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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 [10]-[13]. The primary objectives of this paper are to quan-
(SAX99), porometric properties were measured and predicted for tify and compare values of porosity, permeability, and tortuosity
a well sorted, medium sand using standard laboratory geotech- t4ctor at decimeter to millimeter length scales using traditional

nical methods and image analysis of resin-impregnated sediments. . . . . .
Sediment porosity measured by laboratory water-weight-loss geotechnical and image analysis techniques; to assess and com-

methods (0.3724 0.0073 for mean=+1 standard deviation) is Pare spatial homogeneity and isotropy within and among indi-
0.026 lower than determined by microscopic image analysis of vidual sites; and to evaluate the accuracy of image-based poro-
resin-impregnated sediments (0.398t 0.029). Values of intrinsic  metric characterization and modeling.

permeability (m?) determined from constant-head permeameter Thi r di he nature of porometric pr i n
measurements (3.2% 10! £ 0.60x 10—*1) and by microscopic S p?pel d S?uiieSt N atut.e orpo Od'(taf: ¢ pl'(c)jae thS a d
image analysis coupled with effective medium theory modeling "@19€S Orvalues lorinese properties in sand, the validity otusing
(2.78 x 1011 + 1.01 x 10~'1) are nearly identical within two-dimensional (2-D) image analysis to predict three-dimen-
measurement error. The mean value of tortuosity factor measured sional (3-D) properties; and the use of an effective medium tech-
from images is 1.49+ 0.09, which is in agreement with tortuosity nique to make accurate, high-resolution (centimeter-scale) pre-

factor determined from electrical resistivity measurements. Slight dictions of permeability from 2-D images of resin-impregnated
heterogeneity and anisotropy are apparent in the top three cen- marine sand

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 Il. POROMETRIC PROPERTIES
among and within SAX99 sites indicates sediments are primarily ) ) . ) .
homogeneous and isotropic and pore size distributions are fairly ~ Porometric properties (i.e., porosity, permeability, and
uniform. The results indicate that an effective medium theory tortuosity factor) were determined by traditional geotechnical
technique and two-dimensional image analysis accurately predicts methods, image analysis measurements [10], [13] and image
bulk permeability in resin-impregnated sands. analysis/effective medium theory modeling [11], [12] for water-
Index Terms—Permeability, porometry, porosity, porous media. 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
EDIMENT pore space geometry is often characterized byicroscopy (SEM) images of resin-impregnated sediments.
hree porometric properties: porosity, permeability, and toFluid flow through sediments can be related to hydraulic
tuosity factor ensusinuosity) [1]-[4]. These porometric prop-conductivity or Darcy’s coefficient of permeabilitys()
erties exert significant influence on fluid motion in sediments
and therefore play a major role in determining acoustic prop- K=k, Q)
agation in poro-elastic media, such as marine sands [1]-[4]. H
To evaluate the significance of these and other seafloor praparcy’s coefficient of permeability in fully saturated sediment is
erties to acoustic scattering, penetration, and propagation megntrolled by fluid viscosity ), fluid density ), gravitational
eling, the sediment acoustics experiment (SAX99) was cofcceleration ), and the intrinsic permeabilitykf, which ac-
ducted in a relatively uniform sandy sediment off the Floridgounts for the geometrical complexity of pore channels. Values
Panhandle near Fort Walton Beach [4]-[6]. Porometric propf i are often, as in this study, determined from measured hy-
erty measurements were made using traditional geotechnigadulic conductivity and tabulated values of fluid dynamic vis-
[7], electrical resistivity [8], [9], and image analysis methodgosity, fluid density, and gravitational acceleration. Hydraulic
conductivity is an important component in the volumetric flow
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Law to be valid, the flow must be laminar, “creeping” flowthese representative values of porometric properties for the
(see [14] or [15, p. 160]) where viscous forces dominate inegandy sediments at SAX99 experiments will be determined by
tial forces, such that the Reynolds number is very leyl@) measuring the porometric properties directly and by predicting
[15], (see [16, pp. 143-144]). For isotropic media where ththe properties with 2-D image analysis techniques.

fluid flow is aligned with the pressure gradient, Darcy’s Law

can be equated with the Hagen—Poiseuille equation
[ll. POROMETRIC PROPERTYPREDICTIONSFROM 2-D IMAGES

