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Abstract. Benthic sulfate reduction and sediment pools of sulfur and iron were examined during
January 1992 at 3 stations in the Ao Nam Bor mangrove, Phuket, Thailand. Patterns of sulfate
reduction rates (0-53 cm) reflected differences in physical and biological conditions at the
3 stations, and highest rates were found at the vegetated site within the mangrove (Rhizophora
apiculata) forest. Due to extended oxidation of mangrove sediments, a large portion of the added
35§-1abel was recovered in the chromium reducible pools (FeS, and $°) (41-91% of the reduced
sulfur). Pyrite was the most important inorganic sulfur component, attaining pool sizes 50-100
times higher than acid volatile pools (FeS). HCl-extractable (0.5 M HCI) iron pools, including
Fe(I)yq and Fe(Ill)y,, were generally low and Fe(III),, was only present in the upper surface
layers (0-5 cm). Maximum concentrations of dissolved Fe?* (35-285 uM) occurred just about
the depth where dissolved ZH,S accumulated. Furthermore Fe** and TH,S coexisted only where
concentrations of both were low. There was an accumulation of organic sulfur in the deep
sediment at 2 stations in the inner part of the mangrove. The reoxidation of reduced sulfides
was rapid, and storage of sulfur was minor in the upper sediment layers, where factors like
bioturbation, the presence of roots, or tidal mixing enhance oxidation processes.

Introduction

The biogeochemical role of sulfur in marine sediments, i.e., sulfate reduc-
tion, pyrite and organic sulfur formation and metal cycling, is an area of
intense research (Jgrgensen 1982; Howarth 1984; Skyring 1987; Giblin 1988;
Canfield 1989; Thode-Andersen & Jgrgensen 1989; Ferdelman et al. 1991).
Sulfate reduction and burial of sulfur in the form of pyrite and organic sulfur
have previously been observed in mangrove sediments (Casagrande et al.
1977; Altschuler et al. 1983; Kristensen et al. 1991, 1992). Little is known,
however, about the actual mechanisms and control of specific processes
involved in mangrove sulfur cycling. Although sulfur compounds generally
are important for energy transfer and element cycling in tidal sediments
(Howarth 1984; Giblin 1988; Oenema 1990), pyrite formation and oxidation
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in mangrove sediments may also have significant impacts on the benthic
community due to a variety of secondary effects, e.g., associated pH changes
(Hart 1959; Gardner 1973; Howarth et al. 1983; Giblin & Howarth 1984;
Mongia & Ganeshamurthy 1989; Luther et al. 1991).

The accumulation of sulfur in marine sediments is primarily controlled by
the rate of sulfate reduction and the oxidation state of the sediment. In subtidal
environments the input of organic matter and bioturbation generally determine
the rates of sulfate reduction and sulfide oxidation (Howarth 1984; Skyring
1987; King 1988; Fossing et al. 1992). In tidal environments, however, addi-
tional factors must be considered. Tidal currents and wave action may affect
the oxidation status of sediments directly by increased advective transport of
pore water and particles (Giblin & Howarth 1984; Oenema 1990; Huettel
1992). During low tide the sediment surface desiccates and oxygen may pen-
etrate deeper into the sediment via burrows and cracks in the surface
(Andersen & Kristensen 1988; Luther et al. 1991; Kristensen et al. 1992). The
presence of rooted vegetation, such as those found in salt marshes and man-
groves, strongly affects the biogeochemical cycling of elements like sulfur
and iron by vertical translocation of organic matter and oxygen (Carlson et
al. 1983; Higashi & Shinagawa 1985; Luther et al. 1985; Thibodeau &
Nickerson 1986; Giblin 1988; King 1988; McKee et al. 1988; Hines et al.
1989; Mongia & Ganeshamurthy 1989; Ferdelman et al. 1991).

The cycling of sulfur in sediment is closely coupled to the reactive iron
pools. Reactive iron oxides present in sediments may efficiently oxidize
reduced sulfides. In fact, the partitioning between oxidized and reduced iron
may determine the rate of sulfide oxidation (Canfield 1989; Canfield et al.
1992; Moses & Herman 1991; Fossing et al. 1992). In deep and reduced
sediment layers, the precipitation of iron sulfides in various forms is an impor-
tant process in terms of sulfur burial.

