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The type and composition of freshwater and marine sedi-
ments are key factors in environmental research of (a) natural
processes such as sediment transport and accumulation,
biodiversity, and biogeochemical reactions within sediments
and (b) evaluation of source and progress of contamination,
as aquatic sediments act as a sink for nonorganic and organic
toxic substances. Above certain levels, such substances could
harm biological diversity and human health. Geochemical
investigations of aquatic sediments in fluvial, lacustrine,
estuarine, and marine environments are of fundamental
interest for the assessment of natural ecosystems and the
level of pollution that potentially harms them.Detailed deter-
mination of the chemical constituents of aquatic sediments
assists in detecting sources of pollution as sewage, industry,
agriculture, abandoned and active mines, landfills, harbor
activities, and oil drilling [leakage]. In addition, natural
anomalies may indicate mineral resources in a particular
region.

New methods and approaches for sampling and analy-
sis are continuously being introduced in aquatic sediment
research. More attention is given to qualitative and quanti-
tative monitoring of sediment and sediment fluxes, which
is regularly established in most European countries and
many others worldwide. Unfortunately, uniform legislation
of sediment quality [and load] still does not exist on an
international level and in most countries does not exist
even on the national level. Therefore, more attention should
be given to further expansion of sediment monitoring and
of establishing criteria for assessing sediment quality and
legislative for toxic inorganic and organic pollutants.

The aim of this special issue is to present up-to-date
studies on aquatic sediments from different environments
in different parts of the world. Six of the seven selected
papers deal with different aspects, mostly various pollutants,
present in terrestrial aquatic sediments, whereas one of them
focusses on marine sediments. In one of the papers of this
special issue, L. Kalender and G. Aytimur address rare earth
elements (REE) geochemistry of the Euphrates River, Turkey.
This paper presents REE concentrations for the first time,
along with source rock composition of the Euphrates River
sediments and waters and provides a significant contribution
for a better understanding of REE behavior in river sedi-
ments. The paper of W. Jingfu et al. deals with sulfur (S)
speciation in the surface sediments of lakes from different
regions of China, using S K-Edge XANES spectroscopy,
which has unique advantages in morphological analysis of S
in sediments. M. Nasr and P. A. Arp investigate mercury and
organic matter concentrations in lake and stream sediments
across Canada. Their most significant finding is that lake
and stream sediments enriched with organic matter are more
sensitive to atmospheric Hg deposition than sediments with
no to little organic matter content. In their research article
J. He et al. demonstrate how composition and distribution
characteristics of n-alkanes inmarine sediments may be used
to indicate the n-alkanes’ origin, sedimentation conditions,
and the impact of microbial degradation. M. Cangemi et
al. present geochemical and isotopic characteristics of actual
lacustrine sediments from the hydrothermal lake Specchio di
Venere on Pantelleria Island, Italy. The novel data from their
research about major, minor, and trace elements and isotopic
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composition (carbonate phases) of these sediments give new
insights into the different factors contributing to the chemical
sedimentation into the lake. P. S. Loh et al. investigate
sedimentary organic matter and phosphate along the Kapuas
River in West Kalimantan, Indonesia, which is the world’s
longest river on an island. They find that phytoplankton
blooms and high organic matter (OM) decomposition rates
most likely occurred along the downstream Kapuas River
where the sedimentaryOMwas fresher andmore bioavailable
and the P level was the highest. In another article of this
special issue,D.M. Prieto et al. acquaint uswith their research
on arsenic transfer from As-rich sediments to river water
in the presence of biofilms. They contribute to the overall
knowledge of the role of biofilms in As biogeochemistry in
riverine systems.

Considering the current special issue we think the
selected articles offer an ideal opportunity to update our
knowledge on different aspects of geochemistry of aquatic
sediments.

Stanislav Frančišković-Bilinski
Marc Schwientek

Amir Sandler
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This article focuses on analyzing the Geological Survey of Canada (GSC) data for total mercury concentrations (THg) in lake and
stream sediments. The objective was to quantify how sediment THg varies by (i) sediment organic matter, determined by loss
on ignition (LOI) at 500∘C, (ii) atmospheric Hg deposition (atm.Hgdep) as derived from the Global/Regional Atmospheric Heavy
Metals Model GRAHM2005, and (iii) mean annual precipitation and mean monthly July and January temperatures (𝑇July, 𝑇Jan).
Through regression analyses and averaging by National Topographic System tiles (NTS, 1:250,000 scale), it was found that 40, 70,
and 80% of the sediment THg, LOI, and atm.Hgdep variations were, respectively, related to precipitation, 𝑇July , and 𝑇Jan. In detail,
lake sediment THg was related to atm.Hgdep and precipitation, while stream sediment THg was related to sediment LOI and 𝑇July .
Plotting sediment THg versus sediment LOI revealed a curvilinear pattern, with highest Hg concentrations at intermediate LOI
values. Analysing the resulting 10th and 90th log10THg percentiles within each 10% LOI class from 0 to 100% revealed that (i)
atm.Hgdep contributed to the organic component of sediment THg and (ii) this was more pronounced for lakes than for streams.

1. Introduction

Mercury (Hg) concentrations in lake and stream sediments
vary by many factors pertaining to geology, atmospheric Hg
deposition, climate, vegetation, topography, and soil and sed-
iment composition [2–5]. Due to the continuing need to curb
anthropogenic Hg emissions, it has become important to det-
ermine how these concentrations vary from location to loca-
tion as influenced by these factors [6]. In general, geogenic
contributions to sediment THg dominate downslope from
surface exposed Hg-containing mineral deposits (e.g., [7–
9]). In contrast, atmospheric contributions accrue due to
gradual Hg sequestration by vegetation on land and in water
and through subsequent litter production and transport of
organic matter by way of surface run-off and sedimentation
[10–13]. In detail, the extent of atmospheric Hg sequestration
depends on (i) the rate of atmospheric Hg deposition [14],
(ii) the extent of biological activities and vegetation cover
(type, extent, and growth) on land and in water [15–18],

(iii) the accumulation of sediment organic matter content
[19–21], and (iv) regional to local climate variations as
expressed by temperature, precipitation, and length of grow-
ing season [22, 23].

Once incorporated into organic matter, reevaporation
of Hg is limited by the extent of sunlit surface exposure
and biological activity [24, 25], with overall turnover times
increasing fromdecades to thousands of yearswith increasing
soil and sediment depth. This extended retention is due to
strong Hg-S bonds in the form of organic sulfide groups and
S-containing minerals, including HgS such as cinnabar [26–
28]. Due to decomposition and humification processes, this
affinity also leads to a gradual increase of organically bound
Hg concentrations in soils and sediments, as occurs with
other elements such as S and N [29].

As changes in climate and human activities affect veg-
etation distributions and growth on land and in water, one
would expect that these changes will not only affect the rates
of atmospheric Hg emission and redeposition but would also
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affect the proportioning of organic versus mineral Hg in
soils and sediments. Hence, there are attempts to discern
this proportioning through watershed experimentation and
isotopic Hg analyses (e.g., [30, 31]). This article presents how
themineral versus organic proportioning of sediment Hg can
be estimated through cross-referencing geospatial databases
that inform about sediment composition, atmospheric Hg
deposition (atm.Hgdep), mean annual precipitation, and
mean January and July temperatures (𝑇Jan,𝑇July), withCanada
as a case study.

For this study, Canada-wide data layers were available
pertaining to >250,000 sediment sampling points. The spe-
cific objectives were

(i) to determine how the compiled values for lake and
stream sediment THg and organicmatterwithin these
data layers relate to each other and also to atm.Hgdep,
precipitation, 𝑇Jan and 𝑇July by way of regression anal-
ysis;

(ii) to propose a simple model that can be used to deter-
mine the extent to which the organic matter contri-
butions to sediment THg are affected by atm.Hg in
particular and precipitation in general.

The working hypothesis was that atmospherically deposited
Hg, as sequestered by vegetation, becomes part of soil organic
matter through litter fall and biological processing including
decay. The extent of this would generally decrease from the
temperate forest regions along southeastern Canada and the
Pacific coast to the snow-covered barrens and ice fields in the
north and in alpine areas.

This article supersedes earlier work on sediment THg
distribution as documented by Rasmussen et al. [19] and
later by Nasr et al. [3]. That work focused on Canada-wide
variations in geogenic Hg sources and how sediment THg
varies topographically from uplands to lowlands, with sedi-
ment THg being higher in upland than lowland sediments,
and generally decreasing with stream order and successive
wetland and lake retention of upland-generated sediment
contributions. The latter was revealed through case studies
centered on the Selwyn Basin in the Yukon Territory, where
surface exposure of black shales generates stream sediments
with high THg concentrations while downstream sediment
THg concentrations decrease with increasing upslope flow
accumulation areas [3]. Further case studies similar to this
can be found in Nasr [32] for Nova Scotia, Quebec, and
Bathurst Island (Nunavut). The advances to be described in
this article refer to

(i) using a nearly doubled database for sediment THg
and sediment organic matter as determined by loss
on ignition at 500∘C (LOI) by including the sediment
data for Quebec and Nova Scotia;

(ii) relating sediment THg and LOI to the atmospheric
deposition and climate variations across Canada;

(iii) determining how the mineral to organic contribu-
tions to sediment vary as LOI increases from 0 to
100%within the context of increasing atmosphericHg
deposition loads.

Linear and nonlinear regression analyses were used to
evaluate

(i) the general trends regarding sediment THg, sediment
LOI in reference to the Canada-wide variations in
atmTHgdep versus precipitation, 𝑇Jan, and 𝑇July;

(ii) how the mineral and organic portions of sediment
THg can, at least in part, be quantified in terms of the
following model:

log10THg𝑖,𝑗 (ng g−1) = 𝑎𝑖𝑗 (1 − LOI (%)100 )

+ 𝑏𝑖𝑗 [1 − exp (−𝑐𝑗LOI (%))] ,
(1)

where “𝑗 = 1” and “𝑗 = 2” refer to lakes and streams, “𝑖”
refers to provinces, territories, and geological survey zones in
Quebec, and 𝑎𝑖𝑗, 𝑏𝑖𝑗, and 𝑐𝑗 are the corresponding regression
coefficients. With this model, it is assumed that

(i) the mineral component of sediment THg is set to
decrease from 𝑎𝑖𝑗 to 0% as organic matter increases
from 0 to 100%;

(ii) the organic component of sediment THg is set to
increase asymptotically as LOI increases from 0
towards 𝑏𝑖𝑗[1 − exp(−𝑐𝑗 LOI (%))] as an upper limit
when LOI = 100%, that is, similar to THg ver-
sus LOI summarized by Munthe et al. [33]; essen-
tially, organic matter contributions to sediment THg
weaken somewhat with increasing organic matter
because the weight ratio between THg and organic
matter can be expected to decrease on account of (i)
growth dilution, whereby the rate of Hg availability is
constant but the rate of organic matter accumulation
varies from being low to high, and (ii) increased loss
of oxidized Hg from water-saturated organic soils
and sediments due to enhanced rates of bio-chemical
Hg(0) evasion [34–36]; parallel to this is the decreas-
ing THg to dissolved organic matter concentration
ratio as dissolved organic matter concentrations in
stream and lake waters increase from low to high [37];

(iii) as a result, the sediment THg versus LOI profile
should reach a maximum value at intermediate LOI
values as determined by the relative strength of the
mineral versus the organic sediment THg contribu-
tions;

(iv) the 𝑐𝑗 coefficient by which the organic component of
Hg increases to an asymptotic value with increasing
LOI is, as a simplification, set not to vary in principle
from location to location, butmay differ from streams
to lakes.

The resulting best-fitted linear and nonlinear regression
models are subsequently used tomodel andmap lake and str-
eam sediment THg and LOI, with Canada-wide rasters for
atmTHgdep, precipitation, 𝑇Jan, and 𝑇July as predictor vari-
ables.
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2. Methods

2.1. Data Compilation. Bulk lake and stream sediment con-
centration data for THg andLOIwere obtained from the open
geochemical survey files of Natural Resources Canada, Gov-
ernment of Quebec, and Province of Nova Scotia [38]. The
procedures used for generating these data followed a standard
protocol for sampling, sample preparation, and laboratory
analysis [39]. Lake sampling involved retrieving 30 cm deep
sediment cores, with muddy tops removed. Stream samples
were collected from active channels. Samples were collected
and analyzed from region to region from 1960 onward to
2008. The files contained the following information:

(i) the geographic location: longitude, latitude, National
Topographic System (NTS) map tile number of each
lake and stream sampling location;

(ii) water and sediment characteristics of the sampled
streams and lakes, notably lake area and depth, stream
channel width, and depth, stream order and flow rate,
water, and sediment colour;

(iii) terrain type and landform;
(iv) elemental composition, approximately 36 elements

including heavy metals, notably Hg, Cu, Zn, Pb, Cd,
As, andAu and other elements such as Fe,Mn, Se, and
S (however, Se and S data were sparse);

(v) LOI at 500∘C [26].

The open files were compiled as part of an ArcMap
project, with 235,943 sampling points containing data for
both sediment THg and LOI. For the cross-referencing
purposes, the THg and LOI entries were supplemented with
point-extracted values from the following Canada-wide data
layers [32]:

(i) Bedrock geology polygon shapefile, including rock
type, age, formation, and faults [40, 41].

(ii) Ecological land classification (vegetation/land cover)
and terrestrial and ecological ecozone; [42].

(iii) The cover types classified as snow/ice (glacial, nongla-
cial), sparse vegetation, barren (bare ground with no
vegetation), frost worked-soil (cryptogam crust, frost
boils with sparse graminoids and cryptogam plants),
tundra (graminoid, shrub), wetlands (bog, fen, swa-
mp, and marsh), and forest (broadleaf, conifer, mixed
wood).

(iv) Mean annual net atmospheric Hg deposition rate
(Global/Regional Atmospheric Heavy Metals Model;
GRAHM2005 atm.Hgdep, 𝜇gm−2 a−1; [14]), a raster
grid with a 25 × 25 km2 grid resolution (Figure 1(a)).

(v) The 1961–1990 rasters (4 km2 grids) for mean annual
precipitation rate (precipitation, m a−1) and July and
January air temperatures (𝑇July,𝑇Jan; ∘C), all generated
with the “Parameter-elevation Regressions on Inde-
pendent Slopes Model” (PRISM [43]: Figures 1(b),
1(c) and 1(d)).

(vi) Digital elevation models in raster format:

(a) National Digital ElevationModel (DEM) grid at
300m [44].

(b) Canadian National Topographical Database at
30m (NTDB: YT [45]).

(c) Enhanced DEM at 20m (2006; NS [46]).
(d) Shuttle Radar TopographyMission (SRTM: NU,

QC, NWT) at 90m resolution.

The resulting raster-extracted shapefile for the Hg survey
points was exported as a text file for further processing, to
enable data quality control, statistical analyses, and plotting,
using Excel, Statview, and ModelMaker software. Quality
assurance involved inspecting the compiled data and correct-
ing for

(i) faulty data alignments within and across individual
files;

(ii) numerical and typographical inconsistencies within
each column;

(iii) identifying, eliminating, and/or correcting data
entries with typographical error, misspellings, order
of magnitude outliers, and faulty locations: the GSC
referenced longitude and latitude locations had to
fall along already mapped or DEM-derived water
courses and open surface water features (lakes).

2.2. Statistical Procedures. The statistical analyses were done
by province and territory (all of Canada) and by Quebec
survey zone (Figure 12) to produce

(i) basic summary tables, by provinces/territories and
Quebec survey zones and by NTS tiles;

(ii) scatterplots of log10THg versus LOI by lakes and
streams;

(iii) log10THg and LOI frequency distributions;
(iv) the best-fitted linear regression results for GRAHM-

2005-generated atm.Hgdep, sediment THg and sedi-
ment LOI using the PRISM rasters for precipitation,
𝑇Jan and 𝑇July as predictor variables ((3) to (6));

(v) 10th, 25th, 50th, 75th, and 90th percentile summaries
of log10THg for each 10% LOI class from 0 to 100%, all
split by provinces/territories and by geological survey
zones in Quebec;

(vi) the best-fitted nonlinear regression results for the 𝑎𝑖𝑗,𝑏𝑖𝑗, and 𝑐𝑗 coefficients of (1) based on the plots of the
10th and 90th percentiles of log10THg per each 10%
LOI class;

(vii) the best-fitted trends of 𝑏𝑖𝑗 versus atm.Hgdep and
precipitation.

The regression analysis results were reported by com-
piling the least-squares fitted intercepts (if applicable), the
regression coefficients, their standard errors of estimates,
and corresponding 𝑡 and 𝑝 values. Variables with significant
influence were selected as part of the stepwise procedure
when (i) 𝑡-values were >4.0, (ii) 𝑝-values < 0.001, (iii) THg



4 Journal of Chemistry

0 2,0001,000 4,000
(km)

40

0

20

atm.Hg deposition
(𝜇g m−2 a−1)

N

(a)

2

0

4

Precipitation
(m a−1)

N

0 2,0001,000 4,000
(km)

(b)

22

11

2 

TJuly (∘C)

N

0 2,0001,000 4,000
(km)

(c)

4
TJanuary (∘C)

−16

−36

N

0 2,0001,000 4,000
(km)

(d)

Figure 1: Canada-wide projections for atmospheric Hg deposition, mean annual precipitation, and mean annual July and January
temperatures, overlaid by the 1 : 250,000 National Topographic System tile pattern.

and LOI values remained positive, (iv) geographic location
variables improved the best-fitted results significantly, and
(v) choosing the most significant variable among partially
correlated variables. Progress towards the best-fitted results
was monitored by examining the actual versus best-fitted
scatterplots at each step for the purpose of increasing the
linearity between actual and best-fitted values while obtain-
ing even (heteroscedastic) scatterplot distributions. Doing
this included variable transformations, for example, THg to
log10THg, precipitation to precipitation0.5, LOI to log10LOI,
and redoing the analyses.

2.3. Mapping Procedures. The best-fitted linear regression
models were used to map lake and stream sediment THg
and LOI across Canada, using the Canada-wide rasters for
atm.Hgdep, precipitation, 𝑇Jan, and 𝑇July as predictive layers.
This also included mapping the gain in sediment THg with
increasing LOI using the following formulation:

log10 (THg Gain) = 𝑏𝑖𝑗 (𝑥) [1 − exp (−𝑐𝑗LOI (%))] (2)

with “𝑥” referring to NTS-averaged values for atm.Hgdep or
precipitation.

3. Results and Discussion

3.1. Sediment THg and LOI Data Presentation. The overview
in Figure 2 identifies the extent and variations of sediment
THg across Canada, by lake and stream sampling locations,
whichmost frequently but not exclusively focused onwestern
and eastern Canada, respectively. High to very high THg
concentrations are generally associated with bedrock for-
mations with mineral Hg exposures, such that they occur
within the Selwyn Basin of the Yukon Territory [47] and
in combination with sulfide mineral exposures due tectonic
uplift (e.g., British Columbia [48–50]; Nova Scotia [51];
Quebec [52, 53]), rift (Labrador Trough, [54]), mafic volcanic
extrusions (Quebec [55]; Labrador [56]), andmeteor impacts
(Sudbury, Ontario [57]). Some of the THg anomalies are
associated with sedimentary formations, especially where
these are overlaying intruding or extruding formation or
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Figure 2: Point-by-point THg concentrations (ng g−1, log10 scale) in lake and stream sediments across Canada, as found in the open files of
the Geological Survey of Canada, Quebec, and Nova Scotia. For data summary by provinces/territories and by survey zones in Quebec, see
Tables 2 and 3, respectively.
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Table 1: Mean sediment THg and LOI for streams and lake, by provinces and territories.

Province/territories Medium 𝑛 Sediment THg (ng g−1) Sediment LOI (%)
Mean Min. Max. Std. Dev. Mean Min. Max. Std. Dev.

AB

Lakes

1,147 35.7 5 367 19.0 49.3 1.3 94.7 22.2
BC 551 106.7 10 960 71.3 31.8 1.6 88.2 18.0
MN 17,970 51.6 8 960 26.2 40.1 1.0 99.8 22.6
NB 335 129.1 25 270 43.2 39.2 4.4 95.8 14.1
NL 19,290 84.9 8 900 57.3 27.7 0.8 98.5 14.3
NS 3,753 367.9 10 6,940 356.6 38.7 0.5 97.6 16.6
NU 5,810 46.4 10 200 25.6 22.6 1.0 91.6 18.3
NWT 4,063 51.3 10 525 32.2 34.6 1.0 94.3 20.7
ON 14,130 119.7 10 21,000 196.2 40.3 1.0 98.8 19.0
QC 56,598 127.5 5 9,820 154.5 28.0 1.0 98.0 19.2
SK 12,142 57.9 6 1,560 40.1 35.1 0.5 96.4 17.5
YT 204 85.1 6 720 83.6 41.7 5.0 88.7 16.9
Total 135,993 104.4 5 21,000 61.9 32.0 0.5 99.8 18.7
BC

Streams

16,679 83.6 10 22,690 445.9 8.6 0.1 92.4 8.7
NB 7,413 81.6 10 6,830 98.6 17.9 1.0 96.4 13.8
NL 1,142 33.1 10 410 31.2 8.8 1.0 78.4 8.9
NU 403 25.4 10 170 16.4 7.7 0.4 42.2 7.3
NWT 447 111.5 30 727 93.5 8.5 0.8 52.5 6.7
QC 19,797 162.9 5 9,392 309.9 18.0 1.0 100.0 19.2
YT 19,487 73.1 5 4,350 119.7 9.0 0.4 100.0 9.3
Total 65,368 103.2 5 22,690 228.1 12.6 0.1 100.0 12.7
Total 201,361 104.0 5 22,690 159.0 25.7 0.1 100.0 16.8
Calculated weighted mean and standard deviation (Std. Dev.) for locations with both THg and LOI values.

where they are enrichedwith organicmatter as in black shales
or coal seams. Other anomalies refer to the accumulation of
sediment Hg due to past and current mining activities and
gold extraction activities in particular (see, e.g., [58]).

The dependence of sediment log10THg versus sediment
LOI followed curvilinear patterns (Figures 3 and 4), as to be
quantified by way of (1) and as discussed by Rasmussen et
al. [19, 20]. These plots are, however, generally less curved
for lakes than for streams. In addition, some of stream
plots have high THg values at low LOI and notably so for
British Columbia, Yukon Territory, and some of the Quebec
survey zones with high surface exposures of Hg-containing
minerals. For the Grenville zones (zones 23 to 26, Figure 12)
there is a clear separation of high to low stream sediment THg
due to regional differences between high and low upslope Hg
exposures.

Tables 1 and 2 summarize sediment THg and LOI by
provinces/territories and by Quebec survey zones. These
entries indicate that, on average, lowest THg values occur
in Nunavut and Labrador streams. Also, on average, lake
sediment THg is highest for southwestern Nova Scotia, while
stream sediment THg is highest for (i) the Temiscamingue
survey zone (Grenville zone 23) in Quebec, mainly due to
exposure of mafic volcanic bedrock exposures and (ii) across
the black shale formations of the Selwyn Basin within the
Yukon Territory (Figure 2).

3.2. Relationships between THg, LOI, atm.Hg𝑑𝑒𝑝, Precipitation,
T𝐽𝑢𝑙𝑦, and T𝐽𝑎𝑛. The linear regression analyses pertaining to
the NTS-tile averaged values for atmospheric Hg deposition
as well as sediment Hg and sediment LOI all revealed a
strong dependence on the Canada-wide climate variations, as
quantified by the following best-fitted regression equations,
with fairly evenly distributed actual versus best-fitted and
fairly evenly distributed scatterplots in Figure 6:

atm.Hgdep (𝜇gm−2 a−1)
= (−24.7 ± 0.8)
+ (26.8 ± 1.0) [Precipitation (ma−1)]0.5

+ (0.80 ± 0.06) 𝑇July (∘C)
− (0.25 ± 0.03) 𝑇Jan (∘C)
− (7.7 ± 0.7)Pacific Rim

+ (7.5 ± 1.0)Arctic coast lines 𝑅2 = 0.803;

(3)

log10LOI (%)
= (0.246 ± 0.028)Precipitation (ma−1)
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Table 2: Mean sediment THg and LOI for streams and lakes, by Quebec survey zones (Figure 12).

Quebec survey zone Medium 𝑛 Sediment THg (ng g−1) Sediment LOI (%)
Mean Min. Max. Std. Dev. Mean Min. Max. Std. Dev.

Abitibi (22)

Lakes

299 104.1 5 422 68.7 33.6 2 88 15.9
Churchill (30) 18,496 118.2 5 1,500 93.1 26.9 1 98 19.9
Grenville (23) 764 105.6 5 339 56.1 32.4 2 80 12.2
Grenville (24) 5,768 109.6 5 490 56.3 34.8 2 94 14.6
Grenville (25) 4,831 105.9 5 639 66.9 27.3 2 98 14.1
Grenville (26) 17,104 108.6 5 9,820 137.5 30.2 1 98 19.1
Ashuanipi (28) 7,141 109.8 5 7,180 153.4 23.1 2 98 13.1
Minto (29) 1,325 80.0 6 376 39.4 31.8 2 92 19.1
Opatica (27) 12,389 185.4 10 7,410 243.7 28.1 1 98 21.7
Platform (18) 10 85.8 26 150 45.5 28.2 2 90 28.0
Total 68,127 124.6 5 9,820 131.4 28.4 1 98 18.4
Abitibi (22)

Streams

8,187 78.3 5 7,331 190.6 12.5 1 92 15.03
Abitibi (21) 151 69.6 5 1,400 126.3 18.1 1 91 19.59
Appalachian (19) 2,104 63.3 5 520 52.7 10.5 1 95 14.38
Appalachian (20) 7,956 144.8 5 1,435 114.6 30.5 1 97 20.00
Churchill (30) 1,057 135.7 5 980 124.3 30.1 1 92 18.62
Grenville (23) 8,434 234.5 5 9,392 442.5 13.4 1 94 17.18
Grenville (24) 1,262 56.6 5 933 57.2 10.2 2 96 11.24
Grenville (25) 1,462 62.4 5 354 53.1 17.5 2 100 20.21
Grenville (26) 287 79.9 10 412 55.2 18.6 2 92 15.02
Minto (29) 34 34.9 5 150 35.6 19.7 1 69 19.90
Opatica (27) 969 243.4 5 6,720 470.5 28.3 1 90 23.32
Platform (18) 13 18.2 10 57 13.8 2.1 1 4 0.64
Total 31,916 140.4 5 22,690 222.1 18.4 1 100 17.3
Total 100,043 129.6 5 22,690 160.3 25.2 1 100 18.0
Calculated weighted mean and standard deviation (Std. Dev.) for locations with both THg and LOI values.
Opatica (27) represents the survey zone across the Opatica, Opinaca, and La Grande geological subprovinces.

+ (0.056 ± 0.003) 𝑇July (∘C)
− (0.020 ± 0.001) 𝑇Jan (∘C)
− (0.482 ± 0.021) (streams = 1, lakes = 0)

𝑅2 = 0.703;
(4)

log10THg (ng g−1, lakes)
= (1.380 ± 0.048)
+ (0.406 ± 0.059) Precipitation (ma−1)
+ (0.012 ± 0.004) atm.Hgdep (𝜇gm−2 a−1)

𝑅2 = 0.432;

(5)

log10THg (ng g−1, streams)
= (0.61 ± 0.14) + (0.67 ± 0.08) log10LOI (%)
+ (0.031 ± 0.007) 𝑇July (∘C) 𝑅2 = 0.434.

(6)

In these equations, the numbers in brackets refer to the
best-fitted least-squares regression coefficients and their ±
standard estimates of error. 𝑅2 refers to the coefficient of
determination. In detail, (3) quantifies how theGRAHM2005
results for atm.Hgdep are related to the Canada-wide rasters
for precipitation, 𝑇July, and 𝑇Jan. In principle, net retention
of atmospheric Hg is therefore facilitated by vegetation-
based Hg uptake and sequestration, which increases from
cold to warm and from dry to wet regions. In contrast,
increasing January temperatures lower Hg retention likely
through increased Hg volatility year-round [4]. Note that
the (3) implied dependency of atm.Hgdep on mean annual
precipitation is not linear, likely due to increasing dilution
with increasing precipitation. Along the high precipitation
region along the Pacific coast, this dilution becomes even
stronger, as captured by the introduction of the locator
variable for theNTS tiles along the Pacific Rim (coded 1 when
applicable and 0 otherwise). In addition, (3) introduces an
adjustment for the increased presence and net retention of
atmospheric Hg along arctic costs (coded 1 when applicable
and 0 otherwise) due to oceanic Hg upwelling [2].

Generally, stream LOI is lower than lake LOI, with the
latter covering the 0 to 100% range but peaking at about
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Figure 3: Scatterplots of lake (a) and stream (b) sediment THg (ng g−1, log10 scale) versus LOI (%) by provinces/territories across Canada.

35%. Furthermore, stream LOI is most frequent below LOI
≈ 20%. In contrast, lake and stream sediment THg values are
most frequent at about THg ≈ 100 ng g−1, with stream THg
somewhat more variable than lake THg (Figure 5).

Equation (4) indicates that log10LOI for lake and stream
sediments both increase with increasing precipitation and
𝑇July and decreasing𝑇Jan.This is quite similar to the atmTHdep
pattern, likely due to the parallel dependence on terrestrial
and aquatic organic matter production (which generally
increases with precipitation and 𝑇July) and organic matter
retention (which generally increases with decreasing 𝑇Jan

[59, 60]). Also note that the stream/lake variable (coded 1 for
streams and 0 for lakes) sets LOI (streams) = 0.33 LOI (lakes);
that is, the organicmatter concentrations in stream sediments
are, on average, two-thirds lower than in lake sediments.

