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Scalar Properties of Transversely Isotropic Tuff

from Images of Orthogonal Cross Sections

p. .4. Berge,l .J. G. Berry man,l S. C. Blair,l and C. Penal

Abstract

Image processing methods have been used very effectively to estimate physi-
cal properties of isotropic porous earth materials such as sandstones. Anisotropic
materials can also be analyzed in order to estimate their physical properties, but
additional care and a larger number of well-chosen images of cross sections are
required to obtain correct results. Although low-symmetry anisotropic media
present difficulties for two-dimensional image processing methods, geologic ma-
terials are often transversely isotropic. Scalar properties of porous materials such
as porosity and specific surface area can be determined with only minor changes
in the analysis when the medium is transversely isotropic rather than isotropic.
For example, in a rock that is transversely isotropic due to thin layers or beds,
the overall porosity may be obtained by analyzing images of cross sections taken
orthogonal to the bedding planes, whereas cross sections lying within the bed-
ding planes will determine only the local porosity of the bed itself. It is known
for translationally invariant anisotropic media that the overall specific surface
area can be obtained from radial averages of the two-point correlation function
in the full three-dimensional volume. Layered materials are not translationally
invariant in the direction of the layering, but we show nevertheless how averages
of cross sections may be used to obtain the specific surface area for a transversely
isotropic rock. We report values of specific surface area obtained for thin sec-
tions of Topopah Spring Tuff from Yucca Mountain, Nevada. This formation is
being evaluated as a potential host rock for geologic disposal of nuclear waste.
Although the present work has made use of thin sections of tuff for the images,
the same methods of analysis could also be used to simplify quantitative anal-
ysis of three-dimensional volumes of pore structure data obtained by means of
x-ray microtomography or other methods, using only a few representative cross
sect ions chosen from the full three-dimensional data set. This approach provides
a quick and easy way to get initial estimates of physical properties that can later
be refined using more time-consuming and computationally intensive methods.

1LawrenceLivermoreNational Laboratory,P. O. Box808, Livermore,California94551-9900
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Introduction

[mage processing methods provide a relatively Inexpensive means of measur-

ing ~n(~~ior ~stimatinq physical properties of rocks. T~ro-dimenslona[ methods ~

applied to optical photographs and other, nonoptical types of 2-D scansof cross
.~w-tions are ~vell-known and rontinue to provide important information that may

not be a~’ailable from any other source ( Blair et al.. 1996). Three-dimensional

methods based on x-ray tomographic images of rocks are just coming online

~C’oker et al.. 1996: Roberts et rd.. 1!396). Another recent three-dimensional
imaging technique uses high-resolution laser scanning and confocal microscopy

( Fredrich and Lindquist, 1996). \Iost of the anaiysis to date on image process-

ing methods for rock analysis has concentrated on isotropic rocks, but it is clear
that many rocks of interest are highly anisotropic. So one of the next phases of
research on image processing techniques wi”’ necessarily be to address the issue
of anisotropy and determine to what extent reliable information about physical
properties can be obtained from such methods. The present paper is a first step

in that direction.
We summarize results of characterization of microstructure for three samples

of welded tuff material. Cross sections of the samples were examined and analyzed
using digitized image processing techniques. Spatial correlation functions were
used to determine the specific surface areas and porosit ies of the SEM (Scanning
Electron Microscope) images, assuming the tuff material is a two-phase medium
consisting of pores and cracks in a welded matrix.

Three samples of welded tuff from Yucca Mountain, Nevada, were analyzed.
Samples were from depths of 1122.6, 1146.5, and 1153 to 1153.6 feet. As in
previous work by Blair et ai. ( 1996), horizontal and vertical thin sections were
produced for analyzing three samples of tuff material. Sample 17348, taken
from 1153- 1153.6 feet of depth, is represented by 5 SEM images at 49, 500,
700, and 1000 x magnifications in the parallel direction with respect to the core
axis and 2 SEM images at 500x magnification in the perpendicular direction.
Sample 17350, taken at 1146.5 feet, is represented by 9 SEM images at 200,
500, 700 x magnifications in the parallel direction and 6 SEM images at 500
and 700 x magnifications in the perpendicular direction. Sample 17351, taken at
1122.6 feet, is represented by 4 SEM images at 700 x magnification in the parallel
direction and 2 SEM images at 690 and 700x magnifications in the perpendicular
direction.

