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The emphasis of the report under review is directed toward
estimating groundwater travel times through the unsaturated zone
and the saturated zone in the Yucca Mountain area. The travel
time is treated as a random variable and two analytical
procedures are used to study it: a first-order approach provides
estimates of the mean and variance of travel time based on the
assumed mean and variance of one specified input parameter.
Secondly a Monte Carlo simulation provides estimates of the mean,
variance, and pdf (probability density function) of travel time.
The first-order analysis provides a method of studying the
sensitivity of travel time to various input parameters. The
report uses the word uncertainty throughout. But the word is
used incorrectly in a statistical sense. In most cases the word
uncertainty in the report should be replaced by the word
variation.

BRIEF SUMMARY OF DOCUMENT:

Uncertainty Analysis of Groundwater
Travel Time in the Unsaturated Zone

The purpose of the report under review is to investigate the use
of statistical methods that relate variations in hydrologic
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parameters to variations in groundwater travel time. Three
statistical methods are used in the report to evaluate
sensitivity and uncertainty of input hydrogeologic parameters.
These statistical methods are: 1) the perturbation approach to
determining sensitivity coefficients, 2) first-order analysis of
uncertainty, 3) Monte Carlo approach to uncertainty analysis.
Uncertainty is used in the context of a variable that can have a
distribution of input values.

The perturbation approach to estimating sensitivity coefficients
if consists of repeated simulations with a model while varying the

input hydrogeologic parameters among simulations. The first-
order analysis of parameter variations involves combining the
sensitivity coefficients determined by the perturbation approach
with parameter variations to relate variations in the input
parameters to variations in the estimated water travel times.
The Monte Carlo approach is a direct method for relating
uncertainty of input parameters to variations in water travel
time. The Monte Carlo approach involves generating a large
number of "realizations" of input parameters (hydrogeologic
parameters) and their spatial distributions, then calculating the
corresponding values of groundwater travel time, then determining
the mean, variance, and probability density function of travel
time as generated by the variations in input hydrogeologic
variables.

The report under review presents statistical analyses of water
travel time through the unsaturated zone and through the
saturated zone in the vicinity of Yucca Mountain. According to
the report, a one-dimensional, steady state analytic solution for
vertically downward unsaturated flow was used to investigate the
effect of water travel time of variations on estimates of
percolation through Yucca Mountain. The percolation rate
estimate was considered the primary parameter controlling
variations in predicted travel time through the unsaturated zone.
According to the report, the analysis was used to quantify the
possible variations in travel time resulting from variations in
the estimates of percolation.

The analytic solution for one-dimensional, vertically downward,
unsaturated flow through Yucca Mountain was applied to a
simplified geologic profile based on the geologic log of well USW
G-4. The hydrogeologic characteristics of the stratigraphic
units in the profile were based on data from core samples
reported by Peters and others (1984).

According to the report, moisture-retention characteristics, or
characteristic curves, were developed by use of Haverkamp's
formula (McKeon and others, 1983) for moisture retention.
Haverkamp's formula is as follows:
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where e. is the volumetric moisture content at pressure head *A
eS is the moisture content at saturation er is the residual

moisture content, and and are empirical constants derived
from fitting the data. Characteristicm-curves relating hydraulic
conductivity to pressure head for core samples G4 -8. G4-12, and
G4-13 are presented in figure 7 of the report. These curves were
obtained by Haverkamp's formula for unsaturated hydraulic
conductivity:

K(+) = K All
A+0 IB

where K. is the saturated hydraulic conductivity, and A and B are
empirical coefficients used to fit the unsaturated hydraulic
conductivity values.

According to the reports saturation levels based on pressure
heads estimated by the analytic solution were matched with
saturation levels reported in Fernandez and Freshley (1984) to
obtain a partial calibration of the analytic solution.
Calibration was attempted by adjusting the estimated percolation
rate rather than the measured hydraulic properties of the tuff.
According to the report, a percolation rate of 0.02 cm/yr gave
the best calibration. According to the report, a percolation
rate of 0.02 cm/yr and the resulting distributions of pressure
head and saturation levels were assumed to represent the baseline

V case for the uncertainty analysis. The total travel time from
the proposed repository depth to the water table for the baseline
case was estimated to be 2.17xlOO years.

A sensitivity analysis and a first-order analysis of the effect
of variations in percolation rate were performed by the authors
of the report. According to the report, variations from the
baseline percolation rate of 0.02 cm/yr ranging from 0.015 cm/yr
to -0.015 cm/yr were used to investigate the effect of the
magnitude of perturbations in the input parameter on the
resulting sensitivity coefficient. The report indicates that
calculation of the sensitivity coefficient converges to -1.O3xIO'
near 10- cm/yr perturbation of the percolation rate.

