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PROCEEDINGS
(1:00 p.m.)
DR. LANGMUIR: Good afternoon. Welcome to the Board's
meeting on Fracture Flow and Transport in Arid Regions. My
name is Don Langmuir. I'm Professor Emeritus of Geochemistry
at the Colorado School of Mines in Golden. I serve as the
Chair of the Board's Panel on Hydrogeology & Geochemistry.
The panel is sponsoring today's meeting.
First, let me introduce my colleagues on the panel.
We are very pleased that the Chairman of the Board, Dr. John
Cantlon, is with us today. His field is environmental
biology and he is former Vice-President for Research &
Graduate Studies and Dean of the Graduate School at Michigan
State University in East Lansing. Dr. Cantlon has served as
Chairman since April 1992. As Chairman, he is an ex officio
member of all panels. Dr. Edward Cording is Professor of
Civil Engineering at the University of Illinois.
Dr. Patrick Domenico is Professor of Hydrology at
Texas A&M University. Dr. Domenico co-chaired this panel
with me until his term with the Board expired. Since then,
he's been serving as a consultant for the Board pending
Presidential action to reappoint or appoint a replacement.
We also have with us Dr. Dennis Price, hopefully. Is Dennis

here yet? Should he come, he is Professor of Industrial &
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Systems Engineering at Virginia Polytech Institute and State
University.

Also seated at the head table today is Dr. Victor
Palciauskas who is a member of the Board's Senior Technical
Staff and who supports this panel among other activities. I
wish to express my special thanks to Victor for his efforts
in planning and organizing this meeting. Several other Board
staff members are with us today. Among the Senior
Professional Staff members are Dr. Carl Di Bella, Russ
McFarland, Dr. Daniel Metlay, Dr. Leon Reiter, Dr. Daniel
Fehringer, and Richard Grundy, our consultant to the
Congress, is with us today. We also have Linda Hiatt in
charge of meeting arrangements at the back of the room, and
Davonya Barnes, a member of the support staff.

Our Board was created by the 1987 Amendment to the
Nuclear Waste Policy Act. Board members are nominated by the
National Academy of Sciences and appointed by the President.

The Amendments Act provides that the Board shall evaluate
the technical and scientific wvalidity of the Department of
Energy's activities under the Nuclear Waste Policy Act. The
Act itself was passed in 1982 and charges the DOE to develop
repositories for high-level waste and spent nuclear fuel
following an ordinary--not ordinary, totally un-ordinary--an
orderly process of repository site characterization,

approval, and construction. Currently, only the potential
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repository site at Yucca Mountain, Nevada is being evaluated
as directed in the 1987 Amendments Act. Site-specific work
for a second repository is not authorized and cannot be under
current law until the year 2007 at the earliest.

An adequate understanding of fracture flow and
transport, the topic of this meeting, is essential to a
determination that Yucca Mountain is a suitable site for a
repository and subsequent licensing for construction and
operation. We have set out several goals for this panel
meeting. Historically, it has often been assumed that
unsaturated zones in arid climates were potentially good
sites for isolating waste. This assumption was based on the
"common knowledge" that flow in low permeability rocks is
generally very slow and that, although the rocks might be
fractured, the fractures are dry most of the time. Even
during periods of extreme precipitation when water penetrated
the alluvium and saturated the fractures, it was thought that
fracture matrix interaction was sufficiently strong that the
water would quickly imbibe into the matrix preventing deep
penetration. Thus, transport of contaminants through these
zones was thought to be primarily through the matrix and
extremely slow. Significant fast transport through fractures
was considered unlikely. Recent evidence challenges this
view.

The purpose of this meeting is to learn about such
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evidence from experts who have studied transport in arid
climates in various regions around the world. We are
particularly interested in delineating the physical
parameters and processes that control the infiltration of
water and result in transport in arid regions such as Yucca
Mountain. In particular, we would like to address and
hopefully answer questions, such as, are present conceptual
models of flow and transport adequate for modeling in arid
environments? For example, is the composite porosity model
reasonable in modeling in arid environments such as Yucca
Mountain? Second, do we have a sufficient understanding of
the important parameters that control transport processes in
these environments? Third, what measurement techniques can
be used to quantify flow and transport in these environments?
What are the limitations of these techniques? For example,
can the fast pathway be detected and predicted, and can the
significance of such a pathway be quantified? Fourth, how do
the existence and potential importance of fast pathways
influence our views about the suitability of Yucca Mountain?
How will groundwater travel time and total system
performance assessment computations be affected by the site-
specific isotopic age data that are and will be accumulating?
These are some of the questions I hope we will consider
today and tomorrow.

I know that each speaker has much more than could
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be said in his or her topic area than fits in the time
allotted. I'm very concerned that we stay on time so as to
allow those speakers late in the day their fair share. So, I
will ask all speakers to stay close to schedule. I will help
by reminding you as the end of your time of presentation
approaches. An essential part of this meeting is the
discussion of the work presented. There is time scheduled
after each presentation for questions and discussion. After
each talk, I will solicit questions from the Board, staff,
and if time permits, from the floor. If I don't get to your
guestion or comment, please try to hold it until the
roundtable discussions or the public comment period at the

end of the day.

If there are no general announcements--if there
are, this is a good time for it. If not, let me introduce
our first speaker, Dr. Ronit Nativ, who probably set the

record for having to travel the furthest to make a Board
presentation of any speaker we've invited to our meetings.
Dr. Nativ is from the Hebrew University of Jerusalem and will
speak to us about her studies of contaminate transport in the
Negev Desert.
Dr. Nativ?

DR. NATIV: I'm going to talk today on groundwater

recharge and solute migration in a fractured chalk aquitard

in the Negev Desert in Israel. This is the work that was
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done by my colleague, Eilon Adar, and myself, our two
graduate students, Ofer Dahan and Ilan Nissim, and a
colleague, Mebus Geyh, from the Geological Survey in Germany.

This is a map of central Israel, the Negev Desert,
Tel Aviv is here, Jerusalem here, the Mediterranean Sea. The
framed area is enlarged over here. Over the past 18 years,
the North Negev Desert in Israel has become a prime target
for siting a variety of chemical industries that have been
rejected by or transferred from more populated areas. In
addition, the National Site for Hazardous Waste is located
here and has been operating there since 1975. The area is
pretty arid. Annual precipitation vary anywhere from 50
millimeters per year to 200 millimeters per year in the North
Negev Desert.

Okay. This is how the area looks like. This is
the least cover that can be found all over the North Negev
Desert. Only the ephemeral streams contain some sort of
vegetation. And, when the cover is missing, what we get

to see here is fractured chalk, eocene chalk in outcrops,
across the entire Central and North Negev Desert. I bold
this line so we can get some impression of how intensive the
fracturing and the fissuring is. Now, the aridity of the
area up to 200 millimeters per year and the low permeability
of the chalk aquitard, chalk formations which run up to 2

millidarcies, that's all, have been considered the major
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asset in preventing potential groundwater contamination
resulting from all the industrial activities taking place in
the North Negev. However, the effectiveness of this
combination is a variable to contaminate migration. Low
permeability chalk in arid areas was challenged once
monitoring wells surrounding the National Site of Hazardous
Waste were placed in '85.

What you see in the upper triangle is the distances
between the three monitoring wells. On the left bottom is
chloride concentrations way above the background salinity,
and these are the water level fluctuations starting from '85
up to '90. All three wells contained high salinity way
beyond the background salinity, organic materials, heavy
metals. Remember, the National Site started to operate in
'75; I'm talking '85 and on. So, within 10 years, a vadose
zone of up to 20 meters experienced solute migration from
land surface to the water table.

Although the chalk is not a major water source for
the Negev area, this is just a geological section. The light
blue on top is the eocene chalk that we are talking about.

To the left top is the coastal plain aquifer. In the bottom
is the Judea cast limestone aquifer. And, although the chalk
aquitard is not a major water source, its relationship with
the adjacent aquifers, the coastal plain agquifer and the

underlying limestone aquifers, are not clear and our source
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for concern, once water in the chalk becomes polluted.

In order to evaluate the potential damage, we
studied the origin and hydrology of the aquitard. We looked
into 23 wells marked here in black dots all over the area.

We monitored them for one year for water level electrical
conductivity. We sampled them twice for both isotopic and
chemical composition and this is what we found out. We found
it was quite clear by looking at the outcrops that the chalk
is fractured and fissured. We also found secondary
mineralization within the fractures. The fractures contained
either oxides--in this case, it's manganese oxide--or gypsum,
as you can see on top of that fracture.

In addition, we were able to observe seasonal
fluctuations in the water level. Every single well displayed
some sort of seasonal variations in the water table. These
are just three examples out of the 23 wells which we
monitored. These slides would show carbon-14 in the upper
layer in the upper numbers and tritium in the bottom two
numbers. Almost every single well contained tritium in its
groundwater, and I would like to remind you that, I think,
within a decade, contamination of groundwater. And, finally,
there is this disturbing similarity between precipitation
marked here in black dots and groundwater marked here in open
circles.

So, looking at the fissures and the fractures and



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

11

the secondary mineralization and the evidence of water
recharge is displayed by seasonal fluctuations of water
level. Contamination in groundwater is indicators for fast
moving tracers from land surface and no obvious evaporation
on top of land surface in a desert area. It all means to us
that basically just from information in the saturated zone
that water and solutes shortcut through the low permeability
chalk using the fractures and the joints as the pathways in
escaping evaporation.

Now, the third mechanism of groundwater recharge
and contamination was examined more closely in the vadose
zone. We cored six boreholes all the way to the vadose zone
which was 20 to 28 meters below land surface. These are the
various boreholes. This was a control. This was the
industrial site. We cored it with a special, largely--grade,
foundation--grade and the purpose was, first of all, to get
some dry core rock samples for various profiles and to
observe the vertical fracture distribution with depths in
these cores. What did we actually--we used the water
extracts from these cores for taking profiles to estimate
water-percolation rates. We looked at chloride profiles to
assess the nonreactive solute transport. We looked at
bromide profiles in these cores to evaluate normally active
contaminant transport since in this industrial zone, there is

a plant producing bromide variabilities. We looked also into
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deuterium and oxygen-18 profiles to assess evaporation near
land surface, at land surface, and what's going on in that.

These are the various profiles. I prefer to
present just four of them. In four boreholes, RH2, RHS,
RH10, and RT18, this is depth in all of them. The contact
between the undisturbed chalk and the unconsolidated
sediments is marked by these small arrows. Water table is
marked by the upside down triangles. What we have on the
axis is water content in percent, tritium in tritium units,
chloride content in--per 100 grams of dry rock, bromide, and
bromide to chloride ratios. 2And, I'm going to discuss those
profiles in the coming few minutes.

First of all, we observed very high moisture
content in the vadose chalk. You can see or perhaps you
can't and I should help you see by telling you what you
should see. The water content here goes up to 40% in these
boreholes. Forty percent is the proper porosity of the chalk
on the basis of co-analysis. So, we saw almost near-
saturation water content. Apparently, the very small pore
size of the chalk matrix inhibits gravity drainage and the
matrix remains almost fully saturated even in the unsaturated
zone except within the depth of direct influence of plants
roots which can absorb high suction.

We also observed the tritium front dated to

possibly 1963 in all coreholes at a depth of up to 2.5 meters
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below land surface. Parallel to that depth, we also observed
salt peaks at a similar depth of up to three meters, the peak
of chloride and bromide in most of these boreholes. As we
looked at stable isotopes, we also saw positive values close
to land surface. As we go down with depths, the stabilized
composition is getting lighter. The salt concentration is
getting lighter, too, like non-diluted perhaps. The tritium
drops to zero except for some tritium spikes that can be
observed in most of the coreholes.

