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Interpretation of Gravity Monitoring Data on Geotechnical Impact on the Geological
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Abstract—The Verkhnekamskoye potassium salt deposit
located in the Perm Krai is the main source of raw materials for the
potash industry in Russia. The penetration of underground waters
into the shafts of the mine, which is situated beneath the industrial
zone, and residential quarters of the city of Berezniki led to the
flooding of the mine with subsequent collapsing of the earth’s
surface. For obtaining the information about negative impacts of
engineering processes associated with mineral mining operations, a
method of highly accurate gravimetric monitoring observations is
suggested, suitable for tracking the time changes of the gravita-
tional field. As a result of monitoring observations we obtain a
dynamic anomaly of gravity which is defined as the difference
between the subsequent and the previous gravity values. Since all
the unvarying components of the gravitational field are present in
each pair of the observations, the dynamic anomaly only reflects a
specific geological or mining process. The method for processing
and interpretation of the dynamic anomalies of gravity, which
synthesizes qualitative and quantitative approaches to extracting
the geological information from gravity data, is developed. The
interpretation yields the areal distribution and probable depth
interval of the zone of rock decompaction and shows the magnitude
of the change in the density of rocks characterizing the intensity of
the decompaction process. The practical implementation of the
highly accurate gravimetric monitoring observations is carried out
in the emergency sites of the mines of the Verkhnekamskoye
potassium salt deposit has demonstrated high efficiency of the
suggested method.

Keywords: Gravity monitoring, numerical modeling, induced
subsidence, salt mine, safety control.

1. Introduction

Long-term manmade loads associated with the
production activities at mineral deposits can have a
strong impact on the natural geological environment.
These impacts can cause a response in the form of the
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large-scale changes leading to the catastrophic con-
sequences such as subsidence and collapsing of the
earth’s surface which threaten the life activities and
are fraught with the significant economic losses
(Ogilvy and Bogoslovsky 1979; Branston and Styles
2003; Baryakh et al. 2011; Strzatkowski 2019; Con-
trucci et al. 2019). The study and forecast of the
negative impact of engineering processes on the
geological environment is widely based on the com-
bined use of geophysical methods, among which
gravity plays an important role (Arzi 1975; Rybakov
et al. 2001; Pinto et al. 2005; Branston and Styles
2003; Styles et al. 2006; Pringle et al. 2012; Sultan
and Ahmed 2014; Zong et al. 2015; Constantino et al.
2016; Nava-Flores et al. 2016; Santolaria et al. 2017;
Gabriel et al., 2019; Tsiupiak et al. 2019). The critical
importance of identifying the technological impact on
the geological environment is demonstrated, inter
alia, by the recent catastrophic accidents with flood-
ing of the mines of the Verkhnekamskoe potash
deposit (VKPD).

This potassium salt field located in the Perm Krai
(Fig. 1) is the main source of raw materials for the
potash industry in Russia. Tectonically, it is confined
to the central part of the Solikamsk depression of the
Cis-Uralian foredeep (Fig. 1). The deposit is a lens-
shaped Kungurian salt stratum up to 550 m thick with
an area of more than 8000 km?. The depth to the top
of the salt layer varies from 150 to 700 m. The potash
field mainly composed of carnallite and sylvinite is
located within the boundaries of the halite stratum.
Much attention has always been paid to studying the
geological structure of the deposit and its safe
development (Baryakh et al. 2011; Kovin 2011).

For detecting the gravity variations associated
with the human impact on the geological
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Figure 1

Verkhnekamskoye potassium salt deposit in the Perm Krai:

a geographical location, b tectonic framework (KS—Kolvinskaya

Saddle, SolD-Solikamskaya Depression, KChS—Kosvinsko-Chu-
sovskaya Saddle, Sylvenskaya Depression)

