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Abstract

Rates and oxidative pathways of organic carbon mineralization were determined in sediments at six stations
on the shelfand slope off Concepcidon Bay at 36.5°S. The depth distribution of C oxidation rates was determined
to 10 cm from accumulation of dissolved inorganic C in 1-5-d incubations. Pathways of C oxidation were
inferred from the depth distributions of the potential oxidants (O,, NO,~, and oxides of Mn and Fe) and
from directly determined rates of SO, reduction. The study area is characterized by intense seasonal
upwelling, and during sampling in late summer the bottom water over the shelf was rich in NO,;~ and depleted
of O,. Sediments at the four shelf stations were covered by mats of filamentous bacteria of the genera
Thioploca and Beggiatoa. Carbon oxidation rates at these sites were extremely high near the sediment surface
(>3 pmol cm~3 d-!) and decreased exponentially with depth. The process was entirely coupled to SO,
reduction. At the two slope stations where bottom-water O, was >100 uM, C oxidation rates were 10-fold
lower and varied less with depth; C oxidation coupled to the reduction of O,, NO;~, and Mn oxides combined
to yield an estimated 15% of the total C oxidation between 0 and 10 cm. Carbon oxidation through Fe
. reduction contributed a further 12-29% of the depth-integrated rate, while the remainder of C oxidation was
through SO,2~ reduction. The depth distribution of Fe reduction agreed well with the distribution of poorly
crystalline Fe oxides, and as this pool decreased with depth, the importance of SO,2~ reduction increased.
The results point to a general importance of Fe reduction in C oxidation in continental margin sediments.
At the shelf stations, Fe reduction was mainly coupled to oxidation of reduced S. Thesc sediments were
generally H,S-free despite high SO,2~ reduction rates, and precipitation of Fe sulfides dominated H,S scav-
enging during the incubations. A large NO,~ pool was associated with the Thioploca, and the shelf sediments
were thus enriched in NO;~ relative to the bottom water, with maximum concentrations of 3 umol cm~—3,
The NO,;~ was consumed during our sediment incubations, but no effects on either C or S cycles could be

discerned.

The mineralization of organic matter in the sea floor
proceeds through a complex web of fermentative and
respiratory microbial pathways where the oxidation of
organic carbon to CO, is balanced overall by concomitant
reduction of the inorganic electron acceptors O,, NO;~,
oxides of Mn and Fe, and SO,2~. To understand the
regulation of carbon oxidation, independent quantifica-
tion of each pathway would be ideal, but such quantifi-
cation is only possible for a few of the pathways. The
radiotracer technique for measuring SO,2~ reduction rates
(Jorgensen 1978) is one of the most robust methods avail-
able. Most importantly, SO,2~ reduction is an entirely
biological process that uses only organic substrates (and
H,) and has H,S as the only immediate product. All of
the other electron acceptors may be reduced in sediments
either abiotically or through bacterial catalysis by one or
more of the reduced inorganic species (H,S, Fe2*, Mn?+,
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or NH,*), and no technique is available for measuring
organotrophic respiration alone. Hence, the quantifica-
tion of these processes relies on multilateral approaches
wherein different types of measurements together con-
strain the rates.

Determinations of bacterial SO,2~ reduction rates in
sediments are numerous and have shown that this path-
way accounts for 10-90% of the C oxidation in coastal
sediments, with 50% as a median valuc (Jergensen 1982;
Henrichs and Recburgh 1987; Canficld 1993). Most of
the sulfide produced from SO,2~ reduction is typically
recoxidized within the surface sediment rather than being
buried. Thus, although benthic O, uptake provides a good
estimate of sediment metabolism in most continental
margin sediments, a significant part of this O, consump-
tion is typically not directly coupled to C oxidation, but
instead is coupled to the reoxidation of inorganic com-
pounds such as H,S (Jorgensen 1982). No technique is
presently available for direct quantification of aerobic
respiration in scdiments.

Several methods have becen used for mecasuring sedi-
mentary NO;~ reduction (Serensen 1978; Seitzinger ct
al. 1984; Nielsen 1992), with results that generally dem-
onstrate a minor role (=< 10%) for C oxidation in coastal
sediments (Serensen et al. 1979; Canfield et al. 1993a).
The significance for C oxidation may be higher in areas
with low O, and (or) elevated NO;~ concentrations in the
bottom water (cf. Canfield 1993).

The contributions of Mn and Fe reduction to C oxi-
dation are the most infrequently quantified of the respi-
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Fig. 1. Map showing sampling locations.

ratory types. Estimates based on pore-water gradients of
Mn?*+ and Fe?* have found the processes to be of little
importance (e.g. Bender and Heggie 1984; Reimers et al.
1992). In the presence of sediment and pore-water trans-
port by bioturbation, however, such estimates underes-
timate actual turnover rates (Aller 1980; Canfield 1993),
and a further complication arises from thc adsorption or
precipitation of reduced Mn and Fe (Canficld et al. 19935;
Thamdrup et al. 19944). Indeed, Aller (1990) found that
in Mn oxide-rich sediments of thc Panama Basin, Mn
reduction dominated C oxidation and that the process
was supported by bioturbation, which mixed the oxides
and organic matter into anoxic scdiment layers.

A major difficulty in quantifying dissimilatory Mn and
Fe reduction arises from the competing abiotic reactions
with H,S and, for Mn oxides, with Fe2* (Pyzik and Som-
mer 1981; Postma 1985; Burdige and Nealson 1986).
Reaction with H,S may be so rapid that this compound
may be undetectable even in sediments with high rates
of SO,?>~ reduction (Goldhaber and Kaplan 1974; Can-
field et al. 1992). Reaction with H,S was found to dom-
inate Fe reduction in a coastal bay, with dissimilatory Fe
reduction contributing <5% to C oxidation (Thamdrup
et al. 19944). Similar conclusions have been reached for
Mn reduction in a number of relatively Mn-poor sedi-
ments (Canfield et al. 1993b; Aller 1994; Thamdrup et
al. 1994aq).

By contrast, Serensen (1982) showed that in oxidized
sediment, Fe reduction proceeded through biological ca-
talysis and was independent of SO,2~ reduction. Fur-
thermore, from the depth distribution of O,, NO;~, and
rates of SO,2~ reduction in some coastal sediments, a
zone dominated by Fe reduction has been suggested (Se-
rensen and Jorgensen 1987; Hines ct al. 1991). In a study
of three sites in the Norwegian Trough, Canfield et al.
(1993b) compared total mineralization rates to SO,2~ re-
duction rates in anoxic sediment incubations. Based on
excess total mineralization relative to the mineralization
duc to SO,? reduction, Fe reduction was found to con-
tribute 44 and 69% of anaerobic C oxidation at two sites,
whereas at the third site, essentially all mineralization
was coupled to Mn reduction. These large contributions
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Table 1. Positions and bottom-water data for stations sam-
pled 12-23 March 1995 (nd—not detected).
Position Dcepth Temp O,*  NO,;-
(36°S+, 73°W+) (m) O ®M) (M)
Cé6 37.3'S, 00.5'W 34 11.4 nd 3
C7 36.5'S, 00.6'W 37 11.6 nd 21
Cl8 30.8'S, 07.7W 87 11.7 nd 18
C26 25.9'S, 23.4'W 122 11.2 nd 15

C40 20.1'S, 43.7W 1,015 6.0 105 43
C41 19.6'S, 49.3'W 2,000 3.9 220 35

* Data provided by J. K. Gundersen and R. N. Glud.

were associated with strong bioturbation and, in the last
case, with a very high Mn oxide content. From compar-
ison with benthic O, uptake rates, it was concluded that
the anaerobic processes dominated C oxidation, whereas
aerobic respiration contributed only 4-17%; furthermore,
it was suggested that the role of aerobic respiration in C
oxidation has generally bcen overestimated in continental
margin sediments (Canfield ct al. 19934).

Although the studies cited above have provided the
first evidence on the diversity of C oxidation pathways,
it is also clear that a general understanding of the relative
importance of these pathways and their regulation in sed-
iments has not been reached. We have applied an ap-
proach similar to that of Canficld et al. (19935) to sedi-
ments from the upwelling region off central Chile. Stations
were chosen on a transect that ran from a highly pro-
ductiveshelfarea with O,-deficicnt bottom waters to half-
way down the continental slope. This approach gave us
an opportunity to study how the pathways of C oxidation
responded to variations in bottom-water O, levels. This
study extended the small database on the significance of
dissimilatory Fe and Mn reduction and also served as a
further test of the methodology.

Study area

As part of the “Thioploca Cruise 1994 onboard RV
Vidal Gormaz (Fossing ct al. 1995), sediments were col-
lected on the cortinental margin off Concepciéon Bay (Fig.
1, Table 1). Stations were distributed along a transect
from the mouth of the Bay at 34-m depth, across the 40-
km-wide shelf, to 2,000-m depth on the slope. The region
is characterized by a very high upwelling-driven primary
production during summer (September-April), with up-
welling induced by south-southwest winds that typically
blow for periods of a week, followed by a few days of
calm or north winds (Ahumada ct al. 1983; Arcos and
Wilson 1984; Peterson et al. 1988). The noncontinuous
upwelling pattern causes strong temporal variations in
primary produclivity. Sediments were sampled during
late summer (12-23 March), and- upweclling-favorable
winds blew throughout the first half of March.

A pronounced O, minimum zone is associated with the
south-flowing equatorial subsurface water, which is found
at 100-400-m depth in nonupwelling periods (Brandhorst
1959; see Sobarzo 1994). During summer upwelling, this
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water mass may reach 20-m depth and may cover the
shelfand reach into the Concepcidn Bay, thereby reducing
bottom-water O, concentrations over the shelf (Ahumada
et al. 1983; Peterson et al. 1988). Thus, O, concentrations
<11 uM have been reported from the shelf bottom water
during this season (Roa et al. 1995), Inside the bay, bot-
tom-watcr anoxia, H,S release, and faunal mass mortality
are recurring phenomenona (Ahumada ct al. 1983). Dur-
ing the sampling period, an O,-dcficient zone was found
at 100-300-m depth offshore, and it stretched up over
the shelf to 30-40-m depth, so that all shelf sediments
studied were fully anoxic (Table 1; R. N. Glud et al. in
prep.).

