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Abstract

We sampled the upper water column for living planktic foraminifera along the SW-African continental margin. The species

Globorotalia inflata strongly dominates the foraminiferal assemblages with an overall relative abundance of 70–90%. The shell

d18O and d13C values of G. inflata were measured and compared to the predicted oxygen isotope equilibrium values (d18Oeq) and

to the carbon isotope composition of the total dissolved inorganic carbon (d13CDIC) of seawater. The d18O of G. inflata reflects the

general gradient observed in the predicted d18Oeq profile, while the d13C of G. inflata shows almost no variation with depth and the

reflection of the d13CDIC in the foraminiferal shell seems to be covered by other effects. We found that offsets between d18Oshell

and predicted d18Oeq in the surface mixed layer do not correlate to changes in seawater [CO3
2�].

To calculate an isotopic mass balance of depth integrated growth, we used the oxygen isotope composition of G. inflata to

estimate the fraction of the total shell mass that is grown within each plankton tow depth interval of the upper 500 m of the water

column. This approach allows us to calculate the Dd13Cinterval added-DIC; i.e. the isotopic composition of calcite that was grown within

a given depth interval. Our results consistently show that the Dd13CIA-DIC correlates negatively with in situ measured [CO3
2�] of the

ambient water. Using this approach, we found Dd13CIA-DIC/[CO3
2�] slopes for G. inflata in the large size fraction (250–355 Am) of

�0.013x to 0.015x (Amol kg�1)�1 and of �0.013x to 0.017x (Amol kg�1)�1 for the smaller specimens (150–250 Am). These

slopes are in the range of those found for other non-symbiotic species, such as Globigerina bulloides, from laboratory culture

experiments. Since the Dd13CIA-DIC/[CO3
2�] slopes from our field data are nearly identical to the slopes established from laboratory

culture experiments we assume that the influence of other effects, such as temperature, are negligibly small. If we correct the d13C

values of G. inflata for a carbonate ion effect, the d13Cshell and d13CDIC are correlated with an average offset of 2.11.
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1. Introduction

Planktic foraminifera usually use the dissolved inor-

ganic carbon (DIC) of the surrounding seawater to build

their calcitic shells. Hence, they may be an excellent

tool for the reconstruction of the d13CDIC of past ocean

waters, assuming equilibrium fractionation during cal-
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cification. Once this requirement is fulfilled or disequi-

librium effects have been quantified, d13CDIC can be

used as a proxy for past oceanic circulation and varia-

tions of the carbonate system, biological productivity

and nutrient cycling in surface waters (Kahn and Wil-

liams, 1981; Broecker and Peng, 1982; Bouvier-Sou-

magnac and Duplessy, 1985; Kroon and Ganssen,

1989). The d13CDIC of the ambient seawater is mainly

controlled by a kinetic fractionation during the photo-

synthesis–respiration cycle, and by a thermodynamic

fractionation during the exchange of CO2 between the

atmosphere and the ocean (Broecker and Maier-Reimer,

1992; Charles et al., 1993; Lynch-Stieglitz et al., 1995).

Previous studies have shown that the d13C of plank-

tic foraminifera calcite often deviates from the d13CDIC.

Ontogenetic and metabolic effects, kinetic fractionation

effects and the effect of photosynthetic utilization by

symbionts have been discussed (e.g. Shackleton and

Vincent, 1978; Wefer and Berger, 1991; Ravelo and

Fairbanks, 1995; Spero and Lea, 1996; Mulitza et al.,

1999; Peeters et al., 2002). Furthermore, the carbonate

ion concentration [CO3
2�] of seawater appears to be a
Fig. 1. Map of the study area in the eastern South Atlantic (Cape Basin). Clo

in January/February 2003: GeoB8336, 8338, 8318 and 8305. Inset shows a
major feature influencing the d13C of the shell carbon-

ate (Spero et al., 1997; Bijma et al., 1998). These

authors demonstrated that the d13C of planktic forami-

nifera decreases with increasing [CO3
2�] of the culture

medium, possibly due to a combination of kinetic and

metabolic isotope effects (Spero et al., 1997; Zeebe et

al., 1999).

Since ice core records indicate lower atmospheric

CO2 concentrations during glacial times (Jouzel et al.,

1993; Petit et al., 1999), different hypotheses arose to

explain this lower atmospheric CO2 content. Archer

and Maier-Reimer (1994) put forward the hypothesis

of an increased ocean alkalinity, i.e. a higher [CO3
2�]

during glacial times. This was also suggested by Sanyal

et al. (1995) using boron isotopes (d11B) measurements

for seawater pH reconstructions. An elevated seawater

pH during glacial times might explain the more nega-

tive d13C values of planktic foraminifera calcite found

in glacial sediments without altering mean ocean

d13CDIC (Lea et al., 1999).

This paper is a contribution to the field investiga-

tions of the carbonate ion effect on the d13C of planktic
sed circles indicate location of plankton tow casts taken during M57/1

n overview map of the southern African continent.



