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In this study, we have determined the contents and distribution of zinc and
cadmium in the surface sediments from Prydz Bay, East Antarctica. The main
sources of the trace elements and their geographic heterogeneity, and the
relation between Zn and Cd, are discussed based on the cluster analysis,
principle component analysis and considerations of biogenic and lithogenic
inputs. The results show that the contents of trace metals range from 34.6 to
96.6 mg kg ™' for Zn, and from 0.254 to 0.441 mg kg~ ' for Cd. Calculations of
the enrichment factor indicated no significant anthropogenic impact. Biogenic
and lithogenic inputs are the main sources of trace metals. They are almost
equal for Zn and Cd at the Amery Ice Shelf edge, while the continental shelf
and deep ocean are dominated by biogenic inputs. The contribution of biogenic
inputs is much higher for Zn than for Cd at the deep ocean. Calculations of
biogenic trace metals revealed different relationships between biogenic Zn and
biogenic Cd, which reflect the biological uptake by phytoplankton in the water
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column.

Zinc (Zn) and cadmium (Cd) belong to the Zn-family
(ITB) in the periodic table and have similar biochemical
behaviours in the marine environment (Liao 1992).
As trace nutrients, they are depleted in the upper layer
of the water column because of biological uptake by
marine phytoplankton and are strongly correlated with
macronutrients (Bruland 1980; Morel et al. 1994; Frew
et al. 2001; Hendry et al. 2008; Sun et al. 2011), for
example, Cd with phosphate and Zn with silicate. More-
over, biological cycles of inorganic Zn and Cd are closely
coupled through the substitution of Cd for Zn by marine
phytoplankton in the Zn-limited seawaters (Morel et al.
1994; Lee & Morel 1995; Lane & Morel 2000). However,
the relation between Zn and Cd and their difference in
deposition and preservation in marine sediments are still
unclear because of the complicated source composition,
including natural and anthropogenic inputs. The former
include lithogenic sources, that is, mineral particles
directly derived from crust and rock weathering, terrige-
nous input from soils, and biogenic sources, including
terrestrial vegetation and marine biological deposition.

The latter include pollutants from industry, agriculture
and domestic sewage. As marine sediment acts as both a
source and a sink for many trace elements (Cave 2005)
and plays a prominent role in the biogeochemical process
trace elements, it is important to better understand
the source composition and behaviour of these trace
elements in the sediment.

Prydz Bay is the largest sea shelf on the east margin of
Antarctica (Harris et al. 1998). The pristine marine
environment benefits research on the source composi-
tion and behaviour of trace elements because the
geological substrate constitutes the main source of
inorganic chemical species to the local environment
(Gasparon & Matschullat 2006). Once elements get into
the marine environment, they can follow two different
paths: some enter biological processes and are deposited
as body remains or faecal pellets on the sea floor,
representing a biogenic element source; another portion
takes part only in physico-chemical processes and is
deposited in sediments, constituting a lithogenic source.
The aim of this work was to determine the content and
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distribution of Zn and Cd in sediments, to estimate the
proportions of lithogenic and biogenic inputs and to
reveal the main sources of them in the sediments from
different geographic zones of Prydz Bay.

Organic matter, measured as total organic carbon
(TOC), and grain size are the most important properties
to be taken into account when investigating the beha-
viour of trace metals in sediments (Giordano et al. 1999;
Cai et al. 2011). As diatoms form a major component of
the plankton and sediment in the Southern Ocean
(Taylor et al. 1997) and biogenic silica (BSi) comprises
an average proportion of 30.9% (with respect to total
sediment) in the sediments of Prydz Bay (Hu et al. 2007),
BSi instead of TOC was selected to identify the biogenic
source of trace elements. Crustal elements, such as Al, Fe
and Mn, which are abundant in the Earth’s crust, were
chosen as indicators of lithogenic input.

