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Abstract Stable carbon isotope ratios in the organic
fraction of surface sediments from the Laptev Sea
shelf were analyzed in order to study the modern dis-
tribution pattern of terrestrial organic matter. The
6PC,,, signature of the surface sediments range from
—26.6%0 near the coastal margin to —-22.8%o in the
north towards the outer shelf. Characterizing the pos-
sible sources of organic matter by their 513C0rg signa-
ture reveals that the terrestrial influence reaches
further north in the eastern than in the western Lap-
tev Sea. Downcore records of the 513C0rg, measured
on three AMS '“C-dated cores from water depths
between 46 and 77 m, specify the spatial and temporal
changes in the deposition of terrestrial organic matter
on the Laptev Sea shelf during the past 12.7 ka. The
major depositional changes of terrestrial organic
matter occurred between 11 and 7 ka and comprised
the main phase of the southward retreat of the coast-
line and of the river depocenters due to the postglacial
sea level rise.
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Introduction

The depositional environment of the broad and shal-
low Siberian shelf areas exerts a strong impact
through the vast river system and their discharge and
particulates. More than 20% of the total Arctic con-
tinental runoff (3300 km?) is supplied by the rivers
draining into the Laptev Sea (Aagard and Carmack
1989). Approximately 520 km?/year of the total fresh-
water discharge of 700 km®/year to the Laptev Sea is
contributed only by the Lena River (Alabyan et al.
1995). Approximately 21x10° tons per year of sus-
pended particulate material (Alabyan et al. 1995) and
up to 1.2x10° tons per year of particulate organic car-
bon (POC; Rachold and Hubberten 1999) are trans-
ported by the rivers, most of it by the Lena. However,
the actual amount of sediment reaching the Laptev
Sea is still under discussion, because the portion of
sediment that is deposited in the river deltas is not
well known. Furthermore, the amount of material
released by thermal erosion of the ice-rich permafrost
coastline has only been partially quantified (Are
1999). The shelf sediments of the Laptev Sea not only
contain evidence of the modern fluvial runoff but also
record the depositional changes in the past. Whereas
most of the shelf was exposed during the last glacial
maximum (LGM), the postglacial sea-level rise led the
shelf area to transform from a periglacial permafrost
landscape into the modern shallow shelf sea (Bauch et
al. 1999).

The '3C/'2C ratio of the organic carbon in marine
sediments has been used to specify the provenance of
the organic fractions either derived from a terrestrial
or a marine source (Hedges and Parker 1976; Tan and
Edmond 1993; H. Erlenkeuser, unpublished data).
This method is based on a general enrichment of 13C,
by a few per mill on the delta scale, in marine organic
matter compared with terrestrial material. Land plants
using the C; pathway of photosynthesis reveal 6°C
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values of approximately —25 to —29%. (Mook and Tan
1991), whereas the marine fraction of the sedimentary
organic carbon is approximately —20%o, with some var-
iation related to the oceanic province. The intention
of our studies is to trace the terrestrial organic matter
using the organic stable carbon isotope composition in
the sediments and to identify the depositional changes
of terrestrial organic material during the Holocene
history of the Laptev Sea. Due to the dominance of
C; plants in the catchment area of the Laptev Sea riv-
ers, the terrestrial source is expected to provide a
well-defined isotope signature which reliably helps to
identify the contribution of the terrestrial source of
organic matter to the surface and downcore sediments
of the Laptev Sea shelf.

Materials and methods
Sediment material

Stable organic carbon isotope analyses were carried
out on a total of 103 stations that cover a substantial
part of the Laptev Sea shelf (Fig. 1). Three investi-
gated sediment cores were obtained from the central
(KD9502, PM9499) and outer shelf (PS2725). Core
KD9502 from 46 m water depth and core PM9499
from 48 m water depth are located within the submar-
ine channels of the Lena-Yana and Khatanga-Anabar
rivers, respectively (Kassens et al. 1997; Kassens and
Dmitrenko 1995). Core PS2725 was recovered from 77
m water depth north of the New Siberian Islands (Ra-
chor 1997).

