, 2005]. 6''B data for ODP 668B
were obtained using large Globigerinoides sacculifer (515—
865 um), but insufficient shells of this species were avail-
able for B/Ca. Therefore we analyzed B/Ca ratios in
Globigerinoides ruber (w) (300-355 um), which has a
similar habitat depth as large G. sacculifer [Spero et al.,
2003]. G. ruber §'0 data are from Bird and Cali [2002]
and the chronology for ODP 668B is from Honisch and
Hemming [2005].

[9] B/Ca in G. inflata from core CHAT 16K (42°23.0'S,
178°29.9'W, 1408 m water depth) were measured across
termination I (Figure 2). The core CHAT 16K is from the
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Figure 2. (top) Locations of box cores from the Actuomicropaleontology Paleoceanography North
Atlantic Project (APNAP) (solid circles) and the NEAPACC (open circles) projects, as well as section 23
(crosses) of the Global Ocean Data Analysis Project (GLODAP) hydrographic data set. (bottom)
Locations of Ocean Drilling Program (ODP) 1088B, ODP 668B, and CHAT 16K used in this study.

same location as core R657 studied by Weaver et al. [1997, [10] For core top samples, modern hydrographic param-
1998] and Sikes et al. [2002]. The CHAT 16K age model eters including temperature, [CO37], and [B(OH);/HCO;3]
was constructed from benthic Uvigerina spp. §'%0 data (LN.  in surface seawaters were estimated using the data set
McCave, personal communication, 2006) and G. inflata compiled by the Global Ocean Data Analysis Project
5'*0 and Mg/Ca data are from Greaves [2007]. (GLODAP) [Key et al., 2004]. Section 23 was selected

4 of 17



PA2202

35 40 45 50 55 60 65

100 —————————— 0.080
. 0 G. bulloides ]
4 0.07
90 A \\ O G. inflata, WD<3.4km 0.075
20 m o G. inflata, WD>3.9km

4 0.070
40065 __
©
— £
= 4 0.060 3
£ E
[ 40055 —=
€ O
= O
T
8 40050 =,
& T
doo0as
’ o,

4 0.040

m|
|
U - 40035
30
T T T T T T T 1 0.030

35 40 45 50 55 60 65
Latitude (°N)

Figure 3. Core top B/Ca results of G. bulloides and
G. inflata from the North Atlantic Ocean. Also shown are
seawater [B(OH), /HCOj3 ] (solid lines) at different water
depths. The juxtaposition of the two ordinate scales is
arbitrary.

for the core tops from the North Atlantic Ocean (Figure 2). We
obtained total dissolved inorganic carbon (DIC), total alka-
linity (ALK), together with nutrient levels (PO, and SiO3),
salinity (S), temperature, pressure (water depth) and anthro-
pogenic CO, from the GLODAP hydrographic sites nearby
the studied core top sites. The total boron concentration in
seawater was calculated from S by [Bli (umol/kg) =
416 x S(practical salinity units (psu))/35 [Uppstrom, 1974].
The anthropogenic CO, contribution was subtracted from
DIC, and the preindustrial concentrations of B(OH),; , HCOg3 ,
and CO3~ were calculated using CO,sys.xls (version 12)
[Pelletier et al., 2005] (rewritten in VBA after CDIAC
program version 1.05 [Lewis and Wallace, 1998]). We
selected K; and K, according to Mehrbach et al. [1973]
refit by Dickson and Millero [1987], K according to DOE
[1994], and Kgp4 according to Dickson [1990].

2.2. Analytical Methods

[11] Approximately 60—80 shells from each sample were
picked from the 300—355 um fraction and cleaned by two
cleaning methods. Samples from core CHAT 16K were
cleaned by the “Mg-cleaning” procedure [Barker et al.,
2003], while samples from other sites were cleaned by the
“Cd-cleaning” method [Boyle and Keigwin, 1985/86;
Rosenthal et al., 1997]. Comparison of the two procedures
showed a negligible effect on B/Ca ratios [Yu, 2006]. B/Ca
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and Mg/Ca ratios were analysed on the same solution by
ICP-MS according to the method of Yu et al. [2005].
Measurements of B/Ca ratios are plagued both by high-B
blanks from the introduction system and by a memory effect
[Al-Ammar et al., 1999; Al-Ammar et al., 2000]. These
difficulties were minimized by the use of a quartz spray
chamber and by allocating longer washout and uptake times
between measurements. Improvement has been made after
the development of the method on ICP-MS [Yu et al., 2005].
A new set of calibration standards was prepared to enlarge
the B/Ca range to 0—260 pmol/mol. We used Milli-Q" to
prepare the new standards and dissolution acid because
Milli-Q" water has a lower boron concentration than
quartz-distilled water (QD). The boron blank is <2% of
the consistency standard (150 pmol/mol) and remains
relatively stable during a typical run. The detection limit
is ~10 pmol/mol. All samples and standards were run at
100 ppm [Ca] to avoid any possible matrix effect on B/Ca.
The long-term precision over a 3-month period is 1.98% for
B/Ca on the basis of replicate measurements of the consis-
tency standard (n = 108). The majority of G. inflata from
the North Atlantic core tops were analysed 2—3 times and
results reported here are averages of the replicate measure-
ments. On the basis of replicate measurements of standards
and samples, the average precisions are <3.5% for B/Ca and
<1.5% for Mg/Ca for results presented in this study.

