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Abstract
Bacterial sulfate reduction (SR) is often determined by radiotracer techniques using 35S-labeled sulfate. In

environments featuring simultaneous sulfide oxidation, SR can be underestimated due to re-oxidation of 35S-sul-
fide. Recycling of 35S-tracer is expected to be high in sediment with low concentrations of pore-water sulfide
and high abundance of giant filamentous sulfur-oxidizing bacteria (GFSOB). Here, we applied a sulfide-spiking
method, originally developed for water samples, to sediments along a shelf-slope transect (72, 128, 243, 752 m
water depth) traversing the Peruvian oxygen minimum zone. Sediment spiked with unlabeled sulfide prior to
35S-sulfate injection to prevent radiotracer recycling was compared to unspiked sediment. At stations character-
ized by low natural sulfide and abundant GFSOB (128 and 243 m), the method revealed 1–3 times higher SR
rates in spiked sediment. Spiking had no effect on SR in sediment with high natural sulfide despite presence of
GFSOB (72 m). Bioturbated sediment devoid of GFSOB (752 m) showed elevated SR in spiked samples, likely
from artificial introduction of sulfidic conditions. Sulfide oxidation rates at the 128 and 243 m station, derived
from the difference in SR between spiked and unspiked sediment, approximated rates of dissimilatory nitrate
reduction to ammonium by GFSOB. Gross SR contributed considerably to benthic dissolved inorganic carbon
fluxes at the three shallowest station, confirming that SR is an important process for benthic carbon respirations
within the oxygen minimum zone. We recommend to further explore the spiking method to capture SR in sedi-
ment featuring low sulfide concentrations and high sulfur cycling by GFSOB.

Bacterial sulfate reduction is the most important anaerobic
metabolic process driving carbon remineralization in organic-
rich, marine sediments (Jørgensen 1982; Canfield et al. 2005).
In this respiratory process, sulfate serves as the terminal elec-
tron acceptor and is reduced to hydrogen sulfide after the
following reaction:

2CH2OþSO2�
4 !2HCO�

3 þH2S ð1Þ

Note that CH2O is an approximation of organic biomass with
zero oxidation state and neglecting N, S, and P.

Knowledge of the magnitude of sulfate reduction, especially
in sediment below productive environments featuring high
organic matter export and the development of oxygen

deficiency in the water column, is vital in understanding marine
element cycling in the global ocean (Middelburg and
Levin 2009; Treude 2011). In sediments underlying marine oxy-
gen minimum zones (OMZs), organic matter degradation by sul-
fate reduction can be so vigorous to cause pelagic sulfidic events
(Schunck et al. 2013) and to feed chemoautotrophic processes,
such as the dissimilatory nitrate reduction to ammonium
(DNRA) coupled to sulfur oxidation (Jørgensen and Nelson 2004;
Høgslund et al. 2009), which can exhaust nitrate in the water
column (Sommer et al. 2016). Pore-water sulfide is further an
important regulator of iron fluxes into the anoxic water column
and benthic pyritization in OMZs (Middelburg and Levin 2009).

A widely used method for determining sulfate reduction
activity in sediments is the application of radiolabeled sulfate
(35S-sulfate) (Jørgensen 1978; Kallmeyer et al. 2004; Røy et al.
2014). After incubation with 35S-sulfate, sediment is trans-
ferred to zinc acetate and frozen. The addition of zinc acetate
stops evaporation of H2S and terminates bacterial activity;
freezing prevents chemical re-oxidation of sulfides (Røy
et al. 2014). During analyses, total reduced inorganic sulfur
(TRIS) is separated from residual 35S-sulfate by either hot
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(Jørgensen 1978) or cold (Kallmeyer et al. 2004) chromium
distillation. Both methods provide quantitative information
on sulfate reduction expressed as turnover of sulfate per sam-
ple volume or weight and time.

If, however, bacterial sulfide oxidation occurs simulta-
neously with sulfate reduction, gross sulfate reduction rates
can be underestimated and partially masked, due to re-
oxidation of produced 35S-sulfide during incubation (Moeslund
et al. 1994; Canfield et al. 2010; Findlay et al. 2020). This
underestimation can be significant if the natural pool of sulfide
in pore water is low, increasing the likelihood of re-oxidation
of 35S-sulfide that is released into the pore water during 35S-
sulfate incubation. Similarly, sulfate reduction rates can be
underestimated when calculated by transport-reaction model-
ing of pore-water sulfate, as the in-situ sulfate concentration
only reflects the sum of all redox and exchange processes
(Fossing et al. 2000; Jørgensen et al. 2001; Treude et al. 2005).