For organic carbon isotope analysis, the bulk sed-
iment samples were acidified with 2% HClI (1 h,
40°C) to remove carbonates, washed on a pre-com-
busted fiberglass filter, dried (60°C), and combusted
for 10 min at 900 °C in an excess of 4.5 grade oxygen.
The isotopically interfering NO, were reduced over
copper at 450°C. The yield of CO, was determined
volumetrically and analyzed on a Finnigan-Mat Delta
E isotope ratio mass spectrometer. The instrument
was isotopically calibrated through the NBS 20 (car-
bonate) isotope standard (6'*C=-1.06%o). The accuracy
was checked using the IAEA NBS22 (oil) isotope ref-
erence material. The precision of the §'°C results is
+0.02%0 PDB or better. The isotope composition is
given in the 6*C vs PDB notation: §"*C[%o]=[(**C/
12Csample'BC/lZCstandard)/(13C/1ZCstanCIalrd)] x1000.

To interpret the downcore carbon isotopic records
in terms of paleoenvironmental changes, established
chronological frameworks were used (Bauch et al
1999; Stein and Fahl, 2000). The conventional '*C ages
were calibrated to calendar years (ka) using the pro-
gram CALIB 4.1.2 (Stuiver and Reimer 1993; Stuiver
et al. 1998). A reservoir effect of 400 years was
applied (Bauch et al. 1999). Accumulation rates of
total organic carbon (AccR TOC) were calculated on
the basis of linear interpolation between the age
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Fig. 1 6'3C ratios of the organic fraction of the surface sed-
iments from the Laptev Sea shelf. The distribution pattern was
generated by gridding and linear interpolation between the data
points (black dots)

points and consideration of the dry bulk density vari-
ations in the sediments.

Results

61C,,, composition of the surface sediments
The 6"C,, values of the surface sediments range
from -26.6%0 near the Lena Delta to —22.8%0 on the
continental slope, revealing a consistent trend toward
isotopically heavier values from south to north (Fig.
1). The §'3C signature is lightest near the river mouths
and gradually increases northward following to some
extent the submarine valleys, which run in a south to
north direction (Kleiber and Niessen 1999). The dis-
tribution pattern also reveals that lighter 513C0rg values
extend further north in the eastern part of the Laptev
Sea than in the western part. This obvious east-west
gradient in 6'°C,,, values reflects the larger input of
organic matter to the east (Rachold and Hubberten
1999) as compared with the western Laptev Sea,
where marine conditions are more dominant (Dmi-
trenko et al. 1999).

The lightest values of §C observed near the
mouths of the rivers Lena and Yana are in good



agreement with the §'3C composition of the river-born
particulate organic matter (POM). For the Lena Riv-
er, Rachold and Hubberten (1999) report an average
value of —27.1+0.8%0, which is close to the values
found east off the Lena River delta (-26.6%0), where
the main branches discharge. Samples from north of
the Yana River yield —26.2%o, also matching the aver-
age isotopic composition of the riverine POM (-25.9
+0.4%o; Rachold and Hubberten 1999).

Accumulation of TOC and §3C
the Holocene

org COMposition during

The 6'3C,,, records in the two sediment cores from
the central Laptev Sea (PM9499, KD9502) shelf show
a distinct shift from isotopically lighter to heavier
6BC,yy values (Fig. 2a), which is dated back in both
cores to approximately 7 ka. This suggests a thorough
change of the depositional conditions on the central
Laptev Sea shelf during this time. A dominantly ter-
restrial source of organic matter, indicated by low
63C,,, values, is obvious in both cores prior to 7 ka.
The increasing *C/'?C ratio coupled with decreasing
accumulation rates of TOC underlines the decline of
terrestrial organic matter supply to the central Laptev
Sea shelf after 7 ka.