3. Results
3.1. Core Top B/Ca

[12] In the North Atlantic Ocean, surface water tempera-
ture, [B(OH); /HCO3 Jscawater [CO%f], and pH are highly
correlated and increase with decreasing latitude (Table 1
and Figure 3). Similarly, G. bulloides and G. inflata show
increasing B/Ca values with decreasing latitude, with
G. bulloides displaying lower B/Ca ratios (30—50 pmol/
mol) than G. inflata (50—80 pmol/mol) (Figure 3). Note that
the juxtaposition of B/Ca and [B(OH);/HCOj3 Jscawater i
Figure 3 is arbitrary. Lower B/Ca ratios in G. bulloides are
unexpected because this species lives in shallower, more
alkaline water depth relative to G. inflata. The trend of
B/Ca in G. bulloides is more scattered, presumably due to
the difficulty of measuring low B/Ca ratios. G. inflata from
sites with different ranges of water depth (>3.9 km and
<3.4 km) display a single evolution trend along the transect.
Core top samples of G. inflata from ODP 1088B and CHAT
16K have B/Ca ratios of ~60 pzmol/mol, i.e., within the range
of the North Atlantic core tops (Table 1). However, because of
higher nutrient levels in the Southern Ocean the estimated
[CO37](~145 pmol/kg) for these two cores are lower relative
to those for core tops from the North Atlantic Ocean (155—
175 pmol/kg).

[13] The B/Ca ratios in G. bulloides and G. inflata are
lower than those in the marine carbonates (90—
650 pmol/mol) analyzed by Hemming and Hanson [1992]
and corals (400—600 pmol/mol) [Sinclair et al., 1998; Fallon
et al., 1999; Sinclair, 2005], but similar to values in cultured
O. universa (60—80 pumol/mol) [Sanyal et al., 1996] and
those in core top G. sacculifer (90—140 pmol/mol) [Sanyal et
al., 1995].
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Figure 4. Atmospheric pCO, from the Vostok ice core [Petit et al., 1999] (a), 6''B in G. sacculifer
[Honisch and Hemming, 2005] (b), Mg/Ca (¢), and B/Ca (d) of G. ruber (w) (this study) from ODP 668B.
Also plotted are G. ruber §'*0 (continuous record in gray) in Figures 4b—4d. Grey bars indicate glacial

intervals.

3.2. ODP 668B

[14] The 6''B results in G. sacculifer from ODP 668B
indicate that sea surface PCO, and atmospheric pCO, at this
site have been in equilibrium over the past ~400 ka
(Figures 4a and 4b) [Honisch and Hemming, 2005].
Mg/Ca ratios are high during interglacial intervals and
low during glacial intervals; and show an inverse correlation

with 6'%0¢ ruber(wy (Figure 4c and Table 2). Sea surface
temperature (SST) was obtained from Mg/Ca ratios using
the calibration of Anand et al. [2003], with the preexpo-
nential coefficient adjusted to 0.34 to match core top values
to the modern value. Calculated values of SST are consis-
tent with those from Hénisch and Hemming [2005], show-
ing a ~3°C change in temperature between full glacial and
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Figure 5. (a) B/Ca versus Mg/Ca and (b) B/Ca versus
8""B for samples from ODP 668B. B/Ca is positively
correlated with Mg/Ca, but no significant relationship exists
between B/Ca and 6''B.

interglacial intervals. We used the newly measured Mg/Ca
data because Mg/Ca and B/Ca ratios were obtained on the
same solutions. B/Ca in G. ruber (w) from ODP 668B
ranges between 85—115 pmol/mol (Figure 4d), similar to
that recorded in G. sacculifer [Sanyal et al., 1995]. There is
no correlation between B/Ca and 6''B (R* = 0.10, P = 0.28,
n = 16), but B/Ca and Mg/Ca show a positive correlation
(R? = 0.54, P < 0.0001, n = 24) (Figure 5).

3.3. CHAT 16K

[15] B/Ca ratios in G. inflata across termination I range
between 50—70 pmol/mol, without any significant differ-
ence between glacial and interglacial intervals (Table 3
and Figure 6a). Mg/Ca ratios show the lowest values at
the Last Glacial Maximum (LGM) and the highest ratios
in the early Holocene, inversely correlated with §'%0
(Figures 6b and 6c¢). Conversion of Mg/Ca to tempera-
ture, using the equation from Mashiotta et al. [1999]
(Mg/Ca = 0.474exp[0.107SST]), indicates a ~3°C warm-
ing across termination I. No clear correlation is found
between B/Ca and Mg/Ca (R® = 0.001, P = 0.85, n = 30)
or 80 (R* = 0.04, P = 0.26, n = 31) for CHAT 16K.