Sedimentation rates from 2!°Pb distributions at stations
C41, C40, C18 (Fig. 1), and at locations close to C6 and
C7, all fall in the range [-2.2 mm yr~! (mean, 1.2; M.
Salamanca pers. comm.). Giant filamentous bacteria of
the genus Thioploca were first described from the shelf
sediments outside the bay, where they occur in matlike
masses in the O, minimum zone (Gallardo 1977). On the
inner shelf, where O, levels vary strongly over the year,
the mats proliferate in summer and may break up and
become exported with bottom currents during winter (V.
A. Gallardo pers. comm.). Single filaments are up to 40
um wide and 7 cm long (Fossing et al. 1995) and arc
found in conspicuous (up to 1.5-mm-thick) sheathed bun-
dles. These filaments belong to the species Thioploca chi-
lea and Thioploca araucae (Maier and Gallardo 1984a;
Teske et al. 1996). Sulfide oxidation has been proposed
as their main method of metabolism (Maier and Gallardo
1984b), but despite wide distribution of these species in
the Chilean and Peruvian upwelling areas (Gallardo 1977),
their ecology is poorly known and was a main subject of
investigation during the cruise (Fossing et al. 1995).

Methods

The sediments were sampled with a multiple corer
(Barnett et al. 1984) that retrieved up to eight cores in
polycarbonate liners of 9.6-cm i.d, although for stations
C7 and C40, a 30 x 30-cm box core was subsampled into
such liners on deck. Cores were only accepted when the
surface appeared neither affected by resuspension nor, in
presence of surface mats, disrupted or pushed down dur-
ing coring. Cores were immediatcly transferred to an in-
cubator set at bottom-water tempcerature (Table 1).

Sediment incubation and pore-water extraction—For
the pore-water chemistry, onc or two corcs were pro-
cessed, generally within 1 h of retricval. In an N,-filled
glove bag, the sediment was scctioned in appropriate in-
tervals and loaded into polypropylenc centrifuge tubes.
The tubes were tightly capped and centrifuged for 5-10
min, and after reintroduction into the glove bag, the pore
water was sampled and filtered through Whatman GF/F
glass-fiber filters. Conservation and analyses of samplcs
are described below.

A finer spatial resolution of the NO;~ distribution near
the sediment surface was attempted with a whole-core
squcezer (Bender et al. 1987). Pore water was extruded
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by driving the sediment core [fom below toward a sta-
tionary lid with a central 1-mm-wide hole covered with
a paper filter. Water was collccted in 2-ml aliquots, each
corresponding to ~0.9-mm depth in the core, depending
on porositics.

For the determination of carbon mincralization rates
and pathways, sediment from the upper 10 cm of six cores
(434 cm? in total) was incubated as described by Canfield
et al. (1993b) in laminated ethyl-vinyl-alcohol plastic
Wiirgler bags (Ril-O-Ten; Hansen 1992; Kruse 1993) af-
ter it had been sectioned into eight depth intervals and
the parallel intervals from different cores were mixed.
Sediments were processed over ~2 h in an N,-filled glove
bag beginning within 4 h of retrieval. The incubation bags
were first closed with a big clip, which eliminated any
head space, and they were then heat-sealed behind the
clip, thus avoiding heating of the sediment. The bags were
incubated dry at bottom-water temperature (Table 1) and,
in addition to the initial sample, sampled four times at
regular intervals in the glove bag. Apart from the initial
exposure during loading, thc bags werc exposed to room
temperature (~18°C) for <10 min during samplings to
avoid temperature artifacts on rates. The generally linear
accumulation of metabolites during our incubations ar-
gues against any significant transicnt stimulation of met-
abolic activity resulting from initial samplc heating and
handling. During incubation, the bags were not placed in
alarger N,-filled bag as practiced by Canficld ct al. (19935).
The range of oxygen permeability reported for the plastic
(Hansen 1992; Kruse 1993) at a maximum bag surface:
volume ratio of 0.2 m? liter~! corresponds to an oxygen
input of 1-4 nmol cm~—2 d—*, which is insignificant for
the metabolically active scdiments studied here. Gener-
ally, however, we recommend the use of an outer anoxic
bag for sediment incubations.

For stations C7-C26, thc total incubation time was 30—
35 h; station C40 was incubated for 4 d and C41 for 5 d.
At station C6, the incubation was ended after the second
sampling (5-h incubation) becausc of incubator failure.
With stations C7 and C18, we prolonged the incubations
to 6 and 10 d, respectively, to monitor long-term changes
in the pore water and solid phases. For each sampling,
sediment was loaded into centrifuge tubes and pore water
was retrieved under N, as described above.

During the short-term incubations, rates of sulfate re-
duction were determincd once at C6 and C7 and twice at
all other sites in splits of 10-ml sediment with 35SQ,2~
tracer (Jorgenscen 1978) in 3-h (shelf sites) to 10-h (C41)
incubations at the same temperature as the bags. For
termination, the sediment was fixed in 20% zinc acetate
and frozen. The reduced 3°S was recovered by distillation
with boiling acidic Cr?*+ solution (Zhabina and Volkov
1978; Canfield et al. 1986; Fossing and Jorgensen 1989).

At the end of the short-term incubations, pore-water
pH was determined with a glass clectrode that was in-
serted into subsamples of the sediment and was calibrated
with NBS standards.

Pore-water analyses—Portions of pore water for 2CO,
(dissolved inorganic carbon) and NH,* analyses were fil-
tered into 1.8-ml glass vials that were capped with Teflon-
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coated butyl rubber septa, leaving no gas phase and main-
taining anoxia. The samples were stored at 4°C and an-
alyzed right after termination of the short-term incuba-
tions or, for the pore-water cores, within 5 d by means
of flow-injection systems with gas-cxchange and conduc-
tivity detection for both specics (Hall and Aller 1992; SD
2% for both). Although we cannot exclude slight ZCO,
production from DOC oxidation during the brief storage,
we expect this to be insignificant relative to the produc-
tion in the sediments given the storage conditions. Sam-
ples that contained H,S from C6 and samples from pro-
longed incubations at C7 and C18 that contained H,S
were first analyzed for NH,* and then treated with 5%
vol of a 10% H,O, solution (R. C. Aller pers. comm.).
This treatment removed all H,S within 10 min and had
no effect on ZCO, measurcments, as dctermined from
similarly treated standards.

Pore water for determination of NO;~+NO,~ was
stored frozen. For analysis, NO;~ was reduced to NO,~
by shaking the sample with spongy cadmium, and total
NO,~ was subsequently determined (Joncs 1984). Tests
showed that 3 h of reaction ensured complete reduction
to NO,~ without overreduction to NH,*.

Dissolved Fe?™ in the pore-water cores was dctermined
immediately after filtration by colorimetry with a Fer-
rozine solution without reducing agent (det. limit 1 uM;
SD 2%; Stookey 1970), whereas pore-water Fe?* in the
incubated sediment was determined in acidified samples
at the end of the incubation. Dissolved Mn?* and Ca?*
were analyzed in acidified pore water by flame atomic
absorption spectroscopy (Mn2* det. limit 0.5 uM; SD 2%
for both).

Sulfate was determined by nonsuppressed anion chro-
matography (SD 1%). Samples for H,S analysis (100-300
ul) were fixed immediately in 50 ul 20% Zn acetate and
frozen for later analysis by the methylenc blue method
(det. limit 1 uM; SD 5%; Cline 1969).

Solid-phase analysis—Portions of sediment from the
beginning of the incubations and the scdiment remaining
in the bags at the end were sampled under N,, frozen,
and later analyzed for solid Fc, Mn, and S phases. Iron
was extracted with dithionite-citrate-acctic acid (DCA;
pH 4.8; Lord 1980; Canfield 1989) and acidic ammonium
oxalate (pH 3.0; Schwertmann 1964). DCA extracts all
free iron oxides (except some magnetite; Canficld 1988;
1989) together with Fe(II) phascs such as FeS and FeCO,
(Thamdrup et al. 1994q; Kostka and Luther 1994) but
docs not allow a separate determination of Fe(ITI) and
Fe(Il). Oxalate has been uscd to extract poorly crystalline
Fe oxides from soils and scdiments (Schwertmann 1964;
Canfield 1988, 1989). Its sclectivity is, however, depen-
dent on the absence of Fe?+, because the Fe?*-oxalate
complex efficiently catalyzes the dissolution of crystalline
Fe(IIT) phases (Fischer 1973; Suter et al. 1988). Because
ferrous phases such as FeS and FeCO; are also dissolved
by this extraction, unwanted dissolution of unreactive
Fe(III) phases from anoxic Fe(II)-bearing sediments re-
sults (Thamdrup et al. 19944; Kostka and Luther 1994).
To avoid this catalytic interference of Fe?+, we air-dried
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the sediment before extraction, thercby oxidizing FeS and
FeCO; to ferrihvdrite (Canfield 1988, 1989; Raiswell et
al. 1994). Calibration cxperiments with pure Fe phases
mixed into dried sediment confirmed the selectivity to-
wards poorly crystalline oxides (D. E. Canficld unpubl.).
In parallel with the (oxic) extraction of dried sediment,
Fe?* was determined in an anoxic oxalatc extraction of
fresh (frozen) sediment (Phillips and Lovley 1987) in or-
der to quantify the contribution of Fe(II) phases to the
oxalate-extractable Fe. Oxalate-extractable Fe(III) was
defined as the difference between these two measures.

We used 10-ml extractants with ~150 mg wet or 50
mg of dry sediment. Extraction times werc 1 h for DCA
and 4 h for oxalate, and thc extraction conditions were
otherwise as described by Canfield et al. (1993b) and
Thamdrup et al. (1994a). Total extractable Fe and Fe(II)
were determinec. with Ferrozine (above references). Man-
ganese was detcrmined in the DCA extracts by flame
AAS.

Acid-volatile sulfide (AVS = FeS + H,S) and chro-
mium-reducible sulfur (CRS = FeS, + S° were deter-
mined after a two-step distillation with cold 2 N HCl and
boiling 0.5 M Cr2+ solution (Fossing and Jergensen 1989).
Elemental sulfur was extracted by shaking the samples
with methanol for 24 h and was then determined with
HPLC (T. G. Ferdelman et al. unpubl.). For this deter-
mination, sediment fixed with Zn acctate from the SO,2~
reduction measurements was uscd. Concentrations of FeS
and FeS, were calculated as AVS — H,S and (CRS — S°)/
2, respectively.

