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The paper evaluates an efficiency of the existing rock typing methods for diagenetically modified carbonate reservoirs
and proposes a new alternative rock typing index.

Four existing rock typing techniques are applied to the target formation, subjected to considerable diagenetic
alterations. Applied techniques do not provide sufficient results in terms of reliable correlation between porosity,
permeability and irreducible water saturation, which is crucial for geological modelling. Therefore, a new rock typing
index named K&S and calculated as a function of permeability (k), porosity (¢) and irreducible water saturation (S ) is
proposed for proper characterization of the carbonate formation. Contribution of depositional and diagenetic processes
and associated microfeatures into parameters of the index is demonstrated by means of X-ray microCT and NMR
experimental data.

Comparative analysis of the proposed index with the existing ones shows that the K@S-derived rock types demonstrate
the highest correlation coefficients between the key reservoir parameters. The defined rock types have distinguishable
microstructures that confirm validity of the rock classification approach.

All the entities of the K@S index are used for reserves calculations and commonly measured during routine core
analysis: this enables its implementation at the most carbonate fields.
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1. Introduction

Carbonate rocks are characterized by complex void
structure since they undergo abundant secondary geological
processes during the diagenesis stage (Moore, 2001).
Fracturing, fabric and non-fabric selective dissolution
of mineral matrix and fossil skeletons increase primary
depositional porosity, while the precipitation of cement from
chemically active fluids can clog porous channels (Huang et
al., 2017).

Rock typing is dividing rock samples into clusters that can
be characterized by a common set of equations, describing
relationships between the key rock parameters, used for the
reserves and production rate calculation (Gholami et al., 2009;
Shvalyuk et al., 2022a). Petrophysicists commonly apply
permeability-porosity plots for rock typing of clastic rocks,
which properties are considerably controlled by grain-size
distribution, defined by depositional settings (Gholami et
al., 2009). In contrast to clastic formations, distinguishing of
carbonate rock type (RT) clusters on porosity-permeability
plots is complicated due to significant diagenetic alterations
(Al-Farisi et al., 2009; Buiting et al., 2013; Skalinski,
2013). Moreover, the resulted rock types often contradict to
microstructural studies (Dernaika et al., 2018).
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The Dunham scheme is widely used for classification
of carbonate rocks based on their microtexture (Dunham,
1969). The Dunham classification provides semi quantitative
characterization of grain size, defined mainly by depositional
settings. However, Dunham classification does not enable
proper rock typing due to several factors: (i) semi quantitative
characterization can be subjective, and depends on a particular
lithology specialist; (ii) development of secondary pores
can completely overprint the original depositional rock
microtexture.

In order to provide a quantitative carbonate rock
typing, F.J. Lucia proposed a classification method based
on combination of the porosity and permeability data with
lithological classes defined by the Dunham scheme (Lucia,
2007). The Lucia method does consider grain size, however,
it cannot discriminate the genesis of porosity and permeability
(Rebelle et al., 2014; Dernaika et al., 2019).

Besides the Lucia classifier, other rock typing methods,
such as standard and modified flow zone indexes (FZI)
(Amaefule et al., 2006; Izadi, Ghalambor, 2013; Tiab et al.,
2016), and Winland R35 (Kolodzie, 1980; Pittman, 1992;
Mirzaei-Paiaman et al., 2018) are commonly applied for both
clastic and carbonate formations (Skalinski et al., 2010, 2015;
Fitzsimons et al., 2016; Haikel et al., 2018; Yarmohammadi
et al., 2020). All these indexes are calculated as a function
of porosity, permeability, and irreducible water saturation,
and differ in the type of equation, which are derived for the
particular formation accounting for its specifics. In the current
research, we apply four existing rock typing indexes, which
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principally differ in their concepts and input parameters.
The detailed information on their principles is described in
subsection 2.1.

The most recent studies on carbonate rock typing utilize an
integrated application of geological classifications (Dunham,
1969; Lucia, 1995; Loucks et al., 2012), microstructural
parameters (Giao et al., 2017; Binabadat et al., 2019; Sun
et al.,, 2019; Wang et al., 2020; Zhang et al., 2023) and
hydraulic units concepts (Kolodzie, 1980; Tiab et al., 2016;
Dakhelpour-Ghoveifel et al., 2019). The extensive use of
microstructural characteristics for rock typing is currently
available due to implementation of digital thin section
analysis, microcomputed tomography (CT), scanning electron
microscopy (SEM), and nuclear magnetic resonance (NMR)
method. However, these costly high-resolution techniques
are often either not affordable because of budget or time
constrains, or not available in many laboratory facilities.
Moreover, for brown fields, which require reassessment
of reserves, microstructural digital data can be absent.
In addition, it can be challenging to identify multiparametric
rock types by means of well logging methods. This, in turn,
leads to devaluation of the results of sophisticated approaches
referenced above. Moreover, achieved feasible result for a
particular reservoir does not guarantee the efficient application
of similar approach for another formation.

The current research originates from an applied study,
aimed at characterization of a carbonate formation, subjected
to considerable diagenetic alterations. All attempts to apply
the existing techniques fail to provide rock typing that could
be further used for spatial modeling of the studied reservoir
properties. In this work, we first provide a brief theoretical

| Overview of existing rock typing
methods used for carbonate
formations rock typing

gr//M

E. Shvalyuk, A. Thistiakov, N. Bah, A. Mukhametdinova, A. Ryabukhin, M. Spasennykh

overview of the existing classification methods and evaluate
their efficiency for rock typing of the studied carbonate
formation. The novelty of this work is that we suggest an
alternative integrated classification index, combining porosity,
permeability and irreducible water saturation. In order to
prove its efficiency, we scrutinize and validate consistency of
the resulted rock types with microstructural characteristics,
derived by various high-resolution experimental methods.

2. Materials and Methods

The current work consists of two parts: i) application
of the existing methods of rock typing (modified FZI and
Lucia RFN classifiers) for the target carbonate reservoir with
diagenetic alterations (subsection 3.1) and ii) development
of a new rock typing index that accounts the reservoir
specifics (subsection 3.2). The efficiency of all applied rock
typing methods is validated by routine (RCAL) and special
core analysis (SCAL) results, comprising the key reservoir
properties and microstructure. A general workflow of our
research is depicted in Figure 1.

2.1 Information on Target Formation

The target field belongs to the Timan-Pechora Basin.
The reservoir is composed of limestones and dolomites
of the Famennian stage of the late Devonian period. The
rock collection consists of 37 core plugs with an average
size of 30x30 mm. The carbonate rock samples under
study are subjected to partial dolomitization, leaching, and
microfracturing. The average porosity of the samples varies
from 4.1% to 21.3%, and the permeability — from 0.01 to
750 mD.
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" ! !
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Analysis of:
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Fig. 1. A flowchart for reliable rock typing of diagenetically modified carbonate formation based on core data analysis
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2.2 Overview of Rock Typing Methods

This section provides theoretical overview of the existing
rock typing indexes that are successively applied in this
study. These indexes utilize the key reservoir parameters,
namely porosity (¢), permeability (k) and irreducible water
saturation (S ).