Materials and methods

Study area and sampling

Prydz Bay is an embayment along the Antarctic margin
between 66°E and 79°E. It is bounded on the southern
side by Amery Ice Shelf (AIS) and extends northwards to
the edge of the continental shelf at about 67°S (Fig. 1).
The Amery Depression dominates the inner continental
shelf, which is mostly 600-700 m deep. The depression is
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bordered by two shallow banks ( <200 m): Fram Bank to
the north-west and Four Ladies Bank to the north—east,
forming a spatial barrier to water exchange with the
outer oceanic water (Smith & Tréguer 1994). Four
Antarctic research stations are located on the shore of
Prydz Bay (Fig. 1). These are the Chinese station
Zhongshan (69.37°S, 76.38°E), the Russian station Pro-
gress (69.38°S, 76.38°E), the Romanian station Law-
Racovita (69.39°S, 76.38°E) and the Australian station
Davis (38.58°S, 77.97°E).

Sixteen surface sediment samples and three sediment
cores were collected using a stainless steel grab and
multi-corers, respectively, during several expeditions
from 2004 to 2011. The sampling stations (Fig. 1)
represent a broad range of geographic zones, including
the edge of the AIS (referred to here as IS stations), the
continental shelf (P2, P4, P3-15 and P3-16 stations) and
deep ocean (P3—6 and P3-9 stations). The total length of
the sediment cores was 30 cm for IS-5, 33 cm for P3-6
and 26 c¢m for P3—-16. Immediately after collection and
section, samples were placed into plastic bags and stored
at —20°C and then freeze—dried in the laboratory before
chemical and physical analysis.

Analytical procedures
Metals were determined by inductively coupled plasma

mass spectrometry using an Agilent 7000 (Agilent
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Fig. 1 Study area and sampling stations.
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Technologies, Santa Clara, CA, USA) after microwave-
assisted digestion using a Mars instrument (CEM,
Matthews, NC, USA) with a HNOs;-HF mixture in
accordance with US EPA Method 3052. Certified refer-
ence material (MESS-3 Marine Sediment Reference
Material for Trace Metals and Other Constituents) from
the National Research Council Canada was used to test
the analytical accuracy and relative standard deviation
(RSD) to indicate the repeatability of the data. The
recovery ranged from 99 to 110% and the RSD were
generally <5.6%. All plastic and glass laboratory con-
tainers used for trace metal analysis were soaked with
30% (v/v) HNOs (analytical grade, 69% w/w) for 24 h
and triple rinsed with MilliQ water. All reagents used for
analysis were guaranteed grade. BSi content was deter-
mined using a Na,COs; leaching analysis procedure
(Mortlock & Frolich 1989). The grain size analysis was
carried out using an H 2250 Laser Diffraction Helos
System (Sympatec, Clausthal-Zellerfeld, Germany).

Enrichment factor and statistical analysis. Trace
metal content was compared with reported natural
abundance of the metal in the Earth’s crust by normal-
izing against a conservative, lithogenic element with no
significant anthropogenic source (Bowen 1979), such as
Al, Ti or Li. This is a well-known method to determine
the natural or anthropogenic input of trace metal and is
expressed as enrichment factor (EF). In this study, Al is
used as the normalizing element because it is most
commonly used in the geochemical literature and it can
be very accurately measured (Sutherland 2000). EF is
calculated from the following formula:

EF = (M/Al)sample/(M/Al)

nature

where (M/Al)gmpie is the ratio of trace metal to Al in the
sample and (M/Al)papure is the background value in the
nature, which usually refers to the chemical composition
of the Earth’s crust. As marine sediment develops in
diverse environments, it is more reasonable to normalize
the (M/A)gmpie ratio to the corresponding ratio in the
parent material (Santos et al. 2005) than to the chemical
composition of the Earth’s crust, such as background
values from local soils or sediments without anthropo-
genic influence. In the study, three samples, representing
the three different geographic zones, from the bottom
end 2—4 cm of the cores were chosen as references; these
were most likely deposited under pre-industrial condi-
tions, assuming an average sedimentation rate of
1.04 mm a~ ' in Prydz Bay (Yu et al. 2009). An EF value
> 1 indicates the enrichment of an element (Blaser et al.
2000) with respect to the local background value. An EF
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value <2 may indicate enrichment by natural processes,
like biogenic deposition, and if the EF value is >2, it may
indicate contamination (Sutherland 2000).

