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Abstract

Dissolved and total Cd and Pb concentration measurements in seawater were intercalibrated using 33 sam-
ples collected on the fourth cruise of the Intergovernmental Oceanographic Commission’s (I0C-4) Global
Investigation of Pollution in the Marine Environment (GIPME) in the northwest Pacific Ocean, as well as in
three seawater reference materials (SAFe S1, SAFe D2, and NASS-5). Laboratories from Florida State University
(FSU), University of California at Santa Cruz (UCSC), and University of Southern Mississippi (USM) participat-
ed in the Pb intercalibration, and two of them (FSU and UCSC) participated in the Cd intercalibration. While
each of the laboratories employed different extraction techniques before analysis by inductively coupled plas-
ma-mass spectrometry (ICP-MS), the measurements of Cd and Pb concentrations for the IOC-4 samples agreed
to within 4% and 15%, respectively, and those of the reference materials agreed to within 13% and 8%, respec-
tively. This successful intercalibration demonstrates that there now are multiple techniques available for accu-
rately measuring Cd and Pb concentrations in seawater.

The study of trace metals in the oceans is important
because many are essential trace elements (e.g., Co, Fe, Mn,
Zn), others (e.g., Ag, Hg, Pb) evidence the global magnitude of
anthropogenic contamination of the oceans, and some (e.g.,
Cd, Cu) fall into both categories (Bruland and Lohan 2004).
Because concentrations of those metals and their species in
the oceans are truly trace (e.g., parts-per-billion and parts-per-
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trillion), extremely sensitive, accurate, and precise mea-
surements are needed to determine their role as limiting nutri-
ents and/or as tracers of industrial contamination. These
determinations often involve the synthesis of data generated
by several research groups, which necessitates ongoing inter-
calibrations among those laboratories to ensure the data are
comparable. Consequently, one of the principal objectives of
the Intergovernmental Oceanographic Commission’s (IOC)
Global Investigation of Pollution in the Marine Environment
(GIPME) has been to encourage intercalibrations among dif-
ferent laboratories measuring trace element concentrations in
seawater (Landing et al. 1995). These intercalibrations serve as
a crucial means to both ensure accurate measurements and
validate different laboratory procedures and instrumental ana-
lytical methods.

Here we report the results of our intercalibration of filtered
(0.2-0.4 ym) and total (unfiltered) Cd and Pb concentrations
of seawater samples collected on the fourth IOC baseline con-
taminant survey in the northwest Pacific Ocean (I0C-4).
These comparisons are noteworthy because there has never
been a published intercalibration of dissolved or total Pb con-
centration measurements in the northwest Pacific Ocean; and
the last published intercalibration of Cd measurements for the
entire North Pacific was with samples collected in 1979 (Bru-
land et al. 1985). However, Bruland has recently initiated an
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intercalibration of trace element concentrations in two
homogenous water samples (SAFe S1 and SAFe D2) collected
in the northeast Pacific in 2004 (Johnson et al. 2007), which
provide informal consensus values (unpublished) for both Cd
and Pb in those waters (Bruland 2011).

These new intercalibrations are especially important
because of (1) advances in analytical methodologies, (2) pro-
nounced changes in anthropogenic inputs of metals to the
North Pacific, and (3) accelerating impacts of climate change
over the past three decades, which may be altering the bio-
geochemical cycling of metals in those waters. For example,
emissions from the combustion of leaded gasoline—which
dominated atmospheric Pb fluxes to the North Pacific in the
preceding century (Flegal and Patterson 1983; Flegal et al.
1986)—have become inconsequential with the virtual elimi-
nation of leaded gasoline in North America and most of Asia.
Conversely, aeolian fluxes of Pb and other anthropogenic ele-
ments (e.g., Ag, Se) to the North Pacific now appear to be
increasing with the rapid industrial development of Asia and
the burning of coal for electricity generation (Ranville and Fle-
gal 2005; Ranville et al. 2010; Wu et al. 2010; Gallon et al.
2011). Therefore, extremely sensitive, accurate, and precise
measurements are needed to resolve temporal and spatial vari-
ations of trace elements in the North Pacific, as well as in
other oceanic waters.

