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Abstract: The challenge of a good quality drinking water supply to southeastern Kazakhstan’s local
population from far-away natural surface water sources motivates groundwater utilization from local
aquifers. To prevent groundwater resource deficits, artificial groundwater recharge is needed. To
this end, infiltration and clogging processes were evaluated through comprehensive field research
in southeastern Kazakhstan’s typical river drainage basin (Aksu experimental site). The infiltration
scenario included constructed mini pools and their typical soil profile clogging and silting processes.
The local aquifer unsaturated and upper saturated zones underwent a detailed study of water balance,
hydrodynamic setting, and filtration properties. The research results suggest that the infiltration
rate decreased from 15 m/day until the saturation steady state and remained at 0.75 m/day until
the end of the experiment. In summer, clogging layers with thicknesses ranging from 3 mm for the
clayey silt layer to 6 mm for muddy clay began to form at the mini pools nearly one month after the
test began. During infiltration, the mini pools” upper soil layer dirt-holding capacity varied from
3.72 to 5.25 kg/m?. The field study results serve as a factual basis for artificial replenishment system
design and groundwater replenishment methodology optimization in southeastern Kazakhstan and
similar regions.
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1. Introduction

Aquifer artificial recharge in arid and semiarid regions across the world is a possible
resolution for groundwater depletion and deterioration. By applying qualitative and
quantitative techniques for geo—environmental variable assessment, the artificial recharge
potential of suitable regions was investigated [1-3]. Based on floodwater spreading in arid
Iran, the recharge contribution from both ephemeral river channels and artificial recharge
systems was quantified using MODFLOW modeling [4].

Infiltration pools are a popular method for managed aquifer recharge due to their low
construction cost, managed aquifer flow, transport, and recharge that can be quantitatively
modeled [5]. To design open infiltration basins, a groundwater artificial replenishment
(GAR) detailed assessment should be performed. Such an assessment integrates water-
physical and hydrodynamic properties and covers sediment and aquifer interface layer
filtration properties, as well as clogging processes. In a saline aquifer north of Chennai,
Tamil Nadu, India, infiltration assessment from a simple excavated pool, without provid-
ing slope support or bed paving, indicated that it may increase recharge and improve
groundwater quality [6]. It was also suggested that cleaning the pond by scrapping the
accumulated clogging sediments needs to be done once a year.

Different methods for clogging assessment are used: suspended solid clogging during
laboratory soil column tests was assessed by numerical spatial-temporal modeling [7];
physical clogging of a one-dimensional gravel filter column under both constant and
variable water levels was quantified for different sediment inflow concentrations [8]; the
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wastewater effluent clogging effect on structured silty clay loam subsoil was investigated by
pilot-scale infiltration cells in different compositions and loading rates [9]. It was found that
soil clogging development correlates with the mass density cumulative loadings, indicated
by total biochemical oxygen demand and suspended solids. Using laboratory and field
experiments, clogging mechanisms and quantifying infiltration performance declines as a
function of sediment loading were also identified [10]. Laboratory and field experiments of
small infiltration pools showed that the initial and final infiltration rates are dependent on
the soil surface area, hydraulic conductivity, and initial saturation state. Trench stormwater
infiltration effectiveness by water level monitoring has shown spatial variations in clogging
rates [11]. GAR in Kazakhstan began in the 1960s to compensate for the uneven seasonal
distribution of surface runoff in the driest years by infiltrating coastal wells.

The water-resource deficit in southeastern Kazakhstan requires the application of
artificial groundwater recharge techniques to provide rural communities with drinking
water from groundwater resources, especially small, isolated settlements [12]. The infil-
tration basin field studies and their clogging processes assessment was conducted on a
mini pool physical model in the Karatal River watershed [13]. The water seepage natural
conditions were simulated for the fully saturated cover soil layer and various infiltrating
flows spreading up to the shallow groundwater level. With the surface water turbidity
of the Karatal River reaching 38 mg/L, the clogging membrane thickness formed at the
mini pool bottom was only 0.09 mm. Sites promising for GAR are mainly confined to areas
composed of Quaternary alluvial deposits, mainly the modern and Upper Quaternary
ages. The water-bearing layers of the lithological structure in the Karatal, Aksu, Lepsi,
Keskenterek, Koksu, Tentek, and Bizhe river valleys are composed of gravel, crushed stone,
sand, gravel-pebble, and boulders [14]. This comprehensive field research investigated in-
filtration and clogging processes at several study sites for future construction and practical
use of GAR facilities.

In this context, the main objective of this study was to assess infiltration and clogging
processes at the Aksu experimental site and to optimize infiltration site expansion and
management under specific local conditions.

2. Main Framework
2.1. Geographical Framework

The Aksu River is southeastern Kazakhstan’s main source of water; it originates in
the Dzungarsky Alatau Mountains and glacial moraine lakes (Figure 1). On leaving the
mountains, the river flow gradient becomes minor until it discharges into Kukan Bay of
Balkhash Lake. The Aksu River has 132 tributaries with a total length of 316 km and a basin
area of 4100 km?. The river recharge is mainly from snow and ice melt, as well as from
underground sources. In this regard, the maximum flood that occurs in July and August is
regulated by a system of reservoirs. A small hydroelectric power station was built on the
river near the Zhansugurov settlement for local needs.

