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ABSTRACT. Clean laboratory facilities and procedures used to determine various heavy metals at or
below the pg g concentration level encountered in Antarctic snow are described. They include pro-
duction of ultrapure water, careful choice of proper laboratory materials and reagents, and methods
for cleaning sample storage bottles, containers and other labware in a Class 100 clean room.
Preliminary results of Pb, Cd, Cu, Zn and Mn concentrations in ten Antarctic surface snow samples
were obtained by graphite furnace atomic absorption spectrometry using the clean protocols
described. Eight samples were collected at King Sejong Station in King George Island and two at
Ruperto Elichiribehety Base at the northern tip of the Antarctic Peninsula through a joint research
between Korea Ocean Research & Development Institute and Uruguayan Antarctic Institute. Our
data represent that Cd and Zn in surface snow at King Sejong is derived mainly from sea salt spray
and Mn from crustal aerosol. On the other hand, large part of Pb (and probably some part of Cu) in
this local area is assumed to be anthropogenic in origin. At Ruperto Elichiribehety, the measured
heavy metal concentrations are relatively high compared with those at King Sejong. This is due

mainly to remarkable influence of local crustal inputs from nearby exposed rocks.
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Introduction

The Antarctic snow and ice caps preserve a record
of large-scale changes in various atmospheric com-
positions over time. In this context, numerous stud-
ies have been undertaken to unravel valuable clues
in understanding the past large-scale environmental
changes of the Earth’s atmosphere, based on tempo-
ral variations in concentrations of elements of inter-
est in these frozen archives (see, e.g., Barnola et al.,
1987; De Angelis et al., 1987; Delmas et al., 1992; Petit
et al., 1999). They have indeed provided precious
information on natural variability of the composi-
tion (especially, greenhouse gases and aerosols) of
the ancient atmosphere characterized by a strong
correlation with Antarctic temperature changes.

*corresponding author (smhong@kordi.re.kr)

An assessment of the global atmospheric pollu-
tion by heavy metals is of special concern, in view
of the fact that environmental metal pollution has
become a global phenomenon (Nriagu, 1990). To
elucidate to what extent and also from what time
global contamination by anthropogenic heavy met-
als occurred, various investigations have been per-
formed to determine the occurrence of some metals
such as Pb, Cd, Cu and Zn and to reconstruct a reli-
able time series for these metals in the Antarctic
snow and ice (see, e.g., Boutron and Patterson, 1987;
Gorlach and Boutron, 1992; Wolff and Suttie, 1994;
Hong et al., 1998). Although such investigations give
access to an outline of the human perturbation of
the distribution of certain heavy metals in the
remote Antarctic environment, however, compre-
hensive data are still very limited. This is mainly

because heavy metal concentrations in Antarctic
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snow and ice are extremely low at or below the pg
gl level (1 pg g = 10-12g g1), resulting in very
severe contamination problems from field sampling
to laboratory analysis.

From 1998, Polar Sciences Laboratory (PSL) of
Korea Ocean Research & Development Institute
(KORDI) has established ultraclean facilities and
analytical procedures designed to reduce and con-
trol the contamination for the determination of
heavy metals at ultralow concentrations in various
environmental samples. For that, the use of a clean
laboratory together with very careful choice of lab-
ware, ultrapure water and reagents is mandatory to
reduce the risk of contamination (Patterson and
Settle, 1976; Boutron, 1990; Howard and Statham,
1993; Nriagu et al., 1993). This paper describes in
detail our all practical procedures employed in the
laboratory and recent results obtained from its
application to the determination of heavy metals in
Antarctic surface snow. From the preliminary
results, relative contributions of natural and anthro-
pogenic sources in snow deposited at coastal
Antarctic sites near the stations in King George
Island and at the northern tip of the Antarctic

Peninsula are also assessed and then discussed.

Clean Laboratory Facilities

Since contamination is a major factor affecting reli-
able measurement of heavy metals and of other ele-
ments at extremely low concentrations, special pre-
caution and clean procedures for minimizing artifi-
cial contamination are absolutely necessary in the
laboratory. Successful trace metal analyses rely on
carefully designed and executed protocols, which in
turn are based upon knowledge of potential prob-
lems that can arise during the work.

A Class 100 clean room

The determination of ultralow trace metals must be
performed in a “dust-free” clean laboratory pressur-
ized with air filtered through high efficiency partic-
ulate (HEPA) filters. A schematic plan of the Class
100 clean room used at PSL of KORDI is shown in

Fig. 1. It was made of transportable container which
measures 5.90 m long x 2.35 m wide x 2.39 m high
(external dimension). The internal structure is divid-
ed into two rooms: 1.00 m long x 2.24 m wide ante-
room and 4.48 m long x 2.24 m wide clean room
(internal dimension). External air is first prefiltered
through 2 prefilters (610 x 305 x 20 mm thick), 1 car-
bon-coated prefilter (610 x 305 x 20 mm thick) and 1
medium filter (610 x 305 x 150 mm thick) located
inside an antechamber of air supply. The prefiltered
external air is flushed into the clean room through 6
HEPA filters (610 x 610 x 150 mm thick) attached to
the ceiling of the clean room. The prefilters and
medium filter are often changed (every 2 to 4 weeks
for prefilters and 2 months for medium filter) at
need. Air supply to the clean room is 4400 m3/h
made up of 20% prefiltered external air and 80%
recirculating air. The clean room is maintained at a
positive pressure.

Where practical, the fixtures and fittings in the
clean room are fabricated from plastic materials to
remove a possible metal corrosion due to acid vapor
in the clean room, which can make very serious
problems of contamination. The walls and ceiling
are made out of 5-mm thick sheets of polyvinyl
chloride (PVC) and any unavoidable metal surfaces
are coated with epoxy resin. Various workbenches
and shelves are entirely made of polypropylene.