This study concerns the biogeochemical cycling of sulfur and iron in
sediments of the Ao Nam Bor mangrove forest, Thailand. Three different
sediment types were examined in the forest: a high-intertidal non-vegetated
sediment at the landward fringe, a vegetated and rooted sediment in the
mangrove proper, and a non-vegetated sediment of the low-intertidal flat
outside the mangrove forest. Measurements of sulfate reduction were related
to solid phase and pore water pools of various sulfur and iron species. Parallel
studies of benthic metabolism and nitrogen cycling are to be found elsewhere
(Kristensen et al. 1994; Jensen et al. in prep.).

Materials and methods

Study site. Three stations were examined during January 1992 in the Ao Nam
Bor mangrove forest, Phuket Island, Thailand (Kristensen et al. 1991). The
high-intertidal station close to the landward fringe, Sta. 1, was situated on a
non-vegetated bank adjacent to a small (ca. 1 m wide) creek. This station,
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which was only flooded during spring tides, was heavily impacted by crab
burrows (1046 + 508 m™; length 10-20 cm) resulting in a sediment with a
thick (5-10 cm) oxidized surface layer. The mid-intertidal mangrove sediment
(Sta. 2) was situated within the mangrove forest ca. 30 m from a 4 m wide
creek and was influenced by both living and dead roots of Rhizophora
apiculata. The intensity of bioturbation was moderate (41 £ 6 crab burrows
m2, 500 £ 62 sipunculids m™). The low-intertidal station (Sta. 3) was situated
on a non-vegetated sand- and mudflat ca. 100 m outside the forest and was
strongly influenced by tidal currents and wave action. The bioturbating macro-
fauna (8 = 1 crab burrows m™, 1400 * 600 small polychaetes m™, 5 mud-
skippers m™) generally occupied more or less permanent burrows. A detailed
description of the study site is given by Kristensen et al. (1991).

Pore water sampling and analysis. Three long cores (i.d. = 5.0 cm) for
determination of pore water sulfate and chloride concentrations, alkalinity and
pH were collected at each station by hand at low tide (Sta. 1, 36 cm; Sta. 2,
36 cm; and Sta. 3, 48 cm deep). The sediment was sectioned into 1-cm
segments in the upper 4 cm, and 2-cm segments below. Pore water was
extracted by centrifugation (1500 rpm, 7 min). Samples for sulfate and
chloride were preserved with HCI (pH < 2), and stored at 5 °C until analysis.
The samples were analyzed by ion chromatography and UV-detection (inverse
photometry) with potassium-phthalate as the eluent. Pore water for pH and
alkalinity analysis was kept at 5 °C and analysed within 12 hours. Alkalinity
was determined by titration with 0.01 M HCI. Two cores from each station
were sectioned in a glove-bag under N, atmosphere and centrifuged (1500
rpm, 4 min) in closed tubes, enclosing a N, atmosphere, to extract pore water
from analysis of dissolved sulfides (XH,S) and ferrous iron, Fe**. Samples
for ZH,S were fixed in 0.1 M ZnAc and analyzed by the method of Cline
(1969). Iron samples were preserved (1:2) in 0.1% Ferrozine (in 50 mM
HEPES buffer, pH 7) and analyzed colorimetrically according to Stookey
(1970) as modified by Sgrensen (1982).

Sulfate reduction rates and inorganic sulfur pools. Two cores (i.d. = 2.6 cm,
1 = 16 cm) and one core (i.d. = 5 cm, 1 = 35-53 c¢cm) were collected from
each station for the sulfate reduction assay. The long core was subsequently
subcored into smaller cores (i.d. = 2.6 cm, 1 = 16 c¢cm) with silicone-filled
injection ports. Sulfate reduction was measured by the core injection tech-
nique (Jgrgensen 1978). A volume of 2 pl of carrier-free *S-SO2- (70 kBq)
was injected at 1-cm intervals and the cores were incubated with an exposed
surface in darkness for 12 h at the in situ temperature (28 °C). Each subcore
was sectioned in 1 to 2 cm segments and fixed in 1 M ZnAc. The samples
were stored frozen until they were analysed within 1-3 months.

