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Given the pressing need to address the escalating water supply challenges in the
coastal regions of southeastern and southern Ukraine, the expansion of methodologies
for identifying zones of submarine groundwater discharge (SGD) within the Ukrainian
shelf of the Azov-Black Sea basin stands as a paramount task for national marine hyd-
rogeologists and geoecologists. Consequently, the advancement of novel comprehen-
sive methodologies and technologies for locating additional freshwater reservoirs spe-
cifically, the segment of groundwater outflow into the Black Sea geo-ecosystem (GES),
holds immense potential to broaden the horizons for water provisioning to the populace
and other stakeholders (such as agricultural entities, industrial sectors, etc.) across the
coastal areas of Ukraine.

The article presents theoretical findings on the feasibility of using acoustic methods
to detect changes in salinity of the marine aquatic subsystem (MASUS) within geo-eco-
system (GES) of the sea basin, particularly in areas where freshwater discharge from geo-
logical aquifers or riverbed runoff is probable. To achieve this objective, we examine the
unique characteristics of acoustic signal reflection as it propagates through the MASUS
water environment, analyzing variations in sound speed corresponding to changes in
salinity within the marine water environment. Theoretical calculations employ methods
from statistical physics and quantum mechanics to investigate such phenomena.

The comprehensive theoretical insights outlined in this article enable us to propose a
practical and cost-effective approach for identifying sources of submarine groundwater
discharge. This method combines two acoustic techniques: measuring sound speed with-
in the MASUS water environment and assessing the reflection coefficient of an acous-
tic signal from the interface between MASUS water and the geological environment of
GSUS GES within the marine basin.

Key words: marine water environment, degree of salinity, acoustic methods, subma-
rine groundwater discharge.
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Introduction. The importance of water re-
source development for improving economic
efficiency and social welfare does not usually
receive due assessment, although all types of
socio-economic activities are largely depen-
dent on the supply and water quality. As the
populations grow and economies develop,
many countries face water shortages. Demand

for water is skyrocketing, with 70—80 % of
water required for irrigation, less than 20 %
needed to meet industrial needs, and only
6 % to meet household needs. A comprehen-
sive approach to freshwater use as a limited
and vulnerable resource and the inclusion of
sectoral plans and programs for water use in
national socio-economic policies have the ut-
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most significance for further economic acti-
vity. The goal is to meet all countries' freshwa-
ter needs for their sustainable development.

The integrated exploitation of water re-
sources is based on the concept of water as
an integral part of the ecosystem, one of the
types of natural resources; the nature of its
use is determined by its quantity and quality.
For these purposes, water resources should
be conserved, taking into account the func-
tioning of aquatic ecosystems and the renew-
ability aspect, to meet the people's needs or
to align people's activities with the supply.
During the development and use of water re-
sources, priority should be given to meeting
basic needs and ensuring the preservation of
ecosystems.

The need to solve the growing problems of
water supply to the coastal areas of the south-
eastern and southern regions of Ukraine, to
expand the range of methods for detecting
zones of SGD on the Ukrainian shelf of the
Azov-Black Sea basin is one of the most im-
portant tasks of domestic marine hydroge-
ologists and geoecologists. Therefore, the
development of new integrated methods and
technologies to search for additional fresh-
water resources, i.e. the part of groundwater
runoff that is discharged in the Black Sea GES
space, can significantly expand the prospects
for water supply to the population and other
consumers (farms, industrial facilities, etc.)
in the coastal regions of Ukraine [Borisenko,
2001; Iemelianov, 2003; Moore, 2010; Ivanov
et al., 2010; Rodellas et al., 2015; Moosdorf,
Oehler, 2017; Fresh ..., 2021; Le Menn, Nair,
2022; Makar, 2022].

The theoretical foundations of a new me-
thod for detecting places of submarine fresh-
water discharge by determining the change
in salinity of SASS using a complex of hyd-
roacoustic methods are presented.

