Original Russian Text © The Authors, 2021,
published in MORSKOY GIDROFIZICHESKIY ZHURNAL, Vol. 37, Iss. 1 (2021)

Studying Submarine Groundwater Discharge at the Cape Ayia:
A Multi-Tracer Approach

I. 1. Dovhyi 1 * N. A. Bezhin 2, D. A. Kremenchutskii *,
0. N. Kozlovskaya !, A. I. Chepyzhenko %, A. V. Verterich 3,
Ya. Yu. Tovarchii 2, Yu. G. Shibetskaya »2, D. Yu. Chaikin 3

! Marine Hydrophysical Institute of RAS, Sevastopol, Russian Federation
2 Sevastopol State University, Sevastopol, Russian Federation
3 D. Mendeleev University of Chemical Technology of Russia, Moscow, Russian Federation
* dovhyi.illarion@yandex.ru

Purpose. The study of submarine groundwater discharge is one of the most pressing issues of modern
hydrogeology and oceanography. The purpose of the paper is to provide a comprehensive study of
the submarine groundwater discharge at Cape Ayia using the hydrological, hydrochemical and
radiochemical methods, and to determine the flux of submarine groundwater including the nutrients.
Methods and Results. The research werecarried out during the coastal expeditions nearby Cape Ayia
on March 24, 2019, and on April 22-24, 2019 during the 106" RV “Professor Vodyanitsky” cruise
(April 18 — May 13, 2019). The isotopes ?*°Ra, 2?®Ra were extracted using the proprietary MnO2-based
fibers. After concentration, the sorbent was squeezed to remove excess water, dried and ashed. Then
the ash was placed in the Petri dishes and poured with epoxy resin. Activity of the radionuclides was
measured on a low-background semiconductor y-spectrometer with adetector of high-purity
germanium (GC3020) 3 weeks after the resin casting. The activity of ?Ra was determined by
the daughter radionuclide ?*4Pb with the energy 351.9 keV (qy = 37.2 %), and that of ?2Ra — by
the daughter 28Ac (T12=6.1 h, qy = 27.7 %) with the energy 911.6 keV. The basic elements of the main
nutrient cycle were determined photocolorimetrically: mineral phosphorus — by molybdenum blue,
silicon — by silicon-molybdenum complex. Nitrates (reduced to nitrites) and nitrites were determined
by azo dye; ammonium — by indophenol blue also by the photocolorimetric method.

Conclusions. Distribution of hydrophysical, hydrochemical and radiochemical parameters in the water
area connected with the known submarine groundwater discharges was studied. The distribution of the
226Ra, 228Ra isotopes was studied for the first time. The data on salinity, specific activity of 2Ra, ?Ra
and the nutrients concentration permitted to determine the flows of submarine groundwaters in the Cape
Ayia area, which amounted to 8220 + 1200 m3/day. The anthropogenic contribution to pollution of the
groundwater forming the submarine sources is shown.
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Introduction

The study of submarine groundwater discharge is one of the most pressing issues
of modern hydrogeology and oceanography. It is the sobjecto of a series of
international projects, such as the Scientific Committee for Ocean Research (SCOR)
(working group 112 "Intensity of submarine groundwater discharge and its effect on
coastal oceanographic processes™) [1] and the IAEA [2]. Several theses were
defended based on the results of studying submarine discharge in the Mediterranean
region [3, 4]. According to well-known researchers in this field [5, 6], submarine
groundwater discharge is the least studied element of the water and salt balance of
the seas, since the inflow cannot be measured directly.

In the Black Sea region, submarine springs are known in Romania [7]; powerful
underground springs of the Arbaika Massif form an extensive submarine depression
in the sea near Gagra [6, 8]. Some submarine springs are also known in Crimea [9].
Russian scientists have been studying the submarine discharge sources at Cape Ayia
for about 40 years [10]. In the 1980s, the works were carried out by the Institute of
Geological Sciences of the Academy of Sciences of the USSR [11] and the
Ukrainian State Institute of Mineral Resources, Simferopol 2 [12]. Since the 1990s,
research was carried out at Marine Hydrophysical Institute of NAS of Ukraine [13-
15].

