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Abstract The North Crimean Canal is a watercourse
originating from the Kakhovka Reservoir and flowing into
the Crimean Peninsula. The canal is an important source
of drinking water supply and is also used to irrigate agri-
cultural lands and fill fish farms. Due to its location, in
recent years its functioning has not been stable, and the
processes occurring along the canal have been poorly stud-
ied. In this study, we determined the content (with a safety
assessment), features of spatial and seasonal distribution,
and potential sources of hydrocarbons in the water of the
North Crimean Canal, Crimea. During the study period
(from March to November 2023) in the primary canal, the
content of aliphatic hydrocarbons did not exceed sanitary
standards (0.05 mg~L_1). Their increased concentrations in
the secondary canals could be associated with the input of
organic substances into the canal water as it moves across
the Crimean Peninsula. The composition of n-alkanes had
temporal and spatial variability. In the period from spring to
autumn, the content of autochthonous compounds decreased
sharply. The share of allochthonous compounds increased
as a consequence of the natural processes. The analysis of
biogeochemical markers showed that autochthonous com-
pounds produced by phytoplankton predominated in the
spring—summer period. Subsequently, they had less impor-
tance, and the main share was accounted for allochthonous
n-alkanes.
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1 Introduction

The North Crimean Canal (NCC) stems on the Kakhovka
Reservoir, fed by the Dnieper River, and extends for
402.6 km, with various branches along the territory of the
Crimean Peninsula with 11.000 km length. There are seven
reservoirs along the primary canal. Water flows by grav-
ity through the canal to the city of Dzhankoy, where four
pumping stations raise it to a height of > 100 m to provide
its continuing flow further down. In Crimea, numerous sec-
ondary canals branch off from the primary canal. The canal
is necessary to provide water to low-water and arid areas of
the Crimean region. It is important for replenishing ground-
water reserves in the steppe part of the Crimean Peninsula,
widely used for a centralized water supply to cities, villages
and irrigation of farmland (Tarasenko 2003). The canal func-
tioning has affected the Crimean environment. The ingress
of Dnieper water through the filtration basins prevented the
penetration of saltwater deep into the territory of Crimea.
Abundant irrigation and infiltration from the canal caused an
increase in groundwater levels and soil salinization within
the Sivash region. The development of the drainage network
has led to an increase in the discharge of return water from
irrigation systems, contaminated with fertilizers and pesti-
cides, into natural water bodies, including the bays of the
Black Sea (Sharovarina 2018).

In the spring of 2014, the supply of the NCC by Dnie-
per water was stopped, which led to a reduction in irri-
gated areas. Over the years, in some areas there had been
a decrease in the groundwater level, which had a beneficial
effect on improving the salt regime of soils, as there had
been a lowering in the salt horizon (Sharovarina 2018). In
the period after the interruption of water supply, reservoirs
in Crimea were replenished because of the operation of arte-
sian wells. In 2022, water was released into the territory of
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Crimea along a previously dry canal bed. After this, > 100
million m? of water entered the off-stream reservoirs of the
Crimean Peninsula (Yurchenko 2022). The concentrations of
aliphatic hydrocarbons in this supplied water of the studied
section of the NCC did not exceed the maximum permissible
values (0.05 mg-L™") and were close to the values typical
for unpolluted water areas (Soloveva and Tikhonova 2023).

In the summer of 2023, the dam of the Kakhovka hydro-
electric power station, which regulated the flow from the
Kakhovka Reservoir for irrigation and water supply to arid
regions (including Crimea), was destroyed. The water enter-
ing the canal was enough to carry out the agricultural season
and provide water to the region for other purposes in the
period from March to November 2023. Natural river water
from the canal was used for the water supply and irrigation
throughout its entire length of the Crimean Peninsula, so it
requires quality control.

The NCC in the scale of the Crimean Peninsula is an
important water supply object. Water security and assess-
ment of the water quality in this kind of waterbody is a pri-
ority issue and represents a challenge for the sustainability
of ecosystems and the human population (Ramirez-Sanchez
and Fajardo-Montiel 2024). The concept of sustainable func-
tioning of different natural objects is usually based on the
estimation of ecological risks (Xu et al. 2001). Ecological
risk refers to structural and functional damage to an ecosys-
tem due to changes in the natural environment and human
activities. Ecological risk assessment predicts the probabil-
ity of risk and the occurrence of negative effects by investi-
gating ecosystem risk sources and evaluating and analyzing
the extent of the damage and its causes (Tang et al. 2009).
Consideration of possible environmental risks and develop-
ment of ways to minimize them is an important element
of environmental management. This assessment should be
based on data on the functioning and pollution of the natural
object. Waterbodies like NCC and connected reservoir’s eco-
logical risks may arise from industrial pollution and natural
and human factors (Liang et al. 2019).