Although the entire clean room is pressurized
with air filtered by 6 HEPA filters, the cleanliness in
the area between HEPA filters is suspected to be no
better than the Class 100 level. All the cleaning of
laboratory materials, sample handling and analyti-
cal procedures are, therefore, done on the work-
bench placed directly under the HEPA filters. In
fact, average particulate count above 0.5 um in the
working space flushed directly with laminar flow
clean air through HEPA filters is less than 10 parti-
cles/m3. At all times, the analysts wear full clean
room clothing with a hair cap, boots and disposable
polyethylene gloves, because they are a primary
source of contamination in the clean laboratory

environment.
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Fig. 1. A sketch of the Class 100 clean room used at PSL of KORDI. A plan view; B cross section; 1 panel of urethane; 2 sheet of
PVC; 3 blower and motor; 4 HEPA filter; 5 opening to acid fume exhaust fan; 6 door; 7 relief damper; 8 partition plate of
PVC for acid cleaning baths; 9 opening to recirculating air; 10 prefilter; 11 sheet of PVC; 12 fluorescent lamp; 13 floor of

PVC.

Production of ultrapure water and selective use of
various reagents

The purity of water used in the laboratory is of great
concern for reducing the metal contents of the ana-
lytical water and thus for increasing the reliability of
the measurement of trace metals at extremely low
concentrations in natural water samples. Various
available methods of water purification are used in
different laboratories to produce ultrapure water
(Loss and Rosman, 1987; Boutron, 1990; Suttie and
Wolff, 1992a; Barbante et al., 1999). They include the
use of high purity mixed bed ion exchange resins, of
the sub-boiling distillation stills made of quartz or
Teflon, of reverse osmosis (RO) system, or of a com-

bination of at least two steps of these techniques.
For example, ultrapure water used at the
Laboratoire de Glaciologie et Géophysique de
I’Environnement (LGGE), Grenoble, France, is pro-
duced by passing tap water through a succession of
activated charcoal and mixed bed ion exchange
resins columns (Boutron, 1990). At British Antarctic
Survey (BAS), Cambridge, UK, ultrapure water is
derived from two steps: ordinary tap water is first
deionised and then doubly distilled in a glass still;
the preliminarily purified water is subsequently fed
into a modified Milli-Q purification system (Suttie
and Wolff, 1992a).

The ultrapure water used in our laboratory is

obtained from three-stage distillation processes
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Table 1. Comparison of heavy metal concentrations measured by GFAAS after non-boiling evaporation (cor-
rected using the loss rate; see text) in ultrapure water used in our laboratory and at LGGE.

Cd Cu Zn Mn

Concentrations in pg g

PSL, Korea
— Milli-Q water
— Teflon Sub-boiled water
LGGE, France
— Water from ion exchange resins columns?

0.24
0.08

0.25

0.018 0.52 0.62 115
0.005 0.35 0.34 0.65
0.01 0.2 0.3 n.d.

aFrom Candelone et al. (1994).
n.d.: not determined.

within the clean room. Ordinary tap water is first
filtered through 1 micro prefilter and 1 carbon pre-
filter and then purified with Millipore RO water
purification system (Model Elix-3) combined with
the electrodeionization module. The output from
this unit is fed into 30-1 polyethylene reservoir,
which is protected against external airborne contam-
inants, and stored for direct use or further purifica-
tion. The first purified RO water is then fed into
Milli-Q purification system (Millipore Corp., Model
Milli-Q Academic) consisting of an Q-Gard purifica-
tion pack, a Quantum ultrapure cartridge, and a
Millipak filter unit (0.22 pum). The concentrations of
Pb, Cd, Cu, Zn and Mn in the Milli-Q ultrapure
water produced in the second stage are given in
Table 1. They represent that Cu and Zn contents in
Milli-Q ultrapure water are comparatively higher
than those in ultrapure water used at LGGE and
BAS, while Pb and Cd concentrations are compara-
ble.

Although ultrapure water produced from Milli-Q
system in our laboratory is considered to have prop-
er water quality for ultratrace heavy metals investi-
gation in Antarctic snow and ice, we pass the Milli-
Q ultrapure water through a sub-boiling distillation
still (Berghof BSB-939-IR, Germany) exclusively
made of PTFE or PFA Teflon only as a further purifi-
cation process to reduce the blank level. The sub-
boiled water is produced at a rate of 1200 ml per 24
hours directly into an acid leached 1000-ml PFA
Teflon bottle. When produced into a PFA Teflon bot-

tle, it is transported to an acid cleaned 20-1 low-den-

sity polyethylene (LDPE) container and stored until
use. The heavy metal concentrations in Teflon sub-
boiled water are found to decrease a factor of 3 for
Pb and Cd and to a lesser extent a half for Cu and
Zn compared to those in the Milli-Q water (Table 1).
This water is used for the final washing stages dur-
ing the cleaning of labware and for the preparation
of reagents and reference standards. The ultrapure
water so produced by the Milli-Q system and a
Teflon sub-boiling distillation still in our laboratory
are preferentially used in different analytical steps in
purpose to be mentioned in next sections.

The purity of reagents used in the laboratory also
becomes a critical factor ensuring the reliable mea-
surement of all trace analysis (Howard and Statham,
1993). In our laboratory, HNOj is the most exten-
sively used mineral acid both for the cleaning of lab-
oratory materials and during the pretreatment of
samples (see next section). The reagent grade HNO;
from Merck is used for the first acid cleaning baths
and for the cleaning of polyethylene bags, in which
the acid cleaned bottles and containers are packed.
Merck “Suprapur” grade HNO; is dispensed for the
second acid cleaning baths and for the first cleaning
stages of the LDPE vials for the autosampler
equipped to a graphite furnace atomic absorption
spectrometry (GFAAS) and of the tips of
micropipettes. As for the purest HNO3, which is
used for the third and fourth acid cleaning baths
(see next section), for acidifying samples and
GFAAS reference standards and for the final clean-
ing stages, we purchase ultrapure “Optima” grade
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HNO; from Fisher. The certified Pb, Cd, Cu, Zn and
Mn concentrations given by the manufacturer for
this acid are as follows: <1 pg g! for Pb, Cd and Mn
and <2 pg g! for Cu and Zn.

