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X-ray computer tomography in clastic sedimentology
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Osszefoglalds —

A kiilonboz6 felhalmozddasi kornyezetek véltozatos liledékes faciesbdl épiilnek fel, képviselve a
valtozatos fizikai, kémiai, és biologiai folyamatokat, amelyek jellegzetes tormelékes illedékes szdvet
tipusokat (texture/fabric) alakitanak ki. A térmelékes tledékes kézetek sugdrgyengitése ltalaban a
térfogati stir(iségtol, az atomszamtol, a pérusok fluidumtartalmétdl, a szemesék, a cement, valamint a
lehetséges péruskitolts fluidum kémiai osszetételétdl fugg. A szoveti tulajdonsigok kéziil, a
szemcseméret az egyik legfontosabb, amely hatassal van mind a térfogati siiriségre, mind a
sugdrgyengitésre. Az orvosi CT felbontédsa alkalmas a 0,1 milliméteres tartomény feletti szemcseméret
valtozasabél ad6dé sugargyengitési érték megvaltozasinak észlelésére. A tormelékes iiledékes kézetek
numerikus azonosithatésdga azon a megfigyelésen alapszik, hogy minden szovettipus jellemezhet6
egy Hounsfield egység intervallummal, figyelembe véve annak korat, és felhalmozédasanak jellegét.
Az intervallumok kozo6tt atlapolédasok johetnek létre. Ennek elkertilésére, normadlis eloszlasa adatsor
esetében, a varhato érték, mig nem normalis adatsor esetében a medidn, vagy a ‘maximum-likelihood’
mddszerrel becsiilt kozépérték hasznédlandé. Az autokorreldcié, vagy pontosabban az autokorrelogram
alkalmas a sikbeli folytonossag térbeli elemzésére. A legalabb gyenge stacionaritassal bir6 regionalizalt
valtozé félvariogramja és annak sikbeli autokorrelaci6ja kozott fennallo figgvénykapcsolat, lehetSvé
teszi, hogy az autokorrelogram felszinét, mint az eredeti adatok térbeli folytonossiganak képét
alkalmazzuk. Igy a sikbeli autokorrelogram a mérési adatok teljes statisztikai rendszerét adja meg. A
Laplace-operator egy olyan matematikai eszkoz, amellyel egy adott pontban a fizikai mennyiségek
nett6 hozza-, illetve elaramlasat tudjuk meghatarozni. A Laplace-operator alkalmazasaval el6allitott
gridek, jO egyezést mutatnak a tormelékes filedékes kézetek szerkezeti és heterogenitasi
tulajdonsagaival. Ebbdl kovetkezéen, a médszer alkalmazhaté potencidlis dramlasi palydk kijelolésére.
A magfeltdltéses vizsgalatokban valé alkalmazdsa eldsegiti a rezervodr kézetekben, mikro-léptékben
lezajlé fluidaramlasok jobb megértését, és elére jelezhetSségét. A dolgozatnak két f6 célja van: els,
hogy bemutassa, a CT mérésekbé] szarmazé adatok elemzésével az alapvetd térmelékes iiledékes
kézetek numerikusan azonosithatéak és megkillonbéztethetGek egymaéstol; mdasodszor, hogy a
Laplace- operator alkalmazisaval eldallitott gridek j6 egyezést mutatnak a tormelékes iiledékes
kézetek szerkezeti és heterogenitdsi tulajdonsagaival, valamint, hogy ennek a moddszernek az
alkalmazasaval, az orvosi CT felbontdsi tartomanyaban lehetség van potencialis dramlasi palyak
kijelolésére.

