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ABSTRACT

Ancexperiment was conducted in G Tunnel at the Nevada Test
Site to evaluate high frequency electromagnetic tomography
as a candidate for in situ monitoring of hydrology in the near
field of a heater placed in denscly welded tuff. Tomographs
of 200 MHz electromagnetic permittivity were made for
several planes between boreholes. Data was taken before the
heater was turned on, during heating and during cooldown of
the rockmass. This data is interpreted to yield maps of
changesin water content of the rockmass as a function of time.
This interpretation is based on laboratory measurement of

electromagnetic permittivity as a function of water content for
densely welded tuff.

INTRODUCTION

The Yucca Mountain Project of the U. S. DOE is studying
the suitability of the tuffaceous rocks at Yucca Mountain atthe
Nevada Test Site for the construction of a high level nuclear
waste repository. The proposed potential repository will be
located in the unsaturated zone of the Topopah Spring unit of
the Paintbrush Tuff at Yucca Mountain. One of the tasks of the
Yucca Mountain Project at Lawrence Livermore National
Laboratory (LLNL) is to study the waste package environ-
ment hydrology, Many techniques can be used during in sim
testing to define this hydrology. Unfortunately, most of these
require perturbing the system by the drilling of many bore-
holes. Therefore, noninvasive methods are important. Geoto-
mography is one technique which can be used to remotely
characterize near field hydrology.! By cross hole transmis-
sion of 200 Mhz electromagnetic signals and tomographic
reconstruction of these data, we can map the electromagnetic
permittivity and attenuation rate of the rockmass in the plane
between the boreholes. Fortunately, the electromagnetic
properties of rock are a strong function of the rock water
content; and water content in the rockmass is important to
canister design. Therefore the objective of this work is
interpretation of the HFEM data to determine the distribution
of water within a few meters of the heater as a function of time.

EXPERIMENTAL PROCEDURE

The experiment location was in the Rock Mechanics
Incline of G Tunnel at the Nevada Test Site, Nevada. Seven
boreholes were available for high frequency electromagnetic
(HFEM) measurements (see Fig. 1). These same holes are
used for neutron and gamma logging. The six regions shown
in Fig. 1 were chosen to be tomographically imaged using
these boreholes. The regions were chosen to define flow paths
and the dehydration that takes place at the elevated tempera-

tures around the heater. However, other considerations were
important:

1. The total number of holes were kept to a minimum
toreduce the costof drilling and to lessen the impact of drilling
on the rockmass hydrology.

2. Transmission between the boreholes at 200 Mhz

with adequate signal-to-noise required hole separation less’
than about 2 meters.

3. Interference from multiple path propagation and
signal diffraction from anomalies needed to be minimized
since the image reconstruction algorithm cannot account for
these effects. This means that transmission path be kept far
enough from rock-air boundaries, the heater and thermo-
couples or otherconductors. Anexception to this requirement
was made for one HFEM plane which intercepted the heater

s0 we could evaluate the effect of the heater on the measure-
ments.

Following is a tabulation of the HFEM measurement

scheme with some comments about why these choices were
made. '

1. From Nel to Ne2a measurements were made at
10 cmincrements between 5 and 6 meters depth and from Ne3
toNed at 10cmincrements between 9.5 and 11.5 meters depth
This scheme was intended to provide data for a tomograph
from all four sides of the rectangular 2 m by 1.5 m image area.
Usually, cross hole tomography allows only for data collec-
tion from 2 sides. Data from 4 sides of the image plane should

*Work done under the auspices of the U.S. Department of Energy by the Lawrence Livermore National Laboratory under Contract No. W-7305-ENG-48.
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significantly improve spatial resolution and decrease image
artifacts. This nearly horizontal image plane was located
below the heater to delineate condensate that might move by
gravity into fractures below the heater. Later in heating, the
zone of dehydration may be detected in this plane. The plane
was positioned to extend beyond the end of the heater to
characterize end effects.