Organic C and total N and S were determined in dried
sediment on an clemental analyzer (Carlo Erba; SD 2%);
inorganic C was removed by acidification (HCI) and dry-
ing of the sample boats prior to analysis. Inorganic C in
carbonates was determined by acidification of 0.1-0.5 g
of dried sediment with 10 ml of 4 M HCl in 120-ml serum
bottles and measurement of the evolved CO, in the head-
space by gas chromatography with thermal conductivity
detection (SD 5%). These values were corrected for car-
bonate alkalinity.

Thioploca analysis and NO;~ extractions—For deter-
mination of the bulk composition of Thioploca, a 10-cm-
deep sediment core with a well-devcloped mat at the
surface was sicved (I mm) and washed with surface sea-
water. Remainiag detritus and macrofauna were removed
with forceps, leaving a visually clean pellet of sheathed
Thioploca, which was then frozen. About 1 g wet wt of
Thioploca was reeze-dried and ground for analysis. Or-
ganic C, N, and S were determined with an elemental
analyzer as above. The NO;~ content was analyzed as
described below. To estimate the contribution of salt to
the dry weight, Cl— was extracted in water and analyzed
by ion chromatography. The total salt content was cal-
culated from Cl~ and the typical composition of seawater.

Because we discovered during the cruise that Thioploca
concentrated NO,;~ far beyond pore-water concentra-
tions, an NO,;~ extraction of total sediment was tested
and applied. Drying and rewctting had proven to be an
eflicient way to release NO;~ from single filaments of
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Fig. 2. Depth distributions of organic carbon and C,,: N

ratios. Data both from sediment usced for incubations (dia-
monds) and from a core for porc-water analysis (circles) are
shown.

Thioploca (L. P. Nielsen pers. comm.). For the extraction,
frozen sediment was dried either at 80°C after brief thaw-
ing or in a freeze-drier that avoided thawing completely.
The sediment was ground by hand and 50-100 mg (5 mg
for Thioploca samples) was then cxtracted in 10 ml water
for 15 min. After centrifugation, NO, ™ in the supernatant
was determined as in the pore-water samples. The cx-
traction procedure was tested with surface sediment from
the NO,~ rich C7. Large and highly reproducible amounts
of NO;~ were released in the first 15-min extraction, and
the yield decreased sharply in a sccond wash. The relcasc
of NO;~ decreased little in three further washes and sta-
bilized at concentrations ~0.2 umol g~!, corresponding
to 1-2 uM in the extract independent of the yicld in the
first wash. Extraction in 1 M KCI or sonication during
the extraction did not increase the yield (data not shown).
Also, extraction of the decpest sediment scctions and of
sediment from the prolonged incubations, where strongly
reducing conditions devcloped, consistently yielded non-
zero NO;~ concentrations around the “background” level
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of the test extractions (see below). We interpret this stable
background concentration as an artifact for which we
have no certain explanation, but which could be the result
of nitrification during the cxtraction. This background
was subtracted in caiculations of NO;~ pool sizes.

Results

Sediment description —White filamentous bactceria
(Thioploca spp. and Beggiatoa spp.) werc obscrved in
masscs in the anoxic shelf sediments and in mats formed
on the surface. The sediment at station C6 was black and
sulfidic and had a web of Beggiatoa filaments practically
floating on 2 cm of fluff that graded into silt. At C7 and
C18, ~2-cm-thick matlike structurcs containing 7hio-
ploca, the small suspension feeding polychaete Paraprion-
ospio pinnata (~1 cm), and juvenile squat lobsters, Pleu-
roncodes monodon (~1 cm) were observed on the surface
of the otherwise silty, dark brown secdiments. Singlc strands
of Thioploca and a few burrows of larger polychaectes were
seen to 10-cm depth. Station C26 did not have a distinct
bacterial mat at the surface, but strands of Thioploca were
distributed within the upper 10 cm. This sediment con-
sisted of green silt to 10-15-cm depth and gray clay with
a purple tinge below this level. At the slope stations, the
sediment was brown and silty and infauna was indicated
by burrow structures.

Solid phase and pore-water chemistry—To facilitate di-
rect comparison of rates and pool sizes, concentrations
of solids (except C,,, and N) arc given on a volume rather
than on a dry weight basis. To some extent, this choice
masks changes that occur within the solids, because a
component that makes up a constant fraction of the solids
increases with depth solely owing to compaction. This
masking effect is particularly significant at the inner sites,
where porosities decreased from >0.95 in the surface mat
to ~0.85 at 10-cm depth.

The distribution of the organic C and the C,,: N ratio
in the sediments are shown in Fig. 2. Only the surface
layers showed pronounced changes through the transect,
with high C_,, concentrations of up to 8% dry wt at the
shallower stations decreasing to ~3% at the slope stations.
A concentration ~3% was also approached in the deeper
parts of the shelf cores. At C26, C,, was ~4% in the
upper 10 cm and dropped to 1% below this. This change
coincided with the abrupt color change from green to gray.
The station also stood out with respect to other solid
components (see below). Low C,, : N ratios of 6-7 were
associated with the high C,,, in the mats; otherwise, values
were ~9.

The distribution of inorganic carbon (ZCO,) and NH,+
in the pore waters showed a uniform trend along the
transect, and the extremely steep concentration gradients
and strong convex curvature of the profiles at the near-
shore stations indicated high rates of C mincralization
(Fig. 3). Offshore, both the surface gradicnts and the cur-
vature of the concentration profiles decrcased dramati-
cally. The 2CO, and NH,* distributions were generally
parallel. At C7 and in onc core at C18, however, a pref-
erential release of NH,* was indicated near the surface.
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Fig. 3. Depth distributions of dissolved species from the shallowest (C6, top) to the deepest
(C41, bottom) site. At stations C6, C18, and C40, two cores wer: analyzed, which are distin-
guished by the use of open and filled circles.

Potential oxidants for C,,, O, and NO;~ —Bottom-wa- with oxygen electrodes mounted on a benthic lander
ter oxygen was available only on the slope, where it pen- (Gundersen and Jergensen 1991) and that for C41 was
etrated into the sediment to 6 mm at C40 and to 8 mm measured in a core incubated at bottom-water tempera-
at C41 (Table |; J. K. Gunderscn and R. N. Glud pers. ture and O, concentration onboard ship (Glud et al. 1994).
comm.). The penetration for C40 was obtained in situ Nitrate was =15 uM in the bottom water at all stations
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Fig. 4. Nitrate concentration in fractions collected from
whole-core squeezing of sediment from five stations. Two mil-
liliters corresponds to ~0.9-mm depth in the core.

except C6 (Table 1). As defined from centrifuged sedi-
ment, pore-water NO,~ penctrated to 5 mm at C6, 1.5-
2 cm at the other shelf stations, and to | cm on the slope
(Fig. 3). For the shelf stations (C7-C26), NO;~ profiles
were characterized by an irregular shape and by several
values well above the bottom-water concentration. At-
tempts to obtain profiles at a fincr spatial resolution by
means of a whole-core squcezer, which has been used
successfully for NO;~ with other sediments (Bender et al.
1987; Brandes and Devol 1995), produced even stranger
results. We obscrved that the concentration of NO;™ in
the collected pore water increased with virtual depth as
the squeezing proceeded and more pressurc was applicd,
reaching up to 5 mM (Fig. 4). Such cffects were not ob-
served with the slope sediments. Analysis of single fila-
ments of Thioploca showed that these bacteria may con-
centrate NO;~ in their large central vacuole (Fossing et
al. 1995); therefore, centrifuging pore water or squeezing
sediment may lead to elevated porc-water NO;~ concen-
trations by disrupting cells.

In Table 2, the total amount of NO;~ released from
the sediments by whole-core squeezing is compared to
that measured in the pore water after centrifugation. For
C6-C18 the whole-core-squeezed sediment contained far
more NO,~ than did the centrifuged pore water, but we
were not certain that most NO;~ in the sediment was
even released by the whole-core squeezing. As an alter-
native estimate of the sediment NO,~ pool, we therefore
extracted NO,;~ from dried sediment. The depth distri-
bution of extractable NO,~ (Fig. 5) confirmed that at the
Thioploca mat stations C18 and in particular C7, much
more NO;~ was present in the sediment than was mea-
sured in the pore water (Table 2). Although the pool of
extractable NO;~ was 5 times larger than the pore-water
pool at these stations, it still represented only half the
pool extruded by whole-core squeezing. It was surprising
that whole-core squeezing provided the highest estimates
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Table 2. NO,;~ pool size measured with different methods
(mmol m~2?) (nd—not detected; nm—not measured).

Pore-water Whole-core Drying and
centrifugation squeezing extraction
C6 0.1 1.6 0.3
C7 0.3 26.9 16.9
Cl8 0.6 7.2 3.3
C26 0.8 0.6 1.7
C40 0.2 0.3 nm
C41 0.3 0.2 nd

of the sedimentary NO;~ content at the Thioploca mat
stations, because the pattern of NO,;~ elution during
squeezing suggested that more NO,~ remained in the core
(Fig. 4). In retrospect, this finding likely resulted from
our tendency to select areas with the strongest mat de-
velopment when subsampling the relatively small area of
sediment required for whole-core squeezing.

Analyses of sheathed Thioploca confirmed their high
NO;~ content and also showed a high content of S (Table
3). After subtraction of NO;~-N, the C,,: N ratio was
close to the Redfield ratio of 6.6 : 1 (Redfield et al. 1963).
Most dramatically, the S content, after subtraction of
SO,>~ from sea salt, was ~50% of C,,, by mass. This high
S content may be attributed to S° granules contained in
the Thioploca filaments (Gallardo 1977; Maier and Gal-
lardo 1984a).

Mn and Fe—The presence of reactive Mn oxides was
only indicated as an enrichment of extractable Mn at the
sediment surface (c.g. Aller 1980, 1994; Canficld et al.
1993b) at station C41 (Fig. 6), whereas concentrations of

Total NO,;” (M)
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Fig. 5. Depth distributions of initial extractable NO;~ in

sediments uscd for incubations. The cxtracted amounts have
been converted to equivalent porc-water concentrations. The
bar marked B. W. indicatcs the range of bottom-water NO,~
concentrations at the shelf stations.
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Table 3. Composition of Thioploca sample.