Natural waters are a complex mixture of solutions of min-
eral salts and gases as well as organic compounds in suspended
and dissolved forms. The content and qualitative composition
of organic matter (OM) in a reservoir is determined not only
by the natural characteristics of the waterbody but also by the
nature and degree of the influence of human activity on the
water body. Currently, oil and oil products enter water bodies
because of human economic activity and remain one of the
major pollutants of the world’s oceans (Jha and Dahiya 2022;
Chezhian et al. 2024). Artificial watercourses used to transport
drinking and general use water to areas with water shortages
are no exception. Since the NCC is an important source of
drinking water supply, and is also used to irrigate agricultural
land and fill fish farms, monitoring the hydrocarbon (HC)
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content, in particular that of oil compounds, is an urgent task
to ensure the sustainable functioning of the canal.

The content of petroleum products in water is regulated by
sanitary standards (SanPiN 2.1.4.1074-01; Ministerial decree
No. 552) and is examined by sanitary services. However, the
general characteristics they obtain do not answer the question
of the reasons for the formation of the hydrocarbon level con-
tent, which, due to the characteristics of this class of organic
compounds, can be either natural or anthropogenic. Based on
these data, it is impossible to predict the dynamics of hydro-
carbon concentrations in water. A deeper study, including
determination of the individual compositions of hydrocarbons,
in particular, n-alkanes and isoprenoids, makes it possible to
assess the sources of input of these substances more accurately.
It allows us to reveal the features of the processes of migra-
tion and transformation of hydrocarbons occurring in water
and give a forecast of the content of the studied compounds’
dynamics in view of the knowledge obtained about the course
processes of their synthesis and destruction.

Studying such an environmental component as hydrocar-
bons, it is necessary to consider the nature of this class of sub-
stances. These compounds are part of living organisms and are
produced by them in water and on land. They can appear in the
environment as a result of anthropogenic activities, biological
and geological processes. Differentiation of HCs by their ori-
gin is an important task when assessing the levels of pollution
and anthropogenic load on natural objects. Due to seasonality
in the development of different groups of organisms, seasonal
dynamics arise in the content of hydrocarbons in the environ-
ment, which is especially pronounced in cases where the bio-
genic background prevails over the anthropogenic one. In this
regard, investigation of the distribution and levels of aliphatic
hydrocarbons (AHC) in the waters of the NCC and adjacent
water areas of the sea was carried out considering not only
its geographical distribution but also the seasonal dynamics.

This work pays attention to the risks associated with an
increase in the level of AHC in the waters of the NCC and
adjacent reservoirs. The main reasons that for this increase
can be both the anthropogenic input of organic substances,
including petroleum products, and biological processes in
the reservoir induced by anthropogenic impact (Medeiros
et al. 2005; Akinnawo 2023).

The purpose of the study is to determine the content (with
a safety assessment), features of spatial and seasonal dis-
tribution and potential sources of HC in the water of NCC.

2 Materials and methods

2.1 Study area

Water samples were taken from March to November 2023
at stations located in various parts of the NCC (primary
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2.3 Determination of aliphatic hydrocarbons

An aliquot of the concentrated extract (1 uL) was injected
with a microsyringe into the evaporator (heated to
250 °C) of a Krystall 5000.2 gas chromatograph with a
flame ionization detector (FID). HCs were separated on a
25 mx0.32 mm HTS capillary column with a stationary
phase thickness of 0.25 um (SGE Analytical Science).
The column temperature was programmed from 40 to
330 °C (temperature elevation rate: 10 °C.min~"). The
carrier gas (helium) flow in the column was 2.5 mL-min~!
without splitting. The detector temperature was 320 °C.

Quantitative determination of AHC content was car-
ried out by absolute FID calibration with an HC mixture,
which was prepared by the gravimetric method, with a
content within the range of 0.1-5.0 mg-L™'. The stand-
ard sample ASTM D2887 Reference Gas Oil (Supelco,
USA) was applied as an HC mixture. The AHC content
was determined by the sum of the peak areas of eluted
alkanes. To process the results, we used Chromatek Ana-
lyst 3.0 software, the method of absolute calibration and
percentage normalization.

Identification of n-alkanes was carried out by compar-
ing retention times with those of the standard mixture
of paraffin hydrocarbons in hexane with a mass con-
centration of each component of 200 pg-mL~", pristane
(Pr) + phytane (Ph)-100 pg-mL~" in hexane (Supelco,
USA). The content of individual compounds was deter-
mined by the area of the selected peaks.

