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ABSTRACT

This study investigates the impact of gas extraction on soil subsidence at the Shurtan Mining Complex in southern Uzbekistan, utilizing
GNSS data. The complex, situated in the Beshkent trough within the Amu Darya Basin, represents a significant hub for hydrocarbon
reserves, including gas, and gas condensate. Results indicate a correlation between gas extraction intensity and soil subsidence, with
significant settlement observed at specific points most affected by extraction activities. Notably, annual height changes range from -0.5
mm/year to -3.4 mm/year, demonstrating the pronounced impact of gas extraction on subsidence. Tectonic processes, particularly
pronounced at the transition boundary from the Tien Shan orogeny to the plain territory (Turan Plate), exert even greater influence on
the nature of subsidence. Interpolation techniques, specifically Spline interpolation, are employed to visualize the spatial distribution
and dynamics of terrain deformation. Key conclusions emphasize the correlation between gas extraction intensity and soil subsidence,
alongside the influence of tectonic processes on height changes. Given the strategic importance of the Shurtan Mining Complex for
Uzbekistan's economy, these findings hold significant implications for sustainable resource management and future research endeavors.
This GNSS-based investigation offers valuable insights for advancing the understanding of geodynamic processes and informing resource
management strategies in similar geological contexts.
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1. INTRODUCTION thereby highlighting its significance in monitoring extraction
areas [8]-[10].

The Shurtan Mining Complex, strategically situated in
southern Uzbekistan, stands as a pivotal hub for natural gas
extraction within the country. It represents a significant
component of the hydrocarbon reserves delineated in the Amu
Darya Basin in Central Asia. The complex, located within the
Beshkent trough, an area that remains relatively underexplored,
offers promising prospects for exploration, particularly with
regards to reef and composite traps. Shurtan's deposits
encompass various types of hydrocarbon reservoirs, including
gas, gas condensate, and oil. These reservoirs, particularly

In the modern world, the role of Global Navigation Satellite
System (GNSS) measurements is paramount in resource
management, addressing various practical tasks such as
enhancing accuracy and efficiency, improving coordinate
systems, assessing seismicity, resolving geodetic tasks, and more
[1]-[7]. The integration of GNSS technology, in particular,
provides a unique opportunity to study the dynamic nature of
mineral extraction processes, offering a comprehensive
understanding of spatial complexities influencing gas fields,
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prevalent in the largely unexplored Beshkent depression, often
form as a result of tectonic processes such as folding and
fracturing of rock formations. Over the decades, extensive deep
drilling and geophysical surveys have been conducted in this
region to investigate subsurface structures and identify potential
oil and gas deposits. This ongoing activity plays a vital role in
advancing the region's mining industry and enhancing our
understanding of resource distribution.

The pursuit of efficient resource extraction necessitates a
profound understanding of the intricate interplay between
geospatial dynamics and mining operations. Recent studies,
including analysis of vertical terrain changes using geological [11]
and radar data [12], underscore the need for continuous
monitoring of ground subsidence in this area. Over the past 6
years (from 2016 to 2022), the vertical settlement of the
development area has amounted to -2.34 cm [12]. Research
suggests a potential anthropogenic origin of seismic activity in
the vicinity of the Shurtan gas field, where intensive geological
surveys may trigger earthquakes with magnitudes exceeding 5,
similar to those recorded in Western Uzbekistan in 1976 and
1984 [13]. With plans to expand these research efforts, it
becomes critically important to examine the impact of resource
extraction and groundwater depletion on surface terrain. Studies
on vertical displacements using geodetic methods are of great
significance for the development of the mining industry and
require further investigation due to potential implications for the
terrain and the risk of induced seismic events. Within the scope
of our research, we conducted, for the first time in this area,
measurements using GNSS (Global Navigation Satellite
Systems) to assess ground subsidence, allowing for a more
accurate evaluation of geological processes and the preparation
of recommendations for engineering and construction works.

