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ABSTRACT: A comprehensive investigation of carbon and nutrient cycling in Arctic marine sediments 
is presented. The high-Arctic fjord Young Sound In Northeast Greenland was chosen as study site. The 
fjord was covered by sea ice for approximately 10 mo during 1996. Despite hlghly fluctuating seasonal 
air temperatures, the bottom water temperature remained almost constant at  -1.2 to -1.8"C throughout 
the year. When sea ice broke in mid-July, benthic mineralization was immediately stimulated by a sig- 
nificant peak in sedimentation of organic material. Due to rapid mineralization of the easily degradable 
fraction of the settling organic material, respirat~on rates returned to their basic lower level within 1 mo 
and remained low for the rest of the season. Benthic mineral~zation rates in the Young Sound sediment 
are comparable with rates from much warmer locations, suggesting that benthic minerahzation in this 
high-Arctic coastal sediment was regulated by the availability of organic matter and not by tempera- 
ture. Rate measurements covered oxygen respiration, denitrification, manganese, iron, and sulfate 
reduction as well as DIC and nutrient flux from the sediment. In response to enhanced mineralization 
following sea ice break-up, sediment water fluxes of 02, DIC, NO3- + NO,-, NH,+, urea, and Si 
increased and rapidly recycled nutrients to the water column, indicating an efficient benthic-pelagic 
coupling in Young Sound. Sediment porewater concentrations of O2 were affected by the input of 
organ~c matter, leading to higher O2 consumption rates near the sediment surface during summer. In 
contrast, no seasonal alterations In concentration profiles of DIC, NH,', NO; + NO2-, Mn2+, Fe" and 
SO4'- were observed Furthermore, depth distributions of e--acceptors (02, NO3-, Fe(II1) and SO4'-) and 
reduction rate measurements supported the classical orderly progression from 0, respiration to NO,- 
reduction followed by bacterial iron reduction and finally sulfate reduction. On an annual scale, O2 res- 
piration accounted for 38% of total oxidation of organic carbon, denitrification, 4%;  iron reduction, 
25 "/I,; and sulfate reduction, 33 %. Rates of carbon oxidation by manganese reduction were insignificant 
( < l  96) and the fraction of refractory carbon buried was approximately equal to the amount of carbon 
being mineralized in Young Sound. 
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INTRODUCTION late organic matter originating from primary produc- 
tion is strongly influenced by large seasonal variations 

The waters north of the Arctic Polar Circle are char- in ins6lation. Furthermore, the presence or absence of 
acterized by a strong contrast between summer and sea ice is an  important factor controlling the availabil- 
winter. In these high latitudes the amount of particu- ity of light for primary producers. Under complete ice 

cover, sedimentation is very low, whereas maximum 
'E-mail: sr@dmu.dk sedimentation is found at the sea ice margin when sea 
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ice breaks during the short summer thaw (Atkinson & 
Wacasey 1987, Hebbeln & Wefer 1991) Thus, in Arctic 
areas seasonal variations In sea ice cover limit the sed- 
imentation to the short summer penod, and the input of 
organic matter to the sediment surface is often charac- 
terized by a strong pulse following the spring bloom in 
the water column 

Observations from temperate coastal manne areas 
w ~ t h  large seasonal vanation in bottom water tempera- 
ture have revealed that low temperatures tend to 
decrease microbial activity (Pomeroy & Deibel 1986, 
Shiah 1994, Thamdiup et  a1 1998), leading to the sug- 
gestion that microbial community respiration in gen- 
eral is low In cold waters (Pomeroy & Deibel 1986) 
However, recent investigations have pointed out that 
both the effic~ency and rates of benthic mineralization 
in permanently cold sediments (Nedwell et a1 1993, 
Rysgaard et a1 1996, Glud et a1 1998) can be as high as 
those obtained in temperate and tropical sediments 
(Pamatmat 1973, Rasmussen & J ~ r g e n s e n  1992, Tahey 
et  a1 1994, Thamdrup et a1 1996) 

Experimental studies have shown that increased 
additions of organic matter enhance bacterial activity 
(Kelly & Nixon 1984, Caffrey et a1 1993) However, In 
temperate areas lt is often difficult to separate the 
effect of increased organic sedimentation from a simul- 
taneous In sltu temperature increase Furthermore the 
timing of organic matter input to the sediment follow- 
ing a bloom is difficult to predict, which creates the 
need for a long and intensive sampling period How- 

ever, Arctic manne ecosystems with extended sea ice 
cover may be ideal for such In sltu sedimentation 
expenments because bottom water tempeiatures do 
not change over the seasons and the spring bloom 
associated with the ice break-up can be predicted 
w ~ t h i n  a margin of few days (Wadhams 1981) 

The main focus of this paper is to quantify seasonal 
benthic mineralization within a high-Arctic marine 
ecosystem wlth permanently cold bottom cvater 
(<-l C)  and thereby increase our knowledge of ben- 
thlc bacterial activity at low temperatures We desclibe 
how where, and when settling organic matter is 
degraded by microbes within the sediment dunng a 
10 mo penod of sea ice cover followed by an increased 
input of organic matter to the sediment during the 2 mo 
summer thaw We also discuss the relative importance 
of 02, NOs-, Mn, Fe and Soh2- as e--acceptors in the 
oxidation of orgaruc matter within the sediment of an  
Arctic fjord 

Since oxidation of organic matter in sediments 
results in release of dissolved inorganic carbon (DIC) 
and nutrients (N,  P, Si) which eventually become avail- 
able to primary producers, the study also includes a 
d~scussion of annual sediment-water fluxes Further- 
more, the fraction of organlc matter that is not oxidized 
within the sediment but becomes burled and pre- 
served will be addressed Finally, we construct an  
annual carbon budget, covenng sedimentation miner- 
alization, and burial at this 36 m location in Young 
Sound Northeast Greenland 

A P. Olsen Land 

Depth (m) 

- -50 Station A 

Fig 1 Location of sampllng statlon In Young Sound near Daneborg, Northt ast Greenland Water depth 36 m (ZERO = Zacken- 
bery Ecological Research Oprratlons) 
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MATERIAL AND METHODS 

Study site. The investigation was carried out in the 
Young Sound fjord in Northeast Greenland, at a loca- 
tion off Daneborg, 25 km SSE of the Zackenberg Eco- 
logical Research Station, ZERO (Fig. 1). Intensive sam- 
pling took place from June through August 1996 and 
during February 1997 at a water depth of 36 m at 
74" 18.58'N, 20" 15.04'W (Stn A). 

