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Abstract Sulfur (S) is one of the most redox-sensitive
elements and has a marked impact on the geochemical
cycling of biogenic elements in freshwater sediments.
Current understanding of the speciation of sedimentary
S, and of the processes regulating it, is insufficient. In
this study, the speciation and spatial variations of S and
iron (Fe) in sediments (soils) from Lake Hongfeng, one
of the largest freshwater lakes in Southwest China, were
investigated using X-ray absorption near-edge structure
(XANES) spectroscopy and diffusive gradient in thin
film technique (DGT). The results show that S in sedi-
ments and soils was composed of seven fractions in
different electronic oxidation states (EOSs), including
(i) reduced S (R-S, G1, EOS =—1), (ii) lowly oxidized S
(LO-S, including G2-G5; EOS =0, 0.5, 2, and 3.7), and
(iii) highly oxidized S (HO-S, including G6 and G7;
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EOS =5 and 6). Proportional differences of S speciation
in sediments and soils indicated that HO-S is largely
reduced to LO-S and R-S during depositional processes.
The HO-S fraction decreased in the top surface sedi-
ments and then increased in the deeper layers, whereas
the R-S fraction showed the opposite trend, suggesting
that sulfate reduction and re-oxidation processes oc-
curred in the sediments. High ratios of soluble Fe/S
provided a favorable foundation for the reduction and
burial of sedimentary S. The speciation and spatial
variations of S in freshwater sediments are controlled
by complex environmental factors, including terrige-
nous material discharges, water redox conditions, and
porewater chemistry (such as for pH, Eh, and reactive
Fe). Our study will help to deepen the understanding of
the geochemical dynamics of S in the sediments of
freshwater ecosystems.

Keywords Sulfur- Iron - K-edge XANES - DGT -
Freshwater sediments

1 Introduction

Sulfur (S), one of the most redox-sensitive elements in
sediments, is of great concern in aquatic ecosystems due
to its impacts on the geochemical cycling of biogenic
elements (Canfield et al. 1993; Chambers et al. 2000;
Couture et al. 2010). Sediments are an important sink for
S, and microbially mediated sulfate reduction is postu-
lated to be a key process in sediments (Jorgensen 1990;
Choi et al. 2006). Sedimentary S can be reduced to be
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sulfides either chemically or biologically under anaero-
bic condition, or even converted to pyrite and buried
permanently (Holmer and Storkholm 2001). In addition,
various intermediates, such as elemental S, organic
polysulfides, and sulfonates, are generated during chem-
ical and biological processes, although their turnover
rates are high and their levels are very limited (Kohnen
et al. 1989; Vairavamurthy et al. 1994; Couture et al.
2010). Therefore, further insight into the speciation of S
in sediments is helpful for improving our understanding
of the geochemical cycling of S.

S in sediments is usually separated into acid-volatile
sulfide, elemental S, and pyrite-S, based on sequential
extraction (Fossing and Jergensen 1989; Wijsman et al.
2001). This methodology can, to a certain extent, help
us understand the nature of S in sediments. However, it
is a considerable challenge to precisely explain the
analyzed results because of the following: (1) artifacts
cannot be avoided during sequential extraction due to
sample integrity loss and reagent selectivity (Prietzel
et al. 2003) and (2) speciation of S provided by sequen-
tial extraction is the geochemical form rather than the
chemical form, making it very difficult to establish a
reaction mechanism. Until now, little is known about the
chemical forms of S in sediments due to a lack of
sensitive analytical methods (Luther et al. 2001).