The determination of HCs was carried out based on
the Research and Educational Center for Collective Use
“Spectrometry and Chromatography” of the Federal
Research Center of the Institute of Biology of the South-
ern Seas.

2.4 Determination of the number of heterotrophic
and oil-oxidizing bacteria

Abundance of heterotrophic bacteria and hydrocarbon-
oxidizing bacteria was determined in water by the limit-
ing decimal dilution method using liquid media. Peptone
water was used for heterotrophic bacteria; Voroshilova-
Dianova medium was used for hydrocarbon-oxidizing
bacteria (Rodina et al. 1972). As the only source of car-
bon and energy, 1% sterile oil was added to each test tube
after inoculation. When preparing the media, the salin-
ity of seawater was considered. The probable number of
microorganisms per unit of volume was calculated using
the McCrady table (in triplicate) based on a method of
variation statistics (Rodina et al. 1972).
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2.5 Data processing

For the water safety assessment, the strictest standards
were used, MPC for fishery reservoirs (Ministerial decree
No. 552), since the canal waters are used not only for the
population’s drinking water supply (this water is standard-
ized by hygienic standards (HS=0.1 mg-L™") (SanPiN 2.1
0.4.1074-01) but also for filling fishery reservoirs.

To identify probable sources of HC input, the diagnos-
tic indices were used, such as the autochthonous and total
n-alkane ratio ((C;;+C 9+ C,,)/Zn-alkanes), Pr/Ph, ratio of
low- to high-molecular-weight hydrocarbons (LWH/HWH),
carbon preference index (CPI,), aquatic macrophyte proxy
(Paq), Ph/C g, (Pr+Ph)/(C,;+Cy), terrestrial vs. marine
discriminant (TMD) and ratio of terrigenous to aquatic
n-alkanes (TAR) (Table 2).

3 Results
3.1 Concentrations of aliphatic hydrocarbons

Considering the different conditions in the primary canal,
its secondary branches and adjacent water areas, we present
data on their AHC contents separately.

AHC concentrations recorded in the canal waters
ranged from 0.016 to 0.240 mg-L~! (Fig. 2 A). In the
primary part of the canal, their concentrations were low
(0.013-0.034 mg-L~!, average 0.024+0.011 mg-L~"), and
during the observation period they did not exceed the maxi-
mum permissible concentration (MPC =0.05 mg~L_1).

In the secondary parts of the canal, the average concentra-
tion was higher than in the primary canal and amounted to
0.109+0.104 mg-L~" (0.017-0.240 mg-L~!). Values exceed-
ing the MPC were recorded during the late summer—autumn
period. Notably, the MPC was exceeded by 4.8 times in the
canal in the area of sample 6 and by 4 times in sample 7.

In the seawaters adjacent to the canal inflow places,
the concentration range was 0.024-0.230 mg-L~!. The
average concentration exceeded the MPC and amounted
to 0.136 +0.104 mg-L~!. The excesses of the MPC were
detected in late summer—autumn (sample 3.2, 8) as well as
in secondary canal branches (sample 2.2, 6, 7). In sample 3.1
(May 2023), the AHC concentration was almost the same as
in the canal (Fig. 2A, B) and was within sanitary standards.

3.2 Composition of n-alkanes

A study of the individual composition of n-alkanes
allows us to characterize the sources of AHC and the
processes occurring with them in the waters of the stud-
ied water bodies in more detail. The distribution of
n-alkanes obtained is shown in Fig. 3 (A. primary canal;
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Table 2 Diagnostic molecular ratios and their typical values