Abstract S -

Depositional environments composed of diverse sedimentary facies that represent the variability of
different physical, chemical and biological conditions which generate characteristic textures and fabrics
of clastic sedimentary rocks. X-ray attenuation of clastic sedimentary rocks generally depends on bulk
density, effective atomic number, fluid content, and the chemical composition of grains, cement and fluid
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content if present. Grain size is one of the most important characteristics of texture which affects bulk
density and consequently X-ray attenuation. The resolution of medical CT is suitable for detecting the
changes in X-ray attenuation which originate in grain size alteration above 0.1 mm. Numerical
identification of clastic sedimentary rocks, based on the observation that every type of texture could be
represented by different intervals of Hounsfield Units (HUs), takes age and depositional history into
consideration (even though some overlaps might occur). To avoid overlapping, an expected value should
be used if the distribution of data set is normal; if it is not the case a median or mean estimated by a
‘Maximum-likelihood’ method is recommended. Autocorrelation or rather a planar correlogram is
suitable for analyzing planar continuity in three-dimensions. The functional relationship between the
semivariogram (of at least the second order stationary regionalized variable) and its planar
autocorrelation allow the autocorrelogram surface to be used as a spatial continuity of the original data.
Thus the planar autocorrelogram gives the complete geostatistical system of the measured data. The
Laplacian operator is a mathematical tool used for determining the net recharge and discharge volume
for a physical quantity at a given point. Grid contours generated with the operator coincide with the
structural and heterogeneity characteristics of clastic sedimentary rocks and thus the method is suitable
for to indicating potential static flow surfaces or paths. Adoption of this method in coreflood experiments
improves — on a micro scale — the comprehension and predictability of fluid motions in reservoir beds.
This paper has two main goals: first, is to show that basic clastic sediments and sedimentary rocks are
numerically identifiable and clearly distinguishable from each other on the basis of CT derived data
analysis. The second goal to demonstrate that grid contours generated with the Laplacian operator
coincide with the structural characteristics and inner heterogeneity of sedimentary rocks; and the
method is suitable for indicating the potential flow surfaces or paths of clastic sedimentary rocks within
the range of resolution of medical CT

Introduction

Computerized X-ray tomography has been applied in geosciences for a
_considerable period of time. This non-destructive technique is adequate for
investigating of the internal structure of various categories of volcanic,
metamorphic, and sedimentary rocks. Sedimentary rocks are classified as
nonsiliciclastic and siliciclastic depending on the origin of the constituents.
Siliciclastic rocks are composed predominantly of terrigenous constituents derived
from subaerial weathering processes and volcanic activity.

HONARPOUR et al. (1985) showed the functions of X-ray beam attenuation when
crystalline solids were scanned. X-ray attenuation value varies with the size of the
mineral, the orientation of the X-ray beam with respect to the crystallographic axes,
the quality of the crystals, mineral orientation in the rock fabric, and the microscopic
heterogeneity of the fabric due to reorientations and recrystallizations during
lithification.

Another application of CT scanning is with the using of digital images to
describe facies in terms of sedimentary transport processes and climatic variations.
Ross (1993) used CT to recognize coastal sediment transport processes, while LONG
& Ross (1991) applied it to identify depositional systems and deltaic evolution.
Many studies investigate bed thickness in order to determine the variability of
sediment rate (e.g. AGTERBERG & BANERJEE 1969; BesRE and OccHIETTI 1990). By
obtaining data along the longitudinal axe of a core sample a density series can be
constructed. Such a series represents the geologic time and deposition, and contains
information about the physical properties of the sediment at a given level. By
plotting density data on an equidistant scale we get a time-sequence. Time-
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sequence analysis can reveal the cyclical character of deposition, taking resolution
of medical CT into consideration (HUNYADFALVI 2004).

X-ray attenuation coefficients recorded as raw CT data are the basis of the
numeric or quantitative analysis of samples (KENTER 1989; KawaMURA 1990; CARLSON
& DENISON 1992; KanTzas et al. 1992; FOLDES 1993; BOsSSCHER 1993; Orsl et al. 1994;
BOESPFLUG et al. 1995; DENISON et al. 1997; FOLDES et al. 2000, VANDERSTEEN et al. 2003;
HUNYADFALVI 2004). Furthermore, numeric analysis proved to be efficient in
revealing features that would otherwise be hardly visible.