Fortunately, the development of modern analyti-
cal techniques makes it possible to determine the
chemical forms of S. Synchrotron-based X-ray ab-
sorption near-edge structure (K-edge XANES) spec-
troscopy has become a sensitive and nondestructive
method for probing the electronic structure and
chemical forms of elements in natural matrixes
(Jalilehvand 2006). XANES has recently been suc-
cessfully used to identify the chemical forms of S in
soil and marine sediments (Xia et al. 1998; Prietzel
et al. 2010; Solomon et al. 2011; Zeng et al. 2013).
Furthermore, a high resolution passive sampling
technique, namely the diffusive gradient in thin films
technique (DGT), was developed based on Fick’s
first law (Davison and Zhang 1994). DGT was ini-
tially designed as an in situ and high-resolution meth-
od for the measurement of heavy metals (Stockdale
et al. 2009; Panther et al. 2014). It has now become a
powerful tool with the potential to simultaneously mea-
sure S and related heavy metals (e.g., Fe) at a millimeter
resolution (Naylor et al. 2004; Ding et al. 2012; Xu
et al. 2013), using a combined DGT probe containing a
layer of Agl and a layer of chelating resin. XANES

@ Springer

combined with DGTs could be an efficient combination
for the investigation of S in sediments.

Lake Hongfeng is one of the largest freshwater
lakes in Southwest China. It has suffered eutrophica-
tion problem for more than 10 years, which is the
major threat facing by freshwater lakes in China.
Phosphorus (P) is the primary nutrient governing
the trophic status of lakes. The release of P from
sediments has become the major source of P,
resulting in an increased risk of eutrophication in this
lake (Wang et al. 2016). Internal-P release is assumed
to be a coupled process associated with the geochem-
ical cycling of S and Fe (Jensen et al. 1992; Ding
et al. 2012). However, current knowledge of the
speciation of S (Fe) in the sediments is very limited.
In this study, K-edge XANES combined with DGT
was employed to determine the chemical forms of S
(Fe) in the sediments. The aims of the present work
are (1) to obtain a high-resolution record of S species
in freshwater sediments and (2) to address the trans-
formation processes of S in freshwater sediments.

2 Materials and Methods
2.1 Study Site

Lake Hongfeng (106.24° E, 26.32° N) has a surface area
of 57.2 kmz, a mean depth of 10.5 m, and a storage
capacity of 6.01 x 10% m® (Fig. 1). It is a seasonal
hypoxic water body that is heavily polluted by P, nitro-
gen (N), and organic matter (OM). Concentrations of
total P (TP), total N (TN), and total organic carbon
(TOC) in surface sediments are in the range of 766—
4306 mg/kg (mean: 1815 mg/kg), 0.27-0.78% (mean:
0.38%), and 1.99-10.62% (mean: 3.97%), respectively
(n = 107, unpublished data). The water columns are
strongly stratified in summer, and bottom waters are
anaerobic (DO < 0.5 mg/L) for more than 120 days
per year (Wang et al. 2016).

2.2 Sample Collection

Sediment cores were collected from south central (SC)
and north central (NC) in Lake Hongfeng using a grav-
ity corer (6 cm i.d.) in July 2013. Upon collection,
sediment cores were sealed and immediately wrapped
in tinfoil and were then transported to the laboratory as
soon as possible. Water temperature (T), pH, and
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Fig. 1 Map of the study area
dissolved oxygen (DO) in the water column were deter- 2.4 DGT Analysis

mined in situ using a multi-parameter water quality
sonde (YSI 6600V2) at a 1-m interval. Six soil samples
were collected from the fluctuating zone along the two
major inflows, i.e., the Yangchang river and
Taohuayuan river. Soil samples were put into plastic
sealing bags and transported to the laboratory. After
microsensor and DGT measurements, sediment cores
were sliced into 2-cm sections under N, atmosphere.
The sediment and soil samples were freeze-dried,
sieved, and then stored at 4 °C until K-edge XANES
and chemical analysis.

2.3 Microsensors and Measurements

The pH and redox potential (Eh) of pore water were
measured using a versatile four-channel Microsensor
Multimeter (Unisense, Science Park Aarhus, Denmark)
with a high resolution of 300 um. The pH microelectrode
is aminiaturized glass pH electrode that must be calibrated
with standard pH buffers before use. It is under a response
time of less than 20 s in most cases (90%). The redox
microelectrode is a miniaturized platinum electrode. Be-
fore measurements, the reference electrode should be
calibrated with quinhydrone redox buffer (pH 4 and 7).

