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The relevance. The Southern central region of Vietnam, including Ninh Thuan province, has a tropical savanna climate and has been
heavily suffering from drought and water salinization. Ninh Thuan province has faced severe droughts in recent years because of the
increase of the frequency and intensity of extreme weather conditions, the water scarcity, and the salinity of the groundwater. The
distribution of fresh and saline groundwater in Ninh Thuan plain has three zones: 1) zone of entire profile with fresh groundwater; 2) zone
of the upper profile's with fresh groundwater and of the lower profile's with saline groundwater, and 3) zone of entire profile with saline
groundwater. The groundwater abstraction facilities in the first zone are vulnerable to salinization from surrounding saline water, while in
the second zone are vulnerable to the upconing saline water from below.

The aim: to determine the optimal groundwater pumping in respect to given water level drawdown, to show that the horizontal circular
wells are the best for minimization of saline water upconing, to determine the relationship between the saline water upconing height and
the radii of the horizontal circular wells.

Objects: tropical savanna climate, coastal plain, fresh and saline groundwater, aquifer with fresh water in the upper profile and saline
water in the lower profile, circular groundwater wells, saline water upconing.

Methods: finite element method, dynamic programming, Dagan—Bear model of saline water upconing, superimposition principle in dealing
with multiple pumping points for identification of overall saline water upconing.

Results. Different schemes of pumping fields with either vertical wells or horizontal circular wells with different radii were analyzed for
saline water upconing. The time of saline upconing height in all the alternative schemes were determined. A very well regression curve of
the relationship between the time saline water upconing to the horizontal circular wells and the circular well radii was obtained. The
analysis results are extremely useful supporting well design in terms of minimization of saline water upconing.
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Introduction

The Southern central region of Vietnam, including
Ninh Thuan province, has been heavily suffering from

irrigated agriculture, especially for higher-value crops
such as black pepper, coffee, dragon and grapefruits. In
2016, there was 5,770 ha of agricultural land in Ninh

drought and salinization. By the Koppen—Geiger climate
classification system [1, 2] and a 1-kilometer resolution
Koppen-Geiger climate map of H. Beck et al. [2] (Fig. 1),
Ninh Thuan province has a tropical savanna climate, i. e.,
severe dry season, and prevailing drought conditions
during the year, and is one of the provinces which are
most affected by drought. Severe drought in recent years
(2012 to 2016) led to reduced water availability for
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Thuan province, which is about 30 % of agricultural land,
could not be planted due to water shortage and
5,500 households suffering from a shortage of domestic
water [3]. In the context of the drought situation, the
Asian development bank had financed a project to
improve supply and water efficiency in drought-affected
provinces in the central coast and central highlands of
Vietnam, including Ninh Thuan province, one of the main
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objectives of which is a qualitative groundwater resource
assessment because of the increase of the frequency and
intensity of extreme weather conditions, the water
scarcity and groundwater salinity of the area. The
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Fig. 1. Map of the study area in Képpen—Geiger climate classification for Vietnam
Puc. 1. Kapma pationa uccrnedosarnuii no kiaccugurayuu kiumama Kénnena—I eticepa ona Bvemnama

The coastal plain area of Ninh Thuan province
belongs to an arid area (from low aridity to high aridity)
with Aridity Index from 1 to less than 0,25, in average is
0,45 which is corresponding to susceptibility to
desertification, which is even more effected by climate
change to cause the conditions more severe: the area of
desertification is 41,02 ha which is 12,21 % of the
province area. Along with aridity, the groundwater
resources are saline in a large portion of the coastal plain
area of Ninh Thuan province and are vulnerable to
salinization from surrounding saline water and by the
upconing of below saline water to the abstraction
facilities. The distribution of fresh and saline GW in Ninh
Thuan plain has three zones with the following specific
feature: 1) zone of entire fresh GW depth (the total
dissolved solids (TDS) is less than 1 g/l); 2) zone with the
upper part of fresh GW, and 3) zone of entire saline GW
depth. The native deep groundwater is saline water that
mostly had a marine origin, which is either trapped in the
sediments during deposition or invaded in the sediments
during marine transgressions. As a result of recharge to
these aquifers, freshwater layers lay over saline water in
the vertical section of the aquifers.