Equations (5) and (6) specify that the dependency of
sediment THg on atm.Hgdep differs from streams to lakes,
with stream THg variations most strongly related to vari-
ations in LOI, while lake THg varies more directly with
variations in precipitation and atmTHgdep. Direct relation-
ships between increasing atmospheric Hg deposition and
increasing sediment THg have been noted repeatedly for
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lakes by, for example, (i) Muir et al. [23] across northern
Quebec, (ii) Munthe et al. [33] across Scandinavia, and
(iii) Hissler and Probst [21] downwind from industrial Hg
emissions in France. Equations (5) and (6) also predict that
decreases in atm.Hgdep due to reductions in Hg emissions
should eventually lead to reductions in sediment THg, as
documented by Kamman and Engstrom [61]. Such reduc-
tions would bemore readily observed for lake than for stream
sediments.

Using (4), (5) and (6) produced the maps for sediment
Hg and LOI in Figure 7. Overlaying the mean GSC data
values for log10THg and log10LOI values per NTS-tile (dots)

on thesemaps underscores the general conformance between
the mapped and NTS-tile averaged log10THg values. This
is further demonstrated in Figure 8 by way of cumulative
frequency plots regarding the absolute differences between
the mapped and NTS-tile averaged log10THg and log10LOI
values. The extent of lake versus stream map-to-dot confor-
mances is approximately the same, with 80% of the model
projections falling within the log10Hg and log10LOI residual
range of −0.2 to 0.2.

In principle, (3) implies that sustained precipitation
increases by 0.1m at 1m per year would, on average, add
2.68 𝜇gm−2 to atm.Hgdep. Similarly, the temperature entries
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Figure 6: Scatterplots of actual versus least-squares best-fitted (i) lake (a) and (ii) stream (c) sediment log10THg [log10 (ng g
−1)], (iii)

GRAHM2005 atmospheric Hg deposition ((b); model), and (iv) stream and lake sediment log10LOI ((d); dashed line separates the lake from
the stream dots); all symbolized by provinces/territories (Table 5).

in (3) imply that an increase of 1∘C in July temperature would,
on average, increase atm.Hgdep by 0.80 𝜇gm−2 a−1. A parallel
increase of 1∘C in January air temperatures, however, would
compensate for some of that increase by 0.25 𝜇gm−2 a−1,
thereby resulting in a mean increase in atm.Hgdep of 0.55 ±
0.09 SD𝜇gm−2. According to Barrow et al. [62], summer
and winter temperatures will increase by about 5 to 6∘C at,
for example, Resolute Bay (southwest corner of Cornwallis
Island; southeast of Bathurst Island, NU) by 2050. Based on
(3), this translates into a net gain in atm.Hgdep rate of about

3.0 𝜇gm−2 a−1. In turn, (5) implies that lake sediment THg
would then increase as well by almost a factor of 10. Further
south at Norman Wells (along the Mackenzie river, west of
Great Bear Lake, NWT), the effect on atm.Hgdep would be
somewhat smaller, with summer and winter temperatures
expected to increase by about 2 to 3∘C while the growing
season would increase by about a month [62].

As indicated by the 𝑅2 values, the climate and regional
predictor variables of (3) to (6) account for 80% of the
atm.Hgdep variations, followed by 70% of the log10LOI



Journal of Chemistry 11

0 2,1001,050 4,200
(km)

 Lake LOI (%)
 50

0

25

N

(a)

 500

10

100

Lake Hg (ng g−1)
N

0 2,1001,050 4,200
(km)

(b)

Stream LOI (%)
 16

0

8

N

0 2,1001,050 4,200
(km)

(c)

 500

10

100

Stream Hg (ng g−1)

N

0 2,1001,050 4,200
(km)

(d)

Figure 7: Sediment LOI (%) and THg (ng g−1, log10 scale) projected across Canada using (2)–(4). Overlaid dots: mean sediment THg value
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variations, and 40% of the log10THg variations. The unac-
counted variations would be related to (i) local variations
in Hg emission and deposition, (ii) the extent of vegetation
cover upslope from the sampling locations, and (iii) the extent
of upslope exposures of Hg-containing minerals [3].

3.3. Analyzing and Interpreting the 10th and 90th Percentiles of
the THg versus LOI Scatter Plots. Determining and plotting
the 10th and 90th percentiles of the sediment log10THg
variations within each of the 10% LOI classes from 0 to 100%
produced dots in Figure 9 for each of the provinces/territories
and Quebec survey zones. These dots follow fairly consistent
pattern, being highest at intermediate LOI values as implied
by (1).

Curve-fitting the dots in Figure 9 with (1) produced
the best-fitted lines and 𝑎𝑖𝑗, 𝑏𝑖𝑗, and 𝑐𝑗 coefficients in
Table 4. Recognizing the similarity of these lines across the
provinces/territories and Quebec survey zones led to a fur-
ther best-fitted simplification by setting 𝑎𝑖𝑗 (90th percentile)
= 0.668 + 𝑎𝑖𝑗 (10th percentile). This implies that, on average,

THg (90th percentile) = 4.87 THg (10th percentile) when LOI
= 0%.

Since 𝑎𝑖𝑗 represents the mineral component of sediment
THg at LOI = 0%, it follows that the 10th and 90th percentiles
bracket the lake and stream sediment THg within the follow-
ing ranges:

for lakes, 14<THg (ng g−1)< 69 since 1.15< 𝑎𝑖𝑗 (lakes)< 1.84;
for streams, 12 < THg (ng g−1) < 59 since 1.08 < 𝑎𝑖𝑗
(streams) < 1.77.

This suggests that the variations in lake and stream
THg at LOI = 0% are similar to the THg variations in till
deposits when not influenced by local Hg-containingmineral
exposures (see, e.g., Broster et al. [9, 63]).

3.4. Sensitivity of the 𝑎𝑖𝑗 and 𝑏𝑖𝑗 to Atmospheric Deposition.
Regressing the 𝑎𝑖𝑗 values against the mean atm.Hgdep and
precipitation values per NTS tile (Table 3) produces no
significant trends. In contrast, the 𝑏𝑖𝑗 coefficients in Table 4
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Table 3: Mean annual precipitation, mean atmospheric deposition, and best-fitted 𝑎𝑖𝑗, 𝑏𝑖𝑗, and 𝑐𝑗 values (1) for the 10th and 90th sediment
THg percentiles (lakes, streams), by provinces/territories and by Quebec survey zones (Figure 12).

Location Medium
Precipitation atm.Hgdep 𝑎𝑖𝑗 𝑏𝑖𝑗 Sediment THg, ng g−1

LOI = 0% LOI = 100%
Ma−1 𝜇gm−2 a−1 10th 10th 90th 10th 90th 10th 90th

Quebec (QC)
Abitibi (22)

Lakes

0.95 20.0 1.13 2.25 2.66 13.4 65.1 74.6 163.5
Churchill (30) 0.64 13.0 1.24 1.93 2.42 17.5 85.4 40.6 103.0
Grenville (23) 0.96 20.2 1.09 2.43 2.64 12.3 59.7 104.8 157.4
Grenville (24) 0.98 20.4 1.19 2.23 2.58 15.6 75.9 71.4 139.7
Grenville (25) 0.97 17.9 1.12 1.74 2.52 13.2 64.2 28.4 125.8
Grenville (26) 1.05 19.1 1.08 2.17 2.58 12.0 58.3 64.3 140.8
Ashuanipi (28) 0.76 15.6 1.33 1.93 2.42 21.5 104.7 40.5 103.6
Minto (29) 0.61 14.3 1.22 2.00 2.42 16.7 81.6 46.8 104.1
Opatica (27) 0.82 20.4 1.35 2.12 2.82 22.3 108.7 57.8 223.7
Platform (18) 1.09 15.7 1.14 2.25 2.6 13.7 67 74.6 147.2

Province/territories
QC

Lakes

0.85 17.3 1.27 2.16 2.79 18.4 89.8 62.7 210.3
AB 0.40 12.1 0.82 1.64 1.97 6.6 32.4 23.1 43.4
BC 0.79 11.1 1.42 1.77 2.25 26.3 128.4 30.0 74.2
MB 0.47 15.7 0.95 1.93 2.23 8.9 43.5 40.8 72.7
NB 1.28 21.8 1.22 2.59 2.56 16.6 80.9 143.2 134.7
NL 0.88 16.1 1.17 2.07 2.51 14.9 72.4 53.2 123.9
NS 1.39 24.1 1.46 2.51 3.52 29.0 141.3 124.2 850.3
NU 0.30 9.8 0.86 2.13 2.42 7.2 35.0 59.9 103.4
NWT 0.31 9.4 0.84 1.93 2.40 6.9 33.6 40.7 100.5
ON 0.86 20.1 1.30 1.96 2.48 20.0 97.6 42.9 116.7
SK 0.46 14.3 0.97 1.91 2.28 9.4 45.9 39.2 79.9
YT 0.36 9.5 1.13 1.77 2.42 13.4 65.2 29.6 103.5

Quebec (QC)
Abitibi (22)

Streams

0.88 21.1 1.61 2.71 3.44 40.4 196.7 180.2 731.0
Abitibi (21) 0.95 19.5 0.94 2.15 2.71 8.8 42.9 61.3 181.1
Appalachian (19) 1.16 21.6 1.04 2.32 2.67 11.1 53.9 86.4 167.0
Appalachian (20) 0.95 19.8 1.15 2.59 2.88 14.0 68.1 143.7 251.3
Churchill (30) 0.69 11.5 1.18 1.88 2.76 15.2 74.2 36.9 199.5
Grenville (23) 1.00 20.1 1.37 1.93 3.52 23.4 114.1 40.2 848.6
Grenville (24) 1.08 21.2 0.95 2.49 2.73 8.8 43.1 118.7 188.5
Grenville (25) 1.08 18.7 1.04 2.31 2.64 10.9 53.3 84.5 159.7
Grenville (26) 1.05 19.1 0.97 2.50 2.68 9.4 45.6 121.9 171.7
Minto (29) 0.58 12.6 0.83 2.42 2.80 6.8 33.3 103.4 215.9
Opatica (27) 0.75 18.1 0.71 2.41 2.84 5.1 25.0 101.8 232.2
Platform (18) 1.07 25.8 0.94 1.84 2.64 8.6 42.1 33.8 159.1

Provinces/territories
QC

Streams

0.96 20.0 1.29 2.16 3.48 19.6 95.3 62.9 798.3
BC 1.09 14.3 1.04 2.62 3.05 10.9 53.3 152.3 344.6
NB 1.15 22.2 1.09 2.55 2.86 12.3 59.8 132.5 239.7
NL 0.63 11.0 0.82 2.56 2.90 6.6 32.3 135.5 261.4
NU 0.30 7.4 0.82 1.90 1.99 6.6 32.2 38.2 45.6
NWT 0.32 8.0 1.53 1.57 2.46 33.8 164.8 20.4 111.9
YT 0.36 9.49 1.28 2.01 2.58 19.0 92.6 47.1 139.8
𝑎𝑖𝑗 (90th) = 𝑎𝑖𝑗 (10th) + (0.688 ± SE 0.018); 𝑎𝑖𝑗 and 𝑏𝑖𝑗 standard error of estimate (Std. Err.: SE) = ±0.15; 𝑐𝑗 = 0.0180 ± SE 0.0011; 𝑎𝑖𝑗 and 𝑏𝑖𝑗 in log10 (ng g

−1). Units
for 𝑎𝑖𝑗 and 𝑏𝑖𝑗: [log10 (ng g

−1)]. Excluded: ON stream sediments due to small sample size (𝑛 = 287) and insufficient number of values for the 10th and 90th
percentiles.
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Figure 8: Conformance plots: cumulative frequency of the best-fitted absolute residual differences for stream and lake log10THg ([log10
(ng g−1)] (a)) and log10LOI (b) between (i) the NTS-tile averaged dots and (ii) the corresponding equations (2)–(4) projected map values in
Figure 7.

are linearly related to atm.Hgdep and precipitation (Figure 10,
Table 4), with 𝑅2 values near 0.50 for lakes, and less so for
streams with 𝑅2 values at 12 to 23%. Hence, the organic
contributions to sediment THg vary from being low to high
asmean annual amounts for atm.Hgdep and precipitation vary
from low to high.

With the mineral and organic matter contributions to
sediment THg quantified by way of the best-fitted 𝑎𝑖𝑗, 𝑏𝑖𝑗, and𝑐𝑗 coefficients in Table 4 and (1), one can now estimate the
organically induced gain of sediment THg from low to high
atmospheric deposition environments via (2) as per Figure 10
and Table 1. For lake and stream sediments at LOI = 100%,
the estimated gain amounts to a factor of 4.4 to 6.0 as mean
annual precipitation increases from near zero to 1.4m a−1.
Similarly, the estimated gain for lake sediments increases
even further to a factor of about 7.8 to 10.5 when based on
increasing atm.Hgdep from near zero to 26 𝜇gm−2 a−1 but
remains low for streams at about 2.9 to 4.5 (Table 1).

3.5. Mapping the Atmospherically Induced Sediment THg
Gains across Canada. Using (4), (5), and (6) to calculate the
organically induced gains for sediment THg via (2) produced
the maps in Figure 11. These maps suggest lake sediments
are particularly prone to atm.Hgdep-related THg acquisition
across southeastern Canada and along the Pacific Rim. From
there, this susceptibility is mapped to decrease towards the
alpine areas and the boreal to arctic zones in the north.

The overlaid dots on the maps in Figure 11(a) are also
generated from (2) but represent the sediment THg gains
using NTS-averaged atm.THgdep (GRAHM 2005 raster) and

GSC-surveyed LOI (%) values as gain predictors. These dot-
to-map patterns suggest a general conformance between the
mapped and dotted THg gains. However, major differences
occur as well:

(i) Across northern Alberta, Saskatchewan, and Mani-
toba, lakes with high sediment organic matter con-
tent appear to be particularly sensitive to increasing
atm.Hgdep. The more sensitive lakes occur in flat
terrain (Figure 11(b); for details regarding the flat-area
shading, see [3]).

(ii) In areas with rugged terrain, frequent streambed
scouring leads to high mineral and low organic
matter inputs into lake and stream sediments.This, in
turn, would lower the atm.Hgdep induced gain of the
organic matter contributions to sediment THg.

(iii) Downstream from open nonforested areas much of
the atmospherically deposited Hg would revolatilize.
This would be the case in southeastern Quebec
landscape where open field conditions dominate.

(iv) Downstream from upland areas where sediment Hg
would accumulate on account of (a) significant Hg-
containing mineral exposures and/or (b) air- or
waterborne Hg emissions due to industrial activities.

4. Concluding Remarks

The linear regression results ( (3) to (6)) revealed a strong
interdependence between the NTS-tile averaged values for
sediment THg, sediment LOI, atm.Hgdep, and climate across
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Figure 9: Plots of actual (dots) versus best-fitted 10th and 90th percentiles using (1) (lines) for lake and stream sediment log10THg (ng g
−1,

log10 scale) versus 0 < LOI < 100%, by provinces/territories (a) and Quebec survey zones ((b) Figure 12).

Canada.This being so, the results suggest that lake and stream
sediments become more enriched with Hg (i) as summers
and winters become warmer, (ii) growing seasons become
longer, and (iii) mean annual precipitation rates increase.
The best-fitted nonlinear regression results for the percentile
distributions of log10THg versus sediment LOI by survey
zones are generally consistentwith the following observations
and suggestions:

(i) Atmospheric deposition to lakes is direct whereas
indirect to streams. While some of the lake-deposited
Hg volatilizes, some of it is sequestered by dissolved
and particulate organic matter (DOM and POM,
resp.) and by aquatic organisms. In addition, some
of the DOM flocculates thereby contributing further
to the organically sequestered Hg portion within the
sediments [64].
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Figure 10: Scatterplots of best-fitted 𝑏𝑖𝑗 coefficients for the 10th and 90th log10THg [log10 (ng g
−1)] versus (i) mean annual precipitation rate

(precipitation, m a−1; (a and b)) and (ii) GRAHM2005 mean annual net atmospheric Hg deposition rate (atm.Hgdep, 𝜇gm−2 a−1 (c, and d))
by provinces/territories and by Quebec survey zones, based on Table 5.

(ii) Lake catchments are generally larger than stream
catchments. Therefore, lake sediment THg is more
reflective of area-wide atmospheric Hg deposition
than stream sediment THg.

(iii) Stream sediments are generally closer to local upslope
Hg sources than lake sediments and are therefore less
diluted.

(iv) Stream sediments are subject to frequent relocation
and scouring events, with sediments varying from
being coarse to fine [65–67]. In contrast, lake sed-
imentation is steady, cumulative, fine textured, and

organically enriched [68]. In addition, lake sediments
remain largely undisturbed [69].

(v) Stream sedimentsmay lose some of the sediment THg
by way of dissolved and particulate matter transport,
with the finer particles generally carrying more Hg
over larger distances than larger particles [65, 67, 70,
71].

(vi) Once entering lakes, finer particles [72] and some
of the dissolved but organically bound Hg settles,
especially after coagulation [73].

Note that all of the above results pertain to bulked lakes
and stream sediment cores with no reference to sediment
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Figure 11: (a) Projected atmospherically derived gains (2) of sediment THg mapped from low (green) to high (red), based on (4), (5), and
(6) estimates for LOI (%) and annual net atmospheric Hg deposition as predictor variables. Overlaid dots: the corresponding log10THggain
estimates per NTS tile, using (2), (5), and (6) in combination with the mean GSC-surveyed LOI values. (b) Close-ups for the Hg gains in lake
sediments across Manitoba to Alberta (top) and in stream sediments across southwestern Quebec (bottom), overlaid on a hill-shaded digital
elevation grid also showing the extent of low-lying and generally wet areas next to lakes and streams (shaded green).

Table 5: Canadian provinces/territories: abbreviations.

Name Abbreviation
Alberta AB
British Colombia BC
Labrador Lab
Manitoba MB
New Brunswick NB
Newfoundland & Labrador NL
Northwest Territories NWT
Nova Scotia NS
Nunavut NU
Ontario ON
Quebec QC
Saskatchewan SK
Yukon Territory YT

depth other than lake samples being 30 cm deep. In detail
and in contrast to LOI, THg changes strongly with increasing

sediment depth, which is generally interpreted to result
from (i) changes in the historical pattern of atmospheric Hg
emission and deposition from preindustrial to modern time
and (ii) changes in sedimentation processes [20, 33, 74]. As
such, the best-fittedmodels ((4), (5), and (6)) pertain to long-
term trends only. Hence, these changes could be indicative of
how current to future changes in climate affect atmospheric
Hg deposition, as summarized by the International Joint
Commission, Canada and United States [75]. If so, all of this
will affect not only THg and LOI, but also other correlated
variables such as the bioavailability of methyl Hg and its
trophic uptake by fish [20, 74].

For detailed point-by-point examinations, one would
need to increase the resolution of the analysis to address local
Hg releasing or retaining situations as these vary upslope
from each sediment sampling point. Such details would
address the local variations in atmosphericHg deposition and
subsequent Hg transfer to streams and lakes. For example, (i)
the dispersal of Hg contained in emission plumes depends
on downwind air-flow pattern as affected by terrain and
vegetation cover [76, 77], (ii) the transfer of POM-bound Hg
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Figure 12: Sediment survey zones 19 to 30 overlaid on the geological provinces of Quebec, adapted from https://www.mern.gouv.qc.ca/
english/publications/mines/publications/geological-domains-quebec.pdf [1].

would increase with increasing slope and soil erosion, and
(iii) the upslope transfer of DOM-bound Hg via run-off and
stream flow would increase while POM- and mineral-bound
Hg would decrease with increasing extent % of upslope wet
area and wetland cover [3].

While there could be differences due to region-specific
biases in sediment sampling, preparation, and analysis, most
of that has been addressed by employing the GSC standard-
ized sediment surveying protocol, as described by Friske and
Hornbrook [39]. In fact, the above analyses do not reveal
regional biases. Instead, there is a transregional conformance
pattern between the GSC data for sediment THg and LOI
and the best-fitted results, even though the GSC data were
compiled from three distinct databases (Quebec,Nova Scotia,
and rest of Canada) spanning several decades.

Appendix

See Figure 12 and Table 5.
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The SouthYellow Sea is an important carbon sink and a significant research area of carbon cycle. After studying the composition and
distribution of n-alkanes in a 250 cm long sediment core in the northern part of SouthYellow Sea, it can be found that all n-alkanes of
sediment samples in this research are distributed in three types, that is, double peak groups, predominance of long-chain n-alkanes,
and predominance of short-chain n-alkanes. The average values of ∑C25−35/∑C15−21, ∑C27+29+31/∑C15+17+19, ∑C21−/∑C22+, and
(C27 + C29 + C31 + C33)/∑C14–38 are 1.92, 4.22, 0.51, and 0.35, respectively; all above outcomes indicate significant predominance
of terrigenous inputs. The average values of C31/C29 and ACL are 1.04 and 29.92, respectively; these results reflect that herbaceous
plants and ligneous plants account for similar percentages in the sediment core samples. The average values of CPI1 of short-chain
alkanes are 0.80, reflecting the apparent even predominance, which is the result of microbial degradation. The average values of
CPI2 of long-chain alkanes of most samples are 2.77, reflecting the apparent odd predominance. The average values of CPI and
Pr/Ph, as well as the Pr/nC17 and Ph/nC18 correlation diagram, reflect that the organic matter is immature and suggest reductive
sedimentary environment.

1. Introduction

The organic carbon deposition rate of continental margin sea
is 8–30 times higher than that of the ocean, and over 80%
deposited organic carbon is buried in the continental shelf
and continental slope area [1, 2]. Therefore, the margin sea
plays an important role in global carbon cycle [2]. Organic
matter source of the margin sea is an important scientific
subject in the research on carbon cycle [3, 4]. The South
Yellow Sea is typical semiclosed continental margin sea, into
which a large amount of terrigenous matter was transported
along streams since Holocene [5, 6]. Influenced by runoff of

YellowRiver andYangtze River, warm current and alongshore
current of the Yellow Sea, and tidal action, South Yellow
Sea became an important carbon sink with diverse organic
matter and changeable sedimentary environment [7, 8].
Much research has been conducted for modern sediments of
South Yellow Sea [9–14].

Predecessors conduct a large amount of research on
source of organic matter and sedimentary environment of
South Yellow Sea with stable carbon isotopes [15], content of
elements and minerals [16–20], and biomarkers [5, 6, 21–23]
and achieved abundant outcomes. Provenance study results
show that organic matter of western and central part of
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Table 1: AMS14C dating data and deposition rate of foraminiferal sediments samples.

Depths (cm) Chronological age (aBP) Depth range (cm) Deposition rate (cm/a)
100 924 0–100 0.108
200 2126 100–200 0.083
250 3952 200–250 0.048

the South Yellow Sea comes from modern Yellow River and
ancient YellowRiver; sediments in the eastern part aremainly
influenced by the matter in Korean Peninsula; nearshore
area in the northern part is mainly influenced by the matter
in modern Yellow River [15–18, 24]. Research on organic
matter source of sediments in the Yellow Sea shows that n-
alkanes of South Yellow Sea are dominated by terrigenous
inputs [5, 6, 21–23, 25, 26], and the terrigenous n-alkanes are
mainly derived fromhigher plants waxiness [5]. Atmospheric
deposition inputs account for a small percentage of n-alkanes,
but the river input is a main contributor of n-alkanes [6, 27].
The distribution of n-alkanes is characterized by three types:
predominance of short-chain n-alkanes, predominance of
long-chain n-alkanes, and double-peak groups [5, 6, 22, 28].
Previous research on n-alkanes of organic matter in modern
sediments of South Yellow Sea focuses on surface sediment
samples [5, 6, 22, 23, 28]. Not much research on sediment
core samples has been conducted, and the length of sediment
cores in the research is short (only 35 cm) [22].There is a lack
of research on n-alkanes of long sediment core samples. This
paper studies composition and distribution of n-alkanes of
a 250 cm long sediment core in the northern part of South
Yellow Sea and analyzes the geochemical significance.

2. Sample Collection and Analysis

2.1. Sample Collection. A 250 cm long sediment core sample
was collected in the northern part of South Yellow Sea
in August, 2013. Water depth of the sampling station is
40m, and the sampling locations are shown in Figure 1.
The sample spacing was 10 cm, and 25 sediment core sam-
ples wrapped with aluminium foil and plastic bags were
brought to the laboratory at the ground temperature and
put into the freezer for preservation at −20∘C until organic
analysis.

Foraminiferal sediments samples were selected from 3
sediments samples at different depths and delivered to Beta
Analyses for foraminiferal AMS14C dating, and the obtained
AMS14C dating data were converted into chronological age
via the software Calib 5.5.2 (Table 1) [29]. Marine04 curve
was used [30], the age of regional carbon reservoir was set
to be 0 by referring to the method of Kong et al. [31], and the
deposition rate at various depths was calculated according to
depth and chronological age. It is shown in the results that
this 250 cm long sediment core is representative of 3952-year-
old sediments. Deposition rate at various depths is between
0.048 and 0.108 cm/a, which is in line with 0.026–0.67 cm/a
[32, 33] or 0.013–0.119 cm/a [34, 35], the deposition rate range
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Figure 1: Core sediment sampling locations.

of South Yellow Sea obtained with 210Pb isotope method or
obtained with foraminiferal dating method by predecessors.

2.2. Sample Analysis. After freezing and drying of the sed-
iment samples, Soxhlet extraction was performed for 20 g
crushed sample for 72 h with dichloromethane. The extract-
ing solution was concentrated and was isolated and puri-
fied with silica gel/aluminium oxide (1 : 1) chromatographic
column and then eluted with mixed liquor of n-hexane and
dichloromethane (V : V = 1 : 1). Saturated hydrocarbon in the
sample was finally obtained. Saturated hydrocarbon sample
was under full scan by Agilent GC-MSD (6890/5975) for
analytical determination.The chromatographic columnwas a
DB-5MS capillary column (column length: 30m, inner diam-
eter: 0.25mm, coating thickness: 0.25 𝜇m; J & W Scientific).
The carrier gaswas high-purity helium (He), columnflowwas
1.0mL/min, and sample size was 1 𝜇L with splitless sampling.
The temperature of injection port and detector was 280∘Cand
300∘C, respectively. Here is the heating procedure: maintain
initial temperature 60∘C for 1min, increase temperature to
180∘C with heating rate 8∘C/min and remain so for 1min,
and increase temperature to 300∘Cwith heating rate 3∘C/min
and remain so for 2min. The ion source temperature was
250∘C, and ionization energy was 70 eV.The relative standard
deviation of the experiment was <±10%.The identification of
compoundwas based on retention time and characteristic ion
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Figure 2: Gas chromatogram of typical n-alkanes and isoprenoid
alkanes of sediment core samples.

(𝑚/𝑧 85) of the standard sample and comparison with mass
spectrometry scheme of reference material and mass spectral
library (NIST2005).

3. Results and Discussion

3.1. Composition and Distribution Characteristics of n-
Alkanes. The n-alkanes with chain length C12–C40 were
tested. The C12 alkane content of 13 samples was too low
to be detected, and C13 alkane content of 2 samples was
too low to be detected. The C37–C40 alkane content of some
samples was not detected due to low content (Table 2). The
gas chromatogram of typical n-alkanes of core sediments is
shown in Figure 2. The distribution of n-alkanes is char-
acterized by three types: double-peak groups (Figure 3(a)),
predominance of long-chain n-alkanes (Figure 3(b)), and
predominance of short-chain n-alkanes (Figure 3(c)), which
is in line with previous research results [6, 22, 23, 25–28].
The relative amount distribution of n-alkanes with different
carbon number is shown in Figure 3.

The front peak group of n-alkanes, between C12 and C21,
has main peak carbon of C16, C17, or C18 and higher content
of C17–C20. The back peak group, between C22 and C40, has
main peak carbon of C29 or C31 and the highest content
of C31, followed by C29 and then C27. Among isoprenoid
alkanes, the peak height of pristane (Pr) is generally lower
than that of phytane (Ph).

3.2. Organic Matter Source of Sediments

3.2.1. Distribution of n-Alkanes and Their Significance. The
distribution of n-alkanes of 25 sediment samples in this
research is characterized by three types: double-peak groups
(Figure 3(a)), predominance of long-chain n-alkanes (Fig-
ure 3(b)), and predominance of short-chain n-alkanes (Fig-
ure 3(c)).The short-chain n-alkanes (C12–C21) reflect marine
inputs and long-chain n-alkanes (C22–C40) reflect terrige-
nous inputs. The double-peak suggests that both terrigenous
organic matter and marine organic matter contribute to
the n-alkanes of sediment core samples in this research
(Figure 2). In this research, samples with double-peak groups
are influenced by both terrigenous inputs and marine inputs

(Figure 3(a)); samples with predominance of long-chain n-
alkanes indicate higher terrigenous inputs (Figure 3(b)); sam-
ples with predominance of short-chain n-alkanes indicate
lower terrigenous inputs (Figure 3(c)).

3.2.2. ∑C25−35/∑C15−21 Value Distribution Characteristics and
Their Significance. The sum of C15–C21 content of short-
chain n-alkanes, ∑C15−21, represents marine alkane content
[36]. The sum of C25–C35 content of long-chain n-alkanes,
∑C25−35, represents terrigenous alkane content [37]. The
value of ∑C25−35/∑C15−21 can be used to eliminate the
influence of particle size and deposition rate and indicate
organic matter source in the sediments more accurately [38].
The higher ratio indicates stronger influence of terrigenous
inputs, while the lower ratio indicates weaker influence of
terrigenous inputs.

