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[1] Inductively coupled plasma mass spectrometry (ICP-MS) holds two main advantages over other
techniques for the measurement of foraminiferal elemental ratios: (1) numerous trace metals may be
precisely and simultaneously measured, and (2) smaller samples may theoretically be used. Methods are
presented for the precise determination of Mg/Ca, St/Ca, Cd/Ca, Zn/Ca, Li/Ca, U/Ca, Mn/Ca, and Fe/Ca
by sector field ICP-MS. Analytical precision is largely independent of sample size over the range of ~5 to
125 pg CaCOs;, eliminating the need for narrow target dilutions. Long-term 1o precisions are as follows:
Mg/Ca = 0.54%, Sr/Ca = 0.57%, Cd/Ca = 1.8%, Zn/Ca = 3.2%, Li/Ca = 0.88%, U/Ca = 1.9%, Mn/Ca =
0.97%, and Fe/Ca = 1.4%. For Mg/Ca, actual foraminiferal samples appear to give reliable results below
10 pg CaCO; (postcleaning mass).
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1. Introduction chemistry [Russell et al., 2004]. Li/Ca may hold
similar promise [Hall and Chan, 2004]. Foraminif-
[2] Trace and minor elemental compositions of eral Sr/Ca may record long term changes in seawater
foraminiferal tests are widely employed to recon- ~ St/Ca, though other environmental factors are
struct paleoceanographic conditions. In recent clearly important [Martin et al., 1999; Elderfield et
years, Mg/Ca has received particularly keen  a@l, 2000]. Mn/Ca [Boyle, 1983] and Fe/Ca [Barker
attention as a paleotemperature indicator [e.g., € al, 2003] are routinely monitored to assess
Nurnberg et al., 1996; Rosenthal et al., 1997].  authigenic or detrital contamination.
Cd/Ca [Boyle and Keigwin, 1982] and Zn/Ca
[Marchitto et al., 2000] are useful paleonutrient  [3] Among these various proxies, Mg/Ca is by far
tracers and are therefore employed to reconstruct ~ the most widely measured and applied. Because
past circulation patterns. U/Ca in cultured plank- Mg is present in foraminiferal CaCOj; at relatively
tonic foraminifera decreases systematically as  high concentrations, it may be rapidly and precisely
seawater CO3~ concentration increases, making  measured using ICP atomic emission spectrometry
it a promising proxy for past carbonate system (AES) or ICP optical emission spectrometry
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(OES) techniques [Schrag, 1999; de Villiers et al.,
2002; Green et al., 2003]. While Sr/Ca is also
routinely measured by these techniques, Cd/Ca,
Zn/Ca, Li/Ca, and U/Ca are below detection
limits. Cd/Ca and Zn/Ca were developed using
atomic absorption spectrophotometry (AAS)
[Boyle and Keigwin, 1982; Marchitto et al.,
2000], but sample-intensive analysis procedures
preclude the measurement of many additional
elements. ICP-MS offers higher sensitivities than
AES and OES, enabling not only the measurement
of more elements, but theoretically smaller sample
sizes. Using isotope dilution and a quadrupole
ICP-MS, Lea and Martin [1996] reported Cd/Ca
and Ba/Ca precision of ~2-3% in standards as
small as 25 pg CaCOj; equivalent, and Martin et
al. [2002] likewise accepted Mg/Ca data from
foraminiferal samples as small as 25 pg postclean-
ing mass. Using sector field ICP-MS, Rosenthal et
al. [1999] reported good (but not quantified)
multielement precision for standards as small as
25 pg CaCOj3 equivalent.

[4] Methods are presented here for the simulta-
neous determination of Mg/Ca, St/Ca, Cd/Ca, Zn/
Ca, Li/Ca, U/Ca, Mn/Ca, and Fe/Ca by sector field
single-collector ICP-MS. These methods are largely
based on those developed by Rosenthal et al.
[1999] for Mg/Ca, Sr/Ca, Cd/Ca, Ba/Ca, U/Ca,
and Mn/Ca using the Finnigan MAT Element
sector field ICP-MS. A notable advance over that
study is that high precision is shown to be main-
tained well below 25 pg CaCO5;. Combined with
linear matrix effects, this independence from
sample size allows for greater flexibility during
sample preparation and dilution. Potentially impor-
tant spectral interferences on **Mg and *°Ca are
also discussed.

2. Methods

2.1. Instrumentation

[5s] Methods were developed on a Thermo Finni-
gan Element2 sector field ICP-MS, interfaced to a
CETAC ASX-100 autosampler with a 24-position
sample tray. Sample injection is via an Elemental
Scientific PFA-ST self-aspirating micronebulizer,
with a flow rate of 100 pL min '. An Elemental
Scientific quartz cyclonic spray chamber is used to
minimize memory effects due to sample washout.
The quartz torch is fitted with a Pt guard electrode,
which was not originally used by Rosenthal et al.
[1999] but was later added [Lear et al., 2002]
to increase sensitivity. Standard Ni cones are used.

Low-resolution sensitivity is typically ~1 x 10° cps
for 1 ppb of '"In.

