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ABSTRACT. Downcore distributions of major, minor, and rare earth elements (REEs) were deter-
mined to investigate the major factors influencing their concentrations in Maxwell Bay core sedi-
ments. Sediment grain size is the primary factor constraining the concentrations of Ti, Cr, Na, and K
at core Al, and Na, Mg, Zn, Cr, Nij, and K at core A2. At both cores, meanwhile, Fe, Co, and Cu con-
centrations are closely associated with sulfide minerals. The Ce and Eu anomalies and shale-normal-
ized REE patterns indicate that the Maxwell Bay sediments are significantly influenced by the
hydrothermal system, and oxidizing conditions have been maintained during the entire sediment

deposition.
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Introduction

The chemical compositions of marine sediments
reflect the extent of chemical, oceanographic and
sedimentary controls on their supply to, distribution
in and removal from the ocean. There are many
mechanisms that influence the concentrations of
major, minor, and rare earth elements (REEs) in
marine sediments, including the chemical composi-
tion of sedimentary detritus delivered to the ocean,
the partitioning of individual elements between
solid and solution phases, the biogeochemical cycle
of the elements in the ocean, and the diagenetic ele-
ment recycling in bottom sediments (Francois 1988;
Pruysers et al. 1991; Calvert and Pederson 1993).
Many minor elements have multiple valency states
at Earth surface conditions and typically have differ-
ent solubility in oxygenated or oxygen deficient sea-
water. These elements are also partitioned between
the solid and solution phases to different extents
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under different redox conditions (Dyrssen and
Kremling 1990). Therefore, examination of the chem-
ical behavior of the minor elements in the sediment
column could potentially provide valuable informa-
tion on the chemical state of the environment of
deposition of ancient sediments (Piper and Issacs
1996). The chemistry of the REEs, especially their
similar chemical properties and low solubility that
allow only limited elemental fractionation during
weathering and diagenesis, makes these elements
useful as geochemical indicators in sediment and in
sedimentary rocks (Fleet 1984; McLennan 1989).
Maxwell Bay is a deep and glacially influenced U-
shaped fjord bounded by King George Island on the
northeast and by Nelson Islands on the southwest in
the South Shetland Islands, Antarctica (Fig. 1). This
region belongs to a temperate to subpolar setting
with warm and humid weather. Sedimentary
processes in the Maxwell Bay are significantly influ-
enced by glacial activities, and glaciomarine sedi-
ments are widely distributed in the bottom of the
Maxwell Bay. The sediment column of the Maxwell
Bay is clearly distinguished by several sediment lay-

ers with different sediment texture and properties
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Fig. 1. Map of the study area. Solid circles indicate sediment
core sites. Contours are in meters.

(Yoon et al. 1997). The goals of this study are to
investigate downcore distributions of major, minor,
and REE concentrations in the Maxwell Bay sedi-
ments and to determine major factors controlling
their downcore distributions. We also elucidate the
sedimentary conditions of Maxwell Bay on the basis
of REE geochemistry.

Materials and Methods

Sediment cores Al and A2 were collected with a
gravity corer at a water depth of 110 m from the
Maxwell Bay of the South Shetland Islands, West
Antarctica (Fig. 1). Sediment subsampling was made
at 5 cm intervals, and each such sample was dried at
80°C for 4 days and then ground. Sediment grain
size analysis was conducted by the Sedigraph after
removing organic matter and calcium carbonate.
Total organic carbon (TOC) contents were deter-
mined by a Carlo-Erba CNS analyzer after eliminat-
ing inorganic carbon by 10% HCI. Total carbon and
sulfur contents were also analyzed by the Carlo-
Erba CNS analyzer. Calcium carbonate contents
were calculated by subtracting TOC contents from
total carbon contents. Major and minor elements
were measured by the Inductively Coupled Plasma -

Atomic Emission Spectrometry (ICP-AES) at the
Korea Basic Science Center. Rare earth element con-
centrations were determined by the Inductively
Coupled Plasma - Mass Spectrometry (ICP-MS) at
the Korea Basic Science Center. Complete sample
dissolution prior to introduction into the ICP-AES
and ICP-MS was achieved by HNO;-HF-HCIO, total
digestion in Teflon beaker (Park and Yoon 1994).

RESULTS AND DISCUSSION

Major elements

Downcore variations of major elements are shown
in Figure 2. Sodium and Mg concentrations general-
ly decrease with increasing core depth at cores Al
and A2, whereas Ca and Fe concentrations increase
at both cores. Potassium, Al and Ti concentrations
decrease with core depth at core A1, but they do not
show a significant change at core A2. Manganese
does not display any distinct downcore trend with
small fluctuation at both cores.