2. DATA AND METHOD

2.1. Tectonic setting

The Shurtan Mining Complex, strategically located in
southern Uzbekistan, serves as a key centre for natural gas
extraction within the country and is classified as part of the
hydrocarbon reservoirs delineated by reservoirs in the Kopet
Dagh-Amu Darya Basin (KDADB). The KDADB extends
across the territory of Turkmenistan, northeastern Iran,
Uzbekistan, and the northern part of Afghanistan [14].

Situated in the Beshkent trough, an area that remains relatively
underexplored, reef and composite traps here emerge as
promising exploration targets [14], [15] (Figure 1). Shurtan's
deposits encompass various types of hydrocarbon reservoirs,
including gas, gas condensate, and oil. The primary reservoirs in
the Shurtan deposit consist of Upper Jurassic carbonates and
Lower Cretaceous siliciclastic rocks, predominant in the
Beshtent trough. Reef and composite traps, housing the majority
of undiscovered resources, are prevalent in the largely
unexplored Beshkent depression, with carbonate formations at
depths of approximately 3.5 km [17]. Since the 1950s, intensive
deep drilling and geophysical surveys have been conducted to
study subsurface rock formations and explore potential oil and
gas resetves. This activity significantly contributes to the region's
mining industry, providing valuable insights into resource
distribution. These reservoirs often form due to tectonic
processes like folding and fracturing of rock formations [18]. The
total number of boreholes in this area has reached approximately
200. Pressure exerted by the fluid extracted from the wells is
regularly measured near each active well using a barometer. To
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Figure 1. Study area and its location within the territory of Uzbekistan (small
figure). Active faults (red lines) are compiled from [16].

assess the impact of this pressure on the study points, we
calculated the average pressure values. These values were
measured from 2 to 11 wells within a 1 km radius around each
GNSS station. Next, a continuous surface was created using
spline interpolation, which will be described in the 'Data and
Methods' section (Figure 2). As shown in the figure, the main
work has been concentrated in the central and eastern parts of
the study area. This concentrated effort aims to further
understand the geological structure and potential resource
prospects in the region, facilitating future development and
exploitation of hydrocarbon reserves.

2.2. GNSS data processing

This study represents the first investigation in this region, with
previous measurements relying solely on levelling techniques.
Utilizing levelling survey points, we carefully selected the station
installation sites. To examine vertical movements, five cyclic
measurements were conducted using GNSS at 11 points between
2022 and 2024, as depicted in Figure 1. The observations were
conducted in static mode across a total of 5 sessions over a
period of 2 years, with each session lasting from 3 to 4 days. The
first observation stage took place on May 11-12, 2022. The
second stage was conducted on July 14-17, 2022. The third stage
occurred on October 21-23, 2022. The fourth observation stage
was carried out on December 5-6, 2022. The fifth stage took
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Figure 2. Map of the average pressure (kilogram-force per square centimetre,
kgf/cm?), in wells around GNSS points in the Shurtan gas field.
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place on March 27-30, 2023. The final stage was conducted on
April 6-7, 2024. During the first year (2022), daily session
durations were 12 hours, while during the second (2023) and
third (2024) years, measurements were conducted continuously
for 2-3 days. Observations were made using the SOUTH
G1PLUS receiver with a built-in STHG1SG1Z-K508A antenna
model. To minimize errors, the antenna elevation angle was set
at 10 degrees, and data were collected at a sampling rate of
approximately 30 seconds.

