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Abstract: The work presented in the paper discusses the contribution of the Novodnestrovsc water system to the
formation of redox conditions in the lower Dniester. The conclusions were drawn on the basis of a long-term protocol
of analyses that included the analysis of the oxygen regime, evaluation of the content of hydrogen peroxide, rH,,
biological oxygen demand as well as other additional parameters.
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Introduction

The Dniester is a trans-boundary river crossing the countries of Moldova and Ukraine, discharging into the
Black Sea. Its total length is 1352 km, with 636 km flowing through Moldova. The river is the largest one in Moldova
and the chief source of drinking water for more than a million people. The Dniester River basin occupies 57% of the
area of the Republic of Moldova, and run-off water, municipal effluents and industrial discharges contribute to the
degradation in water quality [1-5].

In 1981 in the middle part of the river on the territory of Ukraine a barrage was constructed, creating the
Hydropower Station. The newly formed storage pond is 194 km long; the capacity of the reservoir is 3.0 km?. The main
purpose of the reservoir construction was for power supply and flood control. In 1985 another dam was constructed
downstream of the Novodnestrovsc barrage in order to create a 20-km buffer reservoir. The second barrage also serves
as a frontier between Moldova and Ukraine. The main purpose of the second barrage construction was to regulate the
water discharge from the first barrage and also to generate electric power.

The Dniester reservoir is a canyon-type, deep-water lake with a 54 m maximum depth near the dam. Low water
temperature, a deficiency in dissolved oxygen, and the presence of hydrogen sulfide and ammonium are typical for the
hypolimnion of such reservoirs [6]. Once the reservoir was filled with water, organic-rich sediments have accumulated,
and the decomposition of this organic material creates low red-ox conditions. In other similar reservoirs, elevated
phosphate and transition metal concentrations have been measured that can be attributed to the reductive-dissolution of
iron- and manganese- oxides, and the release of adsorbed phosphate [7]. All these chemical species can have an adverse
impact on down-stream aquatic life [§].

Since the beginning of full-capacity operation of the Hydroelectric Power Plant, dramatic changes in the water
quality occurred in the river emerging from the buffer reservoir. The temperature regime of the river has been changed
as follows: the mean temperature value decreased by 8-10°C in summer time; when the average air temperature reached
30-32°C, the water temperature in the lower reach was 16-18°C. Severe changes in the aquatic ecosystem occurred: the
diversity of hydrobiont species was decreased, fish stocks also decreased, and mass fish kills were often observed [9].
Ichthyologists have pointed out the negative effects of the dam on the ichthyo-fauna. Some fish species have stopped
spawning, and fish stocks have been 18-fold reduced. Reproduction of some species has decreased 30-fold. Certain
studies revealed that 80% of the sturgeon sampled showed signs of spawn reabsorption. The presence of reducing
substances in the amounts exceeding quite often the contents in oxidizers (hydrogen peroxide), provoke the unbalance
of these processes in water environment. It is known that the reductive, quasi-reducing and super oxidative conditions
of natural waters are destructive for the development of hydro-bionts, including fish [10-12; 13-32]. Quasi-reducing
conditions is toxic for certain bacteria, and fish larvae [13]. The red-ox state of surface natural waters is a parameter that
characterizes the ecological state of the water body and its auto-purification capacity [8; 15-17; 30-32]. Biologically
healthy fresh water is determined by the presence in it of hydrogen peroxide within the limits of 10 mol/l [15-16].
In sea water the amount of hydrogen peroxide is substantially lower then in fresh waters [7,11,12; 22-25]. In the
biogeochemical cycle of oxygen in fresh water ecosystems the stationary concentrations of oxidative equivalents such
as OH radicals constitute 3-5-10"'* mol/l. The range of variation of their concentration should not vary by more than a
factor of 10 [23]. Red-ox processes in surface natural waters containing dissolved oxygen occur with the formation of
intermediate active forms, namely, hydrogen peroxide, and hydroxide - and super-oxide radicals. Chemical processes
of oxidation, which change the red-ox state of metal ions, depend on the rates of free radical formation and destruction,
and their steady-state concentrations.

