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Porometric Properties of Siliciclastic Marine Sand: A
Comparison of Traditional Laboratory Measurements
With Image Analysis and Effective Medium Modeling

Allen H. Reed, Kevin B. Briggs, and Dawn L. Lavoie

Abstract—During the 1999 sediment acoustics experiment
(SAX99), porometric properties were measured and predicted for
a well sorted, medium sand using standard laboratory geotech-
nical methods and image analysis of resin-impregnated sediments.
Sediment porosity measured by laboratory water-weight-loss
methods (0.372 0.0073 for mean 1 standard deviation) is
0.026 lower than determined by microscopic image analysis of
resin-impregnated sediments (0.398 0.029). Values of intrinsic
permeability (m2) determined from constant-head permeameter
measurements (3.29 10 11 0.60 10 11) and by microscopic
image analysis coupled with effective medium theory modeling
(2.78 10 11 1.01 10 11) are nearly identical within
measurement error. The mean value of tortuosity factor measured
from images is 1.49 0.09, which is in agreement with tortuosity
factor determined from electrical resistivity measurements. Slight
heterogeneity and anisotropy are apparent in the top three cen-
timeters of sediment as determined by image-based porometric
property measurements. However, the overall similarity for both
measured and predicted values of porosity and permeability
among and within SAX99 sites indicates sediments are primarily
homogeneous and isotropic and pore size distributions are fairly
uniform. The results indicate that an effective medium theory
technique and two-dimensional image analysis accurately predicts
bulk permeability in resin-impregnated sands.

Index Terms—Permeability, porometry, porosity, porous media.

I. INTRODUCTION

SEDIMENT pore space geometry is often characterized by
three porometric properties: porosity, permeability, and tor-

tuosity factor (sensusinuosity) [1]–[4]. These porometric prop-
erties exert significant influence on fluid motion in sediments
and therefore play a major role in determining acoustic prop-
agation in poro-elastic media, such as marine sands [1]–[4].
To evaluate the significance of these and other seafloor prop-
erties to acoustic scattering, penetration, and propagation mod-
eling, the sediment acoustics experiment (SAX99) was con-
ducted in a relatively uniform sandy sediment off the Florida
Panhandle near Fort Walton Beach [4]–[6]. Porometric prop-
erty measurements were made using traditional geotechnical
[7], electrical resistivity [8], [9], and image analysis methods
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[10]–[13]. The primary objectives of this paper are to quan-
tify and compare values of porosity, permeability, and tortuosity
factor at decimeter to millimeter length scales using traditional
geotechnical and image analysis techniques; to assess and com-
pare spatial homogeneity and isotropy within and among indi-
vidual sites; and to evaluate the accuracy of image-based poro-
metric characterization and modeling.

This paper discusses the nature of porometric properties and
ranges of values for these properties in sand; the validity of using
two-dimensional (2-D) image analysis to predict three-dimen-
sional (3-D) properties; and the use of an effective medium tech-
nique to make accurate, high-resolution (centimeter-scale) pre-
dictions of permeability from 2-D images of resin-impregnated
marine sand.

II. POROMETRICPROPERTIES

Porometric properties (i.e., porosity, permeability, and
tortuosity factor) were determined by traditional geotechnical
methods, image analysis measurements [10], [13] and image
analysis/effective medium theory modeling [11], [12] for water-
saturated sand. Porosity () is the proportion of water volume
to the total bulk volume of fully water- saturated sediment and
was determined by water-weight loss of dried samples and by
pixel-counting of segmented (thresholded) scanning electron
microscopy (SEM) images of resin-impregnated sediments.
Fluid flow through sediments can be related to hydraulic
conductivity or Darcy’s coefficient of permeability ()

(1)

Darcy’s coefficient of permeability in fully saturated sediment is
controlled by fluid viscosity ( ), fluid density ( ), gravitational
acceleration (), and the intrinsic permeability (), which ac-
counts for the geometrical complexity of pore channels. Values
of are often, as in this study, determined from measured hy-
draulic conductivity and tabulated values of fluid dynamic vis-
cosity, fluid density, and gravitational acceleration. Hydraulic
conductivity is an important component in the volumetric flow
equation of Darcy’s Law

(2)

This equation describes the volumetric flow rate () mediated
by the difference in hydraulic “head” ( ) through a sediment-
filled tube of cross-sectional area and length . For Darcy’s
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Law to be valid, the flow must be laminar, “creeping” flow
(see [14] or [15, p. 160]) where viscous forces dominate iner-
tial forces, such that the Reynolds number is very low (10)
[15], (see [16, pp. 143–144]). For isotropic media where the
fluid flow is aligned with the pressure gradient, Darcy’s Law
can be equated with the Hagen–Poiseuille equation

(3)

which applies to isolated, nonconnected, single-sized circular
tubes and indicates the relative importance of the tube radius
( ). In (3), denotes the pressure difference between the
ends of the tube of length. By equating Darcy’s Law to the
Hagen–Poiseuille equation, intrinsic permeability can then be
determined as

(4)

which works well to predict intrinsic permeability for a single,
straight, uniform tube, but it fails to account for the complexity
of natural sediments, which contain multi-dimensioned and in-
terconnected pores. The deviations in these paths require the
fluid to travel a distance farther than the shortest distance across
the sample. This deviation can be expressed as the tortuosity
factor defined by [17]–[20], where is the min-
imum length of a fluid flow streamline between the start and end
points of the flow path and is the length of a straight line be-
tween the start and end points of that flow path. In practice,
is calculated from a line through the medial axis of the shortest
fluid flow path. The tortuosity factor is defined by the average
of over the set of all start and end points in the sample,
but as discussed later, the separation of the start and end points
of the path must be greater than a minimum value. The tortuosity
factor thus determined is analogous for hydraulic and electrical
systems [21] in siliciclastic marine sand, which has fully inter-
connected pore space [22] as with SAX99 sediments.

