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Kuiouesvie cnosa:
MECTOPOXK/ICHUE KATMIHHBIX CONEH,
TOPHO-TEOIOTHICCKasT
nH(pOPMALMOHHAS CHCTEMa,
00paboTKa MOJIEBBIX 3aPUCOBOK,
IIPOrpaMMHBIN MOy JIb,
uudpoBbie poduiu, cucTemMa
yrnpasieHus 0a3amMu JAHHBIMU.

The paper discusses the results of data analysis for geological modeling of Verkhnekamskoye field of potassium and
magnesium salts at the mines of Solikamskaya area. The assumption is that development of a model will help calculate the
expected volume of enclosing rocks during mine planning and define the vertical plane position of a combine as relative to
the stratum top at crossing of folds. Strata strength characteristics obtained using the model must become the input data for
calculation of development parameters for mine planning. Modelling results are used to estimate the expected risks in the
process of mine development and in solving many other tasks.

Initial information concerning deep wells and wells drilled from mine workings is insufficient to build a reliable model to
help solve the aforementioned and many other tasks. The authors have developed software modules for the geological
service, in order to fill the data base with vector images of stratum and layer boundaries for development working and
stopes. Modules are based on the processing of field geological drawings using both scanning and digitizing technology.
The developed software has “hardwired” unified catalogues of rocks and the adopted stratigraphic breakdown of the strata.
Use of this information will significantly specify and detail the model in the bulk of deep commercial strata.

It has been established that hypsometry variability of commercial strata is by an order of magnitude higher than the variability of
their thickness. The considerable difference in fluctuations of thickness and elevation will influence the modelling method.

Software modules developed for geologists are integrated into the corporate mining-and-geological information system of
PJSC Uralkali, developed upon the initiative and with direct participation of the authors.

TIpuBOASATCS pE3yJbTATHl AHANM3a JAHHBIX U HOCTPOCHHsI TEONOTHYECKOW MO BepXHEKaMCKOro MECTOPOXKICHHUS
KaJIMIHO-MarHUeBbIX coieil Ha pyauukax ConukaMckod mmomaaku. Ilpeamonaraercs, 4To pa3paboTKa MOJETH MO3BOIHT
PacCUMTHIBATG OKUOAEMBIH 00BbEM BMEIIAIOIMX MOPOJ IPU IUIAHWPOBAHMU TOPHBIX PaboT, 3a/aBaTh B BEPTHKAIBHON
IUIOCKOCTH TOJIOKEHHE KOMOAHA OTHOCUTEIIBHO KPOBIIM IUIACTA TIPH MEPECEUCHNH CKII0K. [IPOYHOCTHBIE XapaKTePUCTHKH
IUTACTOB, TIOJIYYCHHBIE C MOMOILIBIO MOJIENH, JOJDKHBI SIBISTHCS BXOIHBIMU JI@HHBIMH Il PACUYETOB MAPaMETPOB Pa3pabOTKH
IIPU [UTAHUPOBAHUU TOPHBIX PA0OT. Pe3ynbTaThl MOJICIMPOBAHHS IPUBJICKAIOTCS [UISl OLICHKU 0)KHMIAEMbIX PUCKOB B HPOLIECCE
Pa3paboTKH PyAHUKOB M [P PELICHUH MHOTHX JPYTHX 3a/1ad.

