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Diﬀusivity and Sorp vity of Berea
Sandstone Determined using
Neutron Radiography
Neutron radiography is increasingly being used to study the dynamics of water movement
in variably saturated porous media. It has been applied to visualize water imbibi on in
both natural and engineered materials, including soil, rock, brick, concrete, and glass. The
sorp vity, S, and unsaturated diﬀusivity, D(θ), are important parameters for describing
water movement under par ally saturated condi ons. Es mates of S and D(θ) have been
obtained using a variety of techniques, including neutron imaging. However, we could find
no previous reports of such measurements for the Berea sandstone, regardless of the
method employed. Berea sandstone is a widespread, medium- to fine-grained terrestrial
sandstone of Mississippian age that is used extensively as a standard porous medium in
the geology and petroleum engineering fields. We used the CG-1D neutron imaging facility
at the High Flux Isotope Reactor of Oak Ridge Na onal Laboratory to es mate S and D(θ)
from radiographs acquired every 26 s. A 25 μm thick LiF/ZnS scin llator was employed
in conjunc on with a DW936 IkonL ANDOR charge coupled device (CCD) camera system,
giving a spa al imaging resolu on of ~75 μm. Four replicate cores were inves gated. The
posi ons of the observed we ng fronts were linearly regressed against the square root of
me. Sorp vity values calculated from the slopes of these rela ons ranged from 0.89 to 1.46
mm s−1/2. Further analysis yielded D(θ) func ons. These func ons were very reproducible
and showed good agreement with independent D(θ) values calculated from rela ve
permeability and capillary pressure-satura on data for Berea sandstone. To the best of our
knowledge, these are the first published es mates of S and D(θ) for Berea sandstone. Our
results clearly demonstrate the eﬀec veness of neutron imaging in providing high quality,
quan ta ve data for the computa on of unsaturated flow parameters.
Abbrevia ons: CCD, charge coupled device; DF, dark field; OB, open beam.

Neutron imaging is based on measuring the transmitted intensity of neutrons
through a sample, either in two dimensions (radiography) or three dimensions (tomography) (Anderson et al., 2009). Because neutrons are strongly attenuated by hydrogen,
but much less attenuated by air in partially saturated pores and solids that make up the
mineral matrix, this technique is increasingly being used to study water movement in
porous media. Over the past 25 yr, it has been applied to visualize the dynamics of water
imbibition in both natural and engineered materials, including brick, concrete, porous
glass, rock, and soil.
In an early study, Brenizer and Gilpin (1987) used real time neutron radiography to quantify the advance of wetting fronts into initially dry sand columns. The transient infiltration
of water into packed beds of soil aggregates has been visualized using neutron radiography (Carminati et al., 2007a,2007b; Carminati and Flühler, 2009). Żołądek et al. (2008)
employed neutron radiography to investigate water imbibition into granular zeolite beds.
Prazak et al. (1990) used neutron radiography to document water uptake in vacuumpressed ceramic, limesand brick, and aerated concrete. Pel et al. (1993) applied scanning
neutron radiography to determine the unsaturated diff usivity from water content profi les
measured on clay brick and kaolin clay. Pleinert et al. (1998) utilized neutron radiography
to quantify water uptake in brick samples. Nemec et al. (1999) applied fast, quasi-real-time
neutron radiography to study the impregnation of silicone-based hydrophobic agents in
clay bricks. Islam et al. (2000) studied the water adsorption characteristics of some Bangladeshi and Slovenian building materials using neutron radiography. More recently, El-Abd,
Milczarek, and colleagues have employed neutron radiography in numerous studies on
imaging the capillary imbibition of water in bricks (Czachor et al., 2002; El-Abd and
Milczarek, 2004; El Abd et al., 2005, 2009; Milczarek et al., 2005).
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Working with dry concrete, Hanziç and Ilic (2003) investigated
the height of capillary rise vs. square root of time relationship
using neutron radiography. de Beer et al. (2004, 2005) compared
traditionally measured sorptivity values for concrete with those
obtained by neutron radiography and found good agreement
between the methods. Brew et al. (2009) provide another example
where sorptivity values obtained by neutron radiography agreed
well with those obtained by the traditional gravimetric method.
The rate of water penetration into dry concrete samples, with capillarity as the driving force, has also been investigated using neutron
tomography (McGlinn et al., 2010).
Masschaele et al. (2004) and Dierick et al. (2005) presented neutron tomograms for water and other fluids moving into limestone
and sandstone rock samples, some of which had been treated with
a water repellent. Middleton et al. (2005) investigated spontaneous
imbibition of water into air-fi lled Mardie Greensand and Barrow
group sandstone samples using the dynamic neutron radiography
capabilities of the SAFARI-1 reactor at NECSA, Pelindaba in
South Africa. The observed data were fitted to a simple diff usion
equation with a constant diff usion parameter. Hassanein et al.
(2006) imaged the capillary imbibition of deionized water and a
20% solution of NaCl into initially dry rock samples (Mansfield
sandstone, Salem limestone, and Hindustan whetstone) of various
sample sizes, up to 40 cm. Their results show variations in sorptivity as a function of rock type, sample size, solution type, and
mode of imbibition (top down vs. bottom up). Cnudde et al. (2008)
further explored the usefulness of high-speed neutron radiography
for quantifying water uptake in rocks by capillarity. Hameed et al.
(2009) and Zawisky et al. (2010) employed neutron radiography
and tomography to compare the uptake of different consolidants
by porous building stone used in historic buildings (Hameed et al.,
2009; Zawisky et al., 2010). Recently, Gruener et al. (2012) have
observed (at the micro-scale) capillarity-driven water imbibition
into a nanoporous glass (Vycor) using neutron radiography.
We describe replicated dynamic neutron radiography experiments
involving water imbibition into initially dry Berea sandstone cores.
Berea sandstone is naturally occurring sedimentary rock used
extensively as a standard porous medium for petrophysical investigations in the geology and petroleum engineering fields (Churcher
et al., 1991). It is a medium- to fine-grained terrestrial sandstone
of Mississippian age, found predominantly in Ohio and surrounding states. The mineral matrix is composed primarily of quartz
(~93%) (Pepper et al., 1954), and so it is well-suited for imaging
water uptake with neutrons.
The neutron radiography data collected in this study are used to
calculate the sorptivity, S [L T−0.5], and the unsaturated diffusivity
function, D(θ) [L2 T−1], for Berea sandstone. These parameters are
well established in soil physics for quantifying the movement of a
capillary wetting front into partially saturated soil. The sorptivity
parameter is defined by the following expression (Philip, 1957):
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S=

