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Abstract

Backscatter SEM imaging and small-angle neutron scattering (SANS) data are combined within a statistical framework to qu
microstructure of a porous solid in terms of a continuous pore-size distribution spanning over five orders of magnitude of length sc
10 Å to 500 µm. The method is demonstrated on a sample of natural sandstone and the results are tested against mercury porosimetry
and nuclear magnetic resonance (NMR) relaxation data. The rock microstructure is fractal (D = 2.47) in the pore-size range 10 Å–50 µ
and Euclidean for larger length scales. The pore-size distribution is consistent with that determined by MP. The NMR data show
distribution of protonT2 relaxation times, which is interpreted quantitatively using a model of relaxation in fractal pores. Pore-length
derived from the NMR data are consistent with the geometrical parameters derived from both the SEM/SANS and MP data. The
SANS/BSEM method furnishes new microstructural information that should facilitate the study of capillary phenomena in hydrocarbon
reservoir rocks and other porous solids exhibiting broad pore-size distributions.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

To understand and model the behavior of fluids c
fined in porous solids, as required in a plethora of engin
ing applications [1,2], one would like to have a compl
picture of pore geometry—a picture in which the small
as well as the largest pore-length scales are quantitat
represented. This is particularly challenging for sedim
tary rocks, which occupy an extremely broad distribution
of length scales (from nanometers to hundreds of micr
eters). The need to account quantitatively for pore-len
scales on the order of grain size and for the finer struct
features of the rock–pore interface is evident in efforts
predict the amount of capillary-bound fluids [3,4], the d
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E-mail address: andrzej.radlinski@ga.gov.au (A.P. Radlinski).
0021-9797/$ – see front matter 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcis.2004.02.035
pendence of electrical resistivity and relative permeab
on water saturation [5], and the rate of spontaneous imb
tion [6].

The microstructure of sedimentary rocks was extensivel
studied in the 1980s, when the connection was made
tween fractal geometry [7] and the microstructure of h
erogeneous surfaces [8]. Katz and Thompson [9] used S
and optical microscopy to demonstrate the fractal cha
ter of pore space in sandstones over length scales ran
from 0.1 to 100 µm. This was followed by a series of pap
on the microgeometry of shales, sandstones, and car
ates, which established that the upper size limit for fra
microstructures varies in the range from 5 to 100 µm,
pending on rock lithology [10,11]. Other studies on fra
tal features of sandstone and limestone rocks include
works of Jacquin and Adler [12] and Hansen and Sk
torp [13], who used optical microscopy to determine
fractal volume and surface dimensions. Bale and Schm

http://www.elsevier.com/locate/jcis


608 A.P. Radlinski et al. / Journal of Colloid and Interface Science 274 (2004) 607–612

on
all-
e
ed

of
unt
a

tter-
ale,
ging
ar-
o the
ed a
di-
an

ence
ain-
ap-
ine

hods
by

ctal
mi-
ous
rac
de-
nor
ore
ing
cop
al
ant
bou
h as
NS

orm
ing
ac-
ks,

re-
-

n
the-
ined
Ap-
nd-

t the
rical
uc-
P)
Key
ed

ms

er-
s,

n

For
on

asi-
nsity

nd

ve-
ude
size
es

x-

om

ion
at-

r-
cor-
an

epre-
with
[14] derived the analytical form of the correlation functi
for surface fractals and applied it to the analysis of sm
angle X-ray scattering (SAXS) data on lignite coals. Th
expression for the correlation function was later modifi
by Mildner and Hall [15] to account for the limited size
real fractal objects and by Wong and Bray [16] to acco
for finite scattering as the fractal dimension approaches
value of 3. Wong et al. [17] used small-angle neutron sca
ing (SANS) to study the microstructure of sandstone, sh
limestone, and dolomite samples over length scales ran
from 5 to 500 Å. They found a nonuniversal fractal ch
acter in sandstones and shales, which they attributed t
varying clay content of the samples. Cohen [18] present
theoretical model of various morphological regimes in se
mentary rocks and explained suppressed grain sintering
formation of rough grain–pore interfaces as the consequ
of small pore–grain free energy by comparison to the gr
boundary free energy. There is an extensive body of work
plying measurements of adsorption isotherms to determ
the fractal dimensions of solid adsorbents. These met
have been reviewed by Avnir [19] and, more recently,
Terzyk et al. [20].

