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Relatively new direction for geological properties study in petroleum geology nowadays is the use of X-ray tomography. The basis
of this method is X-ray rock density study. This paper shows the results of possible X-ray tomography applications while studying
petrophysical properties of carbonate reservoir plugs on example of several oil fields in Perm region. The microfocus system of
X-ray control with computer tomography Nikon Metrology XT H 225 and software AvizoFire 7.0 were used. The cylinder sam-
ples with diameters of 30 and 10 mm and cubic samples with a side length of 5 mm were used in the study. The results of X-ray
tomography represent 2D-slices of lengthwise and crosswise sample cross-section, 3D-model of cavities, consolidation areas and
initial oil saturation distribution as well as graphs of pore and irreducible water saturation versus sample height and histograms of
pore diameters. The study of cavities and consolidation areas distribution in the samples allowed to type core depending on its cav-
ity structure. Analysis of porosity evaluation of the samples with different diameters that were made from the one pies of core
showed that correlation coefficient was 0.77. Such relatively low coefficient could be explained by significant heterogeneity of
core even in one lithotype. During the irreducible water saturation determination four radiographic solutions were tested. It was no-
ticed that irreducible water does not exist in the large voids (cavities, cracks, big pores). Best results were obtained for Nal and
LaCl;-3H,0 solutions. Presented in this paper results allow obtaining most authentic 3D distribution of pore space and fluid satura-
tion during futhure X-ray tomography study of carbonate deposits.

OTHOCHUTEIIBHO HOBBIM B HE(DTSAHOI T€0JIOrMH HAMpPaBIICHUEM JUTs NCCIICIOBAHMS KOJUIEKTOPCKHX CBOICTB Ha CETO/HSLIHUIA ICHb SIB-
JISeTCsl IPUMEHEHNE METO/Ia PeHTTeHOBCKOI ToMorpauu, B OCHOBE KOTOPOTO JIKUT M3y4eHHE PEHTTEHOINIOTHOCTHBIX XapaKTepu-
CTHK TOPHBIX Hopojl. B manHoit paboTe Ha npumepe psiia HeTAHBIX MecTOpOXKAeHHH [TepMCKOro Kpast IpeICTaBICHbI Pe3yIbTaThl
M3y4EHHsI BO3MOKHOCTEH MPHMEHEHHSI PEHTTCHOBCKON TOMOTpa(yi IPH UCCICA0BAHMAX NETPOPU3HUECKHX 00pasLioB KepHa KapOo-
HATHBIX KOJUIEKTOPOB. C JTOMH 1eIbI0 IPHUMEHSIIUCh MUKPO(OKYCHAsl CHCTEMa PEHTTEHOBCKOTO KOHTPOIIS ¢ (pyHKIHEH KOMITbIOTEp-
Hoii Tomorpadun Nikon Metrology XT H 225 u nporpammusiii mpoaykt AvizoFire 7.0. OObeKTOM H3y4eHHs SIBISUIHCH 00pasiibl Kep-
Ha IIMHprdeckoit Gpopmel quamerpoM 30 1 10 MM, a Takke KyObl o CTOPOHO# 5 MM. Pe3ysbTaTs! HCce[oBaHMIA METOJIOM PEHTTe-
HOBCKO# TOMOrpauu MpecTaBIsiioT coboit 2D-cpe3bl POI0JILHOTO H MOMEPEYHOro ceueHust o0pasios; 3D-Moenu pactpeaeneH st
IyCTOT, YIUIOTHEHHii, HAYaIbHOI He()TeHACBIIEHHOCTH; TPaUKU PacIpeIe/ICHNs] HOPUCTOCTH U OCTATOYHOH BOJIOHACBIILICHHOCTH O
BBICOTE 00pas3L{a; THCTOrPaMMBI IMaMETPOB TTOp B 00Opastie. M3yueHue xapakrepa eMKOCTHOTO MPOCTPAHCTBA M PACIIPEICICHHUs YII-
JIOTHEHHUI B 00pa3Iax Mo3BOJIMIO MPOBECTU THIM3ALMIO KEPHA B 3aBUCHMOCTH OT CTPYKTYPBI €I'0 €MKOCTHOTO IpoctpaHcTsa. I1pu
AHAIN3E Pe3yJIbTaTOB OLCHKU MOPUCTOCTH UL 00PA3I0B Pa3HOrO JUaMETPa, H3TOTOBICHHBIX U3 OJHOTO KyCKa KEpHa, YCTAHOBIICHO,
410 K03(hduLMeHT Koppersimu coctasisier 0,77 onu en. Takol OTHOCHTEIBHO HEBBICOKUI KOI((HIMEHT 0OBSCHACTCS BIMSHACM
CYIIECTBEHHON HEOTHOPOHOCTH KEPHOBOTO MaTepualia 1axe B Ipejienax oaHoro uroTuma. [Ipu onpeieneHnn ocTaToyHoi BOJOHA-
CBIIIEHHOCTH HPOTECTHPOBAHBI 4 PEHTTEHOKOHTPACTHBIX PACTBOPA M YCTAHOBJICHO, YTO B KPYITHBIX ITYCTOTaxX (KABEPHBI, TPELLMHEI,
KpYIHBIE TTOPBI) OCTATOYHAsK BOJIA OTCYTCTBYET, a HAITYYIIIe pe3y bTarhl nomydeHs! 1 coctaBoB Nal n LaCls-3H,0. Pesymnbrarsr,
TpEJICTaBIICHHBIC B IAHHOI padoTe, MO3BOMIAT HOJTydaTh Hanbosee 1ocToBepHbie 3D-MOIENH pacipe/ieNieHHs! eMKOCTHOTO TIPOCTpaH-
CTBa U ()IIOMIOHACHIIIEHHOCTH MPHU TTOCIEAYIOLMX PEHTTCHTOMOT PaUUECKHX HCCIICOBAHISX KAPOOHATHBIX OTJIOKCHHIL.
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Introduction

