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This document reports the results of a study that expands earlier
work conducted by Clifton and others (1984). This document
discusses the methods and results of groundwater travel time
analyses in the deep basalt sequence beneath the Hanford Site.
The results are compared to the DOE travel time criteria. The
following is an excerpt from the abstract of the document. "All
analyses are conducted in a stochastic frameworks which allows a
probability of occurrence to be associated with the predicted
travel time. A series of five models is used to account for
different concepts about the groundwater flow regime in the deep
basalts. The simplest model considers two-dimensional,
horizontal groundwater flow in the basalt flow top overlying the
repository. Complexity is added to this model by superimposing
various amounts of vertical groundwater flow. Results indicate a
probability of at least 0.97 at travel time exceeds 1,000 years
and a probability of between 0.78 and 0.97 at travel time exceeds
10,000 years."-

The document presents graphs showing what are called "probability
distributions" of groundwater travel times over a 5 km distance.
The designation for these graphs may mislead some readers to
accept these graphs erroneously as true representations of
anticipated travel time distributions. In fact, these graphs are
cumulative frequency distributions of computer simulated values
of possible travel times. The total number of simulated values
used to produce the S-shaped curves on the graphs is not
reported. The total number of simulated groundwater travel times
is an important factor in interpretating the results. The



document does not report the number of simulation passes that
were used to generate the individual travel time distribution
plots. The report does not provide an indication of whether a
simulation stability study was conducted for any of the five
modeling cases. The report does not address whether the Monte
Carlo simulations could have been affected by simulation bias.
It is not clear that the author checked such bias in the PORMC-SF
simulation results for any of the five model cases. Disregarding
these problems, Clifton, 1986, has generated a series of
cumulative frequency distributions of possible groundwater travel
times that may or may not be probability distributions of real
groundwater travel times. It is important that the reader place
these two different concepts in proper context.

BRIEF SUMMARY OF DOCUMENT:

The report describes the hydrogeologic setting of the proposed
repository location on the-Hanford site. The report describes
the Reference Repository Location (RRL) in terms of its
relationship to the Cold Creek Syncline. The report states "the
RRL lies in one of the areas within the Cold Creek Syncline
judged to contain relatively intact basalt. Geologic,
geophysical, and hydrologic studies have indicated that while
large-scale geologic features such as through-going faults and
first- or second-order folds may bound the RRLp such features do
not appear to transect the RRL. It is also unlikely that any
such features will be encountered during further studies of the
RRL" (p. 7).

The Cohassett flow interior is the target repository horizon.
The laterally continuous vesicular zone in the Cohassett flow is
described as ranging in thickness between 30 and 15. m in the
RRL. This vesicular zone is located about 30 m below the upper
flow contact. The report states that preliminary testing of the
vesicular zone indicates hydraulic conductivity values of 4x1o-O,
6xlO- ,' 6xlO-*, and 10-1 m/sec at four sites around the RRL.
The majority of the hydraulic conductivities are typical of the
values measured in dense basalt flow interiors. The highest
conductivity is stated as being similar to some of the
conductivities measured in the Grande Ronde Basalt flow tops
within the Cold Creek Syncline (p. 9).

The report states that "Recent analyses of hydrochemical data
from the deep groundwaters beneath the RRL are supportive of the
concept that some vertically upward movement of groundwater has
been and is occurring in the deep basalt sequence..." (p. 9).
The report states that the mechanism for this upward movement is
unknown. It is not known whether the movement occurs uniformly
across the basalt sequence or along structural discontinuities.
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The report uses five groundwater travel time models for the
simulation of travel times. These models are:

"l. Travel time in the basalt flow top overlying the dense
interior of the emplacement horizon.
2. Travel time through a section of the emplacement horizon
dense interior above the repository and immediately beneath
the overlying flow top.
3. Travel time in the section of emplacement horizon of Model
2 and the flow top of Model 1.
4. Travel time in a layered sequence of basalt flow top and
dense interior overlying the emplacement horizon (groundwater
particle tracked from the base of the flow top immediately
overlying the emplacement horizon dense interior).
5. Travel time in a layered sequence of basalt flow tops and
dense interiors overlying the emplacement horizon (groundwater
particles tracked from within the dense interior of the
emplacement horizon)" p. 10). Figure 3, from the document
under reviews illustrates these models.