A 2-step distillation procedure (acid volatile sulfides, AVS, and chromium
reducible sulfur, CRS) was used for one core from each station, and a 1-step
procedure (total reducible inorganic sulfur, TRIS) for the other two cores
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(Fossing & Jgrgensen 1989). The sediment was washed 3 times to remove
38-S07, and about 2 g of each sediment pellet was transferred to a reaction
flask with 10 ml 50% ethanol. In the 2-step procedure AVS was liberated as
H,S after degassing and acidification (8 ml 12 M HCl) at room temperature
with continuous stirring for 30 min using N, as a carrier gas. The sulfide was
trapped as ZnS in 10 ml 0.25 M ZnAc. Afterwards, CRS was determined by
adding 16 ml 1 M Cr** in 0.5 M HCI followed by boiling for 30 min after
inserting a new ZnAc trap. During the 1-step (TRIS) procedure both reagents
were added at the start and the distillation was run for 40 min. Radioactivity
of S in the supernatant and the traps were determined on subsamples using
a Packard 2200 CA TRI-CARB Scintillation Analyzer.

Sulfide concentrations in the traps were analysed as described above for
pore water sulfide concentrations to obtain the pools of inorganic reduced
sulfur in the sediment.

Inorganic iron pools. Solid phase iron was determined by HCl-extraction
using hydroxylamine to distinguish extracted Fe(IIl),, from Fe(Il)y, after
procedures given by Lovley & Philips (1987) with slight modifications
(Thamdrup, pers comm.; Fossing et al. 1992). Immediately after a core was
sectioned, a 50-200 mg subsample of homogenized sediment was quickly
transferred to serum bottles containing 5 ml 0.5 M HCL. Extractions were done
for 1 h on a shaking table at 20 °C. Following centrifugation, 50 pl of the
supernatant was transferred to 2 ml Ferrozine solution (0.02% Ferrozine in
50 mM HEPES buffer, pH 7) for spectrophotometric analysis of Fe?* (Stookey
1970). Another 1-ml subsample of the supernatant was transferred to test tubes
containing 0.2 ml 1.5 M hydroxylamine hydrochloride in 0.25 M HCl. After
occasional shaking for 15 min, 50 ul was mixed with 2 ml Ferrozine solution
and analyzed as mentioned above. This procedure gave the total extracted Fe
content, i.e. Fe(Il), + Fe(Ill)ye; Fe(Ill)y was determined by difference.

Sediment characteristics. Total pools of particulate organic and inorganic
carbon, nitrogen and sulfur were determined down to 30 cm depth on sub-
samples from the cores used for pore water extraction by the method described
by Kristensen & Andersen (1987) using a Carlo Erba Elemental Analyzer
EA 1100A.

Results

Sediment characteristics. The very slow and infrequent tidal currents at Sta.
1 allowed for the deposition of a thick slit layer. Organic content varied
irregularly with depth: 1100-2200 pmol POC g dw™' and 40-54 pmol PON
g dw™' (data not shown). The numerous burrows were responsible for a 5 to
10 cm thick, continuous brown oxidized upper zone. Deeper down, the
oxidized zone was restricted to a ~5 mm radial layer around the burrows.
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Sta. 2 was less affected by burrowing fauna. The sediment consisted of a
6-8 cm grey silt zone with small and scattered roots overlying a peat-like root
zone down to at least 40 cm. Throughout the sediment scattered black spots
were observed. -Organic content increased with depth from 2100 pmol POC
g dw™', 80 umol PON g dw™' (upper 5 cm) to 3100 pmol POC g dw™' and
107 pmol PON g dw™' at 20-30 cm depth.

At the tidal flat (Sta. 3), the sediment appeared more sandy and consisted
of silty sand down to a depth of ca. 30 cm followed by a 5-10 cm zone of
coarse coral sand. The upper 0-4 cm of the sediment was oxidized. Below, a
grey reduced zone dominated down to the coral sand layer. The organic content
increased with depth from 230 pmol POC g dw™' and 8 pmol PON g dw™'
(0~4 cm) to 1400 pmol POC g dw™' and 32 umol PON g dw™ in the deeper
layers (4-30 cm).