Q= ﬁ E ©) Predicting 3-D porometric properties from 2-D data has
8u 1 been addressed by many researchers for sandstone [10]—[13],
, ) , . ) . [25]-27]. Two basic underlying assumptions in these studies
which appl!es_to isolated, no_nco_nnected, single-sized CIrCUidla that the structure of the sandstone is homogeneous and
tubes and indicates the relative |mp0rta_nce of the tube rad|§8tropic and that the 2-D images cover an area large enough
(). In (3), AP denotes the pressure dlﬁerenf:e between ttﬂ?at microscopic variability (see [19, p. 20]) does not dominate
ends of the tube of length By equating Darcy’s Law 10 the y, o e ictions. To obtain reliable results, the image size should
Hagen—Poiseuille equation, intrinsic permeability can then B |5 qer than the “representative elemental area.” For areas
determined as larger than the representative elemental area, average prop-
o erties are independent of the area (i.e., the property of “self-
k= SA (4)  similarity” applies) and reflect the values for the bulk volume.
For sands from an area similar to the SAX99 site, porosity was
which works well to predict intrinsic permeability for a singleshown to be invariable over length scales of four to eleven grain
straight, uniform tube, but it fails to account for the complexitgiameters [28]. A length of four-grain diameters is similar to
of natural sediments, which contain multi-dimensioned and ithe predicted length scale required for porosity to obtain a
terconnected pores. The deviations in these paths require stable, asymptotic value [29] and is the same minimum length
fluid to travel a distance farther than the shortest distance acrgsale for porosity determined for glass beads [30]. The image
the sample. This deviation can be expressed as the tortuosize required to reach a stable, asymptotic value, however,
factor defined by((Ls/L)?) [17]-[20], whereLs is the min- may not be the same for porosity, permeability, and tortuosity
imum length of a fluid flow streamline between the start and eridctor. Based upon the minimum length scales reported above
points of the flow path and. is the length of a straight line be-for porosity [28], [30] the image size of 3.5 mm 3.5 mm
tween the start and end points of that flow path. In practise (-8 grain diameters) was selected for this study. Thirty images
is calculated from a line through the medial axis of the shortefstr porosity and permeability and five images for tortuosity
fluid flow path. The tortuosity factor is defined by the averagactor were used for each site. Porometric model accuracy,
of (Ls/L)?* over the set of all start and end points in the samplehether a representative elemental area is established or not,
but as discussed later, the separation of the start and end pdmtdetermined by how well model predictions based on image
of the path must be greater than a minimum value. The tortuosétgalysis agree with measurements made by traditional geotech-
factor thus determined is analogous for hydraulic and electrigatal techniques. Previous researchers have demonstrated that
systems [21] in siliciclastic marine sand, which has fully intethe characterization of the volumetric pore space represented
connected pore space [22] as with SAX99 sediments. in 2-D images of a homogeneous and isotropic sandstone are
Typical measured values for porosity, permeability, anadequate to predict values of porometric properties [10]. Pixel
tortuosity of sand-sized naturally occurring porous media fatbunting, network modeling, and “shortest” path (i.e., stream-
within the ranges determined for minimum and maximurine) algorithms are often used to predict these properties.
density conditions (a function of packing) of idealized sanBorosity determined from 2-D images as the ratio of void space
comprised of mono-sized, spherical beads. For this idgakels to the total area [12], [13] usually predicts bulk porosity
system porosity may range from 0.27 to 0.48 (see [16, p. 86(§.g., water-weight loss or helium porosimetry) to within a few
intrinsic permeability between 102 and 161° m? (hydraulic percent provided the image contains a representative elemental
conductivity between 10° and 103 m-s!) (see [16, p. area and the sediment is not heterogeneous. The accuracy of
98] and [19, p. 136]), and tortuosity factor between 1.3 angbrosity values derived from 2-D images is largely controlled
2.2 [19], [20]. In “clean” (i.e.,<5% particles smaller than by the image resolution and the segmentation algorithm used to
62 1:m) sands the values of these porometric properties are ad&parate the image into void and grain space [31]. Segmentation
influenced by grain shape, sorting, and size distribution [23Jan be compromised by operator bias due to different selec-
[24]. Despite the morphological and statistical variations withitions in the segmentation (thresholding) number [13]. Errors
naturally occurring sands, values of porometric properti@ssociated with segmentation are discussed in Section VI-B.
often fall within much narrower subsets of these ranges, whichA variety of approaches have been used to successfully
may reflect that naturally occurring marine sands are oftgmedict permeability from 2-D images, with emphasis on
packed to near maximum density. Medium-sized, well-sort@@mbining pore geometry quantified in 2-D images with
marine sands tend to have average porosity values near Ozgfl established laws of fluid flow. For example, intrinsic
[16], intrinsic permeability values about 18t m? or hydraulic permeability was predicted to within a factor of 2 for the
conductivity values about 1@ m-s~' [16], and tortuosity Benoist sandstone using image analysis techniques [32], [33]
factors of about 1.5 (see [18, pp. 45-46]). The validity ab quantify pore sizes, which were incorporated into a modified
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“bundle-of-tubes” model. Permeability was also accuratefyore space), cross-sectional area of pore throats (i.e., “bonds”
predicted for glass beads and a homogeneous sandstone (Beneapnstrictions that join pore bodies), coordination nhumber
using a modified, semi-empirical Kozeny—Carman equatiofi,e., the number of pore throats that connect to the pore bodies),
which established permeability as a function of image porosignd tortuosity factor. The pore network is considered an inter-
specific surface area, and measured formation factor [2¢€pnnected and randomly directed grouping of “tubes” and, in
Permeability for Brent sandstone was predicted to within keeeping with the Hagen—Poiseuille Law (2), the cross-sectional
factor of 3 using 3-D reconstructions based upon 2-D correlarea of the pore throats (or “tubes”) is the primary geometrical
tion functions, a simulated annealing method, and Stokes La@terminant of the fluid flow.
[29]. In all these cases direct permeability predictions from EMT assumes sediments contain a heterogeneous, noncorre-
2-D image data required empirically or implicitly determinedated distribution of pore throats. The goal is to replace the dis-
components, because 2-D pore geometry (e.g., pore conrteibution of pore throats by a single effective pore throat radius
tivity, formation factor, and specific surface area) does not fully*, and the challenge is to determiriesuch that the total fluid
reflect the 3-D geometry. flow through the pore network is unchanged for a given external
As noted previously, the tortuosity factor in sediments is deressure difference. In doing this, it is convenient to introduce
fined as the average of the squared ratio of shortest path aldig hydraulic conductanggr) [11] for a cylindrical pore throat
fluid flow streamlines to a “straight line” between the start andf radiusr defined by
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- g(r) = nQ/AP. (5)
aration at least as large as the side length of the representativ
elemental area. In practice, the tortuosity factor is obtained
averaging over only the paths that extend the full width of t
2-D image (or length of the sample) [18]-[20]. Tortuosity facto o
has been determined to vary widely depending upon the anafﬁ?gthl is given by
ical method used. Specifically, tortuosity factor determined by ard
diffusion calculations for sand-sized porous media has been re- g(r) = Y (6)
ported to be as high as 6.1 [34], whereas it has typically been as- o )
sumed to be 1.5 based upon the concept that flow paths devifEis equation;is assumed to be a constant proportional to the
by ~45° from the direction of the pressure gradient [18]. Imag&€an grain d|amet_er, which may over_estlmate th_e actual_ length
analysis provides, perhaps, the most direct method to determ@héhe pore throats in the case of maximum density packing.

