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Migration of awater pulse through fractured porous media

S. Fi nsterle]E, J. T. Fabryka-Martin?, and J. S. Y. Wang"
! Earth Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA, USA
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Abstract. Contaminant transport from waste-disposal sites is strongly affected by the

presence of fractures and the degree of fracture-matrix interaction. Characterization of
potential contaminant plumes at such sitesis difficult, both experimentally and
numerically. Simulations of water flow through fractured rock were performed to
examine the penetration depth of alarge pulse of water entering such a system.
Construction water traced with lithium bromide was released during the excavation of a
tunnel at Y ucca Mountain, Nevada, which islocated in an unsaturated fractured tuff
formation. Modeling of construction-water migration is qualitatively compared with
bromide-to-chloride ratio (Br/Cl) datafor pore-water salts extracted from drillcores. The
influences of local heterogeneities in the fracture network and variations in

hydrogeol ogic parameters were examined by sensitivity analyses and Monte Carlo
simulations. The simulation results are qualitatively consistent with the observed Br/Cl
signals, although these data may only indicate a minimum penetration depth, and water

may have migrated farther through the fracture network.
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1. I ntroduction

Contaminant transport from waste-disposal sites |ocated above the groundwater table
strongly depends on the characteristics that affect water flow through partially saturated
discrete features (such as networks of fractures or macropores). Flow in unsaturated,
heterogeneous fracture networks usually exhibits a complex pattern as aresult of
channeling, fingering, funneling, and bifurcation effects. Fast flow paths may be
established, leading to rapid migration of solutes through the unsaturated zone (Nativ et
a., 1995; Fabryka-Martin et al., 1997). On the other hand, the interaction of contaminants
with the rock matrix—~by advective imbibition, diffusion, or adsorption—may
significantly increase travel timesto the groundwater table. Additional effects related to
film flow, flow through and along fracture coatings, diffusion into stagnant water, etc.,
further complicate characterization, prediction, and remediation of contaminated
fractured formations.

Many of the mechanisms governing flow and transport in partially saturated
fractured-porous media are described in Evans and Nicholson (1987), Bear et al. (1993),
Sahimi (1995), and Pruess (1998, 1999). Various conceptual, analytical, and numerical
models have been developed to address specific aspects of the problem (see, for example,
Birkholzer and Tsang (1997) for unsaturated channeling effects, Tokunaga and Wan
(1997) for film flow, Robinson et al. (1998) for analyses of fracture skin effects, and
Pruess et a. (1999a) for asummary of alternative conceptual models). Studies
considering the effects of a permeable matrix using dual- or multi-porosity models
usually deal with saturated conditions (Barenblatt et al., 1960; Warren and Root, 1963;

Rubin et a., 1999). Under partially saturated conditions, additional processes must be



considered, including phase interference in the fractures (Persoff and Pruess, 1995), the
reduced wetted fracture area available for fracture-matrix interaction (Liu et al., 1998),
and matrix imbibition driven by capillary forces (Philip, 1957; Thomaet al., 1992).

Experimental determination of flow and transport in unsaturated fractured rock
faces challenges that are intrinsic to the system behavior. Heterogeneities and the
discreteness of the fractures are likely to lead to chaotic flow paths and thus erratic
contaminant distributions (Pruess et al., 1999a, Faybishenko et al., 2000). Furthermore,
fractures and matrix exhibit order-of-magnitude differences in properties and behavior
(both in space and time), making it difficult to design measurement devices and
monitoring systems that capture both aspects simultaneously (Finsterle and Faybishenko,
1999).

This situation leads to the following two fundamental, opposing problems of data
anaysis. First, point measurements in fractured systems provide only aweak basis for
estimating integral quantities (such as the distribution and total mass of contaminants).
Secondly, intrinsic averaging occurring during the measurement process potentially
obliterates key mechanisms (such as the fast transport of small contaminant quantities
through the fracture network). An analogous problem exists in modeling when effective
continuum concepts are used to simulate transport in fractured-porous media.

The complexity mentioned above limits our ability to fully understand, describe,
and predict the system behavior. The scarcity of available data, their potential conceptual
inconsistency with the quantities to be predicted, and their inherent ambiguity do not
justify the promotion of amodel that includes all mechanisms in a deterministic manner.

