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Abstract. Post-mining phosphorite landscapes in semi-arid regions often retain physical
constraints that limit vegetation establishment and slow soil recovery. We assessed soil physical
recovery at the Zhanatas phosphorite deposit (southern Kazakhstan) by comparing three site
types: (i) a reclaimed dump (technical reclamation in 2012, biological reclamation in 2013; ~2 ha;
~50 cm loam substrate; 70-75% plant establishment), (ii) a dump undergoing passive self-
recovery since mine closure in 1984 with sparse vegetation cover (~9.5-10%), and (iii) an
undisturbed reference soil. During May-September 2025, three soil profiles were excavated per
site and sampled by genetic horizons. Across sites, materials were sand-dominated, but the fine
fraction (<0.01 mm) differed strongly among recovery pathways. The reclaimed site showed
stable near-surface texture (<0.01 mm = 31.97-34.93% at 0-40 cm), comparable to the upper
horizons of the naturally revegetated dump (28.60-30.34% at 0-70 cm). In contrast, a deep layer
of the naturally revegetated dump (70-110 cm) was extremely coarse (sand 89.89%; <0.01 mm
8.87%), indicating a persistent textural discontinuity. The undisturbed soil had the highest fine
fraction (<0.01 mm = 34.57-45.05%). Moisture ranged from 2.09% (reclaimed 0-10 cm) to
11.69% (dump 70-110 cm). PCA differentiated site types and revealed the greatest heterogeneity
in the naturally recovering dump. Reclamation improved near-surface physical conditions, but full
convergence to reference soil remains incomplete due to strong textural contrasts within the
profile.

Keywords: phosphorite mining; land reclamation; natural revegetation; soil texture, PCA.

INTRODUCTION organic matter accumulation - the key

Mining is among the most intensive drivers of aggregation and structural
land-use disturbances, typically removing development. In arid to semi-arid mine
natural soil profiles and leaving hetero- settings, reclamation success depends
geneous overburden materials with poor strongly on reconstructing a growth
structure, low organic matter, and altered medium that can store water, reduce
hydrological functioning. As a result, post- mechanical impedance, and support early
mining landscapes often exhibit reduced plant cover [4, 5]. These constraints are
infiltration, limited plant-available water, relevant for southern Kazakhstan, where
enhanced erosion risk, and constrained large phosphorite deposits have been
root development, which together slow mined for decades and extensive dumps
ecosystem recovery unless effective recla- and disturbed surfaces remain in need of
mation practices are implemented [1-3]. ecological rehabilitation [6, 7].

In semi-arid regions, soil recovery Soil physical properties are central to
can be particularly challenging because low Ppost-mining recovery because they regu-
precipitation and high evaporative demand late water flow and retention, aeration, and
constrain vegetation establishment and root penetration. Among these, particle-
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size distribution (texture), bulk density,
and soil moisture are widely used as
sensitive indicators of disturbance and
rehabilitation progress [5, 8, 9]. Bulk
density is a direct proxy for compaction
and pore space reduction; excessive com-
paction limits infiltration, gas exchange,
and root elongation, and is a common
legacy of grading and heavy machinery
during technical reclamation [10, 11]. In
reclaimed mine soils, bulk density often
remains higher than in adjacent undistur-
bed soils for years, with recovery depen-
ding on material placement, biological ac-
tivity, and vegetation development [11, 12].

Texture provides a stable “baseline”
property that shapes the trajectory of
structural and hydrological recovery. Fine-
textured fractions (silt and clay) can
increase water-holding capacity but may
also predispose reconstructed soils to
crusting or poor aeration when structure is
weak, whereas coarse textures can reduce
available water under semi-arid climates.
Pedotransfer and soil-hydrologic studies
consistently show that moisture retention
and plant-available water are tightly linked
to texture and organic matter, with bulk
density influencing the pore-size distri-
bution that controls water storage and mo-
vement. Therefore, the joint assessment of
texture-bulk density-moisture relation-
ships can provide an integrated view of
whether reclaimed substrates are develo-
pingtoward functional soilconditions[11,12].

A key question in mine rehabilitation
is whether technical reclamation accelera-
tes recovery compared with passive/natu-
ral revegetation, and how both compare to
an undisturbed reference. Classic restora-
tion concepts emphasize that natural
succession can rebuild soils over time, but
trajectories are strongly site-dependent
and may be slow or arrested under harsh
physical constraints. Comparative studies
across reclaimed and spontaneously reve-
getated mine lands report mixed outcomes:
while reclamation may speed up early
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stabilization, it can also increase compac-
tion and reduce microsite heterogeneity,
sometimes limiting long-term soil develop-
ment relative to unmanaged (ungraded)
substrates [10-13]. In practice, evaluating
these trade-offs requires side-by-side mea-
surements of key physical indicators across
contrasting site types within the same
climate and geological setting [11-13].