Typical measured values for porosity, permeability, and
tortuosity of sand-sized naturally occurring porous media fall
within the ranges determined for minimum and maximum
density conditions (a function of packing) of idealized sand
comprised of mono-sized, spherical beads. For this ideal
system porosity may range from 0.27 to 0.48 (see [16, p. 86]),
intrinsic permeability between 10 and 10 m (hydraulic
conductivity between 10 and 10 m s ) (see [16, p.
98] and [19, p. 136]), and tortuosity factor between 1.3 and
2.2 [19], [20]. In “clean” (i.e., 5% particles smaller than
62 m) sands the values of these porometric properties are also
influenced by grain shape, sorting, and size distribution [23],
[24]. Despite the morphological and statistical variations within
naturally occurring sands, values of porometric properties
often fall within much narrower subsets of these ranges, which
may reflect that naturally occurring marine sands are often
packed to near maximum density. Medium-sized, well-sorted
marine sands tend to have average porosity values near 0.38
[16], intrinsic permeability values about 10 m or hydraulic
conductivity values about 10 m s [16], and tortuosity
factors of about 1.5 (see [18, pp. 45–46]). The validity of

these representative values of porometric properties for the
sandy sediments at SAX99 experiments will be determined by
measuring the porometric properties directly and by predicting
the properties with 2-D image analysis techniques.

III. POROMETRICPROPERTYPREDICTIONSFROM 2-D IMAGES

Predicting 3-D porometric properties from 2-D data has
been addressed by many researchers for sandstone [10]–[13],
[25]–[27]. Two basic underlying assumptions in these studies
are that the structure of the sandstone is homogeneous and
isotropic and that the 2-D images cover an area large enough
that microscopic variability (see [19, p. 20]) does not dominate
the predictions. To obtain reliable results, the image size should
be larger than the “representative elemental area.” For areas
larger than the representative elemental area, average prop-
erties are independent of the area (i.e., the property of “self-
similarity” applies) and reflect the values for the bulk volume.
For sands from an area similar to the SAX99 site, porosity was
shown to be invariable over length scales of four to eleven grain
diameters [28]. A length of four-grain diameters is similar to
the predicted length scale required for porosity to obtain a
stable, asymptotic value [29] and is the same minimum length
scale for porosity determined for glass beads [30]. The image
size required to reach a stable, asymptotic value, however,
may not be the same for porosity, permeability, and tortuosity
factor. Based upon the minimum length scales reported above
for porosity [28], [30] the image size of 3.5 mm 3.5 mm
( 8 grain diameters) was selected for this study. Thirty images
for porosity and permeability and five images for tortuosity
factor were used for each site. Porometric model accuracy,
whether a representative elemental area is established or not,
is determined by how well model predictions based on image
analysis agree with measurements made by traditional geotech-
nical techniques. Previous researchers have demonstrated that
the characterization of the volumetric pore space represented
in 2-D images of a homogeneous and isotropic sandstone are
adequate to predict values of porometric properties [10]. Pixel
counting, network modeling, and “shortest” path (i.e., stream-
line) algorithms are often used to predict these properties.
Porosity determined from 2-D images as the ratio of void space
pixels to the total area [12], [13] usually predicts bulk porosity
(e.g., water-weight loss or helium porosimetry) to within a few
percent provided the image contains a representative elemental
area and the sediment is not heterogeneous. The accuracy of
porosity values derived from 2-D images is largely controlled
by the image resolution and the segmentation algorithm used to
separate the image into void and grain space [31]. Segmentation
can be compromised by operator bias due to different selec-
tions in the segmentation (thresholding) number [13]. Errors
associated with segmentation are discussed in Section VI-B.

A variety of approaches have been used to successfully
predict permeability from 2-D images, with emphasis on
combining pore geometry quantified in 2-D images with
well established laws of fluid flow. For example, intrinsic
permeability was predicted to within a factor of 2 for the
Benoist sandstone using image analysis techniques [32], [33]
to quantify pore sizes, which were incorporated into a modified
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“bundle-of-tubes” model. Permeability was also accurately
predicted for glass beads and a homogeneous sandstone (Berea)
using a modified, semi-empirical Kozeny–Carman equation,
which established permeability as a function of image porosity,
specific surface area, and measured formation factor [27].
Permeability for Brent sandstone was predicted to within a
factor of 3 using 3-D reconstructions based upon 2-D correla-
tion functions, a simulated annealing method, and Stokes Law
[29]. In all these cases direct permeability predictions from
2-D image data required empirically or implicitly determined
components, because 2-D pore geometry (e.g., pore connec-
tivity, formation factor, and specific surface area) does not fully
reflect the 3-D geometry.