Recognizing this limitation, we are charged with the development of a simplified model



that captures those features of the system that are relevant for the overall goals of the
study. If prediction and data uncertainties are properly accounted for, the model’s
consistency or discrepancy with qualitative and quantitative field observations can be
used for testing hypotheses about the system behavior of interest.

This study isanillustration of an approach, in which our understanding of fracture-
matrix interaction under unsaturated flow conditions isimproved by combining borehole
data with amodel of suitable complexity. We discuss the information content of field
data, which are sparse yet typical for fractured-rock investigations, and examine the
appropriateness of the conceptual model by looking at its ability to qualitatively
reproduce the observed patterns. We do not attempt to characterize a specific site or to
make comprehensive model predictions.

Concentration measurements were taken to estimate the penetration depth of alarge
pulse of traced water released into partially saturated, fractured tuff. The data were
gualitatively reproduced using a heterogeneous multi-continuum model. Extensive
sensitivity and Monte Carlo simulations were performed to examine the impact of
parameter uncertainties and spatial variability on the calculated concentration
distribution. The modeling demonstrates that the interpretation of the chemical signal is
inconclusive, in that it can yield only an apparent penetration depth. Water islikely to
migrate to greater depths through the network of interconnected fractures, a behavior not
captured by the measured concentrations, which depend mainly on matrix imbibition
effects.

The paper is organized as follows: Section 2 provides background information

and describes the measured data. The modeling approach is discussed in Section 3,



followed in Section 4 by a presentation of simulation results, including the sensitivity

analyses. Section 5 contains a summary and discussion of the major results.

2. Data Review

The U.S. Department of Energy (DOE) is investigating the unsaturated zone at Y ucca
Mountain, Nevada, as a potential site for the disposal of spent nuclear fuel and high-level
radioactive wastes. Within the geological formations at Y ucca Mountain, which consist
of alternating layers of welded and nonwelded ash flow and ash fall tuffs, the potential
repository horizon liesin the Topopah Spring welded unit, featuring relatively low matrix
permeability and high fracture density. Two subunits are of special interest to this study.
The highly fractured middle nonlithophysal zone (Tptpmn) has an average fracture
spacing of about 0.53 m, abulk permeability of about 7 x 10 m?, and amatrix porosity
of about 9%. In contrast, the upper lithophysal zone (Tptpul) exhibits alower degree of
fracturing (average fracture spacing of 1.45 m), but a higher matrix porosity (14%),
higher bulk permeability (26 x 10™? m?), and weaker capillarity than the underlying
middle nonlithophysal zone. The fracture spacings indicated above were derived from
fracture trace maps and appropriatel y corrected borehole data. They represent fractures of
length 1 m or larger, i.e., they do not include smaller fractures and microfractures that are
potentially important. The Tptpul aso contains lithophysal cavities, which resulted from
vapor inclusions during cooling of magma.

To gain access for the characterization of the potential repository host rock, an 8
km long, 8 m diameter tunnel, the Exploratory Studies Facility (ESF), was excavated

between 1994 and 1997. The release of water used for the construction of the ESF was



considered an opportunity to study flow and transport in an unsaturated fractured porous
formation. While the total water usage is measurable and reasonably well known,
considerable uncertainty remains about the fraction of water that actually enters the
formation. The fate of construction water in the ESF depends on its specific usage: It may
be removed from the tunnel with the breakout material or by ventilation, or be imbibed
into the formation. Water is used at the cutter head and for emplacing rock bolts, washing
walls, and controlling dust on the conveyer belt. Johnson and Kappes (1997) analyzed the
average quantities of water used and removed from the tunnel for 200 m long sections.
They estimated the average amount of unaccounted water to be 1,500 £ 500 liters per
meter of tunnel. This amount is assumed to be released into the fractured formation at the
invert of the tunnel.

Approximately 6 months after the tunnel boring machine passed their respective
locations, three slanted boreholes (named CWAT#1, CWAT#2, and CWAT#3) were
drilled downwards from the ESF. The locations of the boreholes along the ESF are shown
in Figure 1. The chemistry of the pore-water salts extracted from the drillcores was
analyzed in an attempt to track the migration of the construction water.

