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River ice is an important indicator of ecological state of water bodies and a source of information on spatio-
temporal patterns of river pollution during the freeze-up period and on geochemistry of the catchment area. 
Results of the layer-by-layer study of toxic element composition (Pb, Hg, Cd, As, Fe, Mn, Cu, Cr, Co, Ni, Zn) 
in the Amur River ice cover along the cross section upstream from Khabarovsk are presented. Chemical compo-
sition of the ice is largely governed by accumulation of organic matter present in water during the formation of 
the ice cover. Sources of organic matter include industrial wastewaters from large cities located on the trans-
boundary segment (Russia–China) and wastewater discharges from reservoirs of Zeya and Bureya Hydroelec-
tric Power Stations. Elevated concentrations of toxic elements have been observed in the composition of detri-
tus after a major Amur River fl ood in 2013. The role of diatom algae as part of detritus incorporated into ice in 
the deposition of a complex of toxic elements and heavy metals has been demonstrated. 
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INTRODUCTION
The problem of uptake and accumulation of 

emerging contaminants in diff erent geospheres is in-
creasingly aggravated due to intensive industrial de-
velopment, mining operations, burning of various 
types (including chemical) of fuels, as well as forest 
fi res. During metals extraction from the Earth’s inte-
rior and further technogenic redistribution, they ac-
cumulate in the lithosphere and hydrosphere. 

Toxic chemicals that pollute the environment are 
called ecotoxicants and fall into a group of hazardous 
elements represented by Pb, Hg, Cd, and As [Moi-
seenko, 2009]. Unlike organic pollutants that can de-
compose in natural waters, metals and metalloids are 
only redistributed throughout the components of 
ecosystems, by changing their valence.

Toxic elements (TE) in the aquatic environment 
may be present in ionic form and/or in the form of 
organic compounds (OCs) [Perminova, Hatfield, 
2005]. Many of the TE are accumulated in the depos-
iting components of aquatic ecosystems (e.g. bottom 
sediments, suspended particulates, ice), as well as in 
hydrobionts [Appelblad et al., 1999; Yakovlev, 2002]. 
Chemicals accumulating in diverse madia and organ-
isms play a critical role in their cycles [Teisserenc et 
al., 2011]. Heavy metals (HMs) deposited in the hab-
itats of hydrobionts directly or indirectly aff ect activ-
ity of the living organisms and are transferred into 
the trophic chains, thereby leading to bioaccumula-
tion and biomagnifi cation [Hsu et al., 2016]. In addi-
tion, once HMs are involved in the biogeochemical 

processes their migration ability changes. The impli-
cations are that heavy metals become more bioavail-
able, which thereby increases its toxicity to hydrobi-
onts [Leonova, Bobrov, 2012].

River ice act as repository for substances of vari-
ous origins and, while melting, largely governs toxic 
elements migration activity, as well as their contents 
in the water. When toxicants arrived from polluted 
natural waters are captured by ice, the whole reser-
voir is ultimately exposed to contamination [Ivanov, 
1998]. Being one of major indicators of the ecological 
status of water bodies, river ice cover provides con-
tamination records allowing the discernment of the 
nature of pollution, anthropogenic impact, and also 
refl ects geochemical signatures of the catchment area 
[Kondratyeva, 2010].

The most important functions of ice are: ensur-
ing glaciogenic migration of substances; create geo-
chemical barriers at the phase boundary that cause 
ecologically signifi cant geochemical changes in natu-
ral waters and ice [Ivanov, 1987]. River ice is involved 
in the cycling of substances through exchange with 
the atmosphere, surface waters, and the lithosphere 
(in reservoirs freezing to the bottom), as well as in 
interaction with the river banks. Dust samples col-
lected from the surface of glaciers proved to have be-
come “archives” of chemical compounds that have 
been migrating through the atmosphere for centuries 
[Matoba at al., 2008; Pratte et al., 2018]. Oftentimes, 
the processes of trace metal deposition to ice can be 
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attributed to their atmospheric transport in the com-
position of aerosols and suspended particulates [Marx 
et al., 2016].

