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Cd/Ca ratios of in situ collected planktonic foraminiferal tests

Sonja Ripperger,' Ralf Schiebel,” Mark Rehkdmper,> and Alex N. Halliday*
Received 19 July 2007; revised 3 April 2008; accepted 15 April 2008; published 25 July 2008.

[1] The Cd/Ca ratios of planktonic foraminiferal tests have been used to reconstruct surface water nutrient
utilization and paleoproductivity. The reliability of this proxy has hitherto not been comprehensively studied,
however. To fill this gap, we present novel Cd/Ca data for in situ sampled and sedimentary planktonic
foraminifers of the species Globigerinoides ruber, G. sacculifer, Globigerina bulloides, Orbulina universa, and
Globorotalia truncatulinoides from the Arabian Sea and the North Atlantic. The Cd/Ca ratios obtained for
G. ruber sampled from the live habitat generally display a correlation with seawater phosphate content, but no
such trend is observed for G. sacculifer. This distinct behavior may reflect different ecological niches or species-
specific incorporation of Cd into the calcite shells of the organisms. The Cd/Ca ratios of G. ruber, G. sacculifer,
and G. bulloides from surface sediments are consistently higher than those obtained for live collected specimens
of the same species. Postdepositional alteration of the tests is unlikely to be responsible for these systematic
differences. Rather, they appear to reflect a combination of factors, including the formation of calcite crusts with
high Cd contents, the different timescales that are represented by in situ and sedimentary foraminiferal tests, and
the dominance of tests from periods of high productivity in sediments. Our results also reveal higher Cd/Ca
ratios for live G. ruber than for settling tests of the same species. This suggests that planktonic foraminiferal
shells are partially dissolved while they individually settle through the water column. Sedimentary tests,
however, will be less affected by dissolution processes because these shells are primarily deposited in mass
sinking events, which feature much higher settling velocities than those experienced by single settling shells.
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1. Introduction

[2] The geochemistry of cadmium in seawater has
attracted significant attention over the past 30 years. This
interest is based on the marine distribution of Cd, which
resembles that of the macronutrient phosphate [e.g., Boyle et
al., 1976; Bruland, 1980]. Cadmium is furthermore incor-
porated into the tests of foraminifera in proportion to the Cd
concentration of the ambient seawater [Boyle, 1981]. Hence,
the Cd/Ca ratios of foraminiferal shells have been used in
numerous paleoceanographic studies, as a water mass tracer
and to investigate past changes in nutrient utilization.
Measurements of Cd in planktonic foraminifers are of
particular interest, because such data can provide informa-
tion on surface water phosphate utilization, which in turn
is linked to phytoplankton productivity [Elderfield and
Rickaby, 2000; Rickaby and Elderfield, 1999].

[3] A number of results, however, have raised questions
regarding the reliability of the Cd/Ca proxy. Artifacts from
the contamination of the tests by ferromanganese coatings
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and other Cd-rich phases have hitherto been assessed only
by indirect evidence [Boyle, 1988]. It has also been sug-
gested that the dissolution of shells following deposition on
the ocean floor may significantly alter the Cd/Ca ratios of
foraminiferal tests [McCorkle et al., 1995], analogous to
the Mg/Ca values [e.g., Rosenthal and Boyle, 1993]. In
addition, symbiont activity [Mashiotta et al., 1997], Fe
limitation (particularly in HNLC regions) [Cullen, 2006;
Frew et al., 2001], Zn concentration, and pCO, [Cullen et
al., 1999] might limit the use of the Cd/Ca proxy.

[4] The use of foraminiferal proxies is furthermore
affected by the life cycle during which planktonic foramini-
fers migrate vertically through the water column. Juvenile
individuals of shallow-dwelling species ascend into surface
waters, whereas with maturity they descend into deeper
waters to reproduce [Hemleben et al., 1989; Schiebel et al.,
1997; Schiebel and Hemleben, 2005]. Planktonic foramini-
fers grow their tests by sequentially forming new chambers
(primary calcite) and some species also precipitate a game-
togenic calcite crust during reproduction and/or secondary
calcite crusts in subsurface waters [Bé, 1980; Duplessy et
al., 1981; Hemleben et al., 1989; Schiebel et al., 1997]. For
G. sacculifer, compositional differences between primary
test walls and secondary calcite crust have been documented
for §'%0 and Mg in specimens retrieved from plankton tows
and laboratory-culturing experiments [Duplessy et al., 1981;
Eggins et al., 2003; Niirnberg et al., 1996; Spero and Lea,
1993]. Surface veneers that are enriched in Mg, Ba, Mn and
Zn have also been documented for live sampled tests of
G. ruber [Eggins et al., 2003]. Consequently, different parts
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Table 1. Sampling Locations and Associated Seawater Parameters for in Situ Collected Planktonic Foraminifers Analyzed in This Study®

Station Net Water Test Size
Sample Cruise Location Number Date Latitude Longitude Number  Depth (m) Species Number (um)

51/1/2/3/4 M 31/3  Arabian Sea 111/2 13.03.95 16.09°N  59.69°E 912 0-200 G. ruber 35 >200
4r/3/4 M 31/3  Arabian Sea  110/4 13.03.95 16.20°N  60.30°E 914 0-100 G. ruber 40 >200
4s/1/2 M 31/3  Arabian Sea 110/4 13.03.95 16.20°N  60.30°E 914 0-100 G. sacculifer 40 >250
4r/1 M 31/3  Arabian Sea 110/4 13.03.95 16.20°N  60.30°E 915 300-500 G. ruber 40 250-315
4r/2 M 31/3  Arabian Sea  110/4 13.03.95 16.20°N  60.30°E 915 500-700 G. ruber 20 250-315
3r SO 119  Arabian Sea WAST 7 24.05.97 16.20°N  60.31°E 1284 20-40 G. ruber 25 >315
Tr SO 119  Arabian Sea WAST 7 25.05.97 16.20°N  60.31°E 1287 0-40 G. ruber 64 >250
7s SO 119  Arabian Sea WAST 7 25.05.97 16.20°N  60.31°E 1287 20-40 G. sacculifer 14 >500
1r/1 M 32/5  Arabian Sea 430 01.08.95 17.11°N  60.01°E 979 60—-80 G. ruber 20 250-315
1r/2 M 32/5  Arabian Sea 430 01.08.95 17.11°N  60.01°E 979 60—-80 G. ruber 14 >315
Is M 32/5  Arabian Sea 430 01.08.95 17.11°N  60.01°E 979 60-80 G. sacculifer 15 >315
2r/1 M 33/1  Arabian Sea WAST 601 30.09.95 16.15°N  60.48°E 1007 20-40 G. ruber 40 250-315
2r/2 M 33/1  Arabian Sea WAST 601 30.09.95 16.15°N  60.48°E 1009 2000-2500  G. ruber 40 250-315
6b M 36/5 N. Atlantic ~ 354/72 30.09.96  48.60°N  22.38°W 1173 40-80 G. bulloides 41 250-315

“Station number, shipboard site number; WAST, western Arabian Sea
handpicked for analysis.

of a shell could display distinct Cd contents, which reflect
the variable seawater conditions experienced by a foramin-
ifer during its life cycle.

[5] The above concerns regarding the Cd/Ca proxy could
be addressed by analyses of planktonic foraminifers that are
sampled from the live habitat and comparison of these data
with results obtained for samples from the deeper water
column and from surface sediments collected at the same
location. However, the precise determination of Cd/Ca ratios
for in situ collected planktonic foraminifers is technically
challenging, because (1) the amount of sample material
available for analysis is generally limited and (2) planktonic
foraminiferal calcite has extremely low Cd contents of
~0.002 to 0.1 pmol per mol Ca [Lea, 1999].

[6] In this study, we have carried out such comprehensive
analyses on tests from tropical to transitional (non-HNLC)
regions. To this end, we used a recently developed method
[Ripperger and Rehkdmper, 2007] to obtain Cd/Ca data for
in situ sampled Globigerinoides ruber, Globigerinoides
sacculifer and Globigerina bulloides from the Arabian
Sea and the North Atlantic. For comparison, we also
analyzed the same species from core top samples taken at
the same location. Our results reveal previously unidentified
differences in Cd/Ca ratios between cytoplasm bearing tests
(“live specimens’”), empty settling tests (‘““dead specimens”),
and shells from surface sediments, as well as species-specific
variations.

2. Samples
2.1. 1In situ Samples

[7] The in situ collected planktonic foraminifers were
sampled with plankton tows [Schiebel et al., 1995] from
both surface (0—100 m water depth, mainly “live” forami-
nifera) and subsurface waters (100—2500 m water depth,
mainly empty settling tests) in the Arabian Sea and North
Atlantic (Table 1).