Besides several purity grades of HNOj;, Merck
“Suprapur” grade HCI and HF are used for the first
rinse solution for containers and small items made
of Teflon. In addition, reagent grade chloroform is
widely used to remove grease or other production-
derived impurities from new labware surface at the
early stage of the cleaning procedure (see next sec-

tion).

Selection of laboratory materials

All the common items of laboratory equipment such
as storage bottles, beakers, flasks, pipettes etc.,
which contact directly the samples, play an impor-
tant role in trace analysis, because it may introduce
contaminants into the samples or present an active
surface onto which the analyte may be absorbed,
and hence lost from solution (Moody and
Lindstrom, 1977; Howard and Statham, 1993). The
accuracy of the determination of ultralow heavy
metal concentrations will therefore be very depen-
dent upon the prudent choice of laboratory materi-
als and the adopted cleaning procedures of these
items. Careful selection of laboratory materials for
the trace analysis varies from element to element
and by the analytical sequence to be used. In our
laboratory, the best choice of laboratory materials is
mainly based on those employed by C. Patterson
and coworkers at the California Institute of
Technology (CIT) for their Pb analysis (Patterson
and Settle, 1976) and by C. Boutron and coworkers
at LGGE for the measurement of heavy metals in
polar snow and ice (Boutron, 1990).

In brief, LDPE sample bottles and containers (vol-
umes ranging from 15 ml up to 20 1 and fitted with a
polypropylene cap) are always used when tempera-
ture and acid concentrations are not too high. We
purchase them from Nalgene, Nalge Company,
Rochester, New York, USA. When commercially
available, FEP or PFA Teflon material is employed
for the preparation and storage of reference stan-
dards, containers which are to contact concentrated

acids and preconcentration of the samples by non-
boiling evaporation (see next section). They include
various kinds of bottles, Erlenmeyer flasks, jars,
graduated cylinders, and beakers from Nalgene or
Flon Chemical Inc., Osaka, Japan. Polypropylene
(PP) is used only for pans, which are used to collect
ultrapure water during wash treatments; for the tips
of the Eppendorf micropipettes; and for the tongs,
which are used to transfer all the items between the
acid cleaning baths.

Method for cleaning laboratory materials

The cleaning of all the containers and the labware
follows a successive acid cleaning procedure that is
adopted and slightly modified from the method
employed at LGGE as described in detail by
Boutron (1990). We use three series of covered acid
cleaning baths constructed from 10 I and 20 1 LDPE
carboys from Nalgene. All the cleaning procedure is
carried out within the clean room.

Most of new bottles, containers and labware are
coated to a greater or lesser extent with grease or
other production materials. Thus LDPE bottles and
other LDPE containers are first degreased with chlo-
roform, and then rinsed well with Millipore RO
water. They are then immersed for at least 3 days in
the first acid bath (25% Merck reagent grade HNO,
diluted in Milli-Q ultrapure water) at room temper-
ature. After rinsing with Milli-Q water, they are then
immersed for a week in the second acid bath (25%
Merck “Suprapur” HNO; diluted in Milli-Q water)
heated on hotplates with a surface temperature of
45°C. The temperature of acid solutions in the baths
in our laboratory is lower than that employed at
LGGE (Boutron, 1990). This is because at high tem-
perature LDPE cleaning baths are subject to crack-
ing due to slow attack by hot aqueous acid, which
causes occasionally a catastrophic leaking of strong
acid to the floor of the clean room. The subsequent
two baths contain 0.2% Fisher “Optima” grade
ultrapure HNOj; in Milli-Q water. After rinsing thor-
oughly with Milli-Q water, LDPE bottles and other
LDPE containers are cleaned by immersion for a
week in each of the last two acid baths. After taken
out from the fourth acid bath, they are finally rinsed
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Table 2. Conditions for GFAAS operation.

Graphite furnace parameters

Metal Wavelength Charring Hold & Atomization Injection . D.etectlon1

(nm) Temperature (°C) gl Bms ) temperature (°C) volume ()  limit(pgg”)
Pb 283.3 550 30 1500 50 50
Cd 228.8 300 30 1400 50 2
Cu 324.8 600 30 1900 50 20
Zn 213.9 400 30 1500 50 L5
Mn 279.5 900 30 1900 50 10
Al 309.3 500 20 2200 20 500
Na 589.0 1000 20 1350 20 500

aDetection limit based on the blank plus 3 standard deviations of the Milli-Q ultrapure water blank. Lower
detection limits can be achieved using multiple injections (up to 7 x 50 ul).

with Milli-Q water. They are then filled with 0.1%
“Optima” grade HNO; in Milli-Q water, capped and
packed in acid washed polyethylene bags before
use. Here it should be noted that we use always acid
cleaned PP tongs to rinse and transfer all the items
when they are immersed in 4 successive acid baths.

For FEP and PFA Teflon containers and other
small items, cleaning procedure is similar to that for
LDPE bottles and other LDPE containers, except
that before immersion in the second bath (25%
Merck “Suprapur” HNOj; diluted in Milli-Q water),
they are immersed for at least a week in concentrat-
ed Merck “Suprapur” HNOj; at room temperature.
For PFA beakers used for the preconcentration of
the samples by non-boiling evaporation, we leave
them immersed in the last acid bath until use.

PP tips of Eppendorf micropipettes are first
cleaned by simple immersion for a week inside a
1000-ml PFA jar which contains concentrated Merck
“Suprapur” HNO;. We then clean PP tips by suck-
ing concentrated “Optima” ultrapure HNO; into the
tip and discarding and then washing with Milli-Q
water several times just before use.

