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A new, highly sensitive technique for the precise and accurate determination of Cd/Ca ratios in

foraminiferal shells is presented and validated. The excellent accuracy and precision of the

method reflects the application of an isotope dilution (ID) protocol for both Cd and Ca, and

isotopic analysis by multiple collector inductively coupled plasma mass spectrometry. The

determination of the Cd abundances involves simultaneous measurements of 110Cd and 111Cd

with a dual ion counting system, whereas the ID analyses for the major element Ca were carried

out by multiple collection with Faraday cups. The performance of the method was verified by

analyzing multiple samples of the planktonic foraminifer Orbulina universa that were handpicked

from a sediment core taken in the North Atlantic. Analyses of unspiked samples that consumed

as little as B200 ng Ca, indicate that the Ca ID measurements are accurate to about �0.2%
(all errors are 1 RSD). For the Cd ID analyses, the accuracy and precision is about �1.3% and

�3% for measurements that consumed 3–12 pg and 0.5–1.5 pg of Cd, respectively. Repeated

analyses of spiked O. universa tests yielded a reproducibility of �0.7% for the Cd/Ca ratio, based

on measurements that each consumed about 5 pg and 700 ng of natural Cd and Ca, respectively.

The method is characterized by a total procedural Cd blank of 112 � 44 fg (1 s.d.), which results

in a detection limit of 131 fg (3 s.d.). This demonstrates that the new technique is superior to

published methods for the determination of foraminiferal Cd/Ca ratios, particularly with regard

to the acquisition of precise data for samples of limited size.

Introduction

The trace element composition of calcite foraminiferal shells

has become an important tool to reconstruct past oceanic

conditions. This is based on the observation that trace ele-

ments are incorporated directly from seawater into foramini-

feral tests, and therefore reflect the seawater conditions present

during shell precipitation. Foraminiferal Cd has attracted

particular attention over the past 25 years. This interest is

based on the nutrient-type distribution of Cd in the oceans,

which resembles that of the major nutrient phosphorus.1,2

Hence, foraminiferal Cd/Ca ratios have been used in

numerous paleoceanographic studies to assess past nutrient

utilization.

In the last decades, studies of Cd/Ca ratios of foraminifers

have focused mainly on the analysis of benthic species,

primarily for methodical reasons. The advantage of using

benthic species is that they have larger shells with a higher

Cd content (up to 0.25 mmol per mol Ca) than the tests of

planktonic foraminifers,3,4 and therefore the number of speci-

mens needed for analysis is smaller. Because of improved

analytical techniques (e.g., sector field inductively coupled

plasma mass spectrometry)5,6 more recent studies have

extended the application of Cd/Ca to planktonic foraminifers.

Such measurements are of particular interest, because the Cd

in planktonic foraminifera is believed to be a proxy for surface

water phosphate utilization, which in turn is linked to

productivity.7,8

The precise determination of Cd/Ca ratios in planktonic

foraminifers is a challenging task, however, because Cd abun-

dances can be as low as 0.002 mmol per mol Ca.4 This becomes

critical, especially in cases where sample material is limited, for

example for in-situ collected planktonic foraminifers.

Such measurements are of particular interest because they

can address concerns regarding the reliability of the

Cd/Ca proxy.9,10

Therefore, the general goal of this study was to develop

techniques, which are routinely able to provide Cd/Ca ratios

for foraminiferal tests with a precision and accuracy of better

than 5%, even for samples with as little as 1–5 pg of Cd. This

goal was achieved by the application of the isotope dilution

technique in conjunction with a multiple collector inductively

coupled plasma mass spectrometer (MC-ICPMS) that was

equipped with a multiple ion counting system. This instru-

mental setup is ideally suited for precise isotope dilution

measurements of trace elemental quantities, because it pro-

vides superior sensitivity and more efficient sample utilization

during the analyses compared to quadrupole inductively

coupled plasma mass spectrometry (Q-ICPMS) and single

collector magnetic-sector ICP mass spectrometry.
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Laboratory methods and reagents

Laboratory methods

All blank-critical laboratory work was carried out in Class 10

laminar flow workbenches within a Class 10 000 clean room

facility. Hydrazine and its solutions were only handled in

conventional exhaust hoods, however, due to the toxicity of

this reagent.11 The mineral acids were purified once by sub-

boiling distillation in quartz stills (6 M HCl, 14 M HNO3) and

the water was 18 MO-grade from a Millipore purification

system. All reagents used for foraminiferal cleaning were of

ultra pure quality. The reductive and oxidative cleaning solu-

tions were freshly prepared on the day of use.12

Standard solutions

Cd isotope standard. A gravimetric ‘‘JMC Cd Zürich’’ solu-

tion13 with a concentration of 1224.01 mg g�1 was prepared

from 99.999% pure Cd metal pellets (Alfa Aesar Puratronic

grade) that had been leached with 0.1 M HNO3 and cleaned

with water and ethanol to remove oxide coatings, prior to

dissolution in 2 M HNO3 (Table 1). Further dilutions of this

primary solution were used for the calibration of Cd tracer

solutions and as Cd isotope standards for MC-ICPMS analyses.

Ca isotope standard. A gravimetric Ca solution (288.73

mg g�1) was prepared from NIST SRM 915a Ca, which is a

99.97% pure CaCO3 powder purchased from the National

Institute of Standards & Technology (Table 2). Prior to

dissolution in 2 M HNO3, the Ca powder had been dried in

an oven at 70 1C for four hours and then stored in a desiccator

to remove chemically bound water. The calibration of the Ca

tracer and further MC-ICPMS analyses utilized solutions that

were prepared from this primary stock solution.

