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Abstract Many arctic landscapes are rich in lakes that store large quantities of organic carbon in their
sediments. While there are indications of highly efficient carbon burial in high-latitude lakes, the magnitude
and efficiency of carbon burial in arctic lake sediments, and thus their potential as carbon sinks, has not been
studied systematically. We therefore investigated the burial efficiency of organic carbon (OC), defined as the
ratio between OC burial and OC deposition onto the sediment, in seven contrasting lakes in western Greenland
representing different arctic lake types. We found that the OC burial efficiency was generally low in spite of
the differences between lake types (mean 22%, range 11–32%), and comparable to lakes in other climates with
similar organic matter source and oxygen exposure time. Accordingly, post-depositional degradation of
sediment organic matter was evident in the organic matter C:N ratio, δ13C and δ15N values during the initial
~50 years after deposition, and proceeds simultaneously with long-term changes in, e.g., productivity and
climate. Pore water profiles of dissolvedmethane suggest that post-depositional degradationmay continue for
several centuries in these lakes, at very low rates. Our results demonstrate that the regulation of the
sediment OC burial efficiency is no different in arctic lakes than in other lakes, implying that the efficiency
of the carbon sink in lake sediments depends similarly on environmental conditions irrespective of latitude.

1. Introduction

Evidence has accumulated during the last decade that lakes play an important role in the continental carbon
cycle [Battin et al., 2009; Cole et al., 2007]. Lakes are important sources of the greenhouse gases CO2 and CH4

to the atmosphere [Bastviken et al., 2011; Cole et al., 1994], to a degree that may affect the carbon balance
of entire catchments [Algesten et al., 2004; Buffam et al., 2011; Richey et al., 2002]. At the same time, however,
lakes also store organic carbon in their sediments, thereby acting as a carbon sink. It has been estimated
that cumulative annual organic carbon (OC) burial all lake sediments globally is about half of the OC burial in
the entire ocean, thus implying high and efficient OC burial in lakes [Dean and Gorham, 1998]. This high OC
burial efficiency (i.e., the ratio between OC buried in the sediment and the OC deposited onto the sediment)
in lake sediments has been attributed to the generally large share of comparatively recalcitrant terrestrial
OC derived from soils, and the relatively short oxygen exposure time in lake sediments [Sobek et al., 2009].

The fate of OC in arctic soils is a subject of great concern as permafrost thaw may release substantial
quantities of potentially degradable OC to surface waters, resulting in increased CO2 and CH4 emission
[Schuur et al., 2008]. The fate of OC in the sediments of arctic lakes has received much less attention, even
though in lake-rich arctic landscapes, the OC stock in lake sediments is comparable to that in soils [Anderson
et al., 2009]. There are indications that the efficiency of OC burial in lakes increases with latitude [Alin and
Johnson, 2007], implying that arctic lake sediments may be highly efficient OC sinks. Also, the strong
temperature dependence of OC mineralization in lake sediments [Gudasz et al., 2010] implies that the
generally low water temperatures in arctic lakes may hamper OC mineralization in sediments, and thus
promote OC burial. On the other hand, comparatively high sediment mineralization rates have previously
been reported in arctic lakes [Ramlal et al., 1994], and a comparison of the OC burial efficiency in lake
sediments did not find any trend across latitude, even if arctic lakes weremissing from that study [Sobek et al.,
2009]. Instead, OC source and oxygen exposure time were found to be important regulators of the OC burial
efficiency in lake sediments independent of latitude [Sobek et al., 2009]. The environmental conditions in the
Arctic are changing rapidly, and the effects on changing limnological status, in-lake productivity, and
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terrestrial sediment delivery may be pronounced [Smol, 2012]. As long as systematic studies of the OC burial
efficiency in arctic lake sediments are lacking, the carbon sink function of lake sediment in the context of
arctic climate change is entirely speculative. In addition, it is uncertain in how far post-depositional OC
degradation in arctic lake sediments may affect bulk organic matter characteristics, and thereby their use as
palaeoindicators of recent environmental change in the Arctic.

Here we present a study of the OC burial efficiency (OC BE) in the sediments of seven contrasting arctic lakes
in western Greenland. We hypothesized that the OC burial efficiency in arctic lakes is not different from that
of lakes situated in other climate zones. We based this hypothesis on (a) the absence of a latitude effect on
the OC BE of different lake sediments [Sobek et al., 2009], (b) the similarity of reported sediment OC
mineralization rates of arctic lakes with those of non-arctic lakes [Ramlal et al., 1994], and (c) the similarity of
regulating factors of OC BE in both marine and freshwater sediments [Burdige, 2007; Sobek et al., 2009],
suggesting rather a general pattern than regional anomalies.

2. Materials and Methods
2.1. Study Area

The Kangerlussuaq region is the largest ice-free area of Greenland, extending about 150 km from the Greenland
ice sheet to the coast (Figure S1 in supporting information). The climate is low-arctic continental, with an annual
average temperature of �6°C and a precipitation of ~150mmyr�1 (Kangerlussuaq airport meteorological
station). Evaporation exceeds precipitation during the summer months, resulting in the presence of closed-
basin oligosaline lakes, as well as poorly developed vegetation and organic soils. The dominant vegetation is
dwarf shrub tundra, characterized by the presence of Betula nana, Salix spp., and various Ericaceae.