Canfield et al. (2010) developed a method to unmask sul-
fate reduction during simultaneous sulfide oxidation in the
water column of the Chilean OMZ. The method involved spik-
ing water samples with unlabeled sulfide to increase the sul-
fide pool, thereby reducing likelihood of re-oxidation of the
produced 35S-sulfide by in-situ bacteria (Fig. 1B). Likewise,
Fossing and Jørgensen (1990) spiked sediment with unlabeled
thiosulfate prior to radiotracer injection to prevent fast turn-
over of 35S-labeled thiosulfate, which is a short-lived

intermediate in sulfur cycling. In the present study, we
applied the sulfide-spiking method developed by Canfield
et al. (2010) to sediments to study sulfate reduction and sul-
fide oxidation in benthic environments below the Peruvian
OMZ. Sediments in this highly productive region are charac-
terized by high rates of organic matter degradation (Dale
et al. 2015), including sulfate reduction (Gier et al. 2016;
Maltby et al. 2016), and the presence of giant filamentous
sulfur-oxidizing bacteria (GFSOB), principally Marithioploca
and Beggiatoa (Bohlen et al. 2011; Sommer et al. 2016; Dale
et al. 2019). We studied benthic sulfate reduction along a
depth transect (74–752 m) traversing the OMZ and found
strong indications for rapid sulfur cycling in sediments
inhabited by dense mats of GFSOB. The rapid cycling partially
masked sulfate reduction activity determined by the tradi-
tional quantification method and likely prevented the buildup
of hydrogen sulfide in the pore water. Our results provide new
insights into the magnitude of sulfate reduction and sulfide
oxidation in OMZ sediments. We further discuss the pros and
cons of the application of the spiking method to sediments.

Materials and methods
Study area

Detailed description of the study area can be found in pre-
vious studies (Mosch et al. 2012; Dale et al. 2015; Sommer

Fig 1. Photographs of representative sediment multicorer cores taken at the four sampling stations: 74, 128, 243, and 752 m. Cores were photographed
within 30 min after recovery and immediately before sub-sampling. Arrows in the photograph from the 74 m station point to individual filaments of giant
sulfur bacteria visible at the sediment surface. The arrow in the photograph from the 243 m station points to a vertically oriented sulfur bacteria sheath
inside the sediment. The internal diameter of the core liners was 10 cm. For details, see "Sediment Sampling" section.
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et al. 2016; Lüdke et al. 2020) and references therein. The 12�

S depth transect on the Peruvian margin, the setting of the
present study, is located within a pronounced OMZ. The OMZ
is sustained by heterotrophic microbial respiration coupled to
enhanced organic carbon export from a highly productive sur-
face ocean. Primary production is driven by nutrient-rich
upwelling sustained by alongshore equatorward trade winds
and cyclonic wind-stress curl (Strub et al. 1998). The core of
the OMZ, exhibiting dissolved oxygen concentration below
detection limit of the Winkler titration (5 μM), intersects with
the seafloor at water depths between 100 and 500 m (Dale
et al. 2015; Sommer et al. 2016), while oxygen concentrations
on the shelf (in particular < 100 m) vary seasonally and show
intra-annual variability (Graco et al. 2017; Lüdke et al. 2020).
Previous work on the 11� S transect through the OMZ revealed
that epibenthic megafauna were virtually absent between
approximately 70 and 400 m, reaching highest abundance
(e.g., gastropods: 900 indiv. m2, ophiuroids: 140 indiv. m2,
and pennatulaceans: 20 indiv. m2) between the lower OMZ
boundary (460 m) and 680 m (Mosch et al. 2012). Carbon
remineralization based on dissolved inorganic carbon fluxes in
the sediment decrease from � 80 mmol C m�2 d�1 at 74 m to
� 3 mmol C m�2 d�1 at 756 m (Dale et al. 2015). Oxygen defi-
ciency in the water column shifts organic matter degradation
in sediment to anaerobic processes, supplying sediments with
hydrogen sulfide generated by dissimilatory sulfate reduction
(Bohlen et al. 2011; Gier et al. 2016; Sommer et al. 2016). The
released hydrogen sulfide serves as an energy source for
GFSOB mats (Bohlen et al. 2011; Sommer et al. 2016). These
mats couple sulfide oxidation to the DNRA, leading to high
benthic ammonium fluxes (Bohlen et al. 2011; Sommer et al.
2016). Seafloor observations with a towed camera confirmed
GFSOB mats at the sediment–water interface at water depths
between 70 and 300 m (Mosch et al. 2012; Sommer et al.
2016). Trichomes of GFSOB extended into the overlying water
by 1–2 cm and were visible down to ca. 20 cm below the sea-
floor (cmbsf) (Dale et al. 2016). Abundance of mats fluctuate
in time at shallower depths (< 100 m) as a result of nitrate and
oxygen concentration variability (Gutiérrez et al. 2008; Dale
et al. 2016; Sommer et al. 2016).