Young Sound was covered by sea ice for approxi- 
mately 10 mo in the period 1996-1997 and,  despite air 
temperatures above 0°C during summer, the bottom 
water temperature at the sampling station remained 
<-1°C (Fig. 2).  The hydrographic conditions of the 
Sound are described in further detail in Rysgaard et al. 
(1999). In short, a stable pycnocline at 15 m depth was 
maintained by a large melt water input from land and 
sea ice, and from the tidally stimulated inflow of cold, 
highly saline polar water from the East Greenland Cur- 
rent. The water column structure caused the pelagic 
primary production to peak relatively deep in the 
water column (-15 m) due to nutrient limitation in sur- 
face waters (Rysgaard et  al. 1999). 

Sediment and water sampling. During February, 
June,  and July sampling of bottom water and sediment 
took place through a hole in the sea ice using a tripod 
mounted with a 5 1 Niskin water sampler or a sediment 
sampler (modified Kajak sampler). During ~ce-f ree  
conditions in August, the equipment was handled froin 
a boat. Sediment was cored in 30 X 5.3 cm Plexiglas 
tubes that sampled 22 cm2 of the sea bottom. Only 
undisturbed sediment cores with clear overlying water 
were used. In total, 9 sampling campaigns were car- 
ried out to describe the annual variation of sediment 
mineralization. 

All sediment cores were immediately placed in an  
insulated box and brought back to the laboratory 
within 1 to 2 h.  In the laboratory, a small Teflon-coated 
magnet (0.5 x 3 cm) was placed 5 cm above the sedi- 
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Fig. 2. Air temperature, bottom water temperature, and sea 
ice thickness at the sampling station during the investigation 

period 

ment surface and the core was submerged into a tank 
with in situ bottom water and kept in darkness at  in 
s i tu  temperature and air saturation. Mixing of the 
water column was provided by rotating (60 rpm) the 
Teflon-coated magnets. All cores were pre-incubated 
for 1 d before further processing to minimize distur- 
bances from coring and transport. 

Sediment characteristics, sedimentation and burial. 
Porosity was calculated In 1 cm fractions of 4 sediment 
cores from density and water content measured as 
weight loss after drying at  105OC for 24 h. 

Organic carbon and nitrogen content was deter- 
mined on 4 replicate sediment cores sliced into 3 to 
10 mm fractions and frozen for later analysis. Prior to 
analysis each fraction was treated with HC1, freeze 
dried, homogenized and weighed into sample boats. 
Analyses were performed on a C/N elemental analyzer 
(RoboPrep-C/N, Europa Scientific, UK). 

Two measurements of sedimentation rate were 
made during the study; one during. sea ice cover in 
June and one during the open-water period in late 
July. Sediment traps were placed in duplicates at  7, 
14, 18, 27 and 35 m above the sediment surface for 7 
d. The traps (Plexiglas tubes, 45 cm long with a n  i.d. 
of 8 cm) were suspended to remain vertical and in 
pairs perpendicular to the current. The trapped mate- 
rial was filtered through pre-combusted and weighed 
Whatman GF/F glass-fiber filters and frozen for later 
analysis. The filters were dried, weighed and com- 
busted on the elemental analyzer in line with a mass 
spectrometer (TracerMass, Europa Scientific) in order 
to measure the carbon and nitrogen content of the 
settling material. 

Sediment burial rate was determined from a core 
sectioned into 0.5 to 1 cm fractions down to 12 cm and 
frozen for later 210Pb and '37Cs analysis. The sediment 
fractions were freeze dried and homogenized prior to 
analysis. The non-destructive technique described by 
Joshi (1987) was used for analyzing 2'0Pb and 137Cs in 
the sediment sections. Sediment burial was calculated 
according to Christensen (1982). The carbon and nitro- 
gen burial rates were calculated from the 210Pb data, 
density, dry weight and average carbon and nitrogen 
content below 10 cm. 

Sediment porewater chemistry. On each sampling 
occasion, 6 to 10 vertical concentration profiles of O2 
were measured with a Clark-type O2 microelectrode 
(Revsbech 1989) at 200 pm intervals in 3 sediment 
cores. Measurements were performed at  in situ tem- 
perature with a n  overlying water column of 2 cm aer- 
ated by a flow of atmospheric air to ensure sufficient 
stirring while measuring. 

On 1 sampling occasion, 4 vertical concentration pro- 
files of NO3- + NO2- were measured on 4 sediment 
cores with the newly developed NO3- microsensor 
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(Larsen et al. 1997). These profiles were measured after 
24 h of pre-incubation at 3"C, which was the lowest 
temperature allowing successful operation of the sen- 
sor. All measurements were made at 1 mm intervals. 

Porewater extractions for measurement of vertical 
concentration profiles of NH,'. DIC, Fe2+, Mn2+, H2S, 
and SO4'- were performed with a pneumatic squeezer 
(modified after Reeburgh 1967). For NH4+ and DIC, 3 
replicate cores were used. The cores were sectioned in 
3 to 10 mm slices and porewater was extracted through 
Whatman GF/F glass-fiber filters using a pressure of 
3 to 5 bar. The porewater samples for NH4+ determina- 
tion were immediately frozen (-18°C) in 5 m1 plastic 
vials. Porewater for DIC determination was sampled 
into 1.8 m1 glass vials capped with butyl rubber septa, 
leaving no headspace, and preserved with 50 1.11 HgC12 
(5 O/o W/V) until later analysis. Sectioning and squeezing 
for Mn2+, Fe2+. H2S and took place in an NZ-filled 
glove bag to avoid oxidation of the compounds. Two 
cores were used for sampling for each of these para- 
meters. Porewater was pressed through 0.45 pm cellu- 
lose acetate filters, and acidified with HCl to pH 2 
(Mn2+ and Fe2+) or fixed with Zn acetate (H2S and 
SO4'-; 0.5 % final conc.) and frozen until later analysis. 

Concentrations of NH,+ and DIC were measured on 
100 p1 samples using the small-volume flow injection 
technique described by Hall & Aller (1992). Dissolved 
Fe2+ in porewater samples was determined by col- 
orimetry with a Ferrozine solution without reducing 
agent (Stookey 1970). Dissolved MnZ+ was analyzed by 
flame atomic absorption spectroscopy. Sulfate was 
determined by non-suppressed anion chromatogra- 
phy, and H,S was quantified by the methylene-blue 
technique (Cline 1969). 