[8] The samples from the western Arabian Sea station
(WAST) at 16°N, 60°E were collected in March, August
and September 1995 during the Meteor cruises M31/3,
M32/5 and M33/1, as well as Sonne cruise SO119 in May

station; net number, multinet number; and Number, number of specimens

1997 [Hiller, 1996; Schiebel and Bayer, 1996; Schiebel et
al., 2004]. The North Atlantic was sampled in September
1996 during Meteor cruise M36/5 at the BIOTRANS area at
47°N, 20°W [Schiebel et al., 2001].

[o] Globigerinoides ruber (white), Globigerinoides
sacculifer (without sac chamber), and Globigerina bulloides
were picked from the >200 pum size fraction to exclude
juvenile specimens, and facilitate comparison of the new
data with previously published results on, for example, stable
isotope ratios. Depending on availability and shell size, 14 to
40 tests were analyzed, which is equal to an initial sample
weight of about 200 to 500 pg of CaCO;. Only one
independent measurement was performed for the majority
of in situ samples, because more material was not available
for further analyses.

2.2. Surface Sediment Samples

[10] The same planktonic foraminifer species were ana-
lyzed from the top surfaces of the sediment cores SL 30111
(Arabian Sea [Ivanova et al., 2003]) and MC 575 (North
Atlantic [Kurbjeweit, 2000]). Sediment samples were
obtained using a multicorer at the same locations as the in
situ collected samples from the water column (Table 2). The
samples were sieved over a 250 m screen and handpicked to
obtain aliquots that comprised about 20 to 300 individuals,
which is equivalent to an initial sample weight of about 0.8 —
4 mg CaCOs;. Two independent sample fractions were
analyzed for each of the three species that were investigated.

[11] Additional specimens of Orbulina universa and
Globorotalia truncatulinoides were analyzed from the North
Atlantic core MC 575 (Table 2). Forty and 37 tests were
picked from the size fraction >250 pm, resulting in initial
sample weights of about 1.6 and 3 mg for O. universa and
G. truncatulinoides, respectively.

[12] Mainly sedimentary planktonic foraminifers were
used to validate the long-term reproducibility of the meth-
ods because in situ collected specimens were too rare to
permit repeated analyses. Samples for method validation
(O. universa) were picked from the size fraction >500 pum
from the 0—40 cm interval of the Azores Front core KL 88
(Table 2) [Schiebel et al., 2000]. The samples comprised
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Table 2. Sampling Locations for Sediment Core Samples Analyzed in This Study

Water Core Depth Test Size
Sample Core Location Latitude Longitude  Depth (m) (cm) Species Specimens” (pm)
1 KL 88 North Atlantic ~ 34.78°N  27.66°W 2060 0-40 O. universa 46 >500
2/3/4 KL 88 North Atlantic ~ 34.78°N  27.66°W 2060 0-40 O. universa 10 >500
5 KL 88 North Atlantic 34.78°N 27.66°W 2060 0-40 O. universa 12 >500
6/7/8 KL 88 North Atlantic ~ 34.78°N  27.66°W 2060 0-40 O. universa 23 >500
9 SL 3011-1  Arabian Sea 16.53°N  55.33°E 2636 3 G. ruber 50 >250
10 SL 3011-1 Arabian Sea 16.53°N 55.33°E 2636 3 G. ruber 122 >250
11 SL 3011-1 Arabian Sea 16.53°N  55.33°E 2636 3 G. sacculifer 20 >500
12 SL 3011-1  Arabian Sea 16.53°N  55.33°E 2636 3 G. sacculifer 26 >500
13 MC 575 North Atlantic ~ 47.18°N  19.57°W 4577 0-0.5 G. bulloides 50 >300
14 MC 575 North Atlantic ~ 47.18°N  19.57°W 4577 0-0.5 G. bulloides 300 >250
15 MC 575 North Atlantic ~ 47.18°N 19.57°W 4577 0-0.5 O. universa 40 >250
16 MC 575 North Atlantic ~ 47.18°N  19.57°W 4577 0-0.5 G. truncatulinoides 37 >250

“Specimens, number of specimens handpicked for analysis.

10—23 specimens, which is equivalent to an initial sample
weight of about 0.6 to 1.4 mg CaCOs;.

3. Oceanographic Setting of the Sampling Areas

[13] Physical properties and nutrient distribution in
the Arabian Sea are largely influenced by the seasonal
oscillation of the monsoon winds [Webster et al., 1998].
The summer monsoon (southwest monsoon (SWM)) is
characterized by strong upwelling and high nutrient con-
centrations along the Oman margin from May to October
[Bauer et al., 1991]. Upwelling ceases during October, and
the winter monsoon (northeast monsoon (NEM)) affects the
hydrography of the Arabian Sea from November to March.
Relatively calm conditions prevail during the intermonsoon
(IMS) in spring, from March to May. The surface water
nutrient concentrations are lower during the NEM and IMS
than during the SWM because the former periods feature
less vigorous water mixing [Garcia et al., 2006].

[14] The BIOTRANS area (47°N, 20°W) in the eastern
North Atlantic is situated between the North Atlantic
Current (NAC) and the Azores Current (AzC) [Stramma,
2001]. Phytoplankton productivity peaks in spring when the
upper water column is thoroughly mixed. In summer, a well
stratified surface water column causes nutrient depletion
and less productive conditions than in spring [Zeitzschel et
al., 1998]. During autumn the mixed layer deepens again

forced by storms. This process is accompanied by the
entrainment of nutrients into the mixed layer and stimula-
tion of phytoplankton and zooplankton production [Schiebel
et al., 2001; Sellmer et al., 1998].

3.1. Seawater Parameters for in Situ Collected
Planktonic Foraminifers

[15] Dissolved seawater phosphate concentrations and
temperatures that prevailed during the calcification periods
of the live collected foraminifers are listed in Table 3. At
two of the six sites dissolved seawater phosphate concen-
trations and temperatures were determined from samples
that were collected along with planktonic foraminifer
assemblages (hereafter referred to as “in situ” seawater
phosphate and temperature). These phosphate concentra-
tions deviate significantly (by a factor of ~2-4) from the
average monthly values given by Garcia et al. [2006] and
Locarnini et al. [2006], but the relative differences between
different months are similar. For consistency, we therefore
used the phosphate and temperature data from Garcia et al.
[2006] and Locarnini et al. [2006] throughout this study, if
not explicitly stated otherwise. To this end, we calculated
the mean phosphate and temperature values for the upper-
most 75 m of the water column for each calcification month,
to account for the overall depth habitat (~0—80 m) occu-
pied by G. ruber, G. sacculifer and G. bulloides [Schiebel et
al., 1997, 2004]. Note that the calcification month does not

Table 3. Seawater Phosphate Contents and Temperatures for the Calcification Months of the in Situ Foraminifers®

Calcification Sampling P 0-75 T 0-75 P in situ T in situ
Sample Species Month Depth (m) (pmol/L) (°C) 0-60 0—-60 Season
4s/1 G. sacculifer February/March 1995 0-100 0.47 25.05 - - wNEM/IMS
41/3, 51 G. ruber March 1995 0-200 0.49 25.23 - - wNEM/IMS
7s G. sacculifer April/May 1997 20-40 0.46 26.99 0.12 28.43 IMS/eSWM
3r, Tr G. ruber May 1997 0-40 0.43 27.56 0.12 28.43 IMS/eSWM
Ir, Is G. ruber, July 1995 60—-80 0.77 25.75 0.38 26.64 SWM
G. sacculifer

2r/1 G. ruber September 1995 20-40 0.99 24.67 - - ISWM
6b G. bulloides September 1996 40-80 0.29 15.58 0.10 15.26

P, seawater phosphate concentration; T, seawater temperature; 0—75, mean phosphate and temperature values for the uppermost 75 m of the water
column from Garcia et al. [2006] and Locarnini et al. [2006]; and in situ 0—60, mean phosphate concentration and temperature for the uppermost 60 m
determined during the time of sampling [Schiebel et al., 2004; Zeitzschel et al., 1998]. Season denotes the Indian Ocean monsoons: WNEM, weak NE
monsoon; IMS, intermonsoon; eSWM, early SW monsoon; SWM, SW monsoon; and ISWM, late SW monsoon.
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Table 4. Seawater Phosphate Contents and Temperatures for the Bloom Months of the Foraminifers From Surface Sediments®

Pom P Annual T Annual
Sample Species Sampling Area Bloom Month (pmol/L) Th (°C) (umol/L) (°C)
SL 3011-1 G. ruber Arabian Sea July —September 1.16 21.29 0.95 24.02
SL 3011-1 G. sacculifer Arabian Sea March—May 0.60 25.93 0.95 24.02
MC 575 G. bulloides N. Atlantic May—June 0.32 13.54 0.33 14.04
MC 575 O. universa N. Atlantic July — August 0.23 15.51 0.33 14.04
MC 575 G. truncatulinoides N. Atlantic - 0.72 11.23 0.72 11.23

“Pym and Ty, denote the seawater phosphate concentration and temperature for the bloom month. P annual and T annual denote the mean annual
seawater phosphate content and temperature at the sampling site. All phosphate and temperature values were taken form Garcia et al. [2006] and Locarnini
et al. [2006] and are average values for the uppermost 75 m, except for G. truncatulinoides where the seawater parameters correspond to 400 m water

depth.

necessarily correspond to the sampling date, because the
calcification period is 1 month for G. sacculifer and
G. bulloides, and 2 weeks for G. ruber [Bijma et al.,
1990; Erez et al., 1991; Schiebel and Hemleben, 2005].