culations of the tortuosity factor. radii n,(r;) has been determined in the form of a histogram,

wherer; denotes théth radius interval, and where,(r;) de-
notes the probability that the pore radius is within tke in-

‘(35), the volumetric flow rat&) depends on the throat radius,
Kt that is not indicated explicitly. From (3), the hydraulic con-
uctance for a straight, cylindrical pore throat of radiuand

IV. EFFECTIVE MEDIUM THEORY FOR terval. Then the effective pore throat raditisfor EMT is given
PERMEABILITY PREDICTION by the following equation [36]:
An effective medium technique (EMT), which accounts for g(r*) — g(r;)
the multidimensional and converging/diverging nature of the Z ne(rs) =0 ()
. . : \ : : g(ri) +[(2/2) — 1]g(r*)
pore network (i.e., pore sizes are not uniform nor uniformly dis- ¢

tributed), was used to predict permeability in SAX99 sands. Thghich is solved iteratively to obtairt. In (7), z is the average
aim of EMT is to infer an average conducting parameter for hefpordination number for all the pore bodies, which exerts a
erogeneous disordered media from the statistics of local c@finall influence in this calculation because conductivity values
ducting elements [35]. This technique was initially developegicrease very gradually with increasing coordination numbers
to study random resistor networks [36], which are good anal@-4]. The coordination number for each pore body is determined
gies of pore networks in sedimentary rocks [37], [38]. DoyeBy counting the number of throats that intersect at the pore body.
[12] demonstrated that sufficient information about the pore oncer* has been determined by self-consistency from (7), it
structure is available from 2-D images to allow EMT to predigg possible to solve for the permeability using (4) by replaging
permeability of Fontainebleau sandstones to within a factor 9§,7+ and A by the arear - (7’§c> representing the average pore
two. His approach was therefore adopted to predict permeabilifjace over which the conduction is occurring, whefe) is the
from high-resolution images of SAX99 sands. An abbreviateghatial average of the square of the pore channel radius. When
version of the EMT used in [12] and adopted for this study isodeling permeability in natural sediments, it is also necessary
described below. The reader is referred to [11], [12] or [35] fqp take into the account the porosity)(of the system and the
additional details. deviation in the path length and path direction using the tortu-
EMT assumes the bulk hydraulic conductivity is determinegkity factor (). These parameters determined from 2-D images

by the geometry and interconnectedness of the pore spagh be incorporated into (4), leading to the following expression
because the rock frame (or sediment grains in this case)d$ permeability [12]:

a nonconducting material. The hydraulic conductivity of the
system is related to total porosity, and the statistical distribu- L=

n w4
tions of pore body size (i.e., the “nodes” or wider parts of the 8T <7]%(,>

r

(8)
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TABLE |
COORDINATES OF THESAX99 STES FORWHICH DATA IS PRESENTED

Site Latitude (N) [ Longitude (W)
STMS 30° 22.671" 86° 38.695"
ARL-UT | 30°22.648’ 86° 38.695
Lopes 30° 22.578 86° 38.657
LF 30° 22.806" 86° 38.700"
BAMS 30° 22.680" 86° 38.802"

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
Fig. 1. Scanning electron microscope images of sand grains, collected er¥ measu”n_g the water—welght loss afte_r drylng at_‘1050r 24
the SAX99 experimental site offshore Fort Walton Beach, FL. Typical featurésfrom 2-cm interval subsamples of undisturbed diver-collected
of siliciglastic marine sands include: (a) grooves or pits; (b) linear fractures; (@bres_ Because water content measurements required use of
conchoidal fractures. an analytical balance, these cores were isolated from vibration
and carefully transported to the shore-based laboratory prior
A tortuosity value of 1.5 was used in (7) for all permeabilitfo analysis. Measured values of average grain density were
predictions, because this was the measured average from sevgfédi to calculate porosity from water content [43]. Porosity
images (Table II) from two locations at the SAX99 site (thgalues were corrected for salt content. The sediment grain size
“Lopes” site and the “ARL-UT” site). distribution was measured from disaggregated samples by dry
sieving with a sieve shaker for gravel- and sand-sized particles.
V. GEOLOGIC SETTING AND SEDIMENT CHARACTERISTICS In addition, pipettes were used for silt- and clay-sized particles

