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Abstract

Cold-water coral ecosystems are considered hot-spots of biodiversity and biomass pro-
duction and may be a regionally important contributor to carbonate production. The im-
pact of these ecosystems on biogeochemical processes and carbonate preservation
in associated sediments were studied at Røst Reef and Traenadjupet Reef, two mod-5

ern (post-glacial) cold-water coral reefs on the Mid-Norwegian shelf. Sulfate and iron
reduction as well as carbonate dissolution and precipitation were investigated by com-
bining pore-water geochemical profiles, steady state modeling, as well as solid phase
analyses and sulfate reduction rate measurements on gravity cores of up to 3.2 m
length. Low extents of sulfate depletion and dissolved inorganic carbon (DIC) produc-10

tion, combined with sulfate reduction rates not exceeding 3 nmol S cm−3 d−1, suggested
that overall anaerobic carbon mineralization in the sediments was low. These data
showed that the coral fragment-bearing siliciclastic sediments were effectively decou-
pled from the productive pelagic ecosystem by the complex reef surface framework.
Organic matter being mineralized by sulfate reduction was calculated to consist of 57%15

carbon bound in −CH2O− groups and 43% carbon in −CH2− groups. Methane con-
centrations were below 1 µM, and failed to support the hypothesis of a linkage between
the distribution of cold-water coral reefs and the presence of hydrocarbon seepage.
Iron reduction linked to microbial sulfate reduction buffered the pore-water carbonate
system and inhibited acid driven coral skeleton dissolution. A large pool of reactive20

iron was available leading to the formation of iron sulfide minerals. Constant pore-water
Ca2+, Mg2+ and Sr2+ concentrations in most cores and decreasing Ca2+ and Sr2+ con-
centrations with depth in core 23-18 GC indicated diagenetic carbonate precipitation.
This was consistent with the excellent preservation of buried coral fragments.
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1 Introduction

Marine surface sediments constitute an important element of the global carbonate cy-
cle. They link carbonate production in the surface ocean and the deep subsurface
sedimentary environment (Ridgwell and Zeebe, 2005), but also provide an important
record of the ocean’s response to changing climate conditions in the past (Broecker5

and Clark, 2001; Broecker and Clark, 2003; Crowley, 1983). While warm-water coral
reefs are considered to contribute substantially to marine carbonate production (Mil-
liman, 1993; Vecsei, 2004), the role of cold-water coral ecosystems remains poorly
understood. Initial estimates indicate that cold-water coral reefs can be a regionally
important contributor to the CaCO3 budget and account for >1% of the global CaCO310

production (Lindberg and Mienert, 2005).
Cold-water coral ecosystems, dominated by the azooxanthellate, stony corals Lophe-

lia pertusa and Madrepora oculata, occur in patches and well established reef systems,
but they can also build up enormous carbonate mounds (Roberts et al., 2006). Cold-
water corals are widespread in shallow to deep water depths (30–4000 m) along conti-15

nental margins, seamounts and banks (Wheeler et al., 2007). Recent studies highlight
these thriving ecosystems as hot-spots of biodiversity as well as biomass production,
revealing a benthic community exceeding 1300 species associated with this habitat
(Jensen and Frederiksen, 1992; Mortensen et al., 1995; Roberts et al., 2006; and
references therein).20

Results from Integrated Ocean Drilling Program (IODP) Expedition 307, which drilled
Challenger cold-water coral mound in the Porcupine Seabight, provide the first insight
into biogeochemical processes in ancient cold-water coral reef systems (Ferdelman
et al., 2006). Decreasing pore-water sulfate and increasing alkalinity concentrations
and diagnostic pore-water distributions of Ca2+, Mg2+ and Sr2+ indicate a coupling25

between microbial-mediated organic matter degradation and carbonate-mineral diage-
nesis (Ferdelman et al., 2006). Furthermore, the authors propose that hydrogen sulfide
produced during microbial-mediated sulfate reduction reacts with ferric-iron-containing
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minerals to form iron sulfides, leading to pore-water sulfide depletion. Observations on
the occurrence of preferential coral skeleton preservation alternating with zones of poor
carbonate preservation (Ferdelman et al., 2006) and distinct recurring cycles exhibiting
changes in carbonate content and color reflectance (Titschack et al., 2008) suggest
a linkage between sediment composition and coral skeleton preservation. Overall, the5

findings from IODP expedition 307 indicate a tight coupling between the sulfur, carbon
and iron cycles in sediments associated with cold-water coral reef environments.

Several studies (e.g. Boudreau and Canfield, 1993; Ku et al., 1999; Walter et al.,
1993; Walter and Burton, 1990) show that the relationship between sulfate reduction,
hydrogen sulfide oxidation and iron-sulfide mineral formation can drive carbonate dis-10

solution and precipitation in shallow marine sediments. Best et al. (2007) note that
shell preservation of bivalve shells is enhanced in siliciclastic sediments compared to
carbonate dominated sediments. A recent comparison of bauxite-contaminated and
uncontaminated sites at Discovery Bay, Florida, (Perry and Taylor, 2006) reveals car-
bonate grain dissolution at the uncontaminated sites compared to the contaminated15

sites, where carbonates are preserved. The authors attribute the carbonate preserva-
tion to the availability of sufficient reactive iron in the bauxite-contaminated sediments.
Existing models suggest that the production of hydrogen sulfide and bicarbonate in
reactive iron-poor sediments can lead to carbonate dissolution depending on the mag-
nitude of organoclastic sulfate reduction (Ben-Yaakov, 1973; Gardner, 1973; Walter and20

Burton, 1990). In contrast, if sediments contain a sufficient pool of reactive iron, hydro-
gen sulfide produced during sulfate reduction reacts with dissolved iron constituents
and iron(oxyhydr)oxides to form iron sulfides (Berner, 1970; Berner, 1984) and carbon-
ate undersaturation is prevented (Ben-Yaakov, 1973; Soetaert et al., 2007).

The aim of this study is to investigate how modern cold-water coral reefs influence25

the adjacent sediment and associated geochemical processes and to provide a frame-
work for understanding carbonate preservation patterns in non-tropical carbonate-rich
sediments. The near-shore cold-water coral reefs on the Norwegian shelf serve as an
excellent environment to investigate carbonate dynamics in carbonate-rich, siliciclas-
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tic sediments receiving a sufficient input of terrigenous material (in particular reactive
iron phases). We present data on sulfate reduction rates, diagnostic pore-water pro-
files (Ca2+, Mg2+, Sr2+, dissolved Mn and Fe, SO2−

4 and HS−, DIC and alkalinity) and
solid-phase analyses (TIC, TOC, Fe phases) of seven gravity cores retrieved at Røst
Reef and Traenadjupet Reef, located south-west of the Lofoten islands, during R/V5

Polarstern expedition ARK XXII/1a in June 2007.

