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The effect of sulfate on methane production in Lake Mendota sediments was
investigated to clarify the mechanism of sulfate inhibition of methanogenesis.
Methanogenesis was shown to be inhibited by the addition of as little as 0.2 mM
sulfate. Sulfate inhibition was reversed by the addition of either H, or acetate.
Methane evolved when inhibition was reversed by H, additions was derived
from "CO,. Conversely, when acetate was added to overcome sulfate inhibition,
the evolved methane was derived from |2-'*Clacetate. A competition for availa-
ble H, and acetate was proposed as the mechanism by which sulfate inhibited
methanogenesis. Acetate was shown to be metabolized even in the absence of
methanogenic activity. In the presence of sulfate, the methyl position of acetate
was converted to CO,. The addition of sulfate to sediments did not result in the
accumulation of significant amounts of sulfide in the pore water. Sulfate addi-
tions did not inhibit methanogenesis unless greater than 100 ug of free sulfide
per ml was present in the pore water. These results indicate that carbon and
electron flow are altered when sulfate is added to sediments. Sulfate-reducing
organisms appear to assume the role of methanogenic bacteria in sulfate-

containing sediments by utilizing methanogenic precursors.

Several investigators (2, 10) have shown that
sulfate inhibits methanogenesis in freshwater
sediments. However, the basis for sulfate inhi-
bition of methanogenesis is unknown. Mac-
Gregor and Keeney (10) demonstrated that 150
ug of sulfate per ml inhibited methanogenesis
in Lake Mendota sediments. These investiga-
tors proposed that the inhibition was due to an
increase in sediment Eh. Cappenberg (2) dem-
onstrated a near complete inhibition of methan-
ogenesis by 0.1% sulfate in Lake Vechten. He
suggested that the sulfide produced by sulfate-
reducing bacteria inhibited sediment methano-
gens.

Martens and Berner (11) have presented evi-
dence that methanogenesis in marine sedi-
ments does not occur until sulfate is depleted.
They speculated that the inhibition of methano-
genesis by sulfate was due to a competition for
available hydrogen or related to the relative
free energy yields of carbonate and sulfate re-
duction. This theory has also been proposed by
Claypool and Kaplan (6).

The metabolism of methane precursors in an-
aerobic environments is ill defined. Koyama (9)
reported that 60% of the methane produced in
rice paddy soils was derived from the methyl
position of acetate. Cappenberg (3, 5) reported
that the acetate accounted for 70% of the meth-
ane formed in Lake Vechten. Reduction of CO,

by hydrogen is generally believed to account for
the balance of methane formed in these envi-
ronments. Recently, Winfrey et al. (20) demon-
strated that carbonate reduction by hydrogen
was important in sediment methanogenesis;
however, methane production was limited by
the availability of hydrogen.

We report here the effect of sulfate on meth-
ane formation and the metabolism of methane
precursors in Lake Mendota sediments.

MATERIALS AND METHODS

Sampling procedures. Sediment samples were
collected from Lake Mendota throughout the year
(March 1975-April 1976) at a site under 18 m of
water, as described previously (23). Sediment pore
water was sampled (see Fig. 1) with a specially
designed pore water sampler (R. Hesslein, Limnol.
Oceanogr., in press). The sampler contained 19 rows
of four chambers milled in 1-inch (2.54-cm) Plexiglas
at 2-cm intervals (Fig. 1B). The chambers (4.5 ml,
total volume) were filled with deionized, degassed
water and sealed with a dialysis membrane (Union
Carbide, no. 3'/4 DM). The membrane was held in
place by a 0.19-inch (ca. 0.48-cm) Plexiglas retaining
plate with holes over each chamber and secured
with plastic screws. The sampler was placed verti-
cally in the sediment by scuba divers such that 7
rows of chambers were above the sediment water
interface and 12 rows of chambers were below. The
sampler was attached to a buoy on the surface. A 2-
week incubation period was used to allow complete
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F1c. 1. Interstitial water sampler: (A) schematic
diagram showing sampler in place; (B) cross section
showing assembly.