Also in the record of core PS2725 from the deeper
outer shelf, this shift towards isotopically heavier
513C0rg values and decreasing accumulation rates of
TOC becomes evident 2 ka earlier. The development
toward heavier 513C0rg values seems to increase after 4
ka (Fig. 2b); however, a more precise dating of this
younger change in the Holocene suffers from age
uncertainties in this part of the core.

Prior to 10 ka on the outer shelf, core PS2725
shows relatively heavy 6"°C,,, values. Although this
section is not dated, our data and those of others
(Stein and Fahl, 2000) indicate that this part of the
core must have been deposited under different envi-
ronmental settings compared with the remaining part.
According to the heavy 6°C,, values, this core sec-
tion may contain much older, reworked marine depos-
its.

Discussion

Distribution of terrestrial organic carbon
in surface sediments

As revealed by our surface sediment data, the 6'°C
signature seems a feasible method to trace the deposi-
tion of the terrestrial organic matter on the Laptev
Sea shelf. By this method it may also be possible to
identify the main sources of organic matter by their
013C signature. On the basis of our data, the terrestrial
source of organic matter is isotopically identified by a
6B3Cypy 0f =26.6%o0, which conforms to the average sig-
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Fig. 2 (513C0rg records and accumulation rates of TOC (AccR
TOC) for three cores indicating the Holocene depositional
changes on a the central and b outer Laptev Sea shelves. ¢ Pro-
file of the modern Laptev Sea shelf topography (along 130 E)
and the water depth of the investigated cores in comparison
with the calibrated global sea-level curve (Fairbanks 1989). The
global sea-level curve was calibrated to calendar years using the
marine data set of CALIB 4.1.2 (Stuiver and Reimer 1993;
Stuiver et al. 1998)

nature of POM, discharged by the main source, the
Lena River. The river data of Rachold and Hubberten
(1999) show that the signature of POM in the Siberian
rivers is a mixture of two components, a detrital
organic fraction with a §*C,,, of ~25.0%0 and an iso-
topically lighter component with an average of —31.0%o
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which may be attributed to autochthonous riverine
plankton. Rachold and Hubberten (1999) identified
the detrital organic material as the main fraction of
riverine POM, which is exported by the river runoff
onto the Laptev Sea shelf. In addition, coastal mate-
rial as another source of terrestrial input should not
be neglected. Erosive processes, i.e., thermoabrasion
and erosion of permafrost-affected coastal soils with a
high content of organic carbon, should greatly imprint
on the 6C,, signature in Laptev Sea sediments.
According to Are (1999), the coastline of the Laptev
Sea retreats with a rate of 2-6 m/year as a result of
shore erosion. The amount of coastal erosion is esti-
mated at 30x10° t/year for the total coast of the inner
Laptev Sea, which is similar to or even higher than
the riverine input of sediment. Large parts of the
coastal area of the Laptev Sea are dominated by peaty
and organic-rich permafrost soils including long sec-
tions of ice complexes (Rachold and Grigoryev 1999).
Decomposition and mineralization of the organic
matter in these soils is kept low by the harsh climatic
conditions; thus, the &3C signature of the original
plant material remains well preserved (Gundelwein
1998). Analyses of modern plant material from typical
tundra vegetation show 67C,, values of —27.2 to
-29.2%0 (Pfeiffer and Janssen 1993; Gundelwein 1998)
and based on data from Carex sp. (-27.2%o), Eriopho-
rum vaginatum (-28.6%0), and Dryas punctata
(-29.2%o).