The models previously described assume the groundwater flow
regime is steady state. The report states that this approach is
justified because of "the apparent isolation of the deep
groundwater flow system beneath the RRL from both the shallow
flow system and the regional flow system beneath the remainder of
the Columbia Plateau" (p. 10). It should be noted that Models 1,
2, and 3 can be applied to any of the four candidate repository
horizons (McCoy Canyon, Rocky-Coulee, Cohassett, and Umtanum).
Models 4 and 5 are developed for the sequence of basalt flow tops
and flow interiors above the dense interior of the Cohassett
f low.

The results of the simulations applied to the groundwater travel
time models are presented as estimated probability distributions.
These predicted travel time probability distributions incorporate
uncertainties in model inputs. Uncertainties are due to a number
of factors including lack of knowledge in spatial variability of
the prototype.

Model 1 requires the specification of a transmissivity field,
effective thickness field, and a hydraulic gradient. Model I is
a two-dimensional steady state horizontal groundwater flow model
in a basalt flow top. The report states that transmissivity is
not considered a random variable because data indicate that
transmissivity varies spatially over distances of less than 5 km.
This statement is an inevitable consequence of the-fact that no
tests have been conducted at the 5 km scale. Five kilometers is
the distance from the edge of the repository to the accessible
environment (p. 13). Effective thickness is defined as an
uncertain (variable) parameter that is homogeneous throughout
space and independent of the transmissivity field. Hydraulic
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gradient is set deterministically and is the least uncertain
(variable) of the model inputs., The report states that hydraulic
gradient can be estimated reasonably from available hydraulic
head data.

Models 2 and 3 simulate the vertical upward movement of
groundwater in a one-dimensional simulation. These models
require the specification of a vertical hydraulic conductivity
field, an effective porosity field, and a vertical hydraulic
gradient. The report states that vertical hydraulic conductivity
and effective porosity are defined as random variables that are
mutually independent. The vertical hydraulic gradient is treated
deterministicly.

Models 4 and 5 simulate the groundwater travel time in a layered
sequence of basalt flow tops and dense interiors. The vertical
and horizontal components of groundwater flow are modeled
separately. The report states that the vertical and horizontal
components are modeled separately because "the high contrast
between the permeabilities of basalt flow tops and dense
interiors causes essentially horizontal movements of groundwater
in the low tops and vertical movement of groundwater in the
dense interiors" (p. 14). The report states that the rate of
vertical movement of groundwater is controlled by the low
conductivities of the dense interiors. Based on the principle of
continuity vertical Darcian flow in any layer is governed by the
product of some average vertical hydraulic conductivity and the
vertical hydraulic gradient. The average vertical hydraulic
conductivity used in the report is the thickness-weighted
harmonic mean of the vertical hydraulic conductivities of the
layers. Vertical hydraulic conductivities of flow tops are much
larger than the vertical hydraulic conductivities of the dense
interiors. The vertical hydraulic conductivities of flow tops
are neglected in the calculation of the harmonic mean.

The report describes effective thickness as the lumped parameter
into which flow top thickness and effective porosity are lumped
together (p. 15). Effective thickness is the product of
effective porosity and the thickness of the layer contributing to
groundwater flow. The effective thickness is used to calculate
residence time in each layer based on the vertical Darcian
velocity.

Models 4 and 5 assume that the vertical hydraulic conductivity is
uniform within a given basalt flow interior. Vertical hydraulic
conductivities may differ among dense interiors. Horizontal
groundwater flow rate can be determined-for the basalt flow tops
by using Model 1. It also is assumed that each layer has a
uniform thickness. Vertical hydraulic conductivity of the dense
interiors, effective porosity of -the dense interiors,
transmissivity of the flow tops, and effective thickness of the



flow tops are assumed to be independent and identically
distributed among the model layers (p. 15).