Content Cop: X
(% dry wt) (mol: mol)

Corg 12.5 1.0
Ntoml 253 5.8

NO;~-N 0.61 24

Residue 1.92 7.6
Siotal 6.62 5.1

S0,2--S 0.84 40

Residue 5.78 5.8
Sea salt 32.2

Mn were low (<1 umol g~!) and stable with depth at all
other stations (data not shown). The minimal importance
of Mn oxides as electron acceptor was further indicated
by only small enrichments of pore-water Mn2* to <2 uM
in the surface sediment, except at C41, where a maximum
of 9 uM was rcached at 0.5-1-cm depth (Fig. 6).

The contribution to the oxalate-extractabic Fe fraction
from Fe(III) decreased with depth and with a concomitant
increase in Fe(Il), thus demonstrating Fe reduction, ex-
cept at C6, where the Fe(1ll) fraction increased slightly
with depth (Fig. 7). At the deep stations, all oxalate-ex-
tractable Fe was found as Fe(II) at depth, whereas stable
positive Fe(IIT) concentrations were approached at the
shallower sites. Because the Fe(IIl) at C6 was measured
in the presence of free H,S (Fig. 3), it was clearly of low
reactivity, which seemed to be the case for the low “back-
ground” Fe(1II) concentrations reached at the other shelf
stations as well, This result was confirmed by analysis of
sediment at the end of the prolonged incubations at C7
and C18. Although H,S accumulated to millimolar levels
during these incubations (see below), the Fe(III) concen-
trations did not change in the deeper intervals. At the
surface, the Fe(III) fraction decreased to near the back-
ground value (data not shown). When we take the Fe(IIT)
levels reached at depth in the shelf sediments as an un-
reactive background, poorly crystalline Fe(III) was avail-
able for Fe reduction near the surface at all stations except
C6, and the penetration depth of Fe(III) increased off-
shore, reaching 4-5 cm at C41. The pool sizes of the
poorly crystalline Fe(IIl) and reactive Mn were calculated
by subtraction of the unreactive background, taken as the
mean concentration at 6—10-cm depth (Table 4).

We did not find an unreactive Fe(IIl) background at
C40 and C41, which implies a better selectivity of the
oxalate extraction toward poorly crystallinc Fe phases at
these stations. This result was likely due to interference
from residual Fe(II) in the shelf sediments. For the de-
termination of oxalate-cxtractable Fc, the scdiments were
oxidized by air-drying to remove interferences from Fe(1I)
(see methods). This process decreased the Fe yield sig-
nificantly relative to the extraction of Fe from fresh sed-
iment (data not shown), but we speculate that some Fe(IT)
remained in the very FeS-rich shelf sediments and cat-
alyzed dissolution of crystalline Fe oxides.

The dithionite (DCA) extraction typically yielded 1.5-
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Fig. 6. Depth distributions of extractable and dissolved Mn?+

at station C41. Note separate axcs. The stippled line shows the
unreactive extractable Mn fraction determined from the decpest
sections. This fraction decreases toward the surface owing to
increasing porosity.

2 times as much Fe as did the oxalate extraction, and the
excess Fe extracted by DCA only showed small changes
with depth (data not shown). This result indicated that a
large pool of crystalline Fe¢ oxides of low reactivity was
present in all the profiles studicd.

Subsurface rnaxima of dissolved Fe?* from Fe reduc-
tion were in close accordance with the distribution of
poorly crystall:ne Fe(I1I) (Fig. 3). Thus, C6, which lacked
such Fe(lll), had only a small Fe?* peak at the surface,
whereas stations C7-C26 cxhibited sharp Fe?* gradients
to ~2-cm depth. At C41, which had the deepest poorly
crystalline Fe(1Il) pool, Fc2* first accumulated at 1-cm
depth and rcached its maximum at S-cm depth. The
amount of dissolved Fe?*, however, was insignificant in
comparison with the Fe(Il) pool extracted in oxalate (Fig.
7). This procedure dissolves FcS but not FeS,, and at the
shallowest stations FeS made up a large fraction of this
Fe(IT) pool (cf. Figs. 7 and 8). At the other sites, however,
most of this Fe(Il) was not S-bound, and on the slope,
non-S-bound Fe(Il) was the largest Fe(Il) pool measured,
exceeding FeS, by 5-fold. A large authigenic non-S-bound
Fe(Il) pool has been measured in other coastal sediments,

Table 4. Pools of reactive Mn and poorly crystalline Fe(III)
(mmol m~2) (nd—not detected).

C6 C7 C18 C26 C40 C4a1

Mn nd nd nd nd nd 4.7
Fe(I1I) nd 152 131 67 390 769
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total oxalate-extractable Fe (———). Note separate scales. Slightly
negative concentrations that occurs as Fe(IIl),, are found by
subtraction of two large numbers.

but it is not clear which phases this pool represents (Can-
field et al. 19935; Thamdrup et al. 19944).

Sulfur—The pore-water concentration of SO,2~ showed
no gradient to 10-cm depth at the slope stations or at
C26. At C6, SO,2~ decreased from the seawater level of
28 mM at the surface to 24 mM at 10-cm depth, whereas
at C7 and C18 smaller decreases of ~1 mM were observed
over this interval (data not shown). High concentrations
of H,S were seen only at C6 (Fig. 3). Onc core from C18
showed a small H,S peak of 6 uM near the surface, while
the concentrations in another core and in the initial sam-
ples from the bag incubations (see below) were <1 uM.
At the other stations, H,S was not detected (<1 uM).
Solid-phase reduced S accumulated at all stations, with
pyrite (FeS,) as the dominating form. Procecding from
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Note separatc scales for FeS, and FeS and S°.

the inner shelf to the slope stations, the concentrations
of all solid-phase S species decrcased markedly. Partic-
ularly high levels of FeS were found from the surface at
C6 and C7, while a subsurfacc pcak of S° was observed
at C26.

Incubation experiments: Rates of mineralization—
Herein we present results from our bag incubations, in-
cluding total rates of C mineralization and the contri-
butions of the individual e~ acceptors to this process. The
increases in concentrations of both ZCO, and NH,* mea-
sured during the short-term sediment incubations were
generally linear and showed no systematic deviation from
linearity at any station (C7 and C41 shown in Fig. 9).
Extended incubations of sediment from C7 and C18
showed that ZCO, and NH,* accumulation rates were
stable over a period several times longer than that used
for the rate determinations (Fig. 10). Only the surface
section from C18 showed a gradual decrease in 2CO,
accumulation rates during the 10-d incubation.

Both maximum and depth-integrated rates of ZCO,
and NH,* accumulation were extremely high at the shelf
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Fig. 10. Changes in 2CO, concentrations during the pro-
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Table 5. Depth-integrated accumulation and SO,2~ reduc-
tion rates (mmol m~2 d—!) at 0~10-cm depth (0-8 cm at C40).

Accumulation® -
SO,2
=COo, NH,* reductiont
Cé6 95.7 9.4 42.5
C7 107+3 14.10.8 55.9
Cl8 56.3x1.3 7.8£0.5 32.8x£3.7
C26 50.3+1.9 6.8%£0.3 29.9+6.0
C40 11.6+0.6 1.11£0.04 4.80%+0.69
C41 9.2+0.4 0.81+0.07 2.66+0.46

* +SE from linear regression.
1 Mean + half the span from depth-integration of maxima and
minima of duplicates. Single determinations at C6 and C7.

stations and decreased 10-fold offshore (Fig. 11, Table 5).
There was a close covariation between 2CO, and NH,*
accumulation rates at all sites. The ratio of ZCO, accu-
mulation to NH,* accumulation showed no systematic
depth variation, but mean values increased from ~8 on
the shelf to 11-12 on the slope (Table 6). Ammonium
adsorbs to sediment particles (Rosenfeld 1979), and the
rate of NH,* accamulation in the pore water consequent-
ly underestimates the rate of NH,* production from or-
ganic decomposition. The rate of NH,* production can
be estimated from the relation (Berner 1980)

Rate(NH,* production) =
Rate(NH,* accumulation) X (1 + KX),

where K is the dimensionless adsorption coefficient with
a typical value of' 1.3%+0.1 in coastal sediments (Mackin
and Aller 1984). When this value is used, the average
ratios of ZCO, t¢ NH,* accumulation in Table 6 corre-
spond to ZCO, to NH,* production ratios of 3.4 (C18)
to 5.2 (C41), provided that ZCO, accumulation was un-
affected by the dissolution or precipitation of carbonates.

Calcium carbonate is probably the most significant fac-
tor to consider with respect to interference from carbonate
dissolution or precipitation. Also, significant precipita-
tion of the relativiely minor carbonate francolite (carbon-
ate fluoroapatite; Froelich et al. 1988) was excluded
through measurernents of dissolved F~ during the incu-
bations. To constrain CaCQj; dissolution or precipitation,

Table 6. ZCO,:NH,* accumulation ratios in sediment in-
cubations (mol: mol).

Depth (cm) C7 C18 C26 C40 C41
0-0.5 4.6 7.1 16.0 8.5 5.7
0.5-1 6.9 5.8 11.5 10.6 8.9
1-1.5 8.7 7.1 7.8 15.9 14.4
1.5-2 9.1 7.3 8.4 16.9 8.0
2-3 8.8 8.6 4.9 14.1 13.2
3-4 7.7 4.6 7.2 6.7 11.4
4-6 9.8 13.2 6.6 13.2 14.7
8-10* 9.1 9.6 7.3 10.5 13.1
Mean 8.1 7.9 8.7 12.1 11.2
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lation rates +=SE at all stations. Note that rates for NH,* have
becn multiplied by 10. Errors could not be calculated for C6.

ion molality products (IMP) were first calculated from
Ca?* and 2CO, concentrations and pH and then com-
pared to the apparent solubility constant, K,,’, of calcite
(Mucci 1983), which in the form of foraminiferal tests
was found to be the main contributor to the low carbonate
content of the sediments (Fig. 12). Carbonic acid disso-
ciation constants in seawater at 34.5%o S and 11.5°C (shelf
sites) or 5°C (slope sites) were used (Mehrbach etal. 1973).
Concentrations of pore-water Ca?* did not deviate sig-
nificantly from the bottom-watcr level (data not shown).
Porc waters at C7 were supersaturated with respect to
calcite, whereas clear undersaturation was observed at
C18 and C26 and near the surface at C40 and C41. Mea-
surements of dissolved Ca2?*, however, indicated no
change during any of the incubations to levels cxceeding
the precision of the Ca?* determination (data not shown).
Given this precision, ZCO, changes owing to CaCO; pre-
cipitation or dissolution were limited to <70 and <30
nmol cm™3 d~! during the prolonged incubations at C7
and C18. Because 2CO, accumulation rates at C7 and
Cl18 (Fig. 11) were much higher than these values, we
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Fig. 12. Depth distributions of parameters used in carbonate
dissolution rate calculations. pH was measured at the end of
the short-term incubations. For ion molality products (IMP, see
text), the vertical line represents the apparent solubility constant
of calcite. Dissolution rates were calculated assuming k of 5%
d-! (Eq. 1).

immediately excluded a significant contribution from
CaCOQ; precipitation or dissolution to the C accumulation
rates for these stations. At the remaining stations, the
shorter incubation times made the potential precipitation
or dissolution rates correspondingly larger (i.e. 250, 110,
and 80 nmol cm~3 d—! at C26, C40, and C41, respec-
tively).