The value distribution of ∑C15−21, ∑C25−35, and
∑C25−35/∑C15−21 of samples in this research is shown in
Table 2 and Figures 4 and 5. It is shown in Table 2 that
∑C15−21 ranges between 15.90% and 62.61%, averaging
32.58%, with the maximum value 3.9 times of the minimum
value;∑C25−35 ranges between 31.33% and 72.85%, averaging
55.20%, with the maximum value 2.3 times of the minimum
value; ∑C25−35/∑C15−21 ranges between 0.50 and 4.58,
averaging 1.92. The above parameters suggest higher
terrigenous organic matter input of studied sediment core
samples.

3.2.3.∑C27+29+31/∑C15+17+19 Value Distribution Characteristics
and Their Significance. ∑C27+29+31/∑C15+17+19, the ratio of
the sum of terrigenous-dominated n-alkanes content to the
sum of marine-dominated n-alkanes content, is also a com-
mon parameter to evaluate relative contribution of ter-
rigenous n-alkanes and marine n-alkanes [39]. Therefore,
∑C27+29+31/∑C15+17+19 can indicate organic matter source of
sediments. In Table 2 and Figure 4, the ratio of∑C27+29+31 to
∑C15+17+19 of studied samples ranges between 0.24 and 26,
averaging 4.22. It is shown in Figure 4 that distribution
characteristics of ∑C27+29+31/∑C15+17+19 are very similar to
those of∑C25−35/∑C15−21, with high ratio and low ratio areas
basically the same. Both of them indicate higher terrigenous
organic matter input.

3.2.4. ∑C21−/∑C22+ Value, Alkterr Value, C31/C29 Value, and
ACLValue Distribution Characteristics andTheir Significance.
Since ∑C21− reflects marine inputs [36] and ∑C22+ reflects
terrigenous inputs [37], ∑C21−/∑C22+ is generally used to
estimate that organic matter is terrigenous-dominated or
marine-dominated.The∑C21−/∑C22+ distribution of studied
samples is shown in Table 2 and Figure 4. Except the fact that
∑C21−/∑C22+ of number ZY22 sample is 1.73 (indicating
predominance of marine organic matter), ∑C21−/∑C22+ of
other 24 samples is between 0.19 and 0.98, averaging 0.51, and
indicates significant predominance of terrigenous inputs.
(C27 +C29 +C31 +C33)/∑C14−38 (Alkterr value for short)

is an indicator of terrigenous inputs [23]. The Alkterr value
of samples in this research ranges from 0.21 to 0.52, averaging
0.35, and indicates significant terrigenous inputs.
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Table 2: Geochemical parameters of n-alkanes and isoprenoid alkanes of sediment core samples.

Sample number Deep/cm A B C D E F G H I J K L M N O
ZY1 10 13–40 16,31 0.45 28.54 53.68 1.88 0.91 0.82 0.89 0.76 0.58 0.70 0.21 1.01 29.96
ZY2 20 12–40 17,31 0.48 31.24 51.98 1.66 0.91 0.62 0.75 0.83 0.68 0.77 0.21 1.01 29.88
ZY3 30 14–40 16,31 0.58 35.96 50.38 1.40 0.85 0.74 0.94 1.28 0.65 1.21 0.25 1.05 29.92
ZY4 40 12–40 16,31 0.69 38.90 47.75 1.23 0.88 0.80 0.99 1.62 0.67 1.51 0.26 1.07 30.04
ZY5 50 12–40 16,31 0.68 38.07 50.06 1.31 0.92 0.73 0.99 2.02 0.75 1.93 0.31 1.06 29.91
ZY6 60 12–40 18,31 0.63 37.47 49.67 1.33 0.73 0.64 0.82 1.88 0.70 1.78 0.29 1.08 29.99
ZY7 70 13–40 17,29 0.42 29.52 56.95 1.93 0.68 0.70 1.07 1.91 0.82 1.85 0.32 0.87 29.61
ZY8 80 13–40 17,31 0.49 31.46 56.93 1.81 0.79 0.74 1.09 2.40 0.78 2.25 0.37 1.12 30.09
ZY9 90 13–40 17,31 0.83 43.79 45.58 1.04 0.91 0.69 1.02 2.75 0.86 2.61 0.30 1.08 30.05
ZY10 100 12–38 17,31 0.50 30.54 55.39 1.81 0.96 0.62 0.91 2.88 0.96 2.73 0.37 1.06 29.93
ZY11 110 13–37 17,31 0.34 23.97 64.91 2.71 0.94 0.61 0.77 3.64 0.86 3.52 0.47 1.11 29.98
ZY12 120 13–37 18,31 0.43 28.91 59.79 2.07 0.57 0.62 0.99 3.80 0.97 3.67 0.43 1.05 29.87
ZY13 130 12–40 18,31 0.32 22.55 61.95 2.75 0.35 0.45 0.71 2.47 0.75 2.38 0.40 1.04 29.81
ZY14 140 12–37 17,31 0.63 34.34 52.44 1.53 0.88 0.63 0.90 3.58 0.90 3.51 0.38 1.05 29.87
ZY15 150 13–37 17,31 0.69 39.58 48.83 1.23 0.70 0.66 0.87 2.10 0.71 2.02 0.30 1.05 30.01
ZY16 160 13–37 16,31 0.98 47.99 43.25 0.90 0.88 0.65 0.92 3.10 0.73 3.00 0.29 1.00 30.04
ZY17 170 13–37 18,31 0.54 33.86 55.71 1.65 0.75 0.57 0.88 3.17 0.91 3.04 0.39 1.08 30.02
ZY18 180 12–37 17,29 0.46 30.25 58.83 1.94 0.90 0.62 0.78 3.38 0.83 3.29 0.42 0.99 29.81
ZY19 190 13–37 18,31 0.29 22.07 67.35 3.05 0.69 0.67 0.86 4.03 0.94 3.95 0.49 1.05 29.93
ZY20 200 14–37 18,31 0.19 15.90 72.85 4.58 0.44 0.70 0.97 3.79 0.87 3.73 0.52 1.04 29.94
ZY21 210 12–37 18,31 0.41 27.75 61.72 2.22 0.64 0.62 0.96 3.38 0.90 3.27 0.44 1.10 29.95
ZY22 220 12–37 18,29 1.73 62.61 31.33 0.50 0.41 0.45 1.04 3.81 1.09 3.74 0.23 0.98 29.83
ZY23 230 13–36 18,31 0.57 36.03 55.28 1.53 0.59 0.66 1.06 3.83 0.78 3.73 0.40 1.04 29.91
ZY24 240 12–37 18,31 0.37 25.52 61.43 2.41 0.77 0.64 0.83 2.25 0.75 2.16 0.39 1.03 29.93
ZY25 250 12–40 18,29 0.23 17.74 65.90 3.72 0.57 0.55 0.70 1.13 0.57 1.06 0.31 0.99 29.85
A: carbonnumber range; B: carbonnumber ofmain peak; C:∑C21−/∑C22+; D:∑C15–21; E:∑C25–35; F:∑C15–21/∑C25–35; G: Pr/Ph;H: Pr/nC17; I: Ph/nC18;
J: CPI; K: CPI1; L: CPI2; M: Alkterr; N: C31/C29; O: ACL;
CPI = (1/2){(C25 + C27 + C29 + C31 + C33)/(C24 + C26 + C28 + C30 + C32) + (C25 + C27 + C29 + C31 + C33)/(C26 + C28 + C30 + C32 + C34)};
CPI1 = (1/2){(C15 + C17 + C19 + C21)/(C14 + C16 + C18 + C20) + (C15 + C17 + C19 + C21)/(C16 + C18 + C20 + C22)};
CPI2 = (1/2){(C25 + C27 + C29 + C31 + C33 + C35)/(C24 + C26 + C28 + C30 + C32 + C34) + (C25 + C27 + C29 + C31 + C33 + C35)/(C26 + C28 + C30 + C32 +
C34 + C36)};
Alkterr = (C27 + C29 + C31 + C33)/∑C14–38;
ACL = (27 ∗ C27 + 29 ∗ C29 + 31 ∗ C31 + 33 ∗ C33 + 35 ∗ C35 + 37 ∗ C37)/(C27 + C29 + C31 + C33 + C35 + C37).

It is of great significance to further distinguish terrigenous
organic matter, that is, ligneous plants dominated or herba-
ceous plants dominated. The main peak of ligneous plant-
derived n-alkanes is mostly C29, while that of herbaceous
plant-derived n-alkanes is mostly C31 [40, 41].Themain peak
of back peak group of studied samples ismostlyC31. However,
C29 content is similar to C31 content with C31/C29 between
0.87 and 1.12, averaging 1.04 (Table 2, Figure 4). Therefore,
herbaceous plants and ligneous plants account for similar
percentages in the sediment core samples, which is in line
with previous research results [5, 23, 42].

The average carbon chain length (ACL) of n-alkanes
reflects vegetation variation. n-Alkanes have smaller ACL
when the formation is dominated by ligneous plants and have
larger ACL when the formation is dominated by herbaceous
plants [43]. It is shown in Table 2 that ACL of sediment core
samples is distributed between 29.61 and 30.09, averaging
29.92, around 30.This reflects that herbaceous plants and lig-
neous plants account for similar percentages in the sediment

core samples, which is in line with the above results indicated
by C31/C29.

3.2.5. CPI Value Distribution Characteristics andTheir Signifi-
cance. The CPI value of organic matter is a common index
determining the odd-even predominance (OEP) of carbon
number of n-alkanes [44]. The short-chain n-alkanes group
and long-chain n-alkanes group of double-peak n-alkanes
have different odd-even predominance, which is defined by
CPI1 and CPI2. The corresponding computational formulas
and CPI of samples are shown in Table 2 and Figure 4. It is
shown in Table 2 that, except for number ZY22 sample (CPI1:
1.09), CPI1 values of short-chain alkanes group of 24 samples
are between 0.57 and 0.97 and are all below 1.0 and average
0.80, reflecting the apparent even predominance; CPI2 values
of long-chain alkanes group are between 0.7 and 3.95, and
the CPI2 values of numbers ZY1, ZY2, and ZY3 samples
are 0.7, 0.77, and 1.06, respectively, reflecting the apparent
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Figure 3: The three typical distribution patterns of n-alkane contents. ((a) Terrestrial and marine input; (b) stronger terrestrial input; (c)
weaker terrestrial input).

even predominance; CPI2 values of other 22 samples are
all above 1.20, and average 2.77, reflecting the apparent odd
predominance.

The carbon number of n-alkanes contaminated by oil
does not show the apparent odd-even predominance [44, 45].
However, all the sediments samples in this research show the
apparent odd-even predominance. Thus, it is estimated that
these samples were not contaminated by oil, and the param-
eters of n-alkanes of samples could reflect the characteristics
of primitive sedimentary environment and source.

The short-chain n-alkanes are mainly from marine float-
ing algae and bacteria [36], which are dominated by Cl5, C17,
and C19 [39], and have odd predominance [46]. However,
the short-chain n-alkanes of 24 samples show even predomi-
nance, which shows specialty apparently.

It is found in the previous research that medium-chain
n-alkanes in sea areas like Bohai Sea and Yangtze Estuary
show even predominance [47], and medium-chain n-alkanes
of a few samples in southern part of South Yellow Sea also
show even predominance [5], which possibly resulted from
microbe, for example, bacteria [47, 48] or fresh water and
marine macrophyte [40, 41].

All the samples in the research contain squalene com-
pound (Figure 5(a)), and the squalene is from the microbe.

Thus, it is proved that all the samples suffered from the
degradation by microbe. Meanwhile, the unseparation com-
plex mixture (UCM) is widely developed in the n-alkanes
of front peak group (Figure 5(b)), and UCM indicates
that the organic matter suffered from the degradation by
microbe. However, UCM is only shown in the short-chain
n-alkanes, but not in long-chain n-alkanes, which could be
resulted from two reasons. The first reason is mixture of two
periods of organic matter. The organic matter deposited in
the early period suffered from the degradation by microbe,
and then new terrigenous organic matter migrated here fast,
showing the present characteristics after mixing. The second
reason is selective degradation by microbe. The microbe
degraded short-chain n-alkanes in a selective way. However,
determination of genesis needs further study.

The long-chain n-alkanes show apparent odd predomi-
nance [37, 49], with C27, C29 and C31 most abundant [37,
39], which shows that long-chain n-alkanes of sediment
core samples are mainly derived from surface waxiness of
continental higher plants.

Additionally, CPI is a parameter indicating the maturity
of organic matter. Generally, CPI >1.2 indicates immaturity,
but CPI <1.2 does not necessarily indicate maturity. The CPI
of sediment cores is between 0.76 and 4.03 (only 3 samples
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Figure 5: Biomarker characteristics of sediment core samples. (a) Generally contains squalene compound; (b) front peak group generally
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below 1.20), averaging 2.63, which reflects immaturity and
is in accordance with characteristics of modern marine
sediments.

3.3. Sedimentary Environment of Organic Matter. Pr/Ph >1.0
indicates oxidized sedimentary environment, and Pr/Ph <1.0
indicates reductive sedimentary environment [50]. Pr/Ph of
studied sediment core samples is distributed between 0.35
and 0.96, averaging 0.74, below 1.0 (Table 2, Figure 4), which
suggests reductive sedimentary environment. Additionally,

Pr/nC17 and Ph/nC18 correlation diagram (Figure 6) also
suggests that studied sediment samples are from marine
sedimentary environment with strong reducibility and are
at immature stage, which corresponds to characteristics of
modern marine sediments.

4. Conclusions

(1) The distribution of n-alkanes of 25 sediment sam-
ples in this research is characterized by three types:
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double-peak groups influenced by both terrige-
nous inputs and marine inputs, predominance of
long-chain n-alkanes which indicate higher terrige-
nous inputs, and predominance of short-chain n-
alkanes which indicate lower terrigenous inputs;
∑C25−35/∑C15−21 ranges between 0.50 and 4.58, aver-
aging 1.92; ∑C27+29+31/∑C15+17+19 ranges between
0.24 and 26, averaging 4.22;∑C21−/∑C22+ is between
0.19 and 0.98, averaging 0.51; (C27 + C29 + C31 +
C33)/∑C14–38 ranges from 0.21 to 0.52, averaging
0.35; all above outcomes indicate significant predom-
inance of terrigenous inputs.

(2) It is also of great significance to further distinguish
terrigenous organic matter, that is, ligneous plants
dominated or herbaceous plants dominated. C31/C29
of samples is between 0.87 and 1.12, averaging 1.04;
ACL is distributed between 29.61 and 30.09, averaging
29.92, around 30; these results reflect that herbaceous
plants and ligneous plants account for similar per-
centages in the sediment core samples.

(3) CPI1 values of short-chain alkanes of samples are
between 0.57 and 0.97 and are all below 1.0 and aver-
age 0.80, reflecting the apparent even predominance;
CPI2 values of long-chain alkanes are between 0.7
and 3.95, and CPI2 values of 22 samples are all above
1.20, and average 2.77, reflecting the apparent odd pre-
dominance. The apparent odd-even predominance
of sediments samples in the research suggests that
these samples were not contaminated by oil, and their
biomarker indicators could reflect the characteristics
of primitive sedimentary environment and source.
All the samples in the research contain the squalene
compound, and the unseparation complex mixture
(UCM) is widely developed in the short-chain n-
alkanes. Both facts indicate that the organic matter
suffered from the degradation by microbe. The long-
chain n-alkanes show apparent odd predominance,
with C27, C29, and C31 most abundant, which shows
that long-chain n-alkanes are mainly derived from
surface waxiness of continental higher plants.

(4) The CPI of samples is between 0.76 and 4.03, averag-
ing 2.63, which reflects immaturity. Pr/Ph of sediment
core samples is distributed between 0.35 and 0.96,
averaging 0.74, below 1.0. This suggests reductive
sedimentary environment. Pr/nC17 and Ph/nC18 cor-
relation diagram also suggests that studied sediment
samples are from marine sedimentary environment
with strong reducibility and that the organic matter
is at immature stage.

Competing Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments

The authors would like to give sincere thanks for the con-
tinuous supply of funds. This research was supported by the
China Postdoctoral Science Foundation (2015M571841), the
Key Laboratory of Marine Ecology and Environmental Sci-
ence and Engineering, SOA (MESE-2016-04), the Scientific
Research Foundation of Key Laboratory of CoalbedMethane
Resources and Reservoir Formation Process, Ministry of
Education (ChinaUniversity ofMining and Technology) (no.
2016-003), Foundation of Key Laboratory of Tectonics and
Petroleum Resources of Ministry of Education (TPR-2015-
04), Foundation of Sichuan Key Laboratory of Natural Gas
Geology (Southwest Petroleum University) (2015trqdz10),
and A Project Funded by the Priority Academic Program
Development of Jiangsu Higher Education Institutions.

References

[1] J. Chen, H. Zhang, H. Jin, M. Jin, and Z. Liu, “Accumulation
of sedimentary organic carbonin the arctic shelves and its
significance on global carbon budget,” Chinese journal of polar
research, vol. 16, no. 3, pp. 193–201, 2004.

[2] F. E. Muller-Karger, R. Varela, R. Thunell, R. Luerssen, C. Hu,
and J. J. Walsh, “The importance of continental margins in the
global carbon cycle,” Geophysical Research Letters, vol. 32, no. 1,
2005.

[3] J. I. Hedges and R. G. Keil, “Sedimentary organic matter
preservation: an assessment and speculative synthesis,”Marine
Chemistry, vol. 49, no. 2-3, pp. 81–115, 1995.

[4] R. A. Berner, “Burial of organic carbon and pyrite sulfur
in the modern ocean: its geochemical and environmental
significance,” American Journal of Science, vol. 282, no. 4, pp.
451–473, 1982.

[5] M. Zhao, Y. Zhang, L. Xing, Y. Liu, S. Tao, and H. Zhang, “The
composition and distribution of n-alkanes in surface sediments
from the South Yellow Sea and their potential as organic matter
source indicators,” Periodical of Ocean University of China, vol.
41, no. 4, pp. 90–96, 2011.

[6] S. Zhang, S. Li, H. Dong, Q. Zhao, X. Lu, and J. Shi, “An analysis
of organic matter sources for surface sediments in the central
South Yellow Sea, China: evidence based onmacroelements and
n-alkanes,” Marine Pollution Bulletin, vol. 88, no. 1-2, pp. 389–
397, 2014.



8 Journal of Chemistry

[7] Y. Qin, Y. Zhao, and L. Chen, Geology of the Yellow Sea, China
Ocean Press, Beijing, China, 1989.

[8] X. Gao, J. Song, X. Li, A. Long, and S. Chen, “A review of
the major progress on carbon cycle researches in the Chinese
marginal seas and the analysis of the key influence factors,”
Marine Sciences, vol. 32, no. 3, pp. 83–90, 2008.

[9] X. Shi, C. Chen, Y. Liu, H. Ren, and H. Wang, “Trend analysis
of sediment grain size and sedimentary process in the central
South Yellow Sea,” Chinese Science Bulletin, vol. 47, no. 14, pp.
1202–1207, 2002.

[10] S. Yang and J.-S. Youn, “Geochemical compositions and prove-
nance discrimination of the central south Yellow Sea sedi-
ments,”Marine Geology, vol. 243, no. 1–4, pp. 229–241, 2007.

[11] H. Wang, X. Zhang, X. Lan, Z. Zhang, Z. Lin, and G. Zhao,
“Geochemistry characteristics of sediment and provenance
relations of sediments in core NT1 of the South Yellow Sea,”
Journal of ChinaUniversity of Geosciences, vol. 18, no. 4, pp. 287–
298, 2007.

[12] Y. Wang, G. Li, W. Zhang, and P. Dong, “Sedimentary envi-
ronment and formation mechanism of the mud deposit in
the central South Yellow Sea during the past 40 kyr,” Marine
Geology, vol. 347, pp. 123–135, 2014.

[13] J. Lu, A. Li, P. Huang, and Y. Li, “Mineral distributions in surface
sediments of the western South Yellow Sea: implications for
sediment provenance and transportation,” Chinese Journal of
Oceanology and Limnology, vol. 33, no. 2, pp. 510–524, 2015.

[14] X. Zhang, Y. Ji, Z. Yang, Z. Wang, D. Liu, and P. Jia, “End
member inversion of surface sediment grain size in the South
Yellow Sea and its implications for dynamic sedimentary envi-
ronments,” Science China Earth Sciences, vol. 59, no. 2, pp. 258–
267, 2016.

[15] D. Cai, X. Shi, W. Zhou et al., “Material sources and transporta-
tion of sediments in the Southern Yellow Sea: the stable carbon
isotope evidences,” Chinese Science Bulletin, vol. 46, no. 1, pp.
16–23, 2001.

[16] X. Lan, X. Zhang, and Z. Zhang, “Material sources and trans-
portation of sediments in the Southern Yellow Sea,” Transac-
tions of Oceanology and Limnology, no. 4, pp. 53–60, 2005.

[17] X. Lan, H. Wang, Z. Zhang, Z. Lin, R. Li, and Z. Wang,
“Distributions of rare earth elements and provenance relations
in the surface sediments of the South Yellow Sea,” Journal of the
Chinese Rare Earthsociety, vol. 24, no. 6, pp. 745–749, 2006.

[18] X. Lan, H. Wang, R. Li, Z. Lin, and Z. Zhang, “Major elements
composition and provenance analysis in the sediments of the
south yellow sea,” Earth Science Frontiers, vol. 14, no. 4, pp. 197–
203, 2007.

[19] X. Yin, W. Liu, X. Lian, and X. Wan, “Detrital minerals
and geochemistry of the surface soft sediments and their
provenance, South Yellow Sea, China,” Journal of Jilin University
(Earth Science Edition), vol. 37, no. 3, pp. 491–499, 2007.

[20] Z. Xu, D. Lim, J. Choi, S. Yang, and H. Jung, “Rare earth
elements in bottom sediments ofmajor rivers around the Yellow
Sea: implications for sediment provenance,”Geo-Marine Letters,
vol. 29, no. 5, pp. 291–300, 2009.

[21] S. Zhang, S. Li, H. Dong, and J. Shi, “Characteristics of
biomarkers composition and geochemical significance of sur-
face sediments in the northern part of south Yellow Sea,”Marine
Science Bulletin, vol. 31, no. 2, pp. 198–206, 2012.

[22] L. Hu, X. Shi, Z. Guo, Y. Liu, and D. Ma, “Geochemical
characteristics of hydrocarbons in the core sediments from
the South Yellow Sea and its implication for the sedimentary

environment,” Acta Sedimentologica Sinica, vol. 31, no. 1, pp.
108–119, 2013.

[23] S. Zhang, S. Li, H. Dong, Q. Zhao, and Z. Zhang, “Distribu-
tion and molecular composition of organic matter in surface
sediments from the central part of South Yellow Sea,” Acta
Sedimentologica Sinica, vol. 31, no. 3, pp. 497–508, 2013.

[24] K. Wang, X. Shi, and X. Jiang, “The source and partition of
sediments in the Southern Yellow Sea: evidence from light
minerals,” Chinese Science Bulletin, vol. 46, no. 1, pp. 24–29,
2001.

[25] B. Li, Distribution of Polycyclic Aromatic Hydrocarbons and n-
Alkane in Surface Sediments from Yellow Sea an Bohai Sea,
University of Oceanology, Qingdao, China, 2000.

[26] Y.Wu, Some Progresses on Organic Geoehemistry Study of Bohai,
the Yellow Sea, the East China Sea and Large Estuaries, East
China Normal University, Shanghai, China, 2001.

[27] Y. Wu, J. Zhang, T.-Z. Mi, and B. Li, “Occurrence of n-alkanes
and polycyclic aromatic hydrocarbons in the core sediments of
the Yellow Sea,”Marine Chemistry, vol. 76, no. 1-2, pp. 1–15, 2001.

[28] S. Li, S. Zhang, Q. Zhao, and H. Dong, “The geochemical
characteristics and its significance of saturated hydrocarbon in
Surface Sediments from the South Yellow Sea,”Marine Geology
Letters, vol. 25, no. 12, pp. 1–7, 2009.

[29] M. Stuiver and P. J. Reimer, “Extended 14Cdata base and revised
CALIB 3.0 14C age calibration program,” Radiocarbon, vol. 35,
no. 1, pp. 215–230, 1993.

[30] K. A. Hughen, M. G. L. Baillie, E. Bard et al., “Marine04 marine
radiocarbon age calibration, 0–26 cal kyr BP,” Radiocarbon, vol.
46, no. 3, pp. 1059–1086, 2004.

[31] G. S. Kong, S.-C. Park, H. C. Han, J. H. Chang, and A.
Mackensen, “Late Quaternary paleoenvironmental changes in
the southeastern Yellow Sea, Korea,” Quaternary International,
vol. 144, no. 1, pp. 38–52, 2006.

[32] Y. Zhao, F. Li, D. J. DeMaster, C. A.Nittrouer, and J. D.Milliman,
“Preliminary studies on sedimentation rate and sediment flux of
the SouthHuanghai Sea,”Oceanologia Et Limnologia Sinica, vol.
22, no. 1, pp. 38–43, 1991.

[33] F. Li, S. Gao, J. Jia, and Y. Zhao, “Contemporary deposition
rates of fine-grained sediment in the Bohai and Yellow Seas,”
Oceanologia et Limnologia Sinica, vol. 33, no. 4, pp. 364–369,
2002.

[34] J.-M. Kim and M. Kucera, “Benthic foraminifer record of
environmental changes in the Yellow Sea (Hwanghae) during
the last 15,000 years,”Quaternary Science Reviews, vol. 19, no. 11,
pp. 1067–1085, 2000.

[35] L. Zhuang, F. Chang, T. Li, and J. Yan, “Foraminiferal faunas
and holocene sedimentation rates of core EY02-2 in the South
Yellow Sea,” Marine Geology and Quaternary Geology, vol. 22,
no. 4, pp. 7–14, 2002.

[36] M. Blumer, R. R. L. Guillard, and T. Chase, “Hydrocarbons of
marine phytoplankton,” Marine Biology, vol. 8, no. 3, pp. 183–
189, 1971.

[37] G. Eglinton and R. J. Hamilton, “Leaf epicuticular waxes,”
Science, vol. 156, no. 3780, pp. 1322–1335, 1967.

[38] Y. Duan, “Organic geochemistry of recent marine sediments
from the Nansha Sea, China,”Organic Geochemistry, vol. 31, no.
2-3, pp. 159–167, 2000.

[39] J. E. Silliman and C. L. Schelske, “Saturated hydrocarbons in the
sediments of Lake Apopka, Florida,”Organic Geochemistry, vol.
34, no. 2, pp. 253–260, 2003.



Journal of Chemistry 9

[40] K. J. Ficken, B. Li, D. L. Swain, and G. Eglinton, “An n-
alkane proxy for the sedimentary input of submerged/floating
freshwater aquatic macrophytes,”Organic Geochemistry, vol. 31,
no. 7-8, pp. 745–749, 2000.

[41] R. Mead, Y. Xu, J. Chong, and R. Jaffé, “Sediment and soil
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1Departamento Edafoloxı́a e Quı́mica Agŕıcola, Facultade de Farmacia, Universidade de Santiago de Compostela,
Campus Vida, 15782 Santiago de Compostela, Spain
2Unidade de Análise Elemental (RIAIDT), Edificio CACTUS-Lugo, Universidade de Santiago de Compostela, 27002 Lugo, Spain

Correspondence should be addressed to Diego Martiñá Prieto; diego.martina@usc.es
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The influence of epipsammic biofilms on As release from river sediments was evaluated in a microcosm experiment where biofilms
were grown on sediments containing 106mg kg−1 As, collected in the Anllóns River, and compared with control systems without
biofilms. The As transfer to the water column was low (<0.11% of total As in the sediment) and was further reduced by 64% in the
presence of biofilms. AsV was the predominant species in the overlying water in both systems. AsIII concentration was higher (up to
12% of total dissolved As) in the control systems than in the systems with biofilms, where this species was almost absent. This fact
is of toxicological relevance due to the usually higher mobility and toxicity of the reduced AsIII species. Control systems exhibited
higher As mobility in water, in sulphate solution, and in weak acid medium and higher bioavailability in diffusive gradient in thin
films (DGT) devices. Arsenic retained by the biofilmwas equally distributed between extracellular and intracellular compartments.
Inside the cells, significant concentrations of AsIII, monomethylarsonic acid (MMAV), and dimethylarsinic acid (DMAV) were
detected, suggesting that active methylation (detoxification) processes are occurring in the intracellular compartment.

1. Introduction

Arsenic (As) is a toxic element widely distributed in aquatic
environments. Its presence is often attributed to lithogenic
origin exacerbated by human activities [1]. Arsenic pollution
has a negative impact on water quality, constituting a risk
for the environment and for human health when it is
incorporated to water or food [2]. Arsenic mobilization from
soils and sediments into the aqueous phase may be caused
by chemical and biological processes which can be classified
into four categories: (a) ion displacement, (b) desorption (or
limited sorption) at pH values > 8.5, (c) reduction of arsenate
to arsenite, and (d)mineral dissolution, particularly reductive
dissolution of Fe and Mn (hydr)oxides [3]. Microorganisms
also play a key role in As transfer from sediments, mainly in
the reduction of AsV to AsIII and in the dissolution of Fe and
Mn oxides acting as arsenic carriers.