For phosphorite mining landscapes
in southern Kazakhstan, the peer-reviewed
evidence base is still relatively limited
compared with coal or metal-mine
systems. Existing work in the Zhambyl
region has documented that reclaimed or
disturbed phosphorite-mine substrates can
be highly unfavorable for plants due to
immature “human-transported materials”
and weak soil-forming processes, high-
lighting the need for targeted monitoring
of soil quality and recovery [14, 15]. More
recent regional research on phosphorite
dump reclamation in Kazakhstan’s semi-
desert zone underscores the scale of
disturbance and the importance of
selecting sensitive indicators to evaluate
reclamation outcomes [16]. However,
detailed comparisons focusing specifically
on soil physical recovery-especially using a
three-way design (reclaimed vs naturally
revegetated vs undisturbed)-remain scarce
for the Zhanatas phosphorite deposit and
analogous semi-arid mine settings.

Although the methods applied in this
study are standard in soil science, the
present work addresses an important gap
by focusing on an understudied phospho-
rite-mining landscape in southern Kazakh-
stan and by directly comparing three
contrasting recovery pathways within the
same semi-arid environment. The integra-
tion of horizon-based data on particle-size
distribution, bulk density, and gravimetric
soil moisture across reclaimed, naturally
revegetated, and undisturbed reference
soils provides a site-specific basis for
assessing soil physical recovery trajec-
tories and profile-scale heterogeneity at
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the Zhanatas deposit, where such com-
parative evidence is still scarce.

Multivariate statistics can help
interpret post-mining soil recovery where
properties co-vary and responses differ
among site types. Correlation analysis is
useful for diagnosing linkages between
texture fractions and bulk density or
moisture, while ordination methods such
as principal component analysis (PCA) can
summarize the dominant gradients diffe-
rentiating reclaimed, naturally revegetated,
and undisturbed soils. Such approaches are
increasingly applied in mine-soil assess-
ment to identify the most informative in-
dicators and to visualize recovery
trajectories relative to reference conditions
[17-20].

In this study, we assess soil physical
recovery after phosphorite mining in the
semi-arid zone of southern Kazakhstan by
comparing three site types: (i) a technically
reclaimed dump area (reclamation con-
ducted in 2011-2013), (ii) a disturbed area
undergoing natural revegetation/self-reco-
very, and (iii) an adjacent undisturbed
reference site. We focus on soil texture
(particle-size distribution), bulk density,

and soil moisture as core physical
indicators of post-mining recovery.
MATERIALS AND METHODS

Study area. The study was conducted
at the Zhanatas phosphorite deposit
located near the town of Zhanatas, Sarysu
district, Zhambyl region, southern Kazakh-
stan. The deposit belongs to the Zhanatas
phosphorite basin, a major phosphate-rock
mining area in Kazakhstan.

The region is situated within the
semi-arid to semi-desert climatic zone of
Kazakhstan, characterized by low and irre-
gular precipitation and high evaporative
demand. According to national climate
descriptions, annual precipitation in the
semi-desert zone typically ranges appro-
ximately within 134-330 mm, while inde-
pendent regional assessments report mean
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annual precipitation around ~250 mm for
the broader Zhambyl region.

Site selection and recovery pathways.
Three site types representing contrasting
disturbance and recovery pathways were
selected within the same landscape setting:
Reclaimed site (RN): a post-mining dump
area reclaimed in 2011-2013 (total reclai-
med area ~2 ha). Reclamation involved
placement of a loam substrate (~50 cm) as
a growth medium, followed by multi-layer
sowing of plant species representing
different strata and life forms. Plant
establishment/survival was reported as
~70-75%. The reclamation works were
implemented as technical reclamation in
2012 and biological reclamation in 2013.

Naturally revegetated site (NO): a
disturbed dump area where mining/dum-
ping activities ceased in 1984; the site has
been undergoing passive self-recovery
since closure (= 41 years by the 2025 field
campaign). Current vegetation cover is low,
with reported ground cover of appro-
ximately 8.5-9%. Undisturbed reference si-
te (NP): a nearby area not affected by
mining operations, representing local
baseline soil physical conditions under
natural vegetation (figure 1).