3.2. Seawater Parameters for Surface Sediment
Samples

[16] The seawater phosphate and temperature data for the
sediment core top samples were also derived from Garcia et
al. [2006] and Locarnini et al. [2006]. For the shallow-
dwelling species G. ruber, G. sacculifer, G. bulloides and
O. universa [Schiebel et al., 1997, 2001, 2004], the seawater
parameters were averaged for the uppermost 75 m of the
water column of the corresponding time intervals, i.c., the
most productive seasons (““bloom months,” Table 4). Dur-
ing those highly productive periods, the upper water column
is completely mixed, and nutriclines are not established
[Schiebel et al., 2001, 2004]. For the long-lived and
deep dwelling species G. truncatulinoides [Schiebel and
Hemleben, 2005], we used the annual mean phosphate and
temperature values at 400 m depth.

4. Analytical Methods
4.1. General Techniques

[17] A detailed description of the analytical techniques is
provided by Ripperger and Rehkdmper [2007]. Only a brief
summary is thus given here, plus more comprehensive
accounts of procedures that are specific to this study.

[18] Following handpicking, the foraminiferal tests
were crushed and cleaned with a leaching procedure [see
Ripperger and Rehkdmper, 2007] that is similar to techni-
ques used in previous Cd/Ca studies [Boyle and Rosenthal,
1996; Boyle and Keigwin, 1985; Martin and Lea, 2002].
About 50% of the foraminiferal material was lost during
cleaning of sediment core samples, but when applied to in
situ collected foraminiferal shells the losses were typically
larger at up to 80%. The latter observation appears to reflect
that in situ sampled tests are more readily shattered into
extremely small pieces during crushing and cleaning with
ultrasonication. These small fragments either dissolved
more readily during the treatment or were otherwise lost
during solution transfers. In addition, the initial sample sizes
were generally smaller for the in situ collected foraminifers
than for the sediment samples, which may enhance the
effect of calcite dissolution during leaching [Boyle, 1995].

[19] Following cleaning, the tests were dissolved in dilute
HNOj; and split in two aliquots. The major (95%) and minor

(5%) aliquots were then spiked with a ''°Cd and **Ca tracer,
respectively. The Ca aliquot did not require further process-
ing. Following evaporation to dryness it was simply redis-
solved in an appropriate volume of 0.1 M HNOj; to obtain a
solution suitable for mass spectrometric analysis. Cadmium
was separated at high yield (>90%) from the matrix ele-
ments by cation-exchange chromatography prior to the mass
spectrometry.

[20] Repeated measurements indicate that the method is
characterized by a total procedural Cd blank of 112 + 44 fg
(1 SD, n = 12), and a detection limit of 131 fg (3 SD of
blank). All Cd concentration data were corrected for this
blank contribution. For samples with 1 pg of Cd, a blank
correction of this order of magnitude generates an uncer-
tainty of about 4% for the Cd concentration. The Ca blank
of 17 = 6 ng (1 SD, n = 3) has a negligible effect on the
measured Ca contents as it constituted only ~0.2% of the
indigenous Ca present in the sample solutions.

[21] The isotope dilution concentration measurements were
carried out with Nu Plasma MC-ICPMS instruments at ETH
Zurich, using a multiple ion counting system for Cd, and
multiple Faraday collectors equipped with 10" Q resistors for
Ca. Sample introduction employed a CETAC MCN 6000
desolvator, which was used in conjunction with T1H nebu-
lizers (CETAC) that were operated at flow rates of about 100—
120 pl/min. A single Cd concentration measurement required
about 4 min, during which about 400—500 ul of sample
solution were consumed. The majority of in situ samples were
analyzed as solutions with total Cd concentrations of ~3—15
pg/mL (ppt). Such analyses generally consumed about 0.5—
2.5 pg of natural Cd and yielded total ion beam intensities of
about (3—9) x 10* cps and (2—6) x 10> cps for ''°Cd and
"1Cd, respectively, depending on the spike-sample ratio. Each
Ca analysis required about 6.5 min, during which ~650 uL of
sample solution were consumed. In situ samples were ana-
lyzed as solutions with total Ca concentrations of about 1-2
pg/mL (ppm), which yielded total ion beam intensities of
about 150 to 300 x 10~ ' A.

4.2. Examination of Foraminiferal Cleaning
Procedure

[22] The removal of secondary ferromanganese (Fe-Mn)
oxide coatings and organic matter represent important steps
to obtain reliable foraminiferal Cd/Ca records. Cleaning
procedures therefore include both a reductive and an oxi-
dative cleaning step [Boyle and Rosenthal, 1996; Boyle and
Keigwin, 1985; Martin and Lea, 2002; Ripperger and
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Table 5. Effect of the Reductive Cleaning Procedure on Mn/Ca
and Cd/Ca Ratios”

Mn/Ca Cd/Ca
Sample Species RCS (umol/mol) (pmol/mol)
4s/1 G. sacculifer yes 3 0.0192 + 0.0002
4s/2 G. sacculifer no 4 0.5032 + 0.0127
41/3 G. ruber yes 66 0.0109 + 0.0006
4r/4 G. ruber no 4 0.3915 + 0.0117

“RCS, reductive cleaning step included in cleaning procedure or not. The
uncertainty of the Cd/Ca ratios denotes the total uncertainty (see section 4.3).

Rehkédmper, 2007]. In principle, foraminiferal tests that were
collected directly from the water column are not expected to
have any Fe-Mn oxide coatings that would need to be
removed by reductive cleaning. It is furthermore reasonable
to assume that such samples may require more stringent
oxidative cleaning because in situ collected foraminifers
typically bear more organic matter than foraminifers from
sediment cores [e.g., Anand et al., 2003]. We therefore
carried out experiments, which investigated whether differ-
ent cleaning procedures are necessary for in situ collected
and sedimentary foraminifers.

[23] The effect of the reductive cleaning procedure on in
situ collected G. ruber and G. sacculifer was evaluated by
analyses of four individually processed samples from O to
100 m water depth (Table 1, samples 4s/1/2 and 4r/3/4).
One sample of each species (4s/1 and 41/3) was subjected to
the full cleaning procedure [Ripperger and Rehkdimper,
2007], while the other two samples (4s/2 and 4r/4) were
cleaned according to the standard cleaning protocol but
without the reduction step. An intensified oxidative treat-
ment was applied to all four samples, which consisted of
five (normally two [see Ripperger and Rehkdmper, 2007])
leaching steps.

[24] Two experiments were performed to investigate the
potential impact of organic matter on the total Cd content of
foraminifers. (1) The Cd concentrations of the oxidative
cleaning solutions, which had been used to leach the
samples 4s/1/2 and 41/3/4 (Table 1), were determined. (2)
The Cd/Ca ratios of in situ collected tests were determined
after the tests had been subjected to the full cleaning
procedure [Ripperger and Rehkdmper, 2007], however, with
a varying number of oxidative cleaning steps (2, 3, 4 or 5).
Four individually processed sample fractions, each
containing 35 specimens of G. ruber from 0 to 200 m
depth, were used in this second experiment (Table 1,
samples 51/1/2/3/4).

4.3. Data Presentation

[25] All Cd/Ca and Mn/Ca data are reported in gzmol/mol.
The quoted uncertainties for the Cd/Ca data were obtained
as follows. (1) If only a single analysis was available for a
sample, the “total uncertainty” (TU) was obtained by
propagating the individual uncertainties:

v — 2 4 2 2 2
total uncertainty = R - \/G’B + 04+ 0i3ca + Tioca (1)
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where R is the Cd/Ca ratio of the spiked sample in pmol/
mol and og, 0cd, T43ca, and 4o, denote the relative errors
from the Cd blank uncertainty and from the uncertainty of
the Cd and Ca concentrations, based on the within-run
statistics of the ''°Cd/M'cd, **Ca/**Ca and **Ca/**Ca
isotope data, respectively. (2) When several measurements
were performed for a sample, the error denotes either 1
standard deviation (1 SD) or the total range of the individual
data (hereinafter abbreviated as RI), depending on the
number of independent analyses.