Based on the crustal composition ([M/Al]qys), the
proportion of the lithogenic input of trace metal (Myy)
can be estimated (Tribovillard et al. 2011) as follows:

My = Al x (M/AD

sample crust

The biogenic trace metal (My,,) and the ratio of
biogenic to lithogenic input (bio/lith) are then obtained
as follows:

Mg, =M — My,
Mbio/lith = Mbio/ My,

The bio/lith input ratio was calculated on the basis of the
average contents of Al, Zn (Sheraton et al. 1984; Stiiwe
et al. 1989) and Cd (Gasparon & Matschullat 2006) in the
rocks from the Prydz Bay area, 75 mgkg ~ ! for Zn, 0.33 mg
kg~ ! for Cd and 71 500 mg kg~ ! for Al, for example,
(Zn/AD) qruse = 1.05 x 10> and (Cd/Al)qrusc = 5 x 10 .

Principle component analysis (PCA) was carried out to
estimate the lithogenic and biogenic contributions of
trace metals in the sediments. The rotation method used
was Varimax with Kaiser normalization and the rota-
tion was converged in three iterations. Cluster analysis
(CA) was applied to identify the difference source com-
positions of Zn and Cd with respect to the geographic
zones of the sampling stations. The average linkage
between groups was used to obtain the dendrogram.
Data were processed with SPSS version 18 software.

Results

Physico-chemical characteristics

The contents of trace metals in the surface sediments
range from 34.6 to 96.6 mg kg~ ! for Zn, and from 0.254
to 0.441 mg kg~ ! for Cd. These values are comparable to
those from the Weddell Sea (Niemistd & Perttid 1995),
Ross Sea (Ciaralli et al. 1998; Ianni et al. 2010) and the
coast of East Antarctica (Gasparon et al. 2007). As shown
in Table 1, the contents of Zn, Fe and Mn are highest at
the deep ocean stations, where the content of Cd is
lowest. The highest contents of Cd and BSi are observed
at the continental shelf, where the contents of Al, Fe and
Mn are lowest. The content of Al is highest at the edge of
the AIS.

Figure 2 shows the results from the grain size analysis
of the surface sediments. There is a significant difference
in the degree of sorting, as shown by the sand (63 pum to
2 mm), silt (4 pm to 63 pm) and clay ( <4 pm) fractions
with a good relationship to the distance from the AIS.
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Table 1 Chemical parameters (average values) in the surface sediments
and M/Al ratios from the bottom end of sediment cores.

Edge of Amery Continental Deep
Ice Shelf shelf ocean

Zn (mg kg™ ") 50.9 62.7 95.7
Cd (mg kg™") 0.304 0.343 0.275
Al (mg kg ™") 28 800 17 000 21900
Fe (%) 1.84 1.48 2.60
Mn (mg kg™") 437 229 522
BSi (%) 6.51 18.59 6.96
Zn (mg kg=")® 59.7 85.1 116.5
Cd (mg kg~ ")® 0.253 0.232 0.203
Al (mg kg~ ")? 34700 21 900 30300
ZniAl 1.72x1073 3881073 384 %1073
Cd/Al 73x107° 10.6 x10~° 6.7 x107°

“Average content of two samples from the bottom end of the core.

Samples from the edge of the AIS can be classified as
sandy sediment, with the sand fraction ranging from 42.1
to 81.7%, with an average of 65.5%. With the exception
of station P2-9, samples from the continental shelf and
deep ocean are dominated by the silt fraction (from 43.9
to 77.1%, with an average of 67.8%) with a more
abundant clay fraction. Station P2-9 is located at the
edge of the continental shelf and is exposed to the
Antarctic Divergence, leading to a good sorting of
sediments under the high energetic hydrodynamic con-
ditions coupled with shallow water depth. The coarse
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fraction is therefore relatively high at this station, just
like those located at the edge of AIS.

PCA and CA

PCA and CA were performed on the data matrix
composed of 16 objects (sampling stations) and nine
variables (the contents of Zn, Cd, Al, Fe, Mn and BSi, and
the proportions of clay, silt and sand fractions).

Figure 3 shows the associated component biplot and
Table 2 shows the matrix generated from PCA. The first
two components account for 82.6% of the total variance.
In particular, the first component accounts for 57.2% and
the second component 25.4%. The first component
shows significantly positive loading on Zn, BSi, clay and
silt fractions, and negative loading on Al, Mn and sand
fraction. However, the loadings of Fe and Cd on the first
component exhibit low positive values. The second
component shows positive loading on Al, Fe Mn and
Zn, and negative loading on Cd and BSi. Sand, silt and
clay show insignificantly loading on the second compo-
nent, suggesting that grain size is slightly weighing on
the second component.