TepBuaHoi uHMOPMAIMH O TIIYOOKHM CKBOXMHAM M CKBOXMHAM, NPOOYPEHHBIM M3 TOPHBIX BBIPAOOTOK, HETOCTATOYHO IS
MIOCTPOCHHSI JJOCTOBEPHOH MOJICIH, CHIOCOOCTBYIOLICH PEIICHHI0 paHee IEPeUMCIICHHBIX W MHOTMX JPYTHX 3aiad. ABTOpaMH
pa3paboTaHbl TPOrpaMMHBIE MOJYJIM JUIS T'COJOTMYECKOH CITy’KOBI, IO3BOJSIOIIME MONOJHATH 0a3y JAHHBIX BEKTOPHBIM
M300pKEHHEM TPAHHI] TUIACTOB M CJIOEB 110 MOATOTOBUTEIBHBIM U OYUCTHBIM BbIpaOOTKaM. Mojyim OCHOBaHbI Ha 00paboTKe
TIOJIEBBIX TEOJIOMMYECKHX 3aPHCOBOK KaK 110 CKAHEPHOM, TaK M 10 JIMIUTAH3EPHON TEXHONIOTHH. B pa3paboTaHHBIX MporpamMmax
«GAIINTBI YHAPUIMPOBAHHBIC CIPABOYHUKH [TOPOJL U IPHHATOE CTPATHIpadiaeckoe pacuieHeHHE TONIIH. VICIonb30BaHHe TaKoi
HH(OPMALNN 3HAYUTEITBHO YTOYHUT ¥ JICTAIM3UPYET MOJIENb B TOJIII[AX 3aJIETaHHs! IIPOMBIILICHHBIX TIACTOB.

VCTaHOBIIEHO, YTO W3MEHYHMBOCTH THIICOMETPUH MPOMBIIUICHHBIX IUIACTOB HA MOPSIOK GOJIbIIC M3MEHYHBOCTH HX MOLIHOCTH.
CyILecTBeHHOE Pa3Myue B KOJICOAHMSIX MOIHOCTH U BBICOTHOM OTMETKH NOBJIMSCT HAa METOIMKY HOCTPOCHHS MOZICIIA.
Pa3paGoTaHHble [l T€OJIOTOB MPOrPAMMHBIC MOJIYJIM HWHTETPUPOBAHBI B KOPIOPATHBHYK TOPHO-TEOJOTHYECKYIO
nnpopMarmoHHyo cucteMy ITAO «Ypankammii», KOTopast CO3AaeTCs [0 MHULMATHBE U IIPU HEIOCPEICTBCHHOM YJaCTHH aBTOPOB

Anatoliy V. Kataev (Author ID in Scopus: 7003774612) — PhD in Engineering, Associate Professor of the Department of Surveying, Geodesy and Geoinformation Systems
(tel.: +007 902 476 87 78, e-mail: geotech@pstu.ac.ru). The contact person for correspondence.
Sergey N. Kutovoy — PhD in Engineering, Associate Professor of the Department of Surveying, Geodesy and Geoinformation Systems (tel.: +007 950 450 60 09,

e-mail: geotech@pstu.ac.ru).

Dmitry A. Meyster — Engineer of the Department of Surveying, Geodesy and Geoinformation Systems (tel.: +007 982 475 01 38, e-mail: geotech@pstu.ac.ru).
Evgeniy M. Efimov — Engineer of the Department of Surveying, Geodesy and Geoinformation Systems (tel.: +007 902 473 53 87, e-mail: geotech@pstu.ac.ru).
Anastasia P. Rachkova — Engineer of the Department of Surveying, Geodesy and Geoinformation Systems (tel.: +007 982 475 45 31, e-mail: geotech@pstu.ac.ru).

KaraeB Anarosmmii BeHHaMHHOBHY — KaH/MIaT TEXHUYECKUX HAyK, OLECHT KadeIpbl MapKIIEHIEPCKOro Jiela, TeoIe3il 1 reOMH(pOpMaMOHHbIX crcTeM (Teir.: +007 902 476 87 78,
e-mail: geotech@pstu.ac.ru). KOHTaKTHOE JIMIIO JU1st TEPETTHCKH.
KyroBoii Cepreii Hukos1aeBUY — KaHIUIAT TEXHUYECKHX HAYK, TOLEHT Kadeapbl MapKILIeiiepcKoro Jiena, reoie3ui i reonHpopMarmonHsix cucreM (Tei.:+007 950 450 60 09,

e-mail: geotech@pstu.ac.ru).