To further constrain calcite dissolution rates at the out-
er stations that experienced undersaturation, we applied
a normal rate law expression with dissolution rate as a
function of CaCO, content and degree of undersaturation:

_ IMPY'
K,/

sp

dCa2+
d¢

= Ccacos X k X <1 (D
k is a rate constant, Ce,co, is the carbonate content, and
n equals 4.5 for calcite (Morse 1978; Keir 1980). For the
undersaturated surface intervals at C40 and C41, disso-
lution rates similar to the mcasured 2CO, accumulation
rates (Fig. 11) may be generated by using k of 5% d-!
(Fig. 12). At this value of k, CaCO; dissolution could only
contribute to the measured 2CO, accumulation above
1.5-cm depth. However, significant CaCOj; dissolution in
the surface sediments should increase the accumulation
ratios of ZCO, to NH,* to higher values than in the deeper
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Fig. 13. Depth distributions of SO,2~ reduction rates from

all stations (@—first determination; O—second determination;
only one determination was made at C6 and C7).

layers, where dissolution cannot occur. By contrast, the
observed 2CO, : NH,* ratios increase with depth (Table
6). The same is the case at C26, where the potential dis-
solution rates increase from the surface while ZCO, : NH,*
accumulation ratios decrease. Also, a comparison be-
tween stations does not support significant CaCO; dis-
solution rates, because ZCO, : NH,* accumulation ratios
in zones where dissolution could be significant are com-
parable to zones where dissolution has been excluded.
From these considerations, we conclude that the 2CO,

Table 7. Molar ratio of 2CO, production to SOz~ con-
sumption during prolonged incubations.

Depth (cm) C7 Cl18
0-0.5 2.21 1.98
0.5-1 1.89 1.93
1-1.5 1.59 1.93
1.5-2 2.42 1.67
Mean+SD: 1.95+0.26
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Fig. 14. Changes in extractable NO,;~ concentrations during
sediment incubations. Top: Time course from short-term (0—
30 h) and prolonged (to 300 h) incubations of four depth inter-
vals at C18. Center and bottom: Depth distributions at the
beginning and er.d of the short-term incubations as well as at
the end of the prolonged incubations (C7, 0-2 cm and C18 only).

accumulation rates represent C oxidation and may be
only marginally affected by dissolution or precipitation.

Sulfate reduction—Rates of SO,%~ reduction measured
by means of the radio tracer technique resembled rates
of C mineralization (i.e. extreme surface rates and ex-
ponential decreases with depth on the shelf, as well as
lower rates downslope; Fig. 13). In contrast to the C min-
eralization rates, however, surface rates of SO,2~ reduc-
tion at C40 and C41 were low, with pronounced subsur-

face maxima at 3-4 cm. At the slope sites and at C18,
little variability was observed between the two SO,2~

reduction rate determinations, whereas larger but unsys-
tematic variation was observed at C26 (Table 5, Fig. 13).
The mean ratio of ZCO, production to SO,2~, depletion
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Table 8. Mean NO;~ consumption ratcs (nmol cm—3 d—')
during bag incubations (nd—not detected).

Depth (¢cm) . C7 Cl8 C26
0-0.5 450%* 158 55
0.5-1 38 85 19
1-1.5 45 22 58
1.5-2 47 20 13
2-3 15 18 nd
3-4 nd 36 nd
4-6 nd 21 nd
8-10 nd nd nd
2, mmol m—2d-! 3.1 2.6 0.7

* Mcan rate over entire incubation (see text).

during the prolonged incubations was close to 2.0 (Table
7). The uppermost interval at C7 was an exception, as a
large NO;~ pool persisted throughout the short-term in-
cubation and could have contributed to C oxidation or
reoxidation of H,S during the prolonged incubation (see
below). This pool may explain the higher AZCO, : ASO,2~
ratio observed there. Otherwise, the larger deviations from
the mean ratio were found in the incubations with the
smallest concentration changes and, hence, the largest
associated errors.

During the short-term incubations, H,S was detected
only at C6 and at 8-10-cm depth at C7, where it rose
from below detection to 64 uM in 30 h. In the prolonged
incubation of C7 and C18 scdiments, however, H,S ac-
cumulated rapidly in the upper sections, with maximum
concentrations reaching 4.5 and 3.0 mM at the surface
of C7 and C18, respectively. An ¢ven larger increase was
observed in acid-volatile sulfide (AVS = H,S + FeS; data
not shown), and FeS precipitation was seen as a black-
ening of the sediments.

Other C oxidation pathways— Although both O, and
NO;~ persisted to 5-10 mm in the pore waters at C40
and C41, their presence was dependent on a continuous
supply from the bottom water. Because the sediment was
sectioned for the incubation experiments, this supply was
cut off, and the small standing stocks of the two species
were rapidly depleted at the beginning of the incubations
(data not shown). At the anoxic shelf sites, total sediment
NO;~ contents generally decreased during the incubations
(Fig. 14) (the time course from CI18 is given as an ex-
ample). As discussed above, most of the NO;~ was pres-
ent within the Thioploca, and the stable background level
of about 20 uM is assumed to be an artifact from the
extraction. The overall highest NO,~ contents were mea-
sured at 0-0.5-cm depth at C7, and this short-term in-
cubation alone showed an increase in NO,;~. Because
NO;~ production is not likely during the anoxic incu-
bation, we expect this result to be due to the presence of
NO;,~-rich Thioploca bundle(s) in the subsample taken
from the bag after the short-term incubation. At the end
of the prolonged incubation, NO;~ was depleted to the
background level at this depth too.

Average rates of NO;~ consumption during the short-
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dissolved Fe?* and Mn?+ during sediment incubations. At C40,
no Mn?+ accumulated.

term incubations are given in Tablc 8. For 0-0.5-cm depth
at C7, the rate has been estimatcd by means of the initial
concentration and the NO;~ depletion observed at the
end of the prolonged incubation. The time course of NO;~
consumption for C18 (Fig. 14) showed that rates were
not constant but decreased as the background level was
approached. The average ratcs may thercfore underesti-
mate the initial rates and thereby presumably also the in
situ NO;~ consumption.

Pore-water Mn2* accumulated steadily at C41 between
0 and 1-cm depth (Fig. 15), in accordance with the dis-
tribution of reactive Mn oxides (Fig. 6), whereas the con-
centration remained <4 uM for all other incubations at
all other stations. Also, at C41 significant buildup of dis-
solved Fe?* was observed throughout the incubation in
the sections from 1- to 4-cm depth, and at C40 from 0
to 2 cm (Fig. 15). Deeper in these sediments, the changes
in Fe?* were too small relative to the high initial con-
centrations for liberation 1o be detected with certainty.
At all the shelf sites, Fe2* in the pore water increased
only at 0-0.5 cm (data not shown). In decper sections,
the Fe?* concentration was constant or decreased owing
to precipitation of solid Fe(Il).

Discussion

Rates of C oxidation— By mecasuring the accumulation
of ZCO,, we have directly quantified the rates and depth
distribution of carbon mineralization in the sediments.
A significant influence from carbonatc dissolution or pre-
cipitation could be excluded at all of these metabolically
active sites. Wiirgler bags provided a convenient sctup
for repeated pore-water sampling and thercby for deter-
mination of accurate C oxidation rates. We kept incu-
bations brief so that the original metabolic pathways and
sediment microbial populations were maintained as well
as possible. Accumulation rates of ZCO, and NH,* were
therefore stable throughout the short-term incubations
(Fig. 9) and were even quite stable when incubations were
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continued much longer (Fig. 10). In situ measurements
of ZCO, fluxes from the shelf sediments (R. N. Glud et
al. in prep.) showed a considerable local variability, but
the range of flux rates corroborates the range of depth-
integrated C oxidation rates from the bag incubations
(Table 5). Further evidence that the sectioning and ho-
mogenization of sediment necessary for the incubations
did not lead to major immediate changes in the turnover
rates was that both the depth-integrated and the maximal
SO,2~ reduction rates agreed well with those obtained
with the whole-core injection technique during the same
cruise (Jorgensen 1978; T. G. Ferdelman et al. in prep.).
Canfield et al. (1993a) found that depth-integrated C ox-
idation rates in their bag incubations were about twice as
high as rates determined from flux measurements, but
they suggested that this could result from too high tem-
perature during incubation and sediment handling or from
decay of entombed fauna. Our results do not indicate a
similar strong stimulation of C mineralization during the
incubations, and hence we take the rates as estimates of
the in situ sediment metabolism.

The rates of C oxidation in sediments of the Chilean
margin (Fig. 11) ranged from high to cxtreme. The max-
ima are an order of magnitude higher than those found
in sediments of the Norwegian Trough (Canfield et al.
19935b) or the Amazon shelf (Aller et al. 1996). The depth-
integrated rates from the shelf (Table 5) are the highest
reported from open waters (cf. Henrichs 1992; Canfield
1993) and are similar to results from small coastal em-
bayments with very rapid sediment accumulation, such
as Cape Lookout Bight, North Carolina (Martens and
Klump 1984). Also, the SO,%~ reduction rates from the
shelfsites (Table 5) were similar to those in Cape Lookout
Bight (Crill and Martens 1987) and the maxima ap-
proached those measured in solar pond-microbial mats
(Jergensen and Cohen 1977; Canfield and Des Marais
1991). The extreme activity is further demonstrated by
comparison to SO,2~ reduction rates in sediments from
the Peru upwelling region, which is also covered with
Thioploca. There, Fossing (1990) measured rates of 4-26
mmol m~2 d~! to 20-cm depth with maxima up to 300
nmol cm~3 d~! (i.e. 5 times lower than those presented
here).