Subdivision of samples between different rock types
is done based on analysis of a cumulative frequency curve
of the applied index values. The number of rock types is
identified based on substantial changes in the cumulative curve
trend. Samples, belonging to an interval with the same index
frequency trend, are assigned to one rock type.

2.2.1 Flow Zone Indicator (FZI,) as a Function
of Porosity and Permeability

Amaefule et al. (2006) and Tiab et al. (2016) derived two
complex parameters, namely reservoir quality index (RQ/) and
flow zone indicator (FZI), which can be applied to subdivide
rocks by flow units:

k
ROIL, = 3.14 -\[% (1)

1 —_
Fly = ROl — id )

Since the coefficients are based on Kozeny-Carman
equation, they shall sufficiently classify intergranular void
structure, which fluid flow capacity depends on the grain sizes,
sorting, and shapes. Since all these characteristics depend on
the energy of deposition, the rock types, derived from FZI,
theoretically can also be differentiated based on depositional
settings (Tiab et al., 2016), unless diagenesis overprints the
primary porosity network.

Presumption that the rocks with the same FZI value
belong to the same lithofacies, and thus have the same pore
types, explains high correlation between permeability and
porosity within FZI-derived rock types, often observed
in clastic reservoirs. Consequently, 3D distribution of
such reservoir properties can efficiently be done based on
depositional model.

2.2.2 Modified FZI, as a Function of Porosity and
Irreducible Water Saturation

The second rock typing index (FZ1,) is calculated as a
function of p and S :

P - (1 — Swir)
RQI, = 3.14 - @3
QL o=@ (1—=Syi) ¢ ®)
1-¢
FZI, = RQI, - 4)

This index appears to be most effective for low-permeable
rocks, which measurement of S values can be much more
accurate than £, if values of the latter are close to the lower
limit of measurement of a standard permeameter (Shvalyuk
et al., 2022b). FZI, classes, similarly to FZI, ones, can be
associated with depositional facies. For clean high-permeable
clastic reservoirs applying these indexes produces similar
rock types.
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2.2.3 Modified FZI as a Function of Porosity,
Permeability, and Irreducible Water Saturation

The third flow zone indicator (FZ1,) is derived from
Poiseuille’s and Darcy’s equations. It is calculated as a
function of ¢, kand S (Izadi, Ghalambor, 2013):

3.14\/%- (1= Syir)

ﬁ (1 - Swir)z

FZI, = (5)

The index integrates all key reservoir parameters, and
theoretically shall account for the bulk rock properties, as
well as for void structure characteristics.

2.2.4 Lucia Rock Typing Method for Carbonate
Reservoirs (RFN): Function of Porosity and Permeability

F.J. Lucia proposed specifically for classification of
carbonate rocks Rock Fabric Number (RF'N), which integrates
¢ and k (Lucia, 1995):

(C-l0g<p+A-lugk)

RFN = 10" Diloge+B (6)
where coefficient 4 =9.7982; B=12.0838; C=8.6711; D=
8.2965.

2.3 Experimental Workflow of Core Analysis

First, the samples are cleaned from hydrocarbons by
toluene and methanol in a Soxhlet extractor. Then the
samples are dried, and their helium porosity and permeability
are measured. The dry samples are analyzed with X-ray
microcomputed tomography (CT). Further they are saturated
with a model of brine (NaCl) and subjected to low-field
nuclear magnetic resonance (NMR). Upon completing NMR
tests of the samples in fully saturated state (S, = 100%), their
centrifuging is performed in gas-brine system in order to
measure S .

Samples are dried until reaching constant weight at a
temperature of 105 °C under vacuum in an automatic oven.
Porosity and permeability are measured using an automated
porosimeter-permeameter in a Hassler core holder using
helium.

X-ray microCT-scanning is performed for a central part of
samples for a virtual cylinder with a height and diameter of
10 mm. The applied resolution — 5 pm/voxel. The results of
microCT-scanning include 2D images, 3D models of opened
and closed pores and pore radius distribution.

For centrifuging and NMR, the samples are saturated under
vacuum with NaCl solution with mineralization of 180 g/L.
The selected NaCl concentration corresponds to ionic strength
and electrical resistivity of the formation water. Centrifuging
is performed with stepwise capillary pressure increase up to
1.5 MPa (16 steps).

NMR relaxometry theoretically allows obtaining a detailed
characterization of the whole range of pore size distribution
from the measured transverse relaxation time (7,) curve.
For a fully water-saturated rock the 7, value of a single pore
is proportional to its surface-to-volume ratio. It is widely
accepted that the surface relaxation mechanism dominates in
rock porous medium (Coates et al., 1999; Pires et al., 2019;
Wuetal., 2019). Thus, the calculation of pore sizes distribution
from 7 -spectra can be done by means of the following formula
(Zhao et al., 2017):
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where p is surface relaxivity (um/s); S/V is the surface-to-
volume ratio.

Applying an average surface relaxivity value for carbonate
rocks from literature can result in considerable errors. Thus,
in order to account for variability of this parameter, NMR-
derived spectrum for each sample is calibrated on the capillary
pressure test and microCT data (Hidajat et al., 2004; Fleury et
al., 2007). As a result, highly detailed pore radius distribution
curves are obtained within the whole detected range from
0.01 up to 600 pm.

Based on their size, pores can be classified as nano-,
micro- and mesopores (Loucks et al., 2012; Sokolov et al.,
2013; Lu et al., 2021). The nanopores are presumed to have
pore radii less than 1 pm, micropores — from 1 to 62.5 um,
and mesopores — larger than 62.5 um (Fleury et al., 2007;
Da Silva et al., 2015; Lima et al., 2020). Nanopores are filled
with bound water (Westphal et al. 2005), while the other two
types contain free water as well (Hidajat et al., 2004; Miiller-
Huber et al., 2016; Markovic et al., 2022).

3. Results and Discussion

3.1 Comparative Analysis of Efficiency of Different
Rock Typing Methods for Carbonate Reservoirs
Characterization

The applied rock typing indexes are calculated using
porosity (¢) and irreducible water saturation (S ), and
permeability (k). The first two parameters are rock bulk
properties, while permeability, being dependent on the total
effective pore volume, also characterizes the pore network
morphology.

In order to assess the efficiency of different rock typing
methods, the relationships between porosity (@), permeability
(k), irreducible water saturation (S ) and structural coefficient
(k/p)"* are constructed and analyzed (Figures 2—5). The criteria
of methods’ efficiency include i) the value of determination
coefficient (R?) between porosity, permeability and irreducible
water saturation; and ii) the consistency in microstructural
characteristics within one RT. If the determination coefficient
is less than 0.25 within a rock type, efficiency of the rock
typing index is considered to be low. If determination
coefficient has value between 0.25 and 0.49, than the efficiency
is moderate. Rock typing index efficiency ranked as high, if
0.49 < R?<0.81, and very high, if R>> 0.81.