Construction water was traced with lithium bromide to a concentration of 20 ppm
bromide. The bromide-to-chloride ratio (Br/Cl) in this water was 2.9, which is more than
two orders of magnitude higher than that in naturally percolating pore waters at this
location (0.005, see below). Pore-water salts were extracted from CWAT drillcores by
leaching about 100 grams of rock with an equal mass of deionized water for 48 hours.
Samples were crushed into 1 to 2 cm size fragments prior to leaching. The leached

solutions were then analyzed for chloride and bromide by ion chromatography.



The presence or absence of construction water in a sample was determined by a
statistical analysis, in which the Br/Cl data were deconvoluted into two populations, the
first representing samples of natural pore water, and the second containing data that are
affected by mixing with bromide-tagged construction water. The 65 Br/Cl data points
were ranked from lowest to highest, and the inverse of the normal cumulative distribution
was determined, then normalized to the range between zero and one, and plotted against
the Br/Cl value (see Figure 2). On such a plot, a population with a Gaussian distribution
exhibits a straight line. An abrupt change in slope occurs at a Br/Cl ratio of 0.010,
indicating the transition from natural background to pore waters containing construction
water. Based on this analysis, we establish an average natural background Br/Cl ratio of
0.0052 + 0.0016, and a cut-off value of 0.010 for the presence of construction water in a
leached drillcore sample.

The measured Br/Cl profiles are shown in Figure 3. The shallowest apparent
penetration depth was found in borehole CWAT#3, in which a construction-water signal
was detected only in the top 2 meters. The deepest penetration wasin CWAT#2, in which
construction water had reached the bottom of the hole at approximately -30 m. In
CWAT#1, construction water was detected in all samplesto adepth of 2.4 m and in two
isolated peaks at depths of 6.7 m and 8.5 m.

Differencesin migration distances are most likely related to differences in water
application rates and in hydraulic characteristics of the geologic units at each location.
CWAT#1 and CWAT#2 are both located in the highly fractured middle nonlithophysal
zone (Tptpmn). Construction-water |osses were likely highest at CWAT#2, whichis

located near an alcove with underground activities that introduced additional amounts of



traced water, notably about 10,000 liters from a water-line break discovered shortly
before the hole was drilled. The more limited migration observed in CWAT#3 is
probably aresult of the upper 5.2 m of this hole being located in the upper lithophysal
zone (Tptpul), which has fewer fractures of length greater than 1 m, but many
microfractures promoting matrix imbibition. In addition, these fractures may terminate at
lithophysal cavities, further increasing storage capacity in this unit. Bromide-to chloride
ratios for the upper part of CWAT#3 are significantly larger than those for the same
interval in CWAT#1, suggesting that alarger proportion of construction water may have
been retained in the Tptpul matrix in CWAT#3 as compared to the Tptpmn matrix in
CWAT#1. We used numerical modeling to further examine the hypotheses discussed

above concerning the fate of the construction water and the associated Br/Cl signal.

3. Model Development

Although natural pore waters reside predominantly in the matrix, the very limited matrix
permeability forces construction water to flow through the network of interconnected
fractures. A fraction of the released water imbibes into the matrix, leaving behind a
chemical signal. In such a conceptual model, the abundance of fractures as well asthe
fracture network geometry are key factors affecting construction-water migration and its
chemical signature in the matrix pore water. The velocity with which a pulse of water
propagates through the fractures determines the time available for matrix imbibition,
which in turn determines the bromide concentration in the matrix pore water. In addition,
flow velocity and residence times are strongly affected by local heterogeneities and the

contact area between the fractures and the matrix. Individua peaksin the Br/Cl profile as



shown in Figure 3 may be attributed to discontinuities in the fracture network, where the
termination of afracture leads to accumulation and increased imbibition of construction
water at that location. Note, however, that variability in the Br/Cl datais also related to
the varying distances of sampling points from the nearest fracture. Core samples
intersecting a fracture are likely to show higher concentrations than samples taken from
the center of amatrix block, which can be reached only by means of relatively slow
processes such as diffusion and capillary imbibition.

Given this general understanding, the representation of fractures and the matrix in
the model (as well as the interaction between them) are of critical importance. Moreover,
heterogeneity in the fracture continuum is considered a relevant feature of the system and
isthusincorporated in the model.

