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Abstract 
Content and composition of ice inclusions are the important characteristics of the 

redistribution of substance in river ecosystems, which allows taking into account transport of the 
inclusions matter during the spring ice drift. The data on the composition of the ice cores from the 
Middle Amur (Khabarovsk water node) after the extreme flooding in 2013 and its terrigenous, 
chemogenic (formed through chemical processes) and biogenic (diatoms) components are 
presented in this paper. The importance of the work lies in the fact that the impact on the river 
ecosystems of catastrophic floods, such as the 2013 flood on the Amur River, due to their 
uniqueness, has been extremely poorly studied. The analysis showed that the content of 
terrigenous material and its variation in ice thickness does not exceed the average multi-annual 
values. The particle-size distribution of the terrigenous material (on their volume and the number) 
corresponds to that of the river suspended matter, warps (silt deposits on the flood plain) and 
bottom sediments in the studied river area. Composition of diagnosed chemical inclusions 
(neoformations of calcite CaCO3 and pyrite FeS2), their number and size depends on the chemical 
composition of water during the freeze-up and redox conditions in the layer. Flooding had the main 
impact on biogenic inclusions (diatoms). The change of the leading species (from single population 
Aulacoseira islandica to Stephanodiscus hantzschii Coscinodiscophyceae class, Stephanodiscaceae 
family, genus Stephanodiscus) was fixed. This is one of the main indicators of structural and 
functional violations orderliness hydrobionts. The change in the composition of the leading species 
associated with the arrival of eutrophying substances and pollutants from the Sungari River (the 
largest tributary of Amur River) as a result of outcome flooding agricultural lands and residential 
territories. 
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1. Introduction 
Amur River refers to the Far East type of rivers, which are characterized by a predominance 

of full-blown rainfall runoff (60–80 % of the annual runoff water) over snow and soil nutrition, 
because of the peculiarities of the climate (Resources, 1966). Climate is formed under the strong 
influence of oceanic factors. In the second half of the summer and early autumn, warm and moist 
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tropical masses penetrate deep enough into the continent, resulting in abundant (up to 
catastrophic) rainfall and, as a consequence, to flooding. Floods on the Amur have great 
repeatability – once in 5 years on the Upper Amur, every 3 years on the Middle Amur, and 1.5 years 
on the Lower Amur (Boikova, 1963). A large catchment area (1.86 million km2), locality of 
precipitation and their large intensity are the reasons for the existence of several hypocenters of 
flood formation on the Amur. There are four basic hypocenter: Upper Amur, Zeya-Bureya, Sungari 
and Ussuri parts of the Amur River basin, each of them can cause catastrophic floods. Especially 
powerful floods are formed if they arise in two or three hypocenters and combined in the Amur 
River channel.  

Flood in 2013 became an extraordinary one: high rain floods consistently formed in the 
whole Amur River basin (Danilov-Danilyan, 2014; Dugina, 2013). Flood, formed on the Upper 
Amur was not extreme. However, its peak was supplemented by the floods with other parts of the 
basin: from the Zeya, Bureya, Sungari, and the Ussuri rivers. In this period, there has been a 
unique coincidence of flood peaks passing. Below the confluence of the Sungari River the 
maximum levels exceeded historical highs in the 0.40–2.11 m. Duration of inundation of the 
floodplain was two to three months and the height of the layer of water on the floodplain reaches 
was 2–4 m. In the area of the Khabarovsk water node (Khabarovsk) the maximum level of floods 
and floodplain inundation depth totaled 8.08 m (excess over historically maximum of 1897 – 1.66 
m), floodplain inundation level reached 5.08 m. Maximum flow of water in the Amur River (16 km 
above Khabarovsk) totaled 33400 m3/s, the total flow of all tributaries (Khabarovsk, below the 
railway bridge) was 46100 m3. High intensity and duration of flooding resulted in significant 
removal of soluble substances. Thus, runoff of major ions in the flood reached 19.6 million t/d, 
nitrate nitrogen – 64.5 thousand t/d (Shesterkin, 2010, 2016). Discharge of suspended load was 
accompanied by their accumulation in unloading zones (floodplain). In the first accumulation zone 
after the Sungari River the thickness of warps 2013 exceeded to the order the long-term average 
values (Shaldybin et al., 2016).  