Diagnostic index Meaning Origin References
(calculation formula)
(Cy7+C 9+ C, )/ Zn-alkanes High ratio Autochthonous, phytoplankton Meyers (1997); Meyers (2003)
production
Low ratio Allochthonous or microbial produc-
tion
LWH/HWH =Y (C,;- >1 Oil origin Wang et al. (2006)
Co)/2(Cp-Css) <1 Terrigenous origin, higher vegeta-
tion
CPL=(12)[(Cy5+Cy7+Cyo + ~1 Large proportion of AHC oil origin  Malinski et al. (1988)
C31+C334+C3)/(Coy +Cos+ <1 Mainly of biogenic origin
Szé:; 238;: S%:; S%Z;ECCZ;S Y >1 Biogenic 'origin, the effect on the
(Cop+ Cont C3(;+ C32‘+ Cl comp931t10n of AHC terrigenous
organic matter
Pr/Ph <1 Petrogenic origin Volkman et al. (1992); Haven
1<Pr/Ph<3 Sign of oxidizing depositional (1996); Peters et al. (2005)
environment
>1 Biogenic origin
P =(Cy+Cys)/ 0.1 Traces of terrigenous degraded Ficken et al. (2000)
(Cy3+Cys5+Cyr+C5)) vegetation
0.1<Paq<0.4 Presence of fresh macrophytes
0.4<Pag<1 Presence of aquatic macrophytes
TAR=(Cy;+Cyp+Cyy)/ High TAR Predominance of terrigenous mate-  Yusof et al. (2012); Gdara et al.
(Ci5+C7+Cyo) rial (2020)
TMD =(Cys5+Cp;+Cyo+Cs5, + <0.5 Autochthonous origin Meyers (2003); Syakti et al. (2013)
C3)(Ci5+Ci7+C1o+Cy+Cp3)  05<TDM< 1 Mixed origin
>1 Presence of terrestrial vegetation
Ph/C,g <1 Biodegraded oils Peters et al. (2005); Tarozo et al.
>1 Recent inputs (2010)
(Pr+Ph)/(C;4+Cg) 0.8<(Pr+Ph)/(C|;+C5)<1.5 Oil of medium degradation degree  Peters et al. (2005)
0.3 <(Pr+Ph)/(C;,+C,5)<0.8 Slightly degraded oil
(Pr+Ph)/(C;;+C4)<0.3 Fresh oil
0,30 0,30 1
025 - _ 025 - B
0,20 4 T 1 0,20 4 -
015 A g = 015 I I
g 0.0 - 2 0,10 | _
005 { mm==== cecepg-H-H---H-} 0,05 -
0,00 0,00 4 - o [l
SR ENENNENEEE z[afzl>[~[zlal<]~{zla]=
primary canal | secondary canal | sea coast primary canal | secondary canal | sea coast
N sample, region N sample, region
e—d AHC =———mean  ===MPC =3n-alk =—mean

Fig. 2 The concentration: A. aliphatic hydrocarbons (AHC); B. n-alkanes (n-alk) in the water of the North Crimean Canal in 2023

B. secondary canal; C. water areas of the sea adjacent
to the confluence of the canal). The composition of
n-alkanes changed significantly during the study period;

chromatograms of water sampled at different periods in
different parts of the canal are given as an example (Fig.4

A, B).
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Fig. 3 Concentration of normal and isoprenoid alkanes in the water samples of the North Crimean Canal and adjacent water areas (A. primary

canal; B. secondary canal; C. sea coastal waters)

Fig. 4 Chromatograms of alkanes of the water of the North Crimean Canal (sample 1.1) in March 2023 (A) and near Kerch Reservoir (sample

7) October 2023 (B)

The range of n-alkanes identified in the samples up to and
including August was C,,—C;,. In the next period, it shifted
to C,3—C;3. Low-molecular-weight n-alkanes predominated in
the samples obtained in the canal in spring and summer (Fig. 3,
Fig. 4A). In the following periods of research, there was a
predominance of high-molecular-weight homologs (Fig. 3,
Fig. 4B). Isoprenoid alkane pristane (Pr) was detected in very
low concentrations only in the primary canal in the spring.
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At the same time, phytane (Ph) was detected everywhere. Its
concentration was in the range of 0.001-0.002 mg-L~".

3.3 Diagnostic indexes
Based on the data on the hydrocarbon composition of the

water, some geochemical markers of the organic matter gen-
esis were calculated (Table 3).
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4 Discussion

The concentrations of AHC in the canal water corresponded
to AHC levels in the surface waters of rivers in other regions
of the world. For example, the content of AHC ranged from
0.014 to 0.284 mg-L~! in surface water from Daliao River
system comprising the Hun River, Taizi River and Daliao
River in a heavy industrial area of northeast China (Guo et al.
2010). In larger rivers such as the Niger River (Nigeria),
AHC concentrations are much higher (1.89-3.57 mg-L ™)
and depend on the rainy seasons (Chokor 2021).

During the sampling period until 23 June 2023, there
was probably Dnieper water in the canal, and MPCs were
not exceeded in all studied areas (primary canal, secondary
branches, adjacent seawater areas) (Fig. 2A). Furthermore,
in the period from August to October 2023, AHC concentra-
tions in the canal branches and adjacent marine water areas
increased and began to exceed the MPC by 1.2—4.8 times
(Fig. 2A). This may have been caused by seasonal changes
as well as significant changes in the canal functioning mode
during the study period. In the spring and early summer,
Dnieper water from the Kakhovka Reservoir entered the
canal, and in early June, after the destruction of the reser-
voir dam, the flow of water from the Dnieper into the canal
bed stopped. After this, for some time the canal contained
Dnieper water from the Kakhovka Reservoir, which was
gradually pumped into the Crimea reservoirs. In subsequent
periods, the canal was replenished with water from alterna-
tive sources.

