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Holocene paleolimnological changes in Lake Skallen Oike
in the Syowa Station area of Antarctica inferred
from organic components in a sediment core (Sk4C-02)
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Abstract Antarctic climate changes influence envi-

ronmental changes at both regional and local scales.

Here we report Holocene paleolimnological changes

in lake sediment core Sk4C-02 (length 378.0 cm)

from Lake Skallen Oike in the Soya Kaigan region of

East Antarctica inferred from analyses of sedimentary

facies, a range of organic components, isotope ratios

of organic carbon and nitrogen, and carbon-14 dat-

ing by Tandetron accelerator mass spectrometry.

The sediment core was composed of clayish mud

(378.0–152.5 cm) overlain by organic sediments

(152.5 cm-surface). The age of the surface and the

core bottom were 150 (AD1950-1640) and ca.

7,030 ± 73 calibrated years before present (cal BP),

respectively, and the mean sedimentation rate was

estimated to be 0.55 mm/year. Multi-proxy analyses

revealed that the principal environmental change in

the core is a transition from marine to lacustrine

environments which occurred at a depth of 152.5 cm

(ca. 3,590 cal BP). This was caused by relative sea
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level change brought about by ongoing retreat of

glaciers during the mid-Holocene warming of Ant-

arctica, and ongoing isostatic uplift which outpaced

changes in global (eustatic) sea level. The mean

isostatic uplift rate was calculated to be 2.8 mm/year.

The coastal marine period (378.0–152.5 cm, ca.

7,030–3,590 cal BP) was characterized by low bio-

logical production with the predominance of diatoms.

During the transition period from marine to freshwa-

ter conditions (152.5-approximately 135 cm, ca.

3,590–3,290 cal BP) the lake was stratified with

marine water overlain by freshwater, with a chemo-

cline and an anoxic (sulfidic) layer in the bottom of

the photic zone. Green sulfur bacteria and Crypto-

phyta were the major photosynthetic organisms. The

Cryptophyta appeared to be tolerant of the moderate

salinity and stratified water conditions. The lacustrine

period (approximately 135 cm-surface, ca. 3,290 cal

BP-present) was characterized by high biological

production by green algae (e.g. Comarium clepsydra

and Oedegonium spp.) with some contributions from

cyanobacteria and diatoms. Biological production

during this period was 8.7 times higher than during

the coastal marine period.

Keywords Antarctic lake � Paleolimnological

change � Sediment core � Organic components �
AMS carbon-14 dating � Uplifting rate

Introduction

Studies on paleoenvironmental changes are important

to estimate the possible influence of future global

warming induced by human activity. A lot of infor-

mation on paleoenvironmntal changes on the Earth

has been obtained by analyses of marine and lake

sediment cores, and ice cores (Shackleton et al. 1990;

Raymo and Ruddiman 1992; Kashiwaya et al. 2001;

Matsumoto et al. 2003). High latitude areas are

particularly sensitive to climatic changes (Short et al.

1991), and for periods beyond the instrumental record,

these can be tracked using paleolimnological methods

(Hodgson and Smol 2008). Since the Last Glacial

Maximum (LGM), Antarctic climatic history, ice-

sheet and relative sea-level changes have been studied

in Maritime Antarctica, the Antarctic Peninsula and

continental Antarctica. These have shown that there

were two warm periods, one in the early Holocene,

11–9.5 cal ka BP, and one in the mid-Holocene called

the mid-Holocene Hypsithermal, 4.5–2.8 cal ka BP

(Bentley and Hodgson 2009). Lake sediment cores

record global signals such as climatic change, regional

signals such as the impact of changing temperature on

biological production and relative sea level changes

and local signals such as the advance and retreat of

catchment glaciers and ice shelves, and changes in

biological species composition (Roberts and McMinn

1998; Verleyen et al. 2003, 2004a, b; Hodgson et al.

2005, 2006; Smith et al. 2007).

A large number of lakes and ponds of varying

salinity are distributed in ice-free areas of Antarctica

including the Syowa Station area, East Antarctica

(Murayama 1977; Murayama et al. 1988). Paleoenvi-

ronmental and paleolimnological changes in the post-

glacial period in the Soya Kaigan have been studied by

Japanese Antarctic Research Expedition members

(Yoshida and Moriwaki 1979; Miura et al. 1998a, b, c;

Matsumoto et al. 2006; Ohzono et al. 2006). Matsum-

oto et al. (2006) studied organic components and

sedimentation rates in sediment cores from Lakes

Namazu Ike and Ô-ike, and suggested that aquatic

moss showed a marked increase in relative abundance

from 1,100 year BP (conventional age) to the core top

in Lake Namazu Ike. Changes from marine to lacus-

trine environments are recorded in lower altitude lakes

in the Soya Kaigan region due to the recession of

glaciers and subsequent isostatic uplift during the mid

Holocene (Seto et al. 2002).

Lake Skallen Oike is located in the central part of

Skallen in the southern part of the Soya Kaigan at an

altitude of 10 m mean above sea level (asl, Figs. 1, 2).

The length, width and area of the lake, and distance

from the sea are 1,180 m, 275 m, 209,000 m2 and

135 m, respectively (Imura et al. 2003), and the

maximum depth is 9.5 m (Seto et al. 2002). Presently

the lake water is supplied from seasonal meltwater

from snow. The lake surface is covered with thick ice

except during the austral summer.

Organic components in lake sediments are sup-

plied by living and dead organisms, and are the

biomarkers of biological production, source organ-

isms, and paleolimnological changes in the drainage

basin (Matsumoto et al. 2003; Tani et al. 2009). Here

we studied paleolimnological changes inferred from a

multi-proxy data set of organic components (lipid

biomarkers, photosynthetic pigments) and stable

isotope ratios of organic carbon and nitrogen in a
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sediment core (Sk4C-02) from Lake Skallen Oike in

the Soya Kaigan, along with sedimentary facies and

carbon-14 dating by a Tandetron accelerator mass

spectrometry (AMS). These are discussed in relation

to Antarctic climatic and environmental changes.

Materials and methods

Sediment core

Sediment core (Sk4C-02, length 378.0 cm) was taken

using a piston corer by KS on Dec. 26, 2004 in Lake

Skallen Oike (69�40.300S, 39�24.647W) at a water

depth of 9.42 m. The sediment core was analyzed at

intervals from 365.7 cm to the surface, excluding the

core catcher (378.0–365.7 cm).

