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Editorial

Insights into Organic Carbon, Iron, Metals and Phosphorus
Dynamics in Freshwaters

Liudmila S. Shirokova 1,2

1 Georesources and Environnement Toulouse GET UMR 5563 CNRS, Université Paul Sabatier,
14 Avenue Edouard Belin, 31400 Toulouse, France; liudmila.shirokova@get.omp.eu

2 N. Laverov Federal Center for Integrated Arctic Research, UrB RAS, 23 Nab Severnoi Dviny,
Arkhangelsk 163000, Russia

Organic carbon (OC), iron (Fe), metal, and phosphorus (P) are key aquatic components
that largely determine the biotic and abiotic functioning of freshwater systems, including
groundwater, soil water, lakes, rivers, and their estuaries. Over the past decade, there has
been increasing interest regarding the elevation in organic carbon and iron concentrations in
freshwaters in relation to the so-called “browning” effect, caused by climate warming and
changes in anthropogenic pressure. As for phosphorus, it is a vital element for all aquatic
ecosystems and its aquatic biogeochemical cycle is now undergoing sizable changes linked
to eutrophication, invasive species development, and transformations between organic and
inorganic forms. This Special Issue combines the articles dedicated to various aspects of the
behavior of organic carbon, phosphorus, iron (and other related metals) in a broad range
of freshwater environments, from soil solutions and groundwaters to ponds, lakes, rivers,
and their riparian zones and estuaries.

Savenko and Savenko [1] presented a review on the geochemistry of phosphorus in
continental runoff in the form of both dissolved and solid substances, with a separate
consideration for the processes of runoff transformation in river mouth areas. The authors
could draw a conclusion about the non-conservative distribution of phosphorus in the
estuaries, in most cases associated with biological production and destruction processes.
They further argue that conservative behavior of phosphorus was observed only in heavily
polluted river mouths with abnormally high concentrations of this element.

Pokrovsky et al. [2] reported a new assessment of riverine fluxes of carbon, nutrients,
and metals in the surface waters of permafrost-affected regions; their study is crucially im-
portant for constraining adequate models of ecosystem functioning under various climate
change scenarios. As a case study, they used the largest permafrost peatland territory on
the Earth, the Western Siberian Lowland (WSL). By applying a “substituting space for time”
scenario, the WSL south–north gradient was used as a model for future changes due to the
permafrost boundary shift and climate warming. The authors demonstrated that, contrary
to common expectations, the climate warming and permafrost thaw in the WSL will likely
decrease the riverine export of organic C and many other elements; they conclude that
modeling of C and element cycles in the Arctic and sub-Arctic should be region-specific,
and that neglecting huge areas of permafrost peatlands might produce sizeable bias in our
predictions of climate change impact.

In the same territory, Manasypov et al. [3] studied the biogeochemistry of thermokarst
lakes and demonstrated that thermokarst lakes and ponds that are formed due to thawing
of frozen peat in high-latitude lowlands are very dynamic and environmentally important
aquatic systems. They showed that these thermokarst lakes and ponds play a key role in
controlling C emission to the atmosphere and organic carbon (OC), nutrient, and metal
lateral exports to rivers and streams. Analyses of lake water chemical composition across
the permafrost gradient allowed them a first-order empirical prediction of lake hydrochem-
ical changes in the case of climate warming and permafrost thaw, employing a scenario
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where space is substituted for time. The main conclusion of this study was that the exact
magnitude of this response will be strongly seasonally dependent, with the largest effects
observable during baseflow seasons.

Extending the knowledge of river water chemical composition in Siberia, Tashiro et al. [4]
studied watershed-scale iron dynamics, and coupled the seasonal changes in Fe and dissolved
organic carbon (DOC) concentrations in the tributaries of the Amur River basin. They demon-
strated that permafrost wetlands in valley areas act as hotspots of dissolved Fe production
and greatly contribute to Fe and DOC discharge to rivers, especially during snowmelt and
rainy seasons.

Additionally, in Eastern Siberia, Vorobyev et al. [5] described a snapshot study of
major and trace element concentration in the Lena River basin during the peak of spring
flooding, which revealed a specific group of solutes according to their spatial pattern
across the river main stem and tributaries and allowed the establishment of a link to
certain landscape parameters. The authors demonstrate that future changes in the river
water chemistry linked to climate warming and permafrost thaw at the scale of the whole
river basin are likely to stem from changes in the spatial pattern of dominant vegetation
as well as the permafrost regime. They further argue that comparable studies of large,
permafrost-affected rivers during contrasting seasons, including winter baseflow, should
allow efficient prediction of future changes in riverine “inorganic” hydrochemistry induced
by permafrost thaw.

Two studies of river water hydrochemical composition in Western Siberia—those of
Ivanova et al. [6] and Kolesnichenko et al. [7]—provided new insights on landscape, soil,
lithology, climate, and permafrost control of dissolved carbon and other major and trace
elements in the Ob River, its tributaries, and other small- and medium-sized rivers of the
region. These works demonstrated strong environmental factor control on major and trace
element concentrations in Western Siberian rivers and predicted a future increase in the
concentration of DIC and labile major and trace elements and a decrease in the transport of
DOC and low soluble trace metals in the form of colloids in the main stem of the Ob River.
They assert that large-scale, seasonally resolved transect studies of large riverine systems of
Western Siberia are needed to assess the hydrochemical response of this environmentally
important territory to ongoing climate change. An example of using such an approach for
two contrasting rivers of the region—permafrost-affected Taz River and permafrost-free Ket
River—is provided by Pokrovsky et al. [8], who showed that climate warming in northern
rivers may double or triple the concentration of DIC, Ca, Sr, U, but also increase the
concentration of DOC, POC, and nutrients. The study applied a substituting-space-for-time
approach for the south–north gradient of the studied river basins.

Further insights on the factors shaping the chemical composition of rivers were pro-
vided by Krickov et al. [9] who measured chemical composition of dissolved (<0.22 μm)
fractions of snow across a 2800 km south–north gradient in Western Siberia. Based on
mass balance calculation, these authors demonstrate that the wintertime atmospheric input
represents a sizable contribution to the riverine export fluxes of dissolved (<0.45 μm) Mn,
Co, Zn, Cd, Pb, and Sb during springtime and can appreciably shape the hydrochemical
composition of the Ob River main stem and tributaries.

The role of river water hydrochemistry in freshwater organism ecology and chemical
composition is presented in work of Lyubas et al. [10]. The authors used new data on
trace elements accumulation by freshwater mussels in the Severnaya Dvina and the Onega
River Basin—the two largest subarctic river basins in the Northeastern Europe. The study
revealed that iron and phosphorous accumulation in shells have a strong relationship
with their distance from the mouth of the river; additionally, they demonstrated that the
accumulation of elements in the shell depends on the environment of the biotope.

Finally, Venelinov and Tsakovski [11] presented a case study of surface waters where
they implemented the metal bioavailability concept in the Water Framework Directive
(WFD) compliance assessment. Based on comprehensive database including DOC and
metals, they used three substitution approaches and demonstrated that BIO-MET can be
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used as the most appropriate tool for the bioavailability assessment of Cu, Zn, and Pb in
Bulgarian surface water bodies.
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Hydrochemistry of Medium-Size Pristine Rivers in Boreal and
Subarctic Zone: Disentangling Effect of Landscape Parameters
across a Permafrost, Climate, and Vegetation Gradient

Oleg S. Pokrovsky 1,*, Artem G. Lim 2, Ivan V. Krickov 2, Mikhail A. Korets 3, Liudmila S. Shirokova 1,4 and Sergey

N. Vorobyev 2

1 GET, UMR 5563, CNRS, University of Toulouse (France), 14 Avenue Edouard Belin, 31400 Toulouse, France;
liudmila.shirokova@get.omp.eu

2 BIO-GEO-CLIM Laboratory, Tomsk State University, Lenina Av., 36, 634050 Tomsk, Russia;
lim_artyom@mail.ru (A.G.L.); krickov_ivan@mail.ru (I.V.K.); soil@green.tsu.ru (S.N.V.)

3 V.N. Sukachev Institute of Forest of the Siberian Branch of Russian Academy of Sciences, KSC SB RAS,
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4 N.P. Laverov Federal Center for Integrated Arctic Research, UrB Russian Academy of Science, 23 Nab
Severnoi Dviny, 163000 Arkhangelsk, Russia

* Correspondence: oleg.pokrovsky@get.omp.eu

Abstract: We studied two medium size pristine rivers (Taz and Ket) of boreal and subarctic zone,
western Siberia, for a better understanding of the environmental factors controlling major and trace
element transport in riverine systems. Our main objective was to test the impact of climate and
land cover parameters (permafrost, vegetation, water coverage, soil organic carbon, and lithology)
on carbon, major and trace element concentration in the main stem and tributaries of each river
separately and when considering them together, across contrasting climate/permafrost zones. In the
permafrost-bearing Taz River (main stem and 17 tributaries), sizable control of vegetation on element
concentration was revealed. In particular, light coniferous and broadleaf mixed forest controlled
DOC, and some nutrients (NO2, NO3, Mn, Fe, Mo, Cd, Ba), deciduous needle-leaf forest positively
correlated with macronutrients (PO4, Ptot, Si, Mg, P, Ca) and Sr, and dark needle-leaf forest impacted
Ntot, Al, and Rb. Organic C stock in the upper 30–100 cm soil positively correlated with Be, Mn, Co,
Mo, Cd, Sb, and Bi. In the Ket River basin (large right tributary of the Ob River) and its 26 tributaries,
we revealed a correlation between the phytomass stock at the watershed and alkaline-earth metals
and U concentration in the river water. This control was weakly pronounced during high-water
period (spring flood) and mostly occurred during summer low water period. Pairwise correlations
between elements in both river systems demonstrated two group of solutes—(1) positively correlated
with DIC (Si, alkalis (Li, Na), alkaline-earth metals (Mg, Ca, Sr, Ba), and U), this link originated from
groundwater feeding of the river when the labile elements were leached from soluble minerals such
as carbonates; and (2) elements positively correlated with DOC (trivalent, tetravalent, and other
hydrolysates, Se and Cs). This group reflected mobilization from upper silicate mineral soil profile
and plant litter, which was strongly facilitated by element colloidal status, notably for low-mobile
geochemical tracers. The observed DOC vs DIC control on riverine transport of low-soluble and
highly mobile elements, respectively, is also consistent with former observations in both river and
lake waters of the WSL as well as in soil waters and permafrost ice. A principal component analysis
demonstrated three main factors potentially controlling the major and TE concentrations. The first
factor, responsible for 26% of overall variation, included aluminum and other low mobile trivalent
and tetravalent hydrolysates, Be, Cr, Nb, and elements strongly complexed with DOM such as Cu and
Se. This factor presumably reflected the presence of organo-mineral colloids, and it was positively
affected by the proportion of forest and organic C in soils of the watershed. The second factor
(14% variation) likely represented a combined effect of productive litter in larch forest growing on
carbonate-rich rocks and groundwater feeding of the rivers and acted on labile Na, Mg, Si, Ca, P, and
Fe(II), but also DOC, micronutrients (Zn, Rb, Ba), and phytomass at the watershed. Via applying a
substituting space for time approach for south-north gradient of studied river basins, we predict that
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climate warming in northern rivers may double or triple the concentration of DIC, Ca, Sr, U, but also
increase the concentration of DOC, POC, and nutrients.

Keywords: metals; carbon; nutrients; trace elements; landscape; permafrost; river; watershed; boreal

1. Introduction

Climate change, which is mostly pronounced in high latitudes, strongly impacts the
chemistry of rivers and streams and can bring yet unknown consequences on carbon,
nutrient, and metal export from land to ocean thus enhancing the retroactive link to cli-
mate change drivers [1–4]. There are numerous case studies of climate change impact on
surface and groundwater sustainability and hydrochemistry, such as those performed in
temperate/subtropical regions [5,6]. However, huge northern unpopulated territories of
the world remain poorly covered by a coupled hydrochemical/hydrological approach.
This is especially true for pristine permafrost-bearing regions located at high latitudes and
containing sizable amount of carbon in the form of peat, organic litter, and vegetation.
An example is Western Siberian Lowland (WSL), located in the gradient of climate and
permafrost zones within essentially the same lithological background, minimal variations
in river runoff and relief and moderate to negligible anthropogenic activity. The interest
of the WSL is that it contains huge peat resources and presents rather shallow, essen-
tially discontinuous to sporadic/isolated permafrost, highly vulnerable to thawing [7–10].
For this relatively large territory (2 million km2), extensive studies of small [11–19] and
large [20] river dissolved, colloidal and particulate load, chemical composition of soil ice
and suprapermafrost waters [21–24], and gaseous regime of rivers and lakes [25–27] have
been performed. However, the majority of these studies except that of the Ob River [20]
dealt with single site sampling of a given river, without addressing the spatial variability
of riverine solutes within a watershed. This is a clear shortcomings of current state of
knowledge of western Siberian rivers, because without sufficient spatial coverage, one
cannot test the impact of various landscape factors on water hydrochemistry within the
same river basin.

In the present study, we used a coupled hydrochemical/landscape (land cover) ap-
proach that allows revealing the main environmental factors controlling the hydrochemical
composition of the river water. Up to now, such an approach has been efficiently used only
for single-point sampling of small rivers [13–19] and one large Siberian River [20] but has
not been implemented at the scale of the whole watershed of medium-size rivers. Toward
better understanding of land cover control on riverine C, nutrient and metal transport,
we chose two medium size rivers of western Siberia, Taz (Swatershed = 150,000 km2) and
Ket (Swatershed = 95,000 km2) located within permafrost-bearing forest-tundra/tundra and
permafrost-free taiga biomes, respectively. Both rivers drain through similar sedimentary
deposits overlayed by peatland and forest/tundra; they are virtually pristine (population
density < 1 people km−2) and have no industrial or agricultural activity on their watershed.
Within the on-going drastic climate change in Siberia, the southern river (Ket) can be consid-
ered as an extreme scenario of long-term transformation of the northern River (Taz) in case
of complete disappearance of discontinuous permafrost and northward migration of the
taiga forest. Therefore, our primary objective in this work was to test the impact of climate
and land cover parameters (permafrost, vegetation, water coverage, soil organic carbon,
and lithology), on carbon, major and trace element concentration in the main stem and
tributaries of each river separately and when considering them together, across contrasting
climate/permafrost zones. A flowchart of methodology and approach used in the present
study is illustrated in Figure 1. We anticipate that, via employing similar approach for
two sufficiently contrasting and yet representative river basin of the WSL, we can provide
essential information for coupled land—River C, nutrient and metal fluxes for climate
modeling of the region and to foresee future, long-term changes in much large territory
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of strongly understudied permafrost-affected Eurasian lowlands, which includes North
Siberia, Anabar, Kolyma and Yana-Indigirka lowlands, with an overall territory more than
2 million km2.

 

Figure 1. A flow chart of methodological approach used in the present study.

2. Study Site and Methods

2.1. Ket River Basin

We sampled the Ket River main stem and its 26 tributaries during the peak of the spring
flood and the end of summer baseflow. The catchment area of sampled watersheds ranged
from 94,000 km2 (Ket’s mouth) to 20 km2 (smallest tributary). The studied watersheds
presented rather similar lithology, climate, and vegetation, given its generally west—east
orientation, Figure 2; Ref. [28]). The Ket River basin (right tributary of the Ob River) is
poorly accessible and can be considered as essentially pristine comprising about 50% forest
and 40% of wetlands while having virtually negligible agricultural and forestry activity.
The river basin is poorly populated (0.27 person km−2) and, compared to left tributaries of
the Ob River, lacks road infrastructure due to absence of hydrocarbon exploration activity.
We therefore consider this river as a model one for medium size rivers of the boreal zone
of western Siberia Lowland covered by forests and bogs. As such, the results on river
water hydrochemistry obtained from this watershed can be extrapolated to much larger
territory, comprising several million km2 of permafrost-free taiga forest and bog biome,
extending over 3000 km between the left tributaries of the Yenisei River in the east and
Finland in the west. The mean annual air temperatures (MAAT) of the Ket River basin is
−0.75 ± 0.15 ◦C and the mean annual precipitation is 520 ± 20 mm y−1. The lithology is
represented by silts and sands with carbonate concretions overlayed by quaternary deposits
(loesses, fluvial, glacial, and lacustrine deposits). The dominant soils are podzols in forest
areas and histosols in peat bog regions.
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Figure 2. Map of the two studied river basins (Taz in the north and Ket in the south). The sampling
points of the main stem and tributaries are shown by red and black circles, respectively.

2.2. Taz River Basin

The Taz River sampled in this work included the main stem and its 17 tributaries
whose catchment area ranged from 149,000 km2 at the Taz’s mouth to 25 km2 of smallest

8



Water 2022, 14, 2250

sampled tributary. Alike the Ket River basin, all sampled catchments exhibited similar
lithology (clays, silts and sands overlayed by quaternary loesses, fluvial, glacial, and
lacustrine deposits), but more contrasting climate and vegetation due to its north to south
orientation (Figure 2). The MAAT ranges from −4.6 ◦C in the headwaters (Tolka village) to
−5.4 ◦C in the low reaches (Tazovskiy town). The mean annual precipitation is 500 mm
y−1 in the central part of the basin (Krasnoselkup) and 600 mm y−1 in the low reaches of
the Taz River. Given its landscape and climate features, the Taz River basin includes: (1) the
upper (southern) part (“headwaters”) which comprises 400–800 km upstream of the river
mouth, where the permafrost is sporadic to discontinuous and the dominant vegetation is
forest-tundra and taiga, and (2) the low reaches (northern) part, located 0–400 km upstream
of the mouth where the permafrost is continuous to discontinuous and the dominant biome
is tundra and forest-tundra.

2.3. Sampling

For the Ket River, the peak of annual discharge in 2019 occurred in the end of May
whereas in August, the discharge was three to five times lower. From 18 May to 28 May
2019, and from 30 August to 2 September 2019, we started the boat trip in the middle course
of the Ket River (Beliy Yar), and moved, first, 475 km upstream the Ket River till its most
headwaters, and then moved 834 km downstream till the river mouth. We stopped each
50 km along the Ket River and sampled for major hydrochemical parameters, suspended
matter, and bacteria. We also moved several km upstream of selected tributaries to sample
for river hydrochemistry.

In the Taz River, the peak of annual discharge in 2019 occurred in the middle of June
(5600 m3 s−1; in August, the discharge was 5 times lower). Therefore, the month of July
(average discharge is 2300 m3 s−1; range 1920–3370 m3 s−1) can be considered as the end of
spring flood period. From 12 July to 16 July 2019 we moved 800 km downstream the Taz
River from its most headwaters (Tolka village) to the low reaches (Tazovskiy town). We
stopped each ~50 to 100 km of the boat route and sampled for hydrochemical parameters,
river suspended matter and total bacterial number of the main stem. For sampling the
tributaries, we moved 500–1500 m upstream of the confluence zone.

2.4. Analyses

The dissolved oxygen (CellOx 325; accuracy of ±5%), specific conductivity (TetraCon
325; ± 1.5%), and water temperature (±0.2 ◦C) were measured in situ at 20 cm depth
using a WTW 3320 Multimeter. The pH was measured using portable Hanna instrument
via combined Schott glass electrode calibrated with NIST buffer solutions (4.01, 6.86, and
9.18 at 25 ◦C), with an uncertainty of 0.01 pH units. The river water was sampled in
pre-cleaned polypropylene bottle from 20–30 cm depth in the middle of the river and
immediately filtered through disposable single-use sterile Sartorius filter units (0.45 μm
pore size). The first 20 mL of filtrate was discarded. The DOC and dissolved inorganic
carbon (DIC) were determined by a Shimadzu TOC-VSCN Analyzer (Kyoto, Japan) with an
uncertainty of 3% and a detection limit of 0.1 mg/L. Blanks of Milli-Q water passed through
the filters demonstrated negligible release of DOC from the filter material. Specific ultra-
violet absorbance (SUVA254) was measured via ultraviolet absorbance at 254 nm using a
10-mm quartz cuvette on a Bruker CARY-50 UV-VIS spectrophotometer and divided by the
concentration of DOC (L mg−1 m−1). The concentrations of C and N in suspended material
(particulate organic carbon and nitrogen (POC and PON, respectively)) were determined
via filtration of 1 to 2 L of freshly collected river water (at the river bank or in the boat)
with pre-weighted GFF filters (47 mm, 0.8 μm) and Nalgene 250-mL polystyrene filtration
units using a Mityvac® manual vacuum pump. Particulate C and N were measured using
catalytic combustion with Cu-O at 900 ◦C with an uncertainty of ≤0.5% using Thermo
Flash 2000 CN Analyzer at EcoLab, Toulouse. The samples were analyzed before and
after 1:1 HCl treatment to distinguish between total and inorganic C; however, the ratio
of Corganic:Ccarbonate in the river suspended matter (RSM) was always above 20 and the
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contribution of carbonate C to total C in the RSM was equal in average 0.3 ± 0.3% (2 s.d.,
n = 30).

Total microbial cell concentration was measured after sample fixation in glutaralde-
hyde, by flow cytometry (Guava® EasyCyteTM systems, Merck, Darmstadt, Germany).
Cells were stained using 1 μL of a 10 times diluted SYBR GREEN solution (10000×, Merck),
added to 250 μL of each sample before analysis. Particles were identified as cells based on
green fluorescence and forward scatter [29].

All analytical approaches used in this study for major and trace element analyses
followed methods developed for western Siberian organic-rich surface waters [17,30,31].
The samples were preserved via refrigeration 1 month prior to analysis. Major anion
(Cl, SO4

2−) concentrations were measured by ion chromatography (HPLC, Dionex ICS
2000) with an uncertainty of 2%. International certified samples ION, PERADE, and RAIN
were used for validation of the analyses. Major cations (Ca, Mg, Na, K), Si, and ~40
trace elements were determined with an Agilent iCap Triple Quad (TQ) ICP MS using
both argon and helium modes to diminish interferences. About 3 μg L−1 of In and Re
were added as internal standards along with three various external standards. Detection
limits of TE were determined as 3× the blank concentration. The typical uncertainty for
elemental concentration measurements ranged from 5–10% at 1–1000 μg/L to 10–20%
at 0.001–0.1 μg/L. The Milli-Q field blanks were collected and processed to monitor for any
potential contamination introduced by our sampling and handling procedures. The SLRS-6
(Riverine Water Reference Material for Trace Metals certified by the National Research
Council of Canada) was used to check the accuracy and reproducibility of analyses [32,33].
Only those elements that exhibited good agreement between replicated measurements of
SLRS-6 and the certified values (relative difference < 15%) are reported in this study.

2.5. Landscape Parameters and Water Surface Area of the Ket and Taz River Basin

The physio-geographical characteristics of the Ket and Taz tributaries and several sam-
pling points of the main stem of both rivers were determined by applying available digital
elevation model (DEM GMTED2010), soil, vegetation, and lithological maps. The landscape
parameters were typified using TerraNorte Database of Land Cover of Russia (Ref. [34];
http://terranorte.iki.rssi.ru, accessed on 1 February 2020). This included various types of
forest (evergreen, deciduous, needleleaf/broadleaf), grassland, tundra, wetlands, water
bodies, and riparian zones. The climate parameters of the watershed were obtained from
CRU grids data (1950-2016) [35] and NCSCD data (Ref [36]; doi:10.5879/ecds/00000001), re-
spectively, whereas the biomass and soil OC content were obtained from BIOMASAR2 [37]
and NCSCD databases. The lithology layer was taken from GIS version of Geological map
of the Russian Federation (scale 1: 5,000,000, http://www.geolkarta.ru/, accessed on 1
February 2020).

2.6. Data Analysis

Element concentrations for all datasets were tested for normality using the Shapiro–
Wilk test. In case of the data were not normally distributed, we used non-parametric
statistics. Comparisons of major and trace element concentration in the main stem and the
tributaries during two sampling seasons (Ket) and summer baseflow (Taz) were conducted
using a non-parametric Mann Whitney test at a significance level of 0.05. For comparison of
unpaired data, a non-parametric H-criterion Kruskal–Wallis test was used to reveal the dif-
ferences between different seasons and between the main stem and tributaries. The Pearson
rank order correlation coefficient (p < 0.05) was used to determine the relationship between
major and trace element concentrations and main landscape parameters of several points
of the main stem and all tributaries, as well as other potential drivers of TE concentrations
in the river water such as pH, O2, water temperature, specific conductivity, DOC, SUVA
(aromaticity), DIC, Fe, Al, particulate carbon and nitrogen, and total bacterial number.
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3. Results and Discussion

3.1. Spatial and Seasonal Variation of Elements in the Ket River and Control of River
Hydrochemistry by Landscape Parameters

All the primary data on dissolved (<0.45 μm) element concentration in both rivers
together with relevant landscape parameters of the sampling points are available from
the Mendeley Repository [28]. The spatial variations of element concentration in the main
stem and tributaries of the Ket River were generally lower than the differences between
the two seasons. This is illustrated by a plot of several major and trace elements along the
full length of the river basin (Figure 3A–E), and further confirmed by a Mann–Whitney U
test (Table S1 of the Supplementary Materials) which shows that the maximal differences
in element concentrations are observed between seasons in both the main stem and the
tributaries. The differences between the Ket River main stem and the tributaries were
always lower or not pronounced for the same season. This allowed to calculate the mean
concentrations of elements across the full length of the main stem and among all tributaries
for each seasons (Figure S1 and Table S2 of the Supplementary Materials). Analyses of the
differences in element concentration between the flood and the baseflow of the Ket River
allowed distinguishing three group of solutes as illustrated in Figure 4. The first groups
comprised elements having a factor of 2 to 10 higher concentrations in both main stem of the
Ket River and tributaries during spring flood compared to summer baseflow, and included
DOC, low soluble low mobile “lithogenic” hydrolysates (Be, Al, Ti, Cr, Ga, Y, Zr, Nb, REE,
Hf, Bi, Th), some divalent heavy metals (Ni, Cu, Cd), oxyanions (Sb), Cs, Tl, and SO4.
The second group typified highly mobile elements exhibiting lower concentrations during
spring flood compared to the baseflow and included DIC, POC, alkaline and alkaline earth
metals (Li, Na, Mg, Ca, Sr, Ba), labile nutrients (Si, P, Mn), oxyanions (As, Mo), Fe and
U(VI). Finally, a group of elements demonstrated rather similar (within 30%) concentrations
during both seasons and included Cl, micronutrients (V, Co, Zn, Se, Rb), Ge, W, and Cd.

A pairwise (Pearson) correlation of major and trace element concentration in the main
stem and tributaries of the Ket River with main land cover parameters of the watershed
was tested for both seasons, but notable correlations were observed only for the summer
baseflow (Table S3). These correlations were detected only for alkaline-earth elements
(Mg, Ca, Sr) and U, whose concentrations positively correlated (RPearson ≥ 0.5; p < 0.05)
with phytomass stock on the watersheds (Figure 5). However, the observed correlations
do not necessarily indicate a direct control but may be the consequence of the fact that
carbonate-bearing loesses are most favorable substrates for productive forests compared to
clay, sand and peat –rich soils [20]. The carbonate minerals of these substrates are known
to act as sizable sources of alkaline-earth metals and uranium [the latter is carried in the
form of highly labile uranyl-carbonate complexes] in shallow subsurface and groundwater
feeding the river during summer baseflow [16,17]. Other elements did not demonstrate
any sizable correlations to the landscape factors. The most likely reason for paucity of such
a control is highly homogeneous coverage of the river basins by forest, bogs, and riparian
zones with essentially the same climate, runoff, vegetation, soil, and total phytomass stock,
represented by similar tree species of the boreal taiga of permafrost-free zone of the WSL.

Overall, the dominance of the season over space in solute control in the river basin
let us to consider, for further analysis, only the same season (summer baseflow) for both
rivers. This allowed better understanding the main driving factors (landscape parameters)
of dissolved major and trace element variation along the full length of the main stem of
both rivers as well as within each river tributaries.
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Figure 3. Al (A,B), Fe (C,D), Mn (E,F), Sr (G,H) and Mo (I,G) concentration in the Ket River main
stem (open circles) and tributaries (solid diamonds) during spring flood (A,C,E,G,I) and summer
baseflow (B,D,F,H,J).
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Figure 4. Mean ratio of element concentrations between spring flood period and summer baseflow in
the Ket River main stem and tributaries.

 
Figure 5. Example of positive correlations between Mg (A), Ca (B), Sr (C), and U (D) and landscape
factors of the Ket River in summer.

3.2. Major and Trace Element Spatial Variation over the River Main Stem and among Tributaries of
the Taz River Basin and Land Cover Control

The variations of major and trace element concentration along the Taz River were also
rather low as illustrated in a plot of some major and trace element concentrations over the
river distance, from the headwaters to the mouth (Figure 6). The concentration of DOC,
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Ptot, NO3, NO2, Al, Fe, Cd, Ba, and Bi increased southward, with an increase in mean
annual temperature. In contrast, in the northward direction, with an increase in tundra and
discontinuous permafrost coverage, the concentrations of Cl, SO4, Li, B, Na, K, V, Ni, Cu, Y,
REE, and U increased, which may stem from a combination of sea-salts release from the
underlying marine clays and silts and far-range (>300 km) atmospheric transfer from the
Norilsk smelters (V, Ni, Cu). The variations among tributaries were generally larger but
did not exhibit any systematic evolution between the upper and lower reaches of the Taz
River basin (Table S4). Therefore, we can hypothesize that the primary factor controlling
solute concentration in the tributaries is land cover (see Section 3.3 below). In the main
stem and tributaries, the difference in dissolved element concentration between the upper
(southern) and lower (northern) part of the river has not exceeded 20–30% which was often
within the standard deviation of the mean values. The only exception is Mn concentrations
in the tributaries were two times higher in the south compared to the north.

 

Figure 6. SO4
2− (A), Al (B), DIC (C), Fe (D), Ca (E) Mn (F), Mg (G), and Sr (H) concentration in the

Taz River main stem and tributaries during summer baseflow.

Pairwise correlations of major and trace element concentration in the Taz River basin
with main physico-geographical, geocryological, and climatic features of the watershed
revealed several potential drivers (Table S5). The tundra coverage of the watershed, cor-
responding to northward directions and proximity to the sea exhibited strong positive
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(RPearson > 0.60, p < 0.01) correlations with Li, B, Na, K, Cl, SO4, and U. These elements
likely originate from sea salts of the former marine clays dominating the bedrocks of river
catchments in the northern part of WSL [17] but also the deposition of marine aerosols in
the form of snow [38]. The latter is also known to be enriched in Ni and Cu, reflecting
the proximity of the low Taz reaches to the Norilsk Cu-Ni smelters in the northern part of
WSL. This can explain positive (RPearson > 0.50, p < 0.05) correlations between the tundra
coverage and the concentrations of Ni and Cu in the rivers of the Taz basin. Presumably,
the atmospheric deposition of metal-rich aerosols can be transferred, via plant litter decay
and surface runoff, to the river main stem and tributaries in the northern part of the basin.

The vegetation also exhibited notable impact on elements concentrations in the river
water. Thus, presence of larch trees (deciduous needle-leaf forest coverage) positively
correlated with concentrations of DOC and macronutrients (Si, Mg, Ca, Sr) and Cs. Light
coniferous and broadleaf mixed forest positively impacted concentrations of DOC, macro-
(PO4, NO3, NH4) and micro-nutrients (Mn, Fe, Co, Mo, Ba, Cd). Finally, the organic carbon
content in upper 0–30 and 0–100 cm of soil positively correlated with some micro-nutrients
(Mn, Co, Mo) but also Be, Sc, Cd, Sb, and Bi. Noteworthy is that neither the watershed
surface area nor the permafrost coverage, which are the two potential drivers of element
geochemistry in surface waters i.e., [39–42], correlated with major and trace elements of the
Taz River basin. Furthermore, we were not able to detect any control of other landscape
features such as riparian zone, wetlands, and recent burns.

3.3. Common Features of Spatial Distribution of Major and Trace Element in Two River Basins
during Summer

Analysis of pairwise correlations described in Sections 3.1 and 3.2 for two river basins
individually revealed a number of common features in terms of apparent control of land-
scape parameters on element concentration in river waters. This allowed correlating the
hydrochemical composition of the water column with major environmental factors that
are likely to operate on both river basins as illustrated for some elements in Figure 7. The
first factor is forest biomass in general and, in particular, the coverage of the watershed
by larch trees (deciduous light needle leaf forest), which are most efficient for recycling
the nutrients such as Li, B, Si, Zn, Rb, and Ba [43]. The second environmental parameter
is bog coverage of the watershed, which was positively correlated with SUVA and low
mobile lithogenic elements and divalent transition metals whose transport is facilitated
by high DOC concentration (V, Ni, Cu, Y, heavy REE). The impact of bogs on retention of
these elements was demonstrated in North European boreal rivers [44,45]. Noteworthy
that the bog presence facilitated only the transport of heavy REE and not the light ones.
In the WSL surface waters, the former are known to form much stronger complexes with
allochthonous DOM from bogs and peat waters and less prone to be carried as organo-ferric
colloids [30,46–48].

A small number of elements were associated with total bacterial number (SUVA, P,
V, Fe, and As) and presumably marked shallow subsurface discharge of Fe(II)-rich waters
from the adjacent peatlands and biotically driven formation of large size Fe hydroxide
colloids, stabilized by allochthonous (aromatic) organic carbon. Strong co-precipitation
of P, V, and As with Fe hydroxides is known from laboratory experiments with organic-
rich (peatland) waters in the presence of soil and aquatic bacteria [49–52]. The area of
riparian zones of the river positively correlated with DIC, Sr, Ba, U, and particulate organic
nitrogen. While the first four elements could mark an enhanced discharge of deep and
subsurface groundwaters in the riparian zones, notably of larger rivers, the correlation
with PON could illustrate the generation of N-rich particles in the sediments of highly
productive floodplains [13,18]. Among common climate parameters of both river basins,
the precipitation did not impact the hydrochemical composition. However, the mean
annual air temperature encompassed the contrast between northern and southern rivers
and correlated with labile components of the river water (S.C., DIC, Li, B, Si, Ca, Sc, Zn, Se,
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Rb, Sb, Cs, Ba, and U). This was fully consistent with previous observations of large (Ob,
Ref. [20]; Lena, Ref. [53]) and small [15–17] Siberian rivers.

Figure 7. Pairwise correlations of several major and trace elements with two most pronounced
landscape parameters—Phytomass stock at the watershed and bog coverage, total bacterial count
(TBC) and mean air temperature, for both Taz and Ket river main stem and tributaries.

Given that the season was an important driving factor of element concentrations in
the Ket River (see Section 3.1), we attempted a PCA treatment of elementary dataset of
both rivers during summer baseflow. This analysis revealed three main factors capable
of explaining 26, 14, and 6.6% of total variability, respectively (Figure S2, Table S6). The
first factor acted positively on aluminum and other low mobile hydrolysates such as Be,
Al, Ti, Cr, Ga, Y, Zr, Nb, Y, REE, Hf, Th and elements which are known to be strongly
complexed with DOM such as Cu and Se [54]. Presumably, it reflected mobilization of
low soluble elements from lithogenic (silicate) minerals in the form of organo-mineral
(essentially organo-aluminum) colloids as it is known from studies in soil porewaters
of the WSL regions [24]. The second factor negatively acted on labile Na, Mg, Si, Ca, P,
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and Fe (probably as Fe(II)). The F2 was also positively linked to DOC, micronutrients
(Zn, Rb, Ba), and phytomass at the watershed (primarily, light needle-leaf trees) as well
as mean temperature and the proportion of younger (<25 Ma) rocks. In the WSL, these
rocks contain carbonate concretions and partially carbonated loesses. The second factor
thus likely represented a combined effect of productive litter in larch forest growing on
carbonate-rich rocks and groundwater feeding of the rivers by soluble, highly mobile
elements. Finally, the third factor, although exhibited limited explanation capacity, was
strongly linked to pH, specific conductivity, DIC, Sr, and U and clearly marked a direct
impact of bicarbonate-rich, slightly mineralized waters that reside in shallow (Taz) and
deeper (Ket) subsurface reservoirs containing carbonate minerals and actively discharge
into the river during baseflow.

Noteworthy is the similarity of the two main groups of major and trace elements,
DOC- and DIC-related, based on pairwise correlations between element concentrations.
The DIC concentration in both river basins significantly (p < 0.05) correlated with S.C.,
Si, alkalis (Li, Na), alkaline-earth metals (Mg, Ca, Sr, Ba), and U. This correlation marks
an enhanced mobility of these elements in the form of ionic forms and neutral molecules
(uranyl as carbonate/hydroxide complexes), essentially controlled by discharge of DIC
and mobile element—rich groundwaters either at the river bank or in the hyporheic zone.
These mechanisms of labile element mobilization are fairly well-known across the boreal
zone [55]. The DOC correlated with trivalent (Sc, Al, Ga, Y, REE), tetravalent (Ti, Zr, Hf,
Th), and other (Be, Cr, Nb) hydrolysates, Se and Cs. These elements are essentially present
in the river water in the form of Al-organic colloids or organic complexes [14,54,56–58].
These two main groups of solutes were evidenced not only in large and small rivers and
streams [14,16,17,20,59] but in lentic waters of the region, such as lakes and ponds [60,61],
supra-permafrost waters [23], peat porewaters [22–24], and peat ice [21].

3.4. Climate Change Consequences on Element Concentration in WSL Rivers (Vegetation and
Permafrost/Lithology Control) Using a Substituting Space for Time Approach

The main limitation of our approach is a restricted seasonal coverage in river sampling
and lack of daily/weakly discharge measurements, which did not allow calculating ele-
mentary export fluxes (yields). As such, predictions of climate change impact on riverine
export of this particular pristine basins can be performed solely in terms of river water
hydrochemistry. Note however that an approach of element annual yields is well developed
for other European Arctic [55] and small western Siberian rivers [13,59] including anthro-
pogenically affected Ob River in its middle course [19]. Therefore, taking the advantage
of highly pristine character of Taz and Ket River basins (in contrast to the neighboring
Pur River basin and left tributaries of the Ob River, which are strongly impacted by gas
and oil industry), one can use these river systems to approximate future changes in river
hydrochemistry linked to on-going climate change and permafrost thaw. The validity of
this approach is based on rather weak spatial variations within each basin discovered in
the present study (notably over the course of the main stem but also among tributaries) in
contrast to sizable variations in solute concentrations between the northern and southern
river basin.

For this, we can employ a “substituting space for time” approach which postulates, in
a broader context, that spatial phenomena which are observed today can be used to describe
past and future events [62]. Such an approach has been successfully used in western Siberia
since the pioneering work of Frey and Smith [12] to model possible future changes in small
rivers [13,59], lakes [61], soil waters [23], and permafrost ice [21]. Indeed, with permafrost
and forest boundary shift northward over next decades [9,63–65], the northern part of the
Taz River (tundra and forest-tundra of continuous to discontinuous permafrost) can be
entirely transformed into southern part-like territory of taiga and forest-tundra biome with
discontinuous to sporadic permafrost, whereas the entire Ket River basin can be used as
a surrogate for hydrochemistry for the southern part of the Taz River. The mean element
concentrations in the main stem and tributaries in the two sub-basins of the Taz and Ket
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River are illustrated in Figure 8. It can be seen that only a few elements exhibited sizable
contrast in river water concentration between the southern and northern part of the Taz
River basin and the Ket river catchment. Therefore, applying a substituting space for time
approach, we can anticipate that the concentration of DIC and mobile elements (Li, B, Mg,
Ca, Sr, Rb, Sb, W, U) and, to a lesser degree, DOC, Si, and micronutrients (Mn, Fe, Zn, Mo)
will increase in the low reaches of the Taz River.

 

Figure 8. Elements concentration in Upper Taz (0–400 km from the mouth, northern part), Low
Taz (400–800 km from the mouth, southern part), and Ket River (main stem and tributaries). Box
represents median, whiskers correspond to lower and upper quartile.
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Overall, the main consequences of the climate change in western Siberia on middle
size river basin hydrochemistry seems to be primarily linked to the changes in dominant
vegetation and biomass at the river watershed. In the northern part of the WSL, the
change in hydrological pathways due to permafrost thaw might enrich the river waters
in soluble elements due to enhanced underground water feeding (DIC, alkaline-earth
elements (Ca, Sr), oxyanions (Mo, Sb), and U). The thickening of the active layer and
enhanced involvement of thawed peat layer down to underlying mineral horizons may
increase the export of trivalent and tetravalent hydrolysates in the form of organo-ferric
colloids. However, at the short-term scale, due to two counterbalanced sources and sinks
(permafrost thaw and plant uptake), the overall impact of the climate change on inorganic
solute export by rivers from the land to the ocean may be smaller than that traditionally
viewed for organic carbon.

4. Conclusions

Toward a better understanding of land cover control on dissolved (<0.45 μm) major
and trace elements in the river water of high latitude regions, we selected two medium-
size pristine rivers of the northern, permafrost-bearing and southern, permafrost-free
region of the world’s largest peatland, the Western Siberia Lowland (Taz and Ket River,
respectively). We sampled the main stem and tributaries while encompassing a large
gradient in river basin size, permafrost, and vegetation coverage at essentially similar
lithological substrate, runoff, and relief. In the Ket River, the difference in major and
trace solute concentration between two seasons was larger than the difference between the
main stem and the tributaries. Given that the primary factor controlling the river solute
concentration was the season, this allowed straightforward comparison of two river basins
during the summer baseflow. Furthermore, sizable variations in solutes among different
tributaries of each watershed (depending on land cover) allowed testing the impact of
first-order environmental factors on river water hydrochemistry.

The similarity of landscape parameters (mainly, taiga vegetation, partially bogs and
permafrost coverage, and, in a lesser degree, the lithology) controlled the major and trace
element concentration pattern in two medium-size rivers studied in this work. A number
of landscape parameters of the main stem and tributaries correlated with nutrients (B,
Si, Zn, Rb, Ba with phytomass), low mobile lithogenic elements, and divalent transition
metals whose transport is facilitated by high DOC (V, Ni, Cu, Y, heavy REE with bogs), or
specific components reflecting bacterially controlled processing of DOM and groundwater
discharge in the water column or within the hyporheic zone (Fe, P, SUVA, V, As). The mean
annual air temperature encompassed the contrast between northern and southern rivers
and correlated with labile elements of the river water (DIC, Li, B, Si, Ca, Sc, Zn, Se, Rb, Sb,
Cs, Ba, and U), which was fully consistent with previous observations of large and small
Siberian rivers.

Via quantitative comparison of element concentration along the south–north gradient
of studied river basins and applying a substituting space for time approach, we infer that
permafrost and vegetation shift northward may sizably (a factor of 2 to 3) enrich the river
water in the north in highly mobile elements (DIC, Ca, Sr, U), and, in a lesser degree, in
DOC, POC, and nutrients (Si, Mn, Zn, Fe, Mo), whereas the current concentrations of other
macro (P) and micro-nutrients (V), and insoluble hydrolysates – geochemical tracers (Y,
REE, Zr) in the low reaches of Taz might decrease.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/w14142250/s1, Figure S1: Seasonal mean ± SD concentration elements exhibiting higher
concentrations during spring flood compared to summer baseflow in tributaries and main channel
Ket’ in spring flood (blue) and summer (early fall) baseflow (orange). Figure S2: Results of PCA of ~65
hydrochemical abd 16 land cover variables in ~ 60 sampling points of the main stem and tributaries
of the Ket and Taz River basin, collected during summer baseflow. Table S1A. Mann-Whitney U Test
comparison concentration in different season (flood vs. baseflow) in tributaries and main channel
of the Ket River. Red color is for statistically significant differences. Table S1B. Mann-Whitney U
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Test comparison concentration tributaries and main channel in different seasons. Table S2. Mean
± SD concentrations of elements and other measured parameters in the Ket River main stem and
tributaries. Table S3. Pairwise Pearson correlations of major and trace element concentrations in the
Ket River (main stem and tributaries) during summer baseflow and main hydrochemical parameters
of the water column and land cover. Significant (p < 0.05) correlations are given in red and most
significant (p < 0.01) are highlighted in pink. Table S4. Hydrochemical parameters of the Taz River
basin (stem and tributaries), July 2019. Table S5. Pearson pairwise correlations of major and trace
elements of the river water (Taz and tributaries) with landscape parameters, vegetation coverage
and climate. Significant (p < 0.05) correlations are given in red and most significant (p < 0.01) are
highlighted in pink. Table S6. Results of PCA of ~65 hydrochemical abd 16 land cover variables in ~
60 sampling points of the main stem and tributaries of the Ket and Taz River basin, collected during
summer baseflow. Significant (p < 0.05) correlations are given in red and most significant (p < 0.01)
are highlighted in pink.
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Abstract: The metal bioavailability concept is implemented in the Water Framework Directive (WFD)
compliance assessment. The bioavailability assessment is usually performed by the application of
user-friendly Biotic Ligand Models (BLMs), which require dissolved metal concentrations to be used
with the “matching” data of the supporting physicochemical parameters of dissolved organic carbon
(DOC), pH and Cadissolved. Many national surface water monitoring networks do not have sufficient
matching data records, especially for DOC. In this study, different approaches for dealing with the
missing DOC data are presented: substitution using historical data; the appropriate percentile of
DOC concentrations; and combinations of the two. The applicability of the three following proposed
substitution approaches is verified by comparison with the available matching data: (i) calculations
from available TOC data; (ii) the 25th percentile of the joint Bulgarian monitoring network DOC
data (measured and calculated by TOC); and (iii) the 25th percentile of the calculated DOC from the
matching TOC data for the investigated surface water body (SWB). The application of user-friendly
BLMs (BIO-MET, M-BAT and PNEC Pro) to 13 surface water bodies (3 reservoirs and 10 rivers) in
the Bulgarian surface waters monitoring network outlines that the suitability of the substitution
approaches decreases in order: DOC calculated by TOC > the use of the 25th percentile of the
data for respective SWB > the use of the 25th percentile of the Bulgarian monitoring network data.
Additionally, BIO-MET is the most appropriate tool for the bioavailability assessment of Cu, Zn and
Pb in Bulgarian surface water bodies.

Keywords: BLM; TOC; DOC; Fe; historical data

1. Introduction

The determination of metal species and their bioavailability depends crucially on
Dissolved Organic Matter (DOM). The presence of DOM is specified as a Dissolved Organic
Carbon (DOC) concentration, contrary to Natural Organic Matter (NOM), which is a
collective organic component of water. NOM is a complex mixture of leaf litter, organic
acids, proteins and many more complex organic molecules. The Total Organic Matter
(TOM) constitutes Particulate Organic Matter (POM) and DOM. The organic carbon results
of unfiltered samples are reported as Total Organic Carbon (TOC) and samples filtered
through a 0.45 μm filter are reported as DOC. Both results equal the mass of carbon present
in the mixture of organic compounds in the raw water/filtrate [1]. Sometimes TOC is
reported instead of DOC, but it should be stressed that the DOC concentration will always
be less than the concentration of TOC. DOC generally accounts for about 50% of DOM
in typical surface water bodies and is in the range between 1 and 15 mg/L. DOC mainly
comprises humic substances of natural origin, which is formed as a result of the breakdown
of plant and animal tissues by chemical and biological processes or from anthropogenic
sources [2].
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The bioavailability of Cu, Ni and Zn depends on DOC concentrations [3–5], with higher
concentrations of DOC resulting in reduced toxicity. Evidence suggests that the pH also has
a significant impact on metal bioavailability and toxicity in aquatic environments [6,7]. Major
cations (Ca2+, Na+, K+ and Mg2+) can also protect aquatic organisms against free metals by
competing on the biotic binding sites, e.g., fish gills [8]. The presence of dissolved Fe and Al
can affect the binding of the abovementioned metals to DOC due to their very high affinity
for complexation by DOC. In such conditions, the availability of binding sites for the less
strongly bound metals is reduced, resulting in an increase in their bioavailability for aquatic
organisms. Normally, bodies of water that are high in Fe and Al are associated with a lower
water pH (6.5–7.5), under which conditions both metals form insoluble precipitates.

DOC is a composite parameter for a heterogeneous mixture of polyfunctional poly-
mers and contains functional groups (ligands) that bind free metal ions (the most toxic
inorganic metal fraction) to reduce the interaction between free metal ions and aquatic or-
ganisms [9]. Discharge derived DOC (such as sewage effluents) is likely to be of a different
composition to natural DOC and comprises proteins, amino acids, polysaccharides and
synthetic chelating agents, such as ethylenediamine tetra acetic acid (EDTA). The current
evidence base suggests that this latter type of DOC has a much greater capacity for binding
metals compared with similar concentrations of naturally sourced DOC [10]. In bodies of
water with low pH, DOM–metal complexes are weaker, resulting in a release of bioavailable
ions and, therefore, an increase in the toxicity of the metal to aquatic organisms [11]. Tak-
ing DOM binding into account, the effect of considering bioavailability in environmental
quality standards (EQSbioavailable) [12] has been assessed by the use of user-friendly biotic
ligand models (BLMs), which has been proposed as a tool for regulating agencies. In the
Netherlands, the assessment of bioavailability is incorporated into policy documents [13].
Feasibility studies on the implementation of a bioavailability-based approach for metals
have been undertaken by several member states [14–19]. Guidance on how bioavailability
may be incorporated into compliance assessments, classifications and local risk assess-
ments is included in the recent EU Technical Guidance for deriving Environmental Quality
Standards (EQS) under the European Water Framework Directive (WFD) [20].

High-quality surface water monitoring data provide tools for the assessment of poten-
tial risks to aquatic species. Obtaining such reliable data should follow the principles of
surface water chemical monitoring under the WFD [21], including sampling, preservation
and analysis [22]. The analytical methods for every analyte of interest should comply with
the minimum performance requirements as stated in the QA/QC Directive [23]. A common
implementation strategy of the WFD to achieve a good status and prevent any deterioration
in the status (ecological and chemical) of European water bodies led to the development of
methods for deriving EQSs to be used for the status assessment of surface water bodies
(SWBs). Following these requirements, as a general prerequisite for WFD monitoring, EQS
compliance assessment and subsequent decision-making are reliably achieved. An EQS is a
limit for environmental disturbances, in particular from an ambient concentration of pollu-
tants and wastes, which determines the maximum allowable degradation of environmental
media. A water body cannot achieve a good chemical or ecological status if the EQS for
any WFD Priority or Specific Substance is exceeded.

The compliance assessment follows a tiered approach, which: (i) compares the annual
average concentration, calculated from monitoring data with the EQSbioavailable; (ii) uses
user-friendly tools (based on Biotic Ligand Models) for the calculation of local metal
bioavailability for a comparison between the measured dissolved metal concentration at
a site and the EQS; and (iii) considers the local background concentrations of metals as
a part of the EQS in the risk assessment [8]. The compliance assessment, which takes
into account the bioavailability and uses simplified and user-friendly bioavailability tools
(such as BLMs), requires that the concentration of dissolved metals (Cu, Zn, Ni, Pb and
Mn) preferably be used along with data for the supporting physicochemical parameters
of DOC, pH and dissolved Ca [24]. Due to temporal and spatial variations, data for all of
the required input parameters (dissolved metal concentrations, dissolved Ca, DOC and
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pH) should ideally be “matched” to increase the reliability of the results. Without these,
the simplified tools will either not run or not run reliably. The term “matched” means that
the required input parameters are all determined in the same sample, obtained from the
site of interest, to enable the identification of potential risks. A few of the member states
(including Bulgaria) are just starting the implementation of bioavailability-based EQS and
some of the required data are not fully available, especially for DOC, which is not routinely
measured in Europe. In such cases, two approaches are possible when dealing with the
missing DOC data: the use of historical monitoring data (e.g., data for similar and/or
neighbouring catchment types) and the use of substitute data. Such approaches should be
carefully chosen due to the quality of the available data—the dataset is likely to have been
collected with inadequate sampling protocols, insufficient analytical sensitivity and LOQ,
for a different purpose than the implementation of an EQS compliance assessment, with
different sampling frequency, etc. [25,26]. Different approaches to estimating DOC have
been proposed, including: UV absorbance [27,28]; colour measurements [29]; dissolved
iron [30]; fluorescence measurements [31]; and a modifying factor that is dependent on the
optical properties of DOC [32]. Any of the proposed approaches to estimating DOC should
be based on locally derived empirical relationships and proven to be valid for the studied
territory. Such data can be used for feasibility and screening assessments, but these need to
be assessed on a case-by-case basis.

The present study aims to propose a methodology to the national environmental
bodies for the implementation of BLM in compliance assessments when DOC data are
missing. The methodology comprises a selection of appropriate substitute approaches,
which are applicable for the environmental authorities and their validation, with the
matching data using the three most widely used BLMs: BIO-MET; M-BAT; and PNEC Pro.
In this manner, the metal bioavailability could be assessed using the most suitable pair of
substitute approaches and a user-friendly BLM.

2. Materials and Methods

Data for the concentrations of DOC, Fedissolved and TOC were obtained by the Bulgar-
ian Environmental Agency surface water monitoring programme. The database returned
over 27,000 measurement results for around 950 SWBs for the period 1 January 2010–
31 December 2020 (Figure 1).

The methods used by the different laboratories followed standardized procedures.
For the determination of pH, EN ISO 10523:2012 was used; for Ca, EN ISO 14911:2002
and ISO 6058:2002 were used; for DOC and TOC, EN 1484:2001 was used, including one
result for TOC that was obtained by EN ISO 6468:2006. Cu, Zn, Ni and Pb were measured
using EN ISO 17294-2:2016. The basic statistics of the dataset are presented in Table 1.
No outlier tests were performed and where the halved limit of quantitation (LOQ) data
was presented (for either DOC, Fedissolved or TOC), the whole dataset was omitted. Where
the calculated DOC/TOC ratio exceeded one, the concentrations were not used in the
subsequent calculations.

Table 1. The basic statistics of the monitoring data for the Bulgarian surface waters (2010–2020).

Monitoring Data

DOC Fedissolved TOC

Results 1829 13,234 11,943
Water bodies (n = 952) 143 513 545

Average 5.50 mg/L 68.61 mg/L 6.71 mg/L
Standard deviation 6.92 mg/L 602.61 mg/L 11.74 mg/L

Median 3.80 mg/L 22.00 mg/L 4.80 mg/L
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Figure 1. Data availability map.

User-friendly tools (based on the BLMs) were used in the metal bioavailability calcu-
lations. For the application of BIO-MET (https://bio-met.net/, last accessed 25 October
2021), M-BAT (https://www.wfduk.org, last accessed 25 October 2021) and PNEC Pro
(http://www.pnec-pro.com/, last accessed 25 October 2021), data for the concentrations
of pH, DOC, TOC and Cadissolved were obtained by the open data portal of the Bulgarian
Environmental Agency surface water monitoring programme (https://data.egov.bg/data/
view/9ee2ca78-051d-4ec8-b8f8-1a1e93ee637e, last accessed 25 October 2021). A total of
13 water bodies—3 reservoirs (Dospat Dam, Pchelina Dam and Iskar Dam) and 10 rivers
(Strumeshnitsa, Mesta, Yantra, Dospat, Dragovishtitsa, Negovanka, Eleshnitsa, Struma,
Rusenski Lom and Iskar) were used for the comparison during the implementation of the
BLMs, and for which the matching datasets for DOC, TOC, pH, Ca, Cu, Zn, Ni and Pb were
available for 2020.

3. Results

3.1. Substitutes for Missing DOC

The Bulgarian Environmental Agency surface water monitoring programme revealed
a total of 1829 measurement results for DOC for all monitored surface water bodies since
2010 and 13,234 measurement results for dissolved Fe. The “matching” of the data indicated
805 results for DOC and Fedissolved. Unfortunately, nearly half of the results could not be
used for correlation between the parameters since most of the Fedissolved concentrations
were reported as LOQ/2. The analysis showed a poor correlation (R2 = 0.38, n = 445) when
“matched” data was used (Figure 2).
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Figure 2. The relationship between the measured concentrations of DOC and dissolved Fe in
Bulgarian surface waters.

The Bulgarian Environmental Agency surface water monitoring programme contained
11,945 results for TOC concentrations in the 2010–2020 period. The “matching” data
indicated 736 results for DOC and TOC. The analysis showed a significant correlation
(R2 = 0.95, n = 736) when matched data was used (Figure 3) and a conversion factor
DOC = 0.81 × TOC could be applied for missing DOC data.

Figure 3. The relationship between the measured concentrations of DOC and TOC in Bulgarian
surface waters.