Materials and procedures

Before the cruise, sample bottles were cleaned at each uni-
versity with different methods, all of which were determined
to be sufficient. Florida State University (FSU) washed 500 mL
bottles with acetone, rinsed with deionized (DI) water (10 MQ
cm), washed with 5% (v/v) Micro detergent, rinsed with DI
water, immersed in 3 M HCI (trace metal grade) for 5 d at
room temperature, rinsed with DI water, immersed in ultra-
high purity (UHP) 0.5 M HCI for S d, rinsed five times with
UHP water (18 MQ cm), filled with UHP water and acidified to
0.024 M HCI (UHP), and stored full until use. University of
California at Santa Cruz (UCSC) soaked 2 L bottles in 5% (v/v)
Citranox (Alconox) for = 1 week, rinsed with DI water, filled
with 6.0 M HCI (reagent grade) for 4 weeks, rinsed with UHP
water, filled with 0.15 M HNO, (trace metal grade) and stored
(= 3 weeks). University of Southern Mississippi (USM) washed
500 mL bottles overnight at 60°C in 1.2 M HCI (reagent
grade), cooled upside-down in a trace metal clean fume hood,
rinsed with UHP water, and then stored empty before use.

Samples for the intercalibration were collected on the R/V
Melville during the I0OC-4 cruise in the North Pacific from 1
May-5 June 2002, as previously detailed by Measures et al.
(2006). Briefly, trace metal clean techniques were used to col-
lect surface seawater samples with a FISH and subsurface sea-
water samples with modified (trace metal clean) GO-FLO bot-
tles on a Kevlar line. Filtered (0.2 pum) surface waters collected
for FSU and USM were passed through Pall Gelman Acropak
500 (polyethersulfone) capsule filters, while filtered (0.4 wm)
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subsurface waters were pressure-filtered through 142 mm
Nuclepore polycarbonate membrane filters; all samples were
stored in acid-cleaned HDPE bottles (500 mL). Unfiltered
waters collected for UCSC were stored in acid-cleaned LDPE
bottles (2 L). All samples were subsequently acidified (pH 1.8)
with 6.0 M HCI (UHP) to 0.024 M HCI and handled with trace
metal clean techniques in HEPA filtered air (Class 100) lami-
nar flow hoods.

At FSU, Cd and Pb were concentrated and extracted from
the seawater matrix using an off-line chelating resin extrac-
tion method and then analyzed with a quadrupole ICP-MS
(HP Agilent 7500), using established techniques (Milne et al.
2010). In brief, 12 mL aliquots of acidified seawater were
spiked with a multi-element-enriched isotope standard that
included Cd and *’Pb and then UV-oxidized for 1.5 h.
[Although UV oxidation may not be necessary for Cd and Pb
analyses, it is necessary when using this method to release
other trace metals (e.g., Co and Cu) bound to organic ligands,
which are analyzed simultaneously with Cd and Pb (Bruland
2011).] Before extraction, the samples were pH-adjusted and
buffered to pH 5.9 + 0.1 using 2 M ammonium acetate
(CH,CO,NH,) solution (pH 9.0) before passing over a 200 uL
column of Toyopearl AF-Chelate 650 M resin (Tosohaas). Sam-
ples were eluted with 1 mL of 1.0 M HNO, (UHP), collected
into trace metal clean 4 mL polypropylene vials, and capped
until analysis. On average, the complete cycle of loading and
eluting a sample took 7.5 min. The samples were analyzed
using an isotope dilution method on a quadrupole ICP-MS
(HP Agilent 7500c) with an octopole reaction—collision cell
(ORC), operated in reaction mode. The ORC effectively elimi-
nates the potential polyatomic isobaric interference on 'Cd
from ?*Mo'°O by both energy discrimination and charge trans-
fer mechanisms. The ORC is an off-axis chamber, 2 mL in vol-
ume, with a positive potential difference along the ion flow
path. It is flooded with low molecular weight gases (He for col-
lision mode or H, for reaction mode) to increase the probabil-
ity of the passing ions colliding with the gases. The poly-
atomic interference MoO* has a larger diameter (effective
nuclear volume) than monoatomic Cd*, and therefore has a
higher collision frequency than the analyte, resulting in both
energy discrimination (MoO* cannot traverse the chamber)
and charge transfer (MoO* absorbs an electron from H,, ren-
dering it mute to the detector).

