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Abstract. Advancement in the production of potassium fertilizers is an important strategic task of Russian agri-
cultural industry. Given annually growing production rates, the reserves of discovered potassium-magnesium salt
deposits are noticeably decreasing, which creates the need to ensure stable replenishment of the resource base
through both the discovery of new deposits and the exploitation of deep-lying production horizons of the deposits
that are already under development. In most cases, deposits of potassium-magnesium salts are developed by
underground mining. The main problem for any salt deposit is water. Dry salt workings do not require any addi-
tional reinforcement and can easily withstand rock pressure, but with an inflow of water they begin to collapse
intensively — hence, special attention is paid to mine waterproofing. Determination of spatial location, physical
and mechanical properties of the aquifer and water-blocking stratum in the geological section represent an im-
portant stage in the exploration of a salt deposit. The results of these studies allow to validate an optimal system
of deposit development that will minimize environmental and economic risks. On the territory of Russia, there
is a deposit of potassium-magnesium salts with a unique geological structure — its production horizon lies at a
considerable depth and is capped by a regional aquifer, which imposes significant limitations on the development
process. To estimate parameters of the studied object, we analyzed the data from CDP seismic reflection survey
and a suite of methods of radioactive and acoustic well logging, supplemented with high-frequency induction
logging isoparametric sounding (VIKIZ) data. As a result of performed analysis, we identified location of the
water-bearing stratum, estimated average thickness of the aquifers and possible water-blocking strata. Based on
research results, we proposed methods for increasing operational reliability of the main shaft in the designed
mine that will minimize the risks of water breakthrough into the mine shaft.

Key words: geophysical well logging; aquifer; brine aquifer; potassium-magnesium salts; water-blocking strata;
neutron-neutron logging; radioactive logging; acoustic logging; VIKIZ; CDP seismic reflection survey; salt mine;
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Introduction. The main method for extracting salt from the subsoil is heavy equipment mining.
This recovery method has a number of advantages: relatively quick extraction of salt from the pillar
and transportation to the surface for further processing and concentration.

Under the conditions of increased rock pressure, salt is a plastic and fluid material, which
rapidly begins to dissolve and collapse upon its contact with water [14, 26]. Therefore, the main
problem of any underground salt mining facility is the presence of aquifers in the geological
section [29]. Deposit development should be accompanied either by measures that inhibit water
seepage or by complete waterproofing of the working, which is hard to achieve under real mining
conditions [17]. The main method for inhibiting water inflows to the production horizon under
development is using a room-and-pillar mining system with support of the water-blocking
strata [2].

In the longstanding practice of salt mining, there were numerous accidents related to gas-dynamic
phenomena [1] and flooding of the mines with brine waters from overlying carbonate deposits,
composed of clay-marl layers, dolomitic rocks, etc. [11-13]. Overall, in the history of salt produc-
tion until now there are about 100 flooded mines in different countries, including Winnfield (USA),
Vanscoy and Patience Lake (Canada), Holle (Congo), von der Heydt, Agatha and Manteuffel
(Germany). In Russia, the largest salt mining accidents were the floodings of the first and third
mines in Berezniki, which were never restored and remained flooded [3].

501



5@ Journal of Mining Institute. 2021. Vol. 250. P. 501-511 DOI: 10.31897/PMI.2021.4.3
%‘ Natalia A. Danilieva, Sergei M. Daniliev, Nataljja V. Bolshakova

The most environmentally acceptable method for developing salt deposits is room-and-pillar
mining, which implies that after ore extraction and concentration, waste rock returns to the mining
site to maintain rock pressure and prevents the mine from collapsing. This excludes rock dumping on
the surface, significantly reduces financial burden on the subsoil user and environmental burden on
the development area [15, 22, 25].

The main routes of brine water infiltration are tectonic faults and fractures generated in-situ
during rock mass formation, as well as man-made cracks, which occur due to unsustainable de-
velopment of deposits and lead to emergency situations [7, 28]. Hence, it is a very relevant task
to carry out detailed study of the deposit at the preparatory stage to obtain a priori data about the
formation: its geometrical parameters, physical and mechanical properties, presence of tectonic frac-
tures [8, 24, 32]. Obtained information allows to validate the location of the water-blocking stra-
tum — a thick fluid seal that will protect the working from brine infiltration. Geophysical moni-
toring, aimed at early detection of fractures and weakened layers that transform under the influ-
ence of brine, allows to maintain operational control over the working and update the reserves of the
deposit.