ZrO-Chelex and ZrO-Agl DGT probes (Easysensor
Ltd., Nanjing, China) were used to measure dissolved
Fe(Il) (DGT-Fe) and dissolved S(—II) (DGT-S). Prior to
measurement, DGTs must be deoxygenated with nitro-
gen overnight and then bound back to back. After being
inserted into the sediments for 24 h and then retrieved,
ZrO-Chelex binding gels were sliced at 2-mm intervals
along the vertical direction, and each slice was eluted
with 1.0 M HNO;. Soluble Fe in the eluents (DGT-Fe)
was determined using an Epoch Microplate Spectropho-
tometer (BioTek, Winooski, VT) (Laskov et al. 2007,
Xu et al. 2013). ZrO-Agl binding gels were scanned
using a flat-bed scanner (Canon 5600F) at a resolution
of 300 dpi. The DGT-S concentration was determined
using a computer imaging densitometry technique
(Ding et al. 2012).

2.5 K-Edge XANES Analysis
K-edge XANES spectra of S were recorded at the Syn-
chrotron Radiation Facility (beam-line 4B7A, Beijing,

China). The synchrotron radiation was filtered by a
monochromator equipped with Si (111) double crystals.
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Spectra were scanned from 2420 to 2520 eV at a step
width of 0.2 eV, in fluorescence mode using a fluores-
cent ion chamber Si (Li) detector (PGT LS30135). The
samples were pressed into thin films before analysis.
During the measurement, the incoming intensity was
1.8 GeV. The photon flux on the sample was ~ 10°
photons/s. Additional filters were placed between the
sample and the detector to reduce the fluorescence sig-
nal derived from Si in the samples. The X-ray energy
was calibrated with reference to the spectrum of the
highest resonance energy peak of ZnSO, at 2482.6 eV.
The X-ray absorption data at the Fe K-edge of the
samples were recorded in fluorescent mode using a
silicon drift fluorescence detector at beam line
BL14W1 of the Shanghai Synchrotron Radiation Facil-
ity (SSRF), China. The station was operated with an Si
(111) double crystal monochromator. During the mea-
surement, the synchrotron was operated at an energy of
3.5 GeV and a current between 150 and 210 mA. The
photon energy was calibrated with the first inflection
point of the Fe K-edge (7112 eV) in Fe foil.

Data analysis of K-edge XANES was conducted
using the IFEFFIT package of Athena software
(Newville 2001). Seven Gaussian (white-line) functions
(G1, G2, G3, G4, G5, G6, and G7) were taken into
account for the K-edge XANES of S. Two arctangent
functions, representing S s/p transitions of reduced and
oxidized forms of S, were applied for the fittings
(Manceau and Nagy 2012; Zhu et al. 2014). With re-
spect to the k-edge XANES of Fe, methods described
elsewhere (Prietzel et al. 2007) were followed. Briefly,
after normalization, parameters for the pre-edge (7106—
7118 eV) features were extracted by simultaneously
fitting the baseline, which consisted of a damped har-
monic oscillator function and two Gaussian functions to
describe the pre-edge peaks. The abundance of each
form of Fe was determined from their peak area.

2.6 Sediment Properties

TN and total S (TS) were measured using an elemental
analyzer (Vario MACRO cube, Elementar, Germany).
For TOC analysis, all samples were pretreated with
12 M HCI overnight to remove carbonates and were
then measured using an elemental analyzer. After diges-
tion with mixed acid (HNOs-HCI-HF), total Fe was
analyzed by inductively coupled plasma/optical emis-
sion spectrometry (ICP-OES). All data were presented
on a dry/wet basis.
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3 Results
3.1 Water Chemistry and Sediment Properties

The water body of Lake Hongfeng has a significant
thermal stratification at SC and NC. The thermocline
is within the depth of 8-12 m (Fig. 2). The temperature
of the bottom water is 22 °C. Concentrations of DO at
SC and NC are at least 8.0 mg/L in surface water and
decline sharply below a depth of 8 m. These concentra-
tions are generally lower than 0.5 mg/L in the bottom
water. pH values decline slowly with water depth, i.e.,
from 8.8 in the surface water to 7.8 in the bottom water.