The West Florida Sand Sheet [39] is a homogeneous surficqgfever more than 5% of total weight) and the distribution was

body of relict quartz sands [40] located on the continent§iPressed as a weight percentage [43]. Mean grain size (mm)

shelf offshore from Panama City, FL, and extending west {§2S estimated by the graphic method of Folk [44]. Phi siZe (

across the Alabama state line. These sands, primarily deri\}EEQUivaler?t o Fh_e negative base-two logarithm of the diameter
from the Appalachian Mountain system, were transportégPressed in millimeters.
through the Apalachicola fluvial and estuarine systems durin Hydraulic conduct_lwty was measured by a constant—hea_d
the Plio—Pleistocene period and were delivered to the pres %{m_ea_meter technique on WhOIe_ cores Wh'le aboa_lrd ship
location by nearshore currents. Currently the sand depositd &t Within one day of core collection. For this experiment,
the SAX99 experimental site are part of a shoreface-connectsicm-1ong cores (6.1-cm d|_ameter) were collected such
sand ridge that is in equilibrium with hydrodynamic condition at the sedlmept Comp'e“?'Y filled the core Ilngr from_ top to
[6]. The result is a homogeneous sand deposit of relict qual gtom. Hydraulic cpndyctwﬁyl{) was deter.mmed with a
sand, with small percentages of recently introduced carbon&t%”teSt K-605 comblnatlo_n permeameter, which was modified
(e.g., shells) and clay sediment [6], [40], [41]. to accc_)mmodate th_e entire 13-cm-long core [45]. For each
Individual grains display features typical of marine quartEore, five consecutive measurements were made as surface
sands [42], such as linear and conchoidal fractures, pits, ﬁi@wa@r percolated_thrpugh the core asa result of the constant
grooves (Fig. 1). The surface morphology and grain shape! draulic head. The intrinsic permeapﬂn&)(of the se:dments_
much more complex than that of spheres or plates and play§ Hwen fqund from (1). The fluid density and dynamic V|sco§|ty
fundamental role in determining grain—grain interactions, pof§€ded in (1) were calculated from temperature and salinity

sizes and distribution, sediment porosity, permeability, tort@! Surface seawater fr((j)m the SAX99 site [6] at the time the
osity, formation factor, bulk density, and frame rigidity. measurement was made.

B. Image Analysis and Predictions From Pore Geometry
VI. SAMPLE COLLECTION AND ANALYSES

_ ) . High-resolution image analyses were performed on resin-im-

A. Diver Core Collection and Analysis pregnated sediments. Sediments in two cores were impregnated

Scuba divers carefully collected sediment samples in 6.1-a@hoard the ship within 24 h of collection using a polyester
diameter (5.9-cm ID), clear, polycarbonate core tubes by hacalsting resin, which solidified prior to transport to the
for porometric analysis by traditional geotechnical methods$hore-based laboratory [6]. Considerations made for choosing a
[6], [8], image analysis [12], [13] and image analysis/effectiveuitable resin depend on the grain and pore sizes, resin viscosity
medium theory modeling [11], [12]. Cores were handled carf46], and degree of water saturation. A resin was used that
fully and maintained in a vertical position until porosity anatould be applied in water-saturated samples for medium-sized
permeability analyses or resin impregnation was performeshnd and could be prepared to a fairly low viscosity. Mul-
Cores were discarded if sediment disturbance was notéidomponent polyester casting resins have worked well for
Samples were collected near the site of five SAX99 acousbinding water-saturated sanidssitu[47]-[49] and are ideal for
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@ (b)

(©) (d)

(e) ®

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 jmn{eaisl 100

all images are 3.5 mnx 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 miximgterval. The blocks were polished smooth and surfaces parallel
and without heating; 2) cure without heating; and 3) maintaand horizontal to the sediment water interface were digitally
constant volume during curing. To detect possible sedimdantaged with either a Hitachi S3500 Environmental Scanning
volume changes during the resin-impregnation process, takectron Microscope (ESEM) or an Amray 1820 Scanning
sediment water interface was marked on the outside of tEéectron Microscope (SEM) in backscatter electron mode. The
cores, with a 1-mm-wide line, after cores were returned tparallel” block surface images are from the top 1.0 mm of the
the ship and prior to resin impregnation. No changes in tlirdicated depth intervals, whereas the “perpendicular” block
position of the sediment water interface were noted after tirmages are from mid-depth of the interval. Image resolution
resin cured; therefore, the volumetric change in sedimerfi®., pixel size) is 6.9:m.

due to resin impregnation was at masd.05%. Once cured, Digital SEM images of 3.5 mmx 3.5 mm areas from the
two, 1-cm-square blocks were cut from each 1-cm deppolished 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 geometi  © 0
using Adobe Photoshop 5.5 equipped with the Image Process 2 | 27
Toolkit 3.0 [50]. Pore sizes were quantified using a calibrate ~ #| 47
length scale in Uthsca Image Tool 2.0 [51]. To ensure measu ¢ | 6r
ments overcame the microscopic effects of small sample sizelE: 81 81
image length of about 8-grain diameters was used (cf. the mZ 10 10
imum length to predict bulk porosity is approximately equal t & 12 121
4 grain diameters for homogeneous sand and glass beads [2 14T 14
This area provides the highest possible resolution for porosi 16 16
permeability and tortuosity factor while maintaining a represe 18 1
tative elemental area for “clean” sands. " , ;g I .