To support a sound scientific-based GW development,
the GW extraction technique by horizontal GW wells in
the area of distribution of fresh GW in the upper parts to
minimize the saline water upconing would be very
essential. This would be a water resource development
measure for the so-called tropical savanna climatic Ninh
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Thuan area with severe water scatter and GW salinity
situation.

Coastal aquifers always have saline water underneath
the freshwater. This phenomenon substantially limits the
GW pumping rates using traditional vertical wells
because of the upconing of the fresh/seawater interfaces
and the potential of seawater intrusion G. Dagan and
J. Bear [4], J. Bear et al. [5]. Since horizontal wells often
have much longer screens than vertical ones, they can
intercept a significant amount of freshwater flow in a
shallow coastal aquifer. A horizontal well distributes its
pumping rate over a much longer screen longer than a
vertical well, thus generates much less upconing of the
fresh/seawater interface. Therefore, a horizontal well
might be a better means for coastal aquifer development.
The model of a horizontal well (in Russia, it is named a
horizontal ~drain) was firstly  considered by
N.E. Zhukovskii (refer to V.N. Emikh, [6]): the author
considered the horizontal drain and other drain
schematization as a line of sink points. Later, horizontal
wells have been applied to environmental geology and
hydrogeology since the pioneering work of collecting
wells [7].

The analyses of the saline water upconing
phenomenon may be carried out depending on the
assumption of an abrupt or transition interface between
the fresh water and saline water. The assumption of an
abrupt boundary between saline water and freshwater is
said to be a good approximation for practical conditions
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and is used in most engineering problems. This boundary
represents the average position of the transition zone with
50 % fresh water mixed with 50 % saline water. Again,
the problem of water drainage in a freshwater lying above
saline water was firstly studied by a Russian researcher,
P.Ya. Polubarinova-Kochina (refer to V.N. Emikh [6]),
who published a solution to the problem of GW flow in a
freshwater lens lying above saline water for the condition
that the infiltration rate is equal to the outflow.
Subsequently, the GW horizontal well and fresh/saltwater
interface have been further studied by Yu.l. Kapranov
and V.N. Emikh [8] and V.N. Emikh [9], who solved a
series of problems relating GW flow with horizontal
wells in a fringe of freshwater supplied from infiltration.

Most of the studies are related to seawater intrusion
refer to vertical wells, e.g., H.M. Hajtiema [10], Nguyen
Van Hoang et al. [11]. The investigations on the saline
water upconing under horizontal wells may be referred to
[12], Nguyen Van Hoang et al. [13].

Horizontal wells are typically employed not only for
the recovery of heavy oil [14], but also for groundwater
remediation in recent years chiefly thanks to the ability of
a single horizontal well to extend its radius of influence
over a large lateral range, what is particularly beneficial
in sites where the pollutants are spreading extensively
horizontally [15], and the combination of a large diameter
vertical well with horizontal wells near the bottom of the
vertical well successfully abstract groundwater from
aquifers with low permeabilities and ensures sustainable
water supply in many arid and semi-arid regions [16]. An
overall review of the hydraulic and economical
advantages of the horizontal wells, including radial
collector wells, the evolution of horizontal wells, their
application fields, their construction techniques, their
typical hydraulic conditions and design criteria, and how
they can be modeled properly may be referred to the
recent publication of S. Collins et al. [17].

Dagan and Bear saline water upconing model is to be
used in the present study to supporting the selection of the
most appropriate horizontal circular well in respect to the
minimization of saline water upconing.

Study area conditions

Hydrogeological conditions of Ninh Thuan coastal plain

The coastal plain of Ninh Thuan province has an area
of about 760 km?, including about 200 km® of the coastal
sand dune (Fig. 1, 2) and consists of Quaternary deposits.
The most widely distributed is the Holocene aquifer (gh)
and the Pleistocene aquifer (gp) which make up one
hydraulic aquifer gh—gp with a single water level since

there is no impermeable layer between gh and qp aquifers.