Table 1

Station location and general hydrographic information

GeoB

station

Date Longitude

(E)

Latitude

(S)

Water

depth (m)

SST

(8C)a
MLD

(m)b

8305 23.01.03 17810.17 33828.55 712 21.10 47

8318 28.01.03 16848.47 32809.16 307 18.05 12

8336 02.02.03 12820.14 29812.14 3626 21.00 37

8338 03.02.03 14819.42 29829.94 915 20.67 21

a SST=sea surface temperature.
b MLD=mixed layer depth. The depth of the mixed layer is defined

at that depth at which the water temperature is 0.5 8C less than the

SST.
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foraminifera. Under natural conditions this topic has

been discussed for the following species: Globigerina

bulloides and Globigerinoides ruber (Russell and

Spero, 2000; Peeters et al., 2002), Globorotalia scitula

(Itou et al., 2001), P. obliquiloculata (Russell and

Spero, 2000) and Neogloboquadrina pachyderma

(sin.) (Bauch et al., 2002). Here the non-symbiotic

deep-dwelling species Globorotalia inflata were cho-

sen, sampled by stratified plankton tows at four stations

in the southeast Atlantic Ocean (Fig. 1, Table 1).

2. Material and analysis

Plankton tow samples and samples of the ambient

seawater investigated in this study were collected

during Meteor cruise M57/1 in January/February

2003 in the southeastern Atlantic Ocean (Cape

Basin) (Fig. 1) (Schneider et al., 2003). Planktic fora-

minifera were collected with a Multiple Opening–

Closing Net (multinet). The nets of 63 Am mesh

size were towed vertically with maximum winch

speed of 0.5 m s�1 at 20 m depth intervals for a

shallow (0–20, 20–40, 40–60, 60–80 and 80–100 m)

and a deep cast (100–200, 200–300 and 300–500 m).

On board all samples were conserved with a saturated

HgCl2 solution and stored at 4 8C. Planktic forami-

nifera species were picked out from the wet sample.

All specimens in the size fraction N150 Am were

counted and identified using the taxonomy of Bé et

al. (1977) and Hemleben et al. (1989).

Stable isotope determinations of G. inflata in two

size classes (150–250 Am and 250–355 Am) were

conducted at the University of Bremen using a Finni-

gan Mat 252 mass spectrometer equipped with an

automatic carbonate preparation device. Isotope com-

position is given in the usual d-notation and is cali-

brated to Vienna Pee Dee Belemnite (V-PDB)

standard. The precision of the measurements at 1r
based on replicates of an internal standard (Solnhofen

limestone) was F0.05x.
Water samples were collected shortly before the

plankton sampling procedure using a Rosette equipped

with 18 water samplers (each 10 l volume). Each station

was accompanied by a CTD cast providing information

on the vertical structure of the water column including

temperature, salinity and fluorescence. Water from each

sampler was filled into glass bottles, carefully avoiding

air bubbles in the filling tube and in the bottle to

minimize the exchange of CO2 between water and air.

Samples for d13C of the total dissolved inorganic carbon

(DIC) were conserved with a saturated HgCl2 solution

and the bottles were sealed airtight with molten paraffin.

The DIC was extracted from seawater by adding 100%

H3PO4 at 25 8C, and measured on Gas Bench II system

(Finnigan MAT), equipped with a fully automated ex-

traction line. The d13C of
P

CO2 was measured with a

Finnigan MAT Delta Plus mass spectrometer directly

coupled to the Gas Bench via an open split. All d13C

measurements were run triplicate. The external repro-

ducibility of the measurements at 1r was better than

F0.06x.

In this study, we calculated the d18O of the seawater

by using the linear relationship between salinity and

d18Ow established for Southern Ocean by Duplessy et

al. (1991):

d18Ow x; PDBð Þ ¼ � 18:791þ 0:5464S ð1Þ

where S denoted the salinity. The oxygen bequilibrium
calcite valuesQ, d18Oeq, are calculated using the calcu-

lated oxygen isotope composition of seawater (d18Ow)

and in situ temperature (T). We use the equation of Kim

and O’Neil (1997) that is based on their inorganic

calcite precipitation experiment. The oxygen isotope

equilibrium for inorganic (synthetic) calcium carbonate

precipitated at low temperatures (10–40 8C) follows the
relationship:

d18Oeq ¼ 25:778� 3:3334 43:704þ Tð Þ0:5 þ d18Ow

ð2Þ

Water samples for Total Alkalinity (TA) and

total dissolved inorganic carbon (DIC) were filtered

onboard and treated similar as the samples for

d13C. TA and DIC measurements were conducted

at the Alfred-Wegener Institute for Polar and Ma-

rine Research in Bremerhaven, Germany by titra-

tion and continuous flow analysis (Stoll et al.,

2001), respectively. The external reproducibility of

the measurements at 1r was F4.32 Amold kg�1

and F1.86 Amold kg�1 for TA and DIC, respectively.



Fig. 2. Seawater temperature versus carbonate ion concentration

([CO3
2�]) of the upper 500 m of the water column at stations

GeoB8336, 8338, 8318 and 8305.
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The carbonate ion concentration [CO3
2�] were cal-

culated from DIC and TA using the software program

CO2SYS (version 5.1) of Lewis and Wallace (1998).

We used the constants of Weiss (1974) for ko (the

solubility of CO2 in seawater), Roy et al. (1993) for

k1 (2s=2%) and k2 (2s=1.5%), the equilibrium con-

stants that define the speciation of CO2 in seawater, and

Dickson (1990) for kB (dissociation constant of borate).

The effects of pressure on k1 and k2 are from Millero

(1995) and on kB from Millero (1979).