Sediment sampling
Sediment samples were taken between April and May 2017

during two consecutive expeditions on research vessel (R/V)
Meteor (M136 and M137) at four stations (74, 128, 243, and
752 m) along the 12� S depth transect traversing the Peruvian
OMZ. Samples were retrieved using a TV-guided multicorer
(MUC) equipped with seven core liners as described previously
(Dale et al. 2016). Core liners were 60 cm long with an inner
diameter of 10 cm. Filaments of GFSOB were observable by
eye at the sediment surface (dense mat) and inside sediment
at the 128 and 243 m stations (Fig. 1; Sommer et al. 2019). Fil-
aments were detected mostly inside sediment at the 74 m sta-
tion and were not observed at the 752 m station. Retrieved

cores were immediately transferred to cold rooms (12�C) for fur-
ther processing. Station and sampling details, including deploy-
ment positions, for the studied parameters are provided in
Table 1. Note that due to logistical reasons samples for different
analyses were collected from replicate MUC deployments.

Sulfate reduction rates
At each station, two small push cores (length 20 cm, inner

diameter 2.6 cm) were subsampled from one MUC core. One
of the replicate sub-cores (hereafter “spiked core”) was
amended with unlabeled sulfide: 16 μL saturated sulfide solu-
tion (2.42 M stock solution: 250 g Na2S • 9 H2O in 420 mL
ultrapure water) was injected into the sediment push core
through pre-drilled holes placed at 1 cm depth increments fol-
lowing the principle of the whole-round core injection
method (Jørgensen 1978). Based on an average sediment water
content of � 80% (Gier et al. 2016; Maltby et al. 2016), the
added sulfide resulted in a final sulfide concentration of
10 mM in the pore water after its dilution into the sediment
(5 cm3 sediment per injection point). The second sub-core
remained untreated (hereafter “unspiked core”). After an equil-
ibration for 1–2 h at 12�C in the dark, 10 μL of carrier-free
35SO4

2� radiotracer (dissolved in water, 1.86 MBq, specific
activity 37 TBq mmol�1) was injected into both sub-cores at
1 cm depth increments according to the whole-core injection
method (Jørgensen 1978). In the spiked core, radiotracer was
injected through the same ports used for sulfide injection. Both
spiked and unspiked cores were incubated with radiotracer for
6–8 h at 12�C in the dark.

After incubation, bacterial activity was stopped by slicing
sub-cores at 1 cm increments and transferring sediment
layers into 50 mL plastic centrifuge tubes filled with 20 mL
zinc acetate (20% w/w). Triplicate “killed” controls were pro-
duced from additional sediment of the same MUC core and
microbial activity was first terminated with zinc acetate
before the addition of radiotracer to the centrifuge vial. All
samples were frozen at �20�C until analysis, when sulfate
reduction rates were determined following the cold chro-
mium distillation procedure (Kallmeyer et al. 2004). Sulfate
reduction rates are reported per volume (cm3) and integrated
over depth (0–5 and 0–15 cmbsf). Integrated spiked rates were
divided by integrated unspiked rates to calculate a sulfate reduc-
tion rate ratio (SRR ratio). An SRR ratio > 1 indicates excess
spiked rates, while an SRR ratio < 1 indicates excess unspiked
rates.

Geochemical analyses
Geochemical analyses served to understand the distribution

of key parameters involved in sulfur cycling and to provide
essential parameters (sulfate concentration and porosity) for
sulfate reduction rate calculations. Pore-water extraction and
analysis and the determination of sediment properties are
described in Dale et al. (2015). In short, one MUC core per
deployment was subsampled for pore water under anoxic
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conditions using an argon-filled glove bag. Ammonium
(NH4

+) and total sulfide concentrations were analyzed on a
Hitachi U2800 UV/VIS spectrophotometer using standard
photometric procedures (Grasshoff et al. 1999). The detection
limit for both solutes was 1 μM and the precision of the
analyses was 5 μM. Sulfate (SO4

2�) concentrations were deter-
mined by ion chromatography (Metrohm 761) with a detec-
tion limit of < 100 μM and precision of 200 μM. Total
alkalinity was determined by direct titration of 1 mL pore
water with 0.02 M HCl using a mixture of methyl red and
methylene blue as an indicator and bubbling the titration ves-
sel with argon gas to strip CO2 and hydrogen sulfide. The
analysis was calibrated using IAPSO seawater standard, with a
precision and detection limit of 0.05 meq L�1. A second core
from the same MUC deployment was sampled to determine
porosity by the weight difference of the fresh sediment before
and after freeze drying. Porosity data are not presented and
served only for the calculation of sulfate reduction rates (see
Kallmeyer et al. 2004). A third core from a separate MUC
deployment was taken for determination of total nitrate
(NO3

�) in the sediment. For this, the upper 5 cm of the core
was sliced in 1 cm intervals, repeatedly frozen and thawed to
burst intracellular vacuoles of GFSOB and foraminifera, then
centrifuged at 3000 � g for 20 min, and analyzed according to
Dale et al. (2016). Analysis of the filtered pore water gives the
biological nitrate stored within vacuolated organisms as well
as any pore-water nitrate present.