x wf
t

[1]

where x wf is the wetting front position, equivalent to cumulative
infi ltration per unit area (L), and t (T) is time. The diff usivity function is given by (Bruce and Klute, 1956):
D(θ) = K (θ)×dh / dθ

[2]

where K(θ) [L T−1] is the unsaturated hydraulic conductivity function, and dh/dθ [L] is the slope of the capillary pressure-saturation
function. Both S and D(θ) are relevant in the geology and petroleum engineering fields where they have been used evaluate reservoir rock wettability and the production of oil through spontaneous imbibition of water (Handy, 1960; Standnes, 2004).
A variety of experimental techniques, including gravimetric analysis (Reda Taha et al., 2001; Janz, 2002; Carmeliet et al., 2004;
Tyner et al., 2006), geomechanical analysis (Kranz et al., 1990),
and gamma-ray (Tyner and Brown, 2004) and magnetic resonance
imaging (Gombia et al., 2008) have been employed to measure S
and D(θ). Determinations based on neutron imaging data have
been published for soil (Brenizer and Gilpin, 1987), brick (Pel
et al., 1993; El-Abd and Milczarek, 2004; El Abd et al., 2009),
cement (Brew et al., 2009), and rock- Mansfield sandstone, Salem
limestone, and Hindustan whetstone (Hassanein et al., 2006),
but not for Berea sandstone. Only two previous neutron imaging
studies involving Berea sandstone were found in the literature,
both of which focus on core flood experiments. Jasti et al. (1987)
flooded an initially mineral oil-saturated Berea sandstone core
with water to observe the migration of the immiscible front, while
Jasti and Fogler (1992) recorded fluid distribution changes due
to a miscible tracer pulse in flooding experiments performed on
Berea sandstone cores.
The spontaneous imbibition of water by dry Berea sandstone
has been documented in numerous oil- and gas-related publications (e.g., Garg et al., 1996; Schembre et al., 1998; Li and
Horne, 2001; Kaul et al., 2004). However, we could find no
previous reports of S or D(θ) calculations for this material,
regardless of the actual measurement method employed. The
vast majority of previous studies have focused on alternative
theoretical analyses of the measured water uptake. Hammecker
and Jeannette (1994) reported the slope of the linear relationship between the height of capillary rise and the square root
of time (equivalent to S) for five different sandstones, but
not Berea sandstone. Only Dullien et al. (1977) seem to have
reported this value for Berea sandstone, but their data were for
the imbibition of a 2% NaCl brine solution, not water.
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Table 1. Dimensions of the four Berea sandstone cores.
Sample

