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Article 
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Abstract: This study investigated the content of macro- and microelements in the lower reaches of the Ob River 
(Western Siberia). Seasonal sampling was performed over a four-year period (2020-2023) during the main 
hydrological seasons (winter low water, spring-summer floods, and early fall low water) at three river stations. 
Suspended and dissolved fractions were separated by filtration through 0.45-micron nitrocellulose filters. The 
results revealed significant seasonal variations in the elemental content of the Ob River water, associated with 
changes in catchment inputs, physical and chemical conditions of the aquatic environment, and the amount 
and composition of incoming suspended sediment. During high water flow events in the Ob River, the 
concentration of suspended solids increased substantially. These included significant quantities of sparingly 
soluble hydrolysates such as Al, Ti, Zr, Ga. During the winter period when the Ob River was ice-covered, a 2- 
to 3-fold rise was observed in the concentration of Na, Mg, Ca, K, Si, Mn. Having accounted for these seasonal 
variations in water chemistry, we were able to refine our estimates of elemental export to the Arctic Ocean. 
Compared to estimates from previous studies, we observed with 2.3-fold higher dissolved loads of Mn, 2.1-
fold for Zn, 1.6-fold for Fe, and 1.4-fold for Pb. 

Keywords: Arctic basin; Western Siberia; climate change; fluxes; trace elements; river suspended maĴer; 
dissolved elements; 
 

1. Introduction 
Over the past decade, researchers have shown a growing interest in identifying discharge 

parameters for rivers within the Polar Basin. This surge in interest stems from the impacts of global 
climate warming on both the hydrological regimes and the water chemistry of these rivers. Studies 
have documented significant changes, including an increase in the average discharge [1] and an 
earlier onset of spring flooding [2] in Arctic rivers. These changes have the potential to significantly 
affect the water composition of the Arctic Ocean, particularly the Kara Sea. The Ob and Yenisey 
Rivers, among the world’s largest, discharge into the Kara Sea, contributing a staggering 1.46% of its 
annual water volume [3]. This is 60 times higher than the ratio for the entire Arctic Ocean and 560 
times higher than the global ocean ratio. Consequently, the ecological health of the Kara Sea, and by 
extension the entire Arctic basin, is intricately linked to the water composition of these influent rivers.  

The Ob River, draining the West Siberian Plain, reigns as the world’s fifth-longest river and the 
largest in the region. On average, the Ob discharges a significant volume exceeding 400 km3 of water 
annually, contributing roughly 15% of the total freshwater entering the Arctic Ocean [4]. Global 
warming is causing significant changes in the Ob River’s discharge volume and hydrochemistry. 
Melting permafrost in the northern Ob catchment area has led to an increased volume of runoff at 
the end of winter [5]. Projections suggest a northward shift in permafrost zones could lead to a 
significant decrease in the content of dissolved organic carbon (DOC), P, N, Si, Fe, divalent heavy 
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metals (Mn, Ni, Cu, Co, Pb), and trivalent/tetravalent metal hydrolysates within Ob River waters. 
Conversely, the content of dissolved inorganic carbon (DIC), Ca, SO4, Sr, Ba, Mo, and U is expected 
to increase [6,7]. In addition to climate change, the Ob River faces growing anthropogenic pressure 
from oil field development, particularly in the Middle Ob region. Oil extraction activities have 
resulted in river pollution with petroleum hydrocarbons, nitrogen compounds, phosphorus, and 
heavy metals [8,9].  

To assess changes in elemental fluxes to the Arctic Basin, accurate characterization of the Ob 
estuary water chemistry is crucial. Estimates of the Ob's elemental fluxes to the Arctic Ocean have 
been ongoing for decades. The first river water chemistry data for the Ob basin were documented in 
the database of the Hydrological Service of the USSR [10]. Since the 1990s, the composition of the Ob 
waters has been regularly studied using modern analytical methods. The incorporation of new data 
has often led to substantial revisions of previous estimates. For example, the annual nitrate export 
from the Ob River to the Arctic Ocean was estimated at 9.4 ˟ 109 g in the mid-1990s [11], but this value 
was revised to 34.8 ˟ 109 g in the early 2000s [12], and further updated to 57 ˟ 109 g in the early 2010s 
[13]. Significant aĴention has been devoted to quantifying the export of dispersive elements, 
including heavy metals, by the Ob River. The results of the most influential studies have been 
compiled in a series of works by V. Gordeev et al. [11,14-18]. In addition, several review articles have 
evaluated the concentration of macro and diffuse elements in both dissolved and suspended forms 
in the Ob River water [16,19]. 

However, the accurate estimation of the Ob River elemental export remains a significant 
challenge. Current studies often lack comprehensive coverage across all hydrological seasons or rely 
on isolated data points, failing to capture the substantial seasonal variations in composition exhibited 
by the Ob River and other waterways in Western Siberia. Notably, the majority of organic carbon and 
associated metals are mobilized during the brief 2-3 week window of the spring flood [20]. 

Existing data on the dissolved and suspended chemical composition of the Ob River estuary 
waters primarily stem from studies conducted during the flood recession or, less frequently, during 
winter low water periods [11,14,16,19]. Crucially, the peak flood period, when the bulk of water and 
its constituents are discharged, have been largely overlooked due to the challenges posed by intense 
ice drift during peak discharge, which hampers fieldwork efforts [16]. 