Since temperature and [CO3
2�] are well correlated at

each station (Fig. 2), we used a linear regression be-

tween the two parameters to estimate [CO3
2�] for depths
Fig. 3. Temperature–salinity plot for stations GeoB8336 (~3000 m, open ocea

be identified: South Atlantic Surface Water (SASW), South Atlantic Centr

Atlantic Deep Water (NADW). For further information see Table 2.
where we have no measurements in order to obtain a

continuous profile of [CO3
2�] with depth.

3. Hydrography of the Cape Basin

The Benguela Current Upwelling region is one of

the four major eastern ocean boundary currents of the

world. Although upwelling occurs all along the Afri-

can west coast, several regions of recurring patches of

intense upwelling have been identified. The largest

and most persistent cell is the Lüderitz upwelling

cell, which effectively divides the Benguela upwelling

system into a northern and southern regime. The

upwelling cells are generally located in regions

where there is a change in orientation of the coastline

(Shannon and Nelson, 1996). In general, the wind

dominated upwelling system brings cold nutrient-rich

water to the surface.

Fig. 3 shows temperature–salinity plots for stations

GeoB8336 (~3000 m water depth, open ocean) and

GeoB8318 (307 m water depth, shelf). Based on tem-

perature and salinity characteristics four water masses

could be identified (Shannon, 1985; Valentine et al.,

1993; Gordon, 1996): South Atlantic Surface Water

(SASW), South Atlantic Central Water (SACW), Ant-

arctic Intermediate Water (AAIW) and North Atlantic

Deep Water (NADW). Table 2 lists the physical char-

acteristics of each water mass and the depth at which it

was identified at each site. It is the SACW water that

upwells along the coast between 188S and 348S. This
water mass is found throughout the SE Atlantic be-

tween surface waters and Antarctic Intermediate

(AAIW) waters or it extends to the bottom on the

continental shelf. It is formed at the Subtropical Con-
n) and 8318 (~250 m, shelf). In total four different water masses could

al Water (SACW), Antarctic Intermediate Water (AAIW) and North



Table 2

Physical characteristics of water masses encountered at CTD station

GeoB8336

Water

mass

Temp. range

(8C)
Salinity range

(psu)

Depth range

(m)

Density

(sigma-t)

SASW 15.5–21.3 35.3–35.7 0–60 25.0–26.0

SACW 6.1–15.2 34.4–35.4 60–600 26.3–27.3

AAIW 4.0–6.0 34.3–34.5 780 (core) 27.3–27.5

NADW b3.0 N34.5 1100 (core) 27.8–28.0
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vergence (STC) by sinking and northward spreading of

mixed subtropical and subantarctic water masses. Its

characteristic temperature and salinity ranges between

6.1 8C–15.2 8C and 34.4–35.4 psu, respectively. At

stations GeoB8318 and GeoB8338, the influence of

upwelling waters is reflected by a shallow mixed layer

and a shallower chlorophyll maximum (Fig. 4), com-

pared to sites located more off-shore. It has been

shown before that upwelling may significantly change

the water carbonate chemistry of surface waters

(Peeters and Brummer, 2002). Our measurements

show that the difference in the carbonate ion concen-

tration at upwelling station GeoB 8318 is ~60 Amol

kg�1 lower compared to GeoB 8305 (242.0 Amol

kg�1) (Table 3), which is located outside the

upwelling region.
Fig. 4. Graphs showing hydrographic conditions (temperature, light beam at

as standing stock in the upper water column at stations GeoB8336, 8338, 83

bars cover the depth range of each sampling interval. Note different scales.
4. Results

4.1. Planktic foraminifera abundance

The species G. inflata strongly dominates the faunal

assemblage at all stations with an overall relative abun-

dance of 70–90%. The absolute abundance of G. inflata

(ind. m�3) individuals N150 Am in the upper 500 m (at

station GeoB8318 in the upper 300 m) is highest at

station GeoB8338 with ~450 ind m�3 and lowest on

the shelf at GeoB8318, where only ~50 ind. m�3 occur

(Fig. 4). Maxima in the shell concentration of G. inflata

are found within the mixed layer and the thermocline,

coincident to highest chlorophyll-a values However, it

is worth mentioned that chlorophyll-a is not likely to be

an accurate predictor of true food availability. In gen-

eral, the shell concentration decreases with depth in the

water column.

Besides G. inflata, the deep dwelling species G.

scitula were abundant in relatively high concentrations

below 100 m water depth, thus below the thermocline.

The nearcoast station GeoB8338 (915 m) shows ele-

vated numbers of G. bulloides, a species known to

occur also in nutrient-rich upwelling waters (Thiede,

1975; Prell and Curry, 1981). At GeoB8318, located on

the shelf, we found increased numbers of the cold water
tenuation) and absolute abundances (ind./m3) of G. inflata (N150 Am)

18 and 8305 collected in seven depth intervals. The widths of the gray
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species N. pachyderma (sin). In contrast, the southern

most station (GeoB8305) is characterized by increased

numbers of tropical and subtropical species such as

Orbulina universa, G. ruber white and Globorotalia

menardii, likely indicating warm Indian Ocean water

that enter the South Atlantic Ocean via Agulhas leakage

(Peeters et al., 2004).

4.2. Stable isotopes

4.2.1. Oxygen

The vertical profiles of calculated d18O equilibrium

calcite (d18Oeq) (according to Kim and O’Neil, 1997)

show a strong increase with depth in the water column

(Fig. 5). This is largely due to the observed decreasing

temperature trend. The oxygen isotope composition of

G. inflata (d18Oinflata) also shows an increase with

depth reflecting the general gradient of the d18Oeq

profiles. In the mixed layer the d18O of G. inflata

(250–355 Am) is close to the d18Oeq values with an

average offset of +0.05x; except for station

GeoB8318 where the values are lower by �0.22x.