We studied seven lakes in August 2008, which were chosen to cover a range of different arctic lake types
(Table 1 and Figure S1). All lakes are of glacial origin and have an approximate age of 8–5.5 kyr [Anderson et al.,
2009]. Four of the lakes (SS1, SS2, SS4, and SS8) are situated in the Kellyville area (altitude ~175masl) about
15 km west of Kangerlussuaq airport (Figure S1). Three of the lakes in the Kellyville area (SS2, SS4, and SS8)
have no visible outflow during summer and lose water mainly via evaporation and hence are characterized
by relatively high conductivity (range, 0.32–2.6mS cm�1) and total organic carbon (TOC) concentration
(range, 27–58mg L�1; Table 1). In particular, lake SS4 (also called Braya sø) can be classified as oligosaline and
meromictic [D’Andrea et al., 2011]. In spite of the high TOC content, the result of evapoconcentration, the
water is clear due to photobleaching (i.e., the cleavage of colored organic structures by sunlight) [Anderson
and Stedmon, 2007]. The fourth lake in the Kellyville area, SS1, has a visible outlet in summer and is a
freshwater lake (conductivity 0.092mS cm�1). The TOC concentration is high for an arctic freshwater lake
(13.9mg L�1), and the brownish color of the lake water indicates the presence of terrestrial TOC derived from
organic soil layers. Further, lake SS1 is the only lake with a human settlement (the Sondrestrom Incoherent
Scatter Research Facility) in its catchment, such that local human effects on this lake cannot be excluded.

The remaining three lakes (SS901, SS902, and SS903) are situated close to the inland ice margin, about 20 km
east of Kangerlussuaq airport, and only 1–3 km from the Greenland ice sheet (Figure S1). Due to higher
altitude (average ~370masl) and the proximity to the ice sheet, both air and surface water temperatures
tend to be lower. Hence, evaporation is low, and the lakes are dilute (conductivity, 0.083–0.176mS cm�1; TOC
concentration, 0.1–12.9mg L�1; Table 1). These lakes do not receive inflowing water from the nearby ice
sheet. Bottom water temperatures are probably rather related to each individual lake’s bathymetry and size
than to the location within the study region (Table 1).

Table 1. Characteristics of Lakes in the Present Study

Lake Coordinates Lake Area (ha) Conductivity (mS cm�1) pH TOC (mg L�1)

SS1 66.9819°N 50.5297°W 36 0.092 8.48 13.9
SS2 66.9954°N 50.9691°W 37 0.35 8.75 26.6
SS4 66.9883°N 51.0401°W 73 2.75 8.87 57.6
SS8 67.0146°N 51.0753°W 15 0.32 9.13 36.7
SS901 67.1362°N 50.1999°W 490 0.083 7.80 0.1
SS902 66.1303°N 50.2339°W 12 0.100 8.17 12.9
SS903 67.1303°N 50.1678°W 36 0.176 8.55 5.0
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In total, the selected lakes cover different arctic lake types, including properties such as temperature, size,
depth, water balance, and oxygenation, all of which may affect organic matter processing in either the water
or the sediment, or both. Hence, the selected coring sites are likely to cover most of the range in sediment OC
burial efficiencies to be expected in arctic lakes.

2.2. Sampling

From each lake, we retrieved six sediment cores from deep parts of the lakes using a HTH gravity corer
[Renberg and Hansson, 2008]. All six cores were taken at the same site in each lake. Lake SS901 is a relatively
large and deep lake (>40m), so we cored at 22m on a shelf in its southern bay for technical reasons. One core
was sliced directly after sampling at the lake shore for dating and elemental analysis. Three cores were
sampled immediately after retrieval for later dissolved CH4 pore water analysis, as described below. The two
remaining cores were used for measurement of oxygen microprofiles, as described below.

Water column profiles of temperature, conductivity, dissolved oxygen, and pH were recorded using a YSI
6600 V2 datasonde at the time of sampling. Water samples were collected at 1m depth at each coring site,
stored in acid-rinsed PP vials, acidified with 0.5mL 2M HCl, and analyzed for TOC concentration using a
Shimadzu TOC-5000 carbon analyzer (precision ±2%).

2.3. Pore Water Analyses

Profiles of oxygen concentration in the sediment pore water were measured in open, undisturbed sediment
cores using oxygen micro-optodes (tip size <50μm; PreSens) mounted on a computer-controlled
micromanipulator (Newport), which moved the micro-optodes vertically in step sizes of 0.1 or 0.2mm.
Profiles of the Kellyville lakes (SS1–SS8) were measured in the laboratory in Kangerlussuaq, while profiles of
the ice margin lakes (SS901–SS903) were measured in a tent camp close to these lakes. Measurement
commenced 1–4 h after retrieving the cores, and during this time, the cores were kept cool and dark; hence,
bottomwater oxygen concentrations in the core were probably similar to in situ conditions. In each core, two
to three spatially separated oxygen profiles were recorded to cover cm-scale horizontal variability in O2

microprofiles. The oxygen sensors were calibrated using water-saturated air and an oxygen-free solution
(1:1 mixture of 0.1mol L�1 sodium ascorbate and 0.1mol L�1 NaOH). Analytical precision was ±0.5%.
The oxygen penetration depth was calculated as the difference in distance between the sediment-water
interface, defined from the shape and the standard deviations of the oxygen profile [Archer et al., 1989],
and the depth of onset of anoxia.