To partially address this gap, researchers have turned to the Arctic Rivers Water Composition 
Database [21]. While this resource offers valuable insights, it primarily focuses on a limited set of 
trace elements (As, Ba, Li, Sr, U) and relies on single measurements, thus only partially bridging the 
data limitations. The State Hydrometeorological Service of Russia (Roshydromet) routinely conducts 
monthly assessments of the Ob River's water composition at various stations along its course. 
However, these assessments are limited to a few chemical elements (Fe, Mn, Cu, Ni) and do not 
differentiate between suspended and dissolved forms. This absence of comprehensive data during 
peak flow periods introduces significant uncertainties in estimating elemental fluxes from the Ob 
River into the Arctic Ocean. 

Between 2020 and 2023, our research endeavored to characterize the water composition of the 
Ob River at stations situated in its lower reaches, including near the river mouth. Our investigations 
encompassed different hydrological seasons: the winter low flow period characterized by minimal 
river discharge and ice cover (March to early April), the flood peak (early June), and the transition to 
the autumn low flow period (late August to early September). The primary goal of our study was to 
quantify the transport of micro- and macroelements in both dissolved and suspended forms by the 
Ob River to the Arctic Ocean. Some specific objectives of the study included assessing seasonal 
variations in element transport, identifying the driving factors behind these changes, and 
determining the ratio between dissolved and suspended forms. 

2. Materials and Methods 
2.1. Study Area 

The Ob River boasts an expansive catchment area spanning 2,570,000 km², making it one of the 
world's largest river systems. Its discharge contributes approximately 15% of the total riverine input 
into the Arctic Ocean [7]. Estimates of the Ob's average discharge vary, ranging from 402 km³/year 
[4] to 427 km³/year [3]. According to the Arctic Great Rivers Observatory [21], the average annual 
discharge of the Ob stood at 417 km³/year for the period 2000-2024. 
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The Ob River traverses diverse natural zones, originating in the arid steppe region at its 
headwaters, passing through the forest tundra zone near its estuary, and predominantly spanning 
the taiga zone across its main basin. The taiga zone, characterized by extensive bogs, encompasses 
the vast Vasyugan Bog within the Ob River basin. This mire complex, spanning 800 by 350 kilometers, 
holds the title of the world's largest [3]. Therefore, these extensive wetlands exert a substantial 
influence on the geochemical characteristics of the Ob River waters [6,15]. 

Geologically, the Ob watershed is composed of Quaternary sedimentary rocks of diverse origins: 
marine formations in the northern region, lacustrine-alluvial and alluvial deposits in the central area, 
water-glacial sediments in the western sector, and eolian deposits in the southern part [22]. In the 
northern part of Western Siberia, rocks and soils exhibit relatively low concentrations of most macro- 
and microelements [23]. In contrast, in the southern region of Western Siberia, the soil trace element 
content closely aligns with the average levels found in the upper continental crust, according to Syso 
[24]. Permafrost exerts a substantial influence on the hydrochemistry of rivers in the northern sector 
of Western Siberia, with almost half of the Ob basin situated within the permafrost zone [25]. The 
extensive permafrost coverage in the Ob River basin limits the influence of groundwater on the river's 
water composition, thereby reducing the influx of various elements from underlying rocks. However, 
the ongoing permafrost thawing under the influence of global warming, coupled with an expanding 
active layer, may enhance the influx of trivalent and tetravalent hydrolysates, particularly in the form 
of iron-organic colloids [20]. 

2.2. Sampling and Analyses 
Our sampling and analyses were focused on the lower Ob River, encompassing three distinct 

sites. Two sites were located within the taiga zone, characterized by sporadic permafrost. Site 1 was 
situated on the Bolshaya Ob River near the village of Kazym-Mys (K), approximately 551 km 
upstream from the river mouth, while site 2 was positioned downstream near the village of Azovy 
(A). The third sampling site was located at the Ob River mouth, within the forest tundra zone, about 
8 km upstream from the village of Salemal (S) at the entrance to the river delta (see Figure 1). This 
site falls within the discontinuous permafrost zone.  

 
Figure 1. Location of the study area. 
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The fieldwork was conducted over multiple periods: August 25-29, 2020; March 29-April 10, 
2022; June 05-15, 2022; March 23-29, 2023; and June 15-18, 2023. Water samples were collected using 
a RuĴner sampler from various depths, ranging from the surface to near-boĴom levels. Concurrently, 
in situ measurements of dissolved oxygen (DO), pH, and total dissolved solids (TDS) were performed 
using a WTW Multi 34203420 instrument (Xylem Analytics, Germany). 

Following collection, the water samples were promptly transferred to plastic boĴles and 
dispatched to the laboratory. There, they underwent filtration using pre-weighed Millipore™ 
nitrocellulose filters with a diameter of 47 mm and a pore size of 0.45 µm. Approximately 1.5 liters of 
water were filtered to obtain an insoluble precipitate. Subsequently, the filters were dried in a 
desiccator at t = 80°C and then weighed using a laboratory analytical balance to obtain the total 
suspended solids (TSS). 