A substantial portion of the river ice upon its 
ther mal breakup is taken to the sea, and river ice the-
refore interacts with the shelf sea waters. Removal of 
the Amur river ice with the drainage fl ow largely con-
trols both the thermal regime and biological producti-
vity of the Sea of Okhotsk and the Sea of Japan [Mit-
sudera et al., 2008]. With the north-easterly winds 
dominating, toxic substances coming from the Amur 
River during the freeze-up period slowly migrate 
along the eastern coast of Sakhalin towards Hokkai-
do Island (Japan) [Ohshima, Simizu, 2007]. The im-
plications are that the biodiversity of highly produc-
tive coastal marine ecosystems and life cycle of many 
hydrobionts are exposed to their negative eff ects.

The freeze-up period in rivers and water reservo-
irs of Siberia and the Far East lasts up to 4–6 months. 
The existing specifi c environmental conditions pro-
vide for the transport, sedimentation, migration, and 
transformation of biogenic elements, suspended par-
ticulates and dissolved organic matter (DOM), in-
cluding TE, which largely infl uence vital activity of 
hydrobionts, the duration of toxic eff ects, and act as 
factors of ecological risk [Kondratyeva, 2010].

During the freeze-up period, the evolution of the 
chemical composition of river water is largely gov-
erned by the processes of sorption-desorption and 
transformation of substances at the ice–suspended 
solids, ice–water, atmospheric air–ice contacts. At 

this, inclusions of terrestrial organic matter (TOM) 
play their specifi c role in the formation of the qualita-
tive composition of ice [Makhinov et al., 2017].

Results of the investigation of river ice allowed: 
i) establishing mechanism of the formation of water 
quality under the action of a combination of factors 
(natural and anthropogenic) during the freeze-up pe-
riod; ii) improving the systems of setting wastewater 
discharges standards winter; and iii) assessing envi-
ronmental risks for aquatic ecosystems aff ected by 
man-made accidents. Results of the layer-by-layer 
study of ice at the end of the freeze-up period enabled 
a retrospective analysis of pollution in river ecosys-
tems during the formation of the ice cover. Ice cores 
recovery along longitudinal and transverse profi les of 
watercourses provided information for identifi cation 
of the nature of pollution from spatial distribution, 
while timing of contaminants uptake was inferred 
from the layer-by-layer study of ice [Kondratyeva, 
2010].

The objective of this study is to analyze toxic 
metal distributions in disparate layers of ice cores 
sampled along the transverse profi le of the Amur Riv-
er during the 2011–2014 freeze-up periods, and to 
determine their possible genesis from the composi-
tion of suspensions. 

RESEARCH OBJECTS AND METHODS

In recent decades, the Amur River ice regime has 
sown a tendency to shift the onset of ice phenomena 
and ice cover formation to a later date. This is primar-
ily associated with an increase in the mean air tem-
perature (MAAT) and, accordingly, the water tem-
perature. Over the twentieth century, MAAT has 
risen by 1.3 °C in the low reaches of the Amur river 
basin [Novorotskiy, 2007]. According to the 2011–
2014 fi eld observations, the freeze-up onset was shift-
ed by three days, until the first days of December 
[Makhinov et al., 2017].

Ice core drilling was performed at the end of the 
freeze-up period during the 2011–2014 winter expe-
ditions of the Laboratory for Hydrology and Hydro-
geology, the Institute for Water and Environmental 
Problems (IWEP) FEB RAS (directed by V.I. Kim), 
along the transverse profi le in the main stream of the 
Amur River, upstream of Khabarovsk (Fig. 1).

Core samples were recovered using a tubular 
drill (internal diameter: 16 cm) with subsequent ice 
cores cutting in situ (on the ice cleared from snow) in 
a layer-wise manner. The number of layers was deter-
mined by the heterogeneity of the ice structure, 
which varied signifi cantly depending on year and site. 
Ice cores which were stored in a freezer at a tempera-
ture –18 °C prior to analysis were melted at a room 
temperature in chemical beakers. Suspended solids 
were separated from the melts by fi ltering through a 
double paper filter (blue ribbon) and treated with 
freshly prepared 1 % nitric acid (HNO3).