Soil profile excavation and sampling
design. Field investigations were carried
out during the growing season (May-
September 2025). At each site type (RN,
NO, NP), three replicate soil profiles were
excavated. Each profile was morpholo-
gically described, and genetic horizons
were identified in the field.

Soil samples were collected horizon-
wise from each described horizon. For each
horizon, disturbed samples were taken for
particle-size  distribution, and fresh
samples were collected for gravimetric
moisture determination. Undisturbed core
samples for bulk density were collected
from the mid-part of each horizon using
metal cylinders of 100 cm? volume.
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Figure 1 - Study area

Laboratory analyses. Particle-size
distribution (Kachinsky method)

Particle-size distribution was deter-
mined using the Kachinsky pipette
sedimentation method. Briefly, samples
were prepared by removing coarse
fragments (>2 mm) and visible plant
residues; the fine earth fraction was
dispersed following standard Kachinsky-
type 3 in the Kachinsky fractionation sys-
tem, and then summarized into texture-
related groups for interpretation in an
international context [21, 22].

Bulk density. Bulk density (pb) was
determined by the core method using 100
cm? cylinders. Samples were oven-dried at
105°C to constant mass and weighed. Bulk
density was calculated as:

- —'?urrir'y

-
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where Mgy is dry soil mass (g) and
Veore is core volume (cm?®). Results are
reported in g cm™3. The procedure follows
standard guidance for dry bulk density de-
termination by a known-volume core [23].

Gravimetric soil moisture. Gravimet-
ric soil moisture content was determined
on field-moist subsamples by oven-drying
at 105°C to constant mass [24]. Moisture

content (0g) was calculated as:
Mypet — I"fd?'y

100
My, Y .

Bq(%) =
where Mye: and Mgy, are wet and dry
soil masses, respectively.

Statistical analyses. Because the
number of replicates per site was limited,
statistical inference was treated conser-
vatively. Data are presented as mean * SD.
Differences among the three site types
were tested using the Kruskal-Wallis test
with appropriate post-hoc pairwise.
Associations among texture fractions, bulk
density, and moisture were examined using
Pearson correlations.

To explore multivariate differentia-
tion among site types, principal component
analysis (PCA) was performed on standar-
dized variables, including particle-size
groups, bulk density, and moisture. PCA
results were interpreted using score plots
and loadings.

RESULTS AND DISCUSSIONS

Particle-size distribution and the fine
fraction (<0.01 mm) across sites. Across the
three site types, particle-size distribution
was generally dominated by sand fractions,
while the proportion of the fine fraction
(<0.01 mm; “physical clay” in the Kachin-
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sky system) showed clear site- and depth-
related differences. Because the <0.01 mm
fraction strongly controls water retention
and related hydrophysical behavior, its
variation provides a useful indicator of
post-mining soil physical recovery under
semi-arid conditions.

Reclaimed site (RN). In the reclaimed
dump, the soil material exhibited a
relatively stable texture within the sampled
layer. Total sand content varied narrowly
(63.49-66.53%) across 0-40 cm, whereas
the fine fraction <0.01 mm ranged from
31.97 to 34.93%. The clay-sized fraction
(<0.001 mm) was 7.29-8.50%. This com-
paratively consistent granulometric pat-
tern is consistent with the reclamation
practice of placing a loam substrate layer,
which creates a more homogeneous near-
surface growth medium.

Naturally revegetated site (NP). In
the upper part of the naturally recovering
dump (0-70 cm), total sand content remai-
ned similar to the reclaimed site but
slightly higher overall (68.72-69.68%), and
the <0.01 mm fraction ranged from 28.60
to 30.34%. However, at 70-110 cm the
profile became markedly coarser: total
sand increased sharply to 89.89% and the
<0.01 mm fraction dropped to 8.87%. This
strong textural discontinuity indicates that
deeper dump materials remain highly
sandy and weakly developed, which likely
limits deep moisture storage and can con-
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strain rooting and vegetation persistence
in a semi-arid environment.

Undisturbed reference (NO). The
undisturbed soils were generally finer-
textured than both disturbed sites. The
<0.01 mm fraction ranged from 34.57 to
45.05%, while total sand ranged from
53.25 to 60.71%. The clay-sized fraction
(<0.001 mm) was also higher than in the
reclaimed and naturally revegetated sites
(8.06-15.02%), reflecting a more develo-
ped natural soil matrix with greater fine
material (figure 2).