As noted previously, the tortuosity factor in sediments is de-
fined as the average of the squared ratio of shortest path along
fluid flow streamlines to a “straight line” between the start and
end points of that path [19, p. 111]. Ideally, the average would
be taken over the set of all end points in the sample with a sep-
aration at least as large as the side length of the representative
elemental area. In practice, the tortuosity factor is obtained by
averaging over only the paths that extend the full width of the
2-D image (or length of the sample) [18]–[20]. Tortuosity factor
has been determined to vary widely depending upon the analyt-
ical method used. Specifically, tortuosity factor determined by
diffusion calculations for sand-sized porous media has been re-
ported to be as high as 6.1 [34], whereas it has typically been as-
sumed to be 1.5 based upon the concept that flow paths deviate
by 45 from the direction of the pressure gradient [18]. Image
analysis provides, perhaps, the most direct method to determine
the geometry of the flow paths and thereby enables direct cal-
culations of the tortuosity factor.

IV. EFFECTIVE MEDIUM THEORY FOR

PERMEABILITY PREDICTION

An effective medium technique (EMT), which accounts for
the multidimensional and converging/diverging nature of the
pore network (i.e., pore sizes are not uniform nor uniformly dis-
tributed), was used to predict permeability in SAX99 sands. The
aim of EMT is to infer an average conducting parameter for het-
erogeneous disordered media from the statistics of local con-
ducting elements [35]. This technique was initially developed
to study random resistor networks [36], which are good analo-
gies of pore networks in sedimentary rocks [37], [38]. Doyen
[12] demonstrated that sufficient information about the pore
structure is available from 2-D images to allow EMT to predict
permeability of Fontainebleau sandstones to within a factor of
two. His approach was therefore adopted to predict permeability
from high-resolution images of SAX99 sands. An abbreviated
version of the EMT used in [12] and adopted for this study is
described below. The reader is referred to [11], [12] or [35] for
additional details.

EMT assumes the bulk hydraulic conductivity is determined
by the geometry and interconnectedness of the pore space,
because the rock frame (or sediment grains in this case) is
a nonconducting material. The hydraulic conductivity of the
system is related to total porosity, and the statistical distribu-
tions of pore body size (i.e., the “nodes” or wider parts of the

pore space), cross-sectional area of pore throats (i.e., “bonds”
or constrictions that join pore bodies), coordination number
(i.e., the number of pore throats that connect to the pore bodies),
and tortuosity factor. The pore network is considered an inter-
connected and randomly directed grouping of “tubes” and, in
keeping with the Hagen–Poiseuille Law (2), the cross-sectional
area of the pore throats (or “tubes”) is the primary geometrical
determinant of the fluid flow.

EMT assumes sediments contain a heterogeneous, noncorre-
lated distribution of pore throats. The goal is to replace the dis-
tribution of pore throats by a single effective pore throat radius

, and the challenge is to determinesuch that the total fluid
flow through the pore network is unchanged for a given external
pressure difference. In doing this, it is convenient to introduce
the hydraulic conductance [11] for a cylindrical pore throat
of radius defined by

(5)

In (5), the volumetric flow rate depends on the throat radius,
but that is not indicated explicitly. From (3), the hydraulic con-
ductance for a straight, cylindrical pore throat of radiusand
length is given by

(6)

In this equation, is assumed to be a constant proportional to the
mean grain diameter, which may overestimate the actual length
of the pore throats in the case of maximum density packing.

We assume the probability distribution function of pore throat
radii has been determined in the form of a histogram,
where denotes theth radius interval, and where de-
notes the probability that the pore radius is within theth in-
terval. Then the effective pore throat radiusfor EMT is given
by the following equation [36]:

(7)

which is solved iteratively to obtain . In (7), is the average
coordination number for all the pore bodies, which exerts a
small influence in this calculation because conductivity values
increase very gradually with increasing coordination numbers
[14]. The coordination number for each pore body is determined
by counting the number of throats that intersect at the pore body.

Once has been determined by self-consistency from (7), it
is possible to solve for the permeability using (4) by replacing
by and by the area representing the average pore
space over which the conduction is occurring, where is the
spatial average of the square of the pore channel radius. When
modeling permeability in natural sediments, it is also necessary
to take into the account the porosity () of the system and the
deviation in the path length and path direction using the tortu-
osity factor ( ). These parameters determined from 2-D images
can be incorporated into (4), leading to the following expression
for permeability [12]:

(8)
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Fig. 1. Scanning electron microscope images of sand grains, collected from
the SAX99 experimental site offshore Fort Walton Beach, FL. Typical features
of siliciclastic marine sands include: (a) grooves or pits; (b) linear fractures; (c)
conchoidal fractures.

A tortuosity value of 1.5 was used in (7) for all permeability
predictions, because this was the measured average from several
images (Table II) from two locations at the SAX99 site (the
“Lopes” site and the “ARL-UT” site).