Although the rock–pore interface has extensive fra
properties, fractal scaling laws cannot describe the
crostructure over all relevant length scales. In fact, por
sedimentary rocks have both Euclidean and fractal cha
teristics. Their internal architecture can be completely
scribed neither as a collection of compacted grains [21]
as a surface fractal. Quantifying the entire spectrum of p
length scales is very difficult. On one hand, direct imag
methods such as backscatter scanning electron micros
(BSEM) [22,23], X-ray microtomography [24], or confoc
laser microscopy [25] cannot provide statistically signific
microstructure data at length scales much smaller than a
1 µm. On the other hand, indirect imaging methods suc
small-angle and ultra-small-angle neutron scattering (SA
and USANS), yield the volume-averaged Fourier transf
of the density correlation function on length scales rang
from 1 nm to about 10 µm [26]. Greater length scales,
counting for much of the pore volume in sedimentary roc
cannot be probed by these techniques.

In this paper we combine SANS and USANS measu
ments with BSEM-derived correlation information to im
age, in Fourier reciprocal space,the entire void space withi
sedimentary rock. The experiments performed and the
ory behind the fusion and subsequent analysis of comb
SANS/USANS/BSEM data are described in Section 2.
plication of these methods to a sample of reservoir sa
stone is discussed in Section 3, where it is shown tha
pore-size distribution derived using a polydisperse sphe
pore (PDSP) model is quantitatively consistent with str
tural information obtained by mercury porosimetry (M
and nuclear-magnetic-resonance (NMR) relaxometry.
findings and implications for future work are summariz
in Section 4.
d

-

y

t

2. Materials and methods

2.1. Statistical fusion and analysis of imaging and
scattering data

A porous medium is quite generally described in ter
of a binary phase functionZ(x), taking the value of unity if
x points to void and zero otherwise [27]. Statistical prop
ties ofZ(x), directly accessible from binary BSEM image
are the porosityφ = 〈Z(x)〉 and the correlation functio
Rz(r) = 〈Z(x)Z(x + r) − φ2〉/I (φ − φ2), wherer is a lag
vector and angular brackets denote averaging [22,23].
isotropic media, the correlation function depends only
the modulusr of the lag vectorr; i.e., Rz(r) = Rz(r). In
SANS/USANS of rocks, which scatter neutrons as a qu
two-phase system [26], the measured scattering inte
I (Q) is the Fourier transform of the correlation function,

(1)I (Q) = 4π(�ρ)2(φ − φ2)

∞∫

0

r2Rz(r)
sin(Qr)

Qr
dr,

where (�ρ)2 is the scattering length density contrast a
the magnitude of the scattering vectorQ = 4π sin(θ/2)/λ,
where θ and λ are the scattering angle and beam wa
length, respectively. For periodic structures the magnit
of the scattering vector is related to the characteristic
asQ = 2π/r. Statistical analysis of binary BSEM imag
providesRz(r) and, by virtue of Eq. (1),I (Q) in the range

10−7 < Q < 10−4 Å
−1

. This range overlaps with and e
tends the range accessible by the combined SANS/USANS

data (10−5 < Q < 10−1 Å
−1

). In the extended range 10 Å<
r < 1 mm, the correlation function is then recovered fr
the extendedI (Q) data by the equation

(2)Rz(r) = 1

2π2(�ρ)2(φ − φ2)

∞∫

0

Q2I (Q)
sin(Qr)

Qr
dQ,

whereas the porosityφ is obtained from the invariantY , de-
fined as follows:

(3)Y ≡
∞∫

0

Q2I (Q)dQ = 2π2(�ρ)2φ(1− φ).

Aside from computation of the porosity and correlat
function, theI (Q) data may be analyzed as follows. Sc
tering from a surface fractal obeys the scaling lawI (Q) ∝
QD−6, whereD is the surface fractal dimension. An alte
native fractal analysis is based on the assumption that
relations decay exponentially at length scales greater thξ

[14,15]:

I (Q) ∝ Q−1Γ (5− D)ξ5−D
[
1+ (Qξ)2](D−5)/2

(4)× sin
[
(D − 1)arctan(Qξ)

]
.