So, on the basis of mere saturation water content
in the vadose chalk, the low permeability of the chalk, two
millidarcies, the presence of tritium spikes below the
tritium front, vertical deplition of stable isotopes,
vertical dilution of salts, and the mineralization that I
mentioned earlier, we suggested that water entering the
fracture is not immediately imbibed by the matrix, as was the
general knowledge that was mentioned here earlier. 1Instead,
we suggested that water wets the fracture walls and rapidly
percolates through the major conduits, the fractures.

Now, there is one borehole here that might attract
your attention and this is RH8. That one allows us a unique
observation on a slight different setup. The unconsolidated
materials on top of the chalk here was relatively thick,
seven meters, as opposed to less than a meter and a half in

the other coreholes. This one was seven meters thick. If



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

14

you compare the profiles that we saw in this borehole to the
others, it's really clear to see that, first of all, the
tritium spikes are less obvious. The salinity here is
definitely lower than in the other boreholes. We don't see
that deplition of solutes--as was so obvious in the other
coreholes. What we think is that this thickness of the
unconsolidated cover overlying the undisturbed chalk is an
important control on the likelihood of initiation of fissure
flow. The much greater spread of four sizes in this material
provides a baffle for storage of rainwater and allowing it to
be released into the undisturbed chalk more slowly and,
hence, reducing the frequency of occurrence of fissure flow.

In addition, as shown up here, the stored water is available
for more efficient flushing of salts from the vadose zone
resulting in reduced salinity.

Water infiltration velocity along preferential
pathways in the chalk is somewhat reduced because of matrix
diffusion as documented in the profile here. As recharge
containing tritium, for instance, moves down through
fissures, a concentration gradient exists between the fissure
water and the relatively immobile water in the matrix pore
spaces of the blocks adjacent to the fissures. Under the
influence of this concentration gradient, tritium would move
down by continuous exchange between the matrix and fissures

through diffusion.
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As part of our original study, we calculated the
infiltration velocity into the groundwater using both tritium
and contamination as tracers. We ended up with values
exceeding 1500 and 2400 millimeters per year, respectively.
The 1500 refers to the tritium which might be percolating in
from land surface to the saturated zone since the '60s and
contamination which had only 10 years from '75 to '85 before
it first showed up in groundwater. Now, these values have
been moderated by matrix diffusion already, but they are
still two to three orders of magnitude higher than the
calculated infiltration velocity if we look at the tritium
formed in the matrix or if we look at the bromide formed in
the matrix. Those are only 30 and 110 millimeters,
respectively. So, on one hand, there's evidence for
migration of tritium and contamination at that rate into the
groundwater and, on the other hand, this is what we see in
the matrix, in the vadose matrix chalk. And, again, we
concluded that it's the fracture flow which accounts for the
two order of magnitude of difference between these numbers.

As we presented these observations and conclusions
to all our peers, colleagues, German reviewers, and decision
makers in the Ministry of Environment in Israel--they, by the
way, decided recently to consolidate and move all landfills
in Israel to the eocene chalk assuming that the permeability

is so low that no one should be frightened because of
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groundwater contamination. As we presented this data, we
faced many reservations and suspicions. In fact, many of our
observations that I just discussed now that we interpreted as
evidence for an active fracture control system were viewed as
evidence for stagnant immobile system.

What I'm going to do now until the end of my talk
is to present the report sheets that I have from our peers
who viewed them and hopefully convince them why our
interpretation makes more sense. In fact, I'm going to
discuss here the type of observations that one should look
for when evaluating the possibility of fracture controlled
flow in an aquitard. As you're well aware of, this is not
just an intellectual exercise since low permeability
environments are prime targets for siting repositories for
toxic, hazardous, and radioactive waste. It is these
continuities, such as fractures, joints, dissolution channels
that threaten the integrity of an otherwise great
hydrological barrier.

So, what are the warning signs that one should pay
attention to when assessing the suitability of an aquitard
for these purposes? 1I'll start with the saturated zone. The
presence of contamination and tritium in deep groundwater was
interpreted by us as an everyday fast migration from land
surface to deep groundwater and fissure flow. These

observations definitely disagree with the measure of low
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permeability matrix and require bypasses.

The questions that we heard when we presented this
type of data--and this is how it looks like. I go back to
the data that you have seen, the slides. Carbon-14 on top,
tritium, two measurements on the bottom of each well. Forget
about the contours. TI'll discuss them in a moment. They are
meaningless at that point. So, abundance of tritium and
contamination, what we heard was that it is quite possible
that tritium and contamination did not come from above, but
was more literally from adjacent streams where tritiated
water is flowing in the ephemeral waters. And, near the
industrial waste site, liquid waste water was released every
now and then and could have flowed laterally to adjacent
boreholes. So, no one needs the fracture flow in order to
get those tracers into our boreholes. The truth is that we
found contamination and tritiated water also in boreholes
that were far away from streams. So, this argument, we
think, falls down.

The same goes for the resemblance of precipitation
in groundwater as a--position of precipitation in
groundwater. A comparison of stable isotopes values in
groundwater and precipitation can shed light on the amount of
precipitation in surface water infiltration. In the Negev
Desert, evaporation is relatively high even during the rainy

season, the winter, and amounts to two to sgix millimeters per
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day in January and October, respectively, when most
precipitation occurs. If rainwater concentration is slow and
contoured by the matrix low permeability, the water should
become isotopically enriched relative to the precipitation in
both oxygen-18 and deuterium as a result of its exposure to
evaporation. On the other hand, if--focused recharge by
other fracture network occurs, the isotopic composition of
the percolating water should remain constant and similar to
the composition of rainwater and this is what we get to see
here. The question that we had was again is it possible that
the similarity doesn't stem from fracture flow from above,
but from focused recharge through the porous riverbeds where
the ephemeral flow is stated only by extensive and
isotopically light precipitation during rain events. So, it
comes laterally rather than vertically. And, again, it was
possible to document light and isotopically similar
groundwater away from any ephemeral streams.

The other issue was more disturbing. This was the
heterogeneity of both chemical and isotopic composition of
groundwater. One would expect that adjacent wells that
belong to the same unit would display similar chemical and
isotopic composition. One should also expect some evolution
in age and in chemistry downgradient. The contours here that
you see are water potential or--head contours. So, the flow

according to the water level measured in these 23 wells is
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going like that towards the coastal plan aquifer.

Now, there was no way we could document the
expected evolution of groundwater both in age and in
chemistry along apparent flow paths. This, for example,
carbon-14 here is about 34 pmc, and downgradient, it's
younger rather than being older, 92 pmc, and so on. So, we
couldn't demonstrate similar chemical and isotopic
compositions in adjacent wells and there was no expected
evolution in age and chemistry with the flow.

The interpretation was, of course, that if there is
no lateral flow, that water is confined in enclaves, the
groundwater is stagnant, and if the groundwater is
contaminated, we shouldn't be worried about it because it's
not flowing, it's stagnant. So, there is no risk involved.
Our response to this type of argument was that because flow
carries along fractures, the re-flow path cannot be directly
deduced from potential matrix surface maps. The connected
flow paths typifying the aquitard may account for the special
variations.

So far from evidence from the saturated zone, what
can we learn or what are the arguments coming from our data
in the vadose zone? First of all were the isotope profiles.

The tritium values were ranging anywhere from 12 to 24 in
the tritium front dating to the 1963, and this was held at a

depth of about two meters, two meters and a half, in most
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boreholes. Below this depth is the unweathered chalk.
Tritium content dropped to zero with a few peaks at around 2
TU. Some of the peaks ranged up to eight and four TU and so
on. You can see them here. These are significant tritium
values as the detection limits for the enriched samples was
.6 tritium units. The prevailing tritium concentration in
groundwater in the vicinity of these boreholes was 2.3
tritium units. We interpreted these tritium spikes as
evidence for shortcutting water which bypassed the low
permeability matrix. The low permeability matrix only
controls the tritium front whereas the--water shortcutting
through the fractures account for the spikes here.

The question that we faced there was is it possible
that those spikes are contamination? Well, we feel very
comfortable with these spikes. The dry coring method that we
used in all boreholesg, the zero values that we got from the
laboratory batches had only few increased tritium values and
the large deviation from background values, as you can see
here, suggest that at least some of these values are real.

In fact, we would argue that due to the core sampling
technique, the observed sporadic tritium peaks are probably
representative of the higher tritium concentration associated
with the fractures. Because of the small matrix volume in
the immediate wvicinity of the fractures, these big values are

likely to have been diluted by a much larger volume of matrix
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spawned water which was devoid of tritium.

Now, 1f we look at the deplition pattern of the
stable isotopes, there we faced another type of argument.

The general vertical deplition of the stable isotopes shown
here for oxygen-18 and deuterium remind some people of the
exponential shape of the diffusion controlled profiles that
were suggested by Zimmerman in the late '60s and others who
looked at stable isotope profiles in the vadose zone. What
they argued was that you can get these exponential type or--
shaped type profiles simply by molecular diffusion and no one
needs advection, you know, to come up with such a shape.

What we said and what we think is that although the
oxygen-18 profile looks pretty small, the deuterium is not as
monotonous. If we look also at the chloride profiles, they
are also quite spiky. No one can account for the tritium
spikes or the mineralization simply by molecular diffusion.
So, although one could see the resemblance in the oxygen-18
profile and argue for molecular diffusion, the other profiles
of the deuterium, the chloride, the tritium, and the
mineralization cannot be explained by simple molecular

diffusion and no advection involved.

Finally, the mineralization was the last issue that
we got criticized for. Mineralization of various oxides,
gypsum, and calcite with any fractures was interpreted by us

as a sign of active groundwater flow. We faced the question
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that mineralization is evidence for fast flow and currently
acts as a flow barrier. Now, in order to assess that
argument, we looked at the tritium content in the gypsum
molecules in the secondary mineralization. What we found
out, that the water molecules in the gypsum all contained
tritium. We had like 25 samples taken from the fracture
fillings. Tritium in the gypsum varied anywhere between 1 TU
to 63 TU with a mean of 30 TU. And, these tritium wvalues in
the gypsum suggested that either the mineralization is
recent, or alternatively, that water molecules within the
gypsum crystals recently altered by modern groundwater
flowing through the fractures. Again, tritium content
together with the moist filling indicated for us active flow
across the fractures.

The last thing that I would like to touch upon is
the sulphur isotope composition of the same gypsum. The
gypsum--the so-called ion--the so-called isotopic ratio, 34
to 32, in the gypsum was 15 to plus 15 per million. 1In
precipitation, it was plus 7 per million. In groundwater, it
was just in between, 9 to 13.5 per mil. And, again, the same
process was suggested by us. Precipitation that has light
sulfur ratio of 7 per mil would dissolve the gypsum with 15
per mil to generate groundwater with values in between 9 to
13.5 per million.

I'm done. Thanks for being patient.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

23

DR. LANGMUIR: Thank you, Ronit.

Questions from the Board? Pat Domenico?

DR. DOMENICO: Was any attempt to arrive at any
correlations between the small variations in precipitation,
the variations in water salinity, and the wvariations in the
water level changes? Was there any attempt to correlate
those, at all? Or is it just they're quite too rapid and you
lose a lot of information?

DR. NATIV: Let me rephrase your question and make sure
I understand it. Are you saying that--are you asking whether
we compared the precipitation amount of the precipitation
concentrations?

DR. DOMENICO: The precipitation amount versus the water
level response to that, as well as the change in salinity in
the saturated zone that occurred in response to that?