In the Anllóns River basin, high As concentrations of
natural lithogenic origin have been detected in rocks and
soils. Gold mining activities, carried out throughout history,
resulted in the removal of As associated with Au mineraliza-
tions and its accumulation in sediments in the lower reaches
of the river [4, 5]. Arsenic concentrations in these sediments
reached up to 264mg kg−1 [4], which exceed up to 5 times
the reference levels of Galician soils defined at 50mg kg−1 [6].
Arsenic in the sediments is mainly present as low solubility
forms [7], mainly bound to Fe oxides and in the residual
phase. Despite this low mobility, it has been shown that As
solubility in these sediments increases in conditions of high
salinity, extreme pH, or high P concentrations, as well as
during high-flow resuspension events [7, 8].

Because microorganisms play an important role in As
geochemistry, their influence has to be explored in the
fluvial ecosystems. In fact,multispecies communities forming
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biofilms are ubiquitous over the wet surfaces of plants, rocks,
or sediments. Biofilms are complex systems of microor-
ganisms, mainly constituted by algae, bacteria, fungi, and
protozoa, embedded in a polymeric matrix. They are crucial
in aquatic ecosystems because they are involved in primary
production, carbon and nutrient cycling, retention of inor-
ganic and organic nutrients, and support for food webs [9].
Epipsammic biofilms, colonies of microorganisms attached
to the surface of granular sediments, have been identified
in the Anllóns River and were deeply characterized in a
recent field study [10].Themain taxa identified in theAnllóns
River belonged to Chlorophyta, Cyanophyta, Euglenophyta,
andHeterokontophyta.Themost abundant class was diatoms
(Bacillariophyceae), which represent >86% of the total abun-
dances in the superficial sediments, and specifically, the most
abundant genus was Navicula. In a later work, epipsammic
biofilms have been satisfactory reproduced at lab scale in
indoor experimental fluvial channels [11]. In this work,
the maximum growth of epipsammic biofilm was achieved
between 11 and 18 days, with values of Chl-a of 2.97𝜇g g−1, as
ameasurement of the growth of autotrophicmicroorganisms,
and soluble carbohydrates of 0.50mg glucose equivalents g−1,
as a measurement of the Extracellular Polymeric Substances
(EPS) which embedded the multispecies communities of
the biofilm. Thus, the formation of epipsammic biofilm was
corroborated in lab conditions.

Previous studies have demonstrated that, despite the
apparent low mobility of As in the Anllóns’ sediments, it
could bemobilizedwith changes in environmental conditions
[7, 8]. Furthermore, the role of epipsammic biofilms in
the biogeochemistry of As has recently been studied for
sediments in the Anllóns River, revealing that the biofilms
increased the sorption capacity of As, an effect which is
enhanced by the presence of phosphate [12], and that they
strongly affected the speciation of As in the water column
by decreasing the proportion of AsIII [13]. Therefore, at this
point, it is necessary to elucidate the effect of the epipsammic
biofilms on As transfer from As-rich sediments to the river
water, an aspect that, to our knowledge, has not been
investigated before. This objective is addressed in this work,
in order to better understand the role of epipsammic biofilms
onAs cycling in the riverine ecosystem and,more precisely, to
investigate its role onAsmobilization fromAs-rich sediments
to the aqueous phase. To this end, a complete study was
carried out at a microcosm scale, where epipsammic biofilms
were grown on natural As-rich sediments and As leaching
and speciation were studied in comparison with sterilized
sediments. Particular objectives were (1) to evaluate the effect
of biofilms on As release from contaminated sediments,
determining the changes in the concentration and speciation
of aqueous As released to the water column, and establishing
the kinetics of the leaching process; (2) to determine the
distribution of the As retained by the biofilm, among the cells
and the EPSmatrix; (3) tomeasure the volatilization ofAs and
to quantify its importance during the incubation experiment;
and (4) to evaluate the leaching and bioavailability of As at the
end of the incubation experiment in biofilm-rich sediments
in comparison with sediment devoid of biofilm.

2. Materials and Methods

2.1. Sampling Site. The river water and sediment samples
used in this study were collected in the Anllóns River
(Galicia, NW Spain) at a point known as Xavarido, just
downstream from an area where gold mining operations
have been performed throughout history and where high As
concentrations have been previously detected in the riverbed
sediment [4]. The coordinates of the sampling point were
latitude 43∘1348.82N and longitude 8∘4954.29W. The
geological substrate of the sampling site mainly consists of
alkaline gneiss.

2.2. Sediment and River Water Sampling. The experimental
procedure outlined in Figure 1 was followed. A complex
sample of sediment was collected with a small plastic shovel
from the top 5 cm at various points at this site and taken
to the laboratory in hermetic plastic containers topped up
to prevent oxidation. Sediment < 2mm was air dried before
analysis. Total organic carbon, nitrogen, and sulphur contents
were determined in a LECOTruSpecCHNS analyzer. Arsenic
concentration and other major and trace constituents were
determined by X-ray fluorescence spectrometry.

The river water sample was collected at the same site and
transported cooled to the laboratory. Once in the lab, water
was filtered by 0.45 𝜇m to be employed as a biofilm growth
medium so as to better reproduce the natural conditions for
biofilm development. Water analysis was conducted using
the following methods: pH and electrical conductivity (EC)
were measured using a Hamilton electrode and a Metrohm
712 conductivity meter, respectively, coupled to a Metrohm
Titrando 808. Alkalinity wasmeasured by colorimetric deter-
mination using an AQUAKEM 250 Analyzer (Labmedics).
Cations were measured by ICP-MS whereas anions were
measured using a 850 Professional IC ion chromatograph
(Metrohm). Total P was measured using an ICP-MS and
total N was determined by segmented flow analysis and
colorimetry with Futura console (AMS Alliance) after filtra-
tion through a 0.45 𝜇m membrane Millex-HM (Millipore).
Dissolved organic carbon (DOC) was measured using a Total
Organic Carbon Analyzer Model TOC-V CSN (Shimadzu,
Kyoto).With this equipment, DOC concentration is obtained
by subtracting the inorganic carbon (IC) concentration from
the total carbon (TC) concentration. TC is determined by the
680∘C combustion catalytic oxidation method, whereas IC is
determined by acidification and sparging.TheCO

2

generated
in both determinations is detected using a nondispersive
infrared gas analyzer (NDIR).

2.3. Effect of the Biofilms on As Transfer from Sediments
to Water. Arsenic transfer from sediment to water was
evaluated in laboratory experiments conducted atmicrocosm
level. Sediment samples (125 g, 20% water content) were
incubated in bioreactors (two replicates per sample) filled
with 500mLof filtered (<0.45 𝜇m) riverwater.Theflaskswere
equipped with systems for air-supply, sample collection, and
volatilized arsenic trapping. All the materials were previously
sterilized by autoclaving at 120∘C for 30min.The biofilm was
grown in an incubation chamber under optimal controlled
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conditions of light (day-night cycles, 12 h of light with inten-
sity ca. 40 𝜇mol photon m−2 s−1), temperature (20∘C), and
air-supply (ca. 1 Lmin−1). Control systems were incubated
similarly to those explained above, but in this case sediment
samples were previously submitted to 3 cycles of autoclaving
at 120∘C for 30min to avoid microbial activity and growth.
Among the physical treatments to sterilize sediment and
river water samples, autoclaving was selected because it is
a standard, inexpensive, and effective physical method for
sterilizing samples. Moreover, other alternative methods,
such as chemical treatments, were discarded because they
may cause changes in arsenic speciation, increase electrical
conductivity, and, in general, modify water composition
which is an essential part of this study and is analysed during
the experiment.Hereafter, the control and biofilm systems are
referred to as systems C and B, respectively. The incubation
was initiated in parallel for systems C and B.

Systems C and B were maintained under these conditions
for 5weeks, duringwhich aliquots (3mL) of thewater column
were sampled daily using single-use sterile PP syringes
(Braun Inkjet, B Braun AG, Melsungen). The samples were
immediately filtered (sterile 0.45-𝜇m Whatman Puradisc
25AS� syringe filters, GE Healthcare Europe GmbH,
Barcelona) and stored frozen (−80∘C) until analysis of total
As by ICP-MS and of As species (arsenite-AsIII-, arsenate-
AsV-, monomethyl-arsenate-MMAV-, dimethyl-arsenate-
DMAV-, and arsenobetaine-AsB-) by HPLC-ICP-MS.
Additionally, the dissolved P, Fe, and Mn concentrations
were determined by ICP-MS. The concentrations of As, P,
Fe, and Mn were analysed in triplicate by ICP-MS to ensure
the quality of the analysis (RSD < 3%). At the end of this
experiment, the volatilized As and the potential leaching and
bioavailability of As were evaluated.

2.3.1. Arsenic Volatilization. To quantify the As volatilized
during the experiment, arsines (the volatile As species) were
trapped using the AgNO

3

based chemotrapping approach
described by Mestrot et al. [14] and Yin et al. [15].
In this method, the arsine (AsH

3

), monomethyl arsine
(MeAsH

2

), dimethyl arsine (Me
2

AsH), and trimethylarsine
(TMAsorMe

3

As) react with AgNO
3

and are preserved by
oxidation to their pentavalent oxy-species (AsV, MMAV,
DMAV, and trimethylarsine oxide (TMAO), resp.) [14].

To prepare the traps, silica gel (2.5–5mm)was submerged
in 5% (w/v) HNO

3

solution overnight andwashed withMilli-
Q water (18.2MΩ⋅cm−1 resistivity), then impregnated with
a 10% (w/v) AgNO

3

solution, and placed overnight in an
oven at 70∘C (covered with aluminum foil to avoid the pho-
todecomposition of AgNO

3

) [15]. Subsequently, to prepare
trap tubes, silica gel (∼1 g) was loaded into a 10mL sterilized
syringe and held at both ends with a small quantity of washed
QP glass wool (Panreac, Barcelona). Trap tubes were again
coveredwith aluminum foil to avoid the photodecomposition
of AgNO

3

and coupled to microcosm systems. At the end of
the experiment, 5mL of 1% (v/v) hot boiling HNO

3

was used
to eluate the collected As in the trap tubes [16]. Eluates were
filtered (0.45 𝜇m)and stored frozen (−80∘C)until total Aswas
measured by ICP-MS.

2.3.2. Leaching and Bioavailability of As. At the end of
the experiment, the overlying water was removed and As
mobility in the substrate was evaluated in three ways as
follows.

(1) By washing a 0.5 g solid sample (sediment or sediment
+ biofilm) with As-free filtered (0.45𝜇m) river water (1 : 10
solid : liquid ratio) (soluble As) [17].

(2) By applying the first two steps (exchangeable and
specifically sorbed As) of the sequential extraction procedure
described by Lombi et al. [18] for As fractionation: 0.5 g
samples (sediment or sediment + biofilm) were subjected
to sequential extractions with 12.5mL extractant (0.05M
(NH
4

)
2

SO
4

for F1 fraction and 0.05M NH
4

H
2

PO
4

for F2
fraction) and shaken during 1 h.The extracts resulting in each
phase were centrifuged at 5,000 rpm for 15min.

(3) By using the Toxicity Characteristic Leaching Pro-
cedure (TCLP) according to EPA Method 1311 [19] (As
mobilized in a weak acid medium), consisting of a 24 h
extraction in Milli-Q water at pH 4.5 adjusted with acetic
acid, using a 1 : 20 soil : water ratio: after the extraction step,
the suspensions were centrifuged at 2,000 rpm for 15min.

The aqueous extracts from the determinations of soluble,
exchangeable, and specifically sorbed As and TCLP were
filtered (0.45𝜇m) and stored frozen (−80∘C) until analysed
for total and speciation of As by ICP-MS andHPLC-ICP-MS,
respectively. All the experiments were carried out in triplicate
and were done within the quality requirements.

To evaluate As bioavailability, DGT devices (DGT
Research Ltd., Lancaster) incorporating Fe oxide gels were
used. These devices accumulate metals and metalloids on
a binding agent after passing a well-defined diffusive layer
[20]. DGT devices were placed onto the sediment surface
for 24 h to afford an operationally defined measure of the As
“bioavailable” fraction. After that exposure time, the devices
were rinsed with Milli-Q water and the resin gels were
removed and then eluted with 1mL of 7.2M (32.5%) HNO

3

for 24 h to allow a complete extraction of As. The extracts
were filtered (0.45 𝜇m) and diluted 6 times with Milli-Q
water prior to analysis by ICP-MS. The mass of As in the
resin gel (M), the time-averagedDGTconcentrations (CDGT),
and the flux (F) of As measured by DGT were calculated
according to Zhang and Davison [21] and to DGT� technical
documentation [22]. The mean (5.85 10−6 cm2 s−1) of the
values found in the literature for the diffusion coefficient of
AsV in the DGT gel was used in the calculations of CDGT.

2.4. Determinations in the Biofilm. At the end of the experi-
ment, chlorophyll-a fluorescence was determined to confirm
the development of a mature biofilm, and the distribution of
As in extracellular and intracellular compartments within the
biofilm was also evaluated.

2.4.1. Chlorophyll-a Fluorescence Measurements. The FIBER
version of the Phyto-PAM fluorometer (Walz, Effeltrich,
Germany) was used for the determination of the content of
active chlorophyll on the surface of the sediments developing
biofilms and to differentiate between pigmented groups of
algae (green algae, diatoms, and cyanobacteria). For this
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instrument, fluorescence is excited alternatingly at high
repetition rates by 𝜇sec light pulses of 470, 520, 645, and
665 nm, originating from light emitting diodes (LED), and is
detected by an extremely sensitive miniature photomultiplier
detector.

At the end of the experiment, in vivo chlorophyll-a flu-
orescence was determined. Biofilm samples were previously
incubated for 20 minutes in dark conditions to ensure that
all reaction centers were open and then the photosynthetic
activity was assessed using red actinic light and saturation
pulses. To this end, 10 measurements were taken on the
sediment surface of each system to ensure a good repre-
sentativeness. The following parameters were obtained as a
result of this analysis: the minimal fluorescence yield (F

0

) of
a dark adapted cell, which is proportional to its chlorophyll-
a concentration and can be used as an estimation of algal
biomass [23], and the maximum PII quantum yield (𝑌max),
calculated as 𝑌max = (F𝑚 − F0)/F𝑚 according to Schreiber et
al. [24], which is defined as a measure of the photosynthetic
capacity of the community [23]. All calculations were done
using the fluorescence signal recorded at 665 nm and are
given as relative units of fluorescence.

The relative abundance of each phototrophic group
composing the biofilm was estimated from the fluorescence
signals recorded at 470 (F

01

), 520 (F
02

), 645 (F
03

), and 665
(F
0

) nm. The ratio F
01

/F
03

was used as an indication of
dominance of green algae (high values) versus dominance of
cyanobacteria (low values) [25].

2.4.2. Distribution of As within the Biofilm. For the extraction
of extracellular As, the procedure by Levy et al. [26] was
followed. To this end, biofilm samples (0.5 g) were gently
taken from 5 different points of the sediment and mixed in
a Falcon 15mL conical tube, rinsed with 10mL of filtered
river water (1 : 10 solid : liquid ratio), and allowed to stand
for 20min. Then, the solid phases were submitted to two
washing cycles with 10mL of a 0.1M KH

2

PO
4

/K
2

HPO
4

buffer solution (pH 5.95) to extract the extracellular As. The
suspensions were shaken for 30 s and allowed to stand for
20min, before they were centrifuged (3,000 rpm, 15min).
The supernatants were filtered (0.45 𝜇m syringe filters) and
the extraction cycle was repeated again. The eluates of the
two washes were combined and stored frozen (−80∘C) until
analyzed for total As in the extracellular fraction by ICP-MS.
The remaining solid phases were gently washed with Milli-
Q water (18.2 MΩ⋅cm−1 resistivity), centrifuged (3,000 rpm,
15min), and stored frozen (−80∘C) until further analysis of
intracellular As. For this purpose, the procedure byMiyashita
et al. [27] was followed. The solid phases of the previous
steps were thawed and As was extracted with 10mL of 1 : 1
(v : v) methanol : H

2

O solution. After standing for 10min,
the suspensions were sonicated for 10min and centrifuged
at 3,000 rpm for 15min. The extraction was repeated twice
with 5mL of methanol/H

2

O solutions. The extracts were
combined and evaporated using a rotavapor (Büchi Rotava-
por R-200, BÜCHI Labortechnik GmbH, Essen). The dried
extracts were redissolved with Milli-Q water (18.2MΩ⋅cm−1
resistivity), filtered (0.45𝜇m), and stored frozen (−80∘C)
until analyzed for total As and As species by ICP-MS and

HPLC-ICP-MS, respectively. At the end of the sequential
extractions, solid phases were dried at 105∘C to constant
weight to determine the dry weight of the analyzed samples.

2.5. Arsenic Analysis. For the quantification of total As
concentrations, a Varian 820-MS ICP-MSwas used, equipped
with collision reaction interface (CRI) technology to reduce
polyatomic interferences. The total concentrations of P, Fe,
and Mn were also determined by ICP-MS. The detection
limits for As, P, Fe, andMn were 3.4, 77.6, 31.0, and 1.2 ng L−1.
The certified reference material EnviroMat Drinking Water
EP-H-1 (Catog. number: 140-025-032, SCP Science) was used
for quality control.

Speciation analysis of dissolved As was carried out by
High-Performance Liquid Chromatography coupled with
Inductively Coupled Plasma Spectrometry (HPLC-ICP-MS).
To this end, aVarianProstar 230HPLCequippedwith a guard
column and an anion exchange column Hamilton PRP-X100
(4.1 × 250mm and 10 𝜇m) was used. Separation of the five
arsenic species was performed using a 13-minute gradient
LC method with 12.5mM and 30mM (pH 9) (NH

4

)
2

CO
3

as mobile phase, a flow rate of 1mLmin−1, and an injection
volume of 50 𝜇L. For quantification, the Varian 820-MS ICP-
MS was used. The detection limits under the experimental
conditions were 2.8, 4.1, 2.9, 4.6, and 2.5 ng L−1 for AsV, AsIII,
MMAV, DMAV, and AsB, respectively.

2.6. Statistical Analysis. All the statistical analyses were per-
formed using the SPSS 19 package (IBM SPSS, 2010). Two-
way repeated measures ANOVA was carried out with total
As, P, Fe, andMn concentrations throughout the experiment.
Time was the within-subject continuous variable, whereas
the type of sample (Control, C, and biofilm, B) was the
between-subject variable. Finally, post hoc Bonferroni’s test
was applied to check significant differences (𝑝 < 0.05; 𝛼 =
0.05).

Student’s 𝑡-test was carried out to analyze the significant
differences (𝑝 < 0.05; 𝛼 = 0.05) between the control
and biofilm systems, in extracellular and intracellular As
concentrations, in As extracted with sulphate, phosphate,
and TCLP, and in As bioavailability by DGT, as well as in
arsenic speciation. As a first step, data were checked for
normal distribution. Levene’s contrast was used to evaluate
the homogeneity or equality of variances.

3. Results and Interpretation

3.1. Sediment and River Water Characterization. The main
characteristics of the river water and the sediment from the
Xavarido site are shown in Table 1. River water had a pH of
7.45, an EC of 145 𝜇S cm−1, and DOC of 2.05mg L−1. Total
P and nitrate (as NO

3

−-N) concentrations were low (0.02
and 1.87mg L−1, resp.); Anllóns River water can therefore be
classified as of high ecological status, because these low values
were below the limits for Spanish rivers of the Atlantic and
Cantabrian watersheds, fixed at 0.07 and 2.26mg L−1 for P
and nitrate (as NO

3

−-N), respectively [28]. P concentration
was also lower than the maximum acceptable concentration
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to avoid accelerated eutrophication or to promote algal
blooms, fixed at 0.1mg L−1 [29]. The total As concentration
was also low (0.98 𝜇g L−1), in the range of those previously
detected in freshwaters from the Anllóns River by Costas
et al. [5] (0.16–3.96 𝜇g L−1), and well below the maximum
concentration level recommended by WHO for drinking
water, fixed at 10 𝜇g L−1 [30].

The sediment exhibited a C/N ratio of 12, which is the
limit ofOMassociatedwith algal biomass, and therefore from
autochthonous origin [31], whereas ratios >12 are indicative
of OM rich in lignin and cellulose as well as poor in N,
attributable to terrestrial origin [32]. This value is within the
range of those reported by Devesa-Rey et al. [33] for riverbed
sediments from 14 sampling sites in the Anllóns River, with
values varying from 5 to 36 and with a mean value of 13, and
slightly lower than those reported by Barral et al. [34], who
found C/N values from 13 to 35, with a mean value of 18, for
10 sediments from the same river.

The content of As in the sediment was 106mg kg−1, which
greatly exceeds the general reference level for As in soils in
Galicia, fixed at 50mg kg−1 (140mg kg−1 in soils over slates
with arsenopyrite) [6], and was higher than the threshold
of the European Water Framework Directive for suspended
matter and sediment (40mg kg−1) [35]. The value was also
higher than the Effects Range Median (ERM) (the level at
which half of the studies reported harmful effects) set for As
at 70mg kg−1 by Long et al. [36].

As the geological substrate of the Xavarido site mainly
consists of alkaline gneiss, the high total concentrations of
Fe, Ti, and Mn found in the sediment are indicative of the
transport of solid particles from basic rocks located upstream
from the sampling site.

3.2. Effect of the Biofilm on As Transfer from Sediment to
Water. The As concentrations in the overlying water during
the incubation experiment increased in the early days of
the experiment (up to 7 and 14 days in systems B and
C, resp.) and then maintained an almost constant value
(Figure 2). In both cases, the percentage of As released from
the As-rich sediments was low, representing at most 0.11 and
0.04% of the total As content in the sediments, for systems
C and B, respectively. Notwithstanding, repeated measures
ANOVA indicate that As released from sediment towater was
significantly lower (𝑝 < 0.01) in the B systems, where As
concentrations only reached 13 ± 2 𝜇g L−1, whereas in the C
systems As concentrations reached up to 30 ± 10 𝜇g L−1. This
latter value greatly exceeds the maximum concentration level
recommended by WHO for drinking water (10𝜇g L−1) and
is slightly higher than the Environmental Quality Standard
(EQS) for As in inland surface waters (a threshold for
annual average concentration of As in surface waters to
ensure protection against long-term exposure to pollutants
in an aquatic environment) set at 25𝜇g L−1 by the Priority
Substances Directive in Surface Waters [37].

The behavior of P and Mn was similar to that of As,
with significantly higher concentrations in the C systems
throughout the experiment (𝑝 < 0.05 and 𝑝 < 0.01,
resp.), but, unlike As, they exhibited a clear maximum on
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Figure 2: Arsenic concentration in the overlying water during the
incubation experiments in systems C (control) and B (biofilm).

the first day in the C systems (Figure 3). It is noteworthy
that Mn reaches 2090𝜇g L−1 in the C systems, whereas it
does not exceed 4 𝜇g L−1 in the B systems. Furthermore, P
concentrations were approximately 7 times higher in the C
than in B samples; in the latter systems, P concentration
decreased with time, which is attributed to its uptake by
the biofilm. Fe concentrations only showed significant differ-
ences between both systems at the beginning and at the end
of the experiment.

3.2.1. Effect of the Biofilm on As Speciation in the Overlying
Water. The concentration of aqueous As species is shown
in Table 2. The oxidized AsV species predominated in both
systems at all times, with percentages above 78% of the total
dissolved As. In the C systems, the AsV values ranged from
5.52𝜇g L−1 at time zero to a maximum of 24.80 𝜇g L−1 on
the fourth day, whereas in the B systems it ranged from
1.73 𝜇g L−1 to 13.28 𝜇g L−1 on the eleventh day.Themaximum
AsIII concentration (2.47 𝜇g L−1, representing 10.5% of the
total As) was found in the C systems, where the highest con-
centrations of this reduced species were observed in the first
4 days, but it was practically undetectable in the B systems.
This different behavior of systems B and C can be explained
because the autotrophic components of the biofilm generate a
more oxygenated interface, due to photosynthesis, promoting
As oxidation and avoiding As reduction. Taken as a whole,
the lower As concentrations in samples B and the higher
proportion of AsV found in these systems have important
environmental and toxicological relevance, because AsV is
considered less toxic than AsIII [38].

Contrary to what might be expected, organic As forms
(MMAV, DMAV, and AsB) appeared in both systems, and
DMAV and AsB even exhibited higher concentrations in sys-
tems C. The highest DMAV and AsB concentrations reached
in the C systems were 0.67 and 0.94 𝜇g L−1, respectively,
whereas in the B systems they were 0.41 and 0.10 𝜇g L−1. In
the case of methylated species, this fact could be explained
because methylated compounds had already been produced
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Table 2: Arsenic speciation in the overlying water for systems C (control) and B (biofilm).

System Time
(day)

AsV
(𝜇g L−1)

AsIII
(𝜇g L−1)

MMAV

(𝜇g L−1)
DMAV

(𝜇g L−1)
AsB

(𝜇g L−1)
∑ As sp.
(𝜇g L−1)

Total As
(𝜇g L−1) % recovery

B

0 1.73 n.d. 0.47 n.d. n.d. 2.19 2.50 87.94
1 4.28 n.d. 0.52 n.d. n.d. 4.79 7.19 66.64
4 9.92 n.d. n.d. 0.03 0.04 9.98 9.92 100.70
11 13.28 0.03 n.d. 0.02 0.01 13.34 11.90 112.86
18 12.69 n.d. n.d. n.d. 0.02 12.71 12.75 99.36
24 10.67 n.d. n.d. 0.12 0.10 10.89 11.21 96.90
33 7.58 n.d. n.d. 0.19 n.d. 7.77 9.69 80.04
39 7.30 0.13 n.d. 0.41 0.07 7.91 9.17 86.34

C

0 5.52 0.47 0.29 n.d. 0.12 6.40 6.88 92.64
1 20.52 2.47 0.12 0.08 0.39 23.58 26.14 89.80
4 24.80 1.54 n.d. 0.59 0.61 27.54 30.30 91.09
11 24.62 0.47 n.d. 0.43 0.89 26.42 25.51 103.35
18 22.66 0.47 n.d. 0.59 0.92 24.63 23.73 103.98
24 22.07 0.08 n.d. 0.60 0.94 23.69 23.34 101.50
33 17.56 0.29 0.09 0.61 0.73 19.29 22.20 86.83
39 16.74 0.34 0.18 0.67 0.68 18.62 21.67 85.64

n.d.: not detectable.
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Figure 3: Total P (a), Mn (b), and Fe (c) concentrations in the overlying water during the incubation of control (C, black squares) and biofilm
(B, white squares) systems.
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Table 3: As mobilized in various extractants and time-averaged bioavailable concentration in DGT devices (𝐶DGT). Percentages in brackets
represent the As mobilized with respect to the total As in sediments.

Sample Water soluble As Exchangeable As Specifically sorbed As TCLP As 𝐶DGT

(𝜇g g−1) (𝜇g L−1)
C 0.051 (0.05%) 0.18 (0.17%) 1.39 (1.31%) 0.28 (0.26%) 2.25
B 0.045 (0.04%) 0.13 (0.12%) 2.58 (2.43%) 0.11 (0.10%) 1.44

Table 4: Speciation of As mobilized by the different extractants in samples C and B.

Extractant Sample AsV AsIII MMAV DMAV AsB ∑ As sp. % recovery

As-WS (𝜇g kg−1) C 36.8 n.d. n.d. 2.4 1.1 40.3 80
B 35.1 1.9 n.d. 2.0 0.2 39.2 87

As-Ex (𝜇g kg−1) C 193.4 4.9 n.d. 4.7 n.d. 203.0 104
B 121.6 n.d. n.d. 12.4 n.d. 134.0 89

As-SS (𝜇g kg−1) C 1400.9 20.7 5.5 8.9 3.4 1439.4 104
B 2163.1 20.0 8.4 1.9 n.d. 2193.4 86

As-TCLP (𝜇g kg−1) C 276.1 50.5 15.3 4.4 n.d. 346.3 118
B 125.9 4.6 n.d. 3.4 0.9 134.8 109

n.d.: not detectable. Detection limits: 4.1, 2.9, 4.6, and 2.5 ng L−1 for AsIII, MMAV, DMAV, and AsB, respectively.

by themicroorganisms in the sediments in situ and then taken
with samples and transferred from the sediment to the water
column during the incubation. Cell lysis during sterilization
could favor the release of methylated species from inside the
cells to the surrounding medium. Additionally, AsB (fish-
As) may have originated in a seafood canning industry and
a sewage treatment plant (AsB may be excreted in urine)
located upstream from the sampling point.

3.2.2. Volatilized As. The mean value for volatilized As from
samples B was 1.44 ng (representing only 1.1 10−5%of the total
As content in sediments), whereas 0.92 ng (representing only
6.9 10−6% of the total As content) was retained in the traps
of samples C, with no significant differences between both
systems. Therefore, the volatilization of As from the Anllóns
River bed sediments by the microorganisms composing the
biofilm is not a key factor in the global balance of As.

3.2.3. Leaching and Bioavailability of As. In both the control
and biofilm systems, As mobilized in various extractants
decreased in the following order: specifically sorbed >
extracted in TCLP ≥ exchangeable > water soluble (Table 3).
The latter three were significantly higher (𝑝 < 0.05)
in the C systems, whereas the specifically sorbed As was
significantly higher (𝑝 < 0.01) in the presence of biofilm.
The bioavailability of As measured by DGT devices was also
significantly higher (𝑝 < 0.05) in the control systems than in
the sediments incorporating the biofilm.