Furthermore, assuming that the pore space can be r
sented by an assembly of independent spherical pores
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an arbitrary distributionf (r) of radii r, the scattering inten
sity may be computed as

(5)I (Q) = (�ρ)2φ

∫ rmax
rmin

V 2
r f (r)F (Qr) dr∫ rmax

rmin
Vrf (r) dr

,

where Vr = (4/3)πr3 and F(Qr) = [3{sin(Qr) − Qr ×
cos(Qr)}/(Qr)3]2 are the volume and form factor of sphe
ical scattering objects, respectively. Such a representatio
hereafter referred to as the polydisperse spherical
(PDSP) model, is remarkably useful. This is in part beca
as first shown by Schmidt [28] in a prefractal insight, t
scattering intensity from the polydisperse system of r
domly oriented independently scattering particles follo
a power law, which is also ubiquitous for fractal system
The PDSP model has been numerically tested by Ra
ski et al. [29]. For a surface fractal the functionf (r) obeys
the scaling lawf (r) ∝ r−(D+1), but the PDSP model is no
restricted to fractal microstructures and can be consid
as a general representation of the microarchitecture o
rock–pore interface. As will be shown in the next secti
several microstructural properties can be directly calcula
from this model.

2.2. Experimental techniques

We studied a sandstone sample from an oil reser
in central Australia. The sample has porosityφ = 0.181
and permeabilityk = 450 mD, as determined by standa
core-analysis methods. Mineralogical analysis by X-ray
fraction indicated that the sample contains 98± 0.39%
quartz, 0.6 ± 0.12% dickite, 1.50 ± 0.37% mica (possi-
bly muscovite), and 0.0 ± 0.03% montmorillonite. SANS
and USANS measurements were performed on a 2-m
thick sample, using instrument NG7 of the NIST [30]

a wavelength of 5 Å (10−3 < Q < 10−1 Å
−1

) and instru-
ment S18 (Austrian beam line, Grenoble Research Rea
Grenoble, France) [31] at a wavelength of 1.89 Å (10−5 <

Q < 10−3 Å
−1

), respectively. BSEM images were obtain
from polished sections, previously impregnated under v
uum and pressure with a long-chain carbon polymer.
presence of polymer prevents the pores from collapsin
response to mechanical treatment of the rock surface.
tions perpendicular and parallel to the bedding plane w
studied (65 images each) using previously reported m
ods [23], and isotropy of statistical properties was verifi
Proton NMR relaxation measurements at 100% water s
ration were made on a modified Bruker SXP spectrom
at 26.6 MHz using the Carr–Purcell–Meiboom–Gill pu
sequence [32]. The measured magnetization decay wa
alyzed according to a multiexponential relaxation mode
using an inversion algorithm detailed elsewhere [3]. A M
cromeritics Poresizer 9310 (60,000 psia maximum press
was used to perform the mercury injection porosimetry
on an 1-cm3 cubic sample, lightly coated with epoxy on a
but one face to minimize surface penetration effects.
,

-

-

3. Results and discussion

Typical micrographs of the sample studied are show
Fig. 1. Fig. 1a displays one of the BSEM images used
determine the correlation functionRz(r). The presence o
porosity at multiple length scales is clearly evident in
SEM images shown in Figs. 1b–1d. These images sug

(a)

(b)

(c)

Fig. 1. (a) Typical BSEM image of impregnated and polished section u
for determining the functionRz(r) (magnification 100×: 1.55 µm/pixel).
Pore space is shown in black. (b)–(d) SEM images of the sample at inc
ing magnifications, illustrating the presence of porosity at multiple len
scales.
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Fig. 1. (Continued.)

the presence of a hierarchy ofpore networks, reminiscent o
the multiscale percolation systems envisioned by Neim
[33] and Xu et al. [34].

The combined SANS/USANS/BSEMI (Q) data, de-
picted in Fig. 2a, span the linear size range from 20
to 500 µm, which extends over the entire range of p
sizes in typical sandstones and is the widest continu
range ever studied for a sedimentary rock. These data
I (Q) ∝ QD−6, indicating a very extensive surface frac
system (D = 2.5) with an upper cut-offξ ≈ 50 µm. At large

Q-values (Q > 0.1 Å
−1

), the scattering intensity depar
from the ideal power law. This may be due partly to
small-scale compositional inhomogeneities within the r
and partly to the statistical noise related to the relatively
count rate, as the scattering intensity is rapidly decrea
toward the value of the small flat background of 0.006 cm−1

(subtracted in Fig. 2a). An analysis of theI (Q) data using
Eq. (4), hereafter referred to as the Mildner and Hall (M
model, yields similar results for the fractal component of
pore space (see Fig. 2a),D = 2.47 andξ = 35 µm, but does
not accurately describeRz(r) at larger values(see inset o
Figs. 2a and 2b).