Pore geometry was evaluated by converting the digital SE 01 02 013 0i4 015 016 017 08 034 036 0_'38 0.40
image [Fig. 2(a)] into a binary image [Fig. 2(b)], in which
pore pixels are black and grain pixels are white using a simg
segmentation technique. Porosity) (vas determined by pixel —e— STMS

Mean Grain Size (mm) Porosity

counting, where porosity is equal to the sum of pore pixels __j___ fRL‘UT
the image divided by the total number of pixels in the image. e Ll(:pes

Segmenting images into the grain and pore phases can | — =— BAMS
to inaccuracies for two reasons. First, the segmentation process
employs a simple thresholding technique to achieve the beStFﬂ}. 3. Vertical distribution of sediment porosity (from water-weight-loss
to the image, which is always selected by “eye.” This proces®gthod) and mean grain size at SAX99 indicate slight amounts of variability.
allows the processor to account for variable image quality that
often results from fluctuating beam intensities that occur over TABLE Il
several hours to days of image collection. Second, some grains, AVERAGE POROSITY, PERMEABILITY, AND TORTUOSITY FACTOR
especially the highly fractured ones, are invariably plucked out ~MEASUREMENTSMADE ON SEDIMENTS FROM THE SAX99 STES

of the resin du_ring the po!ishing process. The deprgssions iq t Direct Measurements
resin from which the grains were plucked are “painted” white St Po;o;ity to Pcz.xl':;;clabilzity to | .
using Ad.obel Photoshop 5.5. To ensure that the §egmented i STvs® A7 508 55 : el ortagsity
ages maintained the grain—pore boundaries a simple self-cc ARL-UT® 0371 0.006 2.93 083 |~ factor
. . Lopes © 0.371 0.008 3.69 0.28 | measurements
sistency test was employed using Adobe Photoshop 5.5. T r¢ ) 0372 0.007 383 0.03 Cwere, -
opacity of the segmented image was increased, while ensuri BAMS 0-3177 A°~°1°7_ et 307 : 005 | .made.
. . . mage Analysis Determination:
that the pore and grain shapes were still clearly visible. Thes Pmmyg = Permezbilty > Torwosty
images with enhanced opacity were compared to the origin O] a0 m® | a0 md f]i‘C‘LO‘z
SEM images to ensure that the grain—pore boundaries were \ R Gt qory® | 0393 0054 701 3 <(lf/54) =
Changed to within a pixeL (vert.) ¢ 0.399 0.018 2.85 1.10 145
. . . Lopes (hor.) ® 0.394 0.017 2.79 0.49 1.45
These binary images are then duplicated so that the med (vert)* 0405 0019 2.57 097 151

axis (Ske|eton) image [F|g 2(0)] and a Euclidean Distance Ma * 5 cores for porosity and 3 cores for permeability, ° § cores for porosity and 4 cores for

. ) .. X X permeability, ° | core for porosity and 2 cores for permeability, ¢ 2 cores for porosity and
(EDM) [Flg 2(d)] are made from the orlglnal blnary IMage. 2 cores for permeability, © 30 images for each porosity and permeability measurement
The medial axis [Fig 2(c)] traces the central (median) pat, & ive images for each tortuosity measurement

of the pore network, enables the quantification of the coordi-

nation number and displays the interconnectivity of the poeged values of intrinsic permeability: derived from image
network. The medial axis image [Fig. 2(c)] is then segmenteghalysis and values of fluid dynamic viscosity and density de-
to obtain a pore body (i.e., the junction for pore throats) imagermined from temperature and salinity of seawater from the
(not shown) and a pore throats (i.e., the bonds that connect §&x99 site.

pore bodies) image (not shown). These images are laid on top

of EDM images to produce pore body/EDM [Fig. 2(e)] and VII. RESULTS

pore throat/EDM [Fig. 2(f)] images. Pore body radii are deter- .