Diameter

Length

A3
C3
D2
O3

—————— mm —————————
25.3
50.8
25.8
51.2
25.5
51.7
25.5
50.6

6 Materials and Methods
Four cylindrical Berea sandstone cores (designated A3, C3, D2,
and O3) were selected to observe temporal changes in the spatial
distribution of water during imbibition using neutron radiography. The cores were supplied by Coretest Systems, Morgan Hill,
CA. Their dimensions are given in Table 1. Average porosity and
intrinsic permeability values reported by Coretest Systems for
these samples were 0.218 and 4.2 × 10−14 m2 , respectively. Relative (unsaturated) hydraulic conductivity vs. relative saturation
curves were measured using transient flow centrifugation at 9000
rpm as described by Hagoort (1980) and van den Berg et al. (2009).
These curves were parameterized by fitting Eq. [13] of Brooks and
Corey (1964) to the data; average values of the resulting residual
saturation and epsilon parameters were 0.062 and 5.20, respectively. Point estimates of Brooks and Corey (1964) capillary–pressure saturation parameters for a different set of Berea cores are
given in Cropper et al. (2011).
The water imbibition experiments were performed in the beamline
at the High Flux Isotope Reactor (HFIR) CG-1D neutron imaging
facility of Oak Ridge National Laboratory (ORNL). This beamline
provides cold neutrons between approximately 0.8 and 10 Å (with a
peak at ~2.6 Å). For this study, a 25 μm thick LiF/ZnS scintillator
was used in conjunction with a DW936 IkonL ANDOR CCD
camera system, giving a spatial imaging resolution of ~75 μm. Additional technical details about the CG-1D beamline setup are given
in Bilheux et al. (2013) and Kang et al. (2013).
The Berea sandstone cores were oven dried at 105°C for 24 h before
placing them in the beamline so as to remove any pore water. After
oven drying, each core was placed in a cylindrical Al container
with an inner diameter 2.9 cm and a height of 10 cm. The top and
sides of the core within the Al cylinder were open to the atmosphere. A water inlet at the bottom of the cylinder was connected
to a Mariotte bottle device (consisting of a sealed 50 mL plastic
burette and bubbling tube) by Tygon tubing (R3603, 3.175 mm i.d.
by 6.35 mm o.d., Fisher Scientific) fi lled with distilled water. Initially there was no hydraulic contact between the base of the rock
core and the water in the tubing. Once image acquisition began
(see below) the bubbling tube in the Mariotte bottle was raised
to a height corresponding to the bottom of the Berea sandstone
core to supply water at constant head for imbibition. A schematic
diagram of the experimental set-up is shown in Fig. 1. Images were
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Fig. 1. A schematic diagram of the Mariotte bottle setup used to supply
water to the base of the sandstone core at constant head.

continuously acquired with a 20 s exposure time and 4 pixels by 4
pixels binning until the water reached the top of the core. Open
beam (OB), dark field (DF), and oven dry Berea sandstone images
were also acquired for normalization purposes.
All image processing and quantitative analyses were performed
using the MATLAB [Version 7.11, R2010b-SP1 (MathWorks,
Inc., 2011)] and ImageJ [Version 1.43m (National Institutes of
Health, 2009)] soft ware packages. For each acquired image, the
two-dimensional distribution of water within the Berea sandstone
core was determined as follows.
First, the raw images, I(Raw Image), of the wet and oven dry sandstone
cores were normalized with respect to reference images of the OB
and DF, I(OB) and I(DF), respectively, using the following expression:
In = f k

I( Raw Image) − I(DF)
I(OB) − I(DF)

[3]

where f k is a rescaling factor used to correct for fluctuations in the
neutron flux. The f k was determined for each image based on differences in the mean intensity values between selected empty areas
(i.e., no core) in the raw images and the means of the same areas
in the open beam images. The normalized images (In) were then
despeckled using a median fi lter (5 pixels by 5 pixels) to remove
bright pixels due to scattered gamma-rays. Figure 2 shows examples
of the resulting normalized neutron radiographs for water uptake
in Berea core sample C3 at selected times.
Next, the normalized wet images were divided by the normalized oven dry images to remove any attenuation effects associated
with minerals in the core and/or the aluminum sample holder. The
water thickness, τ(i,j), for each pixel (i, j) in the neutron radiographs
of the Berea cores was calculated using the following expression:

τ(i , j ) =−

μ
−
2β

⎛ μ ⎞⎟2 1 ⎛⎜ I wet ⎞⎟
⎜ ⎟ − ln ⎜
⎟
⎜⎜⎝ 2β ⎠⎟⎟ β ⎜⎜ I ⎟⎟⎟
⎝ dry ⎠(i , j )

[4]
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Table 2. Results of sorptivity analyses for the wetting front vs. the
square root of time, Eq. [1].†
Sample

n

S

R2

mm s−1/2
A3
C3
D2
O3

102
90
69
46

1.18
0.89
1.14
1.46

0.986
0.997
0.978
0.981

† n = number of observations, S = sorptivity, R 2 = coefficient of determination.

Fig. 2. Examples of normalized neutron radiographs at selected times
for water imbibition by Berea core sample C3: light gray = oven dry,
dark gray = satiation.

where τ(i,j) is water thickness (m), μ ( = 5.542 × 102 m−1) is the
attenuation coefficient for water, β ( = −2.140 × 10 4 m−2) is a
coefficient that takes into account beam hardening, and Iwet and
Idry are the normalized wet and dry images, respectively. The μ
and β values were determined by calibration using water-fi lled Al
cells machined to give a range of known water thicknesses (Kang
et al., 2013).
To compute the two-dimensional distribution of volumetric water
contents in the cores, the measured water thicknesses were corrected for variations in the neutron transmission path length based
on the chord length, C(i,j), for a circle:
C(i , j ) = 2 r 2 − a(2i , j )

[5]

where r is the radius of the Berea core and a(i,j) is the distance
from the center of the core to the pixel (i,j). The volumetric water
content at pixel (i,j), θ (i,j) (m3 m−3), is then simply the ratio of the
measured water thickness to the chord length, i.e.

θ(i , j ) =

τ(i , j ) × pixel area
C(i , j ) × pixel area

=

τ(i , j )
C(i , j )

[6]

Between 46 and 102 images were analyzed in this way for each
sandstone core (see Table 2). The time interval between consecutive images was 26 s (i.e., 20 s exposure time plus 6 s for image
transmission/storage).

Fig. 3. Volumetric water content as a function of distance at different
times (identified by different colors) for Berea core sample C3. The
volumetric water contents were measured along the central vertical
line from a total of 90 images.

6 Results and Discussion
Sorp vity Analysis

Because the wetting front was not perfectly horizontal (Fig. 2), and
to eliminate edge and lateral flow effects, we quantified the onedimensional imbibition of water over time by selecting volumetric
water contents, θ, for a vertical column of pixels centered on the water
inlet at the base of the sample holder. Figure 3 shows the volumetric
water content vs. distance profiles for all of the 90 neutron radiographs acquired for the Berea core sample C3. Distance corresponds
to height above the free water table located at the bottom of the aluminum cylinder. From these profiles, the position of the wetting front
was determined as a function of time for each core. The location of
the wetting front was defined as the distance at which the volumetric
water content in the core goes to zero (i.e., the point where a given
time profile intercepts the x axis in Fig. 3).
Ignoring the contribution of gravity, a common assumption with
early time data such as these (each experiment lasted <40 min
and the maximum height of capillary rise was <5 cm), the resulting wetting front positions were related to time (taken from the
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Fig. 4. Wetting front position as a function of the square root of time
for one-dimensional vertical flow in Berea core sample C3. The slope
of the linear regression is defined as the sorptivity.

image time stamps) using Eq. [1]. The sorptivity parameter was
estimated using linear regression. The bond number (Bo = ρgk/σ)
for Berea sandstone was calculated from the air-water interfacial
tension, σ = 0.0728 N/m at 20°C, the density of water, ρ = 1000
kg m−3, gravitational acceleration, g = 9.81 m s−2 , and intrinsic
permeability, k = 4.2 × 10−14 m2 . The resulting value of Bo = 5.6
× 10−9 was much less than unity, which validates our assumption
that capillary forces dominated over gravity in these experiments.

