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Degradation
Organic carbon (OC) burial is an important process influencing atmospheric CO2 concentration and global cli-
mate change; therefore it is essential to obtain information on the factors determining its preservation. The
Southern Ocean (SO) is believed to play an important role in sequestering CO2 from the atmosphere via burial
of OC. Here we investigate the degradation of organic-walled dinoflagellate cysts (dinocysts) in two short
cores from the SO to obtain information on the factors influencing OC preservation. On the basis of the calcu-
lated degradation index kt, we conclude that both cores are affected by species-selective aerobic degradation
of dinocysts. Further, we calculate a degradation constant k using oxygen exposure time derived from the
ages of our cores. The constant k displays a strong relationship with pore-water O2, suggesting that decom-
position of OC is dependent on both the bottom- and pore-water O2 concentrations.

© 2012 University of Washington. Published by Elsevier Inc. All rights reserved.
Introduction

The Southern Ocean (SO) is believed to play an important role in
modulating atmospheric CO2 levels and hence to influence global cli-
mate changes. Different reconstructions show that atmospheric CO2

during the last glacial period was reduced by ~80 ppm in comparison
to pre-industrial modern times (e.g. Siegenthaler and Wenk, 1984;
Moore et al., 2000). However, the mechanism responsible for lower-
ing CO2 level is not yet well understood. For example, one hypothesis
assumes that sea-ice expansion caused permanent surface water
stratification south of the Antarctic Polar Front (PF) which resulted
in reduced vertical mixing, thus preventing the ventilation of CO2-
rich deep water and CO2 release to the atmosphere (e.g. François et
al., 1997; Sigman and Boyle, 2000). Another hypothesis links lower
CO2 levels with carbon sequestration in marine sediments as a result
of higher primary productivity caused by enhanced dust delivery to
the SO during the last glacial stage (e.g. Martin et al., 1990). However,
high primary productivity alone does not influence carbon sequestra-
tion. It is the export production and more importantly the organic
carbon (OC) burial in marine sediments that can remove carbon
from the global carbon cycle on a longer time scale. It is assumed
that only 0.1% of the OC produced is ultimately preserved within
ocean sediments, whereas the major part is oxidised to CO2, H2O
and nutrients, thereby introducing carbon back to the sea-water and
ersity of Szczecin, Mickiewicza
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the atmosphere (Hedges et al., 1997). Therefore it is important to es-
timate the degradation rates of OC as accurately as possible.

A factor that strongly affects OC preservation is O2 availability
which determines the respiratory types of benthic organisms, with
anaerobic micro-organisms being slightly less efficient than aerobic
micro-organisms and micro- and macro-fauna. Redox oscillations
may enhance degradation by promoting symbiosis of aerobes and an-
aerobes (e.g. Aller, 2001; Aller and Blair, 2006). For an adequate esti-
mation of OC degradation it is therefore important to have detailed
information about the redox conditions at the ocean floor in the geo-
logical past.

Recently, a method to estimate past bottom-water O2 concentra-
tions has been suggested (Zonneveld et al., 2007). This method is
based on the observation that species-selective degradation of
organic-walled dinoflagellate cysts (dinocysts) under oxic conditions
is strongly related to the bottom-water O2 concentration (Zonneveld
et al., 2001; 2007). The production of one dinocyst taxon in the upper
waters is assumed to be strongly related to the production of other
dinocysts, but species-selective degradation of this specific dinocyst
taxon is however independent from degradation/preservation of other
taxa. This information can be used to decouple preservation from pro-
ductivity and to estimate past bottom-water O2 (Versteegh and
Zonneveld, 2002).

As with other marine OC, dinocysts reaching the sea floor can vary
from extremely labile to highly refractory, and their degradation is
based on the same premises as the decay of the entire OC pool (e.g.
Zonneveld et al., 2008). The degradation of individual OC components
is considered to be a first-order process depending on the degrada-
tion constant k and the oxygen exposure time t (Middelburg, 1989;
c. All rights reserved.
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Figure 1. Core sites and PF locations in the Atlantic sector of the Southern Ocean.
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Hedges and Prahl, 1993; Canfield, 1994; Hartnett et al., 1998; Sun et
al., 2002; Keil et al., 2004). However, the degradation of the OC pool
as a whole is much more complex, with the proportion of refractory
OC increasing over time as result of, for example (a) biodegradation
rates decreasing with decreasing OC quality, (b) oxidative polymeri-
sation, and in the anoxic zone of the sediments also sulphurisation
transferring labile OC towards the refractory pool and (c) no degrada-
tion of archaeal and bacterial OC.

