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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 showings 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 (χ2). 
This dependence was used to calculate probability values Pp (Zm) 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 (Zm) to predict the gas potential in the salt massive. 
The obtained values of Zm discriminant function were used to build a regression model of oil and gas potential prediction Pp (Zm). 
Following this dependency, Pp (Zm) values were calculated for all 856 studied wells drilled for exploration and prospecting 
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.
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 Верхнекамское месторождение калийно-магниевых солей расположено в пределах Предуральского краевого 
прогиба на территории Соликамской депрессии. В верхней части разреза находится соляная залежь, а ниже ее –
множество месторождений нефти и газа. 
Известно, что газовый фактор играет основную роль в процессе протекания газовыделений при бурении геолого-разведочных 
скважин и инициирования газодинамических явлений при подземных горных работах. Для этого были собраны все сведения о
газовыделениях, зафиксированных при бурении солеразведочных скважин на территории Верхнекамского месторождения
калийных солей, приведенные в архивных данных и отчетах о поисково-оценочных работах. Они были обобщены и 
использованы для построения вероятностно-статистической модели прогноза нефтегазоносности. 
В работе рассмотрено 18 характеристик по 374 скважинам, связанных с мощностью продуктивных пластов солей и их
количеством. Сопоставление характеристик производилось при помощи t-критерия Стьюдента и критерия Пирсона χ2. 
На первом этапе строились индивидуальные одномерные вероятностные модели прогноза газоносности.
Полученные индивидуальные вероятности являлись основой для получения дискриминантной функции (Zм) для 
прогнозирования газоносности в толще солей. 
Полученные значения дискриминантной функции Zм использовались для построения регрессионной модели 
прогноза нефтегазоносности Рн(Zм). 
По данной зависимости были вычислены значения вероятности Рн(Zм) по всем 856 изучаемым солеразведочным 
скважинам, пробуренным для проведения поисковых и разведочных работ. 
Средне значение (± стандартное отклонение) вероятности для класса в контуре нефтегазоносности составило
0,510 ± 0,068 доли ед. Для класса вне контура нефтегазоносности среднее значение составило 0,490 ± 0,070 доли ед. 
Полученные модели позволяют построить схемы прогноза газопроявлений и схему прогноза нефтегазоносности в
пределах Верхнекамского месторождения калийных солей.
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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: Mors 
is the thickness of the overlying rock salt, Mpotash is the 
potash layer thickness (from the 1st potash layer to the 
bottom of salts), Nf is the quantity of formations in the 
section, Ms is the thickness of salt stratum, MfK is the 
thickness of formation K, MfI is the thickness of 
formation I, MfZ is the thickness of formation Z, MfZh 
is the thickness of formation Zh, MfE is the thickness 
of formation E, MfD is the thickness of formation D, 
MfG is the thickness of formation G, MfV is the 

thickness of formation V, MfB is the thickness of 
formation B, MfAB is the thickness of formation AB, 
MfA is the thickness of formation A, MfK1 is the 
thickness of formation K1, MfK2 is the thickness of 
formation K2, MfK3 is the thickness of formation К3. 

We compared the distributions using the 
Student's t-test [11] and Pearson's χ2 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). 
 

 
 

 
 

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 

Indicator 

Statistical characteristics of indicators * Criterion 

Probability equation of pertaining 
to territory class with gas-show 

Model 
application field 

Probability 
variation range

Class 1. 
Territories 

with gas-show 
(n = 187) 

Class 2. 
Territories 

without gas-show 
(n = 187) 

  