3.2. Substitutes in the Absence of Matching Data

The UK [9] and France [18] have adopted an approach to use the 25th percentile of the
DOC concentrations for estimating DOC when the matching data are unavailable. In this
paper, the calculated DOC concentrations using the TOC data (DOC = 0.81 × TOC) was
used as a substitute. Furthermore, the 25th percentile of the DOC concentrations (2.4 mg/L)
from the Bulgarian DOC data obtained in 2020 (n = 1711) was used and compared with
the results of the matching data. Additionally, the 25th percentile of the calculated DOC
concentrations using the measured TOC concentration for the respective water body was
used and compared with the results of the matching data.
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3.3. Application of User-Friendly Models (BIO-MET, M-BAT and PNEC Pro) in
Compliance Assessment

Following the tiered approach, the user-friendly BLMs were implemented on 13 water
bodies (3 reservoirs and 10 rivers) with the available matching datasets for DOC, TOC, pH,
Ca, Cu, Zn, Ni and Pb for 2020. The average annual concentrations that were calculated
from the monitoring data were compared with the EQSbioavailable (1 μg/L for Cu, 4 μg/L
for Ni, 8 μg/L for Zn and 1.2 μg/L for Pb), which was derived from the WFD [21] and
national ordinance [33].

The results show 13 exceedances for Cu, 6 exceedances for Zn and 4 exceedances for
Pb (Table 2). No exceedances of the average annual concentrations were observed for Ni,
compared with the EQS.

Table 2. The exceedances for Cu, Zn, Ni and Pb in the studied Bulgarian surface water bodies.

Water Body Cu Zn Ni Pb

1 Dospat Dam + +
2 Pchelina Dam + + +
3 Iskar Dam + +
4 Strumeshnitsa +
5 Mesta +
6 Yantra +
7 Dospat + +
8 Dragovishtitsa + +
9 Negovanka +
10 Eleshnitsa + +
11 Struma + + +
12 Rusenski Lom + +
13 Iskar +

When the average annual concentrations exceeded the EQS, the samples moved to the
second tier where the Biotic Ligand Model-based tools (BIO-MET, M-BAT and PNEC Pro) were
used for the calculation of local metal bioavailability and a comparison between the measured
dissolved metal concentration at a site and the EQS was made. The DOC concentration played
an important role in determining the bioavailable dissolved metal concentration.

For the calculations, the following data were used: the measured DOC concentrations;
the calculated DOC from the matching TOC data (DOC = 0.81 × TOC); the 25th percentile
(2.4 mg/L) of the DOC and calculated TOC for 2020 of all surface water bodies (n = 1711);
and the 25th percentile of the calculated DOC from the matching TOC data for 2020 for
each of the water bodies studied. An indication of whether there were exceedances was
expressed as the Risk Characterization Ratio (RCR). If the RCR was lower than one, the
site was considered as having “passed” the assessment and no further investigation was
necessary. If the value of the RCR was greater than one, this indicated an exceedance of the
EQS and led to a progression to Tier 3.

3.3.1. BLM Comparisons for Copper

The user-friendly BLM models were implemented for the 13 water bodies where
the annual concentrations of Cu for 2020 exceeded the generic EQSbioavailable (1 μg/L).
First, the BLM models were performed with the matching data (n = 63) for dissolved Cu,
pH, dissolved Ca and DOC, and after that, the DOC values were substituted with: the
calculated DOC from the available TOC data (DOC = 0.81 × TOC); the 25th percentile of
the DOC data from the Bulgarian monitoring network results from 2020 (P25_BG); and by
the 25th percentile of DOC data that was calculated from the TOC for the respective water
body (P25_SWB), as described earlier. The calculated RCRs for all of the approaches are
presented in the Supplementary Material (Figures S1–S3).

The comparisons between the Cu bioavailability results obtained by the BLM models
are presented in Figures 4–6. The correlations between the BIO-MET calculated RCR using
matching and substituted data were very good (Figure 4). For the RCR values using
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percentiles approaches: P25_BG and P25_SWB were overestimated with slopes of 2.7 and
1.8, respectively. These environmental conservative estimates were more pronounced when
the 25th percentile of the data from the Bulgarian monitoring network was used. The results
from the M-BAT model followed a similar pattern to those of the BIO-MET (Figure 5), but
the R2 values dropped to 0.54 for P25_BG and 0.69 for P25_SWB. The comparison between
the RCR values obtained by the PNEC Pro model revealed lower correlations and slopes
that were significantly different from one for all pairs (Figure 6). It should be mentioned
that the comparison was restricted by the validated applicability domain of the PNEC Pro
model, which decreased the number of calculated RCR values.

Figure 4. The comparison of the BIO-MET calculated RCR for Cu between the matching data and
substituted data (P25_BG—the 25th percentile of the available DOC data and/or the DOC data
calculated by the TOC from the Bulgarian monitoring network results during 2020; P25_SWB—the
25th percentile of the DOC data calculated by the TOC for the respective water body; TOC—the
matching DOC data calculated by TOC).

 

Figure 5. The comparison of the M-BAT calculated RCR for Cu between the matching data and
substituted data (P25_BG—the 25th percentile of the available DOC data and/or the DOC data
calculated by the TOC from the Bulgarian monitoring network results during 2020; P25_SWB—the
25th percentile of the DOC data calculated by the TOC for the respective water body; TOC—the
matching DOC data calculated by TOC).
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Figure 6. The comparison of the PNEC Pro calculated RCR for Cu between the matching data and
substituted data (P25_BG—the 25th percentile of the available DOC data and/or the DOC data
calculated by the TOC from the Bulgarian monitoring network results during 2020; P25_SWB—the
25th percentile of the DOC data calculated by the TOC for the respective water body; TOC—the
matching DOC data calculated by TOC).

3.3.2. Comparisons for Zn

The user-friendly BLM models were implemented for the six water bodies (two reser-
voirs and four rivers) where the annual concentrations of Zn for 2020 exceeded the generic
EQSbioavailable (8 μg/L) and the matching data (n = 34) for dissolved Zn, pH, dissolved
Ca and DOC were available. The calculated RCRs are presented in the Supplementary
Material (Figures S4–S6).

The comparison between the Zn bioavailability results obtained by the three BLM
models using the matching and substituted DOC data is presented in Figures 7–9. The
correlations between the calculated RCRs using the matching and substituted data for all
BLMs were very good (R2 > 0.90). The slopes varied between 1 and 1.5, decreasing in the
order: P25_BG > P25_SWB > TOC.

 

Figure 7. The comparison of the BIO-MET calculated RCR for Zn between the matching data and
substituted data (P25_BG—the 25th percentile of the available DOC data and/or the DOC data
calculated by the TOC from the Bulgarian monitoring network results during 2020; P25_SWB—the
25th percentile of the DOC data calculated by the TOC for the respective water body; TOC—the
matching DOC data calculated by TOC).
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Figure 8. The comparison of the M-BAT calculated RCR for Zn between the matching data and
substituted data (P25_BG—the 25th percentile of the available DOC data and/or the DOC data
calculated by the TOC from the Bulgarian monitoring network results during 2020; P25_SWB—the
25th percentile of the DOC data calculated by the TOC for the respective water body; TOC—the
matching DOC data calculated by TOC).

 

Figure 9. The comparison of the PNEC Pro calculated RCR for Zn between the matching data and
substituted data (P25_BG—the 25th percentile of the available DOC data and/or the DOC data
calculated by the TOC from the Bulgarian monitoring network results during 2020; P25_SWB—the
25th percentile of the DOC data calculated by the TOC for the respective water body; TOC—the
matching DOC data calculated by TOC).

3.3.3. Comparisons for Lead

The user-friendly BLM models were implemented for the four water bodies (two
reservoirs and two rivers) where the annual concentrations of Pb for 2020 exceeded the
EQSbioavailable (1.2 μg/L) and the matching data (n = 22) for dissolved Pb, pH, dissolved
Ca and DOC were available. The calculated RCRs are presented in the Supplementary
Material (Figures S7–S9).

The comparison between the Pb bioavailability results obtained by the three BLM
models using the matching and substituted DOC data are presented in Figures 10–12. The
performed linear regression analysis only showed a good agreement between the RCRs
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obtained using the matching data and the DOC calculated by TOC. The best result achieved
by the percentile approaches was for the BIO-MET calculated RCR using P25_SWB as the
substituted data.

 
Figure 10. The comparison of the BIO-MET calculated RCR for Pb between the matching data and
substituted data (P25_BG—the 25th percentile of the available DOC data and/or the DOC data
calculated by the TOC from the Bulgarian monitoring network results during 2020; P25_SWB—the
25th percentile of the DOC data calculated by the TOC for the respective water body; TOC—the
matching DOC data calculated by TOC).

 
Figure 11. The comparison of the M-BAT calculated RCR for Pb between the matching data and
substituted data (P25_BG—the 25th percentile of the available DOC data and/or the DOC data
calculated by the TOC from the Bulgarian monitoring network results during 2020; P25_SWB—the
25th percentile of the DOC data calculated by the TOC for the respective water body; TOC—the
matching DOC data calculated by TOC).
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Figure 12. The comparison of the PNEC Pro calculated RCR for Pb between the matching data
and substituted data (P25_BG—the 25th percentile of the available DOC data and/or the DOC data
calculated by the TOC from the Bulgarian monitoring network results during 2020; P25_SWB—the
25th percentile of the DOC data calculated by the TOC for the respective water body; TOC—the
matching DOC data calculated by TOC).

4. Discussion

The first step in the implementation of BLMs in the case of missing DOC monitor-
ing data is the possible substitution of the available historical data from the Bulgarian
Environmental Agency surface water monitoring programme. Contrary to the practice
used in Great Britain [29], the correlation obtained between the DOC and Fedissolved con-
centrations (Figure 2) shows that it cannot be used for the substitution of missing DOC
data. The result obtained from the comparison between the available DOC and TOC
data reveals that a conversion factor of DOC = 0.81 × TOC can be applied when DOC
data are missing (Figure 3). This outcome is in agreement with the approach used in
Finnish [34] and Swedish [11] networks, where TOC is traditionally measured and the ap-
plied conversion factors are 0.94 and 0.90, respectively. Similar to the Bulgarian monitoring
data, a relationship (DOC = 0.83×TOC) is used for BLM purposes in the State of Oregon,
USA [35]. Similar conversion factors were reported for rainfall and runoff samples in the
USA (DOC = 0.84 × TOC) [36] and in Polish groundwater samples (DOC = 0.93×TOC) [37].

The second step of the proposed scheme for the implementation of BLMs deals with
cases where no matching data are available, which is caused by the different monitoring
frequencies used for metals and DOC. To overcome this problem, the environmental
authorities of England and Wales [7] and France [18] and the EPA of the USA [38] propose
the use of the 25th percentile of measured DOC concentrations as the input for the user-
friendly BLMs. The proposed approaches in this study for dealing with the absence of
matching data includes: (i) the substitution of missing DOC data using available TOC
data (DOC = 0.81 × TOC) and (ii) the use of the 25th percentile of the data consisting of
measured and substituted DOC values. This allows for the significant broadening of the
implementation of BLMs in the Bulgarian monitoring network (Figure 1).

The comparison of the following suggested substitution approaches was performed
for 13 water bodies where all data records were available.: (i) DOC calculated by TOC;
(ii) 25th percentile of the joint (measured and calculated) Bulgarian monitoring network
DOC data; and (iii) 25th percentile of the respective SWB with matching data.
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The application of BLMs for assessing the Cu bioavailability showed the closest
agreement between the BIO-MET and M-BAT results (Figures 4 and 5). While both methods
confirmed the applicability of the proposed substitution approaches, those based on the
25th percentile provided more conservative estimates. It should be mentioned that the
correlations were better between the BIO-MET calculated RCRs using matching data and
data substituted by the 25th percentile. The PNEC Pro results were unsatisfactory for all
BMLs and were an indication that none of the substitution approaches could be used for
this user-friendly BLM (Figure 6).

The comparison between the Zn bioavailability results obtained by all BLMs using
matching and all types of substituted data confirmed the applicability of all of the proposed
approaches (Figures 7–9). Again, the most conservative estimates are provided by the 25th
percentile of Bulgarian monitoring network data, followed by the 25th percentile of SWB
data and the DOC data calculated by TOC.

The application of BLMs for the assessment of Pb bioavailability revealed a clear
separation between the substituted data calculated by TOC on one side and the data
substituted by the 25th percentile on the other (Figures 10–12). The comparison of the
calculated RCRs by all BLMs between the matching data and the DOC data calculated by
TOC showed very good correlations and slopes that were close to one. The comparison
between the matching data and the 25th percentile substituted data yielded lower R2 values
and the slopes of the PNEC Pro comparison differed significantly from one. When using
the BLM calculations in Tier 2, the results showed a great reduction in the exceedances
of the samples (Table 3). For Cu, when BIO-MET was applied, 5 out of 63 samples were
found to be exceedances when the measured DOC was used, 4 exceedances were found
when TOC value was used (DOC = 0.81 × TOC), 8 exceedances were found when the 25th
percentile of the DOC concentration was used and 7 exceedances were found when the
25th percentile of the converted TOC for the respective water body was used, in contrast to
the direct comparison of the EQS to the measured copper values (57 out of 63).

Similar results were obtained using M-BAT (7, 6, 7 and 9 exceedances out of 63,
respectively) and PNEC Pro (9, 8, 10 and 5 exceedances out of 63, respectively).

The results showed a reduction in the exceeding samples for BIO-MET (2, 5, 7 and
6, respectively), M-BAT (6, 6, 7 and 7, respectively) and PNEC Pro (6, 5, 7 and 6, respec-
tively) compared with the direct comparison of the EQS to the zinc values (14 out of
34 exceeding values).

The results from the application of the BLM tools showed the greatest reduction in the
exceeding samples for Pb—only one RCR value was found to be above one—when PNEC
Pro was used with the 25th percentile of the Bulgarian DOC data. The direct comparison
with the EQS (Tier 1) showed 8 exceedances out of 22 samples.

Generally, the user-friendly BLM tools returned a lower number of RCR exceedances
when the measured DOC concentration was used compared with the other approaches,
with BIO-MET returning the lowest number of exceedances.

36



Water 2022, 14, 246

Table 3. The exceedances for Cu, Zn, Ni and Pb in the studies of Bulgarian surface water bodies after
the application of the BLMs.

Element BLM Data Used Totals Exceedances

EQS
Cu = 1 μg/L

Measured Cu 63 56

RCR BIO-MET

Measured DOC 63 5
DOC = 0.81 × TOC 63 4
25th percentile DOC (P25_BG) 63 8
25th percentile TOC (P25_SWB) 63 7

RCR M-BAT

Measured DOC 63 7
DOC = 0.81 × TOC 63 6
25th percentile DOC (P25_BG) 63 7
25th percentile TOC (P25_SWB) 63 9

RCR PNEC

Measured DOC 63 9
DOC = 0.81 × TOC 63 8
25th percentile DOC (P25_BG) 63 10
25th percentile TOC (P25_SWB) 63 5

EQS
Zn = 8 μg/L

Measured Zn 34 14

RCR BIO-MET

Measured DOC 34 2
DOC = 0.81 × TOC 34 5
25th percentile DOC (P25_BG) 34 7
25th percentile TOC (P25_SWB) 34 6

RCR M-BAT

Measured DOC 34 6
DOC = 0.81 × TOC 34 6
25th percentile DOC (P25_BG) 34 7
25th percentile TOC (P25_SWB) 34 7

RCR PNEC
Measured DOC 34 6
DOC = 0.81 × TOC 34 5
25th percentile DOC (P25_BG) 34 7

25th percentile TOC (P25_SWB) 34 6

EQS
Pb = 1.2 μg/L

Measured Pb 22 8

RCR BIO-MET

Measured DOC 22 0
DOC = 0.81 × TOC 22 0
25th percentile DOC (P25_BG) 22 0
25th percentile TOC (P25_SWB) 22 0

RCR M-BAT

Measured DOC 22 0
DOC = 0.81 × TOC 22 0
25th percentile DOC (P25_BG) 22 0
25th percentile TOC (P25_SWB) 22 0

RCR PNEC

Measured DOC 22 0
DOC = 0.81 × TOC 22 0
25th percentile DOC (P25_BG) 22 1
25th percentile TOC (P25_SWB) 22 0

5. Conclusions

The metal bioavailability assessment by user-friendly BLMs requires inputs for the
dissolved metal concentrations and the supporting physicochemical parameters, such as
DOC, pH and dissolved Ca. The main obstacle in front of the environmental authorities
for the implementation of BLMs is the lack of matching data, especially for DOC. In cases
where the required data are not fully available, alternative approaches are needed to fill the
missing inputs.

In this study, various alternative approaches were tested to support the environmental
decision-making bodies. The proposed methodology included three approaches for the
substitution of missing DOC data: (i) calculation from available TOC data; (ii) the 25th
percentile of the joint (measured and calculated by TOC) Bulgarian monitoring network
DOC data; and (iii) the 25th percentile of the joint DOC data for the investigated SWB. For
the next step, the proposed substitution approaches were validated by a comparison with
the available matching data from the Bulgarian monitoring surface waters network. The
comparisons were performed for the three most widely used BLMs: BIO-MET; M-BAT;
and PNEC Pro. The described methodology would allow the environmental authorities to
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estimate the bioavailability of certain metals and then choose the best possible substitution
approach by the implementation of the most appropriate BLM, which would cover as many
SWBs as possible without the matching data being available.

The application of the abovementioned methodology to the Bulgarian surface waters
monitoring data outlined that the suitability of the substitution approaches decreases in
the following order: DOC calculated by TOC > use of the 25th percentile of the data for the
respective SWB > use of the 25th percentile of the Bulgarian monitoring network data. The
results obtained by the implementation of BIO-MET rendered it the most appropriate tool
for the bioavailability assessment of Cu, Zn and Pb in Bulgarian surface waters.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/w14020246/s1, Figure S1: The calculated RCR for Cu using the BIO-MET and measured DOC,
the TOC, the 25th percentile of the Bulgarian DOC data and the 25th percentile of the DOC = 0.81
× TOC for the respective water body; Figure S2: The calculated RCR for Cu using the M-BAT and
measured DOC, the TOC, the 25th percentile of the Bulgarian DOC data and the 25th percentile of
the DOC = 0.81 × TOC for the respective water body; Figure S3: The calculated RCR for Cu using
the PNEC Pro and measured DOC, the TOC, the 25th percentile of the Bulgarian DOC data and the
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body; Figure S6: The calculated RCR for Zn using the PNEC Pro and measured DOC, the TOC, the
25th percentile of the Bulgarian DOC data and the 25th percentile of the DOC = 0.81 × TOC for the
respective water body; Figure S7: The calculated RCR for Pb using the BIO-MET and measured DOC,
the TOC, the 25th percentile of the Bulgarian DOC data and the 25th percentile of the DOC = 0.81
× TOC for the respective water body; Figure S8: The calculated RCR for Pb using the M-BAT and
measured DOC, the TOC, the 25th percentile of the Bulgarian DOC data and the 25th percentile of
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Abstract: Snow cover is known to be an efficient and unique natural archive of atmospheric input
and an indicator of ecosystem status. In high latitude regions, thawing of snow provides a sizable
contribution of dissolved trace metals to the hydrological network. Towards a better understanding
of natural and anthropogenic control on heavy metals and metalloid input from the atmosphere to
the inland waters of Siberian arctic and subarctic regions, we measured chemical composition of
dissolved (<0.22 μm) fractions of snow across a 2800 km south–north gradient in Western Siberia. Iron,
Mn, Co, Ni, and Cd demonstrated sizable (by a factor of 4–7) decrease in concentration northward,
which can be explained by a decrease in overall population density and the influence of dry aerosol
deposition. Many elements (Mn, Ni, Cu, Cd, Pb, As, and Sb) exhibited a prominent local maximum
(a factor of 2–3) in the zone of intensive oil and gas extraction (61–62◦ N latitudinal belt), which
can be linked to gas flaring and fly ash deposition. Overall, the snow water chemical composition
reflected both local and global (long-range) atmospheric transfer processes. Based on mass balance
calculation, we demonstrate that the winter time atmospheric input represents sizable contribution to
the riverine export fluxes of dissolved (<0.45 μm) Mn, Co, Zn, Cd, Pb, and Sb during springtime and
can appreciably shape the hydrochemical composition of the Ob River main stem and tributaries.

Keywords: snow; heavy metal; trace element; river flux; gas flaring; pollution; Western Siberia

1. Introduction

Snow cover is known to be an efficient and unique natural archive and indicator of
ecosystem status and atmospheric input [1–6]. Snow delivers from the atmosphere to the
ground various soluble compounds, including metal pollutants [7,8]. Given its persistence
over the frozen period of the year, snow records integral atmospheric input of solutes
and delivers invaluable information on both short-range and long-range atmospheric
transfer [9–17].

The importance of studying the chemical composition of dissolved (<0.22 μm or
0.45 μm) fraction of the snow water is that the snow input represents a non-negligible
source of metal and metalloids in the river water and contributes to trace element delivery
from the land to the ocean. Therefore, in order to evaluate the current status and possible
future changes in dissolved metal export flux from the land to the ocean, high spatial
resolution measurement of snow chemical composition are needed. This is especially true
for arctic and subarctic regions, which are subjected to unprecedented changes due to
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climate warming and susceptible to strong anthropogenic impact due to their vulnerability
and low capacity to recover. According to the Arctic Monitoring and Assessment Pro-
gramme [18], anthropogenic emissions are responsible for more than 50% of the total trace
metal content in Arctic soils. For example, the Monchegorsk and Norilsk smelters affect
the environment across several thousands of kilometers [19–22]. Among all Arctic regions,
Western Siberia offers a unique possibility of performing large-scale spatial sampling due
to its well-developed road infrastructure, linked to substantial oil and gas exploration
activity. On the one hand, the Western Siberian Lowland (WSL), notably its northern
part, is relatively weakly affected by human and heavy industrial activity (large towns,
smelters, ore processing plants, forestry, and paper industry), compared with Northern
Europe or NW European Russia. On the other hand, hydrocarbon extraction industry,
notably accompanied by gas flaring, is capable of delivering various pollutants including
metal and metalloids to adjacent territories [23]. These anthropogenic impacts on snow
chemical composition can be further complemented by far-range atmospheric transfer of
solid aerosols from southern desert and semi-desert regions of Central Asia [24].

In the present study, we used existing road infrastructure to sample a sizable (2800 km
from the south to the north) transect of the WSL. We collected 36 integral (from the surface
to the ground) snow cores and attempted to distinguish the effect of local (gas flaring, urban
settlements) and global (long-range) atmospheric transfer. Via applying a mass balance
approach for depth-averaged metal concentration, we estimated possible impact of winter
time atmospheric input on metal (Fe, Mn, Ni, Co, Zn, Cd, and Pb) and metalloid (As and
Sb) fluxes during the spring flood in the Ob River. We concluded that there is a sizable
effect of atmospheric deposition on riverine export fluxes of some trace metals in Western
Siberia.

Note that, compared with a previous study of snow chemical composition (upper
0–5 cm) in another part of Western Siberia [24], the originality of the present study consists
in (i) sampling of much larger (~2800 km compared with 1700 km in previous work) latitudi-
nal gradient in relatively pristine zones comprising forest, forest tundra, and tundra within
the permafrost-free, discontinuous, and continuous permafrost regions; (ii) assessment of
dissolved trace elements in integral (from the surface to the ground) snow samples.

2. Materials and Methods

The snow cores were collected along the latitudinal gradient south → north, from the
vicinity of the Barnaul city (zone of forest steppe) to the Ob estuary (tundra zone) from
8 February 2020 to 19 February 2020. The integral 50–70 cm (from the surface to the ground,
except the bottom 2–3 cm layer) snow core was collected at 36 locations, which were evenly
distributed along the 2800 km transect (Figure 1). All sampled points were located more
than 500 m from the road.

Sampling was performed using a metal-free technique, in a protected environment,
using only plastic equipment and vinyl single-use gloves. First, a pit in the snow was
dug with a plastic shovel to ensure the representability of the studied location and the
evenness of the ground. Then, a two-person team sampled the snow in such a way that
no contamination from external surfaces (other than the plastic shovel) was possible. The
plastic shovel was inserted 2 cm above the ground in order to avoid touching the ground
during sampling. The snow was collected via a 10 cm diameter PVC tube which was
inserted into the snow until it made contact with the shovel surface, which was a few cm
above the litter, to avoid any contamination from plant debris. Prior to sampling, the tube
and the shovel were “rinsed” several times with fresh snow via inserting them into the
snow cover 1–2 m from the sampling site.

Approximately 5 L of snow was collected into single-use polyethylene bags, which
were double closed with a PVC collar. The polyethylene bags were thoroughly washed
with 1 M HCl and abundant MilliQ water in a clean room, class A 10,000. Collected snow
samples were transported to the laboratory in the frozen state and processed within 2 weeks
after sampling. In the laboratory, the snow was melted at 18–20 ◦C of ambient temperature,
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and immediately processed for analyses and filtration. The pH and conductivity were
measured on unfiltered samples using Hanna portable instruments. The snow water was
filtered through acetate cellulose filters (Millipore, 47 mm diameter) of 0.22 μm pore size.
Blanks of MilliQ water from the clean room were also placed in polyethylene bags for the
same amount of time as the melted snow (<3 h) and processed via filtration similar to the
snow samples. The filtrates were acidified with double distilled HNO3 acid and stored in
pre-cleaned HDPE tubes for ICP MS analysis.

Figure 1. Studied area of the Western Siberian Lowland (WSL): 1—position of the sampling sites;
2—large cities; 3—scientific stations of Tomsk State University; 4—the position of gas flaring from site
(https://firms.modaps.eosdis.nasa.gov/download/accessed on 25 July 2020); 5—sampling points
taken from the so-called ‘zimnik’ which has no solid cover and is used only several months per year,
with rather low traffic density.
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Selected trace elements (TE) in the dissolved fractions were measured without pre-
concentration with an ICP-MS Triple Quad using both Ar and He modes to diminish the
interference. Indium and rhenium were used as internal standards at concentrations of
~3 μg/L and corrections for oxide and hydroxide ions were made for the REEs and the
other trace elements [25]. The typical uncertainty for elemental concentration measurement
ranged from 3–5% at 0.1–100 μg/L to 5–10% at 0.001–0.01 μg/L. During the ICP-MS analy-
ses, the international geostandards SLRS-6 (Riverine Water References Material for Trace
Metals certified by the National Research Council of Canada) were measured after every
20 samples to assess the validity and reproducibility of the analyses. All certified trace
element (Fe, Mn, Ni, Co, Cu, Zn, Cd, Pb, As, and Sb) concentrations of the SLRS-6 standard
(e.g., [26]) and the measured concentrations agreed with an uncertainty of 10–20%. For all
trace elements except Zn, the concentrations in the blanks were below or comparable with
analytical detection limits (~0.1 ng L−1). These values were at least 10 times lower than the
average concentration of trace elements in snow samples. Zinc exhibited non-negligible
concentrations in the blanks (0.03–1.3 μg L−1); however, these concentrations were several
times lower than those in snow water samples and as such Zn concentration corrections
did not exceed 10% of the measured values.

Statistical analysis of the average values and the link between element concentration in
the dissolved fraction and the latitude was carried out by comparison of different sampling
locations using ANOVA and H-criterion of the Kruskal–Wallis and Mann–Whitney U
tests, which allowed one to estimate the difference between two independent sets of data
based on one given parameter following the approaches developed for lakes and rivers of
Western Siberia [27–30]. The normality of data distribution was verified by a Shapiro–Wilk
test; because the data were not distributed normally, we used nonparametric statistics. To
identify potential drivers of snow water chemical composition, we performed a principal
component analysis (PCA) in XLSTAT which is a statistical software that works as an
add-on to Excel.

3. Results and Discussion

3.1. Spatial Variation and Possible Sources of Trace Element Concentration in the Snow

The latitude-averaged concentrations of dissolved and particulate fraction of snow
samples are listed in Table 1. Concentrations of dissolved element in individual samples
are listed in Table S1 of the Supplementary Materials.

Table 1. Physicochemical properties of dissolved (<0.22 μm) fraction of the snow water and mean
(±SD) trace element concentrations (n = 36) in Western Siberia latitudinal transect.

pH
SC,

μS cm−1
Mn
μg/L

Fe
μg/L

Co
μg/L

Ni
μg/L

Cu
μg/L

Zn
μg/L

As
μg/L

Cd
μg/L

Sb
μg/L

Pb
μg/L

4.57 ± 0.15 10.2 ± 2.05 1.65 ± 1.55 2.86 ± 2.39 0.013 ± 0.014 0.057 ± 0.036 0.236 ± 0.167 8.32 ± 13.7 0.324 ± 0.192 0.030 ± 0.012 0.029 ± 0.039 0.670 ± 0.315

The specific conductivity (S.C.) ranged between 10–14 μS cm−1 in the southern part
of the profile (54–62◦ N) and decreased to 6–8 μS cm−1 in the northern part of the profile.
The concentration of solid particles [31] ranged from 1–4 mg/L in the southern part and
remained relatively stable (1.27 ± 1.21 mg/L) in the northern part of the Ob River basin.
The pH did not exhibit any systematic variation with latitude (4.53 ± 0.17, median ± IQR),
Figure S1.

Iron, Mn, Co, Ni, and Cd demonstrated sizable (by a factor of 4–7) decrease in con-
centration northward (Figure 2a–e). This can be tentatively explained by a combination of
both the decrease in overall population density and the degree of influence of dry aerosol
deposition. Similar explanation has been put forward during our recent study of the up-
permost (0–5 cm) snow cover in another latitudinal profile of Western Siberia [32]. Many
elements (Ni, Mn, Cd, Cu, As, Sb, and Pb) exhibited a prominent local maximum (a factor
of 2–3, see Figures 2b–d and 3a–d) in the zone of intensive oil and gas extraction (61–62◦ N
latitudinal belt), which can be linked to gas flaring and fly ash deposition.
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Figure 2. Examples of dissolved (<0.22 μm) metal concentrations in snow water as a function of
latitude across the WSL. Fe (a); Ni (b); Mn (c); Cd (d); Co (e).

Figure 3. Examples of dissolved (<0.22 μm) metal concentrations in snow water as a function of
latitude in the WSL. Cu (a); As (b); Sb (c); Pb (d).

Given that the soluble salt content (reflected by S.C.) exhibited much lower decrease
northward compared with divalent metals (compare Figure S1e, Figures 2 and 3), the latter

45



Water 2022, 14, 94

are unlikely to originate from marine aerosols or soluble fraction of carbonate minerals.
Such carbonate minerals (calcite and dolomite) are known to be present in Western Siberian
solid aerosols and likely originate from far-range atmospheric transfer from the Kazakhstan
and Mongolia desert regions [32]. Therefore, we hypothesize a local anthropogenic rather
than global source of dissolved divalent metals (Mn, Co, Ni, Cd, and Pb). This source is most
likely the products of flying ash dissolution or desorption from some solid particles. Note
here that a northward decrease in concentration of solid particles was more pronounced
than that of S.C. (a factor of 3.1 and 1.4, respectively).

In our previous study [31], we presented the variation of insoluble particles in the
snowpack of the Ob River basin and showed that particulate matter consisted of biogenic
debris and spores (evenly distributed over the transect) and lithogenic minerals (plagioclase
and clay minerals) preferentially enriched in the southern part of the transect. The carbonate
minerals (calcite and dolomite) were also reported in the upper layer of the snow pack
from Western Siberia [32]. Note that in a previous study of the surface (0–5 cm) snow layer
across another transect of the WSL, we found that Ca, Mg, Sr, Mn, and Co increase their
concentration with an increase in particle concentration by a factor of maximum 10 [32].
A similar pronounced effect can be observed in the present Table S1, which encompasses
the full depth of the snow core and thus represents more integral assessment of leaching
potential of these elements from the mineral particles.

In the transect studied in this work, the proportion of anthropogenic particles (fly ash
and black carbon) did not exhibit any systematic latitudinal pattern but was the highest
near big towns and areas of hydrocarbon production [31]. In accord with these observations,
here we hypothesize that a general northward decreasing trend in divalent metal (Mn,
Co, Ni, and Cd) reflects possible leaching of these elements from aerosol minerals and
desorption from anthropogenic particles linked to cities. In contrast, local maxima in
concentration of elements not showing any systematic latitudinal trend (for As, Sb, Zn,
Cu, and Pb) or elements exhibiting such a trend (Fe, Ni, and Cd) likely represent the point
source of atmospheric pollution such as gas flaring. This is further confirmed by positive
correlations (p < 0.05) between dissolved elements (Mn, Fe, Co, Ni, Zn, Cd, and Sb) and
solid particle concentration in snow (Table S2, Figure S2).

Note that, in another part of Western Siberia, the surface (0–5 cm) layer of the snow
pack sampled in 2014 demonstrated a single maximum of Sb, Cd, and Ni concentrations at
c.a. 63–65◦ N, whereas As exhibited two maxima, at 63.5◦ N and 67.5◦ N [32]. Similar to the
present study which demonstrated maxima of As, Ni, and Cd at 61◦ N, these patterns most
likely reflect prominent ground source of local pollution such as gas flaring. To further
examine these impacts, we tested a quantitative link between the distance to the gas flaring
site and the element concentration in the snow water (Figure S3). None of the studied
elements yielded significant (p > 0.05) correlation with the distance to the gas flare position.
Note, however, that in this treatment we could not take into account the number of different
gas flares around the sampling point and the dominant wind direction. Furthermore, one
can expect a strong interference of gas flares’ impact with that of large towns, especially in
the southern part of Western Siberia.

Because of its exceptionally flat orographic context, extensive vegetation cover, and
relative remoteness from the Arctic Coast, the atmospheric precipitates in winter are
likely to bear a signature of remote desert and semi-desert regions of Central Asia (chiefly
Kazakhstan and partially the Gobi desert). At the same time, the local centers of potential
pollution include: (i) permanent (asphalt) roads (only in the southern part of studied
transect, south of Khanty-Mansiisk); (ii) large towns with substantial heating centrals
(operating on diesel and gas); and point gas flaring stations, especially abundant between
Strezhevoy (station 14) and Priobie (station 28).

To better constrain possible local sources of pollution, we defined the distance to
the nearest human-related object (gas flare, small settlement (within first 20 km from the
sampling point), and large town) taking into account the dominant wind direction during
winter (Table S3). In this case, a significant (p < 0.05; R2 > 0.3) decrease in five element
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(Fe, Co, Ni, Mn, and Cd) concentrations was observed as illustrated in Figure 4. The
concentration of other trace metals (Cu, Zn, and Pb) and metalloids (As and Sb) did not
show any link to the distance to local pollution. We thus suggest that these elements are
essentially controlled by far-range atmospheric transfer and/or by multiple sources of local
(<20 km) and near-local (20–100 km) pollution.

Figure 4. Examples of dissolved (<0.22 μm) metal concentrations in snow water as a function of
distance to potential object of contamination in the WSL. Fe (a); Co (b); Mn (c); Ni (d); Cd (e).

A PCA treatment demonstrated two groups of parameters according to their spatial
distribution in the snow water, although of low explicatory capacity (Figure S4, Table S4).
The first group comprised Mn and Co solid particle concentration and latitude. The second
factor acted on Fe, Cd, and Pb, and specific conductivity.

3.2. Assessment of Possible Snow Thaw Impact on Trace Element Concentration and Export by
WSL Rivers

Obtained concentrations of dissolved fraction in the snow water can be compared
with typical concentrations of trace elements in river water of the Ob River and tributaries,
sampled during the end of the spring flood period [33]. This comparison (Figure 5, Table S5)
revealed three groups of elements in the snow water depending on their potential to affect
the riverine concentration. Iron, Co, and Ni in snow exhibited concentrations which were
10–15% lower than those in the Ob River water. Therefore, snowpack deposition of these
metals could not appreciably affect their riverine export. In the northern sections of the
transect, Mn, Co, Cu, As, and Sb from the snow could contribute between 10–30% to the
river water concentrations. Finally, Zn, Cd, and Pb across the entire transect, as well as
Mn and Co in the southern section of the transect, exhibited comparable or exceeded the
concentration of these elements in the river water. This comparison illustrates the important
possible contribution of snow water to the riverine transport of trace metals.
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Figure 5. Histogram of metal concentrations in snow and river water (mean ± sd) of Western
Siberia: (a) concentration of Mn, Fe, and Zn (SN20-1–SN20-10); (b) concentration of Co, Ni, Cu,
As, Cd, Sb, and Pb (SN20-1–SN20-10); (c) concentration of Mn, Fe, and Zn (SN20-11–SN20-21);
(d) concentration of Co, Ni, Cu, As, Cd, Sb, and Pb (SN20-11–SN20-21); (e) concentration of Mn, Fe,
and Zn (SN20-22–SN20-36); (f) concentration of Co, Ni, Cu, As, Cd, Sb, and Pb (SN20-22–SN20-36).

Overall, the snow water chemical composition reflects both local and global (long-
range) atmospheric transfer processes. A northward decrease in Fe and divalent transition
metals (Mn, Co, and Ni) and Cd in the snow water contrasts the latitudinal pattern of
these elements in the Ob River and tributaries. The latter demonstrates a sizable increase
in concentrations of Fe and divalent transition metals from the south to the north [33]. To
quantify the snow water input to the springtime dissolved flux of the Ob River water, we
accounted for the river runoff in spring and the snow pool of Western Siberia. The water
stock in snow (in mm snow water accumulated during winter) is fairly well known for
Western Siberia [32,34] and ranges from 110–120 mm in the zone 56–60◦ N to 140–150 mm
in the northern part of the Ob River basin (60–68◦ N). The springtime river runoff (in mm
during May and June) was approximated to be the same as for medium and small rivers of
Western Siberia, as calculated in [35]. Here, we considered the average concentration of
trace elements in the snow water in the southern (<60◦ N) and the northern (>60◦ N) parts
of the Ob River basin.

The ratios of river fluxes in May–June to the amount of elements accumulated in the
snow stock on the same territory are presented in the form of histograms (Figure 6). In the
southern, permafrost-free zone, Mn, Co, Zn, Cd, Pb, and Sb fluxes in rivers can be provided
essentially by snowmelt. The riverine flux of Zn, Cd, and Pb can be entirely controlled
by snowmelt in the northern, discontinuous and continuous permafrost zones (north of
60–62◦ N). These comparisons demonstrate a paramount impact of wintertime atmospheric
depositions on freshet riverine fluxes of dissolved metals in the WSL. Because the flood
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period accounts for a sizable fraction of total annual lateral export of solutes in general and
trace metals in particular [35], when foreseeing the consequences of climate change on river
fluxes of metals, one has to account for collateral changes in snow quantity and chemical
composition. This illustrates the intrinsic complexity of the response of elementary fluxes
from the WSL to the Arctic Ocean due to ongoing environmental changes.

Figure 6. The ratio of mean dissolved flux of rivers in three latitudinal zones (53–60 (a), 60–62 (b),
and 62–66◦ N (c)) of the WSL to the stock of dissolved fraction of snow. For this calculation, the snow
volume (in millimeters of water) accumulated over full winter and mean river runoff during May
and June were used.
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4. Conclusions

The chemical composition of the full depth of the snow pack was studied across a
2800 km latitudinal gradient of the Ob River basin. There was a decreasing trend of Mn,
Fe, Co, Ni, and Cd concentration in the snow water (<0.45 μm) northward. Some divalent
metals (Cu, Ni, Pb, and Cd) and metalloids (As, Sb) demonstrated a local enrichment at
61–62◦ N, presumably originated from anthropogenic sources of pollution. However, we
could not establish a quantitative link between the distance to gas flaring sites and the
element concentration in the snow water. This may be explained by strong interferences
with large towns, especially in the southern part of Western Siberia.

A northward decrease in Fe and divalent transition metals (Mn, Co, and Ni) and Cd
in the snow water contrasted the latitudinal pattern of these elements in the Ob River
and tributaries (according to available literature data). In the southern, permafrost-free
zone, Mn, Co, Zn, Cd, Pb, and Sb fluxes in the Ob River during the May–June period can
be supplied essentially by dissolved fraction of the snowmelt. The impact of snowmelt
on river export fluxes in spring strongly increases northward for Zn, Cd, and Pb. In
the permafrost zone, entire riverine fluxes of these elements during spring flood can be
provided by the snowmelt.

Altogether, the obtained results suggest large complexity of the riverine export and
atmospheric deposition of trace metals under climate warming scenario and require com-
prehensive analysis of dissolved metals in rain waters during different seasons across
the region.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/w14010094/s1, Figure S1: Examples of the concentration of SC, pH in snow water as a function
of latitude, Figure S2: Examples of Mn, Fe, Co, and Ni in snow water as a function of particulate
fraction, Figure S3: Examples of the concentration of SC, Mn, Ni, Fe, Cu, Cd, Co, Zn, As, Pb, and
Sb in snow water as a function of distance to gas flaring, Figure S4: PCA factorial map F1 × F2 of
elements of a reconstructed table for the dissolved fraction, Table S1: Physicochemical properties
of dissolved (<0.22 μm) fraction of the snow water trace element concentrations (μg/L) in Western
Siberia latitudinal transect, Table S2: Spearmen correlations p < 0.05, Table S3: The distance between
the sampling point and some nearest possible sources of pollution, Table S4: Results of PCA treatment
of all data, Table S5: Mean (±SD) concentration (μg L−1) of metals in river water and snow water in
the three distinct parts of the Ob River main stem upstream and downstream of its confluence with
Vasyugan and Irtysh.
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Abstract: Trace elements in freshwater bivalve shells are widely used for reconstructing long-term
changes in the riverine environments. However, Northern Eurasian regions, notably the European
Russian North, susceptible to strong environmental impact via both local pollution and climate
warming, are poorly studied. This work reports new data on trace elements accumulation by
widespread species of freshwater mussels Unio spp. and Anodonta anatina in the Severnaya Dvina
and the Onega River Basin, the two largest subarctic river basins in the Northeastern Europe.
We revealed that iron and phosphorous accumulation in Unio spp. and Anodonta anatina shells
have a strong relationship with a distance from the mouth of the studied river (the Severnaya
Dvina). Based on multiparametric statistics comprising chemical composition of shells, water,
and sediments, we demonstrated that the accumulation of elements in the shell depends on the
environment of the biotope. Differences in the elemental composition of shells between different
taxa are associated with ecological preferences of certain species to the substrate. The results set
new constraints for the use of freshwater mussels’ shells for monitoring riverine environments and
performing paleo-reconstructions.

Keywords: freshwater mussels; trace elements; biominerals; bioindicators; Northeastern Europe;
boreal; subarctic; river

1. Introduction

Trace elements (TE) in carbonate shells of bivalve mollusks have been widely used
for environmental studies [1–9]. Measuring TE concentration in shells of mollusks helps
to track changes of different parameters in watercourses during long-time periods and
to reveal local and global environmental impacts on riverine habitats [6]. For example,
Zhao et al. [10] found that patterns of the Mn/Ca index in the shells of Hyriopsis cumingii
(Lea, 1852) are associated with the occurrence of reduction conditions at the bottom sed-
iments water interface. Therefore, the use of the Mn/Ca ratio can potentially serve as
a high-resolution marker of Mn mobility in the anoxic layer. Studying this indicator in
the shells of bivalve mollusks can help to retrospectively track environmental changes
in aquatic ecosystems caused by eutrophication. Bolotov et al. [6] determined that the
accumulation of trace elements in the shells of freshwater pearl mussels depends on the
environmental conditions of the biotope and has no taxonomic control. The ratio of man-
ganese and iron concentrations in relation to the environmental conditions of a freshwater
body was analyzed by Naeher et al. [11]. These authors demonstrated applicability of
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this indicator for the reconstruction of redox conditions using values from the shells of
modern bivalve mollusks and showed that sedimentation factors can reduce the appli-
cability of the Mn/Fe ratio for reconstructing O2 concentrations in the bottom water of
lakes. Ravera et al. [12] evaluated the possibility of assessing the state of abiotic and biotic
components of a freshwater ecosystem using concentrations of chemical elements in the
shells and tissues of the bivalve mollusks Anodonta anatina (Linnaeus, 1758) and Unio sp.,
as well as in water, bottom sediments, and aquatic plants. These authors demonstrated
that these indicators can be a useful tool for long-term studies of environmental pollution.

Over recent years, the use of new methods allowed analyzing changes in the chemical
composition of shells with high spatial resolution. A number of indicatory elements were
used to assess seasonal trends and hydrological conditions of aquatic ecosystems. For exam-
ple, van Plantinga and Grossman [8] used shells of two species (Amblema plicata (Say, 1817)
and Cyrtonaias tampicoensis (Lea, 1838)) of naiad as natural archives. These authors estab-
lished a relationship between the Mn/Ca ratio and the river discharge. Watanabe et al. [13]
compared the values of geochemical indicators of hydrological conditions with the values
of annual increments in the freshwater pearl mussel Margaritifera laevis (Haas, 1910). A
correlation was found between the Ba/Ca ratio and the shell growth rate, which depended
on the volume of winter snow and spring meltwater.

The present work is aimed to characterize the accumulation of elements in the shells
of widespread species of freshwater bivalve mollusks, together with the components of
their habitats (bottom sediments and water) using a case study of two large river basins in
Northwestern Russia. Subarctic rivers of European Russian North are subjected to strong
impact of both local (pollution sources, forestry, industry) and global (climate change,
vegetation shifts) factors but they remain poorly studied using complex biogeochemical
ecosystem-based approaches that can include river water, sediments, and aquatic organ-
isms. Here, we intended to test the impact of environmental conditions on TE distribution
coefficients and characterize the difference between taxa in order to better define the scope
of the use of bivalve shells as archives of riverine aquatic environments.

2. Materials and Methods

2.1. Sampling Locations

Sampling sites are located in the basins of the Severnaya Dvina and the Onega rivers
(Figure 1, Table 1). The names of sampling localities are given relative to nearby settlements.
Mollusks’ samples were taken manually from a depth of 0.5 to 1.5 m.

River water samples were collected at sites of shells’ sampling from 0.5 m depth in pre-
cleaned polypropylene bottles. The water was immediately filtered through a single-use
sterile acetate cellulose filter (Sartorius, 0.45 μm), into pre-cleaned polypropylene Nalgene
bottles. Samples for TE analyses were acidified with ultrapure double-distilled HNO3 and
stored in the refrigerator pending analyses.

The sediment samples were taken from the water-sediment interface to a depth of
3–4 cm (which corresponds to the depth of burying of Anodonta anatina and Unio spp.
mollusks in the ground), placed in a double zip polyethylene bag, preserved in cold dark
environment, and transported within several days to the laboratory where they were dried
at 90 ◦C in the oven.

Shells from 10 sampling sites located in different parts of the Severnaya Dvina and the
Onega River basins were used to analyze trace elements’ composition (Figure 2). Bottom
sediment and water samples were taken at 9 localities (Table 1).

54



Water 2021, 13, 3227

Figure 1. Location map of the field study areas: 1—Porog (POR), 2—Kuftyrikha (Kar), 3—Isakogorka
(Z), 4—Krasnoflotsky (Kras), 5—Kholmogory (Hol), 6—Marilovo (Mar), 7—Bereznik (Br), 8—
Krasnoborsk (KBOR), 9—Shangaly (ShB), 10—Ust’-Alekseevo (UG).

Table 1. List of studied localities.

№ Locality River Basin Coordinates
Bottom Sediments and Short

Site Description
Number of

Samples

1
Porog village,

right bank before the
rifts

Onega River 63◦49′44.5′′ N
38◦28′32.3′′ E

Silted area of the bottom before
the river bend,

bottom sediments—sandy loam

Shells—4
Water—1
Bottom

Sediment—1

2
Kuftyrikha

boundary near
Kargopol town

Onega River 61◦32′46.9′′ N
38◦59′54.4′′ E

Coarse sand, depth 1–1.5 m,
slight current, bottom

sediments—sand with stones.

Shells—4
Water—1
Bottom

Sediment—1

3

Perkhachevsky
settlement,
Isakogorka
anabranch

Severnaya Dvina
River

64◦27′55.2′′ N
40◦29′22.2′′ E

Silty bottom, smell of hydrogen
sulfide

Shells—4
Water—1
Bottom

Sediment—1

4

Krasnoflotsky island,
beach in the

southwest of the
island

Severnaya Dvina
River

64◦30′07′′ N
40◦37′02′′ E

Willow beach, bottom
sediments—medium-grained

sand

Shells—4
Water—1
Bottom

Sediment—1
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Table 1. Cont.

№ Locality River Basin Coordinates
Bottom Sediments and Short

Site Description
Number of

Samples

5 Kholmogory village Severnaya Dvina
River

64◦14′39.3′′ N
41◦36′29.9′′ E

The bottom is silted in places.
The depth increases rapidly

near the coast, bottom
sediments—sand and silt

Shells—4
Water—1
Bottom

Sediment—1

6 Marilovo village Severnaya Dvina
River

64◦08′29.0′′ N
41◦45′47.0′′ E

Sandy coast along the village,
bottom

sediments—rocky-sandy
bottom with clay

Shells—4
Water—0
Bottom

Sediment—0

7
Bereznik village,

western side of the
beach

Severnaya Dvina
River

62◦50′38.0′′ N
42◦48′01.1′′ E

Beach, bottom
sediments—fine-grained sand

Shells—3
Water—1
Bottom

Sediment – 1

8
Krasnoborsk village,

west of Zeleny
Island

Severnaya Dvina
River

61◦34′58.0′′ N
45◦50′42.8′′ E

Beach northwest of the village,
bottom

sediments—medium-grained
sand

Shells—4
Water—1
Bottom

Sediment—1

9

Shangaly village
Ust’ya river, beach at

the suspension
bridge

Severnaya Dvina
River

61◦07′52.3′′ N
43◦20′46.0′′ E

Depth 1.2–1.5 m, straight
section of the river, beach,

bottom
sediments—medium-grained

sand pebbles stones.

Shells—4
Water—1
Bottom

Sediment—1

10
Yug river, beach in

the village
Ust-Alekseevo,

Severnaya Dvina
River

60◦27′54.1′′ N
46◦30′21.9′′ E

The flow rate is low, bottom
sediments—bottom

sediments—medium-grained
sand.

Shells—4
Water—1
Bottom

Sediment—1

 
Figure 2. Shells of freshwater bivalve mollusks Anodonta anatina (Linnaeus, 1758), Unio pictorum
(Linnaeus, 1758) and Unio tumidus Retzius, 1788: A—A. anatina, the Severnaya Dvina River near
Kholmogory village; B—U. pictorum, the Severnaya Dvina near Kholmogory village; C—A. anatina,
the Onega River near Kargopol town (the Kuftyrikha boundary); D—U. tumidus, the Onega River
near Kargopol town (the Kuftyrikha boundary). Scale bar = 10 mm.
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2.2. Determination of the Taxonomic Position of Mollusks’ Individuals and Preparation Samples for
Trace Elements’ Analysis

The primary species identification of the collected samples of bivalve mollusks was
carried out based on standard and special keys [14–16]. The comparative analysis of the
shell morphology was carried out taking into account the structure of the pseudocardinal
and lateral teeth, muscle attachment scars, shell shape, and umbo position [17,18]. Details
of the shell structure were studied using an Axio Lab.A1 light microscope (Carl Zeiss, Jena,
Germany) and a Leica M165C stereomicroscope (Leica Microsystems, Wetzlar, Germany).
Shells were sawn from the umbo to the ventral margin perpendicularly to the winter lines
and along the axis of minimum growth with a diamond saw, and the obtained fragment to
10 mm width was taken for trace element analysis.

2.3. Analysis of the Trace Element Composition of Shells

For the analysis of major and trace elements, parts of the shell were washed using
MilliQ water, dried and ground in an agate mortar. Acidic dissolution of crushed shells was
carried out by processing them in ultrapure water Merck H2O2, bidistilled ultrapure water
Aldrich HNO3, HNO3 + HCl and, finally, in HNO3 at 80 ◦C in Savillex Teflon containers
housed in separate evaporation chambers (class A 100) located inside the cleanroom
(class ISO A 10,000). This made it possible to dissolve only the carbonate and organic
parts of the shells without leaching silicate mineral impurities. Together with samples,
we also processed two certified carbonate reference materials (Coral JCp-1, Giant Clam
JCt-1). The leachate products were evaporated to dryness, re-dissolved in 10% HNO3
and diluted 5000 times for the analysis of major and trace elements using an Agilent
7500ce (Agilent Technologies, Inc., Santa Clara, United States)inductively coupled plasma
mass-spectrometer [6,19].

2.4. Analysis of the Elemental Composition of Water Samples

The elemental composition of the river water was measured by mass spectrometric
and atomic emission analyzes with inductively coupled plasma (ICP-MS and ICP-AES).
The detection limits of the method were 0.1–10 ng L−1 for Y, rare earth elements (REE), U,
Th, Zr, Li, Mo, Be, Rb, Cd, W, Nb, Hf, Sb, Cs, Tl, and 10–100 ng L−1 for (Co, V, Sr, Ba, Mn,
Pb, As) and 100–10,000 ng L−1 for other elements (S, Si, P, Br, K, Ca, Fe, Na, Mg, Al, B, Ti,
Cr, Zn, Cu, Se, Ni) [20].

2.5. Analysis of the Elemental Composition of Bottom Sediments Samples

The mineralization of sediment samples was carried out by acid digestion. Along with
the analyzed samples, the digestion of international certified sediment materials (LKSD)
and one in-house standard sample was carried out. One hundred mg of sample were
placed in Teflon beakers (volume 50 mL), with 0.1 mL of a solution containing 8 μg dm−3 of
145Nd, 161Dy, and 174Yb which is used as a control of the chemical yield during the sample
decomposition procedure), and moistened with several drops of deionized water. After
that, 0.5 mL of HClO4 (Perchloric acid fuming 70% Supratur, Merck, Darmstadt, Germany),
3 mL (HF Hydrofluoric acid 40% GR, ISO, Merck, Darmstadt, Germany), 0.5 mL of HNO3
(Nitric acid 65%, GR, ISO, Merck, Darmstadt, Germany) were added and evaporated until
intense white fumes appeared. The vials were cooled, their walls were washed with water,
and the solution was again evaporated to wet salts. Then, 2 mL of HCl (hydrochloric acid
fuming 37% GR, ISO, Merck, Darmstadt, Germany) and 0.2 mL of 0.1 M H3BO3 solution
(analytical grade) were added and evaporated to a volume of 0.5–0.7 mL. The resulting
solutions were transferred into polyethylene bottles, amended with 0.1 mL of a solution
containing 10 mg L−1 In (internal standard), diluted with deionized water to 20 mL, and
analyzed by ICP-MS. As blank controls in Teflon beakers, the procedures described above
were carried out without samples, and the resulting solutions were used as control [19].
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2.6. Statistical Treatment of the Data

Element concentrations in samples were compared using the nonparametric Mann–
Whitney U and Kruskal–Wallace H tests because the data were not distributed normally
(Shapiro–Wilk test). To assess the relationship between the concentrations of elements,
the Spearman’s correlation coefficient was used, and linear, logarithmic, and exponential
regression models were employed.

A principal component analysis (PCA) was used to determine the factors controlling
the pattern of element accumulation in shells, water, and sediments. The selection of
factors was carried out according to the screen test and on the basis of eigenvalues (Kaiser
criterion). The suitability of the data for factorization was assessed based on the Kaiser–
Meier–Olkin measure of sample adequacy (minimum fitness value was higher than 0.6)
and using the Bartlett’s test of sphericity. Metal pollution index was calculated according
with Usero et al. [21] and Sedeño-Díaz et al. [22].

3. Results

3.1. Elemental Composition of Shells

The collected shells of bivalve mollusks belonged to two genera (Anodonta and Unio).
All analyzed individuals of Anodonta belonged to the species A. anatina. The individuals
belonging to the genus Unio, according to the teeth structure and the outline of the shell
contours, were identified as U. pictorum (Linnaeus, 1758) and U. tumidus Retzius, 1788 [23].
The average ontogenetic ages of individuals were 4.17 ± 0.20 years for specimens of
Anodonta and 4.67 ± 0.20 years for specimens of Unio.

The average chemical composition of mollusk shells is presented in Table 2. After
Ca, the most abundant elements were Na, Fe, Mn, Sr. Average concentrations of Na, Fe,
Mn, Sr in Anodonta anatina (n = 18) and Unio spp. (n = 21) shells were 2340 ± 31 mg/kg and
2300 ± 27 mg/kg, 1580 ± 653 mg/kg and 1030 mg/kg, 680 ± 79 mg/kg and 424 ± 38 mg/kg,
635 ± 48 mg/kg, and 713 ± 68 mg/kg, respectively.

Table 2. Elemental composition of Anodonta anatina and Unio spp. shells from the Severnaya Dvina and the Onega river
basins: the cross into a cell of the table shows the absence of statistically significant differences (p > 0.05), the check mark in
a cell of the table shows the presence of statistically significant differences (p < 0.05).