2. From Ne6 to Ne2a measurements were made at
10 cm increments between 6 and 4 meters depth. The heater
pierces almost orthogonally through the center of this image
plane. Because the heater is a high electromagnetic contrast
with the rock and, its diameter is roughly a wavelength in
scale, it will produce interference effects with the HFEM
wave. One purpose was to determine the importance of these
effects in the data. Imaging of this plane would also be
important in characterizing the carly stages of dehydration

and may help delineate hydrology of the rock adjacent to the
emplacement hole.

3. From Nc6 to Ne7 measurements were made at
10 cm increments between 4 and 6 meters depth. This plane
is above and nearly orthogonal to the heater. Signal scattered
from the heater will be strongly attenuated by propagation
through the lossy rock but still may be measurable from these
holes. Water vapor condensing above the heater should be
detected in this plane. During lzter heating times. the zone of
dehydration may be detected in this plane.
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Figure 1. Layout of the boreholes used for HFEM
measurements. The borehole spacing and lengths are
shown to scale with the tunnel and alcove.

4. From Ne4 to Ne5 measurements were made at
10 cm increments between 9.5 and 11.5 meter depth. This
vertically oriented plane is about 1 meter from and parailel to
the heater axis. The plane extends beyond the end of the
heater. In this plane HFEM should image the zone of conden-
sation and later the zone of dehydration.

After the heater was installed and all instrumentation
holes were grouted, but before the heater was turned on,
HFEM tomographic measurements were made between each
of the borchole pairs described above. Each of these images
represent the “before” conditions which were subtracted from
cach “after” image from the same borehole pair to form
alterant tomographs. Using this procedure the alterant to-
mographs delineate only changes in rockmass electromag-
netic properties with respect to conditions prior to heating.

For the first few weeks after heating began, each image
plane was sampled in succession as quickly as was practical.
This generally meant measurements were made in all bore-
hole pairs within one week. Our goal was to obtain as
complete atime history as practical during the relatively rapid
changes early in the heating. Later, the same sequence was
repeated less frequently—every 3 to 4 weeks.

All measurements were made using a Hewlett Packard
(HP) model 8505A automatic network analyzer, controlled by
an HP 216 computer (Fig. 2). Electricaily short, sleeve dipole
antennas were used for transmitting and receiving. At each
antenna position the signal amplitude was measured at
200 MHz (CW)and the phasechange was measured as the fre-
quency was swept from 190 MHz t0 210 MHz. Using
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Figure 2. Block diagram of the high frequency
electromagnetic (HFEM) system.
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where
Ay = measured phase change
Aw = angular frequency change (20 MHz)
r = known ray path length
€, = the electromagnetic permittivity of the rock
€, = the electromagnetic permittivity of frec space
¢ = speed of light

we can obtain the line integral permittivity re'?, along each
ray. Equation (1) is valid for a homogeneous medium in the
far field of the transmitting antenna.

DATA ANALYSIS

Image reconstruction is by an algorithm described by
Dines and Lytle.? The region in the plane between the bore-
holes is represented by the material parameter such as velocity
v(x, y) or attenuation rate (x, y) which is to be calculated.
Attenuation rate is a measure of how rapidly signal energy is
dissipated with distance. However, work reported herein
deals primarily with signal phase velocity, therefore we illus-
trate the analysis by writing the relation between it and total
signal delay along the kth path R,

"‘=LV(SFY_’ k=1,2,..K . )

We want to reconstruct an image of the velocity function
v(x, y) from line integral data t_collected from K rays of
Eq. (2). These are a set of K linear equations which can be
solved for 1/v(x, y). Typically, Eq. (2) is converted to a
discrete form by superimposing an I x J grid on the image
plane thus defining pixels so that the discretized 1/v(x, ¥),
which we denote llvi‘., can be assumed constant over each
pixel. This approximation results in a system of K equations

in I x J unknowns:

1 1
=2, Y k=12 K. €)
i

where Ds,, is the ray length of ray k through cell ij and it is
understood that Ds,, =0 for all i and j not intercepted by a ray.
Solution of Eq. (3) poses several problems. Firstthe datat, are
necessarily inexact because of data noise which generally will
make Eq. (3) inconsistent. Second, the number of independ-
ent equations can be insufficient so that the equations are
underdetermined. Third, usvally the number of equations is
too large to be solved by direct inversion methods.