CROMWELL et al. (1984) stated that non-destructive CT scanning would aid
petroleum industries by imaging fluid flow in porous media. Petroleum engineers
use CT data to study two-fluid coreflood experiments in reservoir lithologies
(WELLINGTON & VINEGAR 1987; WITHJACK 1987), and to evaluate physical properties
such as porosity and density (WELLINGTON & VINEGAR 1987; KANTZAS et al. 1992; ORsI
et al. 1994; FOLDES et al. 2004). Coreflood experiments are important in determining
the index number for rock fluid interaction (that is, relative permeability): the visual
displaying of the changing dynamism of saturation distribution also improves the
comprehension and predictability of fluid motions in reservoir beds.

Many studies have investigated the role of CT scanning in single or multiple-
phase processes (but these will not to discussed here in detail).

This paper has two main goals: first, is to show that basic clastic sediments and
sedimentary rocks are numerically identifiable and clearly distinguishable from
each other on the basis of CT-derived data analysis; the second is to demonstrate
that grid contours generated with the Laplacian operator coincide with the
structural characteristics and inner heterogeneity of sedimentary rocks and,
furthermore, the method is suitable for indicating the potential flow surfaces or
paths of clastic sedimentary rocks within the range of resolution of medical CT.

Principles of CT

X-ray computer tomography is based on the attenuation of X- or gamma rays
emitted from an X-ray tube. Gamma rays interact with the matter in four ways:
Raleigh scattering, photoelectric effect, Compton Effect, and pair generation
(SIEGBAHN 1965). All these interactions depend on photon energy and the atomic
number of the matter. A thin, well-collimated beam of X-ray attenuates following
Beer’s law:

I = Iexp (-ux)
where [, is the integral current of incident X (gamma) photons; [ is the integral
current transmitted by the sample; u is the linear attenuation coefficient of the
sample; and x is the sample width.

Three of the four interacting effects (Raleigh scattering, photoelectric and
Compton effects) occur between 30 and 200 keV, which is the operating range of the
most modern CTs. In cases in which there is a predominance of the Compton effect
(above 100keV), the i depends only on the density of the sample and not on its
chemical composition. This is the case for most of the present day medical CTs. On
the other hand, when the photoelectric effect dominates, the u coefficient depends
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also on the chemical composition of the absorbent. For samples which are not
homogeneous, like clastic sedimentary rocks, the attenuation coefficient has
different values at different points of the sample. This is why the linear attenuation
coefficient u depends on both the effective atomic number and the density of the
object (CURRY et al. 1990).

At the end of the CT image reconstruction process, the result is a numerical map
consisting of all the attenuation coefficients corresponding to each volume element
(voxel). The values expressed as non-dimensional CT number (Hounsfield Units or
HUs), according to the following relation:

HU = (B Bawe) 000

water

The fixed values of this scale take —1000 for the air and 0 for the water The
greater is the value of y, the higher is the corresponding HU. The degree of
attenuation is conventionally expressed in Hounsfield Units normalized by the
attenuation coefficient of pure water (see KawaMURA 1990; COLLETTA et al. 1991;
FOLDES 1993; INzAKI et al. 1995; OHTANI et al. 2000).

Reconstructed CT images are usually displayed as negative images where lighter
tones represent higher HU values and, in contrast, lower HU values correspond to
darker regions of the image. The difference between these regions is relative and
thus there is no “uniform” scale to which reference can be made. Every core sample
is a different case study: furthermore, there are certain conditions that need to be
taken into consideration and these are dealt with in the next section.

The average 0.3-0.4 mm resolution of medical CT is not suitable for detecting
mineral grains, for direct investigation of pore space, or for measuring the size of the
pore throats. On the other hand, it is quite suitable as a macro-scale which can
detect changes in the texture/fabric of sedimentary rocks linked to the changes of
the character of deposition. Prior to this observation GEIGER et al. (2007) proved the
significant genetic connection between the vertical sedimentary sequences which
represent the depositional character of sedimentary facies and the correspondent
rock density profiles.