For individual OC components, O2 is often considered to influence
degradation as a function of t (Rabouille and Gaillard, 1991; Arthur
et al., 1998). If thiswere the case, a linear relation between the degrada-
tion constant k and O2 could be found. Recent studies suggest that for
dinocysts a more complex relation exists between O2 and degradation
rates, suggesting that the complex biomolecules forming the dinocysts
might not degrade according to a first-order process (Zonneveld et al.,
2007). In an attempt to obtain further insight into the relationship
between dinocyst degradation and O2, we compared the degradation
rates of dinocysts with in-situ measurements of pore-water O2 in two
well-dated short cores from the Atlantic sector of the SO. Here we
discuss the effects of both upper ocean environmental conditions as
well as porewater O2 on the preservation of the dinocysts. Furthermore,
we discuss how far the taphonomy of dinocysts might form amodel for
OC degradation and preservation.

Materials and methods

The cores PS65/705 and PS65/703 (Table 1) were taken during R/V
Polarstern expedition ANT XXI/4 in 2004 in the high-productivity belt
along the PF and in a region of relatively lower surface productivity
south of the PF respectively (Fig. 1).

For sediment sampling a multiple corer with a core diameter of
10 cm was deployed (Barnett et al., 1984). Apparently undisturbed
sediment cores were obtained.

The deposits of core 705 can be divided into three parts. The upper
part (0–13 cm) consisted of inhomogeneous, brown, extremely soft,
diatomaceous sediment; the middle part (13–21 cm) contained inho-
mogeneous brown diatomaceous mud, the lower part (21–28 cm)
was composed of homogeneous grey to white mud. The sediment of
core 703 consisted of homogeneous light brown diatomaceous mud
throughout (0–20 cm).

For dinocyst analysis, the upper 25 and 10 cm of sediment cores
705 and 703 were sampled at 0.5 and 2.5 cm resolution, respectively.
The material was dried overnight at 60°C. Samples were then treated
with cold 10% HCl and cold 40% HF in order to remove carbonates and
silicates, respectively. After each acid treatment, samples were care-
fully neutralised with KOH. The digested samples were sieved
through a 20 μm precision sieve (Stork Veco, mesh 508), treated
with ultrasonic vibration and sieved again. The sample residues
were centrifuged (8 min, 3500 rpm) and concentrated to 1.0 or
1.5 ml. Part of each residue was mixed in glycerine jelly and insulated
from the air on a glass microscope slide with paraffin wax. For each
sample at least 100 (100–229) dinocysts were counted. An exception
was sample 5.0–7.5 cm of the 703 core for which, after counting of all
available material, only 83 dinocysts were found. The counts were
subsequently used to calculate dinocyst concentrations by dividing
the number of cysts counted by the sample dry weight analysed.
Dinocyst fluxes were derived from dinocyst concentrations and sedi-
mentation rates. The reliability of counting results and percentage
Table 1
Station list (site labels are abbreviated in the text: 703 for PS65/703 and 705 for PS65/
705).

Site label Date Latitude (S) Longitude (E) Depth (m)

PS65/703 29.04.2004 52°35.12′ 09°00.19′ 3330
PS65/705 30.04.2004 49°00.06′ 12°15.32′ 4293
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estimation errors (Tables 2 and 3) were calculated using half-width
of two-sided 95 percent confidence bounds (van der Plas and Tobi,
1965; Howarth, 1998). Errors for the percentagesb1 were not
computed.

In order to obtain information on the dinocyst preservation the kt
index was calculated for each sample according to the equation given
in Versteegh and Zonneveld (2002):

kt ¼ ln Xi=Xf

� �
ð1Þ

where k is the degradation constant for sensitive (labile) dinocysts
(S-cysts), t is the oxygen exposure time, Xf is the observed dinocyst
flux (cyst/cm2/yr) and Xi is the initial dinocyst flux calculated from
the fixed relationship between fluxes of S-cysts and resistant (refrac-
tory) dinocysts (or R-cysts; Table 4; Zonneveld et al., 2007):

FluxS−cysts ¼ 68 � FluxR−cysts ð2Þ

Lower index values mean better preservation and higher values
mean greater degradation of the dinocysts.

The degradation constant k was calculated using Eq. (1) assuming
that in the oxygenated samples t is equal to the age of the samples.
For the anoxic samples of the 705 core t was calculated dividing O2

penetration depth by sedimentation rate. The O2 penetration depth
of 10 cm was inferred from the measured O2 profile under assump-
tion that it is roughly stable through time. Oxygen exposure time of
the anoxic sediments could be prolonged by the deposit's re-
exposure to O2 via such mechanisms as bioturbation (Hulthe et al.,
1998). Traces of bioturbation in our cores were virtually absent;
therefore we expect only a minor effect of re-exposure on estimated t.

Sample age and sedimentation rates were calculated from 210Pb
data using the Constant Flux Model of Robbins (1978). According to
this model, the age of a given sediment layer can be derived from
the equation:

T ¼ 1=λ � ln Γz=Γ0ð Þ ð3Þ

where T is the age of the bottom of a given sediment layer z in years,
Γz is the inventory of 210Pbexcess below depth z, Γ0 is the total
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Table 2
Number of dinocysts counts, relative abundances and half-width of two-sided 95 percent confidence bound on observed dinocysts percentages in the 705 core. A — Brigantedinium
spp., B — S. antarctica, C — N. labyrinthus, D — I. aculeatum, E — I. sphaericum, F — D. chathamensis.

