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Introduction

Deeper understanding of the Earth’s gravitational 

field and its time history is necessary for solving a wide 

range of problems in science and technology, including 

geophysical exploration of mineral deposits [1, 2], 

geodynamic research [3–5], climate forecasting [6, 7], 

as well as shift of poles [8–10] or finding underground 

sources of heat and water [11, 12].

Gravimetric data help get information about density of 

rocks, or configuration and depth of such large structures 

as sedimentary basins, faults, upheavals and downfolds. 

Gravity anomalies often point at faulted zones, which is 

important for the evaluation of geodynamic activity and 

prediction of possible earthquakes in a region. In geodetic 

measurement and engineering survey, gravimetry allows 

taking into account geological conditions, for instance, 

in construction of dams, tunnels, large buildings and infrastructures. Also, 

gravimetric data are necessary to improve precision of geodetic surveying 

and map-making, for instance, when building a geoID model or revising 

coordinates [13, 14].

Kazakhstan possesses a huge collection of gravimetric data from land-

based and satellite surveying carried out in different years by geophysical and 

geological exploration teams. 

Since the measurements had different density and accuracy, and were 

conducted in various topographic conditions, it is required to examine quality 

of the available gravimetric data and integrate them into a unified basis for 

the further use in modeling the Earth’s gravity field in Kazakhstan, and for 

solving various geodetic, geophysical and other type problems. 

The aim of this study is the comparative analysis of the precision 

provided by the global geopotential model XGM2019e_2159 and by the 

gravimetric surveys in the Turkistan Region, and the use of the gravimetric 

data in mapping of the Bouguer anomalies and for the deep-earth analysis 

of the test area. 

Research area 

The Turkistan Region lies in the south of Kazakhstan at the border 

with Uzbekistan (Fig. 1), inside the areas of deserts and semi-deserts. The 

land forms are valleys and lowlands. In the east there are branches of the 

western Tian-Shan, such as the Karatau Mountains which are the source 

of rivers and other water types. In the west and in the center of the test 

area, the even deserts and semi-deserts prevail. The regional hydrography is 

represented by the Syr Darya River and manmade water bodies, including the 

largest Shardara Reservoir. The problem connected with water resources 

is topical because of arID climate and high dependence on transboundary 

rivers. The region possesses many minerals, including phosphorite, building 

materials and rare metals. Ecologically, the Turkistan Region experiences 

desertification. 

Methods and materials 

Recently, modernization of the national geodetic datum of Kazakhstan 

is carried out, including the gravimetric reference frame. The previous 

gravimetric reference of Kazakhstan represented the national gravimetric 

network (NGN) of class I with 77 points with an accuracy of ±0.03–0.04 

mGal, class II with 785 points with an accuracy of ±0.06 mGal, class III 

with 3500 points with an accuracy of ±0.02–0.04 mGal (relative to class 

I points). Using the gravimetric data over the whole area of Kazakhstan, the 

gravity anomaly maps were drawn at different times and at different scales 

of 1:1000000, 1:500000 and 1:200000. For the promising sites, a series 

of gravity maps was prepared and issued at a scale of 1:50000 (over 100 

trapezoids) [15]. 

The gravimetry of the Turkistan Region was integrated with other 

geophysical surveying methods towards the precise geological delineation of 

mineral deposits, comprehensive analysis of rocks and creation of detailed 

gravity maps of the promising sites. As a result, the test area is entirely 

covered by gravimetric observations of different scale (Fig. 2). 

In the test region, gravity surveys at the scales of 1:10000 and 

1:25000 started in the 1970s. In 1982–1986 the works were carried 

out in the center of the Leontyev depression and Shu-Sarysu basin. Nearly 

50% of the test area is embraced by surveying at a scale of 1:50000, 

commonly used since the mid-1900s, with the peak of application in the 

1960–80s. Generally, the surveying was performed by the Central, Turlan 

and Ural geophysical expeditions, Karatau geological exploration expedition, 

Kazakhstan aerogeology expedition and by Izdenis JSC. 

