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ARTICLE DETAILS ABSTRACT

The manuscript is devoted to the study of manganese content in small rivers of Outer Manchuria (on the
example of the city of Khabarovsk and its surroundings), as well as the factors determining the content of this
element in water. Sixteen watercourses were studied, and in 11 of them the natural manganese background
was exceeded by a factor of 10-130 (i.e. 110-1320 pg/1 on average). The comparison of the obtained data with
the geochemical peculiarities of this area allows us to assume that the source of manganese intake may be
iron-manganese nodules and products of their hydrolytic destruction. The influence of the permanganate
index on manganese release is separated into spatial and temporal dynamics. As a result, the maximum of the
manganese release process appears to be shifted relative to the time and place of permanganate index
increase. An informative hydrochemical indicator for assessing the risk of release of toxic concentrations of
manganese is the fraction of ammonium nitrogen. Each additional 15-20% NHs corresponds to an increase in
Mn concentration of 120 pg/l. This trend continues between 40 and 80% of the ammonium fraction and can
result in the release of up to 480 pug/1 Mn. Further increases in the NHs fraction can lead to a release of Mn up
to 1320 pg/1. This indicates the possibility of formation of new migration routes of this element initiated by
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anthropogenic impact on the territory of this region.
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1. INTRODUCTION

As is known, transition metal ions are an integral component of the
natural composition of the natural background characteristic of both
surface and ground waters. For normal metabolic processes of many
organisms it is necessary to regularly receive some optimal dose of these
transition metals from the environment. Such transition metals are
considered to be essential elements. Their intake is necessary both for
normal course of repair processes in tissues and for growth and
development of the organism as a whole. Manganese is an important
element for metabolic processes of the human body. This element, for
example, is necessary for the formation of arginase and glutamine
synthetase. Such an important antioxidant mitochondrial enzyme as
superoxide dismutase also requires manganese for its formation (Furbee
and Dobbs, 2009). Manganese enters organisms mainly in the ionic form
Mn?+,

Although manganese is an essential element, it is dangerous to human
health in high levels. Manganese overdose is dangerous because of its
neurotoxicity. For example, receiving high doses of manganese in
childhood can cause the development of pathologies of the nervous
system (Grandjean and Landrigan, 2014). The World Health Organisation
has established a maximum manganese concentration of 0.1 mg/l for
water supply systems (Usepa, 2004).

Manganese is an element with variable valence. In natural biogeocenoses
and geological formations, conditions leading to the formation of
manganese (II) and manganese (IV) compounds are mainly formed

Recently, some researchers have paid attention to manganese (III)
compounds, which are metastable in aqueous solutions but relatively
stable when incorporated into minerals (Ma et al., 2023; Shi et al., 2020;
Oldham et al. 2017).

Manganese occurs naturally in many surface waters and groundwater
sources, as well as in soils that are eroded by these waters. However,
human activities are also responsible for large amounts of manganese
contamination of water in some areas. Manganese (II) enters the body
mainly with food and drinking water, so its regular monitoring in such
facilities is important (Crapnell and Banks 2022). Experimental studies
and computer modelling show that dissolved Mn is very mobile and less
prone to complexation compared to other trace elements such as Cu, Co,
Ni, Pb or Zn (Abbasse et al., 2022; Charriau et al., 2011; Morgan, 2000).

Manganese is an example of a metal for which the influence of the content
of organic pollutants on its migration activity is particularly significant.
This is due to the fact that it actively participates in the redox
hydrochemical processes with the organic component of pollution and
dissolved oxygen in water, as a result of which it can be transferred from
bottom sediments to the mobile ionic form Mn2+, Thus, due to reductive
processes, manganese can be released from the fixed state and further
migrate in water bodies for considerable distances.

For surface fresh waters the background manganese content is 10-50
ug/l. For waters of Khabarovsk city territories, the increased natural
background manganese 200-300 pg/l is characteristic, not seldom it is
registered up to 2000 pg/], and in underground waters up to 8000 pg/1.
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This is due to the fact that the territory of Khabarovsk is part of the
province of iron-manganese fresh waters (Kulakov 2013; Novikov et al.,
2008). High manganese in waters is due to the presence of iron-
manganese nodules of soils and the lower part of the Pliocene clay strata
in the territory of outer Manchuria (Kulakov, 2013). Most literature data
on manganese migration contain studies conducted for much smaller
concentration ranges, the upper limit of which does not exceed 40 pg/1
(Superville et al,, 2018). As a result, the conclusions on the behaviour of
various forms of manganese obtained in such studies cannot be correctly
transferred to water bodies for which the concentration range is
characterized by much larger values with an upper limit of 5000-8000
ug/l, typical for the waters of Outer Manchuria.
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2. MATERIAL AND METHODS

