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Concentrations of rare earth elements (REEs) were determined in three ornithogenic sediment profiles excavat-
ed at active Adélie penguin (Pygoscelis adeliae) colonies in McMurdo Sound, Ross Sea, Antarctica. The distribution
of REEs in each profile fluctuated with depth. REEs measured in environmental media (including bedrock, guano,
and algae) and analysis on the correlations of SREE-lithological elements and 3REE-bio-elements in the profiles
indicated that sedimentary REEs were mainly from weathered bedrock in this area, and the non-crustal bio-
genetic REEs from guano and algae were minor. Further discussion on the slopes and Ce and Eu anomalies of
chondrite-normalized REE patterns indicated that a mixing process of weathered bedrock, guano and algae
was the main controlling factor for the fluctuations of REEs with depth in the sediments. An end-member equa-
tion was developed to calculate the proportion of REEs from the three constituents in the sediments. The calcu-
lation functioned well in estimating bedrock-derived REEs and the magnitude of ornithogenic influence in
different profiles. In general, REEs in the ornithogenic sediments showed anti bio-element patterns and thus
can be used as an additional proxy to reconstruct historical penguin populations.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The accumulation of sediments often requires considerable time,
during which various geochemical processes can occur. All environmen-
tal changes in the surrounding region during this period could be well
preserved in the sedimentary system [1,2]. To decode this information
from the past, multiple geochemical proxies have been introduced and
systematically studied for decades. Among them, distribution and abun-
dance of elements is the most basic yet most important tool [3-6]. Rare
earth elements (REEs) form a group of elements from Lanthanum to Lu-
tetium in the periodic table. With the same layout of valence electrons
in the outer shell, REEs tend to possess similar chemical properties [7,8].
For example, they are found to symbioses in the same minerals, and are
less susceptible to various fractionations in geochemical processes
[9,10]. Thus, REEs in the sediments could record the influence from dif-
ferent factors including parent bedrock properties, redox conditions,
content of organic matter, local or long-distance eolian input, and an-
thropogenic impact during the stages of weathering, transportation, de-
position and diagenesis [11-14].

As the most remote region from human influence, Antarctica is also
very sensitive to climate change and serves as a natural archive for the
paleoenvironment [15]. Considerable research has been conducted in
Antarctica using REEs on different carriers to investigate petrology and
geochemistry. Lee et al. utilized REEs to study the formation of soils at
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King George Island, Antarctic Peninsula [16]. Santos et al. reported the
origin and geochemical behavior of REEs and other trace elements in
the marine sediments from Admiralty Bay, King George Island, and sug-
gested no significant alteration during weathering and transport pro-
cesses [12]. In the Ross Sea region, more focus has been on REEs in
petrology. For example, Sun and Hanson concluded that the mantle
source and the processes for magma generation of the Ross Island volca-
nics were similar to those for ocean island volcanics using Pb isotope ra-
tios and REE abundances of five primary basanitoids from Ross Island
[17]. Subsequent research on the differentiation of McMurdo volcanics
on Ross Island was conducted by measuring REEs and using a quantita-
tive trace element modeling [18]. Later, REEs were applied in more di-
verse ways, e.g., they were used in tracing the source of clay in
Victoria Land Basin [19]. REEs in the water column of Lake Vanda in
the Dry Valleys are considered the highest ever observed at natural
oxic/anoxic interfaces due to redox conditions and the scavenging effect
of particles [20].

The Ross Sea region has one of the largest concentrations of Adélie
penguin (Pygoscelis adeliae) colonies in Antarctica. In costal ice-free
areas where weathering occurred at a greater extent than continental
Antarctica due to the warmer climate, seabird guano is also abundantly
deposited, gradually forming ornithogenic sediments [21]. This kind of
geo-carrier has been used in numerous studies to interpret paleoecolog-
ical and paleoclimatic changes in the Holocene [6]. Sun et al. inferred
penguin population change at Ardley Island, Antarctic Peninsula, for
the last 3000 years using the distribution patterns of penguin bio-
elements [4]. In Vestfold Hills, East Antarctica, long-term seabird
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population dynamics was reconstructed for the last 8000 years [22,23].
Liu et al. investigated REEs in ornithogenic sediments at Ardley Island
and calculated the proportion of guano-originated REEs as a new
proxy for penguin populations [14]. Hu et al. used the ornithogenic sed-
iments form Cape Bird to reconstruct historical change of the penguin
population over the past 700 years [24]. Our previous papers discussed
paleoenvironmental implication of elements and isotopes in the
ornithogenic sediments from the Ross Sea region [25,26], but geochem-
istry of REEs has not yet been reported for the sediments and soils in this
area. Here, we determined for the first time REEs in ornithogenic sedi-
ments from the Ross Sea region. Specifically, we investigated the source
and geochemical behavior of REEs, and the controlling factor for their
distribution with depth in the profiles. In addition, we attempted to
quantify the source of REEs and their connection with penguin popula-
tion changes over time.

2. Materials and methods

Profile MB4, MB6 and BI used in this study were collected in
McMurdo Sound, the Ross Sea region, in January 2010. The sampling
sites are located on Ross Island and Beaufort Island. Ross Island
(~2460km?) is of volcanic origin on the east side of Victoria Land in
McMurdo Sound. Most of Ross Island is covered by ice, leaving three
ice-free areas which are Cape Crozier (~18km?), Cape Bird (~15km?),
and Cape Royds (~13km?). A large number of Adélie penguins
(>155,000 pairs, [27]) reside in these areas. Beaufort Island (~18.4km?)
is 21km north of Ross Island with Adélie penguins breeding in its ice-
free areas on the eastern and southern parts. Numerous abandoned
penguin colonies were also found in the ice-free areas mentioned
above, suggesting historical penguin occupations. This region is charac-
terized by harsh environmental conditions and also is sensitive to cli-
mate changes, making it an ideal location for paleoclimatic and
paleoecological research [24,28,29].

