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ABSTRACT. A selection of elements (Bi, Ca, Cd, Co, Cu, Mn, Na, Sr, U, V, Zn) were measured by high-
resolution inductively coupled plasma sector-field mass spectrometry in firn- and ice-core samples from
Law Dome, Antarctica, corresponding to the period 4500 BC to AD 1989. Concentrations of rock dust and
sea salts were calculated for each sample and then used to determine concentrations of each element
originating from crustal and marine aerosol emissions, respectively. Where calculated contributions
from crustal and marine aerosol sources failed to account for the total measured concentration of an
element, the remainder was apportioned to volcanic and/or anthropogenic sources and defined as an
enrichment. On this basis, it was determined that Bi and Cd concentrations in Law Dome ice are
overwhelmingly influenced by volcanic emissions (enrichments 150–250x crustal and marine inputs);
Co, Cu, Pb and Zn concentrations in Law Dome ice are largely influenced by volcanic emissions
(enrichments 16–36x crustal and marine inputs); and Mn, Sr, U and V concentrations in Law Dome ice
are minimally influenced by volcanic emissions (enrichments 1.5–4x crustal and marine inputs). During
the 20th century, enrichments of Pb and Cu concentrations were observed to be greater than in earlier
centuries, consistent with increasing anthropogenic emissions of Pb and Cu in the Southern Hemisphere
over that period.

INTRODUCTION

Polar ice-core records enable hemispheric trends of atmos-
pheric aerosol loading to be determined and have been used
to compare changes in the composition of aerosols in the
atmosphere with various large-scale forcing events such as
glacial–interglacial transitions (e.g. Basile and others, 1997;
Petit and others, 1999) and, in more recent times, anthro-
pogenic activities (Rosman and others, 1997; Wolff and
others, 1999; Planchon and others, 2002). The study of
elemental concentrations in polar archives also enables
various anthropogenic aerosol-emission processes (e.g.
leaded gasoline, coal and oil combustion; ore mining and
metal production) to be evaluated and has resulted in the
characterization of long-term trends in the development of
industrial activity in the Northern (Rosman and others,
1994b; Barbante and others, 2003) and Southern (Vallelonga
and others, 2002b; Planchon and others, 2003) Hemispheres.

Despite such progress, attention has recently been
directed toward discrepancies and systematic errors in
earlier attempts to constrain the natural sources of some
elements deposited on the Antarctic ice sheet (Matsumoto
and Hinkley, 2001). Earlier studies (e.g. Boutron and others,
1987; Rosman and others, 1994a; Hong and others, 1998)
had attributed the presence of heavy metals in the Antarctic
ice sheet to a combination of crustal (wind-blown rock and
dust), marine (sea-salt spray and/or emissions from marine
biogenic activity) and volcanogenic aerosols but had used

diverse methods for quantifying inputs from these sources. In
some studies, corrections such as ‘emission factors’ have
been incorporated to account for poorly documented
phenomena, such as the enrichment of heavy metals during
the production of sea-salt spray (Weisel and others, 1984;
Nriagu, 1989; Dick, 1991). Because this phenomenon has
not been thoroughly evaluated, the ‘emission factors’
applied in past studies have sometimes been grossly
overestimated: values as great as 10 000 for Cd and 20 000
for Zn (Hong, 1998) have been used to describe the
enrichment of these elements relative to sea-water concen-
trations. Recent studies have employed smaller emission
factors as it becomes apparent that such large corrections
are unnecessary (Planchon and others, 2002).