Element Anodonta, ppm
Mean ± SE (n = 18)

Unio, ppm
Mean ± SE (n = 21)

Statistically Significant Differences

by Genera by Basins by Localities

Li 0.28 ± 0.04 0.23 ± 0.02 × � �
Na 2340 ± 30 2300 ± 27 × � �
Mg 138 ± 18 87.6 ± 9.03 � × �
Al 304 ± 47 174 ± 30 � × �
P 246 ± 89 171 ± 62 × � �
K 129 ± 22 76.8 ± 12.1 × × �
Ti 44 ± 6.9 31.1 ± 3.62 × × �
Cr 1.89 ± 0.3 1.15 ± 0.19 × × ×
Mn 680 ± 79 423 ± 38 � × �
Fe 1580 ± 653 1030 ± 493 × × �
Cu 3.32 ± 0.28 2.93 ± 0.23 × × ×
Zn 3.47 ± 0.60 3.26 ± 0.53 × × �
As 2.49 ± 0.81 2.92 ± 1.36 × × ×
Rb 0.46 ± 0.10 0.22 ± 0.05 × × �
Sr 635 ± 48 713 ± 68 × � �
Zr 1.86 ± 0.41 0.99 ± 0.19 × × �
Y 0.35 ± 0.08 0.22 ± 0.06 × � �

Nb 0.095 ± 0.019 0.063 ± 0.012 × × �
S 314 ± 36 301 ± 25 × × �

Sb 0.12 ± 0.02 0.14 ± 0.02 × × �
Cs 0.022 ± 0.005 0.012 ± 0.002 × × �
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Table 2. Cont.

Element Anodonta, ppm
Mean ± SE (n = 18)

Unio, ppm
Mean ± SE (n = 21)

Statistically Significant Differences

by Genera by Basins by Localities

Ba 64.6 ± 10.1 43.4 ± 5.3 � � �
La 0.65 ± 0.14 0.45 ± 0.11 × � �
Ce 1.2 ± 0.23 0.76 ± 0.18 × � �
Pr 0.14 ± 0.03 0.04 ± 0.02 × � �
Nd 0.48 ± 0.1 0.31 ± 0.07 × � �
Sm 0.094 ± 0.019 0.058 ± 0.013 × � �
Eu 0.018 ± 0.004 0.012 ± 0.003 × � �
Gd 0.077 ± 0.018 0.047 ± 0.013 × � �
Dy 0.069 ± 0.015 0.044 ± 0.009 × � �
Er 0.032 ± 0.007 0.019 ± 0.005 × � �
Yb 0.03 ± 0.007 0.016 ± 0.004 × � �
Pb 0.49 ± 0.03 0.46 ± 0.04 × × ×
Th 0.062 ± 0.011 0.039 ± 0.011 × × �
U 0.030 ± 0.005 0.019 ± 0.004 � × �

It was found that the concentrations of only 5 elements (Mg, Al, Mn, Ba, and U) differ
between samples of mollusks belonging to different genera. Considering both genera
together, the concentrations of Li, Na, P Al, Sr, Y, Ba, REEs differed between the samples
from the two river basins. Further, the concentrations of all elements, except for Cr, Cu, As,
and Pb, differ statistically significantly among the studied localities when considering two
genera together.

3.2. Elemental Composition of Water and Sediments

The concentrations of chemical elements in water and bottom sediments are presented
in Tables 3 and 4.

Table 3. Trace element composition of water from the studied biotopes.

Element
C, ppm

Mean ± SE (n = 9)
Element

C, ppm
Mean ± SE (n = 9)

B 42.0 ± 11.7 Zr 0.226 ± 0.036
Na 12000 ± 4340 Nb 0.005 ± 0.001
Mg 11300 ± 1590 Mo 0.53 ± 0.12
Al 70.9 ± 19.1 Cd 0.018 ± 0.008
Si 2180 ± 321 Sb 0.07 ± 0.02
S 10200 ± 2590 Cs 0.005 ± 0.001
K 1320 ± 277 La 0.208 ± 0.064
Ca 42000 ± 5410 Ce 0.437 ± 0.15
Ti 2.12 ± 0.54 Pr 0.057 ± 0.017
V 0.904 ± 0.063 Nd 0.234 ± 0.068

Mn 190 ± 84.9 Sm 0.047 ± 0.014
Fe 449 ± 104 Eu 0.0089 ± 0.0025
Co 0.15 ± 0.04 Gd 0.046 ± 0.012
Ni 0.503 ± 0.118 Tb 0.0064 ± 0.0018
Cu 0.933 ± 0.121 Dy 0.0346 ± 0.0090
Zn 10.3 ± 3.4 Ho 0.0069 ± 0.0016
As 1.3 ± 0.2 Er 0.0173 ± 0.0043
Br 34 ± 11 Tm 0.0022 ± 0.0006
Sr 448 ± 111 Yb 0.0142 ± 0.0033
Ba 59 ± 11 Lu 0.0021 ± 0.0005
Pb 0.192 ± 0.053 Hf 0.0055 ± 0.0010
Li 4.8 ± 0.9 W 0.0068 ± 0.0018
Be 0.009 ± 0.002 Tl 0.0029 ± 0.0003
Rb 1.21 ± 0.15 Th 0.0215 ± 0.0043
Y 0.176 ± 0.047 U 0.426 ± 0.122
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Table 4. Trace element composition of bottom sediments from the studied biotopes.

Element
C, ppm

Mean ± SE (n = 9)
Element

C, ppm
Mean ± SE (n = 9)

Na 9130 ± 1520 Sn 0.349 ± 0.104
Al 30200 ± 4260 Cs 0.702 ± 0.214
P 231 ± 51 Ba 337 ± 34
S 1620 ± 1450 La 9.79 ± 1.88
K 8720 ± 910 Ce 21.3 ± 3.98
Ca 16200 ± 665 Pr 2.31 ± 0.43
Ti 1120 ± 257 Nd 8.84 ± 1.63

Mn 362 ± 87 Sm 1.64 ± 0.32
Fe 12100 ± 2980 Eu 0.392 ± 0.064
Li 13.1 ± 6.03 Gd 1.45 ± 0.28
Be 0.786 ± 0.182 Tb 0.198 ± 0.041
Sc 4.00 ± 0.94 Dy 1.25 ± 0.25
V 25.1 ± 6.3 Ho 0.234 ± 0.047
Cr 28.9 ± 5.3 Er 0.733 ± 0.160
Co 4.98 ± 1.12 Tm 0.105 ± 0.022
Ni 16.0 ± 4.3 Yb 0.759 ± 0.148
Cu 9.42 ± 5.22 Lu 0.106 ± 0.021
Zn 34.4 ± 9.1 Hf 1.23 ± 0.22
Ga 5.84 ± 0.83 Ta 0.334 ± 0.094
As 2.71 ± 0.63 W 0.298 ± 0.13
Rb 27.8 ± 2.89 Tl 0.135 ± 0.012
Sr 388 ± 267 Pb 8.03 ± 1.59
Y 6.76 ± 1.52 Bi 0.03 ± 0.01
Zr 49.8 ± 8.8 Th 1.99 ± 0.53
Nb 4.6 ± 1.2 U 0.79 ± 0.28

Correlations between element concentrations in the shells revealed two groups of
elements. The largest number of strong correlations was found for aluminum (Mg, K,
Rb, U, Th, etc.) and iron (P, K, Rb, Cs). Generally, for Anodonta anatina, the correlations
between elements were stronger than those for Unio species (Figure 3 and Figures S1–S4,
Supplementary Materials).

Correlations of REE with other elements were analyzed for Anodonta mussels’ shells.
Strong positive correlations were established for La, Ce, Pr, Nd, Sm, Eu, Gd, Dy, Er, Yb with
iron (RSpearman ranged from 0.80 to 0.96, p < 0.01) and for Eu, Gd, Er, Yb with aluminium
(RSpearman ranged from 0.70 to 0.80, p < 0.01). Medium positive correlations were observed
between aluminium and Ce, Pr, Nd, Sm, Dy (RSpearman ranged from 0.51 to 0.68, p < 0.05).

Correlations of REE with other elements were also examined for Unio mussels’ shells.
Strong positive correlations were identified for Nd, Sm, Ce, Pr, Eu, Gd, Dy, Er, Yb with iron
(RSpearman ranged from 0.78 to 0.88, p < 0.01) and for Nd, Sm, Gd, Dy, Er with aluminium
(RSpearman ranged from 0.71 to 0.75, p < 0.01). Medium positive correlations were observed
between Al and Ce, Pr, Eu, Yb (RSpearman ranged from 0.64 to 0.69, p < 0.01). Medium
positive correlations were observed between Fe and La (RSpearman = 0.69, p < 0.01).

Iron and phosphorus exhibited strong correlations with Mg, Y, Cs (RSpearman> 0.7,
p < 0.01), K, Rb (RSpearman > 0.7, p < 0.05), and REE (RSpearman > 0.8, p < 0.05). There were
no significant correlations for Na, Al, S, Mn, Sr, and U with the concentrations of iron and
phosphorus in the shells of bivalve mollusks (p > 0.05).
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Figure 3. Correlation between trace elements’ concentrations in shells of freshwater mussels Anodonta anatina (A) and Unio
spp. (B), collected from the Onega and the Severnaya Dvina River basins: 1—strong positive correlation (RSpearman

> 0.7, p < 0.05); 2—medium positive correlation (0.7 ≥ RSpearman ≥ 0.5, p < 0.05); 3—medium negative correlation
(− 0.7 ≤ RSpearman ≤ −0.5, p < 0.05).

3.3. Multiparametric Statistics

Preliminary assessment of the suitability of concentrations data on Li, Na, Mg, Al, P, S,
K, Ti, Cr, Mn, Fe, Cu, Zn, As, Rb, Sr, Y, Zr, Nb, Sb, Cs, Ba, REEs, Pb, Th, U for factorization
revealed an acceptable value of the Kaiser–Mayer–Olkin sample adequacy measure (0.719)
and a statistically significant indicator of Bartlett’s sphericity criterion (χ2 = 2592; p < 0.001).
As a result, three factors were identified; in terms of the values of factor loadings, they
were interpreted as follows. None of the factors was different between individuals of
different genera. Factor 1 had a regression relationship with the sum of the concentrations
of elements per sample, normalized to calcium (Figure 4). Factor 2 was associated with the
accumulation of iron, barium, and phosphorus during shell growth. Factor 3 described the
conditions of a particular biotope associated with the composition of the bottom sediments
in which the mollusks lived, including the accumulation of heavy metals in the shell (Sb,
Pb, Sr), and differed among localities (p > 0.001).

Figure 4. The power relationships between the first principal component and the sum of Ca-
normalized elements in each sample.
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3.4. Element Distribution Coefficients between the Shell and the Environment

Apparent distribution coefficients of major and trace elements between the river
water and the aragonite shells of Unio spp. and A. anatina were calculated based on
several replicates from the same site. Calcium-normalized distribution coefficients Kd
(solid/liquid) = ([TE]/[Ca])shell/([TE]/[Ca]) solution varied from 10 to 0.001 (Figure 5). In
addition, distribution coefficients of trace elements between shells and bottom sediment
samples were determined to range from 6.71 × 10−6 to 0.52 (Figure 6).

Figure 5. Calcium-normalized distribution coefficients (Kd) of elements between mollusks’ shells (Unio spp. and Anodonta
anatina) and river water.

Figure 6. Calcium-normalized distribution coefficients (Kd) of elements between mollusks’ shells (Unio spp. and Anodonta
anatina) and bottom sediments.

The metal pollution index was calculated according to Usero et al. (1996) and Sedeño-
Díaz et al. (2020) for U. pictorum, U. tumidus and A. anatina shells from the Severnaya Dvina
River Basin. It varied from 0.59 to 4.75 for A. anatina and from 0.67 to 4.22 for Unio spp. For
the shells from the Onega River Basin this index varied from 0.74 to 2.80 for A. anatina and
from 0.45 to 0.81 for Unio spp.

4. Discussion

4.1. Element Inter-Correlations and Element Ratios as Indicators of Possible Mechanisms and
Environmental Conditions

The correlations between element concentrations identified in this study may reflect
several main mechanisms of TE accumulation in the shells such as: (i) metabolic reactions
leading to carbonate mineral generation within the mollusk’s body and co-precipitation
with aragonite in the “extrapallial” fluid; (ii) complexation with organic matter (perios-
tracum, winter lines, nacreous) of the shell structure; (iii) co-deposition with iron (III) or
manganese (IV) hydroxide on the surface of growing shells and (iv) nonspecific passive cap-
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ture (occlusion) of river water or sediment porewater particles (silicates, sulfides, organic
debris) during filtration of the surrounding water (Bolotov et al., 2015).

There was a sizable (a factor of 7 to 11) increase in the Fe concentration in the U. picto-
rum and U. tumidus shells and in water from biotopes in the direction from the headwaters
of the basin to the mouth of the Severnaya Dvina River (R2 = 0.928, p < 0.01). In addition,
such a regression relationship was also revealed for phosphorus in the shells of mollusks
of this genus (R2 = 0.934, p < 0.01), Figure 7. No such dependence was found for bottom
sediments from the corresponding sampling points. In our opinion, this is due to variability
of the bottom sediment composition at the sampling sites (from loam to medium-grained
sand). In contrast, a strong positive correlation between Fe and P in shells of mollusks
may indicate either P co-precipitation with Fe hydroxide or formation of Fe phosphate at
the shell surface or impregnated between growing layers. Strong removal of P with Fe
hydroxide from aqueous solutions is fairly well known [24–26]. The importance of this
process for concomitant Fe and P accumulation in mollusks shells is consistent with the
fact that the Kd Shell/Water for Fe and P did not exhibit statistically significant regression
relationships with the distance from the mouth of the Severnaya Dvina River (p > 0.05),
despite sizable variations of these element concentrations in the river water.

Figure 7. Changes in the concentration of iron and phosphorus in U. pictorum and U. tumidus shells and iron in the water
from biotopes in the Severnaya Dvina Basin. The power relationships between element concentration (shells) (y) and
distance from mouth (Severnaya Dvina) (x) are significant at p < 0.01 for shells’ samples and at p < 0.05 for samples of water.

For the Severnaya Dvina River, Dzhamalov et al. [27] reported a downstream trend
of an increase in Fe dissolved concentration and export fluxes. This trend can be linked
to a progressive increase of the bog coverage and a shift in the watershed rock lithology,
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from carbonates and evaporates in the headwaters and small tributaries to silicate moraine
and Archean metamorphic rocks in the low reaches of the basin [28,29]. The data on Fe
concentration in shells and ecosystem compartments obtained in this study are consistent
with these observations. A northward increasing trend in Fe concentration is evidenced
from 6 sampling sites located in the section of the basin from the confluence of the Yug
River to the mouth of the Severnaya Dvina River (Figure 7). Therefore, the shells of
freshwater mussels with an average lifespan of about five years represent an archive that
can be complementary to a long-term river water chemistry monitoring via hydrochemical
analyses, i.e., [27,30].

Additional information about the environmental conditions of biotopes can be ob-
tained via the concentration ratios of an element to Ca or Fe (i.e., Mn/Fe, Mn/Ca). A
linear regression (p = 0.0016) was revealed between the Mn/Fe ratio in the U. pictorum
and U. tumidus shells and in sediments from the corresponding biotopes in the Severnaya
Dvina River Basin (Figure 8). Given that Mn/Fe ratio can serve as an indicator of the redox
conditions at the sediment-water interface, i.e., [10], the accumulation of Mn relative to Ca
in skeletons of mollusks reflects the corresponding redox conditions, which are operating
under anoxic/suboxic conditions at the sediment-water interface.

Figure 8. Regression relationships between element Mn/Fe-ratio in U. pictorum and U. tumidus shells
(x) and bottom sediments (y) from Severnaya Dvina basin.

On the one hand, among various mechanisms, Mn, and Fe immobilization in the form
of MnS and FeS both in the sediments and shells can be involved. This is consistent with
elevated sulfide concentration in upper layer of riverine sediments in the region [31]. On
the other hand, preferential uptake of Mn vs. Fe by shells can be explained by higher
affinity of Mn2+ to the carbonate mineral structure compared to Fe3+ in the environmental
conditions, which are not sufficiently reduced to convert Fe3+ into Fe2+.

Zhao et al. [10] suggested the ranking of different species of freshwater mollusks
with respect to the Mn/Ca ratio in watercourses of different trophic status. In terms
of their average Mn/Ca (mmol/mol) values in shells, the U. tumidus, U. pictorum and
A. anatina samples from the studied basins (the Severnaya Dvina and the Onega rivers)
correspond to mesotrophic watercourses (Figure 9). The values of the Mn/Ca ratio in the
shells of freshwater bivalve mollusks can reflect the occurrence of reducing conditions at
the water-sediment interface; such conditions may occur due to eutrophication [10]. In the
studied shells, the Mn/Ca ratios are higher in the A. anatina shells (p < 0.01), because this
species lives under conditions of lower oxygen content, burrowing deeper into softer clay
sediments in comparison with Unio specimens from the same biotope.
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Figure 9. Comparison of Mn/Ca ratio (mmol/mol) in shells of freshwater bivalve mollusks: 1—Margaritifera margaritifera
(oligotrophic rivers), 2—M. laevis (oligotrophic rivers), 3—M. dahurica (oligotrophic rivers), 4—M. laevis (mesotrophic rivers),
5—M. dahurica (mesotrophic rivers), 6—U. tumidus and U. pictorum (mesotrophic rivers), 7—Anodonta anatina (mesotrophic
rivers) (References: 1–5—Bolotov et al., 2015, 6–7—this study).

4.2. Relationship between the Content of Chemical Elements in Shells, Water and Sediments

The distribution coefficients (Kd) of chemical elements between different compart-
ments of the ecosystem were calculated to assess the efficiency of element uptake by
mollusks shells from the surrounding milieu. The lowest values of the distribution coeffi-
cients (Kd Shell/Water, Kd Shell/Sediments) of highly mobile elements such as Na, S, Sr, Sb, and
U were established in the localities of the Severnaya Dvina Basin. These elements are most
abundant in the bottom water layer. Lithophile elements (Al, Ti, Mn, Cu, Zr, Pb) exhibited
the highest values of the distribution coefficient between the shell and the river water or
the sediment.

According to the graphs presented in Figure 10, Rb, Sb, and Pb exhibited linear
regression coefficients of Log Kd Shell/Water (X) and Log Kd Shell/Sediment (Y). A positive
regression was found for Rb (R2 = 0.58; p < 0.05) and Sb (R2 = 0.54; p < 0.05), whereas a
negative regression was observed for Pb (R2 = 0.74; p < 0.005).

Overall, an increase in Kd Shell/Water with Kd Sediments/Water may reflect (1) a concomi-
tant immobilization of an element from the river water to the shells and the sediments;
(2) efficient uptake of an element by mollusks from the surrounding sediments.

Another important observation is that sodium, zinc, barium, and lanthanum demon-
strated significant (p < 0.005) linear dependence of Log Kd Shell/Water and Log Kd Sediment/Water
values (Figure 11). These ratios reflect the dependence of the element contents in the shells
and sediment concentration in water. Some elements can accumulate in greater amounts in
the sediments, with the highest Kd values of Zn and La corresponding to localities with a
clay substrate. Sodium has lower values of the distribution coefficients between sediments
and water, as well as between shells and water, which is associated with its relatively high
concentration and mobility in the liquid phase. The correlations observed between the
distribution coefficients of elements between shells/water and sediments by water show
that Na, Zn, Ba, and La (and generally all light REE) are more evenly distributed between
liquid/solid phases and shells compared to other studied elements, which is consistent
with recent results of Sedeño-Díaz et al. [22].
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Figure 10. Regression relationships between Log Kd Shell/Water (X) and Log Kd Shell/Sediments (Y) for
Rb, Sb, and Pb.

A dependence of the metal pollution index for Anodonta and Unio shells as a function
of the distance to the river mouth was strongly pronounced for the Severnaya Dvina River
Basin. This dependence can be approximated by a power function (R2 = 0.824, p < 0.05,
Figure 12). The metal pollution index (MPI) includes the sum of the concentrations of
all metal elements (without Ca) accumulated in shells following Usero et al. [21,32] and
Stankovic et al. [33]. The MPI value increased in the direction from the headwaters to the
mouth of the Severnaya Dvina River. Such a downstream accumulative pattern can be
explained by the location of large agglomeration (Arkhangelsk city, population of 354,100
inhabitants) in the low reaches of the river. Statistically significant differences between
locations were found for the metal pollution index (p = 0.003). The highest index values
were found for biotopes located in the mouth of the Severnaya Dvina and the Onega rivers.
This likely reflects an increasing local anthropogenic pressure (urban sewage waters, some
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industry) from the town of Onega and Arkhangelsk, located in the mouth zone of both
rivers. At the same time, there was no statistically significant regression relationship for
concentrations of Zn, Cd, Pb, As, Sb, Cu, Ni, Co, Cr in shells and for Kd Shell/Water with
the distance from the mouth of the Severnaya Dvina River (p > 0.05). The contrast in Fe
and metal/metalloid spatial pattern is noteworthy as it suggests that sole urban pollution
cannot be responsible for elevated Fe concentration in the low reaches of the Severnaya
Dvina River. Rather, enhanced proportion of bogs and wetlands in the mouth zone of
Severnaya Dvina may provide high amount of Fe, essentially in the form of organo-ferric
colloids i.e., [28,34] to the river main stem.

Figure 11. Regression relationships between Log Kd Shell/Water and Log Kd Sediments/Water for Na, Zn, Ba and La.

Figure 12. Regression relationships between values of metal pollution index (Y axis) and the distance
from the mouth of the Severnaya Dvina River (X axis) are significant at p < 0.05.
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5. Conclusions

Analyses of the chemical composition of mollusks shells, water, and sediments of
the two largest European Arctic Rivers—Severnaya Dvina and Onega—demonstrated a
sizable accumulation of a small number of elements (Mg, Al, Mn, Ba, and U) in the shells.
These elements exhibited statistically significant differences between studied genera and
allowed to trace the ecological preferences of certain species in terms of the substrate. The
differences in element concentrations in shells and ecosystem compartments (river water
and sediments) between river basins partially stem from the lithological composition of
the catchment area and the presence of bogs at the watershed.

The specificity of lithological and mineralogical composition of bottom sediments
controls the conditions of chemical element distribution between the components of the
riverine ecosystem in each locality. These results suggest that element accumulation in the
shell depends on specific conditions of the biotope.

The concentrations of iron in the water and shells and phosphorus in the shells of
bivalve mollusks (Unio spp.) increased in the direction from the upper parts of the basin to
the low reaches of the Severnaya Dvina River. This suggested strong influx of iron from
the bogs of the catchment to the river and Fe accumulation by the freshwater mussels.

The principal component analysis revealed three main factors; the first was interpreted
as the concentration pattern (1), the second one was responsible for accumulation of iron
and phosphorus during shell growth (2), and the third is reflecting the conditions of
biotopes associated with the composition of the bottom sediments (3).

The metal pollution indices demonstrated progressive enrichment in the confluence
of the Severnaya Dvina River and the Pinega River and also in the vicinity of the river
mouth, reflecting possible point source contamination originated from industrial and
pollution activity.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/w13223227/s1, Figure S1: the power relationships between Fe and P concentrations in
A. anatina (1) and Unio spp. (2) shells; Figure S2: the power relationships between Al and Mg
concentrations in A. anatina (1) and Unio spp. (2) shells; Figure S3: the power relationships between
Al and K concentrations in A. anatina (1) and Unio spp. (2) shells; Figure S4: the power relationships
between Fe and Y concentrations in A. anatina (1) and Unio spp. (2) shells.
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Abstract: In order to foresee possible changes in the elementary composition of Arctic river waters,
complex studies with extensive spatial coverage, including gradients in climate and landscape
parameters, are needed. Here, we used the unique position of the Ob River, draining through
the vast partially frozen peatlands of the western Siberia Lowland and encompassing a sizable
gradient of climate, permafrost, vegetation, soils and Quaternary deposits, to assess a snap-shot
(8–23 July 2016) concentration of all major and trace elements in the main stem (~3000 km transect
from the Tom River confluence in the south to Salekhard in the north) and its 11 tributaries. During
the studied period, corresponding to the end of the spring flood-summer baseflow, there was a
systematic decrease, from the south to the north, of Dissolved Inorganic Carbon (DIC), Specific
Conductivity, Ca and some labile trace elements (Mo, W and U). In contrast, Dissolved Organic
Carbon (DOC), Fe, P, divalent metals (Mn, Ni, Cu, Co and Pb) and low mobile trace elements (Y, Nb,
REEs, Ti, Zr, Hf and Th) sizably increased their concentration northward. The observed latitudinal
pattern in element concentrations can be explained by progressive disconnection of groundwaters
from the main river and its tributaries due to a northward increase in the permafrost coverage. A
northward increase in bog versus forest coverage and an increase in DOC and Fe export enhanced
the mobilization of insoluble, low mobile elements which were present in organo-ferric colloids
(1 kDa—0.45 μm), as confirmed by an in-situ dialysis size fractionation procedure. The chemical
composition of the sampled mainstream and tributaries demonstrated significant (p < 0.01) control
of latitude of the sampling point; permafrost coverage; proportion of bogs, lakes and floodplain
coverage and lacustrine and fluvio-glacial Quaternary deposits of the watershed. This impact was
mostly pronounced on DOC, Fe, P, divalent metals (Mn, Co, Ni, Cu and Pb), Rb and low mobile
lithogenic trace elements (Al, Ti, Cr, Y, Zr, Nb, REEs, Hf and Th). The pH and concentrations of
soluble, highly mobile elements (DIC, SO4, Ca, Sr, Ba, Mo, Sb, W and U) positively correlated with
the proportion of forest, loesses, eluvial, eolian, and fluvial Quaternary deposits on the watershed.
Consistent with these correlations, a Principal Component Analysis demonstrated two main factors
explaining the variability of major and trace element concentration in the Ob River main stem
and tributaries. The DOC, Fe, divalent metals and trivalent and tetravalent trace elements were
presumably controlled by a northward increase in permafrost, floodplain, bogs, lakes and lacustrine
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deposits on the watersheds. The DIC and labile alkaline-earth metals, oxyanions (Mo, Sb and W)
and U were impacted by southward-dominating forest coverage, loesses and eluvial and fertile soils.
Assuming that climate warming in the WSL will lead to a northward shift of the forest and permafrost
boundaries, a “substituting space for time” approach predicts a future increase in the concentration
of DIC and labile major and trace elements and a decrease of the transport of DOC and low soluble
trace metals in the form of colloids in the main stem of the Ob River. Overall, seasonally-resolved
transect studies of large riverine systems of western Siberia are needed to assess the hydrochemical
response of this environmentally-important territory to on-going climate change.

Keywords: river; forest; bog; permafrost; carbon; major ions; iron; colloids; trace element

1. Introduction

Studies on hydrochemistry of large Arctic rivers are at the forefront of climate warming
research due to their high importance in carbon (C) and greenhouse gases (GHG) regulation
at the planetary scale and their high vulnerability to ongoing environmental changes [1,2].
Presently, researchers have achieved a satisfactory understanding of hydrological fluxes
and river water hydrochemistry, including both suspended and particulate load, at the
terminal (gauged) stations across the Arctic. This was possible thanks to the systematic
work of the State Hydrological Surveys of the main Artic countries [3] and, more recently,
concerted works of various international programs [4–9]. In contrast, the knowledge of
spatial variations of major and trace components of the river water along the main stem of
Arctic rivers and their tributaries, which is necessary for understanding the environmental
controls and export mechanisms of riverine solutes, remains rather limited.

The Ob River, which is the largest Arctic river in terms of its watershed area (2,975,000 km2),
is an important vector of carbon, nutrients and major and trace element transfer to the Kara
Sea [10,11]. It drains highly vulnerable discontinuous and sporadic permafrost (20% in
average), which is extremely rich in organic C (OC) due to the dominance of peat soils [12].
Most recent hydrological studies demonstrated that, over past 80 years, the Ob River
discharge increased by ca 7.7% [13] at a rate of 384 and 173 m3/s (10 year−1) in spring and
winter, respectively, which was linked to a rapid increase in both warming and wetting
of the territory [14]. This, together with its unique geographical situation and landscape
setting, render the Ob River watershed among the key targeting regions for biogeochemical
studies in the Arctic [2]. Indeed, the number of publications per year on the Ob River has
increased from <10 prior to 1995 to 10–20 in 1996–2014 and 50–80 over the past 6 years.

Several detailed studies of Dissolved Organic Carbon (DOC) and major elements were
conducted at the terminal gauging station of the river, near the Salekhard city [4–6]. These
included DOC time-series observations by molecular-level techniques [15] and via remote
sensing [16] and the quantification of particulate organic matter export [7]. In contrast,
spatial coverage of the river main stem and its tributaries remains rather low, with just
a few studies of the dissolved carbon and related CO2 and CH4 emissions [17,18] and
one study of the molecular composition of DOC [19]. A large amount of data is available
from the systematic State Rosgidromet monitoring of OC and major ions on four gauging
stations of the Ob River (Salekhard, Belogor’e, Aleksandrovskoe and Kolpashevo) during
1970–2010 and measurements by Tomsk Politechnical University, as summarized in ref. [20].
The OC-controlled export of Hg by the Ob River has been considered by Mu et al. [21]
and Sonke et al. [22]. A snapshot study of 137Cs was performed at the scale of the Ob
Basin [23]. Much less is known about other major and trace elements, especially their
variations among the tributaries.

An important feature of the Ob River basin is the dominance of wetlands and mires,
which contain huge amounts of OC and provide a sizable input of DOM and relevant
metals, such as Fe, to the Ob River main stem and tributaries due to strong hydrological
connectivity (i.e., [24–26]). As a result of this enhanced input of Fe and DOC to the Ob
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River, its waters are likely to contain a high concentration of colloids. However, this aspect
has never been tested for the Ob River, although organic and organo-mineral colloids can
be important carriers of a number of trace elements, as is known in small rivers [27] and
surface waters [28,29] across western Siberia.

The novelty of the present work is to acquire a snap-shot picture of the DOC and
major and trace elements (TE), including their colloidal forms, in the main stem and several
tributaries of the Ob River and to test, for the first time for this huge territory, a landscape
control, including vegetation, type of soil and Quaternary deposits, on the chemical compo-
sition of the river water. Testing the landscape control on riverine solutes is now possible
due to significant progress in digitalizing the available vegetation, permafrost and climate
maps of large territories that allows straightforward landscape-based interpretation of
river water chemistry (see examples in [30–32]). In this study, we hypothesized a dominant
control of bog and permafrost coverage on the concentrations of DOC and major and trace
elements in the main stem. In particular, in accord with previous studies of small WSL
rivers [10,30,31,33–36], we expected a northward increase in DOC and a decrease in soluble
alkaline-earth metal concentrations. In order to reveal the mechanisms of element transport
in the Ob River and its tributaries, we assessed the colloidal and truly dissolved (low
molecular weight) concentration of carbon and all major and trace elements in selected
samples. We hypothesized a change in organic colloids after the confluence of the Ob and
Irtysh rivers, following a recent study of DOM pattern in the Ob River main stem [19].
We anticipate that acquiring this new knowledge on riverine major and trace elements
over the large climate, permafrost and vegetation gradient of the Ob River basin will
allow empirical but straightforward prediction of future changes in river water chemistry,
following a well-established “substituting space for time” approach.

2. Study Site and Methods

2.1. The Ob River of the WSL and Its Sampling

The Ob River, which delivers 15% of the total freshwater flow to the Arctic Ocean
(404 km3·year−1), combines the features of southern rivers, draining steppe and forest-
steppe regions, via its longest tributary, the Irtysh River, and the western Siberia Lowland
rivers draining through a mixture of forest and mires. Further in the north, the Ob River
is influenced by permafrost peatlands. The largest tributary of the Ob River is the Irtysh,
which drains a territory of 1,643,000 km2 and exhibits an annual discharge of 88.371 km3,
which is 37.5% of that of the Ob River upstream at their confluence at Khanty-Mansiisk.
During the open water high flow period of 2016, the contribution of the Irtysh amounted
to 49% of the Ob River discharge upstream of the confluence.

In this work, we used ship (‘OM-341’ vessel, see ref. [19]) route sampling and collected
23 main stem and 6 secondary channel water samples going from the north to the south
between 8 July 2016 and 23 July 2016 (Figure 1). We covered, in total, 2952 km of the river
length, which encompassed a sizable gradient in the latitude (from 66◦47′19” N in the most
northern site, Salemal, to 56◦54′24” N in the most southern site, Kozjulyno, Supplementary
Material Table S1). The 23 sampling points of the main stem are sufficiently representative
to cover the full variability of hydrochemical parameters of the river during the studied
season. This is supported by the highly homogeneous physio-geographical setting of the
WSL, with minimal variations in runoff, lithology, vegetation and anthropogenic pressure
over the quite large north–south gradient (i.e., [29–36]), as also reflected in the quite smooth
pattern of the CO2 concentration in the Ob River across the same latitudinal gradient [18].
In addition to the main stem, 11 tributaries of the Ob River were collected. The summer of
2016 was rather cold (−3.1◦ below normal (defined as prior to 2000) for July) and slightly
humid (130% of the normal precipitation for July).
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Figure 1. The Ob River and tributaries sampling points (solid and open circles, respectively) showing the dominant
landscapes of the Ob River basin.

The river water was collected from the surface (0.5 m depth) in the central part
of the main stem or a minimum of 500 m upstream of the tributary via a pre-cleaned
polypropylene 1 L container and immediately filtered (<0.45 μm regenerated cellulose
filter) using a pre-cleaned 250 mL polysulfone Nalgene filter unit, combined with a vacuum
pump. First, 250 mL of MilliQ water was filtered, and the first portion of the river water
filtrate (250 mL) was discarded. There was no decrease in the rate of filtration for the
sampled volumes (typically less than 500 mL), so we did not expect any artifacts linked to
filter clogging.

In addition to traditional 0.45 μm filtration, 10 selected samples of the main stem and
tributaries were processed for 1 kDa (~0.0013 nm) dialysis. This technique allows one to
quantify the nominal low molecular weight (LMW<1kDa) and colloidal (1 kDa—0.45 μm)
fractions. For this, large volumes of the river water were collected into a thoroughly cleaned
5 L plastic container via filtration through a 20 μm Nylon net, to avoid large particles,
zooplankton and insects. Dialysis experiments were performed using 50 mL pre-cleaned
dialysis bags placed in the river water over 3 to 5 days, as described elsewhere [28,37].
The plastic container was kept in darkness at a temperature similar to that of the river
water and gently agitated due to ship movement and manually. The stability of the river
water chemical composition during the full length of the dialysis procedure was verified
by comparison of the dissolved (<0.45 μm) concentrations of all solutes before and after the
exposure; the difference did not exceed 10% (at p < 0.01). As such, even if some microbial
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activity could occur during dialysis, it did not modify the colloidal composition of the
river water.

2.2. Analytical Techniques

All filtered and dialyzed samples were stored in the refrigerator for 1 month prior
to the analyses. Major anion concentrations (Cl− and SO4

2−) were measured by ion
chromatography (Dionex 2000i) with an uncertainty of 2%. The dissolved organic car-
bon (DOC) and dissolved inorganic carbon (DIC) was determined using a Shimadzu
TOC-VSCN Analyzer with an uncertainty of 3% and a detection limit of 0.3 mg/L [38].
In samples with low DOC (<10 mg/L), the DIC was also analyzed via a potentiomet-
ric alkalinity titration procedure with an uncertainty of ±1% and a detection limit of
5 × 10−5 mol L−1; the difference between the results of the Shimadzu did not exceed 5%.

Major and trace elements were measured by quadrupole ICP-MS (7500ce, Agilent
Technologies). Indium and rhenium were used as internal standards at their concentrations
of approximately 3 μg L−1. The international geostandard SLRS-5 (Riverine Water Refer-
ence Material for Trace Metals certified by the National Research Council of Canada) was
used to check the validity and reproducibility of each analysis (see ref. [37] for analytical
details). There was good agreement between our replicated measurements of SLRS-5 and
the certified values (relative difference < 15%). Elements lacking the certified values in the
SLRS sample or those having high intrinsic uncertainty of measurements (>20%) are not
discussed in this work (Be, Sn and Te). For all major and most trace elements, analyzed
by ICP MS, the concentrations in the blanks were below the analytical detection limits
(≤0.1–1 ng/L for Cd, Ba, Y, Zr, Nb, REE, Hf, Pb, Th and U; 1 ng/L for Ga, Ge, Rb, Sr and
Sb; ~10 ng/L for Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn and As). Further details of analyses are
provided elsewhere [27,28,31].

2.3. Landscape Parameters of Tributaries and the Main Stem

The landscape parameters of the 9 tributaries and 23 points of the Ob River main stem
were determined by digitalizing available soil, vegetation, lithological and geocryological
maps (Figure 1, Table S2). The landscape and soil parameters were typified using the United
States Database of Soil Resources (Available online: http://egrpr.soil.msu.ru/, accessed on
7 November 2021); the borders were verified and corrected according to available Landsat
images. The permafrost parameters of the watershed were obtained from NCSCD data.
The type of Quaternary deposits was taken from the State Geological Map of Russia with
a resolution of 1:1,000,000 (Available online: http://www.geolkarta.ru/, accessed on 7
November 2021).

The Spearman rank order correlation coefficient (Rs) (p < 0.05) was used to determine
the relationship between each major and trace element concentration and the latitude,
climatic, lithological and landscape parameters of the watersheds. Further statistical
treatment of element concentration drivers in river waters included a Principal Component
Analysis with a variance estimation method and a scree test to minimize the number of
governing factors. This analysis allowed us to test the effect of various environmental
parameters (landscape, soil, vegetation, permafrost and type of Quaternary deposits) of
the watershed on spatial variations of riverine solutes in both the Ob River main stem and
the tributaries.

3. Results

3.1. Impact of the Latitude on the Element Concentration in the Main Stem of the Ob River

According to the major and trace element behavior along the water course of the main
stem [39], from the south to the north transect, three main families were distinguished, as
illustrated in Figures 2 and 3. The Dissolved Inorganic Carbon, alkaline-earth metals (Ca
and Sr), Mo, W and U sizably (by a factor of 2.0) decreased their concentrations northward
(Figure 2).

75



Water 2021, 13, 3189

  

 

 

Figure 2. Latitudinal trends of labile major and trace elements decreasing their concentrations in the main stem of the Ob
River from the south to the north: DIC (A), Ca (B), Sr (C), Mo (D), W (E) and U (F). The two main tributaries likely to control
DOC and trace metal delivery, rivers Vasjugan and Irtysh, are shown by arrows.
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Figure 3. Latitudinal trends of DOC (A), nutrients (P (B), Fe (C), Mn (D) and Ni (E)) and insoluble trace elements (Zr (F), La
(G) and Th (H)), showing a strong increase in concentration in the Ob main stem after the confluence with the Vasyugan
and Irtysh River (shown by arrows).

The second group of elements included DOC, P, Mn, Al, Fe, Ti, Ni, Cu, Co, Rb, Pb, Y,
Zr, Nb, REEs, Hf and Th, which strongly (by a factor of 2 to 10) increased their concentration
from the south to the north (Figure 3). An increase in these element concentrations in the
main stem of the Ob River occurred after the confluence, first, with Vasjugan and, then,
with Irtysh; the impact of the Irtysh was especially seen for major anions (Cl and SO4),
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alkali (Na and K) and Pb (Figure S1 of the Supplementary Material). Finally, a group of
elements did not exhibit any sizable (>1.5 x) change in concentration over the main stem
(Si, Li, V and Ba), or the evolution of their concentration did not follow any specific pattern
(B, Mg, Cr, Zn, Cd, Ga, Ge, Cs and Tl), as illustrated in Figure S2. Note, some peaks in
concentrations were detected for Zn, Cd and Pb, which could be tentatively linked to local
pollution sources.

One potentially important tributary of the Ob River is the Vasyugan River. This
tributary drains the largest world mire [40], and thus, it can substantially modify the
Ob River chemical composition via delivering a number of DOM-bound elements. To
assess this impact, the degree of element enrichment in the northern part of the Ob River
(downstream of the Irtysh) was compared to its intermediate part (between Vasyugan and
Irtysh) and the southern part (between Tom and Vasyugan). For this, we calculated the
average concentrations of DOC and major and trace elements in these three segments of
the main stem (Table 1). It can be seen that the elements mostly enriched (by a factor of 2 to
10) in the northern part of the river were DOC, Cl, P, Mn, Fe, some divalent metals (Mn, Ni
and Pb) and insoluble lithogenic elements (Al, Ti, Nb, Y, REE, Ti, Zr, Hf and Th).

Table 1. Mean (±SD) concentration (μg L−1) of major and trace elements in the three distinct parts of the Ob River main
stem upstream and downstream of its confluence with Vasyugan and Irtysh.

Descriptions Tom–Vasyugan (n = 4) Vasyugan–Irtysh (n = 11) Irtysh–Salemal (n = 16)

Cl 1740 ± 510 1660 ± 430 7240 ± 530

SO4 7070 ± 1340 5106 ± 888 8480 ± 392

DOC 4600 ± 930 7200 ± 2100 11,500 ± 400

UV245 * 0.13 ± 0.45 0.28 ± 0.12 0.49 ± 0.02

DIC 18,500 ± 5300 16,690 ± 2180 15,100 ± 766

Li 2.63 ± 0.92 1.91 ± 0.17 2.74 ± 0.19

B 13.9 ± 2.5 10.0 ± 0.63 17.7 ± 1.64

Na 5866 ± 1471 4533 ± 296 8635 ± 566

Mg 5086 ± 803 4092 ± 308 4788 ± 236

Al 6.84 ± 1.96 11.56 ± 3.02 18.67 ± 2.28

Si 2987 ± 934 2905 ± 797 2440 ± 75

P 30.7 ± 14.7 49.030 ± 19.5 75.4 ± 5.7

K 1115 ± 183 972 ± 137 1571 ± 98

Ca 29,664 ± 3822 22,677 ± 2683 19,978 ± 914

Ti 3.27 ± 1.20 5.46 ± 1.84 8.80 ± 1.04

V 1.67 ± 0.3 1.37 ± 0.08 1.52 ± 0.03

Cr 0.14 ± 0.11 0.27 ± 0.12 0.30 ± 0.12

Mn 2.0 ± 1.48 18.0 ± 49.0 4.5 ± 0.5

Fe 59 ± 62 440 ± 475 664 ± 58

Co 0.04 ± 0.02 0.07 ± 0.1 0.07 ± 0.01

Ni 0.6 ± 0.2 0.9 ± 0.5 1.9 ± 0.1

Cu 1.7 ± 0.5 1.7 ± 0.2 2.3 ± 0.2

Zn 4.8 ± 3.2 3.0 ± 1.5 5.5 ± 3.2

Ga 0.01 ± 0.004 0.01 ± 0.002 0.01 ± 0.002

Ge 0.01 ± 0.003 0.007 ± 0.002 0.009 ± 0.001

As 1.4 ± 0.2 1.3 ± 0.5 1.5 ± 0.07
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Table 1. Cont.

Descriptions Tom–Vasyugan (n = 4) Vasyugan–Irtysh (n = 11) Irtysh–Salemal (n = 16)

Rb 0.6 ± 0.09 0.8 ± 0.5 1.2 ± 0.09

Sr 165 ± 33 126 ± 13 123 ± 6

Y 0.04 ± 0.03 0.1 ± 0.05 0.3 ± 0.01

Zr 0.02 ± 0.02 0.06 ± 0.03 0.1 ± 0.01

Nb 0.002 ± 0.002 0.007 ± 0.005 0.02 ± 0.002

Mo 0.7 ± 0.08 0.4 ± 0.1 0.4 ± 0.03

Cd 0.01 ± 0.01 0.009 ± 0.009 0.01 ± 0.006

Sb 0.1 ± 0.02 0.1 ± 0.02 0.09 ± 0.004

Cs 0.001 ± 0.00 0.001 ± 0.000 0.002 ± 0.000

Ba 24 ± 3 22 ± 0.9 24 ± 0.7

La 0.03 ± 0.02 0.1 ± 0.04 0.2 ± 0.01

Ce 0.04 ± 0.03 0.2 ± 0.08 0.4 ± 0.02

Pr 0.01 ± 0.01 0.03 ± 0.01 0.06 ± 0.003

Nd 0.03 ± 0.03 0.1 ± 0.04 0.2 ± 0.02

Sm 0.01 ± 0.01 0.03 ± 0.01 0.06 ± 0.004

Eu 0.004 ± 0.002 0.008 ± 0.002 0.015 ± 0.001

Gd 0.01 ± 0.01 0.03 ± 0.01 0.06 ± 0.004

Tb 0.001 ± 0.001 0.004 ± 0.001 0.008 ± 0.000

Dy 0.006 ± 0.004 0.02 ± 0.008 0.05 ± 0.003

Ho 0.001 ± 0.001 0.004 ± 0.002 0.009 ± 0.001

Er 0.004 ± 0.003 0.01 ± 0.004 0.03 ± 0.002

Tm 0.000 ± 0.000 0.002 ± 0.001 0.004 ± 0.000

Yb 0.003 ± 0.002 0.01 ± 0.004 0.02 ± 0.002

Lu 0.000 ± 0.000 0.002 ± 0.001 0.003 ± 0.000

Hf 0.002 ± 0.001 0.008 ± 0.004 0.02 ± 0.002

W 0.03 ± 0.01 0.02 ± 0.007 0.01 ± 0.002

Tl 0.002 ± 0.001 0.001 ± 0.000 0.002 ± 0.000

Pb 0.07 ± 0.1 0.2 ± 0.1 0.2 ± 0.02

Th 0.001 ± 0.001 0.007 ± 0.004 0.02 ± 0.002

U 0.4 ± 0.06 0.3 ± 0.1 0.2 ± 0.03

* units are cm−1.

The distinction of the riverine solutes into three major groups depending on their
latitudinal pattern was also confirmed by Spearman correlation coefficients between the
element concentration and the latitude (Table S3 of the Supplementary Material). The
elements of the first group exhibited quite strong (≤−0.90, p < 0.005) negative corre-
lations with latitude, whereas the elements of second group had RSpearman > 0.80. The
elements with a weak or non-systematic pattern showed statistically significant correlations
(p < 0.05), but the |RSpearman| was typically below 0.8.

3.2. Major and Trace Elements in the Tributaries

The 11 tributaries sampled in this study exhibited highly contrasting behavior in
both major and trace element concentrations. Similar to the main stem, this allowed the
revealing of a distinct group of elements according to their latitudinal pattern. The southern
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tributaries (upstream of the Irtysh) were enriched in DIC, major anions, alkali and alkaline-
earth metals and U, whereas the northern tributaries exhibited much higher concentrations
of Mn, Fe and Co (>5 times) and were sizably enriched in DOC, Cr, P, Zn, Cd, Nb and
trivalent and tetravalent low soluble trace elements (Figure S3).

The Irtysh River played a governing role in the concentration pattern of the main stem,
as it presented a sizable addition of many elements, mostly labile anions and oxyanions
(DIC, Cl, SO4, B, Mo, Sb and W), alkalis and alkaline-earth metals (Li, Na, K, Rb, Mg,
Ca, Sr and Ba), some divalent transition metals (Mn, Co and Ni), U and DOC to the
main stem, given its high discharge (49% of the Ob River at the confluence in 2016) and,
most importantly, elevated concentration of elements (Figure 4). Some elements, however,
exhibited a higher concentration in the northern part of the Ob River compared to the
Irtysh River: Al, Fe, Cr, Zn, Ga, Nb, Ti, Zr, Hf and REEs (Figure 4). Presumably, these
elements were additionally delivered to the Ob River main stem via multiple small-size
tributaries, which were not sampled in the present work.

Figure 4. The ratio of the average (±s.d.) element concentrations of elements in the Ob River main stem downstream of the
Irtysh (till the Ob mouth) to the concentration in the Irtysh River. Values above 1 indicate a sizable enrichment of the main
stem in a given element by small tributaries in the north.

3.3. Colloidal Status of Major and Trace Elements in the Ob River and Tributaries

The dialysis procedure allowed a first-order assessment of the colloidal fraction
(defined as the % of the element in the 1 kDa—0.45 μm fraction, divided by its total
dissolved concentration in the <0.45 μm fraction). The percentage of colloidal fraction
ranged from 0–10% (Cl, SO4, DIC, Na, K, Li, B, Si, Mg, Ca and Mo) to 80–90% (trivalent
and tetravalent hydrolysates), as listed in Table S4. In the northern part of the basin
(downstream of the Irtysh), the distribution of the colloidal forms of elements among the
tributaries and the main stem was quite homogeneous. This allowed identification of three
main groups of solutes with respect to their colloidal status (Figure 5): (1) alkalis and
alkaline-earth metals, major anions and Si and trace oxyanions (Mo, Sb and Ge) presenting
between 0 and 20% of colloidal forms; (2) DOC, divalent transition metals (Ni, Cu and Cd),
V, Cr, Cs, Tl, W and U, which were sizably impacted by colloids (20–70%) and (3) P, Fe, Mn,
Co and all trivalent and tetravalent hydrolysates (Al, Ga, Y, REEs, Ti, Zr, Hf and Th), which
were present essentially (>70–80%) in the colloidal form.

The DOC exhibited a remarkably homogeneous proportion of colloidal forms
(42 ± 3%) in the main stem and most tributaries, including the Irtysh. However, the
two most southern tributaries (Ket’ and Tom’) exhibited a much lower proportion of col-
loidal DOC, as well as of Fe, Co and Ni. Other colloid-affected elements (Al, Ti, P, V, Cr,
As, Ga, Y and Zr) also demonstrated the lowest proportion of colloids in the southern
tributaries (Irtysh, Ket and Tom). Uranium exhibited quite a particular colloidal pattern,
with a gradual decreasing of the colloidal fraction from the north (70–90%) to the middle
course, including the Irtysh (20 to 50%), and further decreasing in the two most southern
tributaries, Ket’ and Tom’ (3%).
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Figure 5. Proportion of the colloidal fraction of elements in the Ob River downstream of the Irtysh (4 points) and 3 tributaries
(Pasaydeyakha, Poluy and Pitljar). Alkalis and alkaline-earth metals and oxyanions exhibited <10% of colloids and are not
shown here.

It is noteworthy that the role of the largest tributary (Irtysh) in the colloidal pattern of
the Ob River was not that significant: for most elements, their colloidal fraction in the Irtysh
was not statistically different from that of the main stem and the downstream (northern)
tributaries (Figure S4).

3.4. Testing the Landscape, Soil and Quaternary Deposits Control on Element Concentration

The main stem of the Ob River and its tributaries sampled in this study exhibited
strong variability in the main landscape parameters, such as watershed size; mean annual
air temperature (MAAT) and permafrost, forest, lake, bog and floodplain coverage, as well
as the type of soil and Quaternary deposits. The main environmental parameters of the Ob
River basin progressively evolved from the south to the north, which allowed testing of
the impact of the climate and landscape on the element concentration in several selected
points of the main stem. The latitude of the sampling point; the permafrost coverage and
the proportion of bogs, lakes, floodplain, lacustrine and fluvio-glacial Quaternary deposits
of the watershed strongly correlated (p < 0.05) with DOC, Fe, P, divalent metals (Mn, Co,
Ni, Cu and Pb), Rb and low mobile lithogenic trace elements (Al, Ti, Cr, Y, Zr, Nb, REEs, Hf
and Th) concentrations (Table S3A,B, Figures 6 and S5). Note that the impact of permafrost
was especially strong in the northern part of the river basin. The pH and concentrations
of soluble, highly mobile elements (DIC, SO4, Ca, Sr, Ba, Mo, Sb, W and U) positively
correlated with the proportion of forest, loess and fertile soils and eluvial, eolian, and
fluvial Quaternary deposits on the Ob River watershed (Figures 6 and S5, where a number
of the most important parameters, such as forest coverage (pH, Ca, Mo and U), floodplain
area (DOC, P, Fe, Th) and watershed coverage by fluvio-glacial deposits (DOC, Al, Fe and
La) are illustrated). Other landscape factors were of secondary importance for element
control, yet they exhibited sizable correlations with particular elements. Examples are
podzol soil coverage of the watershed that was positively linked to the concentration of Al,
Cr, Ga, Th and saline soils that positively impacted the concentration of Cl, SO4, Li, B, Na,
K, As and Rb in the river water.

Pairwise correlations of the riverine element concentration with the landscape param-
eters of the watershed were further developed via a multi-parametric statistical approach
(Principal Component Analysis). Considering both the main stem of the Ob River and its
tributaries, two main factors were revealed, accounting for 41% and 13% of total variability,
respectively (Figure 7). The F1 was presumably controlled by a northward increase in per-
mafrost, floodplain, bogs, lakes and lacustrine deposits on the watersheds and acted on the
DOC, Al, P, Ti, Fe, divalent metals, Rb, Cs, Nb and trivalent and tetravalent trace elements
concentrations. The second factor (F2) included the Specific Conductivity, SO4

2−, Li, B, Na,
labile alkaline-earth metals (Mg, Sr and Ba), oxyanions (Mo, Sb and W) and oxyanions (As,
Sb), which were impacted by southward-dominating forest coverage, loesses and eluvial
and fertile soils. This factorial structure was found to be highly stable and preserved in the
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general features for both the Ob River main stem and its tributaries, if treated separately
(Figure S6).

  

 

Figure 6. Examples of landscape factors, soil and Quaternary deposit control on the DOC and DIC concentrations in the Ob
River. See examples of other factors and elements in Figure S5. A correlation matrix of environmental parameters of the
watershed and riverine solutes is provided in Table S3.
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Figure 7. Results of the PCA treatment of all of the dataset (the Ob River main stem and tributaries),
including the elementary composition of the river water and landscape parameters of the watersheds.
The landscape parameters (% of watershed coverage) are abbreviated as follows: For, Forest; Fl,
floodplain; Perm, permafrost; Far, farmland; Pre, pre-Quaternary deposits; Glac, glacial deposits;
Slope, slopewash deposits, Des, deserptium (rock stream deposits); Lac, lacustrine and glacio-
lacustrine deposits; Fan, fan-alluvial deposits; Gla, glacial deposits; Eol, eolian deposits; Pod, podsols;
Sal, saline soils; Fert, fertile soils; TwC◦, Water temperature; Cond, Specific Conductivity.

4. Discussion

4.1. The Contrasting Spatial Distribution of DOC and Major and Trace Elements between
Northern and Southern River Segment Is Due to the Latitudinal Pattern of Landscape, Soil and
Quaternary Deposits

The hydrochemical composition of the Ob River basin demonstrated several distinct
groups of elements, defined according to the latitudinal patterns of their concentrations,
similar to what was reported for small rivers of the WSL [31,36]. The DOC, organically
bound metals (V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Cd and Pb) and the majority of low soluble
trace elements (Al, REEs, Nb, Ti, Zr, Hf and Th) exhibited a minimal concentration in the
upper reaches of Ob and a maximal concentration in the northern, permafrost-affected zone.
The northward increase in the concentration of these elements in both the main stem and
tributaries may have originated from multiple factors. First, enhanced input of lithogenic
low mobility elements in the northern part of the Ob River (permafrost zone) may have
occurred due to a decrease of river connectivity, with deep and shallow groundwater and
an increase in the surface flow. The surface drainage through forest litter together with
surface runoff from surrounding bogs have led to river water enrichment in organic and
organo-ferric and organo-aluminum (DOC, Fe, Al) colloids [30,34]. These colloids act as
main carriers of divalent metals, insoluble trivalent and tetravalent trace elements, Pb, Cr
and V in western Siberian rivers [27,28].

Another possible explanation for a northward increase in the concentrations of
lithogenic and low mobile elements and a decrease in the concentrations of soluble labile
elements lies in the dynamics of peat formation/decay across the territory, as recently
suggested for small rivers of the WSL [36]. Because of ongoing recovery from the last
glaciation, the WSL terrestrial ecosystems are not at the stationary stage: the growth of
mires in the south leads to active accumulation of peat [40,41], whereas the permafrost
peatlands in the north thaw and degrade [42–44]. Given that the WSL peat preferentially
accumulates heavy metals (V, Cr, Zn and Pb) and trivalent (TE3+) and tetravalent (TE4+)
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trace elements (Al, Y, REEs, Ti, Zr, Hf and Th) and is depleted in alkalis and alkaline-
earths metals, As and Mo [45], it is possible that the riverine concentrations of trace
elements inherit the element cycling between the growing/decaying peat and surface
hydrological network.

At the same time, the obtained results did not completely confirm the initial hypothesis.
We expected a northward decrease of the concentration of ground-water originated soluble,
highly mobile anions, alkalis and alkaline earth metals. However, this was not observed for
Cl, SO4, Na and K. ”Presumably, these elements bear the influence of salt soils of the Irtysh
River, which flows through partially salty steppe and forest-steppe landscapes. Further
to the north, the Ob River drains through paleo-marine deposits containing salt minerals
(based on sedimentary cores available from extensive drilling of the territory [46]). This
may enrich the main stem in highly mobile Na, Cl and SO4.

It is important to note that unlike it was reported for water pCO2 and molecular
composition of riverine DOM (i.e., [17–19], the Irtysh River does not play a regulatory role
of the lower Ob River water chemistry in terms of the concentrations of other major and
trace elements, including organo-mineral colloids. Instead, the hydrochemical conditions
of the Ob River are shaped by the integration of multiple small tributaries, the chemical
composition of which gradually changes along the permafrost and landscape gradient, as
is known for other river basins of western Siberia, such as Taz and Pur [36].