Iterative methods, especially suitable for computer solu-
tions, have been devised which work well on underdeter-
mined and inconsistent data. We have used the simultancous
iterative reconstruction technique (SIRT). It begins with an
initial guess of v, and calculates an estimate for the data ¢,
Then the difference between the data and calculated set is
distributed along the ray paths. This leads to corrections inthe
estimated velocity function which, when applied, bring the es-
timate closer to the desired function. This process is repeated
ray by ray and each cell is updated after all rays passing
through a cell are considered. Ideally, these iterations con-
tinue until changes in the calculated t, are of the order of the
data noise. The algorithm is described in detail by Dines and
Lytle.? The resultant image can then be smoothed using a
linear interpolation algorithm which averages over an effec-
tive length of about one cell dimension but produces animage

with 9 times the number of cells actually used in reconstruc-
tion.

MEASUREMENT PRECISION

Both systematic and random measurement errors occur
from several sources. In this section two of these potential
error sources are discussed and an estimate made as to their
impact on the HFEM results.

System Calibration. The measurement system was cali-
brated by subtracting, point by point, two phase characteris-
tics; one when the antennas were placed adjacent to each other
and the other for the measurement through the rockmass. In
the first case r=0in Eq. (1) and therefore the system reference
delay was adjusted to force AW = 0 (see Eq. (1)). The
difference between this phase characteristic and that meas-

ured through the rockmass provided a single calibration point
for the system atr =0,

One source of error introduced into each tomograph by
this calibration is the seemingly simple requirement that the
antenna separation is indeed zero. (Actually, the requirement
is that the separation be the same each time the calibration is
performed. Ifitis not zero then the rockmass measurement of
phase will be with respect to whatever separationisused. This
fact works to our advantage because it allows removal of the



effects of the antennacasing [used tocenter the antennas in the
boreholes] from the phase measurement.) This is a problem
because both antennas are in a casing designed to help center
the antenna in the borchole and to remove the impedance mis-
match between the air in the hole and the rockmass. The
antennas slip a small amount in the casing during the experi-
ment. Therefore, during the calibration procedure, placing the
antenna casings adjacent to each other where the antennas
were presumed to be, did not guarantee that the antennas were
aligned. We estimate that the alignment error could have been
as much as a few centimeters. Tests that we performed show
that this type of alignment error would result in a typical
uncertainty in the value of Y€ for the rockmass of 2% but an
error always less than 5%.

Another disadvantage with this calibration is that the
phase change is measurable only relative to an unknown but
constant value. This is because the antennas are electromag-
netically loaded differently for calibration and for data acqui-
siion with the result that each calculated permittivity is
shifted some unknown but constant amount. Therefore the
measured values of permittivity are relative only. However,
the alterant tomographs, formed from differences in measured

relative permittivity, contain reliable information on the
changes in permittivity.

Multipath signal propagation. One of the objectives for
the HFEM work is to evaluate the impact of high contrast
anomalies (e.g., metallic heater canister or large diameter
borehole) on the validity of the image reconstructions. Such
anomalies can cause complex reflection and refraction of the
waves, making the data difficult or impossible to interpret
with the approximation of straight ray paths used by our inver-
sion algorithm, Accurate determination of the effects of the
heater would have required comparison of reconstructions
from data sets taken before the heater hole was drilled and
after it was drilled and the heater installed. However, other
factors dictated that the heater hole was the first hole drilled.
Therefore, our test for effects of interference from the heater
had to be a comparison of reconstructions with the heater in
place and with it removed. This test showed that reconstruc-
tionsin the image planes between Ne2aand Ne 1, Ne3 and Ned
(9.5t0 11.5 m) and between Ned and Ne5 (9.5 to 11.5 m) were
least affected by scattering from the heater. In fact, in the half
of cach of these image planes furthest from the end of the

heater (see Fig. 1), the effect was to change the pixel values
of Y€ by less than 0.15

DATA INTERPRETATION

The tomographs generatedin this work are of electromag-
neric permittivity of the rockmass. Of course, images of this
parameter by itself are of little help in determining the near
field environment of the canister. To be useful electromag-
netic permittivity must be interpretable in terms of water con-

tent in the rock, because this is the property that has a bearing
on the canister survivability,