Overall, there remain great discrepancies between the
relative contributions of metals to the Antarctic ice sheet
from different natural emission sources, due to the diverse
methods and corrections applied by different investigators
over time. Evaluations of aerosol emissions from crustal and
marine sources have been treated more accurately than
those from volcanic sources, since the composition of the
Earth’s crust and seas has been well studied while our
knowledge of the composition of volcanic exhalations
extends to only 13 elements (Hinkley and others, 1999).
Nonetheless, there exists new evidence to suggest that
quiescent volcanism may account for the majority of some
metals deposited on the Antarctic ice sheet (Matsumoto and
Hinkley, 2001).
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Law Dome, a coastal high-snow-accumulation site lo-
cated in East Antarctica, has been the subject of interest for
the production of high-resolution millennia-long records of
climatic and atmospheric change from ice-core records
(Morgan and others, 1997). Concentrations of trace metals
(Pb, Cd, Cu, Zn) have been reported for some recent ice
strata (Hong and others, 1998), but some of these samples
have been shown to be subject to contamination from the
drilling procedure (Rosman and others, 1998). More recently
a 500 year history of Pb and Ba concentrations and Pb
isotopes has been published, indicating the influence of
anthropogenic aerosols at Law Dome since approximately
AD 1890 (Vallelonga and others, 2002b). The proportions of
heavy metals originating from natural aerosol emission
sources have been little studied, although the changes in Pb,
Ba and Bi deposition during the AD 1815 Tambora (Indone-
sia) volcanic eruption have been reported (Vallelonga and
others, 2003). The seasonal deposition characteristics of
major ions at the site (Curran and others, 1998) and a
700 year record of volcanic activity determined from non-
sea-salt SO4

2– (nssSO4
2–) concentrations are also available

(Palmer and others, 2001).
Here, we make use of high-resolution inductively

coupled plasma sector-field mass spectrometry (ICP-SFMS)
to analyze a suite of major, minor and trace elements in Law
Dome samples that have previously been studied for Pb and
Ba concentrations and Pb isotopes by Thermal Ionization
Mass Spectrometry (TIMS). These data are used to comple-
ment the existing record of anthropogenic aerosols de-
position at Law Dome by providing a more thorough
characterization of the natural sources of a variety of
elements deposited at the site.

METHODS
Ice cores, sampling and decontamination
Details of the Law Dome ice cores selected, their
decontamination and sampling have been described pre-
viously (Vallelonga and others, 2002a), so only a summary is
provided here. Samples were obtained from five different ice
cores, four located near the Law Dome summit (668460 S,
1128480 E; 1390 m a.s.l.; accumulation rate >600 kg m–2 a–1,
mean annual temperature –21.88C, approximate distance
from coast 80 km) and one located 20 km to the west (DSS-
W20k; accumulation rate 160 kg m–2 a–1). The ice cores
were dated by counting of annual d18O layers in the ice
record and correlation with the accurately dated DSS main
core (Palmer and others, 2001), while the DSS-W20k core
was dated using snow densification and ice-flow modelling,
trapped-gas measurements and identification of the
nssSO4

2– signal corresponding to the AD 1815 Tambora
eruption (Vallelonga and others, 2003).

Ice-core sections as long as 70 cm were decontaminated
on an acid-cleaned all-plastic lathe located in a High
Efficiency Particle Air- (HEPA-)filtered laminar-flow bench
using a mechanical-chiselling technique (Candelone and
others, 1994). This technique of sequentially removing
concentric layers of ice was followed in order to remove
surface contamination originating from the drilling and long-
term storage of the ice cores, leaving the central section of
the core (the ‘inner core’) pristine and free from contamina-
tion. Decontamination personnel wore lint-free coveralls
and plastic gloves, and all equipment used was cleaned in
heated baths of dilute nitric acid produced from ultra-pure

water and nitric acid which had been purified by sub-boiling
distillation in a quartz still. The chiselled samples were
melted and aliquotted in a clean laboratory supplied with
HEPA-filtered air, where they were transferred unacidified
into acid-cleaned low-density polyethylene (LDPE) bottles.
The samples were then frozen and transported to the
University of Venice, Italy, for ICP-SFMS analyses. Blanks
resulting from the decontamination and sample storage
procedures have been evaluated for Ba and Pb (Vallelonga
and others, 2002a) and were found to be negligible
(13 fg Pb g–1, 43 fg Ba g–1).