Analytical Procedure
Instrumentation for the determination of ultratrace

heavy metals
The samples are analyzed by means of GFAAS

(Perkin Elmer, Model 4110ZL) equipped a Zeeman
background corrector. The instrument is placed
within a Class 100 laminar flow clean bench. The
furnace system of a Perkin Elmer 4110ZL spectome-
ter is a Transversely-Heated Graphite Atomizer
(THGA). The THGA furnace provides a uniform
temperature distribution over the entire tube length.
The THGA graphite tube also includes an integrat-
ed, low mass L'vov platform coated with pyrolytic
graphite. The combination of uniform tube tempera-
ture, rapid heating and integrated L'vov platform
allows to maximize the signals of the analyte and
minimize interference, making the enhanced analyt-
ical sensitivity. The sample injections are performed
using the AS-72 autosampler. The parameters condi-
tioned with the reference standard for GFAAS mea-
surement are presented in Table 2.

The GFAAS reference standards were prepared by
diluting Fisher certified atomic absorption standards
(1000 ug ml! solutions) in Teflon sub-boiled ultra-
pure water. The concentration ranges of the final
standard solutions are as follows: 125-2000 pg g for
Pb and Cu; 25-500 pg g for Cd; 50-800 pg g for Zn
and Mn; 25-400 ng g'! for Al and Na, respectively.
They were acidified (0.2% with “Optima” grade
ultrapure HNOj3) to the same acidity as the precon-
centrated samples or the samples to be used for

direct GFAAS measurement.
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Blank determination

The most commonly encountered problem, which
causes a systematic error, is contamination by the
introduction of analyte into the sample during the
sample preparation and analysis. To validate accu-
rate measurement of heavy metals of interest at the
pg g level, therefore, the procedural blank from the
use of ultrapure water and reagents including acidi-
fication of the samples, walls of sample containers
and the air in the clean room must be carefully
determined. In fact, however, each blank con-
tributed independently from the above sources is
very difficult to be determined. On that account, we
evaluated the total blank contribution by analyzing
the Milli-Q ultrapure water, in which the heavy met-
als concentrations were already known, after
putting inside LDPE 160 ml vials (acid cleaned as
mentioned in previous section) and leaving the
cover off for 24 h in the clean room. The Milli-Q
water was then preconcentrated by non-boiling
evaporation (see next section), acidified to 0.2%
HNO; with “Optima” ultrapure HNO;, and ana-
lyzed by GFAAS for Pb, Cd, Cu, Zn and Mn. The
differences in concentrations of all measured metals
were found to be within the instrumental noise level
of GFAAS and thus to be undetectable.

Accuracy and precision

The accuracy was estimated through the measure-
ment of a certified Standard Reference Material
(SRM) 1643d (Trace Elements in Water) of National
Institute of Standards and Technology (NIST). To
put the range of concentrations of selected metals in
the SRM 1643d to the same orders of magnitude as
the GFAAS standards, the SRM 1643d solution was
diluted by factors of 50 for Pb, Cd, Cu and Al and
250 for Zn, Mn and Na, respectively, with Teflon
sub-boiled ultrapure water. As listed in Table 3, the
measured concentrations are found to be in excel-

Table 3. Certified and measured concentrations of
NIST SRM 1643d. Concentrations are in mg 1},
except for Na, for which concentration is in mg I
1. Values are given as means and standard devia-
tions (n = 5).

Element Certified value Measured value
Pb 18.15 + 0.64 17.80 + 0.93
Cd 6.47 + 0.37 6.43 + 0.45
Cu 205 +3.8 20.73 + 0.97
n 72.48 + 0.65 71.67 +1.18
Mn 37.66 + 0.83 37.87 +2.30
Al 127.6 + 3.5 1255+ 7.1
Na 22.07 + 0.64 22.26 +2.71

Table 4. Comparison of mean concentrations and standard deviations (n = 4) of Pb, Cd, Cu, Zn and Mn
determined in the selected Antarctic surface snow samples, in which the concentration levels are suffi-
ciently high for the direct measurement by GFAAS. P indicates mean concentrations obtained by GFAAS
after preconcentration by non-boiling evaporation and D by direct GFAAS using multiple injections up to
4 x 50 ul. The P concentrations (except for Mn) were corrected for loss rates, which were calculated for
each metal after evaporating reference standards (see text). Sample number (SN) is the same number as

those described in Table 5.

Measured heavy metal concentration (pg g™)

Pba Cda Cu 7n Mn
SN P D SN P D SN P D SN P D SN P D
3 46.1+0.64 45.0+235 3 1794022 17.1+086 1 171+1.00 169+141 1 6574218 64.0+226 1 10.5+0.32 10.+1.91
7 2724049 273361 9 0.96+0.01 0.95+0.12 3 684+099 675+3.12 2 6.81+041 6.94+0.15 2 4.00+0.22 4.11+0.76
9 26.1+1.56 28.1+457 10 0.90+0.01 0.77+0.02 4 17.4+159 17.8+1.70 3 62.8+0.32 65.0+1.27 6 22.0+0.78 17.0+2.90
10 26.2+0.85 26.0+454 — — — 5 243+0.78 264+361 4 20.8+0.10 25.2+1.85 7 11.1+0.71 124+1.90
— — — — — — 6 144+1.68 13.8+1.56 5 8 10.7+0.68

48.8+0.93 46.3+0.28 10.7+1.02

aFor these metals, only 4 and 3 snow samples were available for the direct measurement by GFAAS.
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lent agreement with certified values of the SRM
1643d.

The precision of the measurements can be estimat-
ed from mean concentrations and standard devia-
tions in Table 4, assuming that the analytical blank
is not only negligible but also reproducible. The pre-
cision appears to be better than 5% for the highest
concentrations. It decreases down to about 20% for
concentrations close to the detection limit.

Measurement of Ultralow Heavy Metals in
Antarctic Surface Snow by GFAAS

Using the clean protocols as demonstrated in the
previous sections, we analyzed 10 samples of fresh
or slightly aged Antarctic surface snow collected at
two coastal Antarctic stations, namely, the Korean
King Sejong Station (62°13’S, 58°47"W) located in
King Geroge Island, South Shetland Islands and the
Uruguayan Ruperto Elichiribehety Base (63°26’S,
57°03’W) at the northern tip of the Antarctic
Peninsula. The sampling sites and dates are given in
Table 5. The samples at Ruperto Elichiribehety were
collected as part of joint cooperation between
KORDI and Uruguayan Antarctic Institute (URI).
Eight samples at King Sejong were collected just
shortly after precipitation events, but two at
Ruperto Elichiribehety were taken from slightly
aged snow. They were collected at each site by
pushing wide mouth 500-ml LDPE bottles horizon-
tally into the snow at a depth of 2-3 cm from the
surface and then kept frozen until use at PSL. The
bottles had been stringently cleaned before use as
described in previous sections. Extreme care was
taken in all stages of sample collection, handling
and storage to avoid contamination.