Overall, the reclaimed site showed
fine-fraction contents (approximately 32-
35% <0.01 mm) close to those in the upper
horizons of the naturally revegetated site
(approximately 29-30%), indicating that
reclamation  successfully created a
functional near-surface texture compared
with the coarse dump substrate. In
contrast, the undisturbed site maintained
the highest proportion of fine particles
throughout the profile, representing the
local baseline for soil physical condition.
The pronounced decrease in fine material
in deeper horizons of the naturally
revegetated dump highlights a persistent
physical limitation of technogenic deposits
and underscores the importance of
constructing or conserving a fine-textured
surface layer to support long-term soil
recovery in  semi-arid  post-mining
landscapes.
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Figure 2 - Particle-size distribution across study area (RN, NP, NO)
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Bulk density across sites and depths.
Bulk density differed clearly among the
three site types and showed contrasting
depth patterns. In the reclaimed site (RN),
bulk density in the surface layer (0-10 cm)
was 1.253 g cm~3, indicating a moderately
compacted but workable reconstructed top
layer. In the naturally revegetated dump
(NP), bulk density was the lowest among
sites and increased with depth from
1.099 g cm™® (0-11 c¢m) to 1.325 g cm™
(11-28 cm), consistent with aloose, coarse-
textured technogenic substrate near the
surface and progressive consolidation
downward. In contrast, the undisturbed
reference (NO) displayed substantially
higher bulk density values, reaching
1.661 g cm™ in the upper layer (0-18 cm)
and increasing to 1.765 g cm ™3 at 18-40 cm.

These results emphasize that bulk
density in post-mining landscapes should
be interpreted together with texture and
profile organization. Lower bulk density on
the dump (NP) does not necessarily
indicate better physical quality; it can
reflect unconsolidated, sand-dominated
material with limited fine fraction and low
water-holding capacity. Conversely, the
higher bulk density in the undisturbed
reference (NO) likely reflects a naturally
denser, finer-textured mineral matrix and/
or higher packing density under semi-arid
conditions. The reclaimed site (RN)
showed intermediate compaction status,
suggesting that placement of a loam
substrate layer created a more soil-like
near-surface physical condition compared
with the dump material.

Gravimetric  soil ~moisture (field
moisture) across sites and  depths.
Gravimetric soil moisture measured during
the May-September 2025 field season
varied with both site type and depth,
reflecting the combined influence of recent
weather, evaporative demand, infiltration,
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and substrate properties. The reclaimed
site (RN) showed a pronounced vertical
gradient: moisture was extremely low in
the surface layer (2.09% at 0-10 cm) but in-
creased sharply with depth to 6.21% (10-
25 cm) and 7.19% (25-40 cm). This pat-
tern indicates strong surface drying,
consistent with high evaporative losses and
limited surface water retention during the
warm season.

In the naturally revegetated dump
(NP), moisture in the upper profile was re-
latively stable, ranging from 6.91 to 7.85%
across 0-70 cm. However, at 70- 110 cm,
moisture increased markedly to 11.69%,
suggesting that water percolation and
reduced evaporative influence at depth
allow moisture accumulation even in
coarse dump substrates. This is important
ecologically: deep moisture storage may
exist, but the coarse texture and low fine
fraction at depth can still constrain plant-
available water and rooting effectiveness,
especially if the main root zone is limited to
upper layers.

The undisturbed reference (NO)
showed a non-monotonic moisture
pattern: relatively high moisture at 0-3 cm
(7.96%), a drier layer at 3-18 cm (4.50%),
followed by higher moisture at 18-40 cm
(6.45%) and a maximum at 40-50 cm
(9.01%). Such variability is typical for
semi-arid soils where short-term surface
wetting events, crusting/structure, and
horizon-specific infiltration pathways can
produce contrasting moisture conditions
within the upper profile.

Overall, average moisture in the
upper part of profiles (approximately the
top ~ 40-50 cm, depending on site
sampling intervals) followed the order NP
(r7.50%) = NO (»6.30%) > RN (=5.16%),
with the reclaimed site showing the
strongest surface desiccation.
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Figure 3 - Soil moisture content (%) and bulk density (g cm™3) distribution along the soil
profile in RN, NP and NO sites

Texture-bulk density-moisture asso-
ciations. Figure 4 presents the Pearson
correlation matrix for all granulometric
fractions (Kachinsky system) together with
gravimetric soil moisture (%) and bulk
density (g cm™3). The analysis was
performed only for depth intervals where
all three data blocks (granulometry-
moisture-bulk density) were available
simultaneously (n=5). For intervals with
mismatched layer boundaries, granulo-
metric fractions and moisture were
harmonized to the bulk density interval
using thickness-weighted averaging across
overlapping horizons.