A quantitative interpretation requires laboratory calibra-
tion of the electromagnetic properties of densely welded tuff;
thatis, measurement of their dielectric properties as a function
of watercontentand temperature. This calibration then allows
inference of in siru water content from tomographic diclectric
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Figure 3. Laboratory measured and model calculations of
the relative permittivity as a function of water content.
The points are laboratory measurement of the
electromagnetic permittivity (real part) of densely welded,
Grouse canyon tuff of porosity 0.14. Reflection and
transmission coefficients measured in a coaxial air line at
200 MHz were used to calculate the permittivity. Water
from well J-13 was used as the pore fluid. The solid line is
the relative permittivity as a function of water content for
amulitiphase dielectric mixture model. Sphericalinclusions
of air (¢, = 1) and thin needle inclusions of water (&, = 81)
are dispersed in a background of silicate material (€, = 5)
of total porosity 0.14. The dashed line is for the same
model but with a water permittivity of 56 which is
appropriate for pore water at 100 C.

properties.  Figure 3 shows preliminary results from one
sample measured at room temperature with water from well J-
13 at Yucca Mountain, Nevada as the pore fluid. This data
was acquired using an automatic network analyzer to measure
the transmission and reflection coefficients of a tuff sample
machined to fit in an air line and from these the sample
permittivity was calculated . These data show a nearly linear,
monotonically increasing relation between water content and
dielectric permittivity at 200 MHz. Because we can only
measure changes in electromagnetic properties, the slope of
the least squares fit will be used to infer changes in rockmass
water content. This data implies a 3.4% by volume change in
water content per unit change in relative permittivity.

We will now consider an electromagnetic model for rock
that will be useful for estimating the properties of tuff above



room temperature. The rock is considered a mixture of com-
ponents, each having a specific electromagnetic property. To
model an unsaturated rock we consider a three component
mixture: solid matrix, pore water, pore air. Various theories,
each with its characieristic approximations and assumptions,
have been developed for such a dielectric mixture. Sihvola
and Kong* review some of these theories. We will use a
multiphase formula where the ndifferent inclusion phases are
in the form of arbitrary ellipsoids. If the inclusion orientations
are random so that the mixture is isotropic on a macroscopic
scale, the effective permittivity is

n 3
L - _f
3).;l fi(si e)g' s+Nji (%—e)

)

Emse-i-

n 3
N.
1-1V fe -~ —_
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where N, N, and N, are the depolarization factors of the j*
phase, f, =n,v, is the fractional volume of the i* phase and € is
the background permittivity. In our model the background
dielectric is the silicate matrix and the two inclusion phases
are the two pore fluids in a partially saturated rock—water and
air. If the permittivities are complex, we have a model of a
lossy mixture since € = €, je, where (j =V=1) and €, = o/we,.
The real component €, describes the phase velocity which is
approximately Vg 1. The imaginary component describes
encrgy dissipation from both dielectric (e.g., orientation of
dipole moments) and ohmic losses (e.g., motion of charge
carriers). Therefore, 9 contains both dielectric and the more
familiar ohmic conductivity. The angular frequency is .
Notice that the assumption of noninteracting inclusions is not
really valid. Thatis, the inclusions are notisolated so that their
perturbations on the field are independent. The effect of this
on the calculated effective permittivity is not known. Unfor-
tunately, we know of no mixture theory capable of accounting
for interacting inclusions.

For our dielectric mixture model we need the permittivity
of each component. The relative permittivity of water is
known to be a very nearly constant value of 81.2 (at 17 C)
between 0 and 600 MHz.? To demonstrate the use of Eq. (4)
we assume €, =€__ =80 and e, =€, = 1. To obtain the
permittivity of the rock matrix, (e in Eq. (4)), we use our 200
MHz laboratory measurements of the dielectric permittivity
of G-tunnel wff (see Fig. 3). An automatic network analyzer
was used to measure the transmission and reflection coeffi-
cients of a tuff sample machined to fit in an air line and from
these the sample permittivity was calculated.” When the
sample was dry, the calculated relative permittivity was 4.35.
This value is not representative of the silicate matrix because
itincorporates theeffectsof the 14 volume per cent pore space.
To calcuiate the silicate permittivity we can use Eq. (4) with
€., = 4.35 and solve for &. We model the rock as a single
inclusion mixture; the pores as spherical inclusions (N, =N,

=N, = 1/3) of volume fraction f=0.14 and ¢, = 1 forair. We
find that the silicate matrix relative permittivity is about 5.