4. Discussion
4.1. Dissolution and Vital Effects on B/Ca

[16] Dissolution may lower element/Ca (e.g., Mg/Ca)
ratios in foraminifera [Rosenthal and Boyle, 1993; Brown
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and Elderfield, 1996]. Examination of core top sample T90-
12B (water depth = 5058 m) revealed that shells of
G. bulloides are thinned and broken and the shell weight
of G. inflata from this sample is significantly lower com-
pared with nearby shallower sites [Barker, 2002], indicating
partial dissolution of foraminiferal tests. However, B/Ca in
G. inflata from water depths greater than 3.9 km show no
deviation from the trend defined by samples from shallower
sites of our North Atlantic transect study (Figure 3). No
correlation between B/Ca and deep water A[CO3 ] is
observed for core top samples (Figure 7). Wara et al.
[2003] also found a negative correlation between their
down-core B/Ca and shell weight data for G. sacculifer
from ODP site 806. Therefore it appears that dissolution has
little effect on B/Ca in planktonic foraminifera.

[17] Different ranges exist in B/Ca ratios between species.
Possible causes of B/Ca differences between species com-
prise kinetic effects (such as growth rate), modification of
ambient seawater chemistry by physiological processes
(such as symbiont photosynthesis, respiration, and calcifica-
tion), and microenvironments within organisms nucleating
calcium carbonate. Our study shows that symbiont-bearing
species, G. ruber (w), have higher B/Ca ratios than
symbiont-barren species G. bulloides and G. inflata
(Figures 3 and 4d). Previous model and experimental
studies show that microenvironmental pH surrounding
symbiont-bearing species is elevated under highlight con-
ditions [Wolf-Gladrow et al., 1999; Zeebe et al., 2003;
Hoénisch et al., 2003]. It is possible that these ‘“vital
effects” may vary between specimens of the same species,
as suggested by different Mg/Ca and St/Ca ratios between
different size fractions of the same planktonics species
[Elderfield et al., 2002]. Although we have not tested this
potential complication, we restricted our samples to a
narrow size range (300—355 pm) and used large number
of shells (60—80 tests) for each sample to minimize size
variations caused by sieving.

4.2. Estimation of K

[18] The increase of foraminiferal B/Ca with decreasing
latitude is to be expected from equation (3) because
[B(OH)4 /HCO3 Jseawater 1atios are higher at warmer, lower
latitudes in the North Atlantic Ocean (Figure 3). K, values
were calculated for the core top planktonic foraminifera by
combining measured B/Ca with local [B(OH)4/
HCO3 Jscawater €Stimated from the GLODAP data set on
the basis of habitat depths of G. bulloides and G. inflata in
the North Atlantic Ocean. Planktonic foraminifera are
thought to migrate vertically throughout their development
and shell abundances are affected by size, seasonal and
interannual variability, regional water structure and food
availability [Bé, 1977; Erez and Honjo, 1981; Fairbanks et
al., 1982; Deuser and Ross, 1989; Ganssen and Kroon,
2000]. Most studies indicate that G. bulloides mainly
calcifies in the surface mixed layer (~50 m) [Fairbanks et
al., 1982; Ganssen and Kroon, 2000; Anand et al., 2003]
while G. inflata prefers to grow in deeper waters and
average habitat depths vary at different locations in the
Atlantic Ocean [Mortyn and Charles, 2003; Anand et al.,
2003; Wilke et al., 2006; Loncari¢ et al., 2006]. In the
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Table 3. The §'0, Mg/Ca, and B/Ca Data of G. inflata From CHAT 16K Across Termination I Together With Calculated Temperature,

pH, and PCO, Values

Depth, Age.’ 5'%0, Mg/Ca, B/Ca, Mg-SST,° pH,* PCO,,° pH,¢ PCO,,¢
cm ka %0, PDB mmol/mol 4umol/mol °C Total Scale patm Total Scale patm
0 0.00 1.68 1.27 58 9.20 8.11 321 8.12 318
2 1.31 2.27 1.26 56 9.17 8.09 348 8.10 332
4 2.63 1.25 1.35 53 9.79 8.06 365 8.06 371
6 3.94 1.96 1.35 53 9.80 8.05 387 8.06 374
8 5.26 2.11 1.10 54 7.87 8.12 310 8.13 308
10 6.57 2.64 1.31 59 9.48 8.10 344 8.12 322
12 7.89 3.34 1.30 57 9.43 8.07 380 8.11 339
14 9.20 2.22 1.43 61 10.31 8.09 352 8.11 334
16 10.51 2.45 1.37 62 9.93 8.11 335 8.13 314
18 11.83 3.08 1.28 57 9.26 8.08 367 8.11 333
20 13.14 4.26 1.02 58 7.15 8.15 308 8.19 270
22 14.14 3.65 1.10 55 7.86 8.11 340 8.15 304
24 14.83 3.53 0.88 57 5.82 8.21 254 8.23 237
26 15.52 3.48 0.98 56 6.83 8.16 289 8.19 267
28 16.21 3.59 0.97 62 6.67 8.21 256 8.24 234
30 16.90 3.43 1.15 59 8.27 8.13 321 8.16 292
32 17.59 3.53 0.94 59 6.35 8.20 262 8.22 244
34 18.28 332 1.05 68 7.42 8.23 242 8.25 224
36 18.97 3.63 0.93 62 6.28 8.22 246 8.25 226
38 19.66 3.52 0.97 58 6.70 8.18 274 8.21 254
41 20.69 3.48 0.93 61 6.32 8.22 248 8.24 229
45 22.07 3.93 0.97 60 6.65 8.19 273 8.23 245
49 23.44 3.46 60
53 24.82 3.61 0.91 54 6.14 8.17 285 8.20 263
57 26.20 3.40 0.97 61 6.70 8.20 257 8.23 238
61 27.33 3.59 0.93 56 6.30 8.18 277 8.20 257
65 28.46 3.47 0.95 53 6.49 8.15 300 8.17 278
69 29.59 3.18 1.11 58 7.92 8.14 310 8.16 286
73 30.72 2.98 1.22 63 8.84 8.14 306 8.17 282
77 31.86 2.83 1.25 62 9.10 8.13 318 8.15 295
81 32.99 2.28 1.23 61 8.90 8.14 303 8.15 291