DR. NATIV: This is something that we are going to do
just now because the type of monitoring are showing water
level fluctuations which were monitored once a month. So,
there was no way under these circumstances to watch for event
based response. Now, we are going into the boreholes with
pressure--and data loggers and this is exactly what I would
like to see. What is the type of fast response to a rain
event, to a flood event? 1Is it affected by percolation from
the vadose zone or perhaps really laterally as was argued by

some of our peers? So, this is a different type of operation
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that we have studied only this year around the site of
hazardous waste where they finally figured out that something

more serious needs to be done there.

DR. DOMENICO: Thank you, Ronit.

DR. LANGMUIR: You have a very solid amount of data here
obviously on all the input parameters. I didn't hear
anything about precipitation chemists, but presumably you

have information on precipitation, isotopy, and chemistry?

DR. NATIV: Definitely.

DR. LANGMUIR: You've got vadose zone chemistry. You've
got groundwater chemistry. Have you taken that information,
and from it, backed out what you think the fraction of
fracture versus matrix water chemistries are contributing to
the groundwater chemistry? What percentage of those two
kinds of water have become groundwater chemistry? Have you
done that?

DR. NATIV: Yeah. 1In fact, this was submitted to
chemical geology, the very same question. We looked at the
entire component of the hydrological cycle from precipitation
to vadose water to groundwater and including surface water
which you haven't mentioned.

DR. LANGMUIR: Yes. Well, you argued that that was not
close enough, I thought, in this case to be an issue in your
system.

DR. NATIV: That's true, but we looked at it,
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nevertheless, because it was important in desert--it's
interesting in desert conditions. Groundwater--let me put it
this way. The place where everything changes chemically is
in the vadose zone because this is the storage of salts.
This is where all salts are being stored, accumulated, and
then flushed down. Isotopically, it's precipitation that
controls. So, the salt comes mostly from the vadose zone.
The light isotopic composition, the tritiated water, the
modern waters show a much shorter residence time. So, there
are--I would consider this as a dual system. The vadose zone
which builds up salinity that is being taken or flushed down
by the fast moving isotopic and light and tritiated water
that comes from precipitation and perhaps surface water, too.
I don't believe that addresses your question
because I'm not talking about fractions now. I'm talking
about two sources in the most qualitative way and I realize
what I'm doing.

DR. LANGMUIR: Well, I know it's very difficult to take
your information and go to specific percentages or fractions,
but that's the kind of thing at Yucca Mountain we're worrying
about right now is how much of the flow is fracture-dominated
flow and how much of it might have gone through matrix.
Maybe, it ends up being a little of both going back and forth
which complicates the interpretation.

DR. NATIV: Exactly because if you look at the isotopes,
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definitely it's not just water moving down and exchanging
with the fracture walls. When the fractures are being
drained, gas diffusion moves out and back into the fractures
and leaving a heavier portion behind again in the matrix.
So, it's an exchange process. I would say that most of the
groundwater is fed by fast precipitation and I'm not daring
to come up with a number. But, if it was matrix controlled,
we wouldn't have that modern water as groundwater. So, I
would say that most of it is contributed by the fast flow.
However, the salinity is a different story. 1It's the
exposure of the vadose zone, the upper vadose zone. to
extensive of a--throughout the year.

DR. LANGMUIR: There was one other thing which I should
have asked first in that I read your article, but I've
forgotten now whether all the contamination sources were dry
materials or that some were liquid wastes which, of course,
is an issue that we don't have at Yucca Mountain. We're not
going to have any liquid wastes, as such.

DR. NATIV: No.

DR. LANGMUIR: You're giving it a boost if you
distribute liquid waste with contaminants in it.

DR. NATIV: Well, the contamination that I was referring
to was dry.

DR. LANGMUIR: Was dry?

DR. NATIV: 1It's the National Site for Hazardous Waste.
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So, there is an industrial area with a lot of waste storage
ponds and a lot of--and, there's a hydraulic head that
activates flow. This is one story. But, the monitoring
wells that showed contamination so fast were only around a
relatively dry site where we store organic materials,
batteries, stuff like that; very lethal wet material. So, in
that respect, it's closer to what you're talking about.

DR. PALCIAUSKAS: A brief question. You'wve mentioned
the fact that the chalk was very micro-porous and thus it
would be not too surprising that it was almost 100% saturated
in the matrix. But, that's just basically where most of the
water would be expected and it's consistent with the fact
that most of the infiltration would be through the fractures.

Is this picture consistent through the whole vadose zone,
that it is almost 100% saturated? Then most of the

infiltration would have to be occurring through the

fractures?
DR. NATIV: Well, the vadose zone is almost fully
saturated except for the last--for the upper two meters or so

where we have extensive evaporation and suctions by plant
roots. And, I think it's a combination of high moisture
content of the chalk combined with the low permeability of
the chalk that would push into fracture flow because chances
are that within a rain event, the amount of water that can

overcome the low permeability of the matrix without
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significant hydrolic gradient is slim.

So, one should expect fracture flow under such
conditions. When I discussed it with Bridget two years ago,
that's what--this is something that came to mind that
whenever we have this combination of high porosity, high
water retention, and they'll fall very close to saturation in
the matrix combined with low permeability, this is where we
should be especially careful.

DR. DOMENICO: But, I think you suggested also that the
fractures overwhelmed the flow during your reasonably high
precipitation events and perhaps not so much during the low
precipitation events. Is that part of your conclusions?

DR. NATIV: It's not coming out of my conclusions
because I couldn't compare event base response, at all. This
igs something I'm going to do now. All I could look is into
monthly measurements which wouldn't tell us about high or low

precipitation amounts and their input.

DR. LANGMUIR: Thank you, Ronit.
I think we're on schedule. Our next presentation
is titled "Experiences in Other Arid Environments", and the
speaker is Bridget Scanlon.

DR. SCANLON: I actually switched titles, but really
it's not that important. I'm going to review unsaturated
zone studies in general and talk about implications for

contaminant transport. Some of what I'm going to talk about
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today will be the result of some of the discussions we had
during the Ward Valley meetings, the Ward Valley site,
proposed low-level waste site in California.

Unsaturated zone studies have been conducted in
arid sites for a long time. However, the earlier studies
focused mostly on groundwater resource evaluation, and for
these studies, a lot of them assumed early uniform recharge.

And, for evaluating water resources, it doesn't really
matter whether you assume early uniform recharge or not.

However, more recently, the focus has shifted to

waste disposal and contaminant transport and here it is

critical. Spatial variability in subsurface flow is really
critical. This seems a very basic concept. However, a lot
of people still use early uniform recharge rates to evaluate

contaminate transport. For example, some studies about two
years ago evaluating plutonium migration found DOE's Plantax
Plant in north Texas used early uniform recharge rates in an
area where most of the recharge is focused beneath playas and
got vastly different values than you would get if you used
spatially focused recharge.

Some of the issues that I'm going to talk about
today are what are the controls on--examine some of the
controls on subsurface flow including soil texture,
vegetation, topography, preferred pathways, and climate. And

then, another basic question for many sites is which way is



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

30

the water moving and this seems a very basic gquestion, but
it's oftentimes very difficult to answer. Is it moving up or
down or laterally? 1I'll talk a bit about that. I'll show
some results from previous studies which show very wvariable
rates of water movement. Then, talk a little bit about
spatial variability in subsurface flow beneath washes,
playas, and also spatial variability in a more local scale,
preferential flow. Temporal variability in subsurface flow
related to seasonal variations in precipitation, annual
variability in rainfall, and also paleorecharge.

And then, I would also like to talk about the
mechanisms of flow, piston flow versus preferential flow, and
liquid versus vapor flow, et cetera. And, finally, we'll
discuss some of the techniques for estimating subsurface
flow. So, this can basically serve as an outline for my
talk, and I may as well stick it up there.

This is a review of some of the studies and I don't
really expect you to be able to read that, but studies that
have been conducted throughout the world on subsurface flow
in arid settings and the varying rainfall rates from 80
millimeters per year to 400 millimeters per year and the
techniques used to evaluate subsurface flow, environmental
tracers, physics, and the fluxes estimated for these
different sites from .03 millimeters per year to Ronit's data

where she estimates 110 millimeters per year, and then some
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different types of settings. Based on reviewing data from
these various sites, we got some idea on the controls on

subsurface flow.

First, I would like to mention some terminology
concepts. People generally talk about recharge rates when
they're talking about subsurface flow in arid settings.

However, oftentimes, especially with the very peak and
saturated sections, it's difficult to determine from studies
conducted near the surface whether that would actually
recharge the water table. So, I think it's better to
restrict the use of the term "recharge" to cases where it is
highly likely that it is actually recharging the groundwater
and to use more specific terms; maybe "infiltration" for
water movement into the surface and "percolation" for deeper
penetration of water. And, if you don't really know which
way the water is flowing, if it's up or down or laterally,
then you should probably just restrict yourself to talking
about water fluxes.

DR. DOMENICO: Excuse me, that table, is that all of
those indicative of the unsaturated zone or are there some
saturated zone studies there?

DR. SCANLON: These are unsaturated zones.

DR. DOMENICO: All unsaturated?

DR. SCANILON: Yeah.

DR. DOMENICO: Thank you.

31
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DR. SCANLON: So, to evaluate the controls on subsurface
flow examine soil texture, vegetation, topography, preferred
pathways, and climate. A lot of people suggested soil
texture is very important in controlling subsurface flow,
particularly the texture of the shallow surficial sediments
because they provide storage capacity and retain the water
near the surface where it is more readily evapotranspired.
And, this concept is used in the barrier design at Hanford
for the surface sediments and use a ticking off section to
retain 100 year storm or a 1,000 year storm or whatever.

And, the studies by Cook in Australia also
suggested that there was a negative correlation between water
flux and clay content in the upper two meters of sediments.
Some of the studies in that review showed higher fluxes in
coarse grained soils; for example, the sand dunes in Saudi
Arabia where you have 80 millimeters per year of rainfall and
you have 23 millimeters per year flux. That's up to 30% of
the rainfall infiltrating in that pretty coarse grain
section.

Variability in soil texture is also important. A
layering of sediments in natural capillary barriers and also
layers that may hold up water and form perched water
conditions. So, sufficient sediments and, I guess, the
thickness of sediments above fractured rock at Yucca Mountain

is pretty important.
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Vegetation is also important in controlling water
movement. A number of studies have documented higher water
fluxes in bare soil than in vegetated soils. For example,
lysimeter studies by Gee and others and also by--in Las
Cruces. And, the most obvious demonstration of the effect of
vegetation is the tearing of vegetation in Australia where
the mallee vegetation was removed and fluxes increased from
.1 to .6 to 4 to 28 millimeters per year. Different types of
vegetation are not as effective in removing subsurface flow
or transpiring water. For example, there is very little
difference in the sandy soils with annual grasses at Hanford
versus the bare soil. So, you need to plant with the deeper
roots, et cetera.

Some studies have shown that plant roots may act as
preferred pathways. Tritium has been found down to 10 meters
depth in Australia and it is attributed to annual flow along
the eucalyptus roots. But, they go down to 20 meters. Most
shrubs in arid settings in the southwest are probably
shallower. Vegetation is pretty opportunistic and will
concentrate where there is quite a bit of water and you often
see vegetation concentrating in washes and fissure zones and
some of fissures in Texas are--by lineation of mesquite
trees.

So, where there is a lot of water movement,

vegetation will move in and then act as a pump and pump out
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that water. And, Phillips has suggested that one of the
reasons we may not see large variability in subsurface fluxes
in arid settings in the southwest is because the vegetation
acts to remove a lot of the water and make a lot of different
sites pretty similar.

Topography, I guess, Alan Flint will talk some
about that this afternoon. But, where you have ponded water
conditions in the surface, you will get subsurface flow,
washes, playas, sinkholes in Australia have shown deep
tritium, and fissured sediments in Texas where there's
basically ponded water conditions.