The first-order analysis of percolation variations and their
effects was performed with an assumed (no field data were used)
range of percolation through Yucca Mountain. The upper bound on
the range of percolation was assumed to be 0.1 cm/yr. The lower
bound for the range of percolation was determined to be 3.Ox10I3
cm/yr. According to the reports these values were obtained from
the graph of travel time versus perturbation of recharge. The
procedure is not clear.

The authors of the report used natural logarithms of the values
because the assumed distribution of percolation values was not
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symmetric about the mean. The authors of the report assumed that
the estimates of percolation are log normally distributed; this
assumption forces the distribution of log percolation values to
be symmetrical, i.e., a transformed normal distribution.

Table 6 of the report presents a range of percolation estimates.
for the first-order analysis. The authors of the report assumed
that 1.61 (the smaller of the two differences in table 6)
represents a multiple of the standard deviation. According to
the reports if 1.61 is assumed to be three standard deviations of

if~' the log percolation flux, the resulting variance in standard
deviation of travel time are 1.42x1010 yr2 and 1.19x103 years.
respectively.

A first-order analysis of travel time based on hydraulic
conductivity variations was performed by the authors to compare
variations in travel time resulting from variations in hydraulic
conductivity with that caused by variations in percolation
through Yucca Mountain.

According to the report, a wide range of variations to a baseline
hydraulic conductivity of 0.06 cm/yr was used to determine the
sensitivity coefficient for travel time with respect to hydraulic
conductivity. Table 8 of the report lists the travel times and
sensitivity coefficients associated with variations of the
hydraulic conductivity. According to the reports the sensitivity

V/ coefficient appears to converge near -1.76xlO yrO/cm at small
variations of hydraulic conductivity. The lower limit of
hydraulic conductivity was assumed to be equal to the assumed
baseline percolation flux of 0.02 cm/yr. The upper limit of
hydraulic conductivity was assumed to be one order of magnitude
higher than the assumed baseline hydraulic conductivity.

Table 9 of the report lists the range of saturated hydraulic
conductivities used the first-order uncertainty analysis.
According to table 9 differences between the natural log of
saturated hydraulic conductivity are 1082 and 2.302. According
to the report, if 1.08 is assumed to be three standard deviations
of the log saturated hydraulic conductivity, the resulting
variance and standard deviation of travel time are 1.5xlO' yr2

and 3.88x10O years, respectively. It is not clear why 1.08 was
used in this calculation. The conservative choice (for travel
time) would be the difference between baseline and the larger
hydraulic conductivity (i.e., 2.302) rather than 1.08.

According to the report, the variances of travel time indicate
that variations in the estimates of percolation through Yucca
Mountain contribute more to variations in travel time than
variations in saturated hydraulic conductivity for the range of
values considered. The report indicates also that travel time is
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influenced more by the percolation rate than by saturated
hydraulic conductivity of the lowermost layer of the profile.

Uncertainty Analysis of Groundwater
Travel Time in the Saturated Zone

The authors of the report used the Monte Carlo and first-order
analysis techniques to calculate the variations in groundwater
travel time caused by variations in transmissivity and effective
thickness (effective porosity times the thickness of the zone
producing the water).

To estimate groundwater travel time from the proposed repository
in Yucca Mountain to the accessible environment (defined at a
distance of 10 km from therepository), the authors considered
seven pathlines extending from the vicinity of wells USW G-1 and
USW H-3 to an area just south of well J12. The variation in
groundwater travel time was calculated for seven different cases
in which the hydrogeologic information was varied. According to
the report (p. 44),

The various combinations of hydrologic parameters were
chosen in order to investigate the effect on travel
time uncertainty of 1) the use of simulated hydraulic
heads from the aquifer parameters versus a fixed
distribution of hydraulic head that may not reflect a
mass balance solution for the flow system, 2) the
representation of effective porosity by either one
value over the entire flow domain or differing values
in selected zones to allow for spatial variability, and
3) the treatment of the effective porosity as a
deterministic parameter (known values with no
uncertainty) or a random parameter. In all seven
cases, transmissivity was treated as a spatially
varying, random parameter.

Two models of the spatial variability of effective porosity were
considered to investigate the effect of variations in effective
porosity on travel time uncertainty. In the first model, the
effective porosity was assumed to be a spatial variable having
one probability distribution over the entire study area. In the
second model, the effective porosity was assumed to have a
distinct probability distribution in each zone of different
transmissivity. Effective porosity was assumed to be distributed
normally.