Materials and Methods. Remote methods
for studying the seabed using sonar systems
of various types, built according to a cohe-
rent scheme and using correlation methods
for processing echo signals, can significantly
increase the information content of marine re-
search works of various types. Parametric echo
sounders and sonar systems consisting of an
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echo sounder-profiler and an interferometric
side-scan sonar with a chirp sounding signal,
using similar schemes, can significantly im-
prove remote methods for classifying bottom
sediments. At the same time, both the instru-
ments themselves and methods for extracting
hydrophysical and geological-morphologi-
cal information from experimental data are
being developed. In recent years, sonar sys-
tems have been actively developing, using
probing signals with linear frequency modula-
tion and coherent processing of echo signals.
In this case, useful information is contained in
both amplitude, frequency, and phase char-
acteristics of echo signals.

Sound reflection coefficient from the
boundary between the spaces occupied by
SASS and SGSS of marine GES. Let us con-
sider the reflection of an acoustic wave pro-
pagating in a weak solution of SASS electro-
lyte from the boundary between the spaces
occupied by SASS and SGSS of a marine
GES. Let the reflection of sound from the
specified section of SASS-SGSS occur in the
plane of X0Z.

For theincident and the reflected from the
SGSS plane wave in SASS space in the case
of harmonic oscillations, we have [Landau,
Lifshits, 2001]:

0=, exp{—ik1 (xsin(el)—zcos(@l))}exp{i(ot} ,
@y = @k, exp{ ik (xsin(0])+

+zcos(91))} exp{iot}, (1)

where @ is amplitude, k; — wave number for
water (k =2m/L), 6, — angle of incidence
composed of the normal to the wave front and
the axis z, 0’y — angle of reflection, k, — coef-
ficient of reflection. The total field ¢ in water
consists of the incident and reflected waves:

®, =0, [exp{—ik1 (xsin(6,)—zcos(0, ))} +
+h, exp{—ik, (xsin(6])+
+z cos(ei))”exp{iwt} :

In the following, we will omit the multiplier
expliot}.
We will consider a layer of unconsolidated

(2
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sediments composed of silt-type sediments
as an SGSS. In this case, the shear modulus is
practically zero; therefore, there are no trans-
verse (shear) waves in it [Hampton, 1973].

Then, for alongitudinal wave propagating
in the SGSS, we can write

@, = QW exp{—ik, (xsin(e2 )—
—zcos(6, ))} , (3)

where 0, is the angle of refraction, £, is the
wave number for the wave propagating in
SGSS, and W is the transparency coefficient
for the longitudinal wave.

When crossing the interface between SASS
and SGSS, the continuity of pressures must be
observed, i.e., at z=0, the pressures are equal
on both sides of the interface. Thus, at z=0

we have:
{ _sin(6, )}
¢, exp{ —2mixf +

a

x5

—Wp, exp{ 2mixf sin (62)} =0, (4)

()

+k.py { 2mxf

where p; and p, — density of seawater (SASS)
and soil (SGSS), respectively, f— linear fre-
quency (f=o/2m) acoustic wave, and ¢; and ¢,
are the speed of sound in seawater and soil,
respectively. It follows from equation (4) that
[Isakovich, 1973]:

sin(6;) _ sin (6] ) _ sin(6,) |

G G %)

()

The last expression shows that 6,=0";, i.e,,
that the angle of incidence is equal to the an-
gle of reflection. In addition, it follows from
formula (5) that

sin(0;) _q
sin (6, ) - ¢y ©)

In turn, from expression (4), we obtain the
following relations

W=1+k.. (7)

Further, from the equality of normal ve-
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locities in both media at the interface, taking
into account the relation 0,=0";, we have

cos(0;) /4
——=(1-k 0 8
o )=t 0, ). ®

Solving equation (8) in conjunction with
(7), taking into account the relation (6), we
find an expression for the reflection coef-
ficient of the acoustic wave from the SGSS
(actually, the bottom of the reservoir)

k= mcos(6,)— n* —sin® (6) | ©
mcos(ez)—\/n2 —sin’(0,)

where m=p,/p; and n=c,/c;.