Some mathematical calculations cannot be carried out on the set of non-positive
numbers; therefore Hounsfield Units should be corrected with +1024 prior to any
numerical evaluation. This 1024 must be extracted before calculation of CT numbers
(CTN) (see details below).

Basic sedimentological principles

From the difference between the depositional environment and the depositional
conditions, by definition (MOLNAR & GEIGER 1981) it follows that any depositional
environment consists of the system of depositional conditions and their rock
equivalents (GEIGER 1986). The vertical succession of the individual facies of some
depositional environments — e.g.: a point-bar, a channel or the natural levee of a
fluvial environment — does not necessarily mean that the rock types have been
changed. On the other hand, it is true that the temporal constancy of some
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depositional environment resulted in concordant bedding of different rocks due to
changeability of sedimentary processes. Thus it cannot be accepted that the extension
of the term sedimentary bed follows for every bounding surface which reflects the
regional change of the depositional process (MAJOROS 1966, p. 5; cited after GEIGER
1986). This statement is not a rejection of the descriptive character of the sedimentary
bed. In the case of clastic sedimentary rocks the use of term ‘bed’ as a rock type is
inappropriate in a genetic sense because it does not fulfil the genetic aspect of the
reconstructionm of the environment. Consequently, ‘sedimentology depositional
facies’ refers to the vertical succession of rocks that are in a genetic relationship.
Different Hounsfield Units, with respect to the different rock types of different
ages, help to identify alterations in the sedimentary texture/fabric and bulk density.
However, different attenuation coefficient values may correspond to rocks of
equivalent grain size but of different degrees of diagenesis. The characteristic
properties of clastic sedimentary rocks reflect the general effect of the various
physical, chemical and biological processes. Synsedimentary and post-sedimentary
processes, diagenesis, primary and secondary porosity and geological time play
primary roles in affecting the texture, fabric, and bulk density of sedimentary rocks.
Consequently, quantitative comparisons can involve samples from almost similar
depositional environments with slight differences in the degree of diagenesis.

Tools and samples

CT measurements have been carried out at the Institute of Diagnostic Imaging and
Radiation Oncology, University of Kaposvar, where a Siemens Somatom Plus 40
instrument was used. The slice thickness is 2 mm; the pixel size is 0.33x0.33 mm, and
the measurements were made for a single slice. The original image consisted of
512%x512 voxels and thus the field of view (FOV) was 512%0.33 mm — that is
approximately 16.98 cm. The highest resolution of the Somatom Plus 40 is 0.1x0.1x1
mm. The instrument operates at 140 kV, with a 189 mA current, and 1.5 s exposure.

Core samples analyzed are from the collection of the Department of Geology
and Palaeontology, University of Szeged, and Mol (Hungarian Oil and Gas Co.). The
collection contains samples from the Pannonian Basin filled with sediments which
came from a delta-fed turbidity fan, of Pannonian age (Pannonian sensu lato 12.6-2.4
Ma). The fan morphologically fits in with the Walker-type fan model (WALKER 1978),
and satisfies the criteria of a point source mud/sand-rich submarine fan (READING &
RICHARDS 1994).

The main reason for choosing samples is so that they have characteristic and
easily identifiable textural, structural features, visible to the naked eye.

Methods

The measurement provides attenuation coefficient values arranged in a
512x512-size grid. Each grid is easily visualized by using any surface modelling
system, like Surfer 8, a product of Golden Software. To avoid data-lossthe ‘Nearest
neighbour’ method should be used to calculate grid contours, and define grid
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spacing as one in both X and Y directions. Thusit is possible to visualize the real CT
data, and the image has a better resolution. Among the several advantages of this
solution, the most important ones are: (1) the grid/extract command in Surfer 8.0
creates a subset of an existing grid file to focus on some important data geometry at
the so-called data-level. (2) the grid/blank command removes grid node data from
a grid in areas where it is not desired to display contours on a map, and data of the
blanked grid can be easily exported to any statistical programs (in this paper SPSS
11.0, and Statgraphics 3.0 were used). (3) the grid representation is appropriate for
studying the spatial continuity of HU values (e.g. by counting the grid correlogram),
or to search for some repetitive pattern by computing the grid periodogram; (4) this
solution provides a direct way of connecting the data-preparation, the
mathematical-statistical analyses, and the spatial analyses phases.