Sample
depth
(cm)

Dinocysts counts Relative abundances (%) Half-width of two-sided 95% confidence
bound on observed %

Total A B C D E F A B C D E F A B C D E F

0.0–0.5 117.0 64.0 25.0 6.0 1.0 14.5 2.0 54.7 21.4 5.1 0.9 12.4 1.7 9.0 7.0 3.5 – 5.5 1.5
0.5–1.0 172.5 82.5 34.5 15.0 4.0 29.5 2.0 47.8 20.0 8.7 2.3 17.1 1.2 7.5 6.0 4.0 1.8 5.5 0.9
1.0–2.0 108.0 55.0 28.5 5.0 1.0 16.5 0.0 50.9 26.4 4.6 0.9 15.3 0.0 9.0 8.0 3.5 – 6.5 –

2.0–3.0 121.5 61.0 26.0 7.0 3.0 16.0 1.0 50.2 21.4 5.8 2.5 13.2 0.8 9.0 7.0 4.0 2.0 6.0 –

3.0–4.0 100.5 64.0 21.5 5.0 1.0 8.0 0.0 63.7 21.4 5.0 1.0 8.0 0.0 10.0 8.0 3.5 1.0 5.5 –

4.0–5.0 126.0 69.0 27.5 8.0 4.0 12.5 3.0 54.8 21.8 6.3 3.2 9.9 2.4 9.0 7.0 4.0 2.0 5.0 1.8
5.0–6.0 109.0 33.5 41.0 6.0 2.0 19.5 1.0 30.7 37.6 5.5 1.8 17.9 0.9 8.5 9.0 4.0 1.5 7.5 –

6.0–7.0 114.5 5.01 22.0 15.0 2.0 20.5 1.0 44.5 19.2 13.1 1.7 17.9 0.9 9.0 7.5 6.0 1.5 7.0 –

7.0–8.0 135.0 57.0 28.0 16.0 3.0 25.0 1.0 42.2 20.7 11.9 2.2 18.5 0.7 8.5 7.0 5.0 1.7 6.5 –

8.0–9.0 144.5 68.5 30.0 8.0 6.0 23.0 3.0 47.4 20.8 5.5 4.2 15.9 2.1 8.5 6.5 3.5 3.0 6.0 1.5
9.0–10.0 186.0 115.5 22.0 14.0 6.0 18.0 4.5 62.1 11.8 7.5 3.2 9.7 2.4 7.0 4.5 3.0 2.0 4.0 1.7
10.0–11.0 154.5 60.5 18.0 19.0 1.5 37.0 6.5 39.2 11.7 12.3 1.0 23.9 4.2 8.0 5.0 5.0 0.9 6.5 3.0
11.0–12.0 105.0 50.5 13.5 14.5 7.0 15.5 0.0 48.1 12.9 13.8 6.7 14.8 0.0 10.0 6.0 6.0 5.0 7.0 –

12.0–13.0 134.0 32.0 24.0 20.0 7.0 36.0 6.5 23.9 17.9 14.9 5.2 26.9 4.9 7.0 6.5 6.0 3.1 7.5 3.1
13.0–14.0 206.5 88.0 46.5 22.0 3.0 28.5 5.0 42.6 22.5 10.7 1.5 13.8 2.4 7.0 5.5 4.0 1.0 5.0 1.7
14.0–15.0 139.0 62.5 34.5 5.0 5.0 27.5 1.0 45.0 24.8 3.6 3.6 19.8 0.7 8.0 7.0 2.0 2.0 7.0 –

15.0–16.0 215.5 147.5 50.5 5.0 0.0 9.0 2.0 68.4 23.4 2.3 0.0 4.2 0.9 6.5 6.0 1.6 – 2.5 –

16.0–17.0 116.0 65.0 36.0 4.0 0.0 10.0 0.0 56.0 31.0 3.4 0.0 8.6 0.0 9.0 8.0 2.4 – 5.0 –

17.0–18.0 128.5 67.0 37.5 3.0 2.0 14.0 1.0 52.1 29.2 2.3 1.6 10.9 0.8 8.5 7.5 1.7 1.2 5.0 –

18.0–19.0 118.0 68.5 36.5 2.0 0.0 7.0 1.0 58.1 30.9 1.7 0.0 5.9 0.8 8.5 8.0 1.2 – 3.5 –

19.0–20.0 121.0 61.0 30.0 5.0 0.0 19.0 1.0 50.4 24.8 4.1 0.0 15.7 0.8 9.0 7.5 3.0 – 6.0 –

20.0–21.0 110.5 59.0 25.0 5.0 3.0 12.5 0.0 53.4 22.6 4.5 2.7 11.3 0.0 9.0 7.5 3.5 2.0 5.5 –