Analytical methods

AMS dating and elemental analysis

AMS 14C dating of bulk organic carbon or algal

debris was carried out by a Tandetron type-II

instrument housed at Nagoya University (Watanabe

et al. 2009). AMS radiocarbon data (14C/12C) were

corrected to reflect the conventional age by simulta-

neous measurement of d13C. Conventional ages were

calibrated for lacustrine sediment using Intcal04

(Reimer et al. 2004) and for marine sediment using

Marine04 (Hughen et al. 2004). A reservoir correc-

tion was applied to radiocarbon dates derived from

marine samples by subtracting 1,300 year following

recent conventions for the Southern Ocean (Berkman

et al. 1998; Verleyen et al. 2005).

Total carbon (TC) and total sulfur (TS) contents

were determined at 2.3 cm intervals by a Fisons NCS

2500 automatic elemental analyzer. Total organic

carbon (TOC) and total nitrogen (TN) contents were

determined by the same analyzer, after treatment with

hydrochloric acid to remove carbonate carbon. Total

inorganic carbon (TIC) content was calculated by

subtracting the TOC content from the TC content.

Hydrocarbons, fatty acids and sterols

Hydrocarbons, fatty acids and sterols in sediment

subsamples were analyzed at approximately 25 cm

intervals by the methods of Matsumoto et al. (1979,

Fig. 1 Locality of Lake Skallen Oike in the Soya Kaigan of

East Antarctica (revised from Imura et al. 2003)

Fig. 2 Lake Skallen Oike viewed from the east side of the

lake (Photo by Tsujimoto M). Length 1,180 m, width 275 m,

area 209,000 m2, maximum depth 9.5 m, altitude 10 m asl

(Seto et al. 2002; Imura et al. 2003)
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1982, 2003) and Matsumoto and Watanuki (1992).

Briefly, organic components in the samples were

extracted with ethyl acetate after saponification with

0.5 mol l-1 potassium hydroxide/methanol (80�C,

2 h). The ethyl acetate extracts were separated by

chromatography on a silica gel column (160 mm 9

6 mm i.d., 100 mesh, 5% water). Hydrocarbon and

fatty acid-sterol fractions were obtained by elution

with hexane and ethyl acetate, respectively. A half

volume subsample of the fatty acid-sterol fraction

was methylated with diazomethane. The other half

volume of the fatty acid-sterol fraction was trimeth-

ylsilylated (TMS) with 25% N,O-bis(trimethylsilyl

acetamide) acetonitrile solution, to obtain the sterol

TMS derivatives. Hydrocarbons, fatty acid methyl

esters and sterol-TMS derivatives were analyzed by a

JEOL JMS K9 gas chromatograph–mass spectrome-

ter (GC–MS) equipped with a fused silica capillary

column (J&W DB5, 30 m 9 0.25 mm i.d., film

thickness 0.1 lm). Splitless mode was employed.

Column oven temperature was programmed from 70

to 120�C at 30�C min-1, and from 120 to 320�C at

8�C min-1and kept at 320�C for 3.5 min. The flow

rate of the helium carrier gas was 1.2 ml min-1. The

temperatures of the injector, interface and ion source

were maintained at 280, 300 and 250�C, respectively.

Ionization energy, filament current and detector volt-

age were 70 eV, 200 lA and -1,000 V, respectively.

Pyrolysis methylation gas chromatography-mass

spectrometry (PyMeGC–MS)

Water in the sediment samples (approximately 0.5 g)

in glass vial (3.5 ml) was removed by aspirator

(45�C). PyMeGC–MS was carried out by the method

of Yamamoto et al. (2007). Dried sediment samples

were homogenized in agate mortar, and wrapped in

pyrofoil (curie point at 445�C), together with TMAH

reagent (25% tetramethylammonium hydroxide

methanol 10 ll) and nonadecanoic acid (10 ng) as

internal standard. The solvent was removed by

retained heat of the GC–MS column oven. Py-

MeGC–MS was carried out by a JAI-5 Curie point

pyrolyzer at 445�C connected directly with a JMS K9

GC–MS. Oven and needle temperatures of the

pyrolyzer were kept at 398 and 250�C, respectively.

Column oven temperatures were programmed from

60 to 320�C at 8�C min-1 and kept at 320�C for

2.5 min. Other GC–MS conditions were same as for

the lipid analysis stated above.

Sedimentary photosynthetic pigments

Sedimentary photosynthetic pigments were extracted

using previously described methods (Tani et al. 2002,

2009; Nara et al. 2005; Soma et al. 2007). Photosyn-

thetic pigments were ultrasonically extracted in 5.0 ml

acetone at 0�C for 15 min three times. The combined

extract was evaporated to dryness under N2, dissolved

in 3 ml diethyl ether, and washed with 1 mol l-1 NaCl

aqueous solution. After evaporating the ether phase to

dryness under N2, the residue was dissolved into 200–

500 ll acetone together with an internal standard,

mesophorphyrin IX dimetyl ester (Sigma Chemical

Co., USA, Soma et al. 1996, 2001), and analyzed by

high-performance liquid chromatography (HPLC, LC-

10A, Shimadzu, Japan) using photodiode array detec-

tion (SPD-M10AVP, Shimadzu, Japan).

A reversed-phase Navi C30-5 column (4.6 mm

i.d. 9 250 mm in length, Wako Pure Chemical Indus-

tries, Japan) was used to separate photosynthetic

pigments as described previously (Tani et al. 2009).

The mobile-phases were as follows: solvent A con-

sisted of a mixture of acetonitrile and water (9:1 by

volume) and solvent B was ethyl acetate. A linear

gradient elution from 100% A to 100% B over 40 min

was followed by an isocratic hold for 15 min at 100%

B. The flow rate was 1.0 ml min-1. Absorption spectra

(300–700 nm) were monitored with the photo-diode

array detector. The assignment of pigments was based

on their HPLC retention times and their absorption

spectra compared with authentic compounds, or with

literature data (Jeffrey et al. 1997; Britton et al. 2004;

Porra 2006). Pheophytin a, pheophytin b, all-trans b,

b-carotene from Wako Pure Chemical Co. (Japan),

pyropheophytin a from Tama Biochemical Co.

(Japan), and all-trans zeaxanthin, all-trans alloxanthin,

all-trans diatoxanthin, and all-trans lutein from DHI

Pigment Standards (Denmark) were used as standards.

