Available online at www.sciencedirect.com

d JOURNAL OF
sc|ENcECDIRECT Colloid and
Interface Science

ELSEVIER Journal of Colloid and Interface Science 274 (2004) 607-612

www.elsevier.com/locate/jcis

Angstrom-to-millimeter characterization of sedimentary
rock microstructure

A.P. Radlinski#* M.A. loannidis® A.L. Hinde2 M. Hainbuchnef,M. Baron® H. Rauch®
and S.R. Kliné

@ Geoscience Australia, GPO Box 378, Canberra City, Australian Capital Territory 2601, Australia
b Department of Chemical Engineering, University of Waterloo, Waterloo, ON, Canada
¢ Atominstitut der Osterreichischen Universitaten, Vienna, Austria
d Institute Max von Laue—Paul Langevin, Grenoble Cedex, France
€ NIST Center for Neutron Research, Gaithersburg, MD, USA

Received 21 August 2003; accepted 6 February 2004
Available online 9 April 2004

Abstract

Backscatter SEM imaging and small-angle neutron scattering (SANS) data are combined within a statistical framework to quantify the
microstructure of a porous solid in terms of a continuous pore-size distribution spanning over five orders of magnitude of length scale, from
10 A to 500 pm. The method is demonstrated on a sample of naturatsaedsd the results are tested against mercury porosimetry (MP)
and nuclear magnetic resonance (NMR) relaxation data. The rock microstructure is fiaetdl.47) in the pore-size range 10 A-50 pm
and Euclidean for larger length scales. The pore-size distribution is consistent with that determined by MP. The NMR data show a bimodal
distribution of protonZ> relaxation times, which is interpreted quantitatively using a model of relaxation in fractal pores. Pore-length scales
derived from the NMR data are consistent with the geometrical parameters derived from both the SEM/SANS and MP data. The combined
SANS/BSEM method furnishes new microstructural informatibat should facilitate # study of capillary ph@omena in hydrocarbon
reservoir rocks and other porous solids exhibiting broad pore-size distributions.

0 2004 Elsevier Inc. All rights reserved.
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1. Introduction pendence of electrical resistivity and relative permeability
on water saturation [5], and the rate of spontaneous imbibi-

To understand and model the behavior of fluids con- tion [6]. _ .

fined in porous solids, as required in a plethora of engineer-  The microstructure of sedimeary rocks was extensively

ing applications [1,2], one would like to have a complete studied in the 1980s, when the conngctlon was made be-
picture of pore geometry—a picture in which the smallest tween fractal geometry [7] and the microstructure of het-
as well as the largest pore-length scales are quantitatively®'09eneous surfaces [8]. Katz and Thompson [9] used SEM
represented. This is particularly challenging for sedimen- and optical microscopy to demonstrate the fractal charac-
tary rocks, which occupy an @emely broad distribution ter of pore space in sqndstones over length spales ranging
of length scales (from nanometers to hundreds of microm- froth.l t0 100 um. This ‘f"’aﬁ f:)llowed zy aseries 0(; papgrs
eters). The need to account quantitatively for pore-length " (e microgeometry of shales, sandstones, and carbon-
scales on the order of grain size and for the finer structural atgs, which establlgheq that the upper size limit for fractal
features of the rock—pore interface is evident in efforts to microstructures varies in the range from 5 to 100 ym, de-

. . : : _ pending on rock lithology [10,11]. Other studies on frac-
predict the amount of capillary-bound fluids [3,4], the de tal features of sandstone and limestone rocks include the