mined from the pore body/EDM image and pore throat radit- 1raditional Measurements

and lengths are determined from the pore throat/EDM image.SAX99 sediment is well sorted, medium sand ranging from a
These measured pore parameters are used to determine intrim&an diameter of 0.29 to 0.56 mm [Fig. 3(a)]. Sediment shape
permeability £) using (7). An important consideration in thesdased on the Power's roundness scale [52] is sub-rounded to
measurements is the associated error, which is directly propsub-angular. Sediment porosity, adjusted for porewater salinity,
tional to the resolution of the images. Each measurementaigeraged 0.372 0.0073 (o) for all SAX99 sites (Table II)
considered accurate to withihl pixel length £6.9 microme- and displayed only slight variability [Fig. 3(b)]. In every case
ters for a 512x-512-pixel image). In the intrinsic permeabilitythat follows, the mean values are giv&pne standard deviation
predictions this error translates to maximum errors of a fact@r). Hydraulic conductivity measured in the upper 13 cm from
of 2 above or below the calculated permeability values. Hgores collected at the ARL-UT, BAMS, STMS, LF, and Lopes
draulic conductivity &) was calculated using (1) from mod-locations at the SAX99 site averaged 3.80~* + 0.7 x 10~*
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TABLE Il ) One of the principal objectives of the SAX99 experiment
VALUES FROM CORES OFHYDRAULIC CONDUCTIVITY (), INTRINSIC was to characterize variability in sedimentary structure and sed-
PERMEABILITY (k), AND MEAN GRAIN SIZE FOR FIVE LOCATIONS AND FOUR . . e - . .
SEDIMENT DEPTHS AT THESAX99 STE iment properties [6]. Variability in sediment structure is con-
trolled by variations in grain size, sorting, and packing, which
Location sﬁ;’e‘:‘t‘;‘“‘ K il Mean  Mean correspond to differences in pore size distribution, and values of
em) | (10" ms") (10" m?) Size (phi) Size (nm) tortuosity, porosity, and permeability. Most images depict ho-
Lo o ¥ b e o mogeneous and isotropic sedimentary structure, but some het-
giﬁg 83 gg 23 }gg g:g erogeneity and anisotropy are also present, especially in sedi-
LF 0-13 42 38 122 0.43 ments near the surface. To provide examples of the pore and
kiL_UT gg ‘3‘; gg }gg gﬁ grain-size variability at discrete depth intervals, several images
ARL-UT 0-13 29 27 1.29 041 are depicted in Fig. 5. The porosity values for the homogeneous
g P P 37 o o images [Fig. 5(a) and (b)] are within 0.006, whereas for the
STMS 0-13 3.9 37 129 0.41 heterogeneous images porosity values differ by more than 0.08
s o3 3 Fy e om [Fig. 5(c) and (d)]. The pore sizes in the interval of isotropic
- ﬁ;erags 2001333 i‘f g? }gg g:g permeability are roughly equivalent, corresponding to perme-
STMS 3445 48 a7 L2 0.49 ability values that differ t_)y onIy_3.G< 1_0—13 m? [Fig. 5(e) gr_1d
SIMS ___ 4355 | 40 4.0 L14 045 (N]. Whereas for the anisotropic sediments, as exemplified by
1The conversion from K to & is not a constant proportion, because the calculation of k . . .
from (1) is dependent upon dynamic viscosity and fluid density, which change with Images taken from the O—1-cm interval of the LOpeS site, the av-
varying temperature of surface seawater. erage pore sizes are more disparate [Fig. 5(g) and (h)], resulting

in a statistically significant difference of 3.26 107! m? in
m-s—*, which corresponds to an intrinsic permeability of 3.predicted permeability values.
x 107! 4 0.60 x 10~ m? (Table IIl). 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 VIII. DiscussioN

in those depth intervals. Laboratory measurement of porosity and permeability is

considered a routine geotechnical characterization of marine
sediments, although issues associated with sample disturbance
Sediment porosity (from pixel counting) averaged 0.398 qring sediment collection and transport as well as the loss
0.029 (range= 0.336 to 0.478) in the top ten centimeters beloys water during sectioning cores have lead some authors to
the sea floor at the Lopes and ARL-UT sites (Table II). INguestion the accuracy of these measurements for sands [9],
trinsic permltlaablhty at the L?PeSQa”d ARL-UT sites averagefl3) Novel and potentially more accurate approaches to mea-
2.78 x 107 £ 1.01 x 10" m", which when fluid prop- g ,1ing these sediment physical properties are therefore needed.
erties of seawater a_t the SAXQ? site are acc_o4unted for CorTﬁiage analysis of resin-impregnated sands, which solidifies
Spo[}ds tgla hydrauhc_conductlwty 0f 2.98 10 ._i _0'7‘_“( the sediment and maintains the pore sizes and spatial grain
10*m-s ™" (Table Il; Fig. 4). Values of permeab|l|ty_|n2|nter-di tributions, is one such novel approach. This image-based
vals (0-1 and 2-3 cr_n) at thg Lopes §|te anq one interval (Ot_e hnique provides porometric properties over scales much
cm) at th? ARL'UT site are slightly anlsotroplc.. Howeverstar}iner than traditional laboratory methods and may provide
dard deviations for all other values of permeability at the LOp(\a/SaIues of porometric properties more relevant to the spatial

(1-2 and 4-10 cm) and ARL-UT (1-10 cm) sites overlap, inc - o required for high-frequency acoustic modeling.

dicating that the sediments are fairly isotropic with respect ?O ) ; " .
9 y P b Porosity values determined by traditional geotechnical

permeability (Fig. 4). The Lopes site has lower variability in hods h I I d
permeability predictions than the ARL-UT site at depths beloS10ds have a lower mean, an overal namower range, an