Sulfate reduction. Sulfate reduction rates (SRR) at Sta. 1 and 3 were low in
the surface layers (Fig. 1), while maximum rates were found at 4-10 cm depth
(105 and 115 nmol cm™ d™' respectively). Below, SRR gradually declined to
low rates. At Sta. 2, sulfate reduction was high in the uppermost cm (115 nmol
cm™ d'). A subsequent minimum was recorded at 2-3 cm depth followed by
a maximum (170 nmol cm™ d™') coinciding with the transition between the
silt and root zone at 6-8 cm depth. A decrease in SRR occurred below 12 cm
depth at this station.

The fraction of label recovered as *S-AVS (ZH,S + FeS) increased with
depth at all 3 stations until a maximum was reached at 6-12 cm depth (Sta.
1 and 2) or 4-6 cm (Sta. 3) where **S-AVS accounted for 50, 28 and 65% of
the total SRR, respectively (Fig. 1). Below this depth the role of **S-AVS
declined. *S-AVS was more important at Sta. 3 than at the other stations.
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Fig. 1. Depth profiles of sulfate reduction rates at the 3 examined stations separated into the
AVS and CRS fraction. Rates are based on duplicate distillations of one core and are given in
nmol cm™ d"'. The percentage of label recovered in the AVS fraction is given as %AVS. Depth
profiles of the 2 short cores are given in Kristensen et al. (1994).
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The percentage of label recovered as **S—CRS (FeS, + S° predominated in
the surface layers, and was > 90% at depths up to 4 cm at Sta. 1, 8 cm at
Sta. 2 and 1 cm at Sta. 3.

The depth integrated sulfate reduction rates (ESRR) (one long core from
each station) were highest at the mangrove site at Sta. 2 (Table 1). Based on
the rates in the upper 10 cm (triplicate cores) ZSRR was approximately 2
and 3 times higher at this station compared to Sta. 3 and 1 respectively. The
ZSRRgs accounted for 47% of the total ZSRR at Sta. 3, compared to 68%
and 88% at Sta. 1 and 2 respectively (Table 1).

Table 1. Integrated sulfate reduction rates (SSRR) throughout the examined sediment depth
intervals (based on duplicate analysis of one core) and in the upper 0~10 cm (based on 3 cores
1 SE). The percentage of the ZSRR recovered in the CRS fraction (%SRRcs) is also indicated.

Depth ISRR %SRRezs
cm mmol m™2 4

Sta. 1 0-38 11.21 67.5
0-10 342+ 1.41 66.1

Sta. 2 0-27 19.75 £ 2.71° 87.5
0-10 10.04 £ 1.46 90.9

Sta. 3 0-53 12.87 47.2
0-10 5.57 £ 0.40 41.4

® average of 2 cores.

Particulate sulfur pools. The CRS (FeS, + S° pool was the most important
inorganic sulfur pool at all 3 stations (Fig. 2), being 50-100 times higher
than the FeS pool (Fig. 3). There was a gradual increase in the CRS pool
with depth at Sta. 1 and 2. Below 25 cm at Sta. 1, a rapid increase was evident,
however, with values approaching 270 umol g dw™ at 35 cm depth. At Sta.
3 the CRS pool appeared to be lower and constant with depth at about 80
pmol g dw™ (below 6 cm). The maximum pool size of FeS at Sta. 1 was found
at 8-20 cm depth (2.8-4.4 umol g dw™') coinciding with the peak in SRR s
(Fig. 1). At Sta. 3 the maximum FeS pool (Fig. 3) was found in the coral
sand at 28-45 cm depth (3.6-6.9 pmol g dw™'). At Sta. 2 the FeS pool was
very low (< 0.4 umol g dw™) throughout the entire depth interval examined.