Therefore, the two aquifers in combination form one
hydraulic aquifer with one single water level. The gh-gp
aquifer is the main aquifer having a potential water
resource for socio-economic use, the features of which
may be referred to the work of as follows.

The Holocene aquifer is the first one from the ground
surface and consists of silt and sand with grit and gravel.
The aquifer has a very thin thickness from less than a
meter to about 10 meters, on average 5 meters. The
aquifer is unconfined and has a water level depth from

few decimeters to 6 meters, on average 2,5 meters. There
is about 57 % of the Holocene aquifer area has high total
dissolved solids (TDS) from more than 1 up to 14 g/l.

The Pleistocene aquifer has a total distributed area of
about 362 km” There are 152 km’® of the aquifer is
underlying the Holocene aquifer, while the remaining
210 km? is exposed to the ground surface where the
Holocene aquifer is absent. The Pleistocene aquifer
consists of silt and sand with calcareous grit in the upper
part and of medium to coarse quartz sand with gravel in
the lower part. The aquifer has a very variable thickness
from less than a meter to about 44 meters, on average
7 meters. The GW level is from few decimeters above the
ground surface to 6 meters below the ground surface, on
average 2,45 meters below the ground surface. There is
about 52 % of the aquifer area has high TDS from 1,42 to
13 g/l. For the area of freshwater distribution, in general,
the aquifer water has an adequate quality for domestic use.

In the study area (plain of Ninh Thuan province),
underneath the Pleistocene aquifer in the Upper
Cretaceous effusive formation consisting of dacite,
rhyodacite, felsite and esitodacite and their tuff. The
drilling data showed its maximal thickness of about
67 meters. The aquifer is very low permeable: two
pumping tests in the aquifer gave transmissivity values of
1,18 and 1,28 m?/d.

Fig. 2, a presents the distribution of fresh and saline
GW in Ninh Thuan plain, which provides three zones:
1) zone of entire vertical profile with fresh water; 2) zone
of the upper part with fresh water and the lower part with
saline water; 3) zone of entire vertical profile with saline
water, and the saline water's TDS is 5 g/l in average. Fig.
2, b presents a typical hydrogeological cross-section in
the middle of the plain along with line AB from
northwest to southeast. A central rectangular area with
sides of 7 and 9 km (Fig. 2) has been selected for the
analysis of the study regarding optimal groundwater
abstraction, to minimization of saline water intrusion, i. €.,
saline water upconing and horizontal saline encroachment.
In the analysis area, the average thickness aquifer is 26 m
which consists of the upper half fresh water and the lower
half saline water.

Hydraulic parameters of gh—-qp aquifer

The hydraulic conductivity (K) of the Holocene and
Pleistocene was determined by field pumping tests. The
results of 38 pumping tests in the Holocene aquifer and
17 pumping tests in the Pleistocene aquifer gave the
average, minimal and maximal values of horizontal
hydraulic conductivity of 1,86; 0,17 and 5,15 m/d for
Holocene aquifer, and 1,61; 0,26 and 4,79 m/d for
Pleistocene aquifer. There is no clear distinction between
the hydraulic conductivity of the Holocene and
Pleistocene aquifers. Statistical analysis has shown that
the hydraulic conductivity of the Holocene and
Pleistocene together follows a normal distribution with
the mean of 1,55 m/d and standard deviation of 1,10 m/d.
Therefore, the analysis is carried out for three cases of
typical hydraulic conductivity values: average minus
standard deviation (0,45 m/d), average (1,55 m/d),
average plus standard deviation (2,65 m/d). Since there is
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no information on vertical hydraulic conductivity, a
reference ratio between the horizontal (Ky) and vertical
hydraulic conductivity (K,) of 10 is used to get K..