A portion of the resultant filtrate was transferred to 15 mL polypropylene tubes for the analysis 
of dissolved forms. To each tube, 0.2 ml of concentrated suprapure grade nitric acid (HNO3 65% 
Suprapur, Merck) was added to facilitate the analysis process. 

The micro- and macroelement content in both the filtrate and insoluble sediment samples was 
determined using inductively coupled plasma mass spectrometry (ICP-MC; Thermo Elemental - X7 
spectrometer, USA) and inductively coupled plasma atomic emission spectroscopy (ICP-AS; Thermo 
Scientific iCAP-6500 spectrometer, USA) methods. We followed established sample preparation and 
analytical protocols as described previously [26]. 

To ensure the accuracy of our analysis, several elements (Li, Al, Mn, Cu, Zn, Sr, and Ba) were 
analyzed in the filtrate using both ICP-MC and ICP-AS methods. The differences in element 
concentrations determined by these two methods did not exceed 15% across all cases, validating the 
reliability of our analysis. 

In addition, to further validate our analytical procedures, we utilized standard samples of 
drinking water from "Trace Metals in Drinking Water" by High-Purity Standards (USA), specifically 
using the standard sample Trapp ST-2a (GEO 8671-2005) for verification in insoluble suspensions. 
The variation in determination with the standard sample did not exceed 15%. 

Comprehensive details regarding the methods, recoveries, detection limits, and analytical 
results of certified reference materials in water samples are provided in the Supplementary Materials.  

To analyze the chemical characteristics of the Ob River water, we computed statistical indices 
for the chemical element content in both dissolved and suspended forms at each site and across each 
hydrological season. These statistical indices included the mean (M) and standard deviation (SD) for 
each element. 

To pinpoint the sources of elemental inputs, we calculated the enrichment factor (EF), a widely-
used metric for assessing material inputs to river water and boĴom sediments [27]. The EF was 
determined using the formula: 

EF=Cx/CAl(sample) /Cx/CAl(soil)          

where Cx (sample) is the measured concentration of the element of interest, Cx (soil) is the 
concentration of the same element in the regional soil, and CAl is the concentration of the reference 
element (aluminum) in the same sample and the regional soil.  

We chose aluminum as the reference element for normalizing EF values in the suspended load 
due to its conservative geochemical behavior and relatively stable abundance levels [28]. EF 
calculations are most informative when comparing the Cx/CAl ratio in the suspended load to the 
corresponding ratio in the rocks and soils that constitute the watershed [29]. To achieve this, we 
utilized a comprehensive dataset on average trace element concentrations in soils across the West 
Siberian Plain, derived from the analysis of over 800 soil samples representing different natural zones 
[24]. 

While the aluminum concentration data were not directly available from the Syso [24], we 
obtained this information from [30]. To assess the degree of enrichment, we applied the following 
classification: EF < 1 = no enrichment; 1 < EF < 3 = minor enrichment; 3 < EF < 5 = moderate enrichment; 
5 < EF < 10 = moderately severe enrichment; 10 < EF < 25 = severe enrichment; 25 < EF < 50 = very 
severe enrichment; and EF > 50 = extremely severe enrichment [27,31]. 

The annual element runoff was computed through a stepwise approach. Initially, average water 
discharges were determined for the winter-spring low flow period (November-April), high flow 
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season (May-August), and autumn low flow period (September-October). These averages were 
calculated using river flow data spanning from 2000 to 2024 [21]. Subsequently, based on the 
outcomes of chemical analyses, the mean concentrations of dissolved and suspended constituents 
during these designated seasons were established. The cumulative values across different 
hydrological seasons provided an estimate of the annual elemental runoff. 

In the final step, the runoff per unit area of the catchment area (F) was derived by dividing the 
elemental runoff value by the catchment area (2.99 × 106 km²). This normalization enabled a 
comparative analysis of runoff characteristics in various river catchments, facilitating comparisons 
with existing literature data [3,20]. 

3. Results 
This section may be divided by subheadings. It should provide a concise and precise description 

of the experimental results, their interpretation, as well as the experimental conclusions that can be 
drawn. 

3.1. Physico-Chemical Parameters 
The Ob River's water maintains a neutral pH for the majority of the year. However, a shift 

towards the alkaline range is observed in late summer, with the average pH value rising to 8.0 units 
(Table 1). This increase in pH during the warm season is linked to a reduction in CO2 concentration, 
aĴributed to its decreased solubility at higher temperatures, coupled with increased phytoplankton 
activity. Phytoplankton, through photosynthesis, consumes CO2, contributing to this observed trend. 

The dissolved oxygen (DO) content reaches its minimal level in winter, aĴributed to the limited 
gas exchange with the atmosphere during colder months. At Kazym Mys, DO levels were found to 
be below the minimum allowable threshold of 6.0 mg O2 L-1 established by the Russian Water Quality 
Standards [32] during this period. 

Table 1. Physico-chemical parameters of the Ob River water. 