The main methods for studying salt deposits include common-depth point (CDP) seismic
reflection survey, electrical prospecting, well measurements by means of gamma-ray logging
(GRL), neutron gamma-ray logging (NGRL), spectrometric gamma-ray logging (SGRL), acoustic
logging (AL), electric logging. A full set of methods is selected individually for each formation
based on geological structure of the studied area and depth of the production interval.

In this work, we study the specifics of the Vyatka regional aquifer distribution by means of CDP
seismic reflection survey and well logging at the N deposit of potassium-magnesium salts.

Greenfield exploration of the deposit involved seismic prospecting within the first and second
subsoil blocks. We examined the materials of archive reports on geological structure, hydrogeological
conditions of the studied area, as well as the results of geophysical logging of previously and newly
drilled wells. The main task of studying these methods is to develop criteria for detecting a water-
bearing layer in the section, identify fluid seals to validate a water-blocking stratum and search for
fracture zones near the wellbore.

Since the N deposit has not been brought into development yet, the research results will serve as
a priori information for further monitoring and may become the basis for the main shaft sinking
method.

Literature review. Currently, a large number of Russian and foreign researchers study the
issues of developing deep-lying deposits of potassium and magnesium salts in the presence of
aquifers in the geological section [17]. Numerous works are devoted to the problems associated
with the accidents that have occurred in the course of deposit development [2]. Accidents at po-
tassium and magnesium mines can be caused by water leakage from aquifers near the deposit, as
well as by gas-dynamic phenomena [8, 10, 11]. Various types of mine accidents have been reported
in Canada, Germany, Ukraine and Russia, some of them have affected neighboring mines and
territories. For example, during the accident in Solikamsk in 1995, the earth's surface above the
mine sank by 4.5 m in one day; in the Krugerhall mine in 1989, the cause of the accident was a
seismic signal with a magnitude of 5.5. Insufficient information about hydrogeological conditions of
the mine field also led to a number of serious mine accidents [30]. A salt mine in Canada was
flooded in 1985, a similar accident occurred in 1997. However, in Canada, a number of successful
measures have been applied to prevent mine flooding by injecting cement slurry into the under-
ground space through a network of wells [9, 10]. In Russia, the latest accidents were recorded at
the Verkhnekamsk mine in 1986 and 2006. These accidents were associated with the flooding of
two mines at the deposit. Estimations were made for possible routes of water infiltration from the
anomalous zones of the geological massif. Such areas were represented by fracture zones of the
aquifers, which had formed in the process of commercial development [14].

502



E% Journal of Mining Institute. 2021. Vol. 250. P. 501-511 DOI: 10.31897/PMI.2021.4.3
[=;

Natalia A. Danilieva, Sergei M. Daniliev, Nataljja V. Bolshakova

Mine floodings occur in different countries, and there is no single solution to prevent such accidents
[18, 20, 21]. Researchers propose implementation of geophysical methods of monitoring mine shafts for
early detection of water presence in the underground space, as well as monitoring stress state of the rock
mass using seismic methods. The main methods of monitoring observations at the Verkhnekamsk deposit
are surface and mine electrical prospecting, seismic and gravity exploration |3, 27]. However, these meth-
ods are very expensive, and their application in monitoring is only a recommendation. Many deposits of
potassium-magnesium salts do not use them in the development process, although their application
would solve numerous critical issues of accident prevention [4-6, 9, 31].

A large number of studies are related to the methods of mathematical modeling of possible water
presence, stress state of the rock mass and the methods of reservoir development [23, 31]. These
statistical estimates allow to approximate the risks arising from deposit development, calculate eco-
nomic and environmental consequences of possible accidents and propose solutions to some of them
[15, 16, 19, 20].

The main conclusions were drawn from the analysis of global research in the area of salt deposits:
salt mines are constantly being exposed to geological and economic risks, and these risks should be
taken into account at the stage of development planning. It is necessary to perform monitoring observa-
tions in the zones of water infiltration into the underground space of mines and to estimate integrity
of the water-blocking strata using geophysical methods.