[26] The interspecimen variability of Cd/Ca data for
foraminiferal samples is generally larger than the within-
day uncertainty of the measurements [Boyle, 1995]. For this
study, the best estimate of the interspecimen variability for
surface sediments and in situ samples is given by the
relative standard deviation (RSD) obtained for multiple
analyses of (1) O. universa picked from the sediment core
KL 88 and (2) in situ sampled G. ruber (41/3, 5r), respec-
tively (see section 5.2).

5. Results
5.1. Evaluation of Leaching Procedure

5.1.1. Experiments That Monitor the Removal
of Fe-Mn Coatings

[27] The leaching experiments yielded similar Mn/Ca
ratios for G. sacculifer (~3—4 pmol/mol) (Table 5) regard-
less of whether the cleaning procedure [Ripperger and
Rehkdmper, 2007] included the reductive cleaning step or
not. For G. ruber, the sample without reductive cleaning
(sample 41/4) even yielded a significantly lower Mn/Ca ratio
compared to that obtained for the reductively cleaned tests
(sample 41/3). In general, Mn/Ca values below 100 zzmol/mol
are considered indicative of sufficient removal of secondary
Mn-oxide overgrowths [Boyle, 1983; Martin and Lea,
1998] and all four samples display Mn/Ca ratios (of <66
pmol/mol) below this threshold. This indicates that the in
situ collected foraminifers have little or no Fe-Mn oxide
coating, even though the samples were collected from the
well oxygenated euphotic zone (0—100 m), where Mn would
most likely form insoluble Mn-oxide, that can precipitate
onto organic particulate matter [Qasim, 1982; Pomies et al.,
2002].

[28] It is noteworthy, however, that foraminiferal tests that
were not subjected to a reductive cleaning display Cd/Ca
ratios that are more than an order of magnitude larger
compared to reductively cleaned samples (Table 5). This is
most readily explained by (1) contamination of the tests with
a Cd-bearing phase, which is not removed by acid or
oxidative leaching, or (2) partial dissolution of Cd-rich
organic matter during the reductive cleaning.

5.1.2. Experiments That Monitor the Removal of
Organic Material

[29] In the first experiment, we monitored the Cd/Ca
ratios of successive oxidative cleaning solutions that were
siphoned off from the samples after leaching. These super-
natants yielded decreasing Cd contents with increasing
leach number for tests that had not been subjected to a
previous reductive cleaning step (Figure la). In contrast,
consistently low Cd contents of less than 1 pg were
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Figure 1. (a) Cd contents of oxidative cleaning solutions after they had been used for leaching of in situ
collected foraminifers. Each oxidative treatment lasted for 10 min [Ripperger and Rehkimper, 2007],
after which a fresh batch of cleaning solution was used. Squares represent data for samples subjected to
the full cleaning procedure, including the reductive treatment [Ripperger and Rehkdmper, 2007].
Triangles represent data for samples that underwent the standard cleaning protocol but without the
reductive step. The error bars for the Cd data are smaller than the symbol size. (b) Measured Cd/Ca ratios
for tests of G. ruber picked from a plankton net catch at 0—200 m depth. Each sample was treated with the
standard cleaning protocol but with a different number of oxidative cleaning steps, each lasting 10 min.
Error bars represent the total uncertainty (see section 4.3).

recorded for the supernatants of samples, which were
cleaned according to our standard procedure, which
includes reductive leaching [Ripperger and Rehkimper,
2007]. The observation that the oxidative cleaning solutions
of nonreductively treated samples contain much more Cd
(even after five successive 10 min leaches) than reductively
cleaned tests, strengthens the conclusion that organic matter
is at least partially removed by the reducing agent.

[30] In the second experiment, we monitored the Cd/Ca
ratios of samples subjected to two, three, four or five
oxidation steps. A low Cd/Ca ratio of 0.0083 + 0.0013
(t.e.) was obtained for the tests that were treated with
three oxidative cleaning steps, but the remaining fractions
yielded a nearly constant (4% RSD) Cd/Ca ratio of
0.0129 pmol/mol (Figure 1b). This suggests that no improve-
ment in cleaning is gained by the application of more than
two oxidation steps. The slightly lower Cd/Ca ratio obtained
for the sample that was leached 3 times can be attributed to
interspecimen variability, as the sample fractions had not
been homogenized before cleaning.

5.1.3. Summary of the Leaching Experiments

[31] The results of the leaching experiments indicate that
the standard cleaning protocol described by Ripperger and
Rehkdmper [2007] is also suitable for cleaning of in situ
collected tests. This conclusion is supported by the Mn/Ca
ratios that were determined for all collected tests analyzed in
this study. For this large group of samples, the Mn/Ca ratios
varied between 3 and 108 pmol/mol, which does not
significantly exceed the threshold value of 100 pmol/mol
[Boyle, 1983; Martin and Lea, 1998]. A major advantage of

using a cleaning procedure that is essentially identical to the
standard Cd/Ca leaching protocol, is that this facilitates the
comparison of data acquired for in situ collected samples
with results for sedimentary foraminifers from this and
previous studies.

5.2. Analytical Reproducibility and Natural
Variability of Cd/Ca Ratios

[32] The long-term reproducibility of foraminiferal Cd/Ca
data is based on multiple analyses, conducted over a period
of 2 years, for O. universa tests picked from the sediment
core KL 88 (Table 6). A total of 11 analyses were carried
out and these used 8 independent sample fractions that were
cleaned and processed separately. The measurements con-
sumed about 5—11 pg and 0.5—1 pug of natural Cd and Ca,
respectively, and yielded an average Cd/Ca ratio of 0.0307 +
0.0038 (1 SD). This uncertainty, which is equivalent to an
RSD value of £12%, is more than an order of magnitude
larger than the analytical reproducibility of £0.7% that was
determined in a previous study [Ripperger and Rehkdmper,
2007]. Our result is comparable to the reproducibility of
about 8% reported by Rickaby et al. [2000] for 4 and 6
replicate picks of foraminiferal tests from a sediment core.
Taken together, these data support the finding of Boyle
[1995], who concluded that the reproducibility of forami-
niferal Cd/Ca ratios is limited by the interspecimen
variability within a sediment sample (““natural variability””),
if precise methods are available for the measurements.

[33] Repeated analyses were also performed for in situ
collected foraminifers from a water depth of 0—-200 m. A
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Table 6. Reproducibility of Cd/Ca Ratios Obtained for Multiple
Analyses of O. universa Picked From the Sediment Core KL 88"

Cd/Ca Total Uncertainty
Sample n (umol/mol) (pmol/mol)
1° 4 0.0271 0.0002°
2 1 0.0261 0.0002
3 1 0.0333 0.0003
4 1 0.0309 0.0002
5 1 0.0362 0.0004
6 1 0.0295 0.0003
7 1 0.0275 0.0004
8 1 0.0348 0.0006
8

0.0307 + 0.0038
(RSD 12%)

“The average value calculated as unweighted mean of n independent
measurements. The quoted uncertainty denotes 1 standard deviation. Total
uncertainty is as defined in section 4.3.

“From Ripperger and Rehkimper [2007].

“One standard deviation.

Average KL 88
O. universa

total of five analyses were carried out for G. ruber (samples
5r and 41/3, Table 7), and these utilized five independent
sample fractions. The measurements yielded an average
Cd/Ca ratio of 0.0116 + 0.0020 (1 SD) and a RSD of
+18%. This RSD value is similar to but slightly worse
than the reproducibility obtained for tests from sediment
core sample KL 88 (Table 6), but the majority of analyses
for in situ collected foraminifers consumed only ~0.5 to
0.8 pg of natural Cd.

5.3. Cd/Ca Ratios of in Situ Collected Planktonic
Foraminifers

[34] The Cd/Ca records that were acquired for the in situ
collected planktonic foraminifers are summarized in Table 7.
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These analyses focused mainly on the spinose species
G. ruber and G. sacculifer from the Arabian Sea. In order
to compare the Cd/Ca ratios of live collected (cytoplasm
bearing) foraminifers to those of dead specimens (settling,
empty tests), the results were divided into three categories
according to the depth range from which the foraminifers
were collected. Category A samples were taken from the
respective species-specific natural habitats and are hence
expected to consist almost exclusively of live specimens.
Category B samples include foraminifera collected from
depth ranges that extend to levels marginally below the
actual live habitats (0—200 m). Therefore, it can be assumed
that these samples consist of live individuals and recently
deceased specimens. As the ratio of living-to-dead individ-
uals is estimated to be ~10:1 at 100 m water depth
[Schiebel, 2002], it is reasonable to combine the discussion
of category A and B samples. Samples of category C were
taken well below the natural habitat at depths of 300 to
2500 m and therefore contain mainly dead specimens.
5.3.1. Live Foraminifers: Categories A (0—80 m) and
B (0-200 m)

[35] The live habitats of the analyzed species span a
nearly identical depth range of ~0—-60 m for G. sacculifer
and G. bulloides and ~0—80 m for G. ruber [Schiebel et al.,
1997, 2004]. Samples of G. ruber and G. sacculifer were
obtained during different monsoon seasons (Table 3), and
the analyzed foraminifers are thus assumed to have calcified
under different ecological (e.g., nutrient levels) and physical
(e.g., light, temperature) conditions.