Indicator 

2020 2022 2023 
Transition to 
autumn low 

flow 
Flooding Winter low flow Flooding 

S  K A S K A S K A S 

 8.01 7.09 7.04 7.19 7.19 6.92 7.15 7.76 7.68 7.69 
Color index 87 91 85 83 13 11 14 43 45 44 
DO, mg O2 L-1 8.7 9.2 9.7 10.3 5.5 6.2 6.7 9.7 9.8 10.7 
TDS, mg L-1 116.0 62.5 58.4 60.7 145 151 168 70.3 70.5 74.0 
TSS, mg L-1 21.0 58 86 65 29 30 11 69 61 40.0 

Notes: S, A, KM - study sites: S -Salemal, A- Azovy, K – Kazym-Mys. 

During winter, the water appears relatively clear, but summer witnesses a significant increase 
in water color due to the leaching of humic and iron compounds from surrounding soils. 

The total dissolved solids (TDS) content exhibits natural variability throughout the year, 
influenced by seasonal factors. During the ice season, when the river is primarily supplied by 
groundwater, the average TDS ranges between 145-168 mg L-1 at different sites. Conversely, during 
the flood period characterized by low-salinity meltwater inputs, the TDS value decreases notably to 
60-70 mg L-1. Total Suspended Solids (TSS) in the river water also fluctuates seasonally. In winter, 
with minimal runoff, the content of insoluble particles ranges from 16-30 mg L-1. However, during 
the peak runoff period, the TSS value increases significantly to 40-86 mg L-1.  

A comparison of the pH, TDS, color, and DO values obtained during the study period with 
literature data [33 - 35] reveals that these parameters closely align with the reported average annual 
values. In addition, according to [36], the average TSS value in Ob water is typically 10 mg L-1 during 
the ice period and 50 mg L-1 during the flood period. However, our measured TSS values were higher, 
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particularly in winter at the Azovy and Kazym Mys sites, where they were 29 and 30 mg L-1, 
respectively. 

Global warming-induced permafrost thawing is expected to significantly increase the amount of 
suspended sediment in the Ob River waters [37]. The increase in Ob River discharge towards the end 
of winter aligns with reports by [5,38]. Therefore, the elevated content of the insoluble fraction we 
observed is consistent with projections and likely stems from the intensified thawing of permafrost 
in Western Siberia over recent decades [39]. 

3.2. Elemental Composition of the Dissolved Fraction 
The elemental composition of the dissolved fraction in different hydrological seasons at the 

lower Ob sites is detailed in the Supplementary Materials (Table SM 1). Notably, the concentration of 
easily soluble macroelements such as Na, Mg, Ca, K, and Si reaches its peak during the ice period, 
characterized by minimal discharge and groundwater-fed river flow. Conversely, during the flood 
period, the concentration of these elements decreases significantly by 2.5 to 3 times. 

This phenomenon is consistent with the known inverse relationship between Ob water 
mineralization and major ion content, where maximum mineralization typically occurs at the end of 
the ice period when discharge is at its lowest [34]. 

Previous studies have indicated that the concentrations of most metals in Ob water are higher in 
winter compared to summer and autumn [16]. However, our data reveal that this statement holds 
true for only a limited range of metals, including Na, Mg, Ca, K, Li, Mn, Sr, Co, Ba, and Mo, which 
exhibit 1.5-3 times higher concentrations in winter than during floods. 

Of particular note is the exceptionally high concentration of Mn, exceeding summer values by 
more than two orders of magnitude. This anomaly is aĴributed to the formation of a reducing 
environment in boĴom sediments towards the end of the ice period, facilitating the reduction of Mn4+ 
to Mn2+ and leading to its intensive release into the water [40]. The decrease in Mn concentration 
during summer is aĴributed to the precipitation of hydroxides at higher pH levels, along with active 
uptake by living organisms [18]. 

Similar seasonal dynamics of micro- and macroelements have been observed in the Taz River 
(Western Siberia), which shares comparable landscape conditions. Data from [41] indicate that 
concentrations of Li, B, Na, Mg, Ca, Sc, Si, K, Mn, Co, Sr, Mo, Cs, Ba, and W peak towards the end of 
winter, with Mn runoff in winter accounting for 72% of the annual runoff. 

We did not observe an increase in the concentration of the soluble form of Fe during winter, 
contrary to what was suggested in [16]. Instead, during the peak runoff period (June), the 
concentration of dissolved Fe was notably higher, ranging from 4-12 times the values observed in 
winter. In addition, the concentration of Al showed a substantial increase of 5-8 times during the 
flood period. Moreover, there was a notable rise in the concentration of lanthanoids, sometimes 
reaching an order of magnitude. Similarly, the content of Co, Ni, Cu, and Zn increased by 1.4 - 2.5 
times. 

The elevated Fe content observed during the flood period cannot be aĴributed to snow 
composition, as the average Fe content in snow is very low, averaging 14.6 µg L-1 [42], which is an 
order of magnitude lower than that found in Ob waters. It has been previously noted [41] that the 
content of dissolved organic maĴer (DOC) increases during floods. Therefore, we aĴribute the 
increase in Fe content to the input of organo-mineral complexes from inundated soils during the 
spring period. In addition, it is important to note that peat soils in northern West Siberia, which 
dominate the soil cover in the region, are characterized by extremely high Fe content [43]. 