environment, the time-lapse monitoring gravity
observations are carried out at VKPD (Shcherbinina
et al. 2011; Bychkov et al. 2018b). The monitoring
observations of gravity reveal the dynamics of the
deformation processes of the rock mass and make it
possible to forecast dangerous and catastrophic situ-
ations. The time-lapse observations are used for
calculating the dynamic anomaly of gravity which is
defined as the difference between the subsequent and
previous gravity values. Dynamic anomalies are not
distorted by the terrain effects and do not reflect the
time-constant density inhomogeneities of the geo-
logical section. Since all the constant components of
the gravitational field are equally present in any pair
of the observations, the dynamic anomaly only
reflects a specific mining process or a rapid geolog-
ical process occurring on a certain time interval.
Gravity monitoring is widely used in the studies
of volcanic activity and in hydrogeology (Jentzsch
et al. 2004; Carbone and Greco 2007 Biegert et al.
2008). The use of gravity data is highly efficient in
studying the karst phenomena (Rybakov et al. 2001;
Eppelbaum et al. 2008; Jacob et al. 2009; Al-Zoubi
et al. 2013). Extensive monitoring observations are
carried out at the oil and gas fields where gravity data
are used for determining the changes in the reservoir
pressure and for estimating the rise of the oil- and
gas-water contact (Gelderen et al. 1999; Glegola et al.
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2015; Reitz et al. 2015) as well as for controlling the
CO, injection into the reservoir aimed at enhancing
oil recovery of the fields (Gasperikova and Hoversten
2008). The studies of the earth’s surface subsidence
and the development of underground cavities above
salt mines from gravity data are carried out in the UK
(Branston and Styles 2003; Styles et al. 2006; Pringle
et al. 2012) and Ukraine (Tsiupiak et al. 2019).

The geological efficiency of the geophysical and,
in particular, gravimetric studies significantly
depends on the interpretation technologies, which
include various methods for extracting information
from field observations. The interpretation methods
are traditionally divided into qualitative and quanti-
tative (Jacoby and Smilde 2009). Qualitative
interpretation approximately estimates the spatial
distribution of density inhomogeneities correspond-
ing to the revealed gravity anomalies. Quantitative
interpretation yields the parameters characterizing the
anomalous geological objects, namely, their shape,
size, depth, density, etc. We propose a variant of the
synthesis of qualitative and quantitative methods for
extracting geological information from gravimetric
data, which, in our opinion, improves the reliability
of locating the anomalous objects.

2. Geological Model of Gravimetric Monitoring

Since dynamic anomalies do not reflect static
density inhomogeneities present in the geological
section, the model of gravimetric monitoring consists
of a homogeneous geological medium hosting an iso-
lated domain where the density of rocks has changed.
For example, in the geological section shown in
Fig. 2a, adecompacted zone with a density o3 appeared
(let us say, a karst cavity) (Fig. 2b). The gravity field
has slightly decreased; however, it is very difficult to
identify this geological object with only the field Ag,.
If we calculate the difference 6g = Agro—Agri, then
we get only the gravitational effect of the decom-
pressed zone (Fig. 2c). The extreme magnitudes of the
gravitational effects depending on the depth (H) and
size (R) of the decompaction zone are shown by the
curves in Fig. 2d (the values are indicated in mGal).
These effects are calculated for the case when the
density of the local object changes by 10 kg/m?, which
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Figure 2
Geological model of gravity monitoring: a gravity field Agr, of a two-layer geological model with densities o and o, (scales along the axes
are conventional), b gravity field Agr, with a zone of decompression a3 (dashed line), ¢ dynamic gravity anomaly, d extreme gravitational
effects of the models depending on depth (H) and dimensions (R) of the anomalous bodies

is a very small value. Due to the fact that modern
gravimetric and geodesic instruments detect gravity
anomalies as accurately as up to £(0.005-0.007) mGal
(Chapin et al. 1999), based on the gravimetric data it is
possible to determine the beginning of the process of
rock decompaction by identifying the zones of the
probable subsequent subsidence and collapsing of the
earth’s surface.

There are several noise components in gravimet-
ric monitoring: changes in the elevation of an
observation point, in the thickness and density of the
snow cover, variations in the atmospheric pressure,
seasonal changes in water saturation and in the
degree of frost penetration in the upper part of the
section, the groundwater level in the vicinity of the
observation point, and some other factors. The
external factors of the changes in gravity field which