Methodology. In the scope of this research, the following goals and objectives have been set:

* examination of archive materials for the region of interest, which contain description of geo-
logical structure, stratigraphy and hydrogeology of the studied area;

* examination of reports on performed CDP seismic reflection surveys by area;

* loading and visualization of logging data from 33 wells with an average length of 1,200-1,300 m
and their subsequent interpretation;

* identification of patterns in the strike of the Vyatka aquifer based on the data of seismic
prospecting and a suite of geophysical well logging surveys.

In the studied blocks 1 and 2, we analyzed available materials of geophysical well logging in
order to determine and update the geological structure of the studied section within the depth interval
0f 950-1,200 m, with subsequent identification of potential aquifers.

Analysis of geophysical well logging materials in the block 1 allowed to classify the wells into
five different well logging suites. As reference wells for studying distribution patterns of physical
properties of the Vyatka aquifer, we selected wells with the most complete well logging suite and
lithological column: xxx1, xxx2, xxx3, xxx4 (Fig.1).

In a group of these wells, we used the methods of gamma-ray logging (GRL), neutron-thermal
neutron logging (NTL), caliper logging (Dn), gamma-gamma density logging (GGL-D), resistivity
logging (RL) with gradient and potential probes, high-frequency induction logging isoparametric
sounding (VIKIZ), acoustic logging (AL).

In the remaining wells, the suite was significantly smaller and in some wells it was represented
only by GRL, NTL and Dn methods. However, despite this, obtained materials were enough to
identify the main patterns of the Vyatka aquifer distribution and determine its spatial position within
the studied area.

CDP seismic reflection survey within the studied blocks was carried out in 2014, in addition to
that we reprocessed and reinterpreted data of seismic prospecting performed earlier, in 1980-1990s.
In order to meet the goals and objectives set in this work, we used structural maps, obtained in the
course of processing and interpretation of seismic data on the main reflecting horizons (top of
salt, top of Permian, bottom of Permian). For data comparison and acquisition of more reliable
information, we also used deep seismic geological sections passing through the studied area and
crossing wells.
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Fig.1. Example of well logging data plot for the well xxx1 in the interval of geological interest

Geological structure of the subsoil area of a potassium-magnesium salt deposit involves Protero-
zoic and Phanerozoic formations of various genesis and composition. The Early Proterozoic formations,
which make up the crystalline basement, lie at the depth of 1,100-3,350 m with a general westward dip.
The Phanerozoic sedimentary mantle is represented by deposits of the Cambrian, Ordovician, Silurian,
Permian, Triassic, Jurassic, Cretaceous ages and formations of the Quaternary system.

Based on the lithology of the research object, the studied interval within the range of
950-1,200 m is represented by the interbedding of anhydrides, limestones, marls, clays and dolomites.
The water-bearing layers, confined to the Vyatka aquifer, are represented by the interbedding of
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dolomites, marls and limestones with inclusion of clayey material. A specific characteristic of the
studied interval is the presence of anhydrite rock layers, which are fluid seals, above and below the
studied water-bearing strata. Taking into account lithology specifics of the studied interval, the water-
bearing rock layers are expected to be intensely fractured to accumulate water in them. However,
based on available geological and geophysical information, it is only possible to provide spatial cor-
relation and interpolation of the intervals of interbedded dolomites, marls and limestones with inclusion
of clayey material, without assessing spatial distribution of fracturing in the rock mass of the Vyatka
aquifer, which directly affects examination of hydrogeological properties of the rock mass.

To validate specific characteristics of geophysical data distribution in the studied interval and
above it, we selected three reference horizons:

* clay layer, lying above the studied strata and characterized by elevated GRL values — 9 uR/h,
low NTL values — 1 c.u., presence of caverns according to caliper log data, density around 2.4 g/cm®,
elastic wave velocity around 3,500 m/s;

« anhydrite layer, lying at the top of the studied interval and characterized by low GRL values —
2-4 uR/h, high NTL values — 60 c.u., density around 3 g/cm’, high elastic wave velocity — around
6,200 m/s;

* salt layer, lying below the studied strata and characterized by low GRL values — 3-5 uR/h, high
NTL values — 45-70 c.u., density around 2.2 g/cm’, elastic wave velocity around 4,600 n/s.