[36] The seasonal variations in ecological conditions
(Figure 2a) are generally mirrored by the Cd/Ca ratios of
the analyzed tests of live G. ruber (Figure 2b). Samples of
G. ruber (41/3 and 5r) that were collected in March 1995

Table 7. Cd/Ca Records Obtained for Samples of in Situ Collected Planktonic Foraminifers®

Sample Species  Sampling Date Water Depth (m) n Cd (pg)  Cd/Ca (umol/mol)  Total Uncertainty Blank Correction (%)
Category A (0—80 m Water Depth)

3r G. ruber 24.05.97 20-40 1 026 0.0040 0.0007 32
Tr G. ruber 25.05.97 0-40 1 1.1 0.0039 0.0002 9
Average 3r and 7r 2 0.0039 + 0.0001 (RI)

7s G. sacculifer  25.05.97 20-40 1 38 0.0175 0.0002 3
1r/1 G. ruber 01.08.95 60-80 1 1.3 0.0320 0.0012 8
1r/2 G. ruber 01.08.95 60—80 1 3.0 0.0470 0.0010 4
Average 11/1-2 2 0.0395 + 0.0075 (RI)

1s G. sacculifer ~ 01.08.95 60-80 1 22 0.0198 0.0005 5
2r/1 G. ruber 30.09.95 20-40 1 071 0.0162 0.0010 14
6b G. bulloides 30.09.96 40-80 1 040 0.0085 0.0009 23

Category B (0—200 m Water Depth)

51/1° G. ruber 13.03.95 0-200 I 1.8 0.0135 0.0004 6
51/2° G. ruber 13.03.95 0-200 1 059 0.0083 0.0007 16
51/3° G. ruber 13.03.95 0-200 1 0.76 0.0126 0.0008 13
51/4° G. ruber 13.03.95 0-200 1 1.3 0.0125 0.0005 8
4r/3° G. ruber 13.03.95 0-100 1 077 0.0109 0.0006 13
Average 51/1-4 and 41/3 5 0.0116 + 0.0020 (1 SD)

4s/1b G. sacculifer 13.03.95 0-100 1 5.2 0.0192 0.0002 2

Category C (300—2500 m Water Depth)

4r/1 G. ruber 13.03.95 300-500 1 022 0.0034 0.0007 35
4r/2 G. ruber 13.03.95 500-700 1 027 0.0048 0.0008 29
21/2 G. ruber 30.09.95 2000-2500 1 0.78 0.0041 0.0002 13

“The average Cd/Ca ratios calculated as unweighted means of n independent measurements. Total uncertainty is as defined in section 4.3. Cd (pg)
denotes the amount of natural Cd determined in the sample solutions by isotope dilution.
bSamples that were treated with the standard cleaning protocol but using three (51/2), four (51/3) or five (51/4, 41/3, 4s/1) oxidation steps, respectively.
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Figure 2. (a) Seawater phosphate concentration for the uppermost 75 m of the water column at 16°N
and 60°E, derived from Garcia et al. [2006] (triangles) and seawater phosphate concentrations
determined at the time of sampling (circles). (b) Cd/Ca ratios of live G. ruber (squares) and G. sacculifer
(circles) collected in the Arabian Sea versus the sampling month. The arrows denote the life span
(calcification period) of the two species, which is a fortnight for G. ruber and a full synodic lunar cycle
for G. sacculifer. The different monsoon seasons are indicated in the upper part of Figure 2b. Also shown
are data for the single in situ G. bulloides sample (triangle) from the North Atlantic. (c) Cd/Ca ratios of
live G. ruber (squares), G. sacculifer (open circles), and G. bulloides (open triangles) versus mean
seawater phosphate concentration for the upper 75 m of the water column. The horizontal error bars
denote the range of seawater phosphate concentration that prevailed during the lifespan of the
foraminifers. The uncertainty of the Cd/Ca data is given by the relative standard deviation (RSD) value of

+18% obtained for multiple analyses of G. ruber tests of category B (see section 4.3 and Table 7).

during the late NEM and beginning of the IMS, which
constitutes a period that is generally characterized by
low (near) surface seawater phosphate concentrations
(~0.4 umol/L, Figure 2a), exhibit an average Cd/Ca ratio
0f 0.0116 +0.0020 (1 SD, Figure 2b.). Live G. ruber (3r, Tt/
1) collected toward the end of the IMS period and the onset
of the SWM in May 1997 yielded an average Cd/Ca value
of 0.0040 + 0.0001 (1 SD), which is the lowest value
obtained for live specimens from the Arabian Sea. In
contrast, samples of live G. ruber (1r) taken during the
fully developed SWM in August 1995, where the upper-
most water column is characterized by a significantly higher
phosphate content (~0.8 pmol/L, Figure 2a) exhibit the
highest Cd/Ca ratio of 0.0395 + 0.0075 (RI) determined
for an in situ collected sample (Figure 2b). An intermediate
Cd/Ca 0f 0.0162 = 0.0010 (TU) was found for live G. ruber
(2r/1) sampled during the late SWM, at end of September
1995. The majority of results obtained for G. ruber there-
fore exhibit a correlation of Cd/Ca with surface water
phosphate concentrations (Figure 2c).

[37] No seasonal trend was observed for the Cd/Ca data
obtained for live G. sacculifer (Figure 2b) even though the

specimens were collected in the Arabian Sea together with
G. ruber, in March (4s/1), August 1995 (1s), and May 1997
(7s). Tests of G. sacculifer from March and August display
nearly identical Cd/Ca ratios of 0.0192 + 0.0002 (TU) and
0.0198 + 0.0005 (TU), respectively. A slightly lower
value of 0.0175 £ 0.0002 (TU) was obtained for the live
G. sacculifer sampled in May (Figure 2b).

[38] A Cd/Ca value of 0.0085 + 0.0009 (TU) was deter-
mined for live specimens of G. bulloides (sample 6b,
Figure 2b) collected in September 1996 from the North
Atlantic, where phosphate concentrations are generally
lower than in the Arabian Sea [Garcia et al., 2006].
However, a comparison of this result with the data for the
Arabian Sea samples is not straightforward, because of the
different oceanographic settings.

5.3.2. Empty Tests of Settling Planktonic
Foraminifers: Category C (300-2500 m)

[39] Category C samples are composed of only G. ruber
tests from the Arabian Sea. These samples display consis-
tently lower Cd/Ca ratios than their counterparts sampled
from the live habitat on the same day (Table 7). In
particular, tests collected from 300 to 500 m (4r/1) and
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Figure 3. Cd/Ca ratios obtained for tests of in situ
collected G. ruber versus sampling depth. The symbols
are plotted at the deepest level of the depth interval over
which the samples were collected and are labeled with
sample number and category (Table 8). Samples taken on
the same day are shown as identical symbols (circles,
30 September 1995; squares, 13 March 1995). The Cd/Ca
ratios obtained for G. ruber collected from the live habitat
(category A) and from depth intervals extending slightly
below the live habitat (category B) are significantly higher
than those obtained for G. ruber tests taken well below
the live habitat (category C). The uncertainty of the average
Cd/Ca value for the category B sample denotes 1 standard
deviation (Table 8). The RSD value of £18% obtained for
multiple analyses of this sample was also used to
characterize the uncertainty of category A and C samples,
for which only one analysis was performed per sample (see
section 4.3).

500-700 m depth (41/2) have Cd/Ca ratios of 0.0034 =+
0.0007 (TU) and 0.0048 + 0.0008 (TU), respectively, which
are about a factor of 2—3 lower than the average value
obtained for samples collected from 0 to 200 m water depth
(41/3 and 5r, Figure 3). A decrease of Cd/Ca ratio with depth
is also evident from a comparison of results obtained for
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live G. ruber from 20 to 40 m (sample 2r/1) and empty
shells (sample 21/2) from the deepest sampling interval
(2000—-2500 m depth). The latter tests exhibit a Cd/Ca ratio
that is about 5 times lower at 0.0041 + 0.0002 (TU)
compared to the live specimens (Figure 3).

5.4. Cd/Ca Ratios of Planktonic Foraminiferal Shells
of Surface Sediments

[40] To facilitate a comparison of Cd/Ca ratios determined
for in situ collected and sedimentary tests of planktonic
foraminifers, we analyzed several sets of samples from
similar locations (Tables 1 and 2). The Cd/Ca data for these
surface sediment samples are summarized in Table 8. Tests
of G. ruber and G. sacculifer from the top of sediment core
SL 3011-1 yielded essentially identical average Cd/Ca
ratios of 0.0603 + 0.010 (RI) and 0.0568 + 0.0084 (RI),
respectively.