Several strong correlations occurred
among granulometric fractions themselves,
reflecting that fractions are compositional
(they sum to ~100%) and therefore covary
by definition. The two sand fractions were
positively related (r = 0.71), while the sand
fraction 0.25-0.05 mm showed a strong
negative association with the silt fraction
0.01-0.005 mm (r = -0.89, p < 0.05). Fine
fractions were mutually positively related:
Fine fraction <0.01 mm correlated strongly
with Clay <0.001 mm (r = 0.86) and with
Silt 0.005-0.001 mm (r = 0.73), showing

that an increase in the fine fraction is
accompanied by a coordinated rise of the
finest particle-size classes.

Bulk density exhibited the clearest
associations with granulometry. The
strongest relationship was a negative
correlation with sand 0.25-0.05 mm (r =
-0.93, p < 0.05), indicating lower packing
density in coarser, sandier materials. Bulk
density also tended to increase with finer
material (positive correlations with Fine
<0.01 mm, r = 0.86, and Clay <0.001 mm,
r = 0.67) (figure 3).

Soil moisture showed no linear
relationship with bulk density (r = -0.05),
suggesting that during the May-September
sampling period the instantaneous mois-
ture content was not controlled by compac-
tion alone. Instead, moisture was strongly
positively associated with Silt 0.05-
0.01 mm (r = 0.87) and strongly negatively
associated with Silt 0.005-0.001 mm (r =
-0.83). Moisture correlations with the
“integrated” fine indices were moderate to
weak (Moisture vs Fine <0.01 mm: r =
-0.41; Moisture vs Clay <0.001 mm: r =
-0.12) (figure 4).
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Figure 4 - Pearson correlation heatmap (r) for granulometric fractions (Kachinsky
method), gravimetric soil moisture (%) and bulk density (g cm™3) across the Zhanatas
phosphorite sites
Note: S1 - Sand 1.0-0.25 mm; S2 - Sand 0.25-0.05 mm; Si1 - Silt 0.05-0.01 mm;
Si2 - Silt 0.01-0.005 mm; Si3 - Silt 0.005-0.001 mm; C - Clay <0.001 mm;

FF - Fine fraction <0.01 mm; M - Moisture; BD - Bulk density

Bulk density as an indicator of
physical recovery. The correlation pattern
supports a straightforward physical inter-
pretation: in these post-mining soils/
substrates, bulk density largely tracks the
textural gradient from coarse to fine
materials. Coarse sand-dominated dump or
reworked materials commonly show lower
bulk density because of looser packing and
larger pores, whereas finer materials can
pack more densely (especially when
aggregation and organic binding agents are
still weak during early-to-mid recovery).
Therefore, differences in bulk density
among reclaimed, naturally recovering, and
undisturbed soils should be discussed
together with their granulometric compo-
sition-bulk density alone can be misleading
if the underlying material differs strongly
in texture.

The absence of a moisture-bulk den-
sity relationship is expected under semi-
arid field conditions because gravimetric
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moisture is highly dynamic and depends on
recent rainfall, evaporation, plant water
uptake, and depth. A compacted layer can
reduce infiltration and increase runoff, but
moisture at sampling dates may still be
driven more by depth-controlled evapora-
tion gradients and episodic wetting than by
bulk density per se. This is consistent with
your profiles where moisture often increa-
ses with depth even when the substrate is
coarse. In other words, field moisture
during the growing season behaves more
like a “state variable” (current hydrological
status) than an inherent capacity indicator.
These opposite associations suggest
that field moisture responded more
strongly to the balance among silt subfrac-
tions than to the integrated fine fraction
alone, which is consistent with the profile-
specific and seasonally dynamic nature of
soil moisture under semi-arid conditions.
Principal component analysis (PCA)
based on the full set of granulometric
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fractions (Kachinsky system) and gravi-
metric soil moisture separated the three
site types in the PC1-PC2 space. The first
two components explained 80.8% of the
total variance (PC1=57.6%, PC2=23.2%).
In the score plot with 95% confidence
ellipses, the undisturbed reference (NO)
formed a distinct cluster primarily along

PC2, whereas the reclaimed site (RN)
occupied predominantly negative PC2
scores. The naturally revegetated dump
(NP) showed the broadest dispersion and
was shifted mainly along PC1, indicating
higher internal heterogeneity of the dump
material and moisture regime compared
with RN and NO (figure 5).

