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The Verkhnekamskoye deposit of potassium and magnesium salts is located in Solikamsk depression within Pre-Urals
foreland basin. There is a salt deposit in the near-surface section, with a number of oil and gas deposits below it.

The gas-oil ratio is known to be central to the process of gas showmgs during drilling of geological exploration wells and initiation of
gas-dynamic phenomena at underground operations. For this purpose, all evidence on gas showings recorded when drilling salt
exploration wells at the Verkhnekamskoye potash deposit was collected, as reflected in archival data and reports on prospect evaluation
surveys. The findings were summarized and used to build a probabilistic and statistical model of oil and gas potential prediction.

This study considers 18 characteristics of 374 wells, related to the thickness of salt productive formations and their quantity.
The characteristics were compared using the Student's t-test and Pearson's chi-squared test (37).

This dependence was used to calculate probability values P, (Zy,) for all 856 studied salt exploration wells.

At the first stage, individual one-dimensional probabilistic models of gas potential prediction were built. The obtained individual
probabilities served the basis for obtaining a discriminant function (Zy) to predict the gas potential in the salt massive.

The obtained values of Z, discriminant function were used to build a regression model of oil and gas potential prediction Py, (Zy,).
Following this dependency, Py, (Z,) values were calculated for all 856 studied wells drilled for exploration and prospectmg
operations for the purpose of salt extraction.

The average value (+ standard deviation) of the probability for the class within the outline of the oil and gas zone was 0.510 + 0.068 unit
fractions. For the class outside the oil and gas zone, the average value was 0.490 + 0.070 unit fractions. The obtained models enable
constructing gas-show prediction schemes and an oil and gas potential prediction scheme for the Verkhnekamskoye potash deposit.

BepxHekaMckoe MeCTOPOXACHHE KaJIMHHO-MarHUEBBIX COJICH pacIojiokeHO B mpexenax IIpemypaibckoro KpaeBOro
nporu6a Ha Tepputopun ConmkamcKoii pernpeccun. B BepxHeil uacTu paspe3a HaXOAUTCS COJISHAs 3aJIeXkb, a HIDKE e —
MHOXECTBO MECTOPOXACHUH HedTH 1 raza.

VI3BeCTHO, UTO ra30BbIii (paKTOp UrPacT OCHOBHYIO POJIb B IPOLIECCE MPOTCKAHHS FA30BBIICICHHIT IPH OyPEeHUH Ie0I0ro-pa3BeI0uHbIX
CKBaKHH 1 HHULIMMPOBAHNSI Ta30/IMHAMHYECKHUX SIBJICHHH IPU MOJ3EMHbIX TOPHBIX padoTax. [iist 5Toro ObUTH COOpaHbI BCe CBEICHHUS O
Ta30BBIIETICHISX, 3a)MKCHPOBAHHBIX NPH OyPEHHH CONepa3BeJOYHBIX CKBAKHUH Ha TEPPUTOPUN BepXHEKaMCKOTo MECTOPOKICHHS
KaJMHHBIX COJICH, TIPHBEICHHBIC B apXMBHBIX JAHHBIX M OTYETaX O MOMCKOBO-OLEHOYHBIX paborax. OHM ObuM 0000MIEHBI U
HCIOJIB30BAHBI TSI TOCTPOCHHS BEPOSITHOCTHO-CTATHCTHIECKOI MOIEIH MPOTHO3a He(TEera30HOCHOCTH.

B pabore paccMotpeno 18 xapaxrepuctik 1o 374 cKkBaKHHaM, CBS3aHHBIX C MOIIHOCTBIO NMPOIYKTHBHBIX ILUIACTOB CONEil M MX
kosaecTBoM. COIoCTaBlIeHHE XapaKTEPUCTHK IPOM3BOIHIIOCH IIPU TTOMOIH £-KpuTepust CTbrofeHTa 1 kpurepus [Tnpcona

Ha mnepBom »dTame CTpOMINCH HMHIMBHIyalbHBIC OJHOMEPHBIC BEPOSATHOCTHBIC MOJENH IPOTHO3a Ta30HOCHOCTH.
TMosyueHHbIe MHAMBHIYalbHbIC BEPOSTHOCTH SIBISUINCH OCHOBOI [UISL MONYYCHHUS AUCKPUMHHAHTHOH (yHKumn (Z,) Wit
MPOTHO3UPOBAHHS FA30HOCHOCTH B TOJILIE COJICH.