The result from CA (Fig. 4) shows that the classifica-
tion of sampling stations with respect to the physico-
chemical characteristics of the sediments is generally
consistent with the geographic zoning. However, the

[ Clay
B sitt
- Sand

IS-5 1S-7 1S-9 IS-101S-111S-21 P2-9P2-14P3-15P3-16 P4-9 P4-10P4-11P4-12 P3-6 P3-9
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Fig. 2 Grain size characteristics from sediments taken from the different samplings stations. IS stations were those at the edge of the Amery Ice Shelf.
Stations at the continental shelf were P2, P4, P3—15 and P3-16. The deep ocean stations were P3-6 and P3-9. The total length of the sediment cores
was 30 c¢m for IS-5, 33 cm for P3-6 and 26 cm for P3-16. Grains 63 um — 2 mm in size were sand; silt grains were 4 um —63 um, and clay was <4 um.
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physico-chemical behaviour of the sediment from sta-
tion P2-9, which geographically belongs to the con-
tinental shelf, is much more similar to those from the
edge of the AIS.

Enrichment factors

Using the reference M/A ratios in the end of cores from
three different geographic zonings (Table 1), the EFs were
calculated. These were generally <2 (Fig. 5), indicating
no significant anthropogenic effect.

Table 3 shows the ranges, mean and median values of
the ratios for the three different geographic zones. The
two sources of Cd are almost equal at the AIS edge, while
the ratio of bio/lith for Zn is less than 1. A higher biogenic
contribution is observed both for Zn and Cd at the other
two regions.

Discussion

Sources of trace elements

Despite human activities undertaken by research stations
on the shore of Prydz Bay, no significant anthropogenic

Table 2 Rotated component matrix.

Component 1 Component 2

Zn 0.765 0.567
Cd 0.037 —0.532
Al —0.863 0.406
Fe 0.196 0.939
Mn —0.443 0.854
BSi 0.776 —0.523
Sand —0.984 0.036
Silt 0.969 —0.132
Clay 0.941 0.264
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effect on Cd and Zn in the sediment is observed in terms
of the calculated EFs, which are generally less than 2. The
result is different from the reports for Deception and
Penguin islands (Guerra et al. 2011) and Admiralty Bay
(Santos et al. 2006; Santos et al. 2007; Ribeiro et al. 2011)
in West Antarctica, where more research stations are
established and the cumulative impacts from scientific
activities are greater. Given the absence of fluvial input
and the lack of true soils (Gasparon & Matschullat 2006)
around the bay, Zn and Cd in the sediments definitively
originate from lithogenic inputs and marine biogenic
deposition. Mineral particles, which are derived from the
erosion and weathering of the surrounding basement
rocks and released from the melting ice sheet (especially
at the edge of the AIS) and icebergs, are the main form of
lithogenically sourced material (Niemisto & Perttida 1995).
Trace elements absorbed and assimilated by marine
organisms from seawater and food are released back
into the water column as biological material, including
body remains and faecal pellets, and are ultimately
deposited on the sea floor, forming the biogenically
sourced trace elements in the sediments.

A notable grain size effect on the first component is
observed from PCA. Examining grain size is a good way
to distinguish different sources of marine sediments. The
coarse fraction is most likely from lithogenic input. The
fine fraction in the sediments contains a great number of
autochthonic organic substances derived from biological
production in the seawater and plays an important role
on the enrichment of trace metals. The first component
can therefore be regarded as the “source-controlled
factor.” BSi and the fine fraction (silt and clay) are both
indicators for biogenic input and have significantly
positive loadings on the first component. Therefore, Zn,
which is strongly correlated with BSi (r =0.452), silt (r =
0.781) and clay (r=0.723), is most likely also mainly
from biogenic sources. In contrast, Al, Mn and sand,
which are negatively loading on the first component, are
generally derived from lithogenic input. The slightly
positive weights of Cd and Fe on the first component
suggest that they are almost equally determined by
biogenic and lithogenic inputs.