At UCSC, Cd and Pb concentrations were analyzed with an
on-line chelating resin extraction, using the methodology
developed by Ndung'u et al. (2003). This involved micro-
columns filled with Toyopearl AF-Chelate 650 M resin (Toso-
haas) connected directly to a magnetic sector ICP-MS (Thermo
ELEMENT XR) operated in low resolution mode with acid-
cleaned Watson-Marlow manifold pump tubing and Teflon
tubing. Four milliliters of acidified seawater was buffered to a
pH of 8.5 with 0.8 M CH,CO,NH, buffer (pH 9.0) and loaded
onto the column. The column was washed with 4 mL of 0.1 M
CH,CO,NH, buffer (pH 9.0), then the analytes were eluted
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Table 1. Blanks and detection limits for Cd and Pb associated with each laboratory’s method. USM'’s method of using small sample
volumes did not achieve Cd at an accurate enough level due to MoO interferences.

Cd (pmol/kg)

Pb (pmol/kg)

Laboratory Blank Detection Limit Blank Detection Limit
FSU 3.12+0.97 2.9 1.98 + 0.94 2.9
n==6 n==6
UCSsC 38+1.7 5.2 50£1.3 3.8
n=33 n=33
USM — — 1.3+£0.6 1.9
n=17

directly into the ICP-MS with 2 mL of 1.5 M HNO, (UHP)
doped with In and Bi as internal standards. The system was
flushed with 1.5 M HNO, (UHP) before the next sample load-
ing. The complete cycle took an average of 6 min. The Cd and
Pb analyses were calibrated using a set of standards prepared
with high-purity single element solutions added to seawater
that was previously stripped of its metal content using Toy-
opearl AF-Chelate 650 M resin. MoO interferences on Cd were
monitored by spiking Cd-free seawater with varying concen-
trations of Mo. Counts on masses 110 and 111 were related to
Mo concentrations and the false Cd to Mo ratio was used to
calculate and subtract the MoO interference from each sam-
ple; in most samples this difference was < 0.5%.

Unlike FSU and UCSC, USM did not use chelating resins to
separate trace metals from the seawater matrix. Instead, 5 mL
acidified seawater samples were spiked with isotopically-
enriched 2°Pb, allowed to equilibrate for 30 s, and then dis-
solved Pb was extracted using a magnesium hydroxide
[Mg(OH),] coprecipitation method (Wu and Boyle 1997;
Shiller and Bairamadgi 2006). Measurements of Pb isotopes
(3°Pb, 27Pb, and 2°8Pb) were made with the extracts using a
magnetic sector field ICP-MS (Thermo ELEMENT 2) operated
in low resolution. Because of the small sample volumes used
with this method for Pb concentrations, MoO interferences
precluded concurrent measurements of Cd that were suffi-
ciently accurate and precise for this intercalibration.

Assessment

Blanks and detection limits

The three laboratories determined their analytical blanks
differently. At FSU, the blanks were derived from a series of
analyses that quantified the contributions from (1) the
CH,CO,NH, buffer solution and (2) the extraction and analy-
sis procedure, which were then extrapolated to the volume (12
mL) of the samples (Milne et al. 2010). At UCSC, the blanks
were derived from analyses of UHP water acidified to pH 1.8
with 0.024 M HCl (UHP) and then processed in the same man-
ner as samples. While this blank includes both that of the
UHP water and the procedural blank, subsequent work has
shown that the majority of the blank was from the reagents.
UCSC has, consequently, addressed the issue by cleaning the
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buffer with an on-line column packed with Toyopearl AF-
Chelate 650 M resin (Tosohaas) just prior to buffering samples
on-line, which has dramatically reduced the total blank (1.8
pmol/kg Cd, 3.3 pmol/kg Pb) for future work. At USM, the
blanks were derived from analyses of a small quantity of sea-
water after it had been stripped of its metal content by
Mg(OH), co-precipitation, as described previously (Shiller and
Bairamadgi 2006).

The methods used by FSU and UCSC had comparable ana-
lytical blanks for Cd (Table 1). FSU’s off-line resin extraction
had blanks of 3.12 + 0.97 pmol/kg (n = 6), while UCSC’s on-
line resin extraction had blanks of 3.7 + 1.7 pmol/kg (n = 33).
The formal detection limit for each method (calculated as
three times the standard deviation of the blank) was 2.9
pmol/kg for FSU and 5.2 pmol/kg for UCSC. These formal
detection limits exceeded the lowest levels of Cd found in sur-
face seawater (~1 pmol/kg), but were generally much lower
than Cd concentrations found throughout the rest of the
water column (20-1000 pmol/kg).