equilibration with the pore water. Upon retrieval,
the samples were immediately removed for analysis.
Interstitial water was obtained from sediment in-
cubated in the lab as follows. A sealed anaerobic
tube containing 10 ml of sediment was centrifuged
for 15 min at 700 x g on a Sorvall type NSE angle
centrifuge. The supernatant was then removed with
a syringe and filtered through a 0.45-um membrane
filter. The filtrate was then used for analysis.
Experimental procedures. Experiments were per-
formed in duplicate in anaerobic tubes (18 by 142
mm), as described by Winfrey et al. (20), and re-
peated a minimum of two times with different sedi-
ment samples. All additions were made anaerobi-
cally from solutions stored under N,. In isotopic
tracer experiments, sulfate was added 20 h before
the addition of radioactive compounds to insure
complete diffusion of sulfate throughout the sedi-
ments. Hydrogen was added by gassing tubes with a
mixture of 15% H,-85% N, (88 umol of H, per tube).
All tubes were vortexed for 1 min to ensure complete
mixing of additions, sealed with a no. 2 neoprene
stopper, and incubated at 30°C. Thirty degrees was
chosen as the incubation temperature as this tem-
perature was nearer the optimum for methanogene-
sis in Lake Mendota (23). Also, it was previously
demonstrated (23) that less variance occurred at
30°C than at in situ incubation temperatures, when
endogenous rates of methanogenesis were quanti-
fied. Although 30°C was considerably above the in
situ temperatures (4 to 12°C), representative experi-
ments performed at 10°C demcnstrated the same
phenomona reported here. However, the rates of
methanogenesis were considerably lower.
Detection of gaseous end products. Gases were
detected by gas chromatography and gas propor-
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tional counting as previously described (12). Dis-
solved methane in pore water was analyzed by the
syringe stripping method of Rudd et al. (15).

Analysis of sulfide and sulfate in pore water.
Sulfide concentrations in sediment pore water were
measured by the method of Pachmayr as modified by
Caldwell and Tiedje (1). Samples were removed from
the pore water sampler chambers with a syringe and
injected into a 10-ml serum vial that contained 0.5
ml of 0.2% zinc acetate in 0.2% acetic acid. Analysis
was performed within 24 h after collection on a
Gilford model 240 spectrophotometer. Sulfide con-
centrations in pore water after the addition of sul-
fate and sulfide to sediment were determined as
follows. A 2-ml aliquot of filtered sediment superna-
tant was added to a vial containing 1.0 ml of zinc
acetate reagent. Samples were assayed as described
above.

Sulfate concentrations in pore water were deter-
mined as follows: 9 ml of pore water was placed into
acid-washed test tubes (18 by 142 mm) and assayed
by the turbidometric method of Tabatabi (19) on a
Gilford model 240 spectrophotometer at 420 nm.

Chemicals and radioactive compounds. All chem-
icals used were reagent grade. Stock solutions (1 M)
of Na,SO,, NaCH,COO, and Na,S were prepared for
sediment additions and stored in N, gassed serum
vials. Sulfide solutions were adjusted to pH 8 with
HCI. The following radioactive chemicals (Amer-
sham/Searle) were used: NaH'*COj, specific activity
60 mCi/mmol; and sodium [2-'*Clacetate, specific
activity 56 mCi/mmol.

RESULTS

Analysis of sediment pore water. Water
overlying the sediment and sediment intersti-
tial water was analyzed to determine the in situ
concentrations of sulfide and methane. Figure 2
shows a profile during fall turnover. The hori-
zontal line indicates the proximity of the sedi-
ment water interface, although this region is ill
defined. Sulfate was present in high concentra-
tions in the water column, decreased at the
sediment-water interface, and was depleted in
the sediment. (Sediment values were not above
background values for the assay.)

Methane and sulfide were not detected in the
oxygenated water (6 cm above the interface)
above the sediment. Methane concentrations
increased at the sediment interface and reached
a maximum value of 2,400 umol/liter in the
sediment. The maximum free sulfide concen-
tration (1.35 ug/ml) occurred at the interface
and decreased with increasing sediment depth.

The concentration of free sulfide detected in
collected sediment samples was considerably
less than that measured in situ (Table 1). This
was attributed to loss of volatile sulfide during
sampling and extraction of pore water.