The Aksu experimental site’s total area is approximately 470 km?; it is in the northern
part of the Aksu district in the Almaty region of the Aksu River’s middle course on its left
bank. The research site’s northern boundary is the Aksu riverbed, and the southern and
western boundaries are the Akozek River, which has an intermittent river that flows to
a full extent following major rain events and usually in sections that are less solitary as
the annual precipitation amount increases. The eastern border of the site crosses the Aksu-
Akozek interfluve and is limited by a strip of fertile vegetated land allocated to pasture
infrastructure restoration and development. The climate in the study area is extremely
continental, characterized by severe winters, hot summers, and short springs and autumns.
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Figure 1. Study site location and the location of the infiltration processes (squares) experimental
sites. The figure was prepared by Windows Word: an overview map after [15], with a base image
for the experimental site map taken from Google Earth. 1—infiltration processes experimental site
and its number; 2—observation well. Numbers above—well number; 3—W-E hydrogeological
cross-section line.
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During 2017-2019, the minimum average monthly air temperature was noted in
January (—17.9 °C), and the maximum was in July (+26.9 °C). The duration of the period
with a constant temperature above 10 °C varied from 183-193 days. The total annual
precipitation amount ranges from 250 to 370 mm, mostly during the warm season, and
has a heterogeneous distribution over the study area. The rainiest months are March,
April, May, and June, followed by January, October, November, and December (from 110 to
135 mm). During the warm period, precipitation due to the high evaporation rate does not
contribute to soil moisture and is either infiltrating or evaporating. The average long-term
evaporation value from the vegetated surface is 650 mm and, from the Aksu River water,
the surface is 1050 mm. The river width in the research area is 40-50 m. The average
hydraulic slope is 0.0005. The absolute height (from sea level) of the river bottom at the
western border of the site is 411.6 m, and that at the eastern border is 427.9 m. The depth of
the river in this area varies from 0.9 to 1.5 m and from 0.6 to 1.15 m, respectively, depending
on the annual precipitation amount (Figure 2).

Figure 2. Aksu River in the study area [13].

Based on the Kazakh Hydrometeorological Survey Matai hydrological station data
from 1999 to 2020, the Aksu River average annual water flow rate in the experimen-
tal research site was calculated as 25 m>/s (0.6 km3/year) at 25% probability, 15 m3/s
(0.45 km3/year) at 50% and 8 m3/s (0.25 km? /year) at 75% probability, respectively. The
average long-term flow rate was 18 m3/s, with a maximum equal to 28 m?/s and a mini-
mum equal to 5 m3/s. Floods were observed in May, June, and July, less often in August,
with a maximum flow rate of up to 45 m®/s. The river’s water is used for water sup-
ply and irrigation. The mineralization of water is 0.3-0.5 g/L, and the composition is
bicarbonate calcium.

The Aksu experimental site is geomorphologically a flat fluvial plain consisting of the
main channel, banks, a floodplain with several terraces, a flat accumulative takyr-like plain,
a shallow sandy plain, and a plain with hilly ridge eolian relief. The soil type distribution
is closely related to the climatic, geomorphological, and hydrogeological conditions of
the experimental site. River alluvial meadow soils have formed around the Aksu River
floodplain and on the low terraces and, to a lesser extent, in the Akozek River. The upper
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and lower horizons of alluvial meadows have variable soil profiles and textures and are
characterized by low humus content and loose structural composition.

In the rest of the study area, gray soils of sandy areas are spread. They are characterized
by low thicknesses and low salinity of the soil profile.

To improve pasture infrastructure in the Aksu district by artificial recharge in artificial
infiltration basins, a study of the upper aquifers indicated that groundwater levels are
nearly 7 m or less. By resizing the water level to the soil capillary fringe, spontaneous
irrigation may occur [16]. The relevant aquifers around the Aksu experimental site are
shown in Figure 3.

- Aquifer of alluvial undivided recent and Upper Quaternary deposits (al Qr_1v),
represented by sands, sandy loams, sandy gravel-pebble deposits with interlayers of
loams, clays, and siltstones, and aquifer thickness that varies from 15 to 35 m. The
groundwater level depth varies from 3 to 5 m in the spring and from 5 to 7 m in
the summer. The groundwater salinity does not significantly change during the year
and is up to 1 g/L TDS, with a predominant bicarbonate sulfate sodium composition.
The hydraulic conductivity coefficient is 3.15-4.5 m/day. The water well discharge
rate during experimental airlift pumping was 0.6-0.9 L/s with groundwater level
drawdown equal to 1.5-2.5 m.

- Agquifer of alluvial-lacustrine Middle Quaternary (QA) deposits, represented by fine
and uneven-grained sands, loose, weakly cemented sandstones with interlayers of
thin loams and clays. The aquifer thickness increases from 40 m closer to the Aksu
riverbed to 100 m in the direction of the Akozek River. The groundwater level depth
varies from 3 to 4 m in the spring and from 4 to 7 m in the summer. The groundwater
salinity ranges from 1 to 2 g/L in the northern part of the study area to 2 to 2.5 g/L near
the Akozek River. Groundwater has the prevailing sodium bicarbonate chloride and
sodium bicarbonate chloride composition. The hydraulic conductivity coefficient of the
deposits is 1.6-2.5 m/day. The water discharge rate of wells during experimental airlift
pumping was 0.2-0.9 L/s with groundwater level drawdown equal to 1.0-3.2 m.

- Agquifer of lacustrine-alluvial Lower Quaternary sediments (ao Qy), represented by
silty sandy loam and clays with lenses of fine, rarely medium-grained sands, located
in the extreme eastern part of the experimental area with hilly ridge eolian relief.
The thickness of the aquifer varies from 50 to 75 m. The groundwater level depth
varies from 2 to 5 m in the spring and from 3 to 7 m in the summer. The groundwater
salinity ranges from 1 to 2 g/L with a predominant bicarbonate sodium chloride
composition. The hydraulic conductivity coefficient of the deposits is 1.3-1.5 m/day.
The water discharge rate of wells during experimental airlift pumping was 0.5 L/s
with groundwater level drawdown equal to 2.0 m.

