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The relevance of the work is that in the coming years the oil and gas potential of deep deposits of the sedimentary cover, located
at depths of more than 4 km, will have to be fully studied. One of the methods for solving the problem most effectively is the
construction of probabilistic statistical models. In this case, a comparison of average values and distribution densities (statistics —
t and %?), correlation analysis, regression analysis, including stepwise, as well as discriminant analysis are used. As a result of the
calculations, fundamental differences in the tectonic conditions formation of the organic carbon initial concentrations (C\,)
before hydrocarbon (HC) generation processes were determined for the studied types of organic matter (OM) — sapropel, mixed
and humus. Comparison of average C,,, values made it possible to establish the presence of statistical differences between types
of OM in deep sediments at the Upper-Pechora depression. Since this structure had an asymmetrical structure typical to marginal
troughs, a comparison was made of two tectonic zones — western and eastern, corresponding to its outer and inner sides.
Correlation analysis showed that between the studied indicators there were connections of varying degrees of closeness and
direction. Using linear discriminant analysis based on a set of tectonic indicators, differentiation by types of OM and tectonic
zones was established. The performed stepwise regression analysis confirmed a significant difference in the processes of
accumulation of OM of sapropel and humus types, as well as in the western and eastern regions. Thus, statistical analysis showed
the decisive role of tectonic factors in the processes of C,, concentrations formation. In addition, regression equations were
constructed to describe the dependences on tectonic indicators that made it possible to forecast the most important characteristic
of oil-gas source rocks.

AKTyasbHOCTh paboThl 0oOycjIoBJIeHa TeM, YTo B Ojipkaiiiiiie Tofpl MpeJCTOUT HauboJjiee MOJIHO H3YYUTh HedTerasoHOCHOCTDb
TJTyGOKOMOTPYXXKeHHBIX OTJIOKEHHE OCaJloYHOro 4exJia, 3ajleraiomux Ha IIyouHax Gosee 4 kM. OJHMM U3 MeTOAOB, KOTOPBIH
MO3BOJIAET PellUTh JaHHyI0 3afady Haubosiee 3(p(PeKTHBHO, sABJIAETCA MOCTPOEHHE BepPOSTHOCTHO-CTAaTHUCTHUYeCKUX Mojesiedl. ITpu
3TOM [PUMEHSIIOTCA CPABHEHVE CPEJJHVX 3HAYEHUH U IUIOTHOCTEH pacipe/esieHns (CTaTUCTUKY — £ 1 %), KOPPEJALMOHHBIN aHAIN3,
PerpeccHoHHBIH aHa/IM3, B TOM YHMCJie TOMIAroBhIl, a Taioke JUCKPHMMUHAHTHBIN aHayIu3. B pesysibTaTe 3THX pacuyeToB onpejesIeHbl
MPUHIMNNAIbHBIE pa3IMyiA B TEeKTOHUYECKUX YCJIOBUAX (POPMHPOBaHMsA KCXOAHBIX KOHIEHTpALUil OpraHM4ecKkoro yrijepoja

(C’“ ) [0 Hayajia TpOLIECCOB TeHepaluH yryieBoopoAoB (YB) 1A M3ydaeMbIX THIOB opraHmyeckoro Bemecta (OB) —