Samples for the measurement of dissolved CH4 in sediment pore water were taken using a core liner with
side-ports (1 cm distance between ports). From each core, eight samples were taken, covering between 0 and
15 cm sediment depth. From each layer, 2mL sediment were extracted through a side-port using a plastic
syringe with a cut-off tip and transferred to a 25mL glass vial pre-filled with 4mL 2.5% NaOH. The vial was
sealed immediately using a gas-tight butyl-rubber stopper and an aluminum crimp seal, shaken, and then
stored upside down until analysis. Quantification of CH4 was accomplished by injecting 500μL of equilibrated
headspace from the glass vials into a Carlo Erba HRGC 5160 gas chromatograph equipped with a J&W GSQ
column (30m×0.53mm) and a flame ionization detector (FID). Known amounts of standard gas (Scotty,
Supelco) were injected in quadruplicate and served for quantification. Analytical precision was ±5%.

2.4. Sediment Analyses

Sediment was sliced into 0.5 cm thick slices over the top 10 cm, and at 1 cm intervals for the rest of the core.
Water content of the sediment was measured by weighing samples both wet and after freeze drying. The
contents and isotope composition of nitrogen and carbon were determined simultaneously using a
ThermoFisher Flash-EA 1112 coupled with a Conflo IV interface to a ThermoFisher Delta V isotope ratio mass
spectrometer (IRMS). Samples are combusted in the presence of O2 in an oxidation column at 1030°C.
Combustion gases are passed through a reduction column (650°C), and produced N2 and CO2 gases are
separated chromatographically and transferred to the IRMS via an open split for on-line isotope
measurements. Isotope ratios are reported in the conventional-notation with respect to atmospheric N2 (AIR)
and V-PDB (Vienna Pee Dee Belemnite) standards, respectively. The methods were calibrated with IAEA-N1
(δ15N = 0.45), IAEA-N2 (δ15N=+20.41) and IAEA N3 (δ15N=+4.72) reference materials for nitrogen, and
NBS22 (δ13C =�30.03) and IAEA CH-6 (δ13C =�10.46) for carbon. Reproducibility of the measurements is
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better than 0.2‰ for both nitrogen and carbon. Prior to analysis, the sediment samples were treated with
10% HCl and rinsed with deionized water to remove carbonates [Schubert and Nielsen, 2000].

Sedimentation rates were determined for one undisturbed core in each lake, which was sliced in 5mm thick
layers by vertical extrusion directly after core retrieval. The extrusion device contains a threaded rod, such
that vertical sampling resolution is well defined and about ±1mm. Wet weights were determined the same
day, and dry weights after freeze-drying of the sediment samples. Dry bulk densities were calculated from dry
weights and wet sediment volume. Depth profiles of 210Pb and 137Cs were analyzed by gamma spectrometry
using germanium detectors (Canberra). Dry mass deposition rates were obtained from a constant rate of
supply (CRS) modeling of the unsupported 210Pb [Appleby and Oldfield, 1978]. The resulting chronologies are
shown in the auxiliary material. For calculation of OC burial (see below), the 210Pb chronologies were not
extrapolated to older (>150 years) sediment layers; however, in order to illustrate that dissolved CH4
increases with sediment age (Figure 3), indicative ages >150 years were extrapolated using the
sedimentation rate of the oldest 210Pb-dated layer.

2.5. Calculations

The OC mass accumulation rate was calculated for each 210Pb-dated layer by multiplying dry mass
accumulation rates with the OC content. OC burial was then calculated as the mean OC mass accumulation
rate of dated layers between 25 and 150 years in age, i.e., young layers (<25 years) were excluded due to
indications of incomplete diagenesis (see Results and Discussion sections) and assuming that the reactivity of
more than 25 year old OC is quantitatively negligible [Middelburg et al., 1993].

OC mineralization was calculated from pore water profiles of oxygen and methane. Oxygen microprofiles
were analyzed using the PROFILE software [Berg et al., 1998] in order to derive depth-integrated estimates of
O2 consumption that do not rely on diffusive boundary layer thickness, which is highly variable over time
depending on turbulence conditions. PROFILE was used in conjunction with the temperature-dependent
diffusion coefficient of O2 in water [Broecker and Peng, 1974], which was adjusted for sediment tortuosity by
multiplication with squared porosity [Ullman and Aller, 1982]. Oxygen consumption was converted to CO2

production by the sediment by using a respiratory quotient of 0.9 [Granéli, 1979]. As this respiratory quotient
is derived from simultaneous observations of O2 consumption and CO2 production in sediment cores, it
incorporates CO2 production via anaerobic respiration pathways. Methane diffusive flux from the sediment
could not be calculated using PROFILE because of the relatively coarse cm-scale sampling resolution. Instead,
it was calculated based on the quasi-linear methane concentration gradient across the topmost 1–2 cm of
sediment (see Figure 3 for examples) using Fick’s first law of diffusion and the temperate-adjusted diffusion
coefficient of CH4 in water [Broecker and Peng, 1974]. We assumed that the observed concentration gradient
in the top 1–2 cm of sediment extends across the diffusive boundary layer, and the diffusion coefficient of
CH4 was therefore not corrected for tortuosity. This way, both O2 and CH4 diffusive flux estimates are
independent of the temporally high dynamic diffusive boundary layer. The quasi-linear decrease of CH4