Results
Sulfate reduction

At the 74 m station, sulfate reduction in the top 1 cmbsf
(centimeter below sea floor) of the unspiked core was more
than double than in the spiked core (962 vs. 379 nmol cm�3

d�1 respectively, Fig. 2A). Below 1 cmbsf, rates declined in
both cores and tracked between cores, especially below
5 cmbsf, where rates ranged between 40 and
60 nmol cm�3 d�1.

At the 128 m station, sulfate reduction in the spiked core
declined from 106 nmol cm�3 d�1 at 0–1 cmbsf to
� 15 nmol cm�3 d�1 below 8 cmbsf (Fig. 2D). Sulfate reduc-
tion in the top 5 cmbsf of the spiked core was always 30–
40 nmol cm�3 d�1 higher than in the unspiked core. Below
5 cmbsf, the difference between the two cores became less pro-
nounced with depth, and rates were almost identical below
8 cmbsf.

At the 243 m station, sulfate reduction in the spiked core
peaked at 0–1 cmbsf (56 nmol cm�3 d�1), dropped sharply to
25 nmol cm�3 d�1 at 0–2 nmol cm�3 d�1, subsequently steadily
declining to 4.3 nmol cm�3 d�1 at the deepest depth (15–
16 cmbsf). Sulfate reduction in the top 5 cmbsf of the spiked
core was consistently 15–20 nmol cm�3 d�1 higher than in the
unspiked core (Fig. 2G). Below 5 cmbsf, this difference declined
to 5–10 nmol cm�3 d�1. Only at the deepest sampled depth (15–
16 cmbsf), did both cores reach equal rates.

Table 1. Details of stations selected for this study along the 12�S depth transect.

Average
water
depth (m)

Station
no.

MUC
no. Expedition

O2 concentration
close to seafloor
(μmol kg�1)* Latitude Longitude Date

Parameters
collected

74 681 13 M137 bdl-12 12�13.510S 77�10.780W 12 May 2017 SR

721 22 M137 12�13.470S 77�10.800W 15 May 2017 NO3

483 8 M136 12�13.520S 77�10.790W 24 Apr 2017 Sulfate, sulfide, TA,

ammonium,

porosity

128 771 27 M137 bdl 12�16.730S 77�14.950W 19 May 2017 SR

426 6 M136 12�16.680S 77�14.950W 19 Apr 2017 Sulfate, sulfide, TA,

ammonium,

porosity

243 775 31 M137 bdl 12�23.290S 77�24.280W 19 May 2017 SR

751 26 M137 12�24.000S 77�24.280W 17 May 2017 NO3

595 1 M137 12�23.300S 77�24.280W 06 May 2017 Sulfate, sulfide, TA,

ammonium,

porosity

752 670 12 M137 16 12�31.360S 77�35.000W 11 May 2017 SR

543 9 M136 12�31.350S 77�

35.010W
28 Apr 2017 Sulfate, sulfide, TA,

ammonium,

porosity

bdl, below detection limit; MUC, multicorer; TA, total alkalinity.
*Data collected with a lowered SeaBird SBE 9-plus conductivity-temperature-depth (CTD) system using two pumped oxygen sensors (Lüdke et al. 2020).

Treude et al. Sulfur cycling in organic-rich sediment

2664



Fig 2. Depth profiles of biogeochemical parameters determined at the four stations (74, 128, 243, and 752 m). (A, D, G, J): Sulfate reduction in sulfide-
spiked and unspiked sediment cores. (B, E, H, K): Concentrations of sulfate (SO4

2�) and total alkalinity (TA) in the pore water. (C, F, I, L): Concentrations
of ammonium (NH4

+), total nitrate (NO3
�), and total sulfide in the pore water. Note that total nitrate data are not available for the 128 and 752 m

station.
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At the 752 m station, sulfate reduction in the spiked core
ranged between 2.0 and 6.3 nmol cm�3 d�1 above 5 cmbsf
and declined to 0.3–0.7 nmol cm�3 d�1 below (Fig. 2J). Sul-
fate reduction in the top 5 cmbsf of the spiked core was
between 1 and 6 nmol cm�3 d�1 higher than in the
unspiked core. From 5 to 11 cmbsf rates of both cores
agreed. Below 11 cmbsf, sulfate reduction in the unspiked
core was 0.3–2 nmol cm�3 d�1 higher than the spiked core
and was variable.