opr
carnpoIrieyeBoro, CMeaHHoro U ryMmycoBoro. CpaBHeHI/[e CpeaHux 3HaAYEHUH C:p‘ TO3BOJIMJIO YCTAHOBUTDH HAJINYNE CTAaTHCTUYECKNX
pasnuumnii Mexay tunamu OB B ryIyGOKOIOrpyXeHHBIX OTJIOXKeHUAX BepxHemeuopckoil BHanuHbl. ITOCKOJIBKY JaHHAs CTPYKTypa
VIMeeT TUIINYHOE VI KPaeBbIX l'lpOl"P[ﬁOB ACUMMETPUYHOE CTPOEHUE, TIPOBEIEHO CPaBHEHUE [IBYX TEKTOHUYECKNX 30H — 3al'IaJ:[H0171 u
BOCTO“HOﬁ, OTBEYarlX BHEIIHEMY U BHYTPEHHEMY ee 60pTaM. KOppeMHHOHHHfI aHaJii3 MnoKasajl, YTO Mexay U3y4YaeMbIMU
ToKazaTeJIAMH Ha6mo}.1a10'rca CBA3U pasnwmoﬁ CTENEHU TECHOThI U HallpaBJIEHHOCTH. C TIOMOIIbIO JIMHENHOTO JAUCKPUMUHAHTHOTO
aHajM3a 10 KOMIUIEKCY TeKTOHMYECKUX IoKasaTesleil ycraHoBiieHa quddepennuammsa no tunaMm OB M TEKTOHHWYECKUM 30HAM.
BEINOJIHEHHBIH TIOIIATOBBIM PErpecCHOHHBIN aHAJINM3 IOATBEpAWSI CYIIEeCTBEHHOE pa3jiupe B Ipoleccax HakomleHus OB
CanpoIieyeBoro U rymycoBoro THUIIOB, a TakKXe B 3allaJHbIX W BOCTOYHBIX paﬁonax BIOAAWHBIL. Takum o6pa.30M, CTaTUCTUYECKUIT
aHaJIN3 NOKa3aJl ONpeJieJIAIONIyI0 POJIb TEKTOHMYECKUX (GaKTOpoB B mpoleccax GOPMUPOBAHUA KOHLEHTPAIUi C:;r . Kpome Toro,
GbUIA MOCTPOEHbI ypaBHEHMs Perpeccuy, ONKCHIBAIOLIME 3aBUCHMOCTH C:pr OT TEKTOHWYECKUX IIOKa3aTeJiell, MO3BOJIAIIIX
MPOTHO3MPOBATh 3Ty BAXHEHIIYI0 XapAKTEPUCTHKY HedTerazoMaTepuHCKUX TIOPOJ.
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Introduction

The Upper Pechora depression is one of the northern
depressions of the Cis-Ural foredeep, a sedimentary
basin of tectonic nature between the Urals and the
Timan-Pechora plate orogen. The uppermost horizons
structure of the sediment cover is well studied -
hydrocarbon deposits have been developed since the
1960s, but deep sediments (more than 4 km, Middle
Visean age) remain insufficiently examined. At the same
time, more than 40 deep wells have been drilled within
the Upper Pechora depression, most of which at the
Vuktyl tectonic plate in the eastern part of the territory.
Therefore, to model the formation of the oil and gas
content at large depths using various methods is of
great interest.

Research Methods

Tectonic characteristics, such as immersion and
sedimentation rates, affect the processes of oil and gas
formation. Stable and intensive immersion over a
significant area is not only a prerequisite for the formation
of a sedimentary basin, but also an important criterion for
zones of the highest hydrocarbon concentration.

The immersion and sedimentation rates of the
Upper Pechora depression are obtained by means of
one-dimensional basin modeling based on an extensive
geological database. The basin modeling technique is
considered in many Russian and foreign works [1-18].
The obtained values take into account the rocks
compaction during geologic time, also the procedure of
"decompaction" is applied.

Immersion is a prerequisite for the formation of
sedimentary rocks, including oil and gas basins. In
addition, this tectonic characteristic was previously
mentioned to influence the formation of organic carbon
concentrations (C,,) [19-21]. The regulating role of
sedimentation rate in the balance of organic and mineral
sediment components is described in the work of
AL D'iakonov [19], but the regularities of changes in the
organic matter content depending on the immersion rate
are not described in detail.

Earlier, fundamental differences were established in
the tectonic conditions for the formation of G,
concentration for the selected types of organic matter
[21]. But tectonic factors influence not only the current
Gy values, but also the initial C,,, before the start
of HC generation, which are obtained using the
formulas proposed by K.E. Peters, C.C. Walters,
J.M. Moldowan [22].