Groundwater travel times in the basalt flow tops in Models 1, 3
and were estimated by using the computer code PORMC-SF. This
code is a Monte Carlo version of the code PORFLO. Travel times
in PORMC-SF are calculated analytically from the seepage velocity
field. Vertical groundwater travel times in Models 2, 3 4 and
5 are calculated from a one-dimensional analytical solution of
the groundwater flow equation (p. IS).

About 40 transmissivity data points exist from individual basalt
flow tops in the Grande Ronde Basalt Formation (p. 16)., The data
are derived from ten deep boreholes located in and around the
Cold Creek Syncline. The report infers that a statistical
analysis of these transmissivities indicates a lognormal
probability distribution. The geometric mean of these data is
concluded to be 0.15 square meters (1.65 square feet) per day.
The standard deviation of- the base ten logarithm of
transmissivity is 1.83. The report states that about 40 percent
of the transmissivity data are from boreholes DC-14 and DC-15
which are about 20 km and 35 km respectively from the center of
the RRL (p. 16). The report states that the geometric mean of
the transmissivity with data from boreholes DC-14 and DC-15
removed is 0.12 square meters (1.24 square feet) per day.
Standard deviation of the log-transmissivity becomes 2.13. All
the data derive from single hole, small scale tests that do not
approach 5 km.

The report states that the processes involved in the formation of
basalt flow tops may cause significant variation in flow top
transmissivity over short distances. We repeat that this
conclusion is an inevitable consequence of small scale testing.
It is demonstrated in the report how the sensitivity of the
groundwater travel time varies based on the long -transmissivity
correlation range. Models 1 3 4 and are run with correlation
ranges of 0 2 and 5 km.

The report states that estimating the appropriate range and
probability distribution 'for effective thickness is difficult
because the effective thickness has been determined at only one
location. This location is the McCoy Canyon flow top at the
paired borehole location DC-7/8. The test resulted in a
calculation of effective thickness of about 2xlO- m (xlO-1 t).
The lower bound of effective porosity is estimated to be .6xlO-*
based on a flow domain thickness of 12.5 m (p. 19). The report
describes the complications in estimating effective porosity
based on effective thickness. A lengthy discussion is included
in the report regarding the various uncertainties associated with
effective thickness and effective porosity. The report concludes
that a normal distribution appears to be the most appropriate for
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effective thickness. The report, however, uses a uniform
probability distribution in preference to a normal distribution
for two reasons. The irst- reason given is that a uniform
distribution has a larger variance than a normal distribution and
will tend to overestimate the uncertainty in a random variable.
The second reason stated is that any value within the range of
the uniform probability distribution is equally likely (p. 21).

Horizontal hydraulic gradients are set deterministically based on
data derived from the piezometer clusters DC-19, DC-20, and DC-
22. A uniform horizontal hydraulic gradient of 2xO-4 is assumed
for the simulations.

The vertical hydraulic conductivity distribution is based on the
horizontal hydraulic conductivity distribution multiplied by an
assumed constant anisotropy ratio. This approach is necessitated
by the absence of measured values of vertical hydraulic
conductivity in the basalt flow interiors. Currently 13 single
hole -horizontal conductivity data points exist from the basalt
flow interiors in the Grande Ronde Basalt within the Cold Creek
Syncline (p. 22). The data are derived from the Rocky Coulee,
Cohassett, McCoy Canyon and mtanum basalt flow interiors in the
RRL. The geometric mean of these 13 data points is 4.9xlO-1 m
(1.6x10-I2 t) per second. The-standard deviation of the base
ten logarithm of hydraulic conductivity is 0.90. The report
assumes that the statistics for horizontal conductivity for the
dense interiors are representative of the repository horizon.
This approach is necessitated-because of the small number of
conductivities reported for the repository horizon. The report
suggests that the anisotropy ratio may exceed one. Arguments are
presented that suggest that the ratio may be close to one or it
may exceed one. Anisotropy ratios of 1, 3, and 30 are used in
Models 2 3 4, and 5. The report states that the ratios of 1
and 3 are considered to be nominal values and representative of
an intact section of dense basalt interior. The report considers
the ratio of 30 to be reasonably extreme and representative of a
basalt flow interior that is crossed by vertically oriented
structural features (p. 23).