Stable isotope analysis

To determine stable isotope ratios, sediment samples

were combusted at 1,020�C in an elemental analyzer

(Fisons Instruments EA1108), and the combustion

products (CO2 and N2) were introduced with a helium

carrier gas into an isotope-ratio mass spectrometer
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(Finnigan Delta Plus). For the carbon isotope anal-

ysis, sediment samples were combusted in a silver

cup after being treated with drops of 1 mol l-1

hydrochloric acid to remove inorganic carbon. Ratios

of 13C/12C and 15N/14N were expressed relative to the

Vienna-PeeDee Belemnite (V-PDB) standard for

carbon and N2 in air for nitrogen. Ratios of 13C/12C

and 15N/14N were calculated as:

d13C; d15N ¼ ½R sampleð Þ=R standardð Þ � 1�
� 1000 &ð Þ;

where R = 13C/12C or 15N/14N.

Instrument drift during analyses was checked with

L-a-alanine (d13C = -20.93%, d15N = 7.61%)

every three samples. The accuracy of the values

was determined using inter laboratory-determined

nitro arginine following the method of Minagawa

et al. (1984) for d13C (-22.27%) and IAEA-N1 for

d15N (0.54%).

Results

Lithology and geochronology

The Sk4C-02 sediment core was composed of clayish

mud (378.0–152.5 cm) overlain by organic sediments

(152.5 cm-surface, Fig. 3). The clayish mud was

laminated and contained marine sediments, and

glacio-marine sediments with echinoid spines. The

organic freshwater sediments were stratified, with

globular (pancake-like) and fragmental structures

formed by microbial mats (Fig. 3). The radiocarbon

(AMS 14C) chronology of Lake Skallen Oike is

shown in Table 1. The age-depth relationship in the

Sk4C-02 sediment core is shown in Fig. 4. The ages

of surface (algal residue 0–2.3 cm), 141.5 cm (TOC),

141.5 cm (algal residue), 272.6 cm (TOC) and

364.6 cm depths (TOC) were 150 (AD1950-1640),

3,420 ± 32, 3,410 ± 40, 5,380 ± 57 and 6,820 ±

67 calibrated years before present (cal BP), respec-

tively. The age of the core bottom (378.0 cm) was

linearly extrapolated to 7,030 ± 59 cal BP.

Elemental data (TC, TOC, TN, TS and TIC)

TC, TOC, TN and TIC contents near the bottom

(363.4 cm) of the sediment core were approximately

Fig. 3 Paleolimnological sedimentary changes found in the

Sk4C-02 sediment core from Lake Skallen Oike. The transition

from marine to saline lake sediments, and from saline lake to

freshwater lake sediments occurred at depths of 152.5 cm (ca.

3,590 cal BP) and approximately 135 cm (ca. 3,290 cal BP),

respectively
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0.6, 0.4, 0.08 and 0.2%, respectively, increased

gradually to a depth of 153.0 cm, and increased

dramatically from this depth to the surface, attaining

values of approximately 24, 20, 2 and 4%, respec-

tively (Fig. 5). TS contents between 364.6 and

153.0 cm depth were approximately 1%, but those

between 150.7 cm and the surface were relatively

high (1–3%). TOC/TS weight ratios near the bottom

of the core (363.4 cm) were approximately 0.5,

gradually increased to a depth of 153.0 cm, and

abruptly increased from this depth to the surface,

reaching approximately 10 (Fig. 5).

Hydrocarbons, fatty acids and sterols

A suite of n-alkanes ranging in carbon chain length

from n-C15 to n-C35 were found in the Sk4C-02

sediment core with bimodal distributions maximizing

at n-C17 and n-C23, together with isoprenoid-alkanes

[i-C18, i-C19, i-C20 and i-C30 (squalane)]. Major

hydrocarbons in the sediment core were n-C17, n-C21,

n-C23, and/or n-C25 alkanes. A series of n-alkanoic

acids ranging in carbon chain length from n-C12 to

n-C32 maximizing at n-C16 were detected in the

sediment core, along with n-alkenoic and branched

(iso and anteiso) acids, as in the case of sediment core

from Lake Ô-ike in the Syowa Station area (Mat-

sumoto et al. 2006). The major fatty acids were n-

C16:0 (carbon chain length: number of unsaturation),

n-C16:1, and/or n-C18:1n9c acids. Branched acids were

found in all the samples, but changes in their

percentages in the sediment core were small. Per-

centages of long-chain (n-C20–n-C32) n-alkanes and

Table 1 Conventional and calibrated ages of algal residues and total organic carbon (TOC) in the Sk4C-02 sediment core from Lake

Skallen Oike, East Antarctica

Sample

depth

(cm)

Sample

material

Lab. Code

(NUTA2-)

TOC (mg g-1)

dry weight

d13C

(%)a

14C age (year

BP ± 1 sigma)b
Calibrated age (cal

BP ± 1 sigma)c
Marine reservoir corrected

age (cal BP ± 1 sigma)d,e

1.2 Algal residue 12063 233.3 -11.7 234 ± 35 154 ± 154 –

140.3 Algal residue 12064 36.3 -16.9 3177 ± 47 3406 ± 40 –

140.3 TOC 12066 36.3 -18.6 3199 ± 37 3416 ± 32 –

271.4 TOC 12067 11.6 -20.3 5936 ± 44 6752 ± 75 5379 ± 58

363.4 TOC 12068 4.5 -22.6 7256 ± 49 8086 ± 73 6821 ± 67

a Measured by the use of IRMS (Thermo Finnigan MAT252)
b Conventional age
c Calibrated age represents age traced back to AD1950
d Conventional ages were calibrated for lacustrine sediment using Intcal04 (Reimer et al. 2004) and for marine sediment using

Marine04 (Hughen et al. 2004)
e A 1,300 year marine reservoir correction is used herein in accordance with Berkman et al. (1998)

Fig. 4 Depth-age relationship in the Sk4C-02 sediment core

from Lake Skallen Oike. Conventional ages were calibrated for

terrestrial sediment (Reimer et al. 2004) and for marine

sediment (Hughen et al. 2004). A reservoir correction was done

for marine samples by subtracting 1,300 years (Berkman et al.