Spike solutions

110Cd spike preparation. About 50 mg of 110Cd-enriched

metal (95.6% purity, Isoflex Corp., USA) was dissolved in

200 ml of 2 M HNO3 and the isotope composition and

concentration of this solution (hereafter referred to as 110Cd-

Spike-A) were determined by mass spectrometry. These results

were used to plan the preparation of a more dilute 110Cd-

Spike-B solution, which was made up from a suitable volume

(B60 ml) of 110Cd-Spike-A that was weighed, dried, and

redissolved in B1000 ml of 2 M HNO3. Repeated analyses

were conducted on four separate days to define the Cd isotope

composition of the 110Cd-Spike-B (Table 1) relative to the

natural reference ratio of 110Cd/114Cd = 0.438564.14 These

analyses used external normalization to added Ag with the

exponential law for mass bias correction.13 The Cd concentra-

tion of the 110Cd-Spike-B was determined by reverse isotope

dilution using the gravimetric JMC Cd Zürich solution that

was prepared in our laboratory. This solution is ideally suited

for the calibration because its Cd concentration is known to

within about �0.02%. Repeated analyses of four separate

spike–standard mixtures yielded a Cd concentration of

13.189 � 0.026 ng g�1 (2 s.d.) for the tracer.

Finally, a very dilute 110Cd-Spike-C solution was prepared

for the spiking of small samples of foraminiferal tests. To this

end, B10 ml of the 110Cd-Spike-B was weighed and diluted

with 2MHNO3 to obtain one litre of tracer solution with a Cd

concentration of 153.90 pg g�1.

43Ca spike preparation. About 6 mg of CaCO3, isotopically

enriched in 43Ca (49.5% purity, Isoflex Corp., USA) was

dissolved in 150 ml of 2 M HNO3. The isotopic composition

and concentration of this solution (hereafter referred to as
43Ca-Spike-A) were then roughly determined by MC-ICPMS.

Further dilution of this concentrated stock solution served to

produce 43Ca-Spike-B. The Ca isotope composition of this

solution (Table 2) was determined by repeated analyses on 3

separate days, relative to the natural reference ratio of
42Ca/44Ca = 0.31221.15 The spike analyses used an optimised

fractionation factor that was based on the mean of instru-

mental mass fractionation factors determined for multiple

analyses of a NIST SRM 915a Ca solution conducted on the

same day. A Ca concentration of 0.6582 ng g�1 � 0.0021

(2 s.d.) was determined by reverse isotope dilution for

Table 1 Average Cd isotope compositions determined for the JMC Cd Zürich standard and the 110Cd-Spike-B. The uncertainties given in the
parentheses denote 2 standard deviations (and refer to the last significant digits). n = number of measurements

Solution n 110Cd/111Cd 112Cd/111Cd 113Cd/111Cd 114Cd/111Cd

JMC Cd Züricha 56 0.977047 (122) 1.878769 (126) 0.950117 (69) 2.22783 (278)

110Cd-Spike-Bb 4 72.7346 (3860) 1.14095 (396) 0.432102 (2712) 0.915444 (6861)

a The isotope data for the JMC Cd Zürich standard were obtained over a period of 11 months by internal normalization relative to 110Cd/114Cd =

0.438564 (ref. 13) with the exponential law. b The isotopic data for the spike were obtained on four separate measurement days by external

normalization to admixed Ag, relative to a value of 110Cd/114Cd = 0.438564 for natural Cd.

Table 2 Average Ca isotope compositions determined for the NIST
SRM 915a Ca standard and the 43Ca-Spike-B. The uncertainties given
in the parentheses denote 2 standard deviations (and refer to the last
significant digits). n = number of measurements

Solution n 42Ca/44Ca 43Ca/44Ca

NIST SRM 915a Caa 88 0.312210 0.064800 (63)

43Ca-Spike-Bb 11 0.062563 (3228) 4.69550 (1549)

a The isotopic data for the NIST SRM 915a Ca standard were

obtained over a period of 4 months by internal normalization to
42Ca/44Ca= 0.312210 (ref. 15) with the exponential law. b The isotope

data for the 43Ca-Spike-B were acquired over a period of 2 months.

The spike was measured relative to NIST SRM 915a Ca using an

empirically optimized fractionation factor (see section Spike

solutions).
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43Ca-Spike-B, based on replicate analyses of 4 individual

spike–standard mixtures.

Samples and sample handling

Samples

Planktonic foraminifers of the species Orbulina universa were

used throughout this study for method validation. The speci-

mens were picked from the 4500 mm size fraction of homo-

genized sediment material from the Azores Front core KL 88

(34.781 N and 27.661 W, 2060 m water depth).16

A number of analyses were carried out on unspiked for-

aminiferal tests. In this case, sample size ranged from a

maximum of about 15 specimens (equivalent to an initial

weight of B900 mg CaCO3) down to only 4 specimens

(equivalent to B240 mg CaCO3). In addition, we performed

analyses of 1 and 2 specimens (equivalent to B60–120 mg
CaCO3), that were first leached and dissolved according to the

standard sample preparation protocol (see below), and then

split into 2 or 3 approximately equal aliquots.

The analyses of spiked foraminiferal shells utilized a large

homogenized sample of 46 O. universa tests. The tests were

first leached and dissolved according to the standard sample

preparation protocol (see below) and the solution was split

into 4 approximately equal fractions. These fractions were

then spiked and further processed and analyzed as four

individual samples.