In order to perform investigations of the river there were selected 6 permanent sites located as follows:Site 1 —v.
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Naslavcea, below the Dniestrovsk dam, 200 m from the buffer reservoir; site 2 — v. Mereseuca, 18 km from the dam,
site 3 — v. Cosauti, 87 km from the dam and buffer reservoir; site 4 — v. Bosernita located at the distance of 145 km
from Naslavcea; site 5 — ¢. Dubasari, above the dam of the Dubsari water reservoir, 309 km from Naslavea; site 6 — 100
m below the dam of the Dubasari water reservoir (310 km from the site 1). During the summer of the year 2006 two
more sites have been added between the first and second sites. One was located at the fourth km from Naslavcea and
the other one was located at v.Verejeni, 6 km from Naslavcea. The sites located between Naslavcea and Cosauti were
characteristic for the river-bed flow while the sites 4-6 were located very close to the Dubasari water reservoir.

The water samples were collected from the upper horizons (0,5 — 0,6 m). The measured hydrochemical indicators
included hardness, mineralization and the content of major ions (Ca*", Mg**, Na'+ K*, HCO,, SO,*, CI). The traditional
hydrochemical parameters of the river waters has served as additional indicators of potential impact of the water
reservoir on the river waters flowing from the barrage. Redox components measured included: the temperature, the
dissolved oxygen, pH, Eh, rH,, BOD, COD, NH,*, NO_, NO,, PO *, Cu(ll), Fe(Ill), H,0,, and OH radicals.

Results
Redox active components

The assessment of the components of the Dniester river waters determining the oxidation-reduction processes
has identified a series of regularities in seasonal and spatial dynamics. The hydrogen indicator (pH) for the duration of
the year cycle was varying within the investigated segment of the river from 7.3 till 9.1, its average values constituted
respectively 7.8 at Naslavcea and 8.2 at Dubasari water reservoir (at the barrage). Practically at all the times the pH of
the initial site was lower than in other investigation sites. The seasonal variations were manifested by the decrease of
this indicator almost in all the sectional lines of the water flow.

The dissolved oxygen was present in the Dniester waters during the investigation continuously, however, in the
water masses, coming into Naslavchea pool from Novodnestrovsc’s water reservoir; its content was reaching normal
saturation only in spring. In summer the saturation of water with oxygen constituted 70.5% and was decreasing in
certain periods down to 52%; in autumn the average saturation was equal to 79.5%. The decrease of saturation of waters
with oxygen by 83% was observed also in summer at the Bosernita site. The investigation of saturation with oxygen at
Cosauti, Bosernita and Dubasari water reservoir has identified over saturation of Novodnestrovsc water with oxygen
up to 158 = 177%.

Novodnestrovsc’s waters have demonstrated during the investigation an instable oxidation — reduction state.
According to the rH,, at Naslavcea the ratio of reduction and oxidation processes was varying from the predominance
of the reduction processes to neutral state and in average it can be characterized as close to neutral. In Mereseuca the
waters most often was predominant the reduction processes. The domination of reduction processes over oxidation

processes was observed in summer period at Dubasari water reservoir as well.
Table 1

The content of redox components in Dniester waters between 12.08.05 and 24.08.06 (Numerator- the average value of
the period, denominator - the limits of variation of the indicators)