concentrations over the top few cm of sediment is probably induced by both CH4 diffusion and oxidation at
the oxic-anoxic boundary. As CH4 diffusion fluxes from the sediment to the bottom water were calculated
over these quasi-linear gradients, they include the effect of oxidation. Similarly, it should be noted that the
observed CH4 concentrations also at deeper sediment layers are the result of net CH4 production, i.e., of the
balance between methanogenesis and anaerobic CH4 oxidation. Total OC mineralization was then calculated
as the sum of CO2 and CH4 flux from the sediment to the water column. However, this value would reflect
summer conditions only. In order to account for presumably lower OC mineralization rates during ice cover,
we used the reported strong temperature dependence of lake sediment OC mineralization [Gudasz et al.,
2010] to calculate winter mineralization rates (i.e., at 4.5°C). Annual average OC mineralization was then
calculated by applying the measured summer rates for 3 or 4months (for the ice margin and the Kellyville
lakes, respectively), and the estimated winter rates for the rest of the year. Oxygen exposure time was
calculated by dividing the measured mean oxygen penetration depth by the mean sedimentation rate,
excluding layers <25 years old.

The organic carbon burial efficiency (OC BE) was calculated as the ratio between OC burial and OC gross
sedimentation. Gross sedimentation was calculated as the sum of OC burial and OC mineralization. As an
alternative way to determine OC BE, we estimated OC gross sedimentation from sediment trap data available
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for two of the lakes (SS4 and SS8). In both lakes, sediment traps were deployed about 1.5m above the
sediment surface in the deepest part of lake, i.e., at the coring sites. In SS4, tube traps were deployed during
3months in 2003, and for 1 year in 2008–2009; for the 2003 deployment, an annual sedimentation value
was estimated by multiplying with 1.6, a value derived from rotational sediment traps that were deployed in
two nearby lakes 2001–2003. For SS8, tube traps were deployed during one year in 2008–2009. All sediment
trap data were corrected for mineralization of trapped organic matter during the long time until recovery
(3months to 1 year) by applying the measured sediment mineralization rates to the trap material. As the
reactivity of OC decreases exponentially with its age, OC mineralization rates of trapped material are probably
higher than of sediment, implying that our correction for mineralization of trapped OC is probably too low.
This returns a probably too low estimate of OC deposition onto the sediment and a probably too high estimate
of OC BE and means that our conclusion of low OC BE in the studied lakes (see discussion) is conservative.

This study aims to investigate the OC burial efficiency of low-arctic lakes based on sediment cores sampled in
a variety of different depositional settings. The variable degrees of sediment focusing in the different lake
basins contribute to the variability in depositional settings (e.g., by modulating he magnitude of OC supply
to the sediment), and therefore OC burial was not corrected for sediment focusing. However, this implies
that OC burial and burial efficiency values reported here are representative for the particular coring sites, not
for the entire basin of each respective lake.

3. Results
3.1. Sediment Characteristics

Sediment profiles show a decrease in OC concentration from the sediment surface down to about 10 cm depth
(Figure S2 in supporting information). While OC concentrations in the ice margin lakes (SS901–SS903) remain at
low level throughout the deeper core layers, the Kellyville lakes (SS1–SS8) display an increase in %OC from
about 10 cm depth and downward, leading to characteristic OC profiles with a concentration minimum at
intermediate core depth (Figure S2). Similar to the OC profiles, the C:N ratio initially increased in all cores
(Figure S2), but in the intermediate and deeper core sections, C:N remained relatively stable with no consistent
pattern of variability apparent. The average OC concentration in the sediment cores varied between 1.8 and
8.9%, and the average C:N ratio ranged between 10.9 and 13.5 (Table 2). Oxygen penetration depths ranged on
average between 2.2 and 6.7mm, excluding the permanently anoxic lake SS4 (Table 2).

3.2. OC Burial, Mineralization, and Burial Efficiency

Chronologies of sediment age and accumulation rates, as derived from depth profiles of 210Pb and constant
rate of supply modeling, are shown in Figure S3 in supporting information. Sedimentation rates were variable
but generally low in all lakes, ranging from 0.27 to 1.2mmyr�1, with the highest value in lake SS1 (Table 3).
As a consequence, rates of OC burial were found to be low and similar in most lakes (range, 3.1 to
5.9 g Cm�2 yr�1) with the exception of SS1 (13.4 g Cm�2 yr�1; Table 3). Rates of OC mineralization were more
variable between lakes and ranged between 5.5 and 46 g Cm�2 yr�1, again with the highest value in SS1.
In sites overlain with oxygenated bottom water, CH4 diffusion was on average only 9% of the total OC
mineralization, indicating a strong effect of aerobic OC mineralization in surficial sediment layers on OCmass
loss. These rates of burial and mineralization returned OC burial efficiencies between 11 and 46%, with most
lakes having similarly low burial efficiencies (11–22%), and the oxygen-deficient lakes SS4 and SS8 having

Table 2. Bottom Water and Sediment Characteristics of Lakes in the Present Studya

Lake
Depth
(m)

Bottom
Water T (°C)

Bottom Water
O2 (mgL�1)

Mean
% OC

Mean
C:N

O2 Penetration
Depth (mm)

SS1 6 13.1 7.7 8.9 11.5 2.4 ± 0.4
SS2 12 7.4 2.6 6.4 11.4 2.6 ± 0.4
SS4 24 3.4 0 6.1 11.8 0
SS8 9 6.2 0.5 6.7 12.2 2.2 ± 0.4
SS901 22 5.3 8.1 1.8 10.9 4.7 ± 1.3
SS902 14 7.7 3.1 4.0 11.9 2.6 ± 0.6
SS903 26 7.0 9.5 3.7 11.0 6.7 ± 0.7

aOxygen penetration depth is given as the mean± 95% confidence interval.
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clearly higher OC burial efficiencies (44 and 46%, respectively; Table 3). If instead calculating OC BE for lakes
SS4 and SS8 from sediment trap-derived OC deposition fluxes of 13.4 and 18.9 g Cm�2 yr�1, respectively
(see Methods), OC BE was clearly lower (32% and 31%, respectively).