The concentration of riverine solutes was found to be strongly controlled by the
abundance of bogs and lakes on the watershed and its floodplain coverage, for both the
main stem and tributaries. The elements which positively correlated with wetlands reflect a
leading role of both organic-rich soils and sediments of wetlands (unified here as bogs, lakes
and floodplains) in DOC, P, K, divalent metals and insoluble elements mobilization (notably
trivalent and tetravalent hydrolysates) from the watershed to the river. This presents a
prominent contrast to the very small boreal catchments described in Northern Sweden,
where the presence of wetlands at the watershed decreased the fluxes of dissolved metals
from boreal forests to downstream [47–49]. According to these authors, such a decrease
occurred due to a combination of low weathering in peat soils and the accumulation
of organophilic metals in peat. The contrast between the northern Scandinavian and
western Siberian settings is consistent with a possibility of peat degradation, rather than
accumulation in northern part of the Ob River basin (downstream of the confluence with
the Irtysh). This would lead to the enhanced release of trace metals to the streams and rivers.
It is also possible that the presence of permafrost in the northern part of the WSL greatly
shortens the water and element pathways between wetlands and rivers, compared to that
in the non-permafrost regions of northern Sweden. The transport of trace metals released
from mineral soils under the forest towards the river is therefore strongly enhanced by
allochthonous organic matter originating from peat bogs and wetlands of the region.

Another landscape parameter is the presence of podzol soils at the watershed. Similar
to glacial quaternary deposits, these soils lead to enrichment of the river water with low
mobile, lithogenic elements, such as Al, Cr, Ga, REE, Hf and Th (see Table S3). These
elements mark the presence of primary silicate minerals, often developed on felsic moraine,
as has been shown in European boreal regions (i.e., ref. [50]).

In contrast to metals and low mobile trace elements, the concentrations of the DIC,
alkaline-earth metals, oxyanions (Mo, As and W) and U decreased northward and were
positively affected by the presence of forest, loess, eluvial, fluvial and fertile soils. On the
one hand, this could reflect a northward decrease of the connectivity between groundwaters
(enriched in these elements; see ref. [51]) and surface waters due to an increase in the
permafrost coverage (i.e., [33,34]). On the other hand, a southward increase in watershed
coverage by soils which are rich in these labile elements (loess and eluvial and eolian soils,
containing carbonate concretions and fauna) may explain the preferential enrichment in
these elements in the southern part of the Ob River watershed. Note that the eolian solid
aerosol deposits in western Siberia are also enriched in these soluble elements [52]. It has
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not been excluded that both factors (soils and groundwaters) were pronounced at the scale
of such a large watershed.

Finally, the presence of saline soils in the southern part of the Ob basin produced a
sizable enrichment of the river water in anions (Cl and SO4), B, alkalis (Li, Na and K),
which presumably originated from local surface salt deposits and evaporates.

4.2. Riverine Transport of the Trace Element Occurs in the Form of Organo-Ferric Colloids

All major and trace elements in the Ob River and its tributaries presented a colloidal
pattern, which was similar to the one established for boreal and permafrost-affected zones
of high latitudes [28,37,53–57]. Soluble, highly labile alkalis, anions and oxyanions were
negligibly affected by colloids as they do not interact with organic matter or colloidal Fe/Al
hydroxides and thus present in the form of simple ions or neutral molecules. The second
group of colloidal-bound trace elements reflected their capacity to either complex with
colloidal organic matter (divalent transition metals) or co-precipitate with organo-ferric
colloids (trivalent and tetravalent hydrolysates).

A prominent feature of the major part of the Ob Basin is that the spatial variability
of the colloid distribution among the tributaries and the main stem was rather low, and
only two southern tributaries (Ket and Tym) presented a remarkable contrast to the rest of
the Ob River basin. This presumably reflects the homogeneous physico-geographical and
landscape parameters of the majority of the Ob River and its tributaries north of the Irtysh.
The two southern tributaries exhibit less bogs and lakes in their watersheds and contain
carbonate minerals in their base rocks (clays and silts with carbonate concretions, [30]). In
accordance with previous studies of small rivers of the WSL [58], we hypothesize that the
presence of carbonate rocks and decreasing the proportion of wetlands in the southern part
of the Ob basin leads to (1) a decrease in the concentration of DOC and Fe, which can serve
as main carriers of trace metals and (2) an increase in the DIC concentration and enhanced
delivery of the ionic form of elements from the groundwater. The latter is facilitated by a
much stronger connectivity between DOC-poor and DIC-rich groundwater and surface
waters in the permafrost-free part of the Ob Basin [34].

An interesting and unexpected result was the extremely high proportion of colloidal
Mn (83 to 100% in all samples except Ket (23%)). The typical colloidal fraction of Mn in
the boreal and permafrost-affected surface waters (rivers, lakes and bog waters), including
peat porewater, is between 80 and 20% [28,29], and the summer period usually accounts
for the lowest proportion of colloidal Mn, due to the dominance of low molecular weight
(<1 kDa) exometabolites that are capable of complexing divalent metals [27]. However, the
lowest proportion of Mn colloids was observed only in the most southern tributary, which
also exhibits a low proportion of colloidal OC. In these rivers, Mn is likely to be present as
a divalent cation, originated from the groundwater, or complexed with autochthonous low
molecular weight DOM. In contrast, the majority of Mn in all of the other tributaries and
the main stem was tightly bound to colloids. We therefore hypothesize that the transport of
Mn occurs in the form of high molecular weight, Fe-rich organic colloids in the main part
of the Ob Basin. It is possible that a high proportion of bogs in the watersheds of all rivers
north of the Vasyugan River provides such an enhanced colloidal transport. These Mn-rich
colloids are likely to be generated at the interface of anoxic and oxic surface waters of the
bogs and then delivered to the river via surface flow. Note that the enhanced riverine Mn
transport in mire-affected regions has been reported in Northern Europe [55,59].

Another striking example of speciation control on element migration in the river water
is that of the uranyl (UO2

2+) ion. Uranium (VI) speciation in surface waters rich in DOM
and Fe is largely controlled by high molecular weight organo-ferric colloids [28,60]. In
the non-permafrost zone, these colloids are formed at the riparian/hyporheic zone of the
river where the Fe(II) and U(VI)-rich groundwaters mix with oxygenated, organic-rich
surface waters [37]. In the permafrost zone, these colloids originate from the surface flow
over the forest floor and mire waters. Thus, in the northern part of the Ob River basin,
elevated concentrations of both Fe and DOC provide suitable conditions for U transport

85



Water 2021, 13, 3189

in the form of colloids (70–90% in the 1 kDa—0.45 μm form). Mires, which are highly
abundant in the Ob basin north of the Ket tributary, are also capable of mobilizing uranium
to the river water, as is known from other boreal settings [61]. In contrast, in the southern
part of the basin, the groundwater contacting with the carbonate rocks of the basement or
the loess soils are enriched in HCO3

−. Such a chemical environment renders uranyl into
soluble, non-colloidal carbonate complexes, as is known for other boreal regions which
are impacted by carbonate rocks [62]. As a result, the proportion of the colloidal form of
UO2(VI) progressively decreases southward and becomes as low as 3% in the two most
southern tributaries (Ket and Tom), which exhibited the highest DIC and Ca and the lowest
DOC and Fe concentration. Overall, the progressive southward decrease of the colloidal
status of U reflects an increase in the connectivity between the surface and groundwaters
of the WSL (i.e., [34,63]) and a decrease in the bog coverage of the river watershed in the
same direction.

4.3. Possible Impact of Landscape Changes on Element Concentration in the Ob River and
Its Tributaries

The unique geographical position of the Ob River, which traverses, from the south to
the north, several distinct landscape zones and encompasses a large permafrost, MAAT
and vegetation gradient, allows one to use a substituting space for time approach (i.e.,
ref. [64]) for foreseeing possible future changes in the river water hydrochemistry based on
the contemporary pattern of riverine solutes. This approach has been efficiently used for
small rivers of the WSL [30,31,33–35,58] but, to the best of our knowledge, never attempted
for the Ob River main stem. The restrictions of this approach are the following: a lack
of accounting for the time scale, necessary for the northern ecosystem to reach the new
“more southern” state; ignoring the possible shift in the structure of the vegetation and
soil microbial community, change in hydrologic seasons and the properties of ground-
water [65]. Considering these restrictions, only a preliminary, first-order assessment of
possible changes could be made.

Given the rather high similarity of riverine solutes in the Ob River and tributaries
across different permafrost zones, north of the Irtysh (excluding the most southern part,
south of Vasyugan), the shift in permafrost boundaries or the increase in the thickness of
the active layer [66–69] are not expected to sizably impact the hydrochemical composition
of rivers in the Ob basin, unless the connectivity between the deep underground and
surface waters is modified (i.e., 10, 30). The latter may lead to the enhanced concentration
of soluble highly mobile elements in the north, as has been demonstrated for the case of
small WSL rivers of the Pur and Taz watersheds [27].

At the same time, the elements affected by the possible adsorption on the clay minerals
underlying the peat deposits (first of all, DOC; see [70–74]) may modify their concentration
in the northern part of the Ob basin. Globally, wetlands (bogs, lakes and floodplain
zones) were the main controlling factor of the element concentration in the main stem and
tributaries across the studied spatial gradient. Therefore, we believe that future changes in
the WSL landscape, such as forestation of the northern part and a decrease in the proportion
of bogs, will be all induced by changes in atmospheric precipitation, terrestrial productivity
and duration of open-water seasons, i.e., [75]. However, quantification of the impact of
these factors requires extensive ecosystem-level regional modeling [76], which goes beyond
the scope of this study.

5. Conclusions

Based on the 3000 km north–south sampling transect of the Ob River main stem and
its 11 tributaries, performed during the end of the spring flood—beginning of the summer
baseflow period, this snapshot study of a large Arctic river dissolved (<0.45 μm) load
revealed distinct physio-geographical control of the hydrochemistry of the river water.
The land cover approach allowed testing of the control of the main physio-geographical
parameters of the Ob River watersheds on element concentration along the main stem
and among the tributaries. Bogs, floodplains, lake coverage and the permafrost pres-
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ence on the watershed were found to be the main factors of the northward increasing
in the concentration of DOC and low-soluble trace elements, which were present in the
form of organic and organo-mineral colloids (Fe, Mn, Al, V, Cr, Co, Ni, Cu, Zn, Cd and
Pb) and lithogenic trivalent and tetravalent TE (Al, Ti, Zr, Hf and Th) and REEs. These
elements were also positively affected by the presence of glacial, lacustrine and fluvio-
glacial Quaternary deposits. In contrast, soluble highly mobile alkalis, alkaline-earth
metals, DIC, SO4, B, Mo, Sb, As, W and U were positively affected by the presence of
forest developed on loesses; fertile and saline soils and eluvial, fluvial and eolian Quater-
nary deposits, given that these substrates could contain soluble carbonate minerals and
salt inclusions.

We revealed a high homogeneity in both the element concentration and colloidal status
in the main stem of the Ob River and its tributaries located north of the confluence with the
Irtysh. At the scale of the whole basin, the distribution of wetlands (bogs, floodplains, lakes
and lacustrine deposits) was the dominant factor defining the elementary pattern in waters
of the Ob River. In the northern part of the basin, the permafrost coverage exhibited sizable
control on riverine solutes. As such, in case of drastic environmental changes in the WSL
territory (permafrost boundary shift, active layer depth increase, vegetation coverage and
precipitation regime), the changes in distribution of bogs, lakes and forest, might become
the governing factors of modifications in the river hydrochemical regime.
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Abstract: This study reports a synthesis of years-long hydrogeochemical monitoring in northern
West Siberia, performed by the Russian Meteorological Service (Rosgidromet) and several academic
institutions. Natural factors and intensive human economic activity lead to the disruption of the
ecosystems of the northern territories of Western Siberia. The aim of this study is to estimate the
background water chemistry parameters in the rivers of northern West Siberia in the beginning of
the 21st century. The mean values hydrochemical and geochemical indicators were determined with
STATISTICA software, which can be used as background values in assessing the actual and allowable
anthropogenic impact on water bodies. We revealed four water chemistry provinces: western Ob Gulf
and Ob estuary catchments (I); eastern Ob Gulf and Taz Gulf catchments, except for the Taz River and
its tributaries (II); Taz River catchments (III); Yenisei River catchments, right bank (IV). The major-ion
chemistry of the sampled river waters records a combination of geological, geomorphological, and
hydrological conditions in the four provinces. The features typical of the northern West Siberian
Plain are especially prominent in province II, which has the lowest average total of major ions (Σmi),
the highest chemical oxygen demand (potassium dichromate COD), and the highest contents of Fe
and phosphates. The Σmi value is the highest in province IV. The river waters from four provinces
share similarity in quite high organic contents (both potassium dichromate and permanganate COD),
as well as high NH4

+ and Fe. The long-term average Σmi of the waters is predicted not to change
much in the coming one or two decades, though it may decrease slightly in the winter season but
increase in the fall and spring time.

Keywords: river water; major ions; background concentration; water discharge; northern West Siberia

1. Introduction

The world is currently living through notable climate change evident in many regions,
including the high latitudes and specifically the Kara Sea drainage basin [1–13]. The
near-surface air temperatures in the northern territories are increasing faster than in the
middle and tropic latitudes. Correspondingly, the warming causes prominent effects
on permafrost, which appear as (i) permafrost thawing, especially near rivers and lakes;
(ii) coastline erosion; (iii) inputs of highly saline waters from cryopegs into the water
turnover; (iv) changes in the contours of surface watersheds and aquifers; (v) disturbed
water-level phases [4,6,9,11,12,14–21]. The environment changes, probably, will entrain
changes in the water and solid flow regimes [22], recharge patterns, and water–rock
interaction, and thus affect the chemistry and quality of surface waters.

Huge reserves of fresh water are concentrated in Western Siberia, the ecological state
of which has not been alarming until recently. However, the environmental problems
of the Arctic territories are becoming more relevant, since natural factors and intensive
human economic activity, which associated with the extraction of hydrocarbons, lead to
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the disruption of the ecosystems of the northern territories of Western Siberia. The river
water quality is a very important factor concerning human health and aquatic ecosystems.
The gradual decrease of river water quality is considered a serious concern because it
threatens the sustainability of the aquatic ecosystem. In this respect, hydrogeochemical
monitoring is an environmental issue of top priority [23]. Such monitoring can follow
standard government programs by meteorological and environment agencies or make
part of extended research programs with a large scope of parameters and conditions to
check. In Russia the monitoring results are published on a regular basis in reports of
the Ministry of Natural Resources and its departments [24–26]. The water quality and
related environmental problems have had a large literature for the recent decades, but
most of the available publications focus on specific localities and water bodies (commonly
lakes), or on a limited number of parameters. Some publications deal with long rivers
(most often estuaries), which straddle several climate zones, but zonal variations remain
overlooked [1–3,7,11,12,15,20,27–36]. Thus, the modern state of rivers in the Kara Sea basin
is yet poorly constrained.

The aim of this study is to estimate the background water chemistry parameters in
the rivers of northern West Siberia in the beginning of the 21st century. For this purpose,
additional water chemistry surveys were undertaken in the Kara basin by a joint team
from the Tomsk Branch of the A.A. Trofimuk Institute of Petroleum Geology and Geo-
physics (Tomsk), Tomsk Polytechnical University, and Tomsk State University (Tomsk).
The synthesis of our results and published evidence, including the reports of the Russian
Meteorological Service (Rosgidromet), has provided the required information on the con-
centrations of dissolved elements, which can make basis for further assessment of climate
change effects and anthropogenic loads associated with petroleum production.

2. Materials and Methods

2.1. Study Area

The territory of Northern West Siberia encompasses the Arctic, Subarctic, and temper-
ate climate zones. The winter season generally lasts as long as seven to eight months, with
monthly means of −23 to −29 ◦C, while the summer is within two months, and the mean
July temperature is 10 to 14 ◦C. The amount of atmospheric precipitation increases from
300 to 550 mm/yr off the coast, out of which 40% is solid precipitation. The snow depth
reaches 70–90 cm. The region is located in the West Siberian Plain, with a smooth terrain as
low as 35–55 m above sea level. The dominant soil in the Taiga being podzols and sandy
soils. Soils are represented mainly by Cryic Histosols, less often by Eutric Histosols, with
thick organogenic horizons at the study area. The state of organogenic (peat) soil horizons
significantly affects the depth of permafrost. This is a zone of continuous permafrost in the
Yamal, Taz, and Gydan peninsulas and sporadic permafrost south of the peninsulas down
to 64◦ N [37].

Geologically, the region belongs to the Late Paleozoic–Mesozoic West Siberian Plate,
with Mesozoic-Cenozoic sediments upon a Paleozoic basement. Microcrystalline schists,
phyllites and phyllitic schists of various compositions-muscovite, sericite, sericite-chlorite
and chlorite, sometimes siliceous, are conventionally assigned to the Proterozoic (Rf3-V1).
Lower Mesozoic (T-J) deposits are represented by alternating clays, marls, sandstones,
and siltstones. Undivided Jurassic–Cretaceous deposits are represented by glauconite-
quartz siltstones with interlayers of limestones and sandstones. Cretaceous deposits
are represented by clays, interbedded with sandy–silty rock units. Undivided deposits
(K-P1) are represented by clays (opoka-like interlayers, with nodules of marl and siderite,
small pyrite inclusions) and mica kaolinized sands (with lenses and clay interlayers). The
sediments of the Paleocene and Eocene are represented mainly by clayey, clayey-siliceous
and siliceous rocks. Oligene deposits are represented by alternating sands and silts with
clay interlayers. Neogene deposits are represented by sandy-argillaceous lignite deposits.
The greatest part of the territory is occupied by marine, glacial, and mixed marine–glacial
plains, where Middle Quaternary silty and clayey sediments are overlain by Middle
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Quaternary and Late Quaternary sand and silt deposited in lacustrine, fluvial, or mixed
environments. The mostly peaty oligotrophic soils enclose thick organic horizons.

2.2. Sampling and Analytical Procedures

The sampled rivers with the catchment areas of ≤2000 km2 and from 2000 to
50,000 km2 [38] (Figure 1), at several sites: (1) tributaries of the Ob estuary and the Ob Gulf
(Shchuchiya and Sob Rivers and Sob tributaries); (2) Poluy River, at Rosgidromet stations
near Poluy community and Salekhard city; (3) tributaries of the eastern Ob Gulf catchment;
(4) Nadym River and its tributaries; (5) Pur River, Pyaku-Pur River near Tarko-Sale town,
and Pur tributaries; (6) Taz Gulf tributaries; (7) Taz River near Ratta community, and Taz
tributaries; (8) streams in Turukhan River catchments, including Turukhan River near
Yanov Stan community; (9) peat bogs and swampy areas (water-logged topographic lows
with frozen organic-rich layer on top) [39]. The bog waters were sampled over the whole
territory from the eastern slopes of the Urals (Ob tributaries) to the Bolshaya Kheta catch-
ment. The sampling was from small and medium rivers, which reflect, respectively, local
and zonal conditions, whereas large rivers that drain more than 50,000 km2 across multiple
climate zones (Ob, Yenisei, Nadym, Pur, and Taz Rivers) are unsuitable for characterizing
the water chemistry of the northern Kara basin.

 

Figure 1. Location map of study area in northern West Siberia.

The database on river water chemistry includes the results, which obtained by authors
in 2009 through 2020 and published elsewhere [14,31,32,36,37,40–42], as well as the latest
data were obtained from 23 river water samples collected during the fieldtrip to the Yamal-
Nenets district in summer 2020 (Figure 1). The choice of these rivers was restricted by the
possibility by using road transportation. The water samples were obtained upstream of the
bridge. The total number of analyzed samples amounted to 360.

The water temperature, pH, dissolved oxygen, and electric conductivity in the main
stem and tributaries were measured directly in the field using Hanna portable instruments.
The water was sampled in cleaned polypropylene bottle from 20–30 cm depth in 1 or 2 m
offshore [43].
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The concentrations of major ions and N, P, and Si compounds, concentrations of Fe,
Cu, Zn, Pb, Cd, and Hg, pH, and chemical oxygen demand (both for potassium dichromate
and permanganate) were estimated with reference to compatibility between our methods
and the Rosgidromet practices [44]. Most of the river and bog water were analyzed in
accredited laboratories. The samples collected in 2020 were analyzed at the Basic Research
Laboratory of Hydrogeochemistry of Tomsk Polytechnic University (accreditation ROSS
RU.0001.511901) by different methods, following the guidelines of Rosgidromet [44] and
the World Meteorological Organization [45]: potentiometry for pH; titrimetry for chemical
oxygen demand and the concentrations of CO2, Ca2+, Mg2+, HCO3

−, and Cl−; turbidimetry
for SO4

2−; photometry and mass spectrometry with inductively coupled plasma (ICP-MS)
on a NexION 300D spectrometer for Si, NH4

+, NO2
−, NO3

−, phosphates, and iron; ion
chromatography and atomic absorption spectrometry (AAS) for Na+ and K+; stripping
voltammetry, AAS, and ICP-MS for Zn, Cu, Hg, Pb, Mn, Ni, and Al. The ICP-MC method
was also applied to determine trace-element contents in filtered water samples (Sartorius
filter, 0.45 μm pore size). The analytical work was performed at the certified laboratories
of the Tomsk Polytechnical University and the Tomsk Regional Department of Natural
Resources and Environment (Oblkompriroda).

2.3. Data Processing and Statistical Analysis

The data were processed by means of mathematical statistics using the MS Excel
and Statistica software at a significance level value of 5%. The water compositions were
classified into bicarbonate (HCO3

−+CO3
2−), sulfate (SO4

2−), and chloride (Cl−) ionic types
according to major anions [46], and each type was further divided into calcic, magnesian,
and sodic subtypes according to major cations.

The water chemistry studies consisted of several steps. The work began with data
inventory and classification of rivers according to flow and recharge patterns [47,48]. Then
statistics were calculated over specific parts of the Kara basin [49,50], and the rms errors
were estimated as

δA ≈ σ√
N

, (1)

where σ is the rms error and N is the number of measurements (size of statistical sample).
At the next step, the Fisher KF (Equation (2)) and Student Kt (Equation (3)) distributions of
the statistics were calculated at 5% significance level to test the variance [48–50].

KF =
max

(
σ2

x ; σ2
y

)
min

(
σ2

x ; σ2
y

) , (2)

Kt =

∣∣Ax − Ay
∣∣√

Nx·σ2
x + Ny·σ2

y

·
√

Nx·Ny·
(

Nx + Ny − 2
)(

Nx + Ny
) , (3)

where Ax and Ay, σx and σy, Nx and Ny, are, respectively, the arithmetic means, rms errors,
and sizes of the statistical samples x and y. If both Fischer and Student tests confirmed
the specified low variance, the statistical samples were joined, and tested further in the
same way.

Finally, the hydrochemical and hydrological parameters were correlated and the
regression relationships were obtained separately for the statistical samples and for the
whole data set, as recommended in [48]:

|r| ≥ 0.70; |r| ≥ 2·(1 − r2)
√

N − 2
; |kr| ≥ 2·δkr, (4)

where r is the correlation coefficient; kr and δkr are the regression coefficient and its rms error.
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3. Results and Discussion

The sampled rivers were first divided into eight groups: (1) tributaries of the Ob
estuary and Ob Gulf: Shchuchiya, Sob (Rosgidromet station near Kharp community, and
Sob tributaries), Ob Gulf tributaries; (2) Poluy River (Rosgidromet stations near Poluy
community and Salekhard city); (3) tributaries of the Ob Gulf (right bank); (4) Nadym
River (Rosgidromet station near Nadym community) and its tributaries; (5) Pur River (Ros-
gidromet station near Tarko-Sale community) and its tributaries; (6) Taz Gulf tributaries;
(7) Taz River (Rosgidromet station near Ratta community) and its tributaries; (8) streams
in the Turukhan (Rosgidromet station near Yanov Stan community) and Bolshaya Kheta
catchments. Then the groups were joined into four provinces according to water chemistry
similarity.

The rivers of group 1 flow within the western slope of the Urals, along major geological
and hydrological boundaries: at the junction between the Ural orogenic belt and the West
Siberian Basin filled with Paleozoic and Mesozoic sediments, and between the rivers of
the mountainous-tundra zone and the plainland rivers of the West Siberian tundra and
forest zones [47]. The rivers of groups 3–6 are located within the West Siberian Basin
and its Paleogene, Neogene, and Quaternary sediments, and within the tundra and forest
zones [47]. Groups 2 and 7 represent the conditions that are generally intermediate between
the plainland rivers of the West Siberian Basin interior on one side and groups 1 and 8 on
the other side [47,51].

For each group, we calculated the arithmetic means and rms errors of element con-
centrations, and variance in the Σmi series (Ca2+, Mg2+, Na+, K+, HCO3

−, CO3
2−, SO4

2−,
and Cl−) was checked by means of Fisher (Table 1) and Student (Table 2) tests, at a 5%
significance level. As a result, the Σmi data for groups 1 and 2 were jointed into one sta-
tistical sample corresponding to province I. Similar Σmi values were obtained for rivers
in the Taz catchment. On the other hand, the rivers of groups 1, 2, and 7 jointly belong
to province III, as they share the intermediate geological and geomorphological position
between plainland and highland conditions, though the Taz catchment is located far from
the eastern Ural slope. Groups 3–6 that include typically plainland rivers of the tundra,
forest tundra, and northern taiga zones represent similar geological and geomorphological
settings. The Σmi and variance for the Yenisei tributaries differ from the respective data for
all other sampled rivers, including the Taz tributaries, as well as from bog waters. Bogs
generally do not represent any specific climate zones and differ from rivers in both average
Σmi and variance (Tables 1 and 2).

Table 1. Ratio between actual KF (in formula 2) and critical KF, 5% (5% significance) variance.

Area 1 2 3 4 5 6 7 8 9

1 0.56 21.90 7.38 27.04 12.15 4.86 39.74 23.69 1.32

2 21.90 0.39 1.64 0.48 0.69 2.56 0.70 0.42 8.83

3 7.38 1.64 0.55 2.03 0.91 0.86 2.98 1.78 2.97

4 27.04 0.48 2.03 0.63 0.86 3.16 0.93 0.26 10.90

5 12.15 0.69 0.91 0.86 0.39 1.42 1.26 0.75 4.90

6 4.86 2.56 0.86 3.16 1.42 0.57 4.64 2.77 1.96

7 39.74 0.70 2.98 0.93 1.26 4.64 0.36 0.38 16.03

8 23.69 0.42 1.78 0.26 0.75 2.77 0.38 0.23 9.55

9 1.32 8.83 2.97 10.90 4.90 1.96 16.03 9.55 0.53
Note: statistically significant difference is in bold. Numerals 1–9 stand for names of areas: 1 = rivers in the Yenisei
catchment; 2 = rivers in the Nadym catchment; 3 = Poluy River; 4 = rivers in the Pur catchment; 5 = rivers in the
Taz catchment; 6 = rivers in the western Ob Gulf catchment; 7 = rivers in the eastern Ob Gulf catchment; 8 = rivers
in the Taz Gulf catchment; 9 = bogs and swampy areas.
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Table 2. Ratio between actual Kt (in formula 3) and critical Kt, 5% (5% significance) variance,
Student t test.

Area 1 2 3 4 5 6 7 8 9

1 0.00 1.29 1.13 2.63 0.98 1.32 1.39 0.95 0.64

2 1.29 0.00 1.84 0.19 1.08 1.24 0.86 0.34 1.19

3 1.13 1.84 0.00 3.49 0.79 0.38 2.41 1.54 0.54

4 2.63 0.19 3.49 0.00 1.84 2.48 0.95 0.31 2.42

5 0.98 1.08 0.79 1.84 0.00 0.39 1.82 1.08 0.73

6 1.32 1.24 0.38 2.48 0.39 0.00 1.70 1.07 0.76

7 1.39 0.86 2.41 0.95 1.82 1.70 0.00 0.34 1.39

8 0.95 0.34 1.54 0.31 1.08 1.07 0.34 0.00 0.92

9 0.64 1.19 0.54 2.42 0.73 0.76 1.39 0.92 0.00
Note: statistically significant difference is in bold. Numerals 1–9 stand for names of areas: 1 = rivers in the Yenisey
catchment; 2 = rivers in the Nadym catchment; 3 = Poluy River; 4 = rivers in the Pur catchment; 5 = rivers in the
Taz catchment; 6 = rivers in the western Ob Gulf catchment; 7 = rivers in the eastern Ob Gulf catchment; 8 = rivers
in the Taz Gulf catchment; 9 = bogs and swampy areas.

The major-ion totals in the river waters are the highest in the Yenisei tributaries
(province IV) and the lowest in the right side of the Ob Gulf and the Taz Gukf tributaries
(province II). The contents of total iron and phosphates, as well as the chemical oxygen
demand (dichromate COD) are, on the contrary, the highest in province II and lowest in
province IV. The waters in provinces I–III are fresh and calcium bicarbonate of type 2,
according to the classification of Alekin [46]. The compositions of this type commonly
result from water interaction with sediments and weathered bedrocks. The waters of the
Yenisei tributaries are likewise fresh and have a calcium bicarbonate chemistry, but belong
to type 1 [46] corresponding to the interaction of waters with Na- and K-rich igneous
rocks. These results agree with the local geology, i.e., with the presence of Cretaceous
sediments in the eastern part of the area (Figure 2). However, the greatest part of the
territory, between the Ob and Taz Rivers, is occupied by Upper Quaternary and Middle
Quaternary sediments covered with peat.

The bog waters of the region are on average fresh and have calcium bicarbonate
chemistry, like the river waters, and are intermediate between waters of types 1 and 2 in the
contents of major ions. This composition may be due to thinning of water lenses and/or to
accumulation of Na and K ions in the active layer above the permafrost. Compared to the
river waters, the bog waters expectedly have higher dichromate COD due to peat formation,
and Fe iron contents due to accumulation of dissolved compounds with organic acids.

In general, the major-ion totals are higher along the margins of the West Siberian Plain,
while the organic compounds and their derivatives are more abundant in the swampy
central areas. This fact has to be taken into account when estimating natural and anthro-
pogenic effects on water bodies, e.g., using average values for provinces I–IV as background
pH, COD, major ion concentrations, inorganic compounds of N, phosphates, Si, and Fe
(Table 3).

Unfortunately, the available data on trace-element contents are insufficient to provide
a reliable basis for distinguishing the water chemistry provinces, though some trends
appear in lateral variations across the region: e.g., Ni and Cu increase slightly eastward.
The waters were sampled for a larger number of elements during the trip of September
2020 by a team from the Tomsk branch of the Trofimuk institute of petroleum geology
and geophysics of Siberian branch of Russian academy of sciences (Table 4). The regional
average contents of Li, B, V, Co, Ni, Ge, As, Rb, Cd, Pb, La, Ce, and Pr we obtained differ
for less than 50% from the previous estimates over the rivers from the Kara Sea drainage
basin [36].
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Figure 2. Map of northern West Siberia and local geology [52].
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Table 3. Average values of hydrochemical parameters of river (four provinces) and bog (region as a whole) waters.

I
Ob Gulf

Catchment
(Western Part)

II
Catchments of Ob
Gulf (western part)

and Taz Gulf

III
Upper Taz Reaches
and Taz Tributaries

IV
Yenisei Triburaties

V
Bogs

A δA N A δA N A δA N A δA N A δA N

pH, 7.05 0.07 56 6.17 0.07 134 7.03 0.14 19 7.04 0.11 32 5.64 0.17 41

Water classification after [46]

Class/
group/
type

C/Ca/II C/Ca/II C/Ca/II C/Ca/I C/Ca/I(II)

mgO/L

PO 10.34 1.42 72 11.80 0.99 96 13.10 1.82 13 11.77 0.96 12 53.55 17.45 8

BO 20.55 1.82 65 30.62 2.30 108 27.68 2.70 17 20.50 1.61 23 167.85 41.35 8

mg/L

CO2 15.0 3.1 21 9.3 1.8 16 2.1 1.1 5 7.1 1.6 18 18.2 3.9 8

Σmi 72.0 5.3 84 36.8 2.2 126 62.0 8.0 19 136.8 23.1 49 98.9 16.5 41

Ca2+ 8.0 0.6 84 4.2 0.2 126 8.1 1.0 19 14.1 1.9 49 0.9 0.4 8

Mg2+ 3.8 0.3 84 1.8 0.1 126 3.3 0.5 19 6.9 1.0 49 0.5 0.2 8

Na+ 6.5 0.9 84 3.6 0.3 126 3.7 0.8 19 8.7 2.7 49 0.7 0.3 8

K+ 0.7 0.1 84 0.5 0.1 126 1.0 0.3 19 2.7 1.2 49 0.2 0.1 8

HCO3
− 35.9 3.0 84 17.3 1.5 126 38.4 5.9 19 88.8 14.2 49 5.4 2.9 8

Cl− 9.1 1.0 84 4.2 0.4 126 3.0 0.5 19 5.5 1.4 49 0.8 0.2 8

SO4
2− 7.8 0.7 84 7.7 1.0 126 3.6 0.5 19 10.1 3.3 49 3.5 1.0 8

NO3
− 0.22 0.13 4 0.28 0.06 70 0.81 0.39 10 1.21 0.31 27 0.07 0.03 8

NO2
− 0.01 0.00 8 0.03 0.00 71 0.01 0.00 10 0.13 0.08 19 0.01 0.00 8

NH4
+ 0.53 0.20 4 0.35 0.05 74 0.31 0.06 11 0.57 0.09 17 2.55 0.47 8

Phosphates 0.06 0.04 4 0.14 0.04 54 0.06 0.03 5 0.02 0.01 8 0.05 0.02 8

Si 4.75 0.37 71 5.25 0.37 80 5.04 0.75 13 3.06 0.52 11 2.44 0.56 8

Fe 0.644 0.064 80 1.247 0.096 135 0.744 0.139 19 0.550 0.090 34 8.135 2.591 41

μg/L

Ni 2.3 0.5 16 10.1 2.2 62 22.1 8.5 9 21.9 5.8 15 2.7 0.4 41

Cu 0.8 0.1 4 8.9 1.8 62 6.1 2.3 9 8.0 1.4 15 0.5 0.1 8

Zn 2.3 0.9 4 15.4 4.2 62 19.7 14.4 9 63.1 18.8 15 7.1 2.2 8

Cd <0.01 <0.01 4 0.28 0.07 45 0.07 0.05 9 0.04 0.01 9 0.03 0.01 8

Pb <0.1 <0.1 4 2.0 0.5 62 2.1 0.9 9 2.5 0.7 15 1.0 0.5 8

Note: A and δA are, respectively, arithmetic mean and its error found by Equation (1); N is the number of measurements; BO and PO are
carbon oxygen demand for potassium bichromate and potassium permanganate, respectively; Σmi is the total of major ions (Ca2+, Mg2+,
Na+, K+, HCO3

−, CO3
2−, SO4

2−, and Cl−).
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Table 4. Average values of trace elements in rivers of the Kara basin, sampled in September 2020, μg/L.

Element
Element Concentration (September 2020)

A* [36]
A δA

Li 1.72 0.23 2.23

B 8.63 2.32 11.10

Al 169.5 74.4 27.8

Ti 5.77 3.89 0.39

V 0.80 0.28 1.01

Cr 0.96 0.16 0.27

Mn 15.93 3.51 34.00

Co 0.18 0.04 0.13

Ni 1.97 0.37 1.17

Cu 0.63 0.10 1.06

Zn 1.44 0.28 2.36

Ge 0.01 0.00 0.01

As 0.72 0.09 0.45

Rb 0.46 0.08 0.64

Sr 23.21 5.11 69.70

Y 0.311 0.044 0.051

Mo 0.040 0.012 0.670

Cd 0.003 0.001 0.004

Cs 0.008 0.005 0.002

Ba 5.55 0.66 22.40

Pb 0.105 0.047 0.090

La 0.217 0.042 0.166

Ce 0.475 0.096 0.310

Pr 0.064 0.011 0.046

U 0.031 0.019 0.300
Note: A is the arithmetic mean value; δA is the rms error found by Equation (1), at N = 23; A* = average over the
rivers of the Kara basin according to [36].

The total of major ions varies seasonally as a function of runoff patterns. The Σmi and
the water discharge Qt are commonly related as

mi = a· Qt

Qa

−b
(5)

See the general Σmi vs. Qt/Qa relationship for all four provinces in Figure 3, where Qt
is the water discharge (flow rate) at a certain time and Qa is the respective average value;
a and b are empirical constants. In the case of province IV, at very small discharge ratios
(Qt /Qa < 0.01), mainly in the winter low-water season, Σmi can even increase slightly at
higher Qt /Qa (Figure 4). This state may correspond to influx from saline water lenses in
permafrost (cryopegs). The effect of saline water inputs smooths down as the surface runoff
into the river network increases, and the major-ion total decreases in a stable way with
increasing discharge at Qt/Qa > 0.2–0.3. The Σmi and the discharge correlate in an intricate
way, being first directly and then inversely proportional. This reversal was attributed [53]
to the water chemistry control jointly by slope, surface, and subsurface run-off components,
while the run-off, in its turn, depends nonlinearly on the air temperature [53].
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Figure 3. Σmi vs. Qt/Qa relationship for provinces I–IV (Table 3); (I) Σmi = 50.121· Qt
Qa

−0.200
;

(II) Σmi = 35.140· Qt
Qa

−0.337
; (III) Σmi = 71.723· Qt

Qa

−0.092
; (IV) Σmi = 59.463· Qt

Qa

−0.407
.

Figure 4. Σmi vs. Qt/Qa relationship for province IV (Table 3) at small Qt/Qa ratios.

The power–law relationship (Figure 3) can be used for preliminary estimation of
possible climate-driven changes in the water chemistry of the Arctic rivers. Specifically,
it was found out that the subsurface component of the river run-off in Northern Asia
has undergone a statistically significant increase in the past two to four decades, and the
duration of water-level seasons has changed [4,7,13,15]. Therefore, the major-ion total can
be expected to increase slightly in the winter low-water time but may increase in the fall
and spring seasons.

4. Conclusions

The analyzed statistical samples of total major-ion contents in the rivers of northern
West Siberia reveal four water chemistry provinces: western Ob Gulf and Ob estuary
catchments (I); eastern Ob Gulf and Taz Gulf catchments, except for the Taz River and its
tributaries (II); Taz River catchment (III); and Yenisei River catchment (right bank) (IV). The
compositions of river waters in different provinces record the hydrogeochemical conditions
corresponding to the Ural eastern slope (province I) and to the junction between the West
Siberian and Central Siberian plates (province IV), while the conditions in province III are
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intermediate between the two provinces. The conditions in province II are the most typical
of the northern West Siberian Plain: the lowest average Σmi, the highest dichromate COD,
and the highest contents of Fe and phosphates. The major-ion total is the highest in the
rivers of province IV, as a result of its geological specificity and due to inputs of saline
waters from cryopegs in watershed permafrost.

Some trace elements (e.g., Cu and Ni) show increasing trends from west to east. The
river waters from all four provinces share similarity in quite high organic contents inferred
from both dichromate and permanganate COD, as well as high NH4

+ and Fe. Thus, the
waters of the area do not comply with the quality requirements for the waters of fishery
and household uses.

The total major-ion concentrations vary seasonally: they decrease at higher run-off
and water levels and increase in the low-water season. In view of the revealed correlation
between the water chemistry and water level (discharge) patterns, and in the presence
of climate-induced changes in the subsurface run-off component and in the duration of
hydrological seasons, it can be assumed that the long-term average Σmi values will hardly
change much in the coming one or two decades, though they may decrease slightly in the
winter season but increase in the fall and spring time.
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Abstract: Transport of carbon, major and trace elements by rivers in permafrost-affected regions is
one of the key factors in circumpolar aquatic ecosystem response to climate warming and permafrost
thaw. A snap-shot study of major and trace element concentration in the Lena River basin during
the peak of spring flood revealed a specific group of solutes according to their spatial pattern across
the river main stem and tributaries and allowed the establishment of a link to certain landscape
parameters. We demonstrate a systematic decrease of labile major and trace anion, alkali and alkaline-
earth metal concentration downstream of the main stem of the Lena River, linked to change in
dominant rocks from carbonate to silicate, and a northward decreasing influence of the groundwater.
In contrast, dissolved organic carbon (DOC) and a number of low-soluble elements exhibited an
increase in concentration from the SW to the NE part of the river. We tentatively link this to an
increase in soil organic carbon stock and silicate rocks in the Lena River watershed in this direction.
Among all the landscape parameters, the proportion of sporadic permafrost on the watershed strongly
influenced concentrations of soluble highly mobile elements (Cl, B, DIC, Li, Na, K, Mg, Ca, Sr, Mo,
As and U). Another important factor of element concentration control in the Lena River tributaries
was the coverage of the watershed by light (for B, Cl, Na, K, U) and deciduous (for Fe, Ni, Zn, Ge, Rb,
Zr, La, Th) needle-leaf forest (pine and larch). Our results also suggest a DOC-enhanced transport
of low-soluble trace elements in the NW part of the basin. This part of the basin is dominated
by silicate rocks and continuous permafrost, as compared to the carbonate rock-dominated and
groundwater-affected SW part of the Lena River basin. Overall, the impact of rock lithology and
permafrost on major and trace solutes of the Lena River basin during the peak of spring flood
was mostly detected at the scale of the main stem. Such an impact for tributaries was much less
pronounced, because of the dominance of surface flow and lower hydrological connectivity with deep
groundwater in the latter. Future changes in the river water chemistry linked to climate warming
and permafrost thaw at the scale of the whole river basin are likely to stem from changes in the
spatial pattern of dominant vegetation as well as the permafrost regime. We argue that comparable
studies of large, permafrost-affected rivers during contrasting seasons, including winter baseflow,
should allow efficient prediction of future changes in riverine ‘inorganic’ hydrochemistry induced by
permafrost thaw.

Keywords: river; hydrochemistry; permafrost; forest; landscape; lithology; carbonate rocks; trace
element; major element
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1. Introduction

The climate warming, permafrost thaw, change of hydrological connectivity and
northward shift of tree line currently observed in northern Eurasia and throughout the
Arctic and subarctic regions [1,2] are expected to result in massive carbon (C), nutrients,
major and trace elements mobilization from permafrost soils and groundwaters to the
rivers, and further to the Arctic Ocean [3,4]. Large Arctic rivers are the main players
in element delivery from the land to the ocean, which becomes especially important
during climate warming and permafrost thaw because such rivers integrate large areas of
essentially pristine permafrost and forested regions [5]. As a result, assessment of lateral
riverine export fluxes of organic and inorganic solutes in permafrost-affected regions is
needed for defining adequate models of ecosystem functioning under various climate
change scenarios [6].

The Lena River of Central and Eastern Siberia is located almost entirely within a
permafrost zone; it exhibits the highest seasonal variation in water flow, and demonstrates
an annual discharge increase over recent decades [7–15]. Among all the solutes transported
by the Lena River water, organic carbon has received most attention [16–22] although
information on general hydrochemistry is also available [23–29]. Most recently, novel
isotopic approaches were applied for nutrients [30] and trace metals such as Li [31] and
Fe [32]. However, the majority of these studies were performed during summer-autumn
baseflow or the end of spring flood (July–September) whereas the peak of spring flood,
when the main part of annual riverine transport of solutes in high latitude occurs [33–36],
has not been sufficiently studied. The exception is regular (monthly to weekly) monitoring
of the Lena River terminal gauging station at Kysyr, performed by the Russian Hydrolog-
ical Survey and within the PARTNERS/ARCTIC GRO projects [34,37]. Furthermore, in
contrast to this extensive research on carbon and major element transport by the Lena River
main stem, its tributaries remain very poorly known. Thus, no detailed hydro-chemical
studies at the peak of spring flood have been performed and the understanding of various
contrasting tributaries of the Lena River remains quite poor. Taken together, our knowl-
edge of environmental factors controlling the major and trace element concentration in the
Lena River basin during the most crucial hydrological period of the year remains limited
and thus deserves special attention. In particular, distinguishing the role of groundwater
feeding and surface influx (vegetation, organic topsoil and mineral soil leaching) to the
river remains one of the main challenges in understanding the mechanisms of solute flux
formation in high latitude rivers. Here we suggest a landscape approach to unravel the
role of different environmental factors for the Lena River basin, taking advantage of re-
cent progress in GIS-based mapping of Siberian territory [38,39]. We anticipate that this
information should allow, for the first time, testing the impact of main physio-geographical
factors (vegetation, soil, lithology, climate and permafrost coverage) on the spatial pattern
of major and minor solutes at the scale of a large Siberian river.

Based on the bulk of information acquired by previous chemical and isotopic work on
major and trace elements in boreal and permafrost-affected rivers [40–47], we hypothesize
that, during spring flood, the impact of lithology (which is reflected via deep subsoil waters
and groundwater feeding) will be quite low and the river water chemical composition
will be dominated by surficial flow originating from water leaching of organic topsoil and
vegetation litter. In order to test this hypothesis, we sampled the main stem of the Lena River
and its tributaries at the peak of the spring flood and we analyzed dissolved (<0.45 μm)
major and trace components of the river water. We aimed at identifying environmental
factors controlling element transport in the Lena River basin in order to use this information
to foresee future changes in elemental export from the land to the Arctic Ocean.

2. Study Site, Materials and Methods

2.1. The Lena River and Its Tributaries

The sampled Lena River main stem and its 20 tributaries are located along a 2400 km
latitudinal transect from SW to NE and includes watersheds of distinct sizes, geomorphol-

108



Water 2021, 13, 2093

ogy, permafrost extent, lithology, climate and vegetation (Figure 1 and Figure S1; Table S1).
The total watershed area of the rivers sampled in this work is about 1.66 million km2,
representing 66% of the entire Lena River basin. Permafrost is mostly continuous except for
some discontinuous and sporadic patches in the southern and south-western parts of the
Lena basin [48]. The mean annual air temperatures (MAAT) along the transect range from
−5 ◦C in the southern part of the Lena basin to −9 ◦C in the central part of the basin. For the
studied part of the main stem, the MAAT is −8.76 ± 2.95 ◦C, whereas the range of MAAT
for the tributaries is from −4.7 to −15.9 ◦C. The mean annual precipitation ranges from
350–500 mm y−1 in the southern and south-western part of the basin to 200–250 mm y−1

in the central and northern parts [48]. The mean precipitation of the studied Lena River
basin and its 20 tributaries is 418 ± 77 mm y−1. The lithology of the Siberian Platform
which is drained by the Lena River is highly diverse and includes Archean and Proterozoic
magmatic and metamorphic rocks, late Proterozoic, Cambrian and Ordovician dolostones
and limestones, volcanic rocks of Permo-Triassic age and essentially terrigenous silicate
sedimentary rocks of the Phanerozoic. Note that salt deposits are abundant in the SW part
of the basin, where the carbonate rocks dominate the lithology of the watersheds. Further
description of the Lena River basin landscapes, vegetation and lithology can be found in
numerous works [18,20,23–25,29,49].

Figure 1. Map of the studied part of the Lena River basin with sampling points of the main stem (green circles) and
tributaries (blue circles). The positions of tributaries are shown in Figure S1. See Table S1 for tributaries and river watersheds
(LP) parameters.

The peak of annual discharge depends on the latitude and occurs in May in the south
(Ust-Kut) and in June in the middle and low reaches of the Lena River (Yakutsk, Kuysyr).
The peak of discharge at the Kuysur station is 140,000–160,000 m3/s, the winter baseflow dis-
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charge is 2000–3000 m3/s, and the summer baseflow discharge is 20,000–40,000 m3/s [7–15].
From 29 May to 17 June 2016, we moved downstream the Lena River with an average
speed of 30 km h−1 [50]. As such, we followed the progression of spring and moved
from the southwest (Zhigalovo) to the northeast (Yakutsk), thus collecting river water at
approximately the same stage of maximal discharge. Note that route sampling is a com-
mon way to assess river water chemistry in extreme environments [23,51], and generally
a single sampling during high flow season provides the best agreement with time-series
estimates [52]. Regular stops each 80–100 km at the middle of the river allowed sampling of
major hydro-chemical parameters of the main stem. We also moved 500–1500 m upstream
of selected tributaries where we sampled the tributary for hydrochemistry.

In addition to 20 tributaries, evenly distributed over the boat route on the main stem,
between 29–31 May 2016, we sampled 10 rivers belonging to the Lena River watershed
(mostly the middle part and upper reaches of Aldan). The choice of these 10 rivers of the
Lena watershed was restricted by the possibility of ground access. For this, we used road
transportation and we moved at least 500 m upstream of each river where it crossed the
bridge to grab a water sample 2 m offshore (Figure 1).

2.2. Hydrochemical Measurements

The water temperature, pH, dissolved oxygen, and electric conductivity in the main
stem and tributaries were measured directly in the field using Hanna and WTW portable
instruments. The water was sampled in pre-cleaned polypropylene bottle from 20–30 cm
depth in the middle of the river and immediately filtered through disposable single-use
sterile Sartorius filter units (0.45 μm pore size). The first 50 mL of the filtrate was discarded.
Filtered river waters were processed using the analytical approaches employed by the GET
Laboratory (Toulouse) to analyze DOM-rich waters from boreal and permafrost-bearing
settings [53,54]. Filtered solutions for cations and trace element analyses were acidified
(pH = 2) with ultrapure double-distilled HNO3 and stored in HDPE bottles previously
washed with 1 M HCl and rinsed with MilliQ deionized water. Filtered water samples for
anions were not acidified and were stored in HDPE bottles previously washed according
to the above-described procedure for cations. The major anion concentrations (Cl− and
SO4

2−) were analyzed by ion chromatography (Dionex 2000i), with an uncertainty of 2%.
The DOC and Dissolved Inorganic Carbon (DIC) were determined by a Shimadzu TOC-
VSCN Analyzer with an uncertainty of 3% and a detection limit of 0.1 mg/L. The major
and trace elements were measured by quadrupole ICP-MS (7500ce, Agilent Technologies,
Santa Clara, California, USA). Indium and rhenium were used as internal standards. The
international geo-standard SLRS-5 (Riverine Water Reference Material for Trace Metals,
certified by the National Research Council of Canada) was used to check the validity and
reproducibility of analyses. Good agreement existed between our replicated measurements
of SLRS-5 and the certified values (relative difference < 15%).

2.3. Landscape Parameters of the Lena River Basin and Data Treatment

The physio-geographical characteristics of the 20 Lena tributaries and the other
10 rivers of the Lena River basin sampled in this study and the two points of the Lena main
stem (upstream and downstream r. Aldan Table S1 of the Supplementary Materials) were
determined by digitalizing available soil, vegetation, lithological, and geocryological maps.
The landscape parameters were typified using the TerraNorte Database of Land Cover of
Russia ([38], http://smiswww.iki.rssi.ru/default.aspx?page=356, assessed on 29 July 2021)
with original resolution of 230 × 230 m pixel size. This included various types of forest (ev-
ergreen, deciduous, needle-leaf/broadleaf), grassland, tundra, wetlands, water bodies and
urban area. The climate and permafrost parameters of watershed were obtained from CRU
grids data (1950–2016) and NCSCD data, respectively, whereas the biomass and soil organic
carbon content was obtained from BIOMASAR2 and NCSCD databases. The permafrost ex-
tent type layer was taken from NCSCDv2 (The Northern Circumpolar Soil Carbon Database,
ref. link: http://su.diva-portal.org/smash/record.jsf?pid=diva2%3A637770&dswid=1526,
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assessed on 29 July 2021) in vector GIS format with a scale of 1:1,000,000 (which is about
1 × 1 km pixel resolution in rasterized format). The lithology layer was taken from the
GIS version of the Geological map of the Russian Federation (scale 1:5,000,000 in vector
format which is about 5 × 5 km pixel resolution in rasterized format). To test the effect of
carbonate rocks on dissolved C parameters, we distinguished felsic plutonic, terrigenous
silicate rocks (sedimentary siliciclastic of Archean, early Proterozoic and Cainozoic age)
and dolostones and limestones of upper Proterozoic, Cambrian and Ordovician age.

The Pearson rank order correlation coefficient (Rs) (p < 0.05) was used to determine the
relationship between each major and trace element concentration and climatic, lithological
and landscape parameters of the Lena River tributaries. Further statistical treatment of ele-
ment concentration drivers in river waters included a Principal Component Analysis using
a variance estimation method, which allowed test of the effect of various environmental
factors of the watershed on behavior of riverine solutes in both the Lena River main stem
and its tributaries. All graphics and figures were created using MS Excel 2010, MS Visio
Professional 2016 and GS Grapher 11 package. Statistical treatment was performed using
STATISTICA-7 (http://www.statsoft.com, assessed on 29 July 2021).

3. Results

3.1. Element Concentration in the Main Stem of the Lena River

All measured hydro-chemical parameters of the Lena River and tributaries are avail-
able from the Mendeley database repository [55]. The concentrations of major and trace
elements in the main stem averaged over 2600 km distance are listed in Table 1. For a num-
ber of elements, the greatest changes occurred between first 0–800 (±200) km (upstream of
Kirenga/Chaika) and the remaining 800–2600 km downstream to the Aldan River. These
two parts of the river transect reflect sizable change in the lithology of rocks, landscape
and climate and distinguish upper reaches and the middle course of the Lena River.

Table 1. Major and trace element concentration (average ± s.d.) in the Lena River main stem. The
distances are along the river, starting from Zhigalovo (the Lena River headwaters).

Upper Reaches, 0–804 km Middle Course, 804–2600 km

Tair, ◦C 21.9 ± 1.3 19.6 ± 0.65

Twater, ◦C 11.9 ± 0.4 9.6 ± 0.3

O2, mg L−1 6.1 ± 0.1 6.3 ± 0.05

pH 8.0 ± 0.1 7.64 ± 0.03

S.C., μS cm−1 226 ± 17 99.7 ± 5.9

Depth, m 3.8 ± 0.554 7.5 ± 0.63

Cl mg L−1 13.7 ± 0.89 9.2 ± 1.1

SO4 mg L−1 17.9 ± 2.0 6.42 ± 0.36

DOC, mg L−1 11.0 ± 1.0 9.36 ± 0.34

DIC, mg L−1 15.3 ± 1.8 5.3 ± 0.19

Li, μg L−1 2.87 ± 0.32 1.08 ± 0.07

B, μg L−1 8.9 ± 0.93 3.2 ± 0.39

Na, μg L−1 10,400 ± 595 6770 ± 738

Mg, μg L−1 7203 ± 858 2331 ± 109

Al, μg L−1 69.3 ± 8.6 117 ± 5.8

Si, μg L−1 1970 ± 40 1804 ± 18.5

P, μg L−1 11.6 ± 2.2 6.38 ± 0.43

K, μg L−1 651 ± 46 483 ± 8.6
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Table 1. Cont.