Site Naslavcea Mereseuca Cosauti Bosernita Dubasari, above | Dubasari, below
the barrage the barrage
Parameter
7.8 8.11 8.24 8.0 8.2 8.15
pH 7.3-8.5 7.7-8.5 8.0-8.6 7.3-8.4 7.4-9.0 7.6-9.1
rH 27.7 27.2 28.0 28.4 27.5 27.1
rI—f7 26.9-28.6 25.5-28.0 27.6-28.4 27.2-30.5 25.3-29.0 22.1-29.2
8.7 11.65 12.5 11.3 11.1 10.6
mg/l 4.8-12.0 8.2-14.7 8.9-17.0 7.5-14.6 7.8-14.7 8.1-15.2
[0, [% 80.6 109.9 118.8 107.2 113.3 107.6
52-101 87.2-127.0 97-187 83-158 88-171 95-133
[NO, ], mg/l 5.84 7.42 5.68 6.6 5.5 6.94
1.9-8.4 3.9-10.7 1.7-10.7 1.6-14.2 0.9-12.0 0.6-13.4
[NO, ], mg/l 0.027 0.037 0.027 0.027 0.058 0.03
0.008-0.054 0.014-0.078 0.006-0.052 0.012-0.042 0.0-0.231 0.0-0.095
[NH, '], mg/l 0.021 0.015 0.044 0.06 0.071 0.136
0.0-0.07 0.0-0.10 0.0-0.20 0.0-0.20 0.0-0.32 0.0-0.54
[PO,*], mg/l 0.48 0.54 0.73 0.52 0.46 0.52
0.21-0.77 0.16-0.92 0.11-3.22 0.21-1.37 0.12-0.67 0.22-0.82
CBO, mgOz/l 33 3.13 3.21 3.6 39 3.7
1.2-4.45 0.6-5.6 1.0-5.83 1.5-6.1 1.4-6.7 1.9-5.0
[H,0,] 1.02 1.22 0.95 0.32 1.76 1.4
10°M 0.0-4.8 0.0-5.44 0.0-1.9 0.0-1.44 0.0-9.52 0.0-8.48
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The ammonia ions in the section line of Dniester were present in concentrations 0.015 — 0,136 ml NH, /1.
Starting from Cosauti towards the Dubasari hydroelectrical plant their content was steadily increasing. The maximal
content was observed below the dam at Dubasari. The seasonal dynamics of ammonium nitrogen was manifested by the
increase of its concentration in autumn. In spring the NH, " ions were not identified in any site but Bosernita.

In average for the year, the content of NO, in the section lines constituted 5.5 — 7.4 mg NO,7/I, and the lowest
values were detected in autumn; the highest concentrations of NO,” were observed in spring in all the sites but
Naslavcea.

The nitrites, during the investigation period, were a permanent component of Dniester waters. Their absence
was registered only once in May 2006 above and below the Dubasari barrage. The average content of nitrites throughout
the year constituted between 0.027 and 0.058 mg NO,7/1. In summer the content of nitrites in Dniester waters was
increasing, while in spring it was decreasing. The permanent presence of nitrites in the background of low content or
complete absence of ammonium nitrogen can occur due to unfavorable oxidation state and slow oxidation of NO," to
NO;,.

The phosphates were present in the river in quantities 0.11 — 3.22 mg PO,*/1. Their average concentrations in
the sections lines varied in the range 0.48-0.73 mg PO,* /. The maximal pollution with phosphates was observed in
the summer of 2006 at Cosauti and Bosernita sites, and constituted respectively 3.22 and 1.37 mg PO,* /1. The seasonal
dynamics have shown an increase of the phosphates content in the segment Naslavcea — Mereseuca in spring, another
increase being detected in summer between Cosauti and Dubasari.

The average content of organic compounds according to the BOD; in the section lines of the investigated sector
of Dniester constituted 3.1 — 3.9 mg O,/1. In summer this indicator was rising above the yearly average at Mereseuca
and Cosauti sites and constituted respectively 4.6 and 3.7 mg O,/1, in spring — at the Dubasari water reservoir (Bosernita
— Dubasari, lower reach) and constituted respectively 6.1 — 5.0 mg O,/l. At Naslavcea the maximal amount of organic
compounds was 4.45 mg O,/I that was detected in spring.

The hydrogen peroxide and the redox state of waters

The analyses of the waters of the sector under investigation have never detected an oxidant state throughout the
period of research (table 2). The most favorable state, according to this parameter, was registered in September 2005
when hydrogen peroxide was detected in the samples collected from all the sites (the range of concentrations: 1.44-10°M
—9.52:10°M) except Naslavchea. At that site the waters were continuously in reducing state, the hydrogen peroxide
was missing and only the organic substances of peroxidazic type that are easily titrated by hydrogen peroxide were
present. The reducing state of water below the Naslavchea dam could be caused by a shift from the equilibrium state
in the waters of the accumulation reservoir above the dam resulting from the inflow of substantial amounts of reducing
peroxidazic substances. The negative impact of the resulted disequilibria has been attenuated along the investigation
segment of the river, that was confirmed by the presence of hydrogen peroxide in the waters of the Mereseuca site,
where its concentration was the lowest (1.19-10M) in the hole investigated part of the river. The detection of hydrogen
peroxide can be related to the occurrence in the segment Naslavcea — Mereseuca (18 km) of self-purification processes
that lead to the total oxidation of peroxidazic substances and to the low excess of hydrogen peroxide.