Fig. 1. Schematic map of ice core sampling points.
The numbers indicate quantity of the analyzed ice cores. 
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The structural and quantitative analyses were 
per formed in the Khabarovsk Innovation and Analy-
tical Center for Collective Use of the Institute of Tec-
tonics and Geophysics, Far Eastern Branch, Russian 
Academy of Sciences. The trace element composition 
of suspended particulate matter (SPM) was deter-
mined by the TotalQuant method on the Inductively 
Coupled Plasma – Mass Spectrometry (ICP-MS) 
system (Perkin Elmer, USA), according to a standard 
methodology [Environmental…, 2011]. SPM micro-
structure was investigated using a TESCAN VEGA 3 
LMH scanning electron microscope (Czech Repub-
lic) on an object table furnished with electrically con-
ductive carbon disks, which was followed by plati-
num coating. A 80 mm2 SDD X-MAX Detector (Ox-
ford Instruments, UK) used in the secondary electron 
mode (SE detector) was used for determinations of 
trace element composition of SPM samples. Topogra-
phic contrast imaging enabled high resolution images.

RESULTS AND DISCUSSIONS

The 2012–2014 fi eld studies of ice showed that 
TE concentrations in the ice cover of the Amur River 
upstream of the city of Khabarovsk have changed 
greatly. This indicates variability of the water quality 
during the ice cover formation, and contaminant in-
puts from various sources, complexed by their space-
time variations.

Attention was paid to diff erent groups of metals 
that belong to highly toxic elements (Pb, Hg, Cd, As) 
and those involved in diff erent biochemical processes 
(Fe, Mn, Cu, Cr, Co, Ni, Zn). Aluminum, iron, and 
manganese play a special role in aquatic ecosystems, 
and their biogeochemical cycles are closely linked 
with migration of toxic metals. Oxides of these ele-
ments are capable of adsorbing many HMS on their 
surface [Papina, 2001].

It is known that undertreated sewage wastes 
from municipal wastewater treatment facilities and 
waters of the transboundary Sungari and Ussuri rivers 
contaminated by Chinese industrial effl  uents and ur-
ban treatment plants discharge along the right bank of 
the Amur River. The 2005/06 field studies of the 
Amur river ice during the freeze-up period highlight-
ed the impact of the Sungari River inputs on deposi-
tion of many metals. This phenomenon was particu-
larly spectacular in the middle ice layers sampled in 
the area of Nizhne-Spasskoye village for such elements 
as copper (53.88 μg/L), lead (12.28 μg/L), cadmium 
(0.69 μg/L), and mercury (0.038 μg/L). The contents 
of copper, lead, and cadmium in ice melts was found to 
be 4, 30, and 10 times higher against their concentra-
tions in water [Golubeva, 2012].

Heavy metal concentrations. In the ice cover 
that formed in the winter of 2011/12 on the Amur 
River, maximal contents of Cr and Ni were also found 
near the right bank, while concentrations of Co and 

Ta b l e  1. Heavy metals contents (μg/L) in ice cores drilled in the Amur River during 
 the freeze-up period
Sampling site n Cr Co Ni Cu Zn

2011–2012
Left bank 4 −0.08 1.46

0.69
−0.08 0.66

0.33
−0.05 1.06

0.52
< −0.001 3.90

3.90
< −0.001 21.11

11.16
In the middle 
of the river.

4 −0.004 1.06
0.44

−0.0007 0.46
0.18

< −0.001 1.19
0.70

< −0.001 1.19
0.90

–

Right bank 5 < −0.001 1.74
0.85

−0.14 0.75
0.33

−0.45 4.92
2.65

< −0.001 6.94
3.73

–

2012–2013
In the middle 
of the river.