Below the mixed layer, the d18O values are generally

lower than the equilibrium values by about 0.5x to

1.1x (Table 4).

4.2.2. Carbon

At the investigated stations, the d13CDIC is highest in

the surface mixed layer, and generally shows a sharp

decrease below the mixed layer (Fig. 5). Minimum

d13CDIC values occur at approximately 100 m and

remain nearly constant below this depth. The carbon

isotope values of G. inflata do not reflect the sharp

decrease with depth observed in the d13CDIC. While

showing some scatter in the upper mixed layer, G.

inflata shows a slight increase to heavier d13C values

with depth. The d13C of G. inflata ranges between

+0.15x and +0.76x in the 150–250 Am size class,

and between +0.45x and +0.88x in the larger size

fraction (250–355 Am). In contrast to d18O values, the

d13C values of G. inflata show a clear size dependence.

Smaller individuals are on average 0.23xF0.11x
(1r; n=20) lighter compared to the individuals of the

larger size fraction (Fig. 5, Table 4).

Specimens of G. inflata in the 250–355 Am size

fraction are on average 0.50x lighter than the

d13CDIC regarding the upper 500 m of the water col-

umn. Smaller specimens (150–250 Am) show an aver-

age offset of �0.87x. In the upper most depth interval

(0–20 m) the deviations from d13CDIC were usually

highest: �1.00x for specimens in the larger size frac-

tion and �1.39x for the smaller specimens.
5. Discussion

5.1. Habitat depth and integrated calcification

G. inflata is known to be a species inhabiting

transitional to subpolar oceanic regions (Bé and Hut-

son, 1977; Hemleben et al., 1989). We found maxi-

mum concentrations of G. inflata within the

thermocline, which is in agreement with observations

by Fairbanks et al. (1982). Along the SW-African

continental margin this corresponds to an average

depth of 20–80 m depending on the depth of the

thermocline. Since the oxygen isotopic composition

of G. inflata increases with increasing depth in the

water column, it is evident that continued shell growth

occurs over depth, and is not restricted to a fixed or

constant depth level. Specimens that are caught below

the surface mixed layer are lighter than the in situ

expected equilibrium, indicating that a fraction of the

shell was grown at shallower depths. To quantify the

amount of calcite precipitated within a given depth

interval, we use an oxygen isotope mass balance

model that is explained in more detail in the appendix.

This model allows to quantify the amount of calcite

precipitated within each depth interval, assuming shell

growth starts at the sea surface.

Fig. 6 shows the fraction of the total shell mass that is

grown for each plankton depth interval as calculated

from the measured d18O shell value in the upper 500 m

of the water column. At stations GeoB8338 and

GeoB8336, G. inflata builds high amounts of its calcite

in the surface mixed layer (~15–20%). In contrast, at the

southernmost station GeoB8305, G. inflata precipitates

high amounts within the thermocline. At GeoB8318 on

the shelf the maximum of calcification occurs in ~100 m

water depth. Our observations indicate that G. inflata

does not have a uniform shell mass development as a

function of depth, but that depth integrated calcification

is controlled by the local hydrography.

In this study we sampled the upper 500 m of the

water column. The d18O shell profiles of stations of

8338 and 8336 show that the oxygen isotope compo-

sition of G. inflata in the 200–300 m plankton tow is

the same as in the 300–500 m plankton tow, indicating

that shell growth likely ceased in the upper 500 m.

For station 8305 the value in the deepest net is clearly

higher compared to the value in the 200–300 m

plankton tow. Obviously deeper plankton tows

would have been needed to investigate if shell growth

continued below 500 m. At station 8318 observations

go as deep as 300 m. Here the d18O values of the

150–200 m and 200–300 m tow interval are alike,



Fig. 5. The d18O and d13C composition of G. inflata (150–250 (open dots/open squares) and 250–355 Am (filled dots/filled squares)) in the upper water column in the Cape Basin. The foraminiferal

d18O values are directly compared to equilibrium values (d18Oeq), while the foraminiferal d13C values are directly compared to in situ d13CDIC values. For each station the [CO3
2�] profile in the

water column is shown.
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Fig. 6. Bars showing the shell mass fraction precipitated (%) by G. inflata in the depth intervals in the upper 500 m of the water column. The dashed line shows the cumulative mass development,

which gives us for example information about the depth where shell growth ceases.
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suggesting that shell growth may have stopped already

in the upper 200 m.

In the following we will make use of the information

on the depth-integrated calcification within the upper

water column to unravel the potential influence of

[CO3
2�] on the d13Cshell of G. inflata.

5.2. The influence of [CO3
2�] on d18Oinflata?

Besides temperature and the isotopic composition of

seawater, the d18O of planktic foraminiferal calcite may

be affected by the carbonate chemistry of the ambient

seawater (Spero et al., 1997). These authors have shown

that the d18O composition of the species G. bulloides

changes with a slope of �0.005xd (Amold kg�1)�1. As

the [CO3
2�] in the upper water column at our field

stations ranges from 188 to 242 Amold kg�1, this

could affect the oxygen isotope composition of the

foraminiferal shell by 0.27x, using the slope of Spero

et al. (1997).