For identification of submarine sources, papers [1, 2, 16] proposed to use remote
sensing technics, aerial photography, hydrological (according to salinity data) and
radiochemical (radon survey) methods. To determine the flow rate of submarine
sources, radio tracer methods are widely used. At the same time, different authors
have proposed various approaches to the study and used different parameters of the
marine environment to determine the flow rate of sources. In this paper, a
comprehensive determination of hydrological, hydrochemical and radiochemical
parameters was carried out to study the main, according to [15, 16], submarine
source near Cape Ayia (Fig. 1).

This issue is of particular relevance due to the current situation with the water
supply of the Republic of Crimea and the city of Sevastopol. After Ukraine blocked
the North Crimean Canal, Crimea became a water-scarce region. Suffice it to recall
the events in late 1980s — early 1990s, when at the end of the low-water decade,
the water supply from the Chernorechensky reservoir (Baydarskaya Valley), one of
the main sources of water supply to Sevastopol, practically stopped. The population
was supplied by water for only two hours a day, all catering points, some children's
institutions and other enterprises were closed [18]. A number of experts believe that
2019 is the beginning of a dry season °.

! Baysarovich, I.M., 1990. Formation and Submarine Discharge of Fractured-Karst Waters in
the Coastal Zone of the Black Sea: abstract of dissertation ... cand. geol.-min. sciences. Odessa, 24 p.
Available at: https://search.rsl.ru/ru/record/01000129804 [Accessed: 18 January 2021] (in Russian).

2 Yurovsky, Yu.G., 1993. Features of Natural Processes in Areas of Submarine Unloading of
Groundwater: abstract of dissertation ... doctor. geol.-min. sciences. Kiev, 44 p. Available at:
https://search.rsl.ru/ru/record/01007033946 [Accessed: 18 January 2021] (in Russian).

3 Author, n.d., 2019. Water Supply of Crimea: “The Situation Remains Unresolved and
Disturbing”. Regnum, 10.01.2019. [online] Available at: https://regnum.ru/news/2550247.html
[Accessed: 18 January 2021] (in Russian).
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Fig. 1. Karst cavities near Cape Peleketo (left) and sampling in the karst cavity (right)

The submarine groundwater use as a source of fresh water has been known for
over two thousand years and is described in The Geographica by Strabo *.
Submarine waters of karst origin are developed in many countries for use as
industrial and drinking water [3]. Similar work was carried out by Marine Tech
Company in many countries®, including Malta, Sicily, Greece, the Gulf States, etc.
The development and capture of submarine sources are economically viable in many
regions.

The present paper aims to provide a comprehensive study of the submarine
groundwater discharge at Cape Ayia using the hydrological, hydrochemical and
radiochemical methods, and to determine the flux of submarine groundwater
including the nutrients.

Materials and Methods

Sampling. The works were carried out during the coastal expedition to Cape
Ayia on March 24, 2019, and on April 22-24, 2019, during the 106" R/V Professor
Vodyanitsky cruise (April 18 — May 13, 2019).

Works in the coastal expedition. Hydrological measurements were carried out
at 20 stations in the karst cavity near Cape Peleketo and nearby. Samples were taken
to determine the concentration of nutrients (silicic acid (Si), dissolved inorganic
phosphorus (DIP), total dissolved phosphorus (TDP), ammonium, nitrites and
nitrates), 6 samples with a volume of 200 liters were taken to determine the activity
of Ra and **®Ra isotopes.

Surface samples were taken in 125 ml plastic containers to determine
the concentration of nutrients. The samples were filtered through membrane filters
with a pore diameter of 0.45 um (Vladisart) and analyzed on the same day. Sampling

4 Strabon, 1994. Geography. Moscow: Ladomir, 944 p. (in Russian).

5 Marine Tech, expert in marine environment, USV and survey. 2020. [online] Available at:
http://mww.marinetech.fr/ [Accessed: 18 January 2021].
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to determine the activity of ??°Ra and *Ra was carried out by a vibration pump; the
samples were immediately filtered through a polypropylene cartridge with a pore
diameter of 1 um into 25 L plastic cans. Then the samples were transported to the
onshore laboratory where the sorption concentration of °Ra and *®Ra isotopes was
carried out.