Sulfate reduction rates integrated over depth (0–15 cmbsf)
declined two orders of magnitude with water depth between
the 74 and the 752 m station, in both the unspiked and
spiked core (Table 2). The SRR ratio was < 1 at the 74 m station
and > 1 at the other stations, showing the highest ratio at the
243 m station, followed by the 752 and the 128 m station
(Table 2).

Pore-water geochemistry
At the 74 m station, sulfate declined from 27.8 mM at 0–

1 cmbsf (hereafter referred to “top”) to 21.1 mM at 4–5 cmbsf.
Below 5 cmbsf, values remained relatively constant around
21 mM (Fig. 2B). The trend of total alkalinity, which serves as
an indicator for anaerobic degradation of organic matter
under oxygen-deficient conditions and associated secondary
redox reactions (Gustafsson et al. 2019), was opposite to sul-
fate, showing an increase from 5.5 mM at the top to � 16 mM
below 5 cmbsf. Total nitrate was highest at the top (871 μM)
and sharply decreased with depth reaching levels � 2 μM at 3–
4 cmbsf and below. Ammonium and sulfide both increased
sharply from 206 and 357 μM at the top to 1549 and 4147 μM
at 6–8 cmbsf, respectively (Fig. 2C). Below 8 cmbsf, ammo-
nium increased, and sulfide decreased only slightly. It is nota-
ble that this station had by far the highest sulfide
concentrations and the strongest decline in sulfate compared
to the other three stations.

At the 128 m station, sulfate showed a slight concave
downward decrease from 28.8 mM at the top to 26.4 mM at
14–18 cmbsf (bottom) (Fig. 2E). The profile of total alkalinity
showed a concave downwards increase from 3.40 mM at the
top to 7.79 mM at the bottom. Ammonium showed a strong
concave downwards increases with depth from 210 μM at the
top to 1193 μM at the bottom (Fig. 2F). Sulfide was relatively
low (between 2 and 6 μM) compared to the 74 m station, fea-
turing peaks between 4 and 7 cmbsf. Total nitrate is not avail-
able for this station.

At the 243 m station, sulfate concentration changed very
little (from 28.7 to 27.3 mM) from the top to the bottom of
the core (Fig. 2H). Total alkalinity showed a linear increase
from 3.06 mM at the top to 6.10 mM at the bottom. Total
nitrate reached a very high concentration (2123 μM) at the
top, sharply declined but remained high (> 200 μM) between
1 and 3 cmbsf and reached levels of 10–50 μM at 3–10 cmbsf.
Ammonium and sulfide both increased from top to bottom in
serrated profiles (Fig. 2I). Ammonium reached a maximum of

740 μM at the bottom. Sulfide levels remained below the tech-
nical detection limit (1 μM) throughout the core.

At the 752 m station, sulfate stayed close to seawater con-
centration (28 mM) throughout the core (Fig. 2K). Total alka-
linity showed no notable change with depth and remained
� 2.4 mM throughout the core. Ammonium reached a maxi-
mum of 31.9 μM at the bottom and featured an S-shaped bend
in the profile between 4 and 10 cmbsf (Fig. 2L). No sulfide was
detected in the pore water. Total nitrate is not available for
this station.

Depth-integrated sulfate reduction vs. nitrate inventory
The depth-integrated (0–5 cmbsf) total nitrate inventory in

the sediment after freeze/thawing (Table 2) was compared
with depth-integrated sulfate reduction in spiked cores (0–
5 cmbsf, expressed as SRR ratio, Table 2). A positive correlation
of the nitrate inventory in the pore water with a high SRR
ratio indicates the presence of GFSOB with vacuolated nitrate
storage conducting sulfide oxidation (compare with Fossing
et al. 1995; Preisler et al. 2007). Note that cells of nitrate-
reducing foraminifera could be a potential additional source
of nitrate in the sediment (Glock et al. 2019). Nitrate data
from M137 were combined with data from M92 (Dale
et al. 2016) to close sampling gaps (Table 2). Samples from
M92 were sampled from the same stations and treated in the
same way as samples from M137. It is noted, however, that
annual and seasonal variabilities between the M92 and M137
expedition are conceivable. The linear regression plot of the
two variables (SRR ratio vs. nitrate inventory) for the three
shallowest stations (74, 128, 243 m) indicated a positive corre-
lation between excess spiked sulfate reduction (SRR ratio > 1)
and nitrate inventory (R2 = 0.78, Fig. 3). However, the correla-
tion was not significant (p-value = 0.118), due to the low
number of replication (n = 5). No total nitrate data are avail-
able for the 752 m station, although intracellular nitrate is
expected to be negligible since vacuolated GFSOB were visu-
ally absent during core slicing and sulfate reduction was 1–2
orders of magnitude lower compared to shallower stations.