GPS only observation data were processed using the
GAMIT/GLOBK v.10.71 softwate package [19], which
included three stages [20]. In the first stage, daily phase
measurements wetre used to estimate station coordinates and
zenith atmospheric delay at each station, as well as satellite orbit
parameters and Farth's orientation. Automatic iteration in the
GAMIT block, utilizing the least squares method, is performed
until the residuals between a-priori and estimated coordinates
reach millimetre-level accuracy. During this process, cycle slips
are either repaired or removed using double or triple differences
of observations. High-precision geocentric orbits of IGS
satellites were used for all solutions. Wide-lane ambiguities for
each satellite were resolved at the 95% level using the
Melbourne-Wubbena combination [21] and satellite code bias
data. Additionally, standard models were chosen for the analysis:
the IERS-1992 gravitational field model [22], a non-gravitational
acceleration model for satellites [23], the Saastamoinen model for
estimating dry and wet atmospheric delays [24], the GPT2 global
pressure and temperature model [25] for zenith delay correction,
and the FES2004 ocean tidal loading model [26]. To exclude the
estimation of the orbital parameters and fix the IGS orbits, the
processing was carried out in the baseline mode. The number of
reference points and the session length affect the accuracy of the
vertical component. According to the GAMIT developers'
recommendations, the accuracy of the vertical component is
estimated as follows: for a 1-hour session with 16 points, the
accuracy is approximately 12 mm, while for a 12-hour session, it
improves to around 4 mm. In order to link the regional
measurements with the external global reference frame, the data
from 16 continuously operating global tracking stations (ARTU,
BADG, BHR4, CHUM, GUAO, HYDE, ISBA, IISC, KIT3,
KRTV, MDV]J, NOVM, POL2, TASH, TEHN, URUM) were
introduced in the processing. These data are mainly from the IGS
permanent network.

In the second stage, daily files were combined into loosely
constrained solutions for each session of the regional campaign.
To achieve this, the solution files from the primary observations
were converted into binary h-files. Then, to strengthen the
reference frame for survey-mode observations, data from
individual sessions (each lasting 3-4 days) were combined to
obtain the averaged station coordinates for the multi-day
experiment. Finally, 7z the third stage, the individual solutions were
processed using the Kalman filter in GLOBK [27] to obtain a
consistent set of station coordinates and velocities in the
International Terrestrial Reference Frame ITRF2014 [28]. The
reference frame was established using approximately 252 IGS
stations from the IGb14 Core Reference Frame, with h-files
derived from the global network and processed by Massachusetts
Institute of Technology (MIT).

The processing in the program provides three primary levels
of quality control for the initial data and the resulting coordinate
solution. Firstly, for counting the expected data included, the
number of x-files received was checked by the amount of initial
RINEX files. Then the quality of the source data was assessed by

the one-sided standard (RMS) deviations values for each satellite
and station. For the network stations, the error range of the best
points is from 4 mm to 6 mm, and that of the worst stations is
from 9 mm to 13 mm. According to the program developers,
values over 10 mm are high, but this is an acceptable noise level
of external sources (such as bad quality of observation,
multipath) [19]. Some of the new observation points have been
reprocessed to refine the resulting coordinates. Finally, two
criteria were used to check the wvalidity of the solution. The
baseline uncertainty values indicate the adequacy of the initial
data for obtaining a reliable solution. Ambiguities were resolved
with 89 % for the wide lane and 82 % for the narrow lane. These
percentages suggest that the data quality and processing strategy
are generally good, but the narrow-lane ambiguity resolution
could be improved, possibly by increasing session length,
refining the processing settings, or using additional constraints.
The normalized RMS (squate root of y? per degree of freedom
for the constrained solution with ambiguities free, constrained
solution with ambiguities resolved, loose solution with
ambiguities free, and loose solution with ambiguities resolved) is
about 0.18-0.20 mm for all sessions. This value confirmed the
conformity of the models to their noise level. The definitive
check of the data and processing is provided by the time-series
solution. The calculated solutions had a vertical coordinate
uncertainty and repeatability, with the level of 2.9-8.3 mm. This
error could have been affected by the 12-hour session.

This meticulous processing methodology ensures the
accuracy and reliability of the derived coordinates and velocities,
facilitating robust analysis and interpretation of the GPS data.