include tidal effect, the changes in the local land-
forms in the vicinity of the observation point (man-
made dumps, ditches, etc.), and variations in the
atmospheric pressure, can be taken into account
during data processing (Al-Zoubi et al. 2013). The
endogenous factors and, primarily, the groundwater
level which noticeably affects the gravity field as
demonstrated in (Davis et al. 2008; Jacob et al. 2009;
Gabriel et al. 2019) are more difficult to take into
account. Clearly, for each segment of the gravimetric
works, the relationship between the fluctuations of
the groundwater level and the changes in gravity will
be different; therefore, monitoring should be
accompanied by gravimetric observations at the
existing hydrogeological wells with tracking the
groundwater level and identifying the relationship
between its fluctuations and the changes in gravity.
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Based on the suggested model of gravimetric
monitoring and considering the world experience in
the gravimetric monitoring studies, we developed a
technique for the joint application of the qualitative
and quantitative interpretation methods. At the initial
stage of the interpretation, the image of the geologi-
cal medium (3D field model) is constructed by the
tomographic transformation of the field. The depth
scale of the constructed cross sections and 3D dia-
grams of the field does not correspond to the true one
and is graduated in the transformation coefficients
(k). However, the results of the tomographic trans-
formation are successfully used for refining the
geological hypotheses and for specifying the a priori
constraints in the subsequent solution of the gravity
inversion.

We propose to solve the inverse problems by the
assembly method with the use of the guaranteed
approach to assessing the quality of the obtained
results and with constructing the localization function
of the anomalous bodies. The idea of the assembly
method is to assemble the anomalous object by
attaching an elementary volume to the initial model
in such a way that the difference between the mea-
sured and model field decreased at each step of the
iteration process. The method uses a discrete (grid)
description of a density medium where the anomalous
objects are represented in the form of an aggregate of
a certain number of elementary geometric bodies (for
example, cubes). By varying the parameters of
transformations of the field, we obtain different sets
of the constraints on the parameters of the anomalous
bodies. Multiple solutions of the inverse problem for
each model yield different shapes and different
locations of the objects. Combining all the solutions,
we obtain a domain, which is guaranteed to contain
the anomalous objects, and a domain where these
objects can be located with a certain degree of reli-
ability. The model of the field’s source used in this
method (isolated objects in a homogeneous environ-
ment) fully satisfies the geological model of
gravimetric monitoring since the effect of the con-
stant density inhomogeneities associated with the
geological structure of the rock mass is absent in the
dynamic gravity anomalies.
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3. Qualitative Interpretation of Dynamic Anomalies

At present, numerous algorithms have been
developed for constructing three-dimensional models
of various parameters (characteristics) of the poten-
tial fields for spatial mapping of the geological
medium, and a new direction called interpretation
tomography has been formed in the theory of inter-
pretation of the potential fields (Mauriello and Patella
2001; Bychkov et al. 2003; Novoselitskiy et al. 2003;
Prostolupov et al. 2006; Chianese and Lapenna 2007;
Sailhac et al. 2009; Dolgal et al. 2012; Florio and
Fedi 2014; Liu et al. 2014; Xiao 2015; Bychkov 2018
a, b). The methods of interpretation tomography are
very attractive for geophysicists because these
methods allow the interpreted field to be separated
into the contributions of the layers located at the
different depths with a minimum a priori information
about the anomalous bodies; they do not require
burdensome procedures for constructing the initial
approximation (geological models) which are neces-
sary in the classical methods of automated fitting of
the field, and they use relatively fast computational
algorithms thet allow processing large amounts of the
initial information.

One of the methods of tomographic interpretation
is vector scanning which is implemented in the
VECTOR computer technology, described in works
(Bychkov et al. 2003; Novoselitskiy et al. 2003;
Prostolupov et al. 2006; Shcherbinina et al. 2011). At
the initial stage of processing in the VECTOR sys-
tem, triangulation is carried out over the irregular grid
of the points distributed in area D: x; < x < xp, y; <
y <y,, at which the analyzed field V was measured
(the Bouguer anomalies). This procedure yields a
system of the multiple overlapping triangles at the
intersections of the medians of which the orthogonal
components V, and V, of the horizontal gradient are
stably determined. The vertices of the triangles are
the observation points. The system of the triangles is
dense and multiply overlapped. In each triangle, the
orthogonal components V, and total vector of hori-
zontal gradient V,= V,+ V, are determined from
three increments of the field. The horizontal gradients
whose bases lie at intersections of medians of a tri-
angle are the initial and main material for the
subsequent transformations of the field in a system of
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vector transforms (Prostolupov et al. 2006). Here, by
varying the constraints on the triangulation process
(primarily, the equilaterality condition for the trian-
gles), we can obtain different variants of the solution.