Reflection coefficient with loss adjust-
ment. Formula (9) can also be applied in the
case of reflection from an SGSS with losses, as
well as considering the losses of an acoustic
wave propagating in an electrolyte solution
[Mackenzie, 1960]. Therefore, we consider
the velocities ¢; and ¢, in formula (9) to be
complex, i.e.

clzzcﬁo(1+in1), 6‘22=C§,0(1+m2)v (10)

where ¢ ; and ¢,, is the material fraction of
the sound velocity in SASS and SGSS, respec-
tively, n; and n, are relevant loss factors.

Then, after some rather cumbersome trans-
formations, we obtain for the reflection coef-
ficient R=|kr|2, taking into account the losses,
the following expression

e (mcos(el)—X)2 +nye”
.5 (D
0

4x? (mcos(91)+X)2+n &’

where

X=%Jng —sin2(91)+\/(n§ —sin? (61))2 +nge’

l+mm, ’

1
ny =0 +111112
1+T'|2

Here are some of the experimental data.
According to Hamilton et al. [1956], in the fre-

and

(13)
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quency range 23—35 kHz, sound velocity c,,,
in SGSS is 1.480 to 1.730 meters per second;
the attenuation coefficient of longitudinal
waves 1), is in the range of 0.63—0.3 dB/cm.
Also, the sound velocity in a clay medium
with a density of p,=1.82 g/cm”® is 1755 m/s.

The formula can determine the value of the
sound velocity in SASS

k
Co 1 =,
P1

(14)

where k is the coefficient of volume elasticity
and p, is SASS density. In marine conditions,
under the influence of changes in tempera-
ture, salinity, and static pressure, the modulus
of volume elasticity and density of SASS un-
dergo significant changes, as a result of which
the sound velocity can reach values ranging
from 1440 to 1540 m/s. The dependence of the
sound velocity on temperature, salinity, and
static pressure was established experimen-
tally. According to Del Grosso formula [1952]:

¢ =1448.6+4.618¢ —0.0523¢” +0.00023¢° +
+1.25(5-35)-0.011(S-35)¢+
+0.0027-107° (S -35)¢* ~2-107 (S -35)* x
x(l+O.577t—0.0072t2)+0.0175h, (15)

where ¢}, is the sound velocity in m/s, tis the
temperature in °C, h is the depth in meters,
and S is salinity in %o (g/kg). The salinity of
SASS is calculated from the ratio of electri-
cal conductivity of the sample and standard
solution according to the empirical formula:

(16)

where 0,=0.008 and K — relative electrical
conductivity of seawater under standard con-
ditions.

The average salinity of the World Ocean
is 35 %o. In the Dead Sea S~350 %o [Stepanoy,
1983]. Sound absorption in a neutral liquid is
related to the influence of viscosity and ther-
mal conductivity since the process of sound
propagation is not completely adiabatic. SASS
is characterized by the presence of dissolved
salts and various impurities. Experimental
studies have shown that the sound absorption
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observed in SASS can be explained by the dis-
sociation of boric acid molecules H;BO5 and
magnesium sulfate MgSO 4, the relaxation fre-
quencies of which are respectively [Francois,
Garrison, 1982]:

£,=0.788/35¢""% | f, =427 (17)

Both frequencies depend on the tempera-
ture ¢, but only the boric acid relaxation fre-
quency depends on the salinity SASS S.