In this study we use the equation of Kim and O’Neil

(1997) to calculate the expected values for equilibrium

calcite (d18Oeq). We here assume that specimens col-

lected within the surface mixed layer have precipitated

all their calcite under the constant environmental con-

ditions of the surface mixed layer. As such, the d18O

composition of these specimens should be identical to

the expected mixed layer equilibrium value. If not, the

difference between d18Oshell minus d18Oeq (to correct

for the temperature effect) might be related to the

[CO3
2�]. Our mixed layer observations include seven

data points for which the offset from shell equilibrium

has been plotted versus the in situ [CO3
2�] of the mixed

layer (graph not shown). The correlation coefficient (r)

is 0.37, which indicates that there is no firm basis to

conclude that there is a relation between the oxygen

isotope composition of the shell and the [CO3
2�] of the

ambient water at both a =0.01 and a =0.05 confidence

levels (for the correlation coefficient a student t-value

of 0.90 was found). Since our data indicate that the

correlation coefficient is not statistically different from

zero, the use of the slope obtained during this procedure

is meaningless. It has also been shown by King and

Howard (2005) that the offsets from d18Oeq for G.

bulloides do not correlate to changes in seawater

[CO3
2�], which contradicts findings obtained from lab-

oratory experiments (Spero et al., 1997).

We therefore conclude that: (1) there is no significant

relationship between the oxygen isotope composition of

the shell and the [CO3
2�] of the ambient seawater, and

(2) that the average difference between the d18Oeq and

the in situ equilibrium values, based on the equation of
Kim and O’Neil (1997), for the specimens collected

within the mixed layer is �0.01x. Consequently, the

equation of Kim and O’Neil is well suited, at least for

our stations in the Southeast Atlantic Ocean, to predict

the oxygen isotope composition of G. inflata.

5.3. d13Cinflata and d13CDIC

The d13CDIC is usually enriched within the photic

zone because of the preferential consumption of the

lighter isotope 12C during photosynthesis, while in

deeper waters d13CDIC is depleted due to the reminer-

alisation of organic matter (Broecker and Peng, 1982).

It has been suggested that the d13C of a foraminiferal

shell is a function of the d13CDIC (Spero, 1992). Con-

sequently, one would expect that the decreasing

d13CDIC with depth in the water column is reflected

in the d13C of G. inflata. Our results indicate that this

apparently is not the case: the d13C of G. inflata is

lower compared to d13CDIC and does not mirror the

decreasing d13CDIC values with depth. Our data indi-

cate quite the reverse: the d13C of G. inflata slightly

increases with depth in the water column.

Fig. 7a illustrates that no relation exists when

d13Cinflata (250–355 Am) is plotted versus d13CDIC.

Why is the d13C of G. inflata not reflecting the gradient

seen in the d13CDIC profile?

Laboratory culture experiments (Spero et al., 1997)

revealed that the seawater [CO3
2�] affects the d13C of

planktic foraminiferal calcite: an increase in the

[CO3
2�] results in a decrease in the carbon isotope

values in the shells of foraminiferal species. Our field

data in the Cape Basin show a decrease of the [CO3
2�]

from 250 Amold kg�1 near the sea surface to 130

Amold kg�1 at 500 m water depth (Table 3). This

allows us to evaluate the carbonate ion effect on

d13C of G. inflata during its depth integrated calcifi-

cation process. As shown above, G. inflata secretes

parts of its shell at different depths in the water

column. Hence, a direct comparison of the measured

d13Cshell data of G. inflata to the in situ [CO3
2�] found

at the collection depth is incorrect. To correct the

d13Cshell value at a given depth for the isotopic com-

position of the calcite that has been built at shallower

levels in the water column, we calculated depth inter-

val added d13C (d13CIA) composition for each plank-

ton tow interval. Thus the d13C value of the

additionally grown calcite within a given interval is

calculated as (see Appendix for details):

d13CIA ¼ midd
13Cshell;i � mi�1dd

13Cshell;i�1

mi � mi�1ð Þ ð3Þ



Fig. 7. (a) Uncorrected d13CDIC versus d13Cshell values for G. inflata (250–355 Am) in the upper water column. The d13C values of G. inflata are

nearly constant with varying d13CDIC. (b) Carbonate ion effect corrected d13CDIC versus d13Cshell values for G. inflata (250–355 Am) in the upper

water column. The d13C values of G. inflata respond to d13CDIC variations, as expected from laboratory culture experiments. For the correction to a

carbonate ion concentration of 0 Amol kg�1, we used the slopes derived for G. inflata via weighted Dd13CIA-DIC/[CO3
2�] correlation. From the 1:1

slope the correlation shows an average offset of about 2.11.
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For the upper most interval d13Cshell,i is equal to the

measured d13Cshell. We then subtract the d13CDIC value

from the d13CIA for each interval, and plotted the

obtained Dd13CIA-DIC versus the [CO3
2�] that was

obtained for this interval.