TMosyueHHble 3HAUCHHs AUCKPUMHHAHTHOH (yHKUIMM Z, HCIOJIb30BAIMCh Ui MOCTPOCHHUS PErpecCHOHHOI MOIEIH
MPOrHO3a He(Tera30HOCHOCTH Py(Z,).

IMo nanHO# 3aBHCHMOCTH OBUIH BBIYHMCIICHBI 3HAYEHUsI BEPOSATHOCTU Py(Z,) mo BceM 856 m3yuaeMbIM COJICPA3BEOUHBIM
CKB)XHHAM, IIPOOYPEHHBIM JUTsl IPOBEACHNUSI TIOUCKOBBIX U Pa3BEIOUYHBIX PadoT.

CpenHe 3HaueHHE (+ CTaHAAPTHOE OTKJIOHEHHE) BEPOSTHOCTH AJIS Kilacca B KOHTYpE HE(TEra30HOCHOCTH COCTABHIIO
0,510 + 0,068 nonu ex. s kinacca BHe KOHTYpa He(pTera30HOCHOCTH cpejiHee 3HaueHue cocraBuiio 0,490 + 0,070 monu ex.
TMosyueHHbIe MOJIENH TTO3BOJISIOT IIOCTPOUTH CXEMBI IIPOTHO3a Ta30NPOSBICHHI U CXeMY HMPOTrHO3a He()TEera30HOCHOCTH B
npezenax BepXxHekaMCKOTo MECTOPOKICHNS KaJMIHBIX COJICH.
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Introduction

The Verkhnekamskoye deposit of potassium and
magnesium salts (VKDMS) is located in Solikamsk
depression within Pre-Urals foreland basin. There is
a salt deposit in the near-surface section, with a
number of oil and gas deposits below it. This area is
of great interest when studying oil and gas content
distribution in the section [1-10].

The gas-oil ratio is known to be central to the
process of gas showings in drilling geological
exploration wells and to gas-dynamic effects in the
underground operations. For this purpose, all evidence
on gas showings recorded during the salt exploration
wells drilling at the Verkhnekamskoye potash deposit
was collected, as reflected in archival data and reports
on prospect evaluation surveys. The findings were
summarized and used to build a probabilistic and
statistical model of oil and gas potential prediction.

The possibilities of geological and mathematical
model-building to address various geological
problems are given in [11-14]. We applied the
methods of mathematical statistics and probability
theory to one-dimensional and multidimensional
linear statistical model-building. These methods are
in details described in works of both Russian and
foreign authors [15-30].

Development of Gas Potential Prediction
Models for the VKDMS Strata

Initially, for the development of gas showings
prediction models, the average values for the areas
[31-45] with the gas showings (Class 1) were
compared with those for the areas with no gas
showings observed (Class 2). For this we used a
training sample of 374 wells (Fig. 1).

The analysis was conducted using various
statistical criteria by the following characteristics: M
is the thickness of the overlying rock salt, Mo is the
potash layer thickness (from the 1% potash layer to the
bottom of salts), Ny is the quantity of formations in the
section, M is the thickness of salt stratum, M is the
thickness of formation K, My is the thickness of
formation I, Mg is the thickness of formation Z, M,
is the thickness of formation Zh, Mg is the thickness
of formation E, My, is the thickness of formation D,
Mg is the thickness of formation G, My is the

thickness of formation V, M is the thickness of
formation B, Mg is the thickness of formation AB,
M;, is the thickness of formation A, Mg, is the
thickness of formation K;, Mg, is the thickness of
formation K,, Mix; is the thickness of formation Kj.

We compared the distributions using the
Student's t-test [11] and Pearson's y test.

The studies consisted in comparing mean
values of the indicators and building probability
models of pertaining to the class of territories with
gas showings (Table 1).