These changes in the canal water regime had different
effects on its separate parts. Therefore, the average contents
of AHC in different parts of the canal (primary canal, sec-
ondary canals, marine water areas near the canal runoff)
were not the same. The minimum concentrations were in
the primary canal, the maximum in the seawaters adjacent
to the canal runoff. Differences in the n-alkane composition
of the water in the studied water areas were also noted. To
determine the reasons for such differences, probably related
to the particularities of how these water areas function, it is
advisable to consider them separately.

4.1 Primary canal

The AHC concentration in the primary canal did not fluctu-
ate significantly throughout the study period and was within
the sanitary standard (SanPiN 2.1.4.1074-01). The homolog
range in this part of the canal bed was C,;,—C5,. The distribu-
tion of homologs was fairly monotonic, with the exception of
the predominance of low-molecular-weight odd-numbered
peaks which are genetically associated with phytoplankton
(Corner 1979; Meyers 1997, 2003; Ranjan et al. 2015) in
spring and summer (Fig. 3A, Fig. 4A). The sum of these
homologs during periods of high content was 27%-56%.

Table 3 Concentrations of aliphatic hydrocarbons and n-alkanes, their diagnostic indexes in North Crimean Canal water

SD

Mean

Sample No.
Black Sea

Sample No.

Sample No.

Parameter

Secondary canal

Primary canal

3.2

3.1

2.2

2.1

1.3

1.2

1.1

0.016 0.033 0.034 0.028 0.057 0.017 0.240 0.200 0.024 0.153 0.230 0.087 0.091

0.013

Concentration of aliphatic hydrocarbons in

water, mg-L™!

0.074
23

0.062
24

0.081 0.175

0.012
27

0.198 0.168

0.009
65

0.036
36

0.020
23

0.024

0.012
27

0.007
56
0.1

0.007
41

Concentration of n-alkanes in water, mg-L™!

(Cy74C,9+C,))/C n-alkanes, %

Pr/Ph

0.0 0.0 0.0 0.0 0.1
0.1 0.0 0.8

1.1

0.0
0.0
0.8

0.0 0.0 0.0 0.0 0.0
0.8 0.9 2.1 0.1

0.1

0.0

1.1

0.2

0.7

1.5
1.0

1.8
0.9

LWH/HWH

CPI,
Paq

0.5

1.2
0.58
14

0.7

1.2
0.59

0.9

22

0.8

1.0
0.37
0.4

0.3

1.0
0.42

1.1

0.79
0.6

22

1.3
1.00
0.9
0.9

1.2
0.52
1.6

0.6

0.20
0.7

0.41
1.8
1.3
14.9
4.8

0.50
2.0
0.8

0.50

0.83
2.5

0.65
1.8
0.6

0.43
1.2

0.2

1.9
0.6

Ph/C,4

0.3

0.9

0.6

1.0
2.6
1.3

(Pr+Ph)/(C,,+C,g)

23.8 44.0
3.6 4.2

152.9
12.9

0.7
0.6

49.0
7.4

39.7
6.9

0.1
0.2

0.6
0.2

22.9
7.0

0.9
0.8

0.4
0.4

0.3
0.3

SD. standard deviation

TAR
TMD
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At the end of summer and autumn, the proportion of phy-
toplankton compounds and their absolute concentration
decreased. This was probably due to the seasonal vegeta-
tion of phytoplankton (Vostokov et al. 2019). At the same
time, the proportion and absolute content of homologs with
a carbon chain length of C,5 and higher increased signifi-
cantly, probably because of several processes. On the one
hand, there is the concentration of substances in the shal-
low canal, whose water supply was reduced. On the other
hand, the low biotransformation rate, compared to low- and
high-molecular-weight compounds (Gerlach 1981; Meyers
and Ishiwatari 1993), might lead to the last accumulation in
the environment.

Consequently, it can be assumed that natural seasonal
processes occurred in the primary canal bed, which did not
cause an increase in the AHC content above the normative
level and ensured the ecological well-being of the reservoir
according to this indicator.

4.2 Secondary canal

In the waters of the secondary canal, elevated levels of AHC
appeared in the late summer—autumn period (Fig. 2A). The
range of n-alkanes identified was from C,; to Cs;. The dis-
tribution of homologs in the spring period was bimodal
(Fig. 3B), demonstrating the duality of hydrocarbon sources
(Soloveva et al. 2022). The first group of peaks was associ-
ated with active processes in the water column: primary pro-
duction and microbial transformation of the OM. The second
group of maxima was associated with terrestrial vegetation
(Cys, Cyq, Cyg) (Meyers 2003; Garcin et al. 2012; Bush and
Mclnerney 2013). The OM was formed because of anaerobic
transformation of certain substances and microbial processes
(Cy» Cag, Cs) (Nikolaev et al. 2006; Ladygina et al. 2006).