Therefore, the values of K, of the three modeling cases
are 0,045; 0,155 and 0,265 m/d.
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Fig. 2. Area of saline upconing and desalinization analysis (a) and hydrogeological cross-section along with line AB (b)
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Methods
Dagan-Bear model of saline water upconing

G. Dagan, J. Bear [4] developed an analytical model
to determine the saltwater upcoming from below saline
water to the abstraction wells lain in the upper freshwater
part. The aquifer has an upper part of fresh water and a
lower part of saline water. The boundary between saline
water and freshwater is said to be a horizontal plane and
is an abrupt boundary with no transitional mixing. There
exists a transition zone between fresh water and saltwater
due to the mixing of these two types of water by
hydrodynamic dispersion mechanism. This transition
zone is also further developed because the abstraction of
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the lighter fresh GW above creates a cone of saline
intrusion. This assumption of an abrupt boundary
between saline water and freshwater is said to be a good
approximation for practical conditions and is used in most
engineering problems. This boundary represents the
average position of the transition zone with 50 %
freshwater mixed with 50 % saline water.

Suppose that there is an abstraction point in the upper
fresh GW portion lying above saline water (Fig. 3, a).
With the notation &(r,t) (Fig. 3, b) for freshwater pressure
and (r,t) for saline water pressure. The following is an
equation (1) describing the boundary surface between the
fresh and saline water [4]:
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In which: n is the effective porosity; a=yd(KAy);
as=ys/ (KAY); Ay= ys—n; ©=KS (X,y,2 1); Ds=KE (X,y,2,1);
7, ys are unit weights of fresh and saline water,
respectively; K is the hydraulic conductivity.

The determined ¢ (r,t) and (r,t) in (1) give the
coordinate {(r,t) of the fresh-saline boundary (Fig. 3):
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Fig. 3. Saline water upconing superimposition: a) pumping points; b) horizontal well
Puc. 3. Iloovem conenoii 600bl: a) HacocHvie cmanyuu, b) 2opuzonmanvhas ckeaxcuna

The authors have used method of small perturbations
to get @¢(r, t) and @, (r, t) in (1) and (2) as follows:

@, (r,t) = DI (r,t) + &@ (r,1) + £DF (r,t) +..=0;
D (r,t) = D2 (r,t) + sDL(r,t) + £D2(r,t) +..=0.  (3)

In which: % (r, t) and % (r, t) are corresponding to
the steady pressures of ¢ (r,t) and £y(r,t), respectively; the
remaining terms are the deviations from the steady values
(or average values) with ¢ characterizing the offsets
which mathematically is significantly less than one.
Although the method can deal with second-order or
higher linearization, the authors have limited the first
order linearization in (3) to have:

7:Q
1) = X
9 27[(75—7’f)\)Ker
(cosh[ 2(a-d)]
2| " sinh(za) |

gl
0 x{l—ex

In which: Q is the point pumping rate; K, and K; are
the vertical and horizontal hydraulic conductivities,
respectively; t is the time from pumping beginning; D is
the total aquifer thickness; a and b are the thicknesses of
fresh and saline water portion, respectively; d is the initial
distance from the fresh-saline boundary to the pumping
point (Fig. 3, a).

The superimposition principle may be used for dealing
with multiple pumping points, by which the overall
upconing is (Fig. 3, a):

=260, ®

3,(An)dA. (4)

—AK (ys =¥kt
Pl coth(2D) + 7, coth(S)]

In which: i is the numbering of pumping point (i=1, n);
n is the number of pumping points; and ¢ (r, t) is the
upconing caused by the pumping point i.

In the case of the horizontal drain, the saline water
upconing can be determined by the following line integral
(Fig. 3, b):

Ln
ot = j;q[r(l),t]dl. (6)

In which: Eq[r(l),t] is as by (4) with the unit rate (q) of
the horizontal drain (m*/day/1m of length); L,, L, are the
two ends' coordinates of the curvilinear horizontal drain
(expressed in terms of given coordinates X, y); r(l) is the
distance (m) from calculation point to a point-well in the
drain.

In a word, the overall upconing caused by multiple
pumping points and by a pumping line is determined by
(5) and (6), respectively. A computer program written in
Fortran language had been compiled to perform this
analysis.