The excavation sites of MB4 and MB6 are located at Cape Bird, while
BI was collected from Beaufort Island (Fig. 1). The MB4 profile (42cm)
was taken in a small pond between the fourth and fifth beach ridges
on the coast at the middle of the penguin colony at Cape Bird (166°22’
25.6"E, 77°14'35.3"S). Abandoned penguin rookeries were found near
our sampling site, indicating possible ornithogenic influence in the
pond brought by penguin guano. The MB6 profile (38cm) was collected
from a currently dried-out catchment on the second terrace above sea
level at the northern end of the penguin colony at Cape Bird (166" 26’
444" E, 77°12" 47.5" S). Core BI (20.5cm) was excavated from a pond
near the active penguin colony on the southwest side of Beaufort Island
(166° 58’ 23.6” E, 76' 58’ 23.6” S). Details about the sampling, lithology
and sectioning of the sediments were documented in our previous
study [30]. Environmental media samples including bedrock, fresh
algae and fresh guano were also collected in the study region (mainly
Cape Bird, Cape Royds and Cape Chocolate). All the samples were kept
at —20C in the laboratory prior to chemical analysis. They were air-
dried (fresh algae and fresh guano samples were freeze-dried) and ho-
mogenized by grinding after the careful removal of large rock fragments
and biological remains. The final powder samples were passed through
a 74um mesh sieve.

A chemical volumetric method was employed to measure total or-
ganic carbon (TOC) in the sediments. Cd, Cu, P, Ti, Zn were determined
by inductively-coupled plasma-optical emission spectroscopy (ICP-OES,
Perkin Elmer 2100DV) after digestion with HNO3;-HF-HCI-HCIO4, and
Al, Fe and Si were measured by ICP-OES and X-ray fluorescence analyzer
(XRF-1800, Shimadzu). As, Hg and Se contents were analyzed by atomic
fluorescence spectrometry (AFS-930, Titan Instruments Co., Ltd.) after
digestion with HNO5-HCI-HCIO,4 (As and Se) and H,0,-Fe> Toxidant-
HNOs (Hg). Analysis of S was conducted on an element analyzer
(Vario ELIII). These elements were determined for comparison with
REEs, and their results have been reported in detail [25,30]. F was mea-
sured by ion selective electrode method [22]. Reagent blanks and
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Fig. 1. Sampling sites of the sediment profiles in the Ross Sea region (Ross Island and
Beaufort Island).

standard sediment reference materials (SRMs) were included in every
batch of samples for quality control (data were reported in the refer-
ences mentioned above). Analysis of REE (La, Ce, Pr, Nd, Sm, Eu, Gd,
Tb, Dy, Ho, Er, Tm, Yb and Lu), Hf and Zr were conducted on an induc-
tively coupled plasma source mass spectrometer (IPC-MS) using a lith-
ium borate fusion method by ALS Chemex (Guangzhou) Co., Ltd.
Detailed results for measured REEs and analytical accuracy & precision
for SRMs are given in the tables of appendix A. Correlation analysis in
this study was performed using the software PASW Statistics 18 and or-
igin 7.5. Calculation of contributions from different constituents to SREE
in each profile was conducted using the software Matlab 7.1.

3. Results

Distributions of 14 measured REEs (Pm not included) all exhibit con-
siderable fluctuation with depth that is similar in all three profiles
(Fig. 2).Range, mean and coefficient of variation (CV) of REEs in the sed-
iments and environmental media (including bedrock, fresh guano and
fresh algae; CV of REEs in environmental media was not calculated)
are given in Table 1. Apparent fluctuations of individual REE (Fig. 2)
are underlined by high CV values (above 10%, especially for MB6 with
CV higher than 25%). Range and mean of each REE of the three profiles
are generally on the same level for their regional geochemical consis-
tency. Average XREE values in the profiles range from 202.34 to
292.17pg/g, similar to that of sediments and shale reported by Haskin
et al. [31], but much higher than the sediments from Ardley Island, Ant-
arctic Peninsula, which received heavy influence from penguin activities
(37.18-71.21pg/g, [14]). Due to the slight difference in their geochemi-
cal properties, REEs are traditionally divided into two groups of light
(LREEs, from La to Eu) and heavy rare earth elements (HREEs, from Gd
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Fig. 2. Distribution of measured REEs in profile MB4, MB6 and BI.
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Table 1