2 Study area

2.1 Røst Reef

Røst Reef, discovered in 2002, is regarded as the largest living cold-water coral reef
in the world (Nordgulen et al., 2006; Thorsnes et al., 2004). It is located on the north-10

ern mid-Norwegian continental slope immediately north-east of the Vøring Plateau at
a water depth of 300–400 m (Fig. 1a and b). It covers steep ridges originating from the
Traenadjupet landslide, one of several submarine landslides that have taken place on
the Norwegian continental margin during late Cenozoic times (Damuth, 1978; Kenyon,
1986). Deposits from this most recent landslide (approximately 4000 14C years BP),15

cover an area of about 9100 km3 (Laberg and Vorren, 2000). The ridges comprise
mostly glaciogenic debris-flow deposits and glaciomarine sediments (Laberg et al.,
2002a). They have a maximum length of up to 1 km, reach several tens of meters above
the surrounding seafloor, and occur in a very dense spacing (Laberg et al., 2002a).
Post-slide hemipelagic sediment deposition varies strongly throughout the Røst Reef20

region, with the thickest sediment cover found in the small depressions between the
ridges immediately inside the slide scar and with minimal sediment deposition occur-
ring along the headwall due to strong currents (Laberg et al., 2002b).

The ridge morphology leads to a distinct habitat zonation of the reef (Fig. 2). Ridge
tops are covered by a dense framework of living coral colonies forming terraces towards25

the lee-side. The upper parts of the slopes consist of glacial clay followed by a coral
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rubble-dominated facies (“coral rubble zone”) on the lower slopes. The depressions
between the ridges comprise fine-grained, clay to silt-dominated matrix with embedded
coral fragments (“clay zone”).

Surface currents down to 800 m water depth in the Røst Reef region are driven by the
confluence of the Norwegian coastal current entering the area from the south. These5

northeastward-orientated strong currents flow approximately parallel to the Røst Reef
(Laberg et al., 2002b; Poulain et al., 1996).

2.2 Traenadjupet Reef

The Traenadjupet Reef area, first described by Hovland and Mortensen (1999), is lo-
cated in a sheltered embayment on the edge of Traenadjupet, an elongated cross-10

shelf trough on the mid-Norwegian shelf (Ottesen et al., 2005) (Fig. 1a and c). Studies
suggest that the trough formed an important pathway for ice-sheet drainage during
Fennoscandian Ice Sheet coverage (Ottesen et al., 2005). The reef is situated on
top of Oligocene deltaic sandy fan deposits forming distinct cigar-shaped structures at
300–330 m water depth (Hovland et al., 2005).15

Traenadjupet Reef is exposed to a cyclonic circulation predominating in the Lofoten
basin (Poulain et al., 1996). It does not feature a distinct habitat zonation comparable
to Røst Reef. Instead, living corals only cover a few eastern tips of these structures
while most cigar-shaped tops consist of dense coral rubble. The lower parts of the
structures are covered by a fine-grained matrix of silt to clay and biogenic debris.20

3 Material and methods

3.1 Sample collection

Sediment samples were collected during R/V Polarstern cruise ARK XXII/1a to the
mid-Norwegian margin in June 2007. Locations for sediment sampling were selected
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based on video reconnaissance during the cruise with the research submersible Jago
(GEOMAR-Kiel). At Røst Reef, cores were taken from the different reef zones. Cores
from Traenadjupet Reef were sampled from the lower parts of the cigar-shaped struc-
tures. Sampling locations and water depths of the cores presented in this paper are
summarized in Table 1. In total, 13 sediment cores of 0.42–3.26 m length were re-5

trieved in water depths of 313–527 m with a gravity corer (GC; 12 cm ID). They were
cut into 1-m sections immediately after core retrieval and the sediment temperature
was measured at the top of each section. Sections were stored at 4 ◦C until further
processing. Sub-samples for solid-phase and pore-water analyses, as well as for sul-
fate reduction rate measurements, were taken from the cores within a few hours after10

core retrieval.

3.2 Solid-phase analyses

Samples for solid-phase analyses were sub-sampled in 5 cm intervals in the top 2 m
and in 10 cm intervals throughout the remaining core. Samples were frozen immedi-
ately at −20 ◦C. Frozen samples were freeze-dried, and all coral pieces were removed15

from the dried samples prior to sample powdering. Total carbon (TC) was determined
with a Carlo Erba NA-1500 CNS analyzer using in-house standard (DAN1). Total in-
organic carbon (TIC) was measured using a CM 5012 CO2 Coulometer (UIC) after
acidification with phosphoric acid (3 M). Precisions (2σ) were 0.2 wt.% for TC and
0.1 wt.% for TIC. Total organic carbon (TOC) was calculated as the difference between20

TC and TIC.
A sequential extraction procedure based on Poulton and Canfield (2005) was used

to quantify the solid-phase iron pools in cores 15-3 GC and 23-18 GC. The extraction
allowed for the determination of carbonate-associated and adsorbed Fe (Fecarb, extrac-
tion by sodium acetate), easily reducible Fe-(oxyhydr)oxides (Feox1, hydroxylamine-25

HCl), reducible Fe-(oxyhydr)oxides (Feox2, sodium dithionite), magnetite (Femag, am-
monium oxalate) and poorly reactive silicate Fe (FePRS, concentrated HCl). The re-
maining fraction of unreactive Fe bound as sheet silicates was not quantified dur-
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ing these analyses. Fe analyses were performed by atomic absorption spectrometry
(Perkin Elmer). Additionally, acid volatile sulfide (AVS=H2S+FeS) and chromium re-
ducible sulfur (CRS=FeS2+S0) were determined on frozen sub-samples of the same
cores using a two-step Cr-II method with cold 2 M HCl and boiling 0.5 M CrCl2 solution
(Fossing and Jørgensen, 1989). Fecarb determined during the sequential Fe extraction5

was corrected for AVS, because sodium acetate treatment results in the complete dis-
solution of all Fe bound as FeS (Poulton and Canfield, 2005). Fe contents obtained
by the sequential extraction procedure, AVS and CRS were corrected for wet-to-dry-
weight ratio. Sequential Fe extraction on the sediment samples were conducted in
duplicate and generally varied by 5% or less within one extraction sequence and 10%10

for different sequence runs.

3.3 Pore-water analyses

Pore-water samples were obtained with Rhizones (Rhizosphere Research Products,
Wageningen, Netherlands) attached to 5 ml-plastic syringes (Seeberg-Elverfeldt et al.,
2005). For the determination of SO2−

4 , Cl− and H2S concentrations aliquots were fixed15

by adding ZnAc (2% w/v). SO2−
4 and Cl− concentrations were obtained after 100:1

dilution by non-suppressed anion exchange chromatography (Waters 510 HPLC Pump;
Waters IC-Pak 50×4.6 mm anion exchange column; Waters 430 Conductivity detector)
with isophtalic acid (1 mM, pH 4.6) in methanol (10% v/v) as eluant. IAPSO standard
seawater (Canada) was used as reference standard. Precisions (2σ) for SO2−

4 and Cl−20

measurements were 0.6 mM and 0.025 M, respectively.
H2S concentrations were determined from the fixed samples by the diamine com-

plexation method using N,N-dimethyl-1,4-phenylendiamine-dihydrochloride according
to Cline (1969) and subsequent spectrophotometrical measurement at a wavelength of
670 nm. Detection limit of the analyses was 1 µM.25