Such significant changes in hydrological and hydrochemical regimes could not affect the 
composition of the Amur River ice, work on the study of which began relatively recently (Ivanov et 
al., 1987; Shesterkin, 1990; Makhinov, 2013, 2017). It was found that the ice cover is characterized 
by a significant amount of terrigenous material. The main sources of terrigenous material are wind 
shift, capture soil on the shoals during the fall ice surfacing bottom ice, avalanches block when ice 
erosion of clayey floodplain, rockfalls from the steep slopes on the ice surface in the mountainous 
part of the valley and lift of anchor ice. Ice can also contain chemical (formed through chemical 
processes) and biogenic (mainly diatoms) components (Lebedev et al., 1981; Nemirovskaya, 2015; 
Nikulina, 2014; Strakhov et al., 1954; Yuryev & Lebedev, 1988). 

The aim of this study is to define the composition of the ice in the Middle Amur after the 
extreme flooding in 2013, its terrigenous, chemical and biogenic components. The importance of 
the work lies in the fact that the impact on the river ecosystem of catastrophic floods such as 
flooding of 2013 in the Amur River due to their unique studied sorely lacking.  

 
2. Materials and methods 
Study area 
The work was carried out on the flat part of the basin of the Middle Amur. In this area of the 

Amur River the formation of ice cover begins in early November when the temperature 
substantially decreases and flow speed significant increases. Freeze-up on the Amur River in 2013 
near Khabarovsk started in 1 December, which is 7 days later than average multi-annual values. 
Autumn freeze-up is frozen masses of floating frazil ice, sludge and floes. At the last stage of freeze-
up formation in the river hummocks are formed, whose number and height (up to 1.5 m) on 
mainstream are the maximum. Near the shores the ice surface is usually smooth (Makhinov, 2013, 
2017). According to the thickness and stratigraphy the ice in the main channel is divided into the 
following types: strong, moderate, weak, flat hummocky and flat ice (naled ice in this work is not 
considered). About half of the ice surface falls on moderately hummocky ice, which area is located 
on both sides of the zone of strongly hummocky ice (mainstream). At a fraction of the latter 
account for about 15 %. By the end of winter ice thickness reaches 1.1–1.3 m and in severe winters – 
1.6–1.8 m. Ice thickness has a complex structure. The upper part of matt in color is usually solid ice 
formed during the formation of ice cover and cemented by frazil ice. The lower part of the ice 
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thickness is presented with glassy transparent ice. Its formation is associated with freezing of new 
layers of ice at its bottom after freeze-up, mainly in the middle and late winter.  

 
Methods of study 
The material for the study was ice samples from a well drilled in a zone of moderately 

hummocky ice – 3 km, Middle Amur, 350 m from the edge of the right bank (48о36.308’ 
N135o02.397’ E), depth 4 m, ice thickness 1.33 m (Fig. 1). Sampling was conducted in March, 2014 
(when the minimum water level and a maximum thickness of ice). While sampling, a mechanical 
drill with the 18 cm diameter was used. In core the following layers were identified by color, 
transparency, ice inclusions: 0–40 cm – transparent mat ice; 40–43 cm – dirty ice; 43–52 cm – 
transparent mat ice; 52–70 cm – transparent frosted ice with occasional scattered by inclusions; 
70–117 cm – transparent frosted ice with occasional scattered particles, layers and lenses of dirty 
ice; 117–133 cm – glassy ice with dirty layers. 

 
 

 
 

 
Fig. 1. A. Sketch map of sampling site. B. Schematic ice coring. 1 – state border, 2 – place coring, 
3 – transparent matte ice, 4 – dirty ice, 5 – ice with occasional scattered by inclusions, 6 – layers 
and lenses dirty ice, 7 – glassy ice. For other explanations see text. 