Effect of sulfate addition. Concentrations
(0.2 to 10 mM) of sulfate were added to sedi-
ments to determine the concentrations required
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for inhibition of methanogenesis (Fig. 3). As
little as 0.2 mM sulfate inhibited methanogene-
sis for 10 h. Ten millimolar sulfate caused near
complete inhibition for 100 h, whereas interme-
diate concentrations of sulfate inhibited meth-
anogenesis for shorter periods of time. For all
sulfate concentrations tested, the rate of meth-
anogenesis after inhibition ceased paralleled
the endogenous rate. In future inhibition exper-
iments 10 mM sulfate was used, as this concen-
tration caused inhibition of methane produc-
tion throughout the time course of the experi-
ment. Low rates of methanogenesis (4 to 5% of
the control) were observed even with the addi-
tion of 10 mM sulfate.

To study the path of methane precursors in
sediment containing sulfate, H*CO;~ and [2-
4Clacetate were used as tracers in sediment
tubes containing 10 mM sulfate or no added
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Fi1c. 2. Profile showing S0O,*~, S*, and CH,
concentrations in Lake Mendota sediment. Symbols:
ppm of SO, (micrograms per milliliter) (O); ppm of
sulfide (A); micromoles of CH , per liter (®). Samples
were taken during lake turnover when O, was present
throughout the water column. Values for sulfide in
the sediment were below the sensitivity limit of the
assay and are interpreted as essentially zero.
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sulfate. Evolved gases were monitored for 50 h.
In the absence of added sulfate (Fig. 4A),
H"CO;~ was slowly converted to '“CH,. [2-
""Clacetate was rapidly converted mainly to
“CH,, although significant amounts of '“CO,
were also produced. In sediment containing
added SO,*~ (Fig. 4B), only traces of “CH,
were produced from H“CO;~ or [2-'*Clacetate.
A fourfold increase in *CO, evolution was ob-
served from [2-'*Clacetate in the presence of
added sulfate. To test for possible methane oxi-
dation in Lake Mendota sediment, “CH, was
added to sediment that contained 10 mM sul-
fate and sediment without added sulfate. No
decrease in “CH, or production of “*CO, was
observed for 120 h in the presence or absence
of added sulfate.

Reversal of sulfate inhibition. Experiments
were initiated to test the hypothesis that sul-
fate inhibition was a result of competition for
available hydrogen. Methanogenesis and hy-
drogen depletion were monitored in sediment
tubes that contained 88 umol of H; and 10 mM
sulfate. This was compared with controls with-
out added sulfate or added H,. Figure 5A shows
that H, reversed sulfate inhibition of methano-
genesis. When H, was depleted from the gas
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Fic. 3. Effect of sulfate additions on methanogen-
esis in Lake Mendota sediments. Symbols: no addi-
tions (@); 0.2 mM SO, (A); 0.5 mM SO2~ (O); 1.0
mM SO2 (0); 2.5 mM SO.2 (Q); 5.0 or 10.0 mM
SO2 ().

TABLE 1. Effect of sulfide additions on methanogenesis in Lake Mendota sediments

Concn of added sulfide

Rate of methanogenesis

Sulfide concn (pg/ml) after:

(mM) (nmol/h per tube = % S)° 1 h of incubation 50 h of incubation
0.0 74 +5 0.11 0.18
0.5, 1.0, 2.5 (16, 32, 80 ug/ 76 = 6 0.38 0.02
ml)
5 (160 pug/ml) 112 + 10 9.9 1.1
10 (320 ug/ml) 56 + 10 142 102
25 (800 pg/ml) 15+ 6 621 610

a % S, Percent standard deviation.
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Fic. 4. Effect of sulfate on evolution of radioactive
gases from methane precursors. (A) Sediment with-
out added sulfate; (B) sediment with 10 mM SO,
added Symbols: “"CH, from 5.7 x 10% cpm of [2-'*C]-
acetate (®); "CH , from 10% cpm of H'*CO,~ (O); *CO,
from 5.7 x 10% cpm of [2-"*C]acetate (A).

phase, methanogenesis from sediment that con-
tained sulfate ceased.

As large amounts of *CQ, are released from
[2-"*C]lacetate in sediment that contained sul-
fate (Fig. 4B), and because acetate appears to
limit sediment methanogenesis (20), it seemed
likely that competition for acetate may also be
an explanation for sulfate inhibition of methan-
ogenesis. To test this hypothesis, 1 mM acetate
was added to sediment in the presence and
absence of 10 mM SO,. Rates of methanogenesis
were compared with control tubes that con-
tained no additions and sulfate alone (Fig. 5B).
Addition of 1 mM acetate reversed inhibition of
methanogenesis by sulfate. After 20 h the rate
of methanogenesis from sediment that con-
tained sulfate and acetate additions decreased
sharply and paralleled the rate with sulfate
alone, presumably due to depletion of added
acetate. Similarly, the rate of methanogenesis
in control tubes with acetate alone returned to
the endogenous level after about 20 h.