For multi-element pore-water analyses (Fediss and Mndiss, Ca2+, Mg2+ and Sr2+),
1–2 ml aliquots were acidified to 1% HNO3 (v/v). Samples were analyzed directly from
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10-fold diluted samples by inductively coupled plasma optical emission spectroscopy
(ICP-OES; Perkin Elmer Optima 3000XL) at the Institute for Chemistry and Biology of
the Marine Environment (ICBM) in Oldenburg and the Leibniz Institute for Baltic Sea
Research (IOW) in Warnemünde. CASS-4 and IAPSO standard seawater (Canada)
were used as reference standards. Precision (2σ) for ICP-OES was <4% for all ele-5

ments.
Pore-water aliquots for measurement of dissolved inorganic carbon (DIC) and total

alkalinity (TA) were poisoned with HgCl2 (0.25 mM) and sealed headspace-free in 2 ml
glass-vials. DIC concentrations were determined by flow-injection (Hall and Aller, 1992)
using a conductivity detector (VWR scientific, model 1054) and HCl (30 mM) and NaOH10

(10 mM) as eluant. Total alkalinity (TA) was determined by the Gran titration method
(Gieskes and Rogers, 1973) on 1:2 (v/v) diluted samples using an ABU901 autoburette
and a TIM900 Titration manager (Radiometer Copenhagen) equipped with a NORDAN-
TEC pH electrode. Precisions (2σ) for DIC and TA determination were 0.4 mM and
0.2 mM, respectively. The PHREEQC 2.14.3 program (Parkhurst and Appelo, 1999)15

was used to calculate activities and the saturation index (SI) of aragonite and calcite in
core 23-18 GC with SI=0 representing equilibrium, SI<0 showing undersaturation and
SI>0 showing oversaturation of the mineral with respect to the pore-water solution.

3.4 Methane concentration measurements

Methane concentrations were determined from 3 cm3 sediment samples stored upside-20

down in gas-tight glass bottles containing 6 ml NaOH (2.5%, w/v). Headspace methane
concentrations were measured by injection of an aliquot of the gas headspace into
a gas chromatograph (Hewlett Packard 5890A) equipped with a packed stainless steel
Porapak-Q column (6 ft., 0,125 in., 80/100 mesh Agilent Technologies) and a flame
ionization detector. Helium was used as carrier gas at a flow of 2 ml min−1.25

4953

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/5/4945/2008/bgd-5-4945-2008-print.pdf
http://www.biogeosciences-discuss.net/5/4945/2008/bgd-5-4945-2008-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
5, 4945–4992, 2008

Cold-water coral reef
sediment

biogeochemistry

L. M. Wehrmann et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

3.5 Sulfate reduction rate measurements

Sulfate reduction rates (SRR) were determined in triplicate on-board after subsampling
of the GC cores in 5 cm intervals for the upper 2 m and 10 cm intervals in the lower part
of the cores. Sediment was sampled in 5-ml glass tubes that were sealed with butyl
rubber stoppers. After injection of 35S-SO2−

4 (200 kBq) samples were incubated for5

20–24 h at in-situ temperatures in the dark. The incubation period was terminated by
transferring the samples into vials containing 20 ml ZnAc (20%, w/v). Reduced radio-
labeled sulfur was separated by the cold distillation method described by Kallmeyer et
al. (2004). To detect SRR the total amount of 35S-SO2−

4 in the sample and the amount

of total reduced inorganic sulfur species (TRI35S) produced through sulfate reduction10

were measured and the turnover rate calculated as following (Jørgensen, 1978):

SRR =
TRI35S

35SO2−
4 + TRI35S

×
{SO2−

4 }
Incubationtime

× 1.06 (1)

where {SO2−
4 } is the sediment sulfate concentration (nmol cm−3

sed) corrected for poros-

ity and 1.06 is the estimated fractionation factor between 35S and 32S.

3.6 Pore-water geochemical modeling15

Measured pore-water profiles of SO2−
4 , DIC and Ca2+ of core 23-18 GC were inter-

preted using the PROFILE modeling procedure developed by Berg et al. (1998). This
numerical modeling procedure fits a series of least-square equations to the concentra-
tion profiles. By assuming steady-state conditions and including molecular diffusion,
bioturbation and irrigation the net rate of consumption or production of the dissolved20

species as a function of depth can be calculated using

d
dz

(
ϕDs

dC
dz

)
+ϕα(C0 − C) + R = 0 (2)
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where ϕ is the porosity, z is the depth, Ds is the molecular diffusivity, C is the pore-water
concentration, C0 is the bottom water concentration, α is the irrigation coefficient and R
is the net of production (if R>0) or consumption (if R<0). The PROFILE model divides
the profiles into a number of zones of constant areal production/consumption rates that
can be displayed with the modeled concentration profile. Additionally, it calculates the5

flux of the dissolved species across the sediment-water interface. In order to success-
fully reproduce the measured concentration profiles, specific boundary conditions are
used at the top and bottom of each profile allowing the input of concentrations or fluxes
into the model. In our calculations, pore-water concentrations at the sediment top and
at 318 cm depth were used to set boundary conditions. Ds was calculated according10

to Schulz (2000) as:

Ds =
D0

θ2
(3)

where D0=temperature-dependent diffusion coefficient of the component in free solu-
tion for seawater and θ=tortuosity. Values for θ were calculated based on the relation-
ship (Boudreau, 1997):15

θ2 = 1 − ln(ϕ2) (4)

Bioirrigation was neglected as we observed no evidence of bioturbation or bioirrigation
at depth below 10 cm.

4 Results

4.1 Sediment composition20

The three cores taken from the different zones of Røst Reef showed differences in
sediment composition and color. Core 14-10 GC taken at the reef top comprised
a mixture of coarse sand, a few cobbles and biogenic debris. The biogenic debris
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consisted of abundant mollusk shells and high numbers of coral skeleton fragments of
Lophelia pertusa and Madrepora oculata in the top 50 cm of the core. Below 50 cm
the core consisted of sandy sediment with some silt to clay containing minor biogenic
debris without coral fragments. Core 15-3 GC, taken in the “coral rubble zone”, was
topped by a 13 cm thick layer of brown to black coral rubble and biogenic debris with5

minor mud infill. Below this layer, the sediment was gray and consisted of large coral
fragments embedded in loose silt, clay and biogenic debris. Beneath 50 cm sponge
remains attached to corals fragments were frequently observed. The sediment in this
core became more compact with increasing depth but still contained abundant coral
fragments. At 158 cm sediment depth, a sharp transition to very compact bluish clay10

and an absence of coral fragments indicated the reef base and underlying glacial ridge
deposits. Core 14-8 GC (“clay zone”) lacked a coral rubble layer, but was comprised of
coral fragments embedded in a matrix of silty clay and bioclasts throughout the core. At
9 cm sediment depth a change in sediment color from brownish-gray to gray occurred.
At Røst Reef, sediments were underlain by dark clay indicating that the reef built di-15

rectly on top of the ridges of Traenadjupet landslide. Off-reef core 7-1 GC revealed that
sediments away from the reef consisted of cohesive, very compact clay with only few
biogenic clasts.