21.0–22.0 117.5 65.0 22.5 4.0 2.0 21.0 3.0 55.3 19.1 3.4 1.7 17.9 2.6 9.0 7.5 2.5 1.5 6.5 2.0
22.0–23.0 116.5 58.5 25.5 2.0 2.0 21.0 2.0 50.2 21.9 1.7 1.7 18.0 1.7 9.5 7.5 1.5 1.5 6.5 1.5
23.0–24.0 113.5 27.5 19.0 5.0 5.0 39.0 7.0 24.2 16.7 4.4 4.4 34.4 6.2 8.0 6.5 3.0 3.0 8.5 4.0
24.0–25.0 124.0 88.0 25.0 2.0 1.0 6.0 0.0 71.0 20.2 1.6 0.8 4.8 0.0 8.0 7.5 1.2 – 3.5 –
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inventory of 210Pbexcess in sediment and λ is the decay rate constant
for 210Pb equal to 0.0311 a−1 (Ferdelman et al., 2006). Gamma anal-
ysis for the determination of 210Pb (47 keV), 40K (1460 keV) and the
226Ra daughter products 214Pb (295 and 352 keV) and 214Bi
(609 keV), were performed on dried and powdered samples that
were sealed at least 21 days prior to measurements to ensure secular
equilibrium between 226Ra and daughter products 214Pb, 214Bi.

Total organic carbon (TOC) content was determined by pyrolysis
and oxidation at 2000°C in an induction furnace within an oxygen
stream, followed by infrared carbon dioxide detection (Leco Carbon
Determinator CS-125). Prior to analysis the material was treated
with HCl in order to remove carbonates. TOC content was calculated
as weight percentage of dry sediment.

Benthic O2 microprofiles were measured in situ by means of an
autonomous deep-seamicroprofiler (Unisense A/S, Denmark) deployed
in combination with a free-fall lander system. The profiler was
equipped with five oxygen sensors and a formation factor probe (resis-
tivity sensor). Clark-type oxygen sensors (Unisense A/S) with tip diam-
eters of ~25 μm and a stirring sensitivityb2%, pre-calibrated according
Table 3
Number of dinocysts counts, relative abundances and half-width of two-sided 95 percent co
spp., B — S. antarctica, C — N. labyrinthus, D — I. aculeatum, E — I. sphaericum.

Sample depth
(cm) Dinocyst counts Relati

Total A B C D E A

0.0–0.5 229.5 131.0 90.5 0.0 1.0 3.0 57.1
0.5–1.0 107.5 55.0 46.0 0.0 2.0 2.0 51.2
1.0–2.0 113.0 50.5 51.5 0.0 3.0 7.0 44.7
2.0–3.0 146.0 60.5 42.0 10.0 3.0 26.0 41.4
3.0–4.0 134.0 37.5 22.5 15.0 10.0 32.0 28.0
4.0–5.0 181.0 67.0 51.5 9.0 15.0 25.0 37.0
5.0–7.5 83.0 22.0 19.0 9.0 10.0 8.5 26.5
7.5–10.0 137.5 40.0 36.0 18.0 6.0 28.0 29.1

oi.org/10.1016/j.yqres.2012.04.001 Published online by Cambridge University Press
to Sauter et al. (2001), were lowered through the sediment water inter-
face into the sedimentwith a vertical resolution of 0.5 mmduring 5–6 h
at the sea floor.

Results

Sample ages and sedimentation rates

The results of 210Pb analysis show that the 25 cm long core 705
spans an interval of 170 yr and the 10 cm of the 703 core corresponds
to a period of 142 yr. The cores were taken in 2004, and therefore the
tops of both cores are assumed to be deposited in that year. This
allows us to allocate the ages (in yr AD) to each sample (Fig. 2).

The sedimentation rates inferred from estimated ages of the sam-
ples range generally between 0.03 and 1.56 cm/yr, which is much
higher than average sedimentation rates for the open ocean. Such
high sedimentation rates could be related to the cores' location in
the PF zone which is known to be an area with extraordinarily high
primary production and rapid export of particles to the sea floor.
nfidence bound on observed dinocysts percentages in the 703 core. A — Brigantedinium

ve abundances (%)
Half-width of two-sided 95%
confidence bound on observed %

B C D E A B C D E

39.4 0.0 0.4 1.3 6.5 6.0 – – 0.9
42.8 0.0 1.9 1.9 9.0 9.5 – 1.5 1.5
45.6 0.0 2.7 6.2 9.0 9.0 – 2.0 4.0
28.8 6.8 2.1 17.8 8.0 7.5 3.5 1.6 6.0
16.8 11.2 7.5 23.9 8.0 6.0 5.0 4.0 7.0
28.5 5.0 8.3 13.8 7.0 6.5 3.0 4.0 5.0
22.9 10.8 12.0 10.2 9.0 8.5 5.5 6.0 5.5
26.2 13.1 4.4 20.4 8.0 7.0 6.0 3.5 6.5

https://doi.org/10.1016/j.yqres.2012.04.001


Table 4
List of S- and R-cysts (after Zonneveld et al., 1997, 2001; Bockelmann, 2007; Esper and
Zonneveld, 2007).