3.3. Isotopic Signatures

All cores showed a downcore trend of increasing 13C-enrichment over the top 5–10 cm (Figure S2). Generally,
the δ13C over the entire profiles seemed to be coupled to the OC concentration in all cores, most frequently
with high OC concentration being associated with comparatively light δ13C. However, this pattern was not
consistent across profiles and lakes. In the topmost sediment layer, the δ13C signature varied between
�30.0‰ and �26.1 ‰ between lakes, indicating variable sources of organic carbon. In most lakes, a shift in
δ15N over depth could be observed; however, the direction of this shift was not consistent between lakes
(Figure S2). The δ15N in the most surficial sediment layer varied between 0.63 and 3.4‰.

3.4. Temporal Variability in OC Mass Accumulation Rates

In order to determine how OC accumulation is connected to organic matter composition, we compared
OC mass accumulation rates, δ13C and δ15N, and the C:N ratio with the age of individual sediment layers
(<150 years old, as determined by the 210Pb dating). We found that the OC mass accumulation rates
frequently, but not always, decreased with age (Figure 1), and that they seemed to correlate with δ13C,
mostly negatively, but sometimes also positively (e.g., in SS1; Figure 1). In most lakes, the δ13C of organic
matter generally became progressively enriched with age, but in SS1, initial depletion in δ13C could be
observed during the first 20 years, followed by more enriched δ13C in layers older than 20 years. The C:N
ratio displayed a general increase with age in all lakes, and was overall negatively related to OC
accumulation, while the δ15N signature did not show a coherent pattern between lakes. In SS1 and SS4,
the δ15N increased over the last 30–50 years, while other cores showed a depletion in δ15N over the same
period (SS2, SS8, SS901, and SS903), or no discernible pattern (SS902). Accordingly, any relationship
between δ15N and OC accumulation rate was not apparent.

4. Discussion
4.1. Magnitude and Regulation of the OC Burial Efficiency

This study shows that both the magnitude and regulation of OC BE in arctic lakes is comparable to that of
lakes situated in other climatic zones, thereby supporting our initial hypothesis. Rates of OC burial were
comparatively low in the studied arctic lakes; however, OC mineralization rates were not unusually low
[Sobek et al., 2009]. The resulting OC BE of the studied lakes was on average 25% and ranged between 11 and
46% (Table 3), which are typical values for lake sediments [Sobek et al., 2009]. In addition, the OC BE in the
studied arctic lakes seems to be regulated similarly as in other lakes, when comparing to the OC BE reported
from 27 very different lake sediments in different climate zones [Sobek et al., 2009]. If plotted against
oxygen exposure time (Figure 2), the OC BE of the arctic lakes group closely around the regression line
reported for lake sediments receiving predominantly autochthonous organic matter input [Sobek et al., 2009],
in accordance with autochthonous production by benthic algae very likely being the main source of

Table 3. Sedimentation Rates, Oxygen Exposure Times, Organic Carbon (OC) Burial, OC Mineralization, and OC Burial
Efficiency of the Studied Lake Sedimentsa

Lake
Sedimentation Rate

(mmyr�1)
Oxygen Exposure

Time (years)
OC Burial

(g Cm�2 yr�1)
OC Mineralization
(g Cm�2 yr�1)

OC Burial
Efficiency (%)

SS1 1.2 ± 0.32 2.0 ± 0.3 13.4 ± 5.9 46.2 ± 6.0 22 ± 10
SS2 0.27 ± 0.10 9.8 ± 0.4 3.06± 0.56 17.5 ± 5.9 15 ± 6
SS4 0.39 ± 0.10 0 4.33± 1.21 5.54 ± 0.67 44± 13
SS8 0.50 ± 0.02 4.4 ± 0.2 5.88± 2.76 6.82 ± 1.50 46± 24
SS901 0.38 ± 0.01 12.5 ± 0.3 4.30± 1.48 33.4 ± 3.1 11 ± 4
SS902 0.45 ± 0.02 5.8 ± 0.2 4.55± 1.19 19.8 ± 1.9 19 ± 5
SS903 0.62 ± 0.04 10.9 ± 0.1 5.93± 1.06 22.6 ± 1.9 21 ± 4

aThe estimates of OC mineralization in SS4 and SS8 are probably too low, resulting in too high estimates of OC burial
efficiency in these lakes (see Discussion). Numbers are given as the mean± 95% confidence interval.
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organic matter in these lakes (see discussion below). Hence, even though our study encompasses very
different arctic lake types, ranging from meromictic, anoxic, and oligosaline systems (SS4) to very dilute and
fully oxygenated systems (SS901), we found that they were very similar to other lakes in other climates with
respect to both the magnitude and regulation of OC BE. This result is in contrast to the previous observation
that the OC BE of large lakes increased with latitude [Alin and Johnson, 2007]. We suggest that this
discrepancy can be explained by the different definitions of burial efficiency, as Alin and Johnson [2007]
calculated the ratio between OC burial and phytoplankton primary production, while we refer to the burial
efficiency as the sediment carbon budget, i.e., the ratio between OC burial in the sediment and OC delivery to
the sediment. Hence, in contrast to our study, the values reported by Alin and Johnson [2007] include the
degradation of particles during sinking and exclude the deposition of land-derived particles onto the
sediment. Possibly, the positive relationship between OC BE and latitude reported by Alin and Johnson [2007;
their Figure 3A] could be related to their high-latitude lakes being situated in forested catchments in northern
Europe and America, where concentrations of terrestrial organic carbon frequently are high [Sobek et al.,
2007], and therefore substantial sedimentation of land-derived OC can be expected.