Similarly, the methods used by all 3 groups had compara-
ble analytical blanks for Pb (Table 1). These were 1.98 + 0.94
pmol/kg (n = 6) for FSU, 5.0 £ 1.3 pmol/kg (n = 33) for UCSC,
and 1.3 + 0.6 pmol/kg (n = 17) for USM. The formal Pb detec-
tion limits were 2.9, 3.8, and 1.9 pmol/kg for FSU, UCSC,
and USM, respectively. All detection limits were relatively
low compared to seawater concentrations of Pb (typically
= 20 pmol/kg).

Whereas the differences in detection limits and blanks are
laboratory dependent, some general conclusions can be drawn
from contrasts in analytical protocols at FSU and UCSC. This
was partially due to differences in the analytical set-up. While
the ICP-MS at FSU is part of a shared-use facility, the Landing
group uses method-specific sets of ICP-MS cones (platinum)
and sample introduction systems for different applications.
These components are regularly cleaned and/or polished
between uses, ensuring that blanks are minimized. The ICP-
MS at UCSC is also part of a shared-use facility, and the cones
and nebulizer employed for this intercalibration were shared
with a wide group of other instrument users. As a conse-
quence, it is clear that Pb contamination from those cones and
nebulizer was more problematic at UCSC, despite several
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Table 2. Results from the analysis of standard reference materials SAFe S1 and D2 and certified reference material NASS-5 with their

accepted concentration values for Cd and Pb.

Reference material

Laboratory

Cd (pmol/kg)

Pb (pmol/kg)

SAFe S1

SAFe D2

NASS-5

Consensus value
FSU
ucsc
USM
Consensus value
FSU
ucsc
USM
Certified value
FSU
ucsc
USM

1.0+0.2
0.8+0.7 (n=5)
11+0.2 (n=6)

986 + 27
1008 + 32 (n = 5)
991 +39 (n=9)

205 + 27
195+ 7 (n=3)
225410 (n=3)

47.6+2.4
443+ 1.5 (n=5)
49.9+ 0.9 (n = 6)
49 £1 (n=6)
27.7+1.8
26.2+ 0.4 (n=5)
29.0+ 1.3 (n=9)
27.7 £ 0.6 (n = 6)
38 + 24
29.2+2.0 (n=3)
28+2(n=3)
3411 (n=6)

hours of running acid through the instrument before each
analysis for this intercalibration. Another reason for differ-
ences in the blanks was the larger volume of buffer used by the
UCSC method, which elevated the blank. Regardless, both the
FSU and UCSC methods were near the limit of detection to
accurately measure the lowest seawater Cd concentrations, as
evidenced by the high variability in the analysis of the low
SAFe S1 concentration of 1 pmol/kg (see below). Both the FSU
and UCSC resin extraction methods allow for an increase in
the signal-to-blank ratio by increasing the volume of sample
loaded onto the column. Increasing the volume of sample to
be extracted requires the use of either more buffer solution or
a higher pH buffer, while striving to minimize any increase in
the Cd and Pb blanks contributed by the buffer.
Standard reference materials

To validate the accuracy of the three methods, each labora-
tory analyzed three different reference seawater materials:
SAFe S1 and SAFe D2, which were distributed by Bruland
(2011), and a National Research Council Canada certified ref-
erence material (NASS-5) (Table 2). The agreement among the
three laboratories on the reference material concentrations
demonstrated that each method is capable of accurately meas-
uring the levels of Cd and Pb found in open ocean samples,
with FSU and UCSC reporting Cd concentrations that agree
within 30 pmol/kg (<13%), and all three laboratories reporting
Pb concentrations that agreed within 5 pmol/kg (<8%). These
differences are consistent with the differences (one standard
deviation) of the methods for SAFe S1 and SAFe D2 (Bruland
2011)—i.e., the three laboratories’ values were not statistically
different from the consensus SAFe values (t-test, P = 0.05).
I0C-4 seawater samples

Eleven I0C-4 seawater samples collected for each labora-
tory were analyzed (Table 3). Each group (FSU, UCSC, and
USM) had sent precleaned subsample bottles on the 10C-4
research cruise. The bottles were filled using trace-metal clean
protocols, then returned to each group for acidification and
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storage. We selected five surface water samples collected
underway with the FISH sampling system and six subsurface
water samples from Station 8 with the GO-FLO system. Each
group took two 30 mL subsamples from their original sample
bottles and sent them to the other laboratories for analysis.
The depth profile from Station 8 (Figure 1A-C) shows that the
3 groups had similar results for each depth, and better agree-
ment at lower concentrations of both Cd and Pb. One UCSC
sample (Station 8, 300 m), which was leaking and clearly con-
taminated when it arrived at USM, was excluded from this
intercalibration.