The upper sediments (top 100 cm) are mostly
composed of silty clay at core Al and A2, but silty
sand is dominant in the lower sediments (Fig. 3a).
Total organic carbon contents decrease rapidly with
increasing core depth at both cores (Fig. 3b), mean-
while CaCO; and total sulfur (TS) contents increase
with core depth (Figs. 3c and 3d). Especially, TS con-
tents increase abruptly at the 100 - 120 cm core
depth of both cores.

In general, Al and Ti are incorporated in detrital
components of marine sediments which consist of
rock fragments and minerals derived from the conti-
nents by weathering (Calvert 1976). Thus their con-
centrations are generally controlled by sediment tex-
ture; high concentrations are observed in fine grain
sediments. At core Al, Al and Ti concentrations
decrease slightly with core depth, which is likely
due to the increase of sediment grain size with core
depth. At core A2, however, Al and Ti show nearly
constant concentrations with core depth, in spite of
a large increase of sediment grain size. It implies
that Al and Ti concentrations are not related to sedi-
ment texture at core A2. Potassium concentration is
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Fig. 2. Downcore variations of major element concentrations at cores Al and A2. Filled circle indicates core Al, and open one

core A2.
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Fig. 3. Downcore variations of (a) clay+silt, (b) TOC, (c) CaCO;, and (d) TS contents at cores Al and A2. Filled circle represents

core Al, and open one core A2.

also almost constant at core A2, while it decreases
with core depth at core Al. Therefore, mineral com-
position of core Al sediments is rather different
from that of core A2 sediments. It is likely that K-

feldspar is more enriched in coarser-grained materi-
al at core A2 than at core A1, which results in the
almost constant concentrations of Al, Ti, and K with
core depth, in spite of large changes of sediment
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Fig. 4. Downcore variations of minor element concentrations at cores Al and A2. Filled circle indicates core Al, and open one

core A2.

grain size at core A2.

Downcore variations of Na and Mg are rather
similar to that of clay and silt contents at cores Al
and A2 (Figs. 2 and 3a), which reflects that the
behavior of Na and Mg at the Maxwell Bay sedi-
ments is constrained by sediment grain size.
Calcium concentration increases slightly with core
depth at both cores, which results from the increase
of CaCO; (Fig. 3¢). Depth profile of Fe is quite simi-
lar to that of TS at both cores (Figs. 2 and 3d), sug-
gesting that Fe concentration is controlled mainly by
sulfide minerals, such as pyrite.

Minor elements

Minor elements show different downcore distribu-
tion patterns at cores Al and A2 (Fig. 4). Cu and Co
concentrations increase with increasing core depth
at both cores, whereas Zn and Cr exhibit a down-

core decreasing trend. Ni concentration decreases

with core depth at core A2, but it is almost constant
at core Al. Ba, Pb, and Cd concentrations display
small variations with core depth without any dis-
tinct downcore trend.

In general, many minor elements, especially Cu,
7Zn, Co, Cd, and Pd are well associated with sulfide
minerals (Oudin 1985; Hannington et al. 1991). At
cores Al and A2, therefore, the downcore increase
in Cu and Co concentrations is attributed to the for-
mation of sulfide minerals in the lower part of cores
Al and A2. However, downcore profiles of Zn, Pb,
Cd are somewhat different from that of TS, implying
that these minor elements are not associated in sul-
fide minerals formed in the Maxwell Bay sediments.
The downcore profiles of Zn and Cr are rather simi-
lar to that of clay and silt at both cores. Hence Zn
and Cr concentrations appear to be significantly
affected by the sediment grain size.

The SPSS (v. 7.1) factor-analysis programme was
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Table 1. Factor loadings for five factors for the geochemical data
of core Al

Factor 1 2 3 4 5
Clay+silt 0.858 0.256 -0.114 0.172 0.011
Ti 0.852 0.395 0.112 0.111 -0.009
TOC 0.835 0418 0.235 0.092 0.015
Cr 0.819 0.184 0.319 -0.058  0.166
Na 0.792 0.483 0.225 0.001 -0.010
K 0.629 -0.114 0.584 -0.187  0.253
Cu -0.952  -0.100 -0.108 0.045 0.058
Co -0919 -0.235 0.062 -0.045 0.174
TS -0915 -0.249 -0.265 -0.046  0.104
Fe -0.872 0.044 0.242 -0.203 0.066
Ca -0.742 -0.636 -0.168 -0.056 -0.013
Al 0.260 0.817 0.460 0.049 0.022
Mg 0.463 0.738 0.455 0.086 0.034
CaCO; -0.323  -0.898 0.105 -0.022  -0.130
Mn -0.180 0.187 0.840 0.016 0.017
Ba 0.289 0.123 0.785 0.140  -0.023
Cd 0.068 -0.096 -0.016 0963  -0.036
Zn 0.173 0.489 0.229 0.743 0.185
Ni -0.181 -0.122 0.125 0.111 0914
Pb 0.071 0.423 -0.094 -0.067 0.764

