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[1] An interlaboratory study of Mg/Ca and Sr/Ca ratios in three commercially available carbonate reference
materials (BAM RS3, CMSI 1767, and ECRM 752-1) was performed with the participation of
25 laboratories that determine foraminiferal Mg/Ca ratios worldwide. These reference materials containing
Mg/Ca in the range of foraminiferal calcite (0.8 mmol/mol to 6 mmol/mol) were circulated with a
dissolution protocol for analysis. Participants were asked to make replicate dissolutions of the powdered
samples and to analyze them using the instruments and calibration standards routinely used in their
laboratories. Statistical analysis was performed in accordance with the International Standardization
Organization standard 5725, which is based on the analysis of variance (ANOVA) technique. Repeatability
(RSDr%), an indicator of intralaboratory precision, for Mg/Ca determinations in solutions after
centrifuging increased with decreasing Mg/Ca, ranging from 0.78% at Mg/Ca = 5.56 mmol/mol to
1.15% at Mg/Ca = 0.79 mmol/mol. Reproducibility (RSDR%), an indicator of the interlaboratory method
precision, for Mg/Ca determinations in centrifuged solutions was noticeably worse than repeatability,
ranging from 4.5% at Mg/Ca = 5.56 mmol/mol to 8.7% at Mg/Ca = 0.79 mmol/mol. Results of this study
show that interlaboratory variability is dominated by inconsistencies among instrument calibrations and
highlight the need to improve interlaboratory compatibility. Additionally, the study confirmed the
suitability of these solid standards as reference materials for foraminiferal Mg/Ca (and Sr/Ca)
determinations, provided that appropriate procedures are adopted to minimize and to monitor possible
contamination from silicate mineral phases.
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1. Introduction

[2] Reconstruction of past ocean temperatures
from magnesium/calcium ratios in foraminiferal
calcite has become an established technique during
recent years [e.g., Nurnberg et al., 1996; Hastings
et al., 1998; Lea et al., 1999; Mashiotta et al.,
1999; Elderfield and Ganssen, 2000; Rosenthal et
al., 2000; Dekens et al., 2002; Anand et al., 2003].
Mg/Ca ratios in foraminiferal calcite are now
measured routinely by different laboratories and
comparability of results is an important issue.

[3] A consequence of the exponential relationship
between Mg/Ca and temperature in foraminiferal
calcite is that in order to ensure the accuracy of
calculated temperatures, the relative measurement
precision, expressed as a percentage of the mea-
sured ratio, must be maintained across the range of
Mg/Ca ratios from low to high values. This is
contrary to the usual situation in analytical methods
[Horwitz, 1982], where relative measurement pre-
cision becomes worse with decreasing values.
Increasing interest in temperatures calculated from
the low Mg/Ca ratios found in benthic [Billups and
Schrag, 2002, 2003; Martin et al., 2002; Marchitto
and deMenocal, 2003; Lear et al., 2004; Elderfield
et al., 2006] and cold water planktonic foraminifera
[Pak et al., 2004; von Langen et al., 2005; Meland
et al., 2006; Nyland et al., 2006] further empha-
sizes the need for compatibility of Mg/Ca measure-
ments between different laboratories.

[4] An interlaboratory comparison study con-
ducted by Rosenthal et al. [2004] examined the
reproducibility of Mg/Ca measurements within and
between laboratories in foraminiferal calcite and in
synthetic standard solutions. The study additionally
included Sr/Ca because of the interest in studying
secular variations in seawater Sr/Ca [Martin et al.,
1999; Stoll et al., 1999; Elderfield et al., 2000;
Shen et al., 2001] and growing potential for fora-

miniferal Sr/Ca thermometry in select genera
[Mortyn et al., 2005]. Results showed that for the
analyses of standard solutions, within laboratory
instrumental precisions were usually better than
0.5% for measurements of both Mg/Ca and Sr/
Ca, but interlaboratory precisions were significant-
ly worse with relative standard deviations obtained
of up to 3.4% for Mg/Ca and 1.8% for Sr/Ca.
Among the conclusions of that interlaboratory
study were the need for standards calibration
among laboratories and the desirability of develop-
ing an agreed solid standard which could be used by
laboratories in a manner analogous to the way
reference standards are used in isotope analyses.

[5] The accuracy of standard solutions for element
ratio determinations and the potential of commer-
cially available carbonate reference materials for
application to foraminiferal Mg/Ca (and Sr/Ca)
determinations were investigated by Greaves et
al. [2005]. These authors demonstrated that the
errors involved in the preparation of instrument
calibration standards for Mg/Ca and Sr/Ca determi-
nations contribute significantly to interlaboratory
analytical precision and proposed a limestone certi-
fied reference material (ECRM 752-1), containing
Mg/Ca within the range of foraminiferal calcite
(Mg/Ca = 3.75 mmol/mol), as a consistency stan-
dard which could be used within and between
laboratories.