works of Jacquin and Adler [12] and Hansen and Skjel-
* Corresponding author. torp [13], who used optical microscopy to determine the
E-mail address: andrzej.radlinski@ga.gov.au (A.P. Radlinski). fractal volume and surface dimensions. Bale and Schmidt
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[14] derived the analytical form of the correlation function 2. Materialsand methods
for surface fractals and applied it to the analysis of small-
angle X-ray scattering (SAXS)ata on lignite coals. The 2.1. Statistical fusion and analysis of imaging and
expression for the correlation function was later modified scattering data
by Mildner and Hall [15] to account for the limited size of
real fractal objects and by Wong and Bray [16] to account A porous medium is quite generally described in terms
for finite scattering as the dctal dimension approaches a 0f a binary phase functio# (x), taking the value of unity if
value of 3. Wong et al. [17] used small-angle neutron scatter- X points to void and zero otherwise [27]. Statistical proper-
ing (SANS) to study the microstructure of sandstone, shale, ties of Z(x), directly accessible from binary BSEM images,
limestone, and dolomite samples over length scales rangingare the porosityy = (Z(x)) and the correlation function
from 5 to 500 A. They found a nonuniversal fractal char- Re(r) =(Z()Z(x+ ) — ¢?)/1(¢ — ¢?), wherer is a lag
acter in sandstones and shales, which they attributed to the/€ctor and angular brackets denote averaging [22,23]. For
varying clay content of the samples. Cohen [18] presented aisotropic media, the correlation fgnction depends only on
theoretical model of various morphological regimes in sedi- the modulus- of the lag vector; i.e., R.(r) = R.(r). In
mentary rocks and explained suppressed grain sintering and®ANS/USANS of rocks, which scatter neutrons as a quasi-
formation of rough grain—pore interfaces as the consequencdWo-phase system [26], the measured scattering intensity
of small pore—grain free energy by comparison to the grain- 1(Q) is the Fourier transform of the correlation function,
boundary free energy. There is an extensive body of work ap- 00
plying measurements of adsorption isotherms to determine Q) = 4z (Ap)%(¢ — ¢?) / r?R,(r)
the fractal dimensions of solid adsorbents. These methods 5
have been reviewed by Avnir [19] and, more recently, by
Terzyk et al. [20]. where (Ap)? is the scattering length density contrast and

Although the rock—pore interface has extensive fractal the magnitude of the scattering vectr= 4 sin(6/2)/2,
properties, fractal scaling laws cannot describe the mi- Where¢ and i are the scattering angle and beam wave-
crostructure over all relevant length scales. In fact, porous l€ngth, respectively. For periodic structures the magnitude
sedimentary rocks have both Euclidean and fractal charac-Of the scattering \{egtor is relat_ed to t.he character_|st|c size
teristics. Their internal architecture can be completely de- @S € = 27/r. Statistical analysis of binary BSEM images
scribed neither as a collection of compacted grains [21] nor Providesg: () and, b3{ virtue of Eq. (1)/(Q) in the range
as a surface fractal. Quantifying the entire spectrum of pore 107" < @ < 1074 A", This range overlaps with and ex-
length scales is very difficult. On one hand, direct imaging tends the range accessible g ttcombined SANS/USANS
methods such as backscatter scanning electron microscopylata (10° < 0 < 1071 A_l). In the extended range 10-A
(BSEM) [22,23], X-ray microtomography [24], or confocal r <1 mm, the correlation function is then recovered from
laser microscopy [25] cannot provide statistically significant the extended (Q) data by the equation
microstructure data at length scales much smaller than about 00
1 um. On the other hand, indirect imaging methods such as 1 2 sin(Qr)

| R.(r) = [ et

small-angle and ultra-small-angle neutron scattering (SANS 22(Ap)2(p — ¢?) Or
and USANS), yield the volume-averaged Fourier transform 0
of the density correlation function on length scales ranging whereas the porosity is obtained from the invariarit, de-
from 1 nm to about 10 pum [26]. Greater length scales, ac- fined as follows:

sin(Qr)
Qr

dr, Q)

dg. (2)

counting for much of the pore volume in sedimentary rocks, 00
cannot be probed by these techniques. Y = / 021(0)d 0 = 272(Ap)2h (1 — ). 3)
In this paper we combine SANS and USANS measure-

ments with BSEM-derived correlation information to im- ] ) ) .
age, in Fourier reciprocal spathe entire void space within Aside from computation of the porosity and correlation
sedimentary rock. The experiments performed and the the-function, thel(Q) data may be analyzed as follows. Scat-
ory behind the fusion and subsequent analysis of combinedt€fing from a surface fractal obeys the scaling [B¢Q) o

SANS/USANS/BSEM data are described in Section 2. Ap- QD._G' whereD is the surface fractal dimension. An alter-
plication of these methods to a sample of reservoir sand- native fractal analysis is based on the assumption that cor-

stone is discussed in Section 3, where it is shown that therelations decay exponentially at length scales greaterghan

pore-size distribution derived using a polydisperse spherical [14.15]:

pore (PDSP) model is quantitatively consistent with struc- ;o) « 011 (5 — D)E5 P14+ (Qé)z](D—FJ)/Z
tural information obtained by mercury porosimetry (MP) .