Mors, m 
22.2 ± 7.1 

0.506 ± 0.063 
20.3 ± 6.5 

0.488 ± 0.059 
2.817 
0.005 

8.585 
0.014 

Р(Mors) = 0.306 + 0.0090 Mors 0.5–76.5 m 0.31–0.99 

Мpotash, m 
78.8 ± 22.6 

0.531 ± 0.120 
64.1 ± 25.6 

0.453 ± 0.135 
5.898 
<10–5 

34.253 
<10–5 

Р(Мpotash) = 0.114+ 0.0053 Мpotash 0.5–165.8 m 0.11–0.99 

Nf, Nos 
11.7 ± 1.8 

0.523 ± 0.076 
10.7 ± 25.6 

0.480 ± 0.135 
4.230 

0.00003 
36.188 
<10–5 

Р(Nf) = 0.036+ 0.04174 Nf 1–13 items 0.07–0.58 

Мs, m 
100.0 ± 23.0 
0.540 ± 0.124 

82.0 ± 27.6 
0.440 ± 0.151 

6.845 
<10–5 

45.835 
<10–5 

Р(Мs) = 0.00 + 0.540 Мs 0.5–185.0 m 0.00–0.99 

MfК, m 
0.93 ± 0.41 

0.501 ± 0.024 
0.89 ± 0.40 

0.498 ± 0.151 
0.967 
0.334 

1.931 
0.941 

Р(MfК) = 0.445 + 0.06011 MfК 0.15–2.80 m 0.45–0.61 

MfI, m 
1.16 ± 0.63 

0.502 ± 0.032 
1.08 ± 0.60 

0.497 ± 0.031 
1.252 
0.211 

1.895 
<10–5 

Р(MfI) = 0.441 + 0.05141 MfI 0.07–4.70 m 0.44–0.67 

MfZ, m 
0.58 ± 0.36 

0.501 ± 0.013 
0.62 ± 0.54 

0.499 ± 0.018 
–0.628 
0.530 

1.404 
0.496 

Р(MfZ) = 0.521 – 0.0355 MfZ 0.05–7.00 m 0.28–0.52 

MfZh, m 
0.80 ± 0.47 

0.500 ± 0.007 
0.79 ± 0.35 

0.499 ± 0.005 
0.243 
0.809 

1.125 
0.570 

Р(MfZh) = 0.487 + 0.01507 MfZh 0.10–4.30 m 0.48–0.55 

MfЕ, m 
8.82 ± 5.07 

0.511 ± 0.069 
6.68 ± 4.28 

0.482 ± 0.005 
4.401 

0.00001 
23.412 
<10–5 

Р(MfЕ) = 0.391 + 0.01370 MfЕ 0.20–43.80 m 0.39–0.99 

MfD, m 
9.86 ± 5.85 

0.511 ± 0.069 
7.63 ± 5.90 

0.482 ± 0.005 
3.657 
0.0003 

16.140 
0.0003 

Р(MfD) = 0.364 + 0.01533 MfD 0.20–32.25 m 0.37–0.90 

MfG, m 
7.70 ± 5.24 

0.505 ± 0.072 
6.02 ± 4.26 

0.482 ± 0.005 
3.401 
0.0007 

14.176 
<10–5 

Р(MfG) = 0.398 + 0.0139 MfG 0.10–43.25 m 0.39–0.99 

MfV, m 
6.69 ± 3.26 

0.502 ± 0.012 
5.28 ± 3.62 

0.497 ± 0.014 
3.947 

0.00009 
16.670 
<10–5 

Р(MfV) = 0.476 + 0.00398 MfV 0.15–19.25 m 0.47–0.55 

MfB, m 
2.01 ± 0.89 

0.501 ± 0.011 
1.89 ± 1.23 

0.499 ± 0.015 
0.996 
0.320 

2.021 
0.364 

Р(MfB) = 0.476 + 0.0126 MfB 0.15–9.85 m 0.47–0.60 

MfAB, m 
3.64 ± 1.15 

0.503 ± 0.026 
3.36 ± 1.73 

0.497 ± 0.040 
1.798 
0.073 

4.014 
0.134 

Р(MfAB) = 0.420 + 0.02305 MfAB 0.42–17.45 m 0.42–0.82 

MfА, m 
1.65 ± 0.61 

0.503 ± 0.012 
1.49 ± 0.69 

0.499 ± 0.014 
2.374 
0.018 

5.880 
0.0531 

Р(MfА) = 0.469 + 0.02113 MfА 0.12–12.95 m 0.47–0.74 

 MfK1, m 
1.14 ± 0.42 

0.503 ± 0.025 
1.04 ± 0.40 

0.496 ± 0.024 
2.717 
0.007 

6.241 
0.044 

Р(MfK1) = 0.435 + 0.05974 MfK1 0.07–4.20 m 0.43–0.68 

MfK2, m 
4.64 ± 1.61 

0.501 ± 0.018 
4.51 ± 1.89 

0.499 ± 0.021 
0.776 
0.438 

1.317 
0.576 

Р(MfK2)  = 0.447 +0.01138 MfK2 0.35–13.35 m 0.45–0.59 

MfK3, m 
4.70 ± 1.92 

0.505 ± 0.050 
4.27 ± 2.07 

0.494 ± 0.054 
2.068 
0.039 

4.443 
0.108 

Р(MfK3)  = 0.382 + 0.02611 MfK3 0.20–16.25 m 0.38–0.78 

 

N o t e :  * 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: Mors, Mpotash, 
Nf, Ms, MfE, MfD, MfG, MfV, 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: 

, 

where Xmax were the maximum value of the 
indicator; Xmin 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; Nk was the number of cases of the X indicator 
content in the k-th interval of the class; Ng was the 
sample size for classes 1 and 2 in the k-th interval.  

t

p

2

p

χ

ХΔ = max min

1 3,32 lg

Х Х

N

−
+ ⋅

( ) ,k

g

N
Р Х

N
=
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An example of the distribution by indicator Ms 

(thickness of salts) is given in Table 2. 
When comparing distributive densities of the 

indicators shown in Table 2, the Pearson's χ2 
criterion was applied to the classes under study. 
The criterion values are given in Table 1. These 
data indicate that, by the χ2 criterion, 10 out of 
18 indicators differ statistically at p < 0.05. 

The technology of linear probabilistic model-
ling consists in the following. 

The probability of pertaining to the territories with 
gas showings is determined in each interval. The 
interval probabilities of pertaining to Class 1 are then 
compared with the mean interval values for the 
indicators. The obtained values are used to calculate 
the matching correlation coefficient r and to build a 
regression equation. The models built are then 
adjusted on the assumption that the mean value for the 
territories with gas showings should be greater than 
0.5, and for the territories without gas showings – less 
than 0.5. Table 1 contains the regression equations 
built by this scheme. They are presented by thickness 
properties and conditions of their application.  