Climate variation, a lot of people are asking when
you're talking about a site what is the long-term mean annual
rainfall of the site? And, really, I don't think that is a
very good indicator of subsurface flow because the seasonal
distribution of precipitation could be much more important
than the average precipitation. For example, winter
precipitation is much more effective in infiltrating soil and
moving down beyond the zone of evapotranspiration because ET
rates are much lower in the winter. Also, you have a lot of
interannual variability in rainfall in arid settings and you
may have no rainfall for 10 years and much higher than normal
rainfall, you know, in one year and that can more effectively
recharge the system.

And, chloride profiles in Australia and
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southwestern U.S., reductions in chloride at depth have been
attributed to higher fluxes during Pleistocene times; Beatty
site, Nevada Test Site, et cetera. And, here is an example
of the some of the chloride profiles; the Ward Valley data
and Beatty data from a report by Prudic and you can see
extremely high chloride concentrations at Ward Valley and
also high peaks in the Beatty data, but a reduction in
chloride below the peak and, particularly, at the Beatty
site. This is attributed to higher recharge during
Pleistocene times when the climate was cooler and wetter.
Some people suggested maybe the reductions in chloride below
the peak could be a result of preferential flow. However, I
think if water is moving preferentially, you wouldn't expect
complete flushing of the chloride as you see at the Beatty
site. This is actually--I think, Prudic suggested this as
the an old paleo channel. Some more in Texas showing the
relationship between chloride concentrations and decreasing
fluxes to the peak and then increasing fluxes below peak and
then a higher recharge rates during Pleistocene times, 10,000
to 20,000 years. And, Nevada Test Site, I think, Tyler and
others report high recharge rates during the previous Glacier
period of 120,000 years, also.

And, lastly, preferred pathways and actually
fractures, dessication cracks, root tubules. I guess, most

of the documentation on preferential flow has been from
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fractured rocks in arid settings and also, I guess,
dessication cracks and root tubules. But, I'll talk more
about that when I discuss the mechanisms of flow.

So, I want to move on from controls in subsurface
flow to talking about the direction of water movement. You
would feel if somebody asks you which way the water is
flowing, you couldn't answer the guestion because maybe you
didn't know much about the system. But, it's a pretty
difficult question in arid settings and there are a number of
reasons for that and some are that the fluxes in natural arid
settings can be extremely low relative to the uncertainties
of the techniques that we have to estimate these fluxes.

And, also, it still can be quite complicated because you can
have liquid and vapor flowing. You can have a variety of
driving forces; water potential, temperature, and osmatic
potential. And, also the flux direction can vary spatially
and temporally. I'll elaborate on that a little.

Liquid and wvapor fluxes and liquid flux controlled
by hydraulic heads, some of matrix and gravitational
potential gradients, and vapor flux, isothermal vapor flux
controlled by major potential gradients and thermal wvapor
flux by temperature gradients. So, in isothermal systems, if
you have upward decreasing matrix potentials, they have
upward water flux and vice-versa. However, in anisothermal

systems when temperature is also important, you have to
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consider ligquid and vapor movement and in the zone of
seasonal temperature fluctuations from two to ten meters, you
would have a net downwards thermal vapor flux. Below that,
you can have the effect of geothermal gradient resulting in
upwards thermal vapor flux. Then, the next water flux will
depend on the balance of these.

If we look at some water potential data for a
typical water potential profile from Texas--and this is
similar in Nevada Test Site, Beatty, and Ward Valley--water
potentials--this was sampled after a rainfall event. So, you
have high water potentials shown in blue, close to zero near
the surface, and then decreasing below the wetting front.

So, you have a pretty shallow wetting front and very steep
gradient there. But, below that, you have a gradual increase
in water potentials. And so, you have an upward decrease in
water potentials from about -4 to -12 and this suggests an
upward driving force for liquid in isothermal vapor movement.

We can also compare this to the equilibrium line.
This is basically a no-flow line where the major potential
force is balanced gravity. So, there's no flow. Water
potentials that clock to the left of the equilibrium line
suggest upward flow under steady flow conditions and to the
right suggest downward flow. So, these potential profiles
suggest that there has been a net upward flow of water and

this is similar of Beatty and all the other sites that I just
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mentioned.

So, for some time in the past, we've had a net
upward flow of water and how long is represented by this is
difficult to determine. If you were simply relying on
evaporation alone, it would take a very long time, thousands
of years. But, if you include roots as a sink term, then it
may not take that long. At the Nevada Test Site, Sully and
others recently reported that below a depth of about 40
meters, the water potentials move to the right of the
equilibrium line and suggest downward liquid flow below that
point. But, also, they have an upward geothermal gradient
and Sully suggests that the upper geothermal gradient, upward
vapor flux balances the downward liquid flux and there is no
negligible flux. So, it's quite complicated and that's why
the direction of flow is sometimes a difficult gquestion.

I'm going to skip down to mechanisms of water
movement. And, here, the two basic end members, piston flow
versus preferential flow, and most of the studies recently
have been focusing on preferential flow and it seems like,
well, flow is always preferential. You get the impression
that, you know, there's just no piston flow anymore. But,
piston flow is basically talking about displacement of the
initial water by the infiltrating water. Experiments
conduced at Las Cruces, infiltration experiments where they

applied two centimeters a day of rainfall for 80 days--they
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did various experiments, but that was one of them--and they
visually observed the wetting front and they didn't see a lot
of irregularities. And, also, they looked at the--bromide
tracer and they looked at the position of the bromide tracer
relative to the pressure front. And, under piston flow
conditions, you would expect the pressure front to precede
the solute front by an amount equal to the displaced water.
And, they saw that at Las Cruces. And, also, as time
progressed, this separation should increase. A piston flow
is occurring and that was found. And, also, when they
increased the initial water, the separation showed increase.

So, all these findings were consistent with piston flow.
Chloride profiles in Australia after the vegetation cleared
show also the relationship between the pressure front and the
chloride front also suggested piston flow under those
conditions. And, chlorine-36 profiles, Gifford and some of
the profiles in Texas, single peak, suggests piston flow
conditions.

Preferential flow then, as you all know, refers to
water moving along preferred pathways and can include
macropore flow or other flowing along non-capillary size
pores, unstable flow where the velocity of the wetting front
increases with depth, and then you have fingering associated
with this and it can from organic-rich topsoils or wvarious

other reasons and funneled flow where you have flow along
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sloping sedimentary layers. And, I guess, most of the
evidence for preferential flow is provided by the two studies
that we're going to--Nativ and Fabryka-Martin and Al Yang's
tritium data. There's no real evidence for unstable flow in
arid settings. I think the reason is that you need to be in
the gravity flow regime for unstable flow to occur and maybe
the flux is too low and the soils are too dry for unstable
flow. The other thing is the importance of liquid and vapor
flow and this is important for nonvolatile tracers, tritium,
Carbon-14, and radium. And, it also comes into play when you
compare different tracers like tritium and chlorine-36. But,
I'm not really going to talk about that.

I just want to show some slides or some overheads
of fissure flow in Texas. This is where surface water--its
intercepts run off. So, there is ponded conditions. The
blue represents beneath the fissure and the green is 10
meters away from the fissure. You can see that the water
contents are higher beneath the fissure. The chloride is
flushed out, but it's restricted to the upper 10 meters and
then chloride increases to a value similar to the profile 10
meters away. It's a very localized effect. It would be
called more focused recharge. If some of the opponents to
Ronit's studies were suggesting recharge and then lateral
flow, there isn't really much evidence for a lateral flow.

And then, the water potential data, high indicating wet
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conditions and then decreasing to values similar to the
profile adjacent to it. So, in this example, it doesn't
extend to the water table. I mean, it's fairly shallow; in
fact, 10 or 15 meters. And, there probably is some
preferential flow and probably is more lines of tritium
beneath this peak, but I think most of the flow is not moving
below this depth. And, I think the reason why we're seeing
this sharp increase in flow is probably natural capillary
barriers caused by the layering of sediments at this site,
some sandy layers.

We also did some tracer experiments. This is a
fracture. The term "fissure" is used to describe the gully
at the surface and then, beneath that gully, there's the
fracture that varies in width from three or four centimeters
to one or two centimeters and extends down to at least six
meters. Tracer experiment using bromide, et cetera, showed
that there was preferential flow along the fracture, as you
would expect, and not adjacent to it.

So, there are a number of issues with regard to
preferential flow. Can we estimate the relative importance
of piston and preferential flow for different types and
different size and also what is the importance of these two?

Preferential flow is probably not that important for the
contaminants like nitrate because you need to move large

gquantities of those contaminants to exceed the health
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standards. But, for something like a pesticide where it
exceeds health standards in part per billion range, then
preferential flow is pretty important. So, you need to
evaluate it with respect to the contaminates that you're
looking at. Also, continuity of preferred pathways is pretty
important in arid settings. Sediment type settings like Ward
Valley or Texas, i1f there aren't fractures--I mean, a lot of
the preferential flow would probably be associated with roots
and they don't extend very deep in the system. The local
input conditions, for a while it seemed people said that you
needed ponded conditions at the surface for preferential flow
to occur and now they've gotten away from that and said that,
well, you don't need ponded flow. But, you may not need it
for preferential flow, but I think if you have it then you
are much more likely to have preferential flow. Input
conditions are still important. And then, the interaction
between the preferred pathway and the surrounding matrix, if
your surrounding matrix is close to saturation, then it's not
going to be able to imbibe the water. Whereas in sediments,
if you have extremely dry sediments, you would expect that
the sediments would imbibe the water and for that you need to
evaluate the retention function and stuff like that. And,
also it's important, the flux. I mean, maybe the flux
through the preferred pathway is so rapid that the rate at

which it's being imbibed just doesn't have any effect. 1I'll
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talk some about the techniques for evaluating flow in a
minute and then the types of information required for
modeling.

So, next, I want to move on to techniques. I'm not
really going to discuss any of the soil physics techniques,
but they are pretty important in providing us with an
understanding of current processes and what's going on at the
moment. We'll talk about the environmental tracers. I
presume most of you are familiar with the meteoric chloride
approach. Basically, the flux is equal to the chloride
deposition rate divided by the chloride concentration in the
soil water. So, if the deposition rate in the area is
constant, then the flux is inversely proportional to the
chloride concentration in the soil water. So, you can simply
use it qualitatively. If there is no chloride, there is high
flux. It has either flushed out any accumulated chloride and
it prevents the accumulation of chloride. TIf there is high
chloride, it suggests low flux.

There are a number of assumptions associated with
the chloride approach and some of these are being questioned.

For example, the downward flow assumption, I just showed you
some water potential data that suggests that net upward water
flux in the unsaturated zone in the southwestern U.S. is in
the top 10 to 15 meters, evidence for transient conditions,

Australia and southwestern U.S. associated with high recharge
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during the Pleistocene and in Australia associated with the
removal of vegetation. So, steady state flow assumption does
not apply. And, do we really know what the chloride
deposition rate is? It may be difficult to estimate, but it
seems like when we use the prebomb Chlorine-26 ratios to
estimate chloride deposition rates, it seems pretty uniform
in different areas. So, here, just showing playa setting in
Texas where you can just use the chloride qualitatively. No
chloride beneath the playa and higher chloride in the inter-
playa setting.

Chlorine-36, you can use it in three different
ways. You can look at the bomb pulse signature, you can look
at temporal variations in cosmogenic production of chlorine-
36, or you can look at radiocactive decay. Chlorine-36 is
pretty good because in arid settings generally we have high
chloride.

Limitations are that oftentimes the bomb pulses
within the root zone--however, that's good because it
suggests that the flux is low. In zones of high flux, for
example, beneath the playas and in fissure settings, the
chloride concentrations were too low to evaluate chlorine-36.