3.1.1 FZI, and RFN

The regressions between the referenced above parameters
for FZI, and RFN are shown in Figures 2 and 3 accordingly.
The correlation between ¢ and k (Figures 2a, 3a), within
each FZI, and RFN-derived rock type, demonstrate a high
value of R2. It is, however, expected since these indexes are
calculated based on ¢ and k values. Correlations between
S . and k (Figures 2b, 3b), S and (k/p)"* (Figures 2c, 3c),
are characterized by lower R? values than those for ¢ and
k, because these rock typing indexes do not include S in
their formula. In general, efficiency of RFN and FZI, can be
estimated as high and moderate, correspondingly. Although,
application of REFN produces several rock types that form
statistically unrepresentative clusters at the cross-plots and
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Unfortunately, a little constancy in microstructure is
observed within the rock types, defined by means of /Z/, and
RFN. The samples within the rock types are characterized by
wide variation of microtextures, mineralogy and pore network
characteristics, determined by microCT, capillary and NMR
tests (discussed in details further).

3.1.2FZI,

FZI, is calculated based on bulk properties, namely ¢ and
S .- The FZI -derived classes can be separated by threshold
values of porosity, permeability and irreducible water
saturation at the corresponding cross-plots p—k (a), &S, . (b)
and S —(k/p)"”* (c) in Figure 4. Theoretically, that enables
distinguishing the classes along a borehole by applying the
boundary values to the corresponding well logs. However,
correlations between the parameters are characterized by
low determination coefficients. Thus, this index cannot be
considered as efficient for carbonate rock typing.

3.1.3FZI,
Since FZI, index includes all main rock characteristics,
i.e. @, k, S, the first suggestion is that it could be effective

wir’

for carbonate rock typing. However, despite the complexity,
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this index produces controversial rock typing in terms of
distribution of samples between the classes, determination
coefficients, and microstructures (Figure 5). For example,
more than half of the samples are allocated to the 1% rock type
(13 RT). Although this rock type is characterized by moderate
and high R? values, the samples have considerably different
microstructures. The other three RTs with very limited number
of samples have much lower values of R? and little consistency
in microstructure within the rock types. Consequently, the
efficiency of FZI, for rock typing of carbonates cannot be
considered as high.

3.1.4 Summary on Rock Typing Methods Application

The performance of the discussed rock typing methods
for diagenetically modified carbonate rocks is summarized in
Table 1. In addition, the values of R? determination coefficient
for all utilized methods are demonstrated in Table 2. The
applied rock typing indexes are based on the reservoir
models that do not properly incorporate both depositional and
diagenetic process contribution into permeability, porosity and
irreducible water saturation of the studied carbonate reservoir.
Therefore, results of methods performance show that their
application does not enable obtaining both hydraulically and
geologically meaningful differentiation of the samples for
the target reservoir.
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gr//\«

2023.V.25. No. 4. Pp. 203-218

3.2 Proposed Rock Typing

According to the results of the comparative analysis,
none of the applied methods produces sufficiently effective
rock typing for diagenetically modified carbonate reservoir.
This motivated us for development of an alternative index for
rock typing of such formations. The index should primarily
reflect relative contribution of depositional and diagenetic
process into permeability, porosity and irreducible water
saturation, in order to enable geologically and hydraulically
meaningful differentiation of the samples. Measurement of
these parameter is quite abundant that insures statistically
representative dataset. While microCT and NMR tests are
time-consuming, costly, and usually performed for limited
number of samples. Thus, they can be more effectively used
to verify the established rock types and review the boundaries
between them, rather than for mass rock typing.

3.2.1 KOS Rock Typing Index Definition
The equation for the proposed rock typing index, namely
KOS, is as follows:

1/2
KOS = Io g(1¢) ®)

Swir
In the following paragraphs we discuss the physical
meaning of the parameters that constitute the new index.
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Fig. 4. FZI, rock typing: cross-plots of a) permeability versus
porosity;, b) permeability versus irreducible water saturation;
¢) irreducible water saturation versus structural coefficient
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Fig. 5. FZI, rock typing: cross-plots of a) porosity-permeability,
b) irreducible water saturation versus permeability; c) structural
coefficient (the square root of the permeability to porosity ratio)
versus irreducible water saturation

Next, we consider their possible combinations for different
types of diagenetically modified carbonates, illustrated by
microCT images, and finally we evaluate the efficiency of
the proposed index in terms of correlations between the key
reservoir properties.

The structural coefficient (k/p)'?, calculated as the square
root of the permeability to porosity ratio, reflects void network
morphology, defined by the pores size and shape, connectivity
and tortuosity . The structural coefficient is widely applied
in hydrodynamic modelling (Tiab et al., 2012; Chiu et
al., 2018). In carbonate rocks, higher (k/p)” values reflect
higher contribution of interconnected leached channels into
permeability in comparison with the primary depositional
pores.

The ratio of free fluid content (1-S ) to S, characterizes
the fraction of larger pores, contributing to permeability, to the
smaller ones filled in with bound water. The smallest pores
are mainly associated with depositional microtextures, while
larger pore channels, being the main flow passes, are formed
as the result of diagenetic dissolution. Therefore, the ratio
(1-S ,)/S . can be considered as a ratio coefficient between
diagenetic and depositional porosity, although this assumption
is not completely valid because some part of depositional
pores also contribute to permeability in carbonates. Table 3
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describes possible combinations of permeability, porosity, and
irreducible water saturation values in carbonate rocks from
sedimentological and diagenetic perspectives.

3.2.2 K@S-based Rock Types

Within the studied sample collection four rock types are
identified by means of KOS index. The 1% RT has the worst
reservoir quality and the lowest KOS value, whereas the 4"
RT has the best reservoir quality and the highest KOS value.
The characteristics of the rock types are shown in Table 4.

3.2.3 Relationships between Porosity, Permeability and
Irreducible Water Saturation within the Identified Rock Types

The KOS rock typing enables obtaining reliable regressions
between the key reservoir parameters for each RT (Figures
6-7). Since these regressions are used for geological and flow
modelling, high values of the determination coefficients are
of great importance (Table 5).

The defined RTs form distinguishable clusters characterized
by individual correlation equations between the permeability
and porosity (Figure 6). Determination coefficients are
relatively high for all rock types, except for the first one
(Table 5). The dispersion of permeability within this RT
(Table 5) is caused by presence of leached channels in one
of the samples (sample #15 with a permeability of 0.78 mD).
Nevertheless, as discussed further, the assignment of all five
samples to the same class is valid from a microstructural point
of view and based on a high correlation of irreducible water
saturation with other parameters (Table 5, Figure 7).

Irreducible water saturation is commonly calculated
based on a correlation with porosity. However, in carbonates
subjected to diagenetic dissolution the correlation between
these parameters is relatively low. In our study, we explore
dependency of irreducible water saturation from permeability
and structural coefficient (Lucia, 2007). Within all K&S rock
types determination coefficients between irreducible water
saturation and these parameters have remarkably high values
(Figures 7a and 7b).

The high values of the determination coefficients within
the KOS rock types support the validity and applied value of
the proposed classification index.

3.2.4 Microstructural Characterization of KOS Rock Types

Microstructural characterization of the defined RTs is
provided based on the analysis of microCT and NMR data.
CT-scans provides characterization of the rock mineral
composition, microtexture, and pore network (Figures 8§, 9).
NMR enables construction of a complete pore size distribution
curve (Figure 10).