 
 
Core was sawed into layers, than each layer of ice melted in the laboratory and after filtering 

of suspended matter amount of water was measured. Filter with sediment was dried until constant 
weight to determine the mass of the substances included in the ice. Analysis of the particle size 
distribution was conducted on a particle size Analyzer SALD-2300 (SHIMADZU, Japan). 
Additionally samples were studied on scanning electron microscope VEGA 3 LMH (TESCAN, 
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Czech Republic) in Khabarovsk innovative analytical Centre (ITG FEB RAS). Energy dispersive 
spectrometer X-max 80 (Oxford Instruments, United Kingdom) was used for the elemental 
composition analysis of suspended matter. To identify the diatoms the main keys, systematic works 
and selected publications were used (Diatoms, 1992; Genkal et al., 2002; Medvedeva et al., 2001; 
Medvedeva, Sirotsky, 2002; Medvedeva, Nikulina, 2014). Modern nomenclature changes were 
clarified by AlgaeBase (Guiry, Guiry, 2017). Ecological and geographical characteristics of species 
were done according to the literature (Barinova, 1996, 2006; Van Dam et al., 1994; Krammer, 
Lange–Bertalot, 1991). Analytical work was carried out by hydrochemical research methods 
(Guide, 1977). 

 
3. Results and discussion 
Particle-size distribution data 
Before characterizing the ice inclusions, we introduced data on particle-size distribution, 

which is a source of important information about the origin of sediments (alluvial and eolian), their 
transport history and sedimentation conditions (Buurman et al., 2001; Van Genuchten et al., 1999; 
Eshel et al., 2004; Pachepsky, Rawls, 2004; Rawle, 2017; Segal et al., 2009; Wolform, 2011). 
According to analysis, variation of suspended particles on the selected layers in core is almost three 
orders of magnitude (2.26 g/L in the 40–43 cm and 0.003 g/L in the 117–133 cm with an average 
content of 0.71 g/L). But the particle distribution (distribution by volume) in core was closed 
(Fig. 2). In all layers, peaks of fractions of medium and coarse dust (5-10 and 10-50 μm), fine and 
medium sand (50–250 and 250–500 μm) are predominantly detected in the upper part of the core. 
The exception is the layer of 43–52 cm: its differential curve is characterized by a single peak of 
high intensity with a maximum of about 500 μm, which indicates a high sorting of particles. 
The reasons for the latter will be discussed below.  
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Fig. 2. Differential particle-size distribution in the ice samples: distribution on volume (1) and the 
number of particles of a certain size, a – layer 0–40 cm, b – layer 40–43 cm, c – layer 43–52 cm, 
d – layer 52–70 cm, e – layer 70–117 cm, f – layer 117–133 cm. For other explanations see text. 

However, layers are drastically different by intensity peaks and, accordingly, the 
contributions of the individual fractions that related to the predominance of those or other 
processes in different phases of ice formation. So the particles of medium-sized sand (Fig. 2a, b) 
dominated at the top of the core (layers 0–40 and 40–43 cm), that corresponds to the formation of 
layer during freeze-up. Anchor ice participates in the formation of the next layer (43–52 cm), as 
evidenced by the proximity of differential ice particle distribution curves of inclusions (Fig. 2c) and 
bottom sediment in this river area (Shaldybin et al., 2016). The inclusions lower layers (layers of 
core 52–70 and 70–117 cm) are the thinnest in size. Formation irregularly shaped loam 
accumulations in these layers associated with winter dumping of water from the reservoirs of large 
hydropower plants in the Sungari, Zeya and Bureya rivers network, which leads to an increase in 
water velocity and turbidity (Makhinov, Kim 2013, Makhinov et al., 2017). Differential curves 
(Fig. 2d, e) and dimension prevailing particles ice inclusions coincide with those of the suspended 
load and warps in this river area. In the layer of glassy ice at extremely low content inclusions their 
distribution is close (Fig. 2f), as evidenced by the differential distribution curves and calculations 
on the number of particles of a certain size.  