Sediment at Traenadjupet Reef was composed of varying amounts of coral frag-
ments and coral rubble of Lophelia pertusa and Madrepora oculata in a matrix of20

loose silty clay, biogenic debris and minor cobbles. The sediment color changed
from brownish-gray to gray around 7–9 cm in both cores taken from this reef (23-18
GC and 23-23 GC). In core 23-18 GC sponge remains replaced the buried corals at
122–130 cm sediment depth. A sharp change in sediment color and composition in
the deeper part of both cores from this reef indicated the bottom of the reef. Underly-25

ing sediments were comprised of bluish clay that contained stones of probable glacial
origin. Off-reef sediments (23-15 GC) in this area consisted of dark silt to clay with
a varying sand fraction and sponge spicules.

At both, Røst and Traenadjupet Reef, coral fragments from the top sediment horizons
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were coated with a brownish crust similar to the coatings of coral fragments retrieved
from the surface of other cold-water coral reefs (Freiwald et al., 1997). These crusts
were only present within the upper 10–15 cm of the sediments; with the exception of
core 14-8 GC, where encrusted corals were found in deeper sediment layers. Sed-
iment directly surrounding corals was often observed to be darker than the adjacent5

sediment matrix. Microscopic analyses of sediments from both reefs revealed a high
content of benthic and planktonic foraminifer, minor percentages of coccolithophores
and diatoms and high amounts of sponge spicules. These spicules originated from cal-
careous as well as siliceous sponges in varying proportions. Bore holes and tubes in
the buried coral fragments indicated the colonization of living and dead corals by ben-10

thic boring organisms such as sponges, bryozoans and polychaetes. Despite these
signs of bioerosion, no visual signs for chemical dissolution of the coral pieces could
be observed.

4.2 Solid-phase analyses

A summary of the average TC, TIC and TOC contents of the investigated cores from15

Røst Reef and Traenadjupet Reef is given in Table 2. Sediments from both reefs
were characterized by high TIC contents (Fig. 3) with slightly higher average values
of 4.57 (1σ±0.97) wt.% at Røst Reef compared to 3.97 (1σ±0.87) wt.% at Traenadju-
pet Reef. Sediments from the surface layer of Røst Reef core 15-3 GC (coral rubble
zone) showed the highest TIC contents with values of up to 9.05 wt.%. TOC contents20

(Fig. 3) in sediments from both reefs were low, with most values below 1 wt.%. Sedi-
ments from off-reef cores 7-1 GC and 23-15 GC (data not shown) were characterized
by average TIC contents <0.62 wt.% and average TOC contents <0.40 wt.%.

Table 3 summarizes the average values for the extracted Fe fractions from cores
15-3 GC (Røst Reef) and 23-18 GC (Traenadjupet Reef). Carbonate-associated Fe25

(Fecarb) content (<0.06 wt.% Fe dry weight) in both investigated cores was low while
large fractions of easily reducible and reducible Fe-(oxyhydr)oxides (Feox1 and Feox2;
Fig. 4) were found. Magnetite (Femag) content in both cores followed trends similar to
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those of the reactive iron fractions (Fig. 4). Poorly reactive sheet silicate Fe (FePRS)
constituted the largest fraction determined with the sequential extraction method with
average values above 1.26 wt.% Fe (Fig. 4). CRS concentrations of cores 15-3 GC and
23-18 GC are presented in Fig. 5. Core 15-3 GC was characterized by very low CRS
concentrations (average 0.04 wt.% S) while core 23-18 GC showed larger values for5

this fraction (CRS average 0.15 wt.% S). AVS concentrations in both cores were below
detection.

4.3 Pore-water analyses

Pore-water SO2−
4 , Fediss and Mndiss profiles from cores 14-8 GC, 14-10 GC and 15-3

GC (Røst Reef) are shown in Fig. 6a, profiles from cores 23-18 GC and 23-23 GC10

(Traenadjupet Reef) are shown in Fig. 6b. The SO2−
4 concentrations exhibited small

decreases in all reef sites except core 23-18 GC, following a linear trend with a SO2−
4

gradient of about 3 mM m−1. In contrast, SO2−
4 distribution in core 23-18 GC was char-

acterized by a strong decrease in the top 60 cm of the core to a concentration of around
18 mM followed by a slow decrease in the deeper parts of the core down to minimum15

value of around 15 mM. H2S was not detected (<1 µM) in any of the retrieved pore-
water samples.

In the Røst Reef cores 14-8 GC and 15-3 GC, Fediss concentrations increased from
0 to around 20 µM within the top 30 cm and then decreased gradually with depth to
minimum concentrations of <5 µM. Pore-water profiles of the latter core revealed in-20

creasing Fediss concentrations below 120 cm depth with a maximum value of 31 µM at
147.5 cm. Pore-water Mndiss profile of 14-8 GC showed a linear increase in the top
60 cm up to values of around 20 µM. Mndiss present in the pore-water of 15-3 GC in-
creased similar to the Fediss concentration in the top 30 cm reaching values between
of 22 and 29 µM. Both Fediss and Mndiss values decreased again in the clay deposits25

below the reef base. Core 14-10 GC in contrast was characterized by low Fediss con-
centrations (<6 µM) but a strong increase in Mndiss concentrations from 0 to 59 µM in
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the top 52 cm of the sediment.
At Traenadjupet Reef the Fediss profile of core 23-18 GC revealed variable concen-

trations between 2 and 13 µM within the top 148 cm. Between 148 and 178 cm a con-
centration peak occurred with a maximum value of 17 µM at 168 cm depth. Fediss
concentrations in core 23-23 GC ranged from 1 µM to a maximum of 47 µM at 72.5 cm.5

Pore-water Mndiss concentrations in the Traenadjupet Reef cores showed maximum
values around 14 µM. In core 23-18 GC maximum concentrations were reached at
240 cm, while in core 23-23 GC maximum Mndiss concentrations were reached at 67.5
cm sediment depth.

Dissolved Ca2+, Mg2+ and Sr2+ concentrations are displayed in Fig. 7a (Røst Reef)10

and b (Traenadjupet Reef). Røst Reef cores 14-8 GC, 14-10 GC and 15-3 GC as
well as Traenadjupet Reef core 23-23 GC displayed constant concentrations for all dis-
solved constituents close to seawater concentration. In contrast, concentration profiles
of core 23-18 GC from Traenadjupet Reef showed that Ca2+ and Sr2+ concentrations in
this core decreased in the top 105 cm. Surface Ca2+ and Sr2+ concentrations started15

at 10.4 mM and 89 µM, respectively, and decreased to values of around 5.4 mM and
40 µM at 100 cm sediment depth. Mg2+ concentrations remained constant within the
top 200 cm of the core (average value of 55.0 mM); below this depth Mg2+ concentra-
tions decreased slightly to minimum values of 53.5 mM. In order to exclude salinity
changes as the main cause for the decreasing Ca2+ and Sr2+ profiles, the pore-water20

concentration of the “conservative” ion Cl− for this core was determined. Measured
concentrations of Cl− were consistent, averaging 534 (±27) mM in the top 160 cm and
and 566 (±71) mM below this sediment depth (Fig. 6b). Sr/Ca and Mg/Ca ratios shown
in Fig. 7a and b, which can be used to monitor relative changes between different sed-
imentary carbonate species, are similar in all cores except for core 23-18 GC. Mg/Ca25

ratios in 23-18 GC increased from 5.8 to 10.7 within the top 110 cm. Furthermore, de-
spite a decrease in both Sr2+ and Ca2+ in this core, the Sr/Ca ratio steadily decreased
from 0.008 to 0.007 with depth.