It is much more difficult to define a marine source
of organic matter by its isotopic signature than the ter-
restrial source for the Laptev Sea region. The marine
fraction of organic matter in the sediments is derived
mainly from planktonic organisms. Their isotopic com-
position ranges from —20 to —30%. and is controlled by
the isotopic fractionation between phytoplankton and
the various fractions of dissolved inorganic carbon
(DIC). The magnitude of this fractionation is related
to temperature and to the CO, partial pressure in the
water (Fortugne and Duplessy 1981; Rau et al. 1992).
Considering the generally low water temperature of
the Arctic waters, the stable carbon isotope signatures
should be isotopically lighter than in low- and mid-lat-
itude waters; however, surface sediments of deep-sea
cores from the Central Arctic Ocean reveal 6°C,,
values between —21.4 and -22.9%. (Schubert 1995; H
Erlenkeuser, unpublished data). The comparatively
heavy carbon isotope composition found in Arctic
Ocean sediments may relate to the influence of dia-
toms in the planktonic community, which partially use
the C, cycle for carbon fixation (Voss 1991). Also
microbial degradation of the planktonic organic detri-
tus may lead to an increasing 6"°C,, level in the sed-
iments (Voss 1991). Despite the relatively heavy
513C0rg values in these surface sediments, several
investigations of biomarkers and bulk organic param-
eters suggest that Arctic Ocean sediments have a
strong terrestrial overprint (Schubert 1995; Schubert
and Stein 1996; Fahl and Stein 1999; Stein and Fahl,

2000). For the Laptev Sea continental slope, Boucsein
and Stein (2000) pointed out, applying the maceral
analysis as a organic-carbon-source indicator, that only
20-40% of the organic carbon appears to be of marine
origin.

Due to the strong riverine contribution of organic
matter to the modern Laptev Sea shelf, the marine
source seems to play a minor role. This is in accord-
ance with previous surface sediment studies (Stein and
Niirnberg 1995; Stein et al. 1999; Fahl and Stein 1999;
Boucsein and Stein 2000) which revealed that the Lap-
tev Sea, especially the eastern part, is characterized by
a strong overprint of the terrestrial organic fraction on
the total organic input. The resulting 6'°C,,, of the
sedimentary mixture directly relates to the ratio of the
two fractions, marine and terrestrial; the latter bears
the greater potential of significant variations under
the given settings of the Laptev Sea environment.
Accordingly, we attributed the observed isotope vari-
ations to the effect of the sea-level rise, which induced
the southward retreat of the coastline and the depo-
centers of the rivers and accordingly reduced the fluvi-
atile impact on the coring sites. This view is also con-
sistent with the modern findings of the 6°C,,, in the
surface sediments which show lightest 6°C,, where
the input rates of terrestrial matter are highest. Radio-
carbon data from the bulk surface sediment of the
eastern Laptev Sea reveal average radiocarbon ages of
around 7000 years (Kuptsov and Lisitsin 1996).
Apparently these relatively old ages are due to a mix-
ture of older and younger organic carbon, eroded
from soils and deposits of the river catchment areas.
These ages are not indicative for surficial relict sed-
iments, because various cores from the Laptev Sea
shelf which were primarily dated on marine bivalves
often reveal recent ages for the surface and show a
continuous sediment accumulation up to the present
(Bauch et al., in press).

Holocene input of terrestrial organic matter

For the paleoenvironmental interpretation it is nec-
essary to consider that significant depositional changes
occurred on the Laptev Sea shelf after the last glacial
maximum (LGM). Because the sea level was lowered
by more than 100 m during the LGM (Fairbanks
1989), huge areas of the shallow Laptev Sea shelf
were exposed. With the postglacial sea-level rise, the
shelf became flooded and the coastline, the river
mouths, and their depocenters gradually retreated
southward. According to the calibrated global sea-
level curve (Fig. 2c), the sea level stood lower at 12.7
ka by approximately 70 m than at present and rose by
approximately 60 m within the next 6000 years.

Based on our 6°C,, studies, the Holocene input of
terrestrial organic matter onto the Laptev Sea shelf
can be interpreted in three phases. An early phase,
characterized by mainly terrestrial conditions, is



marked in the western Laptev Sea between 12.7 and
11 ka (Fig. 2a). The generally low 6"°C,,, values with
a high amount of terrestrial plant debris embedded in
laminated sediment sequences found in this phase
reflect a dominantly riverine depositional character
(Bauch et al. 1999).