We further tested if sulfate reduction in the zone of high
total nitrate (0–5 cmbsf) differed significantly between spiked
and unspiked cores (independent Student’s t-test). For this cal-
culation, the five 1-cm layers of each core were treated as repli-
cates. No significant difference between spiked and unspiked
sulfate reduction was found for the 74 m station (p-value =

0.295), while sulfate reduction at the 128 and 243 m station
differed significantly (p-value = 0.024 and 0.032, respectively).

Discussion
Comparison of sulfate reduction rates in sulfide-spiked
vs. unspiked sediments

Both sulfide-spiked and unspiked sulfate reduction determi-
nations revealed a decrease in sulfate reduction rates with
increasing water depth, concomitant with the decrease of
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particulate organic carbon flux to the seafloor along the tran-
sect (Dale et al. 2015). Spiking with sulfide, however, showed
individual effects on sulfate reduction that were uncorrelated
with water depth. Sulfate reduction at stations with high
visual abundance of GFSOB (station 128 and 243 m, Fig. 1
and Sommer et al. 2019) displayed 1.6 and 2.8 times higher
depth-integrated (0–15 cmbsf) sulfate reduction rates, respec-
tively, in spiked as in unspiked sediments (Table 2). This
difference was significant (p-value = 0.024 and 0.032, respec-
tively) in the top 5 cm. Presence of GFSOB was further
supported by the high nitrate inventory at these stations
(Fig. 3), suggesting substantial storage of nitrate in vacuoles
of GFSOB. The addition of non-labeled sulfide prior to
35S-sulfate injection therefore likely strongly limited the
re-oxidation of produced 35S-sulfide by sulfide oxidizers, and
thereby unmasked an otherwise undetected fraction of sulfate
reduction.

The 74 m station differed from the 128 and 243 m station
in several ways: (1) sulfate reduction was about one order of
magnitude larger (Fig. 2A,D,G), (2) sulfate showed a more pro-
nounced decline with depth (Fig. 2B,E,H), (3) pore-water sul-
fide concentrations were 3–4 orders of magnitude higher
(Fig. 2C,F,I), and (4) the nitrate inventory was lower (Fig. 3).
We therefore suggest that the addition of sulfide did not cause
additional preservation of 35S-sulfide due to high initial sulfide
concentration and lower sulfide-oxidation activity. It is nota-
ble that the 25% difference in depth-integrated (0–15 cmbsf)
sulfate reduction rates at this station was caused by a single
large peak in sulfate reduction rate in the top (0–1 cmbsf) sedi-
ment layer of the unspiked sediment (Fig. 2A). The reason for
the peak is unknown but could be caused by patchiness of
organic matter deposition from the water column (Wakeham
et al. 1984). However, despite the higher activity at 0–1 cmbsf
in the unspiked core, the statistical test did not detect a signifi-
cant difference (p-value = 0.295) in activity between the cores
in the top 5 cm.

A strong positive effect of sulfide addition on sulfate reduc-
tion was found at the 752 m station. Here, depth-integrated
(0–15 cmbsf) sulfate reduction was 1.9 times as much as the
spiked core, mostly due to elevated turnover in the top
5 cmbsf. This station was characterized by � 16 μM O2 in the
water column above the seafloor (Table 1), the presence of epi-
benthic megafauna indicative of sediment bioturbation (com-
pare also with Mosch et al. 2012), and visual absence of
GFSOB (Fig. 1). Vertical profiles of pore-water sulfate and total
alkalinity, absence of sulfide, and non-linear ammonium pro-
files are further indications of bioturbation activity in sedi-
ment. It is therefore possible that the addition of sulfide
provided a sink for oxygen, nitrate, and metal oxides, and
thereby shifted organic matter degradation to sulfate reduc-
tion. In addition, sulfate reduction in anoxic micro-niches of
the unspiked core could have been partially masked due to
oxidation of 35S-sulfide to 35S-S� by reactive iron and coupled
oxidation or disproportionation of 35S-S� to 35S-sulfate by

microbial processes (Findlay et al. 2020). Microbial dispropor-
tionation of S� is thermodynamically feasible at sulfide con-
centrations < 1 mM (Thamdrup et al. 1993), which was
provided in the sediment of the 752 m station. Generally,
spiking with “cold” sulfide will suppress all pathways from
labeled sulfide to labeled sulfate, regardless of the mechanism.