V. GEOLOGICSETTING AND SEDIMENT CHARACTERISTICS

The West Florida Sand Sheet [39] is a homogeneous surficial
body of relict quartz sands [40] located on the continental
shelf offshore from Panama City, FL, and extending west to
across the Alabama state line. These sands, primarily derived
from the Appalachian Mountain system, were transported
through the Apalachicola fluvial and estuarine systems during
the Plio–Pleistocene period and were delivered to the present
location by nearshore currents. Currently the sand deposits at
the SAX99 experimental site are part of a shoreface-connected
sand ridge that is in equilibrium with hydrodynamic conditions
[6]. The result is a homogeneous sand deposit of relict quartz
sand, with small percentages of recently introduced carbonate
(e.g., shells) and clay sediment [6], [40], [41].

Individual grains display features typical of marine quartz
sands [42], such as linear and conchoidal fractures, pits, and
grooves (Fig. 1). The surface morphology and grain shape is
much more complex than that of spheres or plates and plays a
fundamental role in determining grain–grain interactions, pore
sizes and distribution, sediment porosity, permeability, tortu-
osity, formation factor, bulk density, and frame rigidity.

VI. SAMPLE COLLECTION AND ANALYSES

A. Diver Core Collection and Analysis

Scuba divers carefully collected sediment samples in 6.1-cm
diameter (5.9-cm ID), clear, polycarbonate core tubes by hand
for porometric analysis by traditional geotechnical methods
[6], [8], image analysis [12], [13] and image analysis/effective
medium theory modeling [11], [12]. Cores were handled care-
fully and maintained in a vertical position until porosity and
permeability analyses or resin impregnation was performed.
Cores were discarded if sediment disturbance was noted.
Samples were collected near the site of five SAX99 acoustic

TABLE I
COORDINATES OF THESAX99 SITES FORWHICH DATA IS PRESENTED

measurement experiments [5]: Benthic Acoustic Measurement
System (BAMS), Sediment Transmission Measurement System
(STMS), Coastal Systems Station (Lopes), low frequency (LF),
and Applied Research Lab-University of Texas (ARL-UT)
(Table I). Percent water content was determined gravimetrically
by measuring the water-weight loss after drying at 105C for 24
h from 2-cm interval subsamples of undisturbed diver-collected
cores. Because water content measurements required use of
an analytical balance, these cores were isolated from vibration
and carefully transported to the shore-based laboratory prior
to analysis. Measured values of average grain density were
used to calculate porosity from water content [43]. Porosity
values were corrected for salt content. The sediment grain size
distribution was measured from disaggregated samples by dry
sieving with a sieve shaker for gravel- and sand-sized particles.
In addition, pipettes were used for silt- and clay-sized particles
(never more than 5% of total weight) and the distribution was
expressed as a weight percentage [43]. Mean grain size (mm)
was estimated by the graphic method of Folk [44]. Phi size ()
is equivalent to the negative base-two logarithm of the diameter
expressed in millimeters.

Hydraulic conductivity was measured by a constant-head
permeameter technique on whole cores while aboard ship
[6] within one day of core collection. For this experiment,
13-cm-long cores (6.1-cm diameter) were collected such
that the sediment completely filled the core liner from top to
bottom. Hydraulic conductivity ( ) was determined with a
Soiltest K-605 combination permeameter, which was modified
to accommodate the entire 13-cm-long core [45]. For each
core, five consecutive measurements were made as surface
seawater percolated through the core as a result of the constant
hydraulic head. The intrinsic permeability () of the sediments
is then found from (1). The fluid density and dynamic viscosity
needed in (1) were calculated from temperature and salinity
of surface seawater from the SAX99 site [6] at the time the
measurement was made.

B. Image Analysis and Predictions From Pore Geometry

High-resolution image analyses were performed on resin-im-
pregnated sediments. Sediments in two cores were impregnated
aboard the ship within 24 h of collection using a polyester
casting resin, which solidified prior to transport to the
shore-based laboratory [6]. Considerations made for choosing a
suitable resin depend on the grain and pore sizes, resin viscosity
[46], and degree of water saturation. A resin was used that
could be applied in water-saturated samples for medium-sized
sand and could be prepared to a fairly low viscosity. Mul-
ticomponent polyester casting resins have worked well for
binding water-saturated sandsin situ [47]–[49] and are ideal for
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(a) (b)

(c) (d)

(e) (f)

Fig. 2. Scanning electron image (SEM) of a section cut from a resin-embedded core is used to determine pore geometry by converting (a) the SEM image into
(b) a binary image from which (c) a medial axis (skeleton) and (d) a Euclidean Distance Map (EDM) (burn image) are created. (e) Pore body/EDM and (f) pore
throat/EDM images enable the quantification of the pore body and pore throat sizes. Coordination number is determined from (c). Scale bar in (a) is 100�m and
all images are 3.5 mm� 3.5 mm. The binary image (b) depicts plucked grains (gray), pore space (black), and grains (white). The gray areas are painted white
prior to the image analysis.