The maximal content of H,O, in September 2005 was registered below and above the Dubasari dam (8.48- 10°M
and 9.52:10°M), that can be explained by the existence of large quantities of microflora that eliminates metabolic H,0,
in the surrounding environment.

Table 2
The content of hydrogen peroxide and reducing substances (H,0,-10°M/Red-10°M) in the waters of Dniester River).
Month, year Naslavcea Mereseuca Cosauti Bosernita Dubasari, above | Dubasari, below
the dam the dam
09.2005 - 1,19 1,77 1,44 9,52 8,48
1,10 - - - -
10.2005 1,24 1,05 1,90 - 1,52 -
11.2005 0,32 0,35 0,70 - 0,33 0,42
03.2006 - - - - - -
3 - - 0,90 0,92
05.2006 0,30 - 0,50 - 0,50 0,40
- 0,30 - - -
06.2006 4,80 5,44 1,26 - - -
- - 0,50 0,46 0,64
08.2006 0,50 0,49 0,48 0,49 0,49 0,48
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In October 2005 the waters of the Dniester River collected from the Naslavecea- Cosauti segment and above
the Dubasari dam were in oxidant state and hydrogen peroxide was present in quantities 1.05-10°M — 1.52-10°M.
The maximal concentration values were registered, as well as in September 2005, above the Dubasari dam. At the
sites located near Bosernica and below the Dubasari dam the state of the waters was characterized as instable since
the samples did not contain either hydrogen peroxide or signs of organic substances that easily reacts with hydrogen
peroxide.

In November 2005, March and May 2006 the quality of waters was characterized as being unfavorable for the
occurrence of chemical self-purification with participation of hydrogen peroxide. In the other parts of the investigated
segment the waters were in instable state as well, since the H,O, content was very low (3,2:10"M - 7,0-10°M) while at
Bosernita H,0O, was not detected at all.

The obtained results have denoted that the worst situation was established in March 2006, when the instable state
of the waters was extended throughout the total segment Naslavcea — Bosernita (neiter hydrogen peroxide nor reducing
peroxiacids were present), while above and below the barrage there were detected reducing substances in quantities
9.0-10"M and 2-10"M respectively.

In May 2006 the instable state of waters was similar to the state detected in November 2005. Insignificant
concentrations of H,O, were registered at Naslavcea (3.7.107), Cosauti (5,0:107M), above (5,0-107M) and below
(4,0-10"M) the barrage at Dubasari. At the Mereseuca site the waters were in the reducing state (the content of reducers
was 3.0'10”M), while at Cosauti and Bosernita neither H,O, nor reducers were detected.

In June 2006 the redox state of waters was different in various segments of the river. Thus, in the segment
Naslavcea — Cosauti (the part of the river with most intense flow) the waters were in oxidized state, and the content of
hydrogen peroxide constituted 1,26-10°M — 5,44-10M, that can assure the realization of the chemical self-purification
processes with participation of effective oxidizers. The segment of the river Bosernita — upper side of Dubasari
barrage did not contain H,O, while in the content of peroxidazic reducers in the water samples constituted 4,6-10"M
— 6,4-10"M. This variation of the redox state in this part of the river can be explained by the diminishing of the water
flow, the accumulation of organic substances of reducing nature, mass development of microflora and related discharge
of peroxidazic nature. Besides, it must be taken into account that in the warm part of the year, especially during
summer, the hydrogen peroxide cycle in the natural water media is influenced both by the anthropogenic factors such as
discharge of biologically treated residual waters, enriched with reducing substances and by the abundant development
of blue-green algae that disseminate toxic metabolites that have reducing properties.

In August 2006 the state of water was again instable from the point of view of redox equivalents equilibrium. In
the total segment under investigation there were identified insignificant quantities of H,O, (4,8:10"M - 5,0-10"M), a
fact that impedes the occurrence of self-purification processes. This fact is related to the intense anthropogenic pollution
of the river with organic substances.