The translation of the T, values into pore sizes distribution
is provided by means of the equation 7. In order to select a
proper value of surface relaxivity coefficient (p), 7,-spectra
are calibrated on the pore sizes distributions, derived from
microCT and capillary tests (Coates et al., 1999; Shvalyuk et
al., 2022b). The values of p for each RT are listed in Table 4.

The 1* RT is composed of dolomite mudstone, according
to the microCT-images. The dolomite content (C, ) amounts
to more than 97%. The porosity varies from 3 to 10%,
while the permeability does not exceed 1 mD. The porosity
is represented by isolated intergranular pores and vugs
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Method Pros Cons
FZI, * High determination coefficient in correlation ¢ Regressions between S,; and permeability / structural
between g, k. coefficient have insufficient correlation, because dissolution can
* The concept bases on the difference in grain and considerably increase permeability due to development of pore
pore morphology (size, shapes, etc.), theoretically channels, while the leaching effect on S, can be diverse.
enabling mapping the rock types with depositional < Defined rock types can considerably vary in microstructure that
settings. creates difficulties in their geological interpretation.
* Thus, this index should be used mainly for rocks with primary
intergranular porosity.
RFN * High determination coefficient in correlation ¢ The defined rock types can form statistically unrepresentative
between ¢, k, S, clusters at ¢, k, S, cross-plots and controversial correlations
* The fabric number of a rock reflects its grain-size between the key parameters.
distribution and consequently can be mapped to < Defined rock types can considerably vary in microstructure that
Dunham classes. creates difficulties in their geological interpretation.
* Thus, this index should be used mainly for rocks with primary
intergranular porosity.
FZI, * The rock types can be separated by threshold < Correlations ¢, &, S, between the parameters are characterized
values of porosity, permeability and irreducible by low determination coefficients.
water saturation at the corresponding cross-plots. * Defined rock types largely vary in microstructure that creates
* Theoretically this enables distinguishing these difficulties in their geological interpretation.
classes along a borehole by applying the boundary
values to the corresponding well logs.
* The rock types form distinguishable groups of
curves at Sy;; — P, graphs
FZI, » FZI; index includes all main rock characteristics, * Despite the complexity, this index produces controversial rock

namely [ k, Swir.

typing in terms of distribution of samples between the classes,
determination coefficients, and microstructures.

Table 1. Comparative analysis of the efficiency of the applied existing methods for rock typing of diagenetically modified carbonates

Method  Porosity vs. Irreducible water Irreducible

Permeability saturation vs.  water saturation
Permeability vs. Structural

coefficient
FZI, I"RT: R*=0.73 1¥RT:R*=0.69 1¥RT: R*=0.63
2MRT: R?=0.85 2"“RT: R*=0.48 2"RT:R*=0.35
3“RT: R*=0.69 3“RT:R*=0.84 3“RT:R*=0.78
4"RT:R*=0.94 4"RT:R*=0.98 4"RT: R*=0.99
RFN I*RT: R*=1.00 1¥RT:R*=1.00 1¥RT:R*=1.00
2¥RT: R?=0.95 2WRT:R*=0.61 2“RT:R*=0.59
3MRT: R* =090 3“RT:R*=0.81 3“RT:R*=0.79
4"RT: R*=0.99 4"RT:R*=0.94 4"RT:R*=0.94
FZI , IRT: R*=0.41 1¥RT:R*=028 I¥RT:R*=0.19
2MRT: R?=0.07 2“RT: R*=0.06 2" RT:R*=0.09
3MRT: R*=0.03 3“RT: R*=0.02 3“RT:R*=0.02
4"RT: R*=0.04 4"RT:R*=0.18 4"RT: R*=0.17
FZI 4 I*RT: R*=0.82 1¥RT:R*=0.79 1¥RT: R*=0.76
2MRT: R?=0.92 2“RT: R*=0.89 2" RT:R*=0.20
39RT: R*=032 3“RT:R*=023 3“RT:R*=0.22

4"RT: R*=028 4"RT:R*=0.05 4"RT:R*=0.13

Table 2. The values of determination coefficient (R?) between
porosity, permeability and irreducible water saturation correlations
obtained using four existing rock typing methods (RT,—RT)

of nano- and microsize, thus, the rock type has the lowest
permeability among the other rock classes (Table 4).

The 2" RT can be subdivided into two subgroups different
in the dolomite content. The 1% subgroup composed of
dolomitized (C,, = 30 + 70%) wackestone/packstone with

isolated nano- and interconnected micropores (Figures 9, 10).
The 2™ subgroup consists of packstones with less dolomite

content, varying from 0% to 30%. Porosity is represented
by isolated vugs and interconnected dissolution-enhanced
channels of microsize. The porosity and permeability of the
1** subgroup have lower ranges in comparison with the 2
subgroup (Table 4). Thus, increase of dolomite cementation
causes feasible reduction of permeability due to deterioration
of the pores connectivity. Since the both subclasses have
similar microtextures and pore types, which define the
permeability and irreducible water saturation, these subclasses
form consistent correlations between the reservoir properties,
and are assigned to the same rock type.

The 3" RT includes grainstones, which can also be
divided into two subgroups according to their mineralogical
composition. The 1% subgroup is represented by dolomitized
limestone (C, ,= 20+ 40), while the 2" subgroup is composed
completely of limestone (C, = 0 + 8). Permeability of the
both subclasses is controlled by dissolution-enlarged channels
of micro and mesosize. As the result, despite on different
dolomite content, the subgroups have comparable ranges
of reservoir properties with high correlations that justifies
assignment of the samples to the same rock type.

The 4" RT comprises wackestones/packstones that
have the highest permeability values (Table 4) among the
all rock types due to developed system of interconnected
microfractures and dissolution channels of mesosize. Since
the rock matrix contains a large proportion of fine carbonate
mud, S values can reach up to 20%.

The study shows that each rock type has distinguishable
microstructural characteristics controlled by contribution
of depositional settings and diagenetic process (mainly
dissolution and dolomite cementation). Dolomite cementation
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Permeability (k) and Irreducible water saturation values (S' ) Characteristic microCT-scans
porosity (@) values "
1 High k/High ¢ 1. High —= = S‘”" (low S ) grainstone / bindstone
filtrati i
i(nltega ?;u;,; ores and with well connected porous network, possibly
leachg; d chamfels) enhanced by dissolution.
1.2 Low =3wir SW" —*L (high S ) micrite-rich carbonate
rock (e.g. wackestone, packstone) considerably
leached or fractured.
2 Highk/Low ¢ 2.1 ngh Swir (low S ) cemented carbonate
filtrati ia fr /
fe{clzrl?eiiogh‘;ﬁnei c)tures rock subj ected to dlagenetlc fracturing possibly
enhanced by dissolution.
2.2 Low =2wir —*L (high S ) micrite-rich carbonate
rock (mudstone / Wackstone) with fractures
possibly enhanced by leaching.
3 Lowk/High g 3.1 ngh Swir (v S )~ cemented carbonate
filtration is restri wir
E’Vll tﬁi,g: lcso:;serclt?:/ei?y rock with abundant poorly connected or isolated
of pores) pores (e.g. vugs).
3.2 Low % (high S ) — micrite-rich carbonate
rock (e.g. wackestone / packstone), with isolated
pores and thin pore throats filled in mainly with
bound fluid; not subjected to diagenetic leaching.
4 Lowk/Low ¢ — tight 4. High —* I Swir (low S ) cemented carbonate rock

rock
(filtration is restricted
with low porosity)

WlT'

(with high content of splrlte).