In the laboratory, the samples were melted at
room temperature and then aliquoted for subse-
quent GFAAS measurement of heavy metals. The
direct injection method (sometimes multiple injec-
tions up to 7 x 50 ul) was used when the concentra-
tion levels of metals measured were higher than
detection limits given in Table 2. For heavy metals

such as Pb, Cd and Cu at extremely low concentra-

tions, however, a preconcentration step was
required.

Preconcentration

In our laboratory, the preconcentration by non-boil-
ing evaporation is adopted for the snow samples, in
which heavy metals concentrations determined are
below detection limits listed in Table 2. This method
is a complete duplicate of that developed and used
at LGGE (Gorlach and Boutron, 1990). Simply
describing the process, melted snow is evaporated
in 50-ml PFA beakers cleaned as mentioned in the
previous section, to a drop at about 80°C inside six
cylindrical holes perforated on the aluminum block
placed on dry bath with hot plate (Thermolyne,
USA, Model DB28100). PFA beakers are precondi-
tioned by filling them with Teflon sub-boiled ultra-
pure water and heating them for at least 30 min.
When the evaporation process is achieved, the
beakers is removed from the aluminum block and
then 1 ml of 0.2% HNO; (diluting “Optima” ultra-
pure HNO; with Teflon ultrapure water) is added.
The preconcentrated samples are then transferred
into 15-ml LDPE bottles and kept frozen until analy-
sis.

According to the calibration of the evaporation
procedure with 60 ml of unacidified synthetic
ultralow concentration standards (Gorlach and
Boutron, 1990), it was found that loss of metals
investigated took place during the evaporation
process. Loss rates calculated from the slopes of the
regression lines accounted for 18% for Pb, 24% for
Cd, 11% for Cu and 15% for Zn, respectively. As a
result, the concentrations of Pb, Cd, Cu and Zn
obtained by GFAAS after preconcentration by non-
boiling evaporation were corrected for these loss
rates. On the other hand, Mn concentrations could
not be corrected for loss rate, because calibration
was not made using standards by Gorlach and
Boutron (1990). It is, however, expected that evapo-
ration process may not give rise to significant loss of
this metal from solution, because Mn is derived
mainly from mineral dusts aerosol (Wagenbach et

al., 1988) and thus relatively less volatile.
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Table 5. Concentrations of Pb, Cd, Cu, Zn, Mn, Al and Na in surface snows collected at King Sejong, King
George Island, and at Ruperto Elichiribehety, the northern tip of Antarctic Peninsula. The concentrations
of Pb, Cd and Cu were obtained by GFAAS after non-boiling evaporation (corrected for the loss rates dur-
ing evaporation; see text) and of Zn, Mn, Al and Na by direct GFAAS using multiple injections up to 4 x
50 ul when they were below GFAAS detection limits given in Table 2. For Na, the samples were diluted by
a factor of 100 with Teflon sub-boiled ultrapure water before analysis.

Sample Site? Altitude Date (year, Pb Cd Cu Zn Mn Al Na
No. (km) (m) month/day) (pg &) nggl) (uggh)
1 0.2 5 1999, 05/23 4.32 0.07 16.9 64.0 10.7 0.48 3.07
2 0.2 5 07/02 3.57 0.20 417 6.94 4.11 0.41 0.59
3 0.2 5 08/21. 46.1 17.9 67.5 56.0 335 2.55 21.2
4 15 150 09/16. 1.89 0.21 17.8 252 60.0 1.90 6.78
5 1.0 5 10/08. 7.91 0.53 26.4 46.3 47.5 0.65 4.58
6 15 150 10/21. 2.44 017 13.8 11.8 17.0 0.84 0.50
7 0.2 5 2000, 01/09. 27.2 0.17 16.5 40.1 124 0.61 2.24
8 1.0 125 01/009. 1.95 0.26 20.4 17.5 10.7 0.43 1.82
9 10 500 01/19. 26.1 0.96 186P 195 426 64.4 2.82
10 8 400 01/19. 26.2 0.90 1220 157 359 53.4 2.17

aDistance from King Sejong (sample no. 1-8) and from Ruperto Elichiribehety (sample no. 9, 10).
bThey were measured by direct injection into a graphite furnace.

Checking the efficiency of preconcentration method
Although an evaluation was previously made from
three central Greenland surface snow samples for
Pb, Cd, Cu and Zn, except for Mn, and found to be
highly reliable (Gorlach and Boutron, 1990), it is
necessary to exclusively assess if the preconcentra-
tion method of non-boiling evaporation is also satis-
factory for determining these heavy metals concen-
trations at the pg g! level in Antarctic snow. This is
because the chemical forms of individual metal in
Antarctic snow could be very different from those in
recent central Greenland snow, depending upon the
difference in quantity of anthropogenic and natural
impurities in snow deposited in geographically dif-
ferent regions. If so, the different behaviors during
the evaporation process are assumed to take place
and consequently lead to large uncertainties in the
concentration values determined for heavy metals
after preconcentration.

To evaluate an efficiency of non-boiling evapora-
tion for the preconcentration of recent Antarctic
snow, the selected Antarctic surface snow samples
were analyzed for Pb, Cd, Cu, Zn and Mn both by

direct injections into the graphite furnace and by
GFAAS after non-boiling evaporation. The compara-
tive concentrations are presented in Table 4. As in
the case for Greenland surface snow by Gorlach and
Boutron (1990), it is well observed that both sets of
mean concentration values are in an excellent agree-
ment for all the measured metals, even including
Mn, for which any correction for loss rates are not
made (see previous section). In consequence, our
quantitative investigation validates an application of
non-boiling evaporation to preconcentration method
for the analysis of heavy metals at or below the pg
g level in the Antarctic snow samples containing
different kinds of impurities.