Fig. 5. Volumetric water content as a function of the Boltzmann
variable, λ at different times (identified by different colors) for
Berea core sample C3. Note: several curves (identified by dotted
lines) at early times of imbibition deviate from the later stage curves
which converge into a single function. First three early times are
indicated separately.

by Dullien et al. (1977) for spontaneous imbibition of a 2% NaCl
brine solution by Berea sandstone.
In addition to estimating the sorptivity parameter, we also used the
neutron radiographs to calculate unsaturated diff usivity functions
for Berea sandstone, as described in the next two sections.

Boltzmann Analysis
Figure 4 illustrates the linearity of the wetting front location vs.
the square root of time for Berea core sample C3. Sorptivity values
and the associated coefficients of determination (R2 values) for all
four cores tested are presented Table 2. All of the R2 values were
>0.97, indicating excellent goodness-of-fit, with minimal scatter
around the regression lines. The close correspondence between the
observed data points and best fit predictions of Eq. [1] further supports the assumption that any effect of gravity on water uptake in
these relatively short experiments was negligible.
The regression estimates of sorptivity for Berea sandstone ranged
from 0.89 to 1.46 mm s−1/2 (Table 2). The differences in S values
(equivalent to a coefficient of variation of ~20%) can be attributed
to a combination of natural variations in the connectivity and size
distribution of pores within the rock cores and experimental error.
The average sorptivity for Berea sandstone, calculated from the data
in Table 2, was 1.17 mm s−1/2 . This estimate falls centrally within
the range of values (0.10–1.72 mm s−1/2) given by Hammecker and
Jeannette (1994) for capillary-driven water uptake in sandstones. It
also compares favorably with the value of 1.58 mm s−1/2 reported
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To solve the nonlinear diff usivity equation, which mathematically
describes the transient flow of moisture in an unsaturated porous
medium, the Boltzmann transformation, λ, was introduced (Bruce
and Klute, 1956):
λ=x

t

[7]

where x is distance traveled by the wetting front. For each water
content vs. distance profi le, λ values were calculated using Eq. [7]
and the volumetric water content data were replotted as a function
of λ. Figure 5 shows the volumetric water contents, θ, for Berea
core sample C3 as a function of λ. Note that, with the exception
of a few data sets generated from the early time images, all of the
profi les generally converge into a single function that intercepts
the x axis at ~0.9 λ. The deviations indicate a departure from
Boltzmann scaling at early times possibly due to limitations in
spatial and/or temporal resolution during acquisition of the early
time images and/or sample anisotropy or heterogeneity, resulting
in the nonuniform distribution of water within the cores (Pel et al.,
1993, Carmeliet et al., 2004). These deviations could also be caused
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Table 3. Results of fitting the Meyer and Warrick (1990) model, Eq. [9],
to the normalized water content distributions.†
Sample
A3
C3
D2
O3

n

θs

A

R2

24,017
22,600
21,580
13,463

m3 m−3
0.13
0.11
0.12
0.13

0.87
0.91
0.80
0.89

0.87
0.85
0.83
0.85

† n = number of observations, θ s = satiated water content, A = shape factor, R 2
= coefficient of determination.

Fig. 6. The analytical solution (solid line), proposed by Meyer and
Warrick (1990), fitted to the normalized water content vs. normalized
λ values (gray dots) for Berea core sample C3.

by an initial surge in positive pressure at the inlet when water flow
was first initiated with the Mariotte system.

Meyer and Warwick Diﬀusivity Analysis
An analytical solution was used to extract unsaturated diff usivity
functions from the Boltzmann transformed data sets. Assuming
negligible effects due to gravity and zero initial water content, the
expression for the normalized water content profi le at all times is
given by (Meyer and Warrick, 1990):
⎡ ⎛ ⎞⎤
⎢1−⎜⎜ λ ⎟⎟⎥
⎢
⎜ ⎟⎥
θ
⎢ ⎝ λ i ⎠⎟⎦⎥
= ⎣
⎛ ⎞⎤
θs ⎡
⎢1− A ⎜⎜ λ ⎟⎟⎥
⎢
⎜⎝ λ ⎠⎟⎟⎥
i ⎦⎥
⎣⎢