42Low

rock (e.g. mudstone / wackestone) with poorly or
not developed porous network.

Swir — (high S ) micrite-rich carbonate

Table 3. Theoretical analysis of KOS entities in terms of contribution of different depositional and diagenetic factors
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Cumulative frequency (fraction)

grn/\\«\ 2023. V. 25. No. 4. Pp. 203-218
RT Lithology and Dominant type KOS (m) o (%) k (mD) Syir (%) Cau (%) p (um/s)
Dominant Pore Size of Porosity
I*RT Dolomite mudstone Isolated <-0.2 4+10 0.01+0.78 12260 >97 2.2
with isolated nano- interparticle
and micropores pores and vugs
2" RT Dolomitized Vugs and -0.2+0.13  8+17 0.6+35 6+28 30470 2.9
(subgroup #1) wackestone/packstone interconnected
with isolated nano- channels
and interconnected
micropores
2MRT Packstone with Interconnected  -0.2+0.13 1020 3.6+88 6+16 <30 5.2
(subgroup #2) interconnected channels and
micopores vugs
3MRT Dolomitized Dissolution- 0.13+0.69 12+16 324294 3+10 20+40 7.0
(subgroup #1) grainstone with enlarged
interconnected channels
micropores
3¥RT Grainstone with Dissolution- 0.13+0.69 11+21 16+162 8+14 <q 11.1
(subgroup #2) interconnected micro- enlarged
and mesopores channels
4" RT Wackestone/Packstone Large >0.69 10+14 203+750 7+20 <5 17.3
with interconnected dissolution
mesopores channels and
microfractures
Table 4. Summary table of KOS-derived rock types quantitative characteristics
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Fig. 6. a) Cumulative frequency curve of KOS; b) Porosity-permeability cross-plot. Color of points corresponds to the rock types defined by
KOS parameter.
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Fig. 7. a) Irreducible water saturation versus permeability cross-plot; b) The structural coefficient (the square root of the permeability to
porosity ratio) versus irreducible water saturation cross-plot. Colour of points corresponds to rock types defined by KOS parameter
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Irreducible water [rreducible water
saturation vs. saturation vs.

Method Porosity vs.
Permeability

Permeability Structural
coefficient
KOS 1"RT:R*=0.66 1"RT:R*=040 I1"RT:R*=0.84

2YRT: R?=0.90 2™RT:R*°=0.88 2" RT:R*=0.84
39RT: R*=0.82 3“RT:R*=0.88 3" RT: R*=0.90
4"RT: 2 =094 4"RT:R*=098 4"RT: R*=0.99

Table 5. The values of determination coefficient (R?) between
porosity, permeability and irreducible water saturation correlations
obtained using KOS rock typing method

reduces the reservoir quality. Dissolution of primary pores
and fractures leads to development of interconnected vugs
and channels, which become the main contributors to the
permeability.

4. Summary and Conclusions

The paper provides an extended comparative analysis of
four existing classification methods, evaluates their efficiency
regarding rock typing of carbonate formations, and proposes a
new alternative rock typing index. We can highlight the most
important points as follows:

1. The results demonstrate that the existing techniques
(modified FZI, Lucia-RFN classifiers) do not enable reliable
rock typing that could be further used for spatial modeling
of the diagenetically modified carbonate reservoirs. This is
mainly caused by the fact that these models do not properly
incorporate both depositional and diagenctic process
contribution into permeability, porosity and irreducible water
saturation of such carbonate reservoirs. Therefore, their

X-ray adsorption capacity:
porous network < calcite < dolomite
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application does not enable obtaining both hydraulically and
geologically meaningful differentiation of the samples.

2. The research suggests a new rock typing index that
proved to be efficient for classifying diagenetically modified
carbonate reservoirs. This proposed index (K@S) is a
function of integrated parameters, derived from permeability
(k), porosity (¢), and irreducible water saturation (S )
(Equation 8). The contribution of depositional and diagenetic
processes and associated microfeatures into the integrated
parameters is investigated using experimental studies
(Table 3). Comparative analysis of the efficiency of the new
index with the existing ones shows that the KOS-derived
rock types have the highest determination coefficients (values
varies from 0.40 up to 0.99 with an average R equal to 0.84)
between the permeability, porosity and irreducible water
saturation (Tables 2 and 5).

3. The defined K@S rock types have distinguishable
microstructures (Table 4, Figures 8—10) that confirm validity
of the rock classification approach. The permeability trends
within the rock types is associated with two major digenetic
process — dissolution and dolomite cementation. Development
of dissolution porosity considerably increases permeability,
while S can remain relatively high, if the rock matrix is rich
with micrite.

4. The new KJS rock typing index produces the
consistent geologically-minded classification of the studied
diagenetically modified carbonate reservoir due to integrating
the key parameters, responding to both depositional and
diagenetic settings. All the entities of the KOS index are used
for reserves calculations and, thus, are commonly measured
during petrophysical laboratory study. The index can be
recommended for further application for carbonate reservoirs.

Dolomite Content Increase
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Fig. 8. Alteration of the microstructure within the KOS rock types
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Fig. 9. Alteration of the void structure within the KOS rock types.

Limestone

nano micro meso

Partial Porosity (%)
o o
[N

P

0.10 1.00 10.00
Pore radius (um)

4th RT — Wackestone/Packstone
with interconnected mesopores

100.00

Partial Porosity (%)

Partial Porosity (%)

Dolomite Content Increase

Limestone
1.0
08 nano meso
06
0.4
0.2 g
00 * g

0.01 0.10 10.00 100.00

1.00
Pore radius (um)
2" RT — subgroup #2 —
Packstone with interconnected
micopores
nano

micro meso

001 0.10

1.00 10.00
Pore radius (um)

34 RT — subgroup #2 —
Grainstone with interconnected
micro- and mesopores

100.00

Dolomitized Limestone

08 nano micro meso

Partial Porosity (%)

1.00 10.00
Pore radius (jm)

0.01 0.10 100.00

2" RT — subgroup #1 —
Wackestone/packstone with isolated
nano- and interconnected micropores

1.0

nano micro meso

08
06

0.4

Partial Porosity (%)

02

0.0
0.01 0.10

1.00 10.00
Pore radius (um)

100.00

3 RT — subgroup #1 —Grainstone
with interconnected micropores

The Size of Dissolution Channels Increase

Fig. 10. NMR-derived pore size distributions for different KOS rock types
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Nomenclature

C,,— dolomite content, %

CT, microCT — X-ray microcomputed tomography
FZI — flow zone index

KOS — new rock typing index

NMR - nuclear magnetic resonance

R? — determination coefficient

r_— pore throat radius, mAcknowledgments
RFN —rock fabric number

RT —rock type

RQI — reservoir quality index

k — absolute permeability, mD

(k/p)* — structural coefficient, m

@ — total porosity, %

p — surface relaxivity, um/s

S/V- the surface-to-volume ratio, m™

S — water saturation volume, %

S, — irreducible water saturation volume, %
T, — relaxation time, s

Acknowledgments

This work was supported by the Ministry of Science
and Higher Education of the Russian Federation under
agreement No. 075-15-2020-119 within the framework of
the development program for a world-class Research Center.
We thank the Ministry of Science and Higher Education
of the Russian Federation for its support. The authors also
gratefully acknowledge the Skolkovo Institute of Science and
Technology (Russia) for providing its laboratory facilities for
the experiments.