To determine the origin of the methane pro-
duced when sulfate inhibition of methanogene-
sis was reversed by H, or acetate, *C tracer
experiments were initiated. H*CO,;~ and [2-
"Clacetate were added to sediments that con-
tained sulfate and 88 umol of H, or 1 mM
acetate. Figure 6A shows that “CO, was con-
verted to methane in sulfate-containing sedi-
ment when inhibition was reversed by H, addi-
tion. No "CO, was converted to methane, how-
ever, when inhibition was reversed by acetate.

Figure 6B demonstrates that the methyl posi-
tion of acetate was converted to methane when
1 mM acetate was added to reverse sulfate inhi-
bition of methanogenesis. Small amounts of
"“CH, were also evolved from [2-"*Clacetate
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when H, was added to sediment that contained
sulfate. There was, however, a rapid evolution
of "CO, from the methyl position of acetate,
which decreased until H, was depleted from the
tubes. The rate of “CH, evolution also de-
creased when H, was depleted. As “CO, was
converted to methane in sediments with added
sulfate when H, was present (Fig. 6A), the
“CH, evolved in this experiment appears to be
derived from the '"CO, and not the intact
methyl position of acetate.

Effect of sulfide addition to sediment. Sul-
fide was added to sediments to test the hypothe-
sis that sulfide produced from sulfate reduction
inhibited methanogenesis. Rates of methano-
genesis and sulfide concentrations in the inter-
stitial water were monitored for 50 h. These
results are shown in Table 1. The addition of up
to 2.5 mM sulfide had no effect on methanogen-
esis, and sulfide concentrations in the pore wa-
ter were not above in situ level. The addition of
5 mM sulfide caused stimulation of methano-
genesis, and sulfide concentrations in the pore
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Fic. 5. Effect of H, and acetate additions on sul-
fate inhibition of methanogenesis in Lake Mendota
sediments. (A) Addition of H,. Symbols: CH, pro-
duced with no additions (O); addition of 15% H, (®);
addition of 10 mM SO.* (%); addition of 10 mM
80,2~ and 15% H, (%); hydrogen depletion from sedi-
ment without additions (B); H, depletion from sedi-
ment containing 10 mM SO~ (O). (B) Addition of
1.0 mM acetate. Symbols: CH, from sediment with no
additions (O); with 1.0 mM acetate added (®); 10
mM SO, added (%); 10 mM SOz~ and 1.0 mM
acetate added (%).
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Fic. 6. Path of carbon precursors in sediment
containing 10 mM sulfate and 1.0 mM acetate or 15%
H,additions. (A) Conversion of H'*CO;~ (10° cpm) to
YCH,. (B) Conversion of [2-*C]acetate (5.7 X 10°
cpm) to “CH, and "“CO,. Symbols: *CH, produced
with added H, (A); “CH, produced with added ace-
tate (@); *CO, evolved with added H, (B) only (O).

water ranged from 9.9 to 1.1 ug/ml (0.28 to 0.03
mM) throughout the course of the experiment.
Addition of 10 mM sulfide caused inhibition of
methanogenesis, and sulfide concentrations in
pore water ranged from 142 to 102 pg/ml (4.4 to
3.2 mM). Maximum inhibition (20% of control)
was obtained by the addition of 25 mM sulfide,
and pore water concentrations ranged from 621
to 610 ug/ml (19.4 to 19.1 mM).

To examine the possible accumulation of sul-
fide in sediment pore water, 10 mM SO, was
added to sediment and the sulfide concentration
in the interstitial water was monitored for 250
h. Figure 7 shows that slight accumulation of
sulfide occurs, reaching a maximum concentra-
tion of 0.83 ug/ml (0.03 mM). It is important to
note that some sulfide was lost during the proc-
essing of these samples, and should not be com-
pared with the values measured in situ. These
values do, however, show relative changes in
the sulfide concentration in pore water after
additions.