Every type of texture could be represented by an interval of HU values. The
problem is that sometimes these intervals overlap so it is difficult to distinguish them
explicitly in a numerical way. To overcome the problem in the numerical identification
of the basic clastic sedimentary rocks two sample comparisons must be used in which
the programme runs a Mann-Whitney W test to compare the medians of the two
samples. This test is constructed by combining the two medians and the respective
mean values of the data sets are then compared. Due to the non-normal distribution
of sets coming from an irregular shaped grid, the contours of the mean of each data set
are calculated using a ‘Maximum-likelihood” method that is independent of the
distribution type and robust with regard to the still existing extreme values. If the
difference of two medians is less than 20 HUs — which is double the measuring noise
of medical CT — the sets can be considered to be numerically equal. The choise of an
interval (20 HUs) was considered necessary because data sets are obtained from
different sizes of core samples and grid contours.

All statistical comparisons must follow sedimentological analysis in order to
reveal the facies and the nature of the accumulation within depositional
environments, since different facies of depositional environments create different
textures and fabrics of clastic sedimentary rocks.

Linear geostatistics uses semivariograms to analyze the planar and spatial
continuity of the regionalized variables. Autocorrelation or more precisely the
planar correlogram is suitable for analyzing the planar continuity of slices
perpendicular to the longitudinal axis of core samples. Anisotropy analysis on these
grid contours is applicable because no interpretation between grid nodes was
applied in order to generate the contours. There is a functional relationship between
the semivariogram of at least a second order stationary-regionalized variable and its
planar autocorrelation. The semivariogram surface can be obtained from the
correlogram applying this theorem (GEIGER 2005). It is reasonable that the
autocorrelogram surface that counts for the grid contour shows the spatial
continuity of the original data. Consequently the planar autocorrelogram gives the
complete geostatistical system of the measured values.

The determination of the static potential flow paths of the sedimentary rocks
requires the application of the Laplacian operator With the aid of the operator
recharge and discharge areas and their surfaces can be identified easily. The Laplacian
operator (9°Z) is a mathematical tool for determining the net recharge (0°Z>0) and
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discharge (0°Z<0) volume for a given surface or rock volume. On the grid generated
with the operator the recharge areas have positive signs while the discharge areas are
negative. The flux of traditional physical quantities — like ground water, heat or
electric charge — at a given point is the function of the gradient of that point. The
determination of the gradient is possible with the following equation:

8%z 8°Z
VZ=F+—o.
ox® By

Results

The value of X-ray attenuation usually depends generally on bulk density,
effective atomic number, fluid content,the chemical composition of the grains,
cement and fluid if present in clastic sedimentary rocks (HUNT et al. 1988; KNOLL
1989; BOESPFLUG et al. 1995).

The debris materials of Pannonian sediments consist of metamorphic and quartz
gravels; the cements are dark grey siltstone, clay, light grey carbonate containing
siltstone and sandstone (BERCZI & VICZIAN 1973). Most of the samples are quartzose
litharenite, litharenite and feldspathic arkose (Figure 1). Core samples from the
Algyé region include sandstone ripples, dunes and massive sandstone beds, in
alternation with siltstone and argillaceous marl beds. The mean values of the
sandstone beds (regardless of their mineral content) from the A-248/1, A-248/2 and
A-100 boreholes were 2604, 2718, and
2663 HUs, respectively.