Author Contributions

Conceptualization and proposing the new K@S rock typing
index: E. Shvalyuk and A. Tchistiakov.

Methodology: E. Shvalyuk and A. Tchistiakov.

Laboratory studies and data processing: E. Shvalyuk
(core preparation, porosity-permeability measurements,
NMR studies, CT-scans), N. Bah (porosity-permeability
measurements, NMR studies), A. Mukhametdinova (NMR
studies), A. Ryabukhin (capillary tests), A. Tchistiakov (test
program supervision and quality control).

Petrophysical analysis and interpretation: E. Shvalyuk, N.
Bah, A. Tchistiakov, A. Mukhametdinova (NMR).

Writing — original paper preparation: E. Shvalyuk, A.
Tchistiakov, N. Bah, A. Mukhametdinova (NMR).

Visualization: E. Shvalyuk, N. Bah, A. Tchistiakov.

Scientific supervision and text reviewing: A. Tchistiakov,
M. Spasennykh.

Funding acquisition: A. Tchistiakov, M. Spasennykh.

References

Al-Farisi O., Elhami M., Al-Felasi A., Yammabhi F., Ghedan S. (2009).
Revelation of carbonate rock typing — The resolved gap. SPE/EAGE Reservoir
Characterization and Simulation Conference, Abu Dhabi, UAE, October
2009. https://doi.org/10.2118/125576-MS

Amaefule J. O., Altunbay M., Tiab D., Kersey D.G., Keelan D.K. (1993).
Enhanced reservoir description: using core and log data to identify hydraulic
(flow) units and predict permeability in uncored intervals/wells. SPE Annual
Technical Conference and Exhibition, Houston, Texas, October 1993. https://
doi.org/10.2118/26436-MS

BinAbadat E., Bu-Hindi H. et al. (2019). Complex carbonate rock typing
and saturation modeling with highly-coupled geological description and

WWW.geors.ru

gr//M

E. Shvalyuk, A. Thistiakov, N. Bah, A. Mukhametdinova, A. Ryabukhin, M. Spasennykh

petrophysical properties. SPE Reservoir Characterisation and Simulation
Conference and Exhibition, Abu Dhabi, UAE, September 2019. https://doi.
org/10.2118/196677-MS

Buiting J.J.M., Clerke E.A. (2013). Permeability from porosimetry
measurements: Derivation for a tortuous and fractal tubular bundle. Journal
of Petroleum Science and Engineering 108, pp. 267-278. https://doi.
org/10.1016/j.petrol.2013.04.016

ChiuT.H., LiJ.B. etal. (2018). Estimation of local permeability/porosity
ratio in resin transfer molding. Journal of the Taiwan Institute of Chemical
Engineers, 91, pp. 32-37. https://doi.org/10.1016/j.jtice.2018.05.040

Choquette P.W., Pray. L.C. (1970). Geologic nomenclature and
classification of porosity in sedimentary carbonates. A4 PG Bulletin, 54, pp. 207—
244. https://doi.org/10.1306/5D25C98B-16C1-11D7-8645000102C1865D

Coates G.R., Xiao L., Prammer M.G. (1999). NMR Logging Principles
and Applications. Halliburton Energy Services, Houston: Gulf Publishing
Company.

Da Silva P.N., Gongalves E.C. et al. (2015). Automatic classification
of carbonate rocks permeability from 1H NMR relaxation data. Expert
Systems with Applications, 42, pp. 4299-4309. https://doi.org/10.1016/j.
eswa.2015.01.034

Dakhelpour-Ghoveifel J., Shegeftfard M., Dejam M. (2019). Capillary-
based method for rock typing in transition zone of carbonate reservoirs.
Journal of Petroleum Exploration and Production Technology, 9, pp.
2009-2018. https://doi.org/10.1007/s13202-018-0593-6

Dernaika M., Mansoori M.AlL et al. (2018). Digital and conventional
techniques to study permeability heterogeneity in complex carbonate
rocks. Petrophysics, 59(03), pp. 373-396. https://doi.org/10.30632/
PJV59N3-2018a6

Dernaika M., Masalmeh S., Mansour, B., Al Jallad O., Koronfol S. (2019).
Geology-Based Porosity-Permeability Correlations in Carbonate Rock Types.
SPE Reservoir Characterisation and Simulation Conference and Exhibition,
Abu Dhabi, UAE, September 2019. https://doi.org/10.2118/196665-MS

Dunham R. (1962). Classification of Carbonate Rocks According to
Depositional Textures. Classification of Carbonate Rocks, Ham, W.E. (Ed.),
AAPG, pp. 108-121.

Fitzsimons D., Oeltzschner G., Ovens C., Radies D., Schulze F. (2016).
Integration and Data Analysis of Conventional Core Data with NMR and
CT Data to Characterize An Evaporitic Carbonate Reservoir. 4bu Dhabi
International Petroleum Exhibition & Conference, Abu Dhabi, UAE,
November 2016. https://doi.org/10.2118/183145-MS

Fleury M., Santerre Y., Vincent B. (2007). Carbonate rock typing from
NMR relaxation measurements. SPWLA 48th Annual Logging Symposium,
Austin, Texas, June 2007.

Gholami V., Mohaghegh S.D. (2009). Intelligent upscaling of static
and dynamic reservoir properties. SPE Annual Technical Conference
and Exhibition, New Orleans, Louisiana, October 2009. https://doi.
org/10.2118/124477-MS

Giao P.H., Chung N.H. (2017). A case study on integrated petrophysical
characterization of a carbonate reservoir pore system in the offshore red river
basin of Vietnam. Petrophysics, 58(03), pp. 289-301.