The cosmogenic production signature is only two times
greater than background and oftentimes not preserved probably
because of diffusion. And, temporal variations in cosmogenic

production would also lead to uncertainties in age estimates
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based on radioactive decay.

So, lastly, tritium. Chlorine-36 indicates liquid
flow and tritium indicates liquid and vapor flow.
Limitations with this, the same as Chlorine-36. Oftentimes,
it's just found in the root zone. Natural arid systems have
low water contents. So, it's oftentimes difficult to get
sufficient water for tritium analysis and the samples can be
contaminated during collection. One of the issues at Ward
Valley was possibly occurrence of preferential flow because
of tritium found at depths down to 100 feet. From 3200 feet,
tritium levels ranged from one to two tritium units and were
greater than plus or minus two times the standard deviation
associated with the analysis. So, it suggested that they
were finding quantities of tritium at depth. However, it
could not be explained by vapor diffusion alone because most
of the tritium--most of the water molecules because of the
large density difference between liquid water and water
vapor, five orders of magnitude, most of the tritium was in
the liquid phase, and vapor diffusion in equilibrium with the
liquid just would not allow migration of the tritium to that
depth. It couldn't be explained by liquid diffusion because
at the low water contents at the site the diffusivity was too
low. So, it was attributed to the possible contamination
during sampling; took air samples, large volumes of air, and

could possibly be some leakage in the lines or some
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contamination from present day tritium levels.

This is another example of tritium beneath the
playa in north Texas and you can see quite variable tritium
levels. This is a structured clay soil, and I think when you
get to this low water content, it corresponds to a sandy
layer and the highest tritium levels here--I think this can
maybe be attributed to the fractured clay soils contacting
the granular material and the end of the preferred pathways
and then moving out into the granular layers and then acting
as possibly a reservoir for tritium.

Then, we want to talk about how we can evaluate
preferential flow. In most cases, the preferred pathways are
vertical and so it's really difficult to intersect vertical
preferred pathways with vertical boreholes. I think the
tunnel boring at Yucca Mountain should give some direct
evidence possibly of preferential flow along fractures. 1In
shallow soil systems where it's a lot easier and where most
of the studies have been conducted in more humid settings,
they're still simply doing dye tracing studies using blue dye
or red dye or whatever to delineate the pathways and really
have not made much advances in quantifying the relative
importance of piston flow versus preferential flow. A recent
article in WRR in the structured clay soils suggested that
less than 1 to 2% of the flow was flowing along dessication

cracks in the clay and the rest of the water was flowing in
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between the ped surfaces, 6% flowing between ped faces. So,
it's quite difficult to evaluate the relative importance.
But, sampling groundwater provides good evidence. It
integrates a larger area and can be a good way of evaluating
preferential flow also. For example, if there are perched
aquifers at Yucca Mountain, then sampling for bomb pulse
tracers, et cetera, would be important.

Soil physics information is important for
understanding the processes. And, in sediment settings,
we've been monitoring different soil physics parameters for
seven or eight years and we haven't found anything to suggest
that there is a bypass flow in these sediment settings. But,
they may be able to find some information in the fractured
rock.

And, environmental tracers are good, but there
sometimes can be a lot of explanations for different types of
tracer distributions and it's not a unique solution. For
example, if you have levels of chlorine-36, 490 or something

times 10 7, it could be prebomb or again it could be post

bomb. It could be extremely rapid flow. So, you have to
consider a lot of factors. I think, basically, based on the
discussions for Ward Valley, you have to include all the

different types of information that you have; soil physics,
environmental tracers, and come up with a comprehensive view

of what you think the processes are and how important the



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

48

different processes are.

So, to conclude, I come back to the basic issues;
these various factors that are important in controlling
subsurface flow with regard to Yucca Mountain. The thickness
of the alluvial cover may be quite important and also
vegetation. Most of the hydrologic models have basically
excluded vegetation. I think we need to start considering if
it's important. The direction of water movement as more
information becomes available, we get a better understanding
of what are the controls of water movement in different
settings. Spatial wvariability, focused recharge versus he
preferential flow. I think, oftentimes, some people like to
call focused recharge beneath playas or washes macroscopic
scale preferred pathways, Gee and others a couple of years
ago, but other people distinguish preferential flow as
fractures and cracks and stuff like that. But, I think,
oftentimes, when you have focused recharge, you can also
have--more likely to have preferential flow associated with
it. Then, the temporal variability, episodic recharge. We
usually use recharge, we say millimeters per year, and
oftentimes that's for comparison purposes between different
techniques. But, it may be better to say millimeters every
ten years because you might get recharge only one year or
flux only one year.

DR. LANGMUIR: Can you wrap it up, Bridget? You're over
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schedule here by five or six minutes.

DR. SCANLON: Oh, okay. Well I'll just push.

DR. LANGMUIR: Okay. All right.

Questions from the Board? We're going to get you
to comment on everyone else's talk, I think, later on. We'll
get you involved in that way, I think. Any questions?

DR. PALCIAUSKAS: I noticed in one of the studies you
mentioned that removing the vegetation increased the
percolation or infiltration by 40 fold in one particular
area. That is an interesting piece of information because if
one has a regulatory type of a phenomena for 10,000 years, it
basically says that whatever we characterize today in terms
of preferential pathways or percolation or infiltration is
sort of meaningless over the next 1,000 years. So, would you
care to comment on that?

DR. SCANLON: Yeah, vegetation is really important. I
mean, studies at Hanford where they had bare lysimeters for
several years showed increasing water storage with time and
then the lysimeter was vegetated and within three months all
that excess water was removed. I mean, it's very important.

And, one of the problems that they're facing at Hanford is
to try and predict land use over the proposed life of their
low-level repository because they think a lot of it may
become farm land and crops and stuff like that. But, in

Australia, that example where you have 40 fold increase,
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you're going from eucalyptus vegetation which has roots down
to 10 to 20 meters to crops which have very shallow roots.
So, there is maybe an extreme case there. You know, I mean,
most of the shrub vegetation in the southwest, creosole
probably, generally roots in the upper one to two meters.
It's a problem. Also, I mean, if you ask performance
assessment what is the recharge rate at a site, there is no
"the" recharge rate. I mean, it's spatially wvariable, it's
temporally variable, and you need to include the variations
in climate like Alan Flint has included in some of his
simulations and stuff like that. So, it is complex.

DR. PALCIAUSKAS: I just have one more brief question.

DR. LANGMUIR: Okay.

DR. PALCIAUSKAS: You talked about piston flow and
preferential flow and when they occur and so on. I'd like to
make one generalization and perhaps you can back me up if you
think it's an appropriate observation or not. Even in a very
clean sand, displacement experiments have shown that you
always bypass a certain amount of water. So, you have piston
flow occurring along, let's say, 60% of the pore volume and
40% is being bypassed. And, as you go to a more and more
heterogeneous systems, you get more and more preferential
flow. Can you corroborate that?

DR. SCANLON: My feeling is that--I mean, Wierenga's

experiment, the Las Cruces trench experiment--and Tom can
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comment a lot on that, I think--is that there they really saw
preferential flow and most of the water--I don't think there
was enumerable fracture. I mean, I think all the water that
was in the soil was partaking in the flow. Heterogeneity was
an issue that came up at Ward Valley. You know, people
talked about on the local scale if you go from gravel to
clay, but on a larger scale it appeared more uniform. I
mean, there was no distinct layering or stuff like that. And
so, you know, when you talk about heterogeneity, you have to
also talk about the scale that you're talking about. In very
dry settings where most of the water is absorbed on the grain
surfaces, I don't think heterogeneity has much of an effect,
you know. You're talking--

DR. PALCIAUSKAS: I guess what I meant was that the
heterogeneity is much more important when you increase the
flux, because then most of it has to be accommodated by the
preferential paths. With a very dry environment, you have
basically static, water trapped in a very, very slow matrix.

But, as soon as the flux is increased, then, of course,

preferential pathways become much more important, maybe even

dominant.
DR. SCANLON: Right, right. Well, that's because--I
mean, most of the preferential flow studies are in the humid

northeast. Cornell, I mean, nearly all the studies have been

done there. So, yeah, in a higher flux setting, yes, I think
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you see more preferential flow. But, as far as the
southwest, the desert southwest, under natural interfluvial
settings, I don't see much evidence for preferential flow.
Jon Hendricks did studies in Holland on stable wetting
fronts, finger flow, and stuff like that where they had
organic topsoils and he moved to New Mexico and he is still
trying to find preferential flow. So, yeah, in humid
settings, higher fluxes, yes, there is much more preferential
flow, but in arid southwest in interfluvial settings where
it's really dry, I don't think it's that important.

DR. LANGMUIR: Thank you, Bridget.

DR. SCANION: Okay.

DR. LANGMUIR: We're scheduled to take a break. Let's
do so and return at 2:50.

(Whereupon, a brief recess was taken.)

DR. LANGMUIR: Shallow infiltration and initiation of
fracture flow at Yucca Mountain and the speaker is Alan
Flint, U.S. Geological Survey.

DR. FLINT: While everybody is getting seated, actually
Victor was expecting me to be somewhat entertaining, and so I
thought I'd start off with a little story to give you an idea
of my philosophy with which I'm currently working. We're in
somewhat difficult times, I suppose, in the Yucca Mountain
Program and we have to make decisions and push the limits of

what we know and what we understand to get some kind of



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

information out. This is a story of something that happened
to me several years ago, actually 21 years ago, that helped
me to develop my philosophy.

I was in Southeast Asia in an air base called
Utapao and we were flying missions into Cambodia into the
airport in Phnom Penh. It had been surrounded by the Khmer
Rouge and one of our planes was in there and they couldn't
get one of the engines started. It was a C-130, a four
engine turbo prop. They said, well, we can't fly it out;
it's not safe. So, they had two engine guys and myself, I
worked in instruments. We flew in to this surrounded air
base to get this plane out and we got off our plane and asked
the pilot what the problem was and he said, well, the engine
won't start. We said why don't you just fly it out and he
said it's not safe. So, we went over to the engine and got
out to start working on it and the Khmer Rouge opened up on
us with their 105 Howitzers. As they were walking these
shells closer trying to get the range, the pilot came down
and yelled let's go, let's go. We said what about the
engine? He said three engines is more than enough. So,
that's where we are right now. So, we're sort of flying on
three engines, I suppose.

I'm putting information out and it's the best

information we have at the time. I think it has some
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relevance to what we're talking about. I'm going to talk
about shallow infiltration and the initiation of fracture
flow. The goal of the infiltration study, our overall
objective, is to provide the upper boundary conditions for
numerical models that are realistically variable in time and
space. As you've heard from the previous speakers, we know
that infiltration has a seasonal distribution and we know it
has a spatial distribution. I want to talk about those.

The methods that we've chosen to meet that goal--
these are milestones that we're trying to produce over the
next six months to a year--is, one, the development of a map
of net infiltration based on 10 years of record. This is a
statistical analysis of flux. We also have a numerical model
that's based on deterministic and stochastic processes--
stochastic like rainfall--that can reproduce that map under
current conditions. This is a soil physics approach to
solving the problem. And, the third milestone that we're
trying to incorporate now is to model past and future climate
scenarios that we can change the soil development over time,
in particular, change the vegetation. Even if we're looking
at 10,000 year scenarios, we have ways we think we can do
that. And, changing atmospheric conditions; even things like
ozone can change evapotranspiration by the way it affects
radiation loads.

The objective of this presentation is to present
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the meteorological conditions that existed during the
collection of the infiltration data that I'm going to
present. I think it's important to see where we are in that
data collection. I'm going to present an overview of the
field data that was used to develop our conceptual model, and
I'm at the same time going to present our current conceptual
model of infiltration. I'm also going to present some of the
methods that we've chosen to extrapolate point measurements
of infiltration to the new 3-D site scale model.