[41] Three different species were analyzed from the top
of sediment core MC 575 from the North Atlantic. The
lowest Cd/Ca of 0.0274 + 0.0002 (TU) was determined for
O. universa and this result is identical, within the error, to
the Cd/Ca data obtained for the same species from North
Atlantic sediment core KL 88 (Table 6). A somewhat higher
Cd/Ca value of 0.0475 + 0.0014 (RI) was measured for
G. bulloides, which matches well with the Cd/Ca data
obtained by Rickaby and Elderfield [1999] that predict a
Cd/Ca ratio of about 0.04 to 0.06. The deep dwelling
species G. truncatulinoides yielded the highest Cd/Ca of
0.0718 = 0.0010 (TU).

6. Discussion

6.1. Incorporation of Cd Into the Shell Calcite
of Live Foraminifers

[42] The incorporation of Cd from seawater into the tests
of foraminifers can be described by a partition coefficient
Dcq [e.g., Lea, 1999]. However, different species collected
at the same time and location may bear different Cd/Ca
ratios as a result of different ecologic demands and charac-
teristics of shell calcification. We therefore investigated
whether the measured Cd/Ca ratios of planktonic foramini-
fers sampled from the water column show any correlation
with seawater phosphate concentrations and estimated the
partition coefficient for the different species.

Table 8. Results Obtained for Different Species of Planktonic Foraminifers Picked From Sediment Core Tops®

Cd/Ca Total Blank
Sample Species n Cd (pg) (pumol/mol) Uncertainty Correction (%)

9 G. ruber (W) 1 5.2 0.0502 0.0006 2

10 G. ruber (W) 1 39 0.0704 0.0008 0.3
Average SL 3011—-1 G. ruber 2 0.0603 + 0.0101

11 G. sacculifer 1 4.6 0.0484 0.0009 2

12 G. sacculifer 1 17 0.0652 0.0007 0.7
Average SL 3011—1 G. sacculifer 2 0.0568 + 0.0084

13 G. bulloides 1 2.1 0.0461 0.0011 5

14 G. bulloides 1 44 0.0488 0.0007 0.3
Average MC 575 G. bulloides 2 0.0475 + 0.0014

15 O. universa MC 575 1 27 0.0274 0.0002 0.4

16 G. truncatulinoides MC 575 1 63 0.0718 0.0010 0.2

“The average values calculated as unweighted means of n independent measurements. The quoted uncertainties denote the total range of the individual
data. Total uncertainty is as defined in section 4.3. Cd (pg) denotes the amount of natural Cd determined in the sample solutions by isotope dilution.
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6.1.1. Correlation of Foraminiferal in Situ Cd/Ca
Ratios With Seawater Phosphate

[43] Cataloged monthly average values of seawater phos-
phate derived from Garcia et al. [2006] were used in the
following (see section 3.1). In most cases, uncertainties are
not specified for the monthly phosphate values [Garcia et
al., 2006], but an indication of the magnitude of possible
deviations can be obtained for the samples from the M 32/5
and SO 119 cruises (Table 1). In this case, the in situ
phosphate concentrations are about a factor of 2—4 lower
than the monthly mean values (Table 3). Such deviations of
measured phosphate contents from the monthly averages are
expected to be especially severe, if seawater phosphate
displays large spatial or temporal gradients, as are typical
for the Arabian Sea [Webster et al., 1998].

[44] Despite of these uncertainties, the majority of Cd/Ca
ratios obtained for live G. ruber display a good correlation
with seawater phosphate (Figure 2c). Only one sample
collected in late September 1995 (21/1) does not unequiv-
ocally follow this trend. However, the seawater phosphate
concentrations derived from Garcia et al. [2006] decrease
by about a factor of 2 between September and October.
The timing of this strong seasonal change in nutrient
levels varies from year to year and the actual phosphate
content at the time of sampling might therefore be better
represented by the lower October phosphate concentration
(~0.58 pmol/L [Garcia et al., 2006]). This uncertainty in
the seawater phosphate concentration is expressed in
Figure 2c by the large horizontal error bar which spans
the range between the September and the October value.
Application of the October value places this Cd/Ca ratio on
the trend defined by the other G. ruber data (Figure 2c)
and a linear fit to this correlation suggests a relationship of
Cd/Ca =~ 0.10 * [P] — 0.04.

[45] The results obtained for live G. sacculifer exhibit
a different Cd/Ca to phosphate relationship than the G. ruber
specimens from the same multinet samples. Inspection
of Figure 2c reveals that G. sacculifer display nearly
constant Cd/Ca values for phosphate contents between
0.4 and 0.8 umol/L. The observed differences in Cd/Ca
between G. ruber and G. sacculifer point toward species-
specific mechanisms for the incorporation of Cd into
foraminiferal tests, or possibly different ecological niches
of these two species. An alternative explanation follows
from the observation that G. sacculifer has a life span of
approximately 4 weeks [Bijma et al., 1990; Schiebel et al.,
2004], whereas the average reproduction cycle of G. ruber
is 2 weeks only [4/mogi-Labin, 1984; Bijma et al., 1990;
Schiebel and Hemleben, 2001]. The different Cd/Ca values
of G. ruber and G. sacculifer might therefore reflect differ-
ences in the conditions of the ambient seawater during
calcification of the shells.

6.1.2. Cadmium Partition Coefficients for the in Situ
Collected Species

[46] It has been suggested, that the incorporation of Cd
into shells of G. bulloides varies strongly with temperature,
and this relationship was defined for temperatures of 4°C to
16°C [Rickaby and Elderfield, 1999]. Our result for a single
sample live G. bulloides yields D¢y ~ 4 at a temperature of
about 15°C (see Appendix A and Table 3). This matches
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with the equation D¢y = 0.637 *exp 0.157 of Rickaby and
Elderfield [1999], which predicts Deg ~ 6 at 15°C, but at
significantly higher Cd/Ca values of 0.04—0.06. This agree-
ment of D¢y values for Cd/Ca ratios that differ by about a
factor of 6 is likely to be related to the low seawater
phosphate concentration (~0.1 pmol/L, Table 3) that pre-
vailed during the calcification of live G. bulloides. Using a
cataloged monthly average seawater phosphate value for the
uppermost 75 m (~0.3 pymol/L, Table 3) yields Dcgq = 2,
which is no longer in accord with the equation given above.
However, a Dcq4 of about 2—4 for live G. bulloides matches
well with results for cultured G. bulloides of Dy ~ 2—4
and 1.9, as published by Delaney [1989] and Mashiotta et
al. [1997], respectively.

[47] The relationship between Cd incorporation and sea-
water temperature of Rickaby and Elderfield [1999] also
does not hold for live G. ruber and G. sacculifer, which
display Dcq4 values of about 2 to 7 at significantly higher
temperatures of 26.5°C to 28.5°C (Table 3). Owing to the
small number of samples analyzed, the limited availability
of in situ phosphate data, and the narrow temperature
range, we cannot rule out or establish a temperature
dependence of D¢y for G. ruber and G. sacculifer. This
implies, that any temperature-driven differences for the
incorporation of Cd into foraminiferal shells will only be
of minor importance for the in situ collected tests from the
Arabian Sea (Table 1), as the variations in temperature are
very small (Table 3).

6.2. Cd/Ca Ratios of Settling Shells

[48] The vertical sinking velocity of large foraminiferal
shells (>200 pum) is up to 500 m per day [Schiebel and
Hemleben, 2001]. Consequently, the settling time for the
analyzed tests of G. ruber (category C, Table 7) between the
live habitat in the upper 80 m and 2500 m is about 5 d. It
can hence be assumed that both live specimens and empty
tests, which were collected well below the live habitat on
the same day, calcified under similar ecological conditions.
Both types of samples should therefore display similar
Cd/Ca ratios.

[49] Inspection of Figure 3 reveals, however, that settling
shells (category C) of G. ruber collected from depths
>300 m, display significantly lower Cd/Ca ratios than their
counterparts from the live habitat. Preferential loss of Cd
and/or selective dissolution of Cd-enriched calcite phases
during sinking of the tests from warm surface waters
through colder subsurface waters may be responsible for
this observation. This assumption is supported by earlier
findings, which suggest that the dissolution of calcite shells
occurs primarily in the twilight zone, between 100 m and
1000 m water depth [Schiebel, 2002; Schiebel et al., 2007]
and such processes are known to alter the Mg/Ca ratios of
planktonic foraminiferal tests [Brown and Elderfield, 1996;
Regenberg et al., 2006].