The territory of Khabarovsk and its vicinity is drained by 16 of the largest
small rivers (Figure 1). These rivers are characterized by different
anthropogenic impacts. Some rivers (12-16) flow through protected
areas and have no anthropogenic influence. Some rivers have significant
anthropogenic influence (1,3) (Shesterkin et al., 2021; Sinkova, et al,,
2024).

Figure 1: Location map of small rivers in Khabarovsk and its vicinity

The chemical composition of water was determined in the laboratory of
the Collective Use Centre of the IWEP FEB RAS using standard methods
(D, 2012). Sampling was carried out in accordance with regulatory
documents (Gost, 2012; Gost, 2022; RD, 1996) in the period 2021-2024.

The concentration of mobile manganese was determined using Agilent
Technologies atomic absorption spectrometer: SpectrAA 240 FS AA.

3. RESULTS AND DISCUSSIONS

All studied samples were divided into 11 size groups depending on their
manganese content. Accordingly, samples containing Mn from 0 to 120

ug/1 were assigned to the size group (1), samples containing Mn from 120
to 240 pg/l were assigned to the size group (II). The remaining size
groups were formed accordingly with 120 pg/I discretization, up to size
group (XI). The distribution curve of samples by size groups is shown in
Figure 2A. It can be clearly seen that the first four groups account for the
major proportion (77.9%) of all samples. The distribution obtained does
not have a clearly defined maximum. The maximums occur in size group
(I) and group (III), accounting for 23.6 and 24.0%, respectively. The rest
of the obtained data set accounts for 22.1% of the total samples collected.
The results of these samples are relatively evenly distributed among the
remaining size groups from (V) to (XI).
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Figure 2: (A) Distribution of samples into 11 size groups according to their manganese content; values of the fraction of ammonium form of nitrogen (B)
and permanganate index concentration (C) in samples for each of the size groups and their mean and median values.
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The obtained data indicate that, despite the absence of anthropogenic
(industrial) sources of manganese in the majority of samples, the
background values of this element are exceeded. At that, the first 3 size
groups account for the main part of the sample (77.9%). For the rest of
the samples exceeding the natural background is from 50 to 130 times.

In order to assess the degree of influence of permanganate index value
and reducing hydrochemical environment on manganese content, the
data on permanganate index and the share of nitrogen attributable to its
reduced form (NHs) were compared with the manganese size group
distribution described above. This comparison allowed the ranges of
influence of both factors on manganese content to be identified. The
results are presented in Figure 2 B, C. The dots show the permanganate
index values and the fraction of ammonium form of nitrogen in the
samples for each of the size groups.

As can be seen in Figure 2B, manganese in the concentration range 0-120
pg/l was observed in a very wide range of NHs fraction values. The
average value is 37.4%, while the median value is slightly lower at 30.9%.

In samples containing 120-240 pg/l manganese, the proportion of
reduced forms of nitrogen is more than 15%. The average value of 54.5%,
as well as the median value of 50.6%. This indicates that a more
pronounced reducing environment is required to release such
concentrations of manganese.

The same trend was observed for samples containing 240-360 pg/l
manganese. The minimum recorded fraction of ammonium nitrogen also
slightly increases - 24%, and the average value is 75.8% (with a median
of 85.6%).

Thus, analyzing the data on the first three size groups we can say that the
increase in the intensity of reductive hydrochemical processes (estimated
by the content of reduced forms of nitrogen) leads to an increase in
manganese content. On average, an increase in the intensity of reductive
processes corresponding to an increase in the proportion of ammonium
nitrogen by every 15-20% led to an increase in manganese concentration
by 120 pg each time.

The group of samples containing from 360-480 pg/l is characterised by
the fact that the median value for it retains the previously described trend
and increases up to 97.57%, while the average value remains close to the
previous group.

Further analysis of the curve shows that in a hydrochemical environment
in which the ammonium nitrogen content is more than 85% manganese
between 480 and 1320 pg/1 can be expected to be present. As can be seen
from Figure 24, the remaining samples were relatively evenly distributed
between the remaining size groups up to and including XI.