Geographic heterogeneity

Phytoplankton bloom occurs both at the edge of the AIS
and the continental shelf because of the forming of ice-
free water, stratification of the water column, suitable
weather conditions and enough sunlight during the
austral summer. Biomass rapidly increases in a short
time and is exported to the sea floor as biological pellets.
However, the deep ocean area of Prydz Bay is considered
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Fig. 4 Dendrogram obtained from cluster analysis, using average linkages between groups. IS stations were those at the edge of the Amery Ice Shelf.
Stations at the continental shelf were P2, P4, P3-15 and P3-16. The deep ocean stations were P3-6 and P3-9.

to be a region with high nutrients and low chlorophyll
(Sun et al. 2012). A low contribution from lithogenic
sources probably takes place in this area, so it is possible
that most of the lithogenic trace elements are used by
phytoplankton, giving rise to the high values of bio/lith
ratios observed. In theory, biogenic deposition should be
higher at the edge of the AIS and continental shelf than
that in the deep ocean (Isla et al. 2004). In fact, biological
input is highest on the continental shelf, as evidenced
by the highest content of BSi (Table 1), suggesting the
presence of extensive biological processes in this area
(high Chl a). However, low contents of BSi are observed
at the edge of the AIS (Table 1) that are comparable to
those from the deep ocean, suggesting a low proportion
of biological input. Stations at the edge of AIS are
dominated by the sand fraction, which is most probably

released from the melting of the AIS and drift ice.
Dilution effect of mineral particles leads to low propor-
tion of BSi in the sediments. In short, trace metals in the
sediments are mainly controlled by biogenic input at the
continental shelf and the deep ocean, but lithogenic and
biogenic inputs both play prominent roles at the edge of
the AIS. This hypothesis is supported by the classification
of sampling stations using CA (Fig. 4) and the ratios of
bio/lith.

As shown in Fig. 4, there is a much closer relation
between the continental shelf and deep ocean than
either of them with the AIS edge, suggesting similar
assemblages of trace metals at the continental shelf and
deep ocean, and a different assemblage at the AIS edge.
High ratios of bio/lith for Zn and Cd at the continental
shelf and deep ocean (Table 3) indicate that the source

Table 3 Ratios of biogenic to lithogenic input in the sediments from the three geographic zones sampled.

Zn Cd
Range Mean Median Range Mean Median
Amery Ice Shelf 0.26-1.07 0.68 0.76 0.68-1.62 1.14 1.04
Continental shelf® 1.30-4.19 2.63 221 2.04-3.70 3.05 3.21
Deep ocean 2.91-3.44 3.18 3.18 1.47-1.54 1.51 1.51

#P2-9 is not included.
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Fig. 5 Enrichment factor (EF) values for Zn and Cd. IS stations were those at the edge of the Amery Ice Shelf. Stations at the continental shelf were P2,

P4, P3-15 and P3-16. The deep ocean stations were P3-6 and P3-9.

composition of the sediments from these two areas is
similar and dominated by biogenic input. However, the
bio/lith ratios of about one at the edge of AIS for Zn and
Cd (Table 3) support the hypothesis that biogenic and
lithogenic inputs are almost equal in the sediments at the
AIS edge.

However, the highest ratio of bio/lith for Cd is observed
at the continental shelf, most likely owing to the highest
phytoplankton biomass and consequently the highest
output of organic matters. In contrast, the ratio for Zn is
highest at the deep ocean area, where the phytoplankton
biomass is the lowest. The contrast between Zn and Cd is
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Fig. 6 Relation between biogenic Zn (BCd) and Cd (BZn) in the surface
sediments.
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probably due to the controlling environmental factors for
the deposition, resolution and preservation of Zn and Cd
in the water column and sediment, that is to say, the
second component (result from PCA). Cd and BSi both
negatively weight the second component (Fig. 4), sug-
gesting that Cd is controlled by organic matter. Higher
input of organic matters leads to the higher proportion of
biogenic Cd in the sediments, or high organic matter
benetfits the reserve of Cd in sediment (Nimistd & Perttiid
1995; Ravanelli 1997). Zn, Fe and Mn positively weight
on the second component (Fig. 4), suggesting that Zn
may be dictated by Fe-Mn oxides in the water column
and sediments. As the contents of Fe and Mn are highest
at the deep ocean (Table 1), more biological pellets
(including biogenic Zn) would be absorbed by Fe-Mn
oxides during deposition through the longest deposi-
tional pathway in the water column (water depth is
1538 m for station P3-9, and 3054 m for station P3-6,
respectively). At the same time, the anaerobic condition
in the deep ocean creates an environment suitable for the
formation of ferrous sulfide, which can adsorb insoluble
zinc sulfide (Liao 1992) and further benefits the pre-
servation of Zn in the sediments (Santos et al. 2005).