5 centimeters. Tortuosity factor averaged 134809 in the top @ lower variability than porosity determined by image anal-
ten centimeters below the seafloor at the Lopes and ARL-WFIS/Pixel counting. The lower values of porosity determined
sites (Table I1) with a range of 1.35 to 1.60 for the 20 imagdy {raditional measurements as compared to image analysis
for which tortuosity factor was measured. This is a reasonaffi¢asurements have been noted in other studies [12], [27]
tortuosity factor for sands in the SAX99 study site [23] and f@nd are likely the result of differences in the techniques, but
sands in general [18], [19]. While a slight amount of variabilit difference simply due to the natural variability of the sedi-
exists for the vertical and horizontal sections at the Lopes afint cannot be completely ruled out. However, the similarity
ARL-UT sites and also between those sites, the sediments 8p-Porosity values among the five sites where traditional
pear to be isotropic with respect to tortuosity factor. water-weight-loss measurements were made (Table I1) suggests
The mean value of porosity determined by the water-weightat natural variability is not the cause. Issues associated with
loss technique is significantly lower (Student’$est for equal Ssegmentation effects (i.e., overestimating or underestimating
variances) than those determined by the image-analysis teidt® grain areas) or the discrepancy between 2-D image porosity
nique. The mean value of permeability determined by constatd 3-D image porosity are unresolved. Greater variability in
head permeameter measurement s also significantly higher titia@ estimates of porosity based on image analysis compared to
those determined by image analysis and EMT. The implicatiotraditional measurements probably exists due to differences in
of these differences are discussed in Section VIII. measurement scale between these two techniques. Small-scale

B. Predictions From Image Analysis
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Fig. 4. Porosity determinations at the (a) Lopes; (b) ARL-UT sites. Permeability predictions at the (c) Lopes; and (d) ARL-UT sites from regiatedmreg
sections.

heterogeneity (i.e., differences in grain sizes and total poeeable small-scale variability exists (based upon evaluation of
volume) that is evident in 12.25-nfnarea images probably is120 images) at millimeter scales and an individual image is
not resolved from the much larger (28 €hvolumes used for insufficient to reliably determine mean bulk porosity at larger
water-weight-loss techniques. scales. The combination of porosity from multiple images (30
There has been considerable speculation on the reasonHorizontal and 30 vertical images per site) reduced the standard
differences in porosity measured by traditional and imagkeviation to 0.005 and makes the combined image porosity
analysis methods in sandstone [12], [13], [27], [28], [33}neasurement comparable in size to the elements used for the
which includes problems associated with segmentation,water-weight-loss techniques. We believe that the representa-
failure to realize a representative elemental area, and samiple elemental size was achieved for individual images and the
heterogeneity. These issues also apply to unconsolidated saratbility found in image-based analyzes reflects small-scale
found in SAX99 in addition to the effects of sample disturvariability presentin SAX99 sediment at the millimeter scale. It
bance. The potential problems associated with segmentati@s also been suggested that resin impregnation may somehow
can be evaluated by comparison of grain boundaries before aigtupt sediment structure or that image analysis may not
after segmentation. As discussed previously in Section VI-Bealize a representative elemental area given that the sediments
the segmentation of the SEM image is accurate to withinnaay be heterogeneous at high resolution (here: 3.5 rim
pixel, which translates to a maximum error £40.02. Also 3.5 mm). To ensure that sediment structure and stability were
as discussed previously, images of SAX99 sands containnadintained during impregnation, the sediment volume was
least 8-grain diameters, which should be sufficient to achievarenitored. Given that the total-core sediment volume did not
representative elemental area for a homogeneous sand sangblenge (at most 1 mm in length) in any substantial way, we
However, the greater variability of imaged-based porosigssume that pore volume, pore sizes, and pore size distributions
compared to water-weight-loss porosity suggests that consitere not changed by the resin-impregnation process. Our
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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
technigues 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 (0.3% 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—3) corresponds to a porosity of 0.447, which is lower
than the maximum porosity determined by image analysis of
0.478. Relative densityl¥,.) in percent is defined as

Fig. 5. Representative cases of homogeneity (a), (b), heterogeneity (c), (d), D. =100 Cmax — € (9)
isotropy (e), (f), and anisotropy (g), (h) from vertical and horizontal images r
provide a conceptual basis for relating grain and pore geometry to porometric

D A by AT and ., are the maxdmum and minimum values
sediment sections. Heterogeneity at Lopes 7-8 cm interval is evident fréh void ratio measured from the laboratory vibratory densifica-
images of (c) vertical{ = 0.4300) and (d) horizontali{ = 0.3481) sediment  tion technique and is thein situ void ratio. The minimum and
\S/Eftt.g]ls@ 'iog_osps}’ Xatlt')‘f’ﬁe}%_;ng”(})'ﬂt;gg'm'; zv';jezn_gggmlgfﬁg;i)m (®aximum sediment densities correspond,ta, ande i, re-
sediment sections. Anisotropy at Lopes 0-1 cm interval is evident from imagggectively. Void ratio is related to porosity by= ¢/(1 + ¢).
of (g) vertical ¢: = 5.79x 10 """ m*) and (h) horizontalk = 2.23x 10°**  The mean image-based porosity corresponds to a relative den-
m?) sediment sections. Image size is 3.5 mn3.5 mm. . . ..