The pool of particulate organic sulfur was determined analysing total
particulate sulfur by CHNS analysis on sediment samples dried to 105 °C
and subtracting the inorganic sulfur pools (sediment combusted at 520 °C).
The inorganic sulfur (IS) pools correlated well with the CRS pools determined
by distillation (stoichiometry 0.8—1.1:1 between IS and CRS; R* = 0.7-0.9).
The organic pools increased with depth at Sta. 1 and 2 (Fig. 2). At Sta. 1,
however, a slight decrease occurred in the upper 10 cm followed by a dramatic
increase to a maximum of 300 pmol g dw™' at 18-28 cm. At Sta. 2, maximum
concentrations of 350 umol g dw™ were observed at 10 cm and 20 cm depth
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Fig. 2. Depth profiles of chromium reducible sulfur (CRS) and particulate organic sulfur (Org.S)
given in umol g dw™. CRS is the average of 3 cores (+SE), and Org.S the average of 2 cores
(£SE). Org.S was not detectable at Sta. 3.
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Fig. 3. Depth profiles of the FeS pool (FeS = AVS-IH,S) given in pmol g dw for the 3 stations.
Values represent mean (+SE) of 2 distillations of one core.
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separated by a minimum concentration of 240 umol g dw™'. For both stations
organic sulfur was generally higher than the measured CRS pool (up to 2
times) except in the uppermost 5-10 cm (Fig. 2). At Sta. 3, organic sulfur was
below the detection limit (< 10 umol S g dw™) throughout the core.

Particulate iron pools. The reduced particulate iron pool, Fe(II),,, extracted
by 0.5 M HC], was considerably higher (up to 4.5 umol g dw™) than the
oxidized pool, Fe(Il);c, (up to 1.5 umol g dw™') at all stations (Fig. 4). The
oxidized pool should, however, be considered as a minimum estimate due to
oxidation artifacts during the fractionation. The largest pools were found at
Sta. 1; about 5 times higher than the lowest pools which were observed at
Sta. 2. Fe(Ill)yo was highest in the uppermost 0.5 cm at all stations.
Concentrations fell rapidly with depth and were depleted by 1 cm (Sta. 2),
3 c¢m (Sta. 3) and 6-8 cm (Sta. 1). Depth patterns of Fe(II),., showed sub-
surface peaks at 2 cm (4.5 umol g dw™) and 4-8 cm (3.3 pmol g dw™) at
Sta. 1 and 3, respectively (Fig. 4). The highest concentration at Sta. 2 on the
other hand was observed in the uppermost cm (2.6 wmol g dw™), followed
by low levels (< 1 pmol g dw™) throughout the remaining core.

0.5 M HCI-Fe {umol g dw™"} (0 Fellllyey ® Fellillyed

0 2 4 ' s 0 2 4 .8 » 0 2 4 ] [}
r |
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Ezo * 20 + 20
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Fig. 4. Profiles of 0.5 M HCl-extractable iron separated into ferric, Fe(IIl)}yc, and ferrous iron
Fe(IDyq given in umol g dw™. Values are average of 2 cores (SE).

Dissolved pools of sulfides and iron. Concentrations of dissolved sulfide
(ZH,S) were low (0-5 uM) in the upper layers at all 3 stations (Fig. 5). At
Sta. 1 no ZH,S (< 2 uM) was observed above 18 cm, and below this depth
ZH,S varied irregularly from 20-250 pM. At Sta. 2, ZH,S appeared at 5 cm
with concentrations ranging from 20 to 50 uM down to 20 cm, followed by
a peak of 150 uM at 25 cm. At Sta. 3, XH,S was observed below 10 cm,
generally at concentrations <50 UM, with a minimum just above the coral
sand, and a maximum (90 puM) within the coral sand zone.

There appeared to be a reverse correlation between ZH,S and dissolved
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Fig. 5. Depth profiles of dissolved ferrous iron (Fe**) and dissolved sulfides (ZH,S) at the 3
stations. Values are given in pM and are average of 2 cores (+SE). Notice the difference in scale
for ferrous iron at Sta. 1.

ferrous iron, as Fe?* was found only in the upper layers where ZH,S was low
(Fig. 5). The depth patterns of dissolved Fe** were similar to those of reduced
particulate iron Fe(Il),,. Peak values of Fe?* at all stations were found just
above the layer where TH,S was first detected. Maximum Fe?* concentra-
tions were higher at Sta. 1 (280 uM) than at the other stations (~35 uM).

Alkalinity, pH and sulfate. Alkalinity increased with depth at all 3 stations
(Fig. 6), but values were lower than the overlying water at Sta. 1 and 2 until
a depth of 12 and S cm, respectively. Increasing pH with depth was observed
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Fig. 6. Depth profiles of pH and alkalinity at the 3 examined stations. Values are given as means

of 3 cores (£SE).
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at Sta. 1 and 3, although values were low (7.3-7.5) in the surface layer at
Sta. 1 (0-1 cm). At Sta. 2, pH was lowest at 1-2 cm depth, and values were
generally lower compared to the 2 other stations throughout the examined
depth interval.