The probability distribution for effective porosities in the
dense basalt flow interiors is discussed. The origin and nature
of the porosity distributions are discussed. The report states
that a fracture flow regime probably would dominate the flow
interiors even if only a small portion of vesicles are
interconnected. The resulting effective porosities would be
relatively small. Small effective porosities result in short
groundwater travel times. The flow regimes in the dense
interiors of Models 2 3, 4, and 5 are assumed to be controlled
by fractures. A lognormal probability distribution is assumed
for effective porosity (p. 24). The assumed geometric mean of
effective porosity is 10-4; the standard deviation of the base
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ten logarithm is 0.51. This distribution results in 95% of the
effective porosities lying between 10-0 and 10-m.

Vertical hydraulic gradients across the basalt flow interiors of
Models 2 3 4 and 5 are estimated from hydraulic head data
measured at three piezometer nest sites (DC-19! DC-20! and DC-
22). A constant vertical hydraulic gradient of 10-3 is assumed
to exist across the upper Grande Ronde Basalts; the flow
direction is upward (p. 24).

Hydrostratigraphic (layer) thicknesses are derived- from cited
references. The model uses arithmetic means of
hydrostratigraphic thickness of the units derived from 11
boreholes around the RL.

The distributions of estimated groundwater travel times for Model
1 are shown in figure 5 attached) as derived from the report
under review. The results of Model 1 indicate that groundwater
travel times exceeding 1000 years and 10,000 years in the flow
top overlying the emplacement horizon were generated at least 97
percent of the time and 79 percent of the time, respectively.
Median travel times generated-by Model 1 range between 22,000 and
74,000 years (p. 45).

Model 2 generates a median vertical groundwater travel time
through a distance of 10 m of the Cohassett flow interior of
2,200 years to 659000 years. The travel time depends primarily
upon the assumed value of the anisotropy ratio between vertical
and horizontal hydraulic conductivity in the dense interior.

The report states that the groundwater travel times predicted by
Model 3 are, on the average, at least as long as the travel times
predicted by Model 1. Model 3-generated travel times of at least
1,000 and at least 10,000 years 99 percent of the time and at
least 88 percent of the time, respectively. Median groundwater
travel times generated range between 30,000 and 300,000 years.
The report states that accounting for the travel time of
groundwater through part of the emplacement horizon interior can
"significantly increase the total groundwater travel time to the
accessible environment" (p. 45).

Model 4 generated travel times exceeding 1,000 years and 10,000
years 97 percent- of the time and 78 percent of the time,
respectively. Median travel times generated are between 22,000
years and 73,000 years depending upon the log transmissivity
correlation range.

The report states that Model 5 generates longer groundwater
travel times on the average than those generated by Model 4.
Model 5 generated groundwater travel times exceeding 1,000 years
and 10,000 years 99 percent of the time and 9 percent of the
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time, respectively. The report states that these generated
"exceedance probabilities, are sensitive to variations in the
hydraulic conductivity and anisotropy ratio for the dense basalt
interiors.

SIGNIFICANCE TO NRC WASTE MANAGEMENT PROGRAM:

This document is important to the Waste Management Program
because it constitutes an additional effort by Rockwell Hanford
Operations to predict groundwater travel times at the BWIP site.
This report constitutes a continuing effort to conduct a
"probabilistic analysis" of the travel times using a groundwater
modeling technique which incorporates a Monte Carlo approach.
This approach steers away from the deterministic approach of
predicting groundwater travel time; a Monte Carlo approach is
used to develop distributions of travel time based on assumed
variations (or lack thereof) in the data input. This report
constitutes a further evolution of the probabilistic approach to
predicting groundwater travel time.