Pore-water profiles of DIC and TA (Fig. 8) are inversely correlated with the measured

4959

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/5/4945/2008/bgd-5-4945-2008-print.pdf
http://www.biogeosciences-discuss.net/5/4945/2008/bgd-5-4945-2008-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
5, 4945–4992, 2008

Cold-water coral reef
sediment

biogeochemistry

L. M. Wehrmann et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

SO2−
4 profiles. Pore-water data from Røst Reef revealed only minor increases in the

top 40 cm of the cores with average values of 3.6 mM DIC and 3.7 mM TA for 14-
8 GC, 2.1 mM DIC and TA for 14-10 GC, 4.2 mM DIC and 4.3 mM TA for 15-3 GC.
Core 23-23 GC also followed this trend averaging 3.2 mM DIC and TA. Core 23-18
GC again contrasted strongly. DIC and TA exhibited a concave-up profile in the top5

60 cm reaching values around 14 mM and a minor increase in the deeper parts of the
sediment to maximum values of 16.7 mM DIC and 16.3 mM TA. Saturation index (SI)
values for core 23-18 lie between 0.1 and 1.2 (Fig. 8); calcite was only slightly more
saturated than aragonite.

4.4 Methane concentration measurements10

Methane concentration measurements revealed extremely low methane values below
1 µM at all investigated sediment depths in both coral reefs (data not shown).

4.5 Sulfate reduction rate measurements (SRR)

SRR were very low and did not exceed 3 nmol S cm−3 d−1 (Fig. 6a and b). Core
14-8 GC (clay zone) exhibited the highest SRR (averaging 2 nmol S cm−3 d−1) of all15

cores with a peak at 7.5–17.5 cm depth, but with no detectable sulfate reduction be-
low 47.5 cm. However, this core had a higher background signal during the mea-
surement compared to the other cores. In Core 14-10, SRR measurements were
not possible due to the extremely high amount of coral fragments. For Røst Reef
core 15-3 GC, topped by a layer of coral rubble with only minor sediment infill,20

SRR measurements were only possible below 15 cm. Here, detected SRR aver-
aged 0.22 nmol S cm−3 d−1 within the top 120 cm. Below this depth rates decreased
to less than 0.10 nmol S cm−3 d−1. Detected SRR from Traenadjupet Reef core 23-
18 GC showed average values of 0.13 nmol S cm−3 d−1 at 5–70 cm sediment depth.
Between 70–158 cm SRR dropped <0.10 nmol S cm−3 d−1. At 158–208 cm a second25

peak in detected SRR rates appeared which averaged 0.16 nmol S cm−3 d−1. At greater

4960

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/5/4945/2008/bgd-5-4945-2008-print.pdf
http://www.biogeosciences-discuss.net/5/4945/2008/bgd-5-4945-2008-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
5, 4945–4992, 2008

Cold-water coral reef
sediment

biogeochemistry

L. M. Wehrmann et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

depths no sulfate reduction could be detected. In core 23-23 GC SRR were very low
(<0.15 nmol S cm−3 d−1). Elevated values (up to 0.95 nmol S cm−3 d−1) were only mea-
sured at 37.5–42 cm sediment depth. All SRR measurements for the off-reef cores 7-1
GC and 23-15 GC were below detection limit.

4.6 Pore-water profile modeling5

Modeled pore-water concentrations, delineated zones of consumption and production
for SO2−

4 , DIC and Ca2+ and the corresponding fluxes of these constituents across the
sediment-water interface for core 23-18 GC are shown in Fig. 9. Interpretation of the
SO2−

4 profile revealed a major zone of sulfate consumption in the top 106 cm of the sed-

iment with a consumption rate of 335 µmol m−2 d−1 and a zone of minor consumption10

in the deeper part of the core (25 µmol m−2 d−1). The DIC profile was characterized
by a production zone with a production rate of 412 µmol m−2 d−1 at 0–149 cm sedi-
ment depth and a consumption zone of approximately equal area below this depth with
a consumption rate of 163 µmol m−2 d−1. Modeling of the Ca2+ concentration revealed
a major zone of consumption in the upper 103 cm of this core with a consumption rate15

of 101 µmol m−2 d−1. At greater depths, only small changes in the profile were evident
as indicated by a production rate of 0.2 µmol m−2 d−1.

5 Discussion

5.1 Microbial-mediated organic carbon mineralization

Distributions of pore-water metabolites such as SO2−
4 , DIC, and Fediss and Mndiss, com-20

bined with direct rate measurements reveal extremely low rates of anaerobic carbon
mineralization in the investigated cold-water coral reef sediments. Organoclastic sul-
fate reduction appears to be the dominant electron donating process in these sedi-
ments. Dissimilatory NO−

3 reduction was limited to a narrow zone close to the sed-
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iment surface, as indicated by NO−
3 detection only in the top 10 cm of the sediment

(data not shown). Only at the top of Røst Reef (14-10 GC) NO−
3 was detected down to

32.5 cm sediment depth. A layer of coarse rubble lacking a fine-grained fraction prob-
ably allowed the advective transport of NO−

3 into the surface rubble on the top of Røst
Reef.5

Elevated Mndiss and Fediss concentrations in the pore-water suggest the occurrence
of dissimilatory Fe- and Mn-oxide reduction as described by Lovley (1987, 1991). More
likely, these elevated concentrations result from hydrogen sulfide reacting with the avail-
able reactive iron pool and iron/manganese-containing minerals to form Fe-sulfide and
dissolved metal species (Afonso and Stumm, 1992; Canfield et al., 1992; Yao and10

Millero, 1996). In Fig. 6a and b, distinct zones of Mn and Fe release into the pore-
waters that directly correspond with zones of enhanced sulfate reducing activity in
cores at Traenadjupet (23-23 GC at 40 cm depth; 23-18 GC at 160 cm depth) and
Røst Reef (15-3 GC throughout the core) are evident.

Sulfate reducing activities at all sites exhibited distinct, and often multiple zonations15

throughout the entire core. Such variability has been observed in other deep sedi-
ment profiles e.g. Kattegatt (Iversen and Jørgensen, 1985), the Namibian upwelling
area (Fossing et al., 2000), and the equatorial Pacific (Parkes et al., 2005). This zona-
tion can be attributed to variable sedimentation and organic matter input. Only in the
younger, top 70.5 cm of Traenadjupet core 23-18 GC, sulfate reduction activities were20

constantly above the detection limit, thus we designated 23-18 GC as the “reactive
core”. The SO2−

4 profile of core 23-18 GC displayed the steepest gradient compared to

the other cores where only small decreases in SO2−
4 concentration were evident. Ele-

vated CRS values were also consistent with higher sulfate reduction activities in core
23-18 GC than at other sites.25

Rates of sulfate reduction, however, did not exceed detected rates of
3 nmol S cm−3 d−1 at any site. These values were clearly higher than at the refer-
ence sites outside the coral reefs where no sulfate reduction was detected, but rates
were generally very low in comparison to other high-latitude shelf areas, where sul-
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fate reduction generally dominates microbial-mediated organic carbon mineralization
(Jørgensen, 1982; Thamdrup and Canfield, 1996). For instance, Kostka et al. (1999)
detected SRR of up to 100 nmol S cm−3 d−1 in surface sediments located north of the
Lofoten islands. Pore-water DIC concentrations, which reflect the remineralization of
organic carbon to CO2 in marine sediments, displayed values below 4.2 mM and thus5

confirm low organic carbon mineralization in most reef sediments. Only in the top
140 cm of the “reactive core” 23-18 GC, does sulfate reduction drive the DIC concen-
trations higher (up to 16.7 mM).