PC2 (23.2%)

Site
e NO
NP
e RN

-4

PC1 (57.6%)

Figure 5 - PCA score plot (PC1 vs PC2) based on granulometric fractions (Kachinsky
system) and gravimetric soil moisture for reclaimed (RN), naturally revegetated (NP) and
undisturbed (NO) sites. Ellipses represent 95% confidence regions for each site type

The separation along PC1 reflects a
dominant granulometric-moisture gra-
dient associated with dump heterogeneity:
NP includes layers with strongly contras-
ting textures and moisture conditions,
which expands its ellipse and shifts some
NP points to the positive PC1 region. This
pattern is consistent with the presence of a
deep, coarse layer in the naturally reco-
vering dump that differs sharply from the
upper layers and from the reference soil. In
contrast, RN samples are more compact in
PCA space, indicating that placement of a
loam substrate layer produced a more
uniform near-surface physical medium
compared with the naturally recovering
dump. The reference soil (NO) separates
from disturbed substrates because of its
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more developed natural particle-size struc-
ture and comparatively stable pedogenic
organization, which is captured by the PC2
gradient and results in a clearly displaced
ellipse.
CONCLUSION

This study evaluated post-mining
soil physical recovery at the Zhanatas
phosphorite deposit in the semi-arid zone
of southern Kazakhstan using granulomet-
ric fractions (Kachinsky system), bulk
density, and gravimetric soil moisture
across three site types: a reclaimed dump
(technical reclamation in 2012 and biolo-
gical reclamation in 2013), a naturally
revegetated dump undergoing passive self-
recovery since 1984, and an undisturbed
reference soil.
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Overall, the reclaimed site exhibited
a comparatively stable near-surface par-
ticle-size distribution, with a fine fraction
(<0.01 mm) close to that of the upper
layers of the naturally revegetated dump,
indicating that the placement of a loam
substrate layer successfully formed a
functional growth medium at the surface.
In contrast, the naturally revegetated dump
showed strong vertical heterogeneity,
including a deep coarse-textured layer
characterized by very low fine material,
which represents a persistent physical
limitation for water retention and rooting
in semi-arid conditions. The undisturbed
reference soil consistently contained the
highest proportion of fine particles and
clay-sized material, reflecting the local
baseline of soil physical condition.

Multivariate  analysis  supported
these patterns: PCA clearly differentiated
site types and highlighted higher internal
variability in the naturally recovering
dump compared with the reclaimed site.
Correlation analysis indicated that bulk
density was primarily linked to texture
(coarse fractions tending to lower density),
whereas field moisture during the growing
season showed weak and inconsistent
linear associations with density, emphasi-
zing the dynamic nature of moisture under
semi-arid climate and the importance of

FUNDING

interpreting it together with depth and
texture.

From a reclamation management
perspective, the results suggest that
successful restoration of phosphorite mine
dumps in semi-arid environments should
focus not only on surface stabilization, but
also on reconstruction of a physically
functional root zone. In practical terms,
this means prioritizing the placement and
preservation of a sufficiently thick fine-
textured growth layer, minimizing abrupt
textural discontinuities between surface
and subsurface materials, and avoiding
excessive compaction during grading and
substrate handling. Because the reclaimed
site showed improved near-surface
physical conditions but still strong surface
drying during the warm season, post-
reclamation monitoring should include
repeated measurements of bulk density
and seasonal soil moisture to evaluate
whether reconstructed substrates are
developing toward more stable hydro-
physical functioning.

Future studies should include repea-
ted seasonal measurements of soil mois-
ture and related hydrophysical properties
to better characterize the hydrological
regime and improve assessment of post-
mining soil recovery trajectories.

This research was funded by the Science Committee of the Ministry of Science and
Higher Education of the Republic of Kazakhstan (Project No. AP25794413).
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YKAPTBIJIA APUITI XKAFJIAW/JIA KEH OH/IIPYAIEH KEMIHTT TONIBIPAKTBIH,
KAJIIIIHA KEJIYI BAPBLICBIH/ZIA TPAHY/IOMETPUSAJIBIK K¥PAM, KOJIEM/IK
ThIFbI3/IbIK YKOHE TOIIbIPAK bIJIFAJIAbIJ/IbIFbI APACBIHJAFbI BAUJIAHBICTAP

16.6. OchaHos ambiHAaFbl Kazak monbipakmaty sxcaHe azpoxXuMust FblablMU-
3epmmey uHcmumymol, 050060, Aamamei, Batipax keweci, 10, Kazakcman,
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2Satbayev University, 050013, Aamamul, Com6aes keweci, 22, Kazakcmad,
3A6ali ambiHdarbl Kasak yaimmblk nedazo2ukaJblk yHugepcumemi,
050010, Aamamol, [locmobik daHFbLabl, 13, Kazakcmax