PROBLEMS. DEFICIENCIES OR LIMITATIONS OF REPORT:

The document presents graphs of the "probability distributions"
of groundwater travel times -over a 5 km distance for five
different assumed cases (models). The designations (titles) for
these graphs may mislead some readers to accept them erroneously
as true probability distributions of groundwater travel times.
These graphs.in fact are cumulative frequency distributions of
computer generated travel times which are based on assumed
distributions of input parameters and assumptions about
hydrogeologic conditions. Each graph presents a smooth S-shaped
curve that has been fit to the actual plot of simulated travel
times. The total number of simulated values is not reported; the
reader must assume that the relationship between the cumulative
frequency distribution graph of raw simulated values and the
smooth fitted curves is appropriate.

The total number of simulated groundwater travel times is an
important factor in interpreting the simulation results. In any
Monte Carlo simulation study, a preliminary check should be made
to determine the minimum number of simulation passes required to
provide numerically stable results. It would aid in the
evaluation of the document if a stability analysis was presented.
A stability analysis usually is constructed of the mean (+I
standard deviation) of the simulated values vs. the number of
simulated values. Eventually the simulation results become
fairly insensitive to the number of passes. The BWIP document
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does not report the number of simulation passes that was used to
generate the individual travel time distribution plots. The
report does not state that a stability analysis was conducted for
any of the five modeling cases. We can only assume that such an
analysis was conducted.

Another critical issue in Monte Carlo simulation is not addressed
in this document. This critical issue is the potential for
simulation bias. Simulation bias in the mean of the output
parameter can occur when the output is the product of non-linear
combinations of input parameters that are given different
distributions. This result is particularly prevalent if the
distributions are asymmetric. This bias typically is defined as
the difference between the mean of the simulated values and the
value calculated deterministically using the mean value of each
input parameter. Bias affects the mean value and it also can
affect the median value in this kind of simulation. If bias is
determined to be significant then the entire distribution of
simulation values logically should be shifted to provide
agreement with the deterministic mean value. This procedure
corrects for the bias that may be inherent in the simulation
model. The report provides no indication that the author checked
for such bias in the PORMC-SF simulation results for any of the
five model cases. We can only assume that such an analysis was
conducted.

The generated values of groundwater travel time generally appear
to be lognormally distributed.- If the mean of the variance of
the log normal distributions is known, the percent of the
generated travel times that is greater than any desired value can
be calculated readily by using a standard normal probability
table. This percentage greater than 1000 years is what Clifton
refers to as "exceedance probability." This approach is useful
for checking and confirming the exceedance probabilities obtained
from straight percentages of generated values or from the smooth
curve fitted to a cumulative frequency distribution graph. The
report does not explain which of the two procedures was used to
obtain the exceedance probabilities reported in the BWIP
document. The document should provide the mean, standard
deviation, and the number of generated values for each
groundwater travel time cumulative frequency distribution curve
that is presented in the report. This information would
facilitate probability calculations and the placing of a type of
confidence interval on a given parameter such as a mean or
variance of the predicted groundwater travel time distribution.
The concept of calculating confidence intervals on population
parameters, given a set of Monte Carlo simulation values, may be
useful in the, assessment of variation in input data
distributions. This statement is particularly true if the
simulation does not prove to be statistically stable even with a
large number of iterations (travel times generated).
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A number of specific comments also can be made regarding the
report. The report states (p. 7) that "It is also unlikely that
any such features will be encountered during further studies of
the RRL." This statement refers to geologic features such as
through-going faults and first--or second-order folds that bound
the RRL but do not appear to transect the RRL. We believe this
statement is overly optimistic and is not supported by sufficient
evidence to warrant inclusion in the report. Large scale
hydraulic stress tests would be necessary to reveal such features
and such tests have not been conducted at the BWIP site.