1998). The ages of surface (algal residue 0–2.3 cm), 141.5 cm

(TOC), 141.5 cm (algal residue), 272.6 cm (TOC) and

364.6 cm depths (TOC) were 150 (AD1950-1640),

3,420 ± 32, 3,410 ± 40, 5,380 ± 57 and 6,820 ± 67 cali-

brated year before present (cal BP), respectively. The age of

the core bottom (378.0 cm) was linearly extrapolated to be

7,030 ± 59 cal BP
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n-alkanoic acids between depths of near the bottom

and approximately 150 cm were 60–70 and 5–10%,

respectively, were much lower than those of depths

between approximately 150 cm and the surface

(70–80 and 20–40%, respectively, Fig. 6).

Stenols (cholest-5-en-3b-ol, 24-methylcholetsa-5,22-

dien-3b-ol, 24-methylcholest-5-en-3b-ol, 24-ethylchole-

ta-5,22-dien-3b-ol and 24-ethylcholest-5-en-3b-ol) and

stanols (5a-cholestan-3b-ol, 24-methyl-5a-choletan-

3b-ol and 24-ethyl-5a-cholestan-3b-ol) were found in

the Sk4C-02 sediment core. The major sterols were

24-methylcholest-5-en-3b-ol, 24-ethylcholeta-5,22-dien-

3b-ol and/or 24-ethylcholest-5-en-3b-ol. Percentages

of 24-methylcholest-5-en-3b-ol in total sterols from

the bottom of the core to approximately 150 cm (20–

80%) were much higher than those from 150 cm to the

surface (0–20%, Fig. 6).

Pyrolysis products

PyMeGC–MS of sediment core samples yielded a

series of n-alkanoic acids (n-C10–n-C32) with the

predominance of even-carbon numbers and branched

(iso and anteiso) acids (Fig. 6). Long-chain n-alka-

noic acids in the pyrolysis products in depths of

364.6–153.0 cm were low, but those in depths of

150.7 cm-surface were abundant, as in the case

of extracted fatty acids described above (Fig. 6).

Photosynthetic pigments

Intact chlorophyll a, pheophytin a and pyropheophy-

tin a were detected as major chlorophyll a derivatives

(Fig. 7). All trans-lutein, all-trans zeaxanthin, and

all-trans b,b-carotene were detected as the major

intact carotenoids. Besides these intact (all-trans

type) carotenoids, cis-isomers of several carotenoids

such as 9-cis alloxanthin and 9-cis diatoxanthin, were

detected (Fig. 7) as described earlier (Tani et al.,

2009). These carotenoids were identified by compar-

ing their retention times, UV–Vis spectra and mass

spectra with those of authentic standards. Bacterio-

chlorophyll d identification was based on the

observed adsorption spectrum with Soret and Qy

(red) maxima at 426 and 652 nm, respectively, and

their ratio of 1.20 (Porra 2006). A HPLC peak with its

Fig. 5 Total carbon (TC), total organic carbon (TOC), total

nitrogen (TN), total inorganic carbon (TIC) and total sulfur

(TS) contents, TOC/TC, TOC/TN and TS/TOC weight ratios in

the Sk4C-02 sediment core from Lake Skallen Oike. Depths

between surface-135 cm (light green), 135–152.5 cm (light
brown) and 152.5–365.7 cm (light blue) are freshwater lake,

saline lake and marine sediments, respectively
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absorption maximum at 438 (as a shoulder), 463, and

494 nm was tentatively assigned as chlorobactene

(Britton et al. 2004). These pigments are specific to

phototrophic green sulfur bacteria, Chlorobiaceae

(Pfennig 1967; Borrego and Garcia-Gil. 1994; Spuier

et al. 2002), and were simultaneously detected

between 199.0 and 139.2 cm depth with a maximum

at 139.2 cm (Fig. 7).

Stable isotope ratios

d13C and d15N values in the sediment core showed

marked shifts at 150.7 cm depth (Fig. 8). Variations

in d13C values were relatively small ranging from

-21.8 to -17.1% with a mean of -20.2 ± 1.2%
(standard deviation) for depths between 350.8 cm and

139.2 cm. The d13C value at 120.8 cm depth was

-15.6%, increased steadily toward the surface and

attained -12.0% at the near surface (3.5 cm depth).

Like d13C, variations in d15N values were relatively

small ranging from 4.1 to 6.3% with a mean of

4.98 ± 0.60% between 350.8 cm and 139.2 cm

depth. The d15N value of 5.5% at 150.7 cm depth

suddenly decreased to 1.3% by 120.8 cm depth, and

stayed at lower values (0.4–1.7%) between 120.8 cm

and the near surface (Fig. 8).

Discussion

Geochemical features and sources of organic

components

The morphological features of the algae and cyano-

bacteria were mostly decomposed and identification

of their species was impossible except for diatoms

and desmids in the sediment core (Ohtani S pers.

commun.), as was the case in previous studies of

sediment cores from Lakes Ô-ike and Namazu-ike in

the same region (Matsumoto et al. 2006).

Long-chain n-alkanes and n-alkanoic acids are

widely distributed in lacustrine environments, and are

Fig. 6 Depth profiles of selected molecular markers in the

Sk4C-02 sediment core from Lake Skallen Oike. Relative

abundance of selected n-alkanes, n-alkanoic acids and sterols

reveals percentages in total alkanes, alkanoic acids and sterols,

respectively. Depths between surface-135 cm (light green),

135–152.5 cm (light brown) and 152.5–365.7 cm (light blue)

are freshwater lake, saline lake and marine sediments,

respectively

684 J Paleolimnol (2010) 44:677–693

123



used as biomarkers of vascular plants. These long-

chain compounds are found in lake sediment samples

from the Syowa Station area and the McMurdo Dry

Valleys in Antarctica in spite of the absence of

vascular plants (Matsumoto 1993; Matsumoto et al.

2006). Long-chain n-alkanes and n-alkanoic acids

were relatively abundant in the upper unit of the core

(approximately 150 cm-surface) compared with those

in the lower unit (approximately 150 cm-bottom)

(Fig. 6). Although the source organisms of these

long-chain compounds are not yet clear, certain green

algae are candidate source organisms as suggested by

the abundance of lutein which is a biomarker of green

algae in Lake Skallen Oike as discussed below. These

long-chain compounds are probably derived from

green algae (e.g. Comarium clepsydra and/or Oed-

egonium spp.). Branched (iso- and anteiso) alkanoic

acids found in all depths of the core are originated

from bacteria (Reddy et al. 2000, 2003).

Stenols and stanols are widely distributed in lacus-

trine and marine environments including Antarctica.