Figure 1. Mass accumulation rates of organic carbon (organic carbon (OC) MAR, g Cm�2 yr�1; filled circles), the C:N
ratio (filled triangles), δ13C (‰; open circles), and δ15N (‰; open triangles) plotted against the age of individual sediment
layers, as derived from the 210Pb chronology of each lake, (a) SS1, (b) SS2, (c) SS4), (d) SS8, (e) SS901), (f) SS902, and (g) SS903.
Lakes a–d are situated in the Kellyville area west of Kangerlussuaq, and lakes e–f are located close to the ice margin
east of Kangerlussuaq.
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There are different ways to calculate the OC BE of
sediments. The estimates of OC BE presented here are
calculated as the ratio of two numbers (burial and
deposition, the latter being calculated as the sum of
burial and mineralization), each affected by
measurement errors. Consequently, the propagated
uncertainties in OC BE as illustrated by the 95%
confidence intervals are relatively large (Table 3 and
Figure 4). As an alternative way to determine OC BE, we
calculated deposition from sediment trap data
available for two of the lakes (SS4 and SS8; see
Methods). The resulting OC BE for SS4 and SS8 were
32% and 31%, respectively (white triangles in Figure 2),
smaller than the average mineralization-derived OC BE
in SS4 and SS8, but within the lower limit of the
mineralization-derived confidence intervals (44 ± 13%
and 46 ± 24%, respectively; Table 3). In meromictic,
permanently anoxic lake SS4, our mineralization
estimate is entirely based on methane diffusion and
does not include other anoxic pathways such sulfate

reduction, which probably is significant in this oligosaline lake (sulfate concentration in bottomwater ~1mM;
N.J. Anderson, unpublished data), thereby resulting in a too high mineralization-derived OC BE estimate.
Likewise, dissolved oxygen in the bottom water of SS8 was very low at the time of sampling (0.5mg L�1;
Table 2), resulting in a very low estimate of aerobic mineralization [Rasmussen and Jorgensen, 1992] and to an
underestimate of anaerobic pathways, both resulting in an overestimation of OC BE. In conclusion, the
trap-derived OC BE estimates seemmore reliable for the two oxygen-deficient lakes SS4 and SS8, rendering a
mean OC BE of 22% (range 11–32%) for all lakes, and corroborating our finding of generally low OC BE in
the studied lakes.

As our sampling campaign took place during summer, we needed to assume winter conditions in order to
estimate annual OC mineralization rates. We used the reported temperature sensitivity of OC mineralization
in lake sediments [Gudasz et al., 2010] in conjunction with an assumed bottom water temperature during

Figure 2. OC burial efficiency against oxygen exposure
time of all studied lakes (filled circles). Open triangles
show the burial efficiency of lakes SS4 and SS8 if alter-
natively calculated from sediment trap data (see text).
The lines show the regressions for sediments receiving
predominantly aquatic organic matter (solid line) and
terrestrial organic matter (dashed line), according to
Sobek et al. [2009].

Figure 3. Examples of CH4 concentration profiles in the sediment pore water of each studied lake, plotted against
210Pb-ages. Ages >150 years are only indicative ages, based on extrapolation of the oldest 210Pb-derived sediment
accumulation rate to deeper layers. The profiles cover the top ~10 cm of sediment, apart from SS4 (top 20 cm of sediment).
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winter of 4.5°C. However, some arctic lakes will
experience lower temperatures during winter,
particularly if they are shallow. We therefore re-ran
calculations assuming a winter temperature of 1°C
and found that the resulting winter OC
mineralization rates were on average 16% lower as
compared to estimated winter mineralization at
4.5°C. However, this small change in OC
mineralization translates into a very small change of
only 2–3% units in the calculated OC BEs, which is
well within the reported 95% confidence intervals
(Table 3). We conclude that assuming different
winter temperatures only had minor effect on the
calculated mineralization rates and OC BEs. It
should further be noted that the summer values
reported here are derived from only one sampling
occasion and therefore do not incorporate any
variability in OC mineralization during the ice-free

season. However, the summer OC mineralization accounted on average only for 35% of the total annual
OC mineralization owing to the short arctic summer. Hence, any variability of OC mineralization rates
during summer will add to the overall uncertainty in annual OC mineralization estimates, yet to a relatively
limited extent.