Range, mean and CV (not calculated for the environmental media) of individual REE, REE, LREE, HREE and L/H in the sediment and environmental media samples.
Element Range (ug/g) Average (Lg/g) CV (%) Element Range (ug/g) Average (1g/g) CV (%)
MB4 (n=39)
Ce 90-145 114.46 12.26 Pr 9.35-15.25 11.92 13.59
Dy 3.58-641 4385 16.22 Sm 6.07-10.6 7.75 16.02
Er 1.89-3.32 2.55 15.15 Tb 0.67-1.22 091 16.44
Eu 1.8-3.21 2.37 16.65 Tm 0.25-0.45 0.35 15.64
Gd 4.49-8.57 6.24 17.02 Yb 1.56-2.65 2.03 1536
Ho 0.65-1.19 0.9 1642 SREE 200.99-326.17 258.54 1258
La 48.2-73.5 61.27 11.17 LREE 187.62-302.34 24041 12.37
Lu 0.23-0.39 0.31 13.11 HREE 13.37-23.83 18.13 15.83
Nd 32.2-56.9 42.64 14.95 L/H* 11.85-14.31 13.34 463
MB6 (n=30)
Ce 47.6-127 85.02 26.73 Pr 5.37-14.25 9.61 275
Dy 2.37-6.37 423 27.63 Sm 3.65-10.5 6.35 29.01
Er 121-3.18 223 27.12 Tb 0.41-1.2 0.76 2843
Eu 1.15-3.26 2.01 29.15 Tm 0.16-0.47 031 29.21
Gd 2.77-8.07 5.09 28.23 Yb 1-2.58 1.82 2747
Ho 0.44-1.26 0.79 29.02 SREE 113.57-306.04 202.34 27.05
La 28.2-72.5 49.12 26.01 LREE 105.07-282.51 186.85 27
Lu 0.14-04 0.27 28.19 HREE 8.5-23.53 1549 27.75
Nd 19.1-55 34.74 28.66 L/H* 11.55-12.60 12.09 2.29
BI (n=25)
Ce 83.2-144 1226 12.87 Pr 9.11-155 13.19 12.68
Dy 4.04-6.7 5.59 12.82 Sm 6.43-11.5 9.5 13.61
Er 1.93-3.17 2.7 12.56 Tb 0.71-1.27 1.06 13.14
Eu 2.16-3.78 311 13.77 Tm 0.28-0.48 0.38 11.67
Gd 4.79-9.08 747 14.35 Yb 1.57-2.69 224 12.09
Ho 0.78-1.27 1.07 12.19 SREE 199.15-343.83 292.17 131
La 48.7-85.1 72.16 13.64 LREE 184.8-318.89 27135 13.11
Lu 0.23-0.36 0.32 11.8 HREE 14.35-24.94 20.83 13.07
Nd 35.2-60.4 50.78 13.19 L/H* 12.54-13.50 13.03 1.96
Element Range (ug/g) Average (ug/g) Element Range (ug/g) Average (ug/g)
Bedrocks (n=5)
Ce 84-204 120.2 Pr 9.65-21.8 1342
Dy 5.16-8.92 6.26 Sm 8.12-13.15 9.77
Er 2.38-5.05 3.11 Tb 0.94-1.57 1.14
Eu 2.67-4.49 3.27 Tm 0.34-0.71 044
Gd 6.74-10.2 797 Yb 1.95-4.86 27
Ho 0.99-1.83 122 SREE 209.61-481.58 291.78
La 46.3-127.5 69.8 LREE 190.84-447.74 268.56
Lu 0.27-0.7 038 HREE 18.77-33.84 23.22
Nd 40.1-76.8 52.1 L/H* 10.17-13.23 11.33
Algae (n=5)
Ce 34.8-80.8 52.46 Pr 3.91-894 5.82
Dy 1.8-3.84 264 Sm 2.78-6.22 4.19
Er 0.95-2.1 142 Tb 0.29-0.69 043
Eu 0.88-1.97 13 Tm 0.16-0.31 0.23
Gd 2.12-492 317 Yb 0.88-1.82 123
Ho 0.31-0.76 0.5 SREE 81.18-186.88 122.1
La 17.9-41.2 27 LREE 74.57-172.13 112.32
Lu 0.1-0.31 0.16 HREE 6.61-14.75 9.78
Nd 14.3-33 21.56 L/H* 10.52-13.49 11.57
Guano (n=3)
Ce 6.4-14 9.73 Pr 0.66-1.58 1.07
Dy 0.29-0.93 0.59 Sm 0.46-1.04 0.76
Er 0.13-0.49 0.29 Tb 0.03-0.11 0.07
Eu 0.12-0.26 0.2 Tm 0.05-0.07 0.057
Gd 0.32-0.98 0.6 Yb 0.01-0.18 0.14
Ho 0.01-0.16 0.077 SREE 14.34-33.08 22.72
La 3.3-7.2 5 LREE 13.44-30.18 20.93
Lu <0.01 / HREE 0.9-2.9 1.79
Nd 2.5-6.1 417 L/H* 1041-14.93 12.52

to Lu) [8,32]. It is quite evident that LREEs are much more abundant
than HREEs in our profiles, with the ratio of LREE to HREE (L/H in
Table 1) in the analyzed sediments reaching up to 13.34, 12.09 and
13.03 for profile MB4, MB6 and BI respectively. Though individual and
total REE values in the sediments are found to be variable, L/H remains

relatively stable in each profile with CV lower than 5%, suggesting no
significant change in lithology and REE source. Correlation analysis
among individual REE in all measured samples including environmental
media showed significant positive correlations among themselves
(R>0.84, n=107, p<0.01; Table 2), coinciding with patterns of change
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Table 2
Correlation analysis among REEs in all samples measured.
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

La 1

Ce 0.972 1

Pr 0.981 0.983 1

Nd 0.972 0.965 0.986 1

Sm 0.945 0.943 0.964 0.992 1

Eu 0.94 0914 0.947 0.984 0.989 1

Gd 0.934 0.943 0.96 0.987 0.99 0.982 1

Tb 0.948 0.95 0.976 0.989 0.983 0974 0.989 1

Dy 0.944 0.932 0973 0.981 0973 0.969 0.974 0.988 1

Ho 0.947 0929 0.967 0.983 0975 0975 0974 0.985 0.991 1

Er 0.933 0928 0.968 0.947 0919 0.907 0923 0.955 0.973 0.965 1

Tm 0.9 0.888 0933 0.919 0.893 0.889 0.893 0.926 0.947 0.95 0.964 1

Yb 0.93 0.901 0.948 0.929 09 0.902 0.893 0.928 0.955 0.956 0975 0.956 1

Lu 0.907 0.903 093 0.894 0.856 0.841 0.858 0.902 0.92 0.922 0.962 0.952 0.957 1

with depth (Fig. 2). Since the distribution of individual REE is similar to
one another, we illustrated the depth profiles of ZREE, LREE, HREE, L/H
with lithological elements (typical Al and Hf) and TOC (Fig. 3). For com-
parison, bio-elements (typical P and F) indicative of guano amounts in
the ornithogenic sediments are also plotted [4,6,25]. As can be seen,
REE proxies (EREE, LREE and HREE) in MB4 show a quadratic curve
from the bottom to 15cm depth, with the lowest values at around
25cm depth. Between 15 and 5cm, REEs experience a plateau in high
values and then drop to the level below 15cm in the surface layer.
REEs in MB6 have their highest level at the bottom, but immediately
go down and form a trough from 35 to 24cm. Above 24cm, the proxies