Upper Reaches, 0–804 km Middle Course, 804–2600 km

Ca, μg L−1 24,800 ± 3090 8440 ± 264

Ti, μg L−1 7.95 ± 0.97 10.2 ± 0.67

V, μg L−1 1.17 ± 0.10 0.689 ± 0.06

Cr, μg L−1 0.33 ± 0.075 0.45 ± 0.05

Mn, μg L−1 8.54 ± 1.2 4.79 ± 0.23

Fe, μg L−1 80.0 ± 7.6 85.7 ± 3.8

Co, μg L−1 0.059 ± 0.004 0.058 ± 0.003

Ni, μg L−1 0.41 ± 0.08 0.54 ± 0.05

Cu, μg L−1 1.2 ± 0.13 1.1 ± 0.05

Zn, μg L−1 3.38 ± 0.36 4.6 ± 0.5

Ga, μg L−1 0.012 ± 0.0016 0.0164 ± 0.0009

Ge, μg L−1 0.0073 ± 0.0005 0.0076 ± 0.0003

As, μg L−1 0.338 ± 0.03 0.171 ± 0.005

Rb, μg L−1 0.35 ± 0.058 0.66 ± 0.019

Sr, μg L−1 254 ± 39 66.8 ± 3.6

Y, μg L−1 0.372 ± 0.038 0.422 ± 0.005

Zr, μg L−1 0.189 ± 0.02 0.167 ± 0.007

Nb, μg L−1 0.022 ± 0.003 0.038 ± 0.0026

Mo, μg L−1 0.416 ± 0.02 0.251 ± 0.018

Cd, μg L−1 0.0093 ± 0.0008 0.0099 ± 0.001

Sb, μg L−1 0.0242 ± 0.0014 0.0155 ± 0.0007

Cs, μg L−1 0.0019 ± 0.0003 0.003 ± 0.0003

Ba, μg L−1 33.68 ± 3.906 10.29 ± 0.488

La, μg L−1 0.402 ± 0.085 1.02 ± 0.07

Ce, μg L−1 0.39 ± 0.07 1.02 ± 0.04

Pr, μg L−1 0.09 ± 0.02 0.17 ± 0.003

Nd, μg L−1 0.36 ± 0.06 0.629 ± 0.01

Sm, μg L−1 0.0867 ± 0.01 0.119 ± 0.002

Eu, μg L−1 0.018 ± 0.002 0.019 ± 0.0004

Gd, μg L−1 0.0763 ± 0.0099 0.105 ± 0.0012

Tb, μg L−1 0.0115 ± 0.0014 0.014 ± 0.00016

Dy, μg L−1 0.0662 ± 0.0075 0.0785 ± 0.001

Er, μg L−1 0.0361 ± 0.0041 0.0414 ± 0.00049

Tm, μg L−1 0.00474 ± 0.00056 0.00575 ± 0.0001

Yb, μg L−1 0.0312 ± 0.0035 0.0374 ± 0.00063

Lu, μg L−1 0.00446 ± 0.00049 0.00537 ± 0.00010

Hf, μg L−1 0.0326 ± 0.0047 0.0259 ± 0.0009

Pb, μg L−1 0.065 ± 0.011 0.0807 ± 0.0066

Th, μg L−1 0.0243 ± 0.004 0.059 ± 0.0043

U, μg L−1 0.310 ± 0.02 0.256 ± 0.004
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According to element behavior along the Lena River main stem, from Zhigalovo to
Aldan (2600 km downstream), three groups of solutes could be distinguished: (i) Cl, SO4,
DIC, Li, B, Na, Mg, K, Ca, As, Sr, Mo, Sb, Ba and U, decreasing the concentration from SW
to NE (Figure 2); (ii) Al, Ti, Cr, Fe, Ga, Rb, Y, Zr, Nb, Cs, REEs, Ce, Hf, Th, increasing their
concentration from SW to NE (Figure 3); and finally (iii) DOC, Si, P, V, Mn, Co, Ni, Cu, Zn,
Ge, Cd, Hf and Pb, which did not exhibit any statistically significant dependence (r < 0.3,
p < 0.05) on the river distance (Figure 4). The Mann-Whitney test demonstrated significant
(p < 0.001) difference in most element concentration between the SW part of the Lena main
stem (upper reaches, 0–800 km) and its middle course (800 km—Aldan River), as listed in
Table S2 of the Supplementary Materials. The exceptions are DOC, P, Cr, Fe, Co, Ni, Cu, Zn,
Ge, Y, Zr, Cd, heavy REE, Hf and Pb which did not show statistically significant differences.

Figure 2. Examples of elements decreasing their concentration in the main stem of the Lena River
from SW to NE: SO4 (A), DIC (B), Mg (C), Ca (D), Sr (E), Mo (F) Ba (G) and U (H) The distance is km
of river from Zhigalovo (0 km, upper reaches) to the Aldan River (~2600 km).

A linear (Pearson) pairwise correlation between solutes in the main stem demonstrated
three potential interlinked carriers and sources of dissolved elements in the river water
(Table S3 of the Supplementary File). Firstly, this is DOC, which positively correlated with
B, Mg, P, K, Ca, V, Ni, Cu, As, Zr, Sb, Ba, Hf and U. The second potential carrier and source
tracer is Fe which correlated with the largest number of trace elements (Si, P, Ti, V, Mn,
Co, Ga, Y, Zr, Nb, Cs, REEs, Hf and Th). Only a few elements were significantly (p < 0.05)
linked to both DOC and Fe (P, V, Zr, Hf). Aluminum most strongly correlated with Ti, Ga,
Rb, Y, Nb, Cs, all REE, and Th.

3.2. Dissolved Elementary Composition of Tributaries of the Lena Basin: Impact of Permafrost,
Climate, Vegetation, Soil and Landscape on Major and Trace Element Concentration

The Lena River tributaries exhibited strong variability of dissolved elementary com-
position, independent of river size and location within the main river basin. A Pearson
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correlation of solutes in the tributaries demonstrated three groups of elements depending
on their link to potential carriers (or common source) in the river water (Table S3 of the Sup-
plementary Materials). Similar to the main stem, DOC positively correlated (RPearson > 0.5)
with Si, P, K, V, Cr, Ni, Cu, As, Y, Zr, Sb, HREE, Hf, and Th. Dissolved Fe strongly correlated
with Si, P, Ti, Cr, Co, Ni, Cu, Ge, As, Rb, Y, Zr, Cd, Sb, La, heavy REE, Hf and Th, but
preferentially (higher than DOC) correlated with P, Ti, Cr, Ni, Ge, Th. Finally, Al most
strongly correlated with Ti, Cr, Ga, Nb, Cs, REE, (from Ce to Er) and Th. Similarly in the
main stem, a number of elements were significantly (p < 0.05) linked to both DOC and Fe
(Si, P, Ti, Cr, Cu, As, Y, Zr, Sb, HREE, and Th).

Figure 3. Examples of elements increasing their concentration in the main stem of the Lena River
from SW to NE: Al (A), Fe (B), Ti (C), Zr (D), Ce (E) and Th (F). The distance is km of river from
Zhigalovo (0 km, upper reaches) to the Aldan River (2600 km).

To test the impact of physio-geographical parameters on the hydrochemistry of the
Lena River tributaries, a correlation matrix of element concentration with climate, per-
mafrost, vegetation coverage and lithology was constructed (Table S4). These correlations
revealed several environmental factors that are likely to control the elemental composition
of various rivers of the Lena Basin. The first important factor was the vegetation, namely
the coverage of watershed by light (Li, B, Cl, SO4, Na, V, Sr, U) and deciduous (Si, Ni,
Ge, Zr, Hf, Th) needle-leaf forest and broadleaf forest (DOC, Cl, SO4, Li, Na, Si, Ca, Ti,
V, Co, Ge, Sr, Cd, some heavy REE (Er, Yb), Hf and U) as illustrated in Figure 5. The
humid grassland coverage of the watershed increased the concentrations of low-mobile
elements such as Al, Ga, light REE, and also relatively labile Cs, Ba, Pb, U. Among other
environmental variables, the proportion of sporadic permafrost strongly controlled the
concentration of soluble highly mobile elements such as Cl, B, Na, Sr, Mo, and U, whereas
the presence of carbonate rocks of the watershed provided elevated concentration of DIC,
Mo, Ba and U (Figure 6). It is important to note that other potentially important landscape
factors of the river watershed (riparian vegetation, tundra, water bodies, peatlands, recent
burns, proportion of peatland and bogs, tundra coverage, total aboveground phyto-mass,
OC stock in the upper 0–100 cm of soil, mean annual temperature and precipitation) did
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not significantly correlate with major and trace element concentration in the Lena River
tributaries (Table S4).

The relationships between river water chemistry and landscape parameters of the wa-
tersheds were further examined using multi-parametric statistics. The PCA demonstrated
the presence of two factors capable of explaining only 32% of total variability in element
concentration and landscape parameters of the watersheds (Figure S2). The first factor was
positively linked to broadleaf forest and humid grassland coverage of the watershed and
included Al, Fe, Ti, Cr, Ni, Ga, Y, Zr, Nb, Zr, REEs, Hf and Th. As for the second factor, the
presence of light needle-leaf, mixed forest, percentage of sporadic permafrost coverage and
carbonate rock on the watershed controlled the distribution of mobile elements such as Li,
B, Si, Na, Mg, Ca, K, V, Sr, Ba, Mo, As, Sb and U.

Figure 4. Examples of elements not exhibiting any concentration trend in the main stem of the Lena
River from SW to NE: DOC (A), Si (B), P (C), Mn (D), Cu (E), Zn (F), Cd (G) and Pb (H). The distance
is measured in km of river from Zhigalovo (0 km, upper reaches) to the Aldan River (2600 km).
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Figure 5. Significant (p < 0.05) positive control of landscape parameters—percentage of deciduous
needle-leaf forest (Si, Ni, Zr, Th) and broadleaf forest (Na, Ca, Co, Sr) on element concentration in the
Lena River tributaries.
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Figure 6. Significant (p < 0.05) positive control of permafrost distribution—percentage of sporadic
permafrost coverage (Na and U) and lithology of rocks—percentage of carbonate rocks (DIC, Mo) on
element concentration in the Lena River tributaries.

4. Discussion

4.1. Comparison with Other Data on Element Concentration in the Lena River and Its Tributaries

As for the Lena River main stem, there are several occasional measurements of the
major river solutes in the middle course obtained during summer baseflow. During spring
flood in June, we observed generally lower concentrations of Si (less than a factor of 2)
compared to the July–August period [26], and also lower (less than × 2) concentrations
of Ca, Mg, Sr, SO4 but comparable concentrations of Na and Cl to those reported in
the Yakutks-Kyusur region [28]. The Kyusur gauging state average Ba concentration
18 μg L−1, [56]) is comparable with our data for the Lena main stem in the Yakutsk region.
However, in general, the regular monitoring of the Lena River hydrochemistry at its
terminal gauging station of Kyusur by Russian Hydrological Survey [57,58], and more
recently, via PARTNERS and ARCTIC GRO projects [34,37], cannot be directly compared
with our most northern sampling point (Yakutsk and the vicinity of the Aldan River),
because there are substantial changes in the Lena River flow and landscape context over its
last 800 km, from Yakutsk to the Lena delta. The most recent and complete data set on the
upper and middle course of the Lena River, southwest of Aldan, is provided by the work
of the group of Porcelli and Andersson [30–32]. There was full consistency in Li, Na, K,
Si, Al and Fe dissolved concentrations measured in this study in June and those reported
by these authors in July-August (range of 0.5–2, 10 to 1000, 500 to 900, 1700 to 2300, 70
to 140, and 50 to 130 μg L−1, respectively). Overall, this comparison demonstrates rather
stable concentrations over a large spatial and temporal range, with maximal variability of a
factor of 2 to 3. Such a similarity of hydro-chemical composition of the main stream during
quite contrasting seasons (spring flood and summer baseflow) is noteworthy, given the
five-fold variation in the discharge. A likely cause of elevated Al, Fe and insoluble trace
element concentration during high flow period is that these elements transport in the form
of organic and organo-mineral colloids as is known for other permafrost regions [41]. The
availability of DOM which stabilizes these Al, Fe-rich colloids and relevant trace elements
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is the highest during the high flow period, because mobilization of soil OM to the river
is most efficient during freshet [36]. As such, despite sizable dilution during the high
flow period, the concentration of these elements remains comparable with that during
the baseflow. It thus can be concluded that such a transport enhancement of insoluble
elements compensates for their source limitation due to dilution. Given that the first
principal component acting on insoluble elements was linked to broadleaf forest and
humid grassland vegetation, an empirical conclusion is that this type of vegetation is most
efficient for mobilization of Fe and Al from the topsoil and forest litter to the river at the
scale of the Lena Basin.

For the Lena river tributaries, the most comprehensive data set on major ions, Si
and Sr was acquired in July-August of 1991–1996 by Huh and Edmond’s group [23–25].
The following rivers could be quantitatively compared with those sampled in this work:
Buotama (No 18), Tuolba (No 16), Siniaya (No 17), Olekma (No 14), Chuya (No 7), Orlinga
(No 1), Tayura (No 3), Nuya (No 11), Vitim (No 8), Bolshoi Patom (No 12), Bolshoi Nimnyr
(LP 3), and Amga (LP 8). For most of these rivers, the concentrations of Ca, Mg, and DIC
were a factor of 3 to 15 lower during spring flood compared to summer baseflow. The
concentrations of Na, Cl and SO4 were typically 3 to 10 times lower, especially in the upper
reaches (SW part) of the Lena basin, where the underground waters can bear the signature
of Cambrian and Ordovician salt deposits. These waters are mostly pronounced in summer
baseflow and only partially during spring flood, for example, Ichera, exhibiting 10 times
higher NaCl concentration compared to other rivers (see database [55]). The impact of
salty springs on the river water chemistry in SW part of the Lena basin (the Northern
Baikal region) is fairly well known [58,59]. Noteworthy rather similar (<30% difference)
concentration of K in all rivers sampled during spring flood (this study) and summer
baseflow [23–25], despite significant dilution. A likely cause could be K leaching from
terrestrial vegetation and silicate river suspended matter; both sources are most pronounced
during spring flood, as is known from other permafrost Siberian rivers [41,60,61]. Enhanced
coastal abrasion and extensive surface flux of melted snow are both responsible for efficient
mobilization of K to the river during this period.

Another interesting observation is much higher (a factor of 3 to 20) Si concentrations
during spring flood compared to summer baseflow. This is observed for a number of
small rivers in the upper reaches of the Lena basin (Nuya, Tayura, Bolshaya Tira, Siniya
and Buotama) as follows from the comparison of the data collected by Huh and Edmond
group [23–25] and the results of the present study. It may reflect an uptake of this essential
nutrient by diatomous periphyton growing in clearwater rivers which drain crystalline
rocks of the Siberian Platform. Such an uptake during summer baseflow is known for many
Arctic settings [40,62,63]. Another possible cause could be the fact that the mobilization
of Si from subsurface soil is lower in summer compared to spring when the water mainly
passes through the topsoil. Note that such a difference in Si concentration between two
seasons is not observed for the main stem, presumably due to lower transparency of the
water column and lower availability of solid surfaces, required for siliceous plankton and
periphyton development in the summer. A nutrient limitation of the big river relatively
to headwater streams may also contribute to lower uptake of Si in the main steam during
the baseflow [16,28,30]. Additional sources of dissolved Si in the main stem could be
dissolution of river suspended matter, which is highest during the high flow, as is known
from other permafrost settings [41].

4.2. Possible Carries of Trace Elements in the Lena River Basin Based on Elementary Correlations
and PCA

In boreal and permafrost-affected aquatic environments, the most important colloidal
carriers of trace elements are dissolved organic matter (DOM) and Fe/Al hydroxides
stabilized by DOM, as follows from ex-situ and in-situ fractionation results [53,60,64–68].
Based on correlations between element concentration in both the main stem and Lena’s
tributaries (Table S3), three main group of trace solutes were distinguished. First, these
correlations revealed possible control of organic matter on transport of V, Ni, Cu, As and
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heavy REE. Note that strong complexation of DOM with divalent transition metals, notably
Cu and Ni and HREE, is fairly well known ([53,68]). The second major carrier of trace
metals in boreal waters is high molecular weight Fe oxy-(hydr)oxide colloids stabilized
by organic matter. By virtue of their dual organic and mineral nature, these colloids are
responsible for transport of the largest number of elements such as P, Cr, Ni, Zn, Ge, Sb, Y,
Zr, La, Hf. Finally, Al-rich colloids and sub-colloidal particles are likely to have controlled
typically lithogenic trace elements (Ti, Cr, Ga, Nb, Cs, REE, Th) and could be produced
during riverine DOM leaching of alumo-silicate river suspended matter (i.e., Ref. [61]).
Intensive mobilization of lithogenic elements via desorption from alumo-silicate material
of the river suspended matter into soluble (<0.45 μm) form is consistent with strong
correlations of these elements with Al, in both main stem and the tributaries (Table S3).

The PCA generally confirmed the presence of the group of low-soluble elements
(Al, trivalent and tetravalent trace elements, Nb), which were affected by the first factor,
and the group of labile elements—alkalis, alkaline earth metals (Li, Na, Mg, K, Ca, Sr),
anions or neutral molecules (B, Si, V, Mo, As, Sb) and uranyl ion—which were controlled
by the second factor (Figure S2 of the Supplementary Materials). The first factor was
presumably linked to organic and organo-ferric colloids which usually carry low-mobile
elements originating from silicate minerals. The second factor reflected migration of
elements in truly dissolved (ionic or molecular) forms, not linked to any chemical carrier
and originating from water–carbonate rock interaction in deep underground reservoirs.

4.3. Landscape Factors Controlling Spatial Pattern of Elementary Composition of Riverwater in the
Lena Basin (Main Stem and Tributaries)

A decrease in concentrations of soluble highly mobile elements such as alkali and
alkaline-earth metals, Cl, SO4, B, Mo, As, Sb and U between the upper reaches of the Lena
River (first 0–800 km of the transect) and the middle course of the main stem (second part,
800 km—Aldan) may reflect a decrease of connectivity between the river water and the
deep underground waters. The latter are located within carbonate rocks and affected by
salt deposits in the SW part of the Lena Basin compared to its NE part. We hypothesize
that sporadic and isolated permafrost, frequently occurring in the SW part of the basin,
facilitates the exchange between groundwater reservoirs and surface waters. In contrast,
in the rest of the Lena Basin, essentially continuous permafrost prevents any impact of
underground waters on river water chemistry, especially during the high flood period
sampled in this work.

Another group of elements whose concentration systematically evolved over the
river transect is the that of the lithogenic low-soluble elements (essentially trivalent and
tetravalent hydrolysates). The concentration of these elements increased from the SW to
the NE. On the one hand, this may reflect a change in dominant rocks: from carbonates
and evaporites in the upper reaches of the Lena River basin to metamorphic and igneous
silicates and Phanerozoic (silicate) sedimentary rocks in the middle course of the river.
On the other hand, there is a general increase in soil OC stock from the SW to the NE
part of the Lena River as follows from GIS assessment of the Lena basin parameters. We
hypothesize that a coupled ‘source’ (abundance of silicate rocks) and ‘transport’ (organic
colloids, stabilizing insoluble TE in solution) enhancement mechanisms are responsible for
elevated concentrations of lithogenic insoluble elements in the NE part of the Lena River
main stem relative to its SW part.

To sum up, in the Lena River basin, there are three major types of rock capable of
affecting river water hydrochemistry: sedimentary carbonates (limestones and dolostones),
Precambrian igneous and Phanerozoic sedimentary silicates, and salt deposits (evaporates)
of early Phanerozoic age, distributed in the upper reaches of the Lena basin. The carbonate
rocks play a visible role in the upper reaches of the Lena River and head waters. Enhanced
connectivity between surface waters and deep groundwaters in the SW part of the basin,
where the evaporate deposits are present, can provide highly mobile soluble elements
(alkalis, alkaline-earth metals, oxyanions) to the river water. Silicate rocks which dominate
the middle course of the Lena River act as an important source of lithogenic elements
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(trivalent, tetravalent hydrolysates), whose export from the soil to the river is facilitated by
abundant DOM from coniferous vegetation.

The impact of environmental factors on major and trace element spatial pattern was
further tested based on GIS-based landscape parameters of the Lena River tributaries.
The proportion of sporadic and isolated permafrost strongly controlled concentrations of
soluble highly mobile elements (Cl, B, DIC, Na, K, Mg, Ca, Mo, Ba and U). At the same
time, the proportion of carbonate rocks at the watershed (per se) impacted only a very
limited number of elements (Mg and Mo). A lack of direct impact of the rock lithology
is consistent with low connectivity of deep groundwaters to the rivers during the high
flow spring flood period. Another reason could be the rather small size (relative to the
Lena River main stem) of the studied rivers and streams, so that the link between the river
hyporheic zone and the underground reservoirs, especially under permafrost conditions, is
not pronounced.

Another important landscape parameter controlling surficial and shallow
subsurface flux to the river, as is known from adjacent permafrost territories covered
by larch forest [41,42,69], is ground vegetation. Specifically, an important factor of element
concentration control in the Lena River tributaries was the coverage of river watershed by
light (Cl, SO4, Na, Li, B, V, Sr, U) and deciduous (Si, Ni, Ge, Zr, Hf, Th) needle-leaf forest
(dominance of Pinus sylvestris and Larix, respectively). The first group of elements may
reflect their intense recycling with pine, which grow on carbonate-rich rocks of the SW
part of the basin. In contrast, Si (and presumably Ge) are known to be concentrated in
larch [40,69] and can be massively leached from their needles during the spring. A part
of the second group of elements (usually low mobile tetravalent hydrolysates) could be
affected by the DOC-mediated transport in the NW part of the basin. The NW part is domi-
nated by silicate rocks and continuous permafrost, compared to carbonate rock-dominated
and groundwater-affected SW part of the Lena basin. Enhanced mobility of Zr, Hf and Th
in forested soils developed on silicate rocks is known in various boreal settings [68,69].

The PCA generally confirmed the linear correlations between the landscape parame-
ters and the solute concentrations, although the explanation capacity of the two potential
factors was rather low, at 21% and 11% of overall variability. This could be linked to
relatively weak landscape control on elementary composition in the river water during the
spring high flow season. Furthermore, the response of the hydrochemistry of small rivers
of the Lena basin to key environmental parameters of the watersheds such as permafrost
coverage and underground rock lithology was less pronounced than that of the main stem.
A likely reason for this is weaker connectivity of small rivers with deep underground
and subsurface waters during the studied period of high-flow spring flood. In contrast,
given that the main input to small and medium size rivers in permafrost regions occurs via
surface and shallow subsurface flow in June, essentially through plant litter and topsoil [42],
the vegetation of the watershed exhibited discernable control on elementary composition
of river waters.

Summarizing the analysis of the spatial pattern of solutes in the Lena River basin, we
conclude that the working hypothesis of this study, regarding the low impact of rock lithol-
ogy on elementary composition of the river water during spring flood, is verified only in
the case of the Lena tributaries. The hydrochemistry of the main stem of the Lena clearly re-
flected the control of carbonate rocks and the impact of groundwater via isolated/sporadic
permafrost in the southwestern part, contrasting with a lack of groundwater connection
and dominance of silicate rocks in the northeastern part. However, another important
factor increasing mobility of low soluble trivalent and tetravalent trace metals from SW
to NE is dissolved organic carbon which, in turn, depends on the soil organic pool and
the presence of various forests. At the same time, we do not exclude that the resolution of
our GIS mapping resolution and spatial sampling are not sufficiently fine, so they cannot
catch fine-scale landscape patches that are known to drive solute generation in small Arctic
rivers ([70]).
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Within a climate warming and permafrost thaw scenario, the main source of elements
during spring flood will remain the surface flow, given that, for the majority of the Lena
River basin, the permafrost is continuous and unlikely to become isolated or sporadic. This
strongly contrasts with the scenario of permafrost thaw in other Siberian regions such
as the Western Siberia Lowland (WSL), where the permafrost is mostly discontinuous to
sporadic, and, instead of silicate crystalline and carbonate sedimentary rocks as mineral
substrates in Eastern Siberia, the rivers of the WSL drain through thick, partially frozen peat
deposits (i.e., Ref. [54,71,72]. During spring flood, surface flow rather than underground
input regulates the pattern of riverine solutes in the Lena River basin. As such, the change
in dominant forest species and the forestation of tundra [73,74], which typically requires
several decades [75], rather than an increase in active layer depth, will determine the
overall pattern of river water chemistry during high water flow. At the same time, the
response of the Lena River main stem to the thawing of permafrost (leading to enrichment
of the river water in soluble, highly mobile elements) might be more significant than that of
its tributaries and other small rivers of the basin. The main reason is that the hydrological
connectivity between river water and shallow subsurface or deep underground water is
sizably higher in a large river compared to small tributaries. In this regard, comparable
studies of large, permafrost-affected rivers of Eastern Siberia during most contrasting
seasons, including notably winter baseflow, when the connection of the groundwater with
surface waters is at its maximum, should allow efficient prediction of future changes in
riverine ‘inorganic’ hydrochemistry induced by changes in the permafrost regime.

5. Conclusions

While seasonal and annual export fluxes (yields) of carbon (C) and inorganic solutes
are fairly well known for all large Arctic rivers, spatial variations in elementary concentra-
tion along the river length and among its tributaries remain poorly understood. Moreover,
the landscape factors controlling riverine element concentration in permafrost-affected
regions are still poorly constrained. This is especially true for the largest river of Eastern
Siberia, the Lena River, which drains through continuous permafrost zones with highly
variable lithology and vegetation. In this work we measured dissolved carbon, major and
trace elements over a 2600-km transect of the Lena River main stem (upper and middle
reaches) including its 30 tributaries and watershed rivers, at the peak of the spring flood.
There were two main group of solutes in the main stem depending on their spatial pattern:
(i) elements that decreased their concentrations downstream, from SW to NE (Cl, SO4,
DIC, Li, B, Na, Mg, K, Ca, As, Sr, Mo, Sb, Ba and U), which reflected a decrease in the
proportion of carbonate rocks in the watershed and the degree of groundwater feeding,
and (ii) elements that increased their concentrations downstream (Al, Ti, Cr, Fe, Ga, Rb,
Y, Zr, Nb, Cs, REEs, Hf and Th), which was tentatively linked to an increase in organic C
stock in soils, larch forest coverage and enhanced mobilization of lithogenic elements from
silicate minerals.

In contrast to the main stem, the chemical composition of the tributaries was only
partially controlled by soils, rock lithology and permafrost. In particular, the type of
permafrost distribution impacted mostly labile elements, whereas the role of carbonate
rocks in the watersheds of the Lena River tributaries has not been explicitly pronounced.
Furthermore, the watershed coverage by needle-leaf, broadleaf forest and humid grassland
exhibited positive correlation with concentration of labile elements (Cl, SO4, Li, B, Na, Si,
Ca, V, Sr, U), but also some low-soluble traces (Al, Ga, REEE, Nb, Zr, Hf, Th). In accord
with previous observations in permafrost-affected forested regions of Siberia, we believe
that, during the high flow period of the spring flood, the main control on river water
chemistry is exerted by surface flow. The latter often occurs over still frozen ground and
thus primarily depends on the type of forest. As such, within the climate warming scenario,
future changes in dominant ground vegetation and greening of tundra will mostly impact
the river water chemistry, whereas the thawing of continuous permafrost and increase in
the active layer depth might have a subordinate influence.
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correlation coefficients (p < 0.05) of major and trace elements with three main potential carriers—
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Abstract: Dissolved iron (dFe) in boreal rivers may play an important role in primary production
in high-latitude oceans. However, iron behavior in soils and dFe discharge mechanism from soil
to the rivers are poorly understood. To better understand iron dynamics on the watershed scale,
we observed the seasonal changes in dFe and Dissolved Organic Carbon (DOC) concentrations in
the river as well as dFe concentration in soil pore waters in permafrost watershed from May to
October. During snowmelt season, high dFe production (1.38–4.70 mg L−1) was observed in surface
soil pore waters. Correspondingly, riverine dFe and DOC concentrations increased to 1.10 mg L−1

and 32.3 mg L−1, and both were the highest in the year. After spring floods, riverine dFe and DOC
concentrations decreased to 0.15 mg L−1 and 7.62 mg L−1, and dFe concentration in surface soil pore
waters also decreased to 0.20–1.28 mg L−1. In late July, riverine dFe and DOC concentrations increased
to 0.33 mg L−1 and 23.6 mg L−1 in response to heavy rainfall. In August and September, considerable
increases in dFe concentrations (2.00–6.90 mg L−1) were observed in subsurface soil pore waters,
probably because infiltrated rainwater developed reducing conditions. This dFe production was
confirmed widely in permafrost wetlands in valley areas. Overall, permafrost wetlands in valley
areas are hotspots of dFe production and greatly contribute to dFe and DOC discharge to rivers,
especially during snowmelt and rainy seasons.

Keywords: permafrost; wetland; dissolved iron; Amur river

1. Introduction

Iron is an essential trace element for the growth of all organisms. It plays an important role in
in vivo metabolic processes, including photosynthesis, electron transfer, nitrate reduction, and nitrogen
fixation [1]. Martin and Fitzwater [2] revealed that iron limits phytoplankton growth in a high-nutrient
low-chlorophyll (HNLC) region where the reason for the relatively low phytoplankton productivity
despite the abundance of nutrients having long been unclear. Subsequent studies confirmed that
dissolved iron (dFe) concentrations in many ocean areas are too low to fully utilize nutrients [3–8].
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The main iron source for the ocean was thought to be aeolian dust [2]. However, recent studies
suggested that riverine dFe is also an important source to support primary production in the coastal
area and the ocean [9–11], stimulating interests in iron dynamics in terrestrial environments.

The characteristic behavior of riverine iron transport is that most of the dFe is complexed with
humic substances such as humic acids and fulvic acids [10]. It was reported that most of riverine
dFe coagulates and precipitates in brackish zones because of high salinity [12]. However, a part of
organically complexed iron can remain dissolved and be utilized by phytoplankton [13–15]. Therefore,
there were some attempts to reveal the connection between terrestrial natural environments and
marine biological productivity from the perspective of iron cycle [9,16–18].

The Sea of Okhotsk is one of the oceans with the richest marine resources in the world. As regards
the reason, some studies indicated that abundant dFe derived from forests and wetlands in the Amur
River basin contributes to the creation of high biological productivity in the Sea of Okhotsk [11,19].
Based on these findings, it was suggested that land use change, e.g., reclamation of wetlands for
agriculture, influences dFe discharge to the Amur River [20]. In fact, it was reported that the Naoli River,
where 87% of wetlands in the basin disappeared from 1949 to 2000 due to large-scale development of
farmland, showed a sharp decrease in dFe concentration during this period [21].

On the contrary, a sharp increase in dFe concentration in the Amur River was observed from
1995 to 1998, which could not be explained by the increase in inflow of groundwater for irrigation
due to agricultural development [22]. Another reason for this unidentified high dFe concentration in
the Amur River, Shamov et al. (2014) [22] pointed out that permafrost thawing due to high summer
temperatures in the 1990s has promoted wet and reducing conditions in the active layer, resulting in
more dFe production in soils. In order to discuss the possibility that the extent of soil thaw dynamics
has an effect on dFe concentration in a river, we need to better understand iron behavior in soils and
discharge mechanism from soil to river in the permafrost watershed.

Nowadays, there has been increasing interest in iron behavior in Arctic peat soil because
iron potentially controls the degradation of soil organic matter and the emissions of CO2 and
CH4 [23–25]. In Arctic peat soils that contain large amounts of organic carbon and are generally
waterlogged, CH4 production is suppressed by anaerobic iron respiration because Fe(III) reducing
bacteria outcompete methanogens for carbon substrates [26,27]. Recently, studies were conducted to
investigate Fe species and their concentrations in soils of the active layer (soil layer which thaws from
spring to autumn and freezes during winter) [28–32]. For instance, Herndon et al. [31] showed that the
concentrations of dFe(II) were high in deep mineral soil horizon, whereas those of Fe(III) were high in
organic soil horizon, suggesting that produced Fe(II) diffuses upward in the soil profile and is oxidized
to Fe(III) oxyhydroxides and organically complexed Fe(III). It was also reported that the reduction
of iron oxides occurs even in shallow peat soil (0–10 cm) from summer to autumn [30]. However,
the overall view of the iron cycle is still poorly understood because iron behavior varies spatially
and seasonally in soils of the active layer. Furthermore, little is known about the seasonal change in
iron discharge mechanism from the active layer to rivers in permafrost watershed. Bagard et al. [33]
reported that seasonal soil thaw dynamics of the active layer in a catchment causes a shift in the source
of colloidal trace elements including Fe from organic soil horizon in spring to mineral soil horizon in
late summer. It is thus expected that seasonal soil thaw dynamics influences not only iron behavior in
soils, but also dFe concentrations and chemical species in permafrost-affected rivers.

The aims of this study were (1) to identify the spatial and seasonal variability of iron behavior in
soils of the active layer, with focus on the time and depth of dFe production by iron reduction, and (2) to
gain an insight into the influence of seasonal soil thaw dynamics on dFe and DOC discharge mechanism
and these concentrations in rivers. We conducted an observation of dFe and DOC concentrations
in river and dFe concentration in soil pore waters in a permafrost-affected watershed from May
(beginning of soil thawing) to October (beginning of soil freezing). To our knowledge, this study is the
first to investigate the watershed-scale iron cycle through the seasons in a permafrost region.

128



Water 2020, 12, 2579

2. Materials and Methods

2.1. Study Site

A field survey was conducted in the Tyrma region, which is approximately 270 km northwest of
Khabarovsk in the Russian Far East. Mean annual air temperature is −1.96 ◦C and annual precipitation
is 654.6 mm. The Tyrma region is situated in a sporadic permafrost area [22]. Three large rivers, namely,
the Sutyri River, the Yaurin River, and the Gujal River, join the Tyrma River, and eventually join the
Bureya River, which is one of the largest tributaries of the Amur River (Figure 1). We fixed the Sofron
River watershed (50◦5′42.86′′ N,132◦22′1.20” E), which is a tributary of the Gujal River, as the intensive
experimental site (Figures 1b and 2a). The Sofron River is a second-order stream with a sub-catchment
area of approximately 23 km2 (Figure 2). River width is approximately 10 m and central water depth is
usually 10–20 cm at the sampling point without rain.

Figure 1. (a) map of the Amur River basin; (b) map of the Tyrma region with the large rivers where
water samples were collected. This map is colored by a gradient (degree) to clearly show terrain
characteristics. As for the symbols in map (b), the black rectangle denotes the Sofron River watershed
where intensive research was conducted; black circles denote the river water sampling sites of the Sturi,
Tyrma, and Yaurin Rivers; and black diamond denotes the Tyrma village. This map was created by
the authors based on 30 m resolution digital elevation model (DEM) provided by the Japan Aerospace
Exploration Agency (JAXA).

Vegetation in the Tyrma region is roughly divided into two types: the forest areas on the ridges and
hillslopes are characterized by spruces (Picea ajanensis) and white birches (Betula platyphylla), and the
wetlands in the flat valleys are characterized by shrubs, such as bog blueberry (Vaccinium uliginosum),
cowberry (Vaccinium vitis-idaea L.), and ledum (Ledum decumbens). In the wetlands, Sphagnum species
widely exist on the ground surface and larches (Larix gmelinii var. gmelinii) are scattered. Topsoil layers
in the forests and the wetlands are composed of peat soils. In particular, thick peat soil layers are
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formed in the wetlands due to long-term accumulation of sphagnum biomass. This type of wetland,
called Mari, is a typical landscape in the flat valleys in the Tyrma region. Mari can be seen not only
in the flat valleys, but also on the ridges and hillslopes with a gentle slope. In the Tyrma region,
permafrost generally exists underneath Mari. The vegetation and permafrost distribution in the Sofron
basin are consistent with these typical features as described above.

Figure 2. (a) nine sampling points for soil pore waters (N1–N9) in the Sofron River and neighboring
area. This map is colored by gradient (degree) to clearly show terrain characteristics. Area enclosed
with a black line shows the Sofron watershed, and the white arrow denotes the sampling site of the
Sofron River. This map was created by the authors based on a 30 m resolution digital elevation model
(DEM) provided by the Japan Aerospace Exploration Agency (JAXA); (b) topographic profile through
the sampling points for soil pore waters.

2.2. Soil Pore Water Sampling and Soil Characteristic Measurement along a Transect

In September 2016, we established a long transect of nine sampling points for pore waters from
N1 near the Sofron River to N9 in the adjacent basin (Figure 2). Permafrost wetland Mari is seen not
only at N1–N3 and N9 in valley, but also at N7 on ridge and N8 on gentle hillslope. On the other hand,
permafrost does not exist at N5 on steep hillslope and N6 on ridge. We dug 1.8 cm diameter holes
using a manual drill (DAIKI, DIK-1721, Konosu city, Saitama, Japan) in the ground of each sampling
point and installed ceramic cups with a polyvinyl chloride pipe at 20 cm and 40 cm depths for pore
water sampling (N4 has different depths as described below and N5 has only 40 cm depth). In April
2017, we installed the ceramic pipes at 5 cm and 10 cm depths at N4 and 10 cm and 25 cm depths at N6
for soil pore water sampling during snowmelt season. Because 10 cm of snow remained at N4 and N6
on this installation, both points were suitable to observe dFe concentration variations in response to
snow melting. The frozen ground at that time existed at 10–15 cm depth at N4 and N6; thus, we used
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an electric drill to install a ceramic cup at 25 cm depth at N6. All the soil pore water sampling depths
at each point are compiled in Table 1.

Table 1. Terrain type, sampling depth of soil pore waters, active layer thickness (ALT), and peat layer
thickness (PLT) at nine sampling points of the research site in September 2016 (Tyrma, Khabarovsk,
Russia). Pore waters at marked (*) depths at N4 and N6 were collected four times in May and twice a
month from June to October. Other soil pore waters at nine sampling points were collected twice a
month from June to October.

Point Number Terrain Type Sampling Depth (cm) ALT (cm) PLT (cm)

N1 Valley 20, 40 64 >64
N2 Valley 20, 40 60 >60
N3 Valley 20, 40 82 >82
N4 Boundary between valley and hillslope 5 *, 10 * 102 12
N5 Steep hillslope 40 No permafrost 7
N6 Ridge 10 *, 25 *, 20, 40 No permafrost 42
N7 Ridge 20, 40 75 40
N8 Gentle hillslope 20, 40 127 45
N9 Valley 20, 40 53 >53

At N4 and N6, the soil pore waters (except 20 cm and 40 cm at N6) were collected four times
in May. From June, all pore waters at the nine sampling points were collected twice a month until
October (see Table 1). The soil pore waters were sucked up overnight by 50 mL disposable syringes
(TERUMO, SS-50ESZ, Shibuya ku, Tokyo, Japan) and filtered in situ through 0.45 μm disposable filters
made of cellulose acetate (ADVANTEC, DISMIC 25CS045AS, Chiyoda ku, Tokyo, Japan). The filtered
waters were preserved in acid-washed 50 mL polypropylene bottles and kept in a refrigerator at 4 ◦C
until analysis.

The peat layer thickness (PLT) and the active layer thickness (ALT) at the nine sampling points
were measured in September 2016 by digging a pit down to the permafrost table and examining the
soil profile (Table 1). To confirm the ALT data, we checked that the soil temperature of permafrost table
was 0 ◦C. The absence of permafrost at N5 and N6 was judged from the absence of a continuous decline
in soil temperatures over 10 cm intervals from the surface. Soils for the analysis of organic carbon
content and moisture content were collected in polyethylene freezer bags from 0–10 cm, 10–20 cm,
and 20–30 cm depths of the soil profile at the nine sampling points and stored in a freezer until analysis.

When we dug a soil profile at each point in September 2016, we installed geothermal loggers
(Onset, U22-001, Bourne, Massachusetts, America) to observe the seasonal thaw dynamics of soil at
two depths at N1 (10 cm and 25 cm), three depths at N4 (10 cm, 25 cm, and 50 cm), and three depths at
N6 (10 cm, 25 cm, and 50 cm). The soil temperatures were recorded until October 2017.

2.3. River Water Sampling and Hydrological Observation

During snowmelt season from late April to mid May, the water samples were collected from the
Sofron River twice a week. From June to October, the water samples were collected twice in a month
on the same days as soil pore waters. Two hundred milliliters of water was sampled using a disposable
syringe (TERUMO, SS-50ESZ, Shibuya ku, Tokyo, Japan) and immediately filtered through 0.45 μm
disposable filters made of cellulose acetate (ADVANTEC, DISMIC 25CS045AS, Chiyoda ku, Tokyo,
Japan). One hundred milliliters of the filtered water was preserved in an acid-washed propylene bottle
for dFe measurement and the other 100 mL was preserved in a propylene bottle for dissolved organic
carbon (DOC) measurement, and both were kept in a refrigerator until analysis.

For the observation of water level of the Sofron River, we installed a water pressure logger
(Onset, HOBO U-20-001-04, Bourne, Massachusetts, America) at the river bed of the water sampling
point and an air pressure logger (Onset, HOBO U-20-001-04, Bourne, Massachusetts, America) nearby
in mid June 2017 when the river bed adequately thawed. In addition, daily precipitation data in the
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Tyrma region from June to October were obtained from the weather site in Russia (http://ru8.rp5.ru/
Weather_archive_in_Tyrma_(Sutyr)).

Water samples were also collected from the Sutyri River (catchment area: 2129 km2), the Tyrma
River (6168 km2), and the Yaurin River (3175 km2) (Figure 1b). The frequency, date, and way of
sampling were same as those for the Sofron River.

2.4. Chemical Analyses

All the analyses were done in the Institute of Mining in Khabarovsk. The dFe concentrations
were measured for soil pore waters and river waters. Prior to Fe analysis, the samples were acidified
(~pH 2) with HNO3, and Fe concentration was determined with Agilent 7500cx Inductively Coupled
Plasma-Mass Spectrometer (ICP-MS) using helium modes to diminish the interferences. The detection
limit for Fe by ICP-MS was 10 ng L−1, and an uncertainty was 5–10%. Standard solutions for Fe
analysis were prepared by using Environmental Calibration Standard (Agilent Technologies). In this
paper, we define dFe as Fe that passed through 0.45 μm disposable filter in samples. Moreover,
for the river water samples, DOC concentrations were also determined with a TOC analyzer
(SHIMADZU TOC-LCSH) using the catalytic combustion oxidation method. The detection limit
for TOC by TOC analyzer was 0.1 mg L−1, and an uncertainty was less than 1.5%. Standard solutions
for DOC analysis were prepared by using Potassium Hydrogen Phthalate (C6H4(COOK)(COOH))
(Nacalai tesque). For the data of DOC and dFe concentrations in the Sofron River, simple liner
regression analysis and Student’s t-test were performed.

Soil organic carbon content was measured by Tyurin’s method (wet combustion) based on
Bel’chikova (1975) [34]. Weight moisture content was determined from the difference in mass before
and after drying soil.

3. Results

3.1. Seasonal Variations in dFe and DOC Concentrations in Sofron River and Large Rivers

The dFe concentration in the Sofron River showed substantial seasonal variation, ranging from
0.10 mg L−1 to 1.10 mg L−1 (Figure 3a). During snowmelt season, dFe concentration increased rapidly
within two weeks from 0.27 mg L−1 to the annual highest value of 1.10 mg L−1. Although it once
dropped through June, a relatively high dFe concentration was recorded again in late July and
late September. The annual lowest level of 0.10 mg L−1 was noted in October, immediately before
soil freezing. DOC concentration in the Sofron River showed a similar seasonal variation to dFe
concentration. DOC concentration rapidly increased during snowmelt season from 17.0 mg L−1 to
the annual highest value of 32.3 mg L−1. After that, it increased again in late July and late September,
when dFe concentration also increased.

The water level of the Sofron River showed frequent increases accompanied with heavy rainfall of
over 10 mm from July to mid August (Figure 3b). The highest water level of 36 cm was recorded in early
August. The increases in dFe and DOC concentrations in late July and late September were associated
with the water level risings, that is, the seasonal variations in dFe and DOC concentrations almost
synchronized with the change in water level throughout the year. Whereas dFe concentration greatly
increased from 0.15 mg L−1 to 1.07 mg L−1 during the period affected by snow melting, the degrees of
increases associated with heavy rainfall in late July and late September were relatively small. In the
separated periods before and after July, two distinct positive correlations were found between dFe
concentration and DOC concentration (r2 = 0.51, p = 0.056 from April to June, and r2 = 0.75, p < 0.01
from July to October) (Figure 3c), suggesting a difference in the discharge mechanisms of these two
substances among seasons.
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Figure 3. (a) seasonal changes in dFe and DOC concentrations in the Sofron River; (b) daily change in
water level of the Sofron River and daily amount of rainfall in the Tyrma region; (c) liner regression
plot of DOC and dFe concentrations in the Sofron River. Blue circles show the data from April to June
(first seven samples in (a)), and red triangles show the data from July to October (late nine samples
in (a)). The regression lines were calculated by the least squares method.

Figure 4. Seasonal changes in dFe and DOC concentrations in the Sofron River and the large rivers
(Sturi, Tyrma, and Yaurin) [(a) dFe concentration; (b) DOC concentration; (c) dFe/DOC molar ratio].
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The seasonal variations in dFe and DOC concentrations in the large rivers (Sutyri, Tyrma,
and Yaurin) were almost consistent with those in the Sofron River throughout the year (Figure 4a,b).
During snowmelt season, similar large increases in dFe and DOC concentrations were also observed.
The increases in DOC concentrations corresponding to rainfall as seen in the Sofron River were
also observed in the large rivers in late July and late September. Although the increases in
dFe concentrations during these storm events were not clearly observed in the large rivers,
these concentration levels matched those of the Sofron River. In a rainless season (from June to
early July and from September to October), however, it appeared that dFe concentrations in the large
rivers were generally higher than those in the Sofron River. This difference between the Sofron River
and the large rivers was more clearly seen in the seasonal change in dFe/DOC ratio (Figure 4c).

3.2. Organic Carbon Contents and Weight Moisture Contents of Soils along a Transect

Organic carbon contents and weight moisture contents of soils at the nine sampling points in
the research site are shown in Table 2. The organic carbon contents at the uppermost layer at points
located in valley (N1–3 and N9) were 144–478 gC kg−1, whereas those at points located on hillslope
and ridge (N4–8) were 48–358 gC kg−1, slightly lower than those at valley points. Interestingly,
permafrost wetlands Mari in valley had high organic carbon contents of 100–474 gC kg−1 even at
20–30 cm depths, whereas Mari on ridge (N7) and gentle hillslope (N8) had low organic carbon
contents of 52 and 23 gC kg−1, respectively. Although N5 on steep hillslope and N6 on ridge are both
no-permafrost points, the organic carbon contents were relatively high at N6 and low at N5.

Table 2. Organic carbon contents and weight moisture contents at each point of the research site in
September 2016 (Tyrma, Khabarovsk, Russia).

Point Number Terrain Type
Organic Carbon Content (gC kg−1) Weight Moisture Content (%)

0–10 cm 10–20 cm 20–30 cm 0–10 cm 10–20 cm 20–30 cm

N1 Valley 405 451 331 92.7 93.0 89.8
N2 Valley 478 403 474 99.7 99.0 98.4
N3 Valley 411 311 100 99.5 92.1 90.3
N4 Boundary between valley and hillslope 358 143 29 92.4 45.8 32.4
N5 Steep hillslope 142 62 61 90.0 64.4 58.3
N6 Ridge 355 262 197 74.3 75.9 69.3
N7 Ridge 331 162 52 49.4 42.6 40.5
N8 Gentle hillslope 48 248 23 68.1 48.7 38.7
N9 Valley 144 293 297 99.8 99.5 78.0

The weight moisture contents showed similar spatial variations to the organic carbon contents.
Weight moisture contents were remarkably high, i.e., 92.7–99.8%, at the uppermost layer at points
located in valley (N1–3 and N9), but were relatively low, i.e., 49.4–92.4% on hillslope and ridge (N4–8).
In short, wetlands Mari in valley had the highest organic carbon and moisture contents within the
watershed. However, Mari on ridge (N7) and gentle hillslope (N8) had relatively low weight moisture
contents of 49.4% and 68.1% even at the uppermost layer relative to Mari in valley points. At hillslope
and ridge points, weight moisture contents decreased significantly with depths. At N6 that had
contained relatively high organic carbon contents among hillslope and ridge points, weight moisture
contents were also high.

3.3. Seasonal Soil Thaw Dynamics in Different Terrain Types

The seasonal variations in soil temperature at several depths at N1, N4, and N6 are shown in
Figure 5. In addition, the thawing date for each depth and the thawing rate, which is calculated simply
by dividing the difference in depth by the number of required days for thawing, are shown in Table 3.
The thawing of 10 cm depth at N1, which is the closest point to the river in valley, was completed on
24 May, approximately one month later than that at N4 on the boundary between valley and hillslope
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and that at N6 on ridge. The 25 cm depth at N1 thawed on 15 June, which was also the latest among
the same depths.

The 10 cm and 25 cm depths at N4 and N6 showed remarkable rises of soil temperatures after
thawing. Soil temperatures as of July 1 for 10 cm and 25 cm were 9.1 ◦C and 4.2 ◦C at N4 and 8.5 ◦C
and 3.3 ◦C at N6, which were considerably higher than those at N1 of 2.4 ◦C and 0.6 ◦C. At N6,
where permafrost does not exist, soil temperatures always tended to be higher than those at N1 and N4.
In fact, the annual highest soil temperatures at N6 (10 cm: 13.1◦C, 25 cm: 9.6 ◦C, 50 cm: 7.9 ◦C) were
the highest compared with those at N1 (10 cm: 10.9 ◦C, 25 cm: 6.9 ◦C) and N4 (10 cm: 11.5 ◦C, 25 cm:
8.2 ◦C, 50 cm: 5.2 ◦C). Moreover, the thawing rate from 25 cm to 50 cm depth at N6 was 1.6 times faster
than that for the same depth at N4. Therefore, the seasonal downward thawing of soil from spring to
summer was fastest at N6 on ridge, followed by N4 on boundary between valley and hillslope, and the
slowest at N1 in valley. This order agreed with the difference in active layer thickness at those points
(N1: 64 cm, N4: 102 cm, N6: No permafrost) (Table 1). Combined with organic carbon content data
and weight moisture content data (Table 2), permafrost wetland Mari in valley area is characterized by
an environment with the highest organic matter content and the highest moisture content, and the
lowest soil temperature within the watershed.

Figure 5. Seasonal changes in daily mean soil temperatures at N1, N4, and N6.
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Table 3. Thawing dates for each depth at N1, N4, and N6, and thawing rates between depths.
Thawing dates were defined as the day when the average daily soil temperature exceeded 0 degree.
Thawing rate was calculated by dividing the difference in depth by the number of required days
for thawing.

Depth (cm) N1 N4 N6

Thawing Date 10 5/24 4/29 4/18
(mm/dd) 25 6/15 5/18 6/5

50 7/1 7/2

Thawing Rate 10→25 0.68 0.79 0.31
(cm day−1) 25→50 0.57 0.93

3.4. Seasonal Changes in dFe Concentrations in Soil Pore Waters along a Transect

Seasonal changes in dFe concentration in soil pore waters at N4 and N6, the observations of
which only started from snowmelt season, are shown in Figure 6. In early May, when snowmelt was
in progress, dFe concentrations in the surface soil pore waters were 1.38–4.70 mg L−1, clearly higher
than those in summer and autumn. These remarkably high dFe concentrations in the soil pore waters
were consistent with the increases in dFe concentration in the Sofron River and the large rivers during
snowmelt (Figure 4a). From spring to summer, dFe concentrations at N4 (5 cm and 10 cm depths) and
N6 (10 cm and 25 cm depths) decreased.

Figure 6. Seasonal changes in dFe concentrations in surface soil pore waters at N4 and N6,
observed from the snowmelt season.

Seasonal changes in dFe concentrations in soil pore waters at the transect points where the
observation started after snowmelt season are shown in Figure 7. The sampling depths at these points
were 20 cm and 40 cm, which were larger than the depths at N4 and N6 observed in snowmelt season.
dFe concentrations for both depths at each point except N3, were less than 1.00 mg L−1 for two months
from the start of observation. However, from August to September, dFe concentrations at 20 cm and
40 cm depths in permafrost wetland Mari (N1–3 and N7–9) increased rapidly to 2.00–6.90 mg L−1.
In contrast, these increases in dFe concentrations were not observed at N6, where permafrost does not
exist. According to the changes in soil temperature (Figure 5), it appears that the seasonal downward
thawing of soil from 20 cm to 40 cm took place in May on ridge and hillslope and in June in valley.
Thus, dFe production in these depths occurred two or three months after thawing. After that, these dFe
concentrations in the soil pore waters decreased to less than 1.00 mg L−1 in October, when soil started
to freeze from the top layer.
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Figure 7. Seasonal changes in dFe concentrations in soil pore waters of 20 cm and 40 cm depths at the
points along a transect. Note that the observation at these points started after snowmelt season. There
is no result for N5, which is located on steep hillslope because the soil pore water could not be collected
throughout the year.

4. Discussion

4.1. dFe Production in Uppermost Soils and Its Discharge into Rivers during Snowmelt Season

From late April to mid May, when snow was melting, dFe and DOC concentrations in the Sofron
River rapidly increased, reaching the highest concentration in the year (Figure 3a). In accordance with
this, surface soil pore waters also showed the highest dFe concentrations in this period (Figure 6).
These elevated dFe concentrations in the Sofron River and the soil pore waters can be explained by
snow melting and the existence of frozen ground at shallow depths. According to the seasonal changes
in soil temperature (Figure 5), frozen ground existed at approximately 0–10 cm depth in valley and
10–25 cm depth in hillslope and ridge. It is known that frozen ground impedes downward infiltration
of snowmelt water [35,36], resulting in a waterlogged condition near the soil surface. This was actually
the case at N4 and N6 where soil pore waters were collected during this period. In soil saturated
with snowmelt water, anoxic conditions could develop through dissolved oxygen consumption by
microbial respiration [37,38]. Under such conditions, Fe(III) can be utilized as an electron acceptor
by anaerobic microorganisms, and produced Fe(II) is probably complexed with DOC that seeps from
ambient organic-rich soils (Table 2). Although we did not observe DOC concentrations in surface soil
pore waters, the positive correlation between DOC and dFe concentrations in the Sofron River during
snowmelt season (Figure 3c) suggests that exported dFe is mainly associated with organic compounds,
as reported in other boreal regions [39–42]. The large amount of organically complexed iron produced
in this way should be responsible for the high dFe concentrations in the uppermost soil pore waters
(Figure 6) and the Sofron River (Figure 3a).

During snowmelt season, elevated dFe concentrations in surface soil pore waters were observed
not only at N4 located on the boundary between valley and hillslope but also at N6 located on the
ridge (Figure 6). In hillslope and ridge without permafrost, soil water usually infiltrates downward
easily, and thus the uppermost soil is unlikely to be saturated. However, the seasonally frozen ground
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at a shallow depth would have led to waterlogging and dFe production in soil pore waters even in
these terrains. It is thus expected that dFe production in waterlogged surface soils in this period may
occur over a wide range of areas in these terrains where soil freezes and snow falls in winter.

However, in case frozen ground is formed with low water content in winter, snowmelt water may
be able to infiltrate it because of discontinuous frozen soil [43,44]. It is therefore likely that, on ridge
and hillslope, where the water content before freezing was relatively low (Table 2), snowmelt water
probably flowed out while infiltrating frozen ground. Thus, even if snowmelt water on ridge and
hillslope once had high dFe concentration, its contribution to the increase in dFe concentration in
rivers would be minor. In contrast, in the valley, where the surface soils retained high water content
before freezing (Table 2), snowmelt water would have flowed into the rivers over continuous frozen
ground without infiltration. Consequently, the valley area most likely contributed to the rapid increase
in dFe concentration in the rivers during the snowmelt season.

The rapid increases in dFe and DOC concentrations were also observed in the large rivers during
snowmelt season (Figure 4a,b). It is thus suggested that the small watershed dominated by permafrost
wetlands Mari like the Sofron river greatly contributes to the terrestrial DOC and dFe transport in
this period. Moreover, both DOC and dFe concentrations in the large rivers during snowmelt season
had the highest values in the year, similarly to those in the Sofron River, strongly indicating that
snowmelt season is the most important period for transporting large amounts of DOC and dFe.
Elevated dFe concentrations during snowmelt season were also observed in large tributaries of the
Amur River [45,46], and other boreal rivers [39–41,47]. To our knowledge, the present study is the
first to corroborate this large-scale dFe transport that resulted from the high dFe concentrations in the
uppermost soil pore waters.

4.2. Seasonal Changes in Iron Behavior in Thawed Active Layer after Snowmelt Season

The dFe concentrations in surface soil pore waters at N4 and N6 declined after snowmelt
season (Figure 6). As soil thawed downward towards summer, the surface soils most likely changed
gradually to oxygenated conditions because of the decline of groundwater level. Such a situation
that produces Fe(II) in pore waters should be oxidized chemically and/or biologically to insoluble
Fe oxides [48], possibly resulting in the declines in dFe concentrations. The early declines in dFe
concentrations of soil pore waters at N6 relative to that at N4 are explainable by the faster downward
thawing of soil at N6 than N4 from spring to summer (Figure 5 and Table 2).

The dFe concentrations at 20 cm and 40 cm depths at the transect points, where observation was
started in June, were less than 1 mg L−1 until August except N3, but increased markedly to 2–7 mg L−1

from August to September (Figure 7). This abrupt increase in dFe concentration would be associated
with heavy rainfall from July to August (Figure 3b). The total amount of rainfall in July and August
was 298.4 mm, which is equivalent to 45.6% of the annual average precipitation of 654.6 mm. Abundant
rainfall would make subsurface (20–40 cm) soils saturated as permafrost would prevent infiltration of
soil water. Under this situation, such electron acceptors as NO3

−, Mn4+, and humic substances would
be utilized by being utilized for microbial anaerobic respiration [30,49–52]. As a result, microbial iron
reduction was likely activated from August to September and large amounts of Fe(II) were produced
in soil pore waters at 20 cm and 40 cm depths. Street et al. [53] observed that the redox potential (Eh)
of soil in the active layer did not change markedly for one month after thawing but started to decline
after the rainy season in summer, in agreement with our interpretation. Moreover, it was reported
that iron reduction was facilitated in peat soils with artificial flooding relative to soils without this
treatment [29]. It is thus likely that dFe production in soil prevails widely in permafrost wetland
Mari after the rainy season. Only N6 did not show the increase in dFe concentrations in late summer,
probably because the thawing of seasonally frozen soil at N6 was faster than at the other points in
permafrost wetland Mari, leading to infiltration of soil water and an unsaturated condition even after
abundant rainfall.
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The elevated dFe concentrations in late summer subsequently decreased to approximately
1 mg L−1 towards October. The possible reason for this would be the decline of groundwater level in
soils of the active layer in September when there was little heavy rainfall. Soil conditions probably
changed to oxidative during this rainless season, and most of the produced Fe(II) in soil pore waters
should have been oxidized to insoluble Fe oxyhydroxides by incoming oxygen and/or iron-oxidizing
bacteria [54,55]. It was reported that reducible Fe oxyhydrox-ides exist in abundance in soils where
oxidizing and reducing conditions are repeated [28,56], and the newly formed Fe oxyhydroxides will
be reduced again by iron-reducing bacteria when reducing conditions are developed.