ICP-SFMS analysis
A ThermoFinnigan Element2 ICP-SFMS instrument was used
to measure Bi, Ca, Cd, Co, Cu, Mn, Na, Sr, U, V and Zn. The
operating procedures and measurement parameters used for
the analyses have been reported previously by Planchon and
others (2001). A PFA Teflon nebulizer (Elemental Scientific,
Omaha, NE, USA) with a sample consumption rate of
approximately 100 mL min–1 was used for all samples.
Detection limits varied between 0.003 pg g–1 for U and
0.6 pg g–1 for Mn. Typical measurement precisions (given in
terms of relative standard deviations) were found to vary
from 9% for Sr to 43% for U.

Although Ba and Pb were also analyzed by ICP-SFMS, Ba
and Pb concentrations determined by isotope dilution –
TIMS (Vallelonga and others, 2002b) – in the same samples
have been included here to indicate inputs from crustal rock
and soil dust and from some anthropogenic sources,
respectively. Good agreement was found between the
concentrations of Pb measured in identical samples using
TIMS and ICP-SFMS; however, for Ba it was found that
average concentrations measured by ICP-SFMS were only
40% of those measured by TIMS. The lower concentrations
of Ba observed by ICP-SFMS are attributed to the incomplete
ionization of Ba in dust particles present in the ICP-SFMS
plasma.

RESULTS
The results of ICP-SFMS analysis of 32 firn- and ice-core
samples collected from Law Dome ice-core sections are
shown in Table 1. Included in the table are Ba and Pb
concentrations determined by TIMS in the same samples, as
reported by Vallelonga and others (2002b). From the
evaluation of Pb isotopes given therein, it was determined
that the influence of anthropogenic Pb emissions is apparent
at Law Dome from AD 1898. It is assumed that only minor
quantities of heavy metals were emitted by anthropogenic
activities in the Southern Hemisphere prior to AD 1898, thus
allowing the proportions of natural sources of heavy-metals
emissions to be evaluated from data corresponding to the
pre-AD 1898 period. Elemental concentrations reported here
are generally in agreement with those reported by Wolff and
others (1999) and Planchon and others (2002) for Coats Land
snow blocks and firn/ice cores, respectively. Concentrations
of Bi, Cd and Co determined here are moderately higher
than those reported for Coats Land, which may be due to
different mixtures of aerosols emitted from various natural
sources being archived at each site.

Quality of the data: decontamination profiles
Profiles of the decontaminated core layers were analyzed for
several samples to evaluate the reliability of the measured
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data and to investigate the presence of contamination on the
innermost sections of the cores. For most elements (Bi, Ca,
Co, Mn, Na, Sr, U, V), decontamination profiles displayed a
plateau from the second or third layer of chiselled ice to the
inner core, indicating that the external contamination had
been successfully removed. For other elements (Cd, Cu, Zn),
only some of the decontaminations were successful, where
an unsuccessful decontamination was indicated by a con-
tinuously decreasing concentration profile from the external
section to the internal section of the core. This was found to
occur most frequently in core samples corresponding to
snow deposited since the 1940s, which were less dense (firn
density approximately 500 kg m–3) than the deeper ice strata.
The lesser density (hence greater porosity) of the uppermost
core sections made these sections more susceptible to
contamination transported by aerosols diffusing into the
centre of the core. Where ice-core sections were not
successfully decontaminated, the concentration found in
the inner core sample has been reported as an upper limit.

Evaluation of crustal and marine aerosol inputs
Crustal and marine aerosol inputs of each of the elements
studied have been evaluated based on the calculated
concentrations of rock dust and sea salt present in each

sample and the reported concentration of each element in
crustal material and mean sea water. Concentrations of rock
dust and sea salt were determined from Ba/Ca ratios present
in the samples compared to those Ba/Ca ratios reported in
crustal material (Taylor and McLennan, 1985) and sea water
(Bowen, 1979). Ba/Ca ratios were used to differentiate rock
dust from sea salts because of the great difference between
the proportions of these two elements in rock dust (0.018;
Taylor and McLennan, 1985) and sea salt (3.2�10–5;
Bowen, 1979). The following formula was used to calculate
the proportion of sea salt in each sample:

Sea-salt proportion ¼
Ba
Ca

sample � Ba
Ca

rock dust

Ba
Ca

sea salt � Ba
Ca

rock dust

,

while the proportion of rock dust in the sample was taken to
be the remainder:

Rock-dust proportion ¼ 1 � sea-salt proportion:

Once the proportions of rock dust and sea salt had been
calculated for each sample, their respective quantities were
calculated based on the reported abundance of Ca in crustal

Table 1. Results of ICP-SFMS analysis of 32 firn- and ice-core sections collected from Law Dome, and calculated concentrations of rock dust
and sea salts. ‘<d.l.’ indicates that the measured concentration in the sample was below the detection limit. Calculation of rock-dust and sea-
salts concentrations is discussed in the text

Sample
code Date Ba* Bi Ca Cd Co Cu Mn Na Pb* Sr U V Zn

Rock
dust

Sea
salts

pg g–1 pg g–1 ng g–1 pg g–1 pg g–1 pg g–1 pg g–1 ng g–1 pg g–1 pg g–1 pg g–1 pg g–1 pg g–1 ng g–1 ng g–1

DSS 1129 4500 BC 3.21 0.06 1.22 0.17 0.82 – 3.6 44 0.31 44.7 0.042 1.4 0.6 4.7 125
BHQ 260 4000 BC – 0.04 1.24 0.11 <d.l. <d.l. 3.8 39 – 47.5 0.012 <d.l. – 148
DSS 790 AD 68 1.83 0.07 1.37 0.15 0.97 0.3 4.9 44 0.42 49.1 0.034 1.5 1.7 2.7 152
DSS 257 AD 1530 0.68 0.05 1.45 0.28 1.66 <d.l. 3.3 42 0.30 44.0 0.011 0.3 3.3 0.9 169
DSS 218 AD 1605 1.30 0.05 1.91 0.08 0.87 <d.l. 1.9 58 0.33 68.7 0.016 1.1 1.7 1.8 220
BHD 132 AD 1650 1.37 0.03 1.65 0.13 0.79 1.3 1.7 52 0.48 57.6 0.027 1.1 0.9 1.9 188
DSS-W20k 70 AD 1692 1.40 0.05 1.04 0.17 0.86 0.2 3.4 37 0.33 34.6 0.014 1.2 1.6 2.0 115
DSS-W20k 62 AD 1729 0.75 0.18 1.62 0.29 3.25 <0.6 5.8 45 0.27 59.9 0.023 1.9 – 1.0 189
DSS-W20k 55 AD 1767 1.81 0.07 2.68 0.18 1.09 1.1 4.7 79 0.36 99.5 0.034 1.5 2.3 2.5 308
DSS-W20k 50 AD 1790 1.50 0.06 2.07 0.30 1.59 0.8 4.3 58 0.47 75.1 0.020 0.1 2.9 2.1 237
DSS-W20k 46 AD 1807 1.98 0.07 2.74 0.08 0.89 1.2 2.9 75 0.36 108.3 0.033 1.5 0.6 2.8 314