remain high and stable, and only decrease gradually from 10cm to the
surface. REEs in BI are relatively stable in the layer below 5cm, but
begin to drop with fluctuations in the surface layer. The trends of REEs
in the profiles are generally the same as the lithological elements, and
opposite to that of bio-elements and TOC. Individual REE content,
SREE, LREE and HREE in the bedrock we collected from this region are
similar to that of the sediment profiles, but are much higher than that
in algae and guano (Table 1). Also, bedrock samples were found to
have slightly lower L/H (on average 11.33) than algae (11.57) and
guano (12.52). Comparison of SREE, Al, Hf, P, F and TOC in the different
environmental media indicates the dominance of REE, Al and Hf in
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Fig. 3. Distribution of SREE, LREE, HREE, L/H, Al, Hf, P, F and TOC in profile MB4, MB6 and BL.
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Fig. 4. Contents of 3REE, Al, Hf, P, F and TOC in environmental media (bedrock, fresh guano and fresh algae).

bedrock samples, and the high values of bio-elements and TOC in guano
(Fig. 4).

4. Discussion

The material source of the sediments has been discussed in our pre-
vious work. Weathered bedrock, guano and algae are the three main
constituents of the ornithogenic sediments from the Ross Sea region,
in which weathered bedrock comprises the bulk of the sediments on a
mass balance and mainly acts as mineral matrix, while algae and
guano are the main sources of organic matter [25]. REE proxies share
the same change pattern with depth and resemble those of Al and Hf
(Fig. 3). Further, we analyzed the correlations between 3REE and typical
lithological elements Al Fe, Si (only in MB4 and MB6), Ti, Hf and Zr, and
results indicated that they are positively correlated with R>0.73 at 0.01
level (Fig. 5), strongly indicating a large contribution to REEs from
weathered bedrock. It has been reported that REEs, especially LREEs,
tend to be adsorbed by organic matter [11], thus affecting their distribu-
tion in the sediments. Our results show that TOC, which mainly derives
from guano and algae (Fig. 4), and the typically penguin guano-derived
elements of P and F display opposite distribution patterns to REE proxies
(Fig. 3). Thus, the strong adsorption of REEs by organic matter is unlike-
ly. Instead, the significant negative correlations between TOC and REEs
suggest a dilution effect from organic matter on REEs. Considering the
absolute concentrations of REEs in the environmental media (Table 1,
Fig. 4), we believe weathered bedrock is the main source of REEs in
the sediments where non-crustal biogenetic REEs from algae and
guano are fairly minor.

Though REEs share similar chemical properties, the subtle differ-
ences in their atomic structure would cause fractionation in geological
processes, which leads to much higher contents of the even atomic-
numbered elements than the adjacent odd-numbered elements,
known as the Oddo-Harkins effect [33]. Hence, normalization of REE
concentrations becomes a common practice to eliminate that effect
and provides insight into their sedimentary characteristics. Here, we

employed the most commonly used chondritic standard, which was
based on the average value of 22 chondritic meteorites, to normalize
our results [34]. Several depths of samples were chosen from each pro-
file and labeled with environmental media (mean values) for compari-
son (Fig. 6; Lu in the guano samples is not shown because its content is
below the detection limit, see appendix A). As can be seen, chondrite-
normalized REE patterns display highly identical trends within and
among profiles, showing a common source and controlling geochemical
factor for REEs in this region. Most sediment samples lie above guano
and algae, and some are on the same level or slightly higher than bed-
rock samples, generally illustrating the contribution from the three con-
stituents. Slopes of REE patterns are often used to explore the source
and fractionation of REEs in the sediments [35]. As can be seen, the sec-
tions corresponding to LREEs show a more obvious slope than the HREE
sections in the samples, corroborating the high L/H values mentioned
above. Analysis of environmental media samples show that L/H values
are the highest in guano, then algae and bedrock by order, but they
are all lower than in the sediment profiles (Table 1). Considering that
LREEs are also easily adsorbed by fine clay debris other than organic
matter [11], we believe the higher L/H in the sediments is caused by
the affinity of LREEs to the fine particles. The (La/Yb)y (ratio of
chondrite-normalized La to Yb) value was calculated to address the
overall slope of the patterns quantitatively. Mean (La/Yb)y of MB4,
MB6, BI, bedrock, guano and algae are 18.09+1.44 (n=39), 16.14+
0.72 (n=30), 19.06£0.69 (n=25), 15.2640.70 (n=5), 21.30+2.18
(n=3) and 13.26+1.29 (n=>5), respectively. Though it is likely that
weathered bedrock is the main REE source, (La/Yb)y in the sediment
profiles are higher than from bedrock, indicating a possible influence
from guano. A similar case also was reported that (La/Yb)y from
guano was much higher than in background sediments [14].

Anomalies of REEs, especially Ce and Eu, are important proxies in the
patterns which document historical changes in the environment [36].
They are calculated by the formula:

8Ce = 2Cey/(Lay + Pry)  OEu = 2Euy/(Smy + Gdy)
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Fig. 5. Correlation analysis between 3REE and lithological elements (Al Fe, Si (only in MB4 and MB6) Ti, Hf and Zr) in profile MB4, MB6 and BI.

where Cey, Lay, Pry, Euy, Smy and Gdy, are chondrite-normalized
values. Slight Ce negative anomalies are observed in all analyzed sedi-
ment samples and environmental media, and Eu positive anomalies
are found in all samples but fresh guano. Though drastic Ce and Eu

anomalies could be introduced by a change of redox conditions and
weathering processes, the limited magnitudes of 6Ce and &Eu in this
study are more likely caused by the property of their material sources.
6Ce in guano is 0.85 (n=3) in the Ross Sea region, with more negative
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Fig. 6. Chondrite-normalized REE patterns for profile MB4, MB6 and Bl and environmental
media samples. The chondrite values are cited from Herrmann (1971).