To simulate construction water migration, we devel oped a two-dimensional,
vertical model with the invert of the ESF at the upper boundary. We recognize that
distinct features that are not oriented within the considered plane may invalidate the
simplifying assumption of a two-dimensional flow field. Nonetheless, the reduction of
the system to atwo-dimensional cross section seems appropriate because—as a result of
the relatively fast advance of the tunnel boring machine—construction water rel ease can
be approximated as a pulse from aline source. Moreover, three-dimensional imbibition
from the fracture continuum into the matrix is inherently accounted for in the MINC
approach described below. Aswill be demonstrated, the discontinuities in the observed
Br/Cl profiles can be replicated without introducing discrete, three-dimensional features.
Furthermore, given the focus of this paper on investigating how variability in basic

fracture and matrix properties affects water migration, we choose to examine the ssmplest



model possible that is capable of reproducing the scarce data, rather than developing a
likely over-parameterized, three-dimensional model. We acknowledge that the data can
also be explained by a model with added complexity.

The model domain is rectangular, with avertical symmetry axis through the
center of the invert. To resolve the pressure and saturation gradients between the fractures
and the matrix, we employed the method of “Multiple Interacting Continua” (MINC;
Pruess and Narasimhan, 1982, 1985). The MINC concept is based on the notion that
changes in matrix conditions are controlled by the distance from the fractures. In this
approach, all fractures are combined into a single fracture continuum (Continuum 1), and
all matrix material within a certain, relatively short distance from the fracturesis
combined into Continuum 2. Matrix material at increasingly larger distances becomes
Continuum 3 and so forth. For the simulations presented here, the model domain was
discretized into primary gridblocks of size AX x AY x AZ=0.3m x 1.0 m x 0.3 m. Each
gridblock was then further subdivided into atotal of four continua: one for the fracture

continuum with a volume fraction equal to fracture porosity, ¢, , and three matrix
continua with volume fractions of 0.05, 0.20, and (0.75- ¢; ), respectively. Note that these

volume fractions are chosen for numerical reasons only—they have no geol ogical
significance. All continuarepresented in aMINC model are interlaced and thus occupy
the same physical space.

A heterogeneous permeability field was generated for the fracture continuum
using sequential indicator simulation techniques (Deutsch and Journel, 1992). The
property field was generated based on the statistical parameters inferred from air-

injection tests conducted in the middle nonlithophysal zone (Wang et al., 1999). Spatial



correlation of the log-permeability field follows a spherical semivariogram, with a nugget
effect of 0.43, a correlation length of 3.8 m, and a sill value of 0.51. The cumulative
distribution function of log-permeability values was discretized from the distribution of
the measured air-permeability data. The variance of this distribution is consistent with the
sill value. Note that this variance (which reflects small-scale spatia variability) is
conceptually different from the variance used in the subsequent Monte Carlo simulations
(see Table 3 below), which reflects the uncertainty in the mean permeability. One
realization of the resulting log-permeability field is shown in Figure 4. Note that the
symmetry axis introduces a bias in the local geostatistical properties. Thisbiasis
considered acceptable given the uncertainty in the geostatistical input data and the overall
purpose of the study. The fracture permeability field exhibits both local obstaclesin the
fracture continuum as well as high-permeability channels. These obstacles may represent
dead-end fractures, discontinuities in the fracture network, asperity contacts, or
heterogeneity in the amount and properties of fracture fillings. The matrix is assumed
homogeneous. Figure 4 and all the following figures involving fracture-matrix water-
content comparisons show the fracture continuum on the left of the symmetry axis and
one of the three matrix continua on the right.

Unsaturated flow through both the fracture and matrix continuais described using
Richards equation (Richards, 1931), which isimplemented in the integra finite

difference simulator TOUGH2 (Pruess et a., 1999b):
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Here, t istime, @ isporosity, S isliquid saturation, p isliquid density, k is absolute

permeability, k. isrelative permesbility, u isviscosity, g isgravitational acceleration,
z isthe vertical coordinate (positive upward), and P = P, + P. isliquid-phase pressure,
where P isareference gas pressure and P, iscapillary pressure. Relative permesability

and capillary pressure are functions of liquid saturation as given by van Genuchten

(1980):
k = s;’z[l— - s;’m)f”]z, 2)
p=- s, €
a
where the effective saturation S, is defined as

_s-5,
S g ()

In the van Genuchten model, S, isresidual liquid saturation, and a and m arefitting
parameters.