marine sands because they: 1) attain low viscosity by mixing
and without heating; 2) cure without heating; and 3) maintain
constant volume during curing. To detect possible sediment
volume changes during the resin-impregnation process, the
sediment water interface was marked on the outside of the
cores, with a 1-mm-wide line, after cores were returned to
the ship and prior to resin impregnation. No changes in the
position of the sediment water interface were noted after the
resin cured; therefore, the volumetric change in sediments
due to resin impregnation was at most0.05%. Once cured,
two, 1-cm-square blocks were cut from each 1-cm depth

interval. The blocks were polished smooth and surfaces parallel
and horizontal to the sediment water interface were digitally
imaged with either a Hitachi S3500 Environmental Scanning
Electron Microscope (ESEM) or an Amray 1820 Scanning
Electron Microscope (SEM) in backscatter electron mode. The
“parallel” block surface images are from the top 1.0 mm of the
indicated depth intervals, whereas the “perpendicular” block
images are from mid-depth of the interval. Image resolution
(i.e., pixel size) is 6.9 m.

Digital SEM images of 3.5 mm 3.5 mm areas from the
polished blocks [Fig. 2(a)] were converted to binary images (a
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1-bit bitmap) [Fig. 2(b)] to determine pore and grain geometry
using Adobe Photoshop 5.5 equipped with the Image Processing
Toolkit 3.0 [50]. Pore sizes were quantified using a calibrated
length scale in Uthsca Image Tool 2.0 [51]. To ensure measure-
ments overcame the microscopic effects of small sample size, an
image length of about 8-grain diameters was used (cf. the min-
imum length to predict bulk porosity is approximately equal to
4 grain diameters for homogeneous sand and glass beads [30]).
This area provides the highest possible resolution for porosity,
permeability and tortuosity factor while maintaining a represen-
tative elemental area for “clean” sands.

Pore geometry was evaluated by converting the digital SEM
image [Fig. 2(a)] into a binary image [Fig. 2(b)], in which
pore pixels are black and grain pixels are white using a simple
segmentation technique. Porosity () was determined by pixel
counting, where porosity is equal to the sum of pore pixels in
the image divided by the total number of pixels in the image.

Segmenting images into the grain and pore phases can lead
to inaccuracies for two reasons. First, the segmentation process
employs a simple thresholding technique to achieve the best fit
to the image, which is always selected by “eye.” This process
allows the processor to account for variable image quality that
often results from fluctuating beam intensities that occur over
several hours to days of image collection. Second, some grains,
especially the highly fractured ones, are invariably plucked out
of the resin during the polishing process. The depressions in the
resin from which the grains were plucked are “painted” white
using Adobe Photoshop 5.5. To ensure that the segmented im-
ages maintained the grain–pore boundaries a simple self-con-
sistency test was employed using Adobe Photoshop 5.5. The
opacity of the segmented image was increased, while ensuring
that the pore and grain shapes were still clearly visible. These
images with enhanced opacity were compared to the original
SEM images to ensure that the grain–pore boundaries were un-
changed to within a pixel.

These binary images are then duplicated so that the medial
axis (skeleton) image [Fig. 2(c)] and a Euclidean Distance Map
(EDM) [Fig. 2(d)] are made from the original binary image.
The medial axis [Fig 2(c)] traces the central (median) path
of the pore network, enables the quantification of the coordi-
nation number and displays the interconnectivity of the pore
network. The medial axis image [Fig. 2(c)] is then segmented
to obtain a pore body (i.e., the junction for pore throats) image
(not shown) and a pore throats (i.e., the bonds that connect the
pore bodies) image (not shown). These images are laid on top
of EDM images to produce pore body/EDM [Fig. 2(e)] and
pore throat/EDM [Fig. 2(f)] images. Pore body radii are deter-
mined from the pore body/EDM image and pore throat radii
and lengths are determined from the pore throat/EDM image.
These measured pore parameters are used to determine intrinsic
permeability ( ) using (7). An important consideration in these
measurements is the associated error, which is directly propor-
tional to the resolution of the images. Each measurement is
considered accurate to within1 pixel length ( 6.9 microme-
ters for a 512- -512-pixel image). In the intrinsic permeability
predictions this error translates to maximum errors of a factor
of 2 above or below the calculated permeability values. Hy-
draulic conductivity ( ) was calculated using (1) from mod-

Fig. 3. Vertical distribution of sediment porosity (from water-weight-loss
method) and mean grain size at SAX99 indicate slight amounts of variability.

TABLE II
AVERAGE POROSITY, PERMEABILITY , AND TORTUOSITY FACTOR

MEASUREMENTSMADE ON SEDIMENTS FROM THE SAX99 SITES

eled values of intrinsic permeability () derived from image
analysis and values of fluid dynamic viscosity and density de-
termined from temperature and salinity of seawater from the
SAX99 site.