While samples provided by each laboratory for the inter-
calibration should have similar concentrations because they
were aliquots taken from the same GO-FLO bottles, the FSU
and USM samples were filtered and the UCSC samples were
not filtered. In general, the difference between dissolved and
unfiltered concentrations of Cd is ~5% in oceanic regions with
moderate productivity (Bruland et al. 1979). The greatest dif-
ference between dissolved and unfiltered samples in our study
was in FISH sample 20, where unfiltered concentrations of Cd
exceeded filtered samples by 200 pmol/kg (Table 3). This sam-
ple was collected off the coast of the Kuril-Kamchatka margin,
where seasonal productivity can result in enhanced biological
uptake of Cd and higher particulate (and unfiltered seawater)
Cd concentrations.

There was good agreement among the laboratories in their
measurements of a wide range of Cd and Pb concentrations in
surface water samples (Figure 2A-C). The Cd concentrations
agreed within 20 pmol/kg (=4%), and the Pb concentrations
agreed within 8 pmol/kg (=15%).

The intercalibration data were also comparable to previous
measurements of Cd and Pb in the North Pacific. For example,
Cd concentrations in the vertical profile at Station 8 were sim-
ilar to those reported for the central North Pacific Ocean by
Bruland et al. (1994). Lead concentrations in that vertical pro-
file are higher than those reported by Boyle et al. (2005) in a
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Table 3. Summary of seawater sample concentration measurements for Cd and Pb made on I0C-4 subsamples provided by FSU,
UCSC, and USM. FSU and UCSC reported both Cd and Pb, whereas USM reported Pb only. ND = not detected, BDL = below detection
limit. Reported concentrations from different labs on individual subsamples are in agreement.

Cd (pmol/kg)

Subsample source

Pb (pmol/kg)
Subsample source

Sample ID Lab FSU UCSC uUusm FSU UCSC UsmMm
I0C-4 Station 8, FSU 1.7 2.8 BDL 57.8 67.3 55.6
26.0°N, 175.0°W UCsC 0.4 2.2 1.2 63.8 74.8 69.4
80 m UsM ND ND ND 66.0 80.2 64.8
I0C-4 Station 8, FSU 51.9 52.9 51.1 77.6 76.4 114.6
26.0°N, 175.0°W UCsC 50.2 53.8 54.2 87.5 85.3 128.4
170 m UsM ND ND ND 89.6 88.6 130.6
I0C-4 Station 8, FSU 145.2 159.4 150.2 65.8 71.6 70.3
26.0°N, 175.0°W UcCsC 164.3 159.8 159.1 77.0 77.8 76.5
300 m UsM ND ND ND 78.7 118.9 78.3
I0C-4 Station 8, FSU 790.6 819.2 851.7 47.1 49.3 48.4
26.0°N, 175.0°W UcCsC 878.8 824.5 898.4 53.3 57.0 54.2
700 m UsM ND ND ND 56.9 58.2 53.6
I0C-4 Station 8, FSU 972.8 935.2 952.2 55.8 48.5 63.0
26.0°N, 175.0°W UCsC 1008.1 967.4 1019.9 60.2 52.4 69.8
900 m UsM ND ND ND 65.1 60.3 75.0
I0C-4 Station 8, FSU 978.7 1016.7 922.0 25.8 22.2 22.0
26.0°N, 175.0°W UCsC 984.8 951.6 964.3 27.8 19.4 22.3
1500 m UsM ND ND ND 29.9 24.6 25.8
10C-4 FISH 20 FSU 541.4 778.4 576.4 59.2 63.7 60.1
45.9°N, 158.6°E UCsC 565.6 748.7 565.2 66.9 72.8 63.3
UsM ND ND ND 72.6 75.6 67.6
10C-4 FISH 24 FSU 655.2 653.8 616.1 45.3 48.1 44.0
49.8°N, 166.6°E UCsC 647.4 672.1 632.0 49.8 53.1 48.4
UsM ND ND ND 52.0 60.2 50.6
10C-4 FISH 31 FSU 109.1 174.8 122.9 65.9 721 68.8
39.6°N, 170.6°E UcCscC 109.1 170.3 124.7 74.9 83.7 61.9
UsM ND ND ND 77.0 88.2 79.5
10C-4 FISH 48 FSU 2.5 4.4 2.0 45.6 41.9 42.2
26.0°N, 175.0°W UCsC 3.4 1.1 1.4 56.9 40.2 46.8
UsMm ND ND ND 53.6 52.2 50.4
10C-4 FISH 62 FSU 2.5 2.9 2.0 29.1 37.1 27.6
24.9°N, 153.6°W UCsC 1.4 1.8 1.2 31.5 39.1 31.0
UsM ND ND ND 34.9 42.4 334

vertical profile ~1700 km to the east of Station 8. As previously
documented, this trend is consistent with the expectation that
Pb concentrations are higher in the surface and intermediate
waters as one moves westward, toward aeolian emission
sources of anthropogenic Pb from Asia (Wu et al. 2010; Gallon
et al. 2011).