Evaluation of the method application to sediment
In the present study, the sulfide-spiking method, which

was developed by Canfield et al. (2010) to uncover sulfate

Table 2. Depth-integrated sulfate reduction rates (unspiked and
sulfide-spiked) and nitrate inventory at the four stations. SRR
ratio = spiked/unspiked sulfate reduction. Depth-integrated sul-
fate reduction rates and ratios are shown for 0–15 and (in
brackets) for 0–5 cm. Depth-integrated nitrate inventories are
shown for 0–5 cm, and expeditions M92 and M137. For more
details, see text.

Station Sulfate reduction Nitrate inventory

Unspiked Spiked SRR ratio M92 M137

(mmol m�2 d�1) (mmol m�2)

74 m 22.5 (18.0) 16.8 (13.2) 0.75 (0.73) 5.1 8.8

128 m 3.80 (2.21) 6.02 (3.92) 1.58 (1.77) 30.6

243 m 0.973 (0.550) 2.76 (1.48) 2.83 (2.69) 23.6 30.2

752 m 0.141 0.261 1.85 n.d. n.d.

n.d., not determined.

Fig 3. SRR ratio vs. nitrate inventory. Black line displays linear regression
(R2 = 0.78, p-value = 0.118). SRR ratio = spiked sulfate reduction divided
by unspiked sulfate reduction (depth-integrated rates, 0–5 cmbsf). Nitrate
inventory = the sum of vacuolated and pore water nitrate (depth-inte-
grated, 0–5 cmbsf). Note that the 5–10 cmbsf depth section did not
show significant concentrations of nitrate in any cores and was therefore
excluded from integration. Data for nitrate were combined from two
expeditions (M92 and M137). For more details, see Table 2 and text.
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reduction in waters with fast sulfur cycling, was applied to
sediment cores. The results suggest that the difference in sul-
fate reduction between the spiked and the unspiked cores rep-
resents the partial or full rate of simultaneous sulfide-
oxidation. Note that some of the sulfide oxidation could be
masked by the formation of 35S intermediates (S�, poly-
sulfides), which would analytically be attributed to sulfate
reduction due to their conversion to 35S-H2S during the cold-
chromium distillation (Kallmeyer et al. 2004; Røy et al. 2014).

In contrast, sulfide spiking did not uncover additional sul-
fate reduction in anoxic sediments with high sulfide concen-
trations at the 74 m station. Here, 35S-sulfide re-oxidation was
likely already minimized by the naturally high sulfide pool. At
the 752 m station, sulfide spiking potentially stimulated sul-
fate reduction in oxidized sediments by creating reduced con-
ditions. Consequently, to accurately assess the impact of
sulfide reoxidation on sulfate reduction, it is advisable to com-
bine spiked with non-spiked incubations and to include geo-
chemical analyses such as sulfide, sulfate, and nitrate to
interpret the results.

Sulfide injection did not cause noticeable negative effects
on sulfate reduction through sulfide toxicity. The calculated
final sulfide concentration (10 mM) after diffusion into pore
water was below concentrations observed, for example, at cold
seeps (up to 26 mM) in the presence of active sulfate reduction
(Sahling et al. 2002; Treude et al. 2003); however, local sulfide
concentration created immediately after the injections of
2.42 M stock solution, must have been temporarily signifi-
cantly higher, and also caused a strong increase in pH. At the
128 and 243 m stations, GFSOB apparently responded fast to
the additional sulfide pool, potentially alleviating toxic sulfide
levels and high pH. At the 752 m station, a larger fraction of
sulfide was likely consumed in chemical reactions with metal
oxides. Potential buffers for sulfide toxicity are not clear for
the 74 m station, since conditions in sediment were already
reducing (Fig. 2C) and sulfur cycling was not efficient (see dis-
cussion above).

With the recent introduction of a 35S-sulfide-labeling tech-
nique to directly determine sulfide oxidation rates in sedi-
ments (Findlay et al. 2020), the advantages and disadvantages
of this technique vs. the sulfide-spiking method presented
here is worth a short discussion. It should be kept in mind
that the 35S-sulfide-labeling technique was developed to quan-
tify total sulfide oxidation rates, while the sulfide-spiking
method in combination with 35S-sulfate labeling aims at
quantifying total sulfate reduction rates. The 35S-sulfide-
labeling technique has proven useful in oxidized, iron-rich
sediments, while our results show that the spiking method
potentially stimulates artificial sulfate reduction in such envi-
ronments through the introduction of reduced (sulfidic) con-
ditions. The sensitivity of the 35S-sulfide-labeling technique
decreases with increasing sulfide concentration due to label
dilution, while the spiking method does not alter the result at
high sulfide concentrations, although its application under

these conditions is not necessary. Both techniques only cap-
ture sulfide oxidation that ends in the production of sulfate,
thereby potentially underestimating sulfide oxidation to S�,
which is an important intermediate stored in the cells of
GFSOB (Jørgensen and Nelson 2004). In summary, depending
on the aim of the study, the above two methods can be
applied (separately or in combination) to serve different
purposes.