AsV was the predominant As species in all the extracts
(>80% of total As species) (Table 4). The highest concentra-
tions of AsIII (50.5 𝜇g kg−1) and MMAV (15.3 𝜇g kg−1) were
detected in TCLP extracts for samples C, while the highest
concentration of DMAV was detected in sulphate extracts for
samples B (12.4 𝜇g kg−1).

3.3. Biofilm Measurements

3.3.1. Chlorophyll-a Fluorescence Measurements. The devel-
opment of a mature biofilm after 5 weeks was corroborated
by the measurement of in vivo chlorophyll-a fluorescence
using the Phyto-PAM device.Theminimal fluorescence yield
of a dark adapted cell (F

0

) increased in the B systems up
to a mean value of 916 ± 419 at the end of the incubation
period, with respect to the sterilized sediment used as blank
(121±10), whereas this parameter did not change throughout
the experiment in the sterilized C systems (102 ± 2) and
confirms the effectiveness of the sterilization process.

The maximum PII quantum yield, which measures the
photosynthetic capacity of the autotrophic microorganisms
composing the epipsammic biofilm, exhibited a mean value
of 0.52 in the B systems. This value is in agreement with the
typical values found for freshwater periphyton developed in
unpolluted waters [39–42].

Based on the computer-aided deconvolution of fluo-
rescence measurements using the PhytoWin software, the
relative contents of phytoplankton groups, which make up
the biofilms at the end of the experiment, followed the order:
cyanobacteria (52%) > green algae (33%) > diatoms (15%).
The low value (0.29) found for the ratio F

01

/F
03

corroborates
the dominance of cyanobacteria with respect to green algae.

3.3.2. Distribution and Speciation of As in the Biofilm. Arsenic
was uniformly distributed in the biofilm, because no signifi-
cant difference was found between the extracellular (1.03 ±
0.05 𝜇g g−1 of As) and the intracellular (1.38 ± 0.35 𝜇g g−1)
compartments. The speciation of intracellular As (Table 5)
shows that AsV was the predominant species, although, inter-
estingly, AsIII, MMAV, and DMAV were also detected inside
the cells.This may be indicative of processes of detoxification
performed by the epipsammic biofilm, by reduction of AsV to
AsIII and subsequent methylation to MMAV and DMAV.
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Table 5: Speciation of intracellular As.

AsV (𝜇g kg−1) AsIII (𝜇g kg−1) MMAV (𝜇g kg−1) DMAV (𝜇g kg−1) AsB (𝜇g kg−1) ∑ As sp. (𝜇g kg−1)
1025.8 14.7 2.6 8.7 n.d. 1051.8
n.d.: not detectable. Detection limit for AsB: 2.5 ng L−1.

3.4. Discussion. The literature on the interactions between
epipsammic biofilms andAs is limited andmainly focused on
As toxicity [43] and on the effect of biofilms on the retention
and speciation of As in the sediments [12, 13], while little is
known about the effect of epipsammic biofilms onAs transfer
from As-rich sediments, which has been addressed in this
workwith the aimof contributing to the knowledge of the role
of biofilms in As biogeochemistry in riverine systems. The
results of this study revealed that As transfer from a sediment
containing 106mg kg−1 As was low, representing at most 0.11
and 0.04% of the total As content in sediments for C and B
systems, respectively. The low mobility of As found in this
study is in agreement with the results previously reported
by Rubinos et al. [7], who found low As solubility in the
bed sediments of the Anllóns River using the DIN 38414-
S4 standard procedure. This behavior is related to the As
chemical forms in the sediments which is mainly associated
with low-mobility phases, predominantly to Fe oxides and in
the residual phase [4, 7].

Arsenic transfer to the water column was reduced by
64% in the presence of the biofilm. This fact could be
explained because this complex community of microor-
ganisms immersed in an EPS matrix constitutes a new
sediment-water interface which modifies the exchange of
solutes between the two phases, increasing the As retention
from the As-rich sediments and preventing its transfer to
water. This behavior was also shown for the retention of As
from As-polluted waters by Prieto et al. [12, 13] and may be
attributed to the sum of two combined effects: (bio)sorption
and (bio)accumulation. AsV (bio)sorption may be improved
because the biofilm increases the surface area, the number of
sorption sites, and consequently As sinks, as indicated by van
Hullebusch et al. [44] formetal sequestration by biofilms. AsV

(bio)accumulation takes place when AsV enters the cells via
phosphate transporters [45].

The lower concentrations of As observed in the presence
of the epipsammic biofilms were accompanied by lower con-
centrations of P, Fe, andMn.This behavior could be explained
because the microorganisms composing the biofilms are
able to use P as an essential nutrient, thus reducing its
concentration in solution; furthermore, biofilms oxygenate
the sediment-water interface, thus avoiding the reductive
dissolution of Fe and Mn oxides (and the associated As)
and promoting the precipitation of biominerals of Fe and
Mn [46, 47], which may contribute to As sequestration
[48]. Higher As mobilization in gamma-sterilized sediments,
together with higher leaching of DOC, Fe, and Mn, has been
reported by Schaller et al. [49], who attributed this effect to
cell lysis by sterilization and the release of the cellular content
to the overlying water. This effect can also be envisaged
for autoclaved control systems as an additional mechanism

contributing to the higher As, Fe, and Mn concentrations in
the C systems.

Arsenic speciation in the overlying waters indicates that
AsV was the predominant As form in both systems, as
expected, because AsV is the most stable species in aero-
bic environments [38]. AsIII was detected in the sterilized
sediments; its occurrence could be inhibited by the biofilms
because they maintain a more oxygenated sediment-water
interface due to photosynthesis.This inhibition of AsV reduc-
tion to AsIII by the biofilms has relevant geochemical and
toxicological implications, since AsIII is usually considered
more mobile and toxic than AsV [38, 50].

The volatilization of As from As-rich sediments from the
Anllóns River is not relevant in the global balance of As
in this river, as the percentage of As volatilized during the
incubation experiment only accounted for 1.1 10−5% of the
total As content in the sediments. This percentage is three
orders of magnitude lower than that reported by Mestrot et
al. [14] from Bangladesh paddy soils containing 24.2mg kg−1
of total As.

The epipsammic biofilms not only inhibited As transfer
into the water but also reduced the water-soluble, exchange-
able, and TCLP-extractable As, as well as bioavailable As
measured as the time-averaged DGT concentrations. How-
ever, the specifically sorbed As, desorbed with phosphate,
was approximately double in the presence of the biofilm,
which can be explained by the higher retention of As coming
from the sediment. This extractant solubilizes As specifically
sorbed to cells and to EPS matrixes, as well as to sediment
particles.The lowerAs concentration in thewater throughout
the experiment in the systems with biofilm may be related to
the higher retention of As in a form which can be mobilized
with phosphate. In fact, the global balance of As in systems C
and B shown in Figure 4 indicates that the sum of dissolved
As at the end of the experiment, plus sulphate-extractable As
and phosphate-extractable As in the B systems, is in the order
of the total As mobilizable in the C systems.

The effect of phosphate on As desorption is of interest
because in the Anllóns River catchment both diffuse and
point sources of P pollution have been identified, coming
from urban and industrial sewage treatment plants and
from fertilizers leached or eroded from agricultural soils in
the river catchment, and high As concentrations detected
in the riverbed sediments in the As-Au mineralized area
coincide with P concentrations up to 2324mg kg−1 [33], thus
aggravating the risk of As mobility in the presence of the
biofilms.

Arsenic was equally distributed between the extracellular
and intracellular compartments of the biofilm. These results
do not coincidewith those found by Prieto et al. [13], studying
the influence of epipsammic biofilms on the retention and
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speciation of As from As-polluted water, who found that
70% of the As taken from solution was retained in the
extracellular compartment. This different behavior could be
attributed to the limited intracellular As uptake capacity of
the biofilm at high AsV dissolved concentrations (as those
tested, 500 𝜇g L−1, by Prieto et al. [13]), so that As concen-
trations exceeding saturation tend to accumulate in the extra-
cellular compartment.This fact has been previously described
byWang et al. [51], studying the toxicity and bioaccumulation
kinetics of arsenate in two freshwater algae (Chlamydomonas
reinhardtii and Scenedesmus obliquus) and by Karadjova et al.
[52], studying the biouptake of As species by Chlorella salina,
who reported that intracellular As increased linearly when
AsV concentration increased between 10𝜇M and 50 𝜇M As,
followed by a saturation plateau above this concentration.

The occurrence of AsIII jointly withmethylatedAs species
(MMAV and DMAV) inside the biofilm cells indicate that
methylation processes are occurring. AsV is reduced to AsIII
inside the cells, via various reductases, using glutaredoxin,
glutathione, or thioredoxin as an electron donor [53, 54].
Methylation of AsIII is slow and more likely to occur in the
stationary phase of algae growth [55]. Our findings are in
agreement with the model proposed by Cullen et al. [56, 57]
in which AsV is taken up by algal cells using a phosphate
transport system. Subsequently, AsV is reduced to AsIII in
the cell by thiols and/or dithiols and then excreted into the
growth medium. AsIII may be further methylated to MMAV,
then to DMAV, and to trimethylated As species.

In summary, the risk of As transfer from As-rich sed-
iments from the Anllóns River can be considered low and

is further reduced in the presence of the biofilms, what
is relevant from an environmental point of view and its
implications for human health, and suggests that the presence
and effect of epipsammic biofilmsmust be taken into account
in the geochemical and toxicological assessment of pollutants
in fluvial environments.

4. Conclusions

(1) Arsenic transfer to water from As-rich sediments
from the Anllóns River is very low. Even so, the
presence of epipsammic biofilms reduces by 64% the
transfer of As from As-polluted sediments to the
water column. The mobility of P, Mn, and Fe is also
lower in the presence of the biofilms. AsV is the
predominant As species in the overlying water of the
systems with and without biofilms.

(2) The concentrations of AsIII are higher in the sedi-
ments devoid of biofilms. This fact has an important
toxicological relevance due to the usually higher
toxicity of AsIII compared to AsV.

(3) The arsenic retained by the biofilms is similarly
distributed in the extracellular and intracellular com-
partments. In the intracellular fraction, significant
concentrations of AsIII, MMAV, and DMAV are
detected, indicative of the occurrence of methylation
(detoxification) processes.

(4) The volatilization of As from As-rich sediments from
the Anllóns River is very low and does not play a
relevant role in the global balance of As in this river.
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(5) The biofilms decrease As leaching by water (water
soluble As), by sulphate (exchangeable As) and by
TCLP, as well as As bioavailability measured by DGT
devices, but increased the extractability in phosphate
(specifically sorbed As).
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ments of the Anllóns River (NW Spain),” Water, Air, and Soil
Pollution, vol. 195, no. 1–4, pp. 189–199, 2008.

[5] M. Costas, R. Prego, A. V. Filgueiras, and C. Bendicho, “Land-
ocean contributions of arsenic through a river-estuary-ria sys-
tem (SW Europe) under the influence of arsenopyrite deposits
in the fluvial basin,” Science of the Total Environment, vol. 412-
413, pp. 304–314, 2011.
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Jansen, andH. Guasch, “The use of photosynthetic fluorescence
parameters from autotrophic biofilms for monitoring the effect
of chemicals in river ecosystems,” in Handbook of Environmen-
tal Chemistry, H.Guasch,A.Ginebreda, andA.Geiszinger, Eds.,
vol. 19 of Emerging and Priority Pollutants in Rivers, pp. 86–114,
Springer, Heidelberg, Germany, 2012.



Journal of Chemistry 13

[24] U. Schreiber, U. Schliwa, and W. Bilger, “Continuous recording
of photochemical and non-photochemical chlorophyll fluores-
cence quenching with a new type of modulation fluorometer,”
Photosynthesis Research, vol. 10, no. 1-2, pp. 51–62, 1986.

[25] O. Izagirre, A. Serra, H. Guasch, and A. Elosegi, “Effects of
sediment deposition on periphytic biomass, photosynthetic
activity and algal community structure,” Science of the Total
Environment, vol. 407, no. 21, pp. 5694–5700, 2009.

[26] J. L. Levy, J. L. Stauber, M. S. Adams, W. A. Maher, J. K. Kirby,
and D. F. Jolley, “Toxicity, biotransformation, and mode of
action of arsenic in two freshwater microalgae (Chlorella sp.
andMonoraphidium arcuatum),” Environmental Toxicology and
Chemistry, vol. 24, no. 10, pp. 2630–2639, 2005.

[27] S. Miyashita, M. Shimoya, Y. Kamidate et al., “Rapid deter-
mination of arsenic species in freshwater organisms from the
arsenic-rich Hayakawa River in Japan using HPLC-ICP-MS,”
Chemosphere, vol. 75, no. 8, pp. 1065–1073, 2009.

[28] Real Decreto 817/2015 del 11 de septiembre, por el que se
establecen los criterios de seguimiento y evaluación del estado
de las aguas superficiales y las normas de calidad ambiental,
2015, https://www.boe.es/boe/dias/2015/09/12/pdfs/BOE-A-2015-
9806.pdf.

[29] USEPA, “Quality criteria for water,” Tech. Rep. 440/5-86-001,
Office of Water Regulations and Standards, Washington, DC,
USA, 1986.

[30] WHO, Guidelines for Drinking Water Quality, World Health
Organization, Geneva, Switzerland, 2nd edition, 1993.

[31] P. J. Müller, “CN ratios in Pacific deep-sea sediments: effect of
inorganic ammonium and organic nitrogen compounds sorbed
by clays,” Geochimica et Cosmochimica Acta, vol. 41, no. 6, pp.
765–776, 1977.

[32] A. L. Lamb, G. P. Wilson, and M. J. Leng, “A review of coastal
palaeoclimate and relative sea-level reconstructions using 𝛿13C
and C/N ratios in organic material,” Earth-Science Reviews, vol.
75, no. 1–4, pp. 29–57, 2006.

[33] R. Devesa-Rey, A. B. Moldes, F. Dı́az-Fierros, and M. T. Barral,
“Study of phytopigments in river bed sediments: effects of the
organic matter, nutrients and metal composition,” Environmen-
tal Monitoring and Assessment, vol. 153, no. 1–4, pp. 147–159,
2009.

[34] M. T. Barral, R. Devesa-Rey, B. Ruiz, and F. Dı́az-Fierros,
“Evaluation of phosphorus species in the bed sediments of an
Atlantic Basin: bioavailability and relation with surface active
components of the sediment,” Soil and Sediment Contamination,
vol. 21, no. 1, pp. 1–18, 2012.

[35] EU, “Directive 2000/60/EC of the European Parliament and of
the Council of 23 October 2000 establishing a framework for
community action in the field of water policy,” Official Journal
of the European Communities L, vol. 327, no. 1, pp. 1–73, 2000.

[36] E. R. Long, D. D. MacDonald, S. L. Smith, and F. D. Calder,
“Incidence of adverse biological effects within ranges of chem-
ical concentrations in marine and estuarine sediments,” Envi-
ronmental Management, vol. 19, no. 1, pp. 81–97, 1995.

[37] S.I. No. 272/2009-European Communities Environmental
Objectives (Surface Waters) Regulations, 2009.

[38] V. K. Sharma andM. Sohn, “Aquatic arsenic: toxicity, speciation,
transformations, and remediation,” Environment International,
vol. 35, no. 4, pp. 743–759, 2009.

[39] A. Serra,H.Guasch, E.Mart́ı, andA.Geiszinger, “Measuring in-
stream retention of copper bymeans of constant-rate additions,”
Science of the Total Environment, vol. 407, no. 12, pp. 3847–3854,
2009.

[40] A. Serra, H. Guasch, W. Admiraal, H. G. Van der Geest,
and S. A. M. Van Beusekom, “Influence of phosphorus on
copper sensitivity of fluvial periphyton: the role of chemical,
physiological and community-related factors,” Ecotoxicology,
vol. 19, no. 4, pp. 770–780, 2010.
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This study assessed the sedimentary organic matter (OM) and phosphate along the world’s longest river on an island: the Kapuas
River in West Kalimantan, Indonesia. The surface sediment was tested using the loss-on-ignition experiment to determine the %
labile OM, % refractory OM, and % total OM and the Rp values (the ratio of refractory to total OM). The C/N ratios and the
inorganic phosphate (IP), organic phosphate (OP), and total phosphate (TP) levels were also determined.The combination of high
Rp values and low C/N ratios along the upper river indicated the possible presence of relatively degraded material; the low Rp
values and high C/N ratios downstream were indicative of a fresher terrestrial signal. Sedimentary P levels were the highest along
the densely populated areas downstream from the Kapuas River; the second highest along themidstream river, which is surrounded
by oil palm plantations; and the lowest along the upper river, which is surrounded by forest. Higher levels of OM, IP, OP, and TP
downstream along the Kapuas River indicated the presence of anthropogenic sources of OM and P.

1. Introduction

Rivers are major regulators of global climate change due to
their role as contributors to atmospheric CO

2
emissions [1, 2].

Rivers, in turn, are greatly affected by global climate change
and are consequently at risk [3]. For instance, increased tem-
peratures affect the hydrological cycles of rivers worldwide
[4], increasing river runoff in some regions of the world
while reducing river runoff in other regions [5, 6]. One of the
consequences of increasing river runoff is increased nutrient
discharge to coastal zones. This has a significant impact,
particularly in areas that were already receiving a high input
of nutrients from their surroundings [7]. Human activities
such as urbanization and deforestation have resulted in an
increase in the amount of soil organic matter released into

rivers by erosion. However, building reservoirs has decreased
the amount of sediment discharged into rivers and coastal
zones and altered the timing of sediment discharge. In
Indonesia, where there are few reservoirs, rivers still deliver
a considerable amount of sediment to coastal zones [8]. This
has major consequences because Southeast Asia contains a
vast area of peatland [9, 10], and peat soils tend to leach
dissolved organic carbon (DOC) into rivers in quantities
several orders of magnitude higher than nonpeat soils do.
Consequently, tropical rivers aremajor sources of DOC to the
oceans [11–13]; this leaching is exacerbated by global climate
change because increased temperatures [14] and precipitation
[15] have resulted in the increased export of DOC from peat
soils into rivers and coastal zones. Currently, management
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Figure 1: Map showing the sampling locations along the Kapuas River (which includes the Kapuas Kecil River and Kapuas Besar River), the
Mempawah and Landak Rivers, and the Lakes Sentarum, Pemerak, and Pengembung.

strategies to maintain the quality of river and estuary waters
are more important than ever [4, 16]. Knowledge of sediment
organic matter (OM) and nutrients along rivers is beneficial
for developing these management strategies.

In this study, surface sediments were collected from the
Kapuas River, the Landak River, and the Mempawah River
and from the three lakes that drain into the Kapuas River.
Using the loss-on-ignition experiment, these sediments were
tested to determine the % labile OM, % refractory OM,
and % total OM and the Rp values (the ratio of refractory
OM to total OM). Additionally, inorganic phosphate (IP),
organic phosphate (OP), and total phosphate (TP) levels were
determined. This study presents a profile of OM and P along
a Southeast Asian tropical river for the purpose of further
understanding the dynamics of the river.

2. Methods

2.1. Study Sites. The Kapuas River is located in West Kali-
mantan, Indonesia. With a length of 1143 km, this is the
longest river in Indonesia and the world’s longest river on
an island. Sampling was carried out from June to July 2007
and December 2007 to January 2008 at the three lakes
(Sentarum, Pemerak, and Pengembung) that drain into the
upper Kapuas River, at locations spanning the entire extent of
the Kapuas River, and at the Landak and Mempawah Rivers.
Downstream Kapuas River branches into Kapuas Kecil River

and Kapuas Besar River (Figure 1). Sediment was collected
by deploying an Eijkelkamp peat sampler from a small boat
into a water depth of approximately 2m. The 0–5 cm surface
sediment was saved for chemical analyses. In the laboratory,
the sediment was dried at 60∘C for a few days, ground
using a mortar and pestle, and sieved through a 43-mesh
sieve. Details describing the river and sampling locations,
including the sampling timetable and distances between the
locations and the river mouth, are given by Loh et al. [17, 18].
Detailed information on population densities, wet and dry
seasons, and forest types (landscapes) along theKapuas River,
hydrological cycles, and sediment loading have been reported
in previous studies [17, 18].

2.2. Analytical Method. The loss-on-ignition experiment was
compiled from methods used by Kristensen [19], Kristensen
and Andersen [20], and Sutherland [21]. A sample of approx-
imately 0.5 g of dried, ground, and sieved sediment was
weighed in a crucible. Crucibles with sediment were weighed
and then combusted at 250∘C for 16 hours in a temperature-
monitored muffle furnace. When cool, the crucibles were
reweighed. The sediment was then heated to 500∘C for 16
hours. When cool, it was weighed again. The percentage
of weight reduction after reaching 250∘C is known as the
% labile organic matter. The percentage of weight loss that
occurs within the temperature range between 250∘C and
500∘C is the % refractory OM.The sum of the % labile and %
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refractory OM is the % total OM.The Rp index is the weight
loss that occurs in the temperature range between 250∘C and
500∘C divided by the total weight loss on ignition; hence, the
Rp value is the ratio of the % refractory OM to the % total
OM. Kristensen [19] defined Rp as Rp = PII/(PI + PII), where
PI is the weight loss that occurs after combustion in the first
temperature range and PII is the weight loss after combustion
in the second temperature range.

The method used for phosphate analysis was obtained
from Strickland and Parsons [22], Aspila et al. [23], and
Koroleff [24]. Dried sediment was weighed to 0.25 g and
washedwith 20mLof 1MHCl in a 50mL centrifuge tube.The
sediment was extracted with constant shaking for 16 hours
at room temperature. On the following day, the supernatant
was decanted, and the residue was washed with 5mL of
HCl, centrifuged, and combined with the supernatant for
IP analysis. The residue was transferred to a crucible and
heated in a muffle furnace at 550∘C for two hours. When
cool, the residue was transferred to a centrifuge tube and
extracted with 25mL of 1N HCl for 16 hours at room
temperature with constant shaking. The residue was then
centrifuged and the supernatant decanted for OP analysis. P
was analysed using themolybdenumbluemethodwith aUV-
visible spectrophotometer.

For the bulk elemental analysis, the sediment was acid-
ified with 1N HCl overnight to remove carbonates. The
sediment was then rinsed with distilled water, dried at
60∘C, and homogenized using a mortar and pestle. Precisely
20mg of sediment was weighed into a 4 × 4 × 11mm tin
boat and crimped into a pellet. The sediment was analysed
for TOC and total nitrogen (TN) using a Vario EL III
Elemental Analyzer. The standard reference materials used
were BSCC (2.24% TOC, 0.24% TN) and NIST2704 (3.34%
TOC, 0.22% TN). The average coefficients of variation for
each measurement (in duplicate and triplicate analyses) of a
same-sediment sample were 2.32% for TOC and 3.08% for
TN. All C/N ratios were calculated as TOC/TN molar ratios.

3. Results

Table 1 shows the results obtained for % labile OM, %
refractory OM, % total OM, Rp values, IP, OP, and TP.
The overall reproducibility was good, with the percentage
reproducibility of duplicate and triplicate analyses of % labile
and % refractory OM ranging from 0.02 to 6.41%. Percentage
reproducibility from duplicate analyses of P ranged from
0.01 to 27.76%. Percentages of labile, refractory, and total
OM ranged from 1.61 to 12.19%, 2.32 to 8.70%, and 4.46 to
20.89%, respectively. Both % labile and % refractory OM
showed a constant range of values along the upper andmiddle
sections of the Kapuas River and showed the highest values
downstream of the river (Figures 2(a) and 2(b)). Both the
labile and refractory fractions showed good correlations with
total OM (Pearson correlation coefficient, 𝑟 > 0.95; 𝑝 <
0.05; 𝑛 = 21) for the June to July 2007 sample. Refractory
OM was slightly higher at the upper river and lakes for the
December 2007 to January 2008 sample; hence, there was
a lower but still significant (𝑝 < 0.05) correlation between
the refractory fraction and labile and total OM during this

time. Rp values (ratio of refractory to total OM) ranged from
0.25 to 0.64, with the highest values observed in the upper
river and lakes and the lowest values observed downstream
(Figure 2(c)). Rp values showed good negative correlation
with total OM (𝑟 > −0.7; 𝑝 < 0.05; 𝑛 = 21). The
IP, OP, and TP ranged from 0.03 to 1.55mg P/g, 0.30 to
0.82mg P/g, and 0.40 to 2.37mg P/g, respectively. Overall,
IP, OP, and TP had similar distribution trends to OM, with
slightly higher concentrations at locations downstream than
at locations along the upper river (Figure 3). TP showed a
better correlation with IP (𝑟 > 0.9) and a poorer correlation
with OP (𝑟 = 0.6 to 0.8), and IP showed good correlation
with labile OM (𝑝 < 0.05). Overall, the Landak River has the
highest labile OM and the Mempawah River has higher Rp
values than the Landak River. The Landak River has higher
IP, OP, and TP than the Mempawah River (Figures 2 and 3).

4. Discussion

4.1. Use of Rp Values and C/N Ratios to Determine the Sources
and Diagenesis of Sediment OM. A combination of Rp values
and C/N ratios was used to further elucidate the sources
and diagenesis of sedimentary OM along the river. It was
found that Rp values of approximately 0.3 are indicative of
plant material rich in carbohydrates, and higher Rp values
of approximately 0.6 are indicative of biogenic material or
more degradedOM. Furthermore, humicmaterials have high
Rp values and C/N ratios, and an advanced stage of OM
decomposition was associated with an increase in Rp values
and a decrease in C/N ratios. Several scenarios based on
these combinations have been observed: (i) low Rp values
and high C/N ratios may indicate terrestrial plants as the
OM source, (ii) increases in both Rp values and C/N ratios
may be indicative of the process of humification, and (iii)
high Rp values and low C/N ratios may be indicative of more
degraded OM [19]. These combinations were observed along
different stretches of the Kapuas River. Scenario (i) occurred
at locations 1 through 6 along the lower Kapuas River, which
showed lower Rp values but higher C/N ratios, indicating
the contribution of fresher plant material. Rp values in the
mid- and lowerKapuasRiver and the Landak andMempawah
Rivers ranged from 0.39 to 0.48, also indicating fresher plant
material as the source of OM. Scenario (ii) occurred at
location 16, which had a high Rp value and a high C/N ratio.
Scenario (iii) was observed along the upper Kapuas River and
in the lakes, which had overall higher Rp values (0.59 to 0.64)
and lower C/N ratios; this is indicative of more degraded
OM material (Figures 4(a) and 4(b)), consistent with the
detection of older peat material along the upper Kapuas
River than along the lower Kapuas River [25, 26]. Overall,
these results are in accordance with our previous findings
that the upper Kapuas River has slightly higher values of
vanillic acid/vanillin and syringic acid/syringaldehyde ratios,
indicative of more degraded lignin materials, compared to
midstream and downstream Kapuas River [17].

4.2. Phosphate in the Sediment of the Kapuas River. The areas
surrounding the Kapuas Kecil River were the most pop-
ulated, followed by the areas surrounding Kapuas Besar.



4 Journal of Chemistry

Table 1: Loss-on-ignition, phosphate, and bulk elemental results.