DSS-W20k 41 AD 1831 0.90 0.05 3.96 0.09 1.38 1.4 2.4 48 0.45 121.7 0.035 1.5 1.9 1.1 467
DSS99 103 AD 1852 1.02 0.03 1.56 0.18 1.24 <d.l. 3.4 45 0.28 49.0 0.016 0.2 <1.5 1.4 180
DSS-W20k 35 AD 1858 1.02 0.10 2.22 – 1.93 1.2 6.0 61 0.21 79.1 0.027 0.3 – 1.4 258
DSS99 95 AD 1860 0.90 0.01 1.26 0.15 <d.l. <d.l. 2.0 39 0.32 49.0 0.009 <d.l. <0.8 1.3 145
DSS99 84 AD 1877 0.67 0.09 1.04 0.10 0.68 0.5 1.7 38 0.41 39.1 0.009 1.3 1.0 0.9 120
DSS99 79 AD 1884 1.10 0.05 1.13 0.19 0.81 <d.l. 1.8 42 0.45 38.3 0.016 1.0 0.6 1.6 128
DSS99 68 AD 1898 1.49 0.04 1.68 – 0.65 3.7 2.4 53 1.42 68.2 0.025 0.4 – 2.1 191
DSS99 60 AD 1908 1.72 0.03 2.37 0.13 <d.l. 0.3 2.2 72 1.69 91.0 0.031 0.3 0.5 2.4 272
DSS99 40 AD 1932 6.67 0.04 1.28 0.08 1.41 0.6 7.3 37 1.10 37.8 0.086 1.7 4.5 10.0 109
DSS-W20k 18 AD 1933 2.16 0.05 2.34 – <d.l. – 3.8 71 1.72 91.1 0.025 0.4 – 3.1 265
DSS99 36 AD 1939 1.08 0.04 1.42 0.13 1.26 1.5 9.8 47 0.79 54.8 – 1.0 4.0 1.5 162
DSS-W20k 16 AD 1942 2.01 0.06 0.57 <d.l. 1.40 0.6 4.9 26 0.59 30.5 0.015 1.5 2.1 3.0 55
DSS-W20k 15 AD 1948 1.84 0.06 2.11 0.10 1.09 2.3 2.9 54 1.08 59.1 0.021 1.1 – 2.6 240
DSS-W20k 13 AD 1956 3.75 0.04 1.47 0.21 1.32 – 3.5 47 1.27 52.3 0.020 0.8 – 5.5 151
DSS-W20k 12 AD 1960 2.98 0.08 1.52 0.18 0.49 2.1 5.8 50 2.89 58.8 0.026 0.6 2.9 4.4 162
DSS-W20k 11 AD 1964 3.47 0.04 2.85 0.23 0.58 2.6 7.3 82 1.51 106.5 0.042 0.7 – 5.0 318
DSS-W20k 10 AD 1967 2.02 0.06 2.77 0.34 0.83 2.7 5.4 77 1.33 108.0 0.032 0.6 – 2.8 318
DSS-W20k 9 AD 1971 2.42 0.03 4.40 <0.34 0.62 – 5.9 53 2.46 132.5 0.030 0.8 – 3.3 510
DSS-W20k 7 AD 1977 1.22 0.03 0.96 0.39 0.51 1.8 1.9 35 1.60 38.0 0.011 0.4 <15 1.8 107
DSS-W2k 17 AD 1983 1.72 0.05 0.54 0.40 1.03 4.8 2.4 24 0.88 20.4 0.023 1.0 – 2.6 53
DSS-W2k 9 AD 1989 4.68 0.05 1.84 0.26 0.53 4.3 7.5 56 7.00 70.9 0.029 0.7 – 6.9 189