3.3. Concentrations of Suspended Elements 
Assessing the geochemical properties of suspended solids is critical because the majority of 

riverine material transported to the oceans is found within this insoluble fraction [44,45]. This study 
aims to estimate both the element concentrations within the Ob River water itself (measured in µg L-

1) and the composition of the suspended fraction (measured in ppm). Analyzing these two aspects 
yields valuable insights: firstly, by determining the concentration in water, we can quantify the 
relative proportions of suspended and dissolved elements, thereby enabling us to estimate their total 
flux to the Arctic Ocean. Secondly, examining the geochemical signature of the suspended maĴer 
provides information about the sources of these materials entering the river. 
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The statistical indicators of the suspended form of chemical elements in the waters of the lower 
Ob River can be found in Supplementary Materials (Table SM 2). Interestingly, the content of nearly 
all elements transported by the river in suspended form was higher during floods compared to other 
hydrological seasons, except for Ca, Mn, and Sr. This trend can be aĴributed to the increased amount 
of insoluble particles, with the TSS value being 2.4 - 3 times higher during floods than in winter (Table 
1). 

This significant predominance of solid runoff during the warm season is a characteristic feature 
of rivers in the Arctic basin. Typically, seasonal variations in suspended maĴer flux in Arctic seas 
exhibit high values in the ice-free summer-autumn period and low values in winter [46]. 

During flood periods, there is a manifold increase in the suspended sediment load of poorly 
soluble hydrolysates such as Al, Ti, Zr, Ga, Y, and rare earth elements (REE), sourced from 
aluminosilicates present in rocks and soils. Therefore, the heightened suspended sediment content 
during floods is a result of intensified water transport processes involving rock and soil particles.  

The limited removal of easily soluble elements such as Ca and Sr during floods can be aĴributed 
to a decrease in their content in sediments and their subsequent transfer into aqueous solutions. In 
addition, the transport of Mn is more pronounced during the winter period due to its accumulation 
in suspended sediment in winter. 

By determining the content of elements in both dissolved and suspended forms, we were able 
to evaluate the ratio between them. Early studies suggested that Fe, V, Mn, and Ni are primarily 
transported by the Ob in suspended maĴer, whereas Cu and Zn are distributed in roughly equal 
proportions between suspended and dissolved forms [48]. Subsequent research clarified that a 
significant portion, ranging from 50-97%, of Mn, Zn, and Pb in Ob waters exists within insoluble 
particles, while Cu, Cd, and As are predominantly found in the dissolved state [16,18]. 

According to our findings, the ratio between suspended and soluble forms of elements varies 
significantly throughout the seasons. During winter, the majority of elements are primarily found in 
the dissolved form. Elements such as Na, Mg, Li, K, Mo, Sr, Ca, U, Rb, Sb, Mn, Ba, Tl, Ni, and Cu 
exhibit a predominance in their dissolved state over their suspended form (Figure 2). However, 
during the flood period, the proportion of elements such as Mn, K, Li, W, U, Cs, Ni, and Tl in their 
suspended form increases noticeably. Across all seasons, the content of Al, Fe, V, Zr, and REE in 
suspended form is notably higher, typically by 1-2 orders of magnitude, compared to their dissolved 
state. 
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Figure 2. Ratio of dissolved and suspended forms of elements in the waters of the lower Ob, Salemal section, 
2022-2023. 

An intriguing observation is the seasonal shift in the predominant migration form or manganese. 
While the dissolved form predominates in winter, the ratio shifts dramatically in summer, indicating 
a shift towards the suspended form during warmer periods. This contrasts with earlier assertions 
about the predominance of the suspended form of Mn migration, which seems valid only during 
warmer months [18]. 

Our data also highlight that the proportion of suspended aluminum ranges from 97-99% across 
different seasons. This contrasts with previous studies on small rivers in the north of Western Siberia, 
where the proportion of suspended Al was estimated to be lower, at 67-82% [48]. The lowered content 
of dissolved Al in cyted study is likely aĴributed to the runoff characteristics of small rivers in the 
cryolithozone of Western Siberia, which are mainly influenced by waterlogged catchments with 
acidic peat soils. These conditions make aluminum more mobile compared to soils with neutral or 
slightly acidic reactions prevalent in the southern part of the Ob basin.   

3.4. Composition of Suspended MaĴer 
The introduction of suspended maĴer into rivers is a consequence of natural erosion processes 

as well as anthropogenic disturbances. The study sites where our research was conducted are remote 
from anthropogenic sources of influence. Consequently, the concentration of elements in the 
insoluble fraction primarily reflects the geochemical properties of the rocks and soils within the 
catchment area. In addition, it is influenced by the physical and chemical conditions that govern the 
exchange of elements among suspended particles, water, and boĴom sediments, such as pH and 
redox potential. Seasonal fluctuations in biota activity also play a role in shaping the composition of 
suspended sediment.  

The findings regarding the composition of the insoluble fraction at three monitoring sites in the 
lower Ob River are detailed in the Supplementary Materials (Table SM 3). Previous investigations 
into sediment composition in the Ob River have noted enrichment with heavy metals (Fe, Zn, Cu, Cd, 
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Pb, As) during the winter period, with concentrations 1.4-4.0 times higher than the annual average 
[16]. Our research confirms seasonal variability in suspended sediment composition; however, we 
did not observe an increase in the insoluble fraction's concentration of these elements during winter. 
On the contrary, Zn, Cu, Cd, Pb concentrations in the insoluble suspension during winter low water 
periods were 2-5 times lower than during summer high water periods.  