The change of n-alkane composition with simultane-
ous growth of the AHC content (exceeding MPCs by 1-5
times) was in the autumn. Chromatograms of water from
the secondary parts of the canal (samples 6, 7, 8) in October
(Fig. 4B) had predominance of the high-molecular-weight
homologs with even over odd carbon number predominance.
This type of n-alkane composition was characteristic for bac-
terial microfilms (Malifiski et al. 1988; Garg and Bhosle
2004). So, this composition of n-alkanes was probably con-
nected with active microcommunity development. During
this period, active development of the microbial community
was recorded. In October, the number of heterotrophic bac-
teria exceeded 2.5x 107 cells-mL ™', and in some cases the
hydrocarbon oxidizing bacteria content exceeded 2.5 x 10*
cells-mL~". These levels indicate the presence of excessive
organic pollution (Lazar et al. 2015). The absence of phyto-
planktonic C; in the samples in August—October indicates
its low production and active consumption by microflora.
The general increase in the concentration of hydrocarbons
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may also be a consequence not of their additional input but
of their concentration in water in a waterbody.

Considering the favorable state of water in the primary
canal in the autumn, increased concentrations in the second-
ary parts of the canal could be associated with the processes
in the canal water as it moves across the Crimean Penin-
sula. In summary, the secondary canal was less resistant to
changes that occurred in the mode of canal functioning. This
was expressed in the increased development of the bacterial
community. This phenomenon is a factor that potentially
reduces the quality of drinking and household water.

4.3 ‘““Canal-sea” mixing zone

Mixing zones of fresh and seawater have recently attracted
attention since the most active biogeochemical processes
occur there. Along with this, these parts of the water area
are subject to high environmental risks and therefore require
increased attention from environmental specialists (Lisitzin
1999; Jickells et al. 2014; Pye and Blott 2014). In our case,
some phenomena in these water areas were different from
those in the canal bad.

In the seawater, the AHC concentrations ranged widely
(0.024-0.230 mg-L "), which is typical for contents in other
water areas of the Black Sea. For instance, in the waters of
the northwestern part of the Crimean Peninsula, it ranged
from 0.015-0.390 mg-L_1 (Barabashin et al. 2019); in the
water area of the Kerch Strait, C=0.074 mg-L_1 (Nemi-
rovskaya et al. 2023); in the coastal waters of the Caucasus,
C=0.047 mg-L~!; the "river-sea" mixing water areas of
small rivers of the Greater Sochi showed Mzymta River-sea
(C=0.061 mg-L™") and Bitkha River-sea (C=0.118 mg-L™!)
(Nemirovskaya and Lisitsyn 2015).

In the spring, AHC content in the seawater (sample 3.1)
was equal to the concentration in the canal bed (sample 2.1).
The share of low-molecular-weight compounds was high in
both sampling places. Waters of the canal, flowing into the
sea, change because of the processes of redistribution and
transformation of substances (Lisitzin 1999). In our case,
the general features of the n-alkane distribution remained
unchanged (Fig. 3B, C). This was probably because of the
significant influence of the canal flow on the adjunct water
areas of the Karkinitsky Bay or the formation of the HC
background in the sea by the same factors in this period.

At the end of the summer, the concentration of HC in the
seawater (sample 3.2) was significantly higher than in the
canal waters (sample 2.2), which could be associated with
not only the entry from the canal bed but also direct entry
into the saltwater from other sources. During this period,
the n-alkane composition of the seawaters C,5, C,; and C,,
genetically related to terrestrial flora, predominated (sam-
ple 3.2) (Fig. 3 A, C). This was observed despite the phy-
toplankton peaks (C,q, C,;, C»3) predominant in the canal
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(sample 2.2). Probably, when moving into seawater, odd
low-molecular-weight homologs were actively transformed
(Gerlach 1981; Meyers 2003; Garcin et al. 2012; Bush and
MclInerney 2013) and their proportion decreased (from
30% to 4%), like their absolute content decreased by three
times (from 0.013 to 0.004 mg-L~"). This happened against
the increase in the total content of n-alkanes (from 0.036
to 0.081 mg-L™!). So, the predominance of allochthonous
n-alkanes in the waters of Karkinitsky Bay (sample 3.2) may
be a confirmation of the assumption about organic pollution
of the bay because of the destruction of the Kakhovka hydro-
electric power station dam and the washout of OM from the
territories located downstream. Severe organic pollution, the
influence of which can last a long time, was indicated by the
research work on the northwestern part of the Black Sea car-
ried out after the destruction of the Kakhovka hydroelectric
station (Vyshnevskyi et al. 2023).