Meiicrep IMUTpHii AJleKkcaHIPOBHY — HIDKEHep KadeIpbl MApKILEHIEPCKOTO Jel1a, Te0/Ie3uH U reonH(popMalmoHHbIX cicteM (ten.: +007 982 475 01 38, e-mail: geotech@pstu.ac.ru).
Edumos EBrennii MuxaiiioBuy — HepkeHep Kadeapbl MapKIIH/IePCKOTO JIelTa, Te0e31UH H reorH(pOPMAIHOHHBIX crcteM (Tei.: +H007 902 473 53 87, e-mail: geotech@pstu.ac.ru).
PauxoBa Anacracus [aB/ioBHa — rkeHep Kadeapbl MAPKIICHIEPCKOro JeNa, reoie3iH i reonHpOopMaHOHHBIX cucteM (Tei.: +007 982 475 45 31, e-mail: geotech@pstu.ac.ru).

Bectauk ITHUITY. 'eonorus. Hedreraszosoe u roproe nemno. 2019. T.19, Ned. C.344-355. DOI: 10.15593/2224-9923/2019.4.4



ISSN 2224-9923. Perm Journal of Petroleum and Mining Engineering. 2019. Vol.19, no.4. P.344-355 345

Introduction

Organizationally PJSC Uralkali is an enterprise
consisting of several mutually detached mines with
centralized management, accounting and control
bodies. The company develops Verkhnekamskoye
field of potassium and magnesium salts, which has
an exceptionally large area [1-3]. In such conditions,
real-time exchange of mining graphic information
and document turnover is of key importance. Detailed
knowledge of such information and gained experience
of its use helps specialists to correctly assess the
subterranean processes [4, 5, 6], select the best option
for mining operations [4], and in a complex mining
situation — to take a justified decision based on the
data analysis [7-13].

Object details

The field is located in the central part of
Solikamskaya syncline of the Pre-Ural Foredeep.
Potassium and magnesium salts are located between
the overlying and underlying strata of rock salt; the
deposit has a layered structure. The salt strata consist
of underlying salt, sylvinite and sylvinite-carnallite
zones, covered by overlying salt. The strata are
rumpled in a complex pattern of folds, from small
intrastratal to large, extending to a series of strata [1—
3]. Commercial strata are Kr-II, AB and V.
Intrastratal folding changes the initial thickness of
the strata, increases the volume of enclosing rocks in
the broken rock mass and influences its grade.
Interstratal folds increase vertical thicknesses of the
strata and also reduce the ore grade. The mines have
adopted a chamber mining method with rigid band
interchamber pillars and use combine method for
commercial strata development [4]. Combines are
limited by production inclination angle to 8-12
degrees. Therefore, strongly rumpled areas have
higher losses of commercial minerals and increased
dilution volumes in the ore mass. Along with that, at
the stage of stoping planning, there is no sufficiently
detailed information concerning the stratum
hypsometry across the entire panel width. This
information, along with other necessary data, is
expected from the geological model [9-13].

Verkhnekamskoye field is prospected by a sparse
grid of deep wells drilled from the surface. In the
process of operation, detailed exploration wells are
drilled in the workings to the depth of commercial

strata, with selection of trench samples from the
walls of the workings. The disposition plan of deep
wells and wells drilled in Solikamskaya area mine
workings is presented in fig. 1.

In countries with developed mining industry,
companies use mining-and-geological information
systems that help solve a wide range of geological,
surveying and technological tasks (DATAMINE,
MICROMINE, GEOVIA Surpac™, VULCAN etc.)
[11, 14-19]. However, only some of them can fully
integrate with industrial data base management
systems while preserving survey graphics, data
referenced to objects of digital layers, and
geological modelling results. The authors of the
paper are working with the company to develop a
system answering the information needs of
engineering departments of the entire enterprise
[20-26]. The already developed and implemented
software applications enabled automated solution of
the main production tasks at different levels:
operating level for lower tier services, functional
level for middle management and strategic level for
chief specialist services.