Sulfate concentrations were slightly decreasing with depth at Sta. 1 from
30 to 28 mM and at Sta. 3 from 29 to 22 mM (Fig. 7). There was, however,
an extraordinary high peak in the top layer at Sta. 1 (56 mM), possibly due
to desiccation, as the chloride:sulfate ratio was similar to the ratio in surface
waters (~20). At Sta. 2 the chloride: sulfate ratio was lower and the sulfate
concentration higher in the upper 5-10 cm, indicating a surplus of sulfate in
these layers (32-36 mM). Below sulfate concentrations decreased (to 28 mM)
and the chloride:sulfate ratio correspondingly increased.

pw-S0, {mM} and CI"/SO*"

[} 10 20 230 40 ¢ 70 o 10 20 30 40 o 10 20 30
0 == 0 T o —
Sta. 1 Sta, 2 Sta. 3

10 10 10
‘5‘ 20 20 1 20
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u kL]

40
40 o pw-50, 40
® ratlo CI7/S0,%
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Fig 7. Depth profiles of pore water sulfate (pw-SO;”) given in mM and molar chloride:sulfate
ratios (C1:SO2) at the 3 examined stations. Values are given as mean of 3 cores (£SE). Notice
axis break at Sta. 1.

Discussion

Sulfate reduction and sulfur pools. Anaerobic metabolism measured as sulfate
reduction reflected the large differences in physical and biological conditions
at the 3 stations, with highest rates found in the rooted sediment (Sta. 2).
Focusing only on the upper 10 cm of the sediment (Table 1), the bioturbated
and physically disturbed sediments of Sta. 1 and 3 had sulfate reduction rates
which are only 30-50% of those found in the rooted sediment of Sta. 2. In
contrast, there were much smaller differences in the total sediment metabo-
lism at the same stations measured as CO, production (31, 34 and 23 mmol
m~ d™ at Sta. 1, 2 and 3, respectively) (Kristensen et al. 1994).

The measured SRR were within ranges previously reported for mangrove
(Kristensen et al. 1992) and saltmarsh sediments (Howarth & Giblin 1983;
Hines et al. 1989). Compared to an earlier study from the same area in 1990
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(Kristensen et al. 1991), the present rates were surprisingly 4-7 times lower.
Mangrove sediments are generally characterized by large spatial and temporal
variability in both physical and biological parameters (Alongi 1989). The large
temporal variation in benthic metabolism found in Ao Nam Bor between 1990
and 1992 may be explained in part by the variable quantities and qualities of
the materials deposited for the two years (see detailed discussion in Kristensen
et al. 1994).

During the short term SRR incubations (~12 h) a significant amount of
reduced label was recovered as **S-CRS. On an areal basis the highest
percentage of label recovered as **S-CRS was 88% at Sta. 2, compared with
68% at Sta. 1 and 47% at Sta. 3. In subtidal sediments an average of 20—-40%
of **S-label in radioassays is usually found as CRS (Howarth & Jgrgensen
1984; Thode-Andersen & Jgrgensen 1989; Fossing et al. 1992), but higher
values have previously been measured in mangrove (Kristensen et al. 1991,
1992) and salt marsh sediments (Howarth & Giblin 1983; Howarth & Merkel
1984). A large percentage of reduced label is generally recovered as *S-CRS
in oxidized surface layers of subtidal sediments (Howarth & Jgrgensen 1984;
Thode-Andersen & Jgrgensen 1989), and the extended oxidation by burrows
and roots in these mangrove sediments may be responsible for the high
recovery of label as **S-CRS at Sta. 1 and 2. The *S-CRS was less impor-
tant at Sta. 3, except for the surface layer, where current and wave disturbance
are possible causes for oxidation and thus the high recovery. At all 3 stations
the maximum amount of label as **S-AVS was found as a subsurface peak
around 6~10 cm depth, as observed in subtidal (Thode-Andersen & Jgrgensen
1989) and other mangrove sediments (Kristensen et al. 1992).