2.2. Standards and Blanks

[¢] External standards were prepared gravimetri-
cally using 1000 + 3 mg L' stock solutions from
High-Purity Standards and SPEX CertiPrep. Five
mother solutions (S0—S4) were made at ~5 mM
(200 ppm) Ca in 2% (v/v) HNO; (Fisher Optima),
with minor and trace element concentrations that
mimic the typical oceanic ranges of foraminifera.
Elemental ratios for S1 through S4 are shown in
Figure 3. Trace element impurities in the Ca
solution (High-Purity Standards, made from
CaCOs;) are significant relative to foraminiferal
concentrations, so all elements of interest were
determined by standard addition and included in
the standard calculations. Calculated impurities are
at least five times higher than the lot assay, except
for Fe and U which are below assay. Relative to the
elemental concentrations in the highest mother
solution (S4), the contribution from the Ca stock
solution ranges from ~0.02% for Mn to ~15% for
Cd. The high impurity levels for elements like Cd
are not problematic as long as they are well con-
strained. This is confirmed by linear standard
curves that pass through the origin after accounting
for impurities.

[7] For each sample run, standards are diluted to
2 mM (80 ppm) Ca using 2% HNO;. Sample
elemental ratios are calculated offline using five-
point linear standard curves interspersed between
every eight samples. As discussed in section 3.4,
five-point standard curves may be considered over-
kill, since two-point curves result in comparable
precisions; Rosenthal et al. [1999] used a single
standard. A blank consisting of the same 2% HNO;
used to dilute the standards and samples is also run
between every eight samples. Relative to S4, blank
intensities are well below 1% for all elements
except Li (~1%) and Zn (~2%). *°Ca also has a
high blank level (~2%) due to a spectral interfer-
ence, discussed in section 3.1. All raw intensities
(including standards) are blank-subtracted and then
ratioed to Ca intensities.

[s] Standard curves are calculated using metal/Ca
ratios, which minimizes errors due to dilution and
evaporation [Rosenthal et al., 1999] (see Figure 1
for Mg/Ca). Coefficients of determination (r*) are
always >0.999 and typically >0.9999 for all ele-
mental ratios. Calculations are weighted according
to position in run using linear interpolation be-
tween standards and blanks. There is usually a very
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Figure 1. Four linear standard curves for Mg/Ca

measured during the course of a single run. Curves 1
through 4 are shown in blue, green, yellow, and red,
respectively. Intensity ratios are blank-corrected, and all
fits are r* > 0.9999.

slight drift in the standard curves over the course of
a run, suggesting small variations in mass discrim-
ination with time (Figure 1).

2.3. Detection Modes

[9] The Element2 uses two detection modes
depending on signal intensity. Counting mode is
used for intensities below ~5 x 10° ¢ps. To avoid
damaging the secondary electron multiplier (SEM),
higher intensities are measured in analog mode.
“Both” mode begins each measurement in count-

ing and then switches to analog if necessary. A
cross-calibration is automatically performed by the
Element2 software, so that samples measured in
counting mode are directly comparable to those
measured in analog. However, this cross-calibra-
tion is subject to error, especially if a sample is just
at the edge of the analog switch. Precision is
significantly improved if trace metals (Li, Zn, Cd,
and U) are ratioed to the rarest Ca isotope (*°Ca,
0.004% abundance), since all signals may theoret-
ically be collected in counting mode [Rosenthal et
al., 1999]. Minor elements (Mg, Mn, Sr, and Fe)
are ratioed to **Ca (0.14% abundance), all mea-
sured in analog mode. In counting mode, the safety
shutoff for *°Ca occurs for samples as low as 2 mM
Ca, but in “both” mode the shutoff is closer to
~4-5 mM Ca. For these reasons *°Ca is run in
“both” mode, samples are diluted to a target
concentration <2 mM Ca, and standards are run
at 2 mM Ca. These dilutions ensure that **Ca does
not switch to analog.

2.4. Isotopes and Acquisition Parameters

[10] Measured isotopes and acquisition parameters
are listed in Table 1. Possible spectral interferences
are discussed in section 3.1. All elements are
measured in low resolution (m/Am = 300) except
for >°Fe, which must be measured in medium
resolution (m/Am = 4000) to avoid the large
interference from “°Ar'®O (all Fe isotopes have
large argide interferences in low resolution). Dur-
ing most of the matrix effect analyses presented
here, >°Fe intensities were ratioed to low-resolution
“3Ca intensities. It has since been determined that
Fe/Ca precision is markedly improved if **Ca is
also measured in medium resolution. Therefore

Table 1. ICP-MS Measurement Parameters

Mass Settling Sample Samples Search Integration Detection
Isotope Window Time, s Time, s per Peak Window Window Mode

Low Resolution: 3 Runs x 20 Passes
Li 5 0.300 0.02 200 0 5 Counting
Mg 5 0.050 0.01 200 0 5 Analog
BCa 5 0.025 0.01 200 0 5 Analog
4Ca 5 0.001 0.01 200 0 5 Both
>Mn 5 0.001 0.01 200 0 5 Analog
zn 5 0.025 0.02 200 0 5 Counting
88Sr 5 0.019 0.01 200 0 5 Analog
1 5 0.100 0.03 200 0 5 Counting
38y 5 0.084 0.03 200 0 5 Counting
Medium Resolution: 3 Runs X 6 Passes

$Ca 50 0.300 0.01 100 50 10 Analog
SFe 50 0.040 0.01 100 50 10 Analog
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Fe/Ca matrix effects are not discussed below.
The revised acquisition parameters (Table 1) only
affect Fe/Ca since the low-resolution parameters
were unchanged.