Moreover, the suspended sediment exhibits higher concentrations of lithophilic elements (Al, K, 
Mg, Na, Li, Ti, V, Cr, Sc, W, Zr, Rb, REEs) during flood periods. This indicates not only an increase in 
suspended solids amount but also elevated concentrations of most elements within the suspended 
load during floods. The concentrations of Co, Ba, Mo, As remain consistent across seasons. In winter, 
a few elements such as P, Ca, Mn, Fe, As, Mo, Sb, U show increased concentrations in the insoluble 
fraction.   

The seasonal concentration shifts in elements within the middle reaches of the Ob River were 
previously documented in [49], identifying three element groups: Na, K, Al, trivalent, and tetravalent 
hydrolysates that increased during floods; alkaline earth metals (Ca, Sr, Ba), and P, Mn that peaked 
during the ice period; and a third group (Cr, Ni, Co, Cu, Mo, Zn, Pb, Cd, Sb, Y, REEs, Ti, Zr, Hf, Th, 
U) showing higher concentrations in winter compared to summer, independent of water discharge. 

To grasp the seasonal fluctuations in element concentrations, it's crucial to understand their 
origins. Indicator element ratios play a key role in estimating the contribution of various sources. For 
instance, a Ca/K ratio below 2.5 typically points to a lithogenic source [50]. In the Ob River, our data 
reveal a Ca/K ratio of 0.7 during floods across all sites, indicating a lithogenic material origin. 
However, during winter lows and late summer, the Ca/K ratio ranges from 26 to 228 across different 
sites, significantly surpassing the threshold and suggesting a minor impact from soil erosion. 

Calculating the enrichment factor (EF) is another valuable method commonly used to assess the 
degree of element enrichment compared to average soil compositions in Western Siberia. Our EF 
calculations reveal the lowest enrichments during floods across most elements (Figure 3). These 
minimal enrichments, compared to average catchment soil compositions, suggest that the suspended 
maĴer during floods primarily originates from soil erosion. As we move into autumn, we observe 
stronger enrichments, likely due to reduced runoff intensity and a shift towards smaller water-borne 
particles. Smaller particles tend to have a higher surface area to volume ratio, which can concentrate 
certain elements compared to larger ones [51]. 

 
Figure 3. Enrichment factor (EF) for major and trace elements in SPM of the Ob River. 1-Transition to autumn 
low flow; 2- Winter low flow; 3 – Flood. . 

Certain elements, such as P, Fe, Sr, and Cd, exhibited moderately severe enrichment, while Mn, 
As, Zn, and Pb showed moderate enrichment. Similar EF value trends observed during floods and 
the transition to autumn low water periods suggest consistent element ratios and reinforce the 
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lithogenic nature of suspended sediments during the low water period transition. Winter brings 
about significant changes in the character and intensity of enrichment paĴerns. The suspended 
sediment becomes markedly enriched in P, Mn, Fe, As, and very highly enriched in Sr, Zn. Notably, 
poorly soluble elements like Zr, Nb, and Ti do not show significant enrichment compared to soils.   

The seasonal variations in calcium, iron, and manganese concentrations in the insoluble 
suspension during winter can be aĴributed to several processes. A significant factor contributing to 
the summer decrease in iron concentration is the uptake by organisms in biocommunities, which 
become more active in the warmer months. In addition, increased dissolved oxygen saturation in 
summer leads to the formation of (hydro)oxides of manganese and iron, causing precipitation [52]. 

When comparing the trace element and REE content in Ob sediment to global averages [53], 
most elements exhibit lower concentrations. The ratio of Ob sediment concentrations to global 
averages for heavy metals such as Cd, Cr, Co, Cu, Ni, Pb, and V falls within the range of 0.3 to 0.6 
[26]. Moreover, extremely low concentrations are noted for elements such as Mo, Al, Zr, and Tl. 

However, it should be noted that the sediment in the lower Ob in winter contains higher 
concentrations of Fe and Mn compared to global averages [53] and averages for rivers in the Arctic 
basin [16]. It is therefore necessary to consider the causes of sediment enrichment. According to [54], 
the possible processes of enrichment of the Ob sediment are physical processes of adsorption of 
metals on particles, formation of poorly soluble complex compounds under changing redox 
conditions, and pH.  

One of the possible mechanisms of subglacial sediment enrichment, in our opinion, is the 
formation of iron and manganese hydroxide films on colloidal particles. Mn is a redox-sensitive 
element, and changes in DO may alter its degree of oxidation and affect its distribution [55,56]. The 
benthic anoxic region may have caused Mn in the boĴom sediments to be reduced to a more soluble 
form, which subsequently diffused into the water column and deposited on the suspended particles.   