= e o‘.'.so .-. ® vofaay
Solikamsk mining

administration,
SKRU-3

® fesale] ':m}01

SKRU-2

Fig. 1. Location of wells within the boundaries of mining
allotments (without Polovodovsky site)

In addition, there are software tools under
development which are aimed at ongoing processing
of field measurements by engineering services,
including survey service [27-31], geomechanical
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engineers [6, 26], geologists [20, 23], and mining
engineers [7]; a program has been developed for
geological environment modelling [24].

Analysis and replenishment
of existing data

Reliability of the digital geological model under
development depends, above all else, on the quality
and completeness of initial information. A mine with
an area of 7x14 km has maximum one hundred deep
drilling wells. According to the requirements of an
instruction [32] for mine geological support,
geological service specialists must prepare primary
geological documentation for mine workings.
Geological profiles of development workings are
sketched in field books. Sketches of profiles include
apparent positions of the top and bottom of
formation, position of transversal sections in the
workings as per surveying, and survey beacons.
Paper drawings are used because mines are
hazardous in terms of gas dynamic phenomena, and
laptops are forbidden in the mining area. Subsurface
drilling wells are located in development workings at
a distance of 50—-150 m from one another; selection
of trench samples is performed as well. All
information concerning these wells is entered in the
PJSC Uralkali database [22-24, 33].

Field materials for development workings are
processed in software tools designed by the authors
of the paper. The profile is scanned and referenced
to survey beacons; next all visible -crossings
between strata (fig. 2) are digitized in the module
“Longitudinal profile geology” and entered into the
data base. We built this work on the old development
workings, and geologists perform it for ongoing
objects. In stopes, geological drawings are made for
transverse sections of workings, surveyed, prepared

Stratum AB

and entered into the data base by the survey service.
The field book with sections can also be scanned
with further referencing of images. The software
has an even more convenient mechanism for
referencing the transverse section images using
a graphic tablet. After section referencing,
geological information on the tablet is digitized
using a pen (stylus), and then entered into the data
base. The developed protection modules contain
hardwired unified catalogues of rocks and the
adopted stratigraphic breakdown of the strata [4].
Fig. 3 shows an example of the processed drawing
in the software module “Geology by sections”.

Thus, the geological information from transverse
sections of each new chamber enters the data base. In
old workings this information is seldom present.

In order to calculate volumes of enclosing rocks,
the geological service uses programs that allow for
the processing of drawings in development workings
and stokes as well as for entering them into the data
base. Referencing of drawings in the coordinate
system of the mine and further digital description of
the stratum boundaries enables entry of a large
volume of additional information concerning
crossings between strata into the data base. Software
modules developed for geologists are integrated into
the corporate mining-and-geological information
system of PJSC Uralkali (MGIS PJSC Uralkali).

Fig. 4 shows three panels for the first Solikamsk
mine, approximate size of the site is 10801360 m.
Only three deep wells are drilled at the boundaries
of this site. Distance between neighboring wells is
1000 m. The section has 191 subsurface wells drilled
from development workings. For these wells,
geologists capture all stratum intersections in field
notes. Profiles are available for development
workings which are drilled with an interval of
150—180 m on these panels.

Red

sylvinite

P14
Rock

salt

Fig. 2. Fragment of digitized profile along chamber 104 wall (stratum AB, Kr-II, Panel 4 SV)
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Fig. 3. Boundaries of Kr-2 stratum top and bottom
on a digitized transverse section of chamber 118
(12™ western panel of SKRU-1, distance from neck 70, 60 m)
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Fig. 4. Location of wells and profiles
in three south-eastern panels of SKRU-1

Development workings by strata are made
coaxially, therefore a geologist can depict boundaries
of all strata under development on the profile. To
detail complex areas, layers included in the stratum
are also drawn. Results of geological structure
interpretation of the strata tapped by the subsurface
well are also superimposed on the profiles. They
complement the missing information concerning
geological boundaries of the layers between
commercial strata. In some cases (very seldom)
profiles are made in chambers as well. In the figure
these profiles are located with an interval of 28 m.