Relation between Zn and Cd

Zn and Cd have similar chemical behaviours and are
usually intergrown and associated in minerals. If Zn and
Cd in the sediments are only directly derived from
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mineral particles, their composition in the sediments
would be similar to the mineral assemblage of the host
rocks, and a positive linear relationship between Zn and
Cd in the sediments would be observed. However, Zn and
Cd are from both lithogenic and biogenic sources, making
the relation between them in the sediments and their
behaviours during biogeochemical process not so simple
to interpret from their contents in the sediments. Based
on the estimated contents of trace metals from biogenic
sources, different relationships between biogenic Zn and
biogenic Cd are observed (Fig. 6): (1) Zn and Cd are
positively correlated (r=0.972, n =9) when the content
of biogenic Zn ranges from 10 to 50 mg kg~ '; (2) Zn and
Cd are negatively correlated (r= —0.916, n=5) when
the content of biogenic Zn is >50mg kg~ '; (3) the
content of biogenic Cd is abnormally high when
the content of biogenic Zn is <10 mg kg~ !. Because
biogenic trace metals in the sediments mainly originate
from the output of phytoplankton living in the upper
water column, deposited on the seafloor as pellets, the
relation between Zn and Cd in the sediments could
reflect the uptake process of them by phytoplankton in
the water column. The presence of three types of
relationship indicates that the uptake of Cd is continu-
ously increasing with that of Zn when the content of Zn
in the seawater is “ideal.” However, the uptake of Cd is
depressed when the Zn content in the water becomes too
high, whereas the uptake of Cd is stimulated when the
Zn content is below a certain level. This is consistent with
the idea that phytoplankton take up more Cd as a
substitution for Zn in Zn-limited seawater (Morel et al.
1994; Lee & Morel 1995; Lane & Morel 2000).

Conclusions

Zn and Cd in the sediments of Prydz Bay are not
significantly anthropogenically influenced. Biogenic and
lithogenic inputs are the main sources of trace elements
and they are almost equal for Zn and Cd at the AIS edge.
At the continental shelf and deep ocean, biogenic input is
dominant and its proportion is much higher for Zn than
for Cd at the deep ocean area. Three types of relationship
between biogenic Zn and biogenic Cd were discerned,
reflecting the biological uptake of trace nutrients by
phytoplankton.

Acknowledgements

This study was funded by the National Natural Science
Foundation of China (grant nos. 41206182 and 41076134)
and a grant from the Scientific Research Fund of the
Second Institute, State Oceanic Administration (grant no.

(page number not for citation purpose)

W.P. Sun et al.

JG1217). The authors are deeply grateful to Drs. Ye and
Zhu for the technical support during the inductively
coupled plasma mass spectrometry of metals and to Dr
Zhang for the analysis of grain size.

References

Blaser P, Zimmermann S., Luster J. & Shotyk W. 2000. Critical
examination of trace element enrichments and depletions in
soils: As, Cr, Cu, Ni, Pb, and Zn in Swiss forest soils. Science of
the Total Environment 249, 257-280.

Bowen H.J.M. 1979. Environmental chemistry of the elements.
New York: Academic Press.

Bruland K.W. 1980. Oceanographic distributions of cadmium,
zinc, nickel, and copper in the North Pacific. Earth and
Planetary Science Letters 47, 176-198.

Cai M.H., Lin J., Hong Q.Q., Wang Y. & Cai M.G. 2011.
Content and distribution of trace metals in surface sedi-
ments from the northern Bering Sea, Chukchi Sea and
adjacent Arctic areas. Marine Pollution Bulletin 63, 523-527.