Cleaning of foraminiferal tests

Following picking, the foraminiferal tests were crushed with a

Teflon needle, homogenized, and transferred to pre-

cleaned 1.5 ml centrifuge vials using a moistened brush. A

cleaning procedure modified after Boyle and Keigwin,17

Boyle and Rosenthal,18 Martin and Lea,12 and Weldeab

et al.19 was then applied (Table 3). The minor modifications

pertain to the volumes of cleaning solution that were used

(which were adapted to the sample size) and the exact duration

of the ultrasonication periods. It is possible, albeit unlikely,

that the applied procedure will slightly alter the Cd/Ca

ratios of the residual carbonate material.12,19 Any small

alterations will not be problematic, however, as most labora-

tories now apply very similar leaching techniques. This ensures

that the Cd/Ca data from various sources are comparable,

even if the absolute ratios are slightly offset from the native

values. Rigorously cleaned tests that are completely free of

potentially contaminating phases (such as adhering detrital

particles, Fe–Mn oxyhydroxide coatings or residues of organic

tissue) are furthermore essential for paleoceanographic

studies, which utilize the foraminiferal Cd/Ca ratios as a proxy

of seawater nutrient utilization. Without such cleaning, resi-

dual contaminants can readily obscure the native Cd/Ca signal

of the foraminiferal calcite and produce serious analytical

artefacts and erroneous interpretations (e.g., ref. 20 and 21).

In a first step (Table 3), clays and fine-grained carbonates

were removed by rinsing the shell fragments with distilled

water and methanol. Each rinse included 30 s of ultra-

sonication before the supernatant was siphoned off. The

shell fragments were then treated with a reductive cleaning

solution containing 1 M buffered hydrazine to remove

Mn-rich coatings. Following addition of this solution, the

samples were placed in a warm (50 1C) water bath for

30 min and ultrasonicated and flipped briefly every 5 min.

Organic material, as well as any surface organics,

were removed with an oxidative cleaning solution that was

made up from 50 ml H2O2 (25%) and 5 ml NaOH (0.1 M). The

treatment consisted of two oxidative cleaning steps, each

including the addition of 250 ml cleaning solution, heating of

the samples in a warm (50 1C) water bath for 10 min, as well as

ultrasonication and a brief flipping of the centrifuge vials.

Table 3 Procedure used for the cleaning of foraminiferal tests

Initial rinse 3 rinses with distilled water (500 ml), ultrasonicate for 30 s each time and pipette off supernatant
3 rinses with methanol (500 ml), ultrasonicate for 30 s each time and pipette off supernatant
2 rinses with distilled water (500 ml), ultrasonicate for 30 s each time and pipette off supernatant

Reductive
treatment

Reductive cleaning solution (’’RCS’’): 93.75 ml of 98.5% anhydrous hydrazine added to a mixture of 1.25 ml, 0.25 M citric acid
monohydrate and 1.5 ml, 25% aqueous ammonium (freshly prepared on the day of use)
Add 100 ml RCS, place samples in subboiling water bath (B50 1C) for 30 min, flip and briefly ultrasonicate every 5 min for 30 s
and open caps
Pipette off RCS
3 rinses with distilled water where vial and cap are filled completely, pipette off supernatant
2 rinses with distilled water (500 ml), ultrasonicate for 30 s each time and pipette off supernatant

Oxidative
treatment

Oxidative cleaning solution (’’OCS’’): 50 ml of 25% H2O2 to 5 ml, 0.1 M NaOH solution (freshly prepared on the day of use)
Carry out twice: add 250 ml OCS and heat for 10 min, flip and ultrasonicate twice for 30 s and pipette off supernatant
3 rinses with distilled water where vial and cap are filled completely, pipette off supernatant
2 rinses with distilled water (500 ml), ultrasonicate for 30 s each time and pipette off supernatant

Sample transfer Carry out 3 times: add 100 ml distilled water and immediately transfer suspension to a new vial
Pipette off excess water from sample in new vial

Weak acid leach Add 250 ml of 0.001 M HNO3, ultrasonicate for 30 s and pipette off supernatant
2 rinses with distilled water (500 ml), ultrasonicate for 30 s each time, and pipette off supernatant
Carefully remove any remaining water

Dissolution Dissolve test fragments in 500 ml of 0.075 M HNO3

Ultrasonicate as long as CO2 production increases
Centrifuge for 5 min at 10 000 g and remove residual particles
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Multiple water rinses were employed after the reductive and

oxidative treatment to remove any suspended impurities and

remaining reagents. After transferring the shell fragments to a

fresh vial, any remaining organic material and contaminants

adsorbed to the shell surfaces were removed by leaching the

tests briefly with 0.001 M HNO3. In a final step, the shell

fragments were rinsed with distilled water and dissolved in

500 ml of 0.075 M HNO3.

The leaching procedure was typically associated with about

50% of the sample material being lost during cleaning, which

is similar to the loss reported in a previous study of benthic

foraminifers.22 This is most likely due to partial dissolution of

shell fragments during the reductive treatment and weak acid

leach, as well as the loss of small shell particles during solution

transfers.

Spiking of samples

The sample solutions in 0.075 M HNO3 were transferred to

2.5 ml Savillex beakers and split in two parts, whereby the

minor aliquot (5%) was spiked with 43Ca-Spike-B and the

major aliquot (95%) with 110Cd-Spike-C. To this end, a

suitable mass of the 43Ca tracer (B350 mg) was weighed into

an empty Savillex beaker and 25 ml of the sample solution was

added. The remaining 475 ml of solution was then spiked with

a suitable volume (B80 mg) of the 110Cd tracer. The spiked

samples were then left on a hot plate to equilibrate for one day

prior to evaporation to dryness.