Although eutrophic conditions with mass mortality of
fauna were observed 100 yr ago in Concepcioén Bay (Ahu-
mada et al. 1983), stations at the mouth of the Bay (C6
and C7) could presently be affected by further eutrophi-
cation from the town of Talcahuano. The continued in-
tense C oxidation offshore at C18 and C26, however,
could only be sustained by extreme primary productivity
owing to upwelling. High productivity was obvious from
both the O, depletion in the water columnand from direct
measurements during the cruisc that showed total pri-
mary productivities over the shelf of ~10 g Cm=2d-!
(O. Ulloa pers. comm.) and the productivity supports an
intense (human and avian) fishery in the region.

Variations in C oxidation rates were only weakly re-
flected in the C,,, content of the sediments (Figs. 2, 11).
The turnover times for C,,, (concn/oxidation rate) in the
surface mat at C7 and C18 were cxtremely short, 0.22
and 0.41 yr, respectively, which corresponds to rate con-
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stants of 4.5 and 2.4 yr~!, assuming first-order decay of
Corg- These constants approach those of fresh plankton
(Westrich and Berner 1984), which implies a close cou-
pling of benthic C oxidation and production in the water
column. The turnover time for C,, increased dramati-
cally both with sediment dcpth, reaching 4.9 and 12 yr
at 8—10-cm depth at C7 and C18, and with water depth,
reaching 13 ancl 57 yr in the top and bottom sections at
C41, respectively. The large variation in reactivity was
not due to differences in C oxidation pathways, because
SO42~ reduction was the dominating respiration at all
depths at the shelf stations as well as at the deepest section
of C41 (see below). The varying reactivities of C,,, were
only weakly reflected in the C,, : N ratios (Fig. 2) and in
the 2CO, : NH,* accumulation ratios (Table 6).

Although the reactivity of C,,, decreased offshore, the
rates of decomposition at 1,000- and 2,000-m depth were
still high and within the range of many shelf sediments
(Devol and Christensen 1993; Canfield 1993; Canfield et
al. 1993a). The depth dependence of C oxidation rates
(COR) was fit closely by the power function

CORy = 54.4 mmol m—2d-! x (z/100)—0-60+0.07
(R =0.991).

z is water depth in meters. Devol and Christensen (1993)
fitted a similar function to C oxidation rates in Wash-
ington state cor:itinental margin scdiments and found an
exponential factor of —0.91£0.10, implying much stron-
ger attenuation of the rates with depth. Thus, our mea-
sured COR at 2,000 m was 2.5 times higher than that
predicted by their coefficient.

Pathways of C mineralization—The oxidation of or-
ganic matter in the sea floor proceeds through a chain of
biologically catalyzed processes, including hydrolysis, fer-
mentation, and respiration. Under anoxic conditions, the
production of ZCO, is not necessarily entirely coupled to
respiration since some 2CO, may be released during fer-
mentation with concomitant production of reduced sub-
stances such as ethanol or H, (e.g. Schink 1988). Because
these fermentation products are favorable substrates for
anaerobic respiratory bacteria, they are kept at low con-
centrations by rapid consumption (Segrensen et al. 1981,
Parkes et al. 1989) and, overall, the oxidation of C is
balanced by the reduction of the inorganic oxidants O,,
NO,;~, oxides of Mn and Fe, and SO,2~ (see also Westrich
1983). In addit.on to the oxidative pathways of C min-
eralization, net £CO, production in sediments may result
from methanogenesis, which does not represent a net C
oxidation. Generally, however, SO,2~-reducing bacteria
outcompete methanogens for common substrates so that
methanogenesis only becomes significant deeper in ma-
rine sediments, where SO,2~ is depleted (e.g. Martens and
Klump 1984). 'We therefore did not expect this process
to affect our £CO, measurements, which was confirmed
by direct measurements of methanogenesis at stations C7
and C18 that showed rates < 1%o of ZCO, production (T.
G. Ferdelman et al. in prep.).

The ZCO, production associated with SO42~ reduction
can be calculated from the SO,2~ reduction rates and the
overall stoichiometry of C,, oxidation with SO,2~. In
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conversions of oxidant consumption to C oxidation in
marine sediments, an oxidation state of O, as for carbo-
hydrates, is commonly used for the C being oxidized (e.g.
Froelich et al. 1979; Reimers et al. 1992; Canfield et al.
1993a). For SO,2~ reduction, this corresponds to the re-
action

2CH,0 + SO,>~ — 2HCO;~ + H,S. (2)

The use of this stoichiometry is supported by the mecan
ratio of ZCO, production to SO,%>~ depletion of 2.0:1
measured during the prolonged incubations, where H,S
accumulation signaled the depletion of reactive Fe phases
(Canfield et al. 1992) and SO42~ reduction could thus be
assumed to be the only process contributing to C oxi-
dation (Table 7). We have used this ratio to calculate
2CO, production from the SO,2~ reduction rates of the
short-term incubations. The use of a 2.0: 1 ratio is also
supported by studies in Long Island Sound sediments
(Westrich 1983) and sapropcls from Bermuda (Boudreau
et al. 1992), whereas a ZCO, :SO,2~ ratio of 1.7:1 has
been reported for SO,2~ reduction in Cape Lookout Bight
sediment (Alperin et al. 1994). A rccent global estimate
of the C,,, : O, reaction ratio in pelagic remineralization
(Anderson and Sarmiento 1994) corresponded to a C,,
oxidation state of —0.7, which also translates t0 a C,:
SO,2~ ratio of 1.7: 1. This ratio would correspond to a
15% lower contribution of SO,2~ reduction to C oxidation
than would the measured value of 2.0: 1.

The importance of SO,2~ reduction and, by difference,
of other e~ acceptors in total C oxidation can be deter-
mined by comparing COR,,,; to the calculated C oxi-
dation by SO,2~ reduction (COR, ., Fig. 16). At C41,
the large excess ZCO, production in the surface intervals
indicates that e~ acceptors other than SO,>~ were im-
portant at this site (Fig. 16). The excess decreased with
depth, and by 8-10 c¢m, SO,2~ reduction accounted for
all ZCO, accumulation. At C40, COR s Was relatively
more important, and at all the shelf sites, COR g Was
close to COR,, at all depths. To further deduce the
relative importance of the C oxidation pathways, we fol-
lowed a scheme similar to that introduced by Canfield et
al. (1993b), as summarized in Table 9. The slope and
shelf stations are discussed scparately since the mass oc-
currence of Thioploca at the shelf stations requires special
considerations.

Slope stations—The depth intervals where oxic respi-
ration and denitrification could be of importance are
identified from the distributions of O, and NO;~. At the
slope stations C40 and C41, with the limitation of the
0.5-cm depth resolution of our bag incubations, these
intervals included O-1-cm depth (Fig. 3). At C41, redox
cycling of Mn in this interval was demonstrated both by
the depth distributions of Mn species (Fig. 6) and by the
accumulation of Mn?* during incubations (Fig. 15). At
both sites, sulfate reduction was observed in the surface
sections, and at C40, Fe?*+ also accumulated (Figs. 13,
15). The depletion of O, and NO;~ during incubation,
however, likely stimulated reduction of Mn, Fe, and SO,2-.
Previous studies of sediments with similar chemical zo-
nation have concluded that Mn reduction was mainly
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Fig. 16. Comparison of total observed carbon oxidation rates
(=SE) to C oxidation due to SO,2~ reduction (error bars span
duplicate determinations). No crrors were calculated for C6 or
SO,2~ reduction rates at C7.

associated with the reoxidation of reduced Fe and S (Can-
field et al. 1993p; Aller 1994; Thamdrup et al. 1994a).
This could also be the case at C41, where rapid reoxi-
dation of Fe?* with Mn oxides (Postma 1985) may have
masked Fe reduction. The low levels of Mn encountered
throughout the transect probably resulted from Mn mo-
bilization from the sediments underlying O,-depleted
bottom water (Thamdrup ct al. 199454). From these con-
siderations it follows that the pathways of C oxidation in
the surface interval cannot be individually quantified.
Of the total C oxidation, the O—~1-cm interval accounted

- for 12% at C40 and 15% at C41 (Fig. 11), and we ten-

tatively use these values as estimates of the combined
contribution of oxic respiration, denitrification, and, at
C41, dissimilatory Mn reduction to mineralization (Table
10). This rests on the assumption, also made by Canfield
et al. (1993a), that the total C oxidation rate was not
affected by the depletion of O, and NO;~. This assump-
tion is supported by the observation that relatively fresh
organic matter appears to decay at approximately similar
rates under oxic and anoxic (SO~ -reducing) conditions,
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Table 9. General scheme for deducing pathways of carbon oxidation.

Step

Comment

Depth distribution of ZCO, production

CaCQ, precipitation/dissolution

Depth distribution of NH,+ accumulation

0, and NO,~ distributions

Combined C oxidation by O, and NO;~ estimate
Combined C oxidation by Mn, Fe, and SO,2~ reduction
SO,%~ reduction rates

ZCO, production by SO.2~ reduction

Combined C oxidation by Mn and Fe reduction
Separation of Mn and Fe reduction

Total C oxidation rates

Potential correction to C oxidation rates

Check on C metabolism

Max. depths of oxic respiration and denitrification

2CO, production in O,/NO,;~ zone

ZCO, production below O,/NO;~ zone

Direct determination

From stoichiometry

Difference between total and SO,2~-coupled C oxidation
From oxide distributions and accumulation of Mn2+ and Fe?*+

but as mineralization proceeds, the oxic pathway may
become relatively faster (cf. Canfield 1993; Kristensen et
al. 1995). The efficiency of Mn and Fe reduction in this
context has not been specifically investigated, and further
investigations are clearly required to test our assumption.
To better constrain the contribution from oxic respira-
tion, measurements like the present may be combined
with determination of benthic fluxes (Canfield et al.
1993a). Unfortunately, such determinations were not
available for the slope sites.