[11] Drift of the mass calibration is automatically
corrected by the Element2 software by monitoring
the drift of *°Ar*°Ar. This correction, combined
with the flat-topped peaks produced in low reso-
lution, means no search windows are required to
keep 5% mass integration windows well centered
[Rosenthal et al., 1999]. In contrast, the medium-
resolution *°Fe and **Ca peaks may drift signifi-
cantly during a run, so a 50% search window is
applied. The suite of low-resolution isotopes is
measured in 60 replicate passes (Li to ***U) for
each analysis, followed by 18 passes over the
medium-resolution **Ca and *°Fe. Magnet settling
times between isotopes are as suggested by the
Element2 software except for Cd, which is set to
0.1 s. ®Sr counts are several orders of magnitude
higher than '''Cd counts in typical foraminiferal
samples, leading to a significant bleed-over of the
Sr signal into the Cd signal if settling times are too
short. Sample times (the duration of discrete mass
measurements) are longer for rarer elements, to
improve signal-to-noise ratios (Table 1).

[12] Each measurement requires 500 pL of solution
and takes ~5 min, including 2 min of uptake time.
In addition, the spray chamber is washed for 2 min
between each measurement. Including standards
and blanks, a run of 24 samples takes about 6 hr.
Prospects for reducing this time are discussed in
section 3.4.

2.5. Foraminiferal Sample Preparation

[13] Monospecific foraminiferal samples are gently
crushed between glass slides and loaded into
500 pL BioRad polypropylene microcentrifuge
vials, preleached in hot 0.5N HCI. Samples are
chemically cleaned using the ‘“‘trace metal” tech-
nique developed by Boyle and Keigwin [1985/
1986] and modified by Boyle and Rosenthal
[1996]. This consists of four main steps: (1) clay
removal by repeated ultrasonication in ultra-pure
water and methanol; (2) reduction of authigenic
ferromanganese oxides by anhydrous hydrazine
(NH,NH,) in a buffered citric acid-NH4OH solu-
tion; (3) oxidation of organic matter by H,O, in a
NaOH solution; and (4) surface leaching with
0.00IN HNOs;. The concentration of 30% H,0,
in the oxidizing reagent may range from 0.4% to
5%, depending on the organic matter content of the
sediments. Much of the cleaning process is per-

formed in HEPA class 100 laminar flow benches,
and the entire procedure takes place in a class 1000
clean room (the ICP-MS is in a separate room).
The clean room significantly reduces the frequency
of sample contamination, particularly for Zn.

[14] Cleaned foraminiferal samples are dissolved in
100 pL of 0.5% (0.075 N) HNOs. A fraction of this
volume is then diluted with 2% HNOj; to bring the
sample to <2 mM Ca in 500 pL. The dilution is
done in a PTFE autosampler cup, preleached in
cool 10% HNOj;. With a little experience, a tech-
nician can visually estimate the necessary dilution
on the basis of postcleaning sample size. Either 30,
50, or 100 pL of the dissolved sample is used.
Poorly estimated dilutions have no effect on results
unless Ca is so high (>4—5 mM) that *°Ca switches
to analog (section 2.3), a scenario that has not yet
been encountered in over 400 foraminiferal mea-
surements. The resulting small variation in final
HNO; concentration (1.7—1.9%) has no significant
effect on measured elemental ratios.

3. Results and Discussion

3.1. Spectral Interferences

[15] A multitude of spectral interferences may
combine with analyte isotope peaks in low resolu-
tion, especially due to polyatomic species. In most
cases these interferences may be identified by
moving to medium or high resolution. As men-
tioned above, 3Fe must be measured in medium
resolution to avoid interference from *“°Ar'°0.
Other plasma/acid related golyatomics were ruled
out for all isotopes except *®Ca, which has a small
interference due to '*N'®0'°O. This probably
accounts for the stable (within a run) ~2% back-
ground in acid blanks relative to standards. In
theory this interference should be roughly constant
across blanks, standards, and samples, and is
therefore correctable.

[16] Interferences that may vary with sample com-
position are more troublesome. **Mg was rejected
because of a minor (order 1%) interference due to
BCa®". *Ca has an interference due to *°Ti, which
is not separable even in high resolution. Since *°Ca
is so rare (0.004% abundance), a theoretical sedi-
mentary Ti/Ca contamination of 100 pmol mol ™'
could produce a 20% interference. To evaluate this
E}ossibility, the blank-corrected ratio of *°Ca to

Ca was examined for standards and foraminiferal
samples from several regions (Figure 2). If the
samples contain enough Ti to affect *°Ca counts,
this should show up as anomalous Ca ratios.
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