Next, vector averaging of the gradients (with
vector directions taken into account) is carried out in
the moving windows of various sizes L2 ... Y
and the background field component is removed. The
window size is increased with a given step from the
minimal value, which is equal to the average length
of the side of a triangle to the maximal value, which
is equal to the size of the study area. The calculation
of the differences V¥ and V’y‘ between the gradients of
the original field and their averaged values yields
local components. The values of the local field are
calculated by the numerical integration of the
obtained discrete values: VX = [, Vidxdy.

The obtained results - field components V', V2, ...,
VN-are identified with the anomalous effects caused
by the fragments of the geological environment that
are bounded by the earth’s surface and by some
consistently increasing depths
hy, b, ..., By with the allowance for the fact that
the size of the anomaly for the same geological object
depend on the depth to this object. Respectively, the
field component AV* reflecting the contribution of the
kth horizontal layer whose top is located at the depth
h’;? !"and the bottom at the depth h’e‘f is determined by
formula AV¥ = V*—V*~! The behavior of function
AV¥ is strongly related to density distribution within
the kth layer and, hence, it can be used for detecting
and delineating the anomalous geological objects
located in a certain depth interval. It is possible to
gonstruct a three-dimensional diagram of the field
Y AV and various sections of this diagram by 3D
irﬁerpolation of the fields V', V2, ..., VWV (Bychkov
et al. 2003; Novoselitskiy et al. 2003). The z-axis in
the 3D field diagrams is scaled in the units of trans-
formation ratio - the area ratio of the moving window
to the study region.

The effect of identifying different depth field
sources during vector scanning is resulting from the
different nature of the field decrease with distance
from the field source and its gradient. Since the gra-
dient decreases noticeably faster whereas averaging
in the moving window takes into account the direc-
tion of the gradient vector, the effect of the near-

effective
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surface anomalous bodies is much stronger sup-
pressed by the integration over a large area than by
the traditional averaging of the field in the moving
window.

The diversity of the options to vary the size and
shape of the moving window as well as the fairly
vague correlation between the window size and
effective depths does not allow for strict determina-
tion of the geometrical parameters of the geological
objects. However, the results of processing by the
VECTOR system can be used, for example, as the
zero-approximation model for preliminary estimating
the structural and tectonic features and for comparing
gravity data with other geological and geophysical
information (Bychkov 2018a, b). By varying the
parameters of the transformations, we obtain different
sets of the a priori data for solving the inverse
problem.

4. The Solution of the Nonlinear Inverse Problem
in Gravimetry

The parameters characterizing the shape, the size,
and the depth of the anomaly-forming objects make it
possible to obtain the solution of the nonlinear
inverse problem. This can be fairly efficiently done
by the assembly algorithm which implements the
finite-element approach to gravity modeling proposed
by Strakhov and Lapina (1976) and which was further
developed in the works of Balk and Dolgal
(2009, 2010, 2014, 2018) and Balk et al. (2012). The
method uses a discrete (grid) description of a density
medium where the anomalous objects (configura-
tions) Q are represented in the form of an aggregate
of a certain number of elementary geometric bodies
(for example, cubes) whose density is assumed to be
constant (Camacho et al. 2000; Balk and Dolgal
2009). Each anomalous object is “assembled” from
fairly small (equal to grid size) elements w,. Here, at
each i-th step of the iterative process, the core of the
current configuration €; is augmented by one ele-
mentw,, that provides the smallest root mean square
residual ¢ between the observed and the model fields.
At the transition from configuration Q; to configura-
tion €;,;, the main a priori information that the
interpreter usually has about the location, the shape,
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and size of the anomalous bodies is taken into
account. As the volume of the anomalous body
grows, its density decreases. The density is one of the
optimizable parameters and can be specified in the
form of the interval estimate (Balk et al. 2012). When
the anomalous body achieves the a priori prescribed
value of density by the source, the process of solving
the inverse problem is stops.