In the seawater areas close to the NCC discharge into the
Black Sea near the Kerch (sample 8) (Fig. 3 C), the range of
n-alkanes was C4—Cs;. The chromatograms had features in
common with those obtained for the waters of the canal and
reservoirs, but the shape was somewhat transformed. This
was probably due to transient processes in the mixing zone
of fresh and seawaters. The AHC content in the canal and
sea was practically the same. So, it is possible to assume
the influence of the canal waters on the coastal water areas
adjacent to the runoff area. This situation was similar to
that in May at the confluence of the canal and Karkinitsky
Bay (sample 3.1), when the concentrations of AHC in both
sampling locations were similar, as were the n-alkane com-
positions. This showed the significant influence of the canal
runoff on the adjacent coastal waters.

The content and composition of HC in different func-
tional water areas of the canal varied, and this reflects pro-
cesses of formation and transformation of OM heterogeneity.
Accordingly, the levels of environmental risks and resistance
of the ecosystem to them in different parts of the canal are
not the same.

According to the perceived environmental risks to the
canal and adjacent water bodies, the elevated AHC levels in
this case were probably due to a group of causes occurring
in the canal bed. It is possible that these processes, which
caused an increase in AHC levels above sanitary standards,
were induced by anthropogenic activities. The interruption
of the canal’s supply from the Kakhovka Reservoir caused
its shallowing and the formation of stagnant water areas.
Along with this, replenishment of the canal from alternative
sources could cause its eutrophication. As a result, active
biological processes were observed in the studied reser-
voirs, which were reflected in changes in the composition
of n-alkanes in water. They probably led to an increase in the
total AHC content. At the same time, natural processes that
reflect in seasonal changes of n-alkane composition in water

influenced AHC content. Thus, to normalize water quality,
we can recommend normalizing the canal runoff. Unfor-
tunately, at present, due to political events and subsequent
destruction of the Kakhovka Reservoir dam, which fed the
NCC, it is impossible to restore the normal functioning of
the canal. Mixing zones of fresh and seawaters are water
areas of increased environmental risks, since, if the impact
on river (canal) ecosystems is largely determined by the pro-
cesses occurring along the canal and in the drainage area,
in the marine water areas a large-scale process of substance
transfer can be significant too. A similar phenomenon was
noted in this work.

4.4 Diagnostic index interpretation

The LWH/HWH ratio varied over a wide range (0.0-2.1)
(Table 3). Its high values (0.8-2.1), indicating the predomi-
nance of autochthonous n-alkanes or an approximately
equal ratio of autochthonous and allochthonous com-
ponents (Wang et al. 2006), were recorded in the period
before August. Subsequently, this ratio sharply decreased to
0.0-0.1, which indicates the predominance of allochthonous
or petroleum hydrocarbons.

The most informative marker for identifying oil pollution,
CPI,, ranged from 0.8 to 2.2 with an average of 1.2. With the
exception of two samples (samples 2.1, 2.2), it was close to
1. This may be evidence of oil pollution. A CPI, value close
to 1 is not always clear evidence of the presence of oil. In
particular, CPI, values close to 1 are characteristic of sus-
pended matter and can be a biomarker of the bacterial origin
of HC (Malinski et al. 1988). Considering the distribution of
n-alkanes (Fig. 3), it is possible to assume the predominance
of natural sources of OM.