Sediment samples are characterized by elevated TS
(0.54 ~ 1.81%), TN (0.57 ~ 0.62%), and TOC
(7.11 ~ 9.10%) at NC and relatively low levels of TS
(0.33 ~ 0.41%), TN (0.31 ~ 0.42%), and TOC
(4.05 ~ 5.88%) at SC (Table 1). TN and TOC contents
are highest in the top layer at both sites and decrease
with increasing water depth. TS contents are high in
both surface and deep sediments and are lowest at a
depth of 6-8 cm. Total Fe contents range from 2.78 to
6.92% (mean: 5.13%) at NC and from 2.15 to 11.7%
(mean: 7.27%) at SC. Total Fe at both sites decreases
with increasing depth. The mean values of TOC/TN
(15.5) and total Fe/TS (3.2) in sediments from NC are
lower than those in sediments from SC, with corre-
sponding mean values of 16.3 and 10.8.

3.2 pH and Eh in Sediments

The pH values are in the range of 7.3 ~ 7.8 at NC,
comparable to those at SC (7.2 ~ 7.9) (Fig. 3). The pH
values decrease substantially within a depth of 0—1 cm at
both sites but are relatively constant in the deeper layers.
The Eh values are in the range of — 80 ~ 410 and
— 125 ~ 270 mV at NC and SC, respectively. Drastic
decreases in the Eh values also occur within a depth of
0-1 cm at both sites and then remain constant in deeper
layers (~— 100 mV).

3.3 Speciation of S and Fe in Sediments

The typical K-edge XANES spectra of S and the well-
fitted curves are shown in Fig. 4 (all spectra are
presented in Fig. S1 and S2). There are several white
lines in the XANES spectra, indicating the presence of
multiple electronic oxidation states (EOSs). The relative
abundance of each Gaussian curve, representing
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Fig. 2 Vertical profiles of temperature, dissolved oxygen, and pH in the water column

different EOSs, is displayed in Table 2. We merged these
S fractions into three groups: (1) reduced S (R-S, GI,
representing pyrite, EOS = — 1), (2) lowly oxidized S
(LO-S, sum of G2, G3, G4, and G5, including elemental
S, L-cysteine, sulfoxide, and sulfite; EOS = 0, 0.5, 2,
and 3.7), and (3) highly oxidized S (HO-S, sum of G6
and G7, including sulfonate and sulfate; EOS =5 and 6).
R-S accounts for 12.2 +4.2 and 7.4 +£4.2% of'the total S
at NC and SC (not including SC-4, 5), respectively. The
relative abundance of HO-S is 36.5 + 5.9% at NC and
28.1 £ 7.1% at SC. The abundance of LO-S gradually
increases with increasing depth. The XANES spectra of
S in soil is relatively simple, characterized by a low
abundance of R-S (mean: 2.4 + 3.2%) and a high abun-
dance of HO-S (mean: 43.1 + 5.6%).

The typical K-edge XANES spectra of Fe and the
well-fitted curves are shown in Fig. 5 (all spectra are
presented in Fig. S3). The relative abundance of Fe
species is displayed in Table 3. Among the Fe species,
ferrous Fe accounts for 50.4% and 47.9% of the total Fe
in sediments collected from NC and SC, respectively.
The fractional contribution of ferric Fe in sediments
slightly decreases with increasing depth.