Implications for sulfur cycling in Peruvian OMZ sediments
Benthic fluxes of dissolved inorganic carbon, determined

by in-situ chamber deployments during the M92 expedition,
were 65.9, 20.4, 4.7, and 2.8 mmol m�2 d�1 at the 74, 128,
243, and 752 m station, respectively (Dale et al. 2015). Dis-
solved inorganic carbon flux was assumed to originate from
particulate organic carbon remineralization with negligible
effects of carbonate precipitation and dissolution. Relative to
the dissolved inorganic carbon fluxes, depth-integrated sulfate
reduction (0–15 cmbsf, unspiked/spiked) in our study
amounted to 68/51, 37/59, 41/117, and 10/19%, respectively,
of particulate organic carbon remineralization at these stations
(compare with Table 2; Eq. 1). Note that sulfate reduction
from the spiked core at the 752 m station is likely an over-
estimation (see discussion above). These percentages suggest
that sulfate reduction constituted an important part of carbon
remineralization at the three shallowest stations within the
OMZ, while it was accomplished mostly by other processes,
such as aerobic respiration, denitrification, ion/manganese
reduction, at the deepest station.

Benthic ammonium fluxes attributed to DNRA by GFSOB
during M92 at the 128 and 243 m station were 2.0–6.7 and
0.6–0.7 mmol NH4

+ m�2 d�1, respectively (Sommer
et al. 2016). During DNRA, equal molar amounts of sulfide
and ammonium are consumed and produced, respectively
(Zopfi et al. 2001). Considering the different methods applied
(benthic flux chambers for DNRA vs. radiotracer technique for
sulfur cycling), ammonium fluxes show a reasonable match
with depth-integrated (0–15 cmbsf) sulfide oxidation rates
derived from the difference between spiked and unspiked sul-
fate reduction (2.2 and 1.8 mmol sulfide m�2 d�1 at the
128 and 243 m station, respectively; compare with Table 2).
Similarly, modeled nitrate reduction via DNRA (5.5 and
1.1 mmol NO3

� m�2 d�1 at 128 and 243 m, respectively) was
in the same order of magnitude (Dale et al. 2016). However,
note that sulfide oxidation rates could be underestimated for
reasons discussed in the method evaluation section.

At the 752 m station, a relatively low contribution of sul-
fate reduction to organic carbon remineralization was not sur-
prising, considering that the seafloor intersected with
oxygenated water (Table 1) and was rich in benthic fauna
(compare with Mosch et al. 2012), which can bioirrigate
electron acceptors more attractive than sulfate deeper into
the sediment (Krantzberg 1985; Kristensen 2000). At this sta-
tion, benthic oxygen consumption rates yielded up to
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1.4 mmol m�2 d�1 (Sommer et al. 2016) in comparison to
0.14 and 0.26 mmol m�2 d�1 sulfate reduction (Table 2). With
increasing water depth, i.e., decreasing particulate organic car-
bon flux, aerobic respiration, and denitrification become pro-
gressively more important for organic carbon remineralization
in sediments (Orcutt et al. 2013).

Conclusion
The sulfide-spiking method developed by Canfield et al.

(2010), which was applied here to sediments, produced higher
rates of sulfate reduction and reasonable rates of sulfide oxida-
tion in sediments from the Peruvian OMZ that featured both
(1) a high abundance of GFSOB and (2) a low concentration of
pore-water sulfide. Our data suggest that determination of sul-
fate reduction with 35S- radiotracer in sediments featuring rapid
sulfide re-oxidation can lead to rate underestimation in tradi-
tional incubations without sulfide spiking. We therefore recom-
mend to further test the applicability of this method to
produce realistic sulfate reduction rates in benthic environ-
ments with active sulfur cycling such as organic-rich sediments
(e.g., Preisler et al. 2007; Bertics et al. 2013; Valentine
et al. 2016; Findlay et al. 2020) and cold seeps (e.g., Joye
et al. 2004; Niemann et al. 2006; Treude et al. 2003). Improving
the quantification of sulfate reduction rates in sediments will
be beneficial, e.g., for reaction modeling of early diagenesis—in
particular in low-oxygen environments.

Data Availability Statement
Datasets are accessible via the PANGAEA data base under
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