The generalized formula for calculating
the attenuation coefficient, taking into ac-
count the attenuation in fresh water and the
chemical relaxation mechanism, according to
[Ainslie, McColm, 1998], is as follows:

o= 0.106—{1f : S elPH)036
s

+0.52(1+ij(£jf2—f2e
43)\35) 1} + 1*

+0.00049f26—(t/27+h/17000) ’

—h/6000 +

(18)

where f— is the frequency of sound in kHz,
and pH is the hydrogen index. SASS is a
slightly alkaline medium; its hydrogen pH
varies from 7.5 to 8.4. The attenuation value a
in formula (18) is related to n; (10) as follows:

(X,CI)O

M, = tan {2 arcsin (WH . (19)

Results. Detection of changes in salinity
of SASS by measuring the reflection coeffi-
cient. Graph 1 shows the dependence of the
sound velocity (15) on the degree of electroly-
sis K (%o0) of SASS. Graphs 2 and 3 show the
dependence of loss coefficient (19), which
is included as an imaginary addition to the
sound velocity c¢; (10), under different con-
ditions, on K. Fig. 1 shows the dependence
of the sound velocity (15) on the degree of
electrolysis K (%o) of SASS. Fig. 2 and 3 show
the dependence of loss coefficient (19), which
is included as an imaginary addition to the
sound velocity ¢, (10), under different condi-
tions, on K. Fig. 4—8 show the dependence
of reflection coefficient (11), expressed as
a percentage, under different conditions
(including different angles of incidence
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C R

1540 LSr
13,0/

1530/
12,5/

1520/
12,0

1510] 11,5/

1o o0 30 20 K 10 20 30 40 K

Fig. 1. The velocity of sound (15) at =26 °C, /=100 m. Fig. 4. Reflection coefficient Rx100 % (11) at =30 °C,
/=30 kHz, pH=7.5, h=1000 m, 6;=0 (normal drop),
C5,0=1755m/s, 1,=0.3.

n,
0,030+ R
11,01
0,025+
10,5+
0,020~
0,015 1001
- , : . 95
20 40 60 80 K
Fig. 2. Loss factor (19) at =30 °C, /=1 MHz, pH=8, w . . w
h=§{00 m. s 10 20 30 40 K
n, Fig. 5. Reflection coefficient Rx100 % (11) at =30 °C,
/=30 kHz, pH=7.5, h=1000 m, 0,=0 (normal drop),
1,05¢ €5,0=1600 m/s, 1,=0.3.
1,041 R
1,03 *h
35¢
1,02+
34t
1,01;
33t
10 20 30 40 K 320
Fig. 3. Loss factor (19) at =30 °C, ]%108 Hz, pH=8, 31
h=300 m. ‘ ‘ ‘ .
10 20 30 K

0,), on the degree of K electrolysis of SASS.
Fig. 9—11 show the dependence of the func-
tion #(0)=R(6)/R(0) on the K electrolysis of
SASS at different angles of incidence 6. In all
graphs, p;=1+§ 10° (g/cm3). the distance r from the conditional initial co-

Detection of changes in salinity of SASS ordinate /=0, and found that in the interval
by measuring the velocity of sound in it. Sup- 40—60 m, the sound speed drops by a certain
pose that we measured the velocity of sound amount in a jump, and then the speed value
in SASS at =10 °C, /=100 m, depending on returns to theinitial value. This indicates that

Fig. 6. Reflection coefficient Rx100 % (11) at =30 °C,
/=30kHz, pH=7.5, /=100 m, 6,=60°, ¢,,,=1755 m/s, ,=0.3.
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10 20 30 0K

Fig. 7. Reflection coefficient Rx100 % (11) at =30 °C,
/=30 kHz, pH=7.5, ~=500 m, 6,=60°, ¢,,,=1600 m/s, n210.3.

R
28

27|
26

25|

10 20 30 40 K

Fig. 8. Reflection coefficient Rx100 % (11) at =30 °C,
f=30kHz, pH=7.5, ~=100 m, 6,=45°, ¢,,;=1755 m/s, n,=0.6.