The authors of the report calculated the variations in
groundwater travel time for the first three cases using the first
model of effective porosity. For each of the groundwater flow
simulations a new, uniform effective porosity was used to



calculate travel time. Based on the Monte Carlo analysis for
Cases 1 and 2 and this model of effective porosity, the authors
of the report conclude that use of the USGS-interpreted hydraulic
heads leads to an "over estimation" of groundwater travel time.
However we do not believe that this is a safe conclusion. The
Monte Carlo technique may be an underestimate of groundwater
travel time. According to the report, the comparison of the
magnitudes of the sample means of groundwater travel time for
Cases 1 2 and 3 shows that when the USGS hydraulic head

xf interpretation was used (Case 1), the travel times were four
times larger than when consistent hydraulic head data were used
(Cases 2 and 3). A sensitivity analysis and first-order analysis
were conducted for Cases 2 and 3 using the first model of
effective porosity. According to the reports a sensitivity
analysis and first-order analysis were not conducted for Case 1
with the USGS hydraulic heads because the authors do not consider
Case 1 to be representative of the flow system.

Table 16 of the report presents values of mean, standard
deviation, and coefficient of variation of travel time obtained
from Monte Carlo and first-order analysis for Cases 2 and 3 using
the first model of effective porosity. Table 16 shows that the
first-order analysis provided lower estimates of the mean and
standard deviation compared to those determined by the Monte
Carlo approach for Cases 2 and 3. The mean travel times
calculated by the Monte Carlo and first-order analysis approaches
vary from 760 to 920 years.

An analysis was performed for four cases assuming locally
stationary effective porosity (termed spatially varying effective
porosity in the report). The authors of the report calculated
variations in groundwater travel time for Cases 4 5 6 and 7,
in which the probability density function (pdf) of effective
porosity varied in the different zones near Yucca Mountain. The
Monte Carlo analysis with spatially varying (Model 2) effective
porosity was performed for Cases 4 through 7. The authors of the
report performed a sensitivity analysis for Cases 6 and 7.
According to the report, Cases 4 and 5 were not analyzed because
they used hydraulic heads that were not completely representative
of the groundwater system. A first-order analysis alsq was
performed for Cases 6 and 7. Table 19 of the report presents
estimates of mean, standard deviation, and coefficient of
variation for travel times calculated from the Monte Carlo and
first-order analyses. According to the report, the fact that the
coefficients of variation obtained from the first-order analysis
are smaller than the values calculated from the Monte Carlo
approach indicates that the first-order analysis underestimates
the travel time uncertainty. However, this conclusion assumes
that the Monte Carlo approach was correct, valid, and rigorous,
which is somewhat ridiculous. The mean travel times calculated
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by the Monte Carlo and first order analyses range from 990 to
1,090 years.

SIGNIFICANCE TO NRC WASTE MANAGEMENT PROGRAM:

The report under review presents hypothetical analyses of travel
time in the unsaturated zone and in the saturated zone in the
vicinity of Yucca Mountain. The purpose of the report was to
"demonstrate methods that relate uncertainty in hydrologic
parameters to variations in groundwater travel time." The report
is significant with respect to the NRC Waste Management Program
.because it presents the types of analyses that may be used to
define groundwater travel times at all potential repository
sites.

PROBLEMS. DEFICIENCIES OR LIMITATIONS OF REPORT:

Unsaturated Zone:

A reliable and realistic baseline value for percolation rate or
for saturated hydraulic conductivity is critical to the first-
order sensitivity and other analyses because sensitivity
coefficients and travel time variances depend directly on these
baseline values (see table 5 and table 8). The results of a
study that would alter the baseline values and recalculate
sensitivity coefficients and travel time variances would be
interesting. We suspect that little difference would be observed
in the sensitivity coefficients (probably less than an order of
magnitude) and that a moderate difference would be observed in
the travel time variances primarily due to the assumption that
percolation rate and hydraulic conductivity are ognormally
distributed.

In using a realistic range of values to select a standard
deviation of the percolation rate, the difference between the
upper limit and the baseline value was chosen apparently to
coincide with a conservative (short) estimate of travel time (p.
32). If this is the case, then why is the difference between the
lower limit and the baseline value chosen for the hydraulic
conductivity (p. 36)? If conservatism is not the issue and the
smaller difference was selected arbitrarily for both percolation
and conductivity then it should be noted that by selecting the
larger difference to control standard deviation,, the resulting
standard deviation in travel time is increased by approximately
one-half order of magnitude.
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If percolation rate (q) is assumed to be lognormally distributed,
then the distribution of ln(q) is a normal distribution
(symmetrical, bell-shaped). In order for ln(q*) to be the mean
of this normal distribution, the value of q* must equal the
median (not the mean) of the raw percolation (q) distribution.
Thus, the baseline value of percolation rate, 0.02 cm/yr. must be
considered the median percolation and not the mean percolation,
as implied by the authors. The same comments apply to hydraulic
conductivity.