Methods”

The tuff samples are treated as two-phase materials consisting of pores and
cracks embedded in a welded matrix, where one- and two-point correlation func-
tions can be applied to study the material. A simple indicator function ~ can be
used to assign either 1 or O to any spatial position z in the digital image of the
material. The function ~(z) = 1 if z is in the pore or crack space and ~(z) = O if

z is in the solid material. The binary image itself represents the indicator func-
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tion j(r). while the mean of the function ~ (~.e., the sum of all f values in the
image (iivided by the total number of pixels) is the one-point correlation function
.<]. The value of .~[ obtained from the image cross-sectional area provides an

estimate of the porosity o.
The t ;vo-point correlation function S2 is defined as the portability that two

pol[lts .eparated by a known distance will both lie in the pore space of the

medium (Blair el al.. 1996). “rhe two-point correlation function is computed
by analyzing a digitized image of the tuff material, comparing pairs of pixels at

different separation distances and incrementing a sum when both pixels are in
the pore space. The one- and two-point correlation functions are defined as:

SI= (f(z)) = # (1)

and

The angular brackets < “ > denote the volume (or, in the case of plane images,
the areal) average over all positions r. For a more complete discussion of the
two-point correlation function and the algorithm, see Torquato (1980), Berryman
(1985), Berryman and Blair (1986), Blair and Berryman (1992), and Blair et aL
(1996).

The mean pore area w= measured by image processing and analysis software
(Ultimage). A scanned image is converted into a binary image, where pixels in
the pore space were assigned a value of 1 and pixels in the solid matrix a value
of O. The number of pixels in the pore space is counted and summed; this value
is equal to the pore area, since one pixel is equal to one square unit. All the
detectable pore areas in a binary image are determined and the mean pore area
is calculated from the detectable pores in the image at the resolution available.

Debye et aL (1957) and Berryman and Blair (1986) have shown that for
isotropic porous materials the slope of the two-point correlation function near
the origin (zero lag) is proportional to the specific surface area of that porous
material: ‘-

s:(o) = –:, (3)

where the specific surface area s is the total surface area of the pore-grain inter-
face per total volume of the porous material. The specific surface area follows
from this equation for any statistically isotropic porous material regardless of
the particle shapes. Furthermore, Berryman (1987) has shown that even for

anisotropic materials a similar formula applies if the left hand side of the equa-
t ion is interpreted as the radial average of the anisot ropic twe-point correlation
function. To provide some qualitative understanding of the result, consider the
behavior of the correlation product j(z)f(z + r) near the interface for very small
values of lag r. If x is in the pore space but just outside a particle, a small change
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in r directed towards the particle bollndar~ ~~lli resllif in a change of this product
from 1 to 0. Taking the derlvatl~e turns these steps I{ito delta functions and Then

irltegrati[]g them over the entire ~“oiume produces a value proPortlonal to the

f+Ilr ace area. \\-e recommend reading the references to gain more ({quantitative

insight into the n~eaning of (31.
‘rhe Correlation function approach is not limited in application to spherical

particle assemblages. However, it is sometimes convenient to consider penetrable

and impenetrable sphere assemblages since various exact results or numerical

results are available for such materials. [t is know (Torquato, 1980) that the
penetrable sphere model results in a smooth and monotically decreasing .$2 that
varies from o at zero lag to o~ at a lag equal to the twice the radius of the

monodisperse penetrable spheres. The impenetrable sphere model results in an
oscillatory 52 that varies from @ at zero lag to @* at infinite lag, with a first
minimum at approximately twice the radius of the impenetrable spheres. It will
prove convenient to compare results obtained on real rocks to these idealized
cases if only for the sake of providing a means of distinguishing the variety of
material behaviors observed in nature.