*Lead and Ba concentrations determined by TIMS (Vallelonga and others, 2002b).
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material and sea water, using the following equations:

Rock-dust concentration

¼ rock-dust proportion � Ca concentration in sample
Ca crustal abundance

Sea-salt concentration

¼ sea-salt proportion � Ca concentration in sample
Ca sea-water abundance

:

From these calculated concentrations of rock dust and sea
salt in each sample, amounts of each of the studied elements
were determined by multiplying this concentration with the
reported abundance of these elements in crustal material
(Taylor and McLennan, 1985) and sea water (Bowen, 1979),
which are shown in Table 2. In calculating the concentration
of each element present in the samples from sea-salt inputs,
the reported sea-water abundance of the element was
divided by 0.035 to account for salinity as shown:

Element concentration in sample from marine aerosols

¼ Sea-salt concentration calculated in sample

� Element abundance in sea-water
0:035

:

No ‘emission factor’ correction was applied when calcu-
lating the amounts of sea-salt-derived elements, on the basis
that the phenomenon of sea-salt spray enrichment has not
been studied thoroughly enough. The results presented here
suggest that the use of such ‘emission factors’ may be
unnecessary for determining marine aerosol emissions of
most of the elements considered.

Marine aerosols account for most of the Ba and Ca
deposited in Law Dome ice. Sea salts were found to be the
origin of approximately 98% (average concentration
205 ng g–1) of Ba and Ca found in the samples, while rock
dust accounted for only 2% (2.8 ng g–1) of these elements.
These results were independently tested by calculating sea-
salt and rock-dust concentrations in the samples directly
from measured Na and Ba concentrations, which were
respectively divided by the abundances of Na and Ba in sea
water and upper crustal material shown in Table 2. These
calculations indicated that average rock-dust concentrations

at Law Dome were 3.6 ng g–1, while average sea-salt
concentrations were 230 ng g–1, both in good agreement
with the results determined from Ba/Ca ratios. The high
correlation observed between concentrations of Ca, Na and
Sr (Ca–Na correlation: r2 ¼ 0:96; Ca–Sr correlation:
r2 ¼ 0:93) supports our finding that marine emissions are
the dominant source of aerosols deposited at Law Dome.

While there was no apparent trend in sea-salt concen-
trations, rock-dust concentrations increased from 1.9 ng g–1

between 6500 BP and AD 1884, to 3.8 ng g–1 between AD 1898
and 1989. Vallelonga and others (2002b) suggested that the
elevated dust concentrations observed at Law Dome during
the 1930s and from 1956 to 1964 could result from changes
to vegetation cover possibly caused by climate change.
Decreased enrichments (beyond calculated sea-salt and
rock-dust inputs) were observed for Bi, Co, Mn, U and V
during the 20th century compared to pre-industrial levels
and are consistent with a recent increase in dust levels.

On average, Sr was enriched 1.4 times above concen-
trations expected from rock-dust and sea-salt inputs, while
the average enrichment of Mn, U and V was 3–4 times
above concentrations expected from rock dust and sea salts.
Our interpretation of these elemental enrichments above
calculated sea-salt and rock-dust concentrations is based on
the comments of Duce and others (1975) who suggested
‘[enrichment] variations from unity up to an order of
magnitude may still indicate a crustal material source for
the elements’, so only enrichments greater than an order of
magnitude above crustal and marine aerosol inputs have
been considered as definitely indicative of the influence of
other emission sources. As the amounts of Mn, Sr, U and V
present in Law Dome ice were only moderately greater than
estimated proportions of rock dust and sea salt, rock dust
was considered the dominant source of Mn, U and V, while
sea salt was usually found to account for 97% of measured
Sr concentrations.

Evaluation of volcanic and anthropogenic aerosol
inputs
Contributions of elements originating from volcanogenic
and anthropogenic aerosol emissions were evaluated by
consideration of the enrichment of each element beyond
concentrations that can be accounted for by rock-dust and
sea-salt inputs. Where the enrichment of an element was
observed to be approximately constant in all of the samples,
volcanism was considered the most likely explanation for
the enrichment. Where enrichments were constant prior to
the 20th century but increased greatly in the 20th century,
the increased enrichment was attributed to anthropogenic
activity. Table 3 shows the average enrichments of some of
the measured elements beyond those concentrations ex-
pected from rock dust and sea salt, as well as average
enrichments corresponding to the periods 6500 BP–AD 1884
and AD 1898–1989. Using Pb isotopes, Vallelonga and others
(2002b) observed that anthropogenic Pb inputs to Law
Dome became observable from approximately AD 1890
while inputs of other anthropogenically emitted heavy
metals such as Cd, Cu and Zn were identified in Coats
Land snow deposited during the 20th century (Wolff and
others, 1999; Planchon and others, 2002).

Based on concentration enrichments above levels corres-
ponding to inputs of rock dust and sea salt, the data
presented here suggest that volcanism is an important source
of the Bi, Cd, Co, Cu, Pb and Zn deposited at Law Dome.