X-ray tomography of core is a relatively new
direction to investigate reservoir properties of oil
deposits today. The method is based on study
of X-ray specter characteristics of rocks. Theoret-
ical basis of the method applied to the study of
reservoir properties (porosity and permeability) is
covered in detail in [1]. Analysis of the world ex-
perience shows that the method of X-ray tomog-
raphy begins to be used not only in study
of petrophysical characteristics of rocks [2-4],
but also in evaluation of enhanced oil recovery
methods [5, 6].

This paper shows the results of possible X-ray
tomography applications while studying petrophy-
sical properties of carbonate reservoir cores on ex-
ample of several oil fields in Perm region. The
microfocus system of X-ray control with computer
tomography Nikon Metrology XT H 225 was used.
To study the effect of sample size on the tomography
results 25 pairs of same core samples were used.
Each pair is a standard petrophysical sample 30 mm
in diameter and smaller (5 and 10 mm). The aim of
the research is to obtain the characteristics of X-ray
specter heterogeneities, voids, fluid distribution in
hollow core space.

The methods of detailed assessment of rock
structures are most relevant during study of car-
bonate reservoirs with complex geology [7]. Het-
erogeneity of carbonate deposits and impact of
facial conditions on its reservoir properties are
proved in [8]. Accordingly, underestimation of
heterogeneity of carbonate reservoirs reduces ac-
curacy of final oil recovery assessment that is
shown on the example of number of fields devel-
opment [9, 10].

During the study following objectives were high-
lighted:

— lithological description and study of structure
of reservoir voids;

— to build 3D-models of voids and calculate po-
rosity coefficient (K),);

— to select radiographic solutions and model
ireducible water saturation in samples;

— to build 3D-models of fluid distribution, calcu-
late initial oil saturation (K;,) and irreducible water
saturation (K;,,).

Lithological description came down to determi-
nation of mineral composition, structural and textural
features, cement nature, cracks development. All of
these data are used in the interpretation of core to-
mography results.

The results of X-ray tomography studies are as
follows: 2D-slices of longitudinal and transverse
cross-sections of samples; 3D-models of void dis-
tribution, seals, initial oil saturation; charts with dis-
tribution of porosity and irreducible water satura-
tion along sample height; histograms of pore diame-
ters in sample [11]. Computer modeling of objects
and subsequent calculations were performed in the
software package Avizo (Visualization Sciences
Group, France).