Sensitive dinocysts (S-cysts) Resistant dinocysts (R-cysts)

Brigantedinium spp. Impagidinium aculeatum
Selenopemphix antarctica Impagidinium patulum
Echinidinium spp. Impagidinium sphaericum
Cyst of Protoperidinium spp. Impagidinium plicatum

Impagidinium strialatum
Impagidinium spp.
Namatosphaeropsis labyrinthus
Operculodinium centrocarpum
Operculodinium israelianum
Spiniferites spp.
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Schlüter et al. (1998) discovered biogenic silica production and rain
rates to be two and ten times higher respectively in the PF region
(Scotia Sea and eastern Antarctic Circumpolar Current) in comparison
to other areas of the SO. In addition, coupling of primary production
and OC rain rates was suggested for some areas of the SO that may
be related to export efficiency of OC and biogenic silica from the eu-
photic zone, and to differences in remineralisation and dissolution
processes in the water column (Schlüter et al., 2000). Elevated sedi-
mentation rates had already been reported for deposits of different
ages from a variety of locations in the SO. For example, Frank et al.
(1996) described sedimentation rates of up to 0.033 cm/yr in the
Late Quaternary deposits from the Atlantic sector of the SO. Pudsey
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and Howe (1998) and Howe et al. (2002) reported sedimentation
rates of up to 0.017 and 0.026 cm/yr in Holocene and Last Glacial
Maximum sediments from the Scotia Sea. For the sediments fromMa-
rine Oxygen Isotope Stage (MIS) 1 in the SO, sedimentation rates of
up to 0.064 cm/yr were calculated (Levitan and Stein, 2008). Addi-
tionally, sedimentation rates of up to 0.025 cm/yr were estimated
for surface sediments in the PF region of the Indian Ocean (Fagel,
2006).
Core 705

Fifteen dinocyst taxa were encountered out of which 4 taxa
made up 80–99% of the dinocyst associations. Heterotrophic S-
cysts Brigantedinium spp. and Selenopemphix antarctica made up
40–70% and 20–40% of the association respectively. Autotrophic
R-cysts Nematosphaeropsis labyrinthus and Impagidinium sphaericum
constituted generally 2–15% and 8–35% of the dinocyst assem-
blages respectively. Other species never reached the 5% abundance
level except for Dalella chathamensis and Impagidinium aculeatum
the percentages of which rose periodically up to 7% each (Fig. 3a).

The bottom of the core was characterised by low Brigantedinium
spp. and S. antarctica fluxes, which then increased in the interval
from 1901 to 1950 AD. Later in the record they decreased again
to reach the lowest values in the 1950–1978 AD interval. Gradual
recovery of the fluxes was observed towards the top of the core,
reaching the highest levels in samples representing 2000 and
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TOC Brigantedinium spp. S. antarctica N. labyrinthus I. sphaericum
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Figure 3. a) Percentages of selected dinocyst taxa and b) TOC, pore-water O2 concentrations and fluxes of selected dinocyst taxa in core 705.
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2004 AD (Fig. 3b). N. labyrinthus and I. sphaericum displayed lowest
fluxes (1–2 and 2–5 cyst/cm2/yr respectively) in the lowermost
samples. Their fluxes gradually increased towards the top of the
core reaching maximum values (17–18, and 38–45 cyst/cm2/yr re-
spectively) in the samples from 2000 and 2004 AD (Fig. 3b).

TOC ranged from 0.35 to 0.55% with generally lower values in the
lower part of the core and higher in the middle, followed by a de-
crease until 1992 AD and a subsequent recovery towards the top of
the core (Fig. 3b).
oi.org/10.1016/j.yqres.2012.04.001 Published online by Cambridge University Press
Values of the kt index ranged generally from 3 to 4 throughout the
core. Samples from 1850 and 1967 AD have a kt>4 whereas samples
dated to 1835, 1907 and 1937 AD display a ktb2. The k values in the an-
oxic part of the core ranged from 0.01 to 0.10 yr−1 without a significant
trend. In the oxygenated part of the core k increased upwards from 0.16
up to 30 yr−1. Pore-water O2 decreased down-core from 225 μM at the
sediment surface to oxygen depletion below 9 cm depth (Fig. 3b). k is
exponentially related to the pore-water O2 concentration according to
the equation: y=0.1449e0.0336k, R2=0.9726 (Fig. 4).

image of Figure�3
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Figure 4. Relation between degradation constant k and pore-water O2 concentrations
in core 705.

Figure 6. Relation between degradation constant k and pore-water O2 concentrations
in core 703.
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Core 703

Fourteen dinocyst taxa were encountered during counting, out of
which four taxa made up 80–98% of the dinocyst assemblages. The
heterotrophic S-cysts Brigantedinium spp. and S. antarctica made up
27–57% and 17–45% of the association respectively. The autotrophic
R-cysts I. sphaericum and I. aculeatum made up 1–24% and 0.5–12%
of the dinocyst associations. Another R-cyst, N. labyrinthus, was ab-
sent in the upper part of the core but present in the lower part,
where it contributed 5–13% of the dinocyst assemblage (Fig. 5a).
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Figure 5. a) Percentages of selected dinocyst taxa and b) TOC, pore-water
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Fluxes of S-cysts increased from 0.5 to about 100 cyst/cm2/yr to-
wards the top of the core. Fluxes of R-cysts remained rather constant
throughout the core (Fig. 5b).