Sediment solid-phase chemistry. The depth distrib- 
utions of manganese, iron, and sulfur species were de- 
termined on sediment collected in mid-July. For man- 
ganese and iron, samples of the sediment used in the 
bag incubations (see below) were collected and frozen 
under N, immediately after secti0nin.g. Manganese 
was extracted with dithionite-citrate-acetic acid (DCA, 
pH 4.8; Lord 1980) while iron phases were quantified 
with a combination of acidic ammonium oxalate ex- 
tractions of fresh and dried sediment (Thamdrup & 

Canfield 1996). This procedure separately measures 
poorly crystalline Fe(II1) and particulate Fe(I1) from 
phases such as FeS and FeC03, but not from pyrite. 

Extracts of 10 m1 were used with approximately 
150 mg wet or 50 mg dry sediment. Extraction times 
were 1 h for DCA and 4 h for oxalate extractions (Can- 
field et al. 1993a, Thamdrup et al. 1994). Total 
extractable iron and Fe(I1) were determined with Fer- 
rozine (Thamdrup & Canfield 1996). Manganese was 
determined in the DCA extracts by flame atomic 
absorption spectroscopy. 

Reduced sulfur was measured in preserved sediment 
from the sulfate reduction measurements (see below). 
Three cores were analyzed. Acid-volatile sulfide 
(AVS = FeS + H2S) and chromium-reducible sulfur 
(CRS = FeS2 + So) were determined after a 2-step distil- 
lation with cold 2 N HC1 and boiling 0.5 M Cr2+ solu- 
tion, respectively (Fossing & Jsrgensen 1989). 

Sediment-water fluxes. Exchange of O,, DIC, NO,- + 
NO2-, NH,', urea, P043', and Si between the water col- 
umn and sediment was measured on 6 intact equili- 
brated cores 24 h after sampling. The sediment height 
was adjusted to give sediment and water columns of 
-12 and -20 cm, respectively. As in the pre-incubation 
period, the water column was continuously stirred dur- 
ing the flux-rate experiments. The sediment cores 
were incubated in darkness at in situ temperature. 

Flux measurements were initiated by closing the 
cores with a floating lid (5.2 cm in diameter). 
To prevent gas exchange between water and the ambi- 
ent atmosphere the lids were carefully removed only 
when water samples were collected. During incuba- 
tion (24 to 48 h) changes in 0' concentration in the 
water column never exceeded 20% of the initial O2 
concentration and water samples were collected 4 to 
5 times within that period in order to verify a linear 
change in concentration over time. 

The water samples were analyzed for O2 concentra- 
tion by Winkler titration within 12 h of sampling, and 
filtered (Whatman GF/F glass-fiber) water samples 
were immediately frozen (-18") for later nutrient analy- 
sis. Water samples for DIC concentration determination 
were preserved in glass vials (Exetainer@, Labco, High 
Wycombe, UK) with 50 p1 HgCl2 (5 % w/v). DIC concen- 
trations were measured on a CO2 analyzer (Coulometer 
CM5012, UIC Inc., Joliet, IL, USA). Concentrations of 
NO3- + NO2- were determined on a flow injection ana- 
lyzer (Alpkem FS3000, Perstorp Analytical Environ- 
mental Inc., Oregon, USA) using the method described 
by Grasshoff et al. (1983). Ammonium concentrations 
were determined using the method of Bower & Holm- 
Hansen (1980). Urea concentrations were analyzed us- 
lng the diacetylmonoxime method as described by 
Price & Harrison (1987). Phosphate and Si concentra- 
tions were determined by standard colonmetric meth- 
ods as described by Grasshoff et al. (1983). 

Sediment denitrification rates. The rate of denitrifi- 
cation was determined using the isotope pairing tech- 
nique (Nielsen 1992) as described by Risgaard- 
Petersen & Rysgaard (1995) and Rysgaard et al. (1995). 
In short, I 5 ~ O 3 -  was added to the overlying water 
(30 to 50 pM final conc.) to initiate incubation and 
cores were closed with rubber stoppers leaving no 
headspace. A total of 6 sediment cores were incubated 
and the sediment cores were processed at different 
time intervals during the 24 to 48 h incubation period.. 
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After incubation, subsamples of the water column and 
sediment were collected for analysis of the 15N 
labelling of N2 and NO3-. The samples for the "N 
abundance in NO3- were frozen (-18°C) until later 
analysis and samples for "N-N2 analysis were pre- 
served in glass vials (Exetainer", Ltibco) containing 
2 % (vol) of a ZnC12 solution (50% w/v). 

The abundance and concentration of l4NI5N and 
I5Nl5N were analysed on a gas chromatograph cou- 
pled to a triple-collector isotopic ratio mass spectrome- 
ter (RoboPrep-G' in line with TracerMass, Europa Sci- 
entific) as described by Risgaard-Petersen & Rysgaard 
(1995). The "N isotopic distribution in the NO3- pool 
was likewise analyzed by mass spectrometry after 
reduction of NO3- to NZ using a denitrifying bacterial 
culture (Risgaard-Petersen et al. 1993). 

Sulfate reduction rates. Sulfate reduction rates were 
determined in intact sediment cores by the 35S042- 
tracer method (Jsrgensen 1978). Two or three cores of 
26 mm i.d. were injected with 5 p1 portions of carrier- 
free 35S0,2- (80 kBq p1-'; Ris0 Isotope Laboratory, Den- 
mark) at 1 cm intervals through silicone-sealed ports 
from the sediment surface and down to 15 cm depth, 
and the cores were incubated at in situ temperature in 
the dark. After 24 h, the cores were sliced into 1 cm 
sections which were transferred imillediately to plastic 
centrifuge tubes containing 10 m1 20% ZnAc, mixed, 
and stored frozen (-18'C) until analysis. The concen- 
tration of was determined in each sediment frac- 
tion by unsuppressed anion chromatography using a 
Waters 510 HPLC pump, Waters WISP 712 autosam- 
pler (100 p1 injection volume), Waters IC-Pak anion 
exchange column (50 X 4.6 mm), and a Waters 430 con- 
ductivity detector. Rates of sulfate reduction were 
measured and calculated as described in Fossing & 
Jargensen (1989). 

Total carbon and nitrogen mineralization rates. The 
depth distribution of carbon and nitrogen mineraliza- 
tion rates and pathways was determined in July- 
August 1996. Sediment from the upper 10 cm of 16 
cores (352 cm2 in totalj was incubated as described by 
Canfield et al. (1993a) in Wurgler bags, i.e. gas-tight 
laminated plastic bags (Hansen 1992, Kruse 1993). 
Within 4 h of retrieval, the cores were sectioned into 
eight depth intervals in an N,-filled glove bag. Parallel 
intervals from different sediment cores were mixed in 
the incubation bags which were subsequently closed 
to eliminate any headspace and incubated for 15 d in a 
larger NZ-filled bag at in situ temperature. To minimize 
heating during handling in the glove bag at room tem- 
perature (-8°C) the sediment was kept on ice. Porewa- 
ter was obtained on 5 subsequent occasions by pneu- 
matic squeezing of subsamples from the bags through 
0.45 pm cellulose-acetate filters in the N2-filled glove 
bag. Samples for DIC were analyzed immediately 

while those for NH4' were frozen. Analytical tech- 
niques were the same as described above. Total 
organic carbon and nitrogen mineralization rates were 
calculated from the linear increase in DIC and NH4+ 
concentrations over time. 