The CTN or CT numbers, proposed
by AMOs et al. (1996) were derived from
HUs as follows:

Quartz

crv =Y 4
1000

The main benefit of CTN over HUs is
that they give a better approach to
sample densities expressed in the
traditional gr/em? form. The CT numbers
for the same samples analyzed are 2.58,

Feldspar Lithic arenite

2.69 and 2.64, respectively. These values
are within the statistical error limit of the
density of the quartz mineral which is
2.65 gr/em®. Note that 1024 must be
extracted from Hounsfield Units before
applying the equation.

Grain size is an important factor
which effects X-ray attenuation. The
resolution of medical CT is suitable for
detecting changes in X-ray attenuation

Figure 1. Mineral content of sediments of the
conglomerate level with Lower-Pannonian age.
Legend: 1 arkose, 2 litharenitic arkose, 3
feldspathic arkose, 4 litharenite, 5 quartzose
arkose, 6 quartzos litharenite, 7 quartzite. After
BErCz1 & VICZIAN (1973)

1. dbra. Az alsé-panndniai konglomerdtum szint
iiledékeinek dsvinyos dsszetétele. Jelmagyardzat: 1.
arkoza, 2. ,kézethomokos” arkéza, 3. foldpdtos
kbzethomok, 4. k6zethomok (litoarenit), 5. kvarcos
arkéza, 6. kvarcos kozethomok, 7. kvarcit. Atdolgozva
BERCzI & VICZIAN (1973) nyomin
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Units. Generally, older rocks represent higher diagenetic stages and therefore bulk
density values (rather than younger rocks) so they are represented by higher
Hounsfield Units. On Figure 3 there are two siltstones representing two diagenetic
stages due to different geological ages. On the left hand photo there is an Upper
Holocene siltstone with (median 2193 HUs) (HUNYADEALVI 2004), while the other one on
the right is with a Lower Pannonian siltstone (median 2869 HUs). The main difference
between them is the degree of the diagenetic stage they are at.

Basic clastic sediments and sedimentary rocks are numerically identifiable and can
easily be distinguished from each other on the basis of CT-derived data analysis taking
age and depositional history into consideration. 13 core samples involved in the
numerical comparison were subdivided into coarse grain-size sets and fine grain-size
sets. The boundary between coarse and fine sediments is 0.0625 mm or @ = 4. The ®
corresponds to the diameter of the particles according to the equation: ® = -log,d
(KRUMBEIN & SLOsS 1963), where d is the diameter in millimetres. Prior to statistical
comparison outlier and extreme data must be removed from sets of coarse and fine
grain size data sets, respectively, using the Box-Whisker plot technique. This step
ensures that only appropriate data are taken into consideration. All coarse grain-size
sets have to be compared to each other in order to reveal numerical identity or
difference between them (Figure 4). The same procedure is carried with fine grain size

3000 .

o g :
Figure 4. Coarse grain size sets are "= 2800 :
compared to each other to reveal — . $ == EE %:
numerical identity. Two sample =5 2600 :a F—F E'IE ]
comparisons run a Mann-Whitney W @ 400 [
test to compare the medians of the U= % i
two samples g 2200 I -

3 i
4. dbra. A durva szemcseméreti QO 20001
adathalmazok dsszehasonlitdsa, feltdrja az I 1 . ? |
esetleges numerikus azonossigokat. Az 800+ 5 oo E BT TS T
eljdrds sordn a medidnok pdronként, a ::' gy E' % H % E' o
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sets either (Figure 5). Results show that data sets are statistically different from each
other on the basis of their medians and means. On Figure 4 and Figure 5 the data sets
of core samples are displayed in one graph in order to reveal significant numerical
difference or lack of difference between the median values. There are five data pairs
from the coarse grain-size sets whose medians are within the 20 HU-interval, so they
seem to be numerically identical (Figure 6). Sedimentological analysis verifies this
assumption: the sandstones of numerically identical data pairs are from the same
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Figure 6. There are five pairs of samples:
A-248/1-Fan/3, A-248/1-Fan/2,
A-248/2-Forraskit, Fan/l1-Fan/4, and
Fan/2-Fan/3 that are numerically
identical on the basis of their medians