3.4 DGT-S and DGT-Fe in Sediments

The vertical profiles of DGT-S and DGT-Fe are shown
in Fig. 6. Concentrations of DGT-S in sediments from
NC are in the range of 0—0.002 mg/L and increase with
sediment depth. Concentrations of DGT-S in sediments

Table 1 Total sulfur (TS, %), total nitrogen (TN, %), total organic carbon (TOC, %), and total iron (£Fe, %) in sediments and the ratios of

TOC/TN and XFe/TS

Location TS (mean + SD) TN (mean + SD) TOC (mean + SD) TOC/TN >Fe YFe/TS

NC
0-2 cm 0.89 £0.17 0.62 +0.00 9.10+0.03 14.6 3.35 2.2
2-4 cm 1.23+£0.20 0.59+£0.01 8.49 £0.12 14.5 2.78 1.3
4-6 cm 0.70 £0.10 0.57 £0.02 7.53+0.18 13.2 3.92 32
6-8 cm 0.54 +0.09 0.57 +0.01 7.11+0.22 12.5 6.47 6.8
8-10 cm 0.88 +£0.25 0.60 + 0.00 7.57 +0.04 12.7 5.79 3.8
10-12 cm 1.43+0.11 0.57 £0.00 7.61 +£0.03 13.5 6.66 2.7
12-14 cm 1.81+0.23 0.62+0.01 7.55+0.09 12.2 6.92 2.2

SC
0-2 cm 0.33 +0.05 0.42 +0.01 5.88+0.13 13.9 2.15 3.7
2-4 cm 0.41 £0.06 0.37 £0.01 5.54+0.02 15.1 323 4.5
4-6 cm 041+0.11 0.35 +0.00 5.17 £0.02 14.9 4.88 6.8
6-8 cm 0.36 £0.01 0.35+0.01 4.96 +0.03 14.2 727 11.5
8-10 cm 0.37 +£0.03 0.32 +0.00 4.87 +0.03 15.1 10.01 15.5
10-12 cm 0.38 £0.01 0.33 £0.00 4.39+0.01 133 9.94 14.9
12-14 cm 0.41 £0.08 0.34 +0.00 4.07+0.10 12.1 8.98 12.5
14-16 cm 0.39+£0.01 0.31 £0.00 4.05+0.01 13.0 11.71 17.2
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Fig.3 Vertical profiles of pH and pH pH
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Fig. 4 Vertical profiles of DGT-S and DGT-Fe in sediments
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Table 2 Abundance of different S species in sediments and soils

Samples Abundance of each fraction (%) GCF test
Gl G2 G3 G4 G5 G6 G7 R-factor ~ Chi-square
EOS=-1 EOS=0 EOS=0.5 EOS=2 EOS=37 EOS=5 EOS=6

NC
0-2 cm 10.6 26.7 19.6 3.04 3.77 14.5 21.7 0.00116  0.14151
2-4 cm 9.33 349 28.5 0.43 0.62 16.2 10.0 0.00018  0.02214
4-6 cm 15.0 25.4 24.1 1.41 437 11.3 18.4 0.00019  0.02555
6-8 cm 154 21.5 22.4 245 0.56 10.9 26.8 0.00119  0.14153
8-10 cm 17.5 15.0 19.2 3.36 3.95 11.1 29.9 0.00142  0.17608
10-12 cm 12.1 21.5 19.7 522 0.97 12.7 27.8 0.00139  0.17011
12-14cm 534 25.3 19.7 4.67 1.17 15.3 28.5 0.00150  0.18637

SC
0-2 cm 4.82 43.0 23.5 2.00 0.54 9.67 16.4 0.00024  0.02797
2-4 cm 11.4 23.1 22.6 426 1.96 12.8 24.0 0.00110  0.13174
4-6 cm 891 23.8 25.6 5.29 1.42 12.8 222 0.00112  0.13259
6-8 cm 46.2 15.0 14.6 423 0.98 7.94 11.0 0.00064  0.07309
8-10 cm 48.6 13.1 12.6 6.91 2.34 9.21 7.26 0.00062  0.07417
10-12cm  9.81 21.2 26.7 13.9 2.25 12.4 13.8 0.00084  0.10262
12-14ecm  7.61 18.9 20.4 14.6 3.61 16.6 183 0.00108  0.13604
14-16cm  6.80 22.6 26.4 12.1 1.45 14.3 16.4 0.00123  0.15684