and nuclear-magnetic-resonance (NMR) relaxometry. Key X sm[(D -D arctaniQé)]. (4)
findings and implications for future work are summarized Furthermore, assuming that the pore space can be repre-
in Section 4. sented by an assembly of independent spherical pores with
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an arbitrary distributiory () of radii r, the scattering inten-
sity may be computed as

S V2 f(r)F(Qr)dr
SV, f(rydr

where V, = (4/3)7r2 and F(Qr) = [3{sin(Qr) — Or x

cos 0r)}/(Qr)3]2 are the volume and form factor of spher-
ical scattering objects, respaetly. Such a representation,
hereafter referred to as the polydisperse spherical pore
(PDSP) model, is remarkably useful. This is in part because,
as first shown by Schmidt [28] in a prefractal insight, the
scattering intensity from the polydisperse system of ran-
domly oriented independently scattering particles follows
a power law, which is also ubiquitous for fractal systems.
The PDSP model has been numerically tested by Radlin-
ski et al. [29]. For a surface fractal the functigtir) obeys

the scaling lawf (r) o« —(P+D | but the PDSP model is not
restricted to fractal microstructures and can be considered
as a general representation of the microarchitecture of the
rock—pore interface. As will be shown in the next section,
several microstructural properties can be directly calculated
from this model.

1(Q) = (Ap)% ©)

’

2.2. Experimental techniques

We studied a sandstone sample from an oil reservoir
in central Australia. The sample has porosjty= 0.181
and permeabilityk = 450 mD, as determined by standard
core-analysis methods. Mineralogical analysis by X-ray dif-
fraction indicated that the sample contains -08.39%
quartz, 06 + 0.12% dickite, 150 £ 0.37% mica (possi-
bly muscovite), and @ + 0.03% montmorillonite. SANS
and USANS measurements were performed on a 2-mm-
thick sample, using instrument NG7 of the NIST [30] at

a wavelength of 5 A (16° < 0 < 10-1 A% and instru-
ment S18 (Austrian beam line, Grenoble Research Reactor,
Grenoble, France) [31] at a wavelength of 1.89 A(1&

Q<103 A_l), respectively. BSEM images were obtained

from polished sections, previously impregnated under vac-
uum and pressure with a long-chain carbon polymer. The
presence of polymer prevents the pores from collapsing in

response to mechanical treatment of the rock surface. Sec-

tions perpendicular and parallel to the bedding plane were
studied (65 images each) using previously reported meth-
ods [23], and isotropy of statistical properties was verified.
Proton NMR relaxation measurements at 100% water satu-
ration were made on a modified Bruker SXP spectrometer
at 26.6 MHz using the Carr—Purcell-Meiboom-Gill pulse
sequence [32]. The measured magnetization decay was an
alyzed according to a multiexpontal relaxation model
using an inversion algorithm detailed elsewhere [3]. A Mi-
cromeritics Poresizer 9310 (60,000 psia maximum pressure
was used to perform the mercury injection porosimetry test
on an 1-crd cubic sample, lightly coated with epoxy on all
but one face to minimize surface penetration effects.
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3. Resultsand discussion

Typical micrographs of the sample studied are shown in
Fig. 1. Fig. 1a displays one of the BSEM images used to
determine the correlation functioR, (). The presence of
porosity at multiple length scales is clearly evident in the
SEM images shown in Figs. 1b—1d. These images suggest

EHT=
Signal A = SE2

File Name = M4 4.5F Time 4:32:41

RBSED  Date :23 May 2002
Photo No. = 7992 Time :17:13:20

)Fig. 1. (a) Typical BSEM image of impregnated and polished section used
for determining the functiorR; (r) (magnification 10&: 1.55 pnypixel).