The Ca aliquot did not require further processing and the

residue was simply redissolved in B30 ml of 14 M HNO3 for

storage. Just prior to use, the Ca fraction was evaporated to

near complete dryness and redissolved in an appropriate

volume of 0.1 M HNO3 to obtain a solution suitable for mass

spectrometric analysis. The Cd aliquot was dried with a few

drops of 10 M HCl to convert the residue into the chloride

form, dried again with one drop 1 MHCl, and finally taken up

in 50 ml of 1 M HCl for column chemistry.

Column chemistry

An ion-exchange chromatography procedure, modified after

Rickaby et al.3 was used to isolate Cd from the major element

Ca as well as from minor matrix elements, such as Na, K, Mg,

Sr, and others. Biorad AG 50W-X8, 200–400 mesh cation-

exchange resin was used in Teflon columns, with 250 ml resin
beds and 3.5 ml sample reservoir volumes (Table 4). Following

loading of the sample solutions, Cd was eluted from the resin

with 1 M HCl. The Cd eluates were then evaporated to

dryness, dried again with one drop of 14 M HNO3 to remove

any residual chloride and finally taken up in B30 ml of 14 M

HNO3 for storage. Just prior to use, the solutions were

evaporated to near complete dryness and dissolved in an

appropriate volume of 0.1 M HNO3 to obtain the desired

Cd concentration for mass spectrometric analysis. This separa-

tion method typically achieved yields of 490% for Cd.

Mass spectrometry

All mass spectrometric analyses were carried out with Nu

Plasma MC-ICPMS instruments at the ETH Zürich. The

isotope dilution (ID) concentration measurements were per-

formed using a multiple ion counting system for Cd and

multiple Faraday collectors equipped with 1011 O resistors

for Ca. All analyses employed a CETAC MCN 6000 de-

solvator for sample introduction, in conjunction with T1H

nebulizers (CETAC) that operated at flow rates of about

100–120 ml min�1.

Cd concentration measurements. The Cd ID measurements

utilized 2 data acquisition cycles (Table 5). In the first cycle,

the 105Pd ion beam was monitored to correct for the isobaric

interference from 110Pd. The second cycle served to simulta-

neously determine the ion currents of 110Cd and 111Cd. Data

collection for both cycles comprised 20 integrations of 5 s

each. Each Cd analysis was preceded by an on-peak zero

determination. This involved an ion beam intensity measure-

ment with the data acquisition routine described above, whilst

0.1 M HNO3 was aspirated. The Cd analyses were followed by

a thorough (5–10 min) washout, whereby the sample intro-

duction system was flushed first with 1 MHNO3 and then with

0.1 M HNO3.

Several measurements of a JMC Cd Zürich standard solu-

tion were conducted at the beginning of each analytical

session, to confirm that the instrument was performing prop-

erly. In addition, a mixed Cd–Pd standard solution, which

yielded a 110Pd/110Cd ratio of about 0.05 was analyzed, to

optimise the parameters of the Pd interference correction (see

section Data processing).

A Cd ID analysis with 40 data acquisition cycles required

about 4 min, during which about 400–500 ml of sample

solution were consumed. The analyses of spiked samples

utilized solutions with total Cd concentrations of B16 pg

ml�1 (ppt), and thus they consumed about 5 pg of foraminif-

eral Cd. Such solutions generally yielded ion beam intensities

of about 56 � 103 and 13 � 103 cps for 110Cd and 111Cd,

respectively.

Ca concentration measurements. The Ca ID analyses were

modified from techniques established for high-precision Ca

isotope composition measurements by MC-ICPMS.23 The

acquisition of the Ca ID data (’’main run’’) comprised 20

integrations of 5 s each, whereby the ion beam intensities of
42Ca, 43Ca, and 44Ca were measured simultaneously with the

Faraday cups of the instrument (Table 5). Additionally,
87Sr2+ was monitored at 43.5 u to enable interference correc-

tions for the doubly charged ions 84Sr2+, 86Sr2+ and 88Sr2+,

which have nearly the same mass/charge ratios as 42Ca+,
43Ca+ and 44Ca+, respectively.

For each sample, the main run was immediately followed by

a second measurement (‘‘Mn run’’) that comprised two data

Table 4 Column chemistry procedure for the separation of Cd from
the calcite matrix

Bio Rad AG 50W-X8 resin, 200–400 mesh, 250 ml resin in shrink-fit
Teflon columns

14 ml, 6 M HCl Resin cleaning
1 ml, 1 M HCl Equilibration
50 ml sample solution in
1 M HCl

Sample loading and Cd
collection

150 ml, 1 M HCl Cd collection
150 ml, 1 M HCl Cd collection
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acquisition cycles for the determination of Mn/Ca ratios (see

section on Mn/Ca ratios below). The first cycle served to

measure the ion current of 55Mn, whereas the second cycle

was used to monitor the ion beam intensities at positions

corresponding to 42 u, 43 u, 43.5 u, and 44 u (Table 5). The

data acquisition sequence comprised 4 integrations of 15 s

each for both cycles.

Prior to each main run, on-peak zeros were measured at

mass positions 42 u, 43 u, 43.5 u, 44 u and 55 u, whilst 0.1 M

HNO3 was aspirated (’’acid run’’). These on-peak zero mea-

surements were necessary to correct for baseline aberrations

from scattered 40Ar+ and 40Ca+ ions. Electronic baselines

were furthermore determined for 15 s at the beginning of each

measurement (main run, Mn run, acid run), whilst the ion

beam was deflected in the electrostatic analyzer. Each Mn run

was followed by a thorough (B10 min) washout, whereby the

sample introduction system was flushed first with 1 M HNO3

and then with 0.1 M HNO3.