13 −0.01 0.94
0.48

−0.06 0.25
0.11

−0.91 5.82
3.73

−12.60 76.01
37.24

−24.93 102.97
65.2

Right bank 9 −0.33 2.88
1.00

−0.03 0.24
0.12

−1.25 11.78
4.40

−26.27 219.75
66.51

−51.99 254.09
117.21

2013–2014
Left bank 6 −0.26 0.92

0.57
< −0.001 0.15

0.08
−0.38 2.40

0.97
−19.81 29.75

23.19
−36.31 119.44

81.04
In the middle 
of the river.

5 −0.31 3.19
1.37

−0.003 0.71
0.19

−0.43 6.14
1.84

−13.89 42.56
27.44

−14.23 112.15
60.16

Right bank 4 −0.44 1.31
0.80

< −0.001 0.55
0.21

−0.18 1.19
0.64

−18.52 21.29
18.14

−10.06 28.44
22.78

N o t e. n is the number of layers. The numerator shows the threshold limit values of concentrations, the denominator shows 
the arithmetic mean; the dash indicates element concentrations below the limits of detection by this method.

The analysis was performed using the ICP-MS method in the Laboratory of Physical and Chemical Research Methods, 
Institute of Tectonics and Geophysics, FEB RAS (analyst A.V. Shtareva).
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Cu were commensurable near the right and left banks 
(Table 1).

During the 2012/13 freeze-up period, the high-
est concentrations of such elements as Ni, Cu, and Zn 
were reported near the right bank of the Amur River 
in the vicinities of Khabarovsk over the entire obser-
vation period. At this, copper concentrations in the 
ice was 20 times higher compared to the previous 
freeze-up period. These metals input may be linked 
with mixed discharge of municipal and industrial ef-
fl uents. Analysis of nickel and copper migration in the 
studied water bodies revealed a crucial function of 
dissolved organic matter (DOM) due to their in-
volvement in the formation of metal-organic com-
plexes [Grybos et al., 2007].

In the winter period of 2013/14 after the ex-
treme fl ood on the Amur River, the levels of Ni and 
Cu in the ice were substantially lower compared to 
the previous year. Elevated concentrations of Cr, Ni, 
and Cu were documented in ice cores recovered in 
the middle of the river, while ice sampled at the left 
bank showed elevated zinc concentration, which was 
4 times higher, than at the right bank (Table 1).

Toxic elements contcentrations in ice cores re-
covered in the middle of the Amur River varied sig-
nifi cantly from year to year within the study area.

During the freeze-up period of 2011/12, elevated 
concentrations of As and Pb were detected in the up-
per ice layers (Fig. 2, A). Uneven Cd concentrations 
in the ice layer suggest signifi cant variations in its 
levels in water during the formation of the ice cover. 
Thus, the lowest Cd concentrations were in the 21–
40 cm layer, while they reached maximum in the low-
er, 41–70 cm ice layer.

The highest concentrations of Pb were reported 
from the upper layers of ice during the 2012/13 
freeze-up period. That year, the mid-period records 
refl ect elevated concentrations of Cd (40–50 cm lay-
er), while As contents increased in the lower layers. 
This indicates that during the formation of the ice 
cover, natural waters were periodically polluted with 
toxic elements from various sources (Fig. 2, B).

In the winter of 2013/14, after the summer- 
autumn catastrophic flood in the Amur River, the 
70–117 cm layer of ice was marked by a high content 
of detritus (ice core recovered in the middle of the 
river). Once melted, this ice was diff erentiated by its 
brown color, elevated amounts of fi ne particles and 
fl akes, and had the smell of swamp water. This may be 
associated with SPM inputs (as detritus )into the 
Amur River due to enhanced discharges of the Bu-
reya and Zeya water reservoirs caused by their over-
fl owing during the fl ood. The maximum water level 
for the Amur River established in the 2013/14 winter 
low-water season was accounted for by higher levels 
of water consumption from the Zeya and Bureya riv-
ers [Shesterkin, 2018]. The established highest con-
centration of arsenic therein (compared to the above-

lying layers), which was previously uncharacteristic 
of the Amur River (Fig. 2, C).