The initial hydrogen index was first calculated using
the formula:

. HI(T. —435)
HI"'= H[+———mx
30
where HI is the hydrogen index prior to the HC
generation process, mg HC/g C,,; H is the hydrogen
index according to pyrolysis data, mg HC/g G,
Tmax is the maximum output temperature for kerogen
cracking, °C.
The transformation ratio is then calculated, i.e. the
degree of the initial generation potential realization by the

hydrocarbon source rock:

HI" - HI 1200

TR= .
HI" 120047

]100 %,

where 7R is the transformation ratio, %; HIi is the initial
hydrogen index, mg HC/g C,,; HI is the hydrogen index
based on pyrolysis data, mg HC/g Corg; 1200 is the
coefficient with the amount of HC produced per mass unit
of organic carbon, mg HC/g G, _

Based on the previously obtained A7 and TR values,
the initial organic carbon content of C,, has been
determined:

org

83,33HI" - C

u opr

Con™ T (1-7R)-(83:33-C,, )+ (aI-C,,)

where C,, - initial organic carbon content before HC
generation, %; G, — organic carbon content according to
pyrolysis data, %; AT — initial hydrogen index, mg HC/g
Gy HI — hydrogen index according to pyrolysis data, mg
HC/g C,,; TR - transformation ratio, fractions; 83.33 -
the average percentage of carbon in the generated
hydrocarbons.

If the pyrolysis data or part of it (such as 7;,)
necessary to determine C,, are not given, the modern C,
values were used in the calculations.

Furthermore, tectonic zoning of the territory was not
taken into account in the previous work [25]. As is known,
the Upper Pechora depression has an asymmetrical
structure typical for foredeep, so two tectonic zones —
western (outer face) and eastern (inner face) were
compared in the study [8, 9].

Probabilistic statistical method has been carried out
to determine the prospects of using tectonic factors
values for the evaluation of C,, concentrations in
sediments, including deep ones. The methods used are
discussed in detail in numerous Russian and foreign
research [23-52].

g

Results

Descriptive statistics and a t-test are used to compare
the average values of the C,, generation potential (%),
immersion rates V; (m/mln 1) and sampling depth A, (m)
for sapropel, mixed and humus organic matter of deep
sediments in the western and eastern zones of the Upper
Pechora depression. The average values by the type of OM
are given in tables 1 and 2.

Data analysis showed:

—in terms of the C,, parameter, statistical differences
in average values were found in the eastern zone between
sapropel and mixed, mixed and humus OM;

—average values do not differ statistically for V;
parameter;

—according to H, a statistical difference in average
values was obtained in both zones, in the west — between
sapropel and mixed, as well as sapropel and humus OM, in
the east — between all types of OM.

Correlation fields between the studied indicators
within the western and eastern zones of the Upper
Pechora depression were constructed to understand the
process of C,., value formation depending on H; and V.
The analysis showed that the ratios and strength of
correlation within the types of OM under consideration
varied significantly.

To quantify the correlation, the values of the r correlation
coefficients are calculated not only between C,, value and
the selected indicators, but also between the indicators
themselves, which made it possible to quantify the impact of
each on the C,, value and to determine how statistically
related the indicators that form the values C,,. The values of
the r coefficients are given in table 3.