Figure 2 provides an example of comparing 
two individual models by indicators MfZh and MfK1. 

Model P (MfK1) has a greater value of the 
angular term in the equation compared to P (MfZh), 
which leads to more differentiated estimates of the 
gas showing probability on the VKMKS territory. 

The analysis of the individual models and the 
values of criteria t and χ2 shows that the following 
indicators are the most informative: Мors, Мpotash, 
Nf, Мs, MfЕ, MfD, MfG, MfV, MfА, and MfK1. 

We will apply a stepwise linear discriminant 
analysis for the complex estimation of probabilities 
relationship calculated using the linear models for 
the gas content.  

For model development, we used the data from the 
model sampling that had been utilised to build the linear 
models (Class 1: 187 values, Class 2: 187 values). 

As a result of implementation of this method, 
the following linear discriminant function was 
obtained for the formation thicknesses: 
 

Zm = –17.9265 + 2.6620P(Ms) – 24,1317P(MfB) + 
+ 13.8526P(MfZ) + 6.2194P(Mors) + 12.6002P(MfK1)+ 
+ 6.1630P(MfE) + 2.7958P(Nf) + 3.6734P(MfK3) + 
+ 14.8381P(MfV) + 6.7251P(MfK) – 9.3998P(MfK2) 

at R = 0.401, χ2 = 63.94120, p < 10–5. 

Table 2 

Distribution of Ms (Thickness of Salt) 
Value Frequencies 

Territory
Мs Variability Intervals, m 

0–20
20–
40 

40–
60 

60–
80 

80–
100 

100–
120 

120–
140 

140–
160 

160–
180 

180–
200 

With gas-
show 

0 0.005 0.032 0.112 0.336 0.347 0.133 0.026 0.005 0.005

Without 
gas-show

0.021 0.037 0.128 0.256 0.310 0.149 0.085 0.010 – – 

 

 
a 
 

 
b 

 

Fig. 2. Comparison of Two Individual Models: 
a – P (MfK1); b – P (MfZh) 

 

 
 

Fig. 3. Dependency of Р(Zm) on Zm 
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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 Zm 
values and Р(Zm) probability. The ratio between Zm 
and Р(Zm) is shown in Figure 3.  
 

Developing the Oil and Gas Potential 
Prediction Models 

 
Based on the received Zm 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 t and χ2 criteria based on 
a training sample (see Fig. 4) of 166 wells. 

The analysis of the Zm 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 Zm 
multiple criterion statistically differ from the 
achieved significance level of p = 0.066 by the 
Student's t-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 Zm values, we analysed the Zm 
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 Zm criterion by intervals of 
variability are given in Table 4.  
 

Table 3  

Comparison of Mean Values 
and Probabilistic Models by Zm Criterion 

Indicator 

Statistical characteristics of indicators 
(mean value ± standard deviation) 

  Class 1. 
Within oil and gas 

bearing outline  
(n = 86) 

Class 2. 
Outside oil and gas 

bearing outline  
(n = 80) 

Zm –0.763 ± 1.085 –0.449 ± 1.113 
1.841 
0.066 

3.344
0.019

Table 4 

Frequency Distribution of Zm Values 

Class 
Zm variability intervals

(–4.5;
–3.5] 

(–3.5;
–2.5] 

(–2.5; 
–1.5] 

(–1.5; 
–0.5] 

(–0.5;
0.5] 

(0.5;
1.5] 

(1.5;
–2.5] 

Within oil and 
gas bearing 
outline 

0 0.046 0.267 0.244 0.337 0.081 0.025

Outside oil and 
gas bearing 
outline 

0.014 0.037 0.087 0.350 0.300 0.175 0.037

 

 

 
 

Fig. 4. Scheme of Рp (Zm) Variation 
in the VKDMS Territory 

t

p
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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 Zm distribution densities as 
shown in Table 4, the Pearson's χ2 criterion was 
applied to the classes under study. 

The values of χ2 criterion are shown in Table 3. 
These data indicate that the Zm distributions 
statistically differ by χ2 criterion at р = 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 Сlass 1 are then compared with the mean 
interval values of Zm complex criterion. These 
values are used to calculate the matching 
correlation coefficient r, and to build a regression 
equation. The obtained models are then adjusted 
on the assumption that the mean value of Pp (Zm) 
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 Zm data was obtained: 
 

Рp(Zm) = 0.462-0.0635 Zm, r = –0.67. 

The Zm model’s application range varies from -
3.525 to 2.205. With the increase of Zm values 
from negative to positive, Рp (Zm) decreases from 
0.682 to 0.321 unit fractions. Using this 
dependency, Рp (Zm) 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 Рp (Zm) 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 Рp (Zm) 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 Рp (Zm) values were used to 
build a scheme of oil and gas content probability 
for the research area (Fig. 4).  

In the scheme, the probabilities Рp (Zm) > 0.5 
characterise the peripheral parts of the VKDMS, 
the Рp (Zm) 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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