VII. RESULTS

A. Traditional Measurements

SAX99 sediment is well sorted, medium sand ranging from a
mean diameter of 0.29 to 0.56 mm [Fig. 3(a)]. Sediment shape
based on the Power’s roundness scale [52] is sub-rounded to
sub-angular. Sediment porosity, adjusted for porewater salinity,
averaged 0.372 0.0073 ( ) for all SAX99 sites (Table II)
and displayed only slight variability [Fig. 3(b)]. In every case
that follows, the mean values are givenone standard deviation
( ). Hydraulic conductivity measured in the upper 13 cm from
cores collected at the ARL-UT, BAMS, STMS, LF, and Lopes
locations at the SAX99 site averaged 3.610 0.7 10
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TABLE III
VALUES FROM CORES OFHYDRAULIC CONDUCTIVITY (K), INTRINSIC

PERMEABILITY (k), AND MEAN GRAIN SIZE FOR FIVE LOCATIONS AND FOUR

SEDIMENT DEPTHS AT THESAX99 SITE

m s , which corresponds to an intrinsic permeability of 3.3
10 0.60 10 m (Table III). At the STMS site

permeability values measured at depths below 13 cm are slightly
higher, likely due to an increase in the number of shell particles
in those depth intervals.

B. Predictions From Image Analysis

Sediment porosity (from pixel counting) averaged 0.398
0.029 (range 0.336 to 0.478) in the top ten centimeters below
the sea floor at the Lopes and ARL-UT sites (Table II). In-
trinsic permeability at the Lopes and ARL-UT sites averaged
2.78 10 1.01 10 m , which when fluid prop-
erties of seawater at the SAX99 site are accounted for corre-
sponds to a hydraulic conductivity of 2.93 10 0.74
10 m s (Table II; Fig. 4). Values of permeability in 2 inter-
vals (0–1 and 2–3 cm) at the Lopes site and one interval (0–1
cm) at the ARL-UT site are slightly anisotropic. However stan-
dard deviations for all other values of permeability at the Lopes
(1–2 and 4–10 cm) and ARL-UT (1–10 cm) sites overlap, in-
dicating that the sediments are fairly isotropic with respect to
permeability (Fig. 4). The Lopes site has lower variability in
permeability predictions than the ARL-UT site at depths below
5 centimeters. Tortuosity factor averaged 1.490.09 in the top
ten centimeters below the seafloor at the Lopes and ARL-UT
sites (Table II) with a range of 1.35 to 1.60 for the 20 images
for which tortuosity factor was measured. This is a reasonable
tortuosity factor for sands in the SAX99 study site [23] and for
sands in general [18], [19]. While a slight amount of variability
exists for the vertical and horizontal sections at the Lopes and
ARL-UT sites and also between those sites, the sediments ap-
pear to be isotropic with respect to tortuosity factor.

The mean value of porosity determined by the water-weight
loss technique is significantly lower (Student’s-test for equal
variances) than those determined by the image-analysis tech-
nique. The mean value of permeability determined by constant
head permeameter measurement is also significantly higher than
those determined by image analysis and EMT. The implications
of these differences are discussed in Section VIII.

One of the principal objectives of the SAX99 experiment
was to characterize variability in sedimentary structure and sed-
iment properties [6]. Variability in sediment structure is con-
trolled by variations in grain size, sorting, and packing, which
correspond to differences in pore size distribution, and values of
tortuosity, porosity, and permeability. Most images depict ho-
mogeneous and isotropic sedimentary structure, but some het-
erogeneity and anisotropy are also present, especially in sedi-
ments near the surface. To provide examples of the pore and
grain-size variability at discrete depth intervals, several images
are depicted in Fig. 5. The porosity values for the homogeneous
images [Fig. 5(a) and (b)] are within 0.006, whereas for the
heterogeneous images porosity values differ by more than 0.08
[Fig. 5(c) and (d)]. The pore sizes in the interval of isotropic
permeability are roughly equivalent, corresponding to perme-
ability values that differ by only 3.0 10 m [Fig. 5(e) and
(f)]. Whereas for the anisotropic sediments, as exemplified by
images taken from the 0–1-cm interval of the Lopes site, the av-
erage pore sizes are more disparate [Fig. 5(g) and (h)], resulting
in a statistically significant difference of 3.26 10 m in
predicted permeability values.

VIII. D ISCUSSION

Laboratory measurement of porosity and permeability is
considered a routine geotechnical characterization of marine
sediments, although issues associated with sample disturbance
during sediment collection and transport as well as the loss
of water during sectioning cores have lead some authors to
question the accuracy of these measurements for sands [9],
[53]. Novel and potentially more accurate approaches to mea-
suring these sediment physical properties are therefore needed.
Image analysis of resin-impregnated sands, which solidifies
the sediment and maintains the pore sizes and spatial grain
distributions, is one such novel approach. This image-based
technique provides porometric properties over scales much
finer than traditional laboratory methods and may provide
values of porometric properties more relevant to the spatial
scales required for high-frequency acoustic modeling.

Porosity values determined by traditional geotechnical
methods have a lower mean, an overall narrower range, and
a lower variability than porosity determined by image anal-
ysis/pixel counting. The lower values of porosity determined
by traditional measurements as compared to image analysis
measurements have been noted in other studies [12], [27]
and are likely the result of differences in the techniques, but
a difference simply due to the natural variability of the sedi-
ment cannot be completely ruled out. However, the similarity
of porosity values among the five sites where traditional
water-weight-loss measurements were made (Table II) suggests
that natural variability is not the cause. Issues associated with
segmentation effects (i.e., overestimating or underestimating
the grain areas) or the discrepancy between 2-D image porosity
and 3-D image porosity are unresolved. Greater variability in
the estimates of porosity based on image analysis compared to
traditional measurements probably exists due to differences in
measurement scale between these two techniques. Small-scale
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(a) (b)

(c) (d)

Fig. 4. Porosity determinations at the (a) Lopes; (b) ARL-UT sites. Permeability predictions at the (c) Lopes; and (d) ARL-UT sites from resin-impregnated core
sections.

heterogeneity (i.e., differences in grain sizes and total pore
volume) that is evident in 12.25-mmarea images probably is
not resolved from the much larger (28 cm) volumes used for
water-weight-loss techniques.