[6] Here we present the results of an interlabor-
atory study where three solid materials containing
Mg/Ca in the range of foraminiferal calcite
(0.8 mmol/mol to 6 mmol/mol) were analyzed by
25 participating laboratories. The advantage of
circulating solid standards for intercalibration, rath-
er than standard solutions, is that solid standards
overcome the risk inherent in circulating small
volumes of liquids that may not retain their initial
compositions by the time they are analyzed. This
must be balanced against stringent homogeneity
and purity requirements for solid standards
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[Greaves et al., 2005]. Therefore, there were two
objectives to the current study; first, compare
instrumental standards calibrations between labo-
ratories to assess within laboratory repeatability
and between laboratory reproducibility; second,
determine the suitability of the circulated solid
standards as reference materials for foraminiferal
Mg/Ca (and Sr/Ca) determinations.

2. Experimental Design

[7] This study followed the practice of previous
interlaboratory studies [Rosell-Melé et al., 2001;
Rosenthal et al., 2004] of maintaining anonymity
by assigning random identification numbers to
participating laboratories. Note that those numbers
are different than the ones given for affiliations.
The analytical scheme was constructed with refer-
ence to the International Union of Pure and Ap-
plied Chemistry (IUPAC) recommendations
[Horwitz, 1994, 1995] for interlaboratory compar-
ison studies. Samples of three solid standards were
sent to each participant along with a dissolution
protocol which participants were requested to fol-
low, with the aim of minimizing effects that could
result from different dissolution procedures and
enabling the exercise to focus on instrument cali-
brations. Participants were asked to make replicate
dissolutions on the powder samples and to analyze
them using the instruments and calibration stand-
ards routinely used in their laboratory.

2.1. Standards

[8] Three potential solid standards for Mg/Ca
determinations were identified from the list of
commercially available carbonate reference materi-
als compiled by Greaves et al. [2005]; BAM RS3,

a calcite CRM (Certified Reference Material) pre-
pared by the Bundesanstalt fur Materialforschung
und -prufung, Germany; CMSI 1767, a limestone
CRM from the China Metallurgical Standardiza-
tion Research Institute, Beijing; and ECRM 752-1,
a limestone CRM issued by the Bureau of Ana-
lyzed Samples Ltd, UK previously examined by
Greaves et al. [2005]. The materials were certified
for Mg concentrations but not for Mg/Ca ratios at
the precision, or sample sizes, relevant to forami-
niferal Mg/Ca thermometry. Elemental concentra-
tions taken from the certificates of analyses are
listed in Table 1 together with calculated element/
calcium ratios.

[9] Propagation of the quoted analytical errors on
certified element concentrations gives errors (r.s.d.)
on calculated Mg/Ca ratios of 2.7% (BAM RS3),
6.8% (ECRM 752-1) and 8.3% (CMSI 1767),
insufficiently precise, with the possible exception
of BAM RS3, to be directly relevant to foraminif-
eral Mg/Ca determinations. Foraminiferal calcite is
composed of extremely pure (�99%) CaCO3,
equivalent to 39.6% Ca, with four minor elements
Na, Mg, Sr and F comprising most of the remain-
der [Lea, 1999] and the relative purity of these
materials is shown by their calcium concentrations
(Table 1). The presence of Al, Fe, Mn, Si and Ti is
indicative of other mineral phases. Homogeneity
of the solid materials and the contribution to
measured Mg/Ca from the other mineral phases
were investigated in preliminary studies before
circulation.

2.2. Preliminary Studies

[10] Preliminary tests of homogeneity were per-
formed on standards BAM RS3 and CMSI 1767 at
Cambridge and LSCE, respectively, following the

Table 1. Certified Reference Materials

CRM Certified bya

Quoted Element Concentrations (wt %)

Ca Mg Sr Al Fe Mn Si Ti

CM 1767 CMSI 39.4 0.14 - 0.03 0.06 - 0.21 -
ECRM 752-1 BAS 39.6 0.093 0.016 0.033 0.016 0.01 0.33 0.005
BAM RS3 BAM 40.0 0.018 0.017 <0.001 <0.001 - - -

Material

Calculated Ratios (mmol/mol)

Mg/Ca Sr/Ca Al/Ca Fe/Ca Mn/Ca Si/Ca Ti/Ca

CM 1767 limestone 6.1 - 1.0 1.0 - 7.6 -
ECRM 752-1 limestone 3.9 0.19 1.2 0.3 0.15 11.9 0.12
BAM RS3 calcite 0.8 0.20 <0.02 <0.01 - - -

a
BAM, Bundesanstalt für Materialforschung und -prufung, Germany; BAS, Bureau of Analysed Samples Ltd, Newnham Hall, Newby,