dCe (0.67) in guano reported in West Antarctica [14]. Ce in guano has a
strong marine signature, which is due to the source of the food supply of
the penguins. Negative Ce anomaly is common in seawater, but the
magnitude varies with location and water depth [37,38], and thus ac-
counts for different guano 6Ce between regions. Bedrock and algae are
also found to have negative Ce anomalies (6Ce=0.78 and 0.84, respec-
tively) on the same level as guano. Unlike guano, freshwater algae
were developed in the coastal catchments in this region, and REEs in
algae mainly originated from weathered bedrock brought to the sam-
pling sites. Thus, in general we can see the patterns of bedrock and
algae display differences only on a content level, but not on individual
REE anomalies. According to the research of Mittlefehldt and Lindstrom

[39], positive Eu anomalies are common in basaltic clast samples from
Antarctica, which corroborates our results (Eu=1.20 and 1.15 for bed-
rock and algae, respectively). Absence of positive Eu anomalies in guano
samples indicate that Eu in the sediments mainly receives influence
from bedrock and algae, while the imprint of guano was undetectable.
Different from bedrock, algae and any sediment sample, the REE pattern
in guano displays more positive anomalies in Dy, Er and Tm, demon-
strating its unique origin from the marine environment. None of these
anomalies were documented in the sediments, which, on the other
hand, indicated that the contribution on REEs from guano is minor. In
summary, the chondrite-normalized REE patterns showed that sedi-
ments fall between bedrock and algae. In-depth analysis of slope data
and Ce and Eu anomalies went one step further to indicate that the
mixing process of weathered bedrock, algae and guano is the main con-
trolling factor for the REE distributions and patterns in the profiles.

The most profound characteristic of ornithogenic sediments is
that they receive heavy influence from seabird activities, and thus
contain abundant information relating to paleoecology and the
paleoenvironment [23,40]. Penguin bio-elements are concentrated
and accumulated in ornithogenic sediments and they share the same
distribution pattern with depth due to a common controlling factor:
the input of penguin guano [4]. The assemblage of bio-elements is a
powerful tool to reconstruct historical penguin populations [22,41].
Our previous study has identified As, Cd, Cu, P, S, Se and Z as the com-
mon penguin bio-elements in the Ross Sea region [25]. In addition, Hg
was found to originate mainly from guano as a result of the bio-
accumulation effect [30]. Additional measurement of F, which is
enriched in the guano of Adélie penguins due to its high content in
the penguins' main prey—krill [42,43], shows that it is also a typical
bio-element sharing the same pattern with the elements mentioned
above in the sediments. We analyzed correlations between these bio-
elements and 2REE, and significant negative correlations (R<—0.59,
p<0.01 the values for Hg indicated by open circles in MB6 below 35cm
were not used in these correlation analyses; As trend in Bl was a bit de-
viated from other bio-elements due to some certain geochemical fac-
tors, rendering an R=-—0.44, p<0.05, Fig.7) were observed. As
previously discussed, REEs in the sediments are positively correlated
with lithological elements free from guano influence (Fig. 5). The strong
associations between REEs, bio-elements and lithological elements cor-
roborated our conclusion that mixing processes of guano, algae and
weathered bedrock form the main controlling factor for the REE distri-
butions in the sediments.

Since the REEs in the sediments derive from weathered bedrock,
guano and algae, it may be applicable to use the normalized patterns
of environmental media to calculate the contribution of the three con-
stituents to total REE. We anticipate that the REE pattern for each sedi-
ment sample is a combination of the three constituents, and the ratio of
each end-member could be calculated using software Matlab 7.1 from
the equation below:

REEN = XREENguano + YREENalgae + ZREENbedrock

where REEngyano, REENaigae aNd REEnpedrock are REE patterns of guano,
algae and bedrock, and X, Y and Z are the estimated ratios of each con-
stituent, under the condition that X4+-Y+Z=1. We assigned different
values with increments of 0.01 to X, Y and Z, plotting the guano, algae
and bedrock proportion from 0 to 1. For each sediment sample, we hy-
pothesize that X, Y and Z are the estimated ratios of guano, algae and
weathered bedrock in the ornithogenic sediments when the calculated
REE best fits the sample (tested by least square method). The content
of pigments in the layer above 24cm in profile MB6 was extremely
low, suggesting an almost dry environment, and the algal biomass
might be minor [44]. Thus, Y for the algae ratio in this section was set
to 0 to better fit the fact.

Using the method described above, we calculated the contributions
of the three constituents to SREE in each subsample of the MB4 and
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Fig. 7. Correlation between 3REE and bio-elements As, Cd, Cu, F, Hg, P, S, Se and Zn (absent in MB4) in profile MB4, MB6 and BI.
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MB6 profiles and displayed them in Fig. 8. BI from Beaufort Island was
not included because many of its subsamples have XREE higher than
the bedrock constituent (Fig. 6; bedrock samples were collected mainly
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bedrock proportions display the same trends as SREE (R=0.92, 0.99,
p<0.01 for profile MB4 and MB6, respectively, Fig. 8), coinciding with
our conclusion that REEs in the sediments mainly derive from weathered
bedrock. Fractions calculated for guano and algae show some interesting
results, for collectively they share the same patterns with TOC with depth,
accounting well for the bio-genetic REEs. Guano-derived REEs in MB4 are
generally low compared to those in algae. In the layer below 15cm, the
appearance of peaks for guano fraction is prior to algae. It is observed
that P and F (representing guano) and TOC (representing guano--algae)
in Fig. 3 also show this pattern. In the surface layer where an algae mat
was present according to field records, algae-derived REEs reached their
maximum. Similarly, TOC in the surface layer of MB4 was a lot higher
than the trends of P and F, showing the dominance of algae at this
depth. Guano-derived REEs in MB6, however, are much more abundant
than in MB4 (Fig. 8). In the section below 24cm, the increasing guano
input visually reduced the algae fraction to a minor proportion. According
to our previous study on material source of the sediments using nitrogen
isotopes, MB4 was formed with less ornithogenic input, but more algal
influence than MB6 [26]. This conclusion is corroborated by the calcula-
tion conducted above. Thus, this method can distinguish the ratio of the
three constituents to an extent, and offers an alternative way to analyze
the magnitude of penguin influence on the sediments. Moreover, REEs
in the ornithogenic sediments showed anti bio-element distributions
with depth due to the dominance of bedrock-derived REEs and the
relatively simple mineral-organic matter mixing structure of the sedi-
ments in the Ross Sea region(See Fig. 7). Since guano is the main nutri-
ent source and limiting factor for algal growth in the otherwise
oligotrophic environment [45,46], the two constituents should share
the same patterns of change in the sedimentary history, which was
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also verified by previous carbon isotope research in the sediments
[25]. Thus, REEs can also be used as an additional proxy to reconstruct
historical penguin population.