HEAPOMNOJIb3OBAHUE
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Table 1
Comparison of western zone averages
Averages _X*o
Indicators, & min — max ..t
unit of measure - Criteria —
OM type, number of observations
sapropel, 21 mixed, 16 humus, 31
0,299+0,322 0,611 +0,677 -1,85825
0,01-1,23 0,05-2,29 0,071561
G o 0,299 + 0,322 0,771+1,71 -1,2472
og? 0,01-1,23 0,007-6,45 0,218134
0,611 +0,677 0,771+1,71 -0,35933
0,05-2,29 0,007-6,45 0,721026
51,24+21,02 61,81 +£49,91 -0,87709
12,0-72,0 15,0-170,0 0,386417
V, m/min 1 51,24+21,02 74,87 +65,24 -1,60026
7 12,0-72,0 15,0-175,0 0,115842
61,81 +49,91 74,87 +65,24 —0,70045
15,0-170,0 15,0-175,0 0,487249
4803,52+ 393,14 3783,81+719,04 5,519982
4385,5-5564,5 3047,0-5213,0 0,000003
H M 4803,52+ 393,14 3960,55+ 702,29 4,986702
» 4385,5-5564,5 2946,5-5258,5 0,000008
3783,81+719,04 3960,55+702,29 -0,811025
3047,0-5213,0 2946,5-5258,5 0,421620
Table 2
Comparison of eastern zone averages
xto
Indicators Averages [min —ma J t
unit of measilre > Criteria —
OM type, number of observations
sapropel, 6 mixed, 24 humus, 62
0,088+0,094 0,407 +0,434 -1,76570
0,011-0,266 0,031-1,755 0,08835
G % 0,088 +0,094 1,332+1,37 -2,208667
org?? 0,011-0,266 0-6,47 0,030675
0,407 +£0,434 1,332+1,37 -3,23695
0,031-1,755 0-6,47 0,00173
60,00+5,48 43,67 +31,99 1,230159
55,-65,0 19,0-161,0 0,228873
Vi m/min 1 60,00+5,48 55,50+21,81 0,500705
7 55,-65,0 32,0-161,0 0,618245
43,67 +31,99 55,50+21,81 -1,96782
19,0-161,0 32,0-161,0 0,052389
6409,58 + 364,50 5397,40+ 356,83 6,190670
6071,5-6987,5 4726,5-6040,0 0,000001
H oM 6409,58 + 364,50 4958,27 + 326,77 10,293289
» 6071,5-6987,5 4487,0-5800,0 0,000000
5397,40+ 356,83 4958,27 + 326,77 5,448164
4726,5-6040,0 4487,0-5800,0 0,0000005
Table 3
Correlation matrix
General Western zone Eastern zone
Clorg H, 4 Clorg H 4 Clorgs H v
Sapropel OM
Cloe 1 1 1
H, -0,44* 1 -0,40* 1 -0,36* 1
V; 0,40* -0,26* 1 0,48+ -0,94* 1 0,49+ 0,86 1
Mixed OM
Cloe 1 1 1
H, -0,30* 1 -0,38* 1 -0,02 1
v -0,12* -0,03 1 -0,30% 0,63* 1 0,06 -0,39% 1
Humus OM
Clog 1 1 1
H, -0,10 1 -0,43* 1 -0,21* 1
v -0,24* 0,26* 1 -0,33* 0,76* 1 -0,04 0,07 1
Note: * - statistically significant correlations.

HEAPOMOJIb3OBAHUE
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Table 4 E

Regression equations w

<

) ) ()

OM type Regression equations R D a
=

Western zone <

- —

Sapropel Clorg = —0,0003H, + 1,874 -0,3998 0,0725 6
) L

Mixed Clog = —0,00036H; + 1,96 -0,3792 0,1474 (@)

. )

Humus Clog = —0,001H + 4,955 -0,4338 0,0148 =2
o

Sapropel C, = 0,0074V;-0,0819 0,4847 0,026 8
o

Mixed Coy = —0,0041V; + 0,864 -0,3019 0,2557 8

o

Humus C, = —0,00861; + 1,418 -0,3294 0,0704 o
(@]

Eastern Zone =

<

Sapropel C,; = -0,00009H, + 0,69 -0,363 0,4794 CZ)
Mixed C,y = —0,00002H, + 0,54 -0,0201 0,9258 g

Humus C,; = -0,00094; + 5,638 -0,207 0,1064 9
o

Sapropel C, = 0,0084V,- 0,416 0,4879 0,3263 5
Mixed C,; = 0,0008V; + 0,373 0,0566 0,7926 G:

Humus C,y = -0,0026V, + 1,476 -0,0413 0,75 9
(@)

L

()

The analysis of correlation coefficient values shows
both positive and negative correlations of varying
strength degrees between C,., values and the selected
indicators, as well as between the selected indicators
themselves.