(a) June-July 2007 sampling

Loc. Loss on ignition Phosphorus Bulk elemental
Labile (%) Refrac. (%) TOM (%) Rp IP (mg/g) OP (mg/g) TP (mg/g) OC (%) TN (%) C/N

KB1 (A) 6.83 ± 0.00 5.22 ± 0.02 12.05 0.43 0.63 ± 0.01 0.63 ± 0.01 1.26 3.04 0.19 18.67
KB2 (B) 7.70 ± 0.01 4.94 ± 0.03 12.64 0.39 0.62 ± 0.00 0.62 ± 0.00 1.24 3.22 0.20 18.78
KB3 (E) 6.10 ± 0.04 4.42 ± 0.04 10.52 0.42 0.62 ± 0.00 0.39 ± 0.11 1.01 2.72 0.16 19.83
1 8.96 ± 0.07 5.81 ± 0.03 14.77 0.39 0.78 ± 0.00 0.62 ± 0.00 1.40 5.04 0.24 24.50
2 8.60 ± 0.02 6.52 ± 0.01 15.12 0.43 1.55 ± 0.02 0.82 ± 0.05 2.37 5.11 0.30 19.87
3 12.19 ± 0.07 8.70 ± 0.08 20.89 0.42 1.12 0.78 1.90 8.88 0.44 23.55
4 8.52 ± 0.26 5.32 ± 0.16 13.84 0.38 0.63 ± 0.01 0.63 ± 0.01 1.26 4.69 0.22 24.87
5 6.93 ± 0.02 5.21 ± 0.03 12.14 0.43 0.62 ± 0.00 0.55 ± 0.11 1.17 3.32 0.20 18.67
6 4.62 ± 0.01 3.77 ± 0.02 8.39 0.45 0.47 ± 0.00 0.47 ± 0.00 0.94 2.11 0.12 20.51
7 5.63 ± 0.09 5.07 ± 0.07 10.70 0.47 0.63 ± 0.00 0.55 ± 0.11 1.18 2.47 0.16 15.17
8 5.92 ± 0.05 5.52 ± 0.03 11.44 0.48 0.47 ± 0.00 0.62 ± 0.01 1.09 2.51 0.19 15.41
9 6.69 ± 0.04 4.97 ± 0.02 11.66 0.43 0.62 ± 0.01 0.62 ± 0.01 1.24 3.11 0.20 18.14
10 3.06 ± 0.04 2.71 ± 0.01 5.77 0.47 0.39 ± 0.12 0.31 ± 0.00 0.70 1.36 0.08 19.83
11 5.22 ± 0.00 3.67 ± 0.06 8.89 0.41 0.32 ± 0.00 0.47 ± 0.00 0.79 2.28 0.13 20.46
12 4.13 ± 0.02 3.45 ± 0.01 7.58 0.46 0.46 ± 0.01 0.31 ± 0.00 0.77 1.92 0.11 20.36
13 5.49 ± 0.02 3.74 ± 0.03 9.23 0.41 0.63 ± 0.00 0.47 ± 0.00 1.10 2.63 0.15 20.46
14 5.61 ± 0.06 3.89 ± 0.09 9.50 0.41 0.63 ± 0.00 0.47 ± 0.00 1.10 2.77 0.15 21.54
15 6.56 ± 0.03 4.45 ± 0.04 11.01 0.40 0.62 ± 0.01 0.55 ± 0.12 1.17 3.22 0.21 17.89
16 2.24 ± 0.03 2.32 ± 0.02 4.56 0.51 0.47 ± 0.01 0.31 ± 0.00 0.78 0.86 0.05 20.07
17 3.30 ± 0.62 4.66 ± 0.61 7.96 0.59 0.31 ± 0.00 0.46 ± 0.00 0.77 1.94 0.17 13.31
18 2.91 ± 0.09 4.29 ± 0.01 7.20 0.60 0.16 ± 0.00 0.16 ± 0.00 0.32 0.59 0.08 8.60
19 2.65 ± 0.02 4.21 ± 0.02 6.86 0.61 0.32 ± 0.00 0.32 ± 0.00 0.64 0.62 0.09 8.04
20 1.61 ± 0.02 2.85 ± 0.03 4.46 0.64 0.16 ± 0.00 0.31 ± 0.00 0.40 0.55 0.06 10.69
21 2.59 ± 0.01 3.80 ± 0.01 6.39 0.59 0.31 ± 0.00 0.47 ± 0.00 0.51 1.04 0.12 10.11
LK1 20.76 ± 0.16 6.81 ± 0.22 27.57 0.25 0.93 ± 0.00 0.62 ± 0.00 1.55 14.20 0.55 30.12
LK2 16.35 ± 0.01 7.00 ± 0.02 23.35 0.30 0.31 ± 0.01 0.47 ± 0.01 1.41 8.96 0.30 34.84
LK3 8.05 ± 0.02 4.56 ± 0.04 12.61 0.36 0.47 ± 0.00 0.47 ± 0.00 0.94 3.84 0.17 26.35
MH1 6.57 ± 0.01 5.58 ± 0.03 12.15 0.46 0.63 ± 0.01 0.31 ± 0.01 0.94 2.90 0.13 26.03
MH2 3.92 ± 0.54 3.54 ± 0.52 7.46 0.47 — — — 1.80 0.07 30.00
MH3 3.76 ± 0.17 3.99 ± 0.23 7.75 0.51 — — — 1.47 0.06 28.58

(b) December 2007-January 2008 sampling

Loc. Loss on ignition Phosphorus Bulk elemental
Labile (%) Refrac. (%) TOM (%) Rp IP (mg/g) OP (mg/g) TP (mg/g) OC (%) TN (%) C/N

KB1 (A) — — — — 0.52 ± 0.00 0.61 ± 0.03 — — —
KB2 (B) — — — — 0.64 ± 0.01 0.11 ± 0.00 — — —
KB3 (E) — — — — 0.94 ± 0.01 0.58 ± 0.06 — — —
1 8.66 ± 0.04 5.37 ± 0.05 14.02 0.38 0.75 ± 0.00 0.50 ± 0.02 1.24 4.84 0.30 18.8
2 6.08 ± 0.08 4.38 ± 0.01 10.45 0.42 0.72 ± 0.01 0.50 ± 0.00 1.22 3.90 0.23 19.8
3 6.59 ± 0.04 4.36 ± 0.03 10.95 0.40 0.73 ± 0.00 0.49 ± 0.00 1.22 3.49 0.23 17.7
4 12.95 ± 0.07 6.76 ± 0.38 19.71 0.34 0.23 ± 0.03 0.35 ± 0.00 0.58 9.24 0.35 30.8
5 8.88 ± 0.04 4.85 ± 0.01 13.73 0.35 0.61 ± 0.00 0.44 ± 0.01 1.05 4.22 0.27 18.2
6 8.83 ± 0.03 5.26 ± 0.01 14.09 0.37 0.74 ± 0.00 0.49 ± 0.00 1.23 5.01 0.30 19.5
7 3.65 ± 0.03 4.72 ± 0.00 8.37 0.56 0.30 ± 0.00 0.42 ± 0.03 0.72 1.43 0.17 9.8
8 5.49 ± 0.07 4.42 ± 0.01 9.91 0.45 0.40 ± 0.01 0.40 ± 0.01 0.80 2.47 0.20 14.4
9 2.74 ± 0.00 3.66 ± 0.00 6.40 0.57 0.12 ± 0.00 0.36 ± 0.02 0.49 0.87 0.14 7.3
10 2.34 ± 0.02 3.01 ± 0.03 5.35 0.56 0.16 ± 0.01 0.28 ± 0.00 0.44 0.94 0.13 8.4
11 3.43 ± 0.01 3.68 ± 0.03 7.11 0.52 0.26 ± 0.00 0.36 ± 0.00 0.62 1.34 0.13 12.0
12 4.18 ± 0.00 3.94 ± 0.00 8.12 0.49 0.27 ± 0.00 0.34 ± 0.00 0.61 1.71 0.15 13.3
13 5.41 ± 0.24 3.45 ± 0.11 8.86 0.39 0.42 ± 0.01 0.28 ± 0.01 0.69 2.62 0.16 19.1
14 2.41 ± 0.15 3.96 ± 0.08 6.37 0.62 0.14 ± 0.00 0.40 ± 0.01 0.55 0.63 0.11 6.7
15 4.09 ± 0.00 3.46 ± 0.01 7.55 0.46 0.50 ± 0.01 0.31 ± 0.01 0.82 1.96 0.15 15.2
16 4.75 ± 0.19 4.01 ± 0.02 8.76 0.46 0.53 ± 0.01 0.37 ± 0.02 0.90 2.62 0.18 17.0
17 5.19 ± 0.03 5.55 ± 0.18 10.76 0.52 0.15 ± 0.00 0.43 ± 0.01 0.58 3.33 0.30 13.0
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(b) Continued.

Loc. Loss on ignition Phosphorus Bulk elemental
Labile (%) Refrac. (%) TOM (%) Rp IP (mg/g) OP (mg/g) TP (mg/g) OC (%) TN (%) C/N

18 4.31 ± 0.01 5.31 ± 0.01 9.62 0.55 0.10 ± 0.01 0.23 ± 0.01 0.32 1.98 0.21 11.0
19 3.59 ± 0.05 5.05 ± 0.02 8.64 0.58 0.19 ± 0.01 0.68 ± 0.00 0.87 1.78 0.26 8.0
20 3.54 ± 0.04 5.02 ± 0.02 8.56 0.59 0.15 ± 0.00 0.47 ± 0.01 0.62 1.91 0.23 9.7
21 3.50 ± 0.00 5.31 ± 0.01 8.81 0.60 0.03 ± 0.00 0.30 ± 0.02 0.33 0.82 0.16 6.0
LK1 14.32 ± 0.01 7.07 ± 0.11 21.39 0.33 0.76 ± 0.00 0.52 ± 0.00 1.28 9.79 0.38 30.1
LK2 15.60 ± 0.24 7.69 ± 0.06 23.29 0.33 0.76 ± 0.00 0.58 ± 0.04 1.34 9.55 0.49 22.7
LK3 10.34 ± 0.04 4.24 ± 0.04 14.58 0.29 0.73 ± 0.02 0.41 ± 0.07 1.14 5.51 0.26 24.7
MH1 7.60 ± 0.04 5.82 ± 0.02 13.42 0.43 0.53 ± 0.00 0.44 ± 0.06 0.97 3.62 0.23 18.4
MH2 6.45 ± 0.01 6.27 ± 0.04 12.72 0.49 0.46 ± 0.00 0.42 ± 0.01 0.87 2.71 0.18 17.6
MH3 4.05 ± 0.06 5.29 ± 0.04 9.34 0.57 0.31 ± 0.00 0.34 ± 0.01 0.65 1.72 0.15 13.4
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Figure 2: Charts with error bars showing the means and standard deviations for (a) labile OM, (b) refractory OM, and (c) Rp values along
the downstream, mid-, and upper Kapuas River, the lakes, Kapuas Besar (KB), and the Landak and Mempawah Rivers (Mem).
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Figure 3: Charts with error bars showing the means and standard deviations for (a) IP, (b) OP, and (c) TP along the downstream, mid-, and
upper Kapuas River, the lakes, Kapuas Besar (KB), and the Landak and Mempawah Rivers (Mem).

The sediment along the stretches of river with the highest
population density had the highest IP and OP levels. Hence,
we concluded that the sedimentary IP and OP originated
from human activities and were discharged into the lower
river via fluvial input. Other external sources of P could be
from groundwater, fluvial, and atmosphere [27]. Eutrophica-
tion can cause high OM input to sediments, which results
in increased sedimentary TC, OC, TN, TP, and OP levels
[28], followed by increased decomposition of OM [29]. This
sequence of events occurred in the downstreamKapuas River,
where the sediment also showed high labile, refractory, and
total OM and high OP, IP, and TP (Figures 2 and 3). The
midriver, which is surrounded by oil palm plantations, has

higher levels of IP and OP than the upper river but lower P
levels than the lower Kapuas River. These results show that
higher levels of P are found near the oil palm plantations than
in the forested area surrounding the upper river, but the P
level was nonetheless lower than in the downstream portion
of the river.

4.3. Dynamics of the Kapuas River. Forests and tributaries
are continuous sources of different amounts of carbon to
surrounding reaches of a river [30]. OM is delivered in partic-
ulate form such as wood fragments and leaves or sometimes
bound to mineral surfaces. Factors such as rainfall, runoff,
and snowmelt can affect the supply of organic and inorganic
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Figure 4: Figure showing the transect profiles of (a) Rp values and (b) TOC/TN molar ratios for samples taken during June-July 2007 and
December 2007-January 2008. All the sampling locations numbered from 1 to 21 in Table 1 and Figure 1 are presented in the graph, with
location 1 situated nearest to the river mouth and location 21 farthest from the river mouth.

material to sediment [31]. Few studies have determined
the levels of OM and nutrients along a river system. CO

2

emissions and the influx of O
2
along a river system may be

due to respiration activities fuelled by autochthonous OM
[30]; thus, carbon has been found to outgas during transport
further downstream [1]. Relatively fresh OMwas also amajor
source of atmospheric CO

2
emissions because fresh material

has been found to be respired by organisms fairly rapidly,
thereby contributing to atmospheric CO

2
emissions [2]. In

a study of fine particulate OM (FPOM), course particulate
OM (CPOM), and dissolved OM (DOM) in upstream and
downstream Bolivian tributaries of the Amazon River, it was
determined that all fractions became more degraded further
downstream [32].

In the upper Kapuas River and lakes, logging activities
may have exposed the forest soil, causing elevated aerobic
OMdegradation.This degradedmaterial was then discharged
into the river because of erosion. Due to the discharge of
more degraded OM but less P into the upper river, we
concluded that less OMdecomposition occurred in the upper
Kapuas River. The midriver, which is surrounded by oil palm
plantations, hadmedium levels of IP andOP compared to the
upper and lower Kapuas River and less degraded OM than
the upper river. This shows that there were higher levels of
P near the oil palm plantations than near the forested areas
surrounding the upper river. The most densely populated
areas along the Kapuas River were located along the lower
river. A high abundance of fresher sedimentary OM and P in
this location may have resulted in increased phytoplankton
blooms and high rates of OM decomposition. The Landak
River has high levels of labile and refractory OM, low Rp
values, and high P levels, whereas the Mempawah River has
low levels of labile and refractory OM, high Rp values, and
medium P levels. Hence, the Landak River may be more
prone to phytoplankton bloom and OM decomposition than

the Mempawah River. Overall, June-July 2007, the period
with higher rainfall than December 2007-January 2008 [17],
also showed higher IP, OP, and TP for most of the locations
(Figure 3), indicating some leaching of P from soil into the
river.

5. Conclusions

This study is one of few to use the loss-on-ignition experiment
to examine sedimentary OM in terms of labile, refractory,
and total OM and Rp values and to measure P levels in
the sediment along a complete transect of a tropical river
in Southeast Asia. This is also one of the few studies to
make further use of the Rp values and C/N ratios developed
by Kristensen [19] to determine the sources and diagenesis
of sedimentary OM. The highest P level was located in
the downstream Kapuas River, which was the most densely
populated area. The next highest P level was located along
the midstream river, which was surrounded by oil palm
plantations. The sediment in the upper river, which was
surrounded by forest, had the lowest P level. Phytoplankton
blooms and high OM decomposition most likely occurred
along the downstream Kapuas River where the sediment OM
was fresher and more bioavailable and the P level was the
highest.
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[9] S. E. Page, R. A. J. Wüst, D. Weiss, J. O. Rieley, W. Shotyk,
and S. H. Limin, “A record of Late Pleistocene and Holocene
carbon accumulation and climate change from an equatorial
peat bog (Kalimantan, Indonesia): implications for past, present
and future carbondynamics,” Journal ofQuaternary Science, vol.
19, no. 7, pp. 625–635, 2004.
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Hydrothermal lakes are a very common feature in volcanic environments, and among these lake Specchio di Venere (Pantelleria
island, Italy) has attracted the interest of several researchers due to its peculiar characteristics. With the aim of improving the
knowledge of its mineralogy, our work pointed out the characterisation of the bottom lake sediments. We collected and analysed
5 sediments cores around the shoreline, determining the mineralogical phases, concentration of major, minor, and trace elements,
and the isotopic composition of carbon and oxygen in the carbonate phases. Our findings remarked a general compositional
homogeneity in both the vertical and horizontal distribution of mineral phases, with the exception of peculiar geological niches
connoted by biological and hydrothermal activities.

We wish to dedicate this paper to the memory of our colleague and friend Nancy Romengo, who shared with us the passion for
the magic Pantelleria island

1. Introduction

Hydrothermal lakes are a very common feature in volcanic
environments. Their chemistry is controlled by the interac-
tion between fluids of different origin: hydrothermal vents,
rainfall, groundwater and runoff inputs, and seawater, if
located in proximity of the sea.

Lake Specchio di Venere, located in the northern sector
of the volcanic Pantelleria island (Italy), has attracted during
the last decades the interest of several researchers due to
its peculiar characteristics. Among the others, the chemistry
of its water, the deposition of mineral phases, and the
interaction with biological processes were investigated by
Azzaro et al. [1], Parello et al. [2], Aiuppa et al. [3], Cangemi
et al. [4, 5], and Censi et al. [6].

Most of these studies were focused on the geochemistry
of lake water and its implication for volcanic hazard and

geobiological processes; less attention was paid to the char-
acterisation of its sediments. Azzaro et al. [1] described 2 sed-
iment cores mainly composed of carbonates. Mineralogical
studies were resumed by Aiuppa et al. [3], which presented
the semiquantitative analyses of 3 cores of lake sediments.

With the aim of filling the gap of development between
geochemical and mineralogical studies, our study pointed
out the mineralogical and geochemical characterisation of
sediments deposited in lake Specchio di Venere.We collected
5 cores around the shoreline, successively analysed for the
determination of the mineralogical and chemical composi-
tion, including minor and trace elements, and of the isotopic
composition of carbon and oxygen in the carbonate phases.

2. Study Area

Pantelleria island represents the emerging part of a volcanic
structure, located in the Strait of Sicily, situated along the
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Figure 1: From the upper left counter-clockwise: location of Pantelleria island, location of lake Specchio di Venere, particularly of the lake
with bathymetry (in meters below lake level), and location of sampling sites.

tectonic trench which takes the same name as the island
itself. High-density volcanic products are mainly found in
the submerged part of the island, whereas alkaline and
peralkaline products with high silica content (more than 67%
as reported in [7]) constitute its subaerial portion.

The oldest subaerial products date at 320 ka [8, 9].
The successive cycles of explosive activity were followed by
caldera collapses at 114 ka (caldera “La Vecchia”) and 45 ka
(Green Tuff eruption). The last eruption formed the “Cinque
Denti” caldera. Intracalderic activity in the last 45 ka [8, 9]
and geophysical data [10]indicate the presence of an active
magma chamber at crustal depth.

Presently, Pantelleria shows diffuse hydrothermal activ-
ity characterised by low temperature fumarole vents and
hydrothermal springs. Lake Specchio di Venere, located
inside the calderic depression of Caldera Cinque Denti (Fig-
ure 1) in the northeastern part of the island, is one of themost
peculiar places where interaction between hydrothermal and
surface processes takes place.

Lake Specchio di Venere shows a subcircular shape, being
ca 450m long and ca 350m wide, and a maximum depth of
12.5m [11, and references therein]. The lake is endorheic and
located few hundreds of meters apart the sea shore; since the
elevation of its surface is 1m a.s.l., most of the water body
permanently lies below the sea level.The inflow of fluids (and

related dissolved and transported materials) to the lake is
driven by three main mechanisms [3]:

(i) direct recharge due to rainfall;

(ii) surface runoff, essentially from the streams running
on the western portion of its catchment area;

(iii) fluid vents, mainly located close to the shoreline in
the southwestern portion of the lake, discharging
hydrothermal waters associatedwith CO

2
-dominated

gaseous phases [2, 3, 12].

Since the lake has no emissaries and its annual hydrolog-
ical deficit is positive, its quite stationary level is regulated by
an underground outflow toward the sea [3].

The lake water has a pH of about 9 and its chemical
composition is dominated by Na and Cl.

Chemistry is driven by the endorheic regime under
a semiarid climate, the CO

2
-weathering of the Na-rich

rocks outcropping in the catchment basin, and the chemical
exchanges with seawater [5, and references therein]. The lake
chemistry shows a considerable variability due to rainfall
dilution, evaporation, and precipitation of mineral phases,
especially carbonates.
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3. Sampling Strategy and Analytical Methods

The studied sediments were recovered using acrylic tubes, in
summer 2008, in two different areas of the lake (Figure 1):
the first one in the southern side (cores 2, 4, and 6, with a
length of 11, 19, and 19 cm, resp.) and the second one in the
north one (cores 11 and 12, 9 and 17 cm of length). Sediment
cores were immediately subsampled, slicing them every 1 cm
for the upper 5 cm and every 2 cm for the deeper portion.The
subsamples were sealed off in polyethylene flasks and stored
at −20∘C until analysis. In the laboratory the samples were
oven dried at 40∘C prior to geochemical and mineralogical
analyses. A total of 50 samples were investigated.

Bulk sample mineralogy was determined by powder X-
ray diffraction (XRD) using a Philips PW14 1373 with Cu-K𝛼
radiation filtered by a monochromator crystal at a scanning
speed of 2∘2𝜃/min. The relative proportions of minerals were
established according tomethods anddata by Schultz [13] and
Barahona et al. [14].

Pseudo-total trace elements concentrations of sediments
were obtained by digesting 0.5 g of dried sample with 10mL of
freshly prepared aqua regia solution (HNO

3
/HCl, 1 : 3 v/v) in

a Teflon vessel using a microwave oven (CEM-MSD 2000).
This method has been widely employed in environmental
geochemical studies [15–19], to remove non-lattice-bound
metals. Blanks, duplicate samples, and standard reference
material (Mess 3) were prepared with the same amount
of acids for quality control purposes. Working calibration
standardswere preparedwith serial dilution of stock standard
solutions of eachmetal containing 10mg kg−1, using the same
acid matrix utilized for digestion of the sediment samples.
Caution was used in preparing and analysing samples to
reduce contamination from air, glassware, and reagents. Only
reagents of Suprapur quality and MilliQ water were used
during the laboratory procedures. All glassware and the
reaction vessels were previously soaked overnight with 10%
nitric acid solution and then rinsed with ultrapure water.

The obtained solutions were analysed by inductively cou-
pled plasma optical emission and mass spectrometry (ICP-
OES and ICP-MS) using a Horiba Jobin Yvon equipment,
model ULTIMA 2, and an Agilent 7500ce. All determina-
tions were performed with the external standard calibration
method, using In and Re as internal standards. The accuracy
and precision of analytical procedures have been checked by
analysing replicated measures of an international reference
material (Mess 3), reagent blanks, and duplicated samples.
The quality control gave good precision (S.D. < 10%) for all
analytes.

Oxygen and carbon isotope compositions were deter-
mined from bulk sediment using an Analytical Preci-
sion AP2003 continuous flow mass spectrometer connected
online with an automated acid dosing system. Samples were
reacted with anhydrous phosphoric acid (100% H

3
PO
4
).

Calibration has been performed by the use of an in-house
standard (calcite).The isotopic data obtained are expressed in
delta notation (𝛿) in permil (‰), relative to the conventional
international standard Vienne Pee Dee Belemnite (V-PDB).
Reproducibility of replicated standards was ±0.1‰ for both
𝛿

18O and 𝛿13C.

Table 1: Mean values (%) of semiquantitative mineralogic analysis
of core sediments from lake Specchio di Venere.

2 4 6 11 12
Aragonite 54 64 69 63 49
Clay minerals 39 26 17 15 24
Feldspars 6 9 10 19 24
Quartz 2
Halite 1 1 1 1 1
Dolomite 1 1
Pyrite 1 1
Hydroxyapatite 1

4. Data Presentation and Discussion

The mineralogical composition of sediment cores is illus-
trated in Figure 2 and Table 1. Concentration of major,
minor, and trace elements and carbon and oxygen isotopic
composition of sediments are reported in Table 2.

4.1. Bulk Sediment Mineralogy. The analysed sediments
reveal a quite homogeneousmineralogical composition, both
vertical and horizontal (Figure 2). All the cores contain
large amounts of carbonates, with aragonite as the main
mineralogical phase (from 49% in core 12 up to 69% in core
6); dolomite is present as an accessory mineral in cores 6 and
12. The other mineralogical components are represented by
variable amounts of clay minerals (mean values ranging from
15%, in core 11, to 39% in core 2), accompanied by moderate
amount of feldspars (from 6% in core 2 to 24% in core 12),
quartz (no more than 2%), and halite, ubiquitously present in
low percentages (no more than 2%). Pyrite is also present in
cores 11 and 12, collected in the northern side of the lake.

4.2. Sediment Geochemistry. Vertical profiles of selected ele-
ments, indicative of detrital delivery, depositional redox
conditions, hydrothermal supply, and carbonate precipitation
are illustrated in Figures 3, 4, 5, and 6.

4.2.1. Detrital Flux-Indicative Elements. To evaluate the detri-
tal inputs of the lake the geochemical relationship,

D∗ = [ Al
Al + Fe +Mn

] , (1)

has been determined [20]. D∗ enhance the antagonism
between Al, characterised by low geochemical mobility and
typically of continental origin [21], and Fe and Mn of mainly
deep-sea origin [21–23].Moreover, Fe andMn concentrations
can be influenced by variations in redox conditions or by
volcanic rock weathering. The mean D∗ values are 0.42 in
core 2, 0.37 in core 4, 0.26 in core 6, 0.18 in core 11, and 0.28 in
core 12 (Figure 3); the higher value is found in core 2, which is
the closest to the submerged continuation of the main fluvial
channel of the studied area. However, all of the cores are
below 0.63, reported byWedepohl [24] for typical terrigenous
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Figure 2: Relative abundance of the mineralogical phases of sediment cores.

shales in marine environments. The detrital influence can be
also deduced by the relationship

C∗ = log(Fe
Ti
) , (2)

by which a decrease of this ratio means an increasing of
terrigenous supply [21], because Ti is linked to detrital
material, whereas Fe is considered characteristic of deep-
sea sediments [21–23]. The expected anticorrelation between

D∗ and C∗ is not found in core 6, collected in a marsh
in the southeastern part of the lake in close proximity of
an hydrothermal vent [2], hence reflecting the geochemical
interaction with a different fluid.

The ratios Ti/Al, K/Al, Na/Al, and Rb/Al (Figure 3), com-
monly used as reliable tracers of terrestrial supplies [21], were
also calculated. Element concentrations were normalized to
Al because this element is generally assumed to represent
a reliable measure of the terrigenous load in sediments.
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Figure 3: Depth profiles of D∗, C∗, Ti/Al, K/Al ∗ 10−4; Na/Al and Rb/Al for lake Specchio di Venere sediment cores.

Another reason for using Al is that this element is typically
not diagenetically labile.

Ti/Al vertical distribution is quite constant along each
core, with a mean value of 0.07, similar to those reported
for sediment cores from the Strait of Sicily by Böttcher et al.
[25], Cangemi et al. [19], and Tranchida et al. [26].The origin
of titanium is related both to aeolian inputs [27, 28] and to
the weathering of the surrounding volcanic rocks [21]. Very
similar patterns are shown by K/Al, Na/Al, and Rb/Al ratios,
with mean values of 0.63, 4.63, and 0.01, respectively.

The homogenous vertical distribution of the above men-
tioned parameters, with the exception of core 2, indicates
constant depositional conditions in each site. The same
homogeneity is also found between different cores, charac-
terised by the same vertical patterns, indicating that depo-
sitional conditions do not significantly change thorough the
lake. The higher fluctuations observed in core 2 can be
explained with the proximity to the main drainage channel
of the area, transporting a more heterogeneous detrital load
during different runoff episodes.



Journal of Chemistry 7

20

16

12

8

4

0

D
ep

th
 (c

m
)

0 0.5 1 1.5 2 2.5

Mn∗

20

16

12

8

4

0

D
ep

th
 (c

m
)

0 1 2 3 4 5

V (mg kg−1)

20

16

12

8

4

0

D
ep

th
 (c

m
)

0 0.5 1 1.5 2 2.5

Co (mg kg−1)

20

16

12

8

4

0

D
ep

th
 (c

m
)

0 0.5 1 1.5 2 2.5

Ni (mg kg−1)

2

4

6

11

12

2

4

6

11

12

Figure 4: Depth profiles of Mn∗ and concentrations of V, Ni, and Co (all expressed in mg kg−1) for lake Specchio di Venere sediment cores.

4.2.2. Redox Sensitive Elements. Changes in redox conditions
in the sediment column, from oxidant to reducing, can occur
moving from the water-sediment interface to major depths.
These changes control the solubility of some elements as
Mn and Fe, which can be used as geochemical tracers of
redox conditions for their relatively rapid oxidation in the
sediments [21, 29]. Following Machhour et al. [20] we used
the relationship

Mn∗ = log(
Mnsample/Mnshale
Fesample/Feshale

) , (3)

in order to detail these conditions. Figure 4 shows the vertical
distribution of Mn∗ in all the cores, which are characterised
by positive values, indicating an oxidizing environment [20,
30].

Despite the relatively homogeneous vertical pattern
shown by Mn∗, concentrations of V, Ni, and Co highlight
more fluctuation, generally anticorrelated to Mn∗ (Figure 4).
These elements generally show higher concentration in
reducing depositional environment [31], suggesting possible
formation of enriched metallo-organic complexes [32, 33]
due to the presence of biogenic matter [4–6].
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Figure 5: Depth profiles of concentrations of As, Mo, Cd, and Se (all expressed in mg kg−1) for lake Specchio di Venere sediment cores.

4.2.3. Elements of Hydrothermal Origin. As, Mo, Cd, and Se
vertical profiles (Figure 5), as far as V and Ni, are generally
constant in the first centimetres of all the cores, showing
major fluctuations downward.

As concentration ranges from 9.65 (in core 6) to
35.20mg kg−1 (in core 2), with a mean value of 16.31mg kg−1,
within the typical range reported in literature [34, and
reference therein] for unconsolidated lake sediments. High
As concentrations are usually associated with pyrite or Fe
oxides or sulphide minerals.

Mo shows amean concentration of 9.59mg kg−1with very
high values up to 54.41mg kg−1 in core 4, sensibly elevated if
compared to hydrothermal and lakewaters.Mo usually forms
oxyanions and has a strong affinity with hydrogen sulphide
under reducing conditions and it is coupled with organic
carbon accumulation.

Analogue considerations can be done for Se and Cd
vertical profiles.

4.2.4. Geochemistry of Ca,Mg, Sr, and Ba Vertical Distribution
and Oxygen and Carbon Isotopic Composition. Ca, Sr, and Ba
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Figure 6: Depth profiles of Ca (%), Sr (mg kg−1), Ba (mg kg−1), and Mg (%) concentrations and carbon and oxygen isotopic composition of
carbonate phases (𝛿‰) for lake Specchio di Venere sediment cores.

vertical distributions (Figure 6) show similar behaviour in all
the sediment cores.Themost abundant concentrations reflect
the presence of carbonate mineralogical phases.

Ca concentrations range from 5.39 in core 2 to 26.93%
in core 6, with a mean value of 13.97%, whereas Mg content
spans from 3.08 in core 6 to 11.21% in core 2, showing a mean
value of 6.75%.

High Sr concentrations are observed in all the cores,
showing a mean value of 2547.1mg kg−1 and a particular

enrichment in cores 6 and 11 with the highest value up
to 4957.5mg kg−1 in core 6. This enrichment reflects the
abundance of aragonite as main carbonate mineralogical
phase, being the preferential phase where Sr is incorporated.

Ba concentrations range from 55.26 in core 2 to
329.74mg kg−1 in core 6, with amean value of 152.74mg kg−1.
𝛿

18O vertical distributions in the sediment cores show
values ranging from −0.23 to 5.92‰. Cores 2 and 4, located
close to the hydrothermal vents, exhibit a quite homogeneous
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profile without significant fluctuation with a mean value of
0.7‰. On the opposite, cores 6, 11, and 12 are characterised
by more pronounced variations along the sediment depth.
𝛿

13C shows a mean value of 6.0‰ and its vertical
variations are generally contained in a range of ±2‰, with
a maximum value of 7.38‰ in core 12.