The data set that we're going to be looking at has
a large temporal and spatial precipitation data that's
available from all over the region and some of our own
stations. I'm going to concentrate on the 90 neutron holes
that we have, 6 to 67 meters deep, and a lot of information.
These are topographically located in ridgetops, sideslopes,
terraces, channels. And, we've collected monthly readings at
.1 meter increment from three to nine years. We do this
monthly and, if we have runoff events, we can do this more
frequently. So, this is the data set we're going to cover,
and I'll try to go through the three different techniques
that I'm going to use to estimate flux. The statistical
technique and the soil physics technique, I'll get to those.

In terms of where we are in the region for
precipitation, this is a map. This comes with a report that

is in technical review now. It's going to be turned over to
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DOE at the end of July. This is an estimate of average
annual precipitation. We also have an estimate of flux on an
annual basis from this. You can see the Yucca Mountain right
in this location, Las Vegas down here. You can see the
Spring Mountain's fairly high rainfall rates. In this map
alone, we're looking at rain from 40 millimeters to over 400
millimeters. So, an order of magnitude difference in
precipitation even though it's an arid climate. Things that
you can note are the rain shadow effect of the Sierras, very
important in looking at climate change. We have elevations
up at the north end that are very similar to what we have on
this end, only they're lower rainfall rates because they're
in the rain shadow. 1In French's report, he's suggested that
this is an excess zone to the right and that seems to be the
case that we see here. But, we're looking at about 170
millimeters a year average precipitation. Those of you that
want to use Ranier Mesa as an analog site for Yucca Mountain,
just keep in mind that it's got double the precipitation
under the current conditions.

On a local scale, we also have to keep in mind that
any particular storm has its own spatial variability. This
is the storm of March 10 and 11. This is the one that caused
all the runoff and Forty Mile Wash swept away some engineer,
not a hydrologist I want to point out. And, look at the

large distribution here. Again, we have 40 millimeters from
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one storm upwards of 130 millimeters to the north end of the
mountain. So, quite a bit of distribution in rainfall. And,
even over the potential repository site, you see a large
variation. We have to keep that in mind when we start
looking at recharge and infiltration that these events are
quite wvariable.

In terms of the long-term record, this is from
Station 4JA. This is about five miles east of the mountain
itself. This is near the field operations center, the
hydrologic research facility, and this is a record from 1958.
The kinds of things that you can think about when you see
something like this is if we have our tritium peak back in
this period of time, how does this system respond when we
have these low rainfall rates? But, where does the record in
infiltration that I'm going to talk about lie in here? This
is average precipitation. This is a five year sliding mean
because I'm going to show you five years of neutron hole
data, the results, the statistical analysis on five years of
data. The key points here are, one, the annual precipitation
on a five year sliding mean, the last five years have been
the wettest on record. 1In particular, the winter has been
the wettest on record. And, as was pointed out by Bridget,
the winter precipitation is very important in terms of
recharge.

So, what we're seeing today and what you're going
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to see is the wettest environmental conditions we've seen
and, most likely, the highest fluxes we have seen. Keeping
in mind again if you're looking at--when we start talking
about tritium, chloride-36 movement, we're at depositional
periods back in this case where we have fairly low
precipitation. That may be important and we may get
underestimates of recharge because of this distance of this
time series. Also note the trend. So, in another 50 years,

we should have maybe 300 millimeters a year if you believe in

trends. It's something we can predict and at least try to
get at.

Okay. Let's talk about the site for a second. It
is an arid environment, average of 170 millimeters a year.

Volcanic tuffs, welded and nonwelded. Variable thickness of
alluvium, again one of the most important things we're going
to find. And, that we have faults and fractures under these
highly variable surfaces. Those become real important.

For those that haven't seen it, this is looking at
Yucca Mountain from the southwest. You can see some of the
bedding plains, the Tiva Canyon on top, the nonwelded PTn,
and I believe the tunnel boring machine has gotten below this
zone now and is down in here somewhere on the other side.
This is looking just 180 degrees different. You can see some
of the washes we're looking at. The footprint of the

repository might be somewhere in this general area right in



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

59

here. So, we're over mostly the ridges and the sideslopes in
this case.

This is the site scale model that we worked with
several years ago when we made our first estimate of a flux
map and looking at spatial distribution of flux, the
potential repository boundary. What we did is put together
all the data we could on matrix properties and neutron log
data to come up with a flux of what's flowing through the
matrix. That's what this graph was. This was from high-
level waste last year. This is only flow through the matrix.

You can see the range of fluxes we estimate using an assumed
unit gradient, the relative permeability of the rock at its
current saturation. With the Paintbrush nonwelded tuffs, up
around 13 millimeters a year down to the Tiva Canyon Welded
over most of the repository area on the order of .02
millimeters a year.

The next part of our program has been to
incorporate the fractures into this. What role do fractures
play and how do we initiate fracture flow? Is that number
going to go up? Most likely, yes. An important point was
that there were some fairly large fluxes there even in the
matrix, much higher and not uniformly distributed, as was
said earlier. Things to consider, variable depth of
alluvium. The nature of the fractured bedrock; a lot of

fractures, a few fractures, are they filled with carbonates?
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What about the porosity? How does the porosity affect
things? Topographic position, radiation load, soil depth,
and timing of precipitation?

We look at the kinds of locations we have for our
boreholes. This is Pagany Wash. This is the north end of
the site. We have a series of boreholes in channels, we have
them on terraces, we have them on sideslopes and ridgetops;
varying thicknesses of soils. To show you an example, here at
N7, we have neutron logging going on. You can see that we're
moving out of the channel as we go up and down either side.
You can see the vegetation. The creosote here has rooting
depths on the order of at least five meters and up to 10

meters is the estimate from some recent studies.

Active channels, this is from that March runoff
event. Channel flow in a lot of places. These holes we've
logged on a more regular basis, on a daily basis in some

cases. It takes a lot of manpower, but we think it's real
necessary to capture this kind of information. And, it's
something we don't see too much of. You see the foam
floating around there. If there's any question about
drilling fluids that we used earlier in the program, there is
some still remaining on the sideslopes that comes down with
the wash.

This is a terrace location. Note the rain gauge;

on every one of these holes, we have a small rain gauge; over
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150 of these rain gauges out at the site so we can capture
storm information. And, sideslopes moving up the hill, there
are some reasons we can't drill on the steeper sideslopes.
It's, more or less, a safety issue, but those could be more
important. And then, finally, ridgetops.

What do we look at when we get our neutron logs and
what kind of information can we gain from this? This is an
example of what you might expect in a channel without runoff
or even in some of the terraces. You can see wetting fronts
moving down, more or less, kind of a piston type flow and
very little change at depth, although we may have some
changes whether it's due to the neutron logs or due to how we
do the measurements. In ridgetops or sideslopes, it's real
important to point out these big changes with depth that we
can see down to 12 or 14 meters. Very shallow soils, less
than a meter of soil, and we get these large variations. So,
this data then we can put through our statistical analysis to
try to get an idea of what's controlling flux and maybe some
idea of what the flux actually is out here.

We used one technique taking the water content over
a year or several years and take the standard deviation.

That way, you can put all of this information on one graph.
This is the standard deviation. You can see a large
variability right above the interface tuff/alluvium and then

a smaller variability, but still different from some level
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where we think that we have either a steady-state condition
or, at least in the 10 years of record or five years, not
much change. But, we can identify where we may have a depth
of a wetting front. We're going to use this information in a
correlation matrix that I'll show you later.

Okay. If we want to evaluate the potential for
fracture flow, two things that we felt we needed to know.
One is what are the properties of the filled fractures or the
open fractures at that interface. And, number two, what's
the water potential at the tuff/alluvium interface? Those
seem to be the controlling factors to whether or not we get
fracture flow and how it represents itself in our neutron
logs. So, I'm going to spend a little bit of time talking
about these in a couple of slides later.

This is an example of a very interesting borehole,
N11l. This is up on Mile High Mesa. It's a fairly high
rainfall area, considerably higher than over the main
repository area. We don't feel we have as many filled
fractures here as we do at lower elevations. What we're
seeing is not much of a change if you look at the first four
meters, but as we go from a welded to a moderately welded--in
fact, probably up in here, it becomes more moderately welded
where the fractures may tend to terminate at least from field
observations and those terminating fractures then have to

dump their water into the matrix. There's no other place for
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them to go. So, you can see this nice increase in water
content as it comes across this transitional zone and we see
this in several of the boreholes at these high elevations.
But, we wouldn't have any evidence of flow through the
fractures, yet we see the water ending up at the bottom. So,
we know it happened and we know it can happen fairly quickly.

In another case at a lower elevation where we know
we have lots of carbonates because we drilled the holes and
found lots of carbonates in the fractures, although again we
see at the near surface not quite as much evidence for a very
large area. We see an increase in saturation more uniformly
distributed over the site. And, in some cases, we know that
this is fracture fill material because the water contents
exceeds the porosity of the rock which means there's probably
carbonates there. The carbonates increase the porosity and
filled with water give us those higher readings. So, these
are different kind of evidence where we have shallow soils of
pretty good fracture flow.

Now, this is the standard deviation of water
content at the tuff/alluvium contact in the alluvium. First,
there's a depth of alluvium. That's one of the ways we can
look at how things change. If nothing is changing based on
what we had when we drilled these holes several years ago
when it was a much dryer climate, the water potentials were

not enough to get fracture flow to occur. Really, it's these
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short-term events where we increase our water contents for a
short period of time, weeks or months, and then reduce back
that we can get fracture flow to occur. A couple of runoff
events--but I think it's real striking to see that if you
have more than about five meters of alluvium, you don't
change the water content at the tuff/alluvium interface in at
least the last five years. So, this depth of alluvium
becomes very important. It's these large changes that allow
us to get flow into the fractures, we believe.

If we subtract the standard deviation above the
interface with that below the interface, that is separate the
top meter of rock versus the bottom meter of soil, we see the
same kind of trend at about five meters. The changes in
water contents, if there are any, are basically the same. We
think that there's a good reason to believe there's
equilibrium existing between the rock and the soil with the
exception of anything above about five meters. So, this soil
depth becomes very important in this analysis.

Well, here's an example in time series and looking
at the same kind of data. Those standard deviations would
come by just simply taking the standard deviation of all
these points. This is the meter below the alluvium, a meter
above the alluvium. As we go through time, at some point we
have an increase in water content, but we don't see a change

in water content in the rock itself until we cross some
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critical level and then we see a sharp jump. And, based on
the analysis of all the neutron logs, we can make an estimate
of this being fracture flow because it's fairly rapid and it
exceeds the conductivity of the matrix itself. Well then, we
drop back down again. So, the alluvium loses that water and
we see a decrease in water content of the tuff until some
point where we can cross that line again and this tells us
something about what it takes to get fracture flow to occur
in this particular site. So, we're going to ask two
guestions. What's the flux and what's the duration? And,
the only other thing we're not going to be able to answer is
what's the direction? So, is this drying out because it's
moving downward or is it coming back up through
evapotranspiration processes? This is an estimate of 18
millimeters a year going into the top meter. We have to
figure out which way that's going because that's a fairly
high flux. But, that's how much water we're moving in this
particular system.

Well, if we look at the duration that this soil
stays wet, we see something about soil depth. From 1990 to
1995, how many weeks could we maintain a water potential wet
enough to keep fracture flow going? Whether it's a channel,
a ridge, a terrace, a sideslope, the real important point
here isgs that these very shallow soils, we can maintain

fracture flow water contents for over 60 weeks. Remember
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now, wettest five years on record, particularly in the
wintertime. So, we have a lot of potential for flow in this
particular case and these events, all of these in here, are
those conditions where you had channel runoff and water
getting to the tuff/alluvium interface with deep alluvium,
but through channel flow. So, that's very important.