Table 2. Reported abundances of selected elements in upper
continental crustal material (Taylor and McLennan, 1985) and sea
water (Bowen, 1975). All values are given in ng g–1

Element Abundance

Earth’s crust Sea water

Ba 550�103 13
Bi 127 0.02
Ca 30�106 412�103

Cd 98 0.11
Co 10�103 0.02
Cu 25�103 0.25
Mn 600�103 0.2
Na 28.9� 106 10.77� 106

Pb 20�103 0.03
Sr 350�103 7900
U 2.8�103 3.2
V 60�103 2.5
Zn 71�103 4.9
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The magnitudes of the average enrichments calculated vary
from moderate values for Zn (16), Pb and Cu (22) and
Co (36) to greater values for Bi (148) and Cd (249), as shown
in Table 3. The origin of these concentration enrichments
can be attributed to volcanic activity because they are
constant through the duration of the data presented: from the
mid-Holocene, 6500 BP, to the present, AD 1989. These
results are in agreement with previous reports that have
suggested that Bi (Rosman and others, 1998) and Cd and Pb
(Matsumoto and Hinkley, 2001) deposited in Antarctica
originate predominantly from volcanogenic aerosols.

These data support previous findings that anthropogenic
emissions have produced increased concentrations of Pb,
and possibly Cu, in Antarctica. This finding was based on the
increase of enrichments (beyond what could be accounted
for by rock-dust and sea-salt inputs) of Pb and Cu observed
during the 20th century compared to average enrichments
for earlier centuries. For Pb, the enrichment is observed to
increase from 13 to 31 (as shown in Table 3) after AD 1898.
For Cu, a smaller increase in enrichment is observed, from
21 in the pre-industrial period (6500 BP–AD 1884) to 31
during the 20th century. Such an increase suggests only a
minor contribution from anthropogenic Cu emissions, but
this is consistent with the findings of Wolff and others
(1999), who attributed increased concentrations of Cu in
Coats Land snow deposited during the 1970s and 1980s to
anthropogenic emissions.

Of the heavy metals studied here, Zn has the most
spurious trend, with no indication that the element has been
clearly enriched by anthropogenic emissions. This is due to
contamination problems: the majority of data obtained from
the most recent part of the ice-core record were negated by
contamination. Of the samples corresponding to the period
1964–89, the lowest Zn concentration measured was
15 pg g–1, which is given here as an upper limit and is
included only to delineate a possible Zn concentration trend
for the late 20th century. This one sample is responsible for
the high value (27) in Table 3 reported for the average
enrichment of Zn above concentrations expected from rock
dust and sea salt at all times for the period AD 1890–1989. If
this potentially contaminated data point had not been
included in the average, the calculated enrichment would
be 11, identical to that calculated for the period prior to
AD 1890, indicating that anthropogenic emissions of Zn
during the 20th century cannot be evaluated from the data
presented. Wolff and others (1999) also failed to identify a
trend for Zn, from their analysis of Cd, Cu and Zn in Coats
Land snow corresponding to the period AD 1923–86.

DISCUSSION
The data presented here allow an evaluation of the main
natural emission sources of each of the elements analyzed as

well as an estimate of the proportions in which they are
deposited in Law Dome snow. Reliable proxies of crustal
aerosol (rock dust: Ba) and marine aerosol (sea salt: Ca and
Na) emission were selected in order to independently
calculate total concentrations of rock dust and sea salts
present in the samples. Using reported elemental composi-
tions of crustal material and sea water, the crustal and marine
inputs from each of these sources were calculated for each
sample. Where the concentrations of an element in the
sample exceeded the concentration calculated from crustal
and marine emissions, this remainder was attributed to inputs
of volcanogenic or anthropogenic aerosols, depending on the
age of the sample. This method of interpretation has provided
a means by which the influence of volcanogenic aerosols can
be evaluated without requiring a proxy for volcanism, such as
S or Bi. Lead isotope analyses of these samples have been
reported by Vallelonga and others (2002b), providing a
reliable description of the influence of anthropogenic aerosol
emissions and dust inputs at the Law Dome site.

