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[1] Here a method for the precise analysis of Cd/Ca in coral skeleton using inductively coupled plasma–
mass spectrometry (ICP-MS) is presented. Isotope dilution and gravimetric standards with internal
standardization were used for Cd and Ca determination, respectively. Separation of alkaline earth metals
from Cd using ion chromatography reduced the high total dissolved solids while maintaining a strong Cd
signal. Repeated Cd/Ca measurements of a coral standard yielded a precision of ±2.2% (one standard
deviation as a fraction of signal). Analyses of reference materials (BCR-1, BHVO-1, W-2, GSR-3, GSR-6,
CACB-1, JCp-1, and JCt-1) fell within established ranges, with a precision comparable to other ICP-MS
measurements. Advantages of this approach over existing methods for corals are as follows: (1) reduced
introduction of high-concentration elements into the mass spectrometer, (2) sample requirements as low as
15 mg (i.e., �1 pmol Cd/sample), and (3) determination of multiple element ratios on the same sample
aliquot with a precision of ±7% or better.
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1. Introduction

[2] Paleoceanographers require accurate measure-
ments of cadmium present in reef-building coral
skeleton to construct records of the frequency and
intensity of oceanic upwelling. During upwelling,

cadmium-rich deep water is brought to the surface
and that increase in concentration is reflected in a
coral’s skeletal aragonite. A direct relationship
between the Cd concentrations of seawater and
coral skeleton has been observed, with a distribu-
tion coefficient of �1 [Shen et al., 1987]. Pub-
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lished Cd values (reported as a ratio with respect to
calcium) range from 1 to >20 nmol Cd/mol Ca
(i.e., 1 to >22 ppb Cd) for corals from seasonally
upwelling regions (Table 1). To date, all coral Cd
analyses have been conducted using graphite fur-
nace atomic adsorption spectroscopy (GFAAS)
with relative standard deviations (1 standard devi-
ation as a percent of signal; RSD) ranging from
�2% to �20% (Table 1). It should be noted that
the sample size requirement for GFAAS (30 –
100 mg coral) has made elucidating the full range
and variability of the upwelling record as recorded in
coral skeleton difficult, since previous studies were
only able to take bulk samples (i.e., �3 months
growth) that yielded average values over that time.
Coral skeletal Cd has also been measured as a
tracer of pollution in corals growing near industri-
al/urban sites where Cd concentrations can be
10 times higher than those found in pristine areas,
and are usually reported as a dry weight concentra-
tion. Pollution levels of Cd are typically measured
by atomic adsorption spectroscopy (33.7% RSD of
duplicates [Hanna and Muir, 1990]), anodic strip-
ping voltametry (7.2% RSD of duplicates with a
detection limit of 50 ppb [McConchie and Harriot,
1992]) and standard addition inductively coupled
plasma–mass spectrometry (ICP-MS) (no error
reported [Scott, 1990]). In general, large sample
requirements, higher detection limits and/or lower
precisions render these methods difficult to use for
paleoceanographic reconstructions.

[3] Previously published methods using ICP-MS
to analyze Cd in carbonates were developed
using foraminifera [e.g., Lea and Martin, 1996;
Mashiotta et al., 1997; Rosenthal et al., 1999; Yu
et al., 2005; Harding et al., 2006]. Although the
trace metal concentrations in foraminifera and
corals are often similar, the Cd/Ca ratios in forams
(50–250 nmol Cd/mol Ca) are substantially higher
than those in corals (1–30 nmol/mol). Since Cd
background levels become large relative to signal
below �15 nmol/mol, foram-based ICP-MS
methods are difficult to adapt for high-precision
Cd analysis of pristine corals. For example, a
recently published method for ICP-MS analysis
of forams by Rosenthal et al. [1999] scanned a
single isotope of Cd, and ratios were calculated
using direct measurements of signal intensity.
While suitable for Cd/Ca ratio determination as
long as the signal is sufficient, this method does
not yield Cd concentration determinations in a
sample. In addition, due to the high total dissolved
solids (TDS) in the solutions used, that method
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áp
ag
o
s

S
h
en

a
n
d
S
a
n
fo
rd

[1
9
9
0
]

5
.9
8

±
2
.2

1
S
D

o
f
re
p
li
ca
te

an
al
y
se
s
(n

=
7
)

1
5

2
P
a
vo
n
a
cl
a
vu
s
(P
P
C
-1
)

G
u
lf
o
f
P
an
am

á
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produced a large buildup of solids in the MS source
during the course of the run, requiring frequent
cleaning of skimmer and sample cones, adding
peripheral cost and time to the analyses. Indeed,
large throughput of high Ca and Mg TDS poses a
substantial blank memory problem for the mass
spectrometer. Isotope dilution (ID) ICP-MS yields
more precise results (e.g., for forams in the work of
Lea and Martin [1996]), and when combined with
chromatographic separation to scrub out unneces-
sary dissolved solids [Strelow et al., 1978],
improves measurements of Cd and substantially
reduces the negative consequences for the mass
spectrometer. This is the approach used here for
coral Cd/Ca analyses.