Fig. 8 shows that the Dd13CIA-DIC correlates with

[CO3
2�] at the four stations. We find slopes of
Table 3

Carbonate system data: alkalinity, DIC, pH and CO3
2� at the four

stations in the Cape Basin

GeoB

station

Depth

(m)

Alkalinity

(Amol kg�1)a
DIC

(Amol kg�1)b
pHc CO3

2�

(Amol kg�1)d

8305 10 2374.25 2039.53 8.244 242.0

30 2365.74 2029.29 8.248 242.7

50 2388.35 2093.25 8.189 215.9

90 2364.11 2122.23 8.200 176.8

250 2342.92 2128.91 8.217 155.5

400 2334.06 2149.27 8.190 135.2

8318 10 2362.36 2106.09 8.161 188.90

50 2364.57 2139.55 8.159 166.5

90 2340.63 2155.13 8.106 140.2

150 2323.24 2120.36 8.169 150.47

250 2323.96 2140.01 8.140 136.8

8336 10 2361.42 2043.00 8.227 231.0

50 2361.38 2061.30 8.239 216.3

150 2335.15 2090.43 8.204 177.6

250 2334.59 2127.44 8.161 152.4

400 2322.93 2168.48 8.068 135.2

8338 10 2348.52 2058.98 8.185 211.6

50 2348.47 2082.23 8.129 194.0

90 2329.02 2104.41 8.160 165.0

400 2306.75 2157.18 8.100 113.9

aTitration; bmeasured with continuous flow technique; c,dcalculated

using CO2SYS.
�0.013x to �0.015x (Amol kg�1)�1 for the

large size fractions (250–355 Am). The smaller speci-

mens show similar slopes between �0.013x and

�0.017x (Amol kg�1)�1. However, at station 8318,

which is located on the shelf, the Dd13CIA-DIC versus

[CO3
2�] yields steeper slopes. Responsible for this is a

data point at 250 m. If we exclude the value from the

deepest net, the regression slope adjust to �0.013x
(Amol kg�1)�1. This observation suggest that probably

a different water mass was present below 200 m on the

shelf, which would explain the shift of d13CDIC to higher

values at this station below 200 m.

Model results by Zeebe et al. (1999) suggest that the

magnitude of the carbonate ion effect is species-specif-

ic. The d13C/[CO3
2�] slope observed in laboratory

experiments for other non-symbiotic species, such as

G. bulloides (�0.013x (Amol kg�1)�1) was about

twice the slope of symbiotic species O. universa

(�0.006x (Amol kg�1)�1) or Globigerinoides saccu-

lifer (�0.005x (Amol kg�1)�1) (Bijma et al., 1998).

This implies that additional mechanisms such as an

internal pool or kinetic isotope effects are active

(Zeebe, 1999). Thus if we assume that in general the

non-symbiotic species respond stronger to changes of

the [CO3
2�] it is likely that the slope of G. inflata is

similar to the slope of non-symbiotic G. bulloides, as

evident from our measurements.

However, the [CO3
2�] is not the only factor that

varies with depth in the water column. Because tem-

perature and [CO3
2�] in seawater are correlated (Fig. 2)

and show a similar vertical gradient within the water



Table 4

Stable oxygen and carbon isotopic composition of G. inflata in two size fractions (150–250 and 250–355 Am) from plankton samples and

hydrographic data (d13CDIC, d18Oeq and temperature at stations GeoB8305, 8318, 8336 and 8338)

GeoB

station

Depth

(m)

d18O (x, PDB) d13C (x, PDB) d13CDIC

(x, PDB)

d18Oeq

(x, PDB)

Temp.

(8C)
150–250 Am 250–355 Am 150–250 Am 250–355 Am

8305 0–20 �0.74 �0.70 0.26 0.55 1.32 �0.670 21.1

20–40 �0.74 �0.78 0.30 0.47 1.30 �0.666 21.1

40–60 �0.71 �0.55 0.15 0.57 1.29 �0.502 20.2

60–80 �0.26 �0.34 0.31 0.60 0.86 0.246 16.0

80–100 �0.10 �0.33 0.24 0.55 0.63 0.754 13.2

100–200 0.18 0.17 0.37 0.61 0.77 1.114 11.2

200–300 0.65 0.69 0.85 1.440 9.2

300–500 1.03 0.88 0.78 1.813 7.1

8318 0–20 �0.36 �0.41 0.21 0.60 1.71 �0.166 17.9

20–40 �0.36 0.52 0.94 0.487 15.0

40–60 �0.30 �0.14 0.27 0.54 1.04 0.699 13.8

60–80 �0.42 �0.24 0.39 0.48 1.20 0.769

80–100 0.05 �0.27 0.35 0.55 1.18 0.961 12.0

100–150 0.38 0.20 0.44 0.52 1.12 1.122 11.9

150–200 0.56 0.30 0.47 0.57 1.05 1.196 10.2

200–300 0.40 0.72 0.93 1.268 10.2

8336 0–20 �0.70 0.52 1.67 �0.781 20.9

20–40 �0.63 �0.52 0.38 0.63 1.58 �0.658 20.8

40–60 �0.45 �0.49 0.41 0.45 1.65 0.183 17.4

60–80 1.10 0.486 15.3

80–100 0.86 0.590 14.6

100–200 �0.04 0.59 1.00 0.754 13.4

200–300 0.51 0.77 1.08 0.990 12.5

300–500 0.62 0.75 0.91 1.410 11.0

8338 0–20 �0.65 �0.66 0.52 0.83 1.67 �0.782 20.7

20–40 �0.70 �0.43 0.69 0.82 1.50 �0.375 19.0

40–60 �0.46 �0.45 0.55 0.72 1.07 0.121 16.9

60–80 �0.43 �0.37 0.53 0.86 0.98 0.539 14.6

80–100 �0.29 �0.08 0.33 0.49 0.94 0.581 13.8

100–200 0.02 0.32 0.30 0.60 0.86 0.733 12.3

200–300 0.58 0.51 0.40 0.61 0.79 1.289 10.3

300–500 0.57 0.66 0.32 0.80 1.01 1.505 7.7
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column, one can expect that the changes in the

Dd13CIA-DIC also correlate well with temperature. No

temperature dependent fractionation occurs during the

process of inorganic calcite precipitation (Romanek et

al., 1992), but temperature may have an influence on

the foraminiferal metabolic rate (Bemis et al., 2000).