The low rates of anaerobic carbon mineralization may to a great extent be controlled
by an extremely low flux of (labile) organic carbon to the sediments. We suggest that10

the coral framework structure overlaying the coral-bearing sediments decouples the
biogeochemical processes in the underlying reef sediments from the productive pelagic
ecosystem (Fig. 10). The reefs are characterized by a large number of reef framework
associated benthic suspension feeders (e.g. cnidarians, poriferans, mollusks) that can
directly filter and remove organic particles from the water column (Jensen and Fred-15

eriksen, 1992; Jonsson et al., 2004), thereby acting as a sink for organic matter and
reducing its supply to the reef sediments. This contrasts with the situation observed in
the Darwin Mounds in the Rockall Trough where deep water coral communities have
colonized sandy surfaces. There, Kiriakoulakis et al. (2004) observe that echiuran
worms effectively transport organic matter through conveyer-belt feeding into the sandy20

surface sediments. Within the clay-rich surfaces of the Norwegian reefs, bioturbation
into deeper sediment layers appears to be minimal.

Carbon turnover by microbial respiration within interior coral frameworks is an impor-
tant processes during organic carbon diagenesis in warm-water coral reefs (Sansone
et al., 1988; Tribble et al., 1990). Similarly, oxygen sensor measurements conducted25

at Røst Reef indicate low oxygen concentrations in the water column close to the reef
surface (A. Purser, personal communication). Microbial oxygen consumption rates in
the water column are also elevated close to the reef surface (Wild et al., 2008). Oxic
microbial respiration may therefore be of greater importance in cold-water coral reef
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environments than in other high-latitude shelf areas, where it is generally regarded as
a minor mineralization pathway (3.6–17.4% of the total organic carbon oxidation, Can-
field et al., 1993). Aerobic respiration in the overlying water column and living coral
framework limits the amount of organic carbon reaching the sediment due to a rapid
recycling of labile “fresh” material. Moreover, this process also alters the quality of5

the organic material reaching the sediment, leaving a large fraction of refractory “old”
material that is inefficiently degraded under anoxic conditions (Hulthe et al., 1998).

Previous studies have suggested an internal control linking micro-seepage of deep
thermogenic hydrocarbons to coral reef occurrence on continental shelves (Hovland et
al., 1998; Hovland and Risk, 2003; Hovland and Thomsen, 1997). The authors propose10

a model in which the migration of hydrocarbons into the water column locally “fertilizes”
the ambient seawater with organic and inorganic compounds fueling thriving microbial
and coral communities. Methane concentration measurements revealed extremely low
values below 1 µM at all investigated sediment depths in both coral reefs (data not
shown). The reefs are also underlain by very compact glacial clays, which inhibit the15

flux of deeper seated hydrocarbons into the post-glacial deposits. Both results suggest
that a coupling of cold-water coral reef distribution and the appearance of hydrocar-
bon seepage as previously suggested (Hovland et al., 1998; Hovland and Risk, 2003;
Hovland and Thomsen, 1997) is not necessary for the Mid-Norwegian cold-water coral
reefs. We conclude that external current- and density-controlled mechanisms govern20

coral reef distribution and growth at the investigated reefs as previously suggest for
other cold-water coral sites (De Mol et al., 2002; Frederiksen et al., 1992; Kenyon,
1986; Mortensen et al., 2001; White, 2007). The glacial deposits represent a hard
substrate, which the corals need for colonization (Frederiksen et al., 1992). Both reefs
are located on elevated positions exposed to high current velocities that deliver nutri-25

ents and organic matter to the corals and inhibit sediment burial. Several studies show
that these conditions promote the settlement and growth of cold-water corals (De Mol
et al., 2002; Frederiksen et al., 1992; Kenyon, 1986; Mortensen et al., 2001; White,
2007). This external reef development theory is further supported by the recent study
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of Dullo et al. (2008), who showed a preferential coral settlement, including Røst Reef
and Traenadjupet Reef, in water masses of a density of 27.5±0.15 kg/m3.

5.2 Sulfate, metal and carbonate dynamics

Sulfate reduction is an ongoing process in the coral reef-associated sediments, al-
though hydrogen sulfide could not be detected in the pore-water. Hydrogen sulfide5

produced during sulfate reduction readily reacts with reactive iron minerals as well
as with dissolved Fe constituents to form iron sulfide minerals that principally occur in
these sediments as pyrite (CRS fraction). The sequential iron extractions reveal a large
pool of reactive Fe-(oxyhydr)oxides (Feox1 and Feox2) such as ferrihydrite, lepidocrocite
and goethite, which are characterized by very short half-lives with respect to their re-10

action with hydrogen sulfide (Canfield et al., 1992; Poulton et al., 2004).
The removal of hydrogen sulfide from the pore-water by reactive iron minerals has

consequences for the coupling between dissimilatory sulfate reduction and pore-water
carbonate dynamics. Depending on the magnitude of sulfate reduction and the initial
value of pore-water pH, the accumulation of sulfide and DIC in the pore-water may15

decrease the pH below carbonate saturation, which may lead to carbonate dissolu-
tion (Ben-Yaakov, 1973; Gardner, 1973). The oxidation of hydrogen sulfide strongly
enhances this process (Walter and Burton, 1990; Walter and Morse, 1984). Sulfate
reduction linked to carbonate dissolution accounts for significant carbonate losses at
modern platform carbonate sediments off Florida and at Tahitian warm water coral20

reefs (Ku et al., 1999; Tribble, 1993; Walter et al., 1993; Walter and Burton, 1990).
However, if a sufficient pool of reactive iron minerals is present in the sediment, dis-
solved sulfide reduces ferric iron and precipitates as iron-monosulfides (FeS), interme-
diate ironsulfide species, and pyrite (Afonso and Stumm, 1992; Berner, 1984; Morse
et al., 1992; Pyzik and Sommer, 1981; Rickard and Luther, 2007; Wilkin and Barnes,25

1996). The reduction of iron is a strong proton consuming process. This buffers the
carbonic acid system above carbonate undersaturation and carbonate dissolution is
inhibited. The described mechanism depends on the amount of produced sulfide as
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well as on the availability of reactive Fe-(oxyhydr)oxides. At the investigated reefs both
factors seem to contribute to a well-buffered pore-water system and may explain the
excellent preservation of cold-water coral fragments. A similar mechanism has been
proposed to enhance coral preservation in cold-water coral mound systems drilled in
IODP Expedition 307 (Ferdelman et al., 2006).5