#After 1. N. McCave, personal communication, 2006.
PCalculated according to Mashiotta et al. [1999].
“Calculated assuming [B],, changing with salinity.
dCalculated assuming a constant [B], of 410 pmol/kg.

Southern Atlantic, G. inflata shows the highest shell abun-
dance at 300—500 m at TNO57-21 (42°S, 8°E), but further
south (43°S—53°S) the calcification depth of this species
appears to be shallower (~100 m) because of differences in
hydrography [Mortyn and Charles, 2003]. Using an oxygen
isotope mass balance model, plankton tow results along
the SW African continental margin (29-33°S) show that
G. inflata calcifies between 0 and 500 m, but the mass
development patterns are different at four studied sites
[Wilke et al., 2006]. Deep tow and sediment trap results at
central Walvis Ridge (27°S) show that G. inflata record the
temperature between 150 and 350 m, and coarse fractions
display a deeper shell concentration than fine fractions
[Loncarié et al., 2006]. In the Sargasso Sea (32°N), sedi-
ment trap study indicates an apparent calcification depth of
G. inflata of 100—400 m [Anand et al., 2003]. We cannot
carry out the methodology laid out in Wilke et al. [2006] and
there is no means to reconstruct mass accumulation patterns
for paleosamples. Therefore we have estimated [B(OH)y/
HCO3 Jseawater at average habitat depths for G. bulloides and
G. inflata on the basis of comparison of §'*0 calcification
temperature and GLODAP temperature [Elderfield and
Ganssen, 2000; Key et al., 2004]. This comparison indicates
that G. bulloides and G. inflata calcified their shells at

average depths of ~50 and ~300 m, respectively (Table 1).
Therefore [B(OH);/HCO3 Jscawater ©Stimated at 50 and
300 m reasonably represent the average hydrographic con-
ditions experienced during the ontogeny of G. bulloides and
G. inflata at the core top sites. However, it must be stressed
that the assumption that any particular species represents a
strict depth horizon is an oversimplification and the choice
of different habitat depths as well as consideration of
seasonality of foraminiferal growth will affect [B(OH),/
HCO3 Jseawater and hence K, values. To explore these effects,
we estimated uncertainties of [B(OH)4; /HCO3 Jseawater and
Kp values by assigning habitat depths of 30—70 m for
G. bulloides and 250—350 m for G. inflata.

[19] The estimation of K, for G. ruber (w) from ODP site
668B is more complex because [B(OH), ] and [HCO3] of
past seawater are unknown. To calculate [B(OH)4/
HCO3 Jseawater and thus quantify Kp, we used pH derived
from §''B of G. sacculifer, SST derived from Mg/Ca in
G. ruber (w), together with ALK and [B], values estimated
from salinity. Because of its secretion of gametogenic
calcite at depth, G. sacculifer has a slightly deeper habitat
depth (~75 vs. ~25 m) than G. ruber (w) and 6''B in
G. sacculifer would reflect a depth-integrated pH value,
which is not exactly the same as that for G. ruber (w).
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Figure 6. (a) B/Ca, (b) Mg/Ca, and (c) §'*0 in G. inflata
across termination I from CHAT 16K in the Southern
Ocean. The gray bar indicates Marine Isotope Stage
(MIS) 2.

However, large pH gradients are not expected in the mixed
surface water. Modern hydrographic data show that the
thickness of the mixed layer is ~70 m at ODP 668B [Key
et al., 2004]. Previous studies also su%gest that larger
G. sacculifer shells, which were used for §''B measurements
at ODP 668B [Honisch and Hemming, 2005], appear to live
warmer and shallower environments relative to smaller
individuals [Spero et al., 2003; Honisch and Hemming,
2004]. Therefore pH calculated from &''B in G. sacculifer
provide the first approximation for the ambient pH recorded
in G. ruber. The uncertainties introduced by this approach
seem to be insignificant because of mixing in the surface
seawater and equilibrium between surface water and atmo-
sphere suggested by G. sacculifer 8"'B results for the past
400 kyr [Hénisch and Hemming, 2005]. Following the
approach given in Hoénisch and Hemming [2005], two
models were used to estimate changes in ALK and [B].
In the first model the local salinity was calculated from 6 "¥0ce,
SSTygca and the local S-6'%0g, relationship (§'%0g, =
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0.20 x S — 6.73, R* = 0.61). In the second model, salinity
variations were estimated using the global sea level change.
In both models, ALK was calculated by ALK = 65.62 x S +
22.84 (R = 0.57) [Hénisch and Hemming, 2005], and [Blot
was calculated using [B]y; (umol/kg) = 416 x S/35
[Uppstrom, 1974].