4.3. Seasonal Changes in dFe Discharge Mechanism Associated with Downward Shift of Flow Path after
Snowmelt Season

After snowmelt season, groundwater table most likely declined as frozen ground thawed
downward with rising air temperature. With this hydrological change from spring to summer, both dFe
and DOC concentrations in the Sofron River and the large rivers decreased (Figure 4a,b). This agrees
with the decline in dFe concentration in surface soil pore waters after snowmelt season (Figure 6).
In addition, because the riverine dFe/DOC ratio also decreased in this period (Figure 4c), the decreases
in dFe concentrations in the rivers after snowmelt season probably implies the decrease in discharge
of organically complexed iron from the peat soil layer with the downward shift of flow path. This is
supported by previous studies reporting that the discharge of DOC derived from humic substances
decreased from spring to summer in the boreal region [57–59].

In the Sofron River, increases in dFe and DOC concentrations were observed in response to rising
water levels due to heavy rainfall in late July and late September (Figure 3a,b). The elevated DOC
concentrations were as high as those during snowmelt season, but the degree of these increases in
dFe concentrations was less. Although storm events often increase dFe discharge from the upper
organic-rich soil in boreal region [60], this result emphasizes the importance of snowmelt flooding
to terrestrial dFe transport. The most likely explanation for the smaller increases in riverine dFe
concentration due to heavy rainfall compared to snowmelt season is short period of waterlogged
conditions in surface soils. It was reported that a high water level after heavy rainfall (~10 mm) lasts for
only 1–2 days in permafrost peatland [61], whereas the waterlogged conditions due to snowmelt lasted
for at least two weeks in this study. It is therefore suggested that summer rainfall causes the flushing
of dFe into river, but, unlike the snowmelt season, it does not contribute to the develop of reducing
conditions in surface peat soils. As mentioned in Section 4.2, the summer heavy rainfall probably
contributed to the large amount of dFe production in subsurface soil pore waters in late summer
(Figure 7), but, nevertheless, dFe concentration in the Sofron River hardly increased (Figure 3a).
This finding is consistent with that of Street et al. [53], i.e., deep soil methane concentration in the
active layer increased over time through the season but did not appear to influence stream methane
concentration. Possible interpretation for the luck of increase in dFe concentration in the Sofron river
in late summer would be a low discharge rate of subsurface soils. According to Quinton et al. [62],
the hydraulic conductivity of peat soils below 20 cm depth is approximately less than one tenth of
surface peat soils; therefore, even though a large amount of dFe is produced in subsurface soil pore
waters, there might be little immediate influence on riverine dFe concentration.

Seasonal changes in dFe and DOC concentrations in the large rivers showed similar patterns
to those in the Sofron River throughout the year; DOC variations in particular were exact matches
(Figure 4a,b). In addition to snowmelt season, DOC and dFe concentrations in the large rivers during
rainfall were also consistent with the elevated concentrations of both in the Sofron River. It is therefore
suggested that small watershed with permafrost wetlands Mari like the Sofron River greatly contribute
to terrestrial transport of DOC and dFe to the large rivers throughout the year, especially during
snowmelt season as well as during the rainy season.

Interestingly, however, dFe concentration and dFe/DOC ratio in the large rivers after September,
when there was less rainfall, were higher than those in the Sofron River (Figure 1a,c). The reason

139



Water 2020, 12, 2579

for this remains unclear, but likely explanation is the inflow of mineral-rich deep groundwater into
overlying river through unfrozen ground (taliks) that commonly lies underneath the large rivers [33,63].
As river discharge decreases in rainless September, the contribution of such groundwater to river
water might increase, which could explain the high dFe concentrations and the increases in dFe/DOC
ratio in the large rivers in this period. dFe flowing into river in this way is believed to be Fe-bearing
organic colloids produced in the hyporheic zone, where Fe(II)-rich groundwater and organic-rich river
water are mixed [64,65]. It is therefore suggested that, for small rivers like the Sofron River, such deep
ground water may not be important to chemical composition because of no talik. More studies are
needed about why dFe concentrations in the large rivers are higher than those in the small river after
September because it may be an important mechanism to support terrestrial dFe transport even in
rainless periods when dFe concentrations in small rivers are low.

5. Conclusions

In this study, we observed dFe and DOC concentrations in rivers as well as dFe concentration in
the soil pore waters during the water active period (from May to October) to understand the spatial and
seasonal iron behavior on the watershed scale. To our knowledge, this study is the first to investigate
the seasonal changes in dFe concentration in both river and soil pore water. The results highlight the
following conclusions:

• In snowmelt season, high dFe production occur in the waterlogged surface soils, which leads to the
largest terrestrial dFe transport in the year.

• Summer rainfall not only increases in dFe and DOC concentrations in river but probably has the
effect of promoting dFe production in subsurface soils of permafrost wetlands in valley area.

• Overall, permafrost wetlands in valley areas are important environment in which dFe production
occurs in response to seasonal hydrological events (spring snowmelt and summer rainfall) and soil
thaw depth, and play a significant role in supplying dFe and DOC to rivers.
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Abstract: Thermokarst lakes and ponds formed due to thawing of frozen peat in high-latitude
lowlands are very dynamic and environmentally important aquatic systems that play a key role in
controlling C emission to atmosphere and organic carbon (OC), nutrient, and metal lateral export to
rivers and streams. However, despite the importance of thermokarst lakes in assessing biogeochemical
functioning of permafrost peatlands in response to climate warming and permafrost thaw, spatial
(lake size, permafrost zone) and temporal (seasonal) variations in thermokarst lake hydrochemistry
remain very poorly studied. Here, we used unprecedented spatial coverage (isolated, sporadic,
discontinuous, and continuous permafrost zone of the western Siberia Lowland) of 67 lakes ranging
in size from 102 to 105 m2 for sampling during three main hydrological periods of the year: spring
flood, summer baseflow, and autumn time before ice-on. We demonstrate a systematic, all-season
decrease in the concentration of dissolved OC (DOC) and an increase in SO4, N-NO3, and some
metal (Mn, Co, Cu, Mo, Sr, U, Sb) concentration with an increase in lake surface area, depending
on the type of the permafrost zone. These features are interpreted as a combination of (i) OC and
organically bound metal leaching from peat at the lake shore, via abrasion and delivery of these
compounds by suprapermafrost flow, and (ii) deep groundwater feeding of large lakes (especially
visible in the continuous permafrost zone). Analyses of lake water chemical composition across the
permafrost gradient allowed a first-order empirical prediction of lake hydrochemical changes in the
case of climate warming and permafrost thaw, employing a substituting space for time scenario.
The permafrost boundary shift northward may decrease the concentrations and pools of dissolved
inorganic carbon (DIC), Li, B, Mg, K, Ca, Sr, Ba, Ni, Cu, As, Rb, Mo, Sr, Y, Zr, rare Earth elements
(REEs), Th, and U by a factor of 2–5 in the continuous permafrost zone, but increase the concentrations
of CH4, DOC, NH4, Cd, Sb, and Pb by a factor of 2–3. In contrast, the shift of the sporadic to isolated
zone may produce a 2–5-fold decrease in CH4, DOC, NH4, Al, P, Ti, Cr, Ni, Ga, Zr, Nb, Cs, REEs, Hf,
Th, and U. The exact magnitude of this response will, however, be strongly seasonally dependent,
with the largest effects observable during baseflow seasons.

Keywords: permafrost; lake; trace metals; carbon; season; thermokarst; Western Siberia

1. Introduction

The impact of ongoing climate change on the functioning of aquatic ecosystems and biogeochemical
cycles of chemical elements poses the main environmental threat in the arctic and subarctic regions [1].
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Western Siberia is a key region and the most convenient platform to study the fundamental issues
of climate–permafrost interaction, examine the applied aspects of these changes, and assess their
possible social impacts [2–4]. Thawing of frozen peatlands under increasing air and water temperature
and greenhouse gas (GHG) concentrations are the most crucial issues related to behavior of aquatic
ecosystems in the north of Western Siberia, the largest permafrost peatland in the world.

The permafrost-affected part of the West Siberian Lowland (WSL) covers an area of
1.05 million km2 [5]. The majority of lakes here are of thermokarst origin, formed during thawing
of frozen peat bogs, similar to other arctic and subarctic regions of the northern hemisphere.
The lake coverage of the lowland can attain 40–60% in some areas. Recent estimates obtained
using high-resolution satellite imagery show that the total area of the lakes amounts to 61,900 km2 [5],
while the total number of thermokarst lakes of the WSL permafrost zone is 727,700 [6]. Thermokarst
lakes in Western Siberia are the key components of GHG exchange between surface waters and the
atmosphere [7]. Such lakes represent highly dynamic water systems [8–11], which are substantially
fed by atmospheric precipitation [12,13]. Thermokarst lakes, as the most common water bodies in the
arctic and subarctic regions, are also the main pools [14,15] and sources [16] of dissolved metals and
dissolved organic carbon (DOC), and they play a crucial role for the adjacent hydrological network
during flooding or drainage [17,18]. The surface of frozen peat bogs in the north of Western Siberia is
smooth and flat; therefore, the water surface area of lakes is almost equal to the catchment area [13].
Most of the chemical elements and DOC enter the lakes during coastal abrasion of the reactive frozen
peat [13,18,19], via surface runoff in the snowmelt period [12], via atmospheric transport [20], and after
ground fires [21].

In high-latitude peatlands, thermokarst (thaw) lakes are formed due to ice melting and soil
subsidence in frozen wetlands as a result of thermokarst processes [22–31]. Former studies of the
history of thermokarst lakes revealed a cyclic nature of their formation and development [3,18,32–35],
although these cycles are not observed in all circumpolar regions (i.e., References [25,36–39]). In the
WSL, the cycle starts when frozen peat subsides due to warming, and a depression filled by thaw water
is formed in the moss/lichen cover [3,18]. After some time, the depression attains the size of a lake
due to ongoing subsidence of peat soil and degradation of its unstable edges. A mature thermokarst
lake can eventually drain into another lake or into a hydrological system (local streams and rivers).
The bottom of the drained lake is covered with gramineae-like plant communities alternated with
mosses and lichens. The soil gradually heaves due to renewed permafrost, and small isolated mounds
form and merge into a flat uniform palsa plateau. Another wet depression at the former basin of the
thermokarst lake can start a new cycle. In this regard, the size of the water body can be indicative of
the lake maturity, with small actively growing thaw ponds being a few years to a few decades old, and
large, mature lakes with stable borders persisting for centuries (i.e., Reference [28]).

Thermokarst lakes in Western Siberia feature shallow depth (0.5–1.5 m), complete freezing in
winter [40], and strong contact of thick sediments with overlaying water column via exchange of
gases and solutes between porewaters and the water column [7,32]. Due to their shallow depth and
unshaded (from the wind) position, the lakes lack vertical stratification in the water temperature,
O2, and dissolved elements. Moreover, thermokarst lakes are typically isolated and not connected to
hydrological networks. The watershed area of thermokarst lakes is typically very small, and it rarely
exceeds the open water surface area. As a result, two main sources of solutes to the lake are peat
abrasion/vegetation litter degradation on the lake shore, and subsoil inflow of the suprapermafrost
ground waters above the frozen peat at the depth of 100 to 40 cm, depending on the active layer
thickness (ALT). During the open water period from May/June to October, this suprapermafrost water
originates from the rain/snowmelt water penetrating through moss and lichen layer and thawed peat
ice, following progressively increasing ALT.

Thermokarst lakes in Western Siberia were studied primarily in summer [13,18,19,32,41–44], and
the seasonal dynamics of the elemental composition was studied fragmentarily in one selected site of
discontinuous permafrost zone [40]. As such, the seasonal dynamics of the elemental composition of
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lake water should be studied over a more extensive latitudinal transect of Western Siberia, encompassing
several permafrost zones. By analogy with lakes of permafrost peatlands in Canada [12,26] or northern
Sweden [45,46], one may expect that the hydrochemical pattern of lake water in WSL will follow the
main hydrological events during the “active” (unfrozen) period of the year [47]: dilution by snowmelt
in spring, evaporation and autochthonous biological processes in summer when the lake is fed by
suprapermafrost waters, and beginning of freezing and sediment–bottom water exchange in autumn.
However, it is not clear how and to which extent these processes will affect lake water chemical
composition across small depressions, thaw ponds, and large thermokarst lakes abundant in different
permafrost zones.

Ongoing climate warming in the Arctic can affect natural zones and cause spread of permafrost
northward [48–50]. To predict changes in the elemental composition of surface waters [13,16,51,52], it
is necessary to study the latitudinal gradient of the concentration of C, nutrients, and trace elements in
water bodies. Generally, a latitudinal gradient allows using a “substituting space for time” approach
as tested in Western Siberia for rivers [53–55], when contemporary spatial phenomena can be used to
model future events (i.e., Reference [56]).

This work is aimed at getting new insights into the processes of formation of the lake water
elemental composition across four permafrost zones of Western Siberia (from isolated to continuous
permafrost zone), assessing a within-year variability of lake hydrochemistry, and predicting the
evolution of elemental composition under ongoing climate change. For this, we addressed the
following questions: (1) What are the relationships between element concentration and water surface
area in different permafrost zones?; (2) How do the concentration and stock of DOC, DIC, nutrients,
and trace elements in lake waters respond to the change in the main hydrological seasons?; (3) How
do the concentrations and stocks of DOC, nutrients, and trace elements in thermokarst lakes change
throughout the latitudinal profile of Western Siberia, and how may the elemental composition of the
lake water respond to ALT increase and the permafrost boundary shift?

To shed light on these issues, we performed thorough seasonal measurements across all permafrost
zones of the WSL in 2016. We studied major components of the C biogeochemical cycle in high-latitude
water bodies—dissolved organic and inorganic carbon. Furthermore, we measured the concentrations
and discussed the behavior of major anions (Cl, SO4), cations (Na, Mg, Ca, K), macro- (N, P, Si) and
micro-nutrients (B, Mn, Fe, Co, Ni Cu, Zn, Rb, Mo, Ba), toxicants (As, Cd, Sb, Pb), and geochemical
tracers (Li, Al, Ti, Cr, Ga, Sr, Y, rare Earth elements (REEs), Zr, Cs, Nb, Hf, Th, and U). As such, we
covered all individual solutes of both ecological and general geochemical significance in the dissolved
(<0.45 μm) fraction of the lake water. This set of data is novel compared to previous assessment of
WSL thermokarst lake chemical composition performed in summer 2016 in the northern part of the
lowland [13] and over four hydrological seasons in 2014 on a limited number of lakes in the sporadic
permafrost zone [40].

2. Study Site Description, Sampling, Analytical and Statistical Methods

2.1. Study Site Description

The West Siberian lowland is covered by homogeneous taiga, forest–tundra, and tundra landscapes.
The thermokarst lakes are developed in sporadic, discontinuous, and continuous permafrost zones,
whereas raised bogs and ridge–pool complexes occur in isolated and sporadic permafrost zones [57].
The thermokarst lakes of Western Siberia are formed due to thawing and subsidences of frozen
peatlands. The general cycles of their development are described elsewhere [2,3,32]. In the studied
territory, the thermokarst lakes are shallow, isometric water bodies with sharp, rather abrupt shorelines.
The mature thermokarst lake has stable frozen shores and it occupies clearly distinguishable depression
in frozen peatlands. The height of the lake border can achieve 1.5 m which is comparable with the
height of frozen mounds in the surrounding palsa peatbogs. The change of hydrological seasons leads
to the change in lake depth due to evaporation and atmospheric input.

147



Water 2020, 12, 1830

Lake water was sampled along the permafrost transect of Western Siberia, which includes four
permafrost zones with four key sites in these zones: the southern site in the environs of the Kogalym
town, taiga biome of the isolated permafrost zone; the environs of the Khanymey village, northern
taiga biome of the sporadic permafrost zone; the environs of the Urengoy town, forest–tundra biome of
the discontinuous permafrost zone; and most northern key site in the environs of the Tazovsky town,
tundra biome of the continuous permafrost zone (Figure 1). In the description of the results obtained,
the key study sites are referred to in accordance with the permafrost zones. The four key study sites are
located essentially on watershed divides within the catchments of the Ob, Nadym, Pur, and Taz rivers.
The average annual temperatures in these four territories are −4.0, −5.6, −6.4, and −9.1 ◦C when going
from south to north [58]. During summer sampling, the average thickness of the active layer ranged
from 200–300 cm in the south to 65 cm in the north [50]. A more detailed description of the study sites
is provided elsewhere [7,13,49,50,59,60].

Figure 1. Map of the study area in the Western Siberia Lowland (WSL), Russia. Color shading represents
different permafrost zones of the WSL according to ref. [61]. Red squares indicate the studied sites.
Panels (A), (B), (C1,C2), and (D1,D2) refer to the sites in the continuous, discontinuous, sporadic, and
isolated permafrost zones, respectively. The inserts (A,B,C1,C2,D1,D2) are from Google Maps®.

In the latitudinal transect of Western Siberia, we studied 67 lakes during three main hydrological
seasons—melting of lake ice cover in spring, base flow in summer, and at the beginning of lake
freeze-up in autumn. Specifically, we worked in 2016 at the ice-off event (20 May–13 June 2016), in the
middle of the summer (8–24 August 2016), and just before lakes were ice-covered (25 September–8
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October 2016). The sampling was performed in all four permafrost zones and included 18, 17, 16, and
16 lakes in the isolated, sporadic, discontinuous, and continuous permafrost zones, respectively.

The studied lakes are mostly rounded flat-concave shallow basins [7,13,62]. All the lakes have
small catchments, with a watershed area almost similar to the area of the lake. The size of the lakes
varies from several hundred meters to 1 km2 across all the permafrost zones. The studied lakes are
characterized by shallow depth that varies significantly in different seasons since the main source
of water supply for lakes is atmospheric precipitation and spring snowmelt [12,19,40], and parts of
the small water bodies dry out in summer. The depth of the studied lakes in spring, during active
snowmelt and abundant precipitation, was 122± 35 cm for the isolated zone, 50± 20 cm for the sporadic
zone, 81 ± 37 cm for the discontinuous zone, and 140 ± 87 cm for the continuous permafrost zone.
In summer, the depth of the studied lakes was observed to significantly decrease from the isolated to
continuous zone and amounted to 90 ± 35, 36 ± 25, 45 ± 27, and 125 ± 77 cm, respectively. During
autumn ice-on period and heavy rains, the depth of the lakes insignificantly increased, which was
especially characteristic of sporadic and discontinuous zones (Figure S1A, Supplementary Materials).

The average temperature of lake water in the four key study sites ranged from 9.3 to 19.3 ◦C in
the spring, 17 to 21.4 ◦C in the summer, and 3 to 8.1 ◦C in the autumn (Figure S1B, Supplementary
Materials). There was no sizable temperature stratification between the most surface (0–20 cm) and
most deep (0–10 m above sediments) water layers. All the lakes studied are characterized by high
oxygen content, especially in the autumn (Figure S1C, Supplementary Materials). In order to obtain
comparable results for the same season across full permafrost gradient, in spring, we moved from the
south to the north, progressively sampling the lakes, following the northward advancement of the
snowmelt. In summer and autumn, we moved from the north to the south. Note that, for seasonal
observations, ultra-small water bodies (<100 m2), which often dry out in the summer, were excluded
from sampling.

2.2. Sampling and Analyses

Water samples were collected from the lake surface (15–20 cm) using sterile plastic syringes and
vinyl gloves. The lake water was filtered in situ immediately after sampling through disposable
MILLEX Filter units (0.45 μm). The first 20–50 mL of the filtrate was not analyzed. To determine
nutrients, samples (50 mL) of water filtered through pre-combusted acid-washed 0.45-μm Whatman
GF/F glass fiber filters at 550 ◦C for 4 h (Thermo Fisher Scientific, Waltham, MA, USA) were immediately
frozen for subsequent analysis of N-NH4

+, N-NO3
−, and P-PO4

3−.
The filtered samples of lake water were divided into two parts, each of which was placed in a

polypropylene vial (12 and 30 mL) pre-washed in a clean room (class A 10,000). One vial was acidified
with bidistilled nitric acid to pH = 2 for cation analysis, and the other one was not acidified to analyze
DOC, DIC, major anions (Cl, SO4), and ultraviolet (UV) absorbance. Prior to the analysis, the samples
were stored in a refrigerator at 4 ◦C. At each sampling site, the temperature, pH, specific conductivity
(SC), and dissolved oxygen (O2) were measured using a WTW Multi 3430 meter. The lake depth was
measured using an echo-sonder (Cole-Parmer) at five points and represented as the median of a set of
five numbers.

The nutrient concentration was analyzed using an automated flow injection analyzer (FIA
star 5000, FOSS, Denmark) with detection limits of 1 μM·L−1 for N-NH4, 0.5 μM·L−1 for N-NO3,
and 0.5 μM·L−1 for P-PO4. The CO2 and CH4 concentrations were measured by gas chromatography
(see References [44,50] for details). The concentration of DOC, DIC, Cl, SO4, Si, major cations, and trace
elements was measured by standard methods used for boreal organic-rich and low-mineralized water
samples [18,43,63] as briefly described below. Trace elements were measured by inductively coupled
plasma mass spectrometry using an ICP-MS quadrupole (Agilent Technologies 7500 ce, Santa Clara, CA,
USA), with an In + Re internal standard and an uncertainty of ±5%. International geo-standard SLRS-5
(river water reference material for trace element analysis certified by the National Research Council of
Canada) was used to validate the analyses [64]. The agreement of the results with certified SLRS-5
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values ranged from 10% to 15% for 40 elements, except for B and P (≤30%). Non acidified samples
were used for the following types of analysis: (1) measurement of DOC concentration by complete
combustion at 800 ◦C using a platinum catalyst with subsequent determination of CO2 by infrared
spectroscopy (TOC-VCSN, Shimadzu, Kyoto, Japan), with an accuracy of 5%, and a detection limit of
0.1 mg·L−1; (2) determination of chlorides and sulfates by high-performance liquid chromatography
in the range of 0.05–10 mg·L−1 (Dionex ICS-2000, San Jose, CA, USA), with an accuracy of 2%, and a
detection limit of 0.02 mg·L−1; (3) determination of ultraviolet radiation absorption at 254 nm using
a Varian CARY-50 UV–visible light (Vis) spectrophotometer (Agilent Technologies, Santa Clara, CA,
USA) and 10-mm quartz cuvette.

2.3. Statistical Treatment

The data on element concentrations were, firstly, checked for normal distribution using the
Shapiro–Wilk test. Nonparametric statistics methods were employed even if a part of the data used in
statistical processing was normally distributed and another part was distributed abnormally. The values
of the median and interquartile range (median ± IQR) were used to describe the uncertainty due to a
large number of extrema and outliers in the datasets and abnormally distributed data. For comparison,
we also present the average values and standard deviation (mean ± SD) (Table A1, Appendix A).
A correlation analysis with the calculated Spearman’s correlation coefficient (Rs) (p < 0.05) was used
to identify the relationship between the elemental composition of lake waters and the water surface
area, and to identify the shape of latitudinal patterns of chemical elements. The non-parametric
Kruskal–Wallis test (H-test), which determines whether three or more independent samples originate
from the same median population, was used to estimate the total difference in the concentration of
major and trace elements between four sampling sites during three hydrological seasons. In this
regard, this method is similar to the parametric one-way analysis of variance (ANOVA). In addition,
a paired comparison analysis was performed using the non-parametric Mann–Whitney test (U-test)
to identify statistically significant differences between two independent datasets based on one given
parameter. Further statistical treatment of a complete set of element concentration in thermokarst lake
waters included hierarchical cluster analysis (HCA) and principal components analysis (PCA) using a
variance estimation method [65]. The PCA allowed testing the effect of various parameters, latitude
and hydrological seasons in particular, on the behavior of DOC and the concentration of chemical
elements. All graphs and drawings were plotted using Microsoft Excel 2016 and STATISTICA version
8 software package (StatSoft Inc., Tulsa, OK, USA) (http://www.statsoft.com).

3. Results and Discussion

3.1. Dependence of the Concentration of DOC, DIC, Anions, and Trace Elements on the Water Body Size

It is known that the main sources of chemical elements in thermokarst lakes in the north of Western
Siberia are coastal abrasion of peat strata of frozen peat bogs (via leaching processes) and lateral
soil (suprapermafrost) flow from the lake watershed [18,42,49,50]. As a result, the concentration of
dissolved chemical elements, DOC, CO2, and CH4 strongly depends on lake surface area [13,19,40,42],
as it is also known in various regions of the northern hemisphere [66,67].

The Spearman’s rank correlation coefficient (p < 0.05) was used to reveal the relationship between
the concentration of chemical elements in different seasons and the water surface area for each study
area. Correlation analysis data are presented in Table S1A (Supplementary Materials), which lists
the elements that exhibit statistically significant values of the correlation coefficient during three
hydrological seasons (spring–summer–autumn).

3.1.1. Isolated Permafrost Zone

In the isolated permafrost zone, the DOC concentration decreased (Rs spring = −0.72,
Rs summer = −0.79, and Rs autumn = −0.76, p < 0.05) in all three hydrological seasons as the water surface
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area increased (Figure 2A), which can be due to progressive decrease of allochthonous DOC supply from
the surrounding peat [18] upon lake surface area (Sarea) increase due to lake maturation. It is known
that, when the lake surface area increases, the impact of peat (coastal abrasion) decreases [19]. This
is accompanied by a replacement of allochthonous by autochthonous DOC [68,69]. A statistically
significant increase in the SO4 concentration in lake water with the increase in Sarea (Figure 2B) during
all three seasons (0.76 ≤ Rs ≤ 0.83, p < 0.05) can be attributed to an increased effect of the groundwater
and to diffusion of sulfate from sediment porewater, where it accumulates, due to autochthonous
organic matter (OM) [32], to the water column. These effects become more pronounced in the course of
lake maturation, leading to elevated SO4 concentrations in the largest lakes.

Figure 2. Dependence of the concentration of dissolved organic carbon (DOC) (A) and SO4 (B) in lake
waters of the isolated permafrost zone on the water surface area (Kogalym).

The Mann–Whitney U-test (p < 0.05) did not show a statistically significant difference between
two size classes (<10,000 m2 and >10,000 m2) for lakes in the isolated permafrost zone. In the spring,
when the Sarea increased due to lateral input of snowmelt water, a statistically significant increase in
concentration with Sarea could be observed for Cl, N-NO3, B, K, Co, Rb, and Cs (0.51 ≤ Rs ≤ 0.66). In the
summer base flow period, the concentrations of Li (Rs = −0.63), Cr (Rs = −0.5), Zn (Rs = −0.55), and Ga
(Rs = −0.47) decreased with Sarea increase and the concentrations of Sb (Rs = 0.49) and Cs (Rs = 0.62)
increased. In autumn, at the beginning of freeze up, the SC (Rs = −0.54), Li (Rs = −0.78), B (Rs = −0.49),
and Cr (Rs = −0.54) showed a negative correlation with Sarea, whereas a positive correlation was
observed for Rb (Rs = 0.53), Cd (Rs = 0.61), and Sb (Rs = 0.62). The other solutes did not demonstrate
any sizable effect of lake area on their concentrations.

3.1.2. Sporadic Permafrost Zone

As described previously, the lakes of the sporadic permafrost zone exhibit strong dynamics
of changes in the elemental composition of water depending on the lake surface area [19,40,42,60].
However, in this study, we could not track strong dynamics between these indicators during all
hydrological seasons, probably due to a small number of studied lakes and the lack of ultra-small
water bodies. Only lakes with Sarea > 150–200 m2, which do not dry out in summer, were used to study
spatial and seasonal dynamics.

Statistically significant decreases in concentrations with Sarea increase in all three seasons were
found only for SC (Rs spring = −0.54, Rs summer = −0.65, and Rs autumn = −0.71, p < 0.05) and DOC
(Rs spring = −0.79, Rs summer = −0.51, and Rs autumn = −0.51, p < 0.05) (Figure 3A). The mechanisms
responsible for elevated DOC values in small size lakes are peat abrasion and enhanced suprapermafrost
water input, with limited processing of allochthonous DOC due to its stability with respect to bio-
and photo-degradation (i.e., Reference [70]). Typically, young thermokarst thaw ponds are marked
by the presence of organic matter from the degrading permafrost [69]. Another element exhibiting
systematic change of concentration over all seasons is nitrite. The N-NO3 concentration increased with
Sarea (Rs spring = 0.9, Rs summer = 0.73, and Rs autumn = 0.9, p < 0.05, Figure 3B), which can be indicative
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of nitrate diffusion from lake sediments, where it is produced due to enhanced input of allochthonous
OM from decaying phytoplankton, which is typical for large lakes.

Figure 3. Dependence of the concentration of DOC (A) and N-NO3 (B) in lake waters of the sporadic
permafrost zone on the water surface area (Khanymey).

In the spring period of increased water volumes in lakes and breakup of ice, when the lake water
surface area increases, an increase in the concentration of Cl, SO4, specific ultraviolet absorbance
(SUVA245), N-NH4, K, V, Rb, and Mo was found to be statistically significant (0.50 ≤ Rs ≤ 0.84, p < 0.05).
Only Cd exhibited a decrease in concentration with an increase in Sarea (Rs = 0.52, p < 0.05). The autumn
was characterized by an increase in SO4, SUVA245, P-PO4, Ptot, Ti, V, Mo, Cs, rare earth elements (REEs),
and Th concentration with an increase in Sarea (0.51 ≤ Rs ≤ 0.71, p < 0.05). In the summer low water
period, the concentration of nutrients (K, Rb), Y, Zr, Hf, and REEs increased significantly (Rs = from
0.51 to 0.71). The behavior of these lithogenic elements, likely originated from alumosilicate dissolution
in mineral soil and subsoil horizons, may mark significant influence of groundwater on the formation
of the elemental composition of lake water. This can be highly sensitive to a change in geocryological
conditions due climate warming and the shift of permafrost zones to the north (see Section 3.6 below).

3.1.3. Discontinuous Permafrost Zone

In the discontinuous permafrost zone in spring, most chemical elements exhibited statistically
significant differences between the two distinguished lake size classes (<10,000 m2 and >10,000 m2).
The concentration of both lithogenic (Al, Si, Ti, trivalent and tetravalent hydrolysates) and some labile
elements (Li, Na, Mg, Ca, Sr, As, Mo, U) increased with an increase in Sarea, which can be explained
by active lateral input during snowmelt and ice abrasion of the peat shoreline. Therefore, for these
elements, the ratio of the lake circumference to lake volume is not a driver of their concentrations,
similar to the case for sporadic/discontinuous permafrost zone [40,42]. Presumably, the main factor
controlling the increase in concentration of these elements is snowmelt and leaching of trace elements
(TE) from the vegetation of frozen peat bogs followed by their lateral transfer to lakes.

At the same time, the pH and concentration of Li, Mn, and Co significantly increased with Sarea

during all three seasons (p < 0.05, Figure 4). Here, both mobilization from groundwater (Li) or lake
sediments, due to redox reactions (Mn, Co; see Reference [32]) in large lakes, may be the governing
factor of element increase during the baseflow period.
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Figure 4. Dependence of the concentration of pH (A), Li (B), Mn (C), and Co (D) in lake waters of the
discontinuous permafrost zone on the water surface area (Urengoy).

3.1.4. Continuous Permafrost Zone

The lakes in the continuous permafrost zone neither show a statistically significant difference
between the size classes nor a distinct dependence of the concentration of chemical elements on the
water surface area. Presumably, the presence of thawed mineral horizon [71] interferes with peat as
the main source of chemical elements entering the thermokarst lake water, and this distinguishes
the continuous permafrost zone from southern regions. In summer, a number of labile, presumably
seawater-originated elements exhibited an increase in concentrations with increased Sarea: pH, Ca,
Sr, Cu, Sb, Mo, U (Figure 5). The mineral horizons here are formerly marine clays represented by
diatomites with illite and montmorillonite with some chlorite and allophanes (see Reference [51] for soil
profile and references therein). These clays may contain a sizable amount of labile elements originated
from seawater via adsorption during diagenesis (Ca, Sr, Mo, Sb, U). The high affinity of these elements
to clay minerals such as smectite, chlorite and montmorillonite is fairly well known [72,73]. Therefore,
we hypothesize that large thermokarst lakes of continuous permafrost zone are capable of eroding the
peat underlying mineral horizons, and, after some threshold Sarea (around 50,000 km2, see Figure 5),
the exposed mineral layers on the lake bottom start to release a sizable amount of labile elements to the
water column.

Considering all permafrost zones together, it was found that there was an increase in pH, DIC,
alkali and alkaline-earth metals (Li, Mg, K, Ca, and Sr), divalent heavy metals (Co, Ni and Cu), trivalent
and tetravalent hydrolysates (Y, Zr, REEs, and Th), Mo, As, and U with lake surface area. The increase
in labile soluble elements (alkali and alkaline-earth metals, Mo, As, and U) in the southern, sporadic to
discontinuous permafrost zone can be interpreted as due to the input of deep underground waters
which contact with carbonate rocks and penetrate into large lakes via taliks or subsurface flow. In the
continuous permafrost zone, this increase may be due to a desorption of soluble elements from marine
clay mineral surfaces (illite, montmorillonite) exposed at the bottom of large lakes. The increase in
concentration of insoluble trivalent and tetravalent hydrolysates with Sarea is pronounced mostly
during baseflow period and likely stems from silicate-bearing rocks such as clays, whose dissolution
in deeper soil horizons provide tri- and tetravalent hydrolysates (TE3+ and TE4+) to the lake water.
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These elements are then stabilized in solution via organic and organo-ferric colloids. In contrast,
concentrations of DOC and Pb decreased with Sarea (Table S1B, Supplementary Materials), which
reflects their dominant origin from peat, abrading at the lake shores. Subsequent delivery of these
elements to the lake water column occurs via suprapermafrost flow over frozen organic horizons.
These factors are mostly pronounced in small thaw ponds, having a high ratio of lake circumference
(and lake watershed area) to the water volume.

Figure 5. Dependence of pH and element concentration in lake waters of continuous permafrost zone
on the water surface area (Tazovsky): pH (A), Ca (B), Cu (C), Mo (D), Sr (E), Sb (F), and U (G).
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3.2. Impact of Hydrological Season on the Concentration of DOC, DIC, Anions, and Trace Elements in
Thermokarst Lake Water

Mean and median concentrations of lake water components measured in the WSL territory for
each season are listed in Table A1 (Appendix A). Statistical analysis of the difference in concentrations of
chemical elements among different hydrological season was performed for each of the four permafrost
zones. For comparison, we used the non-parametric Mann–Whitney test (U-test) for unrelated samples.
The correlation was based on a statistically significant difference between the seasons (p < 0.05).
Table S2 (Supplementary Materials) shows the relationships where at least one value (compared pair)
was statistically significant. During the analysis, the size classes of lakes were not divided due to the
absence of very small and very large water bodies in the sample set. Following a previously developed
approach, we considered a more than two-fold change in the concentration between the dataset to be
significant [40].

There was a progressive increase in the concentration of Mg, Li, B, Al, and Ca from spring to
autumn (an increase of 1.5–2-fold or more) in lakes located in the isolated permafrost zone (Figure 6A).
Compared to spring season, significantly higher (50–120%) concentrations were observed in summer
and slightly higher (10–40%) concentrations were observed in the autumn. The concentrations of
DIC, Cl, Si, Cr, V, and Hf were the highest in the spring and autumn periods of heavy rains, and they
decreased sharply in the summer during low water period. A particularly noticeable increase in their
concentration could be observed in the autumn. The concentration of DOC, SO4, Fe, Mn, Pb, Na, Cd,
Cu, Rb, K, Ti, Mo, Ba, Ni, Zr, Cs, Sr, Co, Sb, Nb, Th, U, and most REEs did not show a statistically
significant (p < 0.05) difference between seasons.

Thermokarst lakes located in the sporadic permafrost zone showed a 0.5–3-fold increase (p < 0.05)
in the concentration of SUVA245, DOC, Ptot, Fe, Sb, As, U, Ba, Zr, Sr, Cu, and Th and a 3–5-fold increase
in the concentration of Mn, Al, Cd, Co, Ni, Ti, Cr, Li, Nb, and REEs in the summer relative to the spring
(Figure 6B). The most pronounced increase was observed for Ca (6.3) and B (6.8). No statistically
significant difference in concentrations between summer and autumn was observed.

Seasonal variations in the elemental composition of lake waters in the discontinuous permafrost
zone are similar to those in the sporadic zone (Figure 6C). A sharp increase in the concentration of most
of the studied elements was observed from spring to summer. Furthermore, a progressive increase in
the concentration from spring to autumn (2–5-fold increase) was characteristic of DOC, Al, Ca, B, Cu,
Li, Cr, Pb, Nb, Sr, Hf, Th, and some REEs (Y, Ce, Pr, Sm, Eu, Gd, Tb, Dy, Ho, Er, Yb, and Lu). The SUVA
and concentration of Ptot, Mn, Cd, As, Ni, and Co increased sharply in summer and slightly decreased
in autumn. Significant accumulation of Si (five-fold), Zn, Rb, and SO4 (1.5–2-fold) in thermokarst
lake waters occurred in spring and autumn. This may indicate the inflow of these elements from
plant litter which is flooded during snowmelt and heavy rains. Accumulation of SO4, especially in
spring (a two-fold decrease in summer concentration), may indicate diffusive transport of sulfates
from bottom sediments. The concentration of DIC, Cl, Fe, Na, K, Mg, Sb, Ti, Cs, Zr, V, U, Ba, and Mo
remained stable over all three hydrological seasons.

A statistical analysis of the elemental composition of lakes located in the continuous permafrost
zone, where most of chemical elements originate from thawed mineral horizon, showed a 1.5–3-fold
gradual increase in the concentration of DOC, Cl, Al, Cu, Ti, Cr, Th, U, Li, Ni, Na, Si, Sr, Hf, Zr, Y,
and REEs from spring to summer and autumn (Figure 6D). Lower concentrations of Fe, Mn, Cd, V,
K, Rb, and Nb in summer relative to spring, when the water level in thermokarst lakes in this zone
is minimal, may indicate a preferential lateral inflow of these elements into lake waters with surface
runoff, which is mostly pronounced in the spring. This surface inflow is replaced by a subsurface
(supra-permafrost) flow in the summer. The decomposition of aquatic vegetation and precipitation
can represent additional sources of Zn and B, which show a eight- and 12-fold increase in summer
and a four- and two-fold decrease in the autumn relative to the spring, respectively. The elevated
concentrations of K, Rb, and Si during autumn compared to summer may indicate (i) ceasing of these
nutrient uptake by macrophytes, planktonic, and periphytic diatoms, and (ii) degradation and release
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of autochthonous freshly produced organic matter. These effects (at least for Si) are also visible in the
discontinuous and isolated permafrost zones.

Figure 6. The ratio of concentrations of chemical elements between different hydrological seasons
(summer/spring and autumn/summer): isolated (A), sporadic (B), discontinuous (C), and continuous
(D) permafrost zones. The diagrams show elements with statistically significant differences recorded
for at least one compared pair (p < 0.05).

3.3. Effect of the Permafrost Gradient on the Concentration of Elements in Thermokarst Lakes

Prior to testing the concentration dependence of chemical elements on the geographical latitude,
we conducted the Mann–Whitney U-test to identify variations in concentration in the four areas over
different seasons (spring, summer, and autumn) (Table S3, Supplementary Materials). The revealed
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variation shows that the concentrations of most elements change significantly across the areas in all
three seasons. Sporadic and discontinuous permafrost zones show the greatest similarity in elemental
composition, which can be due to similar conditions for lateral element delivery to the lakes via water
leaching of the peat deposits and surrounding vegetation under condition of discontinuous/sporadic
permafrost, drastically different from those in most southern (isolated) and most northern (continuous)
permafrost zones.

The impact of permafrost gradients on thermokarst lake hydrochemistry was determined via
analysis of correlation between element concentration in the lake water and geographical latitude.
Spearman’s nonparametric correlation coefficient (Rs, p < 0.05) was used to analyze the data with
abnormal distribution (Table S4, Supplementary Materials). Note that, for this treatment, we considered
only trends of element concentration with latitude that were significant (p < 0.05) over all three
hydrological seasons. Based on latitudinal dynamics of lake water chemical composition, the following
group of elements were distinguished:

(1) The value of pH and concentrations of CO2, DIC, Mg, Ca, Mo, Sr, U, Ptot, Li, Na, Ti, V, Fe, Co,
Ni, Cu, Y, Zr, REEs, Hf, and Th increased northward (Figure 7). Specifically, the pH and concentration
of CO2, DIC, Mg, Ca, Mo, Sr, and U changed insignificantly from south to north (from the isolated to
discontinuous permafrost zone) and increased sharply (2–3-fold) in the continuous permafrost zone.
A possible factor affecting this pattern is shallower peat deposits in the north [3], such that the thawed
layer reaches the mineral horizon (marine clays containing illite, chlorite, and montmorillonite) in the
tundra zone. This promotes accumulation of low-mobile lithogenic elements and rapidly increases
the concentration of dissolved inorganic carbon in lake waters of the continuous permafrost zone.
Note that this behavior is somewhat different from that observed for rivers of this territory [16,51].
The elevated pH in the north may explain the enrichment in labile elements; unlike rivers, thermokarst
lakes are essentially disconnected from groundwaters and, thus, former marine clays in Tazovsky are
most likely the cause of elevated pH and concentrations of DIC, Mg, Ca, Sr, Mo, U, and partially K.

(2) Elements decreased their concentrations northward in all three seasons (p < 0.05): SO4, Cd, Pb,
Sb, and Cs (Figure 8). The decrease in SO4 may be due to isolation of sulfate-bearing groundwater
reservoirs from surface waters occurring in the continuous permafrost zone. Trace elements Cd, Pb, Sb,
and Cs are known to enrich the peat and peat porewaters [49,50], and their decreased concentration
in the north may reflect a decreased release of these elements to adjacent surface waters due to
decreased peak thickness in the continuous permafrost zone [3]. Furthermore, a decreased input of
these elements to the lake water in the north may be due to a decrease in the impact of atmospheric
aerosol deposition [20].

(3) The elements which did not show statistically significant changes with latitude in all three
seasons (p < 0.05) were SC, Cl, DOC, P-PO4, N-NO3, N-NH4, B, Al, Si, K, Cr, Mn, Zn, As, and Rb.
However, some elements such as DOC, Al, Cr, and Mn demonstrated a clear maximum in the sporadic
or discontinuous permafrost zone (Figure 9). Presumably, this permafrost belt with its highest ALT
during summer and autumn baseflow and at the same time sizable amount of frozen peat provided
the most optimal redox conditions for Mn (and Cr) mobilization from the lake sediments to the water
column and DOC and Al leaching via peat abrasion and transport in the form of colloids [60].
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Figure 7. Increase in pH and concentrations of some chemical elements in different hydrological
seasons in the permafrost profile of Western Siberia: pH (A), Mo (B), DIC (C), CO2 (D), Mg (E), Ca (F),
Sr (G), and U (H).

It is noteworthy that, considering all lakes and all seasons simultaneously, there was no impact of
latitude (or permafrost coverage) on major nutrients (P-PO4, N-NO3, N-NH4) (Table S4, Supplementary
Materials). The only exceptions were a weak increase in PO4 concentration (Rs = 0.31) and a decrease
of NH4 with latitude (Rs = −0.38), detectable in spring. In summer, there was also an increase in PO4

concentration with latitude, as illustrated in Figure S2 (Supplementary Materials). Other nutrients such
as Si demonstrated an increase in concentration northward, which was, however, visible only in autumn
(Figure 10A), presumably due to progressive involvement of soil mineral horizons, capable of supplying
Si due to the shallow peat layer in the north. Alternatively, the autochthon uptake of Si by aquatic
plants and diatoms could be much less pronounced in the north due to lower biomass and productivity.
This phenomenon was described in WSL rivers [51]. A sharp increase in Si concentration in the
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discontinuous permafrost zone in spring may indicate active inflow during snowmelt due to Si leaching
from forest–tundra litter. In the continuous permafrost zone, K concentration increased by a factor of
2–3 relative to southern regions (Figure 10B), which can be attributed to its atmospheric transport as
part of the marine aerosols and inflow with spring and autumn rains. Finally, a micronutrient (Zn)
could be strongly affected by a release from tundra vegetation, which intercepts atmospheric deposits
and contributes to this element transport from the watershed to the lake. This may produce a sharp
increase in Zn concentration in the continuous permafrost zone (Figure 10C).

Figure 8. Decrease in concentrations of chemical elements during all three hydrological seasons across
the permafrost profile of Western Siberia: SO4 (A), Cs (B), Pb (C), Cd (D), and Sb (E).

Figure 9. Elements whose concentrations exhibited a maximum in the sporadic and discontinuous
permafrost zones: DOC (A), Al (B), Cr (C), and Mn (D).
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Figure 10. Elements that showed a sharp increase in concentrations in the discontinuous and continuous
permafrost zones during individual seasons: Si (A), K (B), and Zn (C).

3.4. Element Pools in Thermokarst Lakes of Western Siberia: Seasonal Variations and Dependence on the
Geographic Latitude

Because the depth of lakes varies across permafrost zones and seasons, we estimated the seasonal
dynamics of element pools in each permafrost zone based on evolution of concentration and depth,
thus quantifying the role of lakes in accumulation of solutes in the water column. Note that, recently,
we calculated the summer stock of carbon and chemical elements for the lakes located in the entire
permafrost-affected WSL territory [6]. However, the seasonal dynamics of elementary pools is not
yet studied. Here, we calculated changes in the pool of DOC, DIC, and trace elements in the studied
lakes as a ratio of two most contrasting periods, summer and spring (Rsummer/spring). The changes in
elemental pools across the seasons are provided in Table S5 (Supplementary Materials).

The degree of excess of summer over spring pool of DOC, DIC, and many trace elements (Li, B,
Na, Mg, Al, Si, Ti, Cr, Ni, Sr, Ba, Se, Zr, Sb, REEs, Th, and U) in lakes increased northward. The overall
increase ranged from 200% to 400% (Figure 11). Note the quite low Rsummer/spring of most elements in
the isolated permafrost zone; this indicates that the main source of these elements can be lateral transfer
to the lakes as a result of decomposition of plant litter during active snowmelt and rather minor inflow
in summer. In this permafrost zone, the most significant decrease (20% to 80%) in Rsummer/spring value
occurred for DOC, DIC, Se, Na, Mg, Al, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Rb, Sr, Zr, Cd, Sb, Ba, light REEs,
Pb, Th, and U.
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Figure 11. Seasonal increase in pools of chemical elements in thermokarst lakes in summer relative
to spring, across the permafrost gradient of Western Siberia: DOC (A), DIC (B), Se (C), Li (D), B (E),
Na (F), Mg (G), Al (H), Si (I), Ti (J), Cr (K), Ni (L), Sr (M), Zr (N), Sb (O), Nd (P), Th (Q), U (R), Ptot (S),
and Ba (T). A value of 100% (Rsummer/spring = 1) means that the summer and spring periods exhibit the
same pools of elements.
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Summer pools of K and Rb were lower than in spring in all four permafrost zones (Figure S3A,B,
Supplementary Materials), whereas Mo exhibited high seasonal stability of its pool in the four
permafrost zones (Figure S3C, Supplementary Materials). Summer pools of Ca, Co, Cd, Mn, Fe, and
Pb were 150–300% higher than in spring in the sporadic and discontinuous permafrost zones (Figure
S3D–I, respectively, Supplementary Materials), while the pools of these elements in the isolated and
continuous zones were comparable and even lower in summer relative to spring. In the continuous
permafrost zone, summer pools of Zn and Ba exhibited a three- and 14-fold increase, respectively,
relative to spring (Figure S3J,K, Supplementary Materials). The pool of total dissolved P (Ptot) was
sizably higher in summer relative to spring (a factor of 2–10 for various permafrost zones), but the
Rsummer/spring strongly decreased northward (Figure 11). Thus, the summertime inflow of P from
watershed to lakes decreased northward, suggesting that the main source of P is thawed rather than
frozen peat and mineral horizons, as also confirmed by experimental modeling of peat core interaction
with aqueous solutions [74].

Overall, the evolution of Rsummer/spring for DOC, DIC, Li, B, Na, Mg, Al, Si, P (Ptot), Ti, Cr, Ni, Cu,
As, Se, Sr, Zr, Sb, Ba, REEs, Th, and U reflects the impact of ALT, climate, and biota on the combination
of processes responsible for element delivery from the watershed to the lakes. The increase in
Rsummer/spring northward for DIC, Li, B, Na, Si, Mg, Sr, Ba, Sb, and U may reflect progressive thawing of
rather shallow depth of peat with involvement of underlying mineral horizons. Marine clays composed
of illite, chlorite, and montmorillonite are, thus, capable of supplying these elements in summer, when
the ALT exceeds the peat layer. The increase in summertime DOC storage northward may be due to
enhanced delivery of DOC from thawing peat yet weak biodegradability of dissolved organic matter
(DOM) in the north. The excess of DOM stabilizes low-soluble elements such as Al, Ti, Cr, Ni, Se, Zr,
REEs, Th, and U in the form of organic and organo-mineral colloids; thus, the Rsummer/spring increases
northward. Finally, more pronounced biotic input of K, Rb, and Zn in the north during summer may be
linked to intensive cycling of these elements by lake macrophytes. The other elements exhibited stable
pools over season and latitude, or they demonstrated a local maximum in Rsummer/spring in the sporadic
to discontinuous permafrost zone, thus reflecting a combination of biotic uptake/release processes, deep
groundwater and shallow suprapermafrost water feeding, lake sediment, and underlying rock/peat
interactions with the water column.

3.5. Multiparametrical Statistical Analysis (PCA and HCA)

Further distinction of different groups of elements was achieved via a PCA treatment. It revealed
two main factors controlling major and TE concentrations in WSL lakes across a latitudinal profile,
although the explicatory power of these factors was rather low (Figure 12A). The first factor, providing
25% of overall variation, included (Al), Ti, (Fe), Cu, Y, Zr, REEs, Hf, Th, and U, i.e., elements of
lithogenic (mineral) origin, controlled by organic and organo-mineral colloids. The second factor
(7.7% variation) acted on mobile, soluble elements affected by groundwater feeding in the south and
desorption from marine clays in the north (DIC, pH, Mg, (Ca, K, and Mo)).

The HCA treatment of all dataset on WSL lakes also demonstrated a distinct group of soluble highly
mobile elements (Ca, Mg, DIC, Mo, Sr) linked to latitude and low-soluble, trivalent and tetravalent
hydrolysates, Se and U, linked to DOC (Figure 12B). Note that a similar distinction of elements between
two main factors was revealed for WSL rivers [16] and, as such, it can be considered as a general
(universal) feature of surface waters in the WSL territory. These two main group of elements are (i)
labile, highly soluble alkalis, alkaline-earths, and oxyanions, linked to groundwater reservoirs, and (ii)
low-soluble lithogenic trivalent and tetravalent hydrolysates, controlled by organic and organo-mineral
colloids. These colloids are formed via mixing of Fe(II) and Al-rich groundwater and DOM-rich
surface waters due to adsorption onto and coprecipitation with Fe and Al hydroxides stabilized by OM.
The two main groups of elements are also encountered in large rivers of the boreal zone, based on the
element concentration–river discharge relationship and seasonal behavior of river water solutes [75,76];
thus, they reflect general principles of geochemistry of surface waters in high-latitude regions.
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Figure 12. Principal component analysis (PCA) (A) and HCA (B) treatment of dissolved elements and
studied parameters of lake waters during all seasons.

3.6. How Northward Shift in Permafrost Zones May Affect the Chemical Composition of Lakes

In the Arctic regions, temperature increases faster than in other areas [77,78], which contributes to
permafrost thawing and the release of labile organic carbon into surface waters [11]. An estimated
carbon loss of up to 15% is expected in the frozen landscapes of the Northern Hemisphere in the next
300 years [79].

In Western Siberia, common climate change scenarios predict a northward shift of permafrost
boundaries and an increase in the depth of the seasonally thawed layer [80–86]. Within a space
for time substituting approach [49,50,53,54], the northward shift of permafrost boundaries will
transform the continuous permafrost zones into a discontinuous one, and the discontinuous zone into
sporadic/isolated zones. As a result, contemporary permafrost zones located along the climate gradient
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in the WSL and measured lake ecosystem parameters can be used to assess the future status of the
territory provided that there will be a lateral shift northward of aquatic and terrestrial landscapes. Such
a highly empirical yet straightforward prediction takes into account the integral change of biomes,
at the level of both lake watershed (vegetation, soil) and lake ecosystem (water temperature and aquatic
biota). Below, we consider the effects of climate changes on the elemental composition of lake waters
and pools of DOC, DIC, and trace elements in thermokarst lakes across the permafrost gradient.

The increase in temperature and ALT will alter the proportion of the main sources supplying the
components to the lakes, especially in the sporadic and discontinuous permafrost zones; therefore,
chemical changes in lake waters will be most pronounced in these areas. The number of small
and ultra-small lakes in these permafrost zones is expected to increase [2,3], and thawing of frozen
permafrost and discharge of the water into the river network is likely to be enhanced in this transitional
permafrost zone [13,18,87]. The main sources of elements entering thermokarst lakes in the continuous
permafrost zone are atmospheric depositions and leaching from thawed mineral horizon. Thus,
an increased depth of the active layer can cause a rapid influx of dissolved elements from the mineral
horizons and deep underground waters to the lake.

For a long-term forecast of changes in the concentrations of chemical elements in the WSL lake
waters (due to lateral shift of the permafrost boundaries northward), from isolated to continuous
zones, we used previously published data for the Arctic coastal zone of Western Siberia [13] (Figure S4,
Supplementary Materials). We also calculated the ratio of mean element concentrations in lakes located
in the continuous permafrost zone to those encountered in the discontinuous permafrost zone and
similar ratios for the adjacent discontinuous/sporadic and sporadic/isolated permafrost zones (Table 1).
As can be seen from Figure S4 (Supplementary Materials) and Table 1, a shift of permafrost zones by 2◦
to 4◦ northward will lead, in the region which is now the continuous permafrost zone, to a 2–5-fold
decrease in the concentration of most labile components (DIC, Li, B, Mg, K, Ca, Ni, Cu, As, Rb, Sr, Ba,
Mo, U), as well as of insoluble low-mobile elements present in colloidal forms (Y, Zr, REEs, Th). The pH
will decrease by ca. two units and the concentrations of CH4, DOC, NH4, Cd, Sb, and Pb may increase
by a factor of 2–3, while the other elements in northern thermokarst lakes will remain unaffected by
this permafrost boundary shift. The changes in concentrations of other elements might not exceed
a factor of 1.5 to 2.0, which, given the large lateral and temporal variability of lake hydrochemical
composition, can be considered as of low significance. The changes in lake water chemical composition
(virtually all components) due to transformation of discontinuous to sporadic zone will also be quite
low, within a factor of 1.5 to 2.0. In contrast, the transformation of sporadic to isolated permafrost will
lead to a sizable (a factor of 2–5) decrease in the southern part of the permafrost-affected WSL territory
of CH4, DOC, NH4, Al, Ptot, Ti, Cr, Ni, Ga Zr, Nb, Cs, REEs, Hf, Th, and U concentrations. Of special
interest is a two-fold decrease in DOC concentration in thermokarst lakes of the southern, currently
sporadic zone and its comparable increase in the northern, currently continuous permafrost zone.

As previously described [6], the stocks of carbon and most of the elements in the water column of
thermokarst lakes account for 10–20% of the riverine export in the area; however, at the same time,
lakes may play an important role in the storage of a number of toxic elements in bottom sediments,
thus preventing element transfer to the river [32]. The shift in the permafrost zones and change in
the elementary supply may cause a 2–5-fold change in the overall dissolved (<0.45 μm) pools of a
large number of elements in both the most northern and the most southern permafrost zones of the
WSL. Note, however, that these predictions do not take into account the changes in the amount of
precipitation and the duration of warm/cold seasons, as well as development of lake macrophytes
(i.e., Reference [88]). As such, further integrative ecosystem and climate modeling should allow more
precise predictions on changes in element concentrations and pools in lentic waters of the WSL.
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Table 1. Prediction of change in concentrations (factor of increase or decrease relative to the current
state) of DOC, DIC, and trace elements in lake waters on climate change and 2◦ to 4◦ northward (N)
shift of the permafrost zones. SC—specific conductivity; SUVA245—specific ultraviolet absorbance.