Linear pore-water Mg2+, Ca2+ and Sr2+ profiles and constant Mg/Ca and Sr/Ca ratios
in the sediment cores investigated in the present study further suggest the absence
of extensive net carbonate dissolution. Moreover, in core 23-18 GC, decreasing Ca2+

and Sr2+ concentrations in the sulfate reduction zone indicate ongoing syn-depositional
carbonate precipitation commonly expressed in the form:10

Ca2+ + 2HCO−
3 → CaCO3 + H2O + CO2 (R1)

This process is the result of carbonate supersaturation caused by the production of
bicarbonate via sulfate reduction. Similar trends in DIC and total alkalinity profiles of
core 23-18 GC suggest that the production of bicarbonate (the dominant DIC species
at the pore-water pH calculated with the PHREEQC program) entirely accounts for the15

rise in total alkalinity. The decreasing Sr2+ concentration associated with the decrease
in Ca2+ was probably either the result of the incorporation of Sr2+ into the precipitating
calcium carbonate species or due to an adsorption of Sr2+ onto freshly formed car-
bonate minerals. Changes in the Sr/Ca ratio may suggest that the mineralogy of the
precipitating mineral changed with depth, and an increasing amount of Sr2+ was in-20

corporated into the crystal structure or adsorption was enhanced in deeper sediment
layers. Calculations of the pore-water carbonate saturation index for aragonite and
calcite revealed that conditions were favorable for the precipitation of both minerals.
Decreasing pore-water Sr2+ concentration and a constant Mg2+ profile in the upper
part of core 23-18 GC suggest that authigenic precipitation of aragonite may be occur-25

ring. Sr2+ is more frequently substituted in the aragonite structure while Mg2+ is more
frequently incorporated in the calcite structure (Morse et al., 2007).
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5.3 Stoichiometry of the diagenetic processes

Attempts are often made to deduce an overall net reaction stoichiometry of the main
biogeochemical processes in sediments during early diagenesis. The mineralization of
organic matter via sulfate reduction coupled to iron reduction in marine sediments can
be expressed as follows:

6SO2−
4 + 12/106(CH2O)106(NH3)16(H3PO4) + 3Ca2+ + 4FeOOH

→ 6HCO−
3 + 3CO2 + 3CaCO3 + 2FeS2 + 2FeS

+192/106NH3 +
12/106H3PO4 + 11H2O (R2)

With some assumptions, this stoichiometry can be assessed by comparing calculated
fluxes across the sediment-water interface for SO2−

4 , DIC and Ca2+ (Fig. 9) obtained
through steady-state diagenetic modeling of the pore-water profiles using the PROFILE
program (Berg et al., 1998). We selected the “reactive core” 23-18 GC to conduct this5

comparison because it displayed the largest variations in the measured pore-water
constituents.

The stoichiometry given in Eq. (R2) implies a 2:1 ratio of SO2−
4 versus Ca2+ con-

sumption and a 2:3 ratio for SO2−
4 consumption versus DIC production (HCO−

3+CO2).
Because 1/4 of produced HCO−

3 is consumed by CaCO3 precipitation (Eq. R1), cor-10

rection for the Ca2+ precipitated leads to a 1:2 ratio for sulfate consumption versus total
DIC production. At the site where core 23-18 GC was taken, the fluxes of SO2−

4 and

Ca2+ across the sediment-water interface are calculated to be 347 µmol cm−2 d−1 and
103 µmol cm−2 d−1, respectively, which gives a ratio of 3.4:1. This ratio exceeds by far
the 2:1 ratio expressed in Eq. (R2) and suggests that less Ca2+ was being removed15

than expected. The PROFILE program furthermore calculated a DIC flux across the
sediment-water interface of 366 µmol cm−2 d−1 which gives a total DIC flux (DIC in the
pore-water+Ca2+ precipitated) of 469 µmol cm−2 d−1. In conclusion, the ratio of SO2−

4
flux versus total DIC flux calculated for this core is 1:1.4 instead of 1:2, which seems to
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indicate a decreased DIC flux. Assuming that all DIC production derives from sulfate
reduction and is consumed by CaCO3 precipitation, a calculation of the expected DIC
flux using the carbon stoichiometry in Eq. (R2) would give a value of 591 µmol cm−2 d−1.
Note that in Eq. (R2) all organic matter turnover proceeds via sulfate reduction, and dis-
similatory metal oxide reduction is assumed to be minimal. However, even if microbial5

iron reduction is considered as a major pathway for organic matter mineralization, metal
oxide reduction would also lead to enhanced, not less, DIC production.

Overall, the stoichiometry derived simply from the combination of the different single
reaction equations may oversimplify the occurring processes. The representation of
organic matter degraded within the sediment surface layer by Redfield stoichiometry10

as −CH2O− may not in all cases be correct (Hammond et al., 1996; Jahnke et al.,
1994; Martin et al., 1987; Takahashi et al., 1985). These studies suggest that organic
matter reaching the sediment may be, on average, more reduced than represented by
the Redfield stoichiometry because it contains a large fraction of its carbon in −CH2−
groups. This leads to a shift of the overall organic matter composition towards a more15

complex mixture and reduces the ratio of oxidant (e.g. O2 or SO2−
4 ) to produced DIC

from a 1:2 ratio towards a 1:1 ratio because for each mole SO2−
4 consumed an amount

<1 mole of DIC is produced.
Based on the calculated fluxes the following stoichiometric equation describes the

biogeochemical processes within core 23-18 GC:

6SO2−
4 + 12/106(CH2O)42.5(CH2)31.8(NH3)16(H3PO4) + 1.76Ca2+ + 4FeOOH

→ 4.88HCO−
3 + 1.76CO2 + 1.76CaCO3 + 2FeS2 + 2FeS

+192/106NH3 +
12/106H3PO4 + 9.76H2O (R3)

The stoichiometry used for the organic material in Eq. (R3), therefore represents the
average composition of the organic matter degraded during sulfate reduction in the20

cold-water coral reefs of Norway. It indicates that ∼57% of the degraded organic carbon
was bound in the form of −CH2O− groups while ∼43% was bound as −CH2− groups.
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We cannot rule out that other processes are involved that would lead to an addi-
tional DIC consumption, and therefore, explain the lack in produced DIC. First, the
precipitation of other carbonate minerals e.g. magnesium carbonates could occur. The
conservative magnesium profile in the top 200 cm, however, belies this possibility. Sec-
ond, although we attributed all sulfate consumption to microbial sulfate reduction, other5

processes could lead to the observed decrease in pore-water sulfate concentration
without producing DIC, such as the co-precipitation of sulfate with carbonate to form
carbonate-associated sulfate (Staudt and Schoonen, 1995). However, the presence
of sulfate reducing activity throughout the core as measured experimentally, suggests
that dissimilatory sulfate reduction is the major process removing sulfate. Attributing10

the DIC deficit to a shift in the metabolized organic matter from carbohydrate dominated
to a more reduced alkyl stoichiometry is the most parsimonious explanation.