Now, using the background permittivity € = 5 in Eq. {4),
we can estimate the rock permittivity as a function of porosity
and saturation. Figure 3 shows the model results assuming the
air component are spherical inclusions and the water compo-
nent are randomly oriented thin needles (prolate spheroids,
depolarization factors 0, 1/2, 1/2). This model was chosen
because it is a reasonable representation to the measured data
and is also a reasonable model for water held by capillarity
along the pore wall and air filling the remaining central partof
the pore. (It turns out that the results do not differ more than
10% if we assume randomly oriented disk shaped inclusions

[oblate spheroids with depolarization factors 1, 0,0] to model
the water.)

This model should represent the rock at about 20 C but
does not account for the fact that the permittivity of many
materials depends on temperature. We have measured the
permittivity of dry tuff and found that it is independent of
temperature between 20and 70 C. We conclude fromthis that
the silicate matrix and air inclusion components of our mix-
ture do not require a temperature dependent model. However,
the relative permittivity of water has a well documented
temperature dependence given by Eisenberg and Kauzmann®
as € =87.740-0.4T +9.398 x 10 T2 - 1.41 x 10¢ T° where
Tisin degrees Celsius. When this dependence is included for
waterin Eq. (4), the effective permittivity of the mixture de-
creases with temperature as shown in Fig. 3.

These models demonstrate several concepts important to
interpreting the permittivity tomographs. First, overthe range
of parameters of interest, the permirtivity is nearly linearly
related to the water content. This fact can be used to interpret
the alterant tomographs, using the slope of the curves to infer
changes in water content. Second, the fractional volumne of
pore filled by air contributes very little to the rockmass
permitdivity. This is because the silicate matrix and especially
the water have such high permittivities compared to that of air.
In fact, for practical considerations, the contribution of the air
could be neglected and the system could be modeled with a
single inclusion (water) in the background (silicate). Third,
the effect of temperature on the water permittivity could be
important to accurate determination of water content. For a
saturated porosity of 15 volume% at 100 C, the water content
could be underestimated by about 20% using the room tem-
perature model.  Also, de_/df , will decrease about 28%
between room temperature and 100 C. Ignoring this effect
when interpreting an alterant tomograph would tead to an
overestimate in the amount of dehydration during heating.
Thesefore, we will use the airline datain Fig. 3, de_/df =29,
to interpret changes in rockmass moisture content at or near
room temperature but will assume a 28% smaller slope to
interpret changes in moisture at 100 C.



Square Root of Relative Permittivity

RESULTS AND DISCUSSION

Ray Data. The data shown in Fig. 4 is the measured
relative permittivity along rays for which the transmitter and
receiver were atcommon depths in their respective boreholes.
Each point is a measure of the right hand side of Eq. (1)
divided by the ray path length. For example, the point at
11.0 m depth represents the average permirtivity (as a func-
tion of time) for the rock along a line which connects the
ransmitter and receiver at 11.0mdepth. We present this data
first because it is part of the input to the reconstruction
algorithm. Of course in this format the spatial information
gencrated by the reconstruction is absent, but the artifacts gen-
erated by the reconstruction are also absent so that quantita-
tive interpretation of the results should be more reliable.
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Figure 4. Measured square root of relative permittivity as
a function of time, along rays for which the transmitter in
Ned and receiver in Ne5 were at common depths. Each
point is a measure of the right hand side of Eq. (1) divided
by the ray path length.