Next, it is required to identify manifestation patterns of Vyatka aquifer rocks and anhydrites
according to well logging data. The anhydrite layer is determined by the following indicators of the
logging curves (Fig.1, depth interval of 1,008-1,018 m): low radioactivity — around 1-2 puR/h; high
NTL value (low hydrogen content) — around 70 c.u. at the top and 55 c.u. at the bottom of the layer;
low elastic wave travel time — around 170 ps/m, which corresponds to a velocity of 5,880 m/s;
elevated density readings — 3.0 g/cm® according to GGL-D data. The thickness of observed
anhydrites, according to logging data from different wells, ranges from 8 to 20 m.

The main characteristics of well logging curves include: a variation of NTL readings from the
top to the bottom, which may be associated with changes in the mineral composition; a smooth in-
crease in GRL values from the top to the bottom of the formation; homogeneity of the reservoir in
terms of its velocity properties and density.

The next layer to be identified according to the well logging curves is the first aquifer, repre-
sented by the interbedding of marls and dolomites (Fig.1, depth interval of 1,018-1,028 m). This
aquifer is characterized by the following geophysical parameters: elevated values of radioactivity —
8-10 uR/h; low NTL values — 2.5 c.u.; increased elastic wave travel time through the rock — around
270 us/m, which corresponds to a velocity of 3,700 m/s; density values, decreased in comparison
to the host rocks, determined using GGL-D and equal to 2.4 g/cn’.

At the top of the layer, we observed higher values of radioactivity, which characterized the
interlayer of marls. However, this pattern was not registered in all of the wells, which makes it diffi-
cult to determine the exact boundary of interbedding between marls and dolomites in other wells.

Anhydrite layer with a thickness of 7.6-29 m acts as a fluid seal between the first and the second
aquifers. Geophysical data parameters in this layer are similar to those of the overlying anhydrite
layer.

The second aquifer is represented by the interbedding of dolomites and clays (Fig.1, depth interval
of 1,044-1,052 m). According to geophysical data, it is characterized by variable parameters from the
top to the bottom of the layer.

Criteria for identifying the second aquifer based on logging data include: elevated and average
radioactivity readings according to GRL — about 10.5 at the top and 3.76 uR/h at the bottom of the
formation; low NTL readings — about 2.2 c.u.; increased elastic wave travel time — from 250 ps/m
at the top and up to 200 pus/m at the bottom of the formation, which corresponds to velocities of
4,000 and 5,000 m/s; density values, decreased in comparison to the host rocks within the range
of 2.47-2.7 g/cm® from the top to the bottom.
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The characteristics of well logging curves include: high GRL values at the top of the formation
compared to the bottom; increase in the readings of NTL curve from the top to the bottom; decrease
in elastic wave travel time from the top to the bottom; increase in density from the top to the bottom.

This implies the presence of interbedding between two types of rocks with different physical
properties, with clayey rocks presumably lying in the top of the formation, and dolomite lying in the
bottom.

Based on the data obtained while studying the depth interval, we created a table of physical rock
properties by wells (Table 1), which contains average values of physical parameters recorded by
geophysical well logging.

Table 1

Average values of well logging curves against the main lithological rock types in the studied interval

Rock type GRL,uR/h NTL, c.u. Density, g/cm? AL, ps/m Velocity, m/s
Dolomite 6.05 2.3 2.44 256 3,906.25
Marl 6.87 3.88 2.41 240 4,166.67
Limestone 6.95 2.96 2.5 253 3,952.57
Anhydrite 2.9 28.92 3.1 168 5,952.38
Dark clay 12.32 2.95 2.3 202 4,950.50
Salt (halite) 3.46 49 2.1 217 4,608.29

Based on the analysis of geological and physical data, we compiled a table of physical properties of
the rocks that compose the studied section, according to which the following observations can
be highlighted:

» rocks of the Vyatka aquifer are characterized by elevated radioactivity readings, decreased NTL
values, decreased density compared to anhydrides, increased interval travel time of an elastic wave
according to acoustic logging data, decreased values of electrical resistivity, low values of self-
potential (SP) logging;

* the host strata of the Vyatka aquifer is composed of anhydrite, which is characterized by low
values of radioactivity, high readings of neutron logging, a decrease in the interval travel time of an
elastic wave through the rock, high values of electrical resistivity and SP, increased density;

* the layer underlying the anhydrites, which is represented by black clayey rocks, is pervasive
and characterized by a local increase in GRL values and average density around 2.5 m.