The most important pool of reduced inorganic sulfur was CRS at all 3
stations as is the case in most other marine sediments (Thode-Andersen &
Jprgensen 1989). Pyrite is usually the primary component of the CRS pool
(Thode-Andersen & Jgrgensen 1989). In an earlier study of these mangrove
sediments more than 99% of the CRS pool was found as pyrite (Kristensen
et al. 1991), suggesting that the CRS pool measured in this study can be
assumed to be pyrite. The pools of pyrite at Sta. 1 and 2 were high compared
with subtidal sediments (Jgrgensen et al. 1985; Kristensen et al. 1991) and
salt marsh sediments (Howarth & Giblin 1983; King 1988; Oenema 1990).
Pyrite was at Sta. 2 and 3 primarily formed in the upper 10 cm, whereas the
concentration was increasing to a depth of 30 cm at Sta. 1 with a rapid buildup
from 25 cm depth. The accumulation of FeS on the other hand, was much
lower (only 1-10% of the CRS) than observed for subtidal and salt marsh
sediments (Swider & Mackin 1989; Thode-Andersen & Jgrgensen 1989).

Formation of iron sulfides
Extraction procedures for particulate iron vary among studies which make it

difficult to compare different locations. Pools of Fe(Ill)y, and Fe(Il)yo were
low compared with other subtidal sediments (Higashi & Shinagawa 1985
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(extracted with H,SO,); Oenema 1989 (extracted with NH,-oxalate); Fossing
et al. 1992 (same procedure as in this study); Wallmann et al. 1993 (1 M HCl)),
but similar to other mangrove sediments (Silva et al. 1990 (0.1 M HCI, dry
sediment)). The combined Fe(Il)yc, + Fe(Ill),q pool was 2-3 orders of mag-
nitude lower than the HNO,-extractable iron pool (~400-600 pmol c¢cm™)
measured at Ao Nam Bor in 1990 (Kristensen et al. 1991).

Iron oxides are important for the oxidation of reduced sulfides, although
crystalline forms of iron oxides may react slowly (Canfield 1989; Canfield et
al. 1992). The inverse relationship between dissolved sulfides and Fe?* in pore
waters at all 3 stations (Fig. 5) suggests, that the distributions of these solutes
are at least partially regulated by interaction with iron sulfide minerals. Pyrite-
Fe, estimated from CRS pools was, however, much higher than the HCI-
extracted iron in these layers. The low concentration of reactive iron in
combination with the high sulfate reduction rates suggest iron limitation during
the early diagenesis of pyrite. The accumulation of dissolved sulfides was,
however, low in the surface layers, and a possible source of reactive iron
oxides for pyrite formation is the large HNO,-extractable iron pool, e.g. as
crystalline forms. Pyrite-Fe accounted for 10-15% of the HNO;-extractable
pool.

At Sta. 2 the presence of roots may stimulate pyrite formation in the surface
layers because: (1) active roots create oxidized microzones, which may
promote the oxidation of sulfides (Thibodeau & Nickerson 1986; McKee et
al. 1988), (2) roots may excrete enzymes which oxidize reduced sulfur
compounds directly or indirectly by oxidizing reduced iron (Gardner 1990;
Luther et al. 1991), or (3) a'slightly lower pH from sulfide oxidation around
the roots may stimulate pyrite formation (Rickard 1975).

Carbon and sulfur cycling. The total C:S ratio (elemental ratio between
particulate organic carbon and total sulfur pool) was high (10-18) in the upper
layers at Sta. 1 and 2 (Fig. 8) which is comparable to subtidal sediments
(Jgrgensen et al. 1990), but decreased to < 8 in the deeper parts (> 10 cm).
The depth dependent decrease was primarily caused by higher concentrations
of sulfur (organic as well as inorganic), as organic carbon remained almost
constant with depth. This indicates a storage of sulfur in the deeper parts.
The ratio was low (< 7) throughout the examined depth interval at Sta. 3 due
to the low organic carbon as well as the low sulfur content compared to the
2 other stations.