Pore space is shown in black. (b)-(d) SEM images of the sample at increas-

ing magnifications, illustrating the presence of porosity at multiple length
scales.
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Fig. 1. (Continued.) 1.0
0.9
the presence of a hierarchypdre networks, reminiscent of 038
the multiscale percolation systems envisioned by Neimark o7
[33] and Xu et al. [34]. 06 1
The combined SANS/USANS/BSEM (Q) data, de- o5

picted in Fig. 2a, span the linear size range from 20 A & ,,] ~~Fom(@detEe@

to 500 um, which extends over the entire range of pore ,]
sizes in typical sandstones and is the widest continuous ,]
range ever studied for a sedimentary rock. These data obey |, ]
1(Q) x QP~5, indicating a very extensive surface fractal
system P = 2.5) with an upper cut-off ~ 50 um. At large

——MH model
o BSEM (measured)

0.0 ——

-0.1

QO-values Q > 0.1 A_l), the scattering intensity departs T T
from the ideal power law. This may be due partly to the " (Angstrom)
small-scale compositional inhomogeneities within the rock (®)

and partly to the statistical noise related to the relatively low 15402 15408

count rate, as the scattering intensity is rapidly decreasing 101
toward the value of the small flat background of 0.006¢m 1E04
(subtracted in Fig. 2a). An analysis of tiéQ) data using

Eq. (4), hereafter referred to as the Mildner and Hall (MH)

E 1E+04

E 1E+03

1E-07 E 1E+02

13 P
model, yields similar results for the fractal component of the %, e e E
pore space (see Fig. 2d),= 2.47 andé = 35 um, but does § B34 FIER00 G
not accurately describ®, (r) at larger values(see inset of T tee E 1E-01
Figs. 2a and 2b). 1E-19 ] [ 1E-02

Using (Ap)? = 3.9 x 10'% cm~2, we obtaing = 0.184
from the invariant’, Eq. (3), andp = 0.181 from the fit of ¢
the PDSP model to the combinddQ) data—both in ex- O U P P P s

1E-22 E 1E-03

cellent agreement with the value & 0.181) determined r (Angstrom)

by a saturation method. The porosity estimated by MP at (©)

the maximum intrusion pressure of 60,000 psiguf =

0.176) is also in good agreement. The Va{lAﬁ))z =39x Fig. 2. (a) Absolute neutroseattering cross sectidri{ Q) (after background

0 _2 ; : _ subtraction of 6x 1073 cm™1) and (b) correlation functiorR,(r) from
10 cm™2 used to estimate the porosity from the com combined SANS/USANS/BSEM data and models (see text for details).

bined/(Q) data is supported by an independent calculation. Contributions taR; (r) by nonfractal objects of size> 50 um are apparent.
Our sample has an apparent grain density of 2.649n8, (c) Distributions of pore sizef (r), and specific surface aresy). Straight

as measured by MP. From X-ray diffraction, the sample line corresponds t¢f (r) oc r =P+ with D = 2.49+0.03.

composition is approximately 98% SiQiquartz) and 2%

H2KAI 3(Si0O4)3 (muscovite). For this composition and grain

density we calculatéAp)? = 4.1 x 10% cm=2. The differ- As shown in Fig. 2c, the pore-size distribution accord-
ence between this value and the value used in our computaing to the PDSP model, Eq. (5), followg(r) oc r =P+
tions (Ap)2 = 3.9 x 10'° cm=2) is 5%. This difference is ~ with D = 2.494 0.03 for 20 A< r < 55 pm, in agree-
within the error of SANS/USANS data, which is estimated ment with the other estimates. Remarkably, the fraction of
to be+5%. the pore volume associated with the surface fractal regime



A.P. Radlinski et al. / Journal of Colloid and

is approximately 62%. The specific surface aseat a pore
size of 10 A is 1.64 um! according to the PDSP model (see
Fig. 2c)—of the same order of magnitude as the value de-
termined by MP { = 0.47 pnt1), but higher since MP does
not account for contributions to the surface area by pores
smaller than about 20 nm.

For locally spherical solid—void interface geometry, as as-
sumed in writing Eq. (5), the relationship between capillary
pressure and pore size is the well-known Young-Laplace
equation, P, = 20 cosd/r;, where o is the surface ten-
sion, 6 is the receding contact angle, andis the radius
of porethroats (volumeless local constrictions in the pore
space) through which poigodies are accessible to a non-
wetting liquid [1]. Sincef (r) must be identified with the
pore body size distribution, the experimental mercury in-
trusion data are quantitatively consistent with an average
pore body-to-throat size rati@/r,) ~ 3.5 (see Fig. 3a). This
value agrees remarkably well with recent independent esti-

mates of the pore-to-throat aspect ratio for sandstone rockss

of similar lithology, porosity, and permeability [35]. Fur-
ther support for the validity of pore structure information
extracted by the application of the PDSP model to the com-
bined SANS/USANS/BSEM data is provided below.