The observed positive 𝛿13C values were already found
in carbonate microbial mats from this lake by Cangemi et
al. [5, and references therein]. The authors suggested that
not only simple fractionation processes take place, invoking
the selective sequestration of 12C in the biomass or other
disequilibrium effects induced by microbial activity, either
metabolic or kinetic [35, 36].Moreover, the presence of pyrite
in cores 11 and 12 indicates reducing conditions that could
affect the C exchange and isotopic fractionation between
biogenic and abiogenic phases in the sediments.

Oxygen and carbon isotopic composition seems to be
influenced by the environmental conditions under which
the sediments are deposited, with particular reference to the
buffering effect due to the continuous CO

2
bubbling from the

hydrothermal vents, as remarked by the stability shown by
core sediments 2 and 4. Cores 6, 11, and 12 (Figure 6), less
affected by the direct interaction with hydrothermal fluids,
exhibit a higher variability of the isotopic signal, especially
𝛿

18O.

5. Concluding Remarks

Previous investigations on the mineralogical composition of
lake Specchio di Venere sediments presented very general
semiquantitative data, highlighting the presence of carbonate
phases, mainly aragonite, and clay minerals as the most
abundant. Our analyses, carried out on five new cores located
in three different sectors of the lake, confirmed the previous
findings (Figure 2) and remarked a general compositional
homogeneity in both the vertical and horizontal distribution
of mineral phases. With the exception of peculiar biogeolog-
ical niches, where biological activity leads to the formation of
different phases (mainly silica, [4–6]), chemical sedimenta-
tion can be ascribed to a common process thorough the lake.
This process is mainly dominated by the precipitation of the
phases that exceed the saturation indexes in lake water [4, 5],
with a minor contribution of detrital origin transported by
the stream network.

The novel data about major, minor, and trace elements
and isotopic composition (carbonate phases) of these sedi-
ments give new insights about the different factors contribut-
ing to the chemical sedimentation into the lake.

Thepresence of significant concentration of Ti, K,Na, and
Rb (Figure 3), typical of the rocks outcropping around the
lake, indicates a clear detrital load transported into the lake
by the stream network.

The environment is generally oxidizing, as remarked
by the positive values of Mn∗ (Figure 4), which decrease
with profile depth in some sites, as expected. As for the
mineralogical composition, the chemistry of sediments is, in
general, vertically and spatially quite regular, indicating that
no significant variations affect the sedimentation processes.
Correlated fluctuations are observed for V and Ni, especially

in cores 4 and 12 where hydrothermal activity (core 4) and
alternating dark laminae associated with pyrite (core 12,
Figure 2) suggest more reducing local conditions.

Vertical fluctuations are observed in the same cores
for other hydrothermal sensitive elements, like As and Mo
(Figure 5).

Vertical profiles and Ca, Sr, and Ba concentrations (Fig-
ure 6) show that the site with the higher aragonite content
(core 6, Figure 2) is themost enriched in Sr and Ba, vicariants
of Ca in the aragonite lattice. Their concentrations decrease
downward as the content in aragonite.

Oxygen isotopic composition generally indicates evap-
orative conditions (Figure 6), compatible with a normal
chemical sedimentation driven by evaporation. Conversely,
positive values of 𝛿13C, already found in carbonate microbial
mats from this lake by Cangemi et al. [5], suggest the effect of
biological activity on the carbonate deposition.

As a final remark, themineralogical analyses confirm that
the sedimentation in lake Specchio di Venere ismainly driven
by normal evaporation processes, with minor contribution
of a detrital input. However, hydrothermal and biogeochem-
ical activity are responsible for local variations, as already
observed in previous studies [4–6].
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[16] I. Caçador, C. Vale, and F. Catarino, “Accumulation of Zn, Pb,
Cu, Cr and Ni in sediments between roots of the Tagus estuary
salt marshes, Portugal,” Estuarine, Coastal and Shelf Science, vol.
42, no. 3, pp. 393–403, 1996.

[17] L. S. Chan, C. H. Yeung, W. W.-S. Yim, and O. L. Or, “Correla-
tion between magnetic susceptibility and distribution of heavy
metals in contaminated sea-floor sediments of Hong Kong
harbour,” Environmental Geology, vol. 36, no. 1-2, pp. 77–86,
1998.

[18] B. Rubio, K. Pye, J. E. Rae, and D. Rey, “Sedimentological chara-
cteristics, heavy metal distribution and magnetic properties in
subtidal sediments, Ria de Pontevedra, NW Spain,” Sedimentol-
ogy, vol. 48, no. 6, pp. 1277–1296, 2001.

[19] M. Cangemi, R. Di Leonardo, A. Bellanca, A. Cundy, R. Neri,
andM. Angelone, “Geochemistry andmineralogy of sediments
and authigenic carbonates from the Malta Plateau, Strait of
Sicily (Central Mediterranean): relationships with mud/fluid
release from amud volcano system,”Chemical Geology, vol. 276,
no. 3-4, pp. 294–308, 2010.

[20] L. Machhour, J. Philip, and J.-L. Oudin, “Formation of lami-
nite deposits in anaerobic-dysaerobic marine environments,”
Marine Geology, vol. 117, no. 1–4, pp. 287–302, 1994.

[21] K. Boström, “Submarine volcanism as a source for iron,” Earth
and Planetary Science Letters, vol. 9, no. 4, pp. 348–354, 1970.

[22] K. K. Turekian and J. Imbrie, “The distribution of trace elements
in deep-sea sediments of the Atlantic Ocean,” Earth and
Planetary Science Letters, vol. 1, no. 4, pp. 161–168, 1966.

[23] K. Boström and M. N. A. Peterson, “The origin of aluminum-
poor ferromanganoan sediments in areas of high heat flow on
the East Pacific Rise,”Marine Geology, vol. 7, no. 5, pp. 427–447,
1969.

[24] K. H. Wedepohl, “Manganese: abundance in common sedi-
ments and sedimentary rocks,” in Handbook of Geochemistry,
pp. 1–17, Springer, Berlin, Germany, 1978.
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The study area is located on the Euphrates River at 38∘41∘32.48N–38∘1424.10N latitude and 39∘564.59E–39∘8∘13.41E longitude.
The Euphrates is the longest river in Western Asia. The lithological units observed from the bottom to the top are Permo-Triassic
Keban Metamorphites, Late Cretaceous Kömürhan Ophiolites, Upper Cretaceous Elazığ Magmatic Complex, Middle Eocene
Maden Complex and Kırkgeçit Formation, Upper Pliocene and Lower Eocene Seske Formation and Upper Miocene, Pliocene
Karabakır and Çaybağı Formations, Palu Formation, and Holocene Euphrates River sediments. The geochemical studies show that
87Sr/86Sr and 143Nd/144Nd isotopic compositions in the Euphrates River bank sediments are 0.7053, 0.7048, and 0.7057 and 0.512654,
0.512836, and 0.512775, respectively. These values indicate mixing of both carbonate-rich shallow marine sediment and felsic-
mafic rocks from Elazığ Magmatic Complex into the stream sediments. The positive 𝜀Nd(0) values (0.35, 3.9, and 2.7) are higher
downstream in the studied sediments due to weathering of the mafic volcanic rocks. The chondrite, NAS, and UCC normalized
patterns show that the REE compositions of the Euphrates River sediments are higher than chondrite composition but close to NAS
and UCC. The river sediments in the tectonic zone and the weathered granodioritic rocks of the Elazığ Magmatic complex affect
upstream water compositions.

1. Introduction

A number of researchers have studied Nd-Sr isotopic and
trace element geochemistry of river sediments and soils as
tracers of clastic sources. The geochemical characterizations
and Sr-Nd isotopic fingerprinting of sediments in any fluvial
system can be done using radiogenic isotopic compositions
[1–5]. Rare earth elements (REEs) compositions have been
studied in stream sediments [6–8] and in chemical weather-
ing of drainage systems [9–12]. A number of researchers have
studied REE composition of both river sediments and river
water and discovered that heavy REE concentration is higher
in the river sediments than in suspendedmatter in riverwater.
They also indicated that shale, Upper Continental Crust, and
chondrite normalized REE patterns showed that chemical
weathering from source rocks in the continental crust,
erosion, and terrigenous fluviatile sediment sources can be
distinguished using the REE compositions of rivers [13–18].
Leybourne et al. [19] indicated that Ce and Eu can be redox
sensitive and attributed to determination of redox conditions.
Yang et al. [8] stated that source rock composition is a more

important factor affecting REE composition than weathering
processes. There are fewer studies on the Euphrates River.
Kalender and Bölücek [20] studied the stream sediments
in the north Keban Dam Lake in the Eastern Anatolian
district and demonstrated that more REEs are transported
with Fe and Mn rich oxides and fine size fraction sediments
(e.g., clay minerals) via adsorption. Kalender and Çiçek Uçar
[21] indicated that the calculated enrichment factor values
of the heavy REE are more than those of light REE in the
Geli stream sediments. Geli stream is a tributary of the
Euphrates River. Rivers carry the weathered rock products
from the continents to the dam lakes, natural lakes, and the
sea. Thus, this study focuses on the REE concentrations in
river bank sediments from the initial point of the Euphrates
River (10 kilometers upstream of Keban Dam) to Karakaya
Dam Lake. In order to evaluate distribution of REE along
the flowing direction of the Euphrates River, the sediment
sources and lithological controls were identified using Upper
Continental Crust (UCC), North American Shale (NAS), and
Chondrite (Ch) normalized REE patterns (all average values
taken from [8, 22–25]). Goldstein and Jacobsen [13] studied
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REE compositions in river water, and major rivers have
LREE enriched patterns relative to the NAS, and negative Ce
anomalies occur at high pH. This paper firstly presents REE
concentrations and includes source rock composition of the
Euphrates River sediments and waters.

2. Geology

The Euphrates River is located in the Eastern Anatolian
district in Turkey and is located on the active tectonic zone of
the East Anatolian fault zone.The East Anatolian fault zone is
seismically one of the most active regions in the world and is
located within the Mediterranean Earthquake Zone, which is
a complicated deformation area that was formed by the con-
tinental collision between the African-Arabian and Eurasian
continents. These deformations involve thrust faults, suture
zones, and active strike slip and normal faults, as well as basin
formations arising from these faults. The Euphrates River is
located on the East Anatolian fault zone and is formed by the
mixing of the Karasu River and Murat River 10 kilometers
upstream of the Keban Dam. According to Frenken [27], the
Euphrates River length is 1100 km from Palu to the Red Sea
(Figures 1(a) and 1(b)). The studied sediments were sampled
along approximately 50 kilometers of the Euphrates River
length. The main stratigraphic units found in the Euphrates
River basin range from the Permo-Triassic Keban Meta-
morphites to Plio-Quaternary Palu Formation (Figure 1(b)).
The Keban Metamorphites outcrop on both right and left
banks of the Euphrates River. Considering the regional
scale, the Keban Metamorphites are represented by marble,
recrystallized limestone, calc-schist, metaconglomerate, and
calc-phyllite in the study area [28]. Additionally, in the
study area, the Upper Cretaceous Elazığ Magmatic Complex
consists of volcanic rocks (basalt, andesite, pillow lava, dacite,
and volcanic breccia), subvolcanic rocks (aplite, microdiorite,
and dolerite), and plutonic rocks (diorite, tonalite, gran-
odiorite, granite, and monzonite). The magmatic rocks are
overlain by recrystallized limestone of the Permo-Triassic
Keban Metamorphites [29]. The Late Cretaceous Kömürhan
Ophiolites are part of the southeast Anatolian ophiolite belt
which are formed in a suprasubduction zone within the
southern Neo-Tethys [30]. The Kömürhan Ophiolites consist
of dunite, layered and isotropic gabbros, plagiogranite, sheet
dyke complex, andesitic and basaltic rocks, and volcanosed-
imentary rocks. The unit is observed in the Karakaya Dam
Lake area (Figure 1(b)). Upper Paleocene and Lower Eocene
massive limestones are named the Seske Formation which
is characterized by interbedded clastic and carbonate rocks.
The stratigraphic position of the Seske Formation indicates
the extent of how Neo-Tethys was controlled by the tectonic
and topographic features of the region during the Eocene
[31, 32]. The Seske Formation is observed along the Karakaya
Dam Lake (Figure 1(b)). Middle Eocene Maden Complex
is composed of basaltic and andesitic rocks and limestone,
conglomerates, sandstones, and mudrocks (marl) [29, 33–
35]. Middle Eocene Kırkgeçit Formation consists of marine
conglomerates, marls, and limestone from the bottom to
the top [36]. The Alibonca Formation was deposited after
closure of the Neo-Tethys Ocean in Mesozoic time. The

unit is composed of sandy limestone and marls which are
observed in the Keban Dam Lake area [37] (Figure 1(b)).
UpperMiocene-Pliocene Karabakır and Çaybağı Formations
consist of sandstone, mudrock, marls, tuff, and basaltic rocks
[36]. The units are observed in the northeast of the Keban
Dam Lake (Figure 1(b)). The Çaybağı Formation is named by
Türkmen [38] at the Çaybağı township in the east of Elazığ.
Pliocene-Quaternary units are named the Palu Formation by
Kerey and Türkmen [39]. The units consist of quaternary
alluvial and fluvial deposits along the level bank of the Murat
River which is the initial point of the Euphrates River (Figures
1(a) and 1(b)).

3. Analytical Methods

3.1. Climatic Information. Maximum flows of the Euphrates
River occurred from February through April, whereas min-
imum flows occurred from August through October. The
annual mean rainfall during that period was 372mm, and the
air temperature varied between 15.21∘C (Elazığ) and 16.31∘C
(Malatya) with the highest and the lowest temperature of
34∘C and minus 10, respectively, between 1992 and 2001. The
continental climate of the Euphrates Basin is a subtropical
plateau climate (data was taken from reports by the Elazığ
Meteorology Department). The Euphrates River sediment
samples were collected in September, the period of minimum
flow of the Euphrates River water. It is also good to take
into consideration the effect on chemical compositions of the
river bed sediment of processes erosion of the earth’s surface.
The sediment samples were taken from locations close to
the center of the river bed in consideration of the erosional
process and chemical composition of the river bed sediments.

3.2. Sampling Sites. In this study, directing studies could not
be performed in advance of the development of sample taking
methods and suitable particle size and chemical analysis
methods. Ninety river sediments and water samples were
taken from the right side of the river bed along the direction
of the river water flow because it is suitable for sampling of
river bed morphology (Figure 1(b)).

3.3. Sample Preparing for Analysis. The samples were taken
in September, when the water flow rate was low. In order to
prevent the existence of particles in the sediment samples that
were too large, the sampleswere sifted through sievewith hole
diameter of 2mm (BS10 mesh) so as to obtain the suitable
particle sizes. 2 Kg of the river sediment samples was taken
at 250–500m intervals along the Euphrates River (from 10
kilometers upstream of the Keban Dam to Karakaya Dam,
50 kilometers) and placed into plastic bags, numbered, and
dried at room temperature. After drying, the samples were
sifted to different sieve dimensions in order to determine the
particle size fractions suitable for analysis (−200mesh). In the
study of some metals and REE concentrations in sediments,
many researchers prefer the grain size of fine-medium sand
to silt (−74𝜇m) as it shows very high concentrations, higher
than −80mesh (−180 𝜇m) [8, 21, 40, 41]. In order tominimize
the grain size dependencies of heavy metals, concentrations
of −75 𝜇m fraction, representing medium fine sand to silt,
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Figure 1: (a) Locationmap. (b) Geology map of the Euphrates River and the sampling sites (from 1 to 90, the geology map was modified from
Herece et al. [26]).

were used in the present study. Mechanical wet sieving was
performed to separate the −74𝜇m sediment fraction from
the bulk samples. Fifteen to twenty grams of each sample
was freeze dried for 8 and 9 hours. The sieved fractions
were placed in clean porcelain bowls and dried at room
temperature.

3.4. Chemical Analysis. Elazığ Magmatic Complex includes
zirconium- and titanium-bearing minerals [30]. As com-
monly known, zirconium- and titanium-bearing minerals
contain amounts of REE. This method was preferred due
to its convenience for the decomposition of the silicate
minerals using HF. HF is an efficient disintegration agent
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Direction of drainage from Euphrates River initial point (10 kilometers upstream of Keban Dam) to Karakaya Dam
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Euphrates River sediments.

used for the decomposition of zirconium silicate and apatite
source fromgranitoids in nature.This decompositionmethod
causes the loss of silica as SiF

4
and a part of titanium as

TiF
4
. Bulk samples were ground and sieved through 200-

mesh (about 0.074mm pore size) stainless steel sieve for
chemical analysis. 0.5 g of each sediment sample was leached
with 90mL HCl-HNO

3
-HF at 95∘C for 1 hour, diluted to

150mL, and then analyzed by ICP-OES. The extraction
method used by Saito et al. [42] was used to obtain the
maximum REE concentration at 9.95mL 0.01–1m nitric acid
aqueous solution (pH < 4). Standard DS5 was used for
the sediment analyses. The sediment samples were analyzed
for REE in Acme Analytical Laboratories Ltd., Canada, by
Inductively Coupled Plasma-Optical Emission Spectrometer
(ICP-OES). The river water samples have less than 0.1%
total dissolved solids, and these analyses were used by ICP-
OES at BureauVeritas environmental lab,MaxxamAnalytics.
The isotopic measurements were made at the Middle East
Technical University (Ankara, Turkey) following the protocol
of Köksal and Göncüoğlu [43]. TLM-ARG-RIL-02 methods
were adopted. An 80mg aliquot was taken for analysis of
Sr and Nd isotope ratios. The samples were dissolved in
beakers in a 4mL 52% HF at 160∘C on the hotplate along
four days. The samples were dried on the hotplate using
2.5N HCl and 2mL bis(ethylhexyl) phosphate using Bio-
Rad AG50 W-X8, 100–200 mesh, and chemical seperation

of Sr ionic chromatographic columns was prepared. After
chemical separation of Sr, REE fractionation was collected
using 6N HCl. Sr isotopes were measured using a single Ta-
activator with Re filament and 0.005NH

3
PO
4
[44]. 87Sr/86Sr

ratios were corrected for mass fractionation by normalizing
to 86Sr/88Sr = 0.1194, and strontium standard (NBS 987) was
measured more than 2 times. The chemical separation of
Nd from REE was made in a teflon column using 0.22N
HCl and 2mL bis(ethylhexyl) phosphate. 143Nd/144Nd data
were normalized by 146Nd/144Nd = 0.7219, and neodymium
standard (0.511848 ± 5) was measured more than 2 times.

4. Results

4.1. Nd-Sr Isotope Compositions of the Euphrates River Sedi-
ments. REE concentrations of the Euphrates River sediments
from Keban Dam to Karakaya Dam are presented in Table 1.
The result of isotopic composition of the studied sediments
and those from different origin, summarized statistical val-
ues, and REE compositions of the Mississippi and Amazon
River sediments are presented in Table 1. The 75𝜇m (200
mesh) size fraction from the Euphrates River sediment
samples (A43, A61, and A89) was analyzed for 87Sr/86Sr and
143Nd/144Nd ratios (Figure 2 and Table 1). The study shows
that 87Sr/86Sr and 143Nd/144Nd isotopic compositions have
range of 0.7053, 0.7048, and 0.7057 and 0.512654, 0.512836,
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and 0.512775, respectively. 𝜀Nd (0) values were calculated
using

𝜀Nd (0) =
143Nd/144Nd (Measured)

0.512636

− 1 × 10
4 (1)

(see [48, 49]).
The calculated 𝜀Nd (0) values have range of 0.35, 3.9,

and 2.7. Table 1 shows the result of the radiogenic isotope
compositions in the Euphrates River sediments, 87Sr/86Sr and
143Nd/144Nd, and calculated 𝜀Nd (0) data of the sediments
from different origins. The isotope compositions ratios of
143Nd/144Nd and 87Sr/86Sr in the Euphrates River sediments
suggest that the REE pattern of river sediments changes sys-
tematically with the compositions of the rocks in the drainage
area. The range of 87Sr/86Sr ratios found in the Euphrates
River sedimentsmay be explained usingmetagreywackes and
sediments (0.705374, 0.704835, and 0.704583, resp.) accord-
ing to Table 1. The calculated 1000/Sr ratios are 16.1 (A43),
13.17 (A61), and 13.74 (A89), and Nd values are 5.98 (A43),
6.45 (A61), and 8.40 (A89) ppm, while La concentrations are
9.8 (A43), 7.8 (A61), and 4.5 (A89) ppm.The comparison with
1000/Sr and La values indicated that the weathering of felsic
igneous rocks decreases downstream of the Euphrates River,
while it increases in the mafic igneous rocks.

4.2. REE Results of the Euphrates River Sediments. Large
variations are observed in the distribution of the REE in the
Euphrates River sediments (Table 1). La concentrations range
from3.4 to 15.9 ppm,while Lu concentrations range from0.02
to 0.23 ppm.The concentrations of the light REE are 7.5 times
higher than heavy REE concentrations. Ce concentrations
range from 7.5 to 34.4 ppm. Figure 2 plots indicate that
the concentrations of La and Ce are the highest along the
flowing direction of the Euphrates River. The concentrations
of the REE at the A37 sample site decrease because of the
next thrust zone. Thus, the circulation of mixing waters
possibly influenced the concentrations of REE in the studied
river sediments. The REE plots for the Euphrates River
sediments in this study exhibit a small degree of variation.
The abundance of the REE in the river sediments is probably
due to themineralogic characterizations of the regional rocks.
Figure 2 plots can be explained to mean that the variations
of the light REE along the flowing direction are higher until
A51 sample site, except for A34, A35, A36, and A37 sites. The
heavy REE concentrations increase from A51 sample site to
A90 because of the mineralogic characterizations of mafic
volcanic and metaophiolitic rocks.

4.3. REE Results of the Euphrates River Water. REE concen-
trations of the Euphrates Riverwaters are presented inTable 3.
The Amazon, Indus, Mississippi, and Ohio Rivers water
data from Goldstein and Jacobsen [13] are also presented in
Table 3. La concentrations have range from 0.02 to 2.63 ppb,
and Ce concentrations have range from 0.12 to 5.43 ppb. The
highest Ce and La values in the water samples are observed at
the A34 site, and Pr, Sm, Gd, Dy, Er, and Yb have the highest
values, 0.07, 0.07, 0.07, 0.06, 0.03, and 0.03 ppb, respectively, at

the same site. However, the lowest Ce and La concentrations
in the studied sediments were observed at the same site. The
results indicate that the circulation of mixing water along
the tectonic zones can be a much more important factor on
the absolute abundance of the REE in river sediments than
weathering of the regional rocks.

5. Discussion

The results suggest that the tectonic zone is an important
factor in controlling the abundance of the REE concentra-
tions in the Euphrates River sediments. Moreover, the study
indicates that the REE compositions are dependent upon
the type (subtropical climatic influences, water circulation,
riverbed morphology, and secular variation) of weathered
regional rocks. The comparison of 87Sr/86Sr compositions of
the Euphrates River sediments with those from basaltic soil
and metasedimentary soil from Sholkovitz [46] in Table 1
shows that the studied sediments have basaltic and meta-
greywackes characterization (Figure 3). Bussy [2] obtained
0.728 for 87Sr/86Sr ratio in the Arve River sediments which
are related to theMont-Blanc granites (Table 1). However, this
study reveals that 87Sr/86Sr ratio in carbonate-rich rocks is
0.704. The lower 87Sr/86Sr ratios (0.7053, 0.7048, and 0.7057
obtained for the sample sites A43, A61, and A89, resp.)
from river sediments in the Keban Dam Lake area, down-
stream of the contact between the Permo-Triassic shallow
marine metasediments and the Upper Cretaceous magmatic
crystalline complex of the Elazığ Magmatic Complex, are
caused by mixing of the two sources. 143Nd/144Nd isotopic
compositions in the studied river sediments determined have
range values of 0.512650, 51283640, and 512775 (Table 1), and
the values are similar to the composition of metagreywackes.
143Nd/144Nd isotopic composition ratios have range values
0.512414 to 0.512851 for granodiorites in Upper Cretaceous
Elazığ Magmatites [47] (Table 1).These comparisons indicate
that the weathered felsic igneous rocks in the river sediments
are greater at the A43 sample site because of Upper Creta-
ceous granitic rocks from Elazığ Magmatic Complex than at
the A61 and A89 sample sites. These sites have weathered
basaltic igneous rocks compositions due to Upper Creta-
ceous basic volcanic rocks of the Elazığ Magmatic Complex.
Figure 3 shows that neodymium isotope ratios in the New
England fold belt change from positive 𝜀Nd (0) values in
tertiary basalt to negative values in granitoids andmetapelitic
rocks [48]. The positive 𝜀Nd (0) values reflected the con-
tribution of the isotope compositions in the downstream
sediments due to weathering of the basic volcanic rocks.
Thus, regional and local studies indicate that the Euphrates
River sediments have different isotope composition due to
mixing of different weathered source rocks (e.g., Permo-
Triassic Keban Metamorphites and Upper Cretaceous Elazığ
Magmatic Complex, granodioritic and basic volcanic rocks).
The Euphrates River sediments have the lowest average REE
concentrations, while the Mississippi and Amazon River
sediments yield the highest values. Table 1 shows that the
average LREE (La, Ce, Nd, Eu, and Gd) and HREE (Dy, Er,
Yb, and Lu) compositions of the Euphrates River sediments
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Figure 3: Normalized patterns of the LREE average concentrations (𝑁 = 90) of Euphrates River sediments in the NAS, UCC, and Ch. (a) La,
(b) Ce, (c) Pr, (d) Nd∗ (𝑁 = 50), (e) Sm, (f) Eu, and (g) Gd normalized patterns.

are lower by 8.33 to 3.63 and 39.52 to 18.34 times compared to
the REE compositions of the Mississippi River and Amazon
River REE compositions. The researchers indicated that the
light and middle REE enrichment in river sediments may

be related to apatite-rich rocks [52, 53]. However, Kalender
and Çiçek Uçar [21] suggested that the calculated enrichment
factor values of the heavy REE are more than those for the
light REE in the tributaries of the Euphrates River sediments
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Table 2: North American Shale (NAS), upper continental crust (UCC), and chondrite (Ch.) from Yang et al. [8], Condie [22], Taylor et al.
[23], and Sholkovitz [50, 51] and normalized REE summary statistical values (ppm) in Euphrates River sediments; ∗Obaje et al. [18].

LREE Mean St. dev. ∗Nigerian Gora River HREE Mean St. dev. ∗Nigerian Gora River
La/NAS 0.28 0.08 — Tb/NAS 0.39 0.11 —
La/UCC 0.29 0.09 — Tb/UCC 0.52 0.15 —
La/Ch. 26.77 8.08 39.76 Tb/Ch. 6.51 1.85 —
Ce/NAS 0.27 0.09 — Dy/NAS 0.52 0.13 —
Ce/UCC 0.28 0.09 — Dy/UCC 0.62 0.15 —
Ce/Ch. 20.12 6.34 17.96 Dy/Ch. 7.23 1.78 —
Pr/NAS 0.29 0.09 — Ho/NAS 0.42 0.10 —
Pr/UCC 0.31 0.10 — Ho/UCC 0.53 0.13 —
Pr/Ch. 17.10 5.46 — Ho/Ch. 5.74 1.41 —
Nd/NAS 0.28 0.06 — Er/NAS 0.42 0.10 —
Nd/UCC 0.30 0.06 — Er/UCC 0.52 0.13 —
Nd/Ch. 14.26 2.97 18.96 Er/Ch. 5.73 1.39 —
Sm/NAS 0.38 0.11 — Tm/NAS 0.35 0.09 —
Sm/UCC 0.48 0.14 — Tm/UCC 0.51 0.14 —
Sm/Ch. 10.20 3.00 — Tm/Ch. 5.22 1.41 —
Eu/NAS 0.48 0.12 — Yb/NAS 0.36 0.09 —
Eu/UCC 0.65 0.17 — Yb/UCC 0.51 0.12 —
Eu/Ch. 7.70 1.98 404.62 Yb/Ch. 6.18 1.47 25.52
Gd/NAS 0.45 0.12 — Lu/NAS 0.33 0.09 —
Gd/UCC 0.58 0.16 — Lu/UCC 0.47 0.12 —
Gd/Ch. 7.35 1.98 58.50 Lu/Ch. 4.68 1.23 —

Table 3: REE concentrations in river water in ppb. The Amazon,
Indus, Mississippi, and Ohio Rivers data from Goldstein and
Jacobsen [13].