Using (�ρ)2 = 3.9 × 1010 cm−2, we obtainφ = 0.184
from the invariantY , Eq. (3), andφ = 0.181 from the fit of
the PDSP model to the combinedI (Q) data—both in ex-
cellent agreement with the value (φ = 0.181) determined
by a saturation method. The porosity estimated by MP
the maximum intrusion pressure of 60,000 psia (φMP =
0.176) is also in good agreement. The value(�ρ)2 = 3.9×
1010 cm−2 used to estimate the porosity from the co
binedI (Q) data is supported by an independent calculat
Our sample has an apparent grain density of 2.649 g/cm3,
as measured by MP. From X-ray diffraction, the sam
composition is approximately 98% SiO2 (quartz) and 2%
H2KAl 3(SiO4)3 (muscovite). For this composition and gra
density we calculate(�ρ)2 = 4.1× 1010 cm−2. The differ-
ence between this value and the value used in our com
tions ((�ρ)2 = 3.9 × 1010 cm−2) is 5%. This difference is
within the error of SANS/USANS data, which is estimat
to be±5%.
y

-

(a)

(b)

(c)

Fig. 2. (a) Absolute neutron-scattering cross sectionI (Q) (after background
subtraction of 6× 10−3 cm−1) and (b) correlation functionRz(r) from
combined SANS/USANS/BSEM data and models (see text for deta
Contributions toRz(r) by nonfractal objects of sizer > 50 µm are apparen
(c) Distributions of pore size,f (r), and specific surface area,s(r). Straight
line corresponds tof (r) ∝ r−(D+1) with D = 2.49± 0.03.

As shown in Fig. 2c, the pore-size distribution acco
ing to the PDSP model, Eq. (5), followsf (r) ∝ r−(D+1)

with D = 2.49 ± 0.03 for 20 Å� r � 55 µm, in agree
ment with the other estimates. Remarkably, the fractio
the pore volume associated with the surface fractal reg
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is approximately 62%. The specific surface area,s, at a pore
size of 10 Å is 1.64 µm−1 according to the PDSP model (s
Fig. 2c)—of the same order of magnitude as the value
termined by MP (s = 0.47 µm−1), but higher since MP doe
not account for contributions to the surface area by po
smaller than about 20 nm.

For locally spherical solid–void interface geometry, as
sumed in writing Eq. (5), the relationship between capill
pressure and pore size is the well-known Young–Lap
equation,Pc = 2σ cosθ/rt , where σ is the surface ten
sion, θ is the receding contact angle, andrt is the radius
of pore throats (volumeless local constrictions in the po
space) through which porebodies are accessible to a non
wetting liquid [1]. Sincef (r) must be identified with the
pore body size distribution, the experimental mercury i
trusion data are quantitatively consistent with an aver
pore body-to-throat size ratio〈r/rt 〉 ≈ 3.5 (see Fig. 3a). This
value agrees remarkably well with recent independent e
mates of the pore-to-throat aspect ratio for sandstone r
of similar lithology, porosity, and permeability [35]. Fu
ther support for the validity of pore structure informati
extracted by the application of the PDSP model to the c
bined SANS/USANS/BSEM data is provided below.

As shown in Fig. 3b, measurement of the decay of
clear transverse magnetization in the water-saturated sa
shows a distinctively bimodal distribution ofT2 relaxation
times. This behavior is consistent with a model of NM
relaxation in fractal pores [36]. According to this mod
at distanceLcg from the pore walls, a Minkowski fron
tier delimits inner pore volumes of sizeLint. Nuclear spins
within a distanceLcg from the pore walls (the so-calle
“coarse-graining” length) diffuse easily to the surface a
are relaxed with characteristic timeT2,short≈ L2

cg/D0, where

Lcg = 
(Λ/
)1/(D−1), Λ = D0/ρ, 
 is the lower cutoff of the
fractal region,D0 is the self-diffusion coefficient of wate
andρ is the surface relaxivity. The fraction of magnetiz
tion that follows this rapid decay isfshort = (Lcg/ξ)2−D ,
whereξ is the upper cutoff of the fractal region. Relaxati
of spins within the inner pore volume is diffusion-controll
and has characteristic timeT2,long ≈ L2