Results for Sample Porosity

As described in previous work by Blair et al. ( 1996), horizontal and ver-
tical thin sections were produced for analyzing three samples of tuff material.
Image processing was applied to obtain the two-point correlation function to de-
termine the porosity, specific surface area, and the mean pore area of a given
cross-sectional area of welded tuff material in a binary image format. The rock
core sample appeared anisotropic and cross-sectional images of the core, both
perpendicular and parallel to the core axis, were taken to determine the het-

erogeneous state of the material. Several images from each sample, parallel and
perpendicular, were recorded. Images of magnification 500x or greater were used
to tabulate the results to be discussed.

The welded tuff material appeared to be anisotropic with many pores, cracks,
and fractureq in various shapes and sizes. Although all the images have different
pore formations, most images have large isolated pores that consist of either pores
or cracks and a multitude of microscopic pores that dominate the microstructure
of the image.

Images from sample 17348 parallel to the core axis are from a tuff core taken
at 1153 fed from Yucca ihfountain. For this orientation, various magnifications
of the same image were considered. We found in these images several isolated

pores where the first has large pores that appear to be cracks with a multitude
of smaller pores. Estimates of porosity range between 7 and 8’%. Images from

sample 17348 perpendicular to the core axis were taken from the same core.
These images differed with the presence of large cracks, resulting in the porosity
ranging from 14 to 30Yo.

Images from sample 17351 both perpendicular and parallel to the core axis are
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Figure 1: Perpendicular and parallel cross sections of tuff sample 17351 from
Yucca Mountain, Nevada, at magnification 700x.

from a tuff core taken from 1122.6 feet of depth at Yucca Mountain, examples of
which are shown in Figure 1. The parallel cross section has various isolated pores,
cracks, and fractures that run the length of the image. The porosity estimated
for this sample orientation ranged from 11 to 20?70.For the perpendicular sample
orientation, we find scattered isolated pores. Both samples considered have the
same general appearance wit h porosity ranging from 13 to 15~o.

Analysis of Correlation Ilmctions and Other Measures

In studying the two tuff samples considered here, our primary interest is de-
termining the porosity, mean pore area, and specific surface area. Fromprevious
work, image processing was found to be a effective tool when studying the rela-
tionship between the physical properties and the pore structures of rocks. Not
surprisingly, we found a wide variation in the microstructure of the tuff material
that caused difficulty in describing the rock. Results of the analysis are displayed
in Table 1.

The porosities were found from the twc-point correlation function values for
lag of zero. Table 1 shows that porosity ranges from 7 to 30% for these two sam-
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~~es. The large range in porosit> ~ho~vs the het~roqeneo~ls nature of the materiai.
~V\lere images ~“arled greatly i[l pore ;trllcture, For <ample 17:]4S. the porositles

,tr,~ .Iightlj hiqher in the perpe[lt~iclllar ~lirtw-tlon. I)llt for ~ample 1~:].j~ there ~vas

[10 noticeable ditierence het~veen the perpendic[ilar and parallel directions,

T.\BLE 1. Porosity. Specific Surface .4rea. and \Iean Pore .4rea for TIlff
—..

Samples from }’ucca }Iountain. Xevada.

1
17348

17348

173.51

17351

17351

17351

17351

17351

\[ag. Porosity (0)