Mercury distributions in the Amur River ice. 
Were of particular interest. The mercury-related 
problem is increasingly becoming pressing in the 
Amur region due to emergence of hubs of fast-grow-
ing undustries (the cities of Khabarovsk, Amursk, 
Komsomolsk-on-Amur) and the infl uence exerted by 
the fl ows of Sungari and Ussuri rivers. It was found 
that given regular uptakes of mercury and dispersed 
OM (DOM) from the Zeya and Bureya reservoirs 
and from catchment areas of China create prerequi-
sites for mercury methylation processes involving mi-
croorganisms resistant to this element [Kondratyeva 
et al., 2018]. The highest mercury concentrations 
were reported for the lower layers of ice samples in 
the period 2010–2011 in the Amur River near the 
right bank proximal to Khabarovsk (0.001–
0.468 μg/L). The years to follow saw a decline in con-
centrations of this metalloid: 0.13 μg/L (2011–2012), 
0.002–0.001 μg/L (2013–2014).

Concentrations of llithogenic elements. Analy-
sis of the Al, Fe, and Mn concentrations in the ice col-
lected during the observation period revealed the 
uneven pattern of their layer-by-layer distribution, 
general tendencies, and some characteristic features 
(Fig. 3).

Thus, during the 2011/12 freeze-up period, ele-
vated concentrations of Al, Fe, and Mn were ob-
served in the upper layers of ice cores (Fig. 3, A). This 
can be associated both with airborne transport of 
metals attached to suspended particulates (inputs 
from industries), as well as with their presence in the 
composition of iron- and manganese-bearing ground-
water, and with ice ridges heavily laden with terrige-
nous material [Kulakov et al., 2010; Makhinov et al., 
2017].

In the winter period of 2012/13, the minima in 
concentrations of aluminum, iron and manganese per-
sisted during the entire observation period (Fig. 3, B). 
However, their lowered contents in the lower layers 
ice was interpreted as characteristic feature, which 
may be associated with water exposure to pollution at 
the end of the freeze-up period and low water level. 
An increase in concentrations of Fe and Mn in the 
bottom water layers during the winter season may be 
due to the processes occurring at the water–bottom 
biogeochemical barrier [Kulakov et al., 2010]. These 
processes result in trace metals release from bottom 
sediments and their migration into the water column, 
and subsequently into lower layers of ice.

During the 2013/14 freeze-up period, a substan-
tial increase in the content of rock-forming metals 
(Al, Fe, Mn) was observed in the abovementioned 
70–117 cm ice layer sampled in the middle of the 
river (Fig. 3, C). Elevated concentrations of these 
metals may be attributed to their accumulation in the 
composition of SPM and detritus.
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Fig. 2. Layer-by-layer distributions of heavy metals (Cd, As, Pb) in the ice cover sampled in the middle of 
the Amur River in diff erent years: А – 2011–2012; B – 2012–2013; C – 2013–2014.
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Fig. 3. Layer-by-layer distributions of Al, Fe and Mn in melts of ice cores recovered in the middle of the 
Amur River during the freeze-up period: 
А – 2011/12; B – 2012/13; C – 2013/14.
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Besides, high concentrations of many trace met-
als were found in the ice core recovered at the sam-
pling point proximal to the right bank (Table 2), 
where elevated contents of OM was repeatedly noted. 
Thus, the highest concentration of OM (2.0 mg/L) is 
characteristic of the ice core sampled at a distance of 
375 m from the right bank, in the 70–117 cm layer 
displaying high contents of detritus particles [Kon-
dratyeva et al., 2018].

An increase in concentrations of OM can prompt 
the formation of Al, Fe, and Mn chelate complexes. 
These processes infl uenced the behaviors of other ele-
ments because of lowered amounts of colloidal forms. 
As a result, the amounts of HMs uptake on their sur-
face and their migration to the aquatic environment 
tend to decline. For example, Al interacting with 
natural organic matter, thereby forming Al–NOM 
complexes, leads to a decrease in concentrations of its 
hydroxides capable of absorbing arsenic [Hagvall et 
al., 2015].