This is an estimate of flux now by adding up all
the times the water content went up. So, every plus was an
added and anything else was just left alone. So, these are
the estimates of flux going into the top meter of alluvium.
As you would imagine, again anything deeper than five meters,
any more than five meters of alluvium, we didn't see a lot of
flux at least in the last five years. But, anything
shallower than that, we saw quite a bit. Somewhere around 80
millimeters a year was our highest. The question is is that
water continuing on downward or is it coming back up? There
are mechanisms to make it go in either direction and that's
something that we have to quantify the direction right now.
We're just starting to get some information on that. If we
look at this in terms of alluvial thickness, we see another
pretty good picture.

If you remember from the previous graph, we didn't
see any--we couldn't maintain a water potential at the
interface for fracture flow to occur. That's because there

was no soil there. But, why do we have so much flux? It's
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because these are exposed bedrock that can take water
directly from rainfall and many of these are channels where
we have runoff. Where do the channels exist that have no
soil and fractures in them? Well, fortunately, they're up in
the--right over sort of the repository area and we have easy
access to those and can get some pretty good measurements.
So, we have gquite a bit of flux. Again, you can see upwards
of 80 millimeters a year. On average, this might be
somewhere around 25 or 30 millimeters a year for the whole
area.

This is our correlation matrix. This is the
statistical analysis now we're trying to do because we have
only 90 neutron holes and we have to represent a much larger
area. So, we're trying to come up with an estimate of the
distribution. You can go through and look at these, but the
one that really stands out is if you want to know flux
through the top meter, -.69 correlation with depth of
alluvium. That is, as the alluvium gets thicker, the flux
goes down. So, if we just knew depth of alluvium, at least
we could make an estimate that would give us an R® of about
.5 or something like that if we knew that. We can also run
multiple correlations and try to do a little bit better job,
but we need to start looking at this in some detail so we can
distribute that data at least in this case statistically.

This is our first attempt at a depth to bedrock map
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and it's not complete. We have more information down below
this old 3-D site scale model and this area that we're
looking at now and then further down is about the size of the
new 3-D site scale model. Zero to 5 meters where we have our
highest flux is probably in the top meter of 40 millimeters a
year going into that top meter of tuff over this brown area.
And then, somewhere around 2 millimeters or less going into
the area that's greater than 3 meters. Although I said that
5 meters was the real critical depth, 3 meters was a little
easier to do and we're still working on this. So, we can use
that information then to build a better map of the fracture
flow, add that to the matrix flow, and get a better idea of
what the distribution of flux is.

Okay. Now, we're going to look at another approach
for making the calculation of flux and that's using a soil
physics approach rather than a statistical approach. This is
from heat dissipation probe data to near surface. We put
these out in the field during this very, very wet time. So,
they all start out at around zero water potential. And, we
can see over time the near surface, 7 meters, drying out and
picking back up again every time it rains, but a general
trend overall to much dryer conditions. The tuff/alluvium
interface is at about 74 centimeters and you can see that
that stays at about a half a bar. At a half a bar, we can

still keep fracture flow going on in some of the filled
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fractures at any rate. It's this kind of information then,
if we knew the fracture properties, that we could calculate a
flux into the fractures.
These are some of the fractures that we see at

Yucca Mountain and the exposures in the Tiva Canyon.
Variable soil thickness. From here to here is about 12 feet
or so. This is at NRG-5. I think some of you may have been
there. These are the fractures that are filled with
carbonate materials. We've taken these carbonate materials
out and brought them back into the lab to come up with some
of the properties. This is a rock sample with carbonated
fill. We've cut it into slices so that we can measure water
retention using a CX-2 system. We've also taken larger
pieces and cored them and gotten saturated conductivities.
So, we can get some important soil physical properties to
make the calculations of flux. Generally, a water retention
curve would look similar--or this is the one that we got from
those particular samples for the rock and for the carbonates.
And, the carbonates are distinctly different from the rock,
but you can see we get some pretty high porosity rock out of
that. We're doing more of this now. We have quite a few
more samples that we're processing. But, now, we have a
water retention curve, we have a conductivity, we assume a
Van Genuchten function which is something that really needs

to be tested for these particular soils and rocks.
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We can also take some estimates of unfilled
fractures. These are just certain techniques that were used
to develop water retention curves for certain assumed mean
aperture and a distribution of apertures within a particular
fracture. BAnd, we can put all this together and make some
calculations of flux using a Darcy's law type calculation.
And, that's what this is.

Volumetric water content, that's the red, over five
years of record using a water retention curve for the soils,
we have estimated the water potential at about 10 bars at
that bedrock interface. We have some psychrometers downhole
that we're trying to get working now to get some support for
this. Just to give you an idea of what's happening, this is
the air entry value of the filled fracture and this is an air
entry value of a 2.5 micron fracture and you can see that the
water potential stays much dryer and that we have very little
flow into these fractures. In this particular hole, 8.3
meters deep, as you would expect, that's not going to have a
lot of things happening.

If we look at a different system--this is .8 meters
of soil thickness--and you can see when our water content
jumps way up from a winter event, the water potential jumps
down, and we actually cross over this air entry value, we can
calculate some flux at that particular point. How long does

it stay at this particular point? Well, these are monthly
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readings. So, it could have been that day, it could have
been a week, it could have been two weeks, no more than four

weeks certainly. But then, for the rest of the time, we

don't see much change. So, here we had a flow event into the
fracture.

If we look at another borehole, we see these--this
igs 2.1 meters in a channel--we see high increase in water

content, but the water potential didn't reach the air entry
value for those and I'm just using air entry as sort of a
descriptive line on the graph. We can make the calculations
to get the actual fluxes and I'll do that in a second. But,
two other important periods where we got pretty good flow in
fairly wet conditions.

Now, this is an example of a calculation then using
that information for an assumed fracture. We have a fracture
density of 10 per square meter, a 2.5 micron fracture or a
2500 micron carbonated filled fracture--that basically would
be a one inch fracture every meter which you saw from that
picture may be a little bit more than we would expect, but
still not unreasonable--and 2.5 micron fractures per meter
may be not unreasonable, but at least for illustration it's
kind of useful. So, early-on, this is going from 1985 now.
We start off at a pretty good flux, maybe a millimeter a year
going through the carbonate. The soils stay wet enough for a

period of time. This is coming off that '84-85 big rain
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events that we had in southern Nevada. But, the fluxes drop
pretty quickly, a few peaks. But, the open fractures, we
don't see any flow. And then, those two times we see pretty
good flow, but because of the high conductivity of an
unfilled fracture when it does flow, a lot more water flows
through it versus the filled fractures. The filled fractures
can have some small amount of flow for a long period of time
under dry conditions. So, you have two systems both
contributing to fracture flow. Average those out, the
unfilled fracture might be giving somewhere around 30
millimeters a year over this period of time because we're
flowing at 100 millimeters a year for 15 days or longer than
that versus the filled fracture may be on the order of 15
millimeters a year under this example, these assumed fracture
properties.

Okay. We can now take one other approach. That's
the soil physics approach with the data that we have. One
other approach is, more or less, a modeling approach that
we're going to use with real conditions and stochastic
conditions. So, this is a soils map. The rest of it is
pretty much complete now. This was done by Scott Lundstrom.

And, we're applying all the properties we can to the soil;
relative permeability, saturated permeabilities, textures,
all of that information. Overlying this is a vegetation map.

So, we tried to put all this information together about the
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properties of the soil. This is what's going to feed into

our Richards' equation based model.

For this area, we also have a solar radiation
model. That's the basis for our ET modeling; solar
radiation, net radiation, soil heat flux. This is a

radiation model for the--this is, more or less, the 3-D site
scale model, the new one. The potential repository is right
in about this area. What you're looking at is zones of low
radiation. This is December 21. So, all the blue areas are
zones that if we had a rainstorm would be prone to staying
wet for a longer period of time. 0Oddly enough, one of the
most important wet zones up in here is sitting right over the
top of the intersection of the Ghost Dance Fault and the
presumed Sundance Fault. So, that may be a very important
pathway. At any rate, we're using this information, all this
information to try to model what we saw in the neutron logs.
That's what this is, an example of the one
calculation. This is volumetric water content in the top
meter. The red sguares are neutron logs, the blue is the
rainfall. There are two functions here. There is a
continuum function for a Priestley-Taylor model which was
developed in humid lands up in Oregon and it was simply
applied just from information out of literature. There's a
lot of stuff in the literature that's really pretty nice that

you can use to make some first approximations. We developed
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a step function, Hevesi did and Lorri and I, that does a much
better job. The step function has to account for the
vegetation changes. It's real important that you know how
your vegetation is responding in the winter versus the summer
and that's what made all the difference in this particular
model. So, what we were able to do is model the top meter.
Now, with that top meter modeled in this particular borehole,
then we went on to do the rest of the modeling using a
Richards' equation approximation and using soil properties
from Beatty because that's the only place we had soil
properties from, but we figured that was okay for a while;
similar textures. We do a fairly good job. In this case, we
get to the tuff/alluvium interface at about 10 meters. We
can see what we're doing as we're drying out from a part
runoff event that occurred in 1984.

With this approach, though, then we can model in
time the water potential at a specific location applying the
Priestley-Taylor function, the radiation model, the soil
properties. We're now modeling--although I don't have time
to talk about it today--we're now modeling on a 30 meter grid
size that holds--the site that I showed from the previous
graph--and going back to 1987 to the current time, we have
reproduced the runoff events or at least the occurrence of
the runoff events that we've seen since then. So, we're

pretty encouraged by the results of the model. We're able to
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get at water potentials at the tuff/alluvium interface using
this technique. And, if we get the properties right, we may
be able to make some pretty good estimates of flux.

This is where we are now. This is the 3-D site
scale model. This is where we're working and this is what
we're trying to get running over the next couple of months,
and this is one of the major milestones we have is to produce
this infiltration in space and time for this scale which
we're pretty encouraged about being able to do.

So, the summary which I think these guys already
said it--I think they saw my slide and knew what to say.
First of all, the most recent years were the wettest. Near-
surface fracture flow readily occurs when you have fairly wet
conditions. The depth of alluvium may be one of the most
important factors controlling the temporal and spatial
distribution of fracture flow because the depth of alluvium
is so variable over the site. The deterministic and
stochastic models may be a viable way to investigate the
influence of future climate change.

That's it.

DR. LANGMUIR: Thank you, Alan.
Questions from the Board?
(No response.)
DR. LANGMUIR: Let me ask you one, Alan. You didn't

speak about it, at all, but obviously looking at the deeper
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flow in the system and the mountain, we have to get at the
amounts of water that might be coming from some place like
the Solitario Canyon Fault laterally into the system. So
that all the water you're looking at is one input perhaps.
You have historic inputs that maybe preceded anything you

looked at, too, which the age dating stuff will come up with.

But, you've also got lateral flow. How is it all being put
together?

DR. FLINT: Well, what we're doing is putting together
our best guess of what's happening at the near-surface.

We're working, of course, very closely with LBL, Bo
Bodvarsson, and his 3-D site scale model and taking our
information and applying it to his model. Then, he looks at
his model results and tells us where we might have to do some
more work. And, putting it together by taking this--I think,
a fairly well-distributed infiltration map in, more or less,
one dimension. That's what goes into the surface. And then,
using the 3-D site scale model to look at the potential
because the Solitario Canyon is important unless you go--by
the time you get down to the fault, there's so much alluvium
over that that we don't think there's a lot of water moving
in at that location. Where it would most likely be moving in
is in the Topopah just below the PTn where the soils are
fairly thin. Our data suggests that. So, by putting that

into the 3-D site scale model, I think we can answer a lot of
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those questions, but we have to resolve the difference in
scale between what we're doing on a very detailed surface map
versus the scale that we can deal with on a large three-
dimensional model.