As shown in Fig. 3b, measurement of the decay of nu-

clear transverse magnetization in the water-saturated sample , ,,

shows a distinctively bimodal distribution @b relaxation
times. This behavior is consistent with a model of NMR
relaxation in fractal pores [36]. According to this model,
at distanceLcg from the pore walls, a Minkowski fron-
tier delimits inner pore volumes of sizZan:. Nuclear spins
within a distanceLcg from the pore walls (the so-called
“coarse-graining” length) diffuse easily to the surface and
are relaxed with characteristic tinfe short~ ng/ Do, where
Log=(A/OYP=D A = Do/p, £ is the lower cutoff of the
fractal region,Dg is the self-diffusion coefficient of water,
and p is the surface relaxivity. The fraction of magnetiza-
tion that follows this rapid decay i$short= (ch/é)z‘D,
whereé is the upper cutoff of the fractal region. Relaxation
of spins within the inner pore volume is diffusion-controlled
and has characteristic timk jong &~ Lﬁn/(anDo). Using

D = 247 and?¢ = 2 nm from our SANS measurements,
Do =25 x 1072 m?/s, p = 12 unys [37,38], and for the
experimentally observed relaxation tim&® gnort~ 0.01 s,
T1ong ~ 0.1 s) and peak intensitiesfdhort= 0.41, fiong =
0.59), we predict ~ 35 um andLjy; ~ 75 um. These es-
timates are consistent with our analysis of scattering data.
Since for the above parameter valugg = 5 um, we may
further attempt tgredict fsnhort from the pore size distribu-
tion f(r) of Fig. 2c, as follows:

[reor3f(rydr+ J1or® = (r = Leg)®1f (r) dr

frr,:sx r3f(r)ydr

fshort=

(6)
This calculation givegshort= 0.47, in good agreement with
the NMR experiment.
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Fig. 3. (a) Measured and calculated mercury intrusion porosimetry curve.
Pore volumes calculated & = (4/3)rrr3 from porebody sizesr distrib-

uted according tof (r) (see Fig. 2c). Capillary pressures calculated from
the Young—Laplace equation for surface tensioe= 485 mN/m, reced-

ing contact angle® = 40°, and porethroat sizer; = r/3.5. (b) Decay of
transverse nuclear magnetizatiof(r) / Mg in water-saturated sample. The
distribution of 7> relaxation times (inset) is consistent with a model of sur-
face-enhanced relaxation in fractal pores [36].

We finally note that the length scale(pore throat diam-
eter) controlling flow permeability may be estimated from
the relationshipk = 12/(226F) [39], whereF is the elec-
trical formation factor. For our samplé,= 450 mD, ¢ =
0.181, and using” = ¢~ (Archie’s law) with 18 < m < 2,
we obtain/, = 52+ 4 pm, corresponding to a pore throat
radius of 26+ 2 um. The mercury—air breakthrough capil-
lary pressure computed from the Young-Laplace equation
for this radius,P? = 4.2 + 0.3 psia, is in very good agree-
ment with the experimental porosimetry data (see Fig. 3a).
For a pore-body-to-throat aspect ratio of 3.5, the associated
pore-body radius is 9% 7 um, which corresponds well with
Lint determined by analysis of the NMR relaxation data.

4. Conclusions

In this paper, we proposed and tested the statistical fu-
sion of experimental small-angle neutron scattering (SANS
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and USANS) and backscatter SEM imaging data of porous [5] S. Bekri, J. Howard, J. Muller, P.M. Adler, Transp. Porous Media 51
media and their subsequentinterpretation in terms of a poly-  (2003)41. _
disperse spherical pore (PDSP) model. Our objective was [6] G.N. Constantinides, A.C. Payatakes, Transp. Porous Media 38 (2000)

to probe quantitatively the entire spectrum of pore-length 291.
[7] B. Mandelbrot, The Fractal Geometry of Nature, second ed., Freeman,

scales within a sample of reservoir sandstone. We found ~~ new York, 1983.

that the sample studied is an extensive (ca. 62% of the pore [8] P. Pfeifer, D. Avnir, J. Chem. Phys. 79 (1983) 3558.
volume) surface fractall§ = 2.47) in the pore-size range  [9] A.J. Katz, A.H. Thompson, Phys. Rev. Lett. 54 (1985) 1325.
10 A-50 um and is Euclidean for larger length scales. The [19] C.E. Krohn, J. Geophys. Res. 93 (1988) 3297.