Haikel S., Rosid M.S., Haidar M.W. (2018). Study comparative rock typing
methods to classify rock type carbonate reservoir Field “‘s” East Java. Journal
of Physics: Conference Series. doi: 10.1088/1742-6596/1120/1/012047

Hidajat I., Mohanty K.K., Flaum M., Hirasaki G.J. (2004). Study of vuggy
carbonates using NMR and X-ray CT scanning. SPE Reservoir Evaluation
and Engineering, 7(05), pp. 365-377. https://doi.org/10.2118/88995-PA

Huang S., Zhang Y. et al. (2017). Types and characteristics of carbonate
reservoirs and their implication on hydrocarbon exploration: A case study
from the eastern Tarim Basin, NW China. Journal of Natural Gas Geoscience
2(1), pp. 73-79. https://doi.org/10.1016/j.jnggs.2017.02.001

Izadi M., Ghalambor A. (2013). A new approach in permeability
and hydraulic-flow-unit determination. SPE Reservoir Evaluation and
Engineering, 16(03), pp. 257-264. https://doi.org/10.2118/151576-PA

Kolodzie S. (1980). Analysis of pore throat size and use of the waxman-
smits equation to determine OOIP in spindle field, Colorado. SPE Annual
Technical Conference and Exhibition, Dallas, Texas, September 1980. https://
doi.org/10.2118/9382-MS

Lima M.C., Pontedeiro E.M., Raoof A.O. (2020). Petrophysical
Correlations for the Permeability of Coquinas (Carbonate Rocks).
Transport in Porous Media, 135, pp. 287-308. https://doi.org/10.1007/
511242-020-01474-1

Loucks R.G., Reed R.M., Ruppel S.C., Hammes U. (2012). Spectrum
of pore types and networks in mudrocks and a descriptive classification for
matrix-related mudrock pores. A4PG Bulletin, 96(6), pp. 1071-1098. https://
doi.org/10.1306/08171111061



I'EOPECYPCBI/GEORESURSY

LuY, Liu K., Wang Y. (2021). Applying NMR T2 spectral parameters
in pore structure evaluation—an example from an eocene low permeability
sandstone reservoir. Applied Sciences (Switzerland), 11(17). https://doi.
org/10.3390/app11178027

Lucia F.J. (1995). Rock-fabric/petrophysical classification of
carbonate pore space for reservoir characterization. American Association
of Petroleum Geologists Bulletin, 79(9), pp. 1275-1300. https://doi.
org/10.1306/7834D4A4-1721-11D7-8645000102C1865D

Lucia F.J. (2007). Carbonate Reservoir Characterization.
Springer Berlin, Heidelberg, 2nd edition. XII, p. 336. https://doi.
org/10.1007/978-3-540-72742-2

Markovic S etal. (2022). Application of XGBoost model for in-situ water
saturation determination in Canadian oil-sands by LF-NMR and density data.
Scientific Reports, 12. doi: 10.1038/s41598-022-17886-6

Mirzaei-Paiaman, A., Ostadhassan, M., Chen, Z. (2018). A new approach
in petrophysical rock typing. Journal of Petroleum Science and Engineering,
166, pp. 445-464. https://doi:10.1016/j.petrol.2018.03.075

Moore C.H. (2001). Carbonate Reservoirs, Porosity Evolution and
Diagenesis in a Sequence Stratigraphic Framework. Development in
Sedimentology. Amsterdam: Elsevier, vol. 55, 444 p. https://doi.org/10.1016/
S0146-6380(01)00104-8

Miiller-Huber E., Schon J., Borner F. (2016). Pore space characterization
in carbonate rocks - Approach to combine nuclear magnetic resonance and
elastic wave velocity measurements. Journal of Applied Geophysics, 127,
pp. 68-81. https://doi.org/10.1016/j.jappgeo.2016.02.011

Pires L.O., Winter A., Trevisan O.V. (2019). Dolomite cores evaluated by
NMR. Journal of Petroleum Science and Engineering, 176, pp. 1187-1197.
https://doi.org/10.1016/j.petrol.2018.06.026

Pittman E.D. (1992). Relationship of porosity and permeability
to various parameters derived from mercury injection-capillary
pressure curves for sandstone. American Association of Petroleum
Geologists Bulletin, 76(2), pp. 191-198. https://doi.org/10.1306/
BDFF87A4-1718-11D7-8645000102C1865D

Rebelle M., Lalanne B. (2014). Rock-typing In Carbonates: A Critical
Review Of Clustering Methods. Abu Dhabi International Petroleum
Exhibition and Conference, Abu Dhabi, UAE, November 2014. https://doi.
org/10.2118/171759-MS

Shvalyuk E., Tchistiakov A., Kalugin A. (2022). The Application of
Computed Tomography Scanning and Nuclear Magnetic Resonance for Rock
Typing of Polymineral Clastic Reservoirs. SPE Reservoir Evaluation and
Engineering, 25, pp. 232-244. https://doi.org/10.2118/208603-PA

Shvalyuk E., Tchistiakov A., Spasennykh M. (2022). Integration
of Computed Tomography Scanning and Nuclear Magnetic Resonance
Results with Conventional Laboratory Test Data for Effective Reservoir
Characterization. ADIPEC, Abu Dhabi, UAE, October 2022. https://doi.
org/10.2118/211638-MS

Skalinski M., et al. (2010). Updated Rock Type Definition and Pore Type
Classification of a Carbonate Buildup, Tengiz Field, Republic of Kazakhstan
(Russian), in: SPE Caspian Carbonates Technology Conference. SPE
Caspian Carbonates Technology Conference, Atyrau, Kazakhstan. https://
doi.org/10.2118/139986-RU

Skalinski M., Kenter J.A.M. (2015). Carbonate petrophysical rock typing:
integrating geological attributes and petrophysical properties while linking
with dynamic behaviour. Geological Society, London, Special Publications,
406, pp. 229-259. https://doi.org/10.1144/SP406.6

Skalinski M., Kenter, J. (2013). Carbonate Petrophysical Rock Typing —
Integrating Geological Attributes and Petrophysical Properties While
Linking With Dynamic Behavior. SPWLA 54th Annual Logging Symposium,
SPWLA-2013-A.

Sokolov V.N., Osipov V.I., Rumyantseva N.A. (2013). Regularities of
structure formation in clay sediments. Global View of Engineering Geology
and the Environment: Proc. International Symposium and 9th Asian Regional
Conference of IAEG, pp. 739-742.

Sun H., Belhaj H., Bera A. (2019). Improved characterization of transition
zones in carbonate reservoir by modern digital imaging technique. 4bu
Dhabi International Petroleum Exhibition & Conference, Abu Dhabi, UAE,
November 2018. https://doi.org/10.2118/192722-MS

Tiab D., Donaldson E.C. (2016). Petrophysics (Fourth Edition). Elsevier
Inc. https://doi.org/10.1016/C2014-0-03707-0

gr//\«

2023.V.25. No. 4. Pp. 203-218

Wang M. et al. (2020). Determination of NMR T2 Cutoff and CT
Scanning for Pore Structure Evaluation in Mixed Siliciclastic—Carbonate
Rocks before and after Acidification. Energies, 13(6), 1338. https://doi.
org/10.3390/en13061338

Westphal H., Surholt I., Kruspe T. et al. (2005). NMR measurements in
carbonate rocks: Problems and an approach to a solution. Pure and Applied
Geophysics, 162, pp. 549-570. https://doi.org/10.1007/s00024-004-2621-3

Wu Y., Tahmasebi P., Ren L. (2019). A comprehensive study on
geometric, topological and fractal characterizations of pore systems in
low-permeability reservoirs based on SEM, MICP, NMR, and X-ray CT
experiments. Marine and Petroleum Geology, 103, pp. 12-28. https://doi.
org/10.1016/j.marpetgeo.2019.02.003