Of the elements analyzed, it was determined that Mn, Sr,
U and V predominantly originated from crustal and marine
emissions, while Bi, Cd, Co, Cu, Pb and Zn originated
predominantly from volcanic aerosol emissions. Concen-
trations of Mg, Sr, U and V were only minimally enriched
above levels accountable by inputs of rock dust and sea salt,
indicating that volcanism was not a major emission source
for these elements. It was determined that crustal sources
accounted for the majority of Mn, U and V while Sr
predominantly originated from sea salts. Of these elements,
pre-industrial (6500 BP–AD 1884) enrichments of U and V
were 4.7 and 5.5, respectively, suggesting a possible minor
volcanic influence for these elements. In comparison,
average concentrations of Bi, Cd, Co, Cu, Pb and Zn were
enriched at least one order of magnitude greater than those
concentrations expected from rock-dust and sea-salt inputs,
providing a strong indication that these elements predom-
inantly originated from volcanic emissions. Average enrich-
ments of Bi and Cd were 148 and 249, respectively,
indicating that volcanism was likely to be the overwhelming
emission source of these two elements, while average
enrichments of Co, Cu, Pb and Zn were within the range
16–36, indicating that the Earth’s crust and/or oceans are still
important emission sources for these elements.

Ratios of ‘excess’ Pb/Bi and Pb/Cd, attributed to volcan-
ism, were compared to the most recent compilation of
elemental abundances in volcanic emissions and found to
be similar in the case of Pb/Cd. The ‘excess’ concentration of
an element was defined as the remainder after the concen-
tration of that element originating from inputs of rock dusts
and sea salt had been subtracted from the concentration
measured in the sample. It was found that the proportions of
‘excess’ Bi, Cd and Pb were different during the 20th century
than in earlier centuries, so only the samples corresponding

Table 3. Average enrichments of elements measured in Law Dome ice over various time periods. Enrichments are defined as the ratio of
concentration beyond that expected from observed rock-dust and sea-salt concentrations

Time period V U Pb Cd Sr Bi Co Cu Mn Zn

6500 BP–AD 1989 (all data) 3.9 3.7 22 249 1.4 148 36 22 3.1 16
6500 BP–AD 1884 (pre-industrial) 5.5 4.7 13 233 1.4 204 52 21 3.6 11
AD 1898–1989 (20th century) 2.3 2.7 31 269 1.5 90 18 31 2.6 27
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to natural aerosol inputs, between 6500 BP and AD 1884,
were considered in this calculation. ‘Excess’ concentrations
of Bi, Cd and Pb were then compared to see if they
accurately reflected the ratios that might be expected if they
had been emitted from a volcano. In their compilation of
available data, Hinkley and others (1999) reported that the
average ratios of Pb/Bi and Pb/Cd for volcanic emissions
were 1/0.47 and 1/0.32, respectively. By comparison, it has
been found here that ratios of ‘excess’ Pb/Bi and Pb/Cd in
Law Dome ice corresponding to the period 6500 BP–AD 1884
were 1/0.14 and 1/0.41, respectively. These results are in
agreement with the ratios reported for volcanic emissions in
the case of Cd, but for Bi there is greater discrepancy,
suggesting that Bi may be fractionated from Pb during
atmospheric transport.

CONCLUSIONS
Using high-resolution ICP-SFMS, several major, minor and
trace elements were measured in ice- and firn-core samples
from Law Dome and used to evaluate inputs from natural
aerosol emission sources such as crustal rock and soil dust,
sea salts and volcanism. It was found that volcanism is a
major source of heavy metals deposited at Law Dome and is
likely the major natural emission source of aerosols
containing Bi, Cd, Co, Cu, Pb and Zn. Ratios of concen-
trations of other elements, including Mn, Sr, U and V, were
generally accountable as a combination of inputs derived
from crustal and marine aerosol sources. Concentrations of
Bi, Cd and Pb apportioned to volcanic aerosols were
calculated and compared to those reported for volcanic
emissions and were found to be in good agreement for Pb
and Cd. Several Zn samples, particularly those corres-
ponding to the second half of the 20th century, were
contaminated, so no clear trend of anthropogenic influence
could be observed for this metal.
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