There has been considerable speculation on the reason for
differences in porosity measured by traditional and image
analysis methods in sandstone [12], [13], [27], [28], [33],
which includes problems associated with segmentation, a
failure to realize a representative elemental area, and sample
heterogeneity. These issues also apply to unconsolidated sands
found in SAX99 in addition to the effects of sample distur-
bance. The potential problems associated with segmentation
can be evaluated by comparison of grain boundaries before and
after segmentation. As discussed previously in Section VI-B,
the segmentation of the SEM image is accurate to within a
pixel, which translates to a maximum error of0.02. Also
as discussed previously, images of SAX99 sands contain at
least 8-grain diameters, which should be sufficient to achieve a
representative elemental area for a homogeneous sand sample.
However, the greater variability of imaged-based porosity
compared to water-weight-loss porosity suggests that consid-

erable small-scale variability exists (based upon evaluation of
120 images) at millimeter scales and an individual image is
insufficient to reliably determine mean bulk porosity at larger
scales. The combination of porosity from multiple images (30
horizontal and 30 vertical images per site) reduced the standard
deviation to 0.005 and makes the combined image porosity
measurement comparable in size to the elements used for the
water-weight-loss techniques. We believe that the representa-
tive elemental size was achieved for individual images and the
variability found in image-based analyzes reflects small-scale
variability present in SAX99 sediment at the millimeter scale. It
has also been suggested that resin impregnation may somehow
disrupt sediment structure or that image analysis may not
realize a representative elemental area given that the sediments
may be heterogeneous at high resolution (here: 3.5 mm
3.5 mm). To ensure that sediment structure and stability were
maintained during impregnation, the sediment volume was
monitored. Given that the total-core sediment volume did not
change (at most 1 mm in length) in any substantial way, we
assume that pore volume, pore sizes, and pore size distributions
were not changed by the resin-impregnation process. Our
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Fig. 5. Representative cases of homogeneity (a), (b), heterogeneity (c), (d),
isotropy (e), (f), and anisotropy (g), (h) from vertical and horizontal images
provide a conceptual basis for relating grain and pore geometry to porometric
properties of the sediments. Homogeneity at ARL-UT 6-7 cm interval is evident
from images of (a) vertical (n = 0:4024) and (b) horizontal (n = 0:4019)
sediment sections. Heterogeneity at Lopes 7–8 cm interval is evident from
images of (c) vertical (n = 0:4300) and (d) horizontal (n = 0:3481) sediment
sections. Isotropy at Lopes 6–7 cm interval is evident from images of (e)
vertical (k = 2.83� 10 m ) and (f) horizontal (k = 2.89� 10 m )
sediment sections. Anisotropy at Lopes 0–1 cm interval is evident from images
of (g) vertical (k = 5.79� 10 m ) and (h) horizontal (k = 2.23� 10
m ) sediment sections. Image size is 3.5 mm� 3.5 mm.

resin-impregnation technique, which uses a direct replacement
of water with resin so that the pore spaces are saturated
throughout the fluid replacement, maintains pore pressures, and
eliminates the increase of intergranular stress that is associated
with drying the sediments. This, along with the elimination of
multiple alcohol washes ensures that the sediment and pore
spaces are subjected to the least amount of alteration.

Traditional geotechnical measurements of porosity are sub-
ject to a different sort of criticism. Gravimetric measurements
may underestimate porosity due to water loss associated with
drainage and evaporation, especially during sectioning or

sub-sampling. Comparisons between porosity for subsections
and whole cores differ by an average of less than 0.003
[54] suggesting that sectioning, if done carefully, does not
result in significant water loss. Both resin-image processing
techniques and traditional laboratory techniques may suffer
interstitial water loss from disturbance during core collection.
This water loss should be greatest in the upper centimeter of
sediment where disturbance (e.g., compaction or densifica-
tion) of loosely packed sediment is probably the greatest [9].
Wheatcroft [9] collected known volumes of sediment from
4–7 cm below the surface during SAX99 experiments in order
to provide calibration of resistivity probes. These porosity
measurements (0.37 0.02) based on water-weight loss from
a known volume of sediment eliminated the effects of sediment
disturbance during transport and water-weight loss during
laboratory manipulations, but the procedure may still compact
sediment during core insertion. These measurements also
excluded sediments near the sediment-water interface, which
are potentially most susceptible to disturbance [9]. The nearly
identical values of porosity measured by the water-weight-loss
technique used in this paper and those in [9] lend credence to
the water-weight-loss technique.