TOC was measured only for the upper 4 cm of the core and in-
creased slightly but continuously up-section from 0.38 to 0.48%
(Fig. 5b).

The values of the kt index decreased generally from 4 at the bot-
tom to 1 at the top of the core. The degradation constant k increased
upwards from 0.03 up to 0.90 yr−1. Pore-water O2 decreased down-
core from 213 μM at the sediment surface to 112 μM at 8 cm depth
rinthus I. sphaericum I. aculeatum
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(Fig. 5b). k decreases exponentiallywith decreasing pore-water O2 con-
centration according to the equation: y=0.0051e0.0239k, R2=0.9417
(Fig. 6).
Discussion

The dinocyst associations in both cores are dominated by the
heterotrophic S-cysts Brigantedinium spp. and S. antarctica; autotro-
phic R-cysts I. sphaericum and N. labyrinthus are present but less
abundant. Our dinocyst assemblages are, therefore, reminiscent of
late Quaternary and recent assemblages from the northern part of
the SO (Esper and Zonneveld, 2002, 2007), and of the southerly
subunit of dinocyst associations north of 60°S described by
Harland et al. (1998) for core-top samples from the Scotia Sea
and the Falkland Trough. Sediment trap studies from the Scotia
Sea also indicated associations dominated by Brigantedinium spp.
and S. antarctica with a minor component of autotrophic dinocysts
(Harland and Pudsey, 1999). The dominance of heterotrophic spe-
cies in the assemblage is in agreement with the cores locations
both at (705) and to the south (703) of the PF, since heterotrophic
dinoflagellates are known to feed predominantly on diatoms
(Jacobson and Anderson, 1986), and upwelling along the PF is char-
acterised by very high diatom abundances (Zielinski and Gersonde,
1997). Increased heterotrophic dinoflagellate growth was also re-
cently associated with the diatom productivity in the western Cana-
dian Arctic Shelf region (Richerol et al., 2008).

The core 705 spans 170 yr from 1835 to 2004 AD. However, the
lower half of the studied section was deposited over a relatively
long period of 145 yr, in contrast with the upper half deposited dur-
ing a short period of 25 yr. This upper part comprises the inhomoge-
neous and bioclastic, extremely soft layer of diatomeous mud and is
hypothesised to be relatively rapidly deposited during prolonged pe-
riods of enhanced sedimentation in comparison to the rest of the core
(Sachs, 2008). Indeed, sedimentation rates are generally lower for the
lower half (0.06–0.22 cm/yr) than for the upper half of the core
(0.29–1.56 cm/yr). Such a subdivision of the core is therefore also
reflected in the dinocyst flux pattern, with low fluxes occurring in
the lower part of the core and increased fluxes in the upper part.

The bottom of core 705 (1835–1901 AD) is characterised by very
low fluxes of dinocysts. It is followed by an interval (1901–1950
AD) of higher fluxes of heterotrophic dinocysts and low fluxes of au-
totrophic dinocysts (Fig. 3b). The heterotrophs depend on prey avail-
ability (e.g. diatoms, protists) therefore they are very abundant in
high-productivity areas such as, for example, upwelling regions
(Harland et al., 1998). Additionally S. antarctica is associated with
cold water masses and the proximity of seasonal sea-ice cover
(Marret and de Vernal, 1997; Harland et al., 1999). Increased fluxes
of the heterotrophs could indicate a northerly shift of the PF (Howe
et al., 2002) and, concomitantly, a high-productivity upwelling area.
A displacement of these features would result not only in higher
prey availability, and therefore better conditions for heterotrophic
species growth but also in lower sea-surface temperatures and prox-
imity of the maximum sea-ice limit — exactly the conditions favour-
able for S. antarctica. In the upper part of core 705 (1950–1979 AD),
at the interface between more solid and extremely soft sediment,
the fluxes and percentages of heterotrophic dinocysts decrease
again to their lowest level. This coincides with a sharp peak in per-
centages of autotrophic dinocysts although peaks of similar magni-
tude were not observed for fluxes. In polar domains the autotrophs
N. labyrinthus and I. sphaericum are interpreted as representative of
relatively warmer water masses and permanently ice-free conditions
(McMinn et al., 2001; Howe et al., 2002). This, in contrast to the pre-
vious interval, might suggest a southern shift of the PF and the intro-
duction of higher sea-surface temperatures. This is further supported
by increased percentages of another two species, D. chathamense and
oi.org/10.1016/j.yqres.2012.04.001 Published online by Cambridge University Press
I. aculeatum, that are thought to be associated with relatively warmer
waters (Marret and de Vernal, 1997; McMinn et al., 2001).