2.3. Velocity interpolation

Interpolated results of vertical velocities are essential for
understanding the spatial distribution and dynamics of terrain
deformation. By utilizing interpolation techniques, we can
estimate height change velocities at unmeasured locations based
on observations from surrounding points. These interpolated
velocities provide valuable insights into the overall pattern of
ground movement and can help identify areas of accelerated
subsidence or uplift. Additionally, they serve as crucial inputs for
predictive models and decision-making processes related to land
use planning, infrastructure development, and environmental
management. Thus, accurate and reliable interpolation of vertical
velocities is paramount for comprehensive geodetic analyses and
informed decision-making regarding land subsidence, uplift, and
associated hazards. To obtain the velocity field for the region, the
"Spline" interpolation method was used in the ArcGIS software
ver.10.8 [27]. Spline interpolation is a mathematical technique
that allows the creation of a continuous surface from a set of
scattered points. This approach is useful when dealing with point
data that is unevenly distributed across a study area and requires
an estimate of the hazard distribution over the entire area. It
involves fitting a smooth curve to a set of data points by
minimizing the overall curvature of the curve. Several studies
have utilized the Spline interpolation method for various
applications, as documented in [29]-[32]. In our study, the
regularized spline method was chosen for data interpolation, as
it allows the creation of a smooth surface that passes precisely
through the input points. The algorithm used for the Spline tool
employs the following formula for surface interpolation [27]:

N
S(x,y) =T(x,y) + z A R(ry), )

j=1
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where j = 1, 2, ... N, with N the number of points, 4; -
coefficients, obtained by solving a system of linear equations,
7; - the distance from point (x, y) to point j, and

T(x,y) =a; +a,x + azy, 2

in which the a; coefficients are obtained by solving a system of
linear equations. Furthermore,

R(r) = 2_{%1(1) A

1
T 2T

+72 [Ko (r?’) +c+In (;—’n)]} ,

is a weight parameter equal to 0.001, K — the modified

©)

where 72

Bessel function, and ¢ is a constant equal to 0.577215.

The linear equations underlying this method are based on the
following conditions: the surface must accurately fit the
measured data and pass through all observation points, while also
minimizing the overall curvature. This ensures that the
interpolated surface faithfully represents the input data while
smoothing variations to reduce total curvature.

The selection of this method is due to its ability to model
gently varying surfaces, such as elevation, which is particularly
important for our research. The regularized spline method also
allows for controlling the smoothness of the surface using a
weight parameter, which determines the influence of the third
derivatives in the curvature minimization equation. In our case,
the weight was set to 0.001, ensuring an optimal balance between
surface smoothness and interpolation accuracy, avoiding
excessive smoothing. The number of points used in the
calculation of each interpolated cell was set to 9. This number
allows for the influence of nearby points, creating a sufficiently
smooth surface that fits the data without significantly increasing
processing time.

Thus, the regularized spline method not only accurately
reproduces the measured data but also minimizes curvature
changes, making it ideal for tasks involving the interpolation of
smooth surfaces.

3. RESULTS AND DISCUSSION

Annual changes in point elevation within the region are
illustrated in Table 1. The table provides vertical (I'y) velocities,
and their standard deviations (§Dvi) for each GNSS site.
Figure 3 illustrates these changes graphically. The points (4161-

Table 1. Vertical (Vh) velocities and their standard deviations (SDvy) of each
GNSS site. Duplicate points are marked with an asterisk (*).

. . ° . o Vh SDvh
Station Longitude (°) Latitude (°) (mm/yr) (mm/yr)
4161 66.023 38.465 -2.4 0.3
112s* 66.023 38.465 -2.4 0.3
0959 66.009 38.491 -2.6 0.2
169S* 66.008 38.491 -2.6 0.3
5652 65.998 38.579 -1.0 0.3
TOP1 65.979 38.489 -3.4 0.4
2369 65.967 38.544 -2.9 0.3
565K 65.965 38.529 -3.9 0.8
69SK 65.954 38.519 -3.0 0.5
34SK* 65.912 38.489 -0.5 0.9
1125 65.912 38.489 -0.5 0.9
4878 65.888 38.480 -1.8 0.3
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Figure 3. The annual height changes of the points. Red lines represent faults
(designations are the same as in Figure 1).