Works on R/V Professor Vodyanitsky. During the R/V Professor Vodyanitsky
expedition, hydrological measurements were carried out at 7 stations, as well as
sampling to determine the concentration of nutrients (Si, DIP, TDP and the sum of
nitrites and nitrates) and the activity of *Ra and ??Ra (1 m®). The samples were
filtered through membrane filters with a pore diameter of 0.45 um (Vladisart) and
frozen for analysis in the onshore laboratory. Sampling to determine the activity of
2%Ra and **®Ra was carried out with a submersible pump; the samples were
immediately filtered through a polypropylene cartridge with a pore diameter of 1 um.
Then, the sorption of radium was made onboard.

Fresh water sampling. On September 29, 2019 water sampling was carried out
to determine the concentration of nutrients at the Ayazma-Chokrak spring (44.47079
°N, 33.64401 °E; 44.47082 °N, 33.64393 °E). On August 19, 2019 water sampling
was carried out to determine the **°Ra and ??®Ra activity (100 L) at the Despita spring
on the way to the Baydarskiye Vorota pass (44.42201 °N, 33.78410 °E).

Sorption of ?°Ra and ?’Ra. **Ra and **®Ra isotopes were extracted according
to the procedure described in [19] using our own output fiber based on MnO.. When
extracting from samples with a volume of 200 L, two columns with a fiber mass of
5 g were used; from samples with a volume of 1 m®, two columns with a fiber mass
of 20 g were used. The degree of *°Ra and *Ra extraction was calculated according
to the following formula [19]:

S= (1— ij 100%, (1)

where 4 and B are the radionuclide activities on the first and second columns,
respectively.

The degree of radium isotopes extraction was 90 + 6 % [19].

Determination of the ?°Ra and ??’Ra activity. After concentration, the sorbent
was squeezed out to remove excess seawater, dried in an oven at 80 °C and ashed at
700 °C for 8 h. Then, the ash was placed in Petri dishes (55 mm in diameter) and
poured with epoxy resin. The activity of radionuclides was measured on a low-
background semiconductor y-spectrometer with a detector made of high-purity
germanium (GC3020) 3 weeks after resin embedding.

The **Ra activity was determined by the daughter radionuclide ***Pb with
an energy of 351.9 keV, *®Ra — by the daughter >®Ac with an energy of 911.6 keV
(T1o=6.1 4, qy = 27.7 %).
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The values of ?*Ra and **Ra activity are provided below. The relative error in
the determination of *Ra was 7-10 %, ?Ra — 13-16 %. The gamma spectrometer
was calibrated using the certified sources.

Determination of the nutrient concentration. The main elements of the nutrient
cycle were determined photocolorimetrically (RD No. 52.0.740-2010, RD
No. 52.10.738-2010, RD No. 52.10.744-2010 and RD No. 52.10.745-2010) [20]°:
mineral phosphorus — by molybdenum blue, silicon — by the silicon-molybdenum
complex. Nitrates (reduced to nitrites) and nitrites were determined by the azo dye
formed upon interaction with the Griss reagent on a two-channel AutoAnalyzer
AA 11 flow autoanalyzer (Bran+Luebbe, Switzerland) [21]. Ammonium was also
determined photocolorimetrically by indophenol blue. Water samples were taken
into the specially prepared (washed with dilute hydrochloric acid and distilled
water) polyethylene flasks, which were previously rinsed twice with the sample
taken.