The van Genuchten model is used for both the fracture and matrix continuum (see
also parametersin Tables 1 and 2). The applicability of the van Genuchten model to
individual fractures, fracture networks, or a fracture continuum is an unresolved issue and
may be questioned. We take advantage of the model’ s flexibility to represent capillarity
and flow interference, which are phenomenato be expected in a fracture continuum. The
capillary-strength parameter 1/a is considered an effective parameter; it was determined
through model calibration against in situ saturation and water potential data (Bandurraga
and Bodvarsson, 1999). No explicit correlation between permeability and the capillary-

strength parameter has been introduced. Note that an increase in the permeability of a



fracture continuum can be caused by an increase in fracture density, which is not
necessarily associated with a corresponding decrease in the 1/a value.

The spatial and temporal distribution of construction water release is unknown.
For simplicity, we assumed that the time period over which construction water is applied
and released as the tunnel boring machine travels 1 meter was on the order of 1 day.
Thus, the release of construction water (1,500 liters per meter for the base-case scenario)
was modeled as a 1-day pulse, uniformly applied over the invert of the ESF (X| <3 min
Figure 5). No-flow boundaries were specified at the symmetry axis (X = 0), at the outer
vertical model boundary (|X| =9 m), and at the upper boundary (3 m < |X|<9m). To
avoid capillary end effects, we specified a free drainage boundary condition at the bottom
of the model domain. Theinitia water saturation in the fracture and matrix continua was
set to be 0.01 and 0.93, respectively. This corresponds to approximate capillary
equilibrium between the fractures and the matrix for the base-case parameter set (see
below). Given the large amount of construction water released, potential effectsfrom a
dlight disequilibrium at initial conditions as well as from the small natural percolation
flux can be neglected.

As previously mentioned, boreholes CWAT#1 and CWAT#2 are located in the
generally densely welded, highly fractured middle nonlithophysal zone of the Topopah
Spring tuff unit (Tptpmn). Only the upper 5.2 m of borehole CWAT#3 are located in the
less fractured, moderately to densely welded upper lithophysal zone (Tptpul), but for
simulation purposes the entire model domain was assumed to be in the Tptpul. The
hydrogeologic parameter values of both units (see Tables 1 and 2) were taken from the

base-case parameter set of the site-scal e unsaturated zone model of Y ucca Mountain.



These parameters were derived from a sequence of inversion studies, in which in situ
saturation, water potential, and pneumatic pressure data were matched. The matrix
parameters were also conditioned on properties determined from unsaturated flow
experiments conducted on drill cores (Bandurraga and Bodvarsson, 1999; Ahlerset al.,
1999). Note that these parameters are representative of naturally occurring percolation
fluxes, which are orders of magnitude lower than the amount of water released during
tunnel construction. Therefore, the model-related parameters determined for the
simulation of ambient flows may not be appropriate for predicting vastly different flow
scenarios (such as the migration of large amounts of construction water). Nevertheless,
we base our simulations on the site-scale model parameter set to test how well it explains

the general behavior of construction-water migration in a fractured porous medium.

4. Simulation Results and Sensitivity Analyses
In the following analysis, a change in water content, A® = @(S-S;), isassumed to

represent a change in bromide concentration or the related Br/Cl ratio. This assumption
seems reasonable if the chemical composition of the water changes due to mixing of in
situ pore water and construction water. An early-time increase in water content is
evidently caused by imbibition of traced construction water, which makes water-content
changes indicative of average concentration changes within the gridblock. However, a
decrease in water content at |ate times may not necessarily indicate a decrease in tracer
concentration, but may reflect a reduction in the amount of traced water in that specific
gridblock. Once construction water has entered the matrix, capillary pressure gradients

and molecular diffusion lead to a redistribution and homogenization of the solutes within



the matrix block. The relatively small diffusion coefficients for bromide (2.03 x 10°°
m? s?) and chloride (Lasaga, 1998) prevent significant diffusive transport to occur for the
time frame considered in this study; diffusion is therefore neglected. We further assume
that the anions behave like conservative tracers and that the primary transport
mechanisms leading to the observed construction-water signal are advection
(predominantly through the fracture network) and matrix imbibition. Potential retardation
of the tracer is neglected. Depending on the bromide and chloride concentrationsin the
construction water and the corresponding background values in the natural pore water,
we can estimate that a water content increase of at least 0.2% is required to provide a
clear indication of the presence of construction water.