Approximately 20% of the test area is covered by the scale 1:100000 

surveying performed in different periods of time, starting from the mid-1900s  

and up to the present day, for the regional territorial research, including deep 

structure, reference networking, etc. These works were implemented by 

the Turlan geophysical expedition, Tashkentgeologia Integrated Geophysical 

Exploration Expedition and by GEOKEN Center LLC. The average accuracy 

of the gravimetric measurements was ±0.03–0.10 mGal for the ground 

elevations of ±0.05–0.25 m. 
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The scale 1:200000 surveys cover 

a bit less than a half of the test area. The 

main agencies engaged in the surveys are 

the Ustyurt party, Neftegeofizika Special 

Regional Geophysical Expedition, KGGT 

Aerogeophysical Expedition and GEOKEN 

Center LLC. 

During the research, the fellow workers 

of the Satbayev University and GEOKEN 

Center carried out the analysis of gravimetric 

data and integrated them into a unified 

data base. An updated gravimetric map at 

a scale of 1:200000 was created for the 

whole Turkistan Region. The earlier gravity 

anomaly maps at the scale of 1:200000 

were created for the area of Kazakhstan in 

the period between 1961 and 2001 using all 

reliable information of gravimetric surveys 

performed by that time. 

The layout of points belonging in the 

gravimetric and field reference networks, 

as well as intermediate observation sites 

in the test area are shown in Fig. 3. The 

density of the gravimetric points in the test 

area is uneven, for instance, in the north 

and in the center, the density is higher, 

and its decreases closer to the south of 

the test area. This is explained by the fact 

that in the north of the Turkistan Region, 

there are the mineral exploration zones, and Fig. 1. Location of the Turkistan Region 

Fig. 2. Gravity survey coverage of the Turkistan area Fig. 3. Layout of gravimetric points 
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the intergated geophysical research has involved a more comprehensive 

gravimetric survey here. 

Almost all gravimetric surveys at a scale of 1:200000 carried out in 

the test area were included in preparation of the gravity maps at the scale 

of 1:200000. Some surveys at a scale of 1:100000 were used in plotting 

of individual sheets of the map. The surveys implemented in the center and 

in the south of the test area were discarded because of the early year of 

surveying. 

So, it is possible to state that the published gravimetric maps of 

the Turkistan Region used mostly the data of surveying at the scales of 

1:50000 and 1:200000, which ensured the required precision of the maps. 

Digitalization of the maps produced an integrated array of quality data from 

surveying at a scale of 1:200000 and also larger scales. 

Analysis of gravimetric data. The land-based gravimetric measurements 

carried out in the Turkistan Region were compared with the model data 

calculated using the coefficients of the recent global geopotential model 

XGM 2019e_2159. 

The global geopotential model XGM2019e_2159 became available 

in 2019 on the website of the German International Center for Global 

Earth Models (ICGEM) in Potsdam [13]. The model XGM2019e_2159 is 

a combined geopotential model with its harmonic coefficients which were 

first determined in terms of spheroidal harmonics and then, to conform 

with ICGEM standard, were converted to spherical harmonics. On ICGEM’s 

website, the model XGM2019e_2159 is available up to a spherical 

harmonic’s degree N = 2190 [16]. 

The gravity anomaly Δg  is determined using the data of the geopotential 

model XGM2019e2159 from the formula [17]:
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Δ = γ − Δ λ + λ ϕ∑ ∑
2 0

1 * ( cos sin ) sin ,
N n

nm nm nm
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where γ  is the normal gravity; n and m are the degree and order of a spherical 

harmonic; Δ
nm

C  is the difference of standardized cosine geopotential 

coefficients; 
nm

S  is the standardized sine geopotential coefficient; λ  and 

ϕ  are the longitude and latitude of a point; N is the spherical harmonic’s 

degree; ( )ϕsin
nm

P are the standardized associated Legendre functions. 

The comparison of the gravity anomalies from the land-based gravimetric 

measurements and from the modeling data uses the formula [18]:

( ) ( ) ( )δΔ = Δ − Δ
mod

,
H

g P g P g P   (2)

where ( )Δ
H

g P  are the gravity anomalies calculated using the gravimetric 

measurements at the point ( )ϕ λ,P  on ground surface; ( )Δ
mod

g P  

are the gravity anomalies at the same point from the data of the model 

XGM2019e_2159.  