Variance (%) 333 13.3 8.7 7.5 6.8

used to evaluate complex interrelationships between
eight major elements, eight minor elements, clay
and silt, CaCOs;, TS, and TOC contents. At core Al,
the first five factors, using varimax rotation and
based on eigen values exceeding 1.0, explain 89.5 %
of the total variance in the data set (Table 1). Factor
1, accounting for 53.3 % of the data variance, show
strong positive loading for clay and silt, Ti, TOC, Cr,
Na, and K. Copper, Co, TS, Fe and Ca are negatively
loaded on this factor. Therefore, this factor repre-
sents both the fine fraction of the sediments and sul-
fide minerals. The strong negative correlation
between the fine fraction of the sediments and sul-
fide minerals indicates that sulfide minerals are sig-
nificantly enriched in the coarse fraction of the sedi-
ments. Factor 2 accounts for 13.3% of the data vari-
ance and show strong positive loading of Al and Mg
and negative loading of Ca and CaCOs;. This factor
may represent carbonate factor, but the strong posi-
tive loading of Al and Mg cannot be explained by
carbonate factor. Factor 3 accounts for 8.7% of the

data variance and show strong positive loading of

Table 2. Factor loadings for three factors for the geochemical data

of core A2
Factor 1 2 3
Na 0.981 -0.085 -0.025
Mg 0.976 -0.109 0.003
Clay+silt 0.941 -0.077 0.014
Zn 0.927 -0.172 0.104
TOC 0.926 -0.247 0.225
Cr 0.854 —0.186 -0.012
Ni 0.795 -0.365 0.264
K 0.749 0.409 -0.302
Ca -0.981 0.090 0.017
TS -0.954 -0.006 0.058
Cu -0.938 0.086 -0.030
Co -0.900 -0.133 0.051
Fe -0.841 0.289 -0.078
CaCO; -0.706 0.220 0.256
Ba 0.064 0.868 -0.076
Mn -0.182 0.835 -0.078
Al -0.232 0.592 -0.514
Pb -0.172 -0.045 0.821
Cd 0.340 -0.292 0.740
Ti -0.433 0.423 0.443
Variance (%) 59.8 14.6 7.1

Mn and Ba. Factor 4 accounts for 7.5% of the data
variance and show strong positive loading of Cd
and Zn. Factor 5 accounts for 6.8% of the data vari-
ance and show strong positive loading of Ni and Pb.
Except for factor 1, it is hardly explained what other
4 factors represent at core Al.

At core A2, the first three factors, using varimax
rotation and based on eigen values exceeding 1.0,
explain 81.5% of the total variance (Table 2). Factor 1
accounts for 59.8 % of the data variance and show
strong positive loading for Na, Mg, clay and silt, Zn,
TOC, Cr, Ni, and K. Calcium, TS, Cu, Co, Fe and
CaCQO; are negatively loaded on this factor. This fac-
tor represents the fine fraction of the sediments, sul-
fide minerals and CaCOj;. The strong negative corre-
lation between the fine fraction of the sediments,
sulfide minerals and CaCOj; indicates that sulfide
minerals and CaCOj are significantly enriched in
the coarse fraction of the sediments. Factor 2
accounts for 14.6% of the data variance and show
strong positive loading of Ba, Mn, and Al. Factor 3
accounts for 7.1% of the data variance and show
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Fig. 5. Downcore variations of REE concentrations at cores A1 and A2. Filled circle represents core Al, and open one core A2.

strong positive loading of Pb, Cd, and Ti. It is diffi-
cult to explain what factors 2 and 3 represents at
core A2. Consequently, sediment texture, sulfide
mineral, and CaCO; factors can explain 53 and 60%
of behaviors of major and minor elements at cores
Al and A2, respectively.

Rare earth elements

Downcore variations of rare earth elements (REEs)
are shown in Figure 5. At core A2, La, Ce, Pr, Nd,
Sm, Eu, and Gd show relatively high concentrations
below 100 cm sediment depth where TS content
increases rapidly with core depth (Fig. 3d). Thus,
these LREEs are associated with sulfide minerals. At
core Al, however, these REEs concentrations do not
vary considerably with core depth, even though TS
content shows a large increase below 100 cm.

Terbium and Dy concentrations exhibit a small vari-
ation with core depth without any distinct down-
core trend at both cores. Holmium, Er, Tm, Yb, and
Lu concentrations decrease slightly with core depth
at both cores, implying that these heavy rare earth
elements (HREEs) are influenced by sediment tex-
ture.