[20] As shown in equation (3), foraminiferal B/Ca is a
function of Kp and [B(OH); /HCO3 Jseawaterr Therefore a
plot of B/Ca vs. [B(OH); /HCO3 Jseawater defines lines of
constant K with which to compare core top and down-core
data (Figure 8). B/Ca values in core top G. bulloides and
G. inflata from the North Atlantic are positively correlated
with [B(OH); /HCO3 Jscawater» indicating a seawater pH
influence on incorporation of B into carbonates [Hobbs
and Reardon, 1999]. Taking account of uncertainties asso-
ciated with B/Ca and [B(OH)4;/HCO3 Jsecawater» Neither re-
gression lines passes through the origin, showing that K, is
variable within each species. Core top G. inflata samples
from the Southern Ocean have higher B/Ca ratios as
compared with the trend defined by the North Atlantic core
tops. In contrast to the core top samples, B/Ca in G. ruber
(w) from ODP 668B decrease with increasing [B(OH),/
HCO3 Jseawater- Assigning different habitat depths (G. ruber:
0-50 m, G. bulloides: 30—70 m, and G. inflata: 250—
350 m) and using different models for estimating salinity in
samples from ODP 668B would slightly change absolute
[B(OH)4 /HCO3 Jsecawater and Kp values, but their variability
would not be affected. The K, ranges observed are (Figure 8):
0.0006—-0.0009 (50% variability) for G. bulloides, 0.0013—
0.0018 (40% variability) for G. inflata, and 0.0010—0.0018
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- . O -
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= 654 o © -
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Figure 7. Cross plot of B/Ca versus bottom water calcite
saturation A[CO3 ] for North Atlantic core tops to
demonstrate little dissolution effect on B/Ca. Bottom water
A[CO3 ] values were calculated using the GLODAP data
set [Key et al., 2004] and CO,sys.xls (version 12) [Pelletier
et al., 2005].
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Figure 8. Foraminiferal B/Ca versus seawater [B(OH),/
HCOz3]. The relative uncertainty of the species-specific
habitat depth (G. ruber: 0—50 m, G. bulloides: 30—70 m,
and G. inflata: 250—350 m) translates into uncertainties on
[B(OH);/HCO5] that are no larger than the symbol sizes.
G. bulloides and G. inflata display linear B/Ca-[B(OH),/
HCOz3] relationships, where B/Ca in G. ruber (w) shows
no significant correlation with [B(OH);/HCOj3]. Note that
B/Ca in G. inflata from Southern Ocean cores ODP 1088B
and CHAT 16K deviate from the North Atlantic trend.

(80% variability) for G. ruber (w). We conclude that
seawater pH ([B(OH); /HCO5]) cannot be estimated from
B/Ca in planktonic foraminifera via a constant Kp,.

4.3. Effect of Temperature on Kj

[21] At a constant temperature, K into inorganic calcites
precipitated in the laboratory shows a constant value of
~0.001 and it appears that B/Ca ratios in such samples are
dominantly determined by fluid pH [Sanyal et al., 2000].
On the basis of a positive correlation between B/Ca and Mg/
Ca in G. sacculifer from ODP site 806, Wara et al. [2003]
suggested that calcification temperature may exert an influ-
ence on B concentration in planktonic foraminifera. Simi-
larly, B/Ca ratios in G. ruber (w) from ODP site 668B
increase with increasing Mg/Ca (Figure 5a). Core top
G. inflata from the Southern Ocean have higher B/Ca than
extrapolation of the North Atlantic data to their [B(OH),/
HCO3 Jseawater Would predict and calcified at warmer tem-
peratures than their North Atlantic counterparts (Figure 7
and Table 1). Comparison of K and calcification temper-
ature for the species studied supports a temperature depen-
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dence of Kp (Figure 9a). The K, for G. ruber (w) shows a
temperature sensitivity of 13% change per °C (R* = 0.83,
n = 16) and that for G. inflata a 5% change per °C (R* =
0.65, n = 40). The correlation for G. bulloides is not
significant (R*> = 0.20, n = 15), perhaps a reflection of the

a
2.0 T T . ; ; ' . : .
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Figure 9. Variations of K, with temperature (a) and
[CO37] (b) for three planktonic foraminifer species. Error
bars for core top samples of G. bulloides and G. inflata are
estimated assuming habitat depths of 30—70 m and 250—
350 m, respectively. For G. ruber (w) from ODP 668B,
[CO3 "] and K}, values are calculated by two models using
6"'B data and an assumed alkalinity. It is assumed that
G. ruber (w) live in the surface (40 m), but use of different
depths (0—50 m) has insignificant influences on calculated
variables. Data were fitted to an exponential model because
linear regressions would imply zero K, at a range of
temperatures. Also shown in Figure 9a are 95% confidence
uncertainties associated with preexponential and exponen-
tial constants.
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scatter in data because of the low B/Ca ratios (Figure 3).
Temperatures estimated from the GLODAP data set are
used in Figure 9a because 6'*Or data for the samples are
incomplete (Table 1) [Key et al., 2004]. Our results indicate
that B/Ca ratios in planktonic foraminifera are affected by
temperature in addition to pH, but K, can be estimated
using the temperature dependencies displayed in Figure 9a.