All the above-described aquifers are hydraulically connected and represent, overall,
a single unconfined groundwater complex. The groundwater flow’s general direction
coincides with the northwest relief slope in the direction along the Aksu and Akozek rivers.
The flow line direction near the Aksu River characterizes the groundwater recharge areas
from and to the river. The Akozek River does not practically affect the groundwater flow
direction, and its confluence with the Aksu River is only in the study area. The groundwater
hydraulic gradient ranges from 0.0005 in the eastern and western areas of the site to 0.0027
in the central part of the site, depending on the topographic conditions and the total aquifer
transmissivity. The groundwater depth from the soil surface varies from 1 to 2 m near the
Aksu riverbed, and at the site central part in the interfluve of the rivers, it is characterized
by groundwater depths from 1.5 to 2.5 m; in the rest of the area, the groundwater depth is
from 2.5 m to 4-5m.
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Figure 3. Hydrogeological cross-section along the W-E line in Figure 1. 1—Undivided recent and Upper
Quaternary deposits (al Qqp_yv); 2—alluvial-lacustrine Middle Quaternary (ao Qy) deposits; 3—lacustrine-
alluvial Lower Quaternary sediments (ao Qr); 4—clayey loam, silt; 5—sands; 6—sandy-gravel-pebble
deposits; 7—silty sandy loam and clays; 8—groundwater level; 9—observation well. Blue shaded
area—downhole filter. Numbers above—well number, below—well depth, m.

2.2. Research Methodology and Procedure
2.2.1. In Situ Research Site Organization

The upper aquifer with GAR potential in southeast Kazakhstan is narrow and built
from low-permeability sediment cover; as such, open infiltration pools seem most appli-
cable; nevertheless, almost no scientific or applied research has been done in the region.
For the GAR system simulation, including infiltration and clogging process analysis, the
field study included four similar mini pool infiltration systems across the experimental
site. In each system, the field geological engineering and hydrogeological works included
pits, drilling, sampling soils, and unsaturated zone sediments. Surface waters of the Aksu
River, which are the source of groundwater resource replenishment, as well as the samples
collected, were analyzed in the hydrological laboratory (Figure 4).

The infiltration mini pool system was divided into two sections (Figure 5) on the left,
and three pits designated for the sequential study were used for water-physical, physical-
mechanical, and filtration property measurements of lithological differences in the soil
profile with undisturbed structure. On the right, an asbestos-cement pipe with an internal
metal core with a diameter of 760 mm and a length of 2200 mm was installed to ensure the
largest infiltration area (0.44 m?) while maintaining a constant water level (0.2 m) and a
water column (1.8 m).
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Figure 4. Hydrogeological, geological engineering, and gauging station layout for the study of
infiltration and clogging processes at the Aksu research site. 1—pit; 2—observation well; 3—gauging
station; 4—infiltration mini pool; 5—the distance between stations, m. Above the conventional sign is
the station number.

V #4135 Initial groundwater level

Figure 5. Schematic view of a typical pit construction in the Aksu experimental site. 1—open-type
infiltration mini pool; 2—pits for the water-physical and physical-mechanical properties of the
unsaturated soil profile studied; 3—pipe for infiltration and culmination processes studied; 4—the
head of a pipe with equipment for automatic control of the river water supply; 5—container for filling
and settling river water; 6—drilled borehole for pipe installation; 7—gravel bedding; 8—light loam
medium density; 9—light sandy loam; 10—sands with the inclusion of fine gravel.
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The infiltration well was drilled mechanically using a rotary drilling rig with a large
diameter auger (960 mm), followed by a casing with an asbestos-cement pipe 760 mm in
diameter and filling the bottom with an optimal gravel mixture with a diameter of 15 mm
(Figure 6).

Figure 6. Drilling and installation work of the asbestos-cement casing pipe and equipment of
the stop valves with a system of float valves on the pipe top. Photo taken by V. Kulagin and A.
Ismagulova, 2018.

As a loading tank for river water with its preliminary settling, a metal tank with a
volume of 16 m> was used, installed on metal supports at a height of 1.0 m. The tank was
periodically filled from the Aksu River at a gauging station using an auto-water transporter.
The drip system with a set of float valves was mounted on the head with a stop valve to
ensure an automated and fixed water supply to the mini pool at the constant water level
(water column 1.8 m) while conducting research.

The pits for determining the unsaturated zone cover sediments’ physical-mechanical
and water-physical properties were created by a small excavator and further manual
stripping. The temporary gauging station located at the Aksu River cross-section was
set up on a section downstream at a sufficient distance to reduce the unsteady water
movement negative effect; this still water strip also enabled cable-boat crossing. Constant
water turbidity sample collection spots in the vertical profiles of the measurement section
were selected. Groundwater regime observation wells were drilled and equipped during
the infiltration basin construction operation (Figures 7 and 8). The placement of the
observation wells considered the infiltration basin influence zone throughout the entire
experimental research area. The minimum aquifer groundwater level below all observation
wells was 3—4 m. To assess infiltration, when equipping observation wells, strict isolation
of groundwater from surface waters was ensured, and coarse sand and fine gravel were
added to the bottom of the piezometer.