The finite-element approach to solving the inverse
problem removes the problem of instability in its
classical sense because the finite dimension of the
model and the natural constraints on its density and
geometric parameters a priori lead to the compact set
of the probable solutions whereas the allowance for a
certain set of the a priori information in constructing
the effective configurations yields a reliable solution
of a geological problem under consideration. The
necessary a priori constraints specified by the inter-
preter include the number and densities of the bodies
in the model of the anomalous domain; the position
of the fragments of each body (at least one element
w,for each body); the permissible value of the
residual between the original and the fitted fields
(typically, in the Euclidean metric); and the side
length of the cubic element of the tessellation w, The
following information is optional (but desirable for
improving the reliability of the interpretation results):
the domain that surely contains anomalous bodies;
the domain that is known not to contain anomalous
bodies; the minimum and maximum probable depths
of the top and bottom edges of the bodies; the con-
straints on the vertical and horizontal thickness of
each body; any fragments of bodies (besides the
necessary ones); the admissibility conditions for the
contact between the individual anomalous bodies; the
condition of smoothness of the surfaces of the bodies.

As a rule, interpretation considers an individual
solution of the inverse problem, which is a point
estimate of model parameters. This solution always
contains random peculiarities. To increase the relia-
bility of interpretational constructions, it is advisable
to analyze the entire reliable information about the
disturbing objects that is contained in the measure-
ments of the field. The methodology for building
these constructions is based on the guaranteed
approach, which was developed in relation to gravity
in (Balk and Dolgal 2010). This approach is aimed at
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extracting information in the conditions of uncer-
tainty and has proven to be efficient in many fields of
science, primarily in the control theory (Chernousko
1981; Bakan 2000).

For this purpose, it is necessary to form a repre-
sentative set of the feasible solutions of the inverse
problem, i.e. the interpretation models that provide
the required value of the residual ¢ between the
observed and model fields and satisfy the existing a
priori constraints on the parameters of the anomalous
bodies. We note that all the solutions included in this
set should differ by at least one element. The problem
of localizing a single perturbing body can now be
considered as the problem of constructing a pair of
the domains in the studied volume of the medium:
domain D, containing all the feasible solutions of the
inverse problem and domain D, which is a fragment
of all the feasible solutions (and, hence, also a frag-
ment of the anomalous object itself).

In terms of the set theory, the union of all the
solutions contained in the set that we have formed is
the domain D, and the intersection of the solutions is
the domain D,(Balk and Dolgal 2010). In this case,
domain D{\D, of the geological medium is the
region of uncertainty whose Lebesgue measure p
gives a quantitative estimate of the practical equiva-
lence for a given inverse problem whereas the
extension of the metric t(Dy, D) = 1-u(Dy)/ (D) is
an estimate of the informativity of the aggregate data.
To clarify on this, in the case of solving a 3D inverse
gravimetric problem, measure y is the volume ratio of
domains D; and D,, while in the case of solving a 2D
inverse gravimetric problem, this measure is the area
ratio of these domains. However, the guaranteed
approach in its “pure form” is, in a sense, excessively
categorical - when solving many practical problems,
it becomes impossible to construct the area D,. For
example, among the 500 feasible solutions of the
inverse problem in the sample, only 499 solutions
intersect with each other. The existence of only one
solution, the most different from the others, leads to
the situation D, = . In this case, it is advisable to
switch to spatially probabilistic estimates.

Let us illustrate the guaranteed approach by a
model example. Consider the anomaly of the gravi-
tational field created by three prisms with anomalous
densities 200, 300, and 500 kg/m3 (Fig. 3). The
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“observed” field was obtained by solving the direct
gravimetric problem and its amplitude varies from
2.57 to 19.46 mGal. The solutions of the inverse
problem in which the rms residual is within 0.2 mGal
(i.e., below 1% of the maximum gravity value) were
considered feasible. The a priori information included
the following quantitative constraints: the depth to
the bottom edges of the anomalous bodies is at most
10 km; the horizontal width of the bodies is at most
10 km, and the vertical thicknesses are 4, 4, and
2 km, respectively. The qualitative constraints are
following: the boundary of each perturbing object is
quite smooth and the anomalous bodies can be in
pairwise contact. FElements ®, are prisms
0.25 x 0.25 km square section. With the use of the
assembly method with exact density values, 241
feasible solutions of the inverse problem were found.
All these solutions lie within domain D; covering
about 36% of the area of the modeled section;
domains D, are relatively small. Moreover, in the
case of the deepest body no. 2, domain D, is absent,
i.e. under given conditions; any fragment of this body
cannot be identified with guarantee by solving the
inverse problem even if the noise level in the “ob-
served” field is relatively low: 6 ,= 0.2 mGal.