Chlolest-5-en-3b-ol is a typical sterol of phytoplank-

ton and microalgae (Matsumoto et al. 1982, 2006;

Volkman et al. 1998). 24-Methylcholest-5-en-3b-ol is

often abundant in diatoms (Volkman et al. 1998;

Matsumoto et al. 2003). Although 24-ethylcholest-5-

en-3b-ol is commonly used as a biomarker of vascular

plants, it is known that many kinds of microalgae

synthesize this sterol, and it is widely distributed in

Antarctic lakes and soils often as the most predominant

sterol (Matsumoto et al. 1982, 2006; Volkman et al.

1998). Stanols are found in microalgae (dinoflagel-

lates, diatoms and raphidphytes, Volkman et al. 1998)

and are also formed by bacterial reduction of stenols

Fig. 7 Depth profiles of photosynthetic pigments in the Sk4C-

02 sediment core from Lake Skallen Oike. Chlorophyll a,

pheophythin a and pyrophyophytin a: ubiquitous (Verleyen

et al. 2004b; Tani et al. 2009). Fucoxanthin and cis-

diatoxanthin: Diatoms, Dinophyta, Chrysophyta, brown algae

and Heptophycae (Chihara 1997; Verleyen et al. 2004b).

Zeaxanthin: Cyanobacteria, Chlorophyta and mosses (Verleyen

et al. 2004b; Hodgson et al. 2006). Lutein: Chlorophyta, red

algae, Charophyceae and vascular plants (Chihara 1997;

Verlayen et al. 2004b; Tani et al. 2009). Pheophobide b,

pyropheophorbide b: Similar to lutein. cis- Alloxanthin:

Cryptophyta (Jeffrey et al. 1997; Leavitt and Hodgson 2001).

Bacteriochlorophyll a, chlorobactene: Green sulfur bacteria

(Pfennig 1967; Borrego and Garcia-Gil. 1994; Spuier et al.

2002). Depths between surface-135 cm (light green), 135–

152.5 cm (light brown) and 152.5–365.7 cm (light blue) are

freshwater lake, saline lake and marine sediments, respectively
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(Nishimura 1982). Sterols dominated with 24-methyl-

cholest-5-en-3b-ol found in the bottom-150 cm of the

sediment core are, therefore, mainly originated from

diatoms, while predominance of 24-ethylcholest-5-en-

3b-ol in the upper unit are probably derived from green

algae and cyanobacteria (Matsumoto et al. 1982).

Stanols may be derived from microalgae in the lake in

addition to microbial reduction of stenols.

No one has reported photosynthetic pigments in

the Syowa Station area. Photosynthetic pigments are

useful marker of biological production and assem-

blage. Since there are significant differences in

carotenoid composition according to algal taxa,

sedimentary carotenoids give us direct information

about the algal assemblage in the lake at the time of

deposition (Leavitt and Hodgson 2001). In Sk4C-02

sediment core, all-trans lutein, all-trans zeaxanthin,

and all-trans b,b-carotene were detected as major

intact carotenoids (Fig. 7). Besides, 9-cis diatoxan-

thin and 9-cis alloxanthin were found in the sediment

core. It is likely that all-trans alloxanthin and

diatoxanthin from living algae were converted to

their 9-cis isomers during diagenesis, and preserved

in the sediment as their major isomers (Tani et al.

2009).

Photosynthetic pigments found in a sediment core

from Pup Lagoon in the Larsemann Hills, East

Antarctica, and their taxonomic affinities are sum-

marized by Verleyen et al. (2004b). Chlorophyll a,

pheophytin a and pyropheophytin a are ubiquitous

pigments distributed in all photosynthetic plants

(Verleyen et al. 2004b; Tani et al. 2009) and are

markers of primary production in the lake and

catchment. Fucoxanthin and diatoxanthin are distrib-

uted in Bacillariophyta (diatoms), Dinophyta (dino-

flagellates), Chrysophyta (golden-brown algae),

brown algae and Haptophycae, and are possible

markers of these organisms (Chihara 1997; Jeffrey

et al. 1997; Leavitt and Hodgson 2001; Tani et al.

2009). Presently, the dominant photosynthetic organ-

isms in Lake Skallen Oike are green algae, diatoms

and cyanobacteria, and other organisms are sparse

(Ohtani S pers. commun.). Thus, it is most likely that

fucoxanthin and diatoxanthin are derived from green

algae, diatoms and cyanobacteria in the lake, partic-

ularly in the upper part above 152.5 cm. In the lower

part it is possible, however, that some of the

fucoxanthin is derived from brown algae and other

marine algae found in the marine environment (e.g.

prymnesiophytes, raphidophytes). Zeaxanthin is com-

monly distributed in Antarctic cyanobacteria, Chlo-

rophyta and mosses (Verleyen et al. 2004b; Hodgson

et al. 2005, 2006). Few or no mosses are found in the

lake (Imura et al. 2003). Thus zeaxanthin is most

likely derived from green algae and cyanobacteria in

the lake. Trans-lutein is pigment of Chlorophyta, red

algae, Charophyceae and vascular plants (Chihara

1997; Verleyen et al. 2004b; Tani et al. 2009), but no

vascular plants are distributed in the Syowa Station

area and no red algae and Charophyceae are found in

the lacustrine environments. We therefore interpret

lutein as being exclusively derived from the dominant

green algae in the lake (including Comarium clepsy-

dra and Oedegonium spp. Ohtani S pers. commun.).

Pheophorbides and pyropheophorbide are common

chlorophyll derivatives found in general algal detritus

and zooplankton fecal pellets, respectively (Verleyen

et al. 2004b). 9-cis Alloxanthin is an indicator of

Cryptophyta since alloxanthin is specific to Crypto-

phyta (Jeffrey et al. 1997; Leavitt and Hodgson

2001). Interestingly, the occurrence of bacteriochlo-

rophyll d and chlorobactene at sediment depths of

199.0 and 139.2 cm with the maximum at 139.2 cm

reflects the presence of green sulfur bacteria (Pfennig

1967; Borrego and Garcia-Gil. 1994; Spuier et al.

2002).