DR. DOMENICO: Alan, part of the objective, of course,
of your work is the upper boundary condition for the 3-D
model and you're having some success with that. The thing
that bothers me, how can the 3-D model be incorporated in the
system performance to develop a realistic spatially and
temporally varying flux through a repository? There has to
be a big connection between what you and Bo are doing and
what the people in system performance are doing as getting
some sort of idea on the wvariability of flux through a
repository under a variety of climate, vegetation, and soil
conditions. That's a big key to me.

DR. FLINT: My group is working fairly closely with the
people that are doing performance assessment, but there are--
and, I'll maybe let some of them talk if I don't answer it
correctly. But, there are two different groups in
performance assessment. One group is very happy to take the
surface flux that we've produced--and, again, this surface
flux that I showed isn't the final answer yet because we
don't know whether that water goes down or back up again.
When we get the water that goes back down which we hope to

have in the next six months, one performance assessment group
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can take that directly and they run that through their model
and that's the group that's trying to look at groundwater
travel time. There's another performance assessment group
that's really starting at the repository level and moving
down.

So, I'm up here at the surface and I'm making
myself the tie between past and future climate and trying to
say, well, I can turn your climate numbers or rainfall
numbers into real fluxes, but I'm stopped at the surface
because that's where I'm working and that's where I have my
information. And then, this other group is down here. The
only connection there may be between the 3-D site scale
model--and I guess I agree with you. I think we have a
problem right there in trying to take this very detailed
information and get to the repository scale because the 3-D
site scale model is a large scale model to look at the large
system. Its purpose was not just to give a flux right at the
repository because there are things that may be as important
to the north where we have large fluxes that roll over
faults, how we get infiltration to the saturated zone, the
influence of the unsaturated flux into the saturated zone.
So, all those things are real important. But, I agree. I
think that's something that we really have to work on.

DR. DOMENICO: Is Bo's stuff sort of a connection

between what's going on here and what might be coming through



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

79

the repository?

DR. FLINT: I think Bo's stuff is the only connection we
have right now. Is Bo still here? Bo, do you want to--if he
can answer, Bo is right there. Yeah, Bo knows.

DR. BODVARSSON: This question you have, Pat, is a very
good question. It's something that we have been struggling
with quite a while because, like Alan said, the 3-D model as
it is now is fairly coarse and there is a lot of issues we
have been struggling with. They include, for example, the
effects of the faults. That was questioned just a while ago,
the Solitario Canyon Fault and the Bow Ridge Fault. The
effect of going from the surface through repository region
and the fact that maybe there's a fracture flow. All of
these, we have been thinking about with Alan and some other
people in the project. What we are doing now is this. He
talked about extending the model in all directions and that's
the step we are taking to address the Solitario Canyon Fault
and the Bow Ridge Faults because that would allow us not only
to prescribe a fixed boundary conditions, but also let the
flux go through those faults. So, you can investigate the
effect of direct infiltration at those locations.

With respect to the repository horizons and how we
go from the surface to the repository horizons, we are now
refining the grid tremendously in the repository block. We

have taken the latest design data from the design people to
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try to break up the repository block to allow us much more
detailed representation of heterogeneities and fracture flow
in the repository region. So, instead of the global approach
that we started with with Alan and the GS to start with to
get the feeling for the three-dimensional flux, we are now
looking at much more refined areas where we know it's much
more important to refine those areas. That's certainly from
the surface to the repository region.

So, those are the steps we are taking now and we
hope this grid will be completed fairly soon so that we can
look at these results and then give some of these models to

the Sandia people that are doing the detailed groundwater

travel time calculations. I hope that answers some of your
guestions.
DR. LANGMUIR: Thank you, Bo.
I think we need to go on. We'll certainly have a
chance to revisit these questions. We're over time right

now. Ed, a short gquestion?

DR. CORDING: My one question is in looking at all this,
what average or ranges--what do you see as where the ranges
of average flux from the surface into the rock beneath? What
do you see as an average flux for the mountain or some range
where--where are you now in terms of what you think is an
average overall area flux?

DR. FLINT: You mean, in terms of the numbers?
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DR. CORDING: The number?

DR. FLINT: In terms of the number over the 3-D site
scale model, I'm on two engines now, okay? The matrix flux,
our best estimate was 1.4 millimeters a year. That was an
area average, but I think it's real important that there are
higher numbers by an order of magnitude in some parts of the
mountain which contribute to probably the perched water
bodies and things. 1In terms of the fracture flow, that's a
hard one. 1It's probably another couple of millimeters a year
that we think may get through the near-surface. The highest
fracture flow we'll probably see right over the top of the
repository and to the north. So, the biggest numbers are
going to be over the repository; the lowest numbers are going

to be everywhere else.

DR. CORDING: But, your numbers right now is an
additional increment. It's not an order of magnitude more
than the matrix flow. Is that what you're saying?

DR. FLINT: No, it's--

DR. CORDING: For the fracture on the average--

DR. FLINT: Well, it's three orders of magnitude more
than the matrix flow in the welded units. The welded units
are on the order of .02 millimeters a year. The fracture
flows in the order of 2 millimeters a year, that's a couple
orders of magnitude more flow, but it's at the same order of

magnitude as the highest matrix flow. Because of the high
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permeability of the matrix, it may be--for instance, the
Paintbrush nonwelded tuffs in Drill Hole Wash may be the
fastest flow areas we have in the near-surface because you
don't have to go through the Tiva. You go right into them
and then into the Topopah. But, yeah, we're looking maybe on
that--no more than that, certainly.

DR. CORDING: So, instead of 2 millimeters per year, it
could be from the surface 4 millimeters per year?

DR. FLINT: Instead of .02 millimeters, it could be 2
millimeters a year or 4 millimeters a year, right. The flux
map that we put out last year on high-level waste suggested
over the repository itself, the flux was on the order of
about .02 millimeters a year. The new data that we're
getting from the fracture contribution says the flux may be
on the order of 2 to 20 millimeters a year. So, that's quite
a difference over the repository itself. I mean, that's a
lot of water. It exceeds the capacity of the underlying
units to carry that without fracture flow going on. But,
because we don't see perched water existing on top of the
vitrophere underneath areas like UZ-16, that's an indication
that those fluxes are probably diverted laterally. My guess
is that a tremendous amount of flux is diverted laterally by
the PTn itself. So, that's why 3-D modeling is so important
because you can't take that vertical flux and stop without

having a way to get it to go sideways. And, I think that's
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seeing.
DR. LANGMUIR: Thank you, Alan.
Let's go on. Our next speaker will be introduced
by Dr. Tom Nicholson. He will be Gregg Anderson (sic). His
topic will be geochemical evidence of fracture flow in

unsaturated tuff, Apache Leap, Arizona. Tom Nicholson, by
the way, heads the research group on fracture flow and
transport at the Apache Leap site for the Nuclear Regulatory
Commission.
Tom?
DR. NICHOLSON: Thank you very much, Dr. Langmuir.

I want to thank the Board for inviting us to share

some information we've learned at the Apache Leap tuff site.
The purpose of our talk today is just to give you some
insights and some information that might be of value to you
people.

This work, as Dr. Langmuir said, is sponsored by
the U.S. Nuclear Regulatory Commission. The principal
investigators are Dr. Randy Bassett, Pete Wierenga, and S.
Neuman. The work that will be reported on is confirmatory
research studies that have the objective to independently
develop datasets for the evaluation of conceptual models and
strategies for understanding groundwater flow and transport

through fractured rock. The studies specifically focused on

83
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technical uncertainties developed by the licensing staff.

The conduct of experiments is to develop
independent datasets which will be specifically tailored
towards looking at a variety of strategies being looked at by
both the NRC, DOE, and other interested parties. The
strategies will cover the range from equivalent porous media
to a dual porosity/dual permeability and will be done in
coordination with the Center for Nuclear Waste Regulatory
Analyses.

The technical issues developed by the licensing
staff based upon their evaluation of DOE reports, site
characterization, and other special study plans are those
listed above. I won't go through them in detail except to
say that it covers a range of processes and model
confirmation to understand where are the technical issues,
such as preferential flow, scaling from various size
experiments to large experiments, and handle multi-phase flow
and transport.

There's a series of field experiments that are
actively being planned right now. They cover a whole range.

I won't go into those in detail, but we're looking at both
crosshole pneumatic and gaseous tracer experiments, large
scale three-dimensional hydrolic and tracer experiments, and
a variety of experiments on scales ranging from one meter to

over 100 meters. We're lucky at the Apache Leap tuff site to
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focused recharge through certain preferential fractures that
we think exist.

With that background, I'd like to now introduce
Gregg Davidson from the University of Arizona, Department of
Hydrology & Water Resources, who will provide you with some
information on geochemical evidence of fracture flow that has

been developed at the Apache Leap tuff site. Gregg?

DR. DAVIDSON: Thanks, Tom.
Just tell me I'm not supposed to quit at 4:00
o'clock.
DR. LANGMUIR: You've got more time than that.
DR. DAVIDSON: Okay. One of the questions that Dr.
Langmuir put up at the beginning of introducing this meeting

was the third gquestion, what measurement technique can be
used to characterize or quantify flow and transport in these
environments, being air environments. In other words, can
the fast pathways be detected, predicted, and quantified as

to their significance and what are the limitations of these

techniques?
In terms of this can fast pathways be detected,
predicted and quantified, the reason that that question is

being asked today is because there's very little information
available concerning that question. One of the reasons has

to do with the nature of fracture flow itself. Fracture flow
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by definition is somewhat of an anomaly. In other words,
what I mean by that is you can't talk about fracture flow
accurately in terms of being a uniform behavior across the
formation. Where fracture occurs, it occurs in discrete
locations. If I just walk out arbitrarily into a study area
and sink a borehole in the ground, I've got a very good
chance of missing that phenomenon.

I've got a schematic that I put together here just
to highlight this point. If I have just in this hypothetical
situation a fracture zone that for whatever reason is--
perhaps there's ponded water in a low spot and it's
generating fracture flow through this area and it's occurring
in a very localized region for whatever reason--I mean, if I
go out into the field site, it's not just a matter of finding
a fracture, it's finding fractures that are conduits for
water if that's really, in fact, what's happening. So, if I
go out unaware of this particular situation, I choose my
study area, I fill it with boreholes, I spend a lot of time
mining the recourses, and I come out of my study and I
conclude, well, fracture flow is not a very significant
event. Well, when, in fact, what I may have done is I simply
didn't intersect that phenomenon with my borehole. Now, if
that doesn't make it difficult enough to try to--you need to
intersect these things in order to find them, in order to be

able to tell that they're actually occurring if they are. I
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can put a borehole through this phenomenon and I still may
not see it because in a fracture plane, we often think of the
preferential flow as being through the fracture plane, but
even within that plane typically we have preferential flow.
You have fingering, you have water that's traveling during--
that's picking its own pathway down through a fracture and
just because I intersect it with a borehole doesn't mean that
water i1s actually going to enter that borehole.

So, in the case where maybe the water does enter
the borehole, well, then I've got a new--it will give me
information if I find it, but for one thing, I have to be
there. When we're talking about arid environments, we're
talking about typically episodic events. So, if there's
going to be flow into that fracture, I have to be there or I
have to have monitoring equipment in that hole to catch it.
If I'm fortunate enough that I do see it, th