An alternative explanation for the observed levels of Ca, Mn, and Fe could be aĴributed to 
biological accumulation.  Studies of the hydrochemical characteristics of the Northern Dvina River 
[57], which shares similar landscape conditions, shedding light on this phenomenon. The research 
identified two distinct types of organic maĴer: 1) allochthonous large colloids resulting from soil 
leaching, and 2) autochthonous (aquatic) small-molecule substances linked to bacterial and 
phytoplankton exudates. Our observation of a non-lithogenic nature of the winter suspension 
suggests its association with the laĴer, biogenic pool. 

Hence, during flood periods, the primary composition originates from the removal of soil 
particles by watercourses. In contrast, during winter periods, other processes become prominent, 
such as the influx of particles from boĴom sediments, alterations in redox conditions leading to 
dissolution or precipitation, and the absorption of micronutrients by biota. 

3.5. Element Transport 
The element fluxes for different fractions during various hydrological seasons are outlined in 

Table 2. The findings highlight that the removal of hard hydrolysable elements (e.g., Al, Ti, Cr, V, Co, 
Rb, and lanthanoids) mainly occurs during the flood period as part of the suspension. In contrast, 
elements like Na, Mg, and Ca are removed in dissolved form, with approximately equal amounts 
during both winter and flood periods. Notably, manganese is predominantly transported in 
dissolved form during winter. 

Table 2. Average element fluxes  in the Ob River. 
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A comparative analysis with studies from the 1990s  [58] has revealed significant differences. 
Our data show a substantial increase in the fluxe of lead, zinc, and iron in dissolved form—20 times, 
8 times, and 5 times higher, respectively (Figure 4). This discrepancy is aĴributed to previous studies 
underestimating the high concentrations of these elements during flood periods. Conversely, no 
significant differences were observed for Ni, Cu, or Cd. The removal of metals in suspended forms 
closely aligns with previous estimates, with slight increases noted for Zn and Pb (1.6 and 1.4 times 
higher, respectively), and lower values obtained for Cd and Cu, approximately 70% of previous 
estimates. 
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Figure 4. The Ob River fluxes of dissolved and particulate heavy metals to the Arctic ocean (1 – [58]; 2 – present 
study). 

Recent studies have focused on expanding the scope of elements analyzed and elucidating their 
transport within Ob River waters to the Arctic Basin. A comparison with data from [3] reveals 
elevated values of Mn (2.3-fold), Zn (2.1-fold), Fe (1.6-fold), Rb (1.8-fold), and Y (2.2-fold) dissolved 
per unit area of the basin (Table 3). The differences for the other elements are minimal. The increased 
Mn removal is associated with its heightened concentration during winter, while the increased 
removal of iron, zinc, rubidium, and yĴrium is presumed to occur predominantly during flood 
periods. 

Table 3. Export fluxes of dissolved trace elements to the Arctic ocean by the Ob River and tributaries, kg km2 yr-

1. 

Elements 
Data source and water body  

Gordeev et al. (2024), Ob 
River [3] 

Ob River tributaries [20] 3 – present study, Ob 
River 

B 2.5 4.3 2.88 
Al 1.0 8.5 1.31 
Ti 0.032 0.2 0.04 
V 0.065 0.12 0.08 

Mn 7.4 49 17.0 
Fe 10.9 211 17.3 
Co 0.019 0.17 0.015 
Ni 0.15 0.26 0.18 
Cu 0.20 0.12 0.24 
Zn 0.175 4.2 0.38 
As 0.1 0.19 0.10 
Sr 12.2 14 14.2 
Rb 0.056 0.14 0.10 
Y 0.0084  0.019 
Zr 0.0096 0.033 0.013 

Notably, data from [20] concerning element export from Ob River tributaries in the taiga zone 
also indicate higher levels of Mn, Fe, and Zn—elements that migrate as organic-mineral colloids from 
waterlogged, permafrost-free catchments. These observations suggest a potential link between the 
rise in Mn, Fe, and Zn transport and the increased inflow of bog water, likely caused by the expansion 
of the active layer and thawing of rocks within the cryolithozone.   
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To ensure the reliability of our findings, a thorough assessment of the differences in elemental 
discharge compared to previous studies was necessary. We specifically focused on elements such as 
Fe, Mn, Zn, Rb, and Pb, where fluxes increases were observed. To evaluate our results, we compared 
the element concentrations obtained with a recent compilation of the average composition of Ob 
River waters, based on numerous studies since 1993 [19]. 

Our analysis highlighted notable differences. For instance, our data showed lower 
concentrations of Fe and Zn compared to the long-term average. Specifically, the dissolved iron 
content at the Salemal sampling site ranged from 14.5 to 186 µg L-1 across different seasons (SM Table 
1), whereas the average concentration of dissolved Fe in Ob water according to [19] is 286 µg L-1. 
Similarly, the Zn content in our studies varied between 0.6 and 3.6 µg L-1, whereas the average 
concentration is 4.09 µg L-1 [19].Thus, the observed increase in Fe and Zn runoff is not aĴributable to 
our analytical errors or limited data. If we were to utilize the average annual data as presented in 
[19], it would yield even higher values of the elemental fluxes.  

The differences with the data presented in [58], in our opinion, are due to a more complete 
accounting of seasonal differences in the content of elements Our calculations uniquely accounted for 
runoff across hydrological seasons, factoring in variations in water discharge. This approach is crucial 
for understanding seasonal paĴerns in water composition. 