KapTbiait apuaTi alimakTapgarsl GochopUT eHAipyAeH KeliHri JaHAmadTTapAa eciMaik
»KaMBbLJIFbICBIHBIH, OPHBIFYbIH KUbIHJATAThIH K9HEe TONbIPAKTbIH KaJbIHA KeJyiH G6asy/iaTaTblH
du3uKabIK eKTeyep y3akK cakraaajpl. biz OHTycTik Kasakcrangare! XKaHatac ¢ochopuT keH
OpPHBIHJIA TOMNBIPAKTBIH, GU3UKAJBIK KaJlIblHA KeJyiH yII y4yacKe TYpiH CaJbICTBIPY apKbLIbI
oaranazabik; (i) pexysbTuBalusaanfaH yHiHAI (2012 k. TexHuKaJblK, 2013 XK. GHOJIOTHSIBIK
pPeKyJIbTHBALMs; ayMaFbl IaMaMeH 2 ra; KyMOaJLIbIK, CyOCTpaThIHbIH, KabaTel ~50 cM; eciMaik-
TepAiH, opHbIFYbl 70-75%), (ii) 1984 »xbLibl KaObLIFAHHAH KeWiH TabWFM TypJe e3A4iriHeH
KaJIllbIHA KeJIin »KaTKaH YHiHAi (eciMAik kaMbLIFbICEl TeMeH, ~9,5-10%), xaHe (iii) 6y/1iH6eren
3TaJIOHABIK, (6aKpLiay) yuacke. 2025 KbL1JbIH MaMbIp-KbIpKYHeK allJlapblHJA 9p ydyacKeje YII
TONBIPAK, KMUMachl Ka3blJablll, TeHETUKA/IbIK FOPU30HTTAp GOMBIHINA YJrijsep anblHAbl. Bapibik
yJackesjep/ie KyM ¢pakuusiapbl 6ackiM 06o0Jiabl, 6ipakK ycak ¢paknusHbiH (<0,01 mMMm) yueci
KaJlblHA KeJy >KOoJIbIHA Kapal alKplH e3repfi. PexkysnbTHBanusiaHfaH ydackede YCTiHTi
KabaTTblH TeKCTypachl TypakThl Goaabsl (<0,01 mm=31,97-34,93% 0-40 cMm), 6y Taburu
KaJIlIbIHA KeJIy y9acKeCiHiH KOFapFbl TOPU30HTTapbIMeH yKcac (28,60-30,34% 0-70 cm). Anaiina
TaOUFU KAJIIIbIHA KeJsil KaTKaH YHiHJiHIH TepeH KabaTel (70-110 cMm) eTe ipi Tyitipsai 60s1b1m
WBIKTBI (KyM - 89,89%; <0,01 MM - 8,87%), AsFHU TeXHOr'eH/iK Cy6CcTpaTTa TYPaKThl TEKCTYPabIK
KOHTPACT caKTajfaH. bysniHGereH TombipakTa ycak ¢pakius eH xofapbl 6046l (<0,01 MM =
34,57-45,05%). blarangpiablk 2,09%-aaH (pekysabtuBanus 0-10 cm) 11,69%-ra gentin (yHiHzi
70-110 cm) e3repai. PCA Tangaysl ydackesiep/li alKbIH aXKbIPaThlIl, €H, XKOFaphl illIKi 9pTEKTUIIK
TaOUFU KaJIbIHA KeJIiM >KaTKaH YHiHAiZe ekeHiH KepceTTi. PeKy/bTUBaIus YCTiHTI KabaTThIH,
bu3MKaNbIK JKaFJalblH KaKcapTajbl, 0ipaK 3TaJOHJBIK TONBIPAKKA TOJIBIK KaKbIHJAAY
npodUIbJeri KYLITI TEKCTYPaJIbIK KOHTPACTTapPMEH LIEKTeNe/].
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Tyiiindi cesdep: ¢ocboput eHAipy, >Xepli peKy/JIbTUBauLusaady, TabUFU KaHTa ecy,
rpaHyJoMeTpUsibIK KypaM, PCA Tangaysl.
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K. Kyabim6et!*, M. Toktap!?, [I. Pamuayib3
B3AMMOCBSA3U MEX/IY TPAHY/IOMETPUYECKUM COCTABOM, OBbEMHON MACCOH
1 BJIAYKHOCTBIO IMMOYBHI B ITPOIIECCE ITOCTTOPHOAOBBIYHOI'O BOCCTAHOBJIEHU S
[TOYB B ITOJIY3ACYIIIJIMBBIX YCJIOBUAX