It appears more efficient to rank the studied vol-
ume of the medium according to the probability of
the presence of the sought anomalous objects. The
principle of this ranking is following: since all the
feasible solutions of the inverse problem are a priori
peer, each of them may equally probably be the best
approximation of the unknown perturbing object Q.
We denote the number of all the feasible solutions of

|2 (=3

km
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Figure 3
Implementation of the guaranteed approach to solving the inverse
problem of gravity: (1) contour of domain D;; (2) contour of
domain D,; (3) anomalous prisms and their numbers
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the inverse problem that are contained in the set
(N~ 10°-10%) by N and the number of the feasible
solutions Qz where k is the number of the solution,
each of which contains a specific element ®, by Ny ,.
Then py = Ni,/N is the estimate of the probability
that this element o, is a small fragment of the sought
perturbing object Q. Hereinafter, this estimate will be
referred to as the localization function: py, =
Pr«(Xx,y,2), where x,y,z are the coordinates of the
center of gravity of element w,. The spatial distri-
bution of the localization function, in contrast to any
partial solution of the inverse problem, makes it
possible to identify the common, regular features of
the geometric parameters of anomalous objects, i.e. to
reduce the manifestation of e-equivalence (Balk and
Dolgal 2014, 2018) or, in other words, practical
ambiguity of the solution of the inverse gravimetric
problems.

5. Synthesis of the Methods of Qualitative
and Quantitative Interpretation

The necessary information for solving the inverse
problem can be obtained by the method of interpre-
tation tomography (Bychkov et al. 2013; 2018a). The
anomalous zones ¥ that were revealed by the inter-
pretation tomography and which can be identified, in
the first approximation, with the disturbing objects
under study contain elements o, (“crystallization
centers”), one element per each modeled source.
Elements o, are randomly distributed within these
zones. The locations of these elements are generated
similarly to how it is done in the Monte Carlo
method, in the form of a multidimensional parameter
vector P = {p1, pa, .., pm} Where p; = (x;, y;, z;) are the
Cartesian coordinates of the unique element ,, that
pertains to the i-th perturbing object and m is the
number of sources. Here, it is implied that the dis-
tribution of the points p; within the corresponding
anomalous zones 9, i = 1, 2 ,.., m, is uniform. The
inverse problem is then repeatedly solved (with
~10%-10° repetition cycles) by the assembly method,
and the resulting set of the partial solutions is trans-
formed into the localization function - the grid
distribution of the probability characteristics
Pr.a(x,y,7) which is an informative statistical model of



114 S. G. Bychkov et al.

rock density. In contrast to the results of interpreta-
tion tomography, this model has the real spatial
coordinates x, y, z and characterizes the distribution
of anomalous masses within the studied volume of
the geological medium from the standpoint of prob-
ability theory. As is evident, the value of the
localization function is the estimate of geometrical
probability that elements ®, pertain to the sought
anomalous objects. The domains of high values of
parameter p; , correspond to the most reliably iden-
tified fragments of the anomalous objects, which can
then be used for planning the locations of the bore-
holes or mine workings.

However, it is not possible to relate strictly these
domains to the boundaries of the anomalous objects
as the former are the characteristics reflecting the
structure of the set of the feasible solutions of the
inverse problem and, in the general case, they do not
provide the required closeness between the observed
and model fields. For localizing the anomalous bod-
ies, it is necessary to select one “best” particular
solution of the inverse problem. This can be done
with the use of various criteria. We note that unlike
the theoretical situations, achieving the minimum
residual between the observed and model fields in the
conditions of unremovable (geological) noise with
unknown distribution law does not entail the best
spatial coincidence between the real and model den-
sity heterogeneities. One of the criteria for selecting a
particular solution of the inverse problem is the cri-
terion of the maximum a posteriori probability P.x
according to which it is assumed that the true distri-
bution of mass is fitted best by the solution consisting
of a set of elements w, that satisfies the condition
(Zpk,a)/Nk# = max, where Ny, is the number of
elements in this solution.