Dynamic programming (DP) in the determination

of groundwater pumping in respect to permissible drawdown

in temporally changing recharge

The DP in the determination of GW optimal pumping
rates when specified target optimal GW levels are given
in terms of space and time by the work of B.A. Makinde-
Odusola, M.A. Marino [18]. The target optimal GW level
is the GW level which is to be determined by criteria on
sustainable environmental maintenance such as the
maximal permitted ground surface subsidence due to GW
level drawdown in the GW exploitation, or the maximal
GW level drawdown corresponding to the sustainable
GW exploitation, or the GW level field which does not
allow seawater intrusion during the GW exploitation, etc.
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In a brief, the control vector Qr (optimal pumping
rates) from the time T to the time T+1 is determined by
the following:

(@} ={ fr opur+ o)} - )

In which f7 is a function in terms of estimated optimal
water level gt and given optimal water level @yt at
time step T. If g0 values are known, then the optimal
pumping rate Qo can be successively determined by eq.
(7), and then g ; is estimated by GW flow model. This
procedure continues until all temporal Q; and g vValues
are determined. This procedure can be summarized as
follows:

Po & bopi0 > Qoi b0 & Qy = Fegi 1
¢est,1 & ¢0pt,1 - Ql; ¢est,1 & Ql - ¢est,2

Pest T2 &Qr, —> Dot 715
¢93t'T*1 & ¢OPt,T*l - QT—l; ¢est,T—1 & QT—l g ¢est,T .

It is worthwhile to note that the initial water levels ¢
in (8) are considered as the initially estimated water
levels g o-

The described DP has been performed by exact
arithmetic operations. Thus, if the temporal critical heads
have been specified at all nodes of the numerical mesh,
then the estimated heads at each time step should be the
same as the critical heads (the differences are caused by
the computational round-off errors if there are any).

To determine the pumping rates of the proposed wells
at given water level values, DP coupled to GW FE
modeling has been applied [19]. The current paper's first
author programmed DP embedding with GW FE
modeling for a confined aquifer and an unconfined
confined aquifer [20].

Results
Extraction area and pumping field layout

The selection of the extraction area, pumping field
layout, and pumping rates are firstly based on the concept
of the GW safe yield, and then on the adoptable saline
upconing to the abstraction wells. By D.K. Todd [21], the
safe yield is the amount of water that can be withdrawn
from it annually without producing undesired results in
terms of economics, water rights, and water quantity and
quality. In terms of water quantity, safe yield is either the
recharge or the rate of movement of GW through the
basin, whichever is lesser [21].

Following the estimate of the GW recharge from the
precipitation by Nguyen Van Hoang et al. [3], the average
recharge is 44,9 % of the precipitation minus evaporation.
This is corresponding to the total annual recharge from
precipitation of 163,382 m® in an area of 1 km? As the
main objective of the study is the minimization of saline
water upconing to the extraction wells, a relatively
shallow well drawdown is to be maintained. The authors
subjectively selected the permissible drawdown to be the
maximal GW fluctuation between the annual lowest and
highest levels, i.e., 3,5 m.
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One of the methods of determination of GW potential
is the method proposed by M. Masket, Ph.M. Botrever
(refer to [22]), by which the region of GW potential
assessment is divided into a mesh of sub-areas where
pumping fields are located in the centers. The pumping
fields are assigned as large wells with equivalent radii.
Pumping rates of the equivalent large wells are then
determined via the designated water level drawdowns
along with the areal and side recharges of the sub-areas.

Therefore, an extraction area of a 1x1 km square is
selected for analysis. The whole study area is divided into
a mesh of 1x1 km squares (Fig. 4). Within the extraction
square, the gh—qp aquifer is either entirely saline or is
fresh in the upper aquifer's half (e.g., the right and the left
squares are shown shaded grey in Fig. 4, respectively).