sity of 65%. Given the range of porosities measured by water-

weight-loss techniques (0.356—0.397) relative densities range
resin-impregnation technigque, which uses a direct replacemgstween 66%—112% with a mean relative density of 94%. If
of water with resin so that the pore spaces are saturatké water-weight-loss measurements are correct or slight un-
throughout the fluid replacement, maintains pore pressures, aleflestimates of porosityn situ sediments must be near their
eliminates the increase of intergranular stress that is associategkimum density. Underestimates of porosity would be due to
with drying the sediments. This, along with the elimination ofompaction during core collection and water loss by drainage or
multiple alcohol washes ensures that the sediment and pet@poration (e.g., 0.003 to 0.01) during sectioning. The greater
spaces are subjected to the least amount of alteration. range in relative density in image-based porosity compared to

Traditional geotechnical measurements of porosity are suwbater-weight loss is reasonable considering the differences in

ject to a different sort of criticism. Gravimetric measurementample size. Relative density determinations could also be high
may underestimate porosity due to water loss associated wdile to the fact that maximum and minimum void ratios were
drainage and evaporation, especially during sectioning @etermined on dry samples. Frazer [56] has demonstrated that

Cmax — Cmin
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porosity values may be 0.005 lower when compacting subagueere conducted on and the sediments collected from the crest
ously deposited samples. In spite of these problems, this stuafya single shoreface-connected ridge. Sediments on this ridge
demonstrates that the meam situ porosity for SAX99 sed- are in equilibrium with current hydrodynamic conditions (e.g.,
iments is probably between the values determined by watgraves and currents) [6], which apparently create a uniform
weight loss and image processing methods (0.37-0.40). Theso¥ficial deposit. Variability and anisotropy in porometric
ability to unambiguously determine a mean porosity value faroperty measurements measured at the scales of the image
SAX99 sands by these different methods suggests that furtbealysis, especially in the upper 2 cm of sediment, may be due
work is needed to resolve the disparities in porosity measute-small-scale hydrodynamic forcing (e.g., grain fractionation
ments that result from these and other techniques. We beliewra winnowing) and bioturbation. The large-scale homogeneity
differences in these determinations should be seen as a needjérerally allows for comparison of acoustic experimental
future investigations rather than an indictment of either methogsults among different sites within the SAX99 experimental
ology. site. However, small-scale variability must be characterized
Mean permeability determined from traditional geotechnic&r high-frequency acoustic modeling where spatial volume
methods is significantly higher (a difference of 0.5110!! heterogeneity is important.
m?) than the mean value predicted by image analysis/EMT The comparison between traditional and image-based values
modeling. While the mean permeability values determineaf sediment porosity and permeability demonstrates that image
by traditional and image analysissEMT modeling methodanalysis coupled with effective medium theory can provide rea-
are statistically different, the differences may be within theonable estimates of sediment porosity and good estimates of
absolute measurement error of the two techniques and tipgsmeability. In addition, the image-based analysis allowed the
may not be physically significant. Errors in image analysidirect measurement of sediment tortuosity factor, an important
determination of porosity or pore size distribution may oveinput to poroelastic propagation and scattering models. Using
or underestimate total pore space due to errors in segmentatlmese techniques characterization of fine-scale sediment volume
(thresholding). The error in the porosity value can be boundadterogeneity was also demonstrated.
by eroding (decreasing) or dilating (increasing) the image
pore space by one pixel at the pore-grain boundary and then ACKNOWLEDGMENT
rn?g:;éatll?q[htgeeIrr:;?]?epgggigy\/:ijgrg\égifgé dbe;:”:ﬁids fg:oiZCZThe authors wish to thank divers M. Richardson, R. Ray, D.
. fott, R. McDowell, A. Furet, and J. Phelin for collecting cores

(£0.02) is directly incorporated into (8) the consequent errgr . . . . . . i
in permeability is on the order af0.125 x 10-11 m? (or during SAX99; J. Watkins for operating the Hitachi S3500 scan

o . ning electron microscope; A. Falster for help with and use of the
+5 A))‘. If pore spaces were inaccurately segmented t_o prOd%r%ray 1820 scanning electron microscope; P. Elmore for help
pore sizes that are all either too large or too small pixel), with error analysis; W. Sawyer for running the relative density

then permeability predictions would have a maximum error i . .
: . mdeasurements, E. Thorsos for overseeing the SAX99 experi-
of approximately 100% based on a reduced gradient methg Lnts K. K. Mohantv for implementation of EMT: and J. E
This error is not considered large for sands [25], [27], [3 B y P ' -

that . . {;ible, M. Richardson and E. I. Thorsos for critical reviews.
potentially have permeability ranges of several orders 0
magnitude [16].

Tortuosity factor is an important determinant of transport in
sediments and accurate determination of this property will aid in[1] M. A. Biot, “Theory of propagation of elastic waves in a fluid saturated

.. . . . orous solid. Il. Higher frequency rangd,”Acoust. Soc. Amevol. 28,
the prediction of fluid transport and acoustic propagation. Tor- Eo. 2, pp. 179—188, 1956fq Y
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