112S), (0959-169S), (34SK-1125) are sites with two installations.
The results are shown in the Table 1, and do not have significant
differences, so they were not included in the Figure 3. The data
reveal a prevalent trend of ground subsidence attributed to gas
extraction activities. Primarily, the trend of intense subsidence is
evident in the central part of the study area. Particulatly
noteworthy is the significant subsidence ranging from -2.4
mm/year to -3.4 mm/year observed at points 0959, TOP1, 2369,
56SK, and 69SK. This area has been the focus of extensive gas
extraction efforts in recent years (see Figure 2). Moreover, the
influence of regional tectonics should be acknowledged. The
Langar-Karail flexure-fault zone separates the Tien Shan orogen
from the Turan platform [33]. Situated in the transitional zone
between the Tien Shan orogeny and the Turan Plate, the area
may experience shifts from uplift zones to subsidence zones. The
analysis of pressure data near the wells (Figure 2) and ground
subsidence (Figure 3) reveals a correlation between these
parameters, particularly in the central part of the field, where
extensive gas extraction activities have been conducted in recent
years. The central region shows the highest-pressure values and
the most intense subsidence, confirming the impact of
anthropogenic pressure on geodynamic processes. At station
TOP1, the maximum subsidence of -3.4 mm/year is observed,
which is attributed to both gas extraction and tectonic activity.
Despite their proximity to station TOP1, stations 0959 and 4161
show a subsidence of -2.4 mm/yeat, possibly indicating the
influence of orogenic activity.

To ensure continuous representation of the vertical velocity
field in the study area, spline interpolation of the obtained values
was performed (Figure 4). Spatial analysis confirms the trends in
velocity changes caused by gas extraction, as well as reflects the
geological structure of the region. However, despite confirming
the overall trend, the interpolation results and the pressure data
from the wells show slight discrepancies. This is likely due to the
density of the measurement network and the number of stations
in the study area, which may affect the accuracy and detail of the
obtained data. Additionally, variations in local geological
conditions, such as differences in soil composition or fault
proximity, could also contribute to these observed deviations.

4. CONCLUSIONS

In this study, we conducted an analysis of vertical movements
and height changes at the Shurtan deposit using GNSS data. Our
findings lead to several key conclusions. Firstly, we found that
the intensity of gas extraction correlates with the overall level of
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Figure 4. Surface generated based on Spline interpolation of elevation
change rates.

soil subsidence, confirming the significant impact of this process
on the geodynamics of the deposit. Particularly high settlement
rates are observed at points located in the active gas extraction
zone. Secondly, we emphasize the importance of tectonic
processes affecting height changes at the deposit. Areas with
pronounced tectonic activity exhibit significant height changes,
indicating the influence of structural features on geodynamic
processes. Additionally, our spline interpolation methodology
allowed for a more visually informative representation of the
results, highlighting areas with the most intense subsidence.
Finally, our research underscores the importance of further
monitoring of geodynamic processes at the Shurtan deposit and
their impact on the safety and efficiency of gas extraction.
Considering the complexity of the geological structure of the
deposit and its strategic importance for the Uzbekistan economy,
further studies in this area may have significant implications for
the development of the mining industry and sustainable use of
natural resources.

It is noteworthy that such GNSS-based investigations are
conducted here for the first time, promising valuable insights for
future research and resource management strategies. The
accuracy of measurements is planned to be improved in the
future by increasing the session durations and by processing data
from other GNSS systems (GLONASS, Beidou, Galileo).
Despite the current uncertainty in velocity, GPS measurements
have proven to be reliable for monitoring the vertical movement
dynamics in the region caused by gas extraction.
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