The main result of tracing the rocks of the Vyatka aquifer was the creation of our own database
for all wells and the interwell space, which allowed us to draw structural maps of aquifer tops
and effective thickness maps. An example of a structural map for two blocks of the N deposit
is presented in Fig.2.

The database includes information on the lithology of the studied strata of the Vyatka aquifer,
average readings of the logging curves recorded in the wells, depth marks indicating the top,
bottom and thickness of each aquifer. By means of a suite of well logging surveys and well
lithology, a thin layer of clayey rocks was traced at the bottom of the anhydrites above the accu-
mulations of salt.

As can be seen from Fig.2, the top of the Vyatka aquifer dips to the south-east. In the central
part of the map, there is also a zone with rapid gradient changes of absolute depth marks, which
may be associated with tectonic specifics of studied area formation. The depth difference is about
100 m.

The map of effective thickness (Fig.3) demonstrates a consistent value of aquifer thickness
around 9-10 m. In the central part of the map, same as on the absolute depth map, one can observe a
disturbance in thickness correlation, which is explained by the tectonics of this region.
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Fig.2. Structural map of the top of aquifer 1

In 2019, as part of the hydrogeological studies of the Vyatka aquifer rocks, experimental pumping
was carried out in the wells located near the proposed mine shaft, and water samples were taken for
chemical analysis. The contractor performed pumping tests using the bailing method in the aquifer
interval, after which experimental pumping was performed by the same method with restoration of
the groundwater table to a static level, which was 43.6 and 16.9 m above ground level for the first
and second aquifers, respectively. Subsequently, filtration coefficient and predicted discharge were
calculated for each aquifer. For the first one, the permeability coefficient was 0.046 m*/day, the filtration
coefficient was 0.0055 m/day; for the second one, the permeability coefficient was 0.013 m*/day, the
filtration coefficient was 0.0011 m/day. The volume of water inflow into the mine 11 m in diameter was
calculated using the “big well” formula and amounted to 63 and 20 m*/day for each of the strata, respec-
tively. All calculations were carried out based on hydrogeological studies, taking into account average
thickness (about 8.3 and 11.9 m) of two aquifers in the studied well, located in the direct proximity
to the proposed mine shaft. Based on the analysis of samples taken during experimental hydrogeo-
logical survey in the wells, it was revealed that the waters ofthe studied horizons belonged to Permian
deposits, their chemical composition included heavy-brine (according to E.V.Pinneker) chloride and
sodium solutions with mineralization from 170.6-185.3 to 199.8-234.0 g/l; the water was very hard,
in terms of pH value it varied from neutral to slightly alkaline.

As regards the degree of water aggressiveness towards concrete structures in terms of SO,
for Portland cement of the first sulfate resistance group, the waters vary from highly aggressive
(W4-W14) to moderately aggressive (W16-W20); for Portland cement and slag Portland cement of
the second group, they are defined as medium aggressive (W4) and slightly aggressive (W6). The
degree of aggressiveness to the carcasses of reinforced concrete structures in terms of Cl in the zone
of variable water level is high. According to radiological parameters, the groundwaters of the studied
aquifers are considered safe.
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Fig.3. Effective thickness map for the rocks of the first water-bearing interval of the Vyatka aquifer

Discussion. The objective of the research was to study geological structure and hydrogeological
conditions and to trace the rocks of the Vyatka aquifer, represented by the interbedding of carbonate
and clayey rocks. Based on provided initial data for the wells of license blocks 1 and 2, we developed
a method for identifying the rocks of the Vyatka aquifer, represented by the interbedding of dolomites,
limestones and marls, and overlying sediments composed of anhydrites, clayey rocks and salt accu-
mulations (halites).

Vyatka aquifer is represented by two water-bearing strata, the first one is composed of marls at
the top of the formation and dolomites at the bottom, the second one is composed of dolomites and
clayey rocks. The host strata is represented by fractured dolomites and limestones.