While the relative importance of the e~ acceptors near
the sediment surface cannot be determined, Fe(III) was
the only available oxidant below 1 ¢cm other than SO,%~.
The comparison of total and SO,2~ reduction-coupled C
oxidation (Fig. 16) showed a distinct excess C oxidation
1o 6-cm depth at C41 and to 2 cm at C40, with a slight
excess extending to 6 cm. There was closc agreement
between excess C oxidation, the distribution of poorly
crystalline Fe(I1I) (Fig. 7), and the depths at which dis-
solved Fe?+ accumulated during the incubations (Fig. 15).
In the presence of poorly crystalline Fe hydroxides, but
not crystalline forms, Fe-reducing bacteria have been
shown to outcompete SO,2~-reducing bacteria for com-
mon substrates (Lovley and Phillips 1987). Subtraction
of COR 0 from COR,,,,; for intervals below 1-cm depth
(Fig. 16) gives excess C oxidation rates that correcspond
to 12 and 29% of total C oxidation at C40 and C41,
respectively (Table 10), or 13 and 34% of the C oxidation
in the anoxic portions, which we attribute to Fe reduction.
As mentioned above, it is possible that Fe reduction also
contributed to C oxidation within the upper O—1-cm in-
terval, ‘at least at C40, but this contribution cannot be

quantified. Although Fe rcduction cannot be measured
directly, we con:lude that this process was significant for
C oxidation at both slope sites.

The rates of Fe2* (and Mn?* ) accumulation at C40 and
C41 were small in comparison to C oxidation rates. Can-
field et al. (1993b6) showed that accumulation rates of
pore-water Mn“+ and Fe?* strongly underestimate rates
of Mn and Fe reduction because of adsorption or precip-
itation of the reduced species. We did not determine the
adsorptive characteristics of the Chilean sediments, but
the Fe extractions demonstrate depthwisc accumulation
of most of the Fe(Il) in a solid, nonsulfidic phasc (Figs.
7, 8). Owing tc the high initial Fe(Il) concentrations, it
was not possible to quantify changes in the solid phases
over the short-term incubations.

The maintenance of high Fe (or Mn) reduction rates
depends on continuous mixing of metal oxides and fresh
organic matter into the sediments through bioturbation
or other mixing processes (Aller 1990; Canfield et al.
19935). Because most Fe(Il) is also particle-bound, mix-
ing is also important for its upward transport to allow Fe
oxidation at ths surface, as demonstrated by the opposed
gradients of Fe(Il) and Fe(I1Il) (Fig. 7). The relative con-
stancy of both C,,, and COR,,, with depth at the slope
sites also indicated rapid mixing of organics into the sed-
iments (Figs. Z, 16).

We have no quantitative estimates of the sediment
mixing, but 21°Pb distributions showed mixing to at least
5-cm depth at C41 and to 4 cm at C40 (M. A. Salamanca
pers. comm.). It is thus likely that deeper mixing at C41,
in conjunction with lower total C mineralization rates,
resulted in a larger contribution from Fe reduction there

Table 10. Rates of carbon oxidation (mmol m~2 d-!) and relative importance (%) of carbon oxidation pathways (nd—not

detected).
Cé C7 C18 C26 C40 C41

Pathway Rate % Rate % Rate % Rate % Rate % Rate %
O, resp. nd nd nd nd
NO,-red.  nd nd* nd* nd* 1-45(10-1 12 14+0.1 15
Mn. red nd nd nd nd
Fe red. nd nd nd nd 1.4%1.5 12 2.7£1.0 29
SO,2~ red. 85 89 112 104 66+7 117 6012 118 9.1+1.4 79 5.2+0.9 56

See text for principles of calculation. Errors have been propagated as SD from those given 'in "l_“able 5.
* Nitrate consumption was observed (Table 8) but did not appear directly coupled to C oxidation (see text).
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than at C40. The turnover times of the poorly crystalline
Fe(I1I) pools through Fe reduction were 70 d at C40 and
71 d at C41. These values are similar to those calculated
for the Skagerrak sediments, where Fe reduction was very
important (70-79 d; Canficld ct al. 19935). The surface
concentration of oxalate-extractable Fe (Fig. 7) combined
with a sediment accumulation rate of 0.15 cm yr—! (M.
A. Salamanca pers. comm.) yields a delivery flux of poorly
crystalline Fe of 0.14 mmol m~2 d~! for both sites. Thus,
on average, each Fe atom was reduced and reoxidized
(rate of reduction/delivery flux) 31 and 77 times before
burial at C40 and C41, respectively.

The calculations above concern only Fe cycling coupled
to C oxidation. The absence of H,S from the pore water,
in spite of active SO,2~ reduction (Figs. 3, 13), and the
accumulation of iron sulfides, mainly FeS, (Fig. 8), in-
dicate additional coupling of the Fe and S cycles. For
other coastal sediments, it has been shown that reaction
with free Fe(IIl) oxides may buffer pore-water H,S below
the detection limit in the presence of SO,2~ reduction
(Goldhaber and Kaplan 1974; Canfield 1989; Thamdrup
et al. 19944). Hydrogen sulfide reacts with Fe oxides by
the overall reaction (Pyzik and Sommer 1981)

3H,S + 2FeOOH — 2FcS + S° + 4H,0.  (3)

If all H,S produced reacted according to this equation,
the SO,2~ reduction rates measurcd at C40 and C41 would
correspond to reactions of 3.0 and 1.7 mmol Fe(IIT) m—2
d—!, respectively, which are equivalent to 54 and 16% of
the calculated organotrophic Fe reduction (Table 10). Hy-
drogen sulfide reacts most rapidly with poorly crystalline
Fe oxides, but crystallinc oxides also react (Canficld 1989;
Canfield et al. 1992). A role for crystalline Fe oxides was
indicated at the slope sitcs, where H,S was not detected
to at least 20-cm depth (Fig. 3), far beyond the penctration
depth of the poorly crystalline Fe oxides (Fig. 7). Thus,
because of the coupling to the S cycle, the turnover of the
poorly crystalline Fe(I1I) pool should be somewhat faster
than calculated from C oxidation alone.

Shelf stations—Bottom-water anoxia on the shelf ex-
cluded oxicrespiration from the sediments. However, this
situation represented a seasonal cxtreme. The cruise took
place in late summer, which is when Thioploca mats have
their widest distribution and the O, minimum zone reach-
es its shallowest depth (V. A. Gallardo pers. comm.).
Bottom-water anoxia was documented in scveral mea-
surements between 12 and 24 March (J. K. Gundersen
and R. N. Glud pers. comm.), suggesting that the deple-
tion lasted for up to 2 wecks. Still, juvenile squat lobsters
and polychaetes survived at the sediment surface. The
Thioploca-covered shelf arca is the nurseryground of the
squat lobster P. monodon, and an adaptation to low O,
levels might reduce predation of the juveniles (Roa et al.
1995). We must thereforc assume that absence of O, was
a transient phenomenon that coincided with the cruise
and may be triggered by a pulse of primary production
associated with an upwelling cvent. Hence, our rate mea-
surements were likely close to the summer maximum,
and the completc lack of O, at the sediment surface was
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not typical for the area. We cannot speculate on the im-

~ portance of O, in C cycling during times of the year when

O, is present in high concentrations in the overlying wa-
ter.

A benthic NO;~ uptake of 2.1 mmol m~2 d~! was
measured in situ at C18 during the cruise (Fossing et al.
1995; R. N. Glud ct al. in prep.). If we assumc denitri-
fication according to

5CH,O + 4NO,~ — SHCO;~ + 2N,
+ 2H,0 + H*, @)

this uptake corresponds to a C oxidation of 2.6 mmol
m~2d~!, or <5% of the total C oxidation rate (Table 5).
However, determination of the fatc of NO;~ in the shelf
sediments and its role in C oxidation is complicated by
the large accumulation of NO;~ in the Thioploca fila-
ments. Hence, when ’NO,~ was added to the overlying
water, essentially all of it was takeh up and stored by the
Thioploca and was not uscd immediately for C miner-
alization (L. P. Nielsen pers. comm.; R. N. Glud et al. in
prep.). Thus, we assume that the large NO;~ pool in the
sediments was metabolized by Thioploca and that the
sediment NO;~ consumption was not directly coupled to
C oxidation, because the organism is presumed to couple
NO;~ reduction to oxidation of H,S (Fossing et al. 1995).

There was a close match between the measured C ox-
idation rates and the rates attributable to SO,2~ reduction
on the shelf (Fig. 16). A very closc match was found at
C18; also at C26, the mean COR,,. agreed well with
COR a1, although the comparison at C26 was blurred
somewhat by the differences between the two SO,2~ re-
duction rate determinations. The single COR e deter-
mination at C7 similarly varied around COR,,,. The
measurements at C6 were associated with more, albeit
undetermined, uncertainty than at the other sites because
of the truncated incubation, but the general similarity of
COR 1o and CORgpe Was clear. Thus, as is consistent
with solid-phase metal distributions and incubation re-
sults, no role for dissimilatory Mn reduction was indi-
cated and only a small role for Fe reduction seems likely
(Table 4, Fig. 7). Even if all C oxidation in the upper 2
cm (40, 38, and 20 mmol m~2 d~! at C7, C18, and C26)
werce through Fe reduction, the depletion time for poorly
crystalline Fe(I1l) pools would be ~20 h at all sites (i.e.
not much shorter than the entirc short-tcrm incubations).
Thus, the lack of importance for Fe reduction was not
duc to a rapid initial depletion of Fe(IIT) during the in-
cubations. Possible coupling of the Fc and S cycles is
discussed below.

Nitrogen cycling—The ability of Thioploca filaments to
concentrate NO,~ in their central vacuole, together with
the high population density of this organism, led to a
unique N cycle in the shelf sediments (Fossing et al. 1995)
with possible implications for other element cycles. Re-
sults from both whole-core squeezing and from extraction
of dried sediment demonstrated NO;~ contents up to 100
times larger than those of the pore water (Table 2). Anal-
ysis of a sample of sheathed Thioploca bundles confirmed
their high NO,~ content (Tabie 3), and this value of 0.44
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mmol g=! dry wt combined with biomass maxima of
sheathed Thioploca of 0.3-1.5 mg dry wt cm—3 found near
the surface at C7-C26 (Schulz 1995) yields NO,~ contents
of 0.13-0.66 umol cm™3, equivalent to pore-water con-
centrations of 120-600 uM. In an independent deter-
mination of biovolumes of Thioploca filaments (exclud-
ing sheaths), Schulz et al. (1996) found sharp maxima at
0-0.5-cm depth, with the highest value at C7 (12 mm?
cm~3), and estimated that the vacuole made up 85% of
this volume. In conjunction with an average NO;~ con-
centration in the vacuoles of 200 mM (L. P. Nielsen pers.
comm.), this corresponds to a scdiment concentration of
2 pumol cm~? (or 2 mM). Both of these approaches give
NO;~ concentrations that arc consistent with the sedi-
ment data, including the maximum at C7.