4.2. Implications for Bulk Organic Matter Characteristics

Arctic lake sediments are widely used for reconstructions of past environmental conditions, ecology and
climate [Smol, 2012]. However, downcore changes of organic matter quantity and characteristics always
reflect both historical changes in the lakes and their catchments, and post-depositional sediment diagenesis.
While quantitatively significant effects of diagenesis on OC mass accumulation rates are probably limited to
the upper, i.e., younger, sediment layers [Middelburg et al., 1993], qualitative changes in bulk organic matter
characteristics also occur over longer time scales [Meyers and Ishiwatari, 1993]. In most lakes, we could
observe a decrease in OC mass accumulation rate during the initial 25–50 years after deposition (Figures 1a,
1c, 1d, and 1g), consistent with OC mass loss due to mineralization during early diagenesis. Furthermore, all
cores displayed an increase in the C:N ratio during the initial 25–50 year period (Figure 1), consistent with
preferential loss of N during degradation [Galman et al., 2008]. Also, the δ13C became gradually more
enriched during the same period in all but two lakes (Figure 1), consistent with preferential consumption of
12C during microbial degradation of sediment OC [Galman et al., 2009]. However, it should be noted that the
δ13C data were not corrected for the Suess effect, which may, if all assumptions are met [Verburg, 2007],
explain some of the observed patterns.

On the other hand, these downcore trends can also be interpreted to be the result of recent increases in the
productivity of arctic lakes, which have been attributed to climate warming [Michelutti et al., 2005; Smol et al.,
2005]. In case enhanced aquatic production has resulted in an elevated delivery of organic matter to the
sediment, the OC BE presented here may be affected by a temporal mismatch caused by the comparison of
present-day mineralization (which may be enhanced by recently increased sediment delivery) with past
burial (which may have been lower in the past than it is now). We therefore re-calculated OC BE using carbon
mass accumulation rates from the youngest 10–15 years of sediment only, which frequently expose highest
accumulation rates (Figure 1), assuming that this material is buried. This assumption neglects post-
depositional degradation of layers younger than 10–15 years and thus gives maximum weight to the
potential effect of recent productivity increases to estimates of OC BE. This exercise (using trap data for lakes
SS4 and SS8, see above) results in an increased OC BE for 5 lakes (SS1: 49% instead of 24%; SS2: 28% instead of
15; SS4: 60% instead of 33%; SS8: 42% instead of 31%; SS903: 33% instead of 21%), but no change in OC BE in
2 lakes (SS901: 12% instead of 11%; SS902: 18% instead of 19%). Hence, even if assuming that recent
productivity increases had a major effect on carbon mass accumulation, and that carbon mass accumulation
rates of layers younger than 10–15 years will be unaffected by degradation, the calculated average OC BE for

Figure 4. The δ15N signature of surficial sediment (top
5mm, roughly corresponding to the oxygenated sediment
layer) plotted against oxygen exposure time. Excluding
meromictic lake SS4 (white circle), linear regression gives
y=�0.056 + 0.27× x, R2 = 0.92, p< 0.001 (solid line).
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all lakes was still low (35%). This corroborates our conclusion that overall burial efficiency in these lake
sediments was low and indicates that post-depositional degradation is significant.

Our study adds to the understanding of arctic lake sediments by reporting a generally low OC BE (mean 22%)
across arctic lake types, implying that independent of historical changes in the lakes and their catchments,
organic matter degradation will have a strong effect on organic matter characteristics in arctic lake
sediments. In addition to the low OC BE, we observed dissolved methane concentrations to increase down to
5–10 cm depth in all cores, indicating the presence of anaerobic OC degradation in sediment >100 years of
age (Figure 3). Only at an age of >100 years, methane concentrations ceased to increase in some cores
(SS902, SS903; Figure 3b), indicating that the net production of methane has halted; in most cores, methane
concentrations continued to rise down to about 200–300 years of indicative age (Figure 3). Hence, post-
depositional degradation not only results in an OC mass loss on the order of 70–90% (Table 3), it also
proceeds over time scales ranging up to 100–300 years (Figure 3), even if rates of degradation in layers older
than 25 years will be very low. Accordingly, the mean OC burial rates reported in this study are very similar to
those rates reported by Anderson et al. [2009] as Holocene averages, suggesting that long-term decay is
minimal in terms of OC quantity. It therefore seems justified to conclude that the observed trends in bulk
organic matter characteristics over at least the first 25–50 years after deposition are strongly influenced by
post-depositional degradation. The diagenetic imprint is, however, overlain by climatic changes [Anderson
et al., 2012], in-lake conditions (e.g., in meromictic SS4), and in case of SS1 (the only lake with permanent
human presence in its catchment), possibly also by local human effects. While palaeolimnological studies
often assume that post-depositional degradation leaves only a minor imprint in sediment organic matter
parameters such as OC content and accumulation, C:N ratio, δ13C or δ15N [Meyers and Ishiwatari, 1993;Meyers
and Teranes, 2001], our findings indicate that trends in organic matter characteristics in sediments younger
than ~50 years are likely to be affected by post-depositional degradation, in accordance with other recent
studies [Galman et al., 2009, 2008].