[s0] Assuming an average loss of 19% of the original test
calcite in subsurface waters [Schiebel et al., 2007], and
average Cd/Ca ratios of 0.022 and 0.004 pmol/mol in
surface and subsurface waters, respectively (Table 7 and
Figure 4), the Cd/Ca ratio of the dissolved part of the
foraminiferal test would be about 0.1 umol/mol, being well
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Figure 4. Cd/Ca ratios obtained for different species of foraminifera from plankton net tows (squares)
and sediment core tops (circles) versus sampling depth. The in situ collected samples and corresponding
sediment core tops are from approximately the same location. The symbols for the in situ collected
samples are plotted at the deepest level of the depth interval over which the samples were collected
(Table 8). (a) Cd/Ca ratios obtained for G. ruber tests from a sediment core top and from plankton net
tows conducted in different months versus water depth (for detailed information see Table 8). (b) Cd/Ca
ratios determined for G. sacculifer and G. bulloides versus water depth. The uncertainty of the Cd/Ca
data obtained for fossil shells and in situ collected samples denotes the RSD obtained for multiple
analyses of O. universa from sediment core KL 88 (+12%) and in situ sampled G. ruber (£18%, samples
41/3 and 5r), respectively (for detailed information see section 4.3).

within a plausible range of Cd/Ca ratios (compare, e.g.,
Tables 7 and 8).

[51] A preferential enrichment of Cd at sites in the calcite
structure of the shells, which are more susceptible to
dissolution could account for the preferential loss of Cd
relative to the major element Ca. This could be explained
by different distribution coefficients of Cd into the
different parts of the lamellar test wall (e.g., microgra-
nular versus euhedral [Hemleben et al., 1989, and refer-
ences therein]). It is conceivable, that the incorporation of
Cd into the outer calcite wall is less pronounced than into
the inner wall, as the latter is placed closer to the
foraminiferal cytoplasm (which may contain higher Cd
concentrations than the shell). The inner test wall might also
be more prone to dissolution effects, because of the random
crystallographic orientation of the calcite crystals and
because partial dissolution of tests could be related to
changes in the microenvironment (e.g., decreasing pH)
within the foraminiferal shells during bacterial remineraliza-
tion of remaining cytoplasm [Schiebel et al., 2007]. Alterna-
tively, Cd could be enriched at crystal edges and/or lattice
dislocations in the shell, which are likely to be more effected
by dissolution processes.

6.3. Cd/Ca Ratios of in Situ Collected and
Sedimentary Foraminiferal Tests

[52] A comparison of the Cd/Ca data reveals that forami-
niferal tests from surface sediments have consistently higher
Cd/Ca ratios than in situ collected specimens (Figure 4).
In the following, we discuss this difference for both
live foraminifers and settling shells, and we evaluate if the

Cd/Ca ratios of sedimentary tests are biased by secondary
alteration. Such an evaluation is of particular significance,
as secondary alteration might render the Cd/Ca data of
planktonic foraminiferal shells unsuitable for proxy studies.
6.3.1. Comparison of Cd/Ca Ratios Obtained for Live
Foraminifers and Surface Sediments

[53] For the same species, foraminiferal tests from surface
sediments exhibit Cd/Ca ratios that are about a factor of
1.5—15 higher compared to the shells of live foraminifers
(Figure 4). It is possible that this difference reflects postde-
positional alteration of the tests, for example by precipitation
of Cd-rich mineral phases from pore waters. Pore waters of
surface sediments from the NE Atlantic (0—0.5 cm) have Cd
contents of 0.7—1.6 nmol/L [e.g., Tachikawa and Elderfield,
2002], which are about an order of magnitude higher than
surface water Cd concentrations of the North Atlantic and
Arabian Sea [e.g., Rippergeret al.,2007; Saager et al., 1992].
The results obtained for the sediment core MC 575 reveal,
however, that planktonic foraminiferal species with different
seasonal occurrences and depth habitats bear different sedi-
mentary Cd/Ca ratios, which follow seawater phosphate
concentrations (Tables 4 and 8 and Figure 5). This indicates
that the Cd/Ca ratios of tests from surface sediments are not
significantly overprinted by sedimentary pore waters but
reflect primary (shell formation) processes.

[54] In particular, for most of the year G. truncatulinoides
lives and calcifies its shell in deeper waters [Schiebel and
Hemleben, 2005; Schiebel et al., 2002] that are character-
ized by higher Cd concentrations than surface waters [e.g.,
Bruland, 1980; De La Rocha, 2003]. This signal is pre-
served in sedimentary tests of G. truncatulinoides, which
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Figure 5. Foraminiferal Cd/Ca ratios obtained for three
different species analyzed from the sediment core top MC
575 versus seawater phosphate concentration. The latter was
derived from Garcia et al. [2006] and corresponds to the
mean phosphate concentration prevailing during the spe-
cies-specific bloom month and at the species-specific
habitat.

display significantly higher Cd/Ca ratios than shells of the
shallow dwelling species G. bulloides and O. universa from
the same core top (Table 8 and Figure 5). The Cd/Ca ratio of
O. universa tests was furthermore observed to be about 40%
lower compared to G. bulloides. This offset may reflect the
different ecological and trophic demands of these two
species. O. universa is a tropical to subtropical species that
generally calcifies after the spring bloom in North Atlantic
[Schiebel and Hemleben, 2000], when surface waters are
warm, well stratified and depleted in phosphate (Table 4). In
contrast, G. bulloides is most frequent when vigorous
mixing of the upper water column occurs and advection
of phosphate-rich subsurface waters is observed [Schiebel
and Hemleben, 2000]. It is also possible, however, that the
different Cd/Ca ratios of O. universa and G. bulloides tests
reflect a lower partition coefficient D¢y for the symbiont-
bearing species O. universa [Mashiotta et al., 1997].

[55] In any case, these relatively small primary differ-
ences between G. truncatulinoides, G. bulloides and
O. universa tests from the same core top (Figure 5) would
probably not be visible, if the Cd/Ca ratios had been
significantly modified by secondary alteration. In summary,
we therefore regard secondary alteration as an unlikely
explanation for the observed offsets of Cd/Ca data for in
situ collected and sedimentary foraminiferal tests (Figure 4).
The further discussion therefore focuses on three “primary”
mechanisms that can account for these offsets and which
have less severe consequences for the proxy application of
Cd/Ca ratios.

[s6] 1. Tests of live and sedimentary planktonic foramini-
fers may bear different calcite phases. It has been suggested
that shells of planktonic foraminifers, such as G. bulloides,
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G. sacculifer and G. ruber, that underwent reproduction
consist of two calcite types: a primary calcite that forms
the chamber walls and a gametogenic (GAM) calcite
crust, which is precipitated during reproduction [Bé, 1980;
Lohmann, 1995; Schiebel et al., 1997]. Such a layer of
GAM calcite can add about 30% in weight to the primary
calcite of a test, as shown for G. sacculifer [Bé, 1980]. The
reproduction of the analyzed species typically takes place
near the thermocline (~60—100 m [Schiebel and Hemleben,
2005]) where the Cd concentrations are somewhat higher
than in shallow surface waters [e.g., Boyle et al., 1976; De
La Rocha, 2003; Saager et al., 1992]. A GAM calcite crust
or any other secondary calcite that forms at subsurface
waters is therefore likely to be enriched in Cd relative to
the primary calcite, based on the (reasonable) assumption
that both types of calcite feature similar distribution
coefficients for the incorporation of Cd.

[57] The shells from surface sediments analyzed in this
study are assumed to bear both primary and GAM calcite
phases, as the majority of tests are from adult (i.e., large tests
sizes [Hemleben et al., 1989, Bijma et al., 1990]) specimens
that likely underwent reproduction. The presence of GAM
calcite crusts on tests of live foraminifers can also be assumed
for adult (large) specimens. For G. bulloides, the reproduc-
tion rate of specimens with tests larger 150 um is nearly
100% [Schiebel et al., 1997], whereas for G. sacculifer the
reproduction rate increases exponentially between a test size
of ~300-400 pm and is about 80 to 100% for tests as large as
about 500 pm [Bijma and Hemleben, 1994].

[s8] Taking into account the test size of the analyzed
live specimens, we can hence assume that the majority of
G. bulloides specimens from sample 6b and most
G. sacculifer specimens from samples 1s, 7s (test size
>315 pm and >500 pm, respectively) underwent reproduc-
tion. In addition, spines were not observed on most of these
large G. bulloides and G. sacculifer tests. This supports the
conclusion that the majority of the in situ specimens
underwent gametogenesis, as spines are generally resorbed
during reproduction [Bé, 1980; Hemleben et al., 1989].
Although these live collected G. bulloides and G. sacculifer
tests are therefore likely to bear GAM crusts the Cd/Ca
ratios of these samples are nonetheless about a factor of 3—5
lower compared to sedimentary tests (Figure 4). The same
offset in Cd/Ca was observed for the live G. sacculifer
tests of sample 4s/1 (Figure 4), but these shells are smaller
(>250 pm) and some (but not all) of the specimens were
observed to bear spines. This indicates that this sample is
composed of tests both with and without GAM calcite [cf.
Bijma and Hemleben, 1994].