5. Conclusions

We reported contents and other basic geochemical properties of
REEs in three ornithogenic sediment profiles from the Ross Sea region
for the first time. Weathered bedrock was deemed to be the main REE
source for the sediments in this area, and the proportional contributions
from algae and guano were minor according to the correlation analysis
between REEs and lithological elements and penguin bio-elements.
Chondrite-normalized REE patterns indicated that mixing processes of
weathered bedrock, algae and guano are the main controlling factors
for the distribution of REEs with depth. An end-member equation was
devised to detect the ratio of the lithological and bio-genetic REEs,
and the magnitude of guano influence on different profiles using the
REE patterns. The REE trends with depth could be used as a potential
proxy for the amount of guano input into sediments, indicative of rela-
tive change of historical penguin populations.
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Appendix A

Table 1

Results of REE analysis in the sediment profiles and environmental media.
Depth (cm) La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

(ng/g)  (vg/e)  (ug/g)  (ug/g)  (ng/g)  (vg/e)  (wg/g)  (g/g)  (ng/g)  (vg/e)  (ugrg)  (ng/g)  (ne/g)  (Mg/g)
MB4 0.8 50.7 97.6 9.71 348 6.62 2 5.02 0.77 4.02 0.74 2.09 031 1.74 0.27

1.6 574 111 11.15 40.5 7.52 224 578 0.92 455 0.83 232 032 1.85 03
24 504 97.7 943 337 6.29 1.83 496 0.67 373 0.68 2.04 0.26 1.56 0.26
4 55.1 107.5 10.8 39.6 734 2.16 5.8 0.84 4.58 0.82 222 03 1.81 03
4.8 62.2 1205 121 439 839 247 6.61 0.96 5.08 0.96 2.59 035 2.02 031
5.6 69.7 136.5 14.05 50.5 941 289 7.97 1.1 6.1 11 2.96 041 23 038
7.2 715 1415 14.4 523 9.76 3.07 7.98 1.15 6.08 1.14 3.11 045 234 0.39
8.8 723 143 14.95 554 10.6 3.18 832 1.17 641 1.19 332 042 252 037
104 735 145 15.2 552 103 3.14 843 1.22 6.3 1.14 3.27 043 2.65 039
12 68.1 136.5 14.65 54.7 10.15 3.04 8.39 1.21 6.05 1.18 3.27 043 253 038
136 727 1435 15.25 56.9 1045 321 8.57 1.19 6.23 1.18 32 0.44 2.59 035
15.2 65.1 126 13.35 49.1 89 29 7.79 1.15 6.04 1.13 3.08 042 242 036
16 65.3 1245 12.7 472 8.79 259 6.92 1.01 528 0.97 2.65 038 217 035
16.8 61 1175 11.75 42.5 7.78 238 6.46 0.93 4.86 091 244 0.34 217 0.29
17.6 573 110 114 422 7.7 234 6.39 0.92 47 093 2.59 033 2.06 0.29
184 60.4 115 11.9 416 7.76 237 6.15 0.86 469 0.89 24 033 1.98 031
20 539 103.5 10.6 376 6.87 2.09 592 0.84 435 0.78 2.36 031 1.69 0.27
20.8 57.7 110 113 404 727 212 6 0.83 444 0.86 2.26 0.36 1.81 0.29
216 59.3 113 11.7 425 7.75 23 592 0.85 45 0.84 248 033 1.92 0.29
232 549 104 10.55 374 6.61 2.09 543 0.8 4.14 0.78 2.19 0.29 1.79 0.28
24.8 58.1 110 10.95 389 6.76 2.04 5.72 0.84 421 0.82 2.36 03 1.81 0.27
256 482 90 935 322 6.07 1.8 449 0.69 3.58 0.65 1.89 0.25 1.59 023
264 519 97.3 9.89 346 6.31 1.87 499 0.71 393 0.71 2 0.27 1.59 0.27
272 54 101.5 10.15 352 6.32 1.9 5.27 0.73 3.77 0.76 213 0.27 1.6 0.28
28 554 103.5 10.35 369 6.47 2.02 5.58 0.79 419 0.76 2.2 0.35 1.71 0.28
28.8 522 98.3 9.8 348 6.24 193 5.07 0.71 3.82 0.69 2.16 028 1.62 0.25
304 60.2 112 11.35 39.8 7.38 2.1 5.77 0.82 4.51 0.84 242 032 1.85 0.27
32 60.4 112 11.2 39.7 7.12 218 5.78 0.85 437 0.81 2.26 0.33 1.76 03
328 63.6 121 11.95 424 7.61 228 6 0.89 4.56 0.87 247 033 1.96 031
336 654 1215 12.05 419 7.52 237 6.14 0.88 467 0.85 24 033 2.02 0.29
344 579 108.5 10.6 373 6.71 1.98 539 0.75 412 0.77 2.26 0.29 173 0.28
352 59.3 994 115 40.1 7.02 224 549 0.84 477 0.86 2.55 039 2.08 031
36 62.8 107 12.05 42 75 239 591 0.9 5.03 092 2.68 0.37 217 033
36.8 69.5 1175 13.35 46.8 825 2.69 6.47 0.97 538 1 2.95 0.39 236 035