Trench samples are also selected in development
workings with an average interval of 50 m. They
provide information on qualitative composition.
A large volume of available information for
productive strata in the developed sites provides
detailed knowledge of their geometry and quality.
Overburden structural information can only be
obtained from deep drilling wells. The study of
overburden structure in individual sites generally
applies geophysical methods.

Commercial strata variability analysis

In the elaborately studied commercial strata,
visual unevenness of stratum hypsometry from
Kr-II to V is observed. In the literature discussing
field geological structure [1, 2] it has been
assumed that hypsometry variability in commercial
strata increases from stratum Kr-II to stratum
V. However, no comparative analysis in
numerical form has been performed. To build a
model of the bulk commercial strata, the latter
has to be surveyed to identify variability of
hypsometry and strata thickness.

For the purpose of the survey, well processing in
three mines SKRU-1, SKRU-2 and SKRU-3 was
performed. Only subsurface and deep drilling wells
were used. Samples were not analyzed due to the
following reasons.

Sampling is performed by a geologist along the
walls of mine workings. In certain areas, the
workings can reveal the position of the stratum top
and (or) bottom. During sampling the geologist
chooses the most representative part of the
workings, where stratum thickness varies
insignificantly from the average. Wells tap into the
stratum boundaries randomly; there is a higher
probability of crossing between the well and the
stratum in any flexures, with possible high spread
of thickness values.

The table contains the results of statistical
processing for wells in commercial strata of three
mines. In the course of the processing, only data
with non-zero values were taken into account. The
processing covered stratum thickness, bottom
elevation, and content of valuable component KCI.
In some of the wells, the stratum thickness was
incompletely represented or the content was not
specified; such data was excluded. Some of the
sylvinite strata can be replaced with carnallite
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(e.g. stratum V) or rock salt. Only data with
qualified content and thickness value were taken
into account for processing. The calculations used
stratum thickness, bottom elevation, and content of
valuable component KCI.

In subsurface geometry, parameter variability
can be determined in multiple ways [34], including
the standard deviation value. This statistics was
used for analysis of the parameter variability.

In terms of data size, sampling populations for
each stratum were representative, results of
calculations for Solikamskaya area mines were
statistically significant. Calculations suggest an
increase of the standard deviation of the lower
stratum thickness (Kr-II) to the overlying stratum
(fig. 5). Along with that, whereas from Kr-1I to AB
the dynamics is small or absent (SKRU-2, SKRU-3),
the thickness spread doubles from AB to stratum V.

Statistical information for commercial strata

Parameter Number of wells Average value m Minimum, m Maximum, m Standard, m
SKRU-1
Kr-1I wells
m 1438 5.97 2.05 28.4 1.76
N Kr-IT 1439 —150.35 -306.64 18.71 46.15
KCl1 429 24.79 16.08 37.95 3.08
AB wells
m 1565 4.81 1.70 30.45 2.56
_AB 1706 —134.05 -296.34 35.00 48.81
KCl 652 30.08 16.28 46.66 5.34
V wells
m 1144 9.58 1.70 33.52 4.21
N 1153 —125.53 -292.15 41.81 52.65
KCl 596 22.2 16.26 44.53 5.82
SKRU-2
Kr-1I wells
m 472 6.48 3.43 17.8 1.6
N Kr-II 472 —147.426 -302.655 —17.66 58.64
KCl 214 23.93 16.68 34.08 3.03
AB wells
m 485 4.86 1.8 14.74 1.48
_AB 483 —134.067 —293.281 —4.06 60.704
KCl 293 32.19 16.45 40.76 4.02
V wells
m 463 8.00 3.62 18.99 2.85
N V 463 —126.387 —286.133 -6.56 62.06
KCl 162 28.21 16.2 47.02 7.71
SKRU-3
Kr-1I wells
m 1084 4.46 2.1 10.5 0.97
N Kr-II 1087 —158.69 —228.122 —54.26 39.25
KCl 145 24.80 17.39 37.4 3.48
AB wells
m 1162 3.37 1.80 13 1.06
_AB 1189 —-148.671 -220.05 —40.84 40.49
KCl1 461 30.74 17.6 42.37 5.35
V wells
m 1073 6.98 1.8 16.2 2.49
N 1077 —-138.072 -216.74 -34.378 41.022
KCl1 191 30.27 16.70 40.46 6.43
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Fig. 5. Stratum thickness standard
deviation dynamics in mines