Although the depth-integrated NO,;~ consumption rates
as measured during the incubations were low relative to
the total sediment metabolism, they were high compared
to denitrification rates from other offshore scdiments (Ta-
ble 8; Canfield 1993). This difference was further accen-
tuated by the fact that, as apparent from the time course
at C18 (Fig. 14), the mean NO,;~ consumption rates dur-
ing the incubations probably undcrestimated the initial
rates. There was, however, a good agreecment between the
depth-integrated NO,;~ consumption rate (Table 8) and
the sediment NO;~ uptake determined in situ at C18 (2.1
mmol m~2 d—!; Fossing et al. 1995). The benthic NO;~
uptake might, however, vary strongly in time, since this
uptake seems to be regulated by Thioploca in a complex
manner (Fossing et al. 1995; Hiittel et al. 1996).

It has been proposed that Thioploca performs H,S ox-
idation with NO,~ in two steps (Fossing et al. 1995):

SH,S + 2NO,~ + 2H* —58° + N, + 6H,0 (%)
6NO;™ + 58° + 2H,0 — 3N, + 580,> + 4H* ©6)
Z: 5H,S + 8NO;~—5580,% + 4N, + 2H* + 4H,0 N

The assumption that S° is an intermediate in H,S oxi-
dation by Thioploca arises from the observation of S°
globules in the cells (Maier and Gallardo 1984a,b). We
also found a high S content in Thioploca (Table 3), which
we assume represents mainly S°. In the sediment, this S
content was equivalent to maximum concentrations of
0.5-2.7 umol cm~3 that were determined by using the
biomass estimates of Schulz (1995, see above). Thus,
Thioploca accounted for up to 50% of the total sediment
SO (surface valucs 5-10 umol cm~3; Fig. 8) but generally
accounted for less than this.

The possible rates of H,S oxidation to SO,%~ (Eq. 7)
that can be calculated from the depth-integrated NO;~
consumption rates (Table 8) correspond to 4, 5, and 2%
of the SO,?~ reduction rates at C7, C18, and C26, re-
spectively. Thus, only a small part of the H,S produced
during the incubations could have been reoxidized with
NO;~, except possibly in the extremely NO;~-rich 0-0.5-
cm interval at C7.

The metabolic characteristics of 7hioploca have not
been determined directly, and it is possible that the ob-
served NO,;~ consumption during our incubations was
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duc to reactions other than complete oxidation of H,S.
Thus, the steps suggested for the oxidation (Eq. 5 and 6)
need not be closely linked. Partial oxidation to S° could
have been preferred during the incubations, in which case
4 times more H,S would have becn reacted than by com-
plete oxidation (Eq. 7). If the S: NO;~ ratio of the Thio-
ploca sample of 4: 1 (Table 3) was representative of the
Thioploca composition in general, the NO;~ consump-
tion could have been entircly coupled to oxidation of the
internal S° pool (Eq. 6). Furthermore, it is possible that
NO;~ is reduced to NH,* rather than to N,, which would
increase the oxidative capacity of the NO,;~ pool by 60%
(NO;~ + 5 e~ = ¥aN,; NO;~ + 8 e~ — NH,*). This
pathway could contribute to the low ZCO,: NH,* accu-
mulation ratios near the surface at C7 and C18 (Table 6)
and could also z2xplain the high initial concentration of
NH,* relative to 2ZCO, at those stations (Fig. 3). At C26
on the other hand, high ZCO, : NH," accumulation ratios
coincided with high NO;~ consumption rates (Table 8).
Hence, nonsystematic liberation ratios of ZCO, to NH,*
in NO;~-rich samples could result from differences in the
organic matter Jeing mincralized and makc conclusions
on the product of NO;~ reduction difficult to support.

Fate of H,S--We werc surprised to find the combi-
nation of extreme rates of SO,2~ reduction and low levels
of H,S in all shelf sediments except C6 (Fig. 3). With
SO,2~ reduction rates up to 1,500 nmol cm=3 d—', the
maintenance of H,S below detection (<1 uM) requires a
half-life of <1 min. The subsurface maxima of a few
micromoles observed in one core from C18 thus indicated
a very delicate balance of production and consumption.
As discussed atove, the NO;~ consumption rates (Table
8) were too small for oxidation with NO;~ (Eq. 5§ or 7)
to explain the “missing” H,S during the incubations.

The dominar.ce by Fe?* in the pore waters (Fig. 3) and
the accumulation of FeS during the prolonged incubations
at C7 and C18 demonstrated that Fe minerals were im-
portant H,S scavengers as they are in other, less active
sediments, such as C40 and C41. Throughout the short-
term incubatior:s, sediments remained H,S-{rec, with H,S
accumulation and Fe?* depletion shortly after the begin-
ning of the pro.onged incubations (i.c. after ~2 d). With
H,S removal according to Eq. 4, 25-38 mmol Fe(III) m 2
were required to scavenge the H,S produced at the mean
SO,2~ reduction rates (Table 5) during the short-term
incubations at C7, C18, and C26. This corresponds to
25-40% of the poorly crystalline Fe(III) fraction (Table
4). In addition to reaction with Fe(I1l), H,S may also be
removed by precipitation with Fe(Il), particularly the
quantitatively significant pool of nonsulfide Fe(Il) found
in the solid phasc (compare Figs. 7, 8; Thamdrup et al.
1994a).

If Fe phases were as important scavengers of H,S in
situ as was the case during our incubations, this would
imply that we sampled both C7 and C18 just 2 d before
a buildup of H,S (assuming that the Fe pool not was
rapidly recycled in situ). In the absence of O, and Mn
oxides, reoxidation of dissolved or particulate Fe(II) could
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only be by NO;~. This process has been implied in hemi-
pelagic sediments (Froelich et al. 1979) and has recently
been demonstrated in pure cultures of marine bacteria
(Straub et al. 1996). As argued above, however, the sed-
iment NO;~ uptake mainly went to Thioploca, and this
organism is not considered an Fe oxidizer. Thus, rapid
in situ cycling of the small Fe(III) fraction was unlikely
at the time of the cruisc. Eleven days passed between the
first (C18; 12 March) and last (C26; 23 March) sampling,
but we did not return to the same station during this
interval. Ferdelman et al. (in prep.) measured 250 uM
H,S at 5-cm depth at a station 5.6 km secaward of C18
on 22 March and 400 uM H,S at the sediment—water
interface of C7 on 27 March, 6 d after our sampling. Also,
strong sulfide smell has previously been reported from
the surface sediments (Gallardo 1977) where we detected
no H,S, so H,S fluctuations may be common, and it is
possible that a H,S buildup was imminent.

We cannot exclude the possibility that the Thioploca
in the shelf sediments contributed more significantly to
H,S scavenging in situ than was the case during the in-
cubations. The NO;~ uptake of the sediments could be
cxperimentally increased well beyond the consumption
rates measured during our incubations (Table 8; Fossing
et al. 1995; Hiittcl et al. 1996), but it is yet unknown how
this uptake is regulated under natural conditions. How-
ever, the distribution of SO42~ reduction rates (Fig. 13)
relative to the pore-water chemistry (Fig. 3) indicates that
for Thioploca to quantitatively dominate H,S scavenging,
it has to compete cfliciently for H,S at <1 uM levels with
rapid reactions that involve Fe(I11) and Fe(IT). This would
requirc a close association between Thioploca and the
H,S-producing SO,2~ reduccrs.

Conclusion

Sulfate reduction was the dominant pathway of C ox-
idation at all sites along the transcct of the Chilean mar-
gin. In the shelf sediments, sulfate reduction accounted
for essentially all mincralization, whereas the importance
of other ¢~ acceptors increased down the slope, where Fe
reduction became the second most important pathway,
contributing 29% of C oxidation at 2,000 m depth (Table
10). Conditions on the shelf were extreme with respect
to both total mineralization rates and the lack of O, in
the bottom water, whereas the slope sites fell within the
typical range of coastal sediments in these respects.

Our obscrvations, add to the small database that sup-
ports the general importance of Fe (and in some cascs
Mn) reduction in sedimentary C oxidation. Significant Fe
reduction was dependent on the presence of poorly crys-
talline Fe(Ill), which is in agrcement with obscrvations
in enrichment cultures (Lovlecy and Phillips 1986). In
sediment slurries, Fe-reducing bacteria were found to ef-
ficiently outcompete SO,2~ reducers for common sub-
strates (Lovley and Phillips 1987). In the slope scdiments,
however, zones of Fe and SO,2~ reduction overlapped,
as has also been observed in scdiments of the Norwegian
Trough (Canfield et al. 19935). Furthermore, rates of SO,2~
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reduction increased concomitantly with the depletion of
poorly crystalline Fe(I1I) with depth, suggesting that rates
of Fe reduction are limited by Fe(IIl) availability in such
sediments. The co-occurrence of Fe and SO,2~ reduction
complicates the Fe cycle because Fe reducers must com-
pete for Fe(IIl) with reactions that involve H,S. The out-
come of this competition likely depends on the reactivity
of both the available Fe(III) and C,,.

Becausc of the particulate naturc of both Fe and Mn
oxides and solid Fe(IT) and Mn(I1) phases, physical mix-
ing of sediments is necessary to recycle the metals and
support significant reduction rates, and mixing addition-
ally stimulates anaerobic mincralization by burial of re-
active C,,, below the oxic zonc (Aller 1990; Canficld et
al. 1993b). Apart from shallow sediments where rework-
ing by waves and currents can be important (Aller et al.
1996), bioturbation is therefore a key process in the reg-
ulation of metal reduction rates. A recent compilation of
intensities and depths of mixing in scdiments from the
coast to the decp sca gives a worldwide mean mixing
depth of 9.8+4.5 cm (Boudreau 1994). Because O, and
NO;~ typically penctrate only a few millimeters to cen-
timeters into shelf and slope sediments (e.g. Jorgensen
and Revsbech 1989; Reimersctal. 1992; Glud etal. 1994;
Brandes and Devol 1995), significant Fe reduction could
be widespread on the continental margins. However, mix-
ing intensities, which have been estimated by assuming
diffusional transport, vary by several orders of magnitude
between sites, and the actual modes of mixing are poorly
understood (Boudreau 1994). Further quantitative stud-
ics of bioturbation arc therefore important for a better
understanding of the regulation and general importance
of Fe reduction in sediments.
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