A Monte Carlo simulation was not conducted for the unsaturated
zone. Derivations for the first-order analysis given in Appendix
B appear to be valid.

Saturated Zone

The groundwater flow system-in the Yucca Mountain area is modeled
as an unlayered aquifer with regional flow in a southerly
direction. Input parameters that are treated as random variables
in estimating groundwater travel time are the transmissivity and
effective porosity. Transmissivity is assumed to be lognormally
(base 10) distributed and locally stationary in four areal zones
and to be constant in three other zones (see table 11, p. 48).
Effective porosity is assumed to be normally distributed and
locally stationary in the same four areal zones mentioned above
(see table 12., p. 51). The mean value of log T (transmissivity)
is calculated incorrectly, as was the case for lognormal
variables studied in the unsaturated zone. The logarithm (base
10) of the median, not the mean, transmissivity is equal to the
mean of the normal distribution of log T (see p. 47).

The information presented in fig. 16 (p. 49) and fig. 18 (p. 53)
actually corresponds to a test of the psuedo normal random number
generator used by the computer in the Monte Carlo simulation.
Very rarely will 100 simulated values stabilize about mean zero
with the desired standard deviation. However, as stated on p.
48, the goal of the study is not to provide definitive results
but only to demonstrate the use of the procedures. Along these
same lines of thought, it is not correct to state that "... 100
realizations were not sufficient for the statistics to converge
to their final value" (p. 67). There is no such thing as a final
value in a Monte Carlo simulation; the result is a reasonably
small range of values about which the results of the simulation
will stabilize.

Uses of the terms "uniform" and "spatially varying" throughout
the latter parts of the report are confusing. A much better
approach would rely on terms such as globally stationary or
globally constant versus locally stationary or locally constant.
A random variable such as effective porosity is considered to be
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globally stationary if its pdf is the same throughout the entire
area of study. One that is locally stationary would have a
constant pdf only over a zone within the study area, such as
Zones 1 2 3. and 4 for the Yucca Mountain study.

We question the physical validity of assuming perfect correlation
between effective porosity and log transmissivity (p. 53),
induced by using the same random number to sample from the
effective porosity distribution and the log T distribution in a
given Monte Carlo pass. We realize this assumption is made to
elicit an effect in the estimated travel time variation, and thus
must be considered as the limiting case. In reality. effective
porosity sometimes may be correlatable to transmissivity but
only for specific. homogeneous materials at one scale of testing.
The relationship between effective porosity and transmissivity
for one material certainly cannot be applied to any other
material. A new relationship must be developed for each material
and the material must be homogeneous.

The statement is made in several places that the first-order
uncertainty analysis underestimated the mean and standard
deviation of travel time. It is not valid to say that a given
method underestimates a parameter when its true value s not
known. The first-order analysis provides lower parameter
estimates than Monte Carlos but even a rigorous Monte Carlo
analysis (p. 70-71) can provide only an estimate of the travel
time distributions that might be possible. Monte Carlo methods
incorporate more variety in possible conditions and allow for
multiple interaction of different random variables. For this
reason, the technique is considered to provide a more realistic
representation of the physical system. However, results from
most Monte Carlo models are quite sensitive to spatial
correlations in separate random variables and to
interdependencies between random variables. Thus, simulation
procedures and interpretations of results must be tempered with
common sense and professional judgment about the conceptual model
and the prototype.

Monte Carlo methods can be used to indicate which parameters are
contributing most to output variations. All parameters are held
constant except the one of interests and the simulation is
conducted. The procedure is then repeated for each input
parameter to be considered. The outcome from all of the
simulations are compared to see how the resulting pdf's reflect
the sensitivity of the dependent parameter (in this case travel
time) to each of the input parameters. This issue is discussed
on p. 71. ,
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SUGGESTED FOLLOW-UP ACTIVITIES:

Probabilistic approaches to estimate groundwater travel times at
proposed repository sites are in their infancy. We recommend
that all similar documents be reviewed in detail so that the NRC
can maintain records of the most useful and valid methods for
estimating groundwater travel time. We recommend also that the
NRC research the importance of scale of testing on the
distributions of input parameters. Papers of the type reviewed
herein illustrate the fact that scale of testing is becoming more
and more important to stochastic models that predict
distributions of groundwater travel time. In addition, the
meaning of the word uncertainty should be clarified. It is not
used correctly in this report.
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