2.2.2. Field Measurements, Sampling, and Laboratory Analysis

Sediment sampling of each genetic soil horizon of the unsaturated zone overburden
included undisturbed structures taken into bins (Figure 8). Sediment bulk density, natural
weighting moisture, and maximum molecular moisture capacity were determined using
the Litvinov field laboratory [17].
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Figure 7. Schematic design of the observation well (a) and observation well in situ (b). Photo by
V. Kulagin and A. Ismagulova.

Figure 8. A sampling of the soil with undisturbed structure into bins from pit No 2. Photo taken by
V. Kulagin and A. Ismagulova.

The sediment sample mechanical components are based on particle size analysis using
sieve, aerometric, and pipette methods [18,19]. To determine the mechanical composition
of the cover sediments, the following fraction sizes were measured (in mm): coarse gravel
7-5, fine gravel 5-2; sand is very coarse 2-1, coarse 1-0.5, medium 0.5-0.25, fine 0.25-0.10,
fine-grained 0.10-0.05, dust 0.05-0.005; clay < 0.005. Water percolation tests in mono-
and double-ring infiltrometers assessed the pit’s soil and unsaturated zone hydraulic
conductivity in steady and unsteady filtration regimes [20]. The tests were continued until
the flow rate stabilized. In the course of the experiments, a graph of the flow rate over
time was built [21,22]. Figure 9 illustrates the water percolation test performed for poorly
permeable soils (loam), and Figure 10 shows the test performed for permeable soils (sand
with gravel).



Sustainability 2022, 14, 15645

10 of 23

Figure 9. A water percolation test in low-permeability loams was carried out in prepared pit No. 1 at
the Aksu research site. Photo taken by A. Ismagulova.

Figure 10. A water percolation test in the sand with gravel was carried out at a depth of 2.1 m in the
prepared mini pool No. 1 at the Aksu research site. Photo taken by V. Kulagin and A. Ismagulova.

The hydraulic conductivity coefficient (k) was calculated according to Formula (1) [22]:
k=Q*Z/W*(Hc+Z +h) @D

where:

Q—the stabilized flow rate along the inner ring, m?/day;

Z—the depth of infiltration seepage of water under the bottom of the pit, determined
after the end of the experiment according to the soil moisture content, m;

W-—the area of the inner ring, m2;

Hc—the capillary pressure, which is equal to 50% of the height of the capillary rise in

the tested soil, m;
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h—the constant high of the water column in the rings, m.

To determine the volumetric soil moisture in the unsaturated zone, each of the pits
(Figure 4) was filled with Aksu River water using a measuring tank with a volume of
2 m3 equipped with a float system and a flow meter. Studies were carried out separately
for each lithological sediment layer to obtain reliable characteristics. The water flow rate
measurements were carried out for 78 h with the following intervals: at the beginning of
the research, after 8, 12, and 24 h, and then at the end of the experiments. At the same
time, undisturbed structure soil sampling of the water-percolated zone was carried out to
determine the volumetric soil moisture.

The surface water infiltration rate and volume from the mini pools into the underlying
aquifer were measured in the observation wells. The groundwater level was measured
in the observation wells simultaneously with the water temperature. The measurement
procedure was conducted by the following scheme: in March and April, when an unsteady
regime and high infiltration rate were observed, the groundwater level measurements were
carried out after 15, 30, and 45 min, then after 1.4, 6, and 8 h, and then after 15 days; in
May and June, when unsteady infiltration regimes with insignificant changes in infiltration
velocity were observed, groundwater level measurements were carried out once every
7 days; from July to November, when a lowering in the infiltration rate with a constant
amplitude was observed, the groundwater level measurements were also carried out once
every in 7 days. The total number of measurements was 332.

The main anion contents (HCO3, SO4~ ~, C17) and cations (Ca**, Mg**, and Na*)
indicated the groundwater chemical composition. According to the degree of groundwa-
ter salinity, it was classified as fresh (salt concentration up to 1 g/dm?3), slightly saline
(1-3), highly saline (3-5), and salty (more than 5). Groundwater chemical composition
characterization was carried out using the Kurlov formula method [23], where the chemical
composition is expressed by a major anion and cation quasi-fraction with numerator and de-
nominator, respectively [24]. Determination of the chemical composition and groundwater
salinity sampled from observation wells was carried out in the Zonal Hydrogeological-
Ameliorative Center of the Ministry of Agriculture and Satbayev University, Republic of
Kazakhstan laboratories. In the newly dug observation wells, groundwater sampling was
carried out four times: 1 March, 12 June, 18 August, and 30 October. In the Aksu research
site, at existing observation wells No. 23, 26, 25, 31, 33, 36, 37, 42, and 43, groundwater
sampling was carried out three times: 1 March, 18 August, and 30 October. Sampling from
observation wells was carried out after their preliminary pumping. At least 2-3 volumes of
the water column in the well were pumped out of the well. After pumping out, the water
level was restored.

During the infiltration mini pool sediment culmination process study, Aksu River
water sampling and subsequent preparation for turbidity analysis were carried out once
a month from April to September in 2018, 2019, and 2020. Turbidity instantaneous value
measurements were carried out by the photometric method using a portable turbidity meter
(Turb 355 T/IR WTW-operating manual, 2020) during water sampling and with control
laboratory analyses using the gravimetric method [25]. The corresponding photometric
and gravimetric water turbidity values involved optical density calibration with prepared
kaolin suspensions with concentrations of 0.5, 1.0, 1.5, 2.0, 3.0, 4.0, and 5.0 mg/L. The
optical density dependence on turbidity was determined on a spectrophotometer at a
wavelength of 530 nm, producing an optical density to gravimetric turbidity calibration
graph [26].