Farther up the core (1979–2004 AD) the fluxes of heterotrophic S-
cysts increase again to reach approximately the same values as in the
1901–1950 AD interval (with the exception of samples from 2000
and 2004 AD for which fluxes reached even higher values). This
would indicate a return to a more northerly location of the PF and
the associated high-productivity belt. The prominent feature of this
section is a short-term (1992–1996 AD) shift to S. antarctica-
dominated assemblages that is generally indicative of colder condi-
tions, since this dinocyst is associated with cold water masses and
the proximity of seasonal sea-ice cover (Marret and de Vernal,
1997; Harland et al., 1999). In our core, this interval suggests the
coldest sea-surface conditions within the studied period. This hypoth-
esis is further corroborated by sea-ice concentration data collected by
NOAA (www.cdc.noaa.gov). The sea-ice concentration averaged over
the period 1992–1996 AD shows a northerly shift (by 1°) of the max-
imum sea-ice limit in comparison to times before and after this
period.

However, higher fluxes of heterotrophic S-cysts in the 1901–1950
AD period, as well as lower fluxes in the 1950–1979 AD interval, may
be related not only to changes in palaeoenvironment but also to
species-selective preservation/degradation of these dinocysts under
aerobic conditions as suggested by lower (b2) and higher (>4) kt
values respectively, in comparison to the other samples (3bktb4).
OC degradation, and hence also dinocyst degradation, is assumed to
manifest a first-order dependence on the reactivity of OC and t
(Middelburg, 1989; Canfield, 1994; Hartnett et al., 1998; Sun et al.,
2002; Keil et al., 2004). In core 705 the degradation index kt is rela-
tively constant through time. Samples with assumed t of only a few
years experienced the same degree of degradation as samples ex-
posed to O2 for 25 yr. That would suggest that degradation in this
case depends on factors other than t. Throughout the entire core,
and especially in the upper half, there were high abundances of S-
cysts preserved in the sediment. Hence, the availability of labile OC
does not seem to be the limiting factor for the degradation. However,
in this case O2 is consumed much faster, resulting in oxygen-depleted
conditions in the lower part of the sediments, and thus pointing to
the limiting role of the O2. The calculated constant k for the oxic part
of the core correlates well with pore-water O2 concentrations. This
would suggest a dependence of OC degradation on O2 concentrations.
Recently Zonneveld et al. (2007) found a significant relationship be-
tween dinocyst degradation and bottom-water O2 concentrations. This
supports our observations since pore-water O2 concentrations are de-
pendent, amongst other factors, on the concentration of bottom-water
O2 that diffuses downwards into sediments. Furthermore, Bockelmann
(2007) concluded that dinocyst degradation is dependent on the
bottom-water O2 concentrations until a critical O2 level of ~3 ml/l:
above this level degradation seems to be controlled by the flux of S-
cysts. Due to rapid oxygen depletion in the sediments of core 705, a con-
siderable amount of S-cysts could have been escaped degradation. As
pointed out earlier, the relatively uniform kt index throughout the core
suggest that dinocyst associations in all samples were affected by selec-
tive preservation at the same level and hence their pattern, but not their
absolute numbers, can be interpreted in terms of palaeoenvironmental
changes. The exception may be the few samples with higher or lower
kt values than the average. If samples with these differing kt values are
excluded from the analysis, the whole interval 1901–1979 seems to
havemuchmore stable dinocyst fluxes and indicate stable palaeoceano-
graphic conditions.

Core 703 spans 142 yr from 1862 to 2004 AD. Sedimentation rates
were again lower (0.03–0.05 cm/yr) in the lower half of the core in
comparison to the upper half (0.05–0.13 cm/yr). The dinocyst fluxes
increase towards the top of the core as does TOC; however, percent-
ages of individual dinocyst species behave differently. Percentages
of S-cysts increase upwards while R-cysts percentages decrease

http://www.cdc.noaa.gov
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upwards although their fluxes increase. Such dinocyst trends are
characteristic for assemblages affected by species-selective aerobic
degradation. The decomposition of the S-cysts could cause an in-
crease in the percentages of the R-cysts (e.g. Zonneveld et al., 1997,
2001; Hopkins and McCarthy, 2002; Reichart and Brinkhuis, 2003;
Esper and Zonneveld, 2007; Kodrans-Nsiah et al., 2008). The continu-
ous decrease of the calculated kt index towards the top of the core
supports the hypothesis of selective degradation and hints at much
better dinocyst preservation in the upper part than in the lower
part of the core. We therefore conclude that in this case, the dinocyst
record is the result of species-selective aerobic degradation instead of
changes in primary productivity or in paleoceanographic conditions.