Figure 4 shows an example of this data between Ne4 and
Ne3. This plane is parallel to the heater, 0.75 mto one side and
below the heaterinelevation. Between August 26th, 1988 and
March 29th, 1989 the relative permittivity decreased by
approximately 3.8 (changes in €'2 of about 0.5). Of course the
rockmass is not homogeneous, therefore, this is a rough
average over a region with extremes in permittivity changes
from4.5to 1.8. If the rockmass was at 20 Cduring the period,
a 3.8 variation would represent a change in fractional water
content of about 0.13 (from the measured data in Fig. 3). If
we assume the rockmass was always at 100 C the calculated
warer contentchange would be 28% higheror0.17. The actual
change in water content is likely between these values. Either
figure represents a substantial drying of the rockmass at a
distance of more than one meter from the end of the heater.

The overall dehydration measured between Ned and NeS
appears not to be monotonic. The initial permittivity decrease
was followed by an increase recorded on September 26th.
This may correspond toa saturation halo preceding the drying
front. If so the data indicate an increase in fractional moisture
content upto 4.5 overinitial conditions. The increase between
January 19th and February 27th is of similar magnitude but
both are of the order of the system calibration error and so that
their interpretation is uncertain,

Cross borehole ray data between holes Ne2a to Ne6 and
Ne6 to Ne7 (not shown here) indicate that before the experi-
ment started there was a higher water content in the rockmass
below the heater than above. These two data sets are from the
uppermost and lowest parts of the rock where HFEM meas-
urements were made. Because of the proximity of the heater
to Ne6, data from the full length of that hole cannot be used for
reliable calculation of permittivity values. However, data at
the extremes of the range measured show that above the heater
(between Ne6 and Ne7) the typical relative permittivity is
about 7.8 while below the heater (between Ne2a and Ne6) the
permittivity is typically about 10.0 (remember that these
absolute values are not accurate because of uncerainties in
system calibration but their relative magnitudes should be
reliable). If these data are representative of the rockmass
adjacent to the experiment, the upper part of the rock may be
dryer than that below (lower fractional water content of 0.08).
We have no way of knowing if this was a pristine condition.
On the other hand, a possible extemnal source of such a

moisture gradient is the drill water used for the 11 boreholes
used in the experiment.

Tomographs. Over the course of the 10 month experi-
ment, data was acquired for more than 100 tomographs; each
data set required the collecting of from 81 to 441 individual
data points, depending on the region sampled. Figure S shows
anexample of the tomographs taken during the experiment for
the region between boreholes Ne4 and Ne5 between 9.5 and
11.5 m depth. Unfortunately, the data used for these recon-
structions was influenced by the proximity of this plane to the
heater. However, we have determined that between 10.5 and
11.5m the reconstructed Y€ ischanged by lessthan 0.15 by
the proximity of the heater. Shallower than 10.5 m the
influence can be larger but varies a lot depending on the
location within the image. Deeperthan 10.5 m the reconstruc-
tion reflects more accurately, the heterogeneity in the rock-
mass permittivity before heating began. For this part of the
image plane the variation in €2 introduced by measurement
imprecision is 0.04 (estimated by comparing two tomogra-

phs taken when no known changes were occurring in the
rockmass).!

Figure 5a is the tomograph between Ne4 and Ne5 before
heating. The range of imagedrelative permittivity deeper than
10.5 m is from about 6.2 to 16.0. The calibration data in Fig.



3 (extrapolated) suggests that this represents a fractional
moisture content contrast of about 0.34, This is a fairly large
range and is possible for only two small regions, each repre-
sented by a single pixel. A more representative range of

permittivity is 9.0 to 12.2 which implies a contrast of 0.11 in
fractional water content.

In this same reconstruction, the region near Ne4, at about
960 cm depth, is imaged as a very low permittivity. Even
though this data is contaminated by the presence of the heater,
ourtestsindicate that this anomaly is indicative of arockmass
anomaly. This region is likely a highly fractured zone with
apertures too large to retain a significant amount of water by
capillarity. The preheating borchole logging identified a
highly fractured zone exactly at this location in Ned. Typi-
cally, fracture orientation was measured in these logs. At this
location, however, oricntation could not be determined be-
cause of the high fracture density. An interesting speculation
is that a particularly high porosity was created during drilling
as a washout in an intensely broken zone. Forthe image plane
as a whole, however, there seems to be a poor correlation
between logged fractures in either borehole and either high or
low permittivity image anomalies.