A complete analysis (including Ca main run and Mn run)

required about 6.5 min, during which B650 ml of sample

solution were aspirated, whilst a Ca measurement alone

needed only 3 min and B300 ml of solution. The foraminiferal

samples were generally analyzed as solutions with total Ca

concentrations of about 1–3 mg ml�1 (ppm). Calcium solutions

with concentrations of B2 ppm generally yielded total ion

beam intensities of about 300 � 10�11 A.

Data processing

Cd isotope dilution data. The raw uncorrected Cd intensity

data were processed by an off-line data reduction scheme.

First, the measured on-peak zero values were subtracted from

the ion beam intensities of 105Pd, 110Cd and 111Cd. This yielded

background-corrected 110Cd/111Cd ratios that were then ad-

justed to account for the isobaric interference from 110Pd.

The correction involved the use of the 105Pd intensities to

calculate 110Pd/111Cd ratios, which were corrected for

mass discrimination with a power law technique24 and an

empirically optimised mass fractionation factor of B1.5% per

amu mass difference.

A gain correction factor was then applied to all 110Cd/111Cd

data. This factor was based on the mean 110Cd/111Cd ratio

obtained for analyses of the JMC Cd Zürich solution during

each measurement session, relative to the reference value of
110Cd/111Cd = 0.977047 (Table 1). In a last step, the mass

fractionation factor of the Pd interference correction was opti-

mised, such that the Pd-doped Cd standard yielded gain-cor-

rected 110Cd/111Cd data that were indistinguishable from those

obtained for the essentially Pd-free JMC Cd Zürich standard.

As long as the 110Pd/110Cd ratios obtained for samples are

smaller than those of the Pd-doped Cd standards, it can be

assumed that the 110Cd/111Cd ratios were properly corrected

for contributions from 110Pd. This was the case for all spiked

foraminiferal samples, as they yielded 110Pd/110Cd ratios that

were approximately three times lower (at B0.015) compared

to the Pd-doped Cd standards (B0.04–0.05).

Ca isotope dilution data. The raw Ca isotope data from the

mass spectrometric analyses were also processed with an off-

line data reduction scheme. This involved the following steps:

(1) subtraction of the electronic baselines from the raw ion

beam intensities determined during the acid run and the main

run; (2) subtraction of the on-peak zero values obtained

during the acid run from the Ca ion beam intensities deter-

mined in the main run; (3) this set of raw intensity data was

used to obtain Ca isotope ratios for standards that were

corrected for interferences from doubly charged ions

(84Sr2+, 86Sr2+ and 88Sr2+) and (4) instrumental mass frac-

tionation. For standards, the latter utilized an exponential law

normalization relative to 42Ca/44Ca = 0.312210 (Table 2). An

optimised fractionation factor was used for the instrumental

mass bias correction of samples. This factor corresponds to the

mean of the instrumental mass fractionation determined for

multiple analyses of a NIST SRM 915a Ca solution measured

on the same day.

Table 5 Collector configurations and major molecular interferences for the Cd and Ca isotope dilution analyses

Mass 42 43 43.5 44 55 105 110 111

Cd analyses
Cycle 1 IC1
Cycle 2 IC1 IC0

Ca–Mn analyses
Main run L4 L1 H1 H4
Mn run, cycle 1 Ax
Mn run cycle 2 L4 L1 H1 H4

Abundances of Cd, Ca and Mn isotopes and isobaric nuclides (in %)
Cd 12.49 12.80
Pd 22.33 11.72
Ca (and Mn) 0.647 0.135 2.086 (100)

Major molecular interferences for Ca, Pd and Cd
M40Ar+ 65Cu 70Zn 71Ga

70Ge
M16O+ 26Mg 27Al 28Si 89Y 94Zr 95Mo

94Mo
M14N+ 28Si 29Si 30Si 91Zr 96Zr 97Mo

96Mo
96Ru
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Calculation of Cd and Ca concentrations and Cd/Ca ratios.

The Cd and Ca concentrations were determined using a

spreadsheet-based ID calculation. For Ca, these calculations

were based on the 43Ca/44Ca ratio, and the 42Ca/44Ca ratio

was used to correct for minor offsets of the data from the

spike-sample mixing line by application of a secondary mass

fractionation correction. The Cd ID calculation utilized the
110Cd/111Cd isotope ratio and the data were corrected for the

contribution of the procedural blank (see section Procedural

blanks and detection limit).

The final Cd/Ca results are reported in units of mmol mol�1,

with a ‘‘total uncertainty’’ that was determined by propagating

the individual uncertainties:

total uncertainty ¼ R
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2B þ s2Cd þ s243Ca þ s242Ca

q
ð1Þ

where R is the Cd/Ca ratio of the spiked sample in mmol mol�1

and sB, sCd, s43Ca, and s42Ca denote the relative errors from

the uncertainty of the Cd blank correction, and from the

uncertainties of the Cd and Ca concentrations, based on the

within-run statistics of the measured 110Cd/111Cd, 43Ca/44Ca

and 42Ca/44Ca isotope ratios. The uncertainties of the weights,

isotope compositions and concentrations of the isotopically

enriched Cd and Ca tracer solutions can be neglected in this

error propagation because they generally have only a very

minor (1 to 10%) effect on the total uncertainty of the Cd/Ca

data obtained for samples.

Mn/Ca ratios. The Mn/Ca ratios of cleaned foraminifera

shells are determined on a routine basis in most Cd/Ca studies,

to detect samples with high residual Mn contents from

incomplete removal of ferromanganese oxyhydroxides (e.g.,

ref. 3, 20 and 25). In our study, the Mn/Ca ratios of the

samples were quantified relative to a calibration line defined by

three Ca standard solutions doped with different amounts of

Mn. The calculations utilized the measured and known
55Mn/44Ca ratios of the standards and the measured
55Mn/44Ca ratios of samples, following subtraction of spike-

derived 44Ca.