The obtained values of the nutrient concentration are also provided below.
The relative determination error for the concentration of DIP and TDP 0.21 pM was
2 %, for the concentration range 2—-8 UM — 1.5 %; for the concentration of NH," ions
of 0.2 uM - 15 %, for 1 uM — 4 %. The relative error in the silicic acid determination
for the concentration of 1.1 uM — 2 %, 10.8 uM - 0.13 %, 18.8 — 0.5 %, nitrates and
nitrites for a concentration range of 0-1 uM — 0.1 and 0.01 % respectively.

Hydrological survey. Expeditionary research was performed by the probing
biophysical complex Condor (RPE "Aquastandard”, TS 431230-006-00241904-
2015; (EAEU CN of FEA 9027 50 000 0. EAEU Declaration of Conformity N RU
D-RU.EMO03.A.00096/19). Measurement errors are: temperature + 0.05 °C, salinity
+ 0.01 %o, current velocity = 0.05 m/s, current direction + 3 °.

Results and Discussion

General description of the study area. Expeditionary work was carried out in the
coastal area in a small bay near Cape Ayia formed by Cape Peleketo. According to
a number of works [13, 15], the main submarine source is located in this area, in the
Ekaterininskiy Grotto. The main challenge was to work under steep cliffs with a
height of more than 100 m and to take seawater samples in a narrow karst cavity.

Hydrological survey. Based on the measurements performed in the surface layer
and the vertical distribution, significant salinity gradients of 12-18.8 %, were
determined in spring. It was also found that lighter brackish waters spread in
a narrow layer of about 0.5 m thick (Fig. 2, d). This fact was taken into account when
calculating the flux (discharge) of the submarine source.

6 Sapozhnikov, V.V., Agatova, A.l, Arzhanova, N.V., Mordasova, N.V., Lapina, N.M.,
Zubarevich, V.L., Luk'janova, O.N. and Torgunova, N.l., 2003. Guidelines for the Chemical Analysis
of Sea and Fresh Waters in Environmental Monitoring of Fishery Reservoirs and Promising World
Ocean Areas. Moscow: VNIRO, 202 p. (in Russian).
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Fig. 2. Map of the stations (a) and distribution of temperature (b), salinity (c), salinity profiles at
section 1-12 (d), silicic acid (e), ammonium (f), dissolved inorganic phosphorus (g), total dissolved
phosphorus (h), nitrites (i) and nitrates (j)

*Ra, ?*®Ra isotopes. Radiotracer methods have been used to search for
the centers of submarine groundwater discharge for a long time [10]. The IAEA
recommends them for studying this phenomenon in coastal areas [2]. Short-lived
22Ra, ***Ra and long-lived ?*°Ra, ?*®Ra of terrigenous origin have become most
widespread for estimating the flow rate of submarine discharge. Fig. 3 shows
the distribution of specific activity of **Ra, ??Ra in the samples taken during
the expeditions.
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Fig. 3. Distribution of 2?°Ra and ??®Ra activity at the stations in the Cape Ayia area (a, b) and at the
background stations (c, d)

The object under study is a karst cavity open to the sea on one side. Taking this
feature into account, the researchers suggested using the mixing formula to
determine the water output [13-15]:

HL Ap—A(x,
Q = [l Vav () 2202 dxdy, 0

where Q is the flow of submarine groundwater; Ua/(x, y) is the average current
velocity in a point of section x, y; H, L are the maximum thickness (0.5 m) and width
(7 m) of the surface layer of brackish water; Ay is the background activity of ??2Ra or
2Ra; A(x, y) is the activity of ?®Ra or *Ra in a point of section x, y; A, is the mean
activity of *®Ra or ??°Ra in fresh water.

Using this formula, it was obtained that according to the activity of ?’Ra
and ?°Ra (Tables 1, 2), the water output in the source in spring of 2019, was
0.092 m*/s (7960 m*/day) and 0.087 m%/s (7534 m®/day), respectively. These results
were obtained using the data of the 106" R/V Professor Vodyanitsky cruise when
the average background activity values of ?®Ra and ?*°Ra were 50 + 15 and 61 + 21
dpm/m? (disintegration per minute), respectively. Besides we used the activity of
?2%Ra and **Ra at station 6, according to the data of the spring expedition, that was
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68.7 and 175.3 dpm/m?® (Table 2) and the activity of radium isotopes in the fresh
water of the Despita spring — 135 and 605 dpm/m?®, which is slightly lower than the
values given in [22]. The current velocity at the station was 11.9 cm/s.