The first appearance of marine bivalves at 11 ka
together with a slight increase of 6"°C,, mark the
onset of the second phase. In this transitional phase
from 11 to 7 ka, the shallow Laptev Sea shelf became
widely flooded, probably resulting in large-scale shelf
and coastal erosion and, simultaneously, enhancing
the rate of terrestrial organic matter released to the
shelf. Large amounts of organic carbon accumulated
as documented by high accumulation rates of TOC.
The central shelf environment probably remained riv-
erine influenced during this period of time. This is
corroborated by low 6'°C,,, values (Fig. 2a), indicating
continuously terrestrial fraction of organic matter and
by abundances of freshwater algae (Kunz-Pirrung
1998), both indicating the proximity to the riverine
source of these central sites before 8 ka. Palynological
investigations in northern Siberia indicate a climatic
change to warmer and moister conditions at 8 ka
(Naidina 1995; Melles et al. 1996). Thus, warmer and
moisture conditions, and an expected enhanced river
discharge, could have additionally increased the input
of terrestrial organic material. As a result of the con-
tinuing transgression and the climate optimum in the
Mid-Holocene, wave-based erosion and thermoabra-
sion of the coastal permafrost deposits were strong,
making more terrestrial organic material available for
distribution on the shelf. With the retreat of the coast-
line, the depocenters of the rivers moved further
southward, reaching the central shelf between 9 and 7
ka. During this time when accumulation of organic
carbon was at maximum, the estimated paleo-water
depth, at the site of KDD9502, was approximately 25 m
(Fig. 2¢), a depth where maximum sediment accumu-
lation occurs presently in the Laptev Sea (Kuptsov
and Lisitsin 1996). On the deeper outer shelf the max-
imum accumulation of organic matter is recorded
between 10 and 9 ka (Stein and Fahl, 2000), due to
the more northern position of the river mouths at this
time.

The obvious decline in accumulation rates of TOC
and the shift towards heavier stable carbon isotope
composition after 7 ka on the central shelf (Fig. 2a)
marks the onset of the third phase, which is now char-
acterized by a reduced depositional rate of terrestrial
material. At 5 ka the sea-level rise reached the Holo-
cene maximum in the Laptev Sea and the modern
environmental situation became established (Bauch et
al., in press).
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Conclusion

The depositional history of the Laptev Sea shelf dur-
ing the Holocene is strongly coupled with the postgla-
cial sea-level rise and the variations in the deposi-
tional environment. The 513C0rg analyses of surface
sediments and three radiocarbon-dated sediment cores
from the central and outer shelf are used as indicators
for spatial and temporal changes in the deposition of
terrestrial organic material onto the Laptev Sea shelf
during the past 12.7 ka.

The modern distribution pattern of 6'°C,, in the
Laptev Sea surface sediments is strongly influenced by
the riverine input of terrestrial organic matter. Com-
pared with the western Laptev Sea the terrestrial
influence to the depositional realm of the eastern shelf
reaches further north due to the high fluviatile dis-
charge and input of terrestrial POM by the Lena and
Yana rivers.

In a downcore record from the western Laptev Sea
shelf, the low values of 513C0rg indicate that the source
of organic carbon remained mainly terrestrial until 11
ka.

The first appearance of marine bivalves, low 6"°C,,
values alongside with high accumulation of organic
carbon characterize a second interval between 11 and
7 ka. This interval reflects the main transgressional
phase of the Laptev Sea shelf.

The shift towards relatively low accumulation rates
of TOC and a significant increase of 6"°C,,, on the
central shelf marks the onset of a transition towards
decreasing deposition of terrestrial organic matter at 7
ka. After this time, the sea level reached its Holocene
maximum and, as a consequence, the main depo-
centers of the rivers moved their position southward,
leading to the modern depositional environment.
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