(continued on next page)
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Table 1 (continued)
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Depth (cm) La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
(bg/g)  (ng/g)  (ve/g)  (vg/g)  (vg/g)  (ng/g)  (ue/e)  (ve/e)  (vg/e)  (g/e)  (ng/e)  (ve/e)  (ne/e)  (vg/g)
MB4 384 649 1095 1205 418 6.97 228 5.79 0.89 491 0.89 2.68 0.35 2.11 0.33
392 63.2 106 1225 434 7.69 244 594 0.91 517 093 279 037 219 0.32
40 68.8 116 1295 458 8.01 246 6.3 0.99 546 0.99 2.95 04 222 0.34
416 69.8 118 1335 47 8.3 263 6.44 0.99 542 1 2.79 0.42 242 0.34
424 65.6 111 1275 444 7.82 247 5.86 0.92 5.04 093 267 038 229 033
MB6 0.6 362 62.8 7.29 262 496 154 373 0.59 322 0.58 1.79 0.25 142 0.2
1.8 463 813 9.28 327 6.1 1.89 4388 0.75 405 0.74 213 0.29 1.76 0.26
42 547 95.7 1115 40 7.22 234 5.87 0.89 487 091 267 037 2.15 0.32
6.6 572 1015 117 417 7.65 246 596 0.88 5.13 093 271 039 22 031
7.8 57.9 1015 1195 42 8.04 244 598 0.88 527 0.95 2.76 0.38 22 031
9 61.7 108 1255 449 8.07 2.64 6.78 0.99 548 1 2.96 041 233 0.34
10.2 613 1065 123 437 827 252 6.28 0.98 559 0.99 2.88 0.4 25 035
114 60.2 1035 1195 426 7.7 253 6.34 0.94 526 0.96 2.71 0.39 233 0.33
126 60.4 104 1205 428 7.68 25 6.33 0.96 5.44 097 295 0.37 233 0.34
15 62.6 109 1225 436 7.76 25 6.22 0.95 527 098 274 037 231 0.33
174 609 1055 121 438 8.03 253 6.43 0.97 5.32 0.98 2.82 0.34 224 0.34
186 59.9 103 116 417 7.45 2.39 596 0.89 5.04 093 2.7 035 223 031
21 58.4 101.5 113 412 7.3 224 593 0.9 5.04 0.93 267 0.35 213 0.32
222 534 936 10.5 37 7.15 221 5.32 0.79 441 0.82 2.36 035 193 0.28
234 495 86 9.44 336 5.9 191 5.01 0.74 401 0.75 217 031 1.82 0.26
24 414 71.3 8.03 29.1 5.15 1.65 435 0.63 352 0.65 1.79 0.25 151 0.22
246 392 67.4 748 272 496 154 4.06 0.6 33 0.6 1.79 0.24 141 0.21
2538 36.1 613 6.77 245 475 15 3.62 0.51 3 0.56 153 0.23 136 0.19
264 379 65.2 7.25 26 466 151 3.85 0.56 3.16 0.58 1.67 0.22 137 0.2
27 36 61.4 691 243 443 142 3.69 0.54 2.99 053 1.59 021 13 02
282 323 55.6 6.25 222 411 125 329 0.49 2.73 0.5 148 0.18 121 0.18
294 282 476 537 19.1 3.65 1.15 2.77 0.41 237 0.44 121 0.16 1 0.14
306 31.1 52.7 591 21.1 385 121 3.15 0.47 268 048 1.44 0.17 1.09 0.16
318 347 582 6.35 22 3.99 126 3.32 0.5 2.75 051 148 0.19 1.13 0.16
324 388 66.2 7.24 257 446 14 381 0.57 322 0.57 1.7 0.22 137 0.2
336 35.1 60 6.52 236 4.06 1.34 344 0.5 238 051 1.5 022 123 0.18
342 405 69.7 7.8 29.8 5.52 1.71 428 0.68 372 0.76 1.9 032 147 0.29
354 63.7 1105 1215 466 8.49 2.66 6.94 1.02 535 1.09 2.85 045 224 0.38
36 65.6 113 12,6 486 8.63 2.84 7.02 1.04 5.49 1.11 2.84 0.42 237 0.37
36.6 725 127 1425 55 105 326 8.07 1.2 6.37 126 3.18 047 258 0.4
BI 0.5 487 83.2 9.1 352 643 216 479 0.71 404 0.78 1.93 0.3 157 0.23
15 58.4 98.7 10.7 416 7.75 253 6.04 0.88 461 0.87 2.16 031 1.98 0.27
25 68.1 1145 1245 477 916 292 7.02 0.98 542 1.04 2.55 039 211 0.32
3 519 88.7 949 364 6.88 221 5.36 0.77 412 0.81 2.03 0.28 1.68 0.24
35 55.7 107 115 40.8 742 253 6.01 0.89 433 0.86 2.19 033 1.81 0.24
45 70 119 1275 505 9.31 3.05 715 1.04 562 1.04 2,65 0.35 223 0.31
5 75.1 127 13.6 52.8 944 323 8.01 1.14 596 1.14 2.98 048 235 0.36
6 773 131 14.2 542 10.2 335 7.86 1.11 5.89 1.14 291 04 243 0.34
6.5 762 1285 13.9 524 959 314 7.8 1.12 5.79 1.13 291 041 229 034
7 769 131 1415 549 1025 332 8.02 1.14 593 1.15 294 0.4 233 0.33
75 67.5 1155 1235 475 889 288 7.08 0.97 527 1 247 0.34 2.16 0.29
8.5 732 1235 1315 50 942 302 7.36 1.05 5.44 1.06 2.68 035 221 0.32
9.5 758 1275 13.75 53 987 313 7.55 1.06 5.69 1.09 2.72 0.38 2.36 0.32
10 67.9 1155 124 474 894 286 7.09 1.01 5.34 1.04 2.69 0.36 2.07 0.32