2.2.3. Field Test Infiltration from Mini Pools

The infiltration rate and clogging process experiments were carried out for each of the
four mini pool sites separately in the period from 2017 to 2020. The water percolation tests
were carried out while maintaining a constant water column of 1.8 m in an infiltrometer
with a diameter of 760 mm and an infiltration area equal to 0.44 m?. The water supplied
was preliminarily settled in a 16 m? settling tank installed at a height of 1 m. During
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the experiments, in addition to water consumption measurements, water turbidity, silty
sediment skeleton thickness, and bulk mass were also determined. These are the initial
parameters for calculating water percolation under clogging conditions. The infiltration
rate was determined as the supplied water flow rate ratio to the infiltration area where the
infiltrometer was maintained at a constant water level. Mini pools used for percolation
tests were located at different distances from the Aksu riverbed and have differences in
lithological patterns and distribution of soil-water parameters. Temporal tests were carried
out during the research period, characterizing river runoff levels at a probability of 25% to
75% and the different water turbidity characteristics.

2.2.4. Assessment of the Clogging Layer Created during Infiltration Tests

The clogging layer thickness depends on the granulometric composition of soils,
their dirt-holding capacity (DHC), the infiltrating water head and turbidity, and also the
suspended particles’ granulometric composition [27,28]. Quantitative determination of
the mechanical particle content in the sediments formed at the bottom of the infiltration
mini pools after filtration cycle completion was performed using the pipette method. When
separating the dust and sludge fractions, the particle’s drop rate in water was taken as
the basis, i.e., their hydraulic size, which was determined by the Stokes formula [29]. The
infiltration mini pool deep clogging duration period for different lithological sediment
types was calculated by Formula (2) [30]:

Ty = G/(Vavg*M) (2)

where:

Ty—duration of the period of deep soil clogging, days;
G—the dirt holding capacity of the soil, kg/m?;
Vavg—average infiltration rate for a given period, m/day;
M—turbidity of incoming water, kg/m?3.

The “dirt holding capacity” parameter, which refers to the ability of porous and
fractured sediments to delay and accumulate mechanical thin slurry (turbidity) in the
process of water infiltration, has the dimension kg/m?. Numerically, this parameter is
equal to the amount of mechanical suspension accumulated in pores or cracks in sediments
per unit area of the filtering layer. DHC was determined based on the general balance
method of the mass of particles suspended in water entering the infiltration mini pool and
was calculated according to Formula (3) [30]:

G = ((Q*T*M)/(1000*F)) — (1000"mo*Y ) ®)

where:

Q—average infiltration rate, m®/day;

T—total duration of water supply to infiltration, day;
M—turbidity of incoming water, mg/dm?;

F—area of the filtering surface, m?2;

my—average actual thickness of silty sediment, m;

Y —silty sediment skeleton bulk density, g/cm?.

The clogging layer thickness was measured immediately after the completion of the
infiltration test, and water percolation was completed from the mini pool. The temporal
clogging layer formation dynamics at the bottom of the mini pools during the infiltration
tests and after its completion was traced and subsequently calculated based on the following
relationship (4) [30]:

Am = (M*q*At) /Yy @

where:

Am—clogging layer thickness formed during period At, m;
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g—infiltration velocity, m/day;
M and Y are the same as in Formula (3).

3. Results and Discussion

The effects of infiltration and clogging processes on artificial groundwater recharge
may be evaluated by combining several parallel research methodologies [5]. Such integra-
tion was demonstrated on a laboratory scale [8] and on a remote sensing scale [4,6] but not
on an applicable field scale. The innovative approach presented here utilizes results that
were obtained through field measurements of various parallel parameters and, by integra-
tive spatial modeling, enables infiltration capability assessment and the development of a
sustainable infiltration pool operation management scheme.

3.1. Mechanical Components of the Soil Profile

The granulometric analysis performed on each soil sampling pit for each unsaturated
zone lithology and soil horizons (Figures 1, 4 and 8) suggests that, by the particle size
results, the soils sediment types most common were, loam, sandy loam, and sand (Table 1).

Table 1. The mechanical components of the soil profile in the Aksu research site, %.

Lithological Composition of the Soil

The Mechanical Components of the Soil, %
7.0-5.0 5.0-2.0 2.0-1.0 1.0-0.5 0.5-0.05 0.05-0.005 Less 0.005

The various grained sand, with up to

30% of fine gravel - 17.2 10.8 15.3 344 12.8 9.5
Medium-grained sand - 6.8 31.0 19.5 36.4 3.1 3.2
Fine-grained sand - - - 11.6 82.4 4.7 1.3

The Variouosf%flaeidrﬁinsali(r)fmwith lenses ) ) 596 12.8 21 36 125
Sandy loam - - - 15.5 355 24.8 242
Iﬁ;gi?ﬂ“g;;ﬁ::ﬂ - - 9.8 165 9.0 312 07
Medium loam - - - - 56.0 322 11.8

Heavy loam - - - 3.7 20.5 58.7 17.5

The cumulative grain size distribution curves [31] for loam, sandy loam, and sand
were the most common in the soil profile of the Aksu research site (Figure 11).

It is possible to find the effective diameter (D10, mm) of soil particles [32].

The effective diameter (D10, mm) is the diameter at which 10% by weight of soil grains
are finer and may cause the same effect as a given soil. The effective diameter (D10, mm)
values are 0.99, 0.0009 and 0.0006 for sand, sandy loam, and loam, respectively.