DISCUSSION

These data indicate that sulfate inhibits
methanogenesis in Lake Mendota sediments by
altering normal carbon and electron flow dur-
ing anaerobic mineralization. As little as 0.2
mM (19 ug/ml) SOz~ was able to effect near
complete inhibition of methanogenesis (for 10
h) whereas larger concentrations inhibited for
longer periods of time. Sulfate was depleted in
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Lake Mendota sediments, however, and would
therefore not affect methanogenesis in situ.

Methane precursors, CO, and acetate, were
not converted to methane in the presence of 10
mM sulfate. The methyl position of acetate was
converted to CO, instead of CH,. It appears
likely that in situ hydrogen, used to reduce CO,
to CH, in unaltered sediment, reduced sulfate
when 10 mM SO,2~ was added.

Winfrey et al. (20) have shown that H, and
acetate are factors limiting methanogenesis in
Lake Mendota sediments. The addition of
either of these substrates to sediment contain-
ing sulfate was able to reverse inhibition of
methanogenesis. When H, was added to sul-
fate-inhibited sediment, methane was produced
from CO, but not from acetate. Conversely,
when acetate was added, the evolved CH, was
derived from acetate but not from CO,. Thus,
competition for both acetate and H, appears to
be responsible for inhibition of methane produc-
tion by sulfate.

This mechanism of sulfate inhibition of
methanogenesis is partially compatible with
the thermodynamic argument proposed by
Martens and Berner (11) and Claypool and Ka-
plan (6). The reduction of CO, by H, to methane
yields 135.1 J (32.3 kcal), whereas the reduction
of sulfate to sulfide by H, yields 154.0 J (36.8
kcal) (7). Thus, sulfate reducers, if present in
high enough numbers, should be able to out-
compete methanogens for available H,.

These results give evidence that competition
for acetate is also a factor in inhibition of meth-
anogenesis by sulfate. This observation is also
supported by thermodynamic considerations.
The conversion of acetate to CO, and CH, yields
28.5 J (6.8 kcal) (7). The utilization of acetate in
the presence of sulfate via the reaction SO,*"
+ CH;COO~ + H* - H,S + 2HCO;~ yields
47.3 J (11.3 kcal) (7). Therefore, utilization of
acetate by this reaction could occur preferen-
tially over the conversion of acetate to meth-
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Fi1c. 7. Effect of the addition of 10 mM SO, on
sulfide concentration in sediment pore water. Sym-
bols: ppm of sulfide (micrograms per milliliter) with
no additions (3¢); ppm of sulfide with 10 mM SO*~
added (@).
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ane. It is important to note that the thermo-
dynamics of these reactions may vary with in
situ or intracellular concentrations. Thus, al-
though valuable in determining the feasibility
of sediment reactions, energy yields may vary
under in situ conditions. Also, the competition
observed may well be the result of more ef-
ficient use of H, and acetate by sulfate reducers
than methanogens and have a kinetic rather
than a thermodynamic basis.

The discovery that acetate is utilized in the
absence of methanogenic activity may have im-
portant implications concerning the anaerobic
metabolism of acetate. “CO,, as well as
14CH,, has previously been shown to arise from
methyl-labeled acetate in lake sediments (5,
20). In the presence of sulfate, however, there is
a fourfold increase in *CO, and no “CH, is
evolved from [2-'“Cl-acetate, indicating that
acetate is being metabolized by nonmethano-
genic organisms, which appear to be stimulated
by SO,. These organisms may also be responsi-
ble for the conversion of the methyl of acetate to
CO; in the presence of methanogenic activity.
Russian investigators (14, 18) have demon-
strated that Desulfovibrio species can grow on
H,, acetate, and CO,. Sorokin (17, 18) reported
that acetate was not respired but was used for
cell carbon synthesis. Species of sulfate-reduc-
ing bacteria have not been reported to oxidize
acetate to CO,. The results presented here indi-
cate that acetate-respiring organisms may exist
in the anaerobic sediment ecosystem. Recently,
Pfennig and Biebl (Arch. Microbiol., in press)
have described an anaerobic sulfur-reducing,
acetate-oxidizing organism. It is possible that
this or similar organisms are responsible for
the oxidation of acetate to CO,.