The downcore δ15N profiles were highly variable, and over the last 100 years, enrichment (SS1 and SS4),
depletion (SS2, SS901, and SS903), and no systematic change (SS8, SS902) could all be observed (Figure 1).
Hence, a consistent imprint of progressing diagenesis could not be discerned in the δ15N signature. It has
been shown that 15N is enriched if degradation occurs at oxic conditions, but depleted during diagenesis
in anoxic sediments [Galman et al., 2009; Lehmann et al., 2002; Zonneveld et al., 2010]. Accordingly, we
observed a positive relationship between δ15N of the uppermost 5mm of sediment (which roughly
corresponds to the depth of oxygen penetration) and oxygen exposure time (Figure 4), potentially indicating
that 15N becomes increasingly enriched with progressing aerobic degradation. An exception to this trend
was the meromictic, anoxic, and oligosaline lake SS4, where nitrate depletion in the bottom water may result
in elevated δ15N [Teranes and Bernasconi, 2000]. Possibly, the relatively long oxygen exposure times (Table 2)
in combination with prolonged anoxic degradation (Figure 3) result in counteracting shifts of δ15N, such
that the δ15N reflects the relative importance of oxic vs. anoxic degradation rather than the overall extent of
degradation. Interestingly, the lack of a consistent trend toward more enriched δ15N with sediment depth is
also in contrast to a recent study by Holtgrieve et al. [2011], who found a consistently increasing δ15N with
age in the sediments of 25 remote northern lakes, which was attributed to increasing atmospheric reactive N
deposition. In SW Greenland, this trend has previously only been observed at one coastal lake [Reuss et al.,
2013]. Apparently, processes within the lake and its catchment can alter the sedimentary δ15N profile and
may mask the imprint of atmospheric N deposition in the sediment record.

4.3. Organic Matter Sources

Sediments almost always receive organic matter input from different sources. In our study lakes, the C:N ratio
and the δ13C indicate that the organic matter probably originates mostly from in-lake primary production
by benthic algae, in accordance with earlier findings of benthic production dominance over phytoplankton in
clear and oligotrophic arctic lakes [Vadeboncoeur et al., 2003]. The C:N ratio of surficial sediment was between
9.6 and 12.2 (Figure S2), which are typical values for periphytic algae growing at nutrient-limited conditions
[Fink et al., 2006; Hillebrand and Sommer, 1999], and not between 6 and 8, as would be the case for
phytoplankton. Likewise, the surficial sediment δ13C signature ranged between �29 and �26‰, and was
thereby more similar to reported values of periphyton (�30 to �24‰) than of phytoplankton (�38 to
�31‰) [France, 1995; Syvaranta et al., 2006]. The observed C:N ratio and δ13C values may also be indicative of
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a terrestrial organic matter source, but such an interpretation is precluded by the cold and dry climate
resulting in poorly developed soils and very limited catchment runoff [Anderson and Stedmon, 2007]. Only in
lake SS1, which in contrast to the other lakes has a visible inflow stream, the C:N ratio and the δ13C may to a
certain degree reflect a terrestrial organic matter source. If so, the comparatively low OC BE in spite of
terrestrial OC input may be related to the relatively high temperature in this shallow lake stimulating higher
mineralization (Tables 2 and 3) [Gudasz et al., 2010]. For more detailed discussion on the effects of organic
matter source, sedimentation and mineralization rates on lake sediment OC BE, see Sobek et al. [2009].

4.5. Implications in the Context of Arctic Climate Change

The finding that arctic lakes do not seem to behave differently compared to lakes in other climates, neither in
terms of magnitude nor regulation of OC BE (Table 3 and Figure 2), bears important implications in the
context of arctic climate change. First, it means that the carbon sink in lake sediments is similarly sensitive to
environmental change in the Arctic as in other climates. Changes in temperature regimes will affect
stratification patterns, probably resulting in an increased OC mineralization and diminished OC burial in
sediments situated above the thermocline [Gudasz et al., 2010]. On the other hand, stronger stratification
induced by surface water heatingmay lead to lower oxygen concentration in bottomwaters and thus shorter
oxygen exposure times, implying reduced mineralization and higher OC BE [Sobek et al., 2009]. Changes in
organic matter delivery from the catchment or from internal production will have a positive effect on the OC
BE [Sobek et al., 2009]. Since the projected temperature increase is higher in the Arctic than in any other
region [Intergovernmental Panel on Climate Change, 2013], the most pronounced effect of climate change on
the lake sediment carbon sink can be expected in the numerous lakes of the Arctic.

Another implication concerns the fate of carbon released from thawing permafrost. In case permafrost
thaw results in erosion of particulate organic carbon (POC), e.g., at stream banks, this POC will to a large
degree end up in freshwater sediments, where it may either be degraded to CO2 and CH4, or buried. Our
study adds to the understanding of the fate of permafrost-released old carbon by showing that the
regulation of OC BE in arctic lake sediments is not different from lakes in other climates (Figure 2). Since the
reported average OC BE for lake sediments receiving predominantly land-derived OC was 65% [Sobek et al.,
2009], it is likely that the primary fate of permafrost-eroded POC deposited onto arctic lake sediments is
burial. This interpretation is in line with studies showing that old soil POC eroding in high-latitude catchments
is preferentially buried in recipient marine sediment [Karlsson et al., 2011; Vonk et al., 2010].

5. Conclusions

This study shows that the burial efficiency of OC in a variety of different arctic lake types was low and
followed similar regulatory patterns as lakes situated in other climate zones. The generally low OC burial
efficiency in conjunction with evidence of very slow post-depositional degradation occurring over time
scales of up to a few centuries implies that interpretations of trends in bulk organic matter characteristics in
sediment younger than ~50 years should incorporate post-depositional degradation. As the regulation of OC
burial efficiency seems to be no different in arctic lakes as compared to other lakes, the potential effects of
climate change on the lake sediment carbon sink can be scaled from environmental parameters across
latitudes. Further, the documented high burial efficiency of terrestrial POC in lake sediments [Sobek et al.,
2009] suggests that POC released by erosion of thawing permafrost and deposited on lake bottoms may to a
large extent be buried there.
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