The La,/ Ybn{(Lasample/ Lanasc)/ (Ybsample/ Ybnaso)l
which defines relative behavior of LREEs to HREEs
ranges from 0.81 to 1.14 and from 0.51 to 1.01 at
cores Al and A2, respectively (Fig. 6a). The La,/Yb,
values are much lower than 1.0 at the top 100 cm at
both cores, especially at core A2 and then increase
rapidly to about 1.0 at the boundary of 100 cm sedi-
ment depth. Thus LREEs are fairly depleted at the
top 100 cm compared to HREEs. In seawater, LREEs
are significantly depleted relative to HREEs, because
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of the relatively greater stability of HREE complexes
in seawater (Brookins 1989). Hence the REE compo-
sitions at the top 100 cm may be more influenced by
seawater than those below 100 cm.

The Ce anomaly (Ce/Ce*), which indicates the
degree of Ce enrichment or depletion with respect
to adjacent REE ranges from 0.82 to 0.88 and from
0.78 to 0.94 at cores Al and A2, respectively (Fig.
6b). The Ce/Ce* >0.9, <1.1, and 0.9-1.1 indicates
negative, positive, and no anomaly, respectively.
Ce™ is oxidized in the oceans to Ce** which is high-
ly insoluble under oxidizing conditions and is pref-
erentially incorporated or adsorbed in octahedral
sites of precipitates or as CeO, on the surfaces of
grains in bottom sediments (Elderfield and Greaves
1982; Koeppenkastrop and De Carlo 1992). Thus the
Ce anomaly has been used to identify the redox con-
ditions in ancient environments; the Ce/Ce* values
are negative under oxidizing conditions (Grandjean
et al. 1988; Liu and Schmitt 1990). At core Al, the
Ce/Ce* values are negative in the entire sediment
column and do not show any distinct vertical trend,
with small fluctuation with core depth. Hence, oxi-
dizing conditions are dominant in the entire sedi-
ment column at core Al, and the redox condition
has not significantly changed. At core A2, the
Ce/Ce* values are negative at the top 80 cm and
show no anomaly below 80 cm. The sediment col-
umn has become the oxidizing condition at the top
80 cm of core A2.

The Eu anomalies represented by Eu/Eu* shows
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Fig. 7. Shale (NASC)-normalized REE patterns at cores Al
and A2.

positive values in the entire sediment column, with-
out any distinct downcore trend at cores Al and A2
(Fig. 6¢). The positive Eu anomaly is found either in
water affected by eolian input or in the hydrother-
mal solutions and the sediments resulting from high
basalt alternation along mid-ocean ridges and back-
arc spreading centers (Michard et al. 1983; Elderfield
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1988). The positive Eu anomalies observed at cores
Al and A2 appear to be affected by the hydrother-
mal system because the hydrothermal system is
located in the center of the Brasfield Strait (Suess et
al. 1988; Lawver et al. 1995).

Shale (NASC)-normalized REE patterns are
shown in Fig. 7. At cores Al and A2, LREEs and
HREEs are considerably depleted, but Eu is exclu-
sively enriched in the entire sediment column. The
shale-normalized REE patterns in seawater and
river water generally show the relative enrichment
of LREE and HREE compared to the middle-weight
REE (Sm, Eu, Gd, Tb) (Fleet 1984). The shale-nor-
malized REE patterns in seawater and river water
are completely opposite to those determined at
cores Al and A2. The shale-normalized REE pat-
terns at cores Al and A2 are rather similar to those
observed in the hydrothermal solutions in which Eu
is greatly enriched (McLennan 1989). At cores Al
and A2, therefore, the REE compositions are signifi-
cantly influenced by the hydrothermal system.

CONCLUSIONS

The major, minor and rare earth elements measured
in the Maxwell Bay display different chemical
behaviors in the sediment column. Sediment tex-
ture, sulfide minerals and CaCO; are major factors
controlling downcore distribution of these elements.
The sediment grain size significantly influence the
downcore distribution of Ti, Cr, Na, and K at core
Al and Na, Mg, Zn, Cr, Ni, and K at core A2. At
both cores, meanwhile, Fe, Co, and Cu concentra-
tions are mainly affected by sulfide minerals.

The rapid increase of La,/Yb, values at the
boundary of 100 cm core depth of core Al and A2
indicates that LREEs are fairly depleted at the top
100 cm compared to HREEs. The negative Ce anom-
alies with no distinct vertical trend at core Al sug-
gest that oxidizing conditions are dominant in the
entire sediment column, and the redox conditions
have not significantly changed during the sediment
deposition. At core A2, the sediment column has
become the oxidizing condition at the top 80 cm. At

both cores, the positive Eu anomalies and shale-nor-
malized REE patterns which are similar to those of
the hydrothermal solution indicate that the sedi-
ments deposited in the Maxwell Bay are significant-
ly influenced by the hydrothermal system.
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