R(6)/R(0)
2,56 |
2,54 |

2,52 +

10 20 30 0K

Fig. 9. Graph of the function 7(0) at =30 °C, /=27 kHz,
pH=7, /=100 m, 6=n/3.

in such interval, the salinity of SASS may be
decreasing, i.e., its desalination is taking
place. Figs. 12—14 show the dependence of
the relative salinity S expressed as a percent-
age (salinity at the point =0 is assumed to be
100 %) on the distance » (m) in three cases.
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Fig. 10. Graph of the function 7(0) at =30 °C, /=27 kHz,
pH=7, =100 m, 6,=n/4.
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1,180 ¢

1,175}
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1,155

...........
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Fig. 11. Graph of the function »(0) at =30 °C, /=27 kHz,
pH=8, /=100 m, 6=n/6; /=30 kHz, pH=7.5, /=500 m,
0,=60°, ¢,,;=1600 m/s, 1,=0.3.

S

100-
98
96
94
92

90

88

0 20 0 _ 60 80 100

Fig. 12. Graph of changes in the relative salinity S
expressed as a percentage of salinity in =0, at =10 °C,
h=100 m, depending on the distance r, in the case when
sound velocity in the interval 40—60 m has decreased
by 10 m/s.

The velocity of sound in SASS was calcu-
lated using the formula (15).

All three graphs show a significant change
in sound velocity with corresponding chang-
es in salinity.
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Fig. 13. Graph of changes in the relative salinity S ex-
pressed as a percentage of salinity in 7=0, at =10 °C,
h=100 m, depending on the distance r, in the case when
sound velocity in the interval 40—60 m has decreased
by 5 m/s.

Conclusions. The dependence of the re-
flection coefficient of an acoustic signal prop-
agating in SASS (seawater) on the boundary
with SGSS (seabed soil) in the plane wave
approximation, without taking into account
the occurrence of shear waves in the layer of
SGSS (unconsolidated sediments), is investi-
gated basis on empirical formulas for velocity
and attenuation of sound in SASS. The graphs
above demonstrate a certain dependence of
the sound reflection coefficient on the degree
of electrolysis (salinity) of SASS under various
external conditions and angles of incidence.
We calculated the reflection coefficient from
an SGSS with losses. Thus, we also took into
account the effect of sound attenuation in
the ground on the possibility determining
changes in the degree of salinity of sea water
using acoustic methods.

We also analyzed the magnitude of chan
-ge in the sound velocity in SASS with cor-
responding changes in salinity and found a
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Bu3zHaueHH4 3MiHU CTyNIeHSI COAOHOCTiI MOPCBKOIO0 BOAHOTO
cepeAOBUIla aKYCTUYHUMU METOAAMU

B.O. EmeabpgHOB, B.M. Puamok, M.I. Ckuna, 2024

AepskaBHa HayKoBa ycTaHoBa «LleHTp mpoOAeM MOPCHKOI T€OAOTI1, FeOE€KOAOTIT
Ta 0OCapAO0BOTr0 PypAOyTBOpeHHd HanioHaabHOI akapeMil HaykK YKpaiHu», Kuis, YKpaina

VY 3B'13Ky 3 HEOOXIAHICTIO PO3B'SI3aHHS 3POCTAIOYMX IIPOOAEM BOAO3abe3lneueHHs
IIPUMOPCBKUX PAWOHIB IiBAEHHO-CXIAHUX 1 MiBA€HHUX OoOAacTel YKpaiHW pO3IINpPEH-
HsI KOMIIAEKCY METOAIB BUSIBA€HHS 30H CyOMapHUHHOTO PO3BaHTa KeHHs IPICHUX BOA Ha
YKPAIHCBKOMY IIeAabdi A30BO-HOPHOMOPCHKOTO OACEMHY € OAHUM 3 HAaNMBa KAMBIIINX
3aBAAHB BITUM3HAHUX MOPCHKUX IAPOT€OAOTiB Ta reoeKoAoriB. OTKe, po3poOKa HOBUX
KOMIIA€KCHHUX METOAIB I TEXHOAOTIH MOIIYKY AOAQTKOBHUX IIPiCHOBOAHUX PeCypPCiB, TOOTO
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Ti€1 YaCTUHU MiA3EMHOTIO CTOKY, 1110 PO3BaHTaKy€eThCA B IIpocTopi reoekocuctemu (I'EC)
YopHOro Mopsi, AQ€ MOKAUBICTb 3HAYHO PO3LUIMPUTHU IIePCIEeKTUBU BOAO3a0e3IIeueHHs
HaCeAeHHsI Ta IHIITNX CIIOJKHUBAUiB (arpapiiB, IPOMUCAOBIIIB TOIO) IPUMOPCHKUX PatioHiB
YKpaiHu.