Study of void structure
of carbonate deposits

Study of void nature and distribution of seals in
the samples allowed to type core depending on its
void structure. The results are shown in Table 1.

Table 1 shows that X-ray tomography allows
you to select types of voids of different genesis.
The porous type of structure is caused mainly by
secondary inner voids. The method can determine
primary (intergranular) and secondary (interpar-
ticle, intraparticle) voids. Secondary voids include
cracks and cavities that were formed during leach-
ing of fossils with carbonate composition.

Allocation of crack zones is one of the im-
portant areas of practical application of core tomog-
raphy. According to [12] for a number of carbonate
deposits there is a discrepancy between oil recovery
and geological reserves, evaluated by standard
methods. Integration of X-ray tomography analysis
with well test for carbonate reservoirs in [13] al-
lowed determining reservoir zones with pore-crack
type along the interval with absence of granular res-
ervoir. In [14] there are examples of fixation con-
vergence (or absence) of cracks on X-ray tomo-
grams and results of experiments during varying
hydraulic compression of core samples.
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Table 1

Photo of the sample

2D-Slices

longitudinal

transverse

Types

Cavity

Pore-cavity

Pore

Crack

Dense
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In the analysis of porosity evaluation results for
samples of different diameters it is necessary to
compare exactly that part of a larger sample, which
smaller is made from. Conducted this way compari-
son showed a high convergence of K, values
(r = 0.97). During the comparison of average values
over the entire volume of samples of 30 mm the
correlation reduces significantly (» = 0.77) due to
the influence of its heterogeneity.

Figure 1 shows an example of interpretation of
tomography and distribution of pores according to
identified void size for samples of 5 and 30 mm
diameter. The sample of 5 mm was made from the
bottom of the 30 mm sample. Comparison of the
interpretation results shows their high conver-
gence. The distribution of porosity along 30 mm
sample height indicates that K, value in its lower
part is the closest to interpretation results of 5 mm
sample.

In general, analysis of the results of core stud-
ies by X-ray tomography shows that for samples of
smaller size the elements of voids and X-ray densi-
ty heterogeneities are visualized in much detail. It
is determined that for 30 mm diameter the minimal
of visible specter is 0.08 mm, for
10 mm diameter — 0.04 mm and for 5 mm diameter —
0.02 mm.

Discrepancy of visible pore size during the
study of samples of different diameters leads to un-
derestimated results for bigger samples. For in-
stance, for dense difference in porosity of 5 % re-
sults of K, evaluation in absolute values are under-
estimated by 1 %, for high dense differences of

size

10 % — 1.5 %. Thus, relative error of porosity de-
termination for bigger samples decreases due to de-
creased share of pores with small diameter.

Study of fluid saturation
of carbonate deposits

In order to determine nature of distribution and
ratio of irreducible and residual oil
X-ray tomography was used on dry sample, sample
with 100 % of water saturation and sample with

water

ireducible water saturation. Irreducible water satura-
tion was modeled by semi-permeable membrane un-
der overpressure of 1.2 MPa. Radiographic solutions
Nal (200 g/1), CsNO; (200 g/1), LiBr (1500 g/1),
LaCl;-3H,0 (100 g/l) were used as reservoir fluid
models. Non-radiographic four-normal solution of
NaCl usually used as reservoir fluid in petrochemical
study is a reference sample in this research.

Determination of the volume occupied by irre-
ducible water and residual oil, as well as nature of
fluid distribution in voids of sample is carried out
by binarization of 3D-model using Tresholding
function of AvizoFire 7.0. In addition, K;,, was de-
termined by the difference between void space of
dry sample and sample with irreducible water in
case when irreducible water was not radiographic
enough.

Results of fluid saturation study by X-ray to-
mography show that the most contrast in X-ray are
water solutions of sodium iodide and lanthanum
chloride. Figure 2 shows 2D-slices and 3D-models
of core samples saturated by Nal (200 g/l) and
LaCl;-3H,0O (100 g/1). It is observed from the fig-
ures that in longitudinal and transverse 2D-slices
saturating solutions appear as areas with higher
X-ray density (filled white), equal density of the
mineral skeleton or higher. It allowed creating
3D-model of initial oil saturation distribution (filled
orange) and calculating behavior of K;, change
along sample height. The results revealed that large
pores, cracks and cavities are substantially free of
irreducible water that always occupies fine pores
(see Fig. 2).