Preliminary Results and Discussion

Presentation of Pb, Cd, Cu, Zn and Mn concentra-
tions and comparison with other data

Table 5 summarizes Pb, Cd, Cu, Zn and Mn concen-
trations, which were measured by direct GFAAS or
by GFAAS after non-boiling evaporation, in 10
Antarctic surface snow samples. They tend to be
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Table 6. Comparison of Pb, Cd, Cu, Zn and Mn concentrations obtained in various samples of Antarctic

snow and Holocene ice.

Pb Cd Cu n Mn
concentrations in pg g-!
This work? 11.9 + 16. 244 + 6.25 229 +19.1 335+21.2 622 = 112.0
Recent surface snowP 4.0 0.08 4.0 0.4 18¢
Holocene iced <047-1.4 < 0.14-0.25 0.36-4.3 <4.9-6.9 —

aMean values and standard deviations of heavy metals concentrations determined for snow samples (sam-

ple no. 1-8) collected around King Sejong Station.

bFrom Suttie and Wolff (1992b), mean values of time period 1984-85, Dolleman Island snow.
‘From Boutron and Lorius (1979), mean value of time period 1971-74, Dome C snow.

dFrom Boutron and Patterson (1986), Batifol et al. (1989), Boutron et al. (1990, 1993) and Hong et al. (1998),
Dome C and Law Dome ice dated from 9785 to 2946 years ago.

highly variable from site to site and in addition
depending on the sampling date. The concentrations
of all five heavy metals are found to be particularly
elevated in snow collected in August 21, 1999. The
September 16 and October 21 snow samples show
relatively high concentrations of Cu, Zn and Mn
(Table 5).

The mean concentrations of Pb, Cd, Cu, Zn and
Mn in 8 snow samples collected at King Sejong
appear to be anomalously high when compared
with the representative concentrations found in
recent Antarctic snow and in Holocene ice (Table 6).
For example, their enhancement factors with respect
to typical concentrations in recent snow amount to
about 3 (Pb), 30 (Cd), 6 (Cu), 84 (Zn) and 3 (Mn),
respectively. In part of the samples, however, the
measured concentrations of all five heavy metals are
found to be very low, Table 5, as we expect for these
metals at other Antarctic regions.

Contributions from natural and anthropogenic
sources

Prior to an assessment of natural contributions for
our snow samples, it should be emphasized that an
estimate of natural contribution can be only order-of
magnitude, because of the wide range of global
inventories of emission factors given by previously
published data. Natural sources include on a global
basis wind-blown dusts, volcanoes, sea salt spray,

wild forest fires and biogenic activities (Nriagu,

1989).

Contribution from the crustal material can be
evaluated from the Al concentrations measured in
the samples (Table 5) and mean ratios of heavy met-
als/ Al concentration in soil or rock, for which we
use the ratios in the continental crust given by
Wedepohl (1995). The contributions so calculated for
each metal are shown in Fig. 2. This calculated con-
tribution is found to be variable from one metal to
another. For Mn, the crustal input is very significant
(up to 100% with an average of 43%) for most of the
samples, except for the August 21 sample (sample
no. 3) (Table 5). For Pb, this contribution is consider-
able for the September 16 sample (~20%) at King
Sejong, in which the concentrations are relatively
low, and for two samples (~50%) at Ruperto
Elichiribehety. For Cd and Cu, the calculated crustal
contribution represents to be very small for all the
samples (less than 10%). In the case of Zn, this con-
tribution represents approximately 20% only for two
samples at Ruperto Elichiribehety, but minor for the
other samples (less than 5%).

After correction for the crustal contribution, our
Na values can be used to estimate marine contribu-
tion from sea salt spray, combined with the heavy
metal/Na ratios in surface bulk seawater and very
limited available data on the metal enrichments in
sea-derived aerosols relative to bulk seawater. We
use the lowest concentration values reported for
seawater adjacent to the study area or of the world
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Fig. 2. Pb, Cd, Cu, Zn and Mn concentrations and estimated
crustal and marine inputs in 10 surface snow samples col-
lected at King Sejong and at Ruperto Elichiribehety.
Sample number is the same number as those described in
Table 5.

ocean: 4 pg g for Pb, (Flegal et al., 1993), 0.2 pg g’
for Cd (Bruland, 1980), 60 pg g for Cu (Boyle et al.,
1981), 5 pg g for Zn (Weisel et al., 1984) and 13 pg
g’! for Mn (Martin et al., 1990). Enrichment factors
used for calculation are 100 for Pb, 10,000 for Cd,
200 for Cu, 20,000 for Zn and 1000 for Mn, respec-
tively (Weisel et al., 1984; Boutron and Patterson,
1986, Arimoto et al., 1987; Dick, 1991). The magni-
tude of these enrichment factors in sea salt aerosols

is still very uncertain. Marine contributions so calcu-
lated are also seen in Fig. 2. This contribution is
found to be always significant for all metals, except
for Pb, for which it averages only a few percent. For
Cd, the calculated contribution of marine inputs are
shown to be overestimated for part of the samples,
but it is clear that sea salt spray is a dominant
source of this metal to the snow in the coastal
Antarctic. As seen in Fig. 2, most of the measured
Zn concentrations are also estimated to originate
from sea salt spray, except for two samples at
Ruperto Elichiribehety. On the other hand, marine
contribution is insignificant in most cases for Cu
and Mn with being rather high (more than 20%) in
part of the samples.

As a whole, the above estimates lead to the con-
clusion that the concentration levels of Cd, Zn and
Mn in our samples are dominated by natural crustal
and marine inputs. For Pb and Cu, these two natur-
al contributions are significant only for part of the
samples. At present, the contributions from the
other natural sources cannot be estimated from our
available data. However, it is suggested that they
may constitute minor part of all heavy metals in our
samples, based on the global emission rates given
by Nriagu (1989).