These authors quantified the effect of metabolism on

the d13C for G. bulloides. The carbon isotopic compo-

sition of G. bulloides shells decreases with increasing

temperature (�0.11x 8C�1), probably as a function of

greater metabolic modification of d13CDIC near the shell

at higher temperatures. Although temperature may have

an influence, we are not able here to separate both

effects. However, the Dd13CIA-DIC/[CO3
2�] slopes

from our field data are statistically identical to the

slopes established from laboratory culture experiments,

thus we suppose that the influence of temperature on

the d13CIA-DIC is negligible. We therefore conclude that
the d13C of G. inflata is mainly controlled by the

d13CDIC of the seawater, and its [CO3
2�].

These results of this study may have significant

implications for paleoceanographic studies. For exam-

ple, Lea et al. (1999) calculated that an increased

alkalinity during glacial times could account for nearly

all of the observed reduced d13C values in planktic

foraminifera. His conclusions offer an alternative ex-

planation to the generally accepted explanation of

changes in the terrestrial biosphere-to-ocean transfer

of carbon that was put forward to explain the lower

d13CDIC of the glacial ocean (e.g. Shackleton, 1977).

Fig. 7b shows the correlation between the carbonate

ion effect-corrected d13C of G. inflata and [CO3
2�]

using the determined slopes. The offset from the 1:1

correlation averages 2.11x. This suggests that d13CDIC

can be derived from d13Cinflata by correcting to a

[CO3
2�] of 0 Amol kg�1 and adding 2.11.



ig. 9. Relationship between shell size (Am) and d13C (x, PDB) and

hell mass (Ag) of G. inflata collected in the upper most depth interval

–20 m). Both the d13C and the shell mass increase with increasing

hell size.

Fig. 8. d13CDIC corrected d13Cshell values for G. inflata (Dd13C IA-DIC) versus the carbonate ion concentration ([CO3
2�]) of the ambient seawater at

stations GeoB8338, 8336, 8305 and 8318. Lines indicate linear regression: dashed line and open dots for the small size fraction, solid line and

closed dots for the large size fraction. At station GeoB8318 (250–355 Am) the regression slope is steeper compared to the three other stations. If we

exclude a data point from the deepest net (200–300 m), the slope adjusts to �0.013 (Amol kg�1)�1 (see 250–355 Am*).
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5.4. Shell sizes

Another issue to be considered in the interpretation

of the stable carbon isotope fractionation is the effect of

changes in the metabolic activity during ontogeny. In

general, the size of a planktic foraminifer increases with

ontogeny, but also size variations due to temperature

changes have been observed (Bijma et al., 1990; Spero

and Lea, 1996).

In the upper most interval (0–20 m) of the water

column we studied G. inflata in a wide range of shell

sizes under constant hydrographic conditions (Fig. 9).

As an example, the shell size of G. inflata, in the

shallowest depth interval (0–20 m) at station

GeoB8338, correlates positively with shell mass, i.e.

larger individuals are indeed heavier in weight. At the

same time the stable carbon isotope composition

increases in general with shell size and shell mass,

which was already shown for other species (e.g. Berger
F

s

(0

s
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et al., 1978; Spero and Lea, 1996; Bemis et al., 2000).

Above ~300 Am the d13C values remains almost con-

stant, putting forward the question: What causes the

differences in d13C between different sizes?

The increase in d13C-size trend may be attributed to

ontogenetic/metabolic effect. In early ontogenetic life

stages individuals may calcify faster respiring at higher

rates (Berger et al., 1978; Hemleben et al., 1989). As a

result higher amounts of respired 12CO2 may be used

during calcification in early life stages, explaining the

lower d13C of smaller specimens of G. inflata com-

pared to larger ones.

6. Conclusion

We investigated the stable carbon and oxygen iso-

topes in calcite shells of planktic foraminifera species

G. inflata, with special emphasis on the potential effect

of the [CO3
2�] in seawater on the shell d13C and d18O.

While the increase of d18O of G. inflata reflects the

gradient observed in the predicted d18Oeq profile with

depth in the water column, the d13C of G. inflata does

not mirror the d13CDIC profile. We found no evidence

for a relationship between the offsets from predicted

d18Oeq and the [CO3
2�] of the ambient seawater for

G. inflata.

Since the increase of the oxygen isotopic composi-

tion with depth indicates integrated shell growth of G.

inflata that starts near the sea surface and continues

down to 200–450 m depending on the hydrographic

conditions, we used an oxygen isotope mass balance

model to quantify the depth integrated growth of G.

inflata. Based on this information, we are able to

quantify the weighted Dd13CIA-DIC changes as a func-

tion of the [CO3
2�]. We find Dd13CIA-DIC/[CO3

2�]

slopes for G. inflata which are similar to the ones

established for other non-symbiotic species like G.

bulloides from laboratory experiments. Hence, this

suggests that the d13CDIC and the carbonate chemistry

of surface waters mainly control the carbon isotope

composition of G. inflata. Our findings may bear im-

portant implications for paleoceanographic studies

since large changes of the carbonate system between

glacial and interglacial times are considered to have

occurred.