Distance (km)

Fig. 4. Mesh of extraction squared areas and analysis
extraction areas: 1 — zone of 13-m upper part with
fresh and lower part with saline water; 2 — zone of
entire profile with saline water; 3 — extraction
square area; 4 — well field; 5 — two adjacent
extraction areas under analysis

Puc. 4. Cemka obracmeii 0obbluu 600bl U ee aHAU3:
1 — 30mna 13-memposoil 6epxHell yacmu ¢ npecHol u
HUDICHell CONeHOll 8000U; 2 — 30HA 8ce20 NPohuis ¢
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Pumping rates

The abstraction well fields are arranged in the central
areas of the extraction squares with the same abstraction
rate. This ensures that the saline water does not encroach
on the abstraction fields in the squares with fresh water in
the upper aquifer's half. The abstraction rate of the well
field is determined by the above-described DP.

In this work, the target optimal GW is corresponding
to the GW level drawdown in the pumping well equal to
the maximal GW level fluctuation in a year, i.e., 3,5 m.
The well field of 4 vertical wells in 30-m square vertices
is selected for the determination of the well optimal
pumping rates. The estimated optimal temporal well
pumping rate is 59,47 m*/day, i. e., the total pumping of
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the well field of 4 wells is 238 m*/day, or 86,826 m‘ly.
The annual abstraction amount is equal to 53 % of the
annual precipitation. Therefore, during the dry seasons,
the abstraction is from the aquifer storage, and during the
rainy seasons, the rainwater recharge supplies the
abstraction and raises the water level.

Adjacent extraction square
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The dynamic water level has almost a stable level and
has the lowest and the highest level on 15 Sep. and

31 Dec., respectively. Fig. 5 presents the lowest and the
highest water level field on 15 Sep. and 31 Dec. at the 5th
simulation year with the average initial water level of
13 m (MSL).

Saline water upconing in well field

Upconing to abstraction wells in case of 4 vertical
wells and cases of horizontal circular wells of different
radii is analyzed for supporting the selection of the
abstraction scheme which would ensure that the well does
not face salinization from below. The concept is that:
1) in the fresh GW extraction areas, the saline upconing is
as far as possible from the wells' filters and the GW is
pumped in the upper shallow portion which is replenished
by the precipitation during rainy seasons (Fig. 6, a), and
2) in the saline GW extraction areas, the saline GW is
abstracted from the above-MSL aquifer portion and in the
upper shallow portion which is subsequently replenished
by the precipitation during rainy seasons (Fig. 6, b).

Fig. 6, a, ¢ presents the case with four vertical wells
and with horizontal circular well, respectively, of the
analysis conditions. Six cases of horizontal circular wells
with radii 15, 20, 25, 30, 35 and 40 m have been analyzed.
The upconing for representative cases of 4 vertical wells,
15-m and 40-m radius circular horizontal wells are
presented in Fig. 7 respectively. Fig. 8, a presents saline
water upconing height and time to horizontal circular well
with different radii, while Fig. 8, b presents the
relationship between time of 9-m saline water upconing
height and radii of horizontal circular wells which shows
a power trend of almost complete regression.

Plane view: Initial water level

AZ Initial water level

- Dynamic [T Dynamic

¢Z Initial water level

4 pumping wells -

K “Fwater Tevel
dnwell

R Awater Tevel

Horizontal |

Well Well ’
circular w

Plane view:
horizontal circular well

a b

c

Fig. 6. Plane and section view: four vertical wells and horizontal circular well: a) wells in fresh-saline profile; b) wells in
entire saline profile; c¢) horizontal circular well in fresh-saline profile
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Hbl 8 NPECHO-CcoNesoM npoduie; b) ckeadcunvl no gcemy coneeomy npoguuio, C) 20pU3OHMANILHASL KOIbYE6ds CKEA-

JACUNHA NPECHO-CONeB020 NPOPUILS
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Fig. 7. Saline water upconing to vertical wells (a), to 15-m radius horizontal circular well (b) and to 40-m radius horizontal
circular well (c)
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Conclusions