(a) Baseline image of (€, taken before the heater was
turned on, August 26, 1988. Fractures and approximate
orientation are shown as logged in both boreholes before
the test began. The approximatelocation of the heater and
borehole are projected into the image plane.

Thealterantimage atthe end of the heating phase is shown
in Fig. Sb. (The ramp down in heater power started Janu-
ary 13, 1989.) This image is formed as a pixel by pixel
difference between the image for January 9 and the baseline
data (Fig. 52) such that positive values reflect an increase in
permittivity with time. Much of the imaged structure between
9.5 and 10.5 m is contaminated by the heater interference.
However, the strong positive anomaly at 9.6 m, carlier iden-
tified with a broken broken zone in Ned, is probably real. This

9.5 Depth, m

Change in Sguare Root £

(b) Alterant image of A, ) for January 9, 1989. The color
scale represents the change in () calculated by
subtracting the baseline tomograph from the January 9th
image so that an increase in permittivity is positive in the
alterant imate. Each image area is 2 m by 1.5 m, contains
416 pixels (each about 9 cm by 8 cm) and is reconstructed

from phase measurements along approximately 430 ray
paths.

Figure 5. Tomographs between Ned and Ne$ from 9.5 to
11.5 m depth.

positive anomaly persists throughout the heating period. 1f
real, it means that the fracture zone intersecting Ned at this
location is wetter than its preheating state throughout heating.
This may be a highly conductive fracture zone thatis draining
condensate from the saturation halo to the rockmass below
where itis lost to the system. Model calculations’ indicate that
if the matrix porosity in this zone is sufficiently high (assum-
ing the capillary tension data used in the model is appropriate)
then a significant flux of liquid water is unlikely in this
fracture system. Liquid water may flow in the fractures if the
fracture porosity is sufficiently large relatively to the matrix
porosity and if the capillary rension data used in the hydroth-
ermal scoping caiculation® is not representative of this rock.

Deeper than 10.5 m the image is more reliable. Asin the
baseline image, there is no strong correlation of image anoma-
lics with borehole fractures. This means that these fractures
are neither wetter (acting as a flow path for liquid water) or
dryer than the surrounding rock and perhaps contribute little
to the hydrology of the system.

One puzzling property of the alterant tomograph of
Fig. Sbis the high correlation between increases in penmittiv-
ity during heating and regions of higher preheating rockmass
permittivity. Conversely, regions of decreased permittivity
correlate with regions of lower preheating permittivity. More
specifically, while there is an overall decrease in permittivity
during heating, the local regions that do indicate a2 small
increase are those regions that have lower permittivity prior to
heating. One possible explanation is that these are fractured

zones: drained of water before the test, they contain conden-
sate during heating.

1s



Summary. HFEM data is useful for characterizing the
water distibution in the near field of a simulated waste
container. First, we used data from individual ray paths to
determine guantitative estimates of how moisture content in
the rockmass changesduring heating. This interpretationisan
average over the ray length between the boreholes so has little
information on spatial variability. However, the results are
semiquantitative; only with a valid calibration of the meas-
urement system could the results be quantitatively reliable.
With such a quantitative measurement, a determination of
absolute water content of the rockmass may be possible.
Second, we used the tomographs generated from the cross
borehole data to infer properties of the spatial variability of
water distribution. This interpretation lead to conclusions
about the role of fractures in the system.

We have shown that the parallel scan data and the to-
mographs suggestthat the rock immediately around the heater
begins to dry as soon as the heater is turned on. Rock further
from the heater shows an early wetting episode probably
caused by condensation of steam in cooler portions of the
rock. Following this wening, the rock begins to dry as
temperatures and evaporation rate increase. Some fractures
and highly fractured zones may remain wetter than preheating
conditions long after the sumrounding rock matrix has begun
dehydration. Our data does not directly indicate if this water
is stationary or flowing. However, since other parts of the
rockmass in these image planes are drying and these fractures
are not, it is likely that these fractures are conduits for water
movement during the heating process.
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