The essence of the method was to identify specific features of the recorded logging curves for
each type of the rocks that compose the studied depth interval and to compare these readings with
lithological columns for the wells xxx1, xxx2, xxx3, xxx4.

Subsequently, this method was used in the wells with no detailed lithological description of the
rocks and a limited suite of well logging surveys, and on its basis we determined the lithology of
the Vyatka aquifer in the wells of the blocks 1 and 2.

The result of the study was a database of wells, which displayed the depths indicating the top,
bottom and thickness of the rocks of the Vyatka aquifer, as well as the average values of the well
logging curves (Table 2).
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Table 2
Fragment of a database for the first water-bearing strata of the Vyatka aquifer
First water-bearing strata Well logging readings
Well .
¢ H, m h,m Lithology GRL,uR/h | NTL,cu. | SP,mV | AL, us/m O}]Ejm Dge/r;fn‘? ’
xxx1 —-1,007.00 | 10.00 Dolomites, marls, clays 8.45 - - - -
xxx2 |-1,016.00| 8.00 Dolomites, marls, clays 7.8 1.7 =321 7.2 2.02
XXx3 —-1,020.00| 9.60 Dolomites, marls, clays 7.8 1.32 -344 6.16 2.33
xxx4 |—1,008.60| 9.00 Dolomites, marls, clays 6.88 1.68 -220 - 2.37
XXX5 —-1,019.40| 9.60 Dolomites, marls, clays 7.8 1.44 -276 6 2.43
xxx6 |-1,010.00| 10.00 Dolomites, marls, clays 6.87 1.92 -54.3 6.4 2.15
XXX7 -989.00 | 13.80 Dolomites, marls, clays 8.43 3.61 -244 4.8 2.44
xxx8 |-1,010.00| 7.60 Dolomites, marls, clays 7.55 1.61 -265 2.4 2.31

Conclusions. Using the created database, we drew structural maps of the formation top and iso-
pach maps that displayed the distribution of the Vyatka aquifer in the studied area.

In the course of hydrogeological studies, we calculated the filtration coefficient for the first
Vyatka aquifer, equal to 0.0055 m/day, and the thickness of water-bearing rocks, reaching 8.3 m;
taking into account the obtained parameters, predicted water inflow into the mine shaft was estimated
at 63 m’/day.

In the interval of the second Vyatka aquifer, the filtration coefficient was 0.0011 m/day, the
thickness of water-bearing rocks reached 11.9 m; given the calculated parameters, predicted water
inflow into the mine shaft was 20 m’/day.

As a result of analyzing calculated data, a conclusion was made about the feasibility of introducing
special drilling methods for further construction of the vertical shaft at the deposit of potassium-
magnesium salts. Under the conditions of potassium salt deposit development, flooding protection is
mainly ensured by maintaining a homogeneous water-blocking stratum (WBS) of the required thickness
over the production (salt) layer and selection of development method parameters corresponding to the
actual WBS thickness. Thus, water-conducting fractures, which form in the process of underground
operations and lie above the salt layers under development, should not reach the WBS top through the
overlying layers of anhydrites, dolomites and marls with a minimum thickness of 10-15 m.

Safe development of the WBS is determined by controlling the overall thickness of WBS layers,
in which deformation of the mined rock strata does not lead to formation of man-made cracks.

Special measures for dealing with the inflow of brines in case of waterproofing failure in the
mine include:

* construction of watertight bulkheads in the underground working, which will quickly separate
the flooded zone from other blocks;

* plugging of man-made cracks between the underground workings and aquifers by filling them
with cement slurry;

» erection of groundwater traps in the mine tunnels with their subsequent discharge into the gob
or to the surface of the mine.

Flooding can be avoided by means of ensuring that the extraction of potassium salts takes place
at the deposits, where overall thickness of the overlying sediment layers, in which deformation of the
rock strata does not cause fracturing, exceeds the minimum permissible total thickness of interbedded
WBS layers.

According to the results of processed data from the deposit wells, the water-blocking stratum,
represented by the interbedding of dolomites, marls and limestones, and the overlying strata of anhy-
drites and clayey rocks above the salt layer, have an overall thickness of more than 15 m, which
creates conditions for safe construction and further operation of the mine for the extraction of potas-
sium and magnesium salts.
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