The report states (p. 9) that recent analyses of hydrochemical
data indicate that deep groundwaters beneath the RRL support the
concept of vertical upward movement of groundwater in the deep
basalt sequence. In reality details about the movement of
groundwater at depth are not understood. The following page of
the report (p. 10) states that the deep groundwater low system
apparently is isolated from both the shallow flow system and the
regional flow system which exists beneath the remainder of the
Columbia Plateau. These two statements appear to be
contradictory. We believe some clarification should be provided
about the intent of the authors. The deep groundwater flow
system cannot be flowing upward and not be part of the flow
system above it.

A brief explanation of a second-order, stationary spatial
stochastic process given near the bottom of page 13 is not quite
correct. The mean of the process of interest (regionalized
variable) indeed is considered constant, but the co-variance
function is not constant over the space of study. Rather, it
varies with and depends only on the lag (separation distance
between locations of interest)

The author of the report under review states in several places in
the document that "heuristic arguments" are used to describe
parameters needed for input to the numerical model (p. 19, 22,
and 23). The word "heuristic" is an adjective that means to
stimulate or guide in a discovery process. This meaning is not
appropriate to the case presented by the author. Nothing new is
discovered or explained by estimating or guessing at input
primary parameter characteristics and then generating a
cumulative frequency distribution of a secondary dependent
variable. These rational guesses are based on subject matter,
knowledge and professional judgment not on a valid input
parameter data base from which probabilities could be derived.
The text should so read.

The report states (p. 19) that a longer correlation range for log
transmissivity causes larger uncertainties in predicted
groundwater travel time. It is not clear what is meant by
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uncertainties in this context. The mean and the variance of
generated travel times increase with an increase in the
correlation range of log transmissivity (figure 5Sp. 27). This
relationship should be discussed-and explained. It is not clear
whether this behavior is rational in a hydrogeologic sense or
whether this behavior is an artifact of the computer model. We
suggest that the relationship is valid but that it is a
consequence of the model and, ultimately a consequence of the
small testing scale that has been used at the BWIP sites which in
turn drives the model by controlling input parameter values.

The measured correlation range of a regionalized variable can
never be less than the distance between the closest spaced
samples that are collected. The practical correlation range is
assumed to be zero if no correlation is shown between the closest
spaced samples. The regionalized variable then is assumed to be
spatially uncorrelated. This consideration of sample spacing and
testing scale is critical to the modeling process, both in the
estimation of-correlation range (p.- 19) and the selection of the
size of the model zones elements) for the log transmissivity
field (p. 29). Future investigations of the spatial
characterization and modeling of this field should be undertaken
with care so that a direct relationship is maintained between the
sampling scale used to estimate correlation range and the desired
size of finite modeling elements. Clearly a sampling scale of 5
km would be ideal, especially if the elements in the model
approach that scale.

Table 2 (p. 25) lists the mean thicknesses of hydrostratigraphic
layers in the RRL area. The text reference to this table
indicates that data from 11 boreholes were used to estimate the
thickness values. However, no information is provided on the
standard deviation, range, and confidence intervals of the
thicknesses. It is inappropriate in a stochastic study of this
type to list only a sample mean with no other statistical
information about the sample. Such information should be
provided in the report.

Finally, it would be advisable for the author to explain his
results in terms of percent of travel times generated that exceed
1,000 years or 10,000 years. Under the present status of
knowledge of hydraulic properties at the WIP site it is not
appropriate to refer to the generated cumulative frequency
distributions as probability distributions of anticipated
groundwater travel times. In this context the input parameters
should be viewed as independent variables that are assigned some
statistical distribution. Valid, defensible probability
distributions for the input parameters cannot be derived at this
time. The basic data required for the derivation of such
probability distributions are not available. Consequently the
report in reality does not assess uncertainty in the input
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parameters or in the resulting groundwater travel times. Instead
the report assesses the impact of assumed distributions of input
parameters on groundwater travel times generated by a numerical
model. This procedure is not undesirable at this stage of
evolution of evaluation of the BWIP site but-it is important for
the reader to understand that the report does not address
uncertainty in the input parameter data base nor in predicted
groundwater travel times in the classical sense of the word.
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