. S . . [11] A.H. Thompson, Ann. Rev. Earth Planet. Sci. 19 (1991) 237.
pore-size distribution according to a fit of the PDSP model [12] C.G. Jacquin, P.M. Adler, Transp. Porous Media 2 (1987) 571.

to the combined SANS/USANS/BSEM data agreed quan- [13] J.p. Hansen, A.P. Skieltorp, Phys. Rev. B 38 (1988) 2635.
itatively wi e measure response of the water- [14] H.D. Bale, P.W. Schmidt, Phys. Rev. Lett. 53 (1984) 596.
titatively with th d NMR resp f th t

saturated sample, within the context of a model of spin [15] D.F.R. Mildner, P.L. Hall, J. Phys. D Appl. Phys. 19 (1986) 1535.
relaxation in fractal pores [36]. The derived pore-size dis- [16] P-Z.Wong, A.J. Bray, Phys. Rev. Lett. 60 (1988) 1344.

tributi | d dth intrusi imet [17] P.-Z. Wong, J. Howard, J.-S. Lin, Phys. Rev. Lett. 57 (1986) 637.
ribution aiso reproduce € mercury intrusion porosimetry [18] M.H. Cohen, in: Physics and Chemistry of Porous Media I, in: AIP

curve, assuming an average pore-to-throat size aspect ratio ~ conference Proceedings, vol. 154, 1987.

of about 3.5. This a value agreed with estimates obtained in-[19] D. Avnir (Ed.), The Fractal Apgrach to Heterogeneous Chemistry:
dependently by Song [35] for samples of similar lithology, Surfaces, Colloids, Polymers, Wiley, Chichester, 1989.

porosity, and permeability. From these results we conclude [20] A-P. Terzyk, P.A. Gauden, P. Koleayk, Arabian J. Sci. Eng. 28 (1C)

that the proposed multiscale s&dical-geometric descrip- [21] gogsﬂkle%ﬁ.g Oren, SPE J. 2 (1997) 136.

tion furnishes useful and unifying insights into the pore-size [22] s.c. Blair, P.A. Berge, J.G. Berryman, J. Geophys. Res. B 101 (9)
distribution, porosity, and correlation function and the char- (1996) 20359.

acteristic length scales for capillary pressure, nuclear spin[23] M.A. loannidis, M.J. Kwiecien, .IChatzis, J. Pet. Sci. Eng. 16 (1996)
relaxation, and flow permedity. The proposednethod may 251,

. . L . A [24] P. Spanne, J. Thovert, C. JaagwV. Lindquist, K. Jones, P.M. Adler,
find use in the characterization of other materials exhibiting Phys. Rev. Lett. 73 (1994) 2001.

broad pore-size distributions, such as carbonate rocks, soil,25] T. Fredrich, B. Menendez, T.-F. Wong, Science 268 (1995) 276.
cements, and concretes and should be a useful complemeris] A.P. Radlinski, E.Z. Radlinska, M. Agamalian, G.D. Wignall, P. Lind-
to alternative techniques, which rely on solid—fluid interac- ner, O.G. Randl, Phys. Rev. Lett. 82 (1999) 3078.

tions for pore structure characterization [40,41]. The method [27] P-M. Adler, C.G. Jacquin, J./Quiblier, Int. J. Multiphase Flow 16

. o ) ) 1990) 691.
may also provide detailed input data (two-point correlation (28] E,W S)d]midt 3. Appl. Crystallogr. 15 (1982) 567

functions) for the computer reconstruction [42,43] of the mi- 29 A P. Radlinski, C.J. Borelma, P. Lindner, O. Randl, G.D. Wignall,
crostructure of porous rock and other materials exhibiting A.L. Hinde, J.M. Hope, Org. Geochem. 31 (2000) 1.
both fractal and Euclidean characteristics. [30] C.J. Glinka, J.M. Rowe, J.G. LaRock, J. Appl. Crystallogr. 19 (1986)
427.
[31] M. Hainbuchner, M. Villa, G Kroupa, G. Bruckner, M. Baron,
H. Amenitsch, E. Seidl, H. Rauch, J. Appl. Crystallogr. 33 (2000) 851.
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