Let us return to the model example shown in
Fig. 3 where gravity anomalies are produced by three
infinite-length horizontal prisms. The gravitational
field of these prisms, which is depicted in the upper
part of Fig. 4, does not clearly suggest the presence of
three anomalous bodies in the section. The tomo-
graphic transformation of this field in the VECTOR
system allows the separation of the total gravitational
effect and construction of the first-approximation
model for solving the inverse problem of gravity,
which consists of three bodies.
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Figure 4
Gravity field and vertical cross section of the 3D diagram of the
field created (in conventional units) by three prisms: (1) anomalous
zones ¥ corresponding to the anomalous bodies

The set of the solutions of the inverse problem
(overall, a total of N = 241 finite-element feasible
models satisfying the condition € < 0.2 mGal were
constructed) for this model of the medium is char-
acterized by the localization function (Fig. 5a).
Clearly, the particular solution of problem corre-
sponding to the criterion of the maximum a posteriori
probability P,x with a residual of 0.185 mGal
(Fig. 5b) more accurately localizes the true anoma-
lous bodies than solution which provides the
minimum residual 0.141 mGal between the observed
and model fields (Fig. 5c).

6. Gravity Monitoring at the Emergency Sites
of Potash Mines

Let us demonstrate the suggested interpretation
method by the example of gravity monitoring
observations of the VKPD minefields. In 2006, the
penetration of underground waters into the shafts of
the mine, which is located beneath the industrial
zone, and residential quarters of the city of Berezniki
led to the flooding of the mine with subsequent col-
lapsing of the earth’s surface. In the region of the
sinkholes, the detailed gravity monitoring surveys
were carried for delineating and studying the dan-
gerous zones, establishing their nature, determining
the depth limit of rock decompaction, and identifying
the potentially dangerous segments in the neighbor-
ing territories.
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Figure 6 shows the Bouguer anomaly for the
gravity field measured in November 2010 after the
sinking of the earth’s surface whose contour is
denoted by number I. In this area, several cycles of
gravity measurements have been carried out. In
February 2011, the survey was repeated over the
entire area; in September 2011 in the central part and
in 2016-2018, in the eastern part of the territory.

Gravity measurements were carried out at the
fixed metalmarks (dowels hammered into asphalt) on
50 x 50 m grid by the AUTOGRAV CG-5
gravimeters. A differential GPS Trimble R-8 GNSS
receiver performed height and plan positioning of
gravity stations. The determination accuracy of the
observed gravity field and elevations of survey points
was =£0.005—0.010 mGal and =+£0.01—0.02 m,
respectively. Independent observations were repeated
at each point until the required accuracy was
achieved. Observations were taken relative to the
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Figure 6
The Bouguer gravity anomaly in the region of surface subsidence:
(1) gravity stations; (2) local negative gravity anomalies; (3)
sinkholes (I, November 2010; II, December 2011); (4) areas of
time-lapse gravity survey

initial gravimetric point, which is located 15 km
away from the city outside the zone affected by
geotechnical, mining, and geodynamic processes.
The comparison was conducted for the Bouguer
anomalies, i.e. the changes in the heights of gravity
stations were taken into account. Considering the
relatively small size of the studied territory, we
believe that the ground water level whose variations
may lead to the change in gravity varied syn-
chronously throughout the study area. Such variations
could lead to the change in the overall field level
without generating local anomalies.

The repeated survey in February 2011 revealed
dynamic gravity anomalies with amplitudes up to
—0.15 mGal only close to sinkhole I (Fig. 7a). A
remarkable feature is that the dynamic anomaly
spatially coincides with the local negative gravity
anomaly (Fig. 7b). This can be interpreted as the
existence of a natural zone of decompacted rocks,
which is related to the technogenic karst processes
leading to the collapses of the land surface. The
interpretation results of the dynamic anomaly in the
VECTOR system (Fig. 7c) and the constructed
localization function (P) (Fig. 7d) have shown that
the decompaction zone is located at the depth H from
50 to 100 m and confined to the water resistant
impermeable suprasalt stratum whose collapse has
resulted in the formation of the sinkhole.