Markers associated with isoprenoid alkanes are informa-
tive for identifying oil pollution: Pr/Ph, Pr/C,;, Ph/Cj,
(Pr+Ph)/(C;;+C,3) (Volkman et al. 1992; Haven 1996;
Peters et al. 2005; Tarozo et al. 2010). The Pr/Ph and Pr/
C,; ratios in our case are not informative because of the
almost complete absence of Pr in the water samples. The
average Ph/C 4 ratio was 1.4+0.7 mg-L™" and in most sam-
ples (Ph/C 4’ 1) indicated the presence of fresh oil inputs.
The (Pr+Ph)/(C,;+4 C ;) ratio, the so-called isoprenoid
coefficient or biodegradation parameter, can characterize the
degree of oil biodegradation (Koopmans et al. 2002; Asif
et al. 2009; Hu et al. 2014; Samoilenko et al. 2019; Kayu-
kova et al. 2020). In accordance with the modern gradation
of its values (Peters et al. 2005), the average value (0.7 +0.3)
corresponds to slightly degraded oil. In some samples, it
was < 0.3, which indicates the arrival of fresh petroleum
products which had not had time to undergo biodegrada-
tion. It was previously indicated that in most of the samples,
chromatograms in the waters of adjacent marine water areas
were similar to those obtained for the canal waters but had a
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slightly transformed shape. The isoprenoid coefficient also
increased during the transition from the canal to the sea.
This indicated the active transformation of oil during the
transition of organic substances from the canal to the sea.
The presence of oil pollution in the water was also confirmed
by low values of the Paq marker (< 1), which was equal to 1
only in November in the primary canal. Moreover, despite
the values of individual markers characteristic of the pres-
ence of oil of different degrees of degradation, the chroma-
tograms of this sample did not have a shape characteristic of
the presence of oil pollution. Pr and Ph are the most common
isoprenoids in crude oils (Tissot and Welte 1984). However,
multiple sources are possible for these isoprenoids (Oraeg-
bunam et al. 2020). The lack of one of them may be a sign
of oil pollution absence and another way of different one’s
formation. This emphasizes the complexity of interpreting
marker values in different environmental subjects and the
need for an integrated approach that considers all possible
sample characteristics. The ambiguity in the interpretation
of markers was pointed out earlier. Despite the widely spread
application of some n-alkane indexes for determining the
composition of organic matter within aquatic systems (Lee
et al. 2019), the limitation of these indexes is often discussed
as a contribution of non-unique n-alkane compositions
occurring in aquatic systems (Sikes et al. 2009; Chevalier
et al. 2015). The quantitative estimation using only n-alkane
indexes is still ambiguous and vulnerable in such systems. In
this regard, complementary studies for precisely assigning
organic sources in aquatic environments have been investi-
gated based on a conservative mixing behavior (e.g., their
accuracy for the linearity of the relationship between meas-
ured indices and mixing ratios from different sources) (Yang
and Hur 2014; Lee et al. 2018; Derrien et al. 2019). There
is evidence of the deviation of the index values from those
expected for autochthonous and allochthonous component
mixture (Lee et al. 2019). The authors recommended con-
sidering the effects of physical mixing and biogeochemical
transformation when interpreting field observation data.

The TMD (Meyers 2003; Syakti et al. 2013) and TAR
(Yusof et al. 2012; Gdara et al. 2020) marker values in
October and November indicated a high proportion of odd
n-alkanes associated with terrestrial vegetation. This con-
trasted to the previous periods, when autochthonous com-
pounds predominated. At the end of the summer—autumn,
there were no showers. This fact excluded the active elution
of organic substances from the areas adjacent to the canal
bed. At the same time, the concentration of substances in
the shallow watercourse could not be discounted. However,
probably, the increase in the concentration of AHC in water
was associated with the input of the compounds from the
outside.

Analysis of biogeochemical markers showed that
autochthonous compounds produced by phytoplankton

@ Springer

predominated in the spring—summer period. Subsequently,
they had less importance, and the main share was alloch-
thonous n-alkanes. Increased levels of AHC in individual
samples, judging by the shape of the chromatograms, were
caused by processes in a stagnant reservoir and, possibly,
were associated with a change in the water regime of the
reservoir.

5 Conclusion

During the study period (March to November 2023) in the
primary part of the NCC, the AHC content did not exceed
sanitary standards. Their elevated concentrations in the sec-
ondary canals could be associated with the processes in the
canal water during its flow across the Crimean Peninsula.

The composition of n-alkanes showed temporal and spa-
tial variability. In the period from spring to autumn, the
content of autochthonous compounds decreased sharply.
The share of allochthonous compounds increased, primar-
ily because of natural processes. A distribution of n-alkanes
characteristic for active microcommunity development was
recorded in October (samples 6, 7, 8).

The analysis of biogeochemical markers showed that
autochthonous compounds produced by phytoplankton pre-
dominated in the spring—summer period. Subsequently, they
had less importance, and the main share was allochthonous
n-alkanes.

The recorded excess of the AHC concentrations over
the MPC in the waters of the secondary parts of the canal
was associated with processes in the water column and may
have happened because of the input of organic substances
from the outside. The influence of the canal flow on adjacent
water areas was expressed in case of absence of significant
organic substance pollution of the coastal waters. If the AHC
content in seawater increased under the influence of other
factors, the effect of runoff became less significant.

At the end of summer, the concentration of hydrocarbons
in seawater in Karkinitsky Bay was significantly higher than
in the canal waters, and the composition of n-alkanes was
characterized by a strong predominance of allochthonous
components. It could be assumed that this phenomenon was
associated not only with the entry of pollutants from the
canal but also with the direct entry of AHC into saltwater
from other sources. One of the sources could be the flow of
water into the bay as a result of the destruction of the of the
Kakhovka hydroelectric power station and further washout
of organic substances from the flooded areas.
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