 
SEM analysis 
Analysis of size, morphology and composition of inclusions with electron microscopy 

methods (Fig. 3) confirms data on particle-size distribution and shows that the upper part of the 
core is presented mainly as grains of primary minerals – quartz and feldspar (Fig. 3a–c).  
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Fig. 3. Micrographs of particles in the ice samples: a – layer 0–40 cm, b – layer 40–43 cm, c – 
layer 43–52, cm, d – layer 52–70 cm, e – layer 70–117 cm, f – layer 117–133 cm (SEM, BSE-
detector). 

Also accessory minerals (the content of which <1%) of epidote-hornblende аssociation 
(zircon ZrSiO4 and ilmenite FeTiO3) were diagnosed by energy dispersive analysis in these layers 
(Fig. 4a, b). Silty and clayey particles dominated in the lower layers of the core (Fig. 3d–f). Clay 
minerals are presented mainly as microaggregates, in which participated iron hydroxides (Fig. 4с).  

 
Fig. 4. Micrographs of zircon (a) and ilmenite (b) grains, clayey microaggregate (c), neoformations 
of calcite (d, layer 43–52 cm) and pyrite in clayey microaggregates (e, f, arrows, layer 70–117 cm) 
(SEM, BSE-detector) 

 



Biogeosystem Technique, 2017, 4(2) 

195 

 

Of the chemogenic inclusions, calcite CaCO3 and pyrite FeS2 were diagnosed (Fig. 4d–f). 

Calcite neoformations were found in a layer 43–52 cm in different forms 100–200 m in size. 
Pyrite was discovered below in layers 52–70 and 70–117 cm in the composition of the clayey 
microaggregates as framboids, consisting of individual octahedral microcrystals. Framboid size 

does not exceed 2 m in the layer of 52–70 cm their size reaches 10–15 m in next layer 70–117 cm. 
The formation of pyrite testifies to the reducing conditions in the lower layers of the core and the 
development of sulfate-reducing bacteria in them (Barton, Hamilton, 2009; Berger et al., 1996). 

Biogenic ice inclusions – diatom algae – were found throughout the ice (Fig. 5, 6).  

 
 
Fig. 5. Centric diatoms of genera Stephanodiscus in the ice core: а-c – S. hantzchii Grunow,  
d – diatom aggregations (layer 40–43 cm) and e, f – clayey microaggregates with participation 
of diatoms (SEM, BSE-detector) 
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Fig. 6. Centric diatoms of genera Aulacoseira (a–b) and Pennate species (c–f) in the ice core:  
а – A. islandica (O. Müller) Simonsen, b – germinating spore of A. islandica, c – Navicula sp.,  
d – Asterionella formosa sp., e – Meridion circulare sp. (arrow), f – Gomphonema sp. (arrow) 
(SEM, BSE-detector) 

 
Predominantly identified diatoms are planktonic species. The diagnosed species prefer mildly 

alkaline water, as well as the availability of easy oxidable organic substances (Barinova et al., 
2006). Species Stephanodiscus hantzschii Grunov (class Coscinodiscophyceae, family 
Stephanodiscaceae, genus Stephanodiscus) stands out look among planktonic species on frequency 
of occurrence and ecology. S. hantzschii are single cells, their threads (Fig. 5a–c) and aggregations 
include some pennate species (Fig. 6c–f). The largest number of them was fixed in a layer with a 
maximum content of suspended particles (40–43 cm), where they form microaggregates, sizes up 

to 250 m (Fig. 5d). In the lower layers of the core, where suspended substance presented mainly 

clayey particles they form with them microaggregates up 50 to 200–250 m in size (Fig. 5e, f). 
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These diatoms use a special strategy for communication with other particles: communication by 
spines and bonding allocated mucopolysaccharides. With using of both bond mechanisms diatoms 
became centers of microaggragation and crystallization during freeze-up (Badaut, Risach, 1983; 
Bowler et al., 2008; Daly, 1994; Fragoulis et al., 2004; Gärdes et al., 2011; Gorsky et al., 1999; 
Hamm, 2002; Lacelle et al., 2009; Neu, 2000; Shein et al., 2016; Schnell, 1975; Zimmermann–
Timm, 2002). Whereby diatoms (live and dead cells) are the substrate for the generation unites of 
the number and size of the aggregates in aquatic systems. 