Pathways of carbon mineralization. The contribu- 
tions of manganese, iron, and sulfate reduction to car- 
bon mineralization rates were determined from the 
bag incubations according to Thamdrup & Canfield 
(1996). In short, sulfate reduction rates in the bags 
were determined twice during the experiment from 
24 h 35S0," tracer incubations using the same tech- 
nique and analysis as described above. Assuming a 
reaction stoichiometry of Sod2-  to organic C of 1:2 (i.e. 
SO4'- + 2CH20 + 2H+ + 2C02 + H2S + 2H20),  the sul- 
fate-independent carbon oxidation was calculated by 
subtraction of sulfate-dependent carbon oxidation 
from total carbon oxidation (DIC accumulation) rates. 
In the sediment from below the 02/N03--containing 
surface layer, the excess carbon oxidation (i.e. carbon 
oxidation not caused by sulfate reduction) was 
assigned to bacterial reduction of either iron or man- 
ganese based on the depth distribution of oxidized and 
reduced iron and manganese in the solid phase (see 
above), and on the accumulation rates of Mn2' and Fe2+ 
in the porewater during the incubation. Porewater con- 
centrations of Mn2+ and Fe2+ from the incubations were 
determined as described above. 

RESULTS 

Sedimentation 

The sediment traps collected the same amount of set- 
tling material at all depths and, therefore, resuspension 
was not evident (data not shown). Thus, sedimentation 
rates were calculated as the mean of the 5 depths. The 
rate of sedimentation during ice cover in June was 1.6 g 
dw m-2 d-l. When sea ice broke in late July, the sedi- 
mentation rate increased to 2.5 g dw m-2 d-' (Table 1). 
The rates correspond to a sedimentation of organic car- 
bon and nitrogen of 17.3 and 1.4 mm01 m-2 d-', respec- 
tively, during sea ice cover and 32.8 and 3.4 mm01 m-' 
d-' during the open-water period in late July. Standard 
error of the mean sedimentation rates was < l 2  %. 

Solid-phase and porewater chemistry 

The sea floor at the sampling station consisted of silty 
and cohesive/clayey sediment with a relatively high 
content of dropstones (diameter > 1 cm, 12.8 v01 %) in 
the upper 10 cm (r 2.5 SE, n=10; sampled area 10 X 

0.04 m2). The porosity gradually decreased from 0.78 
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Table 1. Annual rates of sedimentation, bunal, fluxes and pro- 
cesses from the 36 m station in Young Sound, NE Greenland 

Sedimentation 
+ sea ice, mid June (g dw m-2 d-') 1.6 
- sea ice, late July (g dw m-Z d-') 2.5 
Total annual C and N fluxd 4405 carbon: 
(mm01 m-' yr-') 401 nitrogen 

Burial 
Sediment growth rate (cm yr-l) 0.23 
Sediment C and N burial 2110 carbon: 
(mm01 m-2 yr.') 205 nitrogen 

Fluxes (mmol m-2 yr-l) 
O2 consumption 2350 
COz production 2295 
NO3- production 30 
NH,' production 33 
Urea-N production 10 
Pod3-  production 13 
Si production 443 

Processes (mmol m-2 yr") 
Denitrification 7 1 
Manganese reduction 0 
Iron reduction 2264 
Sulfate reduction 385 

dCalculated as the sum of the annual DIC and DIN fluxes 
(mineralization) and C and N burial 

in the surface sediment to 0.62 in 4 cm depth, below 
which it remained constant (Fig. 3). The organic C con- 
tent within the sediment varied little with season and 
was almost constant with depth (1.3 wt %) in the upper 
15 cm. Also, the molar ratio of C:N was constant (-10) 
over the same depth interval (Fig. 3). 

Except for oxygen concentration profiles, porewater 
concentrations of all components measured varied lit- 
tle with season. An example of porewater concentra- 
tion profiles of 02, DIC, NH,', NO3- + NOz-, Mn2+, and 
Fe2+ within the sediment from July 21 is presented in 
Fig. 4 .  The O2 concentration in the overlying water col- 
umn was always close to atmospheric saturation. 
Nitrate was measurable down to 1.5 cm with a subsur- 
face maximum of 13 yM at 0.5 cm depth. The DIC con- 
centration increased from 2 :! mM m the overlying 
water to 3.1 mM at 12 cm depth. The NH4+ concentra- 
tion within the sediment increased from a few pM in 
the water column to approximately 60 pM at 12 cm 
depth. The concentrations of Mn2+ and Fe2+ increased 
from the surface sediment layer to 25 and 280 pM at 7 
and 9 cm depth, respectively. The concentration of 
SO,'- was 28 mM in the overlying water and no gradi- 
ent was detected in the porewater of the upper 15 cm 
of the sediment (data not shown). Free H2S was never 
detected in the porewater (detection limit 1 PM). 

Manganese oxides were indicated as a small enrich- 
ment of extractable manganese near the surface with a 

Porosity 
0.50 0.75 1 .OO 

0 5 10 15 

Organic carbon (W%), 

C/N (mole/mole) 

Fig. 3. Depth distribution of porosity, organic carbon (C,,,), 
and C:N ratios in the Young Sound sediment. Error bars rep- 

resent standard error, n = 4 

maximum concentration of about twice the stable 
background level obtained deeper in the sediment 
(Fig. 4). Subtraction of the background to yield the re- 
active manganese pool (Aller 1980) showed that reac- 
tive manganese was depleted at 2 cm depth. The 
depth-integrated reactive manganese pool was 14 
mm01 m-2. Oxalate extractable Fe(II1) concentrations 
were about 2 orders of magnitude higher those of man- 
ganese and decreased with depth, although a large 
amount persisted at 8 to 10 cm (Fig. 4). In parallel to the 
decrease in Fe(III), which indicated that Fe(II1) remain- 
ing at this depth was of low activity, the particulate 
Fe(I1) content increased with depth and leveled off at 
8 to 10 cm (Fig. 4 ) .  Note that decreases in solid. compo- 
nents with depth appear less pronounced than in- 
creases when concentrations are plotted per cm3, due 
to concomitant changes in porosity. Thus, the total ex- 
tractable iron, Fe(I1) + Fe(III), content per g dry weight 
did not change with depth. Subtraction of this back- 
ground concentration as for manganese (cf. Tharndrup 
et al. 1994) demonstrated a reactive Fe(II1) pool that 
decreased in concentration from 45  pm01 cm-3 at the 
surface and was not depleted untll 8 cm depth. The in- 
tegrated reactive Fe(II1) pool was 1.9 m01 m-2, i.e. 
>loo-fold greater than that of reactive manganese. 