[22] The actual mechanism of B incorporation into fora-
miniferal calcite is not well understood and thus we can
only speculate on the reason for the temperature effect.
Boron occurs predominantly in trigonal coordination in
foraminiferal calcite and the incorporation of B into CaCO;
requires a transition from the tetrahedral structure of the
adsorbed B(OH); to the trigonal coordination [Hemming et
al., 1998; Zeebe and Wolf-Gladrow, 2001]. If the transition
rate increases with temperature, higher B/Ca ratios in
CaCOj; would be expected at higher temperatures. In
contrast to inorganic calcites, the precipitation of biogenic
carbonates is heavily mediated by biological processes, and
the temperature dependence of K may be explained in terms
ofthe microenvironments within which foraminifera nucleate
calcium carbonate. Elderfield et al. [1996] proposed that
foraminifera calcify their tests from an internal reservoir
rather than directly from the ambient seawater. If the flushing
rate increases with temperature, the degree of calcification, a
process that produces CO, and hence decreases pH, of the
internal pool would be lower at higher temperatures. There-
fore the enhanced carbon utilization at lower temperatures
would decrease the pH of the internal biomineralization
reservoir and this would eventually lead to less boron being
incorporated into the calcite. For G. ruber (w), the pH of the
ambient seawater may also be modified through symbiont
processes which may vary with the temperature.

4.4. Caveats

[23] It has been documented that [CO3] may have
significant effects on foraminiferal 880, 6'3C, and some
metal/Ca ratios (e.g., Zn/Ca and U/Ca) [Spero et al., 1997,
Marchitto et al., 2000; Russell et al., 2004]. Surface water
temperature and [CO3 ] change in unison in the North
Atlantic Ocean [Barker and Elderfield, 2002]. Therefore we
have also considered whether changes in K, might instead
be described in terms of changes in [CO3 ]. Core top
G. inflata from the North Atlantic show a clear correlation
between Kj, and [CO3 ] (Figure 9b). However, G. inflata
from the Southern Ocean do not fall along the trend defined
by the North Atlantic samples (Figure 9b). Because tem-
perature and [CO3 ] are inversely correlated in ODP 668B,
G. ruber (w) show a negative relationship between K, and
[CO3™], which is inconsistent with the correlation observed
for G. inflata. Therefore a control of CO3 rather than
temperature on Kp is unsupported by the data. Similarly,
it is unlikely that K, into planktonic foraminifera is con-
trolled by salinity.

[24] We used the GLODAP data set to estimate seawater
temperature and [B(OH); /HCOj3 | which may not represent
exact conditions under which foraminiferal shells were
calcified. Hydrographic data of section 23 used for core
tops from the North Atlantic were measured in the summer
(July and August 1993) [Key et al, 2004]. Generally,
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G. bulloides and G. inflata bloom from December to June,
i.e., in the cold season, south of 50°N in the North Atlantic.
North of 50°N, these species bloom in the warm season
(March—November) [Bé, 1977; Deuser and Ross, 1989].
Field samples may also be affected by bioturbation and
other parameters whose influences are difficult to identify.
We recognize that the range of potential errors associated
with [B(OH); /HCO3 Jseawater and hence K might be under-
estimated in the depth domain of 250—350 m for G. inflata.
Had we assigned shallower habitat depth (e.g., 100 m), the
range of calculated K for G. inflata would be decreased
and the sensitivity of Kp on temperature would be weaker.
However, the in situ temperature at 100 m is inconsistent
with 6'%0 temperature [Elderfield and Ganssen, 2000].
Further work is needed to improve our K, estimates and
identify possible factors affecting the B incorporation into
planktonic foraminiferal calcite. Despite uncertainties in
estimated parameters, we believe that relationships obtained
using core top samples provide appropriate means for
paleoceanographic studies because foraminiferal shells from
core tops, which are buried to form the paleoceanographic
record, serve as the closest analogue for down core samples.

4.5. Estimation of pH and PCO, From
Foraminiferal B/Ca

4.5.1. Methodology

[25] The temperature dependence of K, into planktonic
foraminifera provides a method to calculate [B(OH),/
HCO3 Jseawater from B/Ca by also employing Mg/Ca mea-
sured in the same sample to estimate temperature. Mg/Ca
temperature is used to compute K, values using species-
specific equations shown in Figure 9a. [B(OH)4/
HCO3 Jseawater Values are then obtained by:

[B(OH); /HCO; |y o= [B/Calcaco,/Kp  (4)

Pleistocene surface seawater ALK can be approximated
from salinity, assuming that both have varied proportio-
nately in the past. With [B(OH)4; /HCO3 Jscawater and ALK in
addition to salinity, temperature and pressure (depth), pH
and aqueous PCO, can then be calculated using CO,sys.xls
(version 12) [Pelletier et al., 2005].
4.5.2. The pH and PCO, at ODP Site 668B, Sierra
Leone Rise