Generally, Mn/Ca values below 100 mmol mol�1 are con-

sidered indicative of sufficient removal of secondary Mn-oxide

overgrowth.20,25 In this study, Mn/Ca ratios of less than

8 mmol mol�1 were determined for all analysed foraminiferal

samples, and this demonstrates that our methods are suffi-

ciently effective in removing Mn-rich phases from the carbo-

nate shells.

Results

Procedural blanks and detection limit

Blank samples (that initially consisted only of distilled acid)

were routinely processed alongside real samples through the

complete procedure that was used to prepare foraminiferal

tests for analysis (including cleaning, spiking and column

chemistry). The blank samples were then analyzed by ID-

MC-ICPMS with the same (or very similar) techniques that

were applied for samples. Repeated measurements indicate

that the procedural Cd blank of the method was about 112 �
44 fg (1 s.d., n= 12) and all concentration data were corrected

for this contribution. For samples with 1 pg of Cd, a blank

correction of this magnitude generates an uncertainty of about

�4% (1 RSD) for the Cd concentration. The uncertainty of

the Cd blank furthermore yields a detection limit of 131 fg

(3 s.d.).

The Ca blank, which comprises 17 � 6 ng (1 s.d., n= 3) has

a negligible effect on the measured Ca contents because it

constitutes onlyB0.2% of the indigenous Ca present in spiked

sample solutions. The uncertainty of the blank provides a

method detection limit of 18 ng (3 s.d.) for Ca.

Analyses of standard solutions

Multiple analyses of Cd and Ca standard solutions were

carried out on each measurement session prior to the actual

ID analyses. The within-day reproducibility obtained for these

standard measurements provide an estimate of the precision

that can be achieved for sample measurements that are con-

ducted at similar conditions. Note that all quoted uncertainties

are 1 RSD, unless otherwise stated.

Results for JMC Cd Zürich standards. For solutions with Cd

concentrations of 30 to 70 ppt, the standard analyses yielded

within-day reproducibilities of about �0.1 to �0.3% for the
110Cd/111Cd ratio (Table 6). In this case, a single measurement

consumed about 11 to 30 pg of Cd. To evaluate the precision

for samples with extremely low Cd contents, we performed

analyses of standard solutions with Cd concentrations of

about 1 and 5 ppt. The within-day reproducibility for such

solutions was somewhat worse at about 1 and 0.4%, but these

measurements consumed only about 0.5 and 2 pg of Cd,

respectively (Table 6).

Results for NIST SRM 915a Ca standards. The majority of

the analyses utilized Ca solutions with concentrations of about

2 to 3 ppm, such that the measurements consumed about

600–900 ng Ca. These analyses yielded within-day reproduc-

ibilities of about 0.05 to 0.10% for 43Ca/44Ca. The precision of

the 42Ca/44Ca data was slightly worse at about 0.2 to 0.4%,

because the baseline is significantly noisier at mass 42.

Accuracy of isotopic data—analyses of unspiked foraminiferal

tests

The accuracy of the analytical technique was verified by

analyzing multiple samples of unspiked O. universa tests that

were individually processed in the laboratory. Such measure-

ments constitute a rigorous test for the accuracy of the method

Table 6 Within-day reproducibility of the 110Cd/111Cd ratio obtained
for multiple analyses of a JMC Cd Zürich standard solution at various
concentration levels

Concentration
(ppt) n

Range of
reproducibility
(RSD %)

Natural Cd
consumed per
analysis/pg

70 3 B0.12 � 0.08 B25–30
50 2 B0.21 � 0.05 B20
30 9 B0.25 � 0.07 B12
5 1 B0.4 B2
1 1 B1.0 B0.5

n = number of independent measurement sessions.
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because the isotopic analyses of such samples should yield the

(known) natural isotope ratios for 110Cd/111Cd, 43Ca/44Ca and
42Ca/44Ca, whereas any systematic deviation would indicate

the presence of analytical artefacts, for example from spectral

interferences.26

Results for cadmium. Cadmium isotope data (110Cd/111Cd)

were acquired for 12 unspiked samples of O. universa (Fig. 1).

Measurements that consumed about 3–12 pg Cd showed

deviations from the reference value (Table 1) of less than

1.3% and the 110Cd/111Cd ratios displayed a precision of

�0.5%. In addition, we also analyzed samples with only

B0.5 to 1.5 pg Cd and found that even such small amounts

can be analyzed with an accuracy of better than about �3%
(Fig. 1). Most of these low-Cd samples featured 110Cd/111Cd

ratios that were slightly higher than the reference value. This

indicates that the deviations are probably due to small residual

spectral interferences on the 110Cd ion beam. Further evidence

for this conclusion is provided by the observation that the low-

Cd samples required relatively large Pd corrections of 20–45%

(equivalent to 110Pd/110Cd ratios of 0.20–0.45), due to de-

creased Cd contents in relation to the approximately constant

levels of Pd present in the sample solutions. In contrast, Pd

corrections of only 1–8% were observed for the samples with

3–12 pg of Cd.

Analyses of real (spiked) samples will be less affected

by these problems. Such samples typically have 110Cd/111Cd

ratios of between 5 and 30, and the latter are significantly

larger than the natural value of 110Cd/111Cd E 1 due

to the addition of the 110Cd tracer (Table 1). Measurements

of sub-picogram quantities of Cd for real samples will thus

exhibit 110Cd ion beam intensities that are similar to those

which are obtained for unspiked samples with more than

B3 pg Cd.