Training sample
@ Class 1 (with gas-dynamic effects)
e Class 2 (without gas-dynamic effects)

— VKDMS outline
I:I Deposits
== Pre-Urals foreland basin

== Large-scale tectonic structure
= Paleo-upland and atolls

Fig. 1. Well Pattern as per the Gas-dynamic
Effects Training Sample
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Table 1
Comparison of Mean Values and Individual Probabilistic Models
by Formation Thickness
Statistical characteristics of indicators * Criterion
Indicator Tgrlfiinli.es TSrlraii(S)rziés ‘ I Probabi.lity equatioq of pertaining ‘Mo'del P'rol.)ability
with gas-show without gas-show ; ? to territory class with gas-show | application field | variation range
(n=187) (n=187)

Moz, M 0_%3 0_%*5_559 % % P(Mars) = 0.306 + 0.0090 Mors 0.5-76.5m 0.31-0.99
My JoAEaas ) SRS 3R R PMpa) = 0114+ 0.0053 My | 0.5-1658m | 0.11-0.99
N;, Nos o.ﬁ . o '14%(7) : éi‘? S 0%3& 3<6]' éﬂg P(NY) = 0.036+ 0.04174 N 1-13 items 0.07-0.58
M, m (%m 0_8548 . 3_71'21 i‘fgf 4<51'%§55 P(M,) = 0.00 + 0.540 M, 0.5-185.0m | 0.00-0.99
M, m 0% 4 0333 i 8:‘1‘21 g:ggz (l)zgii P(Mg) = 0.445 + 0.06011 Mg 0.15-2.80 m 0.45-0.61
My, m oﬁz o .148575 : 8:821 é;ﬁ i‘lgg 3 | P(Mp)=0441+005141 My | 0.07470m | 0.44-0.67
Mg, m 0%3 0.0485 i 8:(5)‘1‘8 ’091563208 (1):?182 P(Mg) = 0.521 — 0.0355 My, 0.05-7.00 m 0.28-0.52
Mz, m 0%7 o%g i 8:33 s 8:%33 (1):53 P(Mz) = 0487 +0.01507 Mgz | 0.10-4.30 m 0.48-0.55
M, m 0%9 0_64'22 i g:(z)g s 0‘_‘(')3851 23;5152 P(Mg)=0.391+0.01370 Mg: | 0.20-43.80 m 0.39-0.99
Mg, m 0%9 0.74'23 : (5):88 S 03.'0605073 ééo'(l)gg P(Mp) = 0364 +0.01533 M, | 020-3225m | 0.37-0.90
Mg, m 0%2 0.6435 i g:ég 5 03.6400017 1<41' })756 P(Mgg) = 0.398 + 0.0139 My 0.10-43.25 m 0.39-0.99
My, m 0%2 0_5433 i 3:8? . 0_30'3389 1<61.%750 P(My) = 0476 +0.00398 My | 0.15-19.25m 0.47-0.55
Mgy, m 0%1 0_14'33 i (l):(z)i s g:ggg 3:(3)21 P(Mg) = 0.476 +0.0126 Mg 0.15-9.85 m 0.47-0.60
Miap, m 0.35'843‘% p 023;’ i (l):gio 52(7)32 g:(l);j P(Mpap) = 0.420 +0.02305 Mep | 0.42-17.45m 0.42-0.82
Mix, m oﬁz 0'14;‘3 n 8:8? y (2):(3)?: 05. 6858301 P(Mpx) = 0469 +0.02113 My | 0.12-1295m | 0.47-0.74
M1, m oﬁs 0_14'32 i 8:3(2) . g:géz g:gﬁ P(Mgcr) = 0435 +0.05974 Mg, 0.07-4.20 m 0.43-0.68
Mgz, m oﬁg oiig; i (1)1531 g:z;g (1):;; P(Mg) =0447+001138 My, | 0.35-13.35m 0.45-0.59
M, m 0%0 O%Z : é:g; A é:ggg g:‘l‘gg P(Mg) =0382+0.02611 My | 0.20-1625m | 0.38-0.78

Note: * in numerator: mean value + standard deviation of the indicator; in denominator: mean value + standard deviation

of probabilities for this indicator.

These data indicate that the mean values differ

statistically for the following indicators: My, Mpotashs
Nf, MS, MfE, MfD, MfG, MN, and MfA. We built a
linear probabilistic models (Table 1) in order to
determine the effect of each of the thickness
indicators that in different ways control the direction
and strength of the gas showing processes. These
models made it possible to determine the probability
of pertaining to the class of territories where the gas
showings occurred, by each indicator.

Building the linear models [12] required initial
study of their distributions. For this purpose, the
Sturges’ formula was used to determine the
optimum values of variability intervals for each
indicator:

Xmax _Xmin
A= —,
1+3,32-1g N

where Xp.x were the maximum value of the
indicator; Xpn, were the minimum value of the
indicator; N was the data sampling size.