The conducted studies have shown that distribu-
tion of metal ions in the Amur river ice is aff ected by 
a number of factors: changes in the elemental compo-
sition of freezing water; inputs of mineral suspensions 
and OM from municipal and industrial effl  uents and 
in the composition of detritus contained in discharges 
of the Zeya and Bureya reservoirs, as well as with the 
fl ow of the Ussuri and Sungari rivers.

Trace metal concentrations in suspensions 
from melted ice. It was noted earlier that the Amur 
ice contains inclusions of terrigenous material with 
diff erent grain-size distributions. The suspended par-
ticulate matter distributions in sampled ice layers 
displayed distinct boundaries. The presence of inex-
pressive intra-ice laminae or irregular-shaped ag-
glomerations of dispersed clayey material may be as-
sociated with occurrences of high turbidity during 
water releases from reservoirs accompanied by en-
hanced fl ow velocity [Makhinov et al., 2017].

Thus, the ice core recovered in the middle of the 
Amur River during the 2013/14 freeze-up period was 
characterized by a nonuniform distributions of sus-
pended solids. Analysis of HMs in the composition of 

suspended solids showed elements distribution simi-
lar to those in ice melts (Fig. 4). The 70–117 cm layer 
is distinctly discriminated, which is due to high levels 
of detritus and mineral suspensions displayed a dra-
matic increase in concentrations of all elements, in-
cluding toxic ones (Cd, As, Pb, Hg).

Against the backdrop of elevated OM with a sig-
nifi cant proportion of aromatic compounds, maximal 
counts of heterotrophic and sulfate-reducing bacteria 
growing on specialized media (agar) were document-
ed. The indicators of the presence of OM and the 
count of cultivated bacteria in the melt of this ice lay-
er were several times higher than in the water beneath 
the ice. This may be due to a one-at-a-time large vol-
ume of winter-time water discharges from the Zeya 
and Bureya HPPs [Kondratyeva et al., 2018]. 

The biogeochemical processes occurring in the 
OM (oxidation) and in many elements (reduction) 
can change substantially their behavior and toxicity. 
This particularly concerns methylation of benzene de-
rivatives (toluene, xylenes), which were detected in 
the Amur River ice cover [Kondratyeva et al., 2012]. 
The presence of methylated benzene derivatives in 
water could stimulate the formation of more toxic 
methylmercury, posing a risk to aquatic organisms. 

Biogeochemical reactions occurring on the sur-
face area of suspended solids and inside them before 
their deposition aff ect both the transformation and 
desorption of various compounds and elements. 
Heavy metals adsorbed on suspended particles can 
pass into the water column under changing physical 
and chemical environmental conditions [Ghosh et al., 
2011]. Taking into account the relationship between 
trace metal migration and the presence of OM in the 
medium, it can be assumed that the transition of tox-
ic elements to a reduced state takes place in the ice 
during winter. For example, trivalent iron (III), upon 
reacting with humic acids, passes into a soluble state 
[Wan et al., 2018].

Earlier studies of the microelement composition 
of bottom sediments in the area of the Nizhnyaya Bu-
reya HPP [Sirotskiy et al., 2014; Kharitonova et al., 
2015] demonstrated that iron and manganese deposi-

Ta b l e  2. Trace element concentrations (μg/L) in ice cores drilled at the right and left banks 
 of the Amur River during the 2013/14 freeze-up period

Sampling 
site n Al Mn Fe As Cd Pb

Left bank 6 −18.57 160.71
78.43

< −0.001 34.00
10.20

−52.96 421.89
290.44

< −0.001 0.54
0.23

< −0.001 0.03
0.01

−0.83 2.44
1.77

Right bank 4 < −0.001 870.20
344.21

< −0.001 37.09
14.46

−41.78 1217.82
384.62

−0.03 0.87
0.35

−0.007 0.02
0.02

< −0.001 1.19
0.50

N o t e. n is the number of layers. The numerator shows the threshold limit values of concentrations, the denominator shows 
the arithmetic mean.

The analysis was performed using the ICP-MS method in the Laboratory of Physical and Chemical Research Methods, 
Institute of Tectonics and Geophysics, FEB RAS (analyst A.V. Shtareva).