Fig. 8 Depth profiles of stable isotope ratios of total organic

carbon (d13C) and total nitrogen (d15N) in the Sk4C-02

sediment core from Lake Skallen Oike. Depths between

surface-135 cm (light green), 135–152.5 cm (light brown)

and 152.5–365.7 cm (light blue) are freshwater lake, saline

lake and marine sediments, respectively
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Sedimentary sequences and the timing

of the transition from marine to lacustrine

environments

Holocene relative sea level changes in the Vestfold

Hills and Larsemann Hills, East Antarctica, have been

obtained by dating the lacustrine-marine and marine-

lacustrine transitions recorded in lake sediment cores

of isolation basins which were formally connected to

the sea. In the Larsemann Hills relative sea level rose to

a high stand of approximately 8 m above present

between ca. 7,570–7,270 and 7,250–6,950 cal BP, and

in the Vestfold Hills relative sea level rose to a

maximum of approximately 9 m above present at

6,200 14C year BP (ca. 7,005–7,133 cal BP) (Zwartz

et al. 1998; Verleyen et al. 2004b, 2005). Little

comparable isolation-based evidence is, however,

available to constrain the relative sea level history of

coastal environments of the Soya Kaigan in East

Antarctica during the Holocene. The age of the core top

was not large (150 cal BP) and thus the reservoir effect

was considered small (Fig. 4). Presently only meltwa-

ter derived from snow is supplied to the lake from its

catchment, and no glacial meltwater (which may

contain old carbon) has been supplied in the last

2,000 years (Seto et al. 2002). The age of the core

bottom (378.0 cm) was measured as 7,030 ± 59 cal

BP. The mean sedimentation rate in Lake Skallen Oike

was calculated to be 0.55 mm a-1, and may have been

higher in the upper unit above 152.5 cm.

In the lower unit the clayish mud with laminations

(378.0–152.5 cm) containing glacial sediments and

echinoid spines is interpreted as being formed in a

marine environment. The evidence for this is dis-

cussed below.

The TOC/TS weight ratio near the bottom

(364.6 cm) of the core was 0.4 and increased

gradually to 1.2 at a depth of 152.5 cm, and then

increased markedly from this depth to the surface to a

value of approximately 5 (Fig. 5). This suggests

strongly a change from marine to lacustrine sedi-

ments in the core, since the TOC/TS ratios of marine

sediments are generally much lower than those of

freshwater sediments (Berner and Raiswell 1984;

Sampei et al. 1997a, 1997b).

Generally, Antarctic marine sediments influenced

by phytoplankton have d13C values lower than -

22% (Boutton 1991). In the Sk4C-02 sediment core,

the mean d13C value between the depths of 350.8 cm

and 139.2 cm was -20.2%, which is slightly higher

than that of present Antarctic marine sediments

(Fig. 8). It is also higher than the d13C values of

-23 to -24% recorded in the sediments of Mou-

tonnée Lake in Antarctica between 7,500–8,000 cal

BP (Smith et al. 2007). The higher d13C values in the

marine sediments of Moutonnée Lake were the result

of terrestrial organic matter inputs, since Smith et al.

(2006) reported that the d13C values of benthic

cyanobacteria collected from melt water streams in

the catchment of Moutonnée Lake ranged from -17

to -19%. In the Sk4C-02 sediment core, zeaxanthin

was detected notably between the depths of 251.9 and

231.2 cm (Fig. 7), suggesting an enhanced input and

retention of organic matter originated from terrestrial

green algae and cyanobacteria in the sediments. This

is a plausible mechanism as d13C values indeed

increase towards the end of the marine zone,

implying that when the marine bay became shallower

and formed a coastal lagoon as a result of isostatic

uplift, this was accompanied with an enhanced

influence of terrestrial organic matter.

d15N values between the depths of 350.8 cm and

150.7 cm were about 5% (Fig. 8), which is within

the range of diatom-bound d15N in Holocene sedi-

ment cores from the Antarctic Ocean (Robinson and

Sigman 2008). The d15N value of 5.5% at a depth of

150.7 cm decreased abruptly to 1.3% at 120.8 cm

and maintained lower values (0.41–1.7%). These

lower d15N values reflect the onset of lacustrine

conditions in Lake Skallen Oike as discussed below.

Diatoms are very useful marker of salinity changes

and have been used to identify marine to lacustrine

transitions in Antarctic lakes from the Larsemann

Hills (Verleyen et al. 2004b; Hodgson et al. 2006)

and changing lake water salinity in the Vestfold Hills

(Roberts and McMinn 1998). Diatoms in the Lake

Skallen Oike sediment core showed marked changes

from marine species (Diploneis subcincta, etc.) at a

depth of 153.0 cm, brackish-water species (Craspe-

dostauros laevissima) at a depth of 141.5 cm, and

freshwater species (Amphora cf. veneta) at a depth of

72.5 cm in the core. The freshwater green alga

Comarium clepsydra was abundant at a depth of

72.5 cm (Ohtani S pers. commun.).

These multi-proxy analyses revealed, therefore,

that substantial environmental changes associated

with the transition from marine to lacustrine

environments occurred at a depth of 152.5 cm
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(ca. 3,590 cal BP) in the Lake Skallen Oike sediment

core. The ongoing retreat of glaciers during the mid-

Holocenec hypsithermal (MHH, 4,700–2,700 cal BP,

Bentley and Hodgson 2009), and ongoing isostatic

uplift of Soya Kaigan accounts for most of this

change (Verleyen et al. 2004b; Hodgson et al. 2006).

The contribution from global eustatic sea level is

considered negligible because it has been estimated

that global sea level fall was 0.7 ± 0.1 m between

4,000 and 2,500 years BP (Goodwin 1998). The

Holocene marine limit along the Soya Kaigan is

estimated to have been approximately 18 m asl

based on analyses of raised beach deposits (Miura

et al. 1998c). The linear average isostatic crustal

uplifting rate of the lake catchment was calculated as

2.8 mm a-1.

Three distinct zones can therefore be recognized

on the basis of sedimentary facies, elemental data,

pigment and stable isotope ratios of d13C and d15N in

the Lake Skallen Oike sediment core (Figs. 3, 5, 6, 7,

8). Below, we discuss separately a coastal marine

period (378.0–152.5 cm), a transition period (152.5–

135 cm) and a lacustrine period (135 cm-surface) of

the lake. Table 1 summarises TOC, TN and TS

contents and their ratios for these periods in the lake’s

history.

Coastal marine conditions (378.0–152.5 cm, ca.

7,030–3,590 cal BP)

The lower marine clayish mud sediments contain

three glaciomarine sediment layers at depths of 262–

258, 251 and 229–227 cm formed at ca. 5,260–5,200,

5,100 and 4,760–4,730 cal BP, respectively (Figs. 3,

4). These glacial sediments were probably deposited

during the advance and retreat of local glaciers due to

climatic warming, with the terminus of the glaciers

being very close to the marine basin where the

sediments were deposited. Palaeoclimate evidence

from around Antarctica suggests that there was a

period of warming, the MHH, between 4,700 to

2,700 cal BP (Bentley and Hodgson 2009), although

individual paleoclimate records show a strong influ-

ence of local and regional climates on the precise

timing and magnitude of this event (Ingólfsson et al.