During May — August 2006, when the solar irradiation was more intense, in the investigated segment there were
evaluated kinetic parameters characterizing the self-purification processes occurring with participation of free radicals.
The evaluated parameters included the capacity of inhibition of waters (2k[S,]) and stationary concentration of OH
free radicals. The value of the capacity of inhibition and its physical sense allows the consideration of this parameter
as being the effective constant of rate of the reaction of OH free radicals “disappearance” in water medium, therefore it
can be regarded as an indicator of the state of the water. The smaller the parameter K [S ], the bigger is the contribution
of the source of free radicals to the self-purification by radicals. When the ZK [S ] is less than 10*s™ the water is pure,
at values of ZK [S ] bigger than 10° s the water is more polluted. For the majority of natural waters the typical values
of ZK[S ] equals 10° s™".

Table 3

Values of the capacity of inhibition of Dniester waters (Zk[S,], s') and the stationary concentration OH free radicals
OHM([(Zk[S,)/[OH]]) during May — August 2006.

Month, Naslavcea Mereseuca Cosauti Bosernita Dubasari, above | Dubasari, below
year the barrage the barrage
05.2006 |5,80-10° 7,60-10° 8,10-10° 3,0:-10° 5,70-10°
1,72-10°77 1,30-10°"7 1,23-10°77 1,75-10°7 3,410
06.2006 |5,40-10* 6,70-10* 3,20-10* 5,60-10° 5,30-10° 4,20-10°
7,60-10-'¢ 8,40-10'° 6,70-10-'¢ 9,70-10"7 8,30-10°"7 7,20-10°7
08.2006 |1,85-10° 1,90-10° 1,50-10° 2,30-10° 1,90-10° 1,90-10°
5,50-10°"7 5,20-10°"7 6,70-10"7 4,40-10°"7 5,30-10°"7 5,30-10°"7
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In May 2006 the Dniester water were in normal state from the point of view of chemical self-purification by
free radicals (see table). The parameter ZK [S ] had values of the order 10° s, while the stationary content of OH free
radicals was varying in the limits 1.30 -10""7 M — 3.40 -10"'""M. More intensively the processes of self-purification by
radicals were taking place below the Dubasari barrage (Zk[S] = 3,0-10° s'), and least intensively at Mereseuca and
Cosauti (Zk[S,] = 7.6:10° s and 8.10:10° s™").

In June 2006 the waters of the segment Naslavcea — Cosauti were characterized by high purity since the values of
the capacity of inhibition constituting 3.20-10*— 6.70-10*s™. The sector Bosernita — upper side of the Dubasari barrage
was also considered favorable for the occurrence of intense self-purification processes. The values of the capacity of
inhibition were in the limits of the order 10° s™'.

In August 2006 the values of the capacity of inhibition constituted 2.0-10° s (1.50-10° — 1.90-10° s") in all the
sampling sites, except at Bosernita where Xk [S ] = 2.3-10°s™. This fact denotes that in August the values of the capacity
of inhibition of Dniester waters indicated a normal occurrence of self-purification process with participation of free
radicals.

The self-purification processes of Dniester waters occur with participation of OH free radicals and during the
seasons with high solar activity this process occur in normal conditions and the observations prove that the capacity of
inhibition of waters indicate a normal state of waters. The investigated segment of the river have shown the following
correlation between redox agents (Table 4).

Table 4
The correlation equations and correlation coefficients of the redox parameters
Correlation parameters | Correlation equations | Correlation coefficients
Naslavcea
[H,0,]=frH [H,0,] = 1.45:10.rH-3.94-10° r=07
[H,0,] =f(CBO) [H,0,] = 6,68:107-CBO - 6.24-10" r=07
[H,0,] =f(%0,) [H,0,] = 4.23-10%(%0,) — 3.43-10° r=04
tH = f[PO*] rH =1.20-[PO,*] + 26.55 =04
rH = f(%0,) rH = 0.01(%0,) + 26.00 =06
[NO, = /I0,] [NO,] = 0.002-[0,] +0.008 =03
CBO= f[O,] CBO =0.259-[0,] +1.164 =06
Mereseuca
CBO=([O,] CBO =0,49-[0,] - 2,345 r=07
[NO,I= f[O,] [NO,] =0,003-[0,] - 3,49-10° =04
Bosernita
rH = f(%0,) rH = 0,02(%0,) + 26,09 r=0,5
rH = f(pH) rH =1,76.pH +14,17 r=09
[H,0,] =f(%0,) [H,0,] = 1,73:10%(%0,) — 1,54-10° r=08
[NO, = /1O,] [NO,] = 0,002-[0,] + 0,002 =05
Cosauti
[H,0,] =f(CBO) [H,0,] = 2,24-107-CBO + 2,66:107 r=05
[H,0,] =f(%0,) [H,0,]1=9,13-10°(%0,) — 1,39:107 r=04
tH = f[NO, ] rH =9,99-[NO,] + 27,75 =06
tH = f[O,] tH =0,06:[0,] + 27, 72 =06
CBO= f[0,] CBO =0,16[0,] + 1,26 =03
Dubasari, above the dam
CBO=([O,] CBO =0,63[0,] - 2,303 r=07
[NO,I= f[O,] [NO,]=0,003-[0,] - 0,0008 =03
Dubasari, below the dam
tH = f(pH) rH =2,16.pH +9,13 =05
rH = f[O,] rH = 0,38-[0,] + 22,75 =04
Conclusions