Apart from natural contributions described above,
we can assume that another possible contributor of
heavy metal deposition to the samples is anthro-
pogenic, because local atmospheric pollution for
heavy metals seems to take place by emissions from
8 permanent Antarctic stations in King George
Island. The major local source of atmospheric pollu-
tion is thought to be the burning of fossil fuels.
According to the analysis of aerosols and lichen
samples collected in King George Island (Artaxo et
al., 1992; Hong et al., 1999), it was found that atmos-
pheric heavy metals like Pb, Cu and Zn were highly
loaded over this area, indicating local or regional air
pollution. This observation could be an explanation
for part of some heavy metals contents in our sam-
ples that cannot be compensated by the calculated
natural contributions (Fig. 2). In particular, a very
likely candidate for source of highly enriched Pb
with respect to natural contributions is local emis-
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sions from King Sejong and partly from the other
stations in King George Island. This tentative
assumption is supported by the fact that Pb concen-
trations in the August 21 and January 9 snow sam-
ples, for which the sites are the closest to King
Sejong, are very high when compared with those in
the other sites at King Sejong (Table 5). The August
21 sample shows especially elevated concentrations
of all five heavy metals. This may be due to a
greater extent of local pollution or to direct trans-
port of contaminants to the site from local source(s)
and/or to a combination of two factors.

For two samples at Ruperto Elichiribehety, it is
difficult to interpret the results. As shown in Fig. 2,
the concentrations of all five heavy metals are very
high and the estimated natural contributions cannot
account for the measured concentrations, except for
Mn, for which almost all of the measured concentra-
tions are estimated to be crustal in origin. A possi-
bility of local pollution is likely to be weak, because
the katabatic winds predominate at the northern tip
of the peninsula, which prevents the transport of
anthropogenic contaminants emitted from Ruperto
Elichiribehety and Esperanza Bases to the sampling
sites. If that is the case, an alternative explanation is
the natural contributions from unknown sources or
uncertainty in estimating the crustal and marine
contribution. We here suggest that local difference in
the ratios of heavy metals/Al used for calculating
the crustal contribution may give rise to erroneous
crustal contribution. In fact, the Al concentrations in
the samples at Ruperto Elichiribehety are much
higher than those at King Sejong (Table 5), indicat-
ing large local inputs of mineral dusts derived from
the exposed rocks in the study area. If some metals
in these exposed rocks are enriched with respect to
Al concentrations in the continental crust given by
Wedepohl (1995), the previous calculations could
underestimate the crustal contributions for the sam-
ples at Ruperto Elichiribehety. Our suggestion is
tentative until confirmed by the analysis of a
sequence of snow samples collected at other coastal
sites around the Antarctic Peninsula.

In summary, although it is difficult to draw a con-

clusive interpretation on the distribution of heavy

metals in snow deposited around the northern tip of
Antarctic Peninsula, our data exhibit strong influ-
ence of local sources on snow composition in this
area. In King George Island, sea salt spray is a major
contributor to some heavy metals (Cd and Zn) flux
to the surface snow. From our observation, it
appears that heavy metals (especially Pb) contents
in snow are significantly affected by local emissions
near the Antarctic stations, as generally expected.
On the other hand, the samples at Ruperto
Elichiribehety show a remarkable influence of local
crustal inputs on heavy metals distribution in snow.
It is necessary to continue the surface snow sam-
pling at various sites to understand spatial variabili-
ty of heavy metals concentrations in the present
Antarctic snow.

Acknowledgments

This work was carried out as part of Environmental
Monitoring on Human Impacts at the King Sejong
Station (grant PP99001006) within the framework of
Korea Antarctic Research Program (KARP). We
thank Mr. Y.M. Cho for sample collection at King
Sejong during his participation in the 12th
Overwintering Party of KARP in 1999. The authors
are also grateful to the Uruguayan and Argentine
members at their Ruperto Elichiribehety and
Esperanza Bases for the logistic support in collecting
samples at the northern tip of the Antarctic
Peninsula.

References

Arimoto R., Duce R.A., Barbara J.R., Hewitt A.D. and
Williams J. 1987. Trace elements in the atmosphere of
American Samoa; concentrations and deposition to the
tropical south Pacific. J. Geophys. Res. 92: 8465-8479.

Artaxo P., Rabello M.L.C., Maenhaut W. and Grieken R.V.
1992. Trace elements and individual particle analysis of
atmospheric aerosols from the Antarctic Peninsula. Tellus
44B: 318-334.

Barbante C., Cozzi G., Capodaglio G., Van de Velde K.,
Ferrari C., Boutron C.F. and Cescon P. 1999. Trace element
determination in alpine snow and ice by double focusing
inductively coupled plasma mass spectrometry with



Hong et al.: A Clean Protocol for Determining Ultralow Heavy Metal Concentrations 47

microconcentric nebulization. J. Anal. At. Spectrom. 14:
1433-1438.

Barnola ].M., Raynaud D., Korotkevich Y.S. and Lorius C.
1987. Vostok ice core: a 160,000 year record of atmospher-
ic CO,. Nature 329: 408-414.

Batifol F., Boutron C.F. and De Angelis M. 1989. Changes in
copper, zinc and cadmium concentrations in Antarctic ice
during the past 40,000 years. Nature 377: 544-546.

Boutron C.F. 1990. A clean laboratory for ultralow concentra-
tion heavy metal analysis. Fresenius |. Anal. Chem. 337:
482-491.

Boutron C.F. and Lorius C. 1979. Trace metals in Antarctic
snows since 1914. Nature 277: 551-554.

Boutron C.F. and Patterson C.C. 1986. Lead concentration
changes in Antarctic ice during the Wisconsin/Holocene
transition. Nature 323: 222-225.

Boutron C.F. and Patterson C.C. 1987. Lead concentration
changes in Antarctic ice during the Wisconsin/Holocene
transition. Nature 323: 222-225.