The frequencies were determined in each
interval, as follows:

where P(X) were frequency in the k-th interval for the
class; N, was the number of cases of the X indicator
content in the k-th interval of the class; N, was the
sample size for classes 1 and 2 in the k-th interval.
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An example of the distribution by indicator Mg Table 2
(thickness of salts) is given in Table 2. Distribution of M, (Thickness of Salt)
‘ .When comparing distributive densities of th(; Value Frequencies
indicators shown in Table 2, the Pearson's y _
criterion was applied to the classes under study. | .o ST 70" Mg:f“a;(iltyllgiw?;so’inl T80
The criterion values are given in Table 1. These 0201 49 | 60 | 80 | 100 | 120 | 140 | 160 | 180 | 200
data indicate that, by the y’ criterion, 10 out of :Xj:i‘vgas' 0 {0.005/0.032[0.112]0336]0347(0.133]0.026| 0.005 | 0.005
18 indicators differ statistically at p <0.05. Withont
The technology of linear probabilistic model-  |zas-show 0.021{0.037|0.128|0.2560.310{0.1490.085 [ 0010 — | —
ling consists in the following.
The probability of pertaining to the territories with P(M,,)) = 0,435 + 0,05974M,,
gas showings is determined in each interval. The 2 0,7}
interval probabilities of pertaining to Class 1 are then % 0.6k
compared with the mean interval values for the &
indicators. The obtained values are used to calculate g 0,5¢
the matching correlation coefficient » and to build a = 04}
regression equation. The models built are then 2 o4l
adjusted on the assumption that the mean value for the & 0 7 5 3 4 s
territories with gas showings should be greater than M. M
0.5, and for the territories without gas showings — less 4 e
than 0.5. Table 1 contains the regression equations
built b}{ this scheme.:.. They are ‘presen.ted‘by thickness P(M,,) = 0,487 +0,01507M,
properties and conditions of their application. 2
Figure 2 provides an example of comparing 2 0.7¢
two individual models by indicators Mz, and M. E 0.6f
Model P (Mg;) has a greater value of the ‘E 0,5k
angular term in the equation compared to P (M), ,Z 0.4}
which leads to more differentiated estimates of the g 04l
gas showing probability on the VKMKS territory. <
. c e . 0 1 2 3 4 5
The analysis of the individual models and the M. M
values of criteria # and x> shows that the following b W
indicators are the most informative: Mor, Mpotashs
Nt, Mg, Mg, M, Mig, Mey, Mia, and Mg . Fig. 2. Comparison of Two Individual Models:
We will apply a stepwise linear discriminant a—P Mpu); b =P (Mizy)
analysis for the complex estimation of probabilities
relationship calculated using the linear models for 1.2
the gas content. 1.0 .
For model development, we used the data from the ¢
model sampling that had been utilised to build the linear 0,8
models (Class 1: 187 values, Class 2: 187 values). ~
As a result of implementation of this method, ?; 0.6
the following linear discriminant function was 04
obtained for the formation thicknesses: '
Zn=—-17.9265 + 2.6620P(M;) — 24,1317P(M) + 0.2
+13.8526P(Myz) + 6.2194P(M,rs) + 12.6002P(Mgg )+ 0.0
+6.1630P(Mgg) + 2.7958 P(Ny) + 3.6734P(Mics) + 43 2 b0 12 3 4 S

+ 14.8381P(Myy) + 6.7251P(Mx) — 9.3998 P(Mx)
at R =0.401, y* = 63.94120, p < 10,

Fig. 3. Dependency of P(Z,,) on Z,,

ISSN 2224-9923. Bectauk I[THUITY. I'eonorus. Hedreraszosoe u roproe aeno. 2020. T.20, Nel. C.4-13
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The order of indicators inclusion in the function
was formed in the sequence given in the equation.

These functions were used to calculate Z,
values and P(Z,,) probability. The ratio between Z,,
and P(Z,,) is shown in Figure 3.

Developing the Oil and Gas Potential
Prediction Models

Based on the received Z, values, the mean
(Table 3) values for the wells located within oil and
gas bearing outlines (Class 1, n = 86) were compared
with those for the territories with no determined oil
and gas content (class 2, n = 80). The comparison
was carried out using the ¢ and y’ criteria based on
a training sample (see Fig. 4) of 166 wells.

The analysis of the Z, distributions and
the probabilistic modelling of pertaining to the
class of oil and gas bearing territories were
conducted in the same way as with gas showings
in the VKDMS strata.