Element
Continuous

into
Discontinuous

Discontinuous
into

Sporadic

Sporadic
into

Isolated
Element

Continuous
into

Discontinuous

Discontinuous
into

Sporadic

Sporadic
into

Isolated

SC 1.05 0.92 1.34 Ga 0.57 1.11 2.45
pH 1.46 1 0.99 As 2.17 0.71 0.97

CH4 0.21 1.96 4.21 Se 1.13 0.74 1.63
CO2 1.64 1.3 1.24 Rb 3.2 0.51 1.03
Cl− 0.74 1.32 0.9 Sr 3.3 1.73 1.05

SO4
2− 1.76 0.49 0.43 Y 2.78 1.81 1.97

SUVA245 0.98 0.99 1.24 Zr 2.51 0.84 4.22
DOC 0.63 0.93 2.05 Nb 0.81 0.67 5.64
DIC 3.55 1.15 1.23 Mo 4.84 1.08 1.99

P-PO4 0.94 1.25 1.59 Cd 0.35 0.87 1.04
N-NO3 3.21 0.16 1.43 Sb 1.02 0.69 0.92
N-NH4 0.14 0.53 3.48 Cs 0.4 0.25 2.46

Li 3.1 1.03 0.98 Ba 6.84 1.86 1.66
B 3.23 0.6 1.56 La 2.25 0.52 4.48

Na 1.71 1.29 1.27 Ce 1.72 3.18 1.51
Mg 9.86 0.97 0.99 Pr 3.07 2.13 1.97
Al 0.54 1.37 2.4 Nd 3.14 2.05 1.98
Si 0.9 2.63 0.77 Sm 1.76 2.3 1.23

Ptot 0.96 1.31 4.93 Eu 4.93 1.59 1.56
K 3.52 0.75 0.81 Gd 2.69 2.13 1.67
Ca 5.28 1.53 1 Tb 2.77 1.76 1.76
Ti 1.18 0.81 4.04 Dy 2.67 1.7 2.05
V 1.81 0.84 1.65 Ho 2.57 1.7 2.2
Cr 0.91 1.07 2.45 Er 2.6 1.82 2.11
Mn 1.01 2.2 1.35 Tm 2.45 1.83 2.1
Fe 1.84 1.75 1.19 Yb 2.55 1.89 1.92
Co 1.87 2.29 1.87 Lu 2.61 1.98 1.81
Ni 3.59 1.13 4.5 Hf 1.44 1.33 4.18
Cu 2.17 1.59 1.34 Pb 0.39 0.81 1.02
Zn 1.48 1.29 1.12 Th 2.02 1.11 3.45

U 5.87 0.9 2.6

4. Conclusions

The chemical composition (DOC, nutrients, major and trace elements) of thermokarst lakes in
the largest permafrost peatland in the world, the Western Siberia Lowland, was studied across four
permafrost zones (isolated, sporadic, discontinuous, and continuous) and three main hydrological
open-water periods (spring, summer, and autumn). Using this unprecedented geographical and
seasonal resolution, we identified and quantified the primary environmental factors controlling
thermokarst lake water chemistry such as lake size and type of permafrost distribution. These factors
determine the link of the lake with groundwaters, soil suprapermafrost waters, and underlying mineral
sediments, as well as and the intensity of peat leaching at the lake shore. Using thorough statistical
treatment, we revealed two distinct group of elements—soluble highly mobile DIC, Ca, Mg, Sr, Mo, U,
linked to groundwater reservoirs and marine clay minerals (chlorite, montmorillonite) and low-soluble
lithogenic trivalent and tetravalent hydrolysates, controlled by organic and organo-mineral colloids.
Such a distinction can be considered as a general feature of all surface waters in the WSL territory.
In order to predict possible changes in thermokarst lake water concentration of C, nutrient, major and
trace elements in response to climate warming and permafrost boundary shift northward, we used a
“substitution space for time” approach. A shift of permafrost zones by 2◦ to 4◦ northward may lead to
a 2–5-fold decrease in the concentration of most of the dissolved components (CO2, DIC, Ca, Mg, Sr,
Al, Fe, Ti, Mn, Ni, Co, V, Mo, Sr, Zr, Hf, Th, REEs, and U) in lakes located in the continuous permafrost
zones. However, the elements supplied from leaching of the peat mass and top humus (DOC, Si, K,
Cr, Zn, As, and Rb) will exhibit rather small changes in concentration (i.e., 30–50% decrease). In the
southern part of the WSL (sporadic permafrost zone), a sizable decrease in concentrations of CH4, DOC,
NH4, Ptot, Al, Ti, Cr, Ni, Ga, Zr, Nb, REEs, Hf, Th, and U can be anticipated. These predictions can
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be considered of first order only and require further verifications via coupled ecosystem, vegetation,
groundwater, and climate modeling.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/12/6/1830/s1:
Figure S1. Changes in lake depth (A), water temperature (B), and oxygen concentration (C) across different
permafrost zones of Western Siberia over three hydrological seasons; Figure S2. Dependence of nutrient
concentrations on the permafrost gradient (latitude): N-NO3 (A), N-NH4 (B), P-PO4 (C), and Ptot (D); Figure S3.
Elements that do not show a significant latitudinal change in stocks in lake waters between spring and summer:
K (A), Rb (B), and Mo (C); elements that increase their concentration in summer relative to spring in the sporadic
and discontinuous permafrost zones: Ca (D), Co (E), Cd (F), Mn (G), Fe (H), and Pb (I); Figure S4. Summer element
concentrations dependence of the permafrost gradient (latitude): DOC (A), Al (B), Fe (C), Mn (D), Si (E), Pb (F), Ca
(G), Mg (H), Na (I), K (J), La (K), Ce (L). The data for the Arctic coastal zone of Western Siberia are from ref. [13];
Table S1. Dependence of physicochemical parameters and element concentrations on the water surface area for
each permafrost zone during different hydrological seasons; Table S2. Mann–Whitney U test of the difference in
element concentration between different seasons; Table S3. Mann–Whitney U test of the difference in element
concentration between different permafrost zones; Table S4. Dependence of changes in the concentrations of the
studied elements on the geographical latitude in different hydrological seasons; Table S5. Change in pools of DOC,
DIC, and trace elements in lake waters in summer relative to spring.
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Abstract: The assessment of riverine fluxes of carbon, nutrients, and metals in surface waters of
permafrost-affected regions is crucially important for constraining adequate models of ecosystem
functioning under various climate change scenarios. In this regard, the largest permafrost peatland
territory on the Earth, the Western Siberian Lowland (WSL) presents a unique opportunity of studying
possible future changes in biogeochemical cycles because it lies within a south–north gradient of
climate, vegetation, and permafrost that ranges from the permafrost-free boreal to the Arctic tundra
with continuous permafrost at otherwise similar relief and bedrocks. By applying a “substituting
space for time” scenario, the WSL south-north gradient may serve as a model for future changes
due to permafrost boundary shift and climate warming. Here we measured export fluxes (yields) of
dissolved organic carbon (DOC), major cations, macro- and micro- nutrients, and trace elements in
32 rivers, draining the WSL across a latitudinal transect from the permafrost-free to the continuous
permafrost zone. We aimed at quantifying the impact of climate warming (water temperature rise
and permafrost boundary shift) on DOC, nutrient and metal in rivers using a “substituting space
for time” approach. We demonstrate that, contrary to common expectations, the climate warming
and permafrost thaw in the WSL will likely decrease the riverine export of organic C and many
elements. Based on the latitudinal pattern of riverine export, in the case of a northward shift in the
permafrost zones, the DOC, P, N, Si, Fe, divalent heavy metals, trivalent and tetravalent hydrolysates
are likely to decrease the yields by a factor of 2–5. The DIC, Ca, SO4, Sr, Ba, Mo, and U are likely
to increase their yields by a factor of 2–3. Moreover, B, Li, K, Rb, Cs, N-NO3, Mg, Zn, As, Sb, Rb,
and Cs may be weakly affected by the permafrost boundary migration (change of yield by a factor of
1.5 to 2.0). We conclude that modeling of C and element cycle in the Arctic and subarctic should be
region-specific and that neglecting huge areas of permafrost peatlands might produce sizeable bias in
our predictions of climate change impact.
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1. Introduction

Arctic warming is anticipated to result in massive carbon (C) mobilization from permafrost peat
to atmosphere, rivers and lakes, thereby potentially worsening global warming via greenhouse gases
(GHG) emissions [1,2]. Permafrost peatlands cover roughly 2.8 million km2 or 14% of permafrost-
affected areas, mostly in Northern Eurasia (Bolshezemelskaya Tundra, 0.25 × 106 km2; western Siberia,
1.05 × 106 km2; Northern Siberia and Eastern Siberia lowlands, 0.5 × 106 km2) and contain a huge
amount of highly vulnerable carbon in soil and surface waters [3]. Except for several regional studies
of peatland lakes and small streams in Canada [4–6] and northern Sweden [7], the control factors,
timing and reality of C and related elements release from soil and sediments are largely unknown,
in part because element export by rivers across the permafrost peatlands is still poorly quantified.

One of the largest peatlands in the world is the Western Siberia Lowland (WSL) which exhibits
a disproportionally high contribution to C storage and exchange fluxes [8] and presents a prominent
exception to well-studied aquatic and soil ecosystems in mountainous territories of Northern America and
Scandinavia. Specific features of the WSL are: (1) developed on flat, low runoff terrain with long water
residence time in both lentic and lotic systems; (2) acts as important C stock in the form of organic-rich
histosols (peat soils); (3) emits substantial amount of CO2 and CH4 to the atmosphere from the surface
of inland waters; and (4) exhibits high dissolved organic carbon (DOC) concentration and low pH in
waters in contact with peat soils. These factors determine rather unique and still poorly known aquatic
communities in dystrophic to mesotrophic peatland waters. Due to the lack of nutrients, shallow photic
layer and high sensitivity to water warming, aquatic ecosystems of frozen peatlands are highly vulnerable
to the permafrost thaw and can respond unexpectedly to ongoing climate warming in terms in their C,
nutrient, and metal storage and export fluxes as well biodiversity and organisms adaptation strategies.

Western Siberia is a key region for biogeochemical studies in the Arctic [2] as this region includes the
continuous-discontinuous permafrost transition and experiences substantial thermokarst. As a result,
this high-priority region is most susceptible to thaw-induced change in solute transport by rivers
and its export to the ocean and atmosphere, notably via activation of deep underground flow [9] and
exposure of large volumes of previously frozen peat and mineral soils [10–12]. Raised by incontestable
Arctic amplification of overall climate change, the fate of carbon, nutrient and metal in Arctic rivers is
at the forefront of field and modeling studies [13–20]. In particular, the Arctic Great Rivers Observatory
(GRO) program assessed concentrations and export fluxes of 6 largest Arctic Rivers including the Ob
River, draining sizeable part of the WSL [21,22]. However, widespread loss of hydrological monitoring
in the beginning of 21st century was especially pronounced for small and medium-size rivers of the
permafrost-affected part of the WSL [23]. At the same time, the Ob River is not suitable for modeling of
possible changes in western Siberia because (1) it is strongly influenced by its largest permafrost-free
tributary, the Irtysh River; and (2) it cannot be used for assessing the fluxes of northern (permafrost)
zones as it integrates vast territory of variable permafrost coverage (20% in average) and landscape
parameters. For these reasons, the study of small rivers at the WSL territory is more suitable for
assessing both mechanisms of flux formation and its possible future changes.

Currently, a dominant paradigm is that riverine fluxes of C and inorganic nutrients are increasing
in virtually all permafrost-affected rivers [14,24,25]. In particular, the increase in suspended versus
dissolved transport of elements may be due to abrasion of lake shores and riverbanks. At the same
time, enhanced groundwater input will lead to an increase in the transport of truly dissolved forms.
Recently, following the pioneering work of Frey et al. [26–28], the concentrations of dissolved, particulate
and colloidal carbon, nutrient and metals in WSL rivers, lakes and soil waters have been studied over
a sizable latitudinal gradient [29–38]. These results allowed a first-order assessment of the consequences
of climate warming and permafrost thaw on river water concentrations of dissolved and particulate
forms of elements from western Siberia to the Arctic Ocean and C emission to the atmosphere. For this, a
“substituting space for time” approach was employed, which postulates, in a broad context, that spatial
phenomena which are observed today can be used to describe past and future events [39].
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Thus, a concentration pattern of major and trace elements (TE) in WSL river suspended matter
implies that, upon a progressive shift of the permafrost boundary northward, there will be a sizeable
decrease in concentrations of alkalis, alkaline-earths, divalent heavy metals, and trivalent and tetravalent
hydrolysates in northern rivers in currently discontinuous and continuous permafrost zones [31].
This decrease may be by a factor of 2–5 from the position of the minimum elemental concentration in
sporadic to discontinuous permafrost zones relative to the continuous permafrost zone. Concerning
the dissolved element concentration and potential transport in the WSL rivers, the following results
were achieved implying the substituting space for time scenario. From the permafrost thaw perspective,
the increase in depth of the active layer and connectivity of a river with underground water reservoirs
may decrease the colloidal fraction (1 kDa–0.45 μm) of OC, Fe, Al and number of divalent metals as
well as low-soluble trivalent and tetravalent hydrolysates in the sporadic and isolated permafrost zone
as it becomes permafrost-free [30]. The forestation of wetlands and lake drainage may slightly diminish
colloidal transport of DOC and metals at the expense of low molecular weight forms. Overall, given the
significant role of seasonal and forestation effects on colloidal forms of OC and TE in WSL rivers, major
changes in the speciation of riverine C and nutrients in the WSL may occur due to changes in vegetation
rather than in temperature and precipitation [30]. A northward permafrost boundary shift with increase
in air and water temperature may decrease or maintain, rather than increase of major nutrient (K, P, N,
Si) and DOC concentrations in rivers draining through continuous permafrost zone [37].

All these predictions described above were made based solely on evolution of concentrations
of soluble and particulate C, metals and nutrients in WSL rivers, without taking into account the
hydrological flux. The latter could not be addressed until now due to lack of reliable information
on river discharge over different seasons. The present work aims to fill this gap by quantifying the
export fluxes of ~30 WSL rivers of various size, combined with new hydrological modeling of region
and season-specific river runoff of the WSL territory. The chosen rivers encompass a large gradient
of climate, vegetation and permafrost distribution and thus enables a substituting space for time
scenario to provide a tentative prediction of possible changes in riverine fluxes for short- and long-term
prospectives. The present work is built on seasonally resolved sampling performed in 2015 and 2016,
and incorporates thorough hydrological modeling to calculate the seasonal discharge. Building upon
our previous studies of the WSL rivers [29–31,33,34,37], here we assess for the first time, element export
fluxes (yields) across a large permafrost-affected territory and large number of rivers. The obtained
elementary yields are essential for further modeling of biogeochemical cycles in the permafrost regions.

2. Study Site and Methods

2.1. Rivers of Western Siberian Lowland, their Sampling and Analyses

The 32 rivers of the Ob, Pur and Taz watersheds in the WSL were sampled (Figure 1).
Detailed climatic, lithological and physio-geographic characteristics for the WSL are presented
elsewhere [29,33,34]. The dominant lithology is Quaternary deposits (silt, clay, sand) overlaid by peat.
The climate gradient of sampled rivers presents a decrease in mean annual air temperature (MAAT)
from −0.5 ◦C in the south (Tomsk region) to −9.5 ◦C in the north (Arctic coast). Annual precipitation
is fairly constant ranging between 550 mm in the south and 600 mm at the lower reaches of the Taz
River. The river runoff ranges from 190 ± 30 mm y−1 in the south to 300 ± 20 mm y−1 in the north [40].
The distribution of the permafrost reflects the south-north MAAT gradient and changes from isolated
and sporadic in the south to discontinuous and continuous in the north. In 2015, we sampled rivers
in spring (18 May–25 June) and summer (25 July–21 August). In 2016, sampling was performed in
spring (17 May–15 June 2016), summer (1–29 August 2016), and autumn (24 September–13 October
2016). We followed the change of seasons during our sampling campaign and moved from the south
to the north in spring and from the north to the south in autumn thus collecting the river water at
approximately the same period of the discharge. Note that more frequent sampling would be desirable
to accurately evaluate the annual export flux, but rather harsh environment and logistical issues
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constrained sampling. In contrast, route sampling is a common way to assess chemical weathering in
extreme environments [41,42], and it is accepted that single sampling during high flow season provides
the best agreement with time-series estimates [43].

 
Figure 1. The WSL river sampling points. The numbers on the map correspond to the following rivers: (1)
Ob’ (Pobeda), (2) Maliy Tatosh, (3) Chaya, (4) Vyalovka, (5) Ob’ (Aleksandrovskoye), (6) Vakh, (7) Agan, (8)
Tromyegan. (9) Vach-Yagun, (10) Vachinguriyagun, (11) Pintyr’yagun, (12) Kamgayakha, (13) Khatytayakha,
(14) Pyakupur, (15) Lymbyd’yakha, (16) Apoku-Yakha, (17) Etu-Yakha, (18) Seryareyakha, (19) Purpe, (20)
Aivasedapur, (21) Tydylyakha, (22) Yamsovey, (23) Pur, (24) Ngarka Khadyta-Yakha, (25) M. Kheyakha, (26)
Nuny-Yakha, (27) Taz. The upper left insert is from Google Maps®.
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The two sampled years contrasted in mean monthly and annual temperature and precipitation.
The summer 2015 was warm (+0.3 ◦C above normal for July), while summer 2016 was cool (−3.1◦ below
normal for July). The summer 2015 was wet (180% of normal precipitation for July), and the summer 2016
was less wet (but still 130% of normal precipitation for July). The winter precipitations of 2014–2015 and
2015–2016 were rather similar and sizably higher (ca. 140%) than the normal winter values. The normal
values here are defined as between 1970 to 2000 based on the Roshydromet archives [44].

The surface water was collected in a polypropylene 1-L container. Samples were filtered through
0.45 μm cellulose acetate filters using a Nalgene 250 mL filter unit combined with a vacuum pump.
All filtrations were run on site, in a protected environment, within 2 h of river water collection.
Immediately after filtration, samples for DOC, DIC, major and trace elements were stored in the
refrigerator during 1–2 months prior to the analyses, while the samples for nutrients were kept frozen.
Dissolved (<0.45 μm) concentrations of nutrients, major and trace elements in WSL river waters were
analyzed as described elsewhere [33,34,37,45]. Major anion concentrations (Cl− and SO4

2−) were
measured by ion chromatography (HPLC, Dionex ICS 2000) with an uncertainty of 2%. DOC and
DIC were analyzed using a Shimadzu TOC 6000 with an uncertainty of 3–5% [46]. For all major and
most trace elements, analyzed by ICP MS, the concentrations in the blanks were below analytical
detection limits (≤0.1–1 ng/L for Cd, Ba, Y, Zr, Nb, rare earth elements (REEs), Hf, Pb, Th, U; 1 ng/L for
Ga, Ge, Rb, Sr, Sb; ~10 ng/L for Ti, V, total P (Ptot), Cr, Mn, Fe, Co, Ni, Cu, Zn, As). The international
certified reference material SLRS-5 (Riverine Water Reference Material for Trace Metals) was used to
validate the analysis. Further details of analytical uncertainties and detection limits for TE are provided
elsewhere [30,34,45].

2.2. Hydrological Parameters, River Discharge Modeling, and Element Export Flux Calculations

The runoff was longitudinally modelled using average altitude of the watershed for gauged
rivers [47]. For small and medium rivers draining palsa and polygonal bogs of the permafrost zone,
we used empirical equations accounting for hydrological characteristics of these watersheds [48].
In this work, only open water period (May to October) was considered. The contribution of winter
time export in large rivers typically does not exceed 10% of mean annual runoff [49]; moreover, small
(<1000–10,000 km2 watershed) WSL rivers freeze solid in winter [33]. We interpolated discharge
by using watershed area change along the river mainstem. The river hydrographs were modelled
using HBV Light program package (https://www.geo.uzh.ch/en/units/h2k/Services/HBV-Model.html)
as described in refs [50–52]. For the gauged rivers, we modelled daily runoff based using mean
water temperature and precipitation from adjacent meteostations. The data for reproducing the water
discharge at key sites were taken from hydrological yearbooks and automatic information system of
State monitoring of water bodies [53]. The daily air temperature and precipitation were taken from
Russian Hydrometeocenter (URL: http://aisori.meteo.ru/ClimateR; [44]). The calibration of model
parameters demonstrated that the HBV model adequately reproduces the seasonal dynamics of runoff
(quality criteria of 0.75 to 0.90). The uncertainties of modelled discharge at ungauged rivers stem from
several factors. First, there is uncertainties in characterizing watershed boundaries for the very flat,
but poorly resolved, WSL territory. For small rivers, this uncertainty can amount to 30% due to lack of
precise topographic information. For large rivers, it can be up to 7% due to difficulties in determination
of exact position of the watershed divide on flat bog-lake landscapes. The second cause of uncertainty
is a discrepancy between the model parameters of analogous rivers due to intrinsic differences in the
conditions of runoff formation (up to 25%). Finally, the amount of precipitation obtained from the
nearest meteostations might substantially differ from the actual precipitation at a given watershed,
which is reflected, in particular, by low quality of the rain-flood modeling. The maximal overall
uncertainty of daily discharges is determined by the most probable value of 30%. However, because
we used two-month averaged discharges for calculating elementary yields, the real uncertainty of
export fluxes is determined by the uncertainty of watershed delineations and ranges from 7 to 30%.
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In order to calculate element export fluxes, we defined six latitudinal belts (56–58◦ N, 58–60◦
N, 60–62◦ N, 62–64◦ N, 64–66◦ N and 66–68◦ N). These latitude belts were selected based on: i) the
permafrost map of the WSL, where the permafrost zones roughly follow latitude, and ii) necessity
to integrate sufficient number of rivers in each permafrost zone and for statistical comparison.
For statistical comparisons, we separated the years 2015 and 2016, because the autumn was sampled
only in 2016. The number of rivers used for the latitudinal-average flux calculation ranged from 2 to 10
in 2016 and from 2 to 16 in 2015 for each latitudinal range.

3. Results

3.1. Impact of the Watershed Size and Season on Element Export Fluxes

The yields of DOC, representative major solutes (DIC, Ca, Mg) and nutrients (Si, Ptot, K, Fe) are
illustrated in Supplementary Figure S1. Flux magnitudes exhibited sizable variation, ranging over one
(DOC, Si and Mg) to two (DIC, Ca, K, Fe and Ptot) orders of magnitude. Generally, the variations were
the highest for rivers having watersheds between 100 and 1000 km2, for both permafrost-affected and
permafrost-free. The river watershed area (Swatershed) exhibited rather weak control on elementary
yields, as also illustrated by statistical treatment of individual seasons and full data set for both years
(Supplementary Table S1). Overall, the watershed size exhibited more pronounced correlations with
element yield in the permafrost-free zone compared to the permafrost zone. The correlations were quite
low during spring flood but become pronounced during summer and autumn baseflow. The highest
correlations were observed in summer, when Cl, SO4, Fe, Cu, Y, Mo, Sb, REEs and Th were positively
linked to Swatershed (RSpearman > 0.58, p < 0.01) in the permafrost-free zone.

Partial contribution of spring, summer, and autumn (2 months each) to the overall export of
elements during the six-month open-water period (May to October) in 2016 demonstrated the dominant
role of spring for DOC, Al and Fe (>60%), for both permafrost-free and permafrost-affected rivers
(Figure 2). In contrast, soluble highly mobile elements (DIC, Na, K, Ca, Mg, Si) had less than 40%
and 50% contribution of spring in the permafrost-free and permafrost zone, respectively, and a
2–3 times higher contribution during summer baseflow period compared to during the spring flood
period. Nutrients (e.g., K, Ptot) and metals (e.g., Mn) presented an intermediate case with a half of
yield occurring during the spring flood period and with negligible (<10%) role of autumn period in
permafrost-free zone but comparable contribution of summer and autumn in the permafrost-affected
part of the WSL.

Element export as a function of watershed area (Supplementary Figure S1) and season
(Supplementary Figure S2) represent two main groups, namely (1) soluble highly mobile elements (Cl,
SO4, Sr, Rb, Ba and As, Sb, Mo, U (permafrost-free zone only) and (2) DOC and low soluble elements,
typically present in the form of organic- and organo-mineral colloids especially in the permafrost
zone [30], such as micronutrients (Fe, Co, Ni, Cu, Zn, V), toxic metals (Cr, Cd, Pb), Nb, and trivalent (Al,
Ga, Y, REE) and tetravalent (Ti, Hf, Th) hydrolysates. Generally, the share of spring flood contribution
in overall open-water export of elements was 20 ± 10% higher in permafrost-affected rivers than in
rivers of the permafrost-free zone.
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Permafrost-free

Permafrost-affected

Figure 2. Partial contribution of spring, summer and autumn 2016 to overall open-water period export
of elements by WSL rivers, located in the permafrost-free (A) and permafrost-affected (B) regions.

3.2. Riverine Element Export Fluxes Across the Latitudinal Profile (Permafrost and Climate Gradient)

Because both concentrations [33,34,37] and seasonal fluxes (Supplementary Figure S1 and Table S1)
of elements were not strongly impacted by the river size, the watershed-averaged fluxes can be
calculated as a function of the watershed latitude. Furthermore, we used ternary molar diagrams (Ca −
Mg − (Na + K) and Cl − SO4 − HCO3) to reveal the role of season, river size and permafrost coverage
of major elementary composition (Supplementary Figure S3), following traditional geochemical
classifications [54]. Regardless of the season, water chemical composition from permafrost-free rivers
was distinctly different from water from permafrost-affected rivers and strongly enriched in Ca and
HCO3

−. As a result, the latitude (which corresponds with the permafrost zonation) can be considered
as the main factor controlling major cation concentrations in the WSL rivers. The average (±2 s.d.)
fluxes of dissolved (<0.45 μm) major element export from the WSL watersheds for each latitudinal belt
in 2016 and 2015 are shown in Figure 3 and Supplementary Figure S4, respectively. For the sake of
scientific rigor, we illustrate the yields separately for 2015 and 2016, but the two-year average values of
element export during spring and summer are given in Table 1.
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Figure 3. Yields (watershed-area normalized export fluxes) of DOC (A), DIC (B), Ca (C), Mg (D), K (E),
Si (F), Ptot (G) and Fe (H) during May-October 2016 in 33 WSL rivers across the latitudinal gradient.
The vertical uncertainties represent the 2 s.d. of several rivers belonging to the same latitudinal belt.
Thick horizontal bars represent the 2◦ latitudinal belts. The year is represented by open-water period
(May to October), neglecting winter (November to April), when small rivers freeze solid in the north.
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Table 1. Mean (±SD) export fluxes of major and trace elements by WSL rivers in the permafrost-free
and the permafrost zone.

Element
kg/km2/y

Biennial Flux, 2015 + 2016
(May—August)

Annual Flux, 2016 (May—October)

Permafrost-Free Permafrost Permafrost-Free Permafrost

DOC 1192 ± 310 6340 ± 1858 1165 ± 202 3399 ± 1279
Major anions

DIC 2122 ± 389 1150 ± 316 2278 ± 403 839 ± 280
Cl 132 ± 50 2092 ± 1052 160 ± 84 1150 ± 692

SO4 409 ± 201 308 ± 112 486 ± 319 234 ± 116
Major cations

Na 452 ± 115 1784 ± 769 528 ± 163 1116 ± 592
Mg 554 ± 103 615 ± 174 602 ± 107 414 ± 125
Ca 3045 ± 545 1585 ± 510 3125 ± 557 1004 ± 368
K 136 ± 21 175 ± 56 130 ± 20 108 ± 36

Macro-nutrients
Ptot 6.41 ± 2.4 22.4 ± 8.2 3.66 ± 1 5.71 ± 2.3

P-PO4 1.99 ± 0.67 10.7 ± 3.8 - -
N-NO3

- 7.4 ± 1.8 8.12 ± 3.4 - -
N-NH4

+ 3.57 ± 0.8 14.6 ± 6.1 - -
Si 409 ± 73 1528 ± 415 426 ± 112 1076 ± 430

Micro-nutrients
B 2.26 ± 0.43 5.63 ± 2.1 2.23 ± 0.39 3.82 ± 1.8

Mn 3.46 ± 1.8 36.7 ± 13 1.4 ± 0.69 16.9 ± 11
Fe 32.9 ± 14.3 292.7 ± 93.8 17.3 ± 7.5 92.2 ± 42
Co 0.012 ± 0.005 0.15 ± 0.06 0.009 ± 0.002 0.066 ± 0.04
Ni 0.126 ± 0.03 0.599 ± 0.22 0.118 ± 0.018 0.322 ± 0.15
Cu 0.159 ± 0.06 0.283 ± 0.12 0.128 ± 0.041 0.177 ± 0.087
Zn 1.31 ± 1 4.55 ± 3 0.203 ± 0.091 1.42 ± 0.89
Rb 0.092 ± 0.016 0.261 ± 0.098 0.078 ± 0.014 0.159 ± 0.059
Mo 0.023 ± 0.01 0.011 ± 0.004 0.029 ± 0.017 0.006 ± 0.002
Ba 3.32 ± 0.52 7.89 ± 3.4 2.87 ± 0.37 2.95 ± 1.4

Toxicants
As 0.098 ± 0.021 0.337 ± 0.11 0.093 ± 0.026 0.143 ± 0.047
Cd 0.0009 ± 0.0004 0.005 ± 0.002 0.0008 ± 0.0003 0.003 ± 0.001
Sb 0.008 ± 0.003 0.016 ± 0.005 0.008 ± 0.003 0.009 ± 0.004
Pb 0.023 ± 0.009 0.065 ± 0.031 0.005 ± 0.002 0.024 ± 0.012

Geochemical traces
Li 0.193 ± 0.059 0.57 ± 0.17 0.272 ± 0.094 0.455 ± 0.18
Al 5.37 ± 2.8 41.5 ± 18 5.86 ± 2.6 20.4 ± 11
Ti 0.223 ± 0.075 1.58 ± 0.56 0.512 ± 0.1 1.4 ± 0.52
Cr 0.041 ± 0.01 0.379 ± 0.12 0.024 ± 0.009 0.204 ± 0.08
Ga 0.002 ± 0.001 0.007 ± 0.002 0.0009 ± 0.0004 0.004 ± 0.002
Sr 15.7 ± 3 17.2 ± 8.8 16.6 ± 3.4 9.12 ± 4.8
Y 0.015 ± 0.006 0.11 ± 0.05 0.013 ± 0.003 0.056 ± 0.03
La 0.036 ± 0.029 0.085 ± 0.035 0.012 ± 0.003 0.05 ± 0.026
Ce 0.059 ± 0.048 0.177 ± 0.082 0.02 ± 0.006 0.091 ± 0.051
Pr 0.003 ± 0.001 0.023 ± 0.01 0.003 ± 0.0008 0.012 ± 0.007
Nd 0.013 ± 0.006 0.096 ± 0.044 0.012 ± 0.003 0.049 ± 0.028
Sm 0.003 ± 0.001 0.022 ± 0.01 0.003 ± 0.0008 0.012 ± 0.006
Eu 0.0009 ± 0.0003 0.006 ± 0.002 0.001 ± 0.0002 0.003 ± 0.002
Tb 0.0006 ± 0.0005 0.012 ± 0.006 0.003 ± 0.0007 0.012 ± 0.007
Gd 0.003 ± 0.001 0.014 ± 0.006 0.0007 ± 0.0002 0.002 ± 0.0009
Dy 0.003 ± 0.001 0.02 ± 0.009 0.003 ± 0.0007 0.01 ± 0.006
Ho 0.0005 ± 0.0002 0.004 ± 0.002 0.0005 ± 0.0001 0.002 ± 0.001
Er 0.002 ± 0.0007 0.012 ± 0.005 0.001 ± 0.0004 0.006 ± 0.003

Tm 0.0002 ± 0.0001 0.002 ± 0.0007 0.0002 ±
0.00005 0.0009 ± 0.0005

Yb 0.001 ± 0.0006 0.011 ± 0.005 0.001 ± 0.0003 0.006 ± 0.003

Lu 0.0002 ± 0.0001 0.002 ± 0.0007 0.0002 ±
0.00005 0.0009 ± 0.0005
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Table 1. Cont.

Element
kg/km2/y

Biennial Flux, 2015 + 2016
(May—August)

Annual Flux, 2016 (May—October)

Permafrost-Free Permafrost Permafrost-Free Permafrost

Zr 0.901 ± 0.33 1.47 ± 0.31 1.27 ± 0.46 1.57 ± 0.6
Cs 0.0003 ± 0.0001 0.0021 ± 0.0009 0.0003 ± 0.0001 0.001 ± 0.0005
Nb 0.0007 ± 0.0002 0.004 ± 0.002 0.0009 ± 0.0003 0.002 ± 0.001
Hf 0.0007 ± 0.0004 0.008 ± 0.003 0.001 ± 0.0004 0.005 ± 0.003
Th 0.002 ± 0.0009 0.009 ± 0.004 0.002 ± 0.0005 0.005 ± 0.003
U 0.021 ± 0.01 0.005 ± 0.002 0.03 ± 0.019 0.003 ± 0.001

Although the maximal uncertainties on discharge do not exceed 30% (see Section 2.2), the regional
element yield assessments are subjected to high variation among rivers (Figure S1) with s.d. often at
50% (see Figure 3, Supplementary Figure S4). Among possible causes of these sizable uncertainties
are non-linear and hysteretic relationships between concentrations and discharge which could not be
resolved due to low frequency of sampling. Another reason of this variability could be highly dynamic
behavior of element concentration during summer and autumn baseflow and spring flood, reflecting
source limitation, chemostatis, or transport limitation (i.e., refs. [55–57]).

The DOC yield was minimal in rivers south to 59◦N and exhibited a maximum at 61–65◦ N and
63–65◦ N in 2015 and 2016, respectively, with overall magnitude of variation by a factor of 4 (Figure S4A
and Figure 3A, respectively). The yields of DIC and Ca decreased more than five-fold from south to
north and achieved minimal values in the 63–65◦ N belt, for both years of observation (Figure 3B,C and
Supplementary Figure S4B,C). Magnesium showed a weak minimum of yield in the 63–65◦ N which
was however pronounced only in 2016; the overall variations were less than a factor of 2 (Figure 3D
and Supplementary Figure S4D). Potassium yield remained fairly constant across the latitudinal profile
with overall variations less than a factor of 1.5 to 2.0 between various latitudinal belts (Figure 3E and
Supplementary Figure S4E). Silicon showed a three-fold increase in export fluxes from the south to the
north, quite similar for two years of monitoring (Figure 3F and Supplementary Figure S4F).

The latitudinal pattern of other major and trace element export fluxes followed these three main
types of behavior described above: (1) minimal in the south and a northward increase by a factor of 3
to 5 (Si, POC, P-PO4; N-NH4, Ni, REEs, Zr, Nb, Hf, and Th), with a local maximum at 63–65◦ N (DOC,
Al, Ti, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Rb, Cd, Cs, and Pb); (2) northward decrease by a factor of 3 to 5
(DIC, Ca, SO4, Sr, Mo, W, and U), and (3) overall independence of yield on latitude, or the latitudinal
variations were less than a factor of 2 (Cl, N-NO3, Li, B, Mg, Ptot, K, As, Zr, Sb, and Ba). Note that some
elements (Mg, Zn, As, Rb) may belong to one or another group depending on the year of observation.

The yields of all 51 dissolved elements are listed in Table 1, which presents the export fluxes of
two-year average (May to August) and open-water period (May to October 2016) in permafrost-free
and permafrost-affected zones. The ratio of element flux in the non-permafrost zone to that in the
permafrost zone (Rabsent/permafrost, Figure 4) demonstrates a distinct order of elements whose export
occurs preferentially in southern or northern part of the WSL. There are three main groups of elements
- those exhibiting the highest (a factor of 2 to 10) yield in the permafrost-free zone (DIC, SO4, Ca, Mo
and U) and those showing a maximum in the permafrost-affected zone (As, Ptot, Li, B, Rb, Na, Si with
0.5 ≤ Rabsent/permafrost ≤0.25, and Ni, Th, Cd, DOC, Cs, Nb, Ti, Al, Fe, Co, Cr, Mn, Hf, Co, and REEs with
Rabsent/permafrost <0.25). The elements of an intermediate group showed comparable (±30%) yields in
permafrost-free and permafrost-affected parts of the WSL (Sr, Mg, K, Ba, Sb, Zr, Cu).
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Figure 4. A histogram of the ratio of element average yield in the permafrost-free rivers to that in the
permafrost-affected rivers for 6 open-water months (May to October) of 2016 (based on the data listed
in Table 1).

4. Discussion

4.1. Effect of Seasons, Watershed Size, Latitude and Permafrost Coverage on Elementary Yields

There are several distinct groups of elements defined according to the latitudinal patterns of their
yields. These groups reflect the relative mobility of elements, consistent with general knowledge of
river hydrochemistry in the high latitude regions [58]. The DOC, organically-bound metals (V, Cr, Mn,
Fe, Co, Ni, Cu, Zn, Cd and Pb) and many low soluble TE–geochemical traces (Al, REEs, Nb, Ti, Zr, Hf,
and Th) exhibited similar 1st-type latitudinal pattern (minimum in the south and maximum in the
permafrost-affected zone). The overall open-water period transport of these elements was dominated
by spring flood, as it was also observed in other boreal and subarctic rivers (i.e., the Severnaya Dvina
River, [59]). The nutrients (K, Si, P-PO4, Ptot, and N-NH4

+) and TE—analogous of macronutrients
(Rb)—exhibited 50 ± 10% share of annual export during spring flood and a northward increase. Finally,
the yield of geochemically mobile elements (DIC, Cl−, SO4, Li, B, Mg, Ca, Sr, Mo, and U) decreased
northward, with less than 40–50% of overall contribution provided by spring flood period.

The division of elements into these groups depends on (1) the share of different seasons in
overall 6-month open water period export, (2) the shape of the latitudinal pattern (Figure 3 and
Figure S4), and (3) the difference in total 2-year averaged riverine yields between permafrost-free
and permafrost-affected zones (Table 1, Figure 4). Such a distinction is consistent with two main
factors controlling the element export (transport) in the WSL rivers. First, this is source-limitation,
when the input of elements from soils to the river is controlled by river connectivity to deep and
shallow groundwater reservoirs [27]. Due to the presence of carbonate mineral concretions in clay-silt
bedrocks, especially in the south of the WSL [33], the groundwater is enriched in soluble elements
such as alkalis and alkaline-earth metals, oxyanions and U(VI). The second is transport-limitation,
when the export of an element is controlled by the availability of its carrier such as organic and
organo-ferric, organo-aluminum colloids [30,34,45]. This factor reflects the superposition of surface
source (topsoil, vegetation) providing organic colloids, and deep soil (mineral horizons), together with
Fe(II)-rich groundwaters, providing soluble TE. In addition to these two main groups of elements,
the mineral nutrients are not limited by transport and exhibit quite complex pattern which reflects
their deep (groundwater, bedrock lithology) and surface (plant litter, atmospheric deposition) sources.
These elements are strongly impacted by their biotic uptake in the river channel or seasonal release from
decaying aquatic macrophytes, plankton and periphyton [37,60]. Various internal factors, operating in
soils and riparian zone of the river, are capable of modifying the export of nutrients. For example,
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low export fluxes of both total P (phosphate and organic P) and P-PO4 in southern (56–60◦ N)
latitudinal belt compared to northern, permafrost-affected rivers (see Figure 3G, Figure S4G) may be
due P retention via adsorption onto and coprecipitation with Al, Fe hydroxides in the deeper part of
soil profile [61,62] as well as P removal in the form of Ca phosphate minerals [63] occurring in the
unfrozen mineral soils, exposed to surface fluids. Furthermore, P uptake by abundant terrestrial and
aquatic vegetation is most pronounced in the south. In the north, the mineral soils are essentially
frozen, and the requirements of aquatic and terrestrial biota for this nutrient are much lower [64].

The effect of watershed size on DOC, DIC, cations, and Si export fluxes was rather minor. This is
at odds with strong river size control on element yields as it is known in temperate and mountainous
regions [65,66]. In particular, small catchments of wetlands exhibit generally lower runoff than the
medium and large rivers, and the runoff is one of the major controlling factors of chemical weathering
and element export [46,67–70]. Season also played a secondary role in determining element yield
pattern. However, sizable correlations of element fluxes with Swatershed in summer and autumn,
observed solely in the permafrost-free zone (Supplementary Table S1) can be explained by more
pronounced impact of deep underground waters in large rivers compared to small ones. These waters
typically contain a high concentration of soluble, labile elements (e.g., Cl, SO4, Na, Mo, As) [33,34] but
also Fe(II), those oxidation in the riparian and hyporheic zones create large amount of organo-ferric
colloids [45] capable to provide enhanced concentrations of typically insoluble low mobile elements
such as trivalent and tetravalent hydrolysates.

The latitude was revealed to be the primary governing parameter of elementary yields and clearly
marked the difference between permafrost-free, discontinuous and continuous permafrost regions.
The most northern regions of the WSL exhibited rather high yields of DOC, DIC, Si and cations. It is
possible that in continuous permafrost zone of frozen peat bogs, the underlining mineral layer is
protected by the permafrost. As a result, the active (seasonally unfrozen) layer is located within the
organic layer which comprises live vegetation, plant litter, and upper peat layer. This organic matrix
is extremely reactive, and capable of releasing sizable amount of DOC, P, Si, Ca and nutrients over
very short periods of time during contact with surface waters [71,72]. Water temperature (between
4 and 25 ◦C) has only minor effect on C and element release from both thawed and frozen peat [72].
Therefore, even short-term contact of water with surface peat and vegetation is capable mobilizing
sizable amount of DOC and nutrients, despite low temperature in the northern regions. In this regard,
the elementary export by the WSL rivers is strongly controlled by dynamics of peat formation/decay
across the territory. The particularity of the WSL is that, currently, this region is recovering from the
last glaciation. As a result, the ecosystems are highly non-stationary: the peat actively accumulates
in the south [73], while in the north, the frozen peat is subjected to thawing and degradation [74–76].
The uptake of elements from groundwater, river and forest tree litter by growing peat in southern
mires counteracts with DOC and element release from thawing/degrading peat in the northern palsas.
The elements affected by these processes are those that exhibit the highest concentration in peat relative
to undelaying mineral (silt, sand) horizons. According to a previous assessment of elementary peat
composition in the WSL [77], the peat is sizably enriched in C, (V, Cr), trivalent (TE3+) and tetravalent
(TE4+) trace metals (Al, Y, REEs, Ti, Zr, Hf, Th) and U, Zn, Pb and depleted in highly mobile alkalis and
alkaline-earths metals, As, and Mo. Therefore, enhanced riverine yield of low-soluble TE3+, TE4+, U,
and some divalent metals in the north relative to the south is possibly due to these elements being
tightly linked to peatland evolutionary pattern across the WSL. Similarly, depletion of peat relative to
underlying mineral horizons in soluble, highly mobile elements is consistent with enhanced export of
these elements by southern rivers, where the peat accumulation occurs.

4.2. Comparison of Major Cation, DIC, Si and DOC Export Fluxes in the WSL with Other Boreal Regions

The average total dissolved cation flux (TDS_c = Na + K + Ca +Mg) over May-October 2016
ranged from 4.40 ± 0.55 t km−2 y−1 in the permafrost-free zone to 2.64 ± 0.59 t km−2 y−1 in the
permafrost-affected zone, which is lower than the fluxes of Central Siberian rivers of the same latitude,
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draining basaltic rocks (5 to 8 t km−2 y−1, [78]), large Siberian rivers such as Yenisey and Lena (6.2 and
6.8 t km−2 y−1, respectively, [79]), the Ob River in its middle course (6.0 t km−2 y−1, [80]), and the
permafrost-free Eurasian Arctic rivers draining sedimentary rocks (Sev. Dvina, 9.5 t km−2 y−1, [59];
Pechora, 6.6 t km−2 y−1, [79]). The TDS_c yield of permafrost-affected WSL rivers is, however,
comparable with previous estimations of that in the middle-size Siberian rivers (2.8, 2.5, and
2.3 t km−2 y−1 for Kolyma, Indigirka and Anabar, respectively [79]). The main reason for relatively low
cationic fluxes of small WSL rivers compared to other large rivers of Northern Eurasia of similar runoff
are i) low connectivity of WSL rivers with underlying bedrocks and groundwater, due to thick peat
layer and permafrost, and ii) essentially weathered character of silicate rocks (sands, clays) in western
Siberia. Note also that the transport of major cations in permafrost-free rivers is strongly pronounced
during winter (e.g., 35–40% of total annual yield in the Severnaya Dvina River [59]), so it is possible
that cationic fluxes of WSL rivers during May-October are somewhat underestimated relative to annual
export. At the same time, the majority of small (<4000 km2 watershed area) rivers in the northern
part of the WSL freeze solid during the winter [33], so the winter flux may be non-negligible only for
southern, permafrost-free rivers.

In contrast to major cations, no difference in the export fluxes between small WSL rivers and large
and medium size Eurasian rivers was detected for the DIC. The DIC export of small WSL rivers in the
permafrost-free zone (2.2 ± 0.4 t km−2 y−1) is in agreement with recent estimations of DIC export in the
middle course of the Ob River (2.9 t km−2 y−1, [80]) and with the mean riverine DIC yield of the entire
Eurasian Arctic basin (2.2 t km−2 y−1, [79]). However, DIC export by permafrost-affected WSL rivers
is somewhat lower (1–2 t km−2 y−1) and comparable to medium size rivers of Central and Eastern
Siberia (0.6–2.2 t km−2 y−1, [79]). A tentative explanation of elevated DIC (but not TDS_c) flux in the
WSL rivers is CO2 and HCO3

− generation by microbial (and photolytic) processing of peat soil organic
carbon (both DOC and POC), which is the main cause of very high CO2 emission from WSL inland
waters [81,82]. The light isotopic composition of DIC in the WSL rivers (−25 ≤ δ13CDIC< −10 ‰, [33])
is consistent with this hypothesis.

The riverine Si fluxes in the southern part (<61◦N) of the WSL (0.5–1.0 t km−2 y−1) are comparable to
those of the Ob River (0.62 t km−2 y−1, [80] and small rivers of the northern Sweden (0.9 t km−2 y−1, [83]).
In contrast, the fluxes of the permafrost-affected rivers (1.0–1.5 t km−2 y−1, Figure 3F and Figure S4F
and Table 1) contradict the expected trend of decreasing flux with the increasing latitude and
decreasing temperature, given that the chemical weathering of silicate rocks is much slower in colder
climates [67–70]. In fact, we noted that the northern fluxes of WSL are comparable with those of
the temperate rivers such as Mississippi and Yangtze [84]. Moreover, if the silicate rock weathering
significantly controls element delivery from the soil to the river, such a northward increase would occur
for cations (Ca, Mg, Na) as it is known for typical silicate terrains of the boreal zone [85], but this is not
observed in the WSL territory. As such, we hypothesize that two- to three-fold increase in Si yield of
northern rivers relatively to southern rivers is linked to combination of (1) enhanced mobilization from
plant litter via suprapermafrost flow in the permafrost zone, (2) limited silicate secondary mineral
formation in shallow, essentially frozen northern soils compared to southern soils, and (3) strong
uptake of Si by both terrestrial plants and aquatic macrophytes and periphyton in the southern rivers.

The DOC fluxes in the permafrost-affected regions of the WSL territory were quite high (2 to
6 t km−2 y−1) compared to the middle and lower reaches of the Ob River (0.64 and 1.2 t km−2 y−1,
respectively, [79,80]). At the same time, these fluxes are comparable with those in large boreal river
draining permafrost-free wetlands (the Severnaya Dvina River, 4.2 ± 0.8 t Corg km−2 y−1, [59]) and are
the highest among all known rivers flowing to the Arctic Ocean. Indeed, the Ob, Yukon, Lena, Yenisey,
and Mackenzie rivers exhibit a DOC yield from 0.5 to 2.5 t km−2 y−1 ([79,86]). We suggest that the main
factor responsible for such high DOC yield in small WSL rivers is high proportion of peatlands on
their watershed (i.e., typically from 40 to 60%, according to the GIS data [34]). The peatland-draining
Taz (watershed = 150,000 km2), Pur (112,000 km2), and Nadym (64,000 km2) rivers, located entirely
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in the discontinuous permafrost zone, also have a DOC yield of 1.9, 2.1, and 4.4 t Corg km−2 y−1,
respectively ([79] and calculations based on data from the RHS).

The northward increase in DOC flux possibly reflects strong leaching of OM from the plant
litter and organic-rich topsoil (Histosol). In the north, the adsorption of DOM on underlying mineral
horizons is minimal because these horizons are frozen. As a result, the riverine DOC export in the
permafrost zone of the WSL is controlled by water travel time through the peat layer and underlying
mineral horizons and the water residence time necessary for DOC leaching from upper vegetation
layer (moss, lichen, litter). However, quantitative modeling of DOM and element reactive transport in
the WSL peatlands, on the scale of a small watershed or large river, is beyond the scope of this study.

4.3. Possible Evolution of Western Siberia Rivers Elementary Yields Under Climate Change Scenario

The space for time approach employed in the present work provides some future projections for
riverine element behavior. However, it exhibits a number of shortcomings whose analysis goes beyond
the scope of this work. In particular, this approach does not address the time scale, necessary for the
northern ecosystem to reach the new “more southern” state; it ignores possible shift in the structure of
vegetation and soil microbial community that can indirectly impact the carbon and nutrient, in terms of
landscape storage and removal via rivers, and it does not include information on the altered seasonality
such as extended hydrologic seasons, earlier snowmelt, higher precipitation that will likely occur as a
result of climate change. Nevertheless, as a first order empirical assessment, the following predictions
can be made. The first consequence of climate warming in western Siberia is thawing of frozen peat
and underlying mineral horizons. The thickness of the active layer (ALT) is projected to increase more
than 30% during this century across the tundra area in the Northern Hemisphere [87–89]. In the WSL,
this increase will be most dramatic in the north, where the peat deposits are thinner than those in the
discontinuous permafrost zone [48,90–92]. The main consequences of the ALT increase may be the
involvement of mineral (clay) horizons into water infiltration within the soil profile [90]. As a result, the
DOC originated from the leaching of the upper peat layers and plant litter degradation will be retained
on mineral surfaces via adsorption onto and incorporation into clay interlayers [93–97]. For inorganic
solutes, the effect of ALT increase will be lower than that of DOC, given much lower affinity of HCO3,
cations and Si to clay surfaces and the lack of unweathered (primary) silicate rocks underneath the
peat soil column. However, if the thawing will open new water paths between deep groundwater
reservoirs and the river, this may increase the riverine export of major cations and DIC [9,33].

The second consequence of climate change in western Siberia is a shift of the permafrost zone
boundaries further north [98–100]. Within the substituting space for time scenario, such a permafrost
boundary change can be considered equivalent to the northward shift of the river latitudes as shown
in Figure 3. Based on latitudinal pattern of major and TE (as illustrated in Figure 3 and Figure S4),
the following groups of the river water components likely to change their riverine yield over open-water
period in case of anticipated shift in the permafrost zones: (1) Elements those yields likely to increase
by a factor of 2 to 3: DIC, Ca, SO4, Sr, Ba, Mo, U; (2) Elements likely to decrease the yields by a factor of
2 to 5: DOC, Fe, Si, Ptot, P-PO4, N-NH4, divalent heavy metals, trivalent and tetravalent hydrolysates,
and (3) Elements weakly affected by the permafrost boundary change and the ALT increase (change of
yield by a factor of 1.5 to 2.0): B, Li, K, Rb, Cs, N-NO3, Mg, Zn, As, Sb, Rb, Cs).

The impact of climate warming on riverine fluxes in the WSL is not restricted to the shift of
permafrost zones and the change of water flow path (deep versus surface). It has to be placed in the
context of changing precipitation, plant biomass productivity and modification of the seasonality [101].
Complex evaluation of these factors goes beyond the scope of this study and it requires ecosystem-level
regional modeling. Overall, the WSL is likely to have increased lateral export of DIC but decreased
export of DOC. However, the changes of both fluxes (+2 and −3 to −4 t C km−2 y−1 for DIC and
DOC, respectively) are dwarfed compared to possible magnitude of C emission from WSL inland
waters (rivers and lakes) to the atmosphere: 10–20 t km−2 y−1 in permafrost-free and isolated zone and
20–40 t C km−2 y−1 in discontinuous and continuous permafrost zone [102].
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5. Conclusions

Based on a two-year seasonal sampling of 32 western Siberian rivers of various size (from 10 to
105 km2 in watershed area) draining through a sizable permafrost gradient, we measured riverine
export fluxes of dissolved (<0.45 μm) C, nutrients, major and TE over a six-month open-water period
(May to October). The export fluxes of DOC, DIC, major cations, macro- and micro-nutrients, toxicants,
and geochemical tracers were weakly dependent on the size of the river. The primary parameter of
export fluxes control was latitude, which marked the position of the permafrost zones.

There are several distinct groups of elements defined according to the latitudinal patterns of their
yields. These groups reflect the relative mobility of elements, consistent with general knowledge of
river hydrochemistry in high latitude regions. The DOC, organically-bound metals (V, Cr, Mn, Fe,
Co, Ni, Cu, Zn, Cd and Pb) and many low soluble TE (Al, Ti, Zr, Hf, Th and REEs) exhibited similar
latitudinal pattern with a minimum in the south and a maximum in the permafrost zone). A northward
increase in Si export flux may be due to a decrease in Si uptake by plants in the north and strong Si
retaining by mire and forest vegetation in the south.

An increase in DOC export fluxes from the south to the north (by a factor of 3 to 4 depending on
the years of observation) could be due to leaching of OM from the plant litter and organic-rich topsoil
(Histosol). The removal of DOC by adsorption on mineral horizons was hypothesized to be very low
in the north. As a result, the riverine DOC export in the permafrost zone of the WSL may be strongly
controlled by the water residence time necessary for DOC leaching from upper vegetation layer (moss,
lichen, litter). This calls a need for quantitative modeling of DOM and element reactive transport in
WSL peatlands, both at the scale of small watershed and large rivers. Furthermore, the peculiarity
of western Siberia is that the elementary export by WSL rivers is strongly controlled by dynamics of
peat formation and decay across the territory. Because the WSL is currently recovering from the last
glaciation, this territory is dominated by non-stationary ecosystems with strong latitudinal contrast:
the fresh peat is accumulating in the south whereas the old frozen peat is thawing and degrading in
the north. As a result, uptake of elements from groundwater, river and forest tree litter by growing
peat in southern bog competes with DOC and element release from thawing/degrading peat in the
northern palsas. Note that, unlike many other permafrost-affected regions in the world whose CO2

uptake rate during weathering is likely to increase under climate warming, the WSL may increase its
riverine export of DIC but decrease the export of DOC.
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Abstract: Data on the geochemistry of phosphorus in the continental runoff of dissolved and solid
substances were systematized and generalized, with a separate consideration of the processes of
runoff transformation in river mouth areas. It has been established that atmospheric deposition,
which many authors consider to be an important source of phosphorus in river runoff and not
associated with mobilization processes in catchments, actually contains phosphorus from soil-plant
recycling. This is confirmed by the fact that the input of phosphorus from the atmosphere into
catchments exceeds its removal via water runoff. An analysis of the mass ratio of phosphorus in the
adsorbed form and in the form of its own minerals was carried out. It was shown that the maximum
mass of adsorbed phosphorus is limited by the solubility of its most stable minerals. The minimum
concentrations of dissolved mineral and total phosphorus were observed in the rivers of the Arctic
and subarctic belts; the maximum concentrations were confined to the most densely populated
temperate zone and the zone of dry tropics and subtropics. In the waters of the primary hydrographic
network, the phosphorus concentration exhibited direct relationships with the population density
in the catchments and the mineralization of the river water and was closely correlated with the
nitrogen content. This strongly suggests that economic activity is one of the main factors in the
formation of river phosphorus runoff. The generalization of the authors’ and the literature’s data on
the behavior of phosphorus at the river–sea mixing zone made it possible to draw a conclusion about
the nonconservative distribution of phosphorus, in most cases associated with biological production
and destruction processes. The conservative behavior of phosphorus was observed only in heavily
polluted river mouths with abnormally high concentrations of this element.

Keywords: geochemistry of phosphorus; continental runoff; river mouth

1. Introduction

In the second half of the last century, the uncontrolled growth of economic activity
led to a significant disruption in the natural migration of chemical elements, which can be
eliminated or optimized only by controlling the fluxes of matter in the environment. In this
regard, knowledge of the basic laws and physicochemical mechanisms of chemical element
migration in the global hydrological cycle, which links the objects of the biosphere into an
integrated dynamic system, is of paramount importance. Here, based on numerous former
studies of phosphorus transport within the global hydrological cycle, we searched for the
general patterns and physicochemical mechanisms of the aqueous migration of chemical
elements in the global hydrological cycle. The objective of this work is to present the
general features of the phosphorus biogeochemical cycle and describe the physicochemical
mechanisms controlling phosphorus migration in the aqueous systems of the earth’s surface,
notably river runoff within the context of the global hydrological cycle.