Table 1

Distribution of the parameters in the surface layer at the background stations

r?J?T:iS:r DIP, upM Si, UM 228Ra, dpm/m? 226Ra, dpm/m?® 2;:5:;/
1 0.10 1.7 335 45.0 0.75
2 0.08 2.9 44.9 58.9 0.76
3 0.08 3.4 33.6 44.8 0.75
4 0.14 2.0 48.9 58.1 0.84
5 0.07 1.0 58.3 106.6 0.55
6 0.09 1.8 62.9 56.6 1.11
7 0.04 1.2 70.9 58.6 1.21

Station 6 located in the karst cavity alignment was chosen for calculating
the water discharge due to the following reasons. According to [15] and our
observations, in this karst cavity there are two groundwater outflows — at the apex
and at the exit. This explains the presence of two zones of freshening and two zones
with relatively high concentrations of nutrients in the cavity. At the stations 3 and 4
between these zones, salinity values are increased, and the concentration of nutrients
and radium at station 3 is less than at station 6.

The discharge data given in [15] (1915 m®/day, using salinity and silicic acid
concentration) were obtained in September 2007 after an abnormally hot and dry
summer.

The obtained values of ??2Ra, *°Ra activity correlate poorly with the salinity for
the following reasons. The error in measuring ?Ra, *Ra activity has the greatest
value in comparison with other parameters. A total of 6 samples were taken, the
salinity at the sampling stations did not cover the entire range that was observed in
the study area. Also, 20 samples were taken to determine the content of nutrients.
For all the measured parameters in the salinity range of 15-19 %o, a noticeable scatter
of values was observed. For a number of elements the increased values were
recorded at the stations distant from the karst cavity. This is explained by the
presence of unknown discharge sources located at the bottom, as well as along the
southwestern wall of Cape Ayia [15].
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The analysis of *®Ra/?*Ra ratio is of great interest. According to [22], ’Ra/**Ra
value is higher in the seawater, since the concentration of ?®Ra in it is higher than that
of ?°Ra. In the fresh water, the situation is the opposite. Thus, ?®Ra/??°Ra ratio of 0.76
was obtained for the “seaward” samples, and 0.39 for the samples located close to the
submarine source. Note that the salinity in the region studied in [22] was oceanic (33—
36 %), which is higher than in our study area. Similarly, in this work relatively low
2%Ra/*®Ra values were observed at the following stations: at background station 5
located in front of the exit from the Balaklava Bay, which is caused by a significant
discharge of fresh sewage waters (about 3 million m?® per year) [23]; at stations 6 and
12 near the karst cavity, which is explained by the large proportion of fresh water in
the sample. Accordingly, the values of *®Ra/?®Ra are higher in the samples with a
larger seawater proportion.

Nutrients. In [13-15], the concentration of silicic acid was applied as a tracer of
submarine discharge in the studied region, and in [15] the concentration of phosphate
ions was also used for this purpose. The concentration of silicic acid correlated with
salinity, the dependence equations are as follows:

C(Si) =-6.1S + 113.5 (September 2007),
C(Si) =-6.76S + 124.3 (August 1994),
C(Si) =-6.1S + 109.6 (autumn 1993).

The obtained dependence is described by the following relation (Fig. 2, e):
C(Si) =-5.1S + 107.71,

which is quite close to the previously published data.
According to [15], the dependence of dissolved inorganic phosphorus
concentration on the salinity is as follows:

C(DIP) =-0.019S + 0.349 (September 2007).
The obtained dependence is described by the following relation (Fig. 2, g):
C(DIP) =-0.01S + 0.38,

which also correlates well with the previously published data.