The severe drought, the water scatter, and complicated
distribution of fresh and saline GW in both space and
depth in Ninh Thuan coastal plain require special GW
exploitation schemes. The application of DP had provided
the temporal GW abstraction rates of the pumping fields
in regards to the temporal recharge to GW from the
precipitation. The equal GW extractions from the regular
extraction areas can eliminate horizontal saline water
encroachment on the freshwater abstraction fields, and to
dewatering of the saline water in the saline water
extraction areas. The GW abstraction schemes by vertical
wells would cause saline water upconing to the wells in a
relatively short time less than two months. The
abstraction scheme by the horizontal circular well can
dramatically increase the time the saline water upconing
to the well. A 15-m radius horizontal well would double
the time of saline water upconing to the well in
comparison with the scheme of four vertical wells. The
time saline water upconing to the horizontal circular wells
is nearly perfectly proportional to the 2nd power of the
well radius, or more exactly is nearly equal to a fifth of
the 2nd power of the well radius (Fig. 8, b). The GW
recharge by precipitation during Sep.—Dec. would
replenish the aquifer's upper part both in fresh and saline
extraction areas. The GW recharge by precipitation would
either push down the saline upconing surface in the
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AxkmyanbHocmb. FOXHbIU yeHmpanbHbIl pecuoH BbemHama, 8knoyas nposuHyu0 HUHbMXyaH, umeem mponuyeckull Kinumam cagaHHb!
U cunbHo cmpadaem om 3acyxu U 3aconeHus 800bl. B nocnedHue 200b1 npoguHyus HuHbmxyaH cmoskHynach ¢ CUMbHbIMU 3acyxamu u3-
3@ yBesuUYeHUs 4acmombl U UHMEHCUBHOCMU 3KCmpeMarbHbIX N0200HbIX yCrIogul, Hexgamku 800bI U COTEHOCMU 2pyHmo8kix 600. Pac-
npedeneHue NPECHbIX U COMEHbIX 2PyHMOoBbIX 800 Ha pasHUHe HuHbmXyaH umeem mpu 30HbI: 1) 30Ha 8ce20 NPohuns Co CEXUMU
2pyHmMosbIMU 800amu; 2) 30Ha 8EPXHE20 NPOGHUNS CO C8EXUMU 2PYHMOBKIMU 800aMU U HUXHE20 NPOoghUIIsi C 3aCONMEHHBIMU 2pYHMO8bIMU
800aMu U 3) 30Ha 8ce20 NPohuss ¢ 3aCoNeHHbIMU 2pyHmosbiMu 8odamu. Omeodawue coopyxeHus nod3eMHbIX 800 8 nepsoli 30He yA3-
8UMbI K 3aCOMEHUI0 U3-3a OKpyxatoujeli coneHoli 600bl, a 80 8mopoli 30He ya38UMbI k 8ocxodsweli coneHol 8ode CHU3Y.

OcHoeHasi yenb uccnedogaHusi: onpedenums ONMuUMasbHy0 OmKayKy epyHmosbix 600a C y4emoM 3a0aHHO20 CHLXKEHUS ypO8HS 800bl,
nokasame, Ymo 20PU30HMasbHbIE KOMbUEBbIe CKBaXUHbI OnmuMarbHbl O MUHUMU3ayuu no0béma coneHol 800bl, onpedenums 3asu-
cumocms mexdy ebicomoli nodbéma coneHol 800k1 U paduycoM 20pU3OHMAsTBHOU CKE8aXUHBI.

O6BbekmbI: KuMam mponu4eckoll cagaHHbl, NPUOPEXHas PagHUHA, NPECHBIE U COMEHble 2pyHMOo8bie 800bl, BOOOHOCHbIU 20pPU30HM C
npecHoli 8000li 8 8epxHeM npocpurnie U coneHoli 8000l 8 HUXHEM npocurie, KoMbUesble CK8aXUHbI N00 2pyHMOoBLIMU 800aMu, NOOBEM
coneHol 800bl.