Cave R.R., Andrews J.E., Jickells T. & Coombes E.G. 2005. A
review of sediment contamination by trace metals in the
Humber catchment and estuary, and the implications for
future estuary water quality. Estuary, Coastal and Shelf Science
62, 547-557.

Ciaralli L., Giordano R., Lombardi G., Beccaloni E., Sepe A. &
Costantini S. 1998. Antarctic marine sediments: distribution
of elements and textural characters. Microchemical Journal
59, 77-88.

Frew R.D., Bowie A., Croot P. & Pickmere S. 2001. Macro-
nutrient and trace-metal geochemistry of an in situ iron-
induced Southern Ocean bloom. Deep-Sea Research Part I 48,
2467-2481.

Gasparon M., Ehrler K., Matschullat J. & Melles M. 2007.
Temporal and spatial variability of geochemical backgrounds
in the Windmill Island, East Antarctica: implications for
climatic changes and human impacts. Applied Geochemistry
22, 888-905.

Gasparon M. & Matschullat J. 2006. Geogenic sources and
sinks of trace metals in the Lasermann Hills, East Antarctica:
natural processes and human impact. Applied Geochemistry
21, 318-334.

Giordano R., Lombard G., Ciaralli L., Beccaloni E., Sepe A.,
Ciprotti M. & Costantini S. 1999. Major and trace elements
in sediments from Terra Nova Bay, Antarctica. Science of the
Total Environment 227, 29-40.

Guerra R., Fetter E., Ceschim L.M.M. & Martins C.C. 2011.
Trace metals in sediment cores from Deception and Penguin
islands (South Shetland Islands, Antarctica). Marine Pollution
Bulletin 62, 2571-2575.

Harris P.T., Taylor E, Pushina Z., Leitchenkov G., O’Brien P.E.
& Smirnov V. 1998. Lithofacies distribution in relation to the
geomorphic provinces of Prydz Bay, East Antarctica. Antarc-
tic Science 10, 227-235.

Hendry K.R., Rickaby R.E.M., De Hoog J.C.M., Keith W. &
Mark R. 2008. Cadmium and phosphate in coastal Antarctic

Citation: Polar Research 2013, 32, 20049, http://dx.doi.org/10.3402/polar.v32i0.20049


http://www.polarresearch.net/index.php/polar/article/view/20049
http://dx.doi.org/10.3402/polar.v32i0.20049

W.P. Sun et al.

seawater: implications for Southern Ocean nutrient cycling.
Marine Science 112, 149-157.

Hu C.Y., Yao M., Yu P.S., Pan J.M. & Zhang H.S. 2007. Biogenic
silica in surficial sediments of Prydz Bay of the Southern
Ocean. Acta Oceanologica Sinica 29(5), 48-54.

Ianni C., Magi E., Soggia E, Rivaro P. & Frache R. 2010. Trace
metal speciation in coastal and off-shore sediments from
Ross Sea (Antarctica). Microchemical Journal 96, 203-212.

Isla E., Masqué P., Palanques A., Guillén J., Puig P. & Sanchez-
Cabeza J.A. 2004. Sedimentation of biogenic constitutes
during the last century in western Bransfield and Gerlache
straits, Antarctica: a relation to currents, primary produc-
tion, and sea floor relief. Marine Geology 209, 265-277.

Lane T.W. & Morel EM.M. 2000. A biological function for
cadmium in marine diatoms. Proceedings of the National
Academy of Sciences of the United States of America 97, 4627—
4631.

Lee J.G. & Morel EM.M. 1995. Replacement of zinc by
cadmium in marine phytoplankton. Marine Ecology Progress
Series 127, 305-309.

Liao Z.J. 1992. Environmental chemistry and biological effect of
trace elements. Beijing: Environmental Science Press of
China.

Morel EM.M., Reinfelder J.R., Roberts S.B., Chamberlain C.P.,
Lee J.G. & Yee D. 1994. Zinc and carbon co-limination of
marine phytoplankton. Nature 369, 740-742.

Mortlock R.A. & Frolich PN. 1989. A simple method for the
rapid determination of biogenic Opal in pelagic marine
sediments. Deep-Sea Research 36, 1415-1426.

Niemisto L. & Perttid M. 1995. Trace elements in the Weddell
Sea water and sediments in the continental shelf area.
Chemosphere 31, 3643-3650.