The D10 value is used in calculating the dirt holding capacity, which directly affects
the muddy film formation in the infiltration basin’s bottom and, consequently, the clogging
process’s magnitude. The smaller the soil particles” effective diameter (D10), the lower
the sediment skeleton bulk density (Yq) (Formula (3)), and hence the lower the dirt
holding capacity (DHC) is, which motivates the silty film formation that initiates the
clogging process.

It is possible to find the effective diameter (D10, mm) of soil particles [32].

The effective diameter (D10, mm) is the diameter at which 10% by weight of soil grains
are finer and may cause the same effect as a given soil. The effective diameter (D10, mm)
values are 0.99, 0.0009 and 0.0006 for sand, sandy loam, and loam, respectively.
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Figure 11. Cumulative grain size distribution curves for the most common soils of the Aksu re-
search site. 1—loam; 2—sandy loam; 3—sand.

The D10 value is used in calculating the dirt holding capacity, which directly affects
the muddy film formation in the infiltration basin’s bottom and, consequently, the clogging
process’s magnitude. The smaller the soil particles” effective diameter (D10), the lower
the sediment skeleton bulk density (Yq) (Formula (3)), and hence the lower the dirt
holding capacity (DHC) is, which motivates the silty film formation that initiates the
clogging process.

3.2. Soil Hydraulic Conductivity (Water Percolation Test Results)

Table 2 and Figures 12 and 13 show the sandy loam water percolation test results
(No. 1) and the sand with gravel test results (No. 2), both of which were carried out in mini
pool No. 1 at the Aksu research site.

Table 2. The results of water percolation tests No. 1 and No. 2.

The Time The
Soil Name and Calculated
Water Measurement Interval Water
. Layer Depth Measurement . Percolated Value of
Percolation Date Time, hour, between Mea- Percolated 3/s .
from the Number A 3 Rate, dm®/min Hydraulic
Test Number min. surements, Volume, dm' ..
Ground Surface X Conductivity,
min
m/day
1 2 3 4 5 6 7 8 9
1 08.00 - - -
2 08.05 5 1.50 0.30
3 08.10 5 1.30 0.26
4 08.15 5 1.10 0.22
5 08.20 5 0.95 0.19
Test No 1 Sanldg rlgamf 28 May 2018 6 08.30 10 1.70 0.17 1.10

7 08.40 10 1.65 0.165
8 08.50 10 1.55 0.155
9 09.00 10 1.40 0.14
10 09.12 12 1.68 0.14
11 09.24 12 1.71 0.142
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Table 2. Cont.
. The
Water Soil Name and Measurement Flil:\i::/r;e Water Calculated
Percolation Laf);(e):nDti};th Date Mﬁi‘::g::m Time, hour, between Mea- Percolated R:::r?;ﬁtfniin I-Y a;ue (;f
Test Number min. surements, Volume, dm? i ydrauic
Ground Surface min Conductivity,
m/day

12 09.36 12 1.68 0.14

13 09.48 12 1.44 0.12

14 10.00 12 1.38 0.115

15 10.15 15 1.50 0.10

16 10.30 15 1.20 0.08

17 10.45 15 1.27 0.085

18 11.00 15 1.26 0.084

19 11.20 20 1.70 0.085

20 11.40 20 1.64 0.082

21 12.00 20 1.60 0.08

22 12.30 30 1.83 0.061

23 13.00 30 1.83 0.061

24 14.00 60 3.60 0.061

25 15.00 60 3.60 0.061

26 16.00 60 3.54 0.059

27 17.00 60 3.54 0.059

1 08.00 - -

2 08.05 5 2.00 0.40

3 08.10 5 1.875 0.375

4 08.15 5 1.875 0.375

5 08.20 5 1.875 0.375

6 08.25 5 1.875 0.375

7 08.30 5 1.875 0.375

8 08.40 10 3.75 0.375

9 08.50 10 3.65 0.365

10 09.00 10 3.50 0.35

11 09.10 10 3.50 0.35

The various 12 09.20 10 3.00 0.30
Test No 2, ért;irlllepdtza;i;u 29 May 2018 13 09.30 10 2.50 0.25 313
of fine gravel 14 09.40 10 2.30 0.23

15 09.50 10 225 0.225

16 10.00 10 227 0.227

17 10.15 15 3.37 0.225

18 10.30 15 3.15 0.210

19 10.45 15 2.63 0.175

20 11.00 15 2.25 0.15

21 11.20 20 3.00 0.15

22 11.40 20 2.20 0.11

23 12.00 20 1.70 0.085

24 12.30 30 2.85 0.095

25 13.00 30 2.70 0.090

26 14.00 60 5.22 0.087

27 15.00 60 5.22 0.087
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Figure 12. The percolation water flow rate was measured during test No. 1. The lithological soil layer
is sandy loam at a depth of 1.7 m from the ground surface.

The percolation flow rate stabilization time during the beginning of the tests varied
from 8 to 9 h for sandy loam and from 6 to 7 h for sand. The values of the steady-state
percolation flow rate were 0.059 dm?/min for sandy loam and 0.087 dm?/min for sand.
Hydraulic conductivity calculated values based on percolation tests were compared with
the values calculated according to the empirical equation of Hazen [33,34] (Table 3). This
comparison suggests that the greatest difference between the percolated test results and
the empirical method for hydraulic conductivity and consequent filtration coefficients is
plus 7-8% in sandy, well-permeability sediments, and the smallest difference was found
for sandy loam sediments (+1%).

ground surface
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Figure 13. The percolation water flow rate was measured during test No. 2. The lithological soil layer
is fine sand at a depth of 2.5 m from the ground surface.
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Table 3. Comparative data on the values of the hydraulic conductivity coefficients based on the
results of percolated tests and calculations using the empirical equation of Hazen.