[4] The application of ID-ICP-MS results in
highly accurate and precise data, without the
need for a full recovery of the element during
preconcentration or separation steps. Comprehen-
sive reviews of this technique are presented
elsewhere [Fasset and Paulsen, 1989; Smith,
2000]. Briefly, ID-ICP-MS involves the addition
of a known amount of an enriched isotope of the
element of interest (the spike) to the sample.
This addition is made prior to sample dissolution
so that any subsequent sample loss does not
influence the isotopic ratio. The sample concen-
tration is determined by measuring the isotopic
composition of the mixture (sample and spike),
and knowing the sample and spike weights, and
the isotopic ratios of the sample and spike. Since
the results are based on the mixture ratio, dilu-
tion errors, instrumental drift and other related
matrix effects do not affect the outcome. This
technique is considered a definitive method and
is well suited for the certification of reference
materials and other measurements that require a
high degree of accuracy and precision.

[5] Here a novel approach is described for the
determination of Cd/Ca and Cd concentration in
coral skeleton. An anion exchange resin was used
to separate the alkaline earth metals (Mg, Ca, Sr,
Ba) from Cd to reduce the high TDS while main-
taining a strong Cd signal. Each sample was
processed as a pair, once for Ca and once for Cd.
This method was tested using an in-house coral
standard (PPC-1) in addition to existing silicate and
carbonate standard materials. Cd concentration
data are reported for the following certified refer-
ence materials: BCR-1 (basalt), W-2 (andesite),
BHVO-1 (basalt), GSR-3 (basalt), GSR-6 (argilla-
ceous limestone), CACB-1 (calcium carbonate), as
well as two new carbonate reference materials from

Japan’s Geologic Survey, JCt-1 (giant clam) and
JCp-1 (coral).

2. Experimental Procedures

[6] Coral and other carbonate samples were
spiked, dissolved and passed through an anionic
chromatographic column to remove alkaline earth
elements. The Cd-bearing elutant was then recon-
stituted in 2% HNO3 and analyzed using a
single-collector ICP-MS with dry desolvation
introduction. Full details on the sample prepara-
tion, solution chemistry and the ICP-MS analyses
are given below.

2.1. Solutions, Resin, and Standards

[7] All solutions were made with MilliQ water
(18 mW; Millipore, MA) and ultrapure reagents
unless otherwise noted. All labware was
precleaned prior to sample handling in a Class
100 clean room. Teflon vials (Savillex, MN) were
leached in 6M HCl at 90�C for 24 h and then rinsed
5 times with MillliQ water. Column tubes, pipette
tips, polycarbonate autosampler cups and HDPE
vials were leached for at least 24 h in 1M HCl and
then rinsed thoroughly with MilliQ water.

[8] The strongly basic anion exchange resin AG1-
X8 (Bio-Rad Laboratories, CA) was used in this
method. This is a low-porosity analytical grade
resin (100–200 mesh size, Cl� form) with quater-
nary ammonium functional groups attached to the
styrene divinylbenzene copolymer lattice. Further
details about the application of this resin to trace
metal separations can be found elsewhere [Strelow
et al., 1978]. The resin was batch-rinsed with
MilliQ water three times and then stored as a slurry
in MilliQ water.

[9] An in-house carbonate coral standard (PPC-1)
was made from a coral fragment (see preparation
details below) and measured repeatedly to test the
development of the chemical separation and ana-
lytical measurement methodologies (Figure 1,
step 1). Gravimetric standards were used to make
calibrations curves for Ca, Sr and Ba determination.
A custom standard (SPEX Certi-Prep, NJ) was
prepared from high-purity calcite. (Note that if
additional elements are to be determined (e.g.,
Mg), then the Ca standard can be doped with
appropriate amounts of those elements and multiple
calibration curves can be derived from the same set
of standards.) Stock standard solutions were diluted
with ultrapure 2%HNO3 (v/v) to concentrations that
matched expected sample concentrations. For Ca
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