Most reduced sulfw was found in the chromium 
reducible pool of FeS2 and So which increased over the 
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FeS, + So (~mol l c rn~)  FeS (pmollcm3) Fe(ll) (Clmol/cm3) Fe(lll) (vrnollcrn3) Mn(lll) (pmollcm3) 

O 

5 4 .  
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15 

Fig 4 Porewater concentration profiles of 02, DIC, NH4+, NO3- + NO2', Mn2' and Fe2+, as   ell as  the depth distributions of man- 
ganese, iron, and sulfur solid species in the sediment of July Error bars represent standard error, n = 3 
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entire depth interval and was -10-fold larger than FeS 
(Fig. 4). Comparison with pools of Fe(II1) and Fe(I1) 
showed that a relatively small fraction of the reactive 
iron was incorporated into FeS2 and that FeS con- 
tributed insignificantly to particulate Fe(I1). 

Sediment-water O2 uptake and nutrient fluxes 
across the interface 

The sediment O2 uptake increased from a constant 
level of 5 mm01 m-' d-' during sea ice cover to 13 mm01 
m-' d-' in response to increased bacterial mineraliza- 

tion of fresh organic material settling to the sediment 
when the sea ice cover broke in July (Fig. 5). A few 
weeks after the sedimentation peak, the sediment O2 
uptake returned to the basic 5 mm01 m-' d-' level due 
to an effective mineralization of the easily degradable 
fraction of the settling organic material. The 0' uptake 
remained approximately 5 mm01 m-* d-' during winter. 
The opposed fluxes of DIC paralleled the 0' fluxes 
(Fig. 5).  The 02:DIC ratio varied with season from 
0.9 to 1.3 with an average of 1.0 for the entire year. 

The seasonal variation in 0' fluxes was reflected in 
the vertical O2 concentration profiles in the sediment 
(Fig. 6). The 0' penetration depth was approximately 
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Fig. 5. Seasonal variation in O2 uptake and DIC release from 
the sediment of Young Sound. Error bars represent standard 
error, n = 6. Oxygen fluxes at the end of May are from 1998 

1 cm at all sampling dates but the shapes of the con- 
centration profiles were different. Oxygen consump- 
tion as a function of depth was calculated using the 

numerical procedure described by Berg et al. (1998) for 
interpretation of O2 concentration profiles (Fig. 6). The 
highest O2 consumption rates were found near the sed- 
iment-water interface in July, where the input of 
organic matter to the sediment was enhanced. 

The seasonal fluxes of NO3- + NO2-, NH4+, urea, 
and Si generally showed an increased efflux 

from the sediment following input of fresh organlc 
material associated with sea ice disappearance (Fig. 7). 
As in the case of O2 and DIC fluxes, a constant lower 
flux was observed during the period with sea ice cover. 
Nitrate uptake by the sediment was observed in June 
and in July when sea ice broke. Integrated annual 
fluxes are summarized in Table 1. 

Sediment denitrification rates 

The rate of denitrification increased from a steady 
lower level of approximately 0.2 mm01 m-2 d-' during 
sea ice cover to approximately 0.6 mm01 m-' d-' fol- 
lowing sea ice break-up (Fig. 8).  The elevated activity, 
however, was restricted to a few weeks after ice break- 
up, after which the activlty returned to the basic level. 
The rate of denitrification was separated into denitrifi- 
cation depending on water column NO3- (D,*) and den- 
itnfication depending on NO3- from nitrification (D,) 
(Nielsen 1992). Denitrification was mainly based on 
NO3- being produced by sedimentary nitrification 
(93% of the total annual denitrification activity, 71 
mm01 N m-', Table 1). 

Oa consumption (nmol d.') 

0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500 
-0.5 

Fig. 6. Seasonal variation in O2 concentration profiles (dots and lines) and consumption rates (bars) within the sediment of Young 
Sound. Error bars as in Fig. 5 
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Fig. 7. Seasonal variation in the flux of nutrients in the sedi- 
ment of Young Sound. Negative values correspond to a sedi- 

ment uptake. Error bars as in Fig. 5 

Sulfate reduction rates 

The highest sulfate reduction activities in intact 
cores were found between 5 and 9 cm depth within the 
sediment (see Fig. 10). The depth-integrated (0 to 
15 cm) sulfate reduction rates were 0.8 to 1.7 mm01 m-2 
d-l with maximum activity occurring immediately after 
ice break-up and a tendency towards higher rates in 
the open-water period than during ice cover (Fig. 9) .  
Sulfate reduction rates were not measured during the 
winter campaign. 

Rates and pathways of carbon mineralization 
(bag incubations) 

Porewater concentrations of DIC and NH4+ increased 
linearly during the first 6 d (4 samplings) in all of the 8 
depth intervals incubated (r2 20.97 for DIC, >0.93 for 
NH,'). In most intervals, the linear increase continued 
through the remaining 9 d of incubation. Between 
1 and 4 cm depth, however, the rates more than dou- 
bled during this time. Because of this sudden increase 
in activity, which was probably due to beginning decay 
of dead organisms, the rates used in this study were 
based on the linear increase during the first 6 d of incu- 
bation (Fig. 10). Standard errors of the rates were ~ 8 %  
for DIC a.nd <20 O/o for NH,'. 

The accumulation rates of DIC and NH4+ were 
roughly parallel at all depths. The rates were highest 
in the surface layer and decreased approximately 
5-fold with depth (8 to 10 cm, Fig. 10). Due to adsorp- 
tion of NH4+ to particles (Rosenfeld 1979) the rate of 
NH,' accumulation in the porewater is an  underesti- 
mate of the true rate of NH,+ production from degrada- 
tion of organic matter. Assunling an adsorption coeffi- 
cient of 1.3 for NH,' (Mackin & Aller 1984), we 
calculated an average C:N mineralization ratio of 7.6 
for the bag incubations. 