10

E.M. GOLUBEVA ET AL.

tion in the fine fraction may amount to the values 
twice as higher than their content in sedimentary 
rocks. The presence of iron mineral compounds in the 
composition of the terrigenous organic matter is a 
factor facilitating adsorption of other HM cations. It 
was established that given a high content of OM, the 
processes of Fe(III) reduction are activated, thereby 
increasing risks of HMs transition from the bound 
state to the ionic state are increased. In the presence 
of oxygen, Fe(III) is in a thermodynamically stable 
state and is characterized by very low solubility. 
However, under oxygen-free conditions, Fe(III) acts 
as an electron acceptor for anaerobic respiration of 
dissimilatory Fe-reducing microorganisms [Lovley et 
al., 2004], which leads to the formation of a highly 
soluble Fe(II) aqua ion. Iron-reducing bacteria Geo-
bacter sulfurreducens and Shewanella putrefaciens ac-

tively participate in the formation of Fe(II) aqua-ions 
[Crosby et al., 2007]. Moreover, mercury methylation 
by these iron-reducing bacteria depends on the ionic 
form of iron. Thus, in the presence of Fe(III), the 
methylation rate decreases due to the mercury com-
plexation and its varying availability [Si et al., 2015].

In addition to reductive dissolution, Fe mobili-
zation also results from proton-stimulated dissolution 
when binding of organic acids is the case. In the pres-
ence of O2, the mobile Fe(II) ion can be transferred, 
rapidly oxidized, and re-precipitated as Fe(III). Rela-
tively ”iron-depleted” and “iron-enriched” microsites 
are a product of the environmental heterogeneity 
[Huang et al., 2018]. For the iron cycle investigation, 
its various compounds whose formation is infl uenced 
by constantly changing natural and anthropogenic 
factors have recently been studied with the isotopic 

Fig. 4. Trace metals distributions in suspended particulate matter from ice cores drilled in the middle of the 
Amur River during the 2013/14 freeze-up period.
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method. Thus, using the isotope fractionation, it was 
shown that iron transport in polluted streams oc-
curred mainly in the composition of SPM, while dis-
solved iron of natural origin is associated with the 
organic colloids [Chen et al., 2014].

It is quite obvious that there are also specifi c mi-
crozones formed from water of diff erent composition 
with participation of suspended particles, sand, clay 
and detritus in the thickness of the river ice. The 
mechanisms for ionic iron transformations can vary 
signifi cantly across the ice layers. Microorganisms 
which are either present in ice microcracks or ad-
sorbed on the surface area of particles of different 
mineralogical composition can be big players thereat. 
The processes occurring in the organo-mineral com-
plexes accumulated in the ice can therefore be trig-
gered during the ice melting and have a signifi cant 
impact on the water quality in the spring.

Analysis of microstructure of the suspended 
solids occluded in ice. Some researchers attribute el-
evated concentrations of trace elements in the Amur 
River, including heavy metals, to high abundance of 
diatoms. It is noted that along with iron, strontium, 
zinc and vanadium are concentrated in the epiliton. 
The levels of zinc and vanadium can reach average 
concentrations of these metals in sedimentary rocks 
[Kharitonova et al., 2015].

The elemental composition of SPM from the 
Amur river ice was studied on the example of ice 
cores recovered at the left bank of the Amur River, 
where natural stream waters of the Bureya River are 
widespread. At this, layers with the maximum SPM 
concentrations, as well as with the minimum fine 
sand content, were chosen for the comparison.

The micrographs (SEM images) of the micro-
structure of suspended solids expressly show that 
their main component in the form of detritus is repre-
sented by conglomerates of diatoms and lithogenic 
particles (Fig. 5). Some diatoms have already under-
gone partial degradation and lithifi cation processes, 
which is reflected in their elemental composition 
(Table 3). Most of detritus detected in the ice layer 
may have entered the main stream of the Amur River 
during intensifi ed water discharges from the reser-
voirs of the Bureya and Nizhnyaya Bureya HPPs. In 
addition, given the growing water consumption in 
winter, the surface layers of bottom sediments might 
be the source of suspended solids.