Due to X-ray density of Nal closed to the density
of rock mineral matrix, allows to estimate the
amount occupied by oil (see Fig. 2a). Thus, to assess
K, with use of Nal it is needed to apply results of
scanning of dry sample and sample with irreducible
water.

The solution of AICl;-3H,0, having X-ray densi-
ty higher than mineral skeleton (see Fig. 2b), allow
to allocate zones occupied by irreducible water with-
out dry sample scanning.
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Fig. 1. Results of X-ray tomography of core sample pair:
a — diameter of 30 mm; b — cross-section of 5 mm

Number
of observations

ISSN 2224-9923. Bectuuk ITHUITY. I'eonorus. Hedrerazooe u ropuoe aeino. 2016. T.15, Nel8. C.23-32



28

ISSN 2224-9923. Bulletin of PNRPU. Geology. Oil & Gas Engineering & Mining. 2016. Vol.15, no.18. P.23-32

Before saturation

Saturation 100 %

E
:ﬂ3 9 = 1
e 8 =
=
T 61
3¢
4t =
3 I > B
2] =
L 1 T===
%910 20 30 4o
Kr'.w.’ %
Chart of irreducible water saturation 3D-model of initial oil
distribution along the sample height saturation distribution

a

Fig. 2. Results of tomography of core samples with 30 mm in diameter saturated
by radiographic solutions: a — Nal; » — LaCl;-3H,0

ISSN 2224-9923. Bectrux [THUITY. I'eonorus. Hedrerazosoe u roproe neno. 2016. T.15, Nel8. C.23-32



ISSN 2224-9923. Bulletin of PNRPU. Geology. Oil & Gas Engineering & Mining. 2016. Vol.15, no.18. P.23-32

29

Before saturation

et o ek o ek

Hgample, mm
O BN 100 OO — W B ey~

LT TTTTITTT]
0 10 20 30 40 50 60 70
%

we

Chart of irreducible water saturation 3D-model of initial oil
distribution along the sample height saturation distribution

b
Fig. 2. End of the figure

ISSN 2224-9923. Bectuuk ITHUITY. I'eonorus. Hedrerazooe u ropuoe aeino. 2016. T.15, Nel8. C.23-32



30 ISSN 2224-9923. Bulletin of PNRPU. Geology. Oil & Gas Engineering & Mining. 2016. Vol.15, no.18. P.23-32

The values of K;, obtained from tomography
were underestimated in comparison with K;,, deter-
mined by semi-permeable membrane. The method
allows visualizing voids higher than 0.021 mm for
5 mm samples and 0.075 mm for 30 mm samples.
According to X-ray tomography big pores, crack and
cavities do not have water. It is contained in the fine
pores of diameter less than resolution of images ob-
tained by tomography. Pores with inner fluid flow
(as indicated by standard petrophysical studies) are
in the range of 0.01-0.06 mm.

Conclusion

Based on the analysis of core of carbonate de-
posits by X-ray tomography following conclusions
were obtained:

1. The method allows getting an idea of space
distribution (visualization, 3D-models) of quanti-
tative void reservoir properties of rocks (coeffi-
cients of porosity, irreducible water and residual
oil saturation, crack opening, voids diameters)
and determining type based on
morphostructural features. It is easy to distinguish

reservoir

cavities, cracks, pores of large and medium size
and determine its void.

2. The resolution of images obtained by X-ray
scanning has minimal threshold depending on sam-
ple size. For samples of 30 mm in diameter,
minimumal size of fixed object is 0.08 mm, for
samples of 10 mm in diameter — 0.04 mm, for sam-
ples of 5 mm in diameter — 0.02 mm.

3. Determination of closed porosity is complex,
since the estimation is made on the core with 100 %
of water saturation. In case samples have large
voids, then under the action of gravity saturating
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