Discussion

Methods used by FSU and UCSC for Cd had blanks and
detection limits lower than several previously reported analyt-
ical procedures. This includes analyses with graphite furnace
absorption atomic spectrometry (GFAAS), which had blanks of
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78 pmol/kg and detection limits of 41 pmol/kg (Colbert et al.
1998), and analyses with an aluminum hydroxide coprecipi-
tation method and flameless atomic absorption spectrometry
(FAAS), which had a detection limit > 10 nmol/kg (Doner and
Ege 2005). In contrast, Lee et al. (2011) recently described a
method similar to the chelating resin extractions reported
here, that had comparable blanks of 0 + 2 pmol/kg and a
slightly higher detection limit (6 pmol/kg).

For Pb concentration analyses, the overall figures of merit
for the laboratories were comparable to some of those previ-
ously reported. For example, in a previous I0C intercalibra-
tion, Ndung'u et al. (2001) reported Pb measurements per-
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Figure 1. Cadmium and Pb concentrations in I0C-4 Station 8 subsam-
ples from A) FSU, B) UCSC and C) USM. Analyses conducted by FSU,
UCSC and USM were in agreement. The data point circled in black (IB)
was a sample that leaked during shipping and became contaminated for
Pb. Note that the symbol sizes are larger than the analytical error of the
measurements.
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Figure 2. Cadmium and Pb concentrations at five locations in 10C-4
towed-FISH surface water subsamples from A) FSU B) UCSC and C) USM.
Analyses conducted by FSU, UCSC and USM were in agreement. For loca-
tions see Table 3. Note that the symbol sizes are larger than the analyti-
cal error of the measurements.
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formed at UCSC and Old Dominion University (ODU) with
organic solvent extraction followed by ICP-MS or GFAAS
analysis; those had blanks of 1.2 + 0.2 and 3.2 + 1.1 pmol/kg,
respectively, and detection limits of 0.7 and 3.3 pmol/kg,
respectively. The Pb blanks for USM (1.3 + 0.1 pmol/kg) and
FSU (1.95 £ 0.93 pmol/kg) were also are similar to that (1.3
pmol/kg) reported by Lee et al. (2011).

Comments and recommendations

Methods employed in this intercalibration were deter-
mined to be suitable for measuring concentrations of Cd and
Pb in seawater, while each of those methods has its relative
strengths and weaknesses. The off-line resin extraction isotope
dilution technique used by FSU provides extremely low
blanks, good precision, and uses lower buffer and elution acid
volumes compared with the methods at UCSC and USM. The
FSU method also allows for simultaneous extraction and
analysis of six other metals (Mn, Fe, Co, Ni, Cu, and Zn)
(Milne et al. 2010). The on-line resin extraction method used
by UCSC requires virtually no sample preparation time in the
laboratory, and sample volumes may be as little as 5 mL per
analysis. The downside of this convenience is that more ICP-
MS instrument time is required. The Mg(OH), co-precipitation
method used by USM yields better blanks and detection limits
than the procedures employed at FSU and UCSC for Pb analy-
ses and simultaneously generates data for six other metals (Ga,
Fe, Cr, Cu, Ni, and Zn). However, the 5 mL of sample required
by the Mg(OH), co-precipitation method was insufficient for
concurrent Cd concentration measurements.

Overall, these three methods demonstrate several improve-
ments over many of the techniques previously employed.
They require smaller sample volumes, involve less toxic chem-
icals (such as the carcinogen chloroform used in solvent
extraction), and provide faster sample throughput than most
previously reported methods; they also allow for simultaneous
multi-element analyses from a single aliquot. While the
blanks and detection limits vary slightly among methods,
each is sufficient for providing reproducible data (=4% and
=<15% for Cd and Pb, respectively) over a wide range of open-
ocean seawater concentrations.
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