[59] Taken together, our data thus indicate that the for-
mation of GAM calcite crusts does not account for the
observed offsets in Cd/Ca between the analyzed sedimen-
tary and live G. bulloides and G. sacculifer tests. A more
general conclusion should not be drawn from these data,
however, given that the formation of GAM calcite and
other secondary calcite crusts is species-specific. The
G. sacculifer results must furthermore be viewed with
caution, as the Cd/Ca ratios of these samples were not
observed to correlate with seawater phosphate (Figure 2).
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[60] 2. The two sets of samples cover different time periods.
Planktonic foraminifers from surface sediments represent
sedimentation over time periods of several hundred to
thousands of years [Barker et al., 2007; Manighetti et al.,
1995], and the Cd/Ca ratios of such samples thus integrate over
long-term changes in Holocene climate, hydrography and
the trophic state of surface waters. This includes periods of
enhanced monsoon activity as well as variable seawater nutrient
concentrations [Burns et al., 2002; Mayewski et al., 2004].

[61] 3. Foraminiferal shells that were calcified during
seasons of enhanced planktonic bioproductivity are
expected to dominate in surface sediments. In the Arabian
Sea, G. ruber and G. sacculifer are most abundant during
the late SWM and during late NEM to spring IMS,
respectively [Schiebel, 2002; Schiebel et al., 2004]. In the
North Atlantic G. bulloides is most frequent during the
spring [Schiebel and Hemleben, 2000; Schiebel et al.,
2001]. In all three cases, the maximum abundances of the
foraminifers occur at times of enhanced nutrient, and by
inference Cd, concentrations [Garcia et al., 2006] that are
characterized by enhanced phytoplankton production and
associated with mass sinking events [De La Rocha, 2003;
Fowler and Knauer, 1986; Schiebel, 2002].

[62] Most of the analyzed live collected samples, howev-
er, did not calcify during seasonal peaks of seawater
phosphate and Cd contents and hence, they do not reflect
the conditions that prevail during periods of mass produc-
tion. In particular, this is true for (1) the tests of live
G. sacculifer (sample 1s) that were collected in August in
the Arabian Sea (Table 3) and (2) the tests of live
G. bulloides from the North Atlantic (sample 6b), which
calcified in late September when the seawater phosphate
concentrations are lower than during peak production in
spring [Garcia et al., 2006]. In addition, we observed that
the live G. ruber tests of sample 1r, which were collected in
the Arabian Sea in August (Table 1) and that calcified during
the fully developed SWM in July (Table 3), display the
smallest offset to the sedimentary Cd/Ca value (Figure 4).
The small offset may reflect that this single sample did not
fully capture the maximum nutrient levels that prevailed
during the maximum abundance of G. ruber from July to
September (Table 3).

[63] In contrast, the proposed mechanism is not in accord
with the observation that the live G. sacculifer samples 4s/1
and 7s were both obtained during times of enhanced
productivity (March and May, Table 3) but display the same
offset to the sedimentary Cd/Ca ratio (Figure 4) as the
G. sacculifer sample 1s, which is from a less productive
season (Table 3). It is possible, however, that this discrep-
ancy is due to the nonsystematic behavior of G. sacculifer,
which forms tests that do not display a correlation of Cd/Ca
ratio with the seawater phosphate content (Figure 2).

[64] In summary, this suggests that the dominance of tests
from time periods with high nutrient levels in the sedimen-
tary record may account for some but not for all of the
observed discrepancy in Cd/Ca ratios between live speci-
mens and tests from sediment core tops. This discrepancy is
most likely caused by a combination the mechanisms that
were discussed above.
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6.3.2. Comparison of Cd/Ca Ratios Obtained for
Settling Shells and Surface Sediments

[65] The large difference in Cd/Ca between settling shells
and tests from surface sediments (Figure 4) indicates that
sedimentary shells are less affected by the dissolution
processes, which are thought to reduce the Cd/Ca ratios of
slowly settling individual tests (see section 6.2). The depo-
sition of surface sediments is dominated by mass sinking
events following maximum phytoplankton productivity
[Schiebel, 2002]. Such mass sinking events are accompa-
nied by high sinking velocities and a substantial fraction of
the phytoplankton therefore reaches the ocean floor as
relatively well preserved particles [Fowler and Knauer,
1986; Schiebel, 2002].

[66] The analyzed empty foraminiferal tests (of
category C) were not collected during such mass sinking
events, however. In general, mass dumps of plankton have
only rarely been sampled with net hauls, because of their
unpredictable and short-lived occurrence [Schiebel, 2002].
It is therefore reasonable to assume that the settling tests of
this study were exposed to dissolution for a longer time,
because of the much slower sinking velocities of single
shells.

7. Summary and Conclusions

[67] In order to further the basic understanding of the
Cd/Ca proxy and its application to planktonic foraminifers, we
have determined Cd/Ca ratios for tests of G. ruber,
G. sacculifer and G. bulloides from both plankton net tows
and sedimentary core tops that were taken at the same location.

[68] Live (cytoplasm bearing) specimens of G. ruber,
which were sampled in the Arabian Sea during different
monsoon seasons, bear significantly different Cd/Ca ratios
that appear to reflect seasonal changes in seawater phosphate
concentrations. Such a correlation of Cd/Ca and seawater
phosphate content is not observed for G. sacculifer. This
indicates that vital effects or different ecological niches may
be responsible for the different Cd/Ca systematics of G. ruber
and G. sacculifer.

[69] The Cd/Ca data obtained for G. ruber reveal differ-
ences between live specimens and empty tests that were
sampled from subsurface waters. The latter exhibit Cd/Ca
values that are about 50 to 80% lower compared to shells
sampled from their live habitat. This suggests that Cd is not
homogenously distributed in foraminiferal shells and that
the tests are partially dissolved while settling through the
water column, with the dissolved part of the lamellar
shells bearing Cd/Ca ratios about 25 times higher (on
average 0.1 umol/mol) than the undissolved part (on average
0.004 pmol/mol).

[70] The observation that live specimens of G. ruber,
G. sacculifer and G. bulloides have significantly lower
Cd/Ca ratios than tests from surface sediments is unlikely
to be due to postdepositional alteration of the shells, for
example by Cd-enriched pore waters. This conclusion is
supported by the observation that fossil tests of different
species, G. bulloides, G. truncatulinoides, and O. universa,
from the same sediment core top show distinct differences
in Cd/Ca that mirror the specific ecological demands of

13 of 16



PA3209

these species. Such differences are not expected to be
discernible if modification of the Cd/Ca ratios by secondary
alteration would be an important process. A combination
of different factors can, however, account for the distinct
Cd/Ca systematics of sedimentary and live collected fora-
miniferal tests. (1) Samples from the water column and
surface sediments may contain variable amounts of plank-
tonic foraminifers that underwent reproduction and precip-
itated a gametogenic calcite crust within subsurface waters
with elevated Cd concentrations. (2) Surface sediment
samples integrate over longer time periods and the fora-
minifers may thus record long-term changes in Holocene
climate and monsoon strength. (3) The majority of forami-
niferal tests deposited in surface sediments were calcified
during periods of high productivity and seawater nutrient
concentrations [Fowler and Knauer, 1986], while most of
the live collected samples are not representative of such
times of maximum productivity. According to Schiebel
[2002], about 97% of foraminiferal tests in surface sedi-
ments are produced during highly productive seasons.

[71] The large difference in Cd/Ca that is evident for
sedimentary and settling shells of G. ruber indicates that the
former are significantly less affected by the dissolution
processes, which take place during settling of the shells
through the water column. This distinct behavior is most
readily explained by the different sinking velocities of the
tests. The deposition of surface sediments takes place
mainly during mass sinking events that follow phytoplank-
ton blooms and they are associated with high sinking
velocities. Dissolution is furthermore less pronounced for
rapidly settling tests than for the individual slowly sinking
tests that were analyzed as in situ samples in the present
study [cf. Schiebel, 2002].

[72] Overall, the present investigation has enabled us to
identify clear differences in foraminiferal Cd/Ca ratios for
tests of live and deceased specimens, as well as surface
sediments. The identification of the exact mechanisms
responsible for these variations remains speculative at
present and additional studies are needed to firmly establish
the observed trends and their causes. Further progress is
expected by increasing the sampling density of live collected
foraminifers during the species-specific blooms. Analyses
of empty tests from mass sinking events, as well as inves-
tigations of gametogenic calcification in laboratory-culturing
experiments are also expected to yield new insights.
Distinct chamber and chamber wall layer Cd contents may
be resolvable with laser-ablation ICP-MS or ion probe
analyses of individual shells, as has been demonstrated for
other foraminiferal trace elements, such as Mg, Li, Mn, Ba,
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