6 Conclusions

Highly productive cold-water coral reef ecosystems strongly influence biogeochemi-
cal processes in adjacent coral-bearing sediments, although surprisingly, the influence15

acts as a negative feedback. This first biogeochemical study on recently buried cold-
water coral reef sediments reveals that:

1. Organic carbon turnover in the investigated cold-water coral reefs occurs in two
major zones (Fig. 10): (A) the complex reef surface framework consisting of living
and dead coral thickets and coral rubble and (B) the underlying carbonate-rich,20

coral fragment-bearing sediments. A rich benthic community of suspension feed-
ers and a high organic matter turnover by oxic microbial respiration reduces the
influx of organic matter into the underlying sediments. Therefore, the underlying
sediments are characterized by extremely low rates of anaerobic carbon miner-
alization. The coral framework effectively decouples the reef sediments from the25

productive pelagic ecosystem.
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2. Cold-water coral distribution at both reefs is not linked to hydrocarbon seepage.
The underlying compact glacial deposits served as the initial hard substrate for
coral settlement.

3. Stoichiometric calculations indicate the oxidation of organic matter with an aver-
age oxidation state below that of classic Redfield carbohydrate stoichiometries in5

these sediments. Thus, the little organic matter that does reach the sediment and
that can be anaerobically metabolized appears to be rich in alkyl carbon.

4. Three tightly coupled diagenetic processes in these recent sediments occur:
Microbial-mediated organic carbon mineralization by organoclastic sulfate reduc-
tion and by Fe-oxide reduction, reaction of produced hydrogen sulfide with dis-10

solved Fe species and Fe-(oxyhydr)oxides to form Fe-sulfides, and authigenic car-
bonate precipitation instead of carbonate dissolution. The interplay of low rates
of sulfate reduction and the availability of a sufficient reactive iron pool in the sili-
ciclastic sediments leads to a buffering of the pore-water carbonate system. This
coupling ultimately prevents carbonate dissolution and favors authigenic carbon-15

ate precipitation. Overall, the sediments represent an excellent environment for
cold water coral skeleton preservation and provide a model for initial or surface
diagenetic processes that may have occurred in cold-water carbonate mounds
such as Challenger Mound.
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Table 1. Sampling location, water depth and core identification.

Reef Latitude Longitude Water depth Core Site description
(◦ N) (◦ E) (m) identification

Røst Reef 67 ◦32.64 9◦28.05 527 7-1 GC Off-reef
67◦30.52 9◦25.34 324 14-8 GC Clay zone
67◦30.48 9◦25.40 330 14-10 GC Reef top
67◦30.46 9◦25.39 331 15-3 GC Coral rubble zone

Traenadjupet 66◦58.24 11◦7.82 327 23-15 GC Off-reef
Reef 66◦58.16 11◦7.80 327 23-18 GC Reef, reactive core

66◦58.23 11◦7.66 323 23-23 GC Reef
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Table 2. Average TC, TIC and TOC contents and standard deviation (1σ) of cores 14-8 GC,
14-10 GC, 15-3 GC (Røst Reef), 23-18 GC and 23-23 GC (Traenadjupet Reef).

Reef Core TC TIC TOC
[wt.%] [wt.%] [wt.%]

Røst Reef 14-8 GC 4.98 (±0.22) 4.27 (±0.35) 0.71 (±0.26)
14-10 GC 4.92 (±1.10) 4.57 (±0.84) 0.35 (±0.54)
15-3 GC 5.18 (±1.43) 4.57 (±1.44) 0.60 (±0.34)

Traenadjupet 23-18 GC 4.03 (±0.90) 3.07 (±0.62) 0.96 (±0.46)
Reef 23-23 GC 3.81 (±0.76) 3.28 (±0.79) 0.53 (±0.23)

4979

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/5/4945/2008/bgd-5-4945-2008-print.pdf
http://www.biogeosciences-discuss.net/5/4945/2008/bgd-5-4945-2008-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
5, 4945–4992, 2008

Cold-water coral reef
sediment

biogeochemistry

L. M. Wehrmann et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Table 3. Average values for sequential Fe extractions partitioning between Fecarb, Feox1, Feox2,
Femag and FePRS contents and standard deviation (1σ) of cores 15-3 GC (Røst Reef) and 23-18
GC (Traenadjupet Reef).

Reef Core Fecarb Feox1 Feox2 Femag FePRS
[wt.%] [wt.%] [wt.%] [wt.%] [wt.%]

Røst Reef 15-3 GC 0.03 0.22 0.30 0.15 1.26
(±0.01) (±0.04) (±0.06) (±0.04) (±0.31)

Traenadjupet 23-18 GC 0.04 0.29 0.23 0.16 1.39
Reef (±0.01) (±0.06) (±0.05) (±0.03) (±0.28)
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Fig. 1. (a) Map of the Norwegian Sea with the two investigated reefs (white circles) and the
schematic surface water circulation (adapted from Poulain et al., 1996; gray arrows). (b) Bathy-
metric map of Røst Reef location. (c) Bathymetric map of Traenadjupet Reef location. Both
maps include the positions of the retrieved gravity cores.
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Fig. 2. Schematic of Røst Reef zonation.
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from Traenadjupet Reef.
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Fig. 6a. Pore-water concentration of SO2−
4 , SRR, dissolved Fe (Fediss) and dissolved Mn

(Mndiss) in cores 14-8 GC, 14-10 GC and 15-3 GC from Røst Reef.
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limit are also plotted.
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Fig. 7a. Pore-water distribution of Ca2+, Sr2+ and Mg2+, Sr/Ca ratio and Mg/Ca ratio in cores
14-8 GC, 14-10 GC and 15-3 GC from Røst Reef.
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Fig. 7b. Pore-water distribution of Ca2+, Sr2+ and Mg2+, Sr/Ca ratio and Mg/Ca ratio in cores
23-18 GC and 23-23 GC from Traenadjupet Reef.
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Fig. 8. Dissolved inorganic carbon (DIC) concentration and total alkalinity (TA) in the pore-water
of cores 14-8 GC and 15-3 GC from Røst Reef and 23-18 GC and 23-23 GC from Traenadjupet
Reef. Also shown are calculated saturation indices for aragonite and calcite with respect to the
pore-water solution for core 23-18 GC. Values on the left side of the dotted line (SI=0) indicate
undersaturation and values on the right side of the line indicate oversaturation of the respective
mineral.
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Fig. 9. Measured concentration of DIC, SO2−
4 and Ca2+ (dots), calculated least-square fit con-

centration profiles (black lines) and modeled rates of production (positive values) and con-
sumption (negative values; grey lines). Calculated fluxes across the sediment-water interface
are shown in µmol m−2 d−1; negative values indicate flux out of the sediment.

4991

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/5/4945/2008/bgd-5-4945-2008-print.pdf
http://www.biogeosciences-discuss.net/5/4945/2008/bgd-5-4945-2008-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
5, 4945–4992, 2008

Cold-water coral reef
sediment

biogeochemistry

L. M. Wehrmann et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Fig. 10. Model of the two major zones of organic matter mineralization in Norwegian cold-water
coral reefs: (A) the complex reef surface-framework and (B) the underlying carbonate-rich, coral
fragment-bearing sediments.
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