Yarmohammadi S., Kadkhodaie A., Hosseinzadeh S. (2020).
An integrated approach for heterogeneity analysis of carbonate reservoirs
by using image log based porosity distributions, NMR T2 curves, velocity
deviation log and petrographic studies: A case study from the South Pars gas
field, Persian Gulf Basin. Journal of Petroleum Science and Engineering,
192. https://doi.org/10.1016/j.petrol.2020.107283

Zhang X., Gao Z., Maselli V., Fan T. (2023). Pore Structure and Fractal
Characteristics of Mixed Siliciclastic-Carbonate Rocks from the Yingxi Area,
Southwest Qaidam Basin, China. SPE Reservoir Evaluation & Engineering
1-21. https://doi.org/10.2118/215839-PA

Zhao P., Wang Z., Sun Z., Cai J., Wang L. (2017). Investigation on the
pore structure and multifractal characteristics of tight oil reservoirs using
NMR measurements: Permian Lucaogou Formation in Jimusaer Sag, Junggar
Basin. Mar. Petrol. Geol., 86, pp. 1067—1081. https://doi.org/10.1016/].
marpetgeo.2017.07.011

About the Authors

Elizaveta Shvalyuk — PhD student, Center for Petroleum
Science and Engineering, Skolkovo Institute of Science and
Technology

11 Sikorskogo st., Moscow, 121205, Russian Federation

e-mail: elizaveta.shvalyuk@skoltech.ru

Alexei Tchistiakov — Associate Professor, Center for
Petroleum Science and Engineering, Skolkovo Institute of
Science and Technology

11 Sikorskogo st., Moscow, 121205, Russian Federation

Nelson Bah — MSc student, Center for Petroleum
Science and Engineering, Skolkovo Institute of Science and
Technology

11 Sikorskogo st., Moscow, 121205, Russian Federation

Aliya Mukhametdinova — Senior Research Scientist, Center
for Petroleum Science and Engineering, Skolkovo Institute of
Science and Technology

11 Sikorskogo st., Moscow, 121205, Russian Federation

Anton Ryabukhin — Research Engineer, Center for
Petroleum Science and Engineering, Skolkovo Institute of
Science and Technology

11 Sikorskogo st., Moscow, 121205, Russian Federation

Mikhail Spasennykh — Professor, Center for Petroleum
Science and Engineering, Skolkovo Institute of Science and
Technology

11 Sikorskogo st., Moscow, 121205, Russian Federation

Manuscript received 11 October 2023;
Accepted 22 November 2023; Published 30 December 2023

HAYUHO-TEXHVUECKV/ XKYPHAN

www.geors.ru [ EOPECYPChl 28]




New Rock Typing Method for Diagenetically Modified Carbonate Reservoirs

GEORESURSY

[y __—_—_— 0

gr//M

E. Shvalyuk, A. Thistiakov, N. Bah, A. Mukhametdinova, A. Ryabukhin, M. Spasennykh

Ammmmm IN RUSSIAN

OPUT'MHAJIBHAA CTATbA

HoBblii MeTOI POK-THIIH3ALMY AUATEHETHYECKH NPeo0pa30BaHHBIX

KapOOHATHBIX MOPO/I

E. lsanox”, A. Yucmsaros, H. Ba, A. Myxamemounosa, A. Pabyxun, M. Cnacennoix

Ckonkosckutl uncmumym nayku u mexronoeutl, Mockea, Poccus

*Omeemcmeennoiii asmop: Enuzasema [llsaniok, e-mail: Elizaveta.Shvalyuk@skoltech.ru

B crarse mpoBoauTcs comocTaBieHHEe YPPEKTHBHOCTH
MPUMCHEHHS CYIIESCTBYIONIUX METOIOB POK-THITH3AIUU
KapOOHATHBIX MOPOJ W MpeIaraeTcs albTepHATHBHBIN
KIaccu(uKaTop.

Jnst pok-Tumu3anuu KapOOHATHOTO KOJUICKTOpa, MOJ-
BEPIIIErocs MHTCHCHBHOMY THAreHe3y, ObLITH HCITOIh30BAHBI
YeThIpE M3BECTHHIX MHICKCa. OTHAKO BBIACICHHBIC C X
TTOMOTIIBIO POK-THITBI XapaKTEPU30BAIUCH HU3KUMH KOAPPH-
OUEHTAMH KOPPENALINN MEKIY KIIOUEBBIMU MapaMeTpaMH,
HCTIONB3YFOIITIMUCS JIJIS TIOCTPOCHUS TCOIOTHIECKON MOJICIN
U TIO[ICUETa 3amacoB. ABTOpaMH MPEIIOKEH HOBBIH WHACKC
KOS, xotopslii paccunTeiBaeTcs Kak (QyHKIus xkoddhumm-
€HTOB MPOHUTAeMOCTH (k), TOPUCTOCTH (@), U OCTATOUHOU
BOJIOHACKIIEHHOCTH (S, ). Biusnne nmpoueccos ocamko-
HaKOIJICHHS M JHWarcHe3a Ha mapaMeTpbl HOBOTO MHJEKca
M3y9aJIOCh METOIAaMU PEHTTEHOBCKOW MHKPOTOMOTpadun
(X-ray microCT) u smepHOrO-MarHuTHOTO pe3oHanca (NMR).

CpaBHUTENBHBIN aHANKU3 MpeIoKeHHOTo uHaekca KOS
C CYIIECTBYIOIIIMH ITOKA3aJl, YTO Y POK-THITIOB, BRIICTICHHBIX
C €ro NOMOIIBI0, YPaBHEHHUS PETPECCHH MMEIOT Hambolee
BBICOKHE KOA(DHUIMEHTHI KOPPEIAINN MEKIY MOACICTHRIMA
mapaMeTpamu. boree TOro, Ka)Iblii BBIIEICHHBIA POK-THIT
00Ia1aeT OTIIMIATEIFHON MUKPOCTPYKTYPOH, UTO TIOATBEPIK-
JTaeT IPaBOMEPHOCTb MPEUTOKCHHOTO TIOAXO/IA /IS KIIACCH-
(buKaIIH TOPHBIX TTOPOJI.

Tak kak Bce KOMITOHCHTHI HHIIEKca KOS HCTIOTB3YIOTCS
TIPY TIOJICUETE 3AITaCOB, M UX OTIPEICTICHUE BXOJWT B CTaHIAPT-
HBIE TIPOT PAMMBI FICCIICTIOBAHUS KEPHA, ITPE/IIaracMbIi HHIICKC
MOYXET IPUMEHSATHCS IPAKTUICCKA Ha BCEX MECTOPOIKICHHUSIX
YIIIEBOJIOPOJIOB.

KuioueBbie ciaoBa: kapOOHaTHBIC MMOPOABI, TUATCHE3,
pox-tumnuzanusi, SIMP, peHTTeHOBCKass MUKPOTOMOTpadus,
XapaKTEPUCTHKA MOPOJ-KOJUICKTOPOB, TOJIOMUTH3AIIUA,
BEIIICITAYNBAHIC
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