Soil
1# 7.38 8.27 10.0 24.1 6.60 11.7 32.0 0.00118  0.15962
2# ND 1.1 5.96 29.0 9.08 941 355 0.00203  0.28133
3# ND 12.4 24.5 23.3 1.98 11.6 26.3 0.00062  0.07815
44 1.73 15.9 15.4 21.8 4.80 12.0 28.3 0.00100  0.12892
S# ND 233 6.45 12.3 3.68 14.5 39.7 0.00126  0.15747
6# 5.44 7.30 23.7 20.3 5.44 17.5 20.3 0.00092  0.11840

from SC are obviously higher than those in sediments
from NC, with a peak value of ~ 0.004 mg/L corre-
sponding to a depth of 3—5 cm and decreasing thereafter.
Although concentrations of DGT-Fe at NC (0.66—
4.41 mg/L) and SC (0.01-3.46 mg/L) differ, the vertical
profiles of DGT-Fe are similar at both sites, with an
increase within 0—5 cm and a decrease towards the
deeper layers.

4 Discussion

4.1 Migration and Transformation of S in the Water
and Sediments

We speculate that sedimentary S in Lake Hongfeng is
largely derived from terrigenous inputs because S is
usually closely bound to OM, which is predominated
by terrigenous origin in Lake Hongfeng. This is support-
ed by the ratio of TOC/TN in the sediment samples, with
amean value of 15.9 (range: 14.1-17.6) that is within the

scope of typical terrigenous sources (usually > 15)
(Meyers and Ishiwatari 1993). The abundance of HO-S
(43.1 £ 6.2%) in soil samples is much higher than that in
surface sediments (31.7 = 5.0%) (Fig. 7), while the
abundance of LO-S (54.4 £ 6.1%) and R-S
(2.4 £3.2%) in soil samples is much lower than that in
surface sediments (58.3 = 6.9% and 10.0 + 3.3%). This
indicates that HO-S is largely reduced to LO-S and R-S
during subsidence of suspended particulates derived
from soil from water surface to sediment-water interface.

On the basis of our investigations, it appears that
sulfate reduction and re-oxidation of R-S occurred in
the surface sediments of Lake Hongfeng. Specifically,
the HO-S decreases in the surface (8—10 cm) sediments
and then increases in the deeper layers, while R-S shows
the opposite trend in sediment profiles of NC and SC.
Sediments from SC have a relatively larger variation in
extent of HO-S and R-S, as compared with those from
NC. Figure 6 shows that the sediments of SC have
obviously higher DGT-S compared with NC, revealing
that strong sulfate reducing activities occur in the

@ Springer



392 Page 8 of 12

Water Air Soil Pollut (2017) 228: 392

0.16
0.14 1 ® data NC-1
fit
@
e 0.12 1 == = arctangent_1
_g o104 T gnussfnn_l
_% ----- gaussian_2
= 0.08 4
=
@
S 0.06 A
£ 0.04 -
]
7z
0.02 4
0.00 T T T T u T
7106 7108 7110 7112 7114 7116 7118 7120
Energy (eV)
0.16
0.14 - ® data SC-1
g fit
2 0.12 {1 - - - arctangent_1
§ 0104 gaussian_1
£ | - gaussian_2
T 0.8 1
&
‘-'=- 0.06
5
7 0.04 4
0.02 A _:_’:‘-?: 3 .
227 Sig NS
0.00 T T e T = T
7106 7108 7110 7112 7114 7116 7118 7120

Energy (eV)

Fig. 5 K-edge XANES spectra of S and their fitted curves

sediments of SC. This result is concordant with the above
observations of the HO-S and R-S changes in the

sediments.