In addition to the carbonate ion effect, the d13C of

G. inflata is influenced by a size-related ontogenetic/

metabolic effect. Although found under same condi-

tions (0–20 m) stable carbon isotope composition of

G. inflata increases in general with shell size and

shell mass, and shell size and shell mass are linearly

correlated.
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Appendix A. An oxygen isotope mass balance

model to solve the problem of depth integrated

shell growth

When studying the isotopic composition of field

collected planktic foraminifera, the measured isotopic,

or geochemical (e.g. Mg/Ca), composition of the test

is often compared to ambient seawater properties to

quantify the difference between measured and

expected composition of the test or to perform field

calibrations. Such calibrations, or comparisons, can

only be made under the following assumptions: (1)

It is assumed that the measured geochemical charac-

teristic of the foraminifer test is indeed related to one

(or potentially more) property of the ambient water.

(2) It is assumed that the measured physical or chem-

ical property or properties of the ambient seawater

(e.g. temperature, nutrient concentration, d18Ow,

d13CDIC, etc.), that is relevant for the calibration, did

not change substantially over the life span of the

foraminifer considered. (3) It is assumed that the

whole shell has grown at a more or less constant

depth in the water column and, as such, has recorded

the ambient seawater properties of the depth level at

which all, or at least most, of its calcite was precip-

itated. For species that grow at relatively shallow

depth levels, i.e. within the surface mixed layer of

the upper water column, these assumptions seem quite

reasonable. A problem, however, occurs when a given

species migrate vertically, by descending to deeper

water, during its life cycle. During vertical migration,

a given specimen may have precipitated fractions of

its total shell mass at different depth levels. Conse-

quently, the chemical characteristics of its test cannot

be related directly to the ambient seawater properties
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at one single depth level in the water column. In

general, the physical and chemical properties of the

upper ocean often change substantially with depth.

Depending on the geographic location the temperature

of seawater, for example, may easily drop by 10 or

more degrees within the photic zone. Species of the

genus Globorotalia, which are known to calcify down

to a few hundreds of meters, thus have calcified parts

of their shells under very different environmental

conditions.

Our observations described in the manuscript

allow us to estimate the fraction of shell mass that

grows at different depth levels in the water column.

In other words, the oxygen isotope composition may

be used to calculate a mass balance assuming: (1)

that shell growth (of all specimens) followed a uni-

directional downward growth pattern, i.e. they started

within the surface mixed layer and continue to add

calcite with increasing depth, (2) the oxygen isotope

composition of specimens caught at a given depth

level is the result of the oxygen isotope composition

of the previous depth level plus an additional amount

of new calcite that is grown in equilibrium with the

ambient seawater of the depth level under consider-

ation. (3) Finally, it is assumed that the oxygen

isotope composition of newly formed foraminiferal

calcite within a given tow interval takes place in

equilibrium with the ambient seawater composition

within the interval considered. For n plankton inter-

vals, the expected oxygen isotope composition of a

given specimen (d18Oshell,i* ) may be calculated as:

d18Cshell;i4 ¼

Xn

i�1

mi � mi�1ð Þdd18Oeq;i

mi

In this equation i represents the plankton btow
numberQ, starting with 1 for the surface net and higher

numbers for deeper nets. The average mass of fora-

minifera within each interval i is given by mi. Note

that for i=1, the shallowest net, it is necessary to use

mi-1=0. Furthermore, d18Oeq,i represents the interval

averaged oxygen isotope composition of equilibrium

calcite for tow interval i. In addition, it is easy to see

that test growth between two successive tow intervals

is equal to mi�mi-1. At a given depth level in the

water column, it can be expected that shell growth

ceases. The depth level in the water column at which

shell growth ceases is referred to as the base of the

productive zone. Below the productive zone, the

d18Oshell remains approximately constant, because no

calcite is added to the foraminiferal test.
The characteristic gradual increase of the oxygen

isotope composition of specimens below the surface

mixed layer including the bhistory effectQ appears to

be features we often observe in the oxygen isotope

composition of plankton tow collected foraminifera

(see Fig. 5). Our proposed method thus may be used

to estimate quantitatively the relative amount of shell

mass that is added to the shell with increasing depth. By

using the oxygen isotope composition of specimens

collected at different depth intervals in the upper

water column, one will thus be able to quantify

depth-integrated growth.

In this manuscript we use this oxygen isotope mass

balance approach to unravel the relationship between

the carbon isotope composition of G. inflata and the in

situ [CO3
2�] at different depth levels in the water col-

umn. For each plankton tow interval we calculate the

fraction of calcite formed within this interval, which is

then used to bcorrectQ the shell value d13Oshell,i for the

bhistory effectQ. In formula, we can write for the carbon

isotope composition of a given specimen within depth

interval i:

d13Cshell;i ¼
mi � mi�1ð Þdd13CIA þ mi�1dd

13Cshell;i

mi

By rewriting this equation for the carbon isotope

composition of the newly formed calcite within interval

i, this yields:

d13CIA ¼ midd
13Cshell;i � mi�1dd

13Cshell;i

mi � mi�1

For every depth interval at a given station, the carbon

isotope composition of the newly formed calcite can now

be plotted versus the in situ measure carbonate ion con-

centrations, in order to investigate its potential effect.
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