Ravanelli M., Tubertini O., Valcher S. & Matinotti W. 1997.
Heavy metal distribution in sediment cores from western
Ross Sea (Antarctica). Water, Air and Soil Pollution 99,
697-704.

Ribeiro A.P., Figueira R.S.L., Martins C.C., Silva C.R.A., Franca
E.J., Bicego M.C., Mahiques M.M. & Montone R.C. 2011.
Arsenic and trace metal contents in sediment profiles from
the Admiralty Bay, King George Island, Antarctica. Marine
Pollution Bulletin 62, 192-196.

Santos L.R., Silva-Filho E.V., Schaefer C.E.G.R., Albuquerque-
Filho M.R. & Campos L.S. 2005. Heavy metal contamination
in coastal sediments and soils near the Brazilian Antarctic

Citation: Polar Research 2013, 32, 20049, http://dx.doi.org/10.3402/polar.v32i0.20049

Trace metals in the sediments of Prydz Bay

Station, King George Island. Marine Pollution Bulletin 50,
185-194.

Santos I.R., Silva-Filho E.V., Schaefer C., Sella S.M., Silva C.A.,
Gomes V., Passos M.J. & Ngan P.V. 2006. Baseline mercury
and zinc concentration in terrestrial and coastal organisms
of Admiralty Bay, Antarctica. Environmental Pollution 140,
304-311.

Santos LR., Fdvaro D.L.T., Schaefer C.E.G.R. & Silva-Filho E.V.
2007. Sediment geochemistry in coastal maritime Antarctica
(Admiralty Bay, King George Island): evidence from rare
earths and other elements. Marine Chemistry 107, 464-474.

Sheraton J.W., Black L.P. & McCulloch M.T. 1984. Regional
geochemical and isotopic characteristics of high-grade me-
tamorphics of the Prydz Bay area: the extent of Proterozoic
reworking of Achaean continental crust in East Antarctica.
Precambrian Research 26, 169—198.

Smith N. & Tréguer P. 1994. Physical and chemical oceanography
in the vicinity of Prydz Bay, Antarctica. Cambridge: Cambridge
University Press.

Stiiwe K., Braun H.M. & Peer H. 1989. Geology and structure
of the Lasermann Hills area, Prydz Bay, East Antarctica.
Australian Journal of Earth Sciences 36, 219-241.

Sun W.P,, Hu C.Y,, Han Z.B., Pan J M. & Weng H.X. 2012.
Distribution of nutrients and Chl a in Prydz Bay during the
austral summer of 2011, 2012. Chinese Journal of Polar
Research 24, 178-186.

Sun W.P, Hu C.Y.,, Han Z.B., Xue B. & Pan J.M. 2011.
Distribution of dissolved cadmium in Prydz Bay, Antarctica.
Marine Science Bulletin 13, 50-59.

Sutherland R.A. 2000. Bed sediment-associated trace metals in
an urban stream, Oahu, Hawaii. Environmental Geology 39,
611-627.

Taylor F, McMinn A. & Franklin D. 1997. Distribution of
diatoms in surface sediments of Prydz Bay, Antarctica.
Marine Micropaleontology 32, 209-229.

Tribovillard N., Bout-Roumazeilles V., Riboulleau A., Baudin
F, Danelian T. & Riquie L. 2011. Transfer of germanium to
marine sediments: insights from its accumulation in radi-
olarites and authigenic capture under reducing conditions.
Some examples through geographic ages. Chemical Geology
282, 120-130.

Yu PS., Hu C.Y., Liu X.Y.,, Pan J.M. & Zhang H.S. 2009.
Modern sedimentation rates in Prydz Bay, Antarctica. Acta
Sedimentologica Sinica 27, 1172-1177.

(page number not for citation purpose)


http://www.polarresearch.net/index.php/polar/article/view/20049
http://dx.doi.org/10.3402/polar.v32i0.20049


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 30%)
  /CalRGBProfile (None)
  /CalCMYKProfile (U.S. Sheetfed Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed false
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /DEU <>
    /FRA <>
    /JPN <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF00530065007400740069006e0067007300200066006f00720020007400680065002000520061006d007000610067006500200077006f0072006b0066006c006f0077002e>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