Hydraulic Conductivity, m/day

Lithological Composition of

. An Empirical The Difference, Abs. Difference, %
the Soil Percolated Tests Equation of Hazen
The various grained sand, with 3.13 4.50 +1.37 +6.9
up to 30% of fine gravel 432 5.05 +0.73 +85
Medium-grained sand 1.49 1.91 +0.42 +7.8
1.64 1.95 +0.01 +8.4
Fine-grained sand 1.32 1.36 +0.04 +1
1.38 1.35 —0.03 -1
The various gralged sand with 0.93 0.94 +0.01 +08
lenses of medium loam
Sandy loam 1.10 1.12 +0.02 +1
1.18 1.18 0 0
A loam with lenses of 0.79 0.81 10.02 +1
medium-grained sand
Medium loam 0.71 0.73 +0.02 +1
Heavy loam 0.11 0.12 +0.01 +1

The initial soil moisture volumetric value received for infiltration mini pool No. 1
lithological profile before the filling test varied from 10% in the sandy loam at the 0.6-1.0 m
depth to 30% in the sand at the 2.2 m depth (Figure 14). Under a saturated state, it varied
from 32% in the sandy loam to 42.7% in the sand.
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Figure 14. Volumetric soil moisture variations in the lithological soil profile at infiltration mini pool
No. 1 during filling tests in the experimental pits. 1—before test beginning; 2—after 8 h from test
beginning; 3—after 12 h; 4—after 24 h; 5—after 72 h (saturated state); 6—volumetric soil moisture
in %.

3.3. Groundwater Level Depth and Groundwater Salinity

The Aksu experimental site’s average monthly groundwater level depth according to
the 2018-2020 observation well monitoring data ranges from 2.7 to 4.2 m (Figure 15). Under
natural conditions, the minimal groundwater depth values were observed in the summer,
and annual amplitudes ranged from 0.4 to 1.0 m. As expected, the shallower groundwater
level depth and the smallest annual fluctuation amplitude were observed in observation
wells located near the Aksu River channel.

The upper aquifer groundwater salinity increases with distance from the Aksu River
from 350-400 mg/L (observation well W1) to 550-700 mg/L (observation well W4). The
groundwater salinity maximum value was noted in early March, and the minimum was
noted in June (Figure 16). The groundwater chemical composition also changed in par-
allel with the increase in salinity from bicarbonate-sulfate—calcium—-sodium to sulphate—
bicarbonate-sodium-magnesium (Table 4).

Table 4. Groundwater chemical composition in observation wells W1-W8 during a percolation test
in mini pool No. 1 (values in mg/L).

Date w1 w2 W3 W4 W5 W8
1 March 2017 HCO; 6850, 23CI19 HCO38150413CI6 HCO37550421Cl4 S0461 HCO333CI6 HCO; 50504 32 CI118 HCO; 79 SO, 12 C19
SIS Ca38Na32Mg30  Mg48Na30Ca22  Mg39Na37Ca24  Na68Mgl9Cal3  Na50Mg31Ca 19 Na 84 Ca 13 Mg 3
12 June 2017 HCO; 5450, 35 CI 11 HCO3 5450, 35 CI 11 HCO; 8450, 10CI16 S04 57 HCO3 32CI11 SO, 78 HCO3 17CI5  HCOj; 68 SO4 21 CI 11
Lumess Nab0Mg29Ca2l  Nab0Mg29Ca2l  Mg45Na32Ca23  Nab53Ca29 Mg 18 Na 62 Mg 31 Ca 7 Na 88 Ca 10 Mg 2
18 August 2017 HCO; 6750, 23CI10 HCO3 7550, 18 C17  HCO; 6950, 16 C115 S0, 52 HCO332CI6 SO, 68 HCO; 23CI19  HCO; 57 SO, 25 CI19
20 August 217 NaddMg35Ca2l  Mg43Na38Cal9  Nad6Mg38Cal6  Mg46Nad0Cald  Na38Ca33Mg29  Na49 Ca28 Mg23
30 September 2017 HCO3 6850424 CI8  HCO; 6850, 25CI7 SO, 58 HCO; 37 CI5  HCO; 5750, 35CI8  HCO; 7650, 16 CI8  HCO, 80 SO, 16 CI 4
2Y oeprember 20°7 Na56Mg26Cal8  Na43Mg30Ca27  Na73Mg15Ca 12 Na 50 Ca 41 Mg 9 Na69Ca17 Mg 14  Na38 Mg 31 Ca 31
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Figure 15. The average monthly groundwater level depth from the soil surface at the Aksu re-

W1
mWw2
W3

w4
=W5
=Ws

1/3/12017 12/6/2017 18/08/2017 30/09/2017

search site.

750

700

Groundwater salinity , mg/l

450

400

350

300

Figure 16. Groundwater total salinity in observation wells W1-W8 during a percolation test in mini
pool No. 1.