Over a wide range of spike-sample ratios (110Cd/111Cd E
5–30), the error magnification factor27,28 of the Cd ID data

reduction is less than 2. This means that an uncertainty of

about�1% on the 110Cd/111Cd ratio translates into an error of

about �1–2% for the Cd concentration. This demonstrates

that the accuracy and precision of the analytical data for small

spiked samples, with r1 pg Cd, is governed primarily by the

uncertainty of the Cd blank correction.

Results for calcium. For Ca, we determined the 43Ca/44Ca

and 42Ca/44Ca ratios of 12 individually processed unspiked

samples of O. universa. The isotope data were obtained in

measurements that utilized sample solutions with Ca concen-

trations of 0.7 ppm and 3 ppm, such that the analyses

consumed about 200 ng and 900 ng of Ca, respectively.

The 43Ca/44Ca ratios obtained for 3 ppm Ca solutions

indicate a maximum deviation from the reference value

(Table 2) of less than 0.05% and the individual data are

characterized by a precision of �0.02% (Fig. 2). For analyses

of solutions with concentrations of 0.7 ppm Ca, the deviation

from the reference value was somewhat larger at about 0.12%,

but the RSD value was similar at �0.01% (Fig. 2). The

majority of the measured 42Ca/44Ca ratios showed deviations

of less than 0.5% from the reference value and the data

provided a RSD of �0.1%.

Over a wide range of spike–sample ratios (that yield
43Ca/44Ca E 0.2–2.4 for samples), errors of �0.1% and

�0.5% on 43Ca/44Ca and 42Ca/44Ca, respectively, yielded Ca

concentrations that are erroneous by about �0.2%. This

indicates that the Ca ID abundance data are also expected

to have an accuracy of about �0.2%.

Evaluation of molecular interferences

Repeated mass scans of sample solution aliquots were

performed to identify elements that were able to generate

diatomic oxide-, nitride- or argide-based molecular ions that

could interfere with the Ca and Cd ID measurements

Fig. 1
110Cd/111Cd ratios obtained for unspiked samples of

O. universa versus the amount of Cd consumed during analysis. The

results show that most measurements which utilized B3 to 12 pg Cd

yielded offsets of less than 0.7% from the reference value (solid line).

Deviations of up to 3% were only observed for analyses that con-

sumed less than 1 pg of Cd. The error bars denote the 1smean within-

run statistics of the isotopic measurements. The dashed lines denote a

1% deviation from the reference value 110Cd/111Cd = 0.977047

(Table 1).

Fig. 2
43Ca/44Ca ratios acquired for unspiked foraminiferal tests of

O. universa. The samples were treated and analysed using the standard

analytical protocol for Ca but without addition of the 43Ca tracer. The

results show that samples display deviations of less than 0.05% from

the reference value for analyses, which consumedB900 ng of Ca (filled

squares). Deviations of about 0.12% were observed for measurements

that consumed only about 200 ng Ca (open triangles). The error bars

denote the 1s mean within-run statistics of the isotope analyses.
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(Table 5). The mass scans focused on the mass ranges 23 to 45

u (for Ca) and 60 to 120 u (for Cd). These analyses revealed only

traces of Mg, Al, Si, Cu, Zn, Ge, Zr, Mo, and Ru. In a previous

study, Ripperger and Rehkämper13 evaluated the formation rates

of these diatomic ions for a wide range of elements at instru-

mental operating conditions that were nearly identical to those of

the present study. They found that the formation rates were

generally less than 4 � 10�3 for oxide ions (including the

refractory oxides YO+ and ZrO+), less than 3� 10�5 for nitrides

and other oxides, and less than 5 � 10�4 for argides. No data are

presently available forMg, Si, and Al but it is not unreasonable to

assume that the oxide, nitride, and argide formation rates of these

elements are also adequately described by the maximum values

determined for the suite of elements previously investigated by

Ripperger and Rehkämper.13

The severity of a molecular interference for a particular

analysis can be described by the interference ratio RI, which is

defined as:

RI ¼
Ixa
Iy

ð2Þ

where Ix refers to the ion beam intensity of an isotope that

forms a molecular interference, a is the formation rate of the

molecular ion, and Iy is the intensity of the corresponding Ca,

Cd, or Pd ion beam, which is affected by the interference. For

all analyzed foraminiferal samples, RI was found to be less

than 10�4 for Iy = 42Ca and110Cd, less than 10�5 for Iy =
43Ca, 44Ca and 111Cd and less than 10�2 for Iy =

105Pd. At this

level, the interferences are far too insignificant to alter the

measured Ca and Cd concentrations by more than 0.1%.

These results, and the previously discussed measurements of

unspiked O. universa shells, thus demonstrate that our sample

preparation techniques yield solutions, which enable essen-

tially interference-free (and hence accurate) ID concentration

analyses of foraminiferal Cd/Ca ratios.

Reproducibility of Cd/Ca ratios

The reproducibility of the method was evaluated by analyses

of four individually spiked aliquots of a single dissolution of

O. universa tests. The data that were acquired in these mea-

surements, which each utilized about 5 pg and 700 ng of

natural Cd and Ca, respectively, are summarized in Table 7.

The analyses yielded an average Cd/Ca ratio of 0.0271 mmol

mol�1 and a reproducibility of about �0.0002 mmol mol�1

(1 s.d.), which is equivalent to an uncertainty of �0.7%. This

result demonstrates that our method can provide Cd/Ca ratios

that have a precision of better than 1%, even for foraminiferal

samples with low Cd contents of less than 10 pg.