In contrast to DIC and NH4+ accumulation rates, sul- 
fate reduction, rates reached a maximum at 4 to 6 cm 
depth (Fig. 10). The zone above this interval was char- 
acterized by peaks in the accumulation rates of Mn2+ 
and Fe2+ in the porewater, indicating active man- 
ganese and iron reduction, although there were no 
sharp depth separations of the processes. To evaluate 
the contributions of manganese, iron and sulfate re- 
duction to anoxic mineralization we followed the pro- 
cedure of Thamdrup & Canfield (1996). The integrated 
DIC production in the anoxic sediment (1 to 10 cm) was 
12.4 mm01 m-' d-l and sulfate reduction in the bags 
was 2.9 mm01 m-' d-l, which with a reaction stoichiom- 
etry of 1 S042- to 2 organic C corresponded to a DIC 
production of 5.8 mm01 m-2 d-l or 47% of the total 
anaerob~c D1C production. The remaining 53 % could 
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Fig. 8. Seasonal variation in benthic denitrification rates in Young 
Sound. Open bars: denitrification based on water column NO3'; 
shaded bars: denitrification based on NO,- from nitrification. Error 

bars as in Fig. 5 
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Fig. 9. Seasonal variation in benthic sulfate reduction rates in 
Young Sound. Error bars represent standard error, n = 3 

be attributed to bacterial manganese and iron reduc- 
tion. Reactive manganese was, however, only detected 
down to 2 cm (Fig. 4 )  and only little Mn2+ accumulated 
below this depth (Fig. 10), whereas reactive Fe(II1) was 
available and Fe2+ accumulated until 8 cm depth. The 

18 % of anoxic carbon oxidation that took place 
at 1 to 2 cm sets an upper limit for the contribu- 
tion of manganese reduction. However, little 
reactive manganese was available below 1 cm, 
and Fe2+ accumulated there concomitant1.y 
with MnZ+. Thus, all manganese reduction be- 
low 1 cm could be coupled to abiotic oxidation 
of ~ e * +  (Postma 1985, Canfield et al. 1993a). 
Based on this analysis, we attribute all the sul- 
fate-independent anoxic carbon oxidation be- 
tween 1 and 10 cm depth to dissimilatory bac- 
terial iron reduction amounting to 53% of the 
anaerobic degradation. The absence of both 
reactive Fe(1II) and of Fe2+ accumulation below 
8 cm depth excluded significant dissimilatory 
iron reduction at greaterer depths. 

Sulfate reduction rates in the bags were 
about 2.5-fold higher than the rates measured in whole 
cores during July, and the bag DIC production was 1.6- 
fold higher than the benthic DIC flux at that time. 
These differences may suggest that the activity in the 
bags was stimulated through sediment homogeniza- 
tion, but we do not expect it to have affected the path- 
ways of carbon oxidation differentially. Based on these 
considerations, we used whole-core sulfate reduction 
rates as the basis for the calculation of the contribution 
of iron and sulfate reduction to the annual carbon bud- 
get (see 'Discussion'). 

Burial of carbon and nitrogen within the sediment 

The unsupported "OPb content decreased exponen- 
tially with depth. However, surface sediment mixing 
caused by bioturbation may be apparent in the upper 
-4 cm (Fig. l l ) .  The concentration of '"CS was highest 

Accumulation and reduction rates (nmol cm" d-l) 

Fig 10 Accumulation rates of DIG, NH,', Mn2+, FeZ-, and sulfate reduction rates In the sediment of Young Sound as determined 
from anoxic bag incubat~ons and from intact sed~rnrnt cores collected at the end of July (see text for further details) 
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Fig. 11. Depth distribution of unsupported 'lOPb and of '''?CS 
in the sediment of Young Sound. Sediment age illustrated by 

a line without data points 

in the upper 6 cm of the sediment and also decreased 
with depth. The sediment burial rate calculated on the 
basis of the profiles was 0.23 cm yr-'. 

DISCUSSION 

Sedimentation of organic material 

The measurements of sedimentation rates made dur- 
ing the summer period in the present study (Table 1) 
are comparable with measurements from coastal areas 
in Arctic Canada (Atkinson & Wacasey 1987) during 
the same time period, but higher than measurements 
from more open waters in the Greenland Sea (Hebbeln 
& Wefer 1991, Bauerfeind et al. 1997). The highest sed- 
imentation rates in the above and present study are 
found during the relatively short and productive open- 
water period during the few summer months where up 
to 65 % of total annual sedimentation may occur 
(Atkinson & Wacasey 1987). 

Benthic O2 uptake and nutrient fluxes 

The sediment 0, uptake rates measured in this study 
(5 to 13 mm01 m-2 d-l) are within the ranges measured 
in other Arctic areas: Svalbard (3  to 16 mm01 m-' d-l, 
Pfannkuche & Thiel 1987, Hulth et al. 1994, Glud et al. 
1998), Bering and Chukchi Seas (4 to 25 mm01 m-2 d-l, 
Grebmeier & McRoy 1989, Henriksen et al. 1993, 
Devol et al. 1997), and off Newfoundland (8 mm01 m-' 
d-', Pomeroy et al. 1991). 

The 0, consumption of the sediment showed a dis- 
tinct seasonal variation. When sea ice broke in July, 
the increases in sediment O2 uptake and DIC fluxes 

were caused by increased bacterial mineralization of 
settling fresh organic material (Fig. 5).  The increased 
bacterial activity following the input of fresh organic 
material was also evident from direct measurements of 
denitrification and, to a lesser extent, sulfate reduction 
activities (Figs. 8 & 9, respectively). Due to rapid min- 
eralization of the easily degradable fraction of settling 
organic material, the sediment O2 uptake and DIC flux 
returned to the previous lower level only a few weeks 
after the sedimentation event and remained constant 
during winter. Subtraction of the mean fluxes mea- 
sured during ice cover in June and February showed 
that the summer peak in activity accounted for 
270 mm01 m-' or 11 % of the total annual oxygen flux 
and a similar fraction of the DIC flux. 

Assuming that organic matter reached the sediment 
in a brief pulse, the exponential decrease in the oxy- 
gen uptake during July and August corresponded to a 
first order decay constant for this labile organic fraction 
of 19 6 yr-l (r2 = 0.90). This value is similar to decay 
constants for fresh phytoplankton determined by 
others at 20 to 22OC (7 to 26 yr-l; compiled by Westrich 
& Berner 1984), which indicates that the initial miner- 
alization of organic matter in this permanently cold 
sediment was highly efficient and exhibited no tem- 
perature inhibition. 