Middlesborough, UK; CMSI, China Metallurgical Standardization Research Institute, Beijing.
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procedure used by Greaves et al. [2005] to test the
homogeneity of ECRM 752-1. Replicate aliquots
were taken from a single bottle of each standard for
a series of weighings in the range 10 to 250 mg.
Samples were dissolved in 0.075M HNO3 in acid
cleaned HDPE or LDPE bottles, using dissolution
volumes in proportion to sample weights to give
[Ca2+] of �400 mg/g. Solutions were analyzed both
with and without centrifugation; two 0.5 mL ali-
quots were taken, one centrifuged for 10 min at
9000 rpm then both diluted to [Ca2+] = 40 mg/g
(CMSI 1767) or [Ca2+] = 100 mg/g (BAM RS3)
and analyzed by ICP-OES. Mg/Ca results are
reported in Table 2 and illustrated in Figure 1
which shows also Fe/Ca measurements in CMSI
1767.

[11] Results for CMSI 1767 (Figure 1a) demon-
strate the contribution to Mg/Ca from insoluble
noncarbonate minerals within this material which
is confirmed by Fe/Ca (Figure 1b). Higher and
more variable Mg/Ca and Fe/Ca in noncentrifuged
samples, together with consistency between the
Mg/Ca and Fe/Ca data sets in Figures 1a and 1b,
show the effect of insoluble noncarbonate minerals
on homogeneity of this material. Average Mg/Ca
after centrifuging of 5.60 mmol/mol (0.019 s.d.,
0.35% r.s.d on 11 measurements) confirms the
within bottle homogeneity of the readily soluble
carbonate material for samples in the 10 to 250 mg

weight range. Fe/Ca fell to consistent but nonzero
values on centrifuging, with average Fe/Ca of
0.650 mmol/mol (0.018 s.d., 2.81% r.s.d on 11
measurements), again demonstrating homogeneity
within the readily soluble carbonate matrix.

[12] In contrast, results for BAM RS3 (Figure 1c)
show good agreement between centrifuged and
noncentrifuged Mg/Ca measurements. Average
Mg/Ca after centrifuging of 0.796 mmol/mol
(0.012 s.d., 1.56% r.s.d) on 20 measurements was
influenced by two high values. Omitting these gave
Mg/Ca of 0.793 mmol/mol (0.008 s.d., 0.97% r.s.d)
on 18 measurements, compared to noncentrifuged
Mg/Ca of 0.789 mmol/mol (0.004 s.d., 0.51% r.s.d)
on 20 measurements. Fe/Ca in BAM RS3 was
consistently low and in most cases below detection,
with a maximum of 0.004 mmol/mol observed.
Slightly higher Mg/Ca ratios and the greater vari-
ability of centrifuged compared to noncentrifuged
samples may be a consequence of the additional
handling involved and effect of the associated
analytical blank on the low Mg/Ca of this material.

[13] Measurements of Sr/Ca in CMSI 1767
(Figure 1d) revealed a ratio comparable to Sr/Ca
in foraminiferal calcite and good homogeneity
within this material from measurements both with
and without centrifugation. Average Sr/Ca for
samples in the 10 to 250 mg weight range was
1.542 mmol/mol (0.010 s.d., 0.66% r.s.d) on 11

Table 2. Average Mg/Ca Ratios Obtained for CMSI 1767 and BAM RS3 Standards Using Sample Weights in the
Range 10–250 mg

Sample Weights (mg)

10 20 50 100 250 10–250

CMSI 1767 centrifuged
Mg/Ca (mmol/mol) 5.605 5.619 5.579 5.611 5.599 5.600
s.d. 0.029 0.006 0.02 0.002 0.019
r.s.d. (%) 0.51 0.10 0.35 0.04 0.35
n 2 1 3 3 2 11

BAM RS3 centrifuged
Mg/Ca (mmol/mol) 0.802 - 0.789 0.798 0.793 0.796
s.d. 0.012 - 0.002 0.021 0.005 0.012
r.s.d. (%) 1.55 - 0.30 2.58 0.69 1.56
n 5 - 5 5 5 20

CMSI 1767 not centrifuged
Mg/Ca (mmol/mol) 5.686 5.727 5.72 5.858 5.767 5.755
s.d. 0.025 0.011 0.156 0.016 0.096
r.s.d. (%) 0.45 0.20 2.67 0.28 1.67
n 3 1 3 3 2 12

BAM RS3 not centrifuged
Mg/Ca (mmol/mol) 0.789 - 0.793 0.788 0.786 0.789
s.d. 0.004 - 0.004 0.002 0.003 0.004
r.s.d. (%) 0.47 - 0.46 0.02 0.44 0.51
n 5 - 5 5 5 20
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