In the west, the C,, of sapropel OM has a notable direct
influence of ¥V, and a weak influence of H, (negative
correlation). In the east, there is also a moderate direct
dependence on V, a weak inverse dependence on H,
At the same time, within the Upper Pechora depression a
noticeable inverse influence is exerted by the H, to a lesser
extent by V; (direct correlation).

A weak inverse dependence on H; and V; was found for
the C,, of mixed OM in the west. To the east, no
dependencies were found. In general, there occurred a weak
negative relation with A, to a lesser extent — with V;

The C,, of the humus OM in the western zone is
markedly influenced by H, (inverse relation), and there is
also a weak negative relation with V, In the east, a weak
relation to A, is observed. In general, a weak correlation is
found with V; (inverse relation), with A it is defined at the
boundary of statistical significance.

The regression equations describing the
dependencies of the C,, on the H, and V; values are
given in table 4.

Table 4 shows that the values of r coefficients differ
according to the type of OM and the tectonic structure,
as well as the relations of studied indicators. It is
evidenced from the intercept values of the regression
equations and coefficient values of the studied
indicators.

Geological structure of the Upper Pechora
depression of the Cis-Ural foredeep and its asymmetry
require consideration of C,, formation regularities
for each side. Therefore, linear discriminant analysis
was carried out taking into account both the type of
OM, and the tectonic structure. Thus, six groups have
been distinguished.

As a result of linear discriminant analysis, the following
linear discriminant functions have been constructed:

z = 0,184 C,,- 0,014V, + 0,0023H, - 10,349

org

at R = 0,85, x* = 220,5, p = 0,0000;

7, = -0,86 C,,,— 0,0076 V- 0,0001H; + 1,666

at R = 0,36, 32 = 25,85, p = 0,0011.

7, = 0,092 C,,.— 0,024V, - 0,00028 4 + 2,616

at R = 0,16, x* = 4,1, p = 0,2499.

The linear discriminant functions 2, and Z, are
statistically significant, Z; is not. The values of Z, Z, and
Z, are calculated from these functions. Figure 1 shows that
according to 7, Z, and Z, the sample is to some extent
(58.7 %) divided into groups due to types of OM and
tectonic zoning.

Stepwise regression analysis was also applied for the
selected data of the western and eastern tectonic zones.
As a vresult, 19 regression equations describing
the dependencies of C,, on H, and V; were constructed
for the sapropel OM of western tectonic zone, and 4 for
the eastern zone. Then 14 regression equations describing
the dependencies of C,, on H, and V, of the western
regions were calculated for the mixed OM and 22 for
the east, 29 and 60 regression equations for the humus
OM, respectively.

From the graphs presented in figure 3 a, it can
be seen that the changes in the free terms of the
regression equations calculated for the western tectonic
zone are quite similar for humus and mixed OM,
while they differ significantly for sapropel OM. For
sapropel OM, the C,, values of the regression equations
characteristic are corrected with the minus sign, while
for humus and mixed OM - with the plus sign.

HEAPOMNOJIb3OBAHUE
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Fig. 1. The correlation between the values Z and Z, (a), Z, and Z, (b)
for the selected types and their distribution zones: 7 — western
zone sapropel OM, 2 - eastern zone sapropel OM, 3 - western
zone mixed OM, 4 - eastern zone mixed OM, 5 - western zone

humus OM, 6 — eastern zone humus OM
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Fig. 2. Free terms changes of regression equations
according to C,,, for different types of OM: a — western
zone; b — eastern zone (see fig. 1 for conventional signs)

Graphs in Fig. 3, b, demonstrate that the free
terms of the regression equations calculated for the
eastern tectonic zone are significantly different for the
sapropel and humus OM, and for the mixed OM are
intermediate. The parameter values of the regression
equations for the sapropel OM perform correction of
C., values with the minus sign, while for humus -
with the plus sign, and for the mixed OM practically
have no influence.