Thus, the increase in the content of nitrogen in the reduced form can mark
the growth of manganese concentration in the range up to 600 pg/l. At
the same time, there is a pronounced trend for an increase in the average
and median values of the ammonium form of nitrogen with increasing
manganese concentration.

Ammonium ion is only a marker of formation of reductive hydrochemical
atmosphere, but cannot act as a reducing agent for Mn. As is known, high
concentrations of Mn in watercourses are formed: firstly, in anaerobic
conditions characteristic of groundwater (Kulakov, 2013); secondly, at
high concentrations of organic matter forming reducing conditions.
Permanganate index was used to estimate the concentration of such
organic matter. The data on the relationship between permanganate
index and manganese concentration groups are presented in Figure 2C.
As can be seen from the graph there is a moderately pronounced trend of
increasing manganese concentrations from the mean permanganate
index values in the first four size ranges (up to 480 pg/1). For the other
size groups (from 480 pg/l1), the permanganate index values range from
11 to 13 mg/l 02. It should be noted that high concentrations of
manganese are not associated with the highest of the recorded
permanganate index values. Probably, this fact is related to the fact that
the influence of permanganate index on manganese release is dispersed
in spatial and temporal dynamics. As a result, the maximum of the
manganese release process appears to be shifted relative to the time and
place of permanganate index increase, which induced this process.

The dynamics of changes in manganese concentrations in the bed of the
Chernaya River (Figure 3A) made it possible to assess the impact of
permanganate index on this value in one watercourse along the length of
the channel. This river is characterized by a length of 32 km, draining
areas with low anthropogenic influence 0-2.2 km, with agricultural
enterprises and private farms 5.2-8.6 km and an area with minimal

anthropogenic influence outside the city.
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Figure 3: (A) Map of the Chernaya River and (B) Dynamics of
concentration of manganese in the Chernaya River as a function of
permanganate index, Oz, NHs fraction.

As can be seen from the graph (Figure 3A), of the seven sampling points,
two are upstream of the effluent discharge point (points 0 km and 2.2 km)
and the remaining five are downstream, respectively. Points 4.8 and 5.2
km are characterized by the maximum values of permanganate index, the
value of which increases by a factor of 3. At the same time, there is an
increase in the share of ammonium nitrogen up to 94%. Oxygen content
decreases 2 times. The content of manganese, on the contrary, increases
by more than 2 times. However, the highest concentration of manganese
is registered not in this section of the river, but further downstream. The
next sampling point, 8.6 km, is characterized by the most pronounced
reductive hydrochemical environment: oxygen concentration is minimal
and it is spent on oxidation of compounds that determine the magnitude
of permanganate index. Additional release of manganese occurs, but its
highest concentration is recorded downstream. At 19.7 km, the
permanganate index decreases to almost baseline values (see points 0
and 2.2 km), oxygenation is restored and ammonia nitrogen levels
decrease. The manganese content reaches its maximum concentration. At
the last point 31.8 km of the sampling route, all hydrochemical
parameters are restored to their initial values, but the manganese content
does not change significantly and remains close to the maximum values
recorded for this sample series. Thus, the manganese concentration does
not decrease despite the restoration of the previous level of water
oxygenation and the formation of an oxidising hydrochemical
environment in which there are no reduced forms of nitrogen and the
permanganate index content is close to the initial values for this
watercourse.

4. CONCLUSIONS

The study of manganese content in small rivers of the outer Manchuria
(on the example of Khabarovsk city) showed an excess of natural
background manganese from 10 to 130 times (which is on average 100 -
1320 pg/1). This is a consequence of manganese release from the products
of hydrolytic destruction of iron-manganese nodules.

It is shown that the most informative hydrochemical indicator to assess
the degree of expression of reductive processes leading to the release of
manganese is the share of low valence forms of nitrogen (NHs) from the
total content of inorganic nitrogen (Ntotal). It is shown that the increase in
the share of ammonium nitrogen for every 15-20% leads to the release of
120 pg/1 of manganese. This trend is maintained between 40 and 80% of
the ammonium fraction and can lead to the release of up to 480 pg/1 Mn.
A fraction greater than 80% results in the release of up to 1320 pg/1 Mn.

High manganese concentrations are not confined to the highest reported
permanganate index values. This fact is probably due to the fact that the
effect of permanganate index on manganese release is separated in
spatial and temporal dynamics. As a result, the maximum of the
manganese release process appears to be shifted relative to the time and
place of permanganate index increase, which induced this process.
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