Minimum value of standard deviation amounts
to 0.97 m in Kr-II stratum of SKRU-3 and increases
to 2.56 m in stratum AB of SKRU-1 (see fig. 5).
Stratum AB overlies stratum Kr-II on average by
10-16 m. Stratum V has a more significant
thickness variance. Standard deviation of thickness
for this stratum increases to 4.21 m at a lesser inter-
stratum height (stratum V is 7.5 to 10.5 m higher
than stratum AB).

The calculations suggest that the hypsometry
standard deviations value in any stratum is many
times higher than the thickness deviation. Whereas
the average stratum thickness spread amounts to
2.4 m (stratum AB), the standard deviation of
bottom of the same stratum is 48.81 m. Spread
value of the bottom elevation for various strata
ranges between 39.25 for Kr-II SKRU-3 stratum
and 62.06 m (AB stratum, SKRU-2).

Valuable component content is also more stable
in the underlying stratum; its spread almost doubles
in stratum V. The analysis includes only sylvinite
stratum V. Visual analysis of geological drawings
along the walls of the workings leads to similar
conclusions.

Geological strata modelling advice

Traditionally the geological environment
modelling process starts from ground surface,
and, taking into account the available well
information, the subsurface structure is modelled
down to the commercial strata [35-43]. In the
conditions where the structure of the commercial
strata in mine workings is profoundly studied
and documented, it makes sense to start strata

modelling from the most surveyed and stable
stratum. For Solikamskaya area mines, the most
continuous is stratum Kr-II. Its hypsometry is
also less variable than in the overlying strata.
This stratum is used to build the reference
surface (or stratum body) which is further used
to build up to the next marking horizon or
ground surface.

According to the existing concept of
Verkhnekamskoye field of potassium and
magnesium salts geological structure, the entire
bulk of the strata is divided into conformable
sequences. The latter consist of stratigraphic
elements (a set of strata or bulks of strata)
possessing similar stratigraphic and structural
characteristics. The sequences include thickness-
allied parts of the strata with approximately similar
emergence conditions.

As a rule, all strata and layers in one sequence
are settled conformably; one model can have
several continuous sets of such strata. The strata
must not cross sequence boundaries but can wedge
out [44, 45]. Azimuths and strata dip angles in
different sequences can vary significantly.

Taking into account the structure of the strata
and availability of information in the database, the
authors recommend the following order of
sequence genesis in the bulk of strata for building
a geological model:

1) sylvinite stratum;

2) below - underlying rock salt.

Above sylvinite stratum:

3) sylvinite-carnallite stratum;

4) overlying rock salt;

5) salt and marl stratum;

6) variegated stratum;

7) quaternary deposits Q (up to the ground
surface).

Based on the results of the study, the following
conclusions can be made:

— Kr-II stratum thickness has the largest deviation
from the average value in comparison to stratum AB
and especially V;

— spread boundary of qualified content is increased
by 3040 % compared to thickness change;

— position of strata bottom in height has by an
order of magnitude more variability compared to
thickness;

—deep drilling wells have insignificantly higher
deviation results compared to overall data.
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Conclusion

The results of the study will influence the
technology of subsurface modelling. The reference
surface will be assumed as top (or bottom) of Kr-1I
sylvinite stratum. Since the stratum top patterns are
becoming more complex from bottom up, whereas
thickness varies less significantly than the stratum
elevation, further building of the model is performed

by superposition of overlying strata and interstratal
partings on the reference surface within each
conformable sequence. Taking into account the
stratigraphic and structural features of genesis in
each sequence, the strata settle by thickness up to the
bottom of sylvinite-carnallite stratum, and further up
to the ground surface. Similarly the model is built for
the underlying rock salt, to the depth below the
bottom of development workings of rock salt.
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