The seasonal variation in O2 uptake rates in Young 
Sound was reflected in the vertical 0' concentration 
profiles within the sediment (Fig. 6). Although no 
major seasonal difference in O2 penetration into the 
sediment was observed, the vertical maximum 0' con- 
sumption rates differed between sampling dates. In 
June, when sea ice covered Young Sound, the maxi- 
mum O2 consumption rate was found at 1 cm depth 
near the oxic-anoxic interface, presumably due to 
reoxidation of reduced products being transported 
upwards to the oxic zone. In July, however, following 
the sea ice break-up and input of organic material to 
the sediment, the maximum O2 consumption rate was 
found in the top layer of the sediment. In August, sur- 
face O2 consumption rates decreased, and the further 
reduction found in February indicates that input of 
organic matter was low during winter and that respira- 
tion was based on a less easily degradable fraction of 
the organic material supplied during summer. 

In contrast to the O2 porewater concentration profile, 
concentration profiles of DIC, NH,', NO3- + NO2-, 
Mn2+, Fe2+ and SO,'- did not alter significantly with 
season. However, profiles of e--acceptors (02, NO3-, 
Fe(II1) and Sod2-)  and reduction rate measurements 
supported the classical orderly progression from O2 
respiration to NO3- reduction followed by iron reduc- 
tion and finally sulfate reduction (Froelich et al. 1979). 

The seasonal fluxes of NO3- + NO2-, NH4+, urea, 
P043-, and Si generally showed an increased efflux 
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from the sediment following input of fresh organic 
material associated with sea ice disappearance (Fig. 7) .  
As in the case of O2 and DIC fluxes, steadily lower 
fluxes were observed during the period with sea ice 
cover. The molar D1C:Si:N:P ratio released from the 
sediment to the overlying water column on an annual 
basis was 177:34:6:1 Compared with the Redfield ratio 
(106:15:16:1), nutrient fluxes from the Young Sound 
sediment suggest that nitrogen may limit primary pro- 
duction as also discussed in a detailed description of 
phytoplankton nutrient limitation within the Sound 
(Rysgaard et al. 1999). When N2 production from deni- 
trification is included into the N flux, the resulting 
molar ratio of D1C:Si:N:P is 177:34:11:1. The resultant 
C:N ratio of 16 is higher than the C:N ratio in th.e set- 
tling material from the sediment traps (10 to 12),  the 
C:N ratio of approximate1.y 10 measured in the sedi- 
ment (Fig. 3), and the C:N mineralization ratio of 7.6 
inferred from bag incubations. Thus, although N was 
mainly mineralized within the sediment, it appears 
that DIC was preferentially released to the bottom 
water. However, this difference may in part be 
explained by the relatively large variation in ammonia 
fluxes and denitrification rates between replicate 
cores. Blackburn et al. (1996) reported a similar, 
although much more pronounced, imbalance from 
Svalbard sediments, and explained it by non-steady- 
state assimilation of nitrogen in the sediment. Since the 
present results cover an annual cycle, this explanation 
seems less likely here. Alternatively, grazing could 
constitute an important sink for nitrogen that was 
missed in the present study. 

Denitrification 

The increase in denitrification activity was associ- 
ated with the higher input of organic material to the 
sediment when the sea ice disappeared during the 
summer thaw. Liberation of NH4+ due to mineralization 
of organic matter during the summer thaw increased 
the bacterial nitrification activity and consequently the 
coupled nitrification-denitnfication activity (D,,). Due 
to a relatively low NO3- concentration in the bottom 
water during all seasons and a deep penetration of O2 
into the sediment, the rate of denitrification based on 
No3- from the water column was of minor importance 
in Young Sound, constituting only 7 %  of the total 
annual denitrification activity. 

The observed total denitrification rates (0.2 to 
0.6 mm01 N m-2) are within the range reported from 
other Arctic areas: Svalbard, Norway (0.2 to 0.6 mm01 N 
m-Z, Glud et al. 1998); Alaska coastal waters and shelf 
areas (0.4 to 2.8 mm01 N m-', Henriksen et al. 1993, De- 
v01 et al. 1997). Furthermore, these Arctic denitnfica- 

tion rates are comparable with rates from temperate ar- 
eas with a much higher environmental temperature 
(Jenkins & Kemp 1984, Nielsen 1992, Rysgaard et al. 
1995, Lohse et al. 1996), suggesting that nitrification 
and denitrification activity is regulated by temperature 
to a lesser extent than previously assumed. 

Manganese, iron, and sulfate reduction rates 

The small inventory of reactive manganese oxides 
excluded a significant contribution to carbon oxida- 
tion, and manganese reduction was probably mainly 
coupled to the reoxidation of reduced iron and sulfur 
compounds as is the case in typical temperate coastal 
sediments (e.g. Canfield et al. 1993a, Aller 1994, 
Thamdrup et al. 1994). Ferric iron, on the other hand, 
was an important electron acceptor, and the contribu- 
tion to carbon oxidation was similar to that previously 
reported from warmer sites (Canfield et al. 1993b, 
Thamdrup & Canfield 1.996). Our results add new 
width to the thermal range within which significant 
activity of iron-reducing bacteria has been shown. 

Division of the reactive Fe(II1) inventory by the rate 
of iron reduction results in a turnover time for this 
Fe(II1) pool of -300 d. This is quite slow compared 
with earlier studies (Canfield et al. 1993a, Thamdrup 
et al. 1994, Thamdrup & Canfield 1996), but still rapid 
in comparison with the burial of Fe(II1) in the anoxic 
zone by sediment accumulation. Thus, here as else- 
where, physical reworking of the sediment is essential 
for the intense iron cycling. Bioturbation was docu- 
mented both by the presence of an abundant and 
diverse infauna (Sejr et al. unpubl.) and by the shape of 
the 'lOPb profiles in the upper 4 cm of the sediment 
(Fig. 11). 

In agreement with the high availability of the more 
favorable oxidants O2 and reactive Fe(III), sulfate 
reduction rates attai.ned their maximum relatively 
deep in the sediment, and the integrated rates were 
moderate in comparison with rates from both temper- 
ate sediments (Skyring 1987, Canfield 1993) and from 
polar areas (Nedwell et al. 1993). 

Burial of carbon and nitrogen within the sediment 

The organic matter that escapes oxidation within the 
sediment by the processes discussed above will 
become buried and preserved. Assuming that carbon 
oxidation was restricted to the upper 15 cm of the sed- 
iment, as indicated by sulfate reduction profiles In the 
intact sediment cores, the burial of refractory carbon 
within the sediment was 2110 mm01 m-2 yr-' and that 
of nitrogen 205 mm01 N m-2 yr-' calculated from the 
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sediment growth rate and the C and N contents 
at 10 cm (Figs. 3 & 11, Table 1). 