6. dbra. A medidnok alapjdn 6t adathal-
maz-pér numerikusan azonosnak mutat-
kozott

Figure 7. These two core samples are
numerically identical based on two
sample comparison of median values
of the fine grain size sets

7. dbra. A finom szemcsemérethez tartozdé
adathalmazok medidnjai egymdstol nume-
rikusan nem kiilonboztethetdek meg

Figure 8. The same core samples
proved to be numerically different
based on two sample comparison of
median values of the coarse grain size
sets

8. dbra. Ugyanazon furdmagok durva
szemcsemérethez tartozd adathalmazainak
medidnjai numerikusan kiillonbozoek
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Diagenesis is the collective term for several physical, chemical and biological
processes that affect the physical and chemical properties of sedimentary rocks. The
mineral content, pressure, temperature, the character and flux of pore filling fluids,
porosity, and permeability all have an influence on the processes taking place
during lithification and diagenesis. Due to the complexity of the diagenetic
processes it is a difficult task to emphasize with certainty the dominance of one or
two of them which having the largest effect on the bulk density and X-ray
attenuation.

The resolution of the medical CT is unsuitable for detecting single grains, pores
or for the indirect determination of the size of pore throats. Although, this is true,
the former statement concerning the relationship between grain size and the
attenuation coefficient — i.e. the smaller the grain size, the higher the attenuation
coefficient — also has some truth. Two basic sedimentary rock types from the same
depositional environment, with the same age and diagenetic stage represent two
different medians, expected values or means of CT data sets. The main difference
between them is the type of accumulation. Finer sediments tend to accumulate
during low velocity; the packing is tighter and therefore the bulk density is higher,
so is the attenuation coefficient or Hounsfield Unit, regardless of the mineral
content.

Conclusions

Medical CT measurements provide reasonable enough data to enable the
application of numerical analysis in order to identify and distinguish basic clastic
sedimentary rock types, taking age and depositional history into consideration. X-
ray attenuation of clastic sedimentary rocks generally depends on the bulk density,
effective atomic number, fluid content, and chemical composition of the grains,
cement, and fluid content (if present). Supposing that age and the nature of
deposition are nearly the same, a smaller mean grain size indicates higher X-ray
attenuation due to tighter packing and higher bulk density.

The mineral composition of clastic sediments vary randomly from voxel to voxel
in the 3D matrix and therefore it should not be over-emphasized as a significant
factor affecting X-ray attenuation, since the resolution of medical CT is
inappropriate for detecting individual grains.

The resolution of medical CT is suitable for detecting changes in texture and
fabric which have their origins in grain size fluctuation derived from fluctuation of
agent velocity and the type of deposition. Every type of texture/fabric could be
described by intervals of Hounsfield Units. To avoid overlapping numerical
identification adopts two sample comparisons in which medians of the data are
compared. Medians of data should be used when distribution of the data are non-
normal. In the case of non-normal distribution the use of mean value, estimated by
a “Maximum-likelihood” method, is also feasible. Sedimentological investigation
must follow every numerical comparison in order to verify or reject mathematical
assumptions concerning the differences between the data sets that are being
compared.
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Utilization of the functional relationship between the semivariogram of at least a
second order stationary regionalized variable and its planar autocorrelation is essential
in order to reveal micro-scale spatial continuity of clastic sedimentary rocks. Results
have proved that autocorrelograms give appropriate images of spatial continuity or
zonal anisotropy.

The potential that lies in the application of the Laplacian operator is promising
with respect to indicating small-scale static flow surfaces. These surfaces or zones
are linked to erosional surfaces, layer boundaries, or any fabric-controlled regions
that are less coherent in the field of clastic sedimentary rocks deposited in a
submarine fan environment. Detection of such zones based on data obtained from
CT measurements could be revolutionary in micro-sedimentology, and further
developments could aid petroleum geology.
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