Boutron C.F., Patterson C.C. and Barkov N.I. 1990. The
occurrence of zinc in Antarctic ancient ice and recent
snow. Earth Planet. Sci. Lett. 101: 248-259.

Boutron C.F., Rudniev S.N., Bolshov M.A., Koloshnikov
V.G., Patterson C.C. and Barkov N.I. 1993. Changes in
cadmium concentrations in Antarctic ice and snow during
the past 155,000 years. Earth Planet. Sci. Lett. 117: 431-441.

Boyle E.A., Huested S.S. and Jones S.P. 1981. On the distribu-
tion of copper, nickel, and cadmium in the surface waters
of the Northern Atlantic and North Pacific Ocean. J.
Geophys. Res. 86: 8048-8066.

Bruland K. 1980. Oceanographic distribution of cadmium,
zine, nickel, and copper in the North Pacific. Earth Planet.
Sci. Lett. 47: 176-198.

Candelone J.P., Hong S. and Boutron C.F. 1994. An improved
method for decontaminating polar snow and ice cores for
heavy metal analysis. Anal. Chim. Acta 299: 9-46.

De Angelis M., Barkov N.I. and Petrov V.N. 1987. Aerosol
concentrations over the last climatic cycle (160 ky) from an
Antarctic ice core. Nature 325: 318-321.

Delmas R.j., Kirchner S., Palais ].M. and Petit ]J.R. 1992. 1000
years of explosive volcanism recorded at the South Pole.
Tellus 44B: 335-350.

Dick A.L. 1991. Concentrations and sources of metals in the
Antarctic peninsula aerosol. Geochim. Cosmochim. Acta 55:
1827-1836.

Flegal A.R., Maring H. and Niemeyer S. 1993. Anthropogenic
lead in Antarctic sea water. Nature 365: 242-244.

Gorlach U. and Boutron C.F. 1990. Preconcentration of lead,
cadmium, copper and zinc in water at the pg g-1 level by
non-boiling evaporation. Anal. Chim. Acta 236: 391-398.

Gorlach U. and Boutron C.F. 1992. Variation in heavy metals
concentrations in Antarctic snows from 1940 to 1980. J.
Atmos. Chem. 14: 205-222.

Hong S., Boutron C.F., Edwards R. and Morgan V.I. 1998.
Heavy metals in Antarctic ice from Law Dome: initial
results. Environ. Res. A78: 94-103.

Hong S., Kang C.Y. and Kang J. 1999. Lichen biomonitoring
for the detection of local heavy metal pollution around

King Sejong Station, King George Island, Antarctica.
Korean ]. Polar Res. 10: 17-24.

Howard A.G. and Statham P.J. 1993. Inorganic trace analysis:
philosophy and practice. John Wiley and Sons, Inc., New
York. 182pp.

Loss R.D. and Rosman K.]J.J. 1987. Femtolab-metal free clean
room. Report No. SPG 464/1987/AP 143. Curtin Univ.
Technol. 56pp.

Martin J.H., Gordon R.M. and Fitzwater S.E. 1990. Iron in
Antarctic waters. Nature 345: 156-158.

Moody J.R. and Lindstrom R.M. 1977. Selection and cleaning
of plastic containers for storage of trace element samples.
Anal. Chem. 49: 2264-2267.

Nriagu J.O. 1989. A global assessment of natural sources of
atmospheric trace metals. Nature 338: 47-49.

Nriagu J.O. 1990. Global metal pollution poisoning the bios-
phere? Environment 32: 7-33.

Nriagu J.O., Lawson G., Wong H.K.T. and Azcue ].M. 1993.
A protocol for minimizing contamination in the analysis
of trace metals in Great Lakes waters. |. Great Lakes Res.
19: 175-182.

Patterson C.C. and Settle D.M. 1976. The reduction of orders
of magnitude errors in lead analyses of biological materi-
als and natural waters by evaluating and controlling the
extent and sources of industrial lead contamination intro-
duced during sample collecting, handling, and analysis.
In: La Fleur P (ed) Accuracy in trace analysis. National
Bureau of Standard (Washington DC) Spec Publ 422: 321-
351.

Petit J.R., Jouzel J., Raynaud D., Barkov N.I.,, Barnola ].M.,
Basile 1., Bender M., Chappellaz J., Davis M., Delaygue G.,
Delmotte M., Kotlyakov V.M., Legrand M., Lipenkov V.Y.,
Lorius C., Pepin L., Ritz C., Saltzman E. and Stievenard
M. 1999. Climatic and atmospheric history of the past
420,000 years from the Vostok ice core, Antarctica. Nature
399: 429-436.

Suttie E.D. and Wolff E.W. 1992a. Preconcentration method
for electrothermal atomic absorption spectrometric analy-
sis for heavy metals in Antarctic snow at sub ng kg lev-
els. Anal. Chim. Acta 258: 229-236.

Suttie E.D. and Wolff E.-W. 1992b. Seasonal input of heavy
metals to Antarctic snow. Tellus 44B: 351-357.

Wagenbach D., Gorlach U., Moser K. and Munnich K.O.
1988. Coastal Antarctic aerosol: the seasonal pattern of its
chemical composition and radionuclide content. Tellus
40B: 426-436.

Wedepohl K.H. 1995. The composition of the continental
crust. Geochim. Cosmochim. Acta 59: 1217-1232.

Weisel C.P., Duce R.A., Fasching J.L. and Heaton R.W. 1984.
Estimates of the transport of trace metals from the ocean
to the atmosphere. |. Geophys. Res. 89: 11607-11618.

Wolff E.ZW. and Suttie E.D. 1994. Antarctic snow record of

southern hemispheric lead pollution. Geophys. Res. Lett. 21:
781-784.

Recieved 7 April 2000
Accepted 15 May 2000



	A Clean Protocol for Determining Ultralow Heavy Metal Concentrations
	ABSTRACT
	Introduction
	Clean Laboratory Facilities
	Analytical Procedure
	Measurement of Ultralow Heavy Metals in Antarctic Surface Snow by GFAAS
	Preliminary Results and Discussion
	Acknowledgments
	References