The degree of sediment packing has a major impact on sed-
iment porosity. Maximum and minimum densities for SAX99
sediments were determined using standard American Society
for Testing and Materials (ASTM) [55] laboratory vibratory
densification techniques on dried sediments. The maximum
density for representative sample of tightly packed SAX99
sand (2071 kg m ) corresponds to a porosity of 0.368, which
is slightly higher than the minimum image porosity of 0.336.
The minimum density for loosely packed SAX99 sand (1938
kg m ) corresponds to a porosity of 0.447, which is lower
than the maximum porosity determined by image analysis of
0.478. Relative density ( ) in percent is defined as

(9)

where and are the maximum and minimum values
of void ratio measured from the laboratory vibratory densifica-
tion technique and is thein situ void ratio. The minimum and
maximum sediment densities correspond to and , re-
spectively. Void ratio is related to porosity by .
The mean image-based porosity corresponds to a relative den-
sity of 65%. Given the range of porosities measured by water-
weight-loss techniques (0.356–0.397) relative densities range
between 66%–112% with a mean relative density of 94%. If
the water-weight-loss measurements are correct or slight un-
derestimates of porosity,in situ sediments must be near their
maximum density. Underestimates of porosity would be due to
compaction during core collection and water loss by drainage or
evaporation (e.g., 0.003 to 0.01) during sectioning. The greater
range in relative density in image-based porosity compared to
water-weight loss is reasonable considering the differences in
sample size. Relative density determinations could also be high
due to the fact that maximum and minimum void ratios were
determined on dry samples. Frazer [56] has demonstrated that
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porosity values may be 0.005 lower when compacting subaque-
ously deposited samples. In spite of these problems, this study
demonstrates that the meanin situ porosity for SAX99 sed-
iments is probably between the values determined by water-
weight loss and image processing methods (0.37–0.40). The in-
ability to unambiguously determine a mean porosity value for
SAX99 sands by these different methods suggests that further
work is needed to resolve the disparities in porosity measure-
ments that result from these and other techniques. We believe
differences in these determinations should be seen as a need for
future investigations rather than an indictment of either method-
ology.

Mean permeability determined from traditional geotechnical
methods is significantly higher (a difference of 0.5110
m ) than the mean value predicted by image analysis/EMT
modeling. While the mean permeability values determined
by traditional and image analysis/EMT modeling methods
are statistically different, the differences may be within the
absolute measurement error of the two techniques and thus
may not be physically significant. Errors in image analysis
determination of porosity or pore size distribution may over-
or underestimate total pore space due to errors in segmentation
(thresholding). The error in the porosity value can be bounded
by eroding (decreasing) or dilating (increasing) the image
pore space by one pixel at the pore-grain boundary and then
calculating the image porosity as previously defined for each
image. If the errant porosity value obtained by this process
( 0.02) is directly incorporated into (8) the consequent error
in permeability is on the order of 0.125 10 m (or

5%). If pore spaces were inaccurately segmented to produce
pore sizes that are all either too large or too small (1 pixel),
then permeability predictions would have a maximum error
of approximately 100% based on a reduced gradient method.
This error is not considered large for sands [25], [27], [33]
that potentially have permeability ranges of several orders of
magnitude [16].

Tortuosity factor is an important determinant of transport in
sediments and accurate determination of this property will aid in
the prediction of fluid transport and acoustic propagation. Tor-
tuosity factor measured by image analysis of SAX99 sediments
ranged between 1.35 and 1.59 for individual images with a mean
of 1.49 0.09. This value of tortuosity factor is similar to the
value 1.40 that is obtained from the formation factor () deter-
mined from resistivity measurements made in [8] using the com-
monly employed relationship [20], which relates tor-
tuosity factor to the formation factor and porosity. Image-based
determination of tortuosity factor leads to very similar values
compared to the prediction of tortuosity in sands (1.5) [23] in
which the deflections in the streamlines are assumed to be about
45 [18] for nearly spherical particles (e.g., glass beads).

IX. SUMMARY AND CONCLUSIONS

The sediments at the SAX99 site appear homogeneous and
isotropic for scales over hundreds of meters to as small as a
few millimeters. This large-scale homogeneity (within cores
and among sites) reflects the fact that SAX99 experiments

were conducted on and the sediments collected from the crest
of a single shoreface-connected ridge. Sediments on this ridge
are in equilibrium with current hydrodynamic conditions (e.g.,
waves and currents) [6], which apparently create a uniform
surficial deposit. Variability and anisotropy in porometric
property measurements measured at the scales of the image
analysis, especially in the upper 2 cm of sediment, may be due
to small-scale hydrodynamic forcing (e.g., grain fractionation
and winnowing) and bioturbation. The large-scale homogeneity
generally allows for comparison of acoustic experimental
results among different sites within the SAX99 experimental
site. However, small-scale variability must be characterized
for high-frequency acoustic modeling where spatial volume
heterogeneity is important.

The comparison between traditional and image-based values
of sediment porosity and permeability demonstrates that image
analysis coupled with effective medium theory can provide rea-
sonable estimates of sediment porosity and good estimates of
permeability. In addition, the image-based analysis allowed the
direct measurement of sediment tortuosity factor, an important
input to poroelastic propagation and scattering models. Using
these techniques characterization of fine-scale sediment volume
heterogeneity was also demonstrated.
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