LREE
𝑁 = 90

River water Dissolved load
Euphrates Amazon Indus Mississippi Ohio

La 0.25 0.074 0.0029 0.020 0.0063
Ce 0.54 0.21 0.0024 0.010 0.010
Pr 0.04 — — — —
Nd 0.18 0.13 0.0032 0.020 0.011
Sm 0.04 0.034 0.00071 0.004 0.0025
Eu <0.01 0.008 0.00022 0.001 0.0006
Gd 0.04 — 0.050 — —
Tb <0.01 — — — —
Dy 0.04 0.031 0.036 0.0075 0.006
Ho <0.01 — — — —
Er 0.02 0.016 0.017 0.0065 0.005
Tm <0.01 — — —
Yb 0.2 0.015 0.0014 — 0.0036
Lu <0.01 — 0.0021 — 0.0006

due to Fe-Mn oxyhydroxide adsorption capacity for HREE
linked to the basic volcanic rocks source of HREE. Yang
et al. [8] stated that zircon contributes to the bulk HREEs
in sediments because of the relatively high abundance of
HREEs in zircon. The lithologic units along the Euphrates
River bed contribute to the bulk of LREEs concentrations

as a result of apatite-rich, zircon-poor Upper Cretaceous
granodiorites. La/Yb mean ratio of 7.72 in the studied sedi-
ment samples indicated high erosional rate because La may
be removed from crustal source via weathering process and
this is in agreement with the finding of Obaje et al. [18].
The distribution trend of REE along the flowing direction
of the Euphrates River at some of the sample locations
A32, A33, A34, A35, and A36 indicates that the thrust
zone between Upper Cretaceous Elazığ Magmatic Complex
and Permo-Triassic Keban Metamorphites influences the
decreasing REE composition in the river sediments due
to mixing water circulation. Average LREE concentrations
upstream have higher-than-average HREE concentration
compared to downstream ones due to the shallow marine
metasediments and felsic magmatic rocks (Permo-Triassic
Keban Metamorphites, felsic rocks from Upper Cretaceous
Elazığ Magmatites) upstream. However, the basic volcanic
rocks (Maden Complex and Kömürhan metaophiolites) are
observed downstream along the Euphrates River flowing
direction. Obaje et al. [18] and Ramesh et al. [54] stated that
positiveCe anomalies are related to the formation ofCe4+ and
Ce hydroxides and terrigenous input and diagenetic condi-
tions.The positive Ce anomalies may indicate hydromorphic
distribution of the REE in river sediments. According to some
researchers, Eu anomalies have less contribution from felsic
magmatic rock weathering.The negative Eu anomalies (<0.01
detection limit) indicate that the REE compositions in the
river sediments more or less contribute to felsic magmatic
rock weathering compared with terrigenous input and basic
magmatic rock weathering. Lower river flowing velocity may
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be responsible for REE homogenous REE distribution in
agreement with Obaje et al. [18]. The average chondrite
normalized values indicate LREE and HREE enrichment,
and their summarized statistical values range from 26.77 to
7.35 and 7.23 to 4.68, respectively (Table 2). The chondrite
normalized patterns illustrate that the REE composition
of the Euphrates River sediments differs from chondrite
composition but also the REE enrichment is close to NAS
and UCC. The REE normalized values of the Nigerian
Gora River from Obaje et al. [18] are shown in Table 3.
The Ce/Ch. value is higher (20.15) in the Euphrates River
sediments than theNigerianGoraRiver sediments (17.96) due
to sulfide-rich mineralization in the studied area, especially
Keban polymetallic mine deposit. Ramesh et al. [54] revealed
that the positive Ce anomalies indicate terrigenous input,
depositional environment, and diagenetic conditions due to
the formation of Ce4+ and stable Ce hydroxides. According
to Nielsen et al. [55], Tl and Ce may be controlled by resid-
ual sulfide and clinopyroxene, respectively, during mantle
melting due to their highly different ionic charges and radii.
Luo et al. [56] indicated that while the adsorption ability
of REE decreases on colloidal particles from light (La) to
heavy (Lu), the complexes of REE with carbonate increase,
and also the larger colloidal particles have stronger ability
to adsorb Ce from weathering of granitic rocks. However,
both LREE andHREE concentrations are lower thanNAS and
UCC (Figures 4 and 5). LREE patterns show that Sm and Eu
patterns are closer to 1, and Gd pattern is higher than 1 La,
Ce, Pr, and Nd (Figures 4(a), 4(b), 4(c), 4(d), 4(e), 4(f), and
4(g)). Gd/YbNAS andUCC ratio >1 indicates that apatite from
granodioritic rocks had contributed to the river sediment
REE compositions [57–61]. According to Leybourne and
Johannesson [60], Eu is mobilized during hydromorphic
transport compared to SmandGd.However, the study reveals
that SmandEu aremobilizedmore compared toGd.Thus,Gd
enrichment was observed in the river sediments. However,
HREE patterns enrichment is relative to chondrite but HREE
NAS and UCC normalized patterns are observed to be close
to 1 (Figures 5(a), 5(b), 5(c), 5(d), 5(e), 5(f), and 5(g)). All of
the river sediment REE compositions that display enrichment
are relative to chondrite REE composition.

REE compositions of the Euphrates River water were
compared with REE in dissolved load of Amazon, Indus,
Mississippi, and Ohio River waters from Goldstein and
Jacobsen [13] (Table 3). Figure 6 indicates that the REE
compositions of the Euphrates River water are higher than
REE compositions in the dissolved load compared of the
Amazon, Indus, Mississippi, and Ohio Rivers. However, the
REE patterns of the Euphrates River water were similar to
REE in dissolved load in the Amazon, Indus, Mississippi,
and Ohio River waters. Yb content in the Indus River water
is higher while Ce content in the Mississippi River water
is lower than in the Euphrates River water. According to
Goldstein and Jacobsen [13], high Yb values in suspended
materials may be derived from older rocks. Goldberg et al.
[62] indicated that Ce depletion in river waters in a high
pH environment may be related to the result of preferential
removal of Ce4+ onto Fe-Mn oxide coatings of particles.

This indicates that suspendedmaterials load in the Euphrates
River water is probably more than in the Mississippi, Ohio,
and Indus River waters. Ce anomalies are calculated using the
following equation:

Ce∗ =
3CeNAS

(2LaNAS +NdNAS)
(2)

from [13], where

Ce∗ = 3 × 0,000024 (2 × 0.000015 + 0,000020) = 1.16. (3)

As shown, positive Ce anomalies (Ce∗ > 1) support the fact
that Cemay be fixed on the clay at pH > 7. Also, the calculated
(La/Yb)NAS values in the Euphrates River water and sediment
are 0.098 and 0.77. It is apparent that both Euphrates River
waters and sediments have heavier REE composition than
light REE according to NAS normalized patterns.

6. Conclusions

(1)This paper indicates that a contribution from a third com-
ponent can change the isotopic composition of the studied
sediments: (a) Permo-Triassic carbonate-rich metasediments
and (b) felsic magmatic and (c) mafic volcanic rocks from
Upper Cretaceous Elazığ Magmatic Complex.

(2) The study indicates that the Euphrates River average
LREE (La, Ce, Nd, Eu, and Gd) and HREE (Dy, Er, Yb, and
Lu) compositions have lower range values from 8.33 to 3.63
and 39.52 to 18.34 times less than Mississippi River REE and
Amazon River sediment compositions, respectively.

(3) This paper revealed that the Euphrates River has
higher LREE than HREE concentrations, and also, in the
thrust zone which is close to the Euphrates River bed, there is
low REE composition due to fast water circulation.

(4) Average LREE concentrations upstream in the
Euphrates River are higher than average HREE concentra-
tions downstream due to felsic magmatic rocks.

(5) La/Yb ratio (7.72) indicates high erosion rate, and La
may have been added from crustal sources via weathering
processes.

(6) The positive Ce and La anomalies indicate both ter-
rigenous input and contribution of the oxidative compounds
from sulfide-rich mineralization in the Euphrates River bed
sediments.

(7) The chondrite, NAS, and UCC normalized patterns
show that the REE compositions of the Euphrates River
sediments differ from chondrite but are similar to NAS and
UCC.

(8)The Sm and Eu patterns are close to 1, and Gd pattern
is higher than 1 (>1), and also Gd/YbNAS andUCC ratio greater
than 1 indicates that the source of REE may be apatite-rich
granodioritic rocks which are from the Elazığ Magmatic
Complex. Also, terrigenous sediments and lithological con-
trol are more effective on the Euphrates River sediment REE
compositions.

(9) The Euphrates River waters have the highest com-
position values for both LREE and HREE in comparison to
the other basic river waters (the Amazon, Indus, Ohio, and
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Figure 4: Normalized patterns of the HREE average concentrations (𝑁 = 90) of Euphrates River sediments in the NAS, UCC, and Ch. (a)
Tb, (b) Dy, (c) Ho, (d) Er, (e) Tm, (f) Yb, and (g) Lu normalized patterns.
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Figure 6: Distribution of REE in the Euphrates River waters and
the Amazon, Indus, Mississippi, and Ohio River waters data from
Goldstein and Jacobsen [13].

Mississippi River waters) due to regional felsic and mafic
lithological units. Due to circulation of mixing water, REE
concentrations increase in the river water but decrease in the
river sediments.
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X-ray absorption near edge structure (XANES) spectroscopy affords the opportunity to determine redox status for element S in the
aquatic ecosystems. However, there have been relatively few studies of S XANES spectroscopy in the terrestrial aquatic ecosystems.
In this study, XANES technology was used to examine changes in S speciation in the sediments collected from Taihu Lake, Qinghai
Lake, Dianchi Lake, Caohai Lake, and Hongfeng Lake located in distinct geological background areas of China.The results showed
that sedimentary S in Qinghai Lake has a high proportion of sulfate averaged 88.9% due to physical weathering of watershed rocks,
while deposited S in Taihu Lake has a high fraction of intermediate S (36.5%), which may be the response of the agricultural
nonpoint source pollution in drainage basin. The three lakes located in Southwest China have similar composition characteristics
of S species, indicating similar S sources including chemical weathering of carbonate and atmospheric deposition. 60–90% of S
compounds in the surface sediments were in the form of sulfate and FeS. In deeper layers, the ratio of FeS

2
and the intermediate S

significantly increased, suggesting rapid processes of sulfate reduction and sulfide reoxidation with the increasing depths.

1. Introduction

Sediment is an important repository and sink for sulfur (S)
[1]. The biogeochemical cycles of S in sediments were highly
complex, because the aquatic ecosystems have anaerobic
zones which strongly affect the chemical forms of S [2, 3]. In
the previous studies, thewet-chemical speciationmethodwas
generally used to analyze the S speciation in sediments and
reveal its geochemical processes in the aquatic ecosystems [4–
9]. In fact and often neglected, S in natural samples existed in
a large variety of organic and inorganic forms with different
electronic oxidation states, ranging from −2 (inorganic sul-
fide) to +6 (sulfate) [10]. This made traditional wet-chemical
S speciation complicated [11]. Therefore, sensitive analytical
methods are needed to analyze and monitor many functions
and transformations of S species in biochemical reactions
and in our environment [12]. X-ray absorption near edge
structure (XANES) spectroscopy affords the opportunity to

determine redox status and coordination environment for a
wide variety of elements, including sulfur, carbon, and nitro-
gen within these sediments [13]. The method has become
especially attractive for the speciation of S in sediments and
other environmental samples, most prominently at the S K-
edge [10, 12, 14, 15].

In previous investigations, XANES spectroscopy has been
applied to the analysis of the chemical form and oxidation
state of S in soil and marine sediments [10, 12, 16], providing
information about the deposition and diagenesis of organic
matter and S mineralogy. However, there have been relatively
few studies of S XANES spectroscopy in sediments of the
terrestrial aquatic ecosystems [17]. Particularly, comparative
studies of the oxidation states of sedimentary S in different
types of lakes from distinct geological background areas
are scarce. In this study, we used the K-edge XANES to
determine S speciation in the sediments collected from
Taihu Lake (Eastern China), Qinghai Lake (Western China),
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Figure 1: Location of the studied lakes.

Hongfeng Lake (Southwest China), Caohai Lake (Southwest
China), and Dianchi Lake (Southwest China). The object
is to understand the S speciation and its transformation in
sediments of the terrestrial aquatic ecosystems.

2. Materials and Methods

2.1. Area Description. In this study, five lakes were chosen
based on economic and geographic status in the Yangtze
River region, Southwest Plateau, and Qinghai-Tibet Plateau,
China (Figure 1). Geographic and limnological features for
the five selected lakes are shown in Table 1 [18, 22]. Taihu
Lake is the third largest freshwater lake in China located
at the downstream of the Changjiang River. More than 200
brooks, canals, and rivers discharge industrial wastewater,
mostly from nearby cities, into the lake. Many effluents con-
tain pesticides, toxic chemicals, or heavy metals. Southwest
Plateau China is the largest karst area in China. According
to previous lake chemistry surveys [23], one slightly polluted
lake (Caohai Lake) and two heavily polluted lakes (Dianchi
andHongfeng Lakes)were selected in this area.Qinghai Lake,
a closed-basin lake, is the largest inland saline lake in China.
The amount of evaporation (∼1400mm/year) is in excess of
the mean annual precipitation (∼400mm/year), resulting in
the development of a saline lake.

2.2. Sampling Procedures. Sediment core samples were
obtained from the five lakes in September 2013, nearly in
the centre of the lakes. A plastic static gravity corer with

30 cm length and 6 cm diameter Plexiglas cylinder tube was
employed to obtain the sediment cores. The core samples
were sliced with intervals of 2 cm, with the exception of the
core from Qinghai Lake sectioned at 1 cm intervals. Sedi-
ments were handled under protective nitrogen atmospheres
(purity 99.9%, Guiyang Shenjian Gas Co., Ltd.). All samples
were put in sealed plastic bag and immediately transferred
to laboratory in iceboxes (<4∘C) and freeze-dried. After that,
the samples were frozen with liquid nitrogen. Before XANES
analysis, dry samples were ground and sieved with a standard
100-mesh sieve.

2.3. Sulfur K-Edge XANES. The sulfur K-edge XANES spec-
tra were recorded at 4B7A beamline (medium X-ray beam-
line 2100–6000 eV) using synchrotron radiation from Beijing
Synchrotron Radiation Facility, the Institute of High Energy
Physics, the Chinese Academy of Sciences. The samples were
pressed into thin films before analysis. The storage ring was
operated at the energy of 2.5 GeVwith Si (111) double crystals.
Spectra were scanned at step widths of 0.3 eV in the region
between 2420 and 2520 eV, with fluorescence mode using
a fluorescent ion chamber Si (Li) detector (PGT LS30135).
Additional filters were placed between the sample and the
detector to reduce the fluorescence signal derived from Si in
the samples.

Fe monosulfide (FeS), pyrite (FeS
2
), R-SH, RSOR,

Na
2
SO
3
, NaRSO

3
, and Na

2
SO
4
were chosen as the standard

compounds. Electronic oxidation states, white-line energies,
and intensities of reference S compounds were shown in
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Table 1: Geographic and limnological features of the studied lakes [18–21].

Parameters Eastern China Southwestern China Western China
Taihu Lake Hongfeng Lake Dianchi Lake Caohai Lake Qinghai Lake

Positions 30∘05–32∘08N,
119∘08–121∘55E

26∘25–34N,
106∘20–28E

24∘40–25∘02N,
102∘36–∘47E

26∘49–53N,
104∘12–18E

36∘32–37∘15N,
99∘36–100∘47E

Surface area (km2) 2338 56 306 20 4583
Elevation (m) 5 1235 1886 2171 3196
Maximum depth (m) 2.6 45.0 8.0 2.5 32.8
Water

pH 8.36 8.40 7.37 8.78 9.35
DO (mg/L) 10.1 8.8 8.9 9.4 ND
Salinity (g/L)

<1.0 <1.0 <1.0 <1.0 12.5
Sulfate (mg/L) 100 80 60 40 2500

Sediment
Organic matter (%) 6.5 5.4 6.5 ND 2.4
TN (%) ND 0.31 0.33 1.38 0.50
TP (%) 0.08 0.16 0.15 0.07 ND
Fe (%) 2.65 5.98 ND ND 2.50

Climate type Warm, humid Warm,
semihumid

Warm,
semihumid

Warm,
semihumid Cool, semiarid

Deposition rate (cm/yr) ND 0.16 0.20 0.25 0.10

Table 2. The X-ray energy was calibrated with reference
to the spectrum of the highest resonance energy peak of
Na
2
SO
4
at 2480.4 eV. For all edge-normalized spectra, the

contribution of different S species to total S was calculated
using the software package ATHENA (Ravel and Newville,
2005). Linear combination fitting (LCF) was carried out in
the energy range 2466–2487 eV using the ATHENA [10].

2.4. Analysis of the Total Sulfur. Total S contents were
measured with an elemental analyzer (vario MACRO cube,
Elementar, Germany), with an experimental error of 0.5%.
Two certified reference materials (RTS-2 and KZK-1, State
Key Laboratory of Environmental Geochemistry, Institute
of Geochemistry, CAS) were used as calibration standard.
Concentrations of total S in sediments of the five studied lakes
were shown in Table 3.

3. Results and Discussion

3.1. S Species in Lake Sediments. Our sediment samples each
contain both oxidized and reduced sulfur species as shown
in Figure 2. Two major absorption bands were observed in
these K-edge XANE spectra: one near 2472 eV region for the
reduced S compounds (e.g., FeS and FeS

2
) and another near

2483 eV region for oxidized S species (e.g., SO
4

2−), suggesting
that sulfate and FeS were the most important component
of elemental S in all lakes. However, in different lakes, the
compositions of the oxidation state of S in sedimentswere still
very different. Figure 2 showed that the overall absorption
intensity of S was the lowest in the sediment of Taihu Lake,
indicating the lowest concentration of S component in the
sediments. Further, organic state S obviously occupied a

Table 2: Electronic oxidation states, white-line energies, and inten-
sities of reference S compounds.

Compound Electronic
oxidation state

White-line
energy (eV)

White-line
intensity

FeS −2 2472.2 1.17
FeS
2

−1 2472.8 1.33
RSH +0.5 2473.4 1.58
RSOR +2 2476.2 1.81
Na
2
SO
3

+3.68 2478.4 2.03
NaRSO

3
+5 2481.2 2.33

Na
2
SO
4

+6 2482.6 2.54

relatively high proportion of in the oxidation state of S in
sediments of Taihu Lake, compared with other lakes. In
the three lakes located in the Southwestern China, that is,
Dianchi Lake, Caohai Lake, and Hongfeng Lake, the oxida-
tion state of the sedimentary S presented similar composition
characteristics.The concentrations of sulfate, FeS, and S

2
O
3

2−

were high of the top three, and the contents of other S forms
were relatively low. In the sediments of Qinghai Lake, the
oxidation states of S were mainly sulfate, FeS, and FeS

2
and

almost no organic sulfur. Moreover, FeS
2
was found in the

surface sediments of Taihu Lake and Qinghai Lake and did
not exist in the surface sediments of the three lakes located in
Southwestern China.

Figure 2 also demonstrated that the absorption intensity
of S significantly reduced with the increasing depths in all
sediment profiles, revealing a reduction of the concentration
of S in deeper layers. Figure 3 showed the vertical variation of
the oxidation states of S in the sediment profiles, suggesting
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Table 3: Concentrations of total S in sediments of Taihu Lake, Hongfeng Lake, Dianchi Lake, Caohai Lake, and Qinghai Lake.

Depth cm Taihu Lake Hongfeng Lake Dianchi Lake Caohai Lake Qinghai Lake
0–2 0.170 0.695 0.662 1.227 0.393
3-4 0.066 0.657 0.509 1.428 0.375
5-6 ND 0.795 0.622 1.659 0.384
7-8 ND 0. 810 0.469 1.495 0.523
9-10 ND 1.175 0.911 1.221 0.417
11-12 ND 0.926 0.817 0.850 ND
13-14 ND 0.618 0.483 1.168 ND
15-16 ND ND 0.527 0.388 ND
17-18 ND ND 0.425 0.559 ND
19-20 ND ND 0.326 0.512 ND
21-22 ND ND 0.381 0.346 ND
23-24 ND ND 0.136 0.425 ND

that S in sediments changed from the oxidation state to the
reduced state with the increasing depths. Oxidation states of
S in Dianchi Lake showed that sulfate and FeS were major
forms in the top 10 cm sediment, which were considered to
be the most stable in all oxidation states of S in sediments.
In the deeper layers, the ratio of FeS

2
and organic S forms

in the total S was significantly increased, suggesting that
sulfate was chemically or biologically reduced in the deep
part of the sediments. S in sediments of Caohai andHongfeng
Lake showed similar composition and change characteristics
with that in Dianchi Lake. In Qinghai Lake, the proportion
of the FeS and FeS

2
slightly increased in 0–6 cm sediment

layer then reduced in the depths of 6–10 cm. Accordingly,
the proportion of sulfate reduced first and then increased,
suggesting an occurrence of S reduction and reoxidation
processes.

In the large-scale, the five lakes in this study were located
in three different natural regions, which have the varied cli-
matic, economic, and geological features. Qinghai Lake basin
was an arid climate area in the Northwestern China, where it
usually received low inputs of mean annual precipitation and
had high potential evapotranspiration [24]. Acid deposition
was mainly formed from SO

2
emitted to the atmosphere,

largely because of fossil-fuel combustion [25]. Qinghai Lake
area was essentially unaffected by acid deposition, indicating
that atmospheric S has a relatively low concentration [26].
Thus S in sediments of this lake mainly derived from physical
weathering of watershed rocks. Taihu Lake was located in
the economically developed eastern coastal areas of China.
As shown in Figure 3, largely organic S, originated from
industry and agriculture in the lake basin, occupied a high
proportion in total S in the sediments. S in sediments of
Taihu Lake, on the one hand, reflected the composition of
the soil S of the lake basin and, on the other hand, was
affected by human activities such as industry, agriculture, and
atmospheric deposition. For the three lakes located in the
largest karst region in Southwestern China, that is, Dianchi
Lake, Caohai Lake, and Hongfeng Lake, chemical weathering
of carbonate was the most important source of S. The
previous studies demonstrated that considerable emissions of
S compoundsmainly occurred in southern and Southwestern

China due to subsequent consumption of coal and oil, which
increased rapidly since the 1970s [26]. Dry andwet deposition
of atmospheric S caused by the coal combustion may be
another important source for these three lakes.

Furthermore, the eutrophic status of lakes may impact
on the S deposition in the lake environment. In our study,
most of the lakes have changed from oligotrophy to of meso-
or eutrophic conditions during the past decades because of
nutrient loading from wastewater and fertilizers, especially
Taihu Lake and Dianchi Lake [19, 20]. Only Qinghai Lake
was still in the oligotrophy condition. Holmer and Storkholm
[27] indicated that deposition of S was generally higher in
eutrophic than in oligotrophic lakes because of a number
of factors: a higher rate of sulfate reduction, enhanced
sedimentation of organic S, and less reoxidation as a result
of reduced penetration of oxygen into the sediments, a lack
of faunal activity, and rooted macrophytes. Our survey data
as shown in Figure 3 showed that the proportion of S2−
and S

2

2− in the sedimentary S in the eutrophic lakes, such
as Taihu Lake, was indeed significantly higher than that
in Qinghai Lake, which was consistent with the results of
previous studies [27]. Currently, there is, however, still a
general lack of understanding of the interactions between S
cycling and eutrophication. One example is the interaction
between S cycling and benthic fauna and rootedmacrophytes,
as they may be significantly impacted by eutrophication [27].
However, we believed that the impacts of S bacteria were
more reasonable. S reduced from varied oxidation states
into sulfides through the complex biochemical processes
was generally assumed to be the dominant pathway for the
permanent removal of S in the sediment [5]. Reduction of S
in sediments ismainly dominated by SRB,while the eutrophic
lakes generally have a high SRB in sediment layers; thus the
proportion of most reduced S (oxidation state < 0) in the
sediment of eutrophic lake is higher than in oligotrophic
lakes. In particular, Hongfeng Lake was a seasonally stratified
deep-water lake. After destratification and during winter,
the anoxic hypolimnion becomes mixed with overlying oxic
water, which enhances oxygen penetration into the sedi-
ments. This leads to an increased oxidation of reduced S,
followed by a higher sulfate concentration [28].
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Figure 2: Vertical variations of oxidation states of different S compounds in sediment profiles of Taihu Lake, Qinghai Lake, Dianchi Lake,
Caohai Lake, and Hongfeng Lake, China.
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2
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3
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2− as calculated by Linear Combination Fitting on S
K-Edge XANES spectra.

3.2. Composition Ratio of Different S Compounds in Sediment
Profiles. The composition ratios of different S species in
sediment cores were shown in Figure 3. XANES fitting
procedures revealed that 60–90% of the total S compounds
near the surface (0–10 cmdepth) of the lake sediment samples
were in the formof sulfate andFeS. FeS

2
and the S specieswith

intermediate oxidation states between 0 and +6 accounted for
a high proportion of total S in the deeper layers.

Figure 3 showed that there were wide variations in the
fractions of the sedimentary S species in different lakes. In
the surface sediment of Taihu Lake, sulfate, FeS

2
, and FeS

accounted for 38.9%, 12.6%, and 11.0% of the total S, while the
S species with intermediate oxidation states between 0 and +6

accounted for 36.5%. In Dianchi Lake, the composition ratio
of FeS declined from53.5% in surface to 30.2% in bottomwith
the increasing depths in the sediments, and the fraction of
sulfate declined from 44.3% to 11.3%. FeS

2
was found below

the 10 cm depth, and its relative proportion rapidly increased
from 5.4% to 30.2% in the deep layers. The fraction of S
species with intermediate oxidation states between 0 and +6
ranged from 2.3% to 25.6% in the 10–24 cm sediments. The
composition of sedimentary S species in Caohai Lake and
Hongfeng Lake was similar to that in Dianchi Lake.

In particular, sediments from Qinghai Lake contained
a very high proportion of sulfate, with an average value of
88.9%. The proportion of the sulfate slightly decreased from
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Figure 4: Mass percentages of most reduced S (oxidation state < 0), intermediated S (oxidation state from 0 to +5), and most oxidized S
(oxidation state +6) in the sediments from (a) Dianchi Lake and (b) Qinghai Lake.

94.3% to 83.5% in the depths that ranged from 0 to 6 cm
then slightly increased from 83.5% to 88.3% in the 6–10 cm
sediments. The contribution of FeS and FeS

2
was very low,

while the FeS + FeS
2
content varied between 4.7 and 15.6% in

all samples. There was no indication of other sulfur species
with intermediate oxidation states between 0 and +6 in the
core profile of Qinghai Lake.

The combination of S speciation helps to constrain the
depositional environment present in these sediments. Sim-
ilar percentages of most reduced S (oxidation state < 0),
intermediated S (oxidation state from 0 to +5), and most
oxidized S (oxidation state +6) in the sediments of Dianchi
Lake and Qinghai Lake were calculated by LCF (Figure 4).
Our results indicated that the ratio of most oxidized S
reduced in the surface (0–8 cm) sediment of Dianchi Lake;
correspondingly, the proportion ofmost reduced S increased,
implying the transformation from sulfate to sulfide iron
through a strong activity of SRB in the top layer. Sulfate
reduction was usually not limited by the sulfate in surface
layers, as the concentration exceeds 𝐾

𝑚
for SRB [29]. But

limitation may occur deeper in the sediment, because sulfate
usually penetrates only to <10 cm into freshwater sediments
due to its low concentration [27]. As shown in Figure 4(a),
at a depth of 8–12 cm layer, the proportion of most reduced
S rapidly declined; correspondingly, the proportion of most
oxidized S increased, revealing a limitation of sulfate reduc-
tion and an occurrence of reoxidation of reduced S in the
anaerobic condition. Similar phenomenon was also found in
the sediment profile of Qinghai Lake (Figure 4(b)). In the
deeper (>12 cm) layers, intermediated S gradually occupied a
high ratio in the total sedimentary S, indicating that the SRB
was significantly reduced in those layers, because if any, the
bacteriamediated disproportionation reactionwill lead to the
transition from the unstable intermediate S to themore stable

reduced S and sulfate.The intermediated S in deep sediments
found in our study was likely to be the major product of
sulfide reoxidation in the absence of microorganisms and
iron ions.

It should be noted that the intermediate S was stable
below 15 cm depth in sediments from Dianchi Lake, as
shown in Figure 4(a). Experiments with 35S labeled S

2
O
3

2−

demonstrated that S
2
O
3

2− was disproportionated throughout
all redox zones in the upper 10 cm, where disproportion-
ating bacteria were abundant in the sediments [30]. The
intermediate S was not commonly found in surface layer
sediments because it reacted fast with Fe3+ and was further
oxidized to sulfate. Although Fe3+ oxidizes pyrite rapidly in
the sediment surface, iron-oxidizing bacteria can increase the
oxidation rate by several orders of magnitude [31], supplying
Fe3+ for pyrite oxidation. Then in the deep layers where Fe3+
was not available, the intermediate S might be the major
end product of pyrite reoxidation [6]. Due to the absence
of microorganisms and iron ions, the intermediate S can
keep stable in deep sediments, which was consistent with the
results observed in our studies lakes.

4. Conclusion

The vertical distributions of sulfur speciation in sediment
cores collected from five lakes of China were investigated
using XANES spectroscopy. The results showed that S in the
sediment of Qinghai Lake (saline lake) had a high proportion
of sulfate averaged 88.9%due to physical weathering of water-
shed rocks, while S in the sediment of Taihu Lake (freshwater
lake) had a high fraction of intermediate S (36.5%)whichmay
be the response of the agricultural nonpoint source pollution
in drainage basin. The three freshwater lakes located in
Southwestern China had similar composition characteristics
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of S species, indicating similar sources including chemical
weathering of carbonate and atmospheric deposition. In this
study, 60–90% of S compounds near the surface (0–10 cm
depth) sediment were in the form of sulfate and FeS. In
deeper layers, the ratio of FeS

2
and the intermediate S, such

as R-SH, RSOR, S
2
O
3

2−, and RSO
3

−, significantly increased,
suggesting rapid processes of sulfate reduction and sulfide
reoxidation with the increasing depths. Our results show
that K-Edge XANES spectroscopy has unique advantages
in morphological analysis of sulfur in sediments. XANES
has provided an important analysis tool in the study of the
geochemical cycle of sulfur in the aquatic ecosystem.
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