Discussion

Previously published methods for the determination of ele-

ment/Ca ratios by various ICPMS techniques and TIMS

(thermal ionization mass spectrometry) are summarized in

Table 8. Sector field and quadrupole ICPMS instruments have

rapid mass scanning capabilities and they are thus well suited

for the simultaneous determination of several element/Ca

ratios, including Li/Ca, Mg/Ca, Sr/Ca, Ba/Ca, Zn/Ca, Cd/

Ca, U/Ca and others (Table 8). Hence, they have become an

important and routine tool for paleoceanographic studies,

which utilize and interpret the element/Ca ratios of foraminif-

eral calcite, corals, and other carbonate samples. These tech-

niques typically achieve a precision of about 2% for Cd/Ca

when more than 15 to 20 pg of Cd are available for analysis

(Table 8).

Table 7 Reproducibility of Cd/Ca ratios obtained for multiple
analyses of O. universa tests from the sediment core KL 88

Sub-sample n
Cd/Ca in
mmol mol�1

Uncertainty/
mmol mol�1

1/1 1 0.0270 0.0003
1/2 1 0.0269 0.0003
1/3 1 0.0271 0.0003
1/4 1 0.0274 0.0003

Average 4 0.0271 � 0.0002 (RSD = 0.7%)

The average value was calculated as unweighted mean of n indepen-

dent measurements and the quoted uncertainty denotes 1 standard

deviation. The uncertainty of the individual results was calculated as

described in the section Calculation of Cd and Ca concentrations and

Cd/Ca ratios.

Table 8 Comparison of various methods used for the determination of Cd/Ca ratios

Methoda and metal/Ca ratios determined for: Cd/Ca in mmol mol�1 RSDb (%) Samplec Cd/pgd

This study ID-MC-ICPMS 0.027 0.7 Plankt. F. B5
Cd, Mn B0.005 B4 Cd, Ca Std B1

Marchitto6 SF-ICPMS
Li, Mg, Sr, Mn, Fe, Zn, Cd, U 0.096–0.26 1.4–2.7 ME-Std B13–72

Rosenthal et al.5 SF-ICPMS
Mg, Sr, Mn, Cd, U B0.14 1.7 ME-Std B16

Lea and Martin29 ID-Q-ICPMS
Sr, Ba, Cd B0.15 B2 ME-Std B4–30

Harding et al.31 Q-ICPMS
Mg, Sr, Mn, Zn, Cd, U B0.14 1.7 ME-Std B20

Yu et al.30 Q-ICPMS
Li, B, Mg, Sr, Al, Mn, Zn, Cd, U 0.01–0.07 4.8 ME-Std 1–4

0.07–0.24 2.4 4–15
Rickaby et al.3 ID-TIMS (Cd), AAS (Ca)

Cd B0.5–1 Cd, Ca Std B50

a AAS: atomic absorption spectrometry, ID: isotope dilution, MC: multiple collector, Q: quadrupole, SF: sector field. b Precision of the Cd/Ca

analyses. c Plankt. F.: planktonic foraminifers, ME-Std: multi-element standard. d Natural Cd consumed for an individual analysis.
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Both Lea and Martin29 and Yu et al.30 also carried out

Cd/Ca analyses with only B5 pg of Cd and quoted reproduc-

ibilities of about 2 to 5% for these measurements. In compar-

ison, our technique yields data that are precise to about 1% at

similar conditions (Tables 7 and 8). Our methods are slightly

less precise (but still superior to other techniques) when even

smaller amounts of Cd (B1 pg or less) are analyzed (Table 8)

because the reproducibility is then essentially limited by the

uncertainty of the blank correction, which is �44 fg (1 s.d.).

Our total procedural blank is non-negligible because Cd is

separated from the calcite matrix by ion-exchange chromato-

graphy. This separation also has advantages, however, be-

cause it eliminates elements that can generate molecular

interferences during mass spectrometry (Table 5) and such

interferences are likely to be most problematic for samples

with low Cd contents. As a result, we have been able to

demonstrate that our analyses generate accurate Cd isotope

dilution data even for natural calcite samples with o1 pg Cd

(Fig. 1), but such rigorous tests have yet to be carried out for

the other methods summarized in Table 8. This lack of

documentation demonstrates that there is a need to establish

well-characterized and widely available reference materials

that can be used to validate the accuracy (and precision) of

element/Ca ratio measurements for natural carbonates.

The results of this study demonstrate that our technique

provides particular advantages for the accurate and precise

determination of Cd/Ca ratios for samples with very low Cd

contents and/or which are available only in limited quantities.

This includes, for example, planktonic foraminifera collected

in sediment traps and tows. The methods will also be of

interest to isotope laboratories that already have access to

MC-ICPMS instrumentation but not to a quadrupole or

sector field ICPMS instrument. The technique can further-

more be extended to additional elements, such as Li, Mg, Sr,

Ba, Zn, and U, which can be (a) spiked with a suitable

enriched tracer and (b) sequentially eluted at high yield from

the cation-exchange columns that are used for the Cd

separation.

Summary and conclusions

A new method for the determination of the Cd/Ca ratios of

foraminiferal tests is presented and validated. The results

demonstrate that our analytical techniques permit the deter-

mination of foraminiferal Cd/Ca with an accuracy and repro-

ducibility of about �1%, for samples with 3 to 12 pg of

natural Cd. Even very small samples of foraminiferal tests with

as little as 1 pg of natural Cd can be analysed. In this case, the

accuracy and reproducibility is about �4%, mainly due to the

uncertainty of the Cd blank correction.

These performance characteristics demonstrate that our

method is superior to previously published procedures for

the determination of Cd/Ca ratios in foraminiferal tests, with

respect to both the quantification limit and the accuracy and

reproducibility of the results.3,5,6,17,29–31 Our method is there-

fore the best available technique for determining Cd/Ca when

only limited sample material with low Cd contents is available.

This includes, for example, Cd/Ca analyses of in-situ sampled

planktonic foraminifers.32
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