The comparisons  with the previous studies highlight discrepancies that warrant further 
investigation to ensure the accuracy and reliability of our data. Our data underscores a significant 
concentration of Mn during winter, leading to heightened Mn runoff rates. This increase is likely due 
to increased inflow of manganese-rich groundwater resulting from permafrost thawing. Thawing 
ground ice augments the influx of dissolved substances and serves as a significant source for their 
introduction into the Ob River water, alongside mineral weathering and plant liĴer decomposition 
[59]. 

Building on prior research [41] that highlighted the role of smaller Western Siberian rivers in 
manganese export to the Arctic Ocean, our study reveals significant manganese removal by the Ob, 
the region's major river. 

While snowmelt in Western Siberia contributes minimal iron, with average iron concentrations 
of only 14.6 µg L-1 [42], significantly lower than peak dissolved iron levels in the Ob River, the surge 
in iron during floods suggests its origin lies in interactions between meltwater, plant liĴer, and 
mineral rocks. 

Earlier spring floods observed in the last decade [36] and increasing snowfall in Western Siberia's 
polar and subpolar regions [39] likely contribute to two key factors: enhanced water-rock interaction 
and a prolonged period of this interaction. These factors combined could lead to a heightened influx 
of organo-mineral colloids, known carriers of substantial iron and aluminum [57,60]. 

The observed rise in iron and manganese runoff from 2020 to 2023 likely reflects ongoing climate 
changes, including rising air temperatures and increased winter precipitation. This suggests that Fe 
and Mn concentrations in runoff could serve as potential indicators of climate change in the region. 

5. Conclusions 
Our studies revealed significant seasonal variations in the concentration of suspended particles 

and micro- and macroelements within the Ob River waters. Notably, during the ice period, the 
concentration of soluble macroelements (e.g., Na, Mg, Ca, K, Si) is 2.5-3 times higher compared to the 
flood period. In addition, Mn concentrations increase by two orders of magnitude in winter due to 
changes in redox conditions that promote its transition to a dissolved form. 

Furthermore, the concentration of dissolved Fe, Al, Co, Ni, Cu, and Zn is higher during the warm 
season when the Ob River is free of ice. This coincides with a significant increase in the suspended 
material fraction, including both the number of insoluble particles and the concentration of many 
metals within them. Flood events further amplify this effect, with TSS content reaching 2.4-3 times 
higher values compared to winter. Interestingly, the fluxes of lithophilic elements such as Al, K, Mg, 
Na, Li, Ti, V, and Cr from these insoluble particles increases by several orders of magnitude during 
floods. 

Calculations of Enrichment Factor suggest a slight enrichment of suspended sediment during 
floods compared to the catchment’s soil composition. This is further supported by the Ca/K ratio of 
0.7, indicative of soil erosion as the primary source. Aluminosilicate minerals from rocks and soils 
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appear to be the dominant elemental contributors. During winter, other processes such as 
resuspension of boĴom sediments, mineral dissolution, and precipitation driven by changes in redox 
conditions play a more significant role in shaping the composition of suspended particles. 

Accounting for seasonal variations facilitated a more nuanced understanding of the unique 
paĴerns of elemental export to the Arctic Ocean. Nevertheless, our current sampling regime of three 
times per year presents a limitation. To achieve a more accurate assessment of elemental fluxes, 
increased sampling frequency and a systematic approach are essential. Ideally, monthly 
measurements of key hydrochemical parameters would provide optimal data for such evaluations. 

Our recent findings reveal significant changes in several hydrochemical indicators compared to 
data from studies conducted between 1990 and 2010. These changes likely stem from climate 
warming. Notably, suspended maĴer content in the lower Ob River, particularly during winter in the 
Kazym Mys and Azovy sections, reached higher levels in 2022-2023 compared to prior years. This 
observed increase aligns with the reported rise in winter runoff aĴributed to thawing permafrost. 

Furthermore, our data indicate a substantial increase in the transport of dissolved Mn, Zn, Fe, 
and Pb by the Ob River. Concentrations of these elements have risen by 2.3, 2.1, 1.6, and 1.4 times, 
respectively. These elements are primarily transported as organic-mineral colloids originating from 
waterlogged permafrost-free catchments. The observed rise in their content is likely a consequence 
of permafrost thawing and increased water inflow from these waterlogged areas in the northern Ob 
Basin. 

In conclusion, our study demonstrates that the changing composition of Ob River water serves 
as a sensitive indicator of ongoing alterations in biogeochemical processes within the catchment. 
These changes are strongly linked to climate warming. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org, Table SM1. Content of dissolved forms of elements in the waters of the lower Ob 
River ( Mean ± SD); Table SM2. Content of suspended forms of elements in the waters of the lower Ob River 
(Mean ± SD); Table SM3. Element concentrations (Mean ± SD) in the suspended fraction of Ob River waters (ppm 
dry weight, C, Al, Fe - %); Table SM4. Methods of analysis, detection limits, analytical results and recovery of 
certified reference material “Trace Metals in Drinking Water” (High–Purity Standards, USA). Table SM5. 
Methods of analysis, detection limits, analytical results and recovery of certified reference materials “Trapp ST–
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