The significant accumulation of organic sulfur found with depth at Sta. 1
and 2 (up to 400 umol g™ dw) has been observed previously in a mangrove
peat (Altschuler et al. 1983). Organic sulfur is considered to play a minor
role in the sulfur cycling in subtidal sediments, but it has been suggested as
a potential storage pool in salt marsh sediments (Lord & Church 1983; Luther
et al. 1986; Francois 1987; Giblin 1988; King 1988; Ferdelman et al. 1991).
Several pathways for the formation of organic sulfur have been suggested,
where organic sulfur most often is found in the humic fraction of sedimen-
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Fig. 8. Molar ratios of particulate organic carbon (POC) and total sulfur (TS) shown as a function
of depth at the 3 stations.

tary organic matter derived from algal or bacterial skeletons or through sulfate
reduction (Francois et al. 1987; Kohnen et al. 1990; Ferdelman et al. 1991;
Urban & Brezonik 1993). During sulfate reduction under oxidized conditions
sulfur enrichment of humic compounds occurs from partly oxidized sulfur
compounds, whereas polysulfides may be the source under reduced conditions
(Francois et al. 1987; Ferdelman et al. 1991). Organic sulfur is suggested as
an important component of the sulfur cycle in sediments with high sulfate
reduction rates, high dissovled sulfide concentrations and iron limitation
(Ferdelman et al. 1991). At Sta. 1 and 2 the increasing concentration of organic
sulfur and decreasing C:S ratio with depth indicate a formation of organic
sulfur through reduced sulfur compounds and less likely due to a sedimenta-
tion of detritus as the surface concentration is low. The organic sulfur pool
obtained high concentrations closer to the surface compared to the pyrite pool,
and this indicate iron limitation during the formation of ironsulfides, as organic
sulfur is the first sulfur compound formed. Organic sulfur is also more per-
sistent towards reoxidation than the inorganic sulfur compounds (Ferdelman
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et al. 1991). In the deeper layers pyrite is possibly formed by a slow reaction
with the mineral-bound iron or crystalline iron oxides.

Reoxidation of FeS,. Reoxidation of FeS, is generally caused by the same
mechanisms as those driving the formation of FeS, in oxidized sediment
layers. In the reoxidation zone, acidification and a subsequent decrease in
alkalinity may develop concurrent with peaks of ferrous iron, sulfate and other
oxidized sulfur compounds indicating pyrite oxidation (Lord & Church 1983;
Giblin & Howarth 1984; Luther et al. 1986; Luther et al. 1991).

In the subsurface layers of Sta. 2 (1-3 cm) an increase in sulfate concen-
tration was evident in the low pH zone indicating that reoxidation of reduced
sulfides occurred. The FeS, pool, however, was still higher here compared to
the 2 other stations, probably due to the overall high rates of sulfate reduc-
tion rates at this station. At Sta. 1 the large subsurface peak of ferrous iron
corresponding with the low pH (< 7.8) and low alkalinity zone indicated that
rapid reoxidation occurred in the bioturbated zone. It was not possible to detect
any changes in the concentration of sulfate at this station, but other oxidized
sulfur compounds were likely present. At Sta. 3, the slightly lower pH found
in the surface layers was associated with a higher level of alkalinity (~3.1
meq 17') than in the overlying water. The presence of ferrous iron in the
examined sediment intervals may indicate, that a continuous reoxidation of
sulfides occurred throughout the sediment column. Bacterial reduction of
Fe(IIT) may, however, also result in accumulation of Fe**, although the mech-
anisms behind and the importance of this process are not well known (Hines
et al. 1991). Tidal currents, wave action and bioturbation may be important
controlling factors involved in reoxidation of FeS,, since this pool generally
was low at this station, especially in the upper layers.

Based on measured sulfate reduction rates and the profiles of inorganic
sulfur species, it is evident, that reoxidation is an important process in the
sulfur cycling of mangrove sediments. Significant burial of reduced sulfur
apparently occur only below the depth of bioturbation at Sta. 1, or in the
deeper parts with dead roots at Sta. 2. Very little sulfur appears to be buried
at Sta. 3, probably due to the extensive physical and biological disturbance
at the tidal flat. Pyrite as well as organic sulfur are the important com-
ponents in the storage of reduced sulfides in mangrove sediments, where
organic sulfur may attain pool sizes 2 times higher than the pyrite pool.
Reactive iron may be the controlling factor in pyrite formation as practically
all reactive iron present in the mangrove sediments is bound as pyrite.
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