Similarly, the flows of submarine groundwater were calculated by the mixing
formula using the salinity and concentration of nutrients. At the same time, the mean
values at the 7 stations obtained during the cruise of R/V Professor Vodyanitsky were
selected as the background DIP and silicic acid concentration. Since the samples
taken during this expedition were frozen and measured after the expedition, there is
no data on ammonium, nitrites and nitrates. The background values of these elements
for estimating the flows were taken from the data at station 20 of the coastal
expedition. Approximation of the values of the nutrient concentration to zero salinity
gives the estimated concentrations of nutrients in groundwater. For radium isotopes,
the values obtained for spring water were taken (Table 3). The daily water discharge
rate in the submarine water source calculated using ammonium, TDP and nitrite ions
differs significantly from the rest. At the same time, for TDP and nitrite ions,
reliability values of the dependence of these hydrochemical parameters on salinity
are low. If they are excluded from the considered results as unreliable, then the
average flow of submarine groundwater is about 8220 + 1200 m*/day.
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Table 3

Data for estimating the fresh water flow from the karst cavity
and its daily discharge

Parameter ;{asltl_]% Bac\l;g;c;und Groundwater | Flow, m3/s Dail;r/n(g/i;(;t;arge,

S 15.120 18.750 0.70 0.084 7235
C(Si) 29.100 2.000 104.20* 0.110 9542
DIP 0.170 0.090 0.38* 0.115 9927
TDP 0.210 0.190 0.45* 0.032 2768
NH*4 0.320 0.170 1.17* 0.062 5386
NO~ 0.310 0.010 0.92* 0.137 11863
NO™ 9.200 0.00 46.57* 0.082 7109
26Ra 175.300 61.000 605.00 0.087 7534
228Ra 68.700 50.000 135.00 0.092 7960

* Calculated for salinity value 0.7 %o.

Table. 4 shows the values of nutrient concentration calculated for underground
water. For comparison, it also shows the values of nutrient concentration in the
Ayazma-Chokrak spring. This spring is the closest to Cape Ayia and the centers of
submarine discharge. The values of the nutrient concentration and the average value
of the submarine groundwater flow make it possible to evaluate the nutrient flow as:

F=QC, ®)

where F is the flow of the element, g/day; Q is the mean value of the flow of
submarine underground water, l/day; C is the element concentration, g/I.

The nutrient flows in the spring of 2019 were calculated (Table 4) by the formula
(3). It was revealed that more than 5 kg of nitrate nitrogen are removed from the
karst cavity per day.

Table 4
Nutrient flows within the submarine groundwater
Concentration, uM
Spring Si | PDIP) | P(TDP) | N(NH?) | N(NO;) | N(NO3)
Aiyaz’ma-Chokrak spring | 142.8 0.06 0.06 1.25 0.18 6.34
Underground water 104.2 0.38 0.45 1.17 0.92 46.57
Fluxes, g/day 23983 97 115 135 106 5359

* Calculated for salinity value 0.7 %o.

Conclusions
As a result of field studies, the distribution of hydrophysical, hydrochemical and
radiochemical parameters in the water area adjacent to the known centers of
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submarine groundwater discharge was studied. The distribution of ?°Ra, **Ra
isotopes, as well as some nutrients (ammonium, nitrite and nitrate ions) was studied
for the first time. A significant (5-10 times) difference in the background and coastal
concentrations of *®Ra, ??°Ra and nutrients was revealed.

The submarine groundwater flows near Cape Ayia were determined using the
data on salinity, *°Ra, *®Ra activity and nutrient concentration. The flow from the
main center of submarine discharge is estimated at 8220 + 1200 m*/day. The flows
of nutrients with the submarine groundwater were also calculated.

The use of radiotracer methods for studying the discharge of individual known
submarine discharge centers gives the results of the same order as the use of
hydrological and hydrochemical methods. At the same time, the use of radiotracer
methods makes it possible to estimate the total flows of submarine discharge on large
(tens of kilometers) coastal scales, which allows us to take into account the entire
volume from both known and unknown (fracture-vein sources, under-channel
runoff, etc.) karst centers.
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