3.4. Aksu River Water Turbidity

The temporal dynamics of the absorbed water volume and infiltration rate during
infiltration tests in mini pools 1-4 are illustrated in Figure 17, showing the infiltration
test results in the form of temporally combined graphs of the infiltration rate dynamics
and the water volume lost to infiltration. By measuring the water infiltration rates and



Sustainability 2022, 14, 15645

20 of 23

water volume lost for infiltration, it is possible to distinguish three main infiltration process
stages in all infiltration mini pools. Nonetheless, there is a certain difference in test results
carried out in different years and for different lithological soil compositions. The first stage
was characterized by a sharp decrease in the infiltration rate during the first two days.
The unsteady state infiltration regime at this stage is due to the formation of a saturation
layer under the infiltration mini pool bottom. An unsteady state infiltration regime with a
gradual decrease in the infiltration rate with approximately equal intensity characterizes
the second process stage, which continued up to 120-140 days. At this stage, an infiltration
hillock was formed in the aquifer lying under the unsaturated zone.
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Figure 17. Absorbed water volume and infiltration rate during infiltration tests in mini pools 14 at
the Aksu experimental site.
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The third and final stage of the infiltration process is characterized by a steady-state
infiltration regime with an approximately constant volume of water loss and stabilization
of the infiltration hillock in the aquifer lying under the unsaturated zone. At this stage, a
groundwater hydraulic gradient flow under the mini pool is spreading. A slight decrease
in the infiltration rate is related to clogging layer formation at the mini pool bottom.

3.5. Formation of a Clogging Layer in the Mini Pool Bottom

Table 5 demonstrates the clogging layer mechanical particle content formed at the
bottom of the infiltration mini pools after the completion of filtration cycles.

Table 5. The content of mechanical particles in the clogging layer.

Number of Sediment” Effective Diameter of Size of Fractions, mm Total Particle Size
the Mini ediment's Mechanical Particles in
Pool Name the Sludge, mm 0.25-0.05 0.05-0.01  0.01-0.005  0.005-0.001 Less0.001  Less 0.01 More 0.01
1 muddy clay 0.001-0.0005 14.2 23.6 6.8 24.65 30.75 37.8 62.2
2 muddy clay 0.001-0.0005 15.15 20.46 9.1 26.13 29.16 35.61 64.39
3 clayey silt 0.001-0.0005 7.3 16.4 10.2 19.6 46.5 23.7 76.3
4 muddy clay 0.001-0.0005 11.44 22.15 8.65 29.6 28.16 33.59 66.41
The main clogging layer parameters describing the clogging process during infiltration
tests in mini pools are shown in Table 6.
Table 6. Clogging layer parameters.
The Clogging Layer Thickness, mm
Number of the Sediment’s Dirt Holding The Duration of - -
Mini Pool Name Capacity, kg/m*>  Deep Clogging, Day Measured Calculated Difference A Correlation
(calc.-meas.) Coefficient
1 muddy clay 5.25 114 4.04 5.3 1.26 0.76
2 muddy clay 3.92 98 6 4.9 —-1.1 0.82
3 clayey silt 3.83 168 3 2.7 —-0.3 0.90
4 muddy clay 3.72 155 5 53 0.3 0.90

The dirt holding capacity of the upper soil layer under mini pools varied from 3.72
to 5.25 kg/m?, depending on the incoming water mechanical properties, turbidity, and
infiltration rate. The clogging process duration throughout the infiltration tests varied
from 3.2 months (for mini pool No. 2) to 5.6 months (for mini pool No. 3) and correlated
with the water turbidity regime of the Aksu River. Active clogging layer formation began
after nearly one month from the test beginning in summer, when turbidity values reached
a maximum and caused a gradual decrease in the infiltration rate. The clogging layer
measured thickness after finishing the infiltration tests varied from 3 to 6 mm. The measured
values of the clogging layer thickness are correlated with the calculated values according to
formula 4. Almost all values of the differences were within acceptable limits (discrepancies
up to 10-14%) with a high correlation coefficient.

4. Conclusions

Field experimental studies were carried out in the southeastern region of the Kaza-
khstan Aksu research site. These enabled us to evaluate the infiltration and clogging
processes using an integrated set of field experiments, monitoring, and laboratory investi-
gations for typical soil profiles. The infiltration tests in the original mini pools simulating
in miniature the GAR system optimal for a given region allowed us to study the water flow
processes in different soil profiles under the mini pools and create a clogging layer under
local natural conditions.

Soil sample particle size analysis made it possible to reliably determine the mechanical
composition of all the main types of soils, namely, loam, sandy loam, and sand, composing
the upper part of the soil profile in the areas of potential construction of infiltration basins.
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Based on sets of percolation tests, the values of the soil hydraulic coefficients for the
saturated state across the soil profile from the soil surface to the upper unconfined aquifer
were found.

Four years of monitoring made it possible to verify the regime and chemical com-
position of the upper unconfined aquifer groundwater and the Aksu River surface water
changes in the turbidity from an annual perspective, suggesting that it may be utilized as a
potential source of water for infiltration basins.

The experimental mini pool infiltration test results showed that the infiltration rate
varied from 15 m/day at the beginning of the experiment until stabilizing at 0.75 m/day,
which did not vary until the end of the experiment. It was found that there are three main
stages in the infiltration regime: unsteady state with a sharp decrease in the infiltration
rate, unsteady state with a gradual decrease in the infiltration rate, and steady state with
an approximately constant volume of water loss.

The clogging layers began to form at the bottom of the mini pools nearly one month
after the test began in summer, with thicknesses reaching 3 mm for clayey silt and 6 mm
for muddy clay. The dirt-holding capacity of the upper soil layer under infiltration mini
pools varied from 3.72 to 5.25 kg /m?.

These field studies serve as a factual basis for artificial groundwater resource replen-
ishment system design and implementation methodology, which may extend their use in
southeastern Kazakhstan and similar regions.
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