Cappenberg and Prins (5) have suggested
that '“CO, derived from [2-'*Clacetate in Lake
Vechten sediments was formed from CH, oxida-
tion by sulfate-reducing bacteria. However,
data reported here demonstrate that “CH, was
not oxidized to '“CQ, in the presence or absence
of added sulfate. Thus, it appears that “CO,
produced from [2-'*Clacetate in Lake Mendota
sediments is a result of acetate respiration and
not methane oxidation.

The proposed mechanism of sulfate inhibi-
tion of methanogenesis is not compatible with
previous theories. A rise in Eh, as proposed by
MacGregor and Keeney (10), seems unlikely,
since the addition of H, or acetate in the pres-
ence of high concentrations of sulfate (10 mM)
allowed methanogenesis. Furthermore, very
small concentrations of sulfate (0.2 mM), which
would be unable to change the Eh of the sedi-
ment, were able to inhibit methanogenesis.
Cappenberg’s hypothesis (2) that methanogene-
sis is inhibited by sulfide produced from sulfate
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reduction is also an unlikely explanation. Sul-
fide produced from sulfate reduction appears to
be rapidly precipitated in Lake Mendota sedi-
ments. Free sulfide concentrations in pore wa-
ter were far less than would be expected from
the amount of sulfate reduced. This is likely due
to the precipitation of sulfide by metals present
in the sediment. Furthermore, no free sulfide
was detected after the addition of as much as
2.5 mM (80 ug/ml) sulfide, and only small
amounts (1 to 10 ug/ml) were detectable after
the addition of 5 mM (160 ug/ml) sulfide. This
concentration of sulfide in the pore water, in
fact, stimulated methanogenesis, and greater
than 100 ug of free sulfide per ml in the pore
water was required to effect inhibition. As a
maximum of 0.83 ug of sulfide per ml was
detected in sediment after the addition of 10
mM sulfate, sulfide inhibition cannot be a
cause of inhibition of methanogenesis. These
results do, however, indicate that extremely
high (greater than 100 ug/ml) concentrations of
sulfide are inhibitory to sediment methanogen-
esis and that the concentration of sulfide in
sediment may be suboptimal for methanogene-
sis. The exact mechanism of inhibition of meth-
ane production by high concentrations of sul-
fide is not known. It is possible that metal
precipitation or other secondary effects may be
responsible for the effect of sulfide on methano-
genesis.

The utilization of acetate by sulfate-reducing
organisms may have important implications in
marine sediment environments containing
high amounts of sulfate. Methane bacteria are
terminal organisms in anaerobic food chains.
They are believed to play a key role in anaero-
bic degradation by using fermentation end
products and allowing thermodynamically un-
favorable reactions to proceed (21). It seems
likely that sulfate-reducing bacteria, by using
acetate and H,, may assume this same role in
marine environments where methanogenesis
in inhibited. This would allow anaerobic degra-
dation to function efficiently in the absence of
methanogenesis.

Oremland (13) recently reported the produc-
tion of small amounts of methane (1.81 to 1.86
umol/m? per h) in shallow marine sediments.
The highest rates of methane production were
from sea grass beds that were rich in organic
matter. The results presented here may explain
this observation, as more acetate and H, would
be produced from anaerobic fermentations in
organic-rich areas than in marine sediments
low in organic matter. Thus, there would be
less competition for these methanogenic sub-
strates by sulfate reducers, and low rates of
methanogenesis could occur.

Sulfate-reducing bacteria have been reported
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to be present in high numbers in freshwater
sediments, although sulfate was depleted (2).
However, little is known about their metabolic
activities in these environments. Cappenberg
(4) has presented evidence of a commensal asso-
ciation between sulfate-reducing and methano-
genic bacteria. He suggests that acetate pro-
duced by the sulfate reducers is metabolized by
the methanogens. Bryant (Abstr. 158th Meet.
Am. Chem. Soc., p. 18, 1969) has presented
evidence of a symbiotic relationship between
these organisms. He was able to grow strains
of Desulfovibrio on lactate in the absence of
sulfate, if a methanogen was present in the
culture. Bryant concluded that the sulfate re-
ducer transferred H, to the methanogen as an
alternative electron sink in the absence of sul-
fate. Therefore, in sulfate-depleted Lake Men-
dota sediments, it is possible that sulfate re-
ducers may be metabolically active by living in
association with methanogenic bacteria instead
of reducing sulfate.
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