[26] We calculated [B(OH)4 /HCO3 Jscawater at ODP site
668B from B/Ca and Mg/Ca ratios in G. ruber (w) using the
Kp-T correlation in Figure 9a and reconstructed pH and
PCO, by combining ALK estimated from the two salinity
models listed in section 4.2 (Figure 10). The errors are
estimated according to the method described in Harris
[2002], using the starting uncertainties of 3% in the calci-
fication temperature (corresponding to 0.76°C on average)
[Honisch and Hemming, 2005], 3.5% in B/Ca (corres-
ponding to 3 pmol/mol on average), and 0.08%o in
(5180Caco3- Uncertainties in temperature and 5180(;aco3
produce average errors of 0.87 psu and 57 pequ/kg in
salinity and alkalinity, respectively. The errors in [B(OH),/
HCO5 Jseawater Shown in Figure 9a are +10.3% or 0.008 mol/
mol on average resulting from uncertainties in the calcifi-
cation temperature and B/Ca. The final errors associated
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Figure 10. Comparison of atmospheric pCO, from the Vostok ice core with seawater [B(OH), /HCOj5 ]
(a), aqueous PCO; (b), and pH (c) estimated from foraminiferal B/Ca ratios from ODP 668B. Grey bars

indicate glacial intervals.

with pH and PCO, are +£0.047 units in pH and £32 patm in
PCO, on average, propagated from the individual uncer-
tainties of [B(OH)4/HCO3 Jscawater (0.008 mol/mol,
corresponding to +0.042 units in pH and +30 patm in
PCO, on average), temperature (+0.76°C, corresponding
to £0.010 units in pH and £7 patm in PCO, on average),

salinity (+0.87 psu, corresponding to +0.016 units in pH
and £10 patm in PCO, on average), and ALK (£57 pequ/kg,
corresponding to +0.011 units in pH and +2 patm in
PCO, on average). The reconstructed pH and PCO, from
B/Ca are consistent with those from &§''B [Honisch and
Hemming, 2005] and resemble the trend of atmospheric
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pCO; recorded in the Vostok ice core [Petit et al., 1999].
The records from B/Ca and Mg/Ca ratios are at a higher
resolution and longer than from 6'"'B [Hénisch and
Hemming, 2005]. However, there is an element of circu-
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larity in some calculations because the K-T correlation was
constructed using §''B data from 16 of the 24 samples for
which pH was estimated.

4.5.3. The pH and PCO, for Core CHAT 16K

[27] Changes in subsurface pH and PCO, across termi-
nation I were calculated using B/Ca and Mg/Ca ratios
measured in G. inflata from CHAT 16K in the Southern
Ocean (Figure 6) and the Kp-T relationship independently
calibrated using core top G. inflata from the North Atlantic
(Figure 9a). It would be preferable to use shallower dwelling
species (e.g., G. bulloides), but we selected G. inflata
because B/Ca measurements are analytically more precise
at higher ratio ranges and the K,-T calibration is well
defined. Knowing changes in temperature from Mg/Ca
and the sensitivity of Kp on temperature, B/Ca changes
due to temperature can be calculated by A(B/Ca)r = Kp %
[B(OH)Z/HCOZT]core top — (B/Ca)core top» and the changes in
B/Ca caused by pH are: A(B/Ca),y =B/Ca — (B/Ca)core top —
A(B/Ca)t. A(B/Ca),y show higher ratios during glacial
than interglacial intervals by ~15 pumol/mol (Figure 11a),
consistent with expected variations in seawater [B(OH);/
HCOj3 ] due to variations in atmospheric pCO, across termi-
nation I (Figure 11b). Compared to A(B/Ca),u, A(B/Ca)r
shows an opposite trend but with a similar amplitude, result-
ing in small glacial-interglacial variations in overall B/Ca
ratios between glacial and interglacial times (Figure 6a).

[828] With 6'%0,. and SSThg/ca (section 3.3), the seawater
5'80,,, is calculated using equation: %04y = (6180cc +
0.27) — [4.38 — (4.38% — 4 x 0.1 x (16.9 — SST)* )/
(2 x 0.1) [O’Neil et al., 1969]. As a first approximation,
salinity and ALK are estimated assuming that the local
S-6'"%0,, and ALK-S relationships have remained constant
in the past. §'%0y, is converted into a local salinity record by
using a S-6'%0,, relation on the basis of surface ocean data
from latitudes 30—-50°S, longitudes 160—180°W, and water
depth <500 m compiled by Schmidt et al. [1999]: S =34.28 +
1.983 x 6'%0,, (R? = 0.88). Compilation of the GLODAP
data set for the same water mass indicates that modern ALK
and S can be described b2y a linear fit of the form ALK =
43.173 x S + 798.62 (R* = 0.89) [Key et al., 2004]. The
S-6'®0,,, and ALK-S relationships for narrower depth
intervals (e.g., 250—350 m) are similar to those based on
data from 0—500 m water depth. Measurements of §'%0 in
G. inflata collected from the sediment trap deployed (42°S)
at North Chatham Rise (NCR) show a range of 0.4—1.4%o,
placing this species at the average habitat depth of ~50 m
[King and Howard, 2005]. By comparison, 6'*0 in Holo-
cene G. inflata from CHAT 16K show much higher values