Such a mass development of this species in krioperiphytone was not previously noted 
(Yuryev, 1988). Species Melosira islandica (Aulacoseira islandica) was registered as "an absolute 
dominant» which gave up to 96% of the biomass (Usolceva et al., 2006). The population of 
Aulacoseira islandica was developed in the lower layer of ice cover and on its bottom surface. 
Although in individual winter periods centric diatoms from genus Stephanodiscus and Cyclotella 
participated in the phytoplankton with up to 44% of biomass. In the ice samples after the flood of 
2013 Aulacoseira islandica occurs sporadically (Fig. 6a, b). 

Change of the leading species is one of the basic indicators of the disturbance of the 
structural and functional ordering of the hydrobionts. Diatoms like all hydrobionts in 
watercourses, are organized in such a way as to maximize the utilization of nutrients and energy in 
certain river areas, on the other hand, adapt to the changes in the river continuum (Bogatov, 2013; 
Vannote et al., 1980). Floods cause changes not only the hydrological regime of watercourses, but 
the physico-chemical properties of water. Influence of repeated floods for reofilic systems fairly 
well researched, formulated the concept of pulsating floods (Junk et al., 1989). However, the 
impact of catastrophic floods, such as flooding in 2013 on the Amur River, in connection with them 
infrequently, is unclear. So while it is difficult to call the real cause of mass development of 
Stephanodiscus hantzschii in krioperiphytone. The change in the composition of the leading 
species may be due to re-colonization from refugiums and with the arrival of eutrophying 
substances and pollutants from a variety of sources. All the environmental characteristics of 
Stephanodiscus hantzschii (galofil, alkalibiont, alfamezo-polisaprob, inhabitant of eutrophic and 
hyper-eutrophic waters) allow for consideration of this species as bioindikator of polluted waters. 

Analysis of mineralization, content of major ions and nutrients (phosphorus, nitrogen, iron) 
showed that during the freeze-up period, the sink of nitrate nitrogen was the highest for the entire 
observation period (Shesterkina, Shesterkin, 2001; Shesterkin, 2010, 2016), the content of Cu and 
Zn significantly exceeded the MPC. The concentration of nitrates in the sub-ice water in December 
2013 was more than 500 mkg N/L, and concentrations of Cu and Zn were extremely high for the 
Amur River up to 20–30 and 70–90 mkg/L respectively (Fig. 7).  

According to de Jonge et al. (2010), Cu and Zn after Si and Fe (Brzezinski et al., 1997; Kröger 
et al., 2001; Poulsen et al., 2003; Poulsen & Kröger, 2004; Scheffel et al., 2011) are the necessary 
elements for the development of the diatoms. Pollution of the Amur River is primarily associated 
with pollutants from its main tributary – the Songhua River. Increased mineralization of the water 
and the higher concentration of chlorides, sulfates and compounds of nutrients (nitrogen, 
phosphorus, iron) and trace elements (Cu and Zn) stimulate the development of Stephanodiscus 
hantzschii and confirm his bioindication properties. The mass development of this species and 
other members of the genus Stephanodiscus revealed in other rivers (Irtysh, Ob, Volga, Danube 
etc.) after antropogenic pollution (Sokolsky, Evseeva, 2011). The data obtained also show high 
concentrations during freeze-up the bicarbonate ion HCO3

- (up to 60–80 mg/L, November–
December), that explains formation in ice cover chemical inclusions of calcite.  
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Fig. 7. Levels and average values of water mineralization Amur River (a), content of major ions, 
(COD)Mn and water colour in degrees (b), content of nutrient content (c) and the trace elements (d), 
Khabarovsk water node, 2013 

 
4. Conclusion 
The paper presents data on the composition of the ice in the Middle Amur (Khabarovsk water 

node) after the extreme flooding of 2013, its terrigenous, chemicical and biogenic components. 
The main sources of terrigenous material are wind shift, capture soil on the shoals during the fall 
ice surfacing bottom ice, avalanches block when ice erosion of clayey floodplain, rockfalls from the 
steep slopes on the ice surface in the mountainous part of the valley and lift of anchor ice. 
Chemogenic inclusions are formed due to chemical processes in the ice thickness, biogenic 
inclusions – due to the development of diatoms. 