[8]

where θ s is the satiated volumetric water content, A is a shape factor,
and λ i is the value of λ where θ = 0. The Boltzmann analysis profi les were normalized by division by the λ i values for each core,
corresponding to the position of the wetting front. For example,
the average λi for C3 was 0.89. Equation [8] was then fitted to the
normalized Boltzmann profiles to estimate θ s and A using the Marquardt nonlinear regression method in SAS 9.2. Figure 6 shows
an example fit for Berea core sample C3. The fit is very good, with
an R2 value of 0.85. Results for all of the cores tested are listed in
Table 3, which shows very little variation (coefficients of variation
were <10% in both cases) among the estimated θ s and A values. It
should be noted that because of air entrapment during imbibition,
the average satiated water content, θ s, represents only 56% of total
saturation, based on the porosity. Th is value is quite a bit lower
than that for soil materials, in which θ s is usually about 85% of
total saturation (Dane and Hopmans, 2002).
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Using the θ s and A parameters from the nonlinear regression along
with the average λ i values, the unsaturated diff usivity function,
D(θ), can be constructed using the method described by Meyer
and Warrick (1990):

⎡
⎤
A − A1 A2 ⎥
D(θ) =−0.5 ⎢⎢ 3
⎥ f (0, θ)
⎢ ( A3 − A2 θ)2 ⎥
⎣
⎦
⎡ ⎛ A ⎞⎤
⎢ θ−⎜⎜ 3 ⎟⎟ ⎥
⎢ ⎜⎝ A ⎠⎟⎟ ⎥
⎛ 1 ⎞⎟
2 ⎥
2
⎜
f (0, θ) =−⎜⎜ ⎟⎟θ + ⎢⎡( A1 A2 − A3 )/ A2 ⎥⎤ ln ⎢⎢
⎥
⎦
⎛
A
⎝ A2 ⎠⎟ ⎣
⎢ −⎜⎜ 3 ⎞⎟⎟ ⎥
⎢ ⎜ A ⎟⎟ ⎥
⎢⎣ ⎝ 2 ⎠ ⎥⎦

[9]

where A1 = θ s, A2 = −A/λ i, and A3 = −θ s/λ i. For example, A1 =
0.11, A2 = −1.02, and A3 = −0.13 for Berea rock core C3. Figure 7
shows the calculated log unsaturated diff usivity functions for all
four Berea rock cores. There was very good reproducibility, with
less than one log unit variation in D(θ) between samples over the
entire range of water contents. The D(θ) values decreased nonlinearly over several orders of magnitude with decreasing water
content (Fig. 7). There was also reasonable agreement between the
calculated D(θ) values and the function predicted from K(θ) and
dh/dθ data for Berea sandstone using Eq. [2]. The largest deviations,
which were always less than one order of magnitude, occurred at
the higher water contents. This is not surprising given the different
experimental protocols involved (i.e., wetting up from oven dryness vs. drainage from a saturated state).
Kranz et al. (1990) published an estimate of the unsaturated diffusivity for a saturated Berea sandstone core, determined using pore water
pressure oscillations. However, their estimated value of 3 × 104 mm2
s−1 (or 4.48 in log scale units for comparison with Fig. 7) was only for
a single volumetric water content (of 0.23 m3m−3), well outside the
unsaturated range considered here. Other than the study by Kranz
et al. (1990) we could find no other comparable analyses for Berea
sandstone in the literature. Thus, our results appear to be the first to
describe the functional dependence of diffusivity on water content
for this widely used standard porous medium.
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References

Fig. 7. Log diffusivity as a function of volumetric water content for the
four replicate Berea core samples: A3, C3, D2, and O3. The predicted
function was calculated from K(θ) and dh/dθ data for Berea sandstone
using Eq. [2].

6 Conclusions
The imbibition of water into four replicate core samples of initially
dry Berea sandstone was visualized using neutron radiography. The
results showed a strong linear relationship between the observed
wetting front and the square root of time, indicating that capillary forces dominated over gravity in these experiments. Sorptivity
values were calculated from the imaging data, and appear to be
the first reported for this widely used standard porous medium.
Further analysis, based on the Boltzmann transformation and
analytical model of Meyer and Warrick (1990), yielded diff usivity
vs. water content relationships (again, the first to be reported for
Berea sandstone), which showed very good agreement between the
samples. These results clearly demonstrate the effectiveness of neutron imaging in providing high quality, quantitative data for the
computation of unsaturated flow and transport parameters. Furthermore, because the data are spatially resolved, they also provide
the option of estimating these parameters by inverse numerical
modeling, an application not explored here, but one that certainly
merits investigation in the future.
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