1 721 1205 13 50.5 947 307 7.16 1.01 535 1.05 2.7 0.37 2.19 0.3
12 67.4 114 1225 476 885 298 7.02 1 523 1.02 2.46 0.36 221 0.3
125 712 1205 13 50.4 9.52 3.1 737 1.04 545 1.04 2.61 0.36 217 0.3
135 78.7 132 14.1 555 104 338 8.11 1.12 593 1.14 2.88 0.38 23 0.32
145 83.8 141 148 57.2 10.6 3.52 8.49 1.19 6.08 1.18 2.97 0.39 242 0.35
155 839 1435 15.5 60.4 115 378 9.04 1.27 6.47 124 3.13 042 256 036
165 79.6 134 14.2 546 1035 331 79 1.11 6.09 1.16 2.85 0.39 245 0.34
175 77.1 1295 14 536 10.5 34 8.07 1.14 6.2 1.15 29 041 242 0.34
185 79.7 1345 1465 567 10.7 355 8.63 1.16 6.28 1.19 2.96 0.4 256 034
195 85.1 144 15.5 595 11.05  3.74 9.08 1.25 6.7 127 3.17 042 2.69 0.36
205 826 141 1515 592 11.05 368 8.72 1.24 6.56 124 3.1 0.42 255 0.34
Bedrocks R-1 59.8 1075 121 492 935 3.11 7.77 1.08 5.81 1.11 272 039 231 03
R-2 61 1085 125 50.1 947 3.1 7.87 1.06 5.79 1.13 2.85 0.39 227 031
R-3 463 84 9.65 40.1 8.12 267 6.74 0.94 5.16 0.99 2.38 0.34 1.95 027
R-4 1275 204 218 76.8 1315 449 10.2 1.57 892 1.83 5.05 0.71 4.86 0.7
R-5 544 97 11.05 443 8.75 298 7.25 1.05 5.63 1.06 257 035 211 03
Fresh algae cc-1 412 80.8 8.94 33 6.22 197 492 0.69 3.84 0.76 2.1 031 1.82 031
CC-2 246 463 498 182 3.32 1.07 243 0.32 1.87 0.36 1.04 0.18 0.98 0.12
CC-3 17.9 348 391 143 278 0.88 212 0.29 18 031 0.95 0.16 0.88 0.1
CC-4 255 50.1 557 21.1 427 131 321 0.45 278 0.52 1.44 023 1.14 0.14
CC-5 2538 503 5.68 212 434 127 3.17 0.42 29 0.54 1.57 0.25 1.32 0.15
Fresh guano  G-1 45 8.8 0.98 39 0.78 0.22 0.5 0.03 0.54 0.06 0.24 0.07 0.13 <001
G-2 7.2 14 1.58 6.1 1.04 026 098 0.1 093 0.16 0.49 0.05 0.18 <0.01
G-3 33 64 0.66 2.5 0.46 0.12 0.32 <001 029 0.01 0.13 0.05 0.1 <0.01
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Table 2
Analytical accuracy and precision for SRMs of REEs.
La (ug/g) Ce (ug/g) Pr (ug/g) Nd (ng/g) Sm (pg/g) Eu (ng/g) Gd (ng/g) Hf (1g/g)
OREAS Certified value 18.5~23.7 412~514 448~5.54 17.1~21.1 3.34~4.14 0.90~1.16 2.78~3.50 5.2~6.8
Observed value 223 43.2 4.88 174 341 1 2.94 6.7
234 49.1 543 20.5 408 111 3.48 6.2
222 49.1 551 204 3.77 1.13 335 6.6
204 46 4.7 173 344 0.94 2.82 6.2
STSD-1 Certified value 246~31.2 42.7~533 6.63~8.17 26.6~32.8 5.77~7.11 141~1.79 5.80~7.20 5.3~6.9
Observed value 304 499 8.1 321 7 1.74 6.68 6.3
25.1 44.7 6.96 284 6.33 1.6 5.84 5.6
26.5 479 7.73 304 6.8 1.62 6.64 54
264 47.8 7.24 304 7.09 1.58 6.47 6
SY-4 Certified value 51.7~64.3 109.5~134.5 13.45~16.55 51.2~62.8 11.40~14.00 1.77~2.23 12.55~1545 93~11.9
Observed value 62.9 120 146 57.6 13.7 2.22 14.25 109
TRHB Certified value 411~503 962~1175 110.0~134.0 414~506 111.5~136.5 744~9.16 120.5~147.5 385~471
Observed value 458 981 113 429 1195 8.57 130 415
Th(ug/g) Dy (ug/g) Ho (1g/g) Er (ug/g) Tm (ug/g) Yb (ng/g) Lu (pg/g) Zr (ug/g)
OREAS Certified value 0.39~0.49 2.11-2.69 0.42~0.54 1.24~1.58 0.17~0.23 1.18~1.50 0.18~0.24 228-283
Observed value 044 24 045 14 0.17 1.23 0.19 278
047 2.79 0.53 16 023 135 0.18 272
048 2.55 0.53 1.57 0.22 1.34 0.18 273
04 227 044 1.26 0.19 1.19 0.2 289
STSD-1 Certified value 0.89~1.11 5.36~6.66 1.12~1.40 3.51~4.35 0.49~0.62 3.25~4.03 0.49~0.62 221-275
Observed value 1.11 6.58 1.38 434 0.61 3.71 0.61 232
0.9 5.54 1.18 3.53 0.49 3.37 0.49 247
1.06 6.02 1.38 3.96 0.56 3.58 0.55 225
1.01 591 117 3.75 0.52 3.31 0.57 270
SY-4 Certified value 2.33~2.87 16.35~20.1 3.86~4.74 12.75~15.65 2.06~2.54 13.30~16.30 1.88~2.32 481~593
Observed value 2.76 193 47 15.2 241 16.1 223 532
TRHB Certified value 27.0~33.0 173.0~211 38.7-47.3 129.0~157.5 19.70~24.1 121.5~148.5 16.8~20.50 >10000~14200
Observed value 273 189.5 44.6 137 21 135 1735 >10000
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