The analysis showed that the content of terrigenous material and its change in ice thicker 
does not exceed the average multi-annual values. In general, the distribution of particles in ice 
thicker on their volume and number (except for layers, formation of anchor ice) is close and 
corresponds to the composition of the warps (silt deposits on the flood plain) and river suspended 
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matter in the studied river area. In layers, formatted by anchor ice, size of inclusions corresponds 
to that of the bottom sediments.  

Composition of diagnosed chemogenic inclusions (neoformations of calcite CaCO3 and pyrite 
FeS2), their number and size depend on the chemical composition of water during the freeze-up and 
redox conditions in the layer. Calcite CaCO3 neoformations noted at the bottom of the ice thickness, 
formed at the end of the freeze-up. Formation of pyrite FeS2 is associated with freezing new layers of ice 
at its bottom after freeze-up in reducing conditions, mainly in the middle and late winter. 

The main impact of flooding had on biogenic inclusions (diatoms), they are found throughout 
ice thicker. Species Melosira islandica (Aulacoseira islandica) was previously registered as "an 
absolute dominant» before flood of 2013, after that meets in ice samples sporadically. The change 
of the leading species (from single population Aulacoseira islandica to Stephanodiscus hantzschii, 
Coscinodiscophyceae class, Stephanodiscaceae family, genus Stephanodiscus) was fixed. By 
frequency of occurrence in the entire ice thickness, species Stephanodiscus hantzschii stands out. 
This is one of the main indicators of structural and functional violations orderliness of hydrobionts. 
The mass development of this species and other members of the genus Stephanodiscus were 
revealed in other rivers (Irtysh, Ob, Volga, Danube, etc.) after antropogenic pollution. The change 
in the composition of the leading species associated with the arrival of eutrophying substances and 
pollutants from the Sungari River (the largest tributary of the Amur River) as a result of outcome of 
flooding of agricultural lands and residential territories. 
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Аннотация. Содержание и состав ледовых включений – важная характеристика 

перераспределения вещества в речных экосистемах, которая позволяет учитывать транспорт 
взвешенного материала во время весеннего ледохода. В работе представлены данные по 
составу льда Среднего Амура (Хабаровский водный узел) после экстремального наводнения 
2013 г., его терригенных, хемогенных (образуемых за счет химических процессов) и 
биогенных (диатомовые водоросли) составляющих. Важность работы заключается в том, что 
влияние на речные экосистемы катастрофических наводнений, таких как паводок 2013 г. на 
р. Амур, в связи с их уникальностью изучено крайне недостаточно. Анализ показал, что 
содержание терригенного материала и его варьирование в ледовой толще не превышает 
среднемноголетних значений. Характер распределения частиц в ледовой толще по их 
объему и числу соответствует таковому для речных взвесей, наилков и донных отложений 
рассматриваемого участка реки. Состав диагностированных хемогенных включений 
(новообразования кальцита CaCO3 и пирита FeS2) и их проявление в том или ином слое 
зависит от химического состава воды в период ледостава и от окислительно-
восстановительных условий в слое. Наибольшее влияние паводок оказал на биогенные 
включения (диатомовые водоросли). Была зафиксирована смена ведущих видов – один из 
основных показателей нарушения структурно-функциональной упорядоченности 
гидробионтов. Изменение состава ведущих видов (одновидовой популяции Aulacoseira 
islandica на Stephanodiscus hantzschii, класс Coscinodiscophyceae, семейство 
Stephanodiscaceae, род Stephanodiscus) связано с поступлением эвтрофирующих веществ и 
поллютантов из самого крупного притока Амура р. Сунгари в результате затопления 
сельскохозяйственных земель и селитебных территорий. 

Ключевые слова: лед, ледовые включения терригенные, хемогенные и биогенные, 
река Амур, катастрофические паводки, Россия. 
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