Figure 11. B/Ca changes in G. inflata due to changes in
temperature and pH (a), calculated seawater [B(OH);/
HCO3] (b), pH (c), partial pressure of aqueous PCO,
(d), and CO, difference between seawater and atmosphere
(e) for CHAT 16K. In Figures 11b—11d, solid lines
represent 3-point run smoothing of the data. Vostok CO,
concentrations (solid lines with circles) are also shown for
comparison. Arrows indicate preindustrial values at 300 m
water depth. In Figure 11d, Vostok pCO, and aqueous
PCO, are plotted on the same scale but offset by 60 ppmv to
assist comparisons. The gray bar indicates MIS 2.
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(1.79 + 0.43%o for 0—5 ka) (Figure 6¢), matching calculated
8"80,. at 300 m depth (see Figure 6a by King and Howard
[2005]). The core top [B(OH);/HCO3 Jseawater calculated
from B/Ca and Mg/Ca is also roughly similar to the modern
value at 300 m (Figure 11b). Therefore we used 300 m
water depth for our calculations. The deeper apparent
calcification depth of G. inflata from CHAT 16K might
be due to selection of larger (300—355um) shells used in
our study [Loncari¢ et al., 2006].

[20] Using the CO,sys.xls (version 12) [Pelletier et al.,
2005] and dissociation constants employed in section 2.2,
we can translate reconstructed seawater [B(OH), /HCO5 ]
and estimated alkalinity values into pH and PCO, estimates
(Table 3 and Figures 1lc and 11d). Two scenarios are
considered to estimate [B]: (1) [Blior changed proportion-
ately with S [Uppstrom, 1974] and (2) [Bl]i; remained
constant at 410 pmol/kg (the modern value) in the past.
Using the procedure given in section 4.5.2, the average
errors in [B(OH)4/HCO3 Jseawater are £0.002 mol/mol
caused by uncertainties of £0.8°C in temperature [Mashiotta
et al., 1999] and ~£2 pmol/mol (£3.5%) in B/Ca. The
average errors in pH and PCO, are +0.024 units and
+20 patm, respectively, propagated from uncertainties in
[B(OH)4 /HCO3 Jseawater (£0.002 mol/mol, corresponding to
+0.020 units in pH and £16 patm in PCO, on average),
temperature (+0.8°C, corresponding to +0.010 units in pH
and +9 patm in PCO, on average), S (£0.40 psu,
corresponding to +0.008 units in pH and +6 patm in
PCO, on average), and ALK (17 pequ/kg, corresponding
to £0.002 units in pH and £1 patm in PCO, on average).
Considering these errors, the reconstructed pH and PCO,
using different [B],; scenarios show good agreement,
indicating that variations in [B(OH)4; /HCOj3 | mainly reflect
past changes in seawater pH.

[30] The reconstructed seawater pH and PCO, parallel the
evolution trend of atmospheric pCO, recorded in the Vostok
ice core [Petit et al., 1999]. The calculated pH values reveal
that the LGM surface ocean pH is ~+0.15 units higher than
the Holocene at the habitat depth of G. inflata (~300 m) at
sitt CHAT 16K (Figure 1lc), similar to the previously
determined glacial—interglacial pH difference of 0.2 + 0.1
in tropical Atlantic and Pacific using 6''B [Sanyal et al.,
1997; Sanyal and Bijma, 1999; Honisch and Hemming,
2005]. The estimated LGM PCO, (~255 patm) is lower
than for the Holocene (~350 patm) by ~95 patm, matching
glacial-interglacial atmospheric pCO, differences recorded
in the ice core [Petit et al., 1999] (Figure 11d). Foraminif-
eral shell weight measurements on G. inflata indicate higher
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surface seawater [CO3 | during the last glacial time at
CHAT 16K [Barker and Elderfield, 2002; Greaves, 2007].
The calculated aqueous PCO, values are consistently
~70 ppm higher than atmospheric pCO, (Figure 11e), per-
haps caused by decomposition of particulate organic matter
at the habitat depth of G. inflata. Planktonic Cd/Ca results
imply that the nutrient concentration of the surface ocean in
the glacial Southern Ocean was not significantly different
from today [Elderfield and Rickaby, 2000], suggesting a
similar biochemical influence on PCO, and possibly a simi-
lar vertical PCO, gradient in surface water. Therefore the
constant CO, difference recorded by G. inflata might indi-
cate that the net sea-air CO, flux has not been significantly
changed at site CHAT 16K since the last glacial.

5. Conclusions

[31] On the basis of B/Ca measurements in planktonic
foraminifera from the North Atlantic Ocean, the Southern
Ocean, and ODP site 668B in the eastern equatorial Atlan-
tic, B/Ca ratios are not affected by dissolution on the
seafloor but are strongly influenced by ambient seawater
pH and temperature. Calcification temperatures from Mg/Ca
can be used to determine K and to extract seawater pH
changes from residual B/Ca variations. The calculated
PCO, using B/Ca and Mg/Ca ratios in G. inflata from
CHAT 16K mimic atmospheric pCO, recorded in the
Vostok ice core, demonstrating the feasibility of using
B/Ca in planktonic foraminifera for PCO, reconstructions.
The pH and PCO, reconstructions at ODP 668B and CHAT
16K indicate that the ocean-atmosphere CO, flux has not
been substantially changed in these locations. Further stud-
ies are needed to better calibrate the temperature and pH
effects on K, and B/Ca in planktonic foraminifera.
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