1Kazaxckull HQy4YHO-Ucca1e008amMeAbCKULl UHCMUMym noYgogedeHust U azpoxumuu
um. Y. Yenanoea, 050060, Aamamul, ya. batipak, 10, KazaxcmaH,
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[ToctropHogo6bIBatouie ¢ochopuToBble JaHAWADTHI B I0JY3aCyLJIMBBIX pPErvoHax
YacTO COXPAaHAKT PpU3HWYECKHe OrpaHUYEHUs, KOTOpPble 3aTPYAHAIOT 3aKpellJieHHe pacTUTEb-
HOCTH W 3aMeJISII0T BOCCTAaHOBJIeHHMe NMo4YB. Hamu mpoBeseHa oneHka (QHU3UYECKOTO BOCCTA-
HOBJIEHUS I0YB Ha pochopuToBoM MecTopoxkgeHnu KanaTtac (F0xxHbii KasaxcTaH) B cpaBHEHUU
TpeX THUIIOB yYacTKOB: (i) peKyJbTUBUPOBAHHBIN 0TBaJ (TeXHUUYecKas peKyabTuBauusa B 2012 r.,
6uosioruveckas - 2013 r.; miowaab ~2 ra; ¢Joi cyrauHuctoro cyberpata ~50 cm), (ii) oTBan Ha
€CTeCTBEHHOM CaMOBOCCTAHOBJIEHMM MOCJe 3aKpblTUA B 1984 r. ¢ HU3KHM pacTUTEJbHBIM
nOoKpoBoM (~9,5-10%), u (iii) HeHapyIIeHHbIH KOHTPOJIbHBIN yyacTok. B mae-ceHTs16pe 2025 T.
Ha KaX/ZIoM y4yacTKe ObLJI0 3aJI0KEHO 110 TPU NMOYBEHHBIX pa3pe3a M BhINOJHEH 0T60p mpob mo
reHeTUYeCcKMM ropusoHTaM. Ha Bcex yyacTkax mpeo6Jafany necyaHble GpakLUH, OJHAKO J0JIS
ToHKON ¢pakuuu (<0,01 MM) cyuiecTBeHHO pas/vMyajach. Ha peky/JbTHBHPOBAaHHOM y4acCTKe
rpaHyJIOMeTpHUYeCKHUM cocTaB BepxHel ToJuy 6bl1 cTabuabHbIM (<0,01 MM=31,97-34,93% Ha
0-40 cM) 4 comocTaBUM C BEpPXHUMU TOPU3OHTAaMU ydyacTKa CaMOBOCCTaHOBJieHUs (28,60-
30,34% na 0-70 cm). HanmpoTuB, ry0OKHH CJI0M caMOBOCCTaHABJIMBawIlerocs orsajia (70-
110 cMm) 6bLa KpaiiHe rpy603éMHUCTBIM (mecok - 89,89%; <0,01 MM - 8,87%), uTo yKa3bIBaeT Ha
YCTOMYMBYI0 TEKCTYPHYI0 HEOJHOPOJHOCTb. B HeHapylleHHOW No4YBe J0JII TOHKOM ¢pakiuu
6bl1a MakcuMasibHOH (<0,01 MM=34,57-45,05%). BiaxkHocTb BapbupoBana oT 2,09% (pekyJib-
tuBauusa 0-10 cMm) po 11,69% (otBan 70-110 cm). AHanus PCA pasgenus TUNBl YYacTKOB U
NOKa3aJ HauboJIbIIYI0 HEOJAHOPOJAHOCTb Ha OTBaJle, HAXOJsIlerocss Ha eCTeCTBEHHOM CaMo-
BOCCTAaHOBJIEHUHU. PekysbTUBalus yuayduiaeT $U3UYEeCKOe COCTOSIHME BEPXHEro CJI0sl, OJHAKO
MOJIHOe COJMKeHHe C (GOHOBBIMHM IOYBAMHM OrPAaHWYMBAETCS BbIPAXKEHHBIMH TEKCTYPHBIMHU
KOHTpacTaMu B npoduie.

Kawueswvle cnosa: docdopuroBass [o6blYa; PEKYJbTHUBALUS 3€MeJb; €CTEeCTBEHHOE
3apacTaHue; TpaHyJIOMeTPUYECKHUHA COCTAB; aHAJIU3 TJIaBHBIX KOMITOHEHT (PCA).
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