VY cTaTTi HaBEAEHO Pe3yAbTAaTU TEOPETUYHUX AOCAIAKEHB IITOAO BU3HAUEHHS 3a AOTIOMO-
rOl0 aKyCTUYHUX METOAIB 3MIHM COAOHOCTI BOAHOTO CEPEAOBHINA IIIKBAABHOI CYOCUCTEMU
(MACYC) I'EC MopchKOro 6aceiHy B MiCII9X iMOBIpHOT'O pO3BaHTa)KeHHS IIPICHUX BOA,
3 TEOAOTIYHUX BOAOHOCHUX TOPU30HTIB @00 MAPYCAOBOTO CTOKY PidOK. AAS AOCATHEHHS
i€l METH PO3TASIHYTO OCOOAMBOCTI BIAOMTTS aKyCTUYHOI'O CUTHAAY, 1O IIOIIUPIOETHCS B
npocTtopi BopHoTro cepepoBuiia MACYC, Bip ii MeXXi 3 reoaorigHoo cyocucreMoro (ICYC)
I'EC MopcpKoro 6aceiHy, IpoaHaAi30BaHO CTYIiHb 3MiHU ITBUAKOCTI IIOIITUPEHHS 3BYKY
3aA€KHO BiA COAOHOCTI 3a Ii BIAOMOI 3MiHM y MOPCBKOMY BOAHOMY cepeposulli. Ilpnu
BIATIOBIAHMX TEOPETHUYHUX PO3PAXYHKaAX 3aAyYaIOThCS METOAW CTAaTUCTUYHOI (Pi3WKU i
KBAQHTOBOI MEeXaHIKH.

Ha miacTaBi HaBeAEHUX Y CTATTI TECOPETUYHUX AQHUX 3aIIPOIIOHOBAHO IPAKTUYHUN Ta
OIABIII AELIIEBHI METOA IIOPIBHSHO 3 IHIITUMU MEeTOAAMU BUSIBAEHHS AJKepeA CyOMapHuHHO-
TO PO3BaHTaKeHHS IIPiCHUX BOA. OCHOBOIO METOAY € KOMOiHAIli aKyCTUYHUX METOAIB:
METOAY BHMIipPIOBAHHs IIIBUAKOCTI IIOIINPEHHS 3BYKYy Y BOAHOMY cepeposuii MACYC
Ta METOAY BUMipIOBaHH4 KoedilnieHTa BIAOUTTS aKyCTUYHOT'O CUTHAAY Bij FPAHUYHOI 110-
BepXHi MiXK IIPOCTOPaMH, 3aUHATUMH, 3 OAHOTO O0KY, BOAHUM cepepoBuiieM MACYC, a
3 igmoro — reoaorivauM cepepoBuilieM 'CYC I'EC MOpCBKOro OaceuHy.

KAro4o0Bi cAOBa: MOPCBKe BOAHE CEPEAOBHUIIE, CTYIIIHb COAOHOCTI, aKyCTUYHI METOAH,
cyOMapuHHe PO3BaHTa)KeHHS IIPICHUX BOA.
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