Memodbi: Memod KOHeYHbIX 3neMeHmos, AuHaMUYeckoe npoepammuposaHue, Modesbs nodbema coneHol eodki [JacaHa-beapa, npuH-
yun HanoxeHusi npu pabome ¢ HECKOMIbKUMU MoYKamu omkadku Onsi onpedesnieHusi 0buie2o 80cxo0siuye20 nomoka coneHou 800b!.
Pe3ynbmambI. [IpoaHanuaupogaHb! PasfuyHble CXeMbl OMKayku 800b! Kak 8epmUKabHbIMU CK8aXUHaMU, MaK U 20pU3oHmarnbHbIMu
KonbUesbIMU CKeaxXUHaMu pa3Ho2o paduyca dns 3abopa coneHol 8odbl. OnpedeneHo gpemsi nodbema conesoll Macchl Ha 8bICOMy 80
8cex anbmepHamugHbIX cxemax. [lonyyeHa o4eHb Xopowas Kpueas peepeccuu 3agLUcuMocmu Mexdy 8peMeHeM NOCMYNNEHUs ConeHol
800b! 8 20PU3OHMATTbHBIE KPYelible CK8aXUHbI U paduycamu KpyelibIX CKeaxuH. Pe3ynbmamsi aHanu3a 4pe3gb4aliHo none3Hs! npu npo-
€KMUPOBaHUU CKBAXUHbI C MOYKU 3PEHUS MUHUMU3aLUU nodbema coneHol 800!

Knroyeenie cnosa:
Tponudeckuli knumam cagaHHbl, N00beM coneHol 800bl, AUHaAMUYECKOE NPO2PaMMUpPOBaHUe,
KOHEYHbIUi 31eMeHm, 20pU30HMarbHas! KonbUegas CK8aXUHa.

Paboma evinonnena 6 pamxax epanma CSCL 24.02/23-24: «Oyenka cocmosHus NPecHbiX U CONEHbIX NOO3eMHbIX 600 6 Npu-
bpearcrotl 30He nposunyui Hunomxyan—bunsmxyany u npoexma VAST-IIBO PAH QTRU 02.02/21-22: «H3yuenue 2eoxumuueckux
XAPAKMepUCmuK, Kauecmaa noO3eMHbIX 600 U 2eOXUMUl 2aza 6 patione nycmviny Hunomxyan u npunecaroweeo wenvgpa (Bvem-
Ham)». Hccnedosanue npogoounoch 8 pamkax eocyoapemeennoti npoepammul Poccuiickou ®edepayuu 0211-2021-0012 (Ne AAAA-
A19-119122090009-2).
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Hzyen Ban Xoamnz, MOKTOp TEXHWYECKWX HAyK, NOLCHT, TNTABHBIA HAYYHBIH COTPYAHHK, IHCTUTYT TeONOTHUECKUX
Hayk BbeTHaMcKoM akaJjeMUH HayK U TEXHOJIOTHH.

Tunv Xoa Txy, TOKTOp TEXHHUYESCKUX HAYK, 3aBeAyroinas jaboparopuet, MTHCTUTYT MOPCKOM T'€0JIOTHH U reo(QU3NKU
BoerHamMckoil akaieMuy HayK U TEXHOJIOTHH.

Hlakupoe Penam benanosuu, TOKTOpP T€0JI0T0-MHHEPAIOTHYECKUX HAYK, TOLEHT, 3aMECTHTENb AUPEKTOPa 110 Hayd-
HOM paboTe, THX0OKeaHCKHH OKeaHOJIOTHIeCKHui HHCTUTYT uM. MisrdaeBa JIBO PAH.

Cuipoy Haoescoa Cepzeesna, KaHAUIaT TEOJIOT0-MUHEPAJIOTHUECKUAX HAYK, 3aBe/ytonas Jaboparopueid, TuxookeaH-

CKH

1 OKEaHONOrMueCKUi HHCTUTYT UM. Unbuuesa.

Tpan Txu Txyu Xyone, Hay4HBIA COTPYAHUK, IHCTUTYT MOPCKOW T€ONOTHH U Teopu3uku BheTHaMCKO# akajieMuu
HaYK U TEXHOJIOTHH.

JIu Hamanva Cepzeesna, Hay4Hbl COTPYIHUK, THXOOKEAHCKUN OKEaHOJIOTMUECKUH MHCTUTYT uM. UnbuueBa JIBO
PAH.
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