The relatively high I3'Cs concentration in the 
upper 6 cm of the sediment corresponds to the 
increase in the East Greenland current I3'Cs 
concentrations observed after 1980 due to dis- 
charge from the nuclear fuel reprocessing plant 
Sellafield, UK (Dahlgaard 1994), and to the 
major fall-out peak from atmospheric nuclear 
tests centered around 1962-1964 (Aarkrog et al. 
1993). It is possible that a significant fraction of 
the observed 13'Cs is caused by long distance 
transport via the East Greenland current to 
Young Sound, which indicates that other parti- 
cle-bound pollutants may also reach this high- 
Arctic ecosystem. 

Annual carbon budget in Young Sound 

WATER 

- 

\ / r Sedimentation 

U 

Mineralization 
-- 

An annual budget of carbon cycling for the 
is presented in Fig. 12. Fig. 12. Annual carbon budget for the investigated station in Young 

rates were calculated as time-weighted aver- Sound (36 m) All units are in mm01 C m-2 yr-I except for the 0, con- 
ages. Total annual carbon flux into the sediment sumption rate ( ~ n  brackets), which is in mm01 O2 m-2 yr-' See text for 

was estimated as the sum of the annual DIC flux further explanation 

(2295 mm01 C m-') and carbon burial within the 
sediment (2110 mm01 C m-') and corresponds to 
4405 mm01 C m-' (Fig. 12). Thus, 48% of the carbon oxygen respiration (Fig. 13). The difference between 
entering the sediment was preserved through burial, the measured sediment-water 0, uptake rate (2350 
which places Young Sound among average marine mm01 O2 m-2 yr-l) and the direct carbon oxidation by 
sediments with similar sedimentation rates (Canfield oxygen respiration (871 mm01 C m-' yr-') represents 
1993), and further substantiates that the low tempera- 63% of the O2 uptake which was used to re-oxidize 
ture did not inhibit benthic mineralization. reduced components from anaerobic mineralization. 

To estimate the relative contributions of the anaero- The contribution of 0' respiration to total carbon oxi- 
bic processes to total mineralization over the annual dation in Young Sound sediment was intermediate 
cycle, we used the DIC flux as a measure of total car- 
bon mineralization within the sediment. Furthermore, 
the relative contributions of iron and sulfate reduction 
to anaerobic mineralization within the sediment (0 to 
10 cm) were assumed to remain at 53 and 47 %, respec- 

33% 
tively, throughout the year, as determined in the bag 
incubations. Sulfate reduction rates from the intact 1, . P  @U ip" 3870 
cores were used to calculate the absolute iron reduc- .,\B 

'\ 
i 4 

tion rates. Thus, the integrated annual rate of carbon l 
\@Q 

0 2 
mineralization due to sulfate reduction in the 0 to 

\ 
I 

10 cm interval investigated in bag incubations, I 
\ 502 mm01 C m-', yielded a contribution from iron \ 
\ 

reduction of 566 mm01 C m-' (502 X 53/47). The contri- 
i 
I 

bution from sulfate reduction, integrated to 15 cm, was 
769 mm01 C m-' yr-l, and denitrification mineralized 
89 mm01 C m-' yr-'. Considering the upper 15 cm of 
the sediment, these figures correspond to contributions 
of 4, 25, and 33% from denitrification, iron reduction, 25% 

and ~ u l f a t e  reduction, respectively, leaving 871 mm01 Fig. 13. Importance of different carbon oxidation pathways in 
C yr-' or 38% of carbon oxidation to organotrophic Youngsound 
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compared with recent results from Aarhus Bay (Jar- 
gensen 1996) and from Chile (Thamdrup & Canfield 
1996) and the Skagerrak (Canfield et  al. 1993b). A 
general trend in all studies, however, was that denitri- 
fication accounted for a relatively small fraction of total 
carbon oxidation, whereas iron and sulfate reduction 
played an important part. Furthermore, the relatively 
high contribution of iron reduction to total mineraliza- 
tion in Young Sound adds to the small database that 
supports the general importance of iron reduction in 
sedimentary carbon oxidation. If iron reduction had 
been ignored, we would have found a contribution of 
anaerobic mineralization of only 37 %, similar to the 
32 % calculated for an Antarctic site, where iron reduc- 
tion was not taken into account (Nedwell et  al. 1993). 
Thus, inclusion of iron reduction shifts the balance 
between aerobic and anaerobic mineralization signifi- 
cantly. 

Data from Young Sound indicate that the contribu- 
tion of O2 respiration to total carbon oxidation may not 
be constant over the year since a decrease in the rela- 
tive importance of aerobic mineralization was 
observed following input of organic material when the 
sea ice broke (data not shown). As shown in other 
investigations, large increases in organic additions to 
sediments decrease the O2 penetration depth and con- 
sequently narrow the oxic zone where carbon oxida- 
tion by O2 respiration can proceed (Rasmussen & Jar- 
gensen 1992, Caffrey et al. 1993). Therefore, the 
relative contribution of 0, respiration to total carbon 
oxidation will be expected to decrease with increasing 
organic loading while the anaerobic processes man- 
ganese, iron, and sulfate reduction will increasingly 
dominate mineralization. 

Conclusion 

On an annual basis, aerobic and anaerobic mineral- 
ization contributed 38 and 62%, respectively, of the 
degradation of organic matter in this Arctic sediment. 
Furthermore, it was observed that bacterial iron reduc- 
tlon accounted for a significant fraction of anaerobic 
mineralization. Approximately half of the organic car- 
bon reaching the sediment was permanently buried 
due to incomplete degradation. The increased bacter- 
ial mineralization associated with the sea ice break-up 
during the summer thaw resulted in a rapid increase in 
efflux of nutrients to the water column, revealing an 
efficient coupling between production in the water col- 
umn and degradation within the sediment. Thus, the 
observation that seasonal variation in benthic mineral- 
ization and consequently fluxes responded to in- 
creased input of organic material following sea ice 
disappearance indicates that benthic mineralization 

within this Arctic coastal sediment was regulated by 
the availability of organic matter and not by seasonal 
bottom water temperature, which was constant. Fur- 
thermore, bacterial activities were comparable with 
bacterial activities in sediments with a much higher 
ambient temperature. These findings support conclu- 
sions from other recent studies from Arctic (Rysgaard 
et al. 1996, Glud et al. 1998) as well as Antarctic (Ned- 
well et al. 1993) areas and contradict the assumption 
that microbial decomposition is generally low in cold 
waters (Pomeroy & Deibel 1986). 
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