2. Phosphorus Mobilization at the Stage of River Runoff Formation

The initial stage in the formation of the chemical composition of surface waters is
often associated with atmospheric precipitation on the earth’s surface and their subsequent
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interaction with soil and vegetation cover and rocks. However, due to the constant presence
of terrigenous aerosols (mainly the products of the wind erosion of soils) in the surface air
layers, this interaction begins already in the atmosphere immediately after the condensation
of water vapor. Therefore, it is expedient to divide the mobilization of dissolved substances
at the initial stage of river runoff formation into the mobilization in the atmosphere and in
the catchments.

2.1. Phosphorus Mobilization in the Atmosphere

Chemical elements are delivered from the atmosphere to the catchments in the form
of wet (rain, snow) and dry (aerosols) precipitation. The chemical composition of wet
precipitation is due to leaching from the atmosphere and the partial dissolution of aerosols,
which are represented by substances of terrigenous and marine genesis. The contribution
of marine aerosols to the transport of phosphorus into the land is apparently small. This
is indicated by an exponential decrease in the content of aerosol phosphorus in the lower
atmosphere when moving from the coast to the central regions of the ocean and a signif-
icantly lower content of phosphorus in the rains over the ocean compared to land [1–3].
The estimates of phosphorus input into the atmosphere from various sources confirm this
conclusion and show that the main role is played by the aeolian erosion of the soil cover and
the combustion of terrestrial vegetation (Table 1). Another source associated with the prod-
ucts of plant metabolism (spores, pollen, volatile organic compounds, and small particles
of plant residues) is currently not quantifiable, but observations unambiguously indicate
the widespread occurrence of plant metabolism products present in atmospheric aerosols.

Table 1. Sources of phosphorus in the atmosphere [4].

Source
Mass of Aerosols

Entering the
Atmosphere, Gt/yr

Phosphorus
Content in

Aerosols, %

Phosphorus Input
into the Atmosphere,

Mt/yr

Aeolian soil erosion 4.6–8.3 0.08 3.7–6.6
Splashing of seawater 1.8–1.9 0.001 ~0.02
Burning of vegetation 0.15–0.60 1.5 1 2.3–9.0

Volcanism – – ≤0.003
Combustion of solid fuels 0.03–0.06 0.1 0.03–0.06
Combustion of liquid fuels 0.003 0.01 0.0003

1 By the composition of terrestrial vegetation at 10% ash content.

The total phosphorus concentration in aerosols varies from 600 to 4700 μg/g, averaging
~2000 μg/g [5], which is 2–5 times higher than the phosphorus content in the rocks of the
earth’s crust and soils, the main sources of terrigenous material in the atmosphere. The
increased phosphorus concentrations in atmospheric aerosols are logically explained by
the presence of the solid products of plant biomass combustion in the amount of 0.6–1.1%
of the total aerosol mass [4]. A significant part of the phosphorus in aerosols is present in
water-soluble form, which, as a rule, accounts for 20–50% of its total content [6]. Apparently,
the soluble forms of phosphorus in aerosols are associated with the products of combustion
of plant biomass and its destruction.

In atmospheric precipitation, the concentrations of mineral and total phosphorus (Pmin
and Ptotal) are distributed in accordance with the lognormal law. The average median
concentrations of these forms are 15 and 33 μg/L and the values of their input with
atmospheric precipitation to the earth’s surface are 0.11 and 0.25 kg/ha yr (Table 2). The
percentage of the soluble forms of the total phosphorus in atmospheric precipitation is in
the range of 20–80%, with an average value of 55% [6], which is in good agreement with
the percentage of soluble phosphorus in aerosols, the main source of dissolved substances.
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Table 2. Concentration of phosphorus in atmospheric precipitation and its input on the earth’s surface
with wet precipitation [7].

Parameter
Concentration, μg/L Input, kg/ha yr

Pmin Ptotal Pmin Ptotal

Number of observation sites 130 97 104 77
Arithmetic mean 30 73 0.22 0.36

Median mean 13 34 0.093 0.23
Geometric mean 15 33 0.11 0.25

Atmospheric precipitation is considered by many authors as an important source of
phosphorus in river runoff, which is not associated with the processes of its mobilization
in the catchments. However, the balance of total phosphorus in the catchments shows
that the input of this element with atmospheric precipitation usually exceeds the removal
with water runoff [4]. The opposite situation, when the phosphorus runoff exceeds its
input, is observed, as a rule, under the conditions of a strong anthropogenic load. The
positive value of the difference between the phosphorus input from the atmosphere and
its removal from the catchments is an artifact that is associated with the lack of reliable
methods for quantifying the masses of substances remobilized from the earth’s surface into
the atmosphere and returned back as a part of atmospheric precipitation (Figure 1).

 

Figure 1. Scheme of phosphorus fluxes in the catchments.

2.2. Phosphorus Mobilization in the Catchment Areas

The primary sources of phosphorus are igneous, metamorphic, and sedimentary
rocks, which differ significantly in the content of this element (Table 3). The maximum
phosphorus concentrations are characteristic of basic and intermediate magmas; with an
increase and decrease in acidity, the phosphorus content in igneous rocks decreases. In
sedimentary rocks, the phosphorus concentration does not vary so much, and in general,
for the sedimentary deposits it is slightly higher than in granites. In metamorphic pro-
cesses, phosphorus behaves as an inert component, and its content is inherited from the
parent rocks.

Table 3. Content of phosphorus in rocks [8,9].

Rock [P], μg/g Rock [P], μg/g

Igneous rocks: Sedimentary rocks:
Ultrabasic rocks 280 Sands and sandstones 620

Basic rocks 1300 Clays and clay shales 790
Andesites, diorites 1350 Carbonate rocks 480

Granodiorites 980 Siliceous rocks 660
Granites 600 Evaporites 4
Syenites 800 Volcanic rocks 900

Volcanic rocks 900
Sedimentary deposits in general 710

Surface of the continental lithosphere 1 690
1 Based on results of [9].

Apatite is the main phosphorus mineral in all types of igneous, metamorphic, and
sedimentary rocks. The abundance of two other important phosphorus minerals, xenotime
YPO4 and monazite CePO4, is 100–1000 times lower than that of apatite and can reach
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10% only in acid rocks [10]. According to mineralogical analysis, in igneous rocks, apatite
accounts for 1.7–5.7% of the total phosphorus, whereas in sedimentary carbonate, clayey,
and sandy rocks, apatite contains 22.9, 0.5, and 7.1% of phosphorus, respectively [10,11]. In
magmatic and metamorphic silicates, phosphorus can isomorphically replace silicon with
charge compensation (Na+ + P5+ = Ca2+ + Si4+ and Al3+ + P5+ = 2 Si4+) or with the formation
of cation vacancies. In the Critical Zone, the bulk of phosphorus is in the sorbed state, as
well as in the form of apatite and various iron and aluminum phosphates. The composition
of apatite is different for various types of rocks. Fluorapatite predominates in igneous and
metamorphic rocks, with fluoro-carbonate-apatite pervading in sedimentary rocks, and
bone phosphate is represented by hydroxyl-apatite and carbonate-hydroxyl-apatite.

Biological metabolites and the products of dead organisms’ destruction are an impor-
tant source of phosphorus in continental runoff. The phosphorus content in land plants
(on average 1500–2000 μg/g dry weight) is almost an order of magnitude lower than the
content in animals and bacteria [12–14]. Therefore, the destruction of animal and bacterial
biomasses can lead to the emergence of high local concentrations of dissolved phosphorus.

The most obvious factor in phosphorus mobilization is the solubility of the phosphorus-
containing mineral phases. According to calculations [15], the concentration of dissolved
mineral phosphorus in the waters of the Rhine and Rhone rivers is controlled by the
solubility of hydroxylapatite. However, under the conditions of the earth’s surface, hy-
droxylapatite is unstable and transforms into a less soluble fluoro-carbonate-apatite. The
dissolution of fluorapatite in fresh waters leads to a concentration of dissolved mineral
phosphorus at the level of 14 ± 3 μg/L [16], which, as will be shown below, approximately
corresponds to the average median value for the world rivers.

The acidity of the aquatic environment is apparently the main factor controlling the
stability of the mineral forms of phosphorus. In a moderately alkaline medium, the stable
phase is fluoro-carbonate-apatite; in a moderately acidic medium, iron (III) and aluminum
phosphates are stable under oxidizing conditions and iron (II) and aluminum phosphates
are stable under reducing conditions [6]. According to the experimental data [17], in
waters with a reaction close to neutral, the monophosphates of iron (III) and aluminum
transform into more stable iron-calcium and aluminum-calcium phosphates with the
hypothetical chemical formulas CaFe(OH)3HPO4 and CaAl(OH)3HPO4. In the neutral
medium, the dissolved iron (III) and aluminum are mainly in the form of the electroneutral
hydroxocomplexes Fe(OH)0

3 and Al(OH)0
3, and the bulk of the phosphorus is represented

by HPO2−
4 . Therefore, in accordance with the dissolution reactions

CaFe(OH)3HPO4 = Ca2+ + Fe(OH)0
3 + HPO2−

4 , (1)

CaAl(OH)3HPO4 = Ca2+ + Al(OH)0
3 + HPO2−

4 (2)

an inverse relationship between the logarithms of the concentrations of mineral phosphorus
and calcium is observed (Figure 2).

In equilibrium with iron-calcium and aluminum-calcium phosphates, the concentra-
tion of dissolved mineral phosphorus is significantly higher than its content in river and
ground waters. Therefore, it should be assumed that the presence of these solid phases
is possible only where high local concentrations of dissolved phosphorus can be main-
tained for a long time. These can be bottom sediments with an extremely slow rate of
water exchange or soils in which a high concentration of dissolved phosphorus is provided
by the destruction of organic matter during the biological cycle. In all other cases, iron-
calcium and aluminum-calcium phosphates must be replaced by hydroxides containing
adsorbed phosphorus.
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Figure 2. Relationship between logarithms of the concentrations of dissolved phosphates and calcium
in the interaction of FePO4 and AlPO4 with fresh waters [17]. FePO4: (1) water from the Moscow
River, (2) water from the Don River mouth; AlPO4: (3) water from the Moscow River, (4) water from
the Don River mouth.

At sufficiently high concentrations of phosphates, arising, for example, during the
destruction of animal or bacterial biomass, the silicate phosphatization reaction can occur,
in which the silicon of the solid phase is replaced by phosphorus from the solution. This pro-
cess was experimentally studied by us, using rock-forming minerals of different structural
types (hornblende, orthoclase, labradorite, kaolinite, and montmorillonite) and background
buffer solutions with variable concentrations of orthophosphates (0.25–6.0 mM), maintain-
ing the pH at ~1.8, 3.7, 4.9, 6.8, 7.8, and 8.8 [18–20].

The results of the experiments demonstrated the following features. First, all the
samples were characterized by approximately equivalent variations in the concentrations
of phosphorus and silicon in the solution in the pH range of 3.7–8.8:

Δ[Si] ≈ −Δ[P], (3)

whereas at pH 1.8 the supply of the dissolved silicon was 1.3–2 times higher than the
removal of the phosphates (Figure 3), which was likely explained by the change in the
stoichiometry of the phosphatization reaction. Second, the amount of phosphorus absorbed
by the silicates was linearly dependent on its final concentration in the solution,

− Δ[P] = k[P]final (4)

with almost the same values of the proportionality coefficient k for the different minerals,
slightly decreasing with a decrease in the acidity of the medium (Table 4).

Table 4. Proportionality coefficient k in Equation (4) as a function of solution pH.

pH 1.8 3.7 4.9 6.8 7.8 8.8

k 0.57 0.57 0.54 0.51 0.46 0.46

According to the data in Table 5, the amount of silicon removed from the studied
silicates and replaced by phosphates at pH 3.7–8.8 reached 6.5–11.0% of the initial silicon
content in the minerals. Even more silicon (up to 9.4–19.9%) entered the solution at pH 1.8,
when the process of phosphatization was accompanied by the acid leaching of silicates,
which led to an additional release of silicon and violation of equivalence (3). Such large
amounts of removed silicon and absorbed phosphorus, which were much higher than the
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limiting values of the sorption removal of phosphates, definitely indicated the occurrence
of a chemical reaction which replaced the silicate with a phosphate mineral.

  
(a) (b) 

Figure 3. Correlation between variations in the concentrations of phosphorus and silicon in the solu-
tion upon phosphotization of silicates [19]. (a) pH 1.8: (1) hornblende, (2) orthoclase, (3) labradorite;
pH 3.7–8.8: (4) hornblende, (5) orthoclase, (6) labradorite. (b) pH 1.8: (1) kaolinite, Glukhovetsk,
(2) the same, Podol’sk, (3) montmorillonite, Askania, (4) the same, near Askania; pH 3.7–8.8: (5) kaoli-
nite, Glukhovetsk, (6) the same, Podol’sk; (7) montmorillonite, Askania, (8) the same, near Askania.

Table 5. Amount of silicon passed into solution in the experiments on phosphatization of silicates at
the maximum initial concentration of phosphates 1, % of the initial concentration in the mineral [19].

Mineral
pH

1.8 3.7–8.8

Hornblende 19.4 11.0
Orthoclase 11.2 8.1
Labradorite 12.3 8.0

Kaolinite, Glukhovetsk 18.0 7.8
As above, Podol’sk 19.9 8.6

Montmorillonite, Askania 9.4 6.5
As above, near Askania 12.4 6.9

1 5 mM for hornblende, orthoclase, and labradorite; 6 mM for kaolinite and montmorillonite.

In previous studies [21–25], the negative correlation between the variations in the
concentrations of dissolved phosphates and silicon was associated with the adsorption
exchange of phosphate ions and silica on the surface of silicates. Since the duration of the
experiments did not exceed several days, this time was sufficient to establish the adsorption
equilibrium but was not long enough for noticeable progress in the phosphatization reaction
of the bulk silicate phase. Our experiments proceeded for more than one year, so the amount
of phosphorus absorbed from the solution and the silicon displaced from the solid phase
indicated the participation in the process of not only the surface layer, but also the volume
of the solid phase.

The same quantitative characteristics of the process of phosphatization for all the
studied silicates, corresponding to different structural types and with different chemical
compositions, were an unusual result. It can be assumed that the initial minerals were
not subject to phosphatization, but that the secondary silicate phases formed during the
interaction of the silicates with water and were stable in a certain pH range. The parameters
of the phosphatization reaction at pH 1.8 varied due to the stability under these conditions
of the surface silicate phase, which was different to that in the area of higher pH values.
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A powerful factor of the phosphorus mobilization in the Critical Zone is the activity
of living organisms. Primary producers annually synthesize about 140 Gt of dry organic
matter on land, 98–99% of which is mineralized. With the average phosphorus content
in plants equal to ~1500 μg/g dry matter, about 210 Mt of phosphorus participates in the
biotic cycle, which forms soluble phosphates at the stage of mineralization and becomes
a potential source of dissolved phosphorus in continental runoff. However, mineralized
phosphorus is almost completely reincluded in the biotic cycle and used to create new
organic matter. The highest degree of completeness of the biotic cycle is inherent in mature
biogeocenoses (Table 6).

Table 6. Phosphorus input with litter and removal with subsurface runoff in forest biogeocenoses [26].

Process Oak Forest Aspen Forest

Input with litter, kg/ha yr 7.85 9.9
Removal with subsurface runoff, kg/ha yr ~0.001 ~0.0015
Phosphorus removal, % of input with litter 0.013 0.015

If all mineralized phosphorus was a part of river runoff, the volume of which is
41,700 km3/yr [27], its concentration due to this source alone would be 5 mg/L. Such high
concentrations of dissolved phosphorus are extremely rare and usually associated with the
reducing conditions of the environment or anthropogenic pollution. The average concen-
tration of dissolved phosphates in unpolluted river waters is equal 30–50 μg P/L [28–30],
which is 0.6–1.0% of the calculated value of 5 mg P/L. This means that continental runoff
contains a very small portion of the labile phosphorus that is formed as a result of organic
matter degradation.

It is known that when phosphorus fertilizers are applied to soils, the behavior of the
phosphorus differs significantly depending on the properties of the soil and the fertilizers
themselves. Poorly soluble phosphorite flour increases the content of biologically available
phosphorus if the soil conditions are conducive to the transformation of apatite into more
soluble forms. With the addition of highly soluble fertilizers, over time, phosphorus immo-
bilization occurs due to chemosorption and the formation of poorly soluble compounds,
including apatite phases. It is assumed that phosphates of iron, aluminum, and calcium
make up ~90% of the immobilized phosphorus of fertilizers [31].

Whereas the final products of the transformation of fertilizers are represented by
poorly soluble mineral phases, there is usually no direct relationship between the amount of
applied phosphorus and its removal. The amount of removed phosphorus from fertilizers,
as a rule, does not exceed 1–2% [32–35].

Formally, the mobility of chemical elements in the Critical Zone is characterized by
the coefficients of water migration Ki, equal to the ratio of the concentrations of element i in
the dry residue of water (ai) and in drained rocks (mi):

Ki = ai/mi. (5)

Phosphorus belongs to the group of low-mobility elements with 0.01 < Ki < 0.1 [36].
In (5), it is implicitly assumed that all the substances in the dry residue of water enter

it as a result of the dissolution of drained rocks. However, there are two other powerful
sources of dissolved matter: cyclic sea salts, transported from the ocean to land through the
atmosphere, and anthropogenic substances. Taking into account the contribution of these
sources leads to a significant change in the values of the coefficients of water migration, in
particular, to an approximately tenfold increase of this coefficient for phosphorus (Table 7).
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Table 7. Coefficients of water migration of chemical elements in the Critical Zone taking into account
the contribution of cyclic sea salts and anthropogenic substances [37].

Cl S Na F C Mg Ca K P Si Mn Fe Ti Al

9.6 9.2 4.0 3.3 3.3 2.4 2.4 0.93 0.81 0.27 0.22 0.02 0.01 0.01

3. Phosphorus in River Runoff

3.1. Phosphorus in the Waters of the Primary Hydrographic Network

The primary hydrographic network consists of small catchments, which are charac-
terized by the significant spatial variability of the chemical composition of the waters,
caused by the territorial heterogeneity of geomorphological, lithological, and biological
soil conditions. The enlargement of rivers and pooling of small catchments leads to the
“averaging” of the local conditions for runoff formation. Therefore, the larger-scale regu-
larities associated with the implementation of the periodic law of geographic zonality are
acquiring decisive importance.

The lithological characteristics of the catchments have a strong influence on the phos-
phorus concentration in the waters of the primary hydrographic network, because rocks are
the main source of dissolved phosphorus. The highest concentrations of dissolved mineral
phosphorus are found in catchments located on basalts, in which the phosphorus content
is greater than in other types of rocks (Table 8). The runoff of dissolved phosphorus from
drainage basins composed of sedimentary rocks is usually greater than for igneous rocks.
In the small, almost completely forested catchments on the Canadian Crystalline Shield,
the dissolved phosphorus runoff was 4.8 (2.5–7.7) mg/m2 yr for igneous rocks and twice as
large (10.7 (6.0–14.5) mg/m2 yr) for sedimentary rocks [38].

Table 8. Relationship between the concentration of dissolved mineral phosphorus in the waters of
the primary hydrographic network and phosphorus content in the catchment rocks.

Lithological Composition of
Catchments

Phosphorus Concentration

in Water, μg/L [29] in Rock, μg/g [8,9]

Sandstones 2 620
Granites 3 600

Limestones 2 480
Basalts 20 1300

Carbonaceous shales 3 –
Mica schists 4 550

Gypsum-bearing clays 1 –

Another important factor of phosphorus migration is the climate, which affects the
rate of weathering and, consequently, the intensity of the phosphorus mobilization from
rocks. For example, the runoff of dissolved phosphorus from the territory of Karelia (NW
Russia, temperate climate) due to the pure weathering of crystalline rocks is 2 mg/m2

yr [39], while the average intensity of dissolved phosphorus removal during the weathering
of crystalline rocks for three catchments in Brazil (humid tropical climate) is 5 times higher:
10 (5–14) mg/m2 yr [40].

The presence of areas with slow water exchange in catchments leads to a decrease
in the phosphorus content in the waters of the primary hydrographic network. Indeed,
Conley et al. [41] showed an exponential dependence of the concentration of total dissolved
phosphorus ([Ptotal], μg/L) on the relative area of lakes (S, %) in catchments:

[Ptotal] = 2.18e−0.096S. (6)

Data on the content of dissolved phosphorus in the waters of the primary hydro-
graphic network, to which catchments with an area ≤50 km2 were assigned, were collected
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during observations that lasted for at least a year and were systematized in [42]. Based on
the differences in the sources of phosphorus input, the conditions of runoff formation, and
the processes in the catchments, all catchments were divided into four groups: (1) natural
(forest) catchments; (2) mixed agricultural–forest catchments with land use <50%; (3) agri-
cultural catchments with land use >50%; (4) urban catchments. For a number of catchments,
the group could not be determined due to the lack of the necessary data.

Table 9 shows that the values of the arithmetic and median mean concentrations of
mineral and total phosphorus in solution for all the accounted catchments differed several
times, indicating the positive asymmetry of the probability distribution functions, which
corresponds to the lognormal law. When the small catchments were combined into groups,
the asymmetry of the probability distribution functions for the phosphorus concentrations
remained. Therefore, the average median concentrations of mineral and total phosphorus,
equal to 31 and 95 μg/L, can be considered as the global average concentrations of these
forms of dissolved phosphorus in the waters of the primary hydrographic network under
modern conditions.

Table 9. The average content and concentration range of dissolved phosphorus (μg/L) in the waters
of the primary hydrographic network [42].

Component
Number of
Catchments

Arithmetic
Mean

Median
Mean

Minimum Maximum

Forest catchments
Pmin 67 15 7 0 114
Ptotal 40 58 28 3 806

Mixed agricultural–forest catchments
Pmin 23 88 48 6 435
Ptotal 24 142 90 17 589

Agricultural catchments
Pmin 34 218 116 2 1145
Ptotal 26 535 250 7 3255

Urban catchments
Pmin 6 708 700 101 1572
Ptotal 5 1605 1500 163 3300

All accounted catchments, including catchments of unknown type
Pmin 137 115 31 0 1572
Ptotal 103 301 95 3 3300

The lowest concentrations of the dissolved forms of mineral and total phosphorus
in the surface waters (7 and 28 μg/L) were observed in the forest landscapes with the
least anthropogenic impact. As the economic activity intensified, the phosphorus content
increased. For the mixed agricultural–forest catchments, the average concentrations of
Pmin and Ptotal were 48 and 90 μg/L, while for the agricultural catchments they increased
to 116 and 250 μg/L. An even higher content of dissolved phosphorus was characteristic
of the urban catchments, where the average concentrations of Pmin and Ptotal reached 700
and 1500 μg/L. In general, there was a tendency towards an increase in the concentrations
of Pmin and Ptotal in the surface waters of the small catchments as the population density
increased (Figure 4).

3.2. Phosphorus in River Waters

The rivers of the world carry into the ocean ~3 Gt/yr of dissolved matter and
15–20 Gt/yr of solid matter. The phosphorus runoff in the form of particulate suspended
matter significantly exceeds its dissolved flux, which plays an extremely important role for
biota and biogeochemical processes.
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Figure 4. Relationship between the average annual concentrations of dissolved forms of mineral (1)
and total (2) phosphorus in the waters of the primary hydrographic network and the population
density D [6].

3.2.1. Phosphorus of Suspended Matter and Bed Load

The distribution function of the phosphorus content in suspensions of 77 large,
medium, and small rivers of the world corresponds to a lognormal law; the arithmetic and
geometric mean concentrations of phosphorus equal 1500 and 1000 μg/g [43], respectively,
which is close to the estimate [44]: 1270 μg/g. About 3% of the phosphorus in river sus-
pended matter is represented by bioavailable soluble/exchangeable forms that can be used
by living organisms [45,46].

Phosphorus runoff in the form of suspended solids is affected by the ratio of fine and
coarse fractions. The phosphorus content in the fine fractions of the suspended matter
and bottom sediments of rivers is 2–10 times higher than that in the coarse fractions. The
consequence of this is apparently a decrease in the phosphorus concentration in river
suspensions, with an increase in the total content of suspended solids (turbidity), which
is accompanied by an increase in the proportion of the coarse fractions (Figure 5). The
highest phosphorus concentrations (~4000 μg/g) are observed at a turbidity <20 mg/L,
while at a turbidity >100 mg/L, the phosphorus concentration begins to decline sharply,
reaching 400 μg/g at a suspended matter content of 1000 mg/L. The same reason leads
to an inverse relationship between the concentration of phosphorus in suspended matter
and the water discharge or erosion rate. At small discharges during the low-water period,
the relative contribution of fine suspensions increases and the phosphorus concentration
reaches its maximum values, while in the high-water period, the bulk of suspended solids
are represented by coarse suspensions with low phosphorus content.

The use of fertilizers is accompanied by an immobilization of the phosphorus in the
upper soil horizons, which are the main supplier of suspended matter. As a result, the
phosphorus content in suspensions denudated from cultivated lands is approximately
2 times higher than in the runoff of solids from forest catchments: 2500 and 1100 μg/g,
respectively [47].

Forests prevent the erosion of the earth’s surface and should reduce phosphorus runoff.
This is confirmed by the data for seven small catchments in Southern Quebec [48], where
the relationship between the concentration of suspended phosphorus ([Psusp], μg/L) and
the degree of forest coverage of the territory (X, %) was established:

[Psusp] = 10.2 − 0.056X. (7)

Deforestation should lead to an increase in suspended phosphorus runoff on a global scale,
but it is still very difficult to quantify this effect.
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Figure 5. Relationship between the phosphorus content in suspended matter and the turbidity (s) of
river waters [43].

It is estimated that 10 to 30% of the river runoff of solid matter is carried in the form of
bed load, in which the phosphorus content is on average 800 μg/g [49]. This value is lower
than the phosphorus content in river suspended matter (1000 μg/g), which corresponds to
the larger hydraulic size of the bed load.

3.2.2. Dissolved Phosphorus

In [50,51], the average annual and long-term average annual data on the content of
the dissolved forms of mineral and total phosphorus in 179 rivers of the world (>200 ob-
servation stations) are summarized. The arithmetic and median mean concentrations
of dissolved mineral phosphorus are 113 and 28 μg/L, respectively, and those of total
dissolved phosphorus are equal to 241 and 85 μg/L (Table 10). The distribution of the
concentrations of dissolved phosphorus obeys the lognormal law; therefore, the median
mean concentrations are preferred for obtaining average values.

Table 10. The average content of dissolved phosphorus (μg/L) in the river waters of different
geographic zones [50,51].

Geographic Zone
Number

of Stations
Arithmetic

Mean
Median
Mean

Pmin
Arctic and subarctic zones 7 76 6

Temperate zone 123 132 32
Humid tropics and subtropics 19 39 16

Dry tropics and subtropics 33 93 31
Whole world 182 113 28

Ptotal
Arctic and subarctic zones 3 235 19

Temperate zone 68 247 106
Humid tropics and subtropics 12 226 91

Dry tropics and subtropics 14 228 175
Whole world 97 241 85

Most of the natural factors affecting the content of chemical elements in river water
are closely related to the geographic zonality, which determines the features and intensity
of the weathering processes, biological activity, etc. In this regard, to analyze the spatial
distribution of phosphorus content, all rivers were divided into four groups according to
their geographical zones: Arctic region and subarctic zone, temperate zone, humid tropics
and subtropics, and dry tropics and subtropics.
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The minimum median mean concentrations of the dissolved forms of mineral and
total phosphorus were observed in the rivers of the Arctic and subarctic belts, where
the biological cycle of elements is much slower and the anthropogenic impact on the
aquatic environment is not pronounced, given that there are no extensive sources of
phosphorus input associated with agricultural industries, fewer large cities, and, therefore,
less industrial and domestic wastewater. The highest median mean concentrations of
dissolved mineral phosphorus were characteristic of the rivers of the temperate zone and
the zone of dry tropics and subtropics. This is explained by the powerful anthropogenic
impact on the nature of these regions, as well as the favorable conditions for the involvement
of phosphorus in the biological cycle and its rapid turnover therein. A similar situation is
typical for total dissolved phosphorus.

The average annual concentrations of the dissolved forms of mineral and total phos-
phorus for the rivers of the world correlate with the mineralization of river water (r = 0.94
and 0.89, respectively) and with the concentration of total nitrogen (r = 0.81 and 0.79, re-
spectively) [51]. The cycles of nitrogen and phosphorus are closely linked in the biological
cycle of matter and liable to similar anthropogenic changes. Like phosphorus, nitrogen
is used in mineral fertilizers and its concentration in wastewater also increases tens and
hundreds of times. A rather close correlation between dissolved phosphorus and the
mineralization of waters is interesting. It can be assumed that it arises due to an increase in
the mineralization of river water in the north–south direction parallel to an increase in the
population density, which is an indicator of the anthropogenic load and, in particular, of
the intensity of anthropogenic phosphorus sources. Indeed, the average concentrations of
mineral and total phosphorus in the river water regularly increase with an increase in the
population density in the catchments (Table 11).

Table 11. The average content of dissolved phosphorus in the water of rivers with different population
densities in their catchments [51].

Population Density D,
pers./km2

Concentration, μg/L

Pmin Ptotal

<1 21 81
1–10 28 76

10–50 34 157
50–100 39 139

100–200 193 120
200–700 556 598

According to [52], for large rivers there is only a weakly expressed tendency towards
an increase in the runoff of dissolved mineral phosphorus with an increase in the population
density in the catchments. However, if one takes into account the presence of a directly
proportional dependence of phosphorus removal from catchments on the value of specific
water discharge, a significant correlation (r = 0.78) is found between the runoff of dissolved
mineral phosphorus and the population density in the catchments, normalized to the
specific water discharge.

The intensification of economic activity is accompanied by an increase in the phospho-
rus content in river runoff. Systematic observations carried out in 1936–1980 on the territory
of the USSR showed a noticeable increase in the concentration and runoff of dissolved
mineral phosphorus over time (Table 12). The same was established for other large rivers
of the world, including the coastal parts of the sea basins into which these rivers flow [53].
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Table 12. Change in water runoff (Q, km3/yr), concentration ([Pmin], μg/L) and runoff (JPmin, thous.
t/yr) of dissolved mineral phosphorus in the USSR in 1936–1980 [54].

Drainage Basin
1936–1970 1970–1980

Q [Pmin] JPmin Q [Pmin] JPmin

Arctic Ocean 2746 6.2 16.9 2849 13.5 38.5
Pacific Ocean 866 12.8 11.1 726 27.2 19.8

Atlantic Ocean 261 24.6 6.4 235 38.2 9.0
Aral–Caspian 381 29.4 11.2 315 45.3 14.2

Former USSR territory 4250 10.7 45.6 4120 19.8 81.5

Environmental protection measures can not only stop the increase in dissolved phos-
phorus concentrations but also cause its significant decrease. In particular, due to a re-
duction in the volumes of municipal wastewater and the use of phosphorus-containing
detergents, the total phosphorus runoff into Lake Erie decreased from 27.9 to 10.5 thous.
t/yr during 1968–1981 [55]. The deepening of wastewater treatment and a decrease in
its volume led to a decrease in the phosphorus runoff into the Rhine and Elbe rivers
from 51.1 and 20.5 thous. t/yr, respectively, in 1983–1987 to 20.5 and 12.5 thous. t/yr in
1993–1997 [56].

3.3. Phosphorus in Groundwater in the Zone of Active Water Exchange

The surface waters of the primary hydrographic network, rivers and lakes, are in
direct hydrodynamic connection with groundwater, which plays an important role in the
formation of the chemical composition of the continental runoff of dissolved matter. The
greatest influence is exerted by the groundwater of the zone of active water exchange, the
discharge of which is the main source of river runoff during the low-water period. The
phosphorus content in groundwater is of the same order of magnitude as in the waters of
the primary hydrographic network.

The average content of dissolved mineral phosphorus in the groundwater of the Criti-
cal Zone varies within the same order of magnitude: from 18 to 191 μg/L (Table 13). The
maximum concentrations (191 and 127 μg P/L) were found in the waters of bog landscapes
and steppes (dry savannah). The lowest phosphorus content was observed in the waters of
permafrost zones and mountainous areas, in which the fluorine mobilization from rocks
is impeded by the low temperature and relatively high water velocity, respectively. The
concentrations of dissolved mineral phosphorus in the groundwater in areas of leaching
and continental salinization, despite the significant difference in their mineralization, are
relatively equal, amounting to 56.9 and 62.6 μg/L, respectively.

Table 13. The content of dissolved phosphorus in groundwater of the Critical Zone [57].

Groundwater Type [Pmin], μg/L

Groundwater of the provinces of permafrost
Northern bog landscapes 26.3

Tundra landscapes 19.1
Northern taiga landscapes 21.7

Groundwater of the provinces of temperate climate
Bog landscapes 191

Mixed forest landscapes 59.5
Southern taiga landscapes 57.1

Forest-steppe and steppe landscapes 75.8
Groundwater of the provinces of tropical and subtropical climate

Wet savannah landscapes 29.4
Rainforest landscapes 65.3

Subtropical forest landscapes 58.7
Landscapes of dry savannah and steppes 127
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Table 13. Cont.

Groundwater Type [Pmin], μg/L

Groundwater of the provinces of arid climate
Landscapes of the temperate continental zone:

soda waters 20.6
sulphate waters 63.3
chloride waters 21.7

Landscapes of the dry tropical zone 76.7
Groundwater of the mountainous areas

High-mountain and mountain–meadow landscapes 18.0
Mountain–forest and mountain–taiga landscapes 40.1

Mountain–steppe landscapes 46.8

Average concentrations
Groundwater of the leaching areas: 56.9

permafrost 22.6
temperate climate 98.2

tropical and subtropical climate 71.8
mountainous areas 34.9

Groundwater of the areas of continental salinization 62.6
Average for groundwater of the Critical Zone 58.0

3.4. Integral Characteristic of the Phosphorus River Runoff
3.4.1. Phosphorus Runoff in the Composition of Suspended Matter and Bed Load

The average phosphorus concentrations in the suspended matter and bed load of
world rivers are 1000 and 800 μg/g, respectively [49]. The most detailed calculations of the
global runoff of suspended matter give a value of 15.5 Gt/yr [58,59]. The mass of the bed
load, according to various estimates, is from 10 to 30% of the mass of suspended matter,
and 20% can be taken as an average value. Hence, the total continental runoff of suspended
and drawn phosphorus is equal to 18.0 Mt/yr. This value is in close agreement with earlier
estimates, 16.1 [44] and 20.4 [60] Mt P/yr; however, these did not take into account the
runoff of bed load.

Phosphorus is also carried out from land via ice runoff and coastal abrasion. Here,
phosphorus is mainly contained in the lithogenic material, while the contribution of its
dissolved forms is negligible. The phosphorus content in the products of glacial erosion and
coastal abrasion can be taken to equal that in the rocks of the land surface: 690 μg/g. A.P.
Lisitsyn [61] estimates the removal of the solid products of ice runoff and coastal abrasion
to be 1.5 and 0.5 Gt/yr, which corresponds to a phosphorus mass of 1.4 Mt/yr.

3.4.2. Dissolved Phosphorus in River Runoff

A detailed assessment of river phosphorus runoff was made in [50,51], where data for
more than 100 medium and large rivers of the world were used and a correction for the
value of the accounted water runoff for each continent was applied (Table 14). The total
volume of continental water runoff in these works was taken to be equal to 38,500 km3/yr.
The more correct value is 41,700 km3/yr [27], which would mean that the river runoff of
dissolved mineral and total phosphorus increases to 1.6 and 4.5 Mt/yr, respectively.

3.4.3. Dissolved Phosphorus in Groundwater Runoff

Groundwater phosphorus runoff is difficult to estimate due to the limited amount
of available information. According to calculations [62], the proportions of the dissolved
forms of mineral and total phosphorus in the groundwater and river runoff into the seas of
the Russian Arctic are approximately the same, at 11–13% (Table 15). A similar proportion
of dissolved mineral phosphorus in groundwater and river runoff also follows from the
global estimates [63]. With an average concentration of phosphorus in the groundwater
of the Critical Zone of 58 μg/L [57] and a groundwater runoff value of 2200 km3/yr, the
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phosphorus removal into the ocean is 0.13 Mt/yr, or ~8% of the river runoff of dissolved
mineral phosphorus.

Table 14. River runoff of dissolved forms of mineral and total phosphorus [50,51] 1.

Continent
Water Runoff,

km3/yr

% of Accounted Water
Runoff

Phosphorus Runoff, thous. t/yr

Pmin Ptotal

Pmin Ptotal Accounted Full Accounted Full

Europe 2365 80 52 92.3 116 160 310
Asia 10,152 53 – 484 913 – 1094

North America 7840 12 24 9.8 82 237 988
South America 11,700 84 22 124 148 286 1300

Australia and Oceania 2370 4 1 1.9 48 1.2 205
Africa 4110 49 34 58 120 85 249

Whole world 38,537
(41,700) 52 19 770 1481

(1603) 769 4154
(4495)

1 Values in parentheses are calculated for water runoff of 41,700 km3/yr.

Table 15. The proportion of dissolved phosphorus in groundwater and river runoff into the marginal
seas of the Russian Arctic [62].

Receiving Water Body
Proportion of Groundwater Runoff from River Runoff, %

Water Pmin Ptotal

White and Barents Seas 14.6 15.3 15.5
Kara Sea 10.3 12.3 –

Laptev Sea 7.6 6.9 5.1
East Siberian Sea 6.7 5.8 6.6

Average for the Arctic seas
of Russia 10.0 12.8 1 10.7 1

1 Weighted mean for water runoff.

4. Phosphorus in the Mixing Zone of River and Sea Waters

The final stage of the transformation of the river runoff of dissolved and suspended
matter is carried out in the mouth area of rivers, as a result of which the ratio of the
dissolved and suspended forms of chemical elements entering the ocean changes.

The dissolved components with conservative behavior are involved in intrabasin
chemical and biological processes to an insignificant extent, and their content linearly
depends on the ratio of the proportions of the sea and river water masses in the mixing
zone. The components with nonconservative behavior are also added into the solution or
are removed from it as a result of their involvement in different processes occurring in the
water column or at the water–air and water–bottom boundaries. In this case, the linearity
of the relationship between the component concentration and the ratio of the water mass
proportions is violated. The best indicator of the ratio of the sea and river water mass
proportions is the isotopic composition of water; however, the concentration of chemically
inert chlorides, which is more accessible for measurements, is used more often.

The conservative behavior of the dissolved component i in the mixing zone of river
and sea waters is described by the linear relationship between its concentration [i]mix and
chloride content [Cl]mix:

[i]mix = a + b[Cl]mix, (8)

where a =
[i]rw [Cl]sw−[i]sw [Cl]rw

[Cl]sw−[Cl]rw
≈ [i]rw is a constant parameter; b =

[i]sw−[i]rw
[Cl]sw−[Cl]rw

is the slope
ratio taking positive or negative values at a higher or lower concentration of the component
i in seawater in comparison with river runoff; and the subscripts “rw” and “sw” denote
the concentrations in river and sea water, respectively. If the component i is removed from
the solution or, on the contrary, its internal source is present, the line showing the actual
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distribution of the concentrations of the relevant component is located, respectively, below
or above the calculated line of conservative behavior (Figure 6). Equation (8) is widely used
to determine the type of behavior of chemical components in the mixing zones of river and
sea waters.

  
(a) (b) 

Figure 6. Relationships between the concentration of dissolved component i and chloride content by
the conservative behavior (1) and availability of processes of additional input (2) or removal (3) of
this component in the mixing zone of river and sea waters: (a,b) are cases when the concentration of
component i in the river water is accordingly below or above that in the seawater.

Active participation in biological processes brings about the nonconservative behavior
of phosphorus, which is observed in most river mouths of the world. The consumption of
dissolved mineral phosphorus by phytoplankton leads to a decrease in its content in the
water down to “analytical zero”. The mineralization of the precipitated organic detritus
causes the input of phosphorus into a solution in the lower layers of the water column and
at the water–bottom boundary. Approximately half of the phosphorus entering the bottom
as part of the organic detritus, after the mineralization of organic matter, can return back to
the water with circulating currents or during the stirring up of the bottom sediments [64]. In
addition to the production–destruction processes, an important role in the transformation
of dissolved phosphorus runoff in the mixing zone of river and sea waters is played by the
transformation processes of phosphorus-containing solid phases, sorption–desorption, and
coprecipitation, as well as the diagenetic processes that control the phosphorus fluxes at
the water–bottom boundary [6].

Table 16 summarizes the data on the distribution of the concentrations of the dissolved
forms of mineral, organic, and total phosphorus in the mouth areas of large and small rivers
of the world. The behavior of phosphorus in river mouths can be both nonconservative and
conservative. In some cases, a complex type of phosphorus distribution was established
exhibiting different behavior in various parts of the mixing zone.

4.1. Nonconservative Behavior of Phosphorus

Biological processes are the main reason for the nonconservative behavior of dissolved
phosphorus in the mixing zones of river and sea waters. This is shown in the interrelated
change in the phosphorus content and the various characteristics of the biological pro-
cesses: the concentrations of nutrients, oxygen, chlorophyll, and organic detritus, and the
pH value.
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The leading role of production–destruction processes in the transformation of dis-
solved phosphorus runoff has been established for the mouths of many rivers (Table 16):
Neva, the small rivers of the Kandalaksha Bay of the White Sea, Onega, Kyanda, Northern
Dvina, Mezen, Pechora, Ob, Yenisei, most of the small rivers in the Black and the Azov Sea
catchments, Volga, Ural, Yangtze, the Far Eastern rivers Razdolnaya and Uda, and Peace
(USA). Due to the seasonal and interannual dynamics of phytoplankton development,
the distribution of nutrients in the mixing zones of river and sea waters is also subject to
seasonal and interannual variability.

The consumption of dissolved mineral phosphorus by biota occurs in the surface
layer or in the vertically mixing water column throughout the entire salinity range and
varies from 6 to 100% of its content in river runoff. The most intensive consumption
of mineral phosphorus by aquatic organisms is observed during the vegetative season
and is most often accompanied by the extraction from the solution of another biogenic
element, silicon [71–74,82,83,91,92]. Along with this, in the mouths of some rivers (Strelna
of the Kandalaksha Bay of the White Sea, Chernaya of the Sevastopol Bay of the Black Sea,
and Razdolnaya of the Amur Bay of the Sea of Japan), the removal of dissolved mineral
phosphorus was found even in winter, with relatively low biological activity.

Under stratification conditions, the plots of river and sea water mixing show the
influence of two processes that regulate the concentration of dissolved mineral phosphorus
at different depths. Either the behavior of phosphorus in surface waters is conservative, or
it is removed as a result of biological assimilation, while in the deep layers, phosphorus, on
the contrary, enters the solution due to the destruction of the organic matter deposited on
the bottom. As a result, the relationships between the concentration of dissolved mineral
phosphorus and the chlorinity (salinity) acquire orderliness only when the points are
grouped along the horizons [77,78,103,106]. This distribution is typical for the estuaries
of the Ob and Yenisei Rivers, in which aquatic organisms consume 6–57% of the mineral
phosphorus supplied via river runoff, and the destruction of organic matter provides
an increase in its concentration by 50–150%, relative to the content in the river water.
A distinctive feature of the release of mineral phosphorus into the solution during the
destruction of organic matter is the simultaneous entry into the water column of the mineral
forms of nitrogen [77,96].

The predominance of destruction processes over production processes is also often
found throughout the entire water column, periodically occurring in the mouths of the
Onega River, some rivers of the Kandalaksha Bay of the White Sea, the Ashamba River
of the Black Sea coast of Russia, and the Uda River of the Sea of Okhotsk, and leading
to an increase in the flux of dissolved mineral phosphorus by 35–100%. An even greater
transformation of river runoff under the influence of destruction processes occurs when
pore solutions from stirred up sediments enter the mixing zone. This situation is typical
for the mouths of the Mezen and the Ural Rivers and in some periods is observed in
the mouths of the Black Sea rivers Anapka and Ashamba, where the additional input
of mineral phosphorus into the solution exceeds its removal via river runoff by 90%,
150–300%, 7.0 times, and 9.5 times, respectively. Firstly, the organic matter in the bottom
sediments is remineralized with the release of phosphates, and secondly, it can reduce iron
(III) phosphates to iron (II) phosphates, which causes the input of part of the phosphorus
into a dissolved state:

12FePO4 + 3CH2O + 38H2O = 4Fe3 (PO 4)2 · 8H2O + 4HPO2−
4 + 3HCO−

3 + 11H+. (9)

The behavior of dissolved organic phosphorus characterizes the process of the de-
struction of organic matter in the mixing zone of river and sea waters. Its additional intake
indicates the excess of the rate of the release of dissolved organic forms over the rate of
complete phosphorus recycling and is observed in the mouths of the Northern Dvina and
Salgir Rivers. A decrease in the concentration of dissolved organic phosphorus relative to
the line of the conservative mixing of water masses occurs at a higher rate of its mineraliza-
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tion than its release into the solution during destruction and was noted in the mouths of
the Kyanda River and rivers of the Black Sea coast of Russia (Anapka, Ashamba, Mezyb,
and Hotetsai). Both losses and excesses of dissolved organic phosphorus were recorded at
the mouth of the Onega River in different periods and at different salinity intervals. The
distribution of dissolved organic phosphorus is close to conservative at the Mezen River
estuary and the Serebryanka River mouth (Sikhote Alin Reserve).

A significant part of the phosphorus in suspended matter in rivers is represented by
reactive mineral and organic compounds, which can be sources of dissolved phosphorus
in the mixing zones of river and sea waters. From the experimental data [107], it follows
that the amount of phosphorus passing from river suspensions into the dissolved state
increases with an increasing salinity.

Some curves of the distribution of dissolved phosphorus concentration have a de-
flection in the salinity range from 0 to 9‰ [103]. In this case, the similar form of such
relationships for dissolved iron and aluminum in the absence of clear signs of the biological
consumption of phosphorus indicates the physicochemical removal of the latter from the
solution as a result of coprecipitation with iron and aluminum hydroxides.

It can be expected that the terrigenous hydroxophosphates of iron and aluminum
in the marine environment will be unstable due, firstly, to an increase in the pH value,
accompanied by the displacement of phosphates by hydroxyl ions, and, secondly, to
an increase in the concentration of dissolved calcium, which promotes the formation of
apatite phases typical for ocean sediments. This assumption is confirmed by the results of
observations [108], which showed that iron–calcium hydroxophosphates in oceanic pelagic
sediments decompose during diagenesis into more stable iron oxyhydroxides and apatite.
The replacement of the terrigenous hydroxophosphates of iron and aluminum with apatite
should begin already in the river mouth areas and cause an increase in the concentration of
dissolved phosphorus, according to the reaction

5CaMen(OH)3nHPO4 + F− = Ca5 (PO 4)3F + 5nMe(OH)3 + 2HPO2−
4 + 5H+, (10)

where Me = Fe(III), Al. Therefore, the input of iron and aluminum phosphates into the
salinized portion of the river mouth area as a component of the suspended matter and
bed load can lead to a partial release of dissolved phosphorus and, in some cases, be the
cause of its nonconservative behavior. From these positions, one can explain the decrease
in phosphorus content with the increase in salinity in the bottom sediments of the mouths
of the Pamlico and Potomac Rivers [109,110].

Phosphorus removal as a result of sorption and coprecipitation processes occurs, as a
rule, at the initial stage of river and sea water mixing during the period of low biological
activity and is observed in the mouths of the rivers Clyde (Great Britain), Mandovi and
Chilka Lake (India), Mekong (Vietnam), Raritan (USA), and Amazon, accounting for
15–100% of the removal of dissolved mineral phosphorus via river runoff (Table 16). The
input of dissolved phosphorus due to desorption from river suspensions penetrating into
the marine environment is also a common phenomenon established for the mouths of the
Black Sea rivers Mezyb and Hotetsai, Mekong in the area of medium salinity, Yangtze,
Serebryanka (Sikhote Alin Reserve), Old Mill Creek (USA), Orinoco (Venezuela), Amazon
at medium salinity, and Zaire (Table 16). The maximum desorption values (13–300% of the
content in river water, or 1–75 μg P/L) are reached at a salinity of 7–15‰, and the mixing
curves have a convex shape.

The spatial separation of the processes of phosphorus sorption and desorption (pre-
dominance of sorption in the freshwater part of the mixing zone, and desorption in the area
of intermediate salinity) confirms the distribution of phosphorus and iron in the bottom
sediments of the river mouth areas. Thus, at the Pamlico River mouth, the concentrations
of phosphorus and iron in the bottom sediments of the riverine part of the mixing zone
closely correlate with each other (r = 0.98), whereas when approaching the sea boundary
of the mouth area, this relationship becomes less pronounced (r = 0.86–0.77). The same
concentrations of iron correspond to lower phosphorus concentrations in the marine part of
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the mouth, which indicates the release of the latter from the bottom sediments [111]. This
combination of sorption and desorption in the estuaries is called the phosphate buffer mech-
anism [60,112–114]. Many authors have tried to determine the concentration of dissolved
mineral phosphorus at which an equilibrium between the water and bottom sediments
is established. According to experiments [99,112,113], the equilibrium concentrations of
dissolved phosphates are in the range of 22–46 μg P/L. Convincing results of field obser-
vations proving the existence of such a concentration limit have not yet been obtained,
although in the studied estuaries, with the exception of the Mekong River mouth, the
concentrations of desorbed phosphorus do not really exceed the values recorded in the
experiments and amount to 1–28 μg/L [82,89,94,102,104,105].

4.2. Conservative Behavior of Phosphorus

Despite the active participation of phosphorus in the intrabasin biological and chemical
processes, cases of its conservative behavior were established (Table 16), which were
observed either under conditions of the severe pollution of the aquatic environment (the
mouths of the European rivers Clyde, Scheldt, Rhine–Meuse, Ems, Weser, Elbe, Rhone,
and Tiber), or during periods of low biological activity (the mouths of the Mississippi
River; Amazon River; the rivers of the Arctic; and the Far Eastern rivers Knyazhaya, Niva,
Kolvitsa, Onega, Semzha, Indiga, Pechora, and Usalgin).

The concentration of dissolved mineral phosphorus in the waters of polluted rivers
(93–520 μg/L) is an order of magnitude higher than its average content in the rivers of
the world. Increased concentrations of dissolved mineral phosphorus were also found
at the sea boundary of the mouth areas of these rivers: up to 242 and 280 μg/L on the
near-shore zone of the Clyde and Tiber River mouths. The conservative behavior of
phosphorus in the mouths of these European rivers can be explained by the fact that the
absolute values of the fluctuations in its concentration in the mixing zones at such a high
content in river or sea waters are comparable to the amount of phosphorus involved in
the intrabasin processes. In addition, most of the observations in which the conservative
behavior of phosphorus was recorded were carried out in the autumn–winter period,
when the intensity of production processes in the temperate zone decreases with the
intensification of the biological processes, and the conservative behavior of phosphorus can
turn into nonconservative behavior within several weeks, which was noted, for example, for
the Rhone River delta [115]. The conservative distribution of dissolved mineral phosphorus
in the mouths of the Onega, Mississippi, and Amazon Rivers that appeared in the winter–
spring period is also, apparently, caused by the low activity of aquatic organisms.

Separately, we should consider the conservative behavior of dissolved phosphorus
during the vegetative season in the mouths of the small Arctic and Far Eastern rivers that are
not subject to strong anthropogenic impact. The concentration of suspended matter in the
mouths of these rivers in spring and early summer is small due to the slow thawing of soils
in the catchments and the low water temperature preventing phytoplankton development,
which limits the participation of phosphorus in physicochemical and biological processes.

Thus, the conservative behavior of dissolved phosphorus in the mixing zone of river
and sea waters is an atypical phenomenon and occurs in special conditions when the bio-
logical and chemical processes at river mouths are suppressed as a result of an unfavorable
combination of natural and anthropogenic factors.

4.3. Phosphorus Balance in the Mixing Zones of River and Sea Waters

An analysis of the mixing curves indicates the complex nature of the dynamics of
dissolved phosphorus fluxes in river mouth areas, with the combination of conservative
and nonconservative distribution and the spatiotemporal variability of the latter, including
a change in the direction of transformation. Therefore, the calculations of the values of
the removal or input of phosphorus in the mixing zones of river and sea waters based
on data for relatively short time intervals turn out to be insufficiently representative for
balance estimates.
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To obtain more reliable estimates, Savenko and Zakharova [116] summarized the
results of balance studies carried out in river mouths and bays for a year or more (Table 17).
As follows from the data presented, on average, a significant part of the phosphorus is
removed per year. The maximum removal (80–94%) is characteristic of the total phosphorus,
including the suspended fraction (Pdissol + Psusp), and only a third of this value is associated
with physical sedimentation, while the rest of the phosphorus is removed as a result of
biosedimentation [117,118]. Biological processes also play a major role in the extraction of
mineral phosphorus from the solution (40–80%) due to its transfer to the composition of
suspended organic matter, which is subsequently deposited at the bottom. Total dissolved
phosphorus (Ptotal) is retained in river mouths in much smaller amounts (7–38%). This is
corresponds to the observational data presented in Table 16, according to which the losses
of the dissolved forms of mineral and total phosphorus during biological consumption in
the mixing zones of river and sea waters are on average 46 and 25%.

Table 17. Balance estimates of phosphorus losses in the river mouth areas and bays.

Object Phosphorus
Form

Observation
Period

[P], μg/L
Phosphorus
Balance, %

Supposed Cause
of

Transformation
ReferenceRiver

Boundary
Sea

Boundary

Gulf of Riga,
Baltic Sea

Pmin 1989 – – −57 Biological
consumption [119]

Ptotal “ – – −7 As above “

Vigo Bay, Spain Pmin 1986 394 12 −40
Biological

consumption and
sedimentation

[64]

Ptotal “ – – −38 As above “

Mikawa River
mouth, Japan Pdissol + Psusp July 1983 930 – −80 “ [118]

Delaware
River mouth,

USA

Pmin
April 1986–July

1988 – – −61 Biological
consumption [120]

“ As above, winter – – −75 As above “
“ As above, spring – – −135 “ “

“ As above,
summer – – −70 “ “

“ As above,
autumn – – +33 Destruction of

organic matter “

Ptotal
April 1986–July

1988 – – −23 Biological
consumption “

“ As above, winter – – −53 As above “
“ As above, spring – – −56 “ “

“ As above,
summer – – −37 “ “

“ As above,
autumn – – +52 Destruction of

organic matter “

Potomac River
mouth, USA Pmin 1979–1981 – – −81 Biological

consumption [121]

Huizache-
Caimanero

Lagoon,
Mexico

Pdissol + Psusp 1969–1981 93 170 −94
Biological

consumption and
sedimentation

[117]

5. Conclusions

The formation of the chemical composition of surface waters begins already in the
atmosphere during the interaction of aerosols with the condensates of water vapor: cloudy
water and the water of atmospheric precipitation. The average median concentrations of
mineral and total phosphorus in atmospheric precipitation are 15 and 33 μg/L, respectively;
the values of the input of these forms into the earth’s surface are equal to 0.11 and 0.25 kg/ha
yr. The content of the soluble forms of total phosphorus in atmospheric precipitation is in
the range of 20–80%, with an average value of 55%.
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The average median concentrations of dissolved mineral and total phosphorus in
the waters of the primary hydrographic network are 31 and 95 μg/L, respectively. The
concentrations of both forms increase with an increasing anthropogenic load: natural (forest)
catchments < agricultural–forest catchments with land use less than 50% < agricultural
catchments with land use over 50% < urban catchments. The concentration of dissolved
mineral phosphorus, all other conditions being equal, increases with an increase of the
phosphorus content in the catchment rocks.

The average median concentrations of dissolved mineral and total phosphorus in
world rivers are 28 and 85 μg/L, respectively. The minimum values are observed in the
rivers of the Arctic and subarctic zone; the maximum values are found in the most densely
populated temperate zone and the zone of dry tropics and subtropics. The anthropogenic
load is a dominant factor for riverine export, which is confirmed by the presence of a direct
relationship between the concentrations of mineral and total phosphorus, on the one hand,
and the population density, on the other hand.

The distribution of dissolved mineral and total phosphorus in the mixing zones of
river and sea waters in the overwhelming majority of cases corresponds to nonconservative
behavior. The conservative type of distribution is rarely observed and is found in the
mouths of polluted rivers with high phosphorus concentrations, which significantly exceed
the possible changes that occur as a result of biological and chemical processes. The
decreases in the fluxes of dissolved mineral and total dissolved phosphorus at the river–sea
geochemical barrier are 40–80% and 7–38%, respectively.
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