.4verage * SD

.500 0.0s * 0.005

700 0.07 * 0.0.50

1000 0.12 * 0.042

,500 0.30 * 0.014

500 0.14 + 0.007

700 0.14 * 0.035

700 0.19 + 0.024
I

700 \ 0.11 + 0.007
I

700 I 0.20 + 0.027

Specific Surface

Area (pm-l) + SD

0.0835 + 0.0076

0.0962 + 0.0630

0.1844 + 0.0235

0.1753 + 0.0059

0.1442 A 0.0065

0.1658 + 0.0356

0.2273 + 0.0188

0.1224 + 0.0091

0.2469 k 0.0202

0.1682 + 0.0125

0.1946 + 0.0029

>Iean Pore

Area (pm2) + SD

8.02 ~ 0.6.5

4.44 * 2.39

3.91 * 1.82

31.81 + 1.38

11.61~ 0.85

10.91 + 2.18

7.67 + 0.43

12.95 & 2.33

8.44 + 0.65

8.12 A 0.11

7.96 + 0.17

The averaged mean pore areas for each set of images are also shown in Table
1. The range of mean pore areas for both samples is from 3.91 to 31.81 pm2 when
taking into account all of the pore space area of the image scanned. There are.
no not iceabh? differences between the mean pore area for images in the perpen-
dicular and parallel directions: apparent ly neither direction governs mean pore
area. As in previous discussions, many images contain large isolated pores. As
a result, the pore-size distributions for many images are bimodal. The distribu-
tions including just the smaller pore sizes are of interest due to their tendency
to control micropores. In order to exclude the large pore size distribution, the

threshold from the image processing software was reduced until the particle num-
bers, which is itself a function of the pore area, was 90% of the original particle
count.

The S2 function can give an estimate of effective pore size, mean grain size,
and specific surface area of a sample being analyzed. Here, we are interested in
the specific surface area of the tuff material. The specific surface values given
in Table 1 were computed using S2. As described earlier, the slope of two-point
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f.orrelation fllnct ion at zero lag is proportional to the specific surface area Of the
ample: .~’:lo) = —,</!~,

r,ab[e 1 (iisplays the reslllts for the tuti sample 17349. Raw images parallel to
the core axis have a few iarge isolated pores in contrast to the smaller llndistin-
<111.}]t,l\i)tlrf><. [’he .!’2fllnction for this case (not shown) Suggests that the image
n]in]i(.s a p(’[letrable sphere model. The .5’2curve approaches 02 quickly. shotving

t hat the pore space above l.jprn is uncorrelated. The specific surface area of t his

image is 0.08pm- 1. Table 1 shows that higher magnification images yield higher
~allles of the specific surface area. This is due to the higher resolution being able

to detect the rougher surfaces. The mean pore area size for this image was found

to be approximately Spm 2. The pore size distribution follows a bimodal distri-
bution with 90% of the pores smaller than 12pm 2. This distribution is important
because later we will see that even though the mean pore area for a given image

may be large. 9070 of the particles will tend to be less than l,5pm2. indicating

their tendency to control the microstructure of the material.

Sample 17348 perpendicular to the core axis was studied using a couple of
images with large differences in porosity and mean pore area. We found that
most pores tend to be less than 15pm2, again supporting the hypothesis that
the smaller pores cent rol the microstructure of the material. The S2 curve in
Figure 2 mimics the penetrable sphere model and the other shown in Figure 3
mimics the impenetrable sphere model. Therefore, the example in Figure 2 shows
that the pore space is correlated up to 75pm, indicating the various large pores,
whereas {n Figure 3 the S2 curve approaches 42 quickly and has an uncorrelated
pore space above 10pm.

Sample 173.51 parallel to the core axis is represented by four images with a
porosity range of 11 to 20%. Here we found images that differed in structure,
which then affects the correlation functions. The S2 curve in Figure 4 indicates
that the pore space is correlated up to 50pm. Even though the S2 curves were
similar, the difference is pronounced in the porosity and specific surface area
values.

Sample 17351 perpendicular to the core axis is represented by two images that
are similar i~”porosit y, specific surface area, and mean pore area. The S2 curve
in Figure 5 again mimics the penetrable sphere model, where the pore space is
uncorrelated above 10pm and it approaches 42 very quickly.

Discussion

As mentioned earlier, the two-point correlation function can give an estimate
of porosity, effective pore size, mean grain size, and specific surface area. In our
analysis, we were primarily concerned with the specific surface area of the ma-
terial in order to improve our understanding of the pore-grain interface and its
effect on the permeability. According to previous work by Blair and Berrymm
(1987) on sandstones, the specific suraface area of a given material could accu-

rately be measured using the slope method, since S!(0) = -s/4. For the two
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Figure 2: Correlation function (solid curve) for welded tuff sample 17348 at

perpendicular (in plane) orientation. Slope near the origin is indicated by one

dahsed line. The other dashed line shows the asymptotic value 42.
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Figure 3: Same u Figure 2 for a different part of the same sample.
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Figure 4: Correlation function (solid curve) for welded tuff sample 17351 in
parallel (along core axis) orientation.
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Figure5: Same as Figure 4forperpendicular (inplane) orientation.
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Figure 6: Pore area histogram for matrix material of welded tuff sample 17351,
using smallest 9070 of the detectablepore dist ribut ion.