1998; Verleyen et al. 2004b; Bentley and Hodgson

2009). Although no detailed information on paleo-

climate is currently available for the Soya Kaigan, it

is possible that this area was in a transition period

from cool climate to the MHH at the time these

glacial sediments were deposited. Under this scenario

the glacial sediments may have been formed by

repeated glacial retreats and advances and subsequent

changes in coastal marine depositional environments

during this period. At this time the basin would have

been a marine inlet or lagoon with a calculated sill

depth of approximately -5 to -7 m.

Although organic components are largely decom-

posed in the sediments, the TOC and TN contents

provide markers of biological production (Matsumoto

et al. 2003). TOC and TN contents in the marine zone

(364.6–153.0 cm) ranging from 0.24 to 2.79% with a

mean of 1.35 ± 0.74% and from 0.05 to 0.37% with

a mean of 0.18 ± 0.09%, respectively, are relatively

low, and thus the biological production was low as

compared with the transition and lacustrine zones

(Table 1). Since chlorophyll a is ubiquitous in all

phytoplankton taxa, the total concentration of these

chlorophyll a derivatives (Chl-a) in sediments may be

an indicator of total primary production in the lake at

the time of deposition (Soma et al. 2003). Chl-a

concentrations showed two maxima at depths around

140 cm-surface and 230 cm (Fig. 7). The former was

much higher than the latter. No peaks of TOC and TN

contents were, however, found at 230 cm sediment

depth suggesting that stability of Chl-a in the marine

zone was rather low.

Fucoxanthin, cis-diatoxanthin and zeaxanthin were

detected between depths of 350.8 and 153.0 cm,

which in marine environments can be derived from

diatoms, prymnesiophytes, brown seaweeds, raphi-

dophytes, dinoflagellates, prochlorophytes, coccoid

cyanobacteria, green algae and chrysophytes (Jeffrey

et al. 1997; Verleyen et al. 2004b). However, the

relatively high abundance of 24-methylcholest-5-en-

3b-ol suggests a predominance of diatoms (Volkman

et al. 1998; Matsumoto et al. 2003) in this marine

sediment zone (Fig. 6). Cis-alloxanthin (Crypto-

phyta) was distributed at depths of 350.8–153.0 cm

with a small peak at 199.0 cm (ca. 4,300 cal BP),

together with small peak of bacteriochlorophyll d and

chlorobactene, which are typical pigments of green

sulfur bacteria as discussed below (Fig. 7). This

provides evidence of anoxic bottom water forming in

the lagoon or inlet, possibly brought about by

seasonal ice cover and/or seasonal damming of the

sill, as has been found in similar sites in the

Larsemann Hills (Hodgson et al. 2009). Cryptophyta
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are found both in seawater and freshwater and are

commonly found in stratified water conditions. Thus

the marine zone of Lake Skallen Oike is character-

ized by low biological production with a predomi-

nance of diatoms.

Transition period from saline lake to freshwater

lake (152.5–135 cm, ca. 3,590–3,290 cal BP)

TOC and TN contents in the black sediment layer

(150.7–134.6 cm) range from 2.62 to 6.34% with a

mean of 3.91 ± 1.48% and from 0.27 to 0.56% with

a mean of 0.35 ± 0.11%, respectively, are consider-

ably higher than those in marine zone (Table 1). This

may be due to an increase in biological production

(Table 2).

The peak of bacteriochlorophyll d and chlorobac-

tene at depths of 153.0-approximately 135 cm (ca.

3,780–3,360 cal BP) suggests the presence of green

sulfur bacteria (Pfennig 1967; Borrego and Garcia-

Gil. 1994; Spuier et al. 2002). Green sulfur bacteria

require sulfide as an electron donor for photosynthe-

sis. We therefore interpret the presence of green

sulfur bacteria as indicating the presence of a

stratified water column with a chemocline and an

anoxic (sulfidic) layer at the bottom of photic zone.

This is consistent with Lake Skallen Oike being

isolated from the sea and becoming stratified as the

isolated marine water was overlain by freshwater

supplied from meltwater to the lake surface. Inter-

estingly, the presence of bacteriochlorophyll d and

chlorobactene from green sulfur bacteria is also

consistent with the presence of cis-alloxanthin from

the Cryptophyta which are known to tolerate moder-

ate salinity and stratified water conditions. Spuier

et al. (2002) also detected bacteriochlorophylls c and

d in an Antarctic lake sediment core from Kirisjes

Pond in the Larsemann Hills, and interpreted them

as an indicator of photic zone anoxia between

6,285–6,525 year BP.

Lacustrine sediments (134.6 cm-surface, ca.

3,290 cal BP-present)

Very high TOC and TN contents ranging from 4.71 to

23.3% with a mean of 11.7 ± 3.3% and from 0.49 to

2.43% with a mean of 1.13 ± 0.32%, respectively,

were found in the lacustrine zone, which also

contained morphologically recognizable algal debris

(Table 1). These TOC and TN contents are 3.0 and

3.2 times higher than those of transition zone (152.5–

135 cm), and 8.7 and 6.3 times higher than those of

marine sediment zone (bottom-153.0 cm), respec-

tively (Table 1). These profiles suggest that biolog-

ical production increased dramatically due to the

transition from a marine to a lacustrine environment.

Similarly after isolation from the sea, a significant

increase in organic matter was observed in a sediment

core from Pup Lagoon, a coastal lake in the

Larsemann Hills, East Antarctica (Verleyen et al.

2004b), and Lake Reid in the same area (Hodgson

et al. 2005). Laminated microbial mats in the

lacustrine sediments of Pup Lagoon are dominated

by cyanobacteria, with diatoms and green algae as

sub-dominants (Verleyen et al. 2004b). In Lake

Skallen Oike TOC and TN contents fluctuated widely

over short periods of time, especially between

150.7 cm depth and the surface, reflecting short term

changes (2.3 cm: 42 years) in biological production

and/or lake conditions (Fig. 5).