In situ pore-water O2 concentration measurements at the core 703
site indicate oxic conditions throughout the core. Under the assump-
tion of a steady state situation the age of our samples would mirror
the t with the bottom sample being exposed to O2 for 142 yr and
the top samples for only a few years. Thus it is not surprising that
dinocyst preservation should be worse in the lower part than the
upper part of the core. The calculated degradation constant k in-
creases with decreasing twhich supports the statement that degrada-
tion depends on the reactivity of OC. The most reactive OC is
degraded quickly whereas the degradation of less reactive compo-
nents proceeds slowly over a longer time. In our case the most sensi-
tive dinocysts are decomposed within the upper 3 cm of the core
(corresponding to ~30 yr of t), however degradation of the less sensi-
tive dinocysts proceeds over the longer time period at slower rates
which are indicated by lower k values. The k also correlates positively
with measured pore-water O2 concentrations implying that the deg-
radation is dependent not only on the presence/absence of the O2

but also on the O2 concentration. As O2 diffuses from the bottom
water into the sediment it is ultimately consumed by OC degradation.
A certain amount of O2 can oxidise only a limited amount of OC. In
this case an average of 0.03 mol O2 per m2/yr can oxidise up to
0.25 g C per m2/yr (calculated according to Fick's First Law and OC:
O2 ratio 106:138; Froelich et al., 1979; Schulz, 2005). Accordingly,
higher O2 concentrations would cause the degradation of a larger
amount of OC in the same period of time. Less reactive OC and
lower O2 levels would cause a decreasing kwith an increasing t. How-
ever, although O2 is available throughout the whole length of the
core, degradation seems not to change significantly over the lower
7 cm which would imply that although degradation is dependent on
the O2 concentration, here the final limiting factor might be availabil-
ity of the reactive components, as the amount of labile dinocysts in
the lower part of the core nears zero.

Dinocysts are one of the significant constituents of marine OC and,
therefore, their decomposition is based on the same premises as deg-
radation of the entire OC pool. The OC degradation in marine sedi-
ments is widely believed to be a first-order process dependent on
the labile OC concentration and t (Middelburg, 1989; Hedges and
Prahl, 1993; Canfield, 1994; Hartnett et al., 1998; Sun et al., 2002;
Keil et al., 2004). In general, sediments with longer t have lower OC
contents, as well as lower OC burial efficiencies (Hartnett et al.,
1998). This is also true for dinocysts. In core 703, samples with longer
t have experienced more severe degradation, and as a result contain
many fewer dinocysts than samples with shorter t. The samples
from the top of the core contain high numbers of S-cysts and there-
fore are characterised by high kt index values, suggesting rapid degra-
dation where vast amounts of labile components are present.
Sedimentation rate also exerts a strong influence on burial efficiency,
with increased sedimentation rates enhancing preservation of depos-
ited OC (Henrichs and Reeburgh, 1987; Betts and Holland, 1991;
Tromp et al., 1995). We also observed better preservation of dinocysts
in the samples with estimated higher sedimentation rates. Some au-
thors additionally argue that degradation of OC depends on the O2

concentrations in pore waters (Berner, 1980; Rabouille and Gaillard,
1991; Cai and Sayles, 1996), suggesting the same higher-order
rg/10.1016/j.yqres.2012.04.001 Published online by Cambridge University Press
kinetics for decomposition processes. Emerson (1985) showed low
OC burial efficiencies in the presence of high bottom-water O2 con-
centration whereas Hartnett et al. (1998) described the highest burial
efficiencies in regions with undetectable bottom-water O2. Higher-
order kinetics for dinocyst degradation processes have already been
hypothesised by Zonneveld et al. (2007). This hypothesis is supported
by dinocysts recorded from core 705 where dinocyst degradation in
samples with long t and availability of labile OC (S-cysts) proceeds
with generally equal rates to the samples with shorter t because of
decreasing pore-water O2 concentrations with increasing depth. The
OC pool consists of labile and refractory components mixed together
which are selectively aerobically decomposed. Dinocysts associations
are, in turn, composed of sensitive and resistant species and degraded
in a similarly selective way. Dinocyst decomposition shows a depen-
dence on the amount of labile components (S-cysts), t and pore- and
bottom-water O2 concentrations. If we assume higher-order kinetics
for the OC degradation process we may use then dinocyst taphonomy
as a model for studies on decomposition of the entire OC pool.

Conclusion

Both cores are characterised by low dinocyst fluxes that, at least
partially, may be the result of selective degradation of heterotrophic
S-cysts. Our results indicate that early diagenesis may significantly in-
fluence the primary fossil signal and, as in the case of core 703, pre-
vent the recognition of palaeoenvironmental changes. In such cases
dinocyst-based methods for palaeoenvironmental reconstructions,
for example transfer functions, should be used with caution.

The relationship between calculated k values and pore-water O2

concentrations suggests that the degradation of OC is dependent on
the bottom- and pore-water O2 concentration as well as on the labile
OC fraction and t. The O2 concentration seems to be a more important
limiting factor for diagenetic processes at lower O2 concentrations,
whereas at higher O2 levels the availability of reactive OC is crucial.

Recognition of the selective degradation may lead to differentia-
tion between primary and overprinted signals, and hence may enable
the accurate palaeoenvironmental interpretation of fossil records as
demonstrated for core 705.
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