samples in the horizontal and vertical directions, we found a large variability in

specific surface area values. This range of values was found to be from 0.0835 to

0.2469 pm- 1. This large range (which has been found to be M much as an order

of magnitude for some materials) measures the variability within the rock itself
and was independent of both magnification and orientation of the samples.

The results generated from the tuff material analysis are more easily un-
derstood when contrasted against previous work generated from synthetic and
natural sandstones. According to Blair et al. (1996), natural sandstones are
expected to have higher specific surface area values than synthetic ones since the
grains in the naturzd sandstones tend to be much rougher in appearance than
those of glass beads. Furthermore, in keeping with this line of thinking, we can
easily conclude that the specific surface area values for the tuff material will be
much higher and have a larger range of variability than will the natural sand-
stones, because the material is inhomogenewus with cracks, fractures, and pores
of varied sizes and shapes.

[n the synthetic sandstones, Blair et al. (1996) show that the specific surface
area ranges from 0.0162 to 0.0253pm- 1. The natural sandstones have a larger

range due to the rougher grains of 0.0756 to 0.1330pm-1, while the tuff SaPleS
have the greatest range and values of 0.0382 to 0.2978pm-1. The higher specific
surface area values for the t uff images in the perpendicular direction indicate that
there is more structure in the perpendicular direction, since at higher resolution
the roughness is more easily resolved. TypicaUy, aa the magnification increaaes
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the measured ~p~cific sllrface area vallle increases as ~vell. .~gain, we emphasize
the t’xtent to ~vh]ch the tlltf rock is highly anisot. mpic.

l)~rhaps the most interest irl~ ne~v featlure of the prt=sent analysis is the mean

p,,re arva. [n tjllr analysis. the mean pore area \vas estimated using image pro-
,’,~..lllg *I “~vare in ~vhich all (Detectable pores are measured from the binary image
aIA~lt lit> II\~~aIlPore area is calculated from this set of detectable pores. .4s Ta-

t}lt> 1 i;l{!icates. the values for the mean pore area varied greatly with sample

and orientation. Overall the mean pore area ranged from a low of 3.9 ~mz to

a high of :B.lSpm2 when taking into account all of the pore space area of the

image scanned. .\s mentioned earlier. the larger isolated pores that many images

contain result in these images having bimodal pore-size distributions. and the—
distributions with just the smaller pore sizes are of independent interest due’ to

their tendency to control the microstructure of the material. Results show that

the few larger pores often dominate the total distribution. To obtain more de-

tail of the matrix distribution of smaller pores, we analyzed 90% of the original

detectableparticlesin an image, which was found to be a function of the pore

area.
\Ve found that by taking 90% of the original particle count in many images

the mean pore areas were less than 10pm2 and most detectable pores were less
than 20um2. This result indicated that the microstructure of the matrix iS indeed
controlled by the smaller micropores in the image. The information provided by
the smaller pores is important for hydrological and geochemical processes not
covered in the present work. The full detectable pore area indicates a mean

pore area of 11;2 pm2 and a bimodal distribution. Figure 6 shows the result

obtained with a distribution of 90% of the original particle count. We find that
the distribution for the smaller pores estimate a lower mean pore area for the

image of 5.95 pm2 and the pore distribution follows a power law distribution as
shown in Figure 6. Similar results were observed for the other samples studied.

Conclusions

From this study we conclude t hat, using image processing techniques, we can
determine qimntitative measures of microstructure for the two analyzed samples
of welded tuff. Pore surface areas were generally less than 10 pm2 and followed
power law distributions, The specific surface area has a wide range of values
and is greater than that observed for some nominally clean sandston-. The tuff
material i.s neither homogeneous nor isotropic, as is clearly seen in Figure 1.
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