The investigations carried out in the segment Naslavcea (below the barrage of the buffer reservoir) and Dubasari

(below the barrage at) allowed the drawing of following conclusions.

The oxygen regime of Dniester was characterized by following peculiarities:

The content of dissolved oxygen in the waters of Naslavcea was always lower than in other sections of the river.
The normal saturation of Dniester waters at this section line occurred only in spring, although in summer and in autumn
the saturation of waters was permanently below the norms, constituting in average 70.5% in summer and 79.5% in
autumn.
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Lower at Naslavcea, most part of the year the concentrations of oxygen in water were close to normal saturation
(95 — 110%), except in the cases when there was observed hypersaturation of waters of 158 -177% at Cosauti and
Dubasari in 2005 and at the end of summer season of 2006 when there was observed a decrease of oxygen content at
the Dubasari water reservoir.

According to the rH, indicator the Dniester waters were instable both in seasonal and spatial aspects. The ratio of
oxidants and reducers of the waters can be characterized as neutral at Naslavcea, at Cosauti in summer and in spring, at
Bosernita and Dubasari in autumn and in spring. At Mereseuca and in the deep waters of Dubasari water reservoir this
indicator was shifted most often toward the reducing processes.

Mineral forms of nitrogen and phosphorous were constantly present in the waters of the river. The content of
ammonium ions was increasing from Naslavcea toward the lower pool of the Dubasari barrage from 0.015 — 0.021 till
0.136 mg NH,/I. The seasonal variation was manifested by the increase of NH, in autumn and its practical absence in
spring.

The content of nitrites was varying in the investigated segment of the Dniester in average from 0.027 — 0.058 mg
NO,/I. Its presence was permanent in all the section lines of the river. The absence of nitrites was observed only early
in spring (March 2006) above and below the Dubasari barrage of the water reservoir.

The average content of phosphates was varying in the section lines in the range 0.11 — 3.22 mg PO*/I. The
maximal content of phosphates was observed in the summer of 2006 at Cosauti and Bosernita sites and constituted 3.22
and 1.37 mg PO,*/l respectively. The increase in the content of phosphates occurred in spring in the segment of the river
Naslavcea — Mereseuca, in summer - from Cosauti to Dubasari.

The amount of organic substances according to the BOD indicator constituted in average 3.1 —3.3 mg O,/ in the
segment Naslavcea — Cosauti, and 3.6 -3.9 mg O,/ at Dubasari water reservoir.

The Dniester waters are characterized by seasonal variation of the redox state. The general trend for the part of
the year autumn — spring was toward the decrease of the concentration of hydrogen peroxide and the formation of an
instable state or even of a quasy-reducing state of waters from the point of view of equilibrium of redox equivalents —
of hydrogen peroxide and of reducers of peroxidazic type. The values of H,O, concentration were predominantly by
order of 107M, a value that is insignificant for the occurrence of efficient chemical self-purification processes in water
medium. The point characterized by continuous instable reducing state was the Bosernita site that is located in the
proximity of the accumulation segment of the river above the Dubasari barrage. The last one was as well characterized
repeatedly by instable state of the waters, since out of seven measurements of the redox state three have demonstrated
an unfavorable sate according to the content of hydrogen peroxide.

During the summer season, in the Dniester waters the chemical self-purification processes occur very effectively,
that is why the negative impact of pollutants is partially diminished.

The degradation of the quality of water of Dniester river is influenced both by the elevated content of pollutants
in tributary waters and discharges of wastewaters from municipalities located along the river above the Dubasari
barrage.
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