int/(2π2D0). Using
D = 2.47 and
 = 2 nm from our SANS measuremen
D0 = 2.5 × 10−9 m2/s, ρ = 12 µm/s [37,38], and for the
experimentally observed relaxation times (T2,short≈ 0.01 s,
T2,long ≈ 0.1 s) and peak intensities (fshort= 0.41, flong =
0.59), we predictξ ≈ 35 µm andLint ≈ 75 µm. These es
timates are consistent with our analysis of scattering d
Since for the above parameter valuesLcg = 5 µm, we may
further attempt topredict fshort from the pore size distribu
tion f (r) of Fig. 2c, as follows:

(6)

fshort=
∫ Lcg
rmin

r3f (r) dr + ∫ rmax
Lcg

[r3 − (r − Lcg)
3]f (r) dr∫ rmax

rmin
r3f (r) dr

.

This calculation givesfshort= 0.47, in good agreement wit
the NMR experiment.
e

(a)

(b)

Fig. 3. (a) Measured and calculated mercury intrusion porosimetry cu
Pore volumes calculated asVr = (4/3)πr3 from porebody sizesr distrib-
uted according tof (r) (see Fig. 2c). Capillary pressures calculated fr
the Young–Laplace equation for surface tensionσ = 485 mN/m, reced-
ing contact angleθ = 40◦, and porethroat size rt = r/3.5. (b) Decay of
transverse nuclear magnetizationM(t)/M0 in water-saturated sample. Th
distribution ofT2 relaxation times (inset) is consistent with a model of s
face-enhanced relaxation in fractal pores [36].

We finally note that the length scalelc (pore throat diam-
eter) controlling flow permeabilityk may be estimated from
the relationshipk = l2c /(226F) [39], whereF is the elec-
trical formation factor. For our sample,k = 450 mD,φ =
0.181, and usingF = φ−m (Archie’s law) with 1.8� m � 2,
we obtainlc = 52± 4 µm, corresponding to a pore thro
radius of 26± 2 µm. The mercury–air breakthrough cap
lary pressure computed from the Young–Laplace equa
for this radius,P 0

c = 4.2 ± 0.3 psia, is in very good agree
ment with the experimental porosimetry data (see Fig.
For a pore-body-to-throat aspect ratio of 3.5, the associ
pore-body radius is 91± 7 µm, which corresponds well wit
Lint determined by analysis of the NMR relaxation data.

4. Conclusions

In this paper, we proposed and tested the statistica
sion of experimental small-angle neutron scattering (SA
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and USANS) and backscatter SEM imaging data of por
media and their subsequent interpretation in terms of a p
disperse spherical pore (PDSP) model. Our objective
to probe quantitatively the entire spectrum of pore-len
scales within a sample of reservoir sandstone. We fo
that the sample studied is an extensive (ca. 62% of the
volume) surface fractal (D = 2.47) in the pore-size rang
10 Å–50 µm and is Euclidean for larger length scales.
pore-size distribution according to a fit of the PDSP mo
to the combined SANS/USANS/BSEM data agreed qu
titatively with the measured NMR response of the wa
saturated sample, within the context of a model of s
relaxation in fractal pores [36]. The derived pore-size d
tribution also reproduced the mercury intrusion porosim
curve, assuming an average pore-to-throat size aspect
of about 3.5. This a value agreed with estimates obtaine
dependently by Song [35] for samples of similar litholo
porosity, and permeability. From these results we conc
that the proposed multiscale statistical-geometric descrip
tion furnishes useful and unifying insights into the pore-s
distribution, porosity, and correlation function and the ch
acteristic length scales for capillary pressure, nuclear
relaxation, and flow permeability. The proposedmethod may
find use in the characterization of other materials exhibi
broad pore-size distributions, such as carbonate rocks,
cements, and concretes and should be a useful comple
to alternative techniques, which rely on solid–fluid inter
tions for pore structure characterization [40,41]. The met
may also provide detailed input data (two-point correlat
functions) for the computer reconstruction [42,43] of the
crostructure of porous rock and other materials exhibi
both fractal and Euclidean characteristics.
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