Deep subsurface investigation. The gravity field represents distribution 

of equivalent density nonuniformities of gravitational masses conditionally 

‘brought’ to an equipotential surface and, therefore, provides no answer to 

the question at which specific depths these masses are located. 

For referencing structural nonuniformities at different depths, various 

methods of transformation of the initial anomaly field are used, which 

‘aggravate’ either regional or local anomalies. 

The most common approaches are the analytical extensions of the 

field to the upper or lower half-spaces, which allows identifying various 

components of the gravity fields. The upward recalculations, i.e., to the 

levels above the observation surface, lead to a drop in the amplitudes of the 

local anomalies and to a slight change in the regional anomalies. This makes 

it possible, at an optimal selected height of the recalculation, to match the 

transformed anomalies and the regional background [19]. 

One of the most efficient methods of disintegrating a complex field is the 

analytical extension to the upper half-space—the recalculation at a certain 

height h. The field recalculated in the upper half-space preserves mostly 

anomalies governed by large deep-seated geological bodies and by density 

interfaces at great depths. The effects conditioned by shallow and small 

objects get mostly suppressed [20].

The downward recalculation of the field, below the observation plane, 

similarly to the calculation of higher derivatives of gravity force, leads to 

highlighting of local anomalies. Using the maps and graphs of the observed 

(�gobs) or local (�gloc) and regional (�greg) gravity anomalies, it is possible to 

draw the quality conclusions on the density nonuniformities which condition 

these anomalies. The positive anomalies point at the location of denser rocks 

as compared with the enclosing rock mass, the negative anomalies agree with 

the location of less dense rocks, or with upheaval or sinking of a subhorizontal 

interface of different density rocks. The zones of the increased horizontal 

gradients conform with the steep interfaces of different density rocks. 

Fourier transforms. For the case of land-based gravimetrical surveys, 

the Fourier transform is carried out using the formulas below [20]:
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 are the spatial frequencies; i is an

 

imaginary number; (b – a) and (c – c) are the sizes of the survey area along 

the axes OX and OY, respectively; ( )ω ω
1 2
,S  is the amplitude–frequency 

spectrum of the function ( ),f x y .

The calculation of the spectrum of the field transform ( ),f x y  needs 

finding a product of two spectra [20]:
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where ( )ω ω
1 2
,

v
S  is the transform spectrum; ( )Φ ω ω

1 2
,  is the spectral 

characteristic of the gravity field recalculation at the height h and is generally 

expressed as: ( ) −ωΦ ω = .he  .

The radially averaged spectrum of the gravity field strength allows 

representing the gravity field strength as a function of the spatial frequency 

(wavenumber) averaged along a direction in the space of frequencies. 

The radially averaged strength spectrum ( )P k  is expressed in terms of 

2D gravity field Fourier transform Ф(x, y):
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k k  is the Fourier spectrum of gravity field; = +2 2
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k kk  

the wavenumber; Nk is the number of points in the circular interval 

Δ Δ⎡ ⎤− +⎢ ⎥⎣ ⎦
, ;

2 2

k k
k k  �k is the width of the circular interval of averaging, which  

defines the thickness of a circle in the frequency domain, in which the 

spectrum values are averaged.  

Results 

For the comparison of the land-based gravimetric measurements 

in the Turkistan Region and the calculations from the data of the global 

geopotential model XGM2019e_2159, 320 reference points were 

selected in the gravimetric networks of classes I–III, and the gravity 

force values were determined at that points at an error from ±0.02 to 

±0.06 mGal. The layout of the reference gravimetric points in the test 

area and the results of the compared gravity anomalies from the land-

based gravimetric measurement and from the global geopotential model 

are depicted in Fig. 4.
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The density of the reference points is comparatively uniform in the test 

area, except for its north-east where this density is somewhat higher, due 

to the more detailed gravimetric surveys carried out here during exploration 

of mineral deposits which occur in this area. 