At present, the bottom of Lake Skallen Oike is

covered with microbial mats composed mainly of

green algae (e.g. Cosmarium clepsydra) together

with smaller amounts cyanobacteria and diatoms

Table 2 TOC, TN, TS contents and their ratios (average ± standard deviation) for Sk4C-02 sediment core from Lake Skallen O-ike

in East Antarctica

Depth/cm Surface-132.3 (A) 134.6–150.7 (B) 153.0–364.6 (C) A/B A/C

TOC (%) (range) 11.7 ± 3.3 (4.71–23.33) 3.91 ± 1.48 (2.62–6.34) 1.35 ± 0.74 (0.24–2.79) 3.0 8.7

TN (%) (range) 1.13 ± 0.32 (0.49–2.43) 0.35 ± 0.11 (0.27–0.56) 0.18 ± 0.09 (0.05–0.37) 3.2 6.3

TS (%) (range) 1.81 ± 0.77 (0.68–4.31) 1.98 ± 0.69 (1.39–3.58) 1.09 ± 0.25 (0.59–2.33) 0.91 1.7

TOC/TN (range) 10.4 ± 0.84 (8.54–13.01) 11.0 ± 1.9 (9.10–13.47) 7.24 ± 1.12 (4.43–8.88) 0.95 1.4

TOC/TS (range) 7.67 ± 3.95 (2.53–20.78) 2.12 ± 0.87 (1.39–3.58) 1.22 ± 0.66 (0.26–2.83) 3.6 6.3
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(Ohtani S pers. commun.). Floating pancake-like

algal aggregates composed mainly of Oedegonium

spp. and cyanobacteria were found in early austral

summer. Because dissolved inorganic nitrogen (DIN)

contents in the water column are less than 0.5 lmol l-1,

and are below detection limits at water depths

of [ 3 m at present Lake Skallen Oike (Fukui et al.

1985), phytoplankton other than nitrogen fixing

cyanobacteria would not grow so fast in the water

column. The results of photosynthetic pigments,

however, indicate a low density of cyanobacteria in

Lake Skallen Oike (Fig. 7).

Nutrients to sustain vigorous primary production

in microbial mats are supplied presumably from

interstitial water beneath the mat, because no DIN

was detected in the lake bottom water (Fukui et al.

1985). High d13C values (-9.87 to -15.58%) and

low d15N values (0.41–1.7%; Fig. 8) in the lake can

be explained as follows. Ammonium produced by the

decomposition of organic matter is depleted in d15N

by 5 to 10% (Feigin et al. 1974; Freyer and Aly

1975). When the nitrogen source contained abundant

ammonium, significant depletion of d15N occurs in

plant tissues (Yoneyama et al. 2001). On the other

hand, microbial mats in the lake bottom are likely

diffusion-limited resulting in a reduced fractionation

by primary producers. This is the case for Lake

Fryxell in the McMurdo Dry Valleys of Antarctica

where d13C values of 31 benthic organic matter (moat

microbial mats) samples ranged from -7.7 to -2.7%
with a mean of -4.6% (Lawson et al. 2004). High

d13C values and low d15N values in the lacustrine

sediments, therefore, likely result from the primary

production conditions in the benthic microbial mats.

Supposing the primary producers in Antarctica,

both terrestrial and aquatic, are mostly C3 plants,

high d13C would denote a reduced fractionation of

d13C during photosynthesis, which often occurs in

aquatic environments but is rare for terrestrial plants.

TOC, photosynthetic pigments and isotope ratios

results strongly suggest that the dominant primary

producers changed from pelagic diatoms to green

sulfur bacteria, and to benthic green algae during the

transition from a marine inlet to a stratified saline

lake with a chemocline, and finally to a lacustrine

environment. These changes enabled high organic

production by utilizing the interstitial ammonium and

induced the decrease of sediment d15N values at the

depths of 120.8 cm and thereafter in the Sk4C-02

sediment core. Further studies on algal distributions

in Lake Skallen Oike are required.

Conclusions

Sedimentary facies, multi-proxy analysis of organic

components, stable isotope ratios of organic carbon

and nitrogen and AMS dating of carbon 14C of a

sediment core from Lake Skallen Oike (Sk4C-02) from

the Soya Kaigan in East Antarctica were studied to

determine the geochemical features and sources of

organic components, changes in biological production

and species composition and changes from marine to

lacustrine environments associated with relative sea

level change. The results are summarized as follows:

(1) The Sk4C-02 sediment core was composed of

clayish mud (silt and clay) containing laminae,

glacial sediments and echinoid spines formed in

a marine environment between 378.0–152.5 cm.

This was overlain by organic sediments con-

taining algal mats formed during a marine to

lacustrine transition (152.5–135 cm) and in

lacustrine environments between 135 cm-

surface.

(2) The ages of surface sediments (0–2.3 cm) and

the bottom sediments (378.0 cm) were 150

(AD1950-1640) and 7,030 ± 59 cal BP, respec-

tively. The mean sedimentation rate was esti-

mated to be 0.55 mm/year.

(3) Multi-proxy analyses revealed that drastic envi-

ronmental changes associated with the transition

from marine to lacustrine environments

occurred at a depth of 152.5 cm (ca. 3,590 cal

BP). The ongoing retreat of glaciers during the

MHH, and ongoing isostatic uplift are the main

reasons for this isolation, whereas eustatic sea

level change is believed to have played only a

minor role. The mean local isostatic uplift rate

was calculated to be 2.8 mm/year.

(4) The coastal marine period in Lake Skallen Oike

is characterized by low biological production

with the predominance of diatoms. Three glacial

sediment layers at ca. 5,260–5,200 (262–

258 cm), 5,100 (251 cm) and 4,760–4,730 cal

BP (229–227 cm) were probably formed by the

nearby retreats and advances of glaciers due to

climatic changes.
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(5) The transition zone from a marine inlet to a

freshwater lake (153.0-approximately 135 cm,

ca. 3,590–3,290 cal BP) was characterized by

stratified conditions with marine water overlain

by freshwater, and a chemocline developed

together with an anoxic (sulfidic) layer in the

bottom of photic zone. Green sulfur bacteria and

Cryptophyta were the major photosynthetic

organisms during the transition with Crypto-

phyta tolerating the moderate salinity and

stratified water conditions.

(6) The lacustrine zone (approximately 135 cm-

surface, ca. 3,290 cal BP-present) is character-

ized by high biological production by green

algae (e.g. Comarium clepsydra and Oedegoni-

um spp.) with some contribution from cyano-

bacteria and diatoms. Biological production

during this period was 8.7 times higher than

that of coastal marine period.
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