The time-lapse gravimetric measurements in the
zone of intense surface subsidence north of the
sinkhole were repeated in September 2011. These
measurements revealed a dynamic gravity anomaly
(Fig. 8) testifying to the process of rock
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Interpretation results of monitoring observations in the region of sinkhole I: a dynamic gravity anomalies over period from November 2010 to

February 2011: (1) gravity stations; (2) L1 profile line; (3) contours of sinkholes; (4) survey area in September 2011; b graphs of the Bouguer
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Figure 8
The dynamic gravity anomaly (September to February 2011)
against the urban terrain: (1) gravity stations; (2) contour of surface
subsidence in December 2011

decompaction that had begun after February 2011.
The further development resulted in the formation of
another sinkhole in December 2011 (denoted by

number II in Figs. 6 and 7a) within the revealed zone
of the north striking negative local gravity anomalies
revealed by the survey in September 2011. By 2014,
a technogenic lake (Fig. 9) had formed at the location
of these sinkholes. The strike of this lake was deter-
mined by the local negative Bouguer anomaly
(Fig. 6).

In 2016-2018, gravimetric measurements were
continued in the eastern part of this territory (Figs. 10
and 11). Over the period from September to
December 2016, a dynamic gravity anomaly with a
size of 250 x 125 m and amplitude of —0.022 mGal
(more than three times the survey accuracy) was
detected. The results of the interpretation have shown
that the decrease in the field by 0.02 mGal under a
given shape and size of the established dynamic
anomaly can be associated with the anomalous body
located at a depth of 20-50 m (Fig. 10b) whose
density has changed by —100 kg/m®>. The
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Figure 9
Technogenic lake at the location of sinkholes I and II in 2014
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a Dynamic gravity anomaly (September—December 2016) and surface subsidence by September 2017: (1) gravity stations; (2) contour lines of
subsidence of the earth’s surface, m; (3) cut line of a 3D chart; b the results of gravity inversion for the dynamic anomaly
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Figure 11
a Dynamic gravity anomaly (September 2017-November 2018): (1) gravity station; (2) cut line of a 3D chart; b the results of gravity inversion
for the dynamic anomaly

decompaction zone is located in the upper part of the
water-resistant stratum. By September 2017, the
ground surface within this dynamic anomaly has
subsided 15-20 cm.

In November, the epicenter of the dynamic
anomaly has moved into the southern part of the
study area (Fig. 11a). The amplitude of the anomaly
reached —0.06 mGal. At the same time, the depth of
the anomalous source remained unchanged —20-50 m
(Fig. 11b). The decompaction zone creating this
dynamic anomaly is, in our opinion, highly hazardous
if we consider the fact that it is located in the zone of
the negative local gravity anomaly, i.e. in the region
of supposed natural decompaction of the rocks. The
further gravimetric observations will allow monitor-
ing the dynamics of the processes taking place in the
subsurface.

7. Conclusions

Gravimetric studies at the Verkhnekamskoye
deposit make certain contribution in studying the
density inhomogeneities in the upper part of the
section and, hence, in ensuring safety of mining
operations and life in the adjacent urbanized area.

The changes in the rock density of the massif under
the influence of the mining-geological conditions are
clearly recorded in the gravitational field and allow
predicting dangerous and catastrophic situations. The
methodology for conducting and interpreting the
gravimetric monitoring observations, which is pre-
sented in this paper, makes it possible to reach a new
qualitative level in obtaining information about the
distribution and time evolution of density hetero-
geneities of the geological section, which
significantly increases the safety of operation of a
mineral deposit.

The suggested technological chain of procedures
for interpreting the field data of gravity measure-
ments is based on the successive application of the
VECTOR system and the assembly methods, which
ensures prompt and highly reliable geological mod-
els. In the context of theory, this technology can be
considered as an attempt to cope with the ambiguity
of the solution of the inverse problem by analyzing
the structure of the finite set of the feasible solutions
and using a non-traditional approach to selecting the
“best” interpretation model. Besides, the technology
provides for the possibility of clarifying the vague
notions about the rock density parameters of the
objects under study. The illustration of the results of
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quantitative interpretation in the form of the local-
ization function is, in fact, a visualization of fuzzy
sets characterizing the spatial distribution of the
studied density heterogeneities. The result of the
interpretation is the area of distribution and the
probable interval of depths of decompaction of rocks.

Sinkholes of the earth’s surface and areas of
increased subsidence caused by flooding of mines are
clearly recorded in the gravity field. Natural weak-
ened zones are reflected by local negative gravity
anomalies. Negative dynamic anomalies indicate the
continuation of the process of rock decompaction. By
the combination of negative local and dynamic
anomalies, it is possible to predict areas of dangerous
geological processes.
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