Table 3 Abundance of Fe(I) and Fe(Ill) in sediments

Samples Relative abundance (%)  Fit test
Fe(Il) Fe(III) R-factor  Chi-square
NC
0-2 cm 434 56.6 0.00146  0.00009
2-4 cm 51.0 49.0 0.00232  0.00020
4-6 cm 56.3 43.7 0.00287  0.00034
6-8 cm 52.0 48.0 0.00188 0.00015
8-10cm  51.0 49.0 0.00182 0.00014
10-12cm  45.8 54.2 0.00477 0.00010
12-14cm 533 46.7 0.00209  0.00019
SC
0-2 cm 45.0 55.0 0.00138  0.00008
2-4 cm 46.2 53.8 0.00152 0.00014
4-6 cm 44.5 55.5 0.00181 0.00015
6-8 cm 48.3 51.7 0.00132  0.00010
8-10cm 47.1 52.9 0.00118 0.00008
10-12cm 483 51.7 0.00102  0.00010
12-14cm  51.1 48.9 0.00097  0.00009
14-16cm 529 47.1 0.00095 0.00010
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Trends of LO-S, including several S species, are
complicated in sediments. At NC, LO-S varies vertically
in a manner nearly opposite to that of HO-S. At SC, LO-
S has a similar trend as HO-S. This means that in SC
sediments (strongly reducing conditions), a substantial
portion of HO-S and LO-S is utilized as terminal elec-
tron acceptors and these components are reduced to R-S,
while in NC sediments (weak reducing conditions), HO-
S reduction produces only some R-S, and most of the
remaining products are LO-S.

The sediment-water interface of Lake Hongfeng must
be anaerobic due to the DO level in the bottom water
(less than 0.5 mg/L; Fig. 2). However, the Eh value is
positive in the uppermost sediments (0—1 cm). Under the
positive Eh and anaerobic conditions, the deposited OM
in the reduced state is likely to be oxidized to OM in the
oxidized state (Eq. 1), accompanied by the release of H*
(Risgaard-Petersen et al. 2012). This process logically
leads to a rapid decline in pH and Eh values in the
surface sediments, as illustrated in Fig. 3.

(1)

Hydrogen sulfide (H,S) is widely accepted as an
important product of the bacterially mediated reduction

Organic matter—equceq— Organic matter—pyigized + H"
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Fig. 6 K-edge XANES spectra of Fe and their fitted curves

of sulfate (Howarth 1984; Hockin and Gadd 2003).
Bacteria obtain energy by oxidizing OM (Eq. 2) or
molecular hydrogen (Eq. 3) using sulfate in the absence
of oxygen (Muyzer and Stams 2008; Risgaard-Petersen
et al. 2012). Competitive interactions in the upper sed-
iments promote the degradation of OM (Holmkvist et al.
2011). Therefore, in the upper sediments (0—10 cm), the
consumption of sulfate is responsible for the increase in
the reduced and low-oxidized S fractions, following the
increase in DGT-S and the decrease in TOC. According
to our data, the concentration peaks of DGT-S in sedi-
ments are possibly related to this mechanism.

Organic matter + SO4* —H,S (2)

S04* + 4H, + 2H"—H,S + 4H,0

70

. soils

60 1 =—= sediments

50 4

40

30

20

10 1

Percentage of S component (%)

oI

R-S LO-S HO-S

Fig. 7 Abundance of each sulfur fraction in soils (n = 6) and
surface sediments (n = 4)

0

Sediment depth (cm)

DGT-Fe (mg/L)
3.0
1

In the deeper sediments (> 10 cm), R-S shows a
decreasing tendency at both sites, while the abundance
of LO-S and HO-S dramatically increases, especially
sulfate and sulfoxide (Fig. 8). This suggests that the
reduction of sulfate weakens gradually, and re-
oxidation of R-S occurs in the deep sediments. The
transformation of S in sediments involves a complex
interplay of sulfate reduction, diagenetic inter-conver-
sion, and biogenic deposition via a dynamic cycling of
diverse reduced and oxidized S forms (Urban et al.
1994; Couture et al. 2010). Sulfides can undergo re-
oxidation via chemical or bacterial oxidation processes
(Elsgaard and Jergensen 1992; Holmer and Storkholm
2001). Microbial and chemical oxidation of dissolved
sulfide leads to the formation of sulfur intermediates
besides dissolved sulfate (Yao and Millero 1996); this
is consistent with our observations in sediments of Lake
Hongfeng. Interestingly, the re-oxidation process of S in
deeper sediments is the exact opposite of the reduction
process that soil S undergoes in the water column/
sediment-water interface, suggesting that some
chemical/biological responses of the sulfur cycle in
deep-water ecosystems are reversible.