The analysis of the difference field in Fig. 4 allows drawing the following 

conclusions: the difference between the gravity anomalies calculated using 

the global geopotential model XGM 2019e_2159 and the land-based 

measurements has the maximum values in the south of the test area and in 

a small site in the middle, which is most probably caused by a low accuracy 

of the geopotential model due to lack of the land data; the mean square 

error of the land-based and model gravimetric data difference is –16.8 mGal 

in a range from +37 to –50 mGal. 

Deep subsurface investigation. As a result of the calculation of the 

radially averaged strength spectrum, which is a function of the wavenumber 

and is calculated as averaging of energies of the same wavenumber in all 

directions, the maps of the regional anomaly field and the residual anomaly 

field are obtained (Fig. 5).

The negative gravity anomalies are observed across the whole test 

area. As seen in Fig. 5, the gravity anomalies in the north vary in a range 

from –20 to –86 mGal, which probably conforms with the Shu-Sarysu 

depression representing an Epicaledonian basin with a two-layer structure 

of the sedimentary cover. The intensity and shapes of the anomalies can 

be caused by the differences in the thickness of the sedimentary cover, in 

the structure of the basement, and by the presence of the deep-seated 

faults. The low values of the gravity anomalies may be connected with the 

deeper sites of the depression, and the smaller anomalies can be connected 

with the thinner sedimentary cover or with the upheaved basement. This 

may point at the local upheaval or platform projections of the basement 

inside the basin. The lower level of this basin is composed of the Paleozoic 

a
b

Fig. 5. Maps of regional and residual gravity anomalies:

a — regional gravity anomalies; b — residual gravity anomalies 

Fig. 4. Differences of the field from the gravimetric surveying 

and geopotential model XGM 2019e_2159 
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moderately dislocated lithified rocks at the depths of 700–1000 m, and 

the upper level—of the Mesozoic–Cenozoic flat platform mantle of the 

Cretaceous and Cenozoic sandy–clayey sediments. The bottom of the 

mantle is composed of speckled clay of the Low-Cretaceous and Cenomanian 

age [21]. 

In the south of the test area, the gravity anomalies range from –45 to 

–138 mGal and can be connected with the Syr Darya intracontinental basin. 

In the Shymkent-adjacent region of this basin, by geological and geophysical 

data, near the northeastern corner, there are the largest northwestward 

Near-Karatau and Turkistan faults. In the rest of the region, there are the 

northeastward and, to a lesser degree, northwestward faults. According to 

gravity surveys, some rock formations overlaID with the Mesozoic–Cenozoic 

to Paleozoic soft sediments up to 1600–1800 m thick occur in a semi-

circle and are the northern and eastern half of the giant Irisu–Urtabas ring 

structure. The controlling faults have an evident relation to the top mantle 

of the Earth’s crust. All this can be an explanation of the local negative 

gravity anomalies in the north of the region being discussed. 

The analysis of the map of the residual gravity anomalies proves a 

probable connection of the revealed anomalies with the presence of the iron 

ore, aluminum and copper–iron ore deposits. The latter, as a rule, adjoin 

the edges of the Syr Darya basin and the higher order tectonic structures 

as well. In these zones, the outcrops or subsurface sediments of the 

Devonian–Carboniferous period are detected, which are greatly complicated 

by a system of overthrusts and faults of different orientation and thickness, 

supposedly genetically related with multi-phase and different-age intrusive 

formations. 

Conclusions

The developed map of the Bouguer anomalies for the area of the 

Turkistan Region meets the modern standards of precision and ensures 

the detailed and reliable characteristic of the regional gravity field. The 

comparison of the obtained values with the model anomalies from the global 

geopotential model demonstrates the advantage of the developed map 

in terms of the spatial resolution and accurate mapping of the local and 

regional peculiarities of the gravity field. 

The implemented transformations of the gravity field made it possible to 

push the interpretation limits of the map. As a result, we acquired additional 

knowledge of the deep structure of the Earth’s crust and identified the 

anomalous zones potentially related with various geological structures and 

processes. 

In the long term, the presented gravimetric map is usable in solving 

a wide range of theoretical and applied problems, including the geological 

and structural zoning, prediction and exploration of mineral resources, 

geodynamic activity assessment, as well as the investigation of potential 

localization of heat sources and aquifers. 
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