Major elements accumulating in the diatoms 
were carbon, silicon, iron, and aluminum (spectra 1, 
2, 3, and 7). The structures displaying the most di-
verse composition (spectra 3, 4), including phospho-
rus, represent diatoms unaff ected during diagenesis. 
Trace element analysis of mineral particles (spectra 5, 
6) showed that, in contrast to biogenic structures, 
their lithogenic matrix was represented by SiO2. It is 
known that, given specifi c conditions, diatoms form 
deposits of amorphous biogenic silica (SiO2) in the 
temperate- and high-latitude watercourses. 

Diatom silts are distinguished by lower contents 
of OM as compared to the layers with abundance of 
other algae. On the example of the Novosibirsk reser-
voir, it was shown that only fi ne-particle suspension 
reaches the dam [Leonova, Bobrov, 2012].

Besides, aggregates formed by diatom algae are 
enriched with bacteria (ditom-bacteria aggregates) 
and protists that participate in various biogeochemi-
cal processes, including those in low-oxygen environ-

Fig. 5. SEM imagies of suspended solids from core sample of the Amur river ice (Leninskoe village, left 
bank).
а – conglomerate of various diatoms soecies, lower layers of the ice core; b – large-size mineral particles and diatom algae (in the 
center), upper layers of the ice core. 1–7 – points of spectral analysis.
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ments [Stief et al., 2016]. Diatom algae largely govern 
the aggregates properties, their size, sinking rate, and 
particle transport in the near-bottom water column 
in coastal waters [Ziervogel, Forster, 2005]. The in-
tense processes of organic matter decomposition ob-
served within these aggregates involve so-called bal-
last minerals (calcium carbonates, opal, and lithogen-
ic material), with their remineralization taking place 
thereat [Iversen, Ploug, 2010].

According to the authors’ investigations, such 
conglomerates can play an important role in the bio-
geochemical processes within the entire ice thickness, 
including their functioning as centers of heavy metals 
accumulation where their migration ability changes. 
In the spring, they may substantially aff ect hydro-
chemistry of natural waters and ecological state of 
the coastal marine areas associated with removal of 
river ice, showing prolonged eff ects. 

CONCLUSION

Comprehensive studies of ice in the Amur River 
have shown deposition of heavy metals (Fe, Mn, Cu, 
Cr, Co, Ni, Zn, Pb, Hg, Cd, As), which rank as envi-
ronmental risk factor for the functioning of river eco-
systems. Result of the long-term observations re-
vealed that discharges of the Sungari, Bureya and 
Zeya rivers are major sources of various chemical ele-
ments input into the Amur River ice. During the 
melting and breakup of ice in spring-time, pollutants 
are unloaded into aquatic ecosystems and migrate 
further to the coastal marine areas, which enables the 
pollutants to spread in space and in time.

The fi ne-dispersed portion of the suspended par-
ticulate matter received during water discharges from 
the reservoirs of the Bureya and Nizhnyaya Bureya 
hydro power plants represents a conglomerate of bac-

teria attached to algae and complexed with lithogenic 
elements (Al, Fe, Mn, Mg, Ca), which are subse-
quently accumulated on the ice–SPM biogeochemi-
cal barrier.

The processes occurring in the river ice thickness 
change the migration ability of many heavy metals, 
thereby creating conditions for buildup of more toxic 
compounds (for example, methylmercury).

The implications of the Amur River ecosystem 
pollution during the freeze-up period may be associ-
ated with the toxic elements accumulated in ice 
which, upon ice thawing, become involved in natural 
biogeochemical processes, i.e. participate in bioaccu-
mulation. During spring-time, prospects for second-
ary pollution of the aquatic environment with toxic 
elements (Pb, Hg, Cd, As) which becomes a major 
control of the quality of water and aquatic ecosys-
tems are extremely high. The study of trace element 
composition of river ice allows estimating the spatio-
temporal risks of the surface hydrosphere contamina-
tion for hydrobionts and humans.
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