These data indicate that the mean values of Z,,
multiple criterion statistically differ from the
achieved significance level of p = 0.066 by the
Student's #-test. To calculate the probability of
pertaining to the class of oil and gas bearing
areas, we shall build a linear probabilistic model
that enables determining the probability of
pertaining to the class of areas with oil and gas
content in the section.

To build an oil and gas potential prediction
model by Z, values, we analysed the Z,
distribution by intervals of variability (Table 4) for
the areas within the oil and gas bearing outline
(Class 1) and the ones outside the outline (Class 2).

The distributions of Z,, criterion by intervals of
variability are given in Table 4.

Table 3

Comparison of Mean Values
and Probabilistic Models by Z,,, Criterion

Table 4

Frequency Distribution of Z,, Values

Z, variability intervals

Class (—4.5; 1 (3.5 [ (-2.5; | (1.5 | (-0.5; | (0.5; | (1.5;
-3.51 | -2.5] | -1.51 | -0.5] ] 0.5] | 1.5] | -2.5]
Within oil and
gas bearing 0 0.046 | 0.267 | 0.244 | 0.337 | 0.081 | 0.025
outline
Outside oil and
gas bearing 0.014 1 0.037 | 0.087 | 0.350 | 0.300 | 0.175 | 0.037
outline

Statistical characteristics of indicators
(mean value + standard deviation)
Indicator Class 1. Class 2. t x
Within oil and gas |Outside oil and gas p p
bearing outline bearing outline
(n=86) (n=180)
1.841 |3.344
Zn —0.763 £ 1.085 -0.449+1.113 0.066 10019

P(Z,), unit fractions

N 0.18-0,20
I 0.20-0.25
I 0.25-0,30
N 0,30-0,35
[70.35-0,40
[ 10.40-0.45
[ 10.45-0,50
[10,50-0,55
[ 10.55-0,60
[ 10,60-0,65
[10.65-0,70
[0,70-0,75
I 0.75-0,80
I 0.80-0.85

Fig. 4. Scheme of P, (Z,,) Variation

— Pre-Urals foreland basin

Forecast wells

Outside oil and gas bearing outline

Within oil and gas bearing outline

Large-scale tectonic structure

Paleo-upland and atolls

D Deposits

D VKDMS outline

in the VKDMS Territory
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According to the data in Table 4, the frequency
for Class 1 in the interval (—0.5; 0.5) is 0.337 unit
fractions, and 0.300 unit fractions for Class 2.
When comparing the Z,, distribution densities as
shown in Table 4, the Pearson's y* criterion was
applied to the classes under study.

The values of y* criterion are shown in Table 3.
These data indicate that the Z, distributions
statistically differ by ¥ criterion at p =0.019.

In order to build a linear probabilistic model of
oil and gas potential prediction based on the gas
showings data for the VKDMS strata, the
probabilities of pertaining to oil and gas bearing
territories are determined in each interval of
variability. The interval probabilities of pertaining
to Class 1 are then compared with the mean
interval values of Z, complex criterion. These
values are wused to calculate the matching
correlation coefficient 7, and to build a regression
equation. The obtained models are then adjusted
on the assumption that the mean value of P, (Zy)
for the oil and gas bearing territories should be
greater than 0.5, and for the territories outside the
oil and gas content outline — less than 0.5.

The following model of oil and gas potential
probability prediction using Z,, data was obtained:

Py(Zy) = 0.462-0.0635 Z,,, r =—0.67.

The Z,, model’s application range varies from -
3.525 to 2.205. With the increase of Z, values
from negative to positive, P, (Zn) decreases from
0.682 to 0.321 wunit fractions. Using this
dependency, P, (Z.) values were calculated for all
856 studied wells drilled for exploration and
prospecting salt extraction operations.

Conclusion

In the result, the obtained mean values of the
developed criterion P, (Z,) indicate that it can be
used for a zonal estimate of oil and gas content in
the territory under study. The mean value of the oil
and gas content probability P, (Z,) for the areas
within the oil and gas bearing outline was 0.510 +
0.068 unit fractions; and 0.490 = 0.070 unit
fractions for the ones outside the oil and gas
bearing outline.

The calculated P, (Z.) values were used to
build a scheme of oil and gas content probability
for the research area (Fig. 4).

In the scheme, the probabilities P, (Z,) > 0.5
characterise the peripheral parts of the VKDMS,
the P, (Zy) values < 0.5 are in the central part of
the VKDMS. The developed scheme can be used
in planning geological exploration operations for
oil production in the VKDMS territory.
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