4.2 Influence of Fe on the Geochemical Cycling of S
in Sediments

Fe is an important electron shuttle that carries electrons
from the anaerobic zone to the sediment surface
(Thamdrup 2000). Sediment samples from Lake
Hongfeng have high concentrations of total Fe, of which
50% are ferric Fe. Under reducing conditions, ferric Fe
is prone to chemical or biochemical reduction, especial-
ly when Eh < 0 (Stumm and Baccini 1978). The

@ Springer
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Fig. 8 Abundance of three major S groups in different EOSs (R-
S, LO-S, and HO-S) in the sediment cores

XANES of Fe shows that ferrous ion slowly increases
with increasing depth (Table 3), indicating that ferric Fe
is partly reduced to ferrous Fe. Concentrations of DGT-
Fe in surface sediments are rather high, and the maxi-
mum level reaches 4.41 mg/L at a depth of 4.8 cm at the
NC site, suggesting strong Fe reduction activities in
sediments.

Although there is no significant correlation between
total Fe and TS (the same holds true for DGT-Fe and
DGT-S), reduction of ferric Fe can potentially affect the
geochemical cycling of S. Firstly, various intermediates of
S (e.g., elemental sulfur and thiosulfate) and their varia-
tions are the likely products of chemical reactions between
sulfide and ferric Fe (Pyzik and Sommer 1981; Jorgensen
1990; Yao and Millero 1996). Secondly, re-oxidation of R-
S in deep sediments is likely enhanced by the reduction of
ferric Fe, leading to an increase in sulfoxide and sulfate
fractions (Fig. 8). Moreover, ratios of DGT-Fe to DGT-S in
the sediments from NC and SC are much higher than 100
(Fig. 9), which is favorable for the co-precipitation of S
and Fe as well as sedimentary S burial. Pyrite is a diage-
netic product formed from the reaction of hydrogen sulfide
with Fe minerals (Haese et al. 1997; Hansel et al. 2015).
Sufficient supply of H,S results in the formation of iron
sulfide (FeS) (Luther et al. 1991; Rickard 1995), which
can further react with H,S to pyrite with the concomitant

@ Springer
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Fig. 9 Vertical profiles of the DGT-Fe/DGT-S ratios at NC and
SC

formation of molecular hydrogen (Rickard 1997; Rickard
and Luther 1997), resulting in elevated pyrite in the upper
sediments. Co-precipitation of Fe and S likely main-
tains high concentrations of TS and low concentra-
tions of DGT-S in sediments.

Within natural sediments, sulfur-fueled Fe reduction
is a dominant process regardless of the Fe oxide present,
while S recycling is an essential catalytic engine driving
the Fe cycle (Nguyen-Thanh and Bandosz 2005). Depth
distributions of various dissolved and particulate S and
Fe compounds within the surface sediments can provide
critical information on the early diagenetic reactions in
deep freshwater ecosystems.

5 Conclusion

Sediments and soils collected from Lake Hongfeng and
its catchment had the same speciation of S that included
seven fractions (G1-G7) in different electronic oxidation
states (EOSs). The composition of S in sediments and
soils indicated that some LO-S (G4) and HO-S (G7)
were reduced to other LO-S (G2, G3) and R-S(G1)
when soil was introduced into the sediment. Synchro-
nous and opposite variations of HO-S and R-S in sedi-
ments suggested the reduction and re-oxidation of S in
the sediment. Trends of LO-S in sediments were more
complicated than those of other S species. Under strong-
ly reducing conditions, substantial portions of HO-S and
LO-S were likely reduced to R-S, while under weak
reducing conditions, most HO-S were likely reduced
to LO-S. The geochemical cycling of Fe was potentially
coupled with the S cycle in sediments.
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