The coefficient variations under A, of the regression
equations in the west is close enough for humus and
mixed OM and significantly different for sapropel OM.
In the first case, the coefficient values under H, of
regression equations adjust the C,, values with the
minus sign, while in the second case the value is
corrected with the plus sign.

Within the eastern tectonic zone, the coefficient
variations under A, of the regression equations also
vary significantly between the sapropel and humus OM,
and for the mixed OM it is intermediate. The analysis
of the coefficient values under H, from Ciorg shows that
for the sapropel and mixed OM the coefficient adjust
C values with the plus sign, while for the humus OM
with the minus sign.

Changes in coefficients under V; of the regression
equations calculated for the western regions differ for humus,
mixed and sapropel OM. For all types of OM, the coefficient
values under V; of the regression equations adjust the values
with the plus sign, mainly for the sapropel OM. In the east,
changes in coefficients under V; of regression equations
differ significantly for humus OM, and are quite similar for
mixed and sapropel OM. The analysis of the parameter
values dependence of the regression equations on C,,,
calculated for the eastern regions shows that for all types
of OM coefficients under V; values of the regression
equations perform adjustment of the G, values with the
plus sign, first of all for sapropel OM.

The results of the stepwise regression analysis clearly
show that C",, model values are formed under
fundamentally different conditions and depend both on the
type of OM, and on the tectonic position.

When C,, values are increased, the coefficients
variation range of the R multiple correlation of the
regression equations decreases significantly for all types
of OM both in the western and eastern territory.

The changes analysis of the coefficients values and
the level of statistical significance reached by p allowed to
distinguish a certain trend of changes in the ratios R and
p for the studied types of OM in both tectonic zones. This
shows to some extent that the influence of A;and V, values
on C,, values is quite different.

In connection with the relations found and
depicted above, the regression equations describing the
dependencies of C',, on H; and V; were calculated for the
particular thicknesses, both for the whole studied area and
the previously selected tectonic zones. The obtained
regression equations were used to determine C,, values
based on tectonic characteristics. As a result, working
maps of C,, cal changes of selected deep sediments are
constructed. Maps based on the calculations of regression
equations for tectonic zones showed greater accuracy.
Fig. 3 shows working maps of the C,, cal and C,,
values changes in Lower Middle Visean deposits of the
northeastern regions at the Upper Pechora depression.

org

Conclusion

The application of probabilistic and statistical methods
of analysis, one-dimensional and multidimensional
modeling allowed to draw a number of conclusions.

HEAPOMOJIb3OBAHUE
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Fig. 3. Working maps of changes in C
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(D) lower Middle Visean deposits of the northeastern regions

of the Upper Pechora depression: 7 — isolines, 2 - contours of the Vuktyl oil - gas condensate field, 3 - river,
4 — border of the Upper Pechora depression, 5 - border of the Vuktyl thrust

The use of the t-criterion helped to determine the
statistical differences in the average C',, values and the
tectonic factors influencing it between the types of OM
both for the Upper Pechora depression in the whole and
within the tectonic zones in its sides.

Analysis of the correlation coefficient values showed
that there are both positive and negative relation with
varying degrees of strength between C,, and the selected
indicators, as well as between the selected indicators
themselves.

Discriminant analysis showed that the sample studied
is divided into groups of both OM types and tectonic
zones.

The analysis of the dependencies obtained as a result of
the stepwise regression analysis revealed that in the
change of regression equations parameters built for
different OM types and tectonic zones there are noticeable
inversions, which also shows the different conditions
under which C,, values are formed.

From the ratios graph of R multiple correlation and the
achieved level of statistical significance of p regression
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