Figure 5 shows the water-content changes in the fracture continuum (left) and in
the volume-weighted average of all matrix continua (right) at times 1, 10, 30, and 180
days after passage of the tunnel boring machine. The parameters of Table 1 were used,
representing conditions at CWAT#1 and CWAT#2. The water-content changes in the
fracture continuum indicate that water flows rather quickly through the fracture network.
Because of the relatively high fracture permeability, construction water infiltrates into the
formation without ponding at the invert; this prediction is supported by field
observations. The fracture network distributes water and gets it in contact with the partly
desaturated matrix, into which it isimbibed by capillary forces. Water-content changes in
the fractures damp out with time and with depth as aresult of downward migration and
matrix imbibition. At the time of data collection, measured Br/Cl values are dominated

by and representative of matrix concentrations. Consequently, the efficiency of fracture-



matrix interaction becomes the most important mechanism governing the distribution of
the observable construction-water signal.

Local reductionsin fracture permeability lead to local subsurface ponding, which
enables increased matrix imbibition. As aresult, the water-content distribution in the
(homogeneous) matrix reflects the heterogeneities of permeabilitiesin the fracture
continuum, with higher water-content increases occurring where the residence time for
matrix imbibition is longer because of local ponding. Heterogeneity may al so increase the
horizontal spreading of the construction water. Local ponding, entrapment, and horizontal
spreading reduce the overall velocity with which the bulk of the construction water
migrates downwards. On the other hand, funneling effects may concentrate flow into
channels, increasing the penetration depths at certain locations.

After 10 days (Figure 5b), the bulk of the construction water has already migrated
to considerable depth through the fracture network, and approximately 65% of the
released water has been imbibed into the adjacent matrix blocks. After 180 days (Figure
5d), the water pockets in the fracture continuum have largely disappeared as aresult of
matrix imbibition and gravitational downward flow. The water-content distribution in the
matrix is smoothed out. Neverthel ess, the pattern of variable construction water uptakeis
preserved, most likely leading to a nonuniform bromide distribution profile (despite
homogeneous matrix properties).

The imbibition processis further illustrated in Figure 6, which shows the change
in water content in the second continuum—the matrix immediately adjacent to the
fractures—and third continuum after 1 day and 180 days. Recall that the second

continuum comprises 5% of the rock volume and is located closer to the fractures



(approximately 0.006 m) than the third continuum, which encompasses 20% of the matrix
at an average distance of approximately 0.02 m from the fractures. Combining Figures 5a
and 6aillustrates the early-time gradient in water content from the fractures to the center
matrix block across the four continua, which provides the capillary driving force for
imbibition. Figures 5d and 6b show that redistribution within the Tptpmn matrix is close
to being complete after 180 days, which is approximately when the CWAT holes were
drilled.

To evaluate the impact of fracture heterogeneity on matrix imbibition, we
generated 50 realizations of the Tptpmn permeability field with identical geostatistical
properties. Figure 7 shows the total amount of water imbibed into the three matrix
continua between the elevation of the ESF and a depth of 30 m as afunction of time for
all realizations. A histogram of the amount of water imbibed into the Tptpmn matrix after
1 year is shown on the right panel of Figure 7. The variability in calculated matrix
imbibition isrelatively large given that al hydrogeol ogic and geostatistical parameters
areidentical; the only difference between individual realizationsis a spatial
rearrangement of fracture permeabilities. The amount of water stored in the fracture
continuum at the end of the simulation is very small. Consequently, the difference
between the amount imbibed and the amount applied (1,500 liters) is the volume of water
migrated to depths greater than 30 m.

The left panel of Figure 7 also reveal s that approximately two thirds of matrix
imbibition is complete after about 10 days, which is the time during which the
construction water travels to depths greater than 30 m through the fracture network. After

that, drainage and imbibition of construction water continue at a slower pace. Once water



isimbibed into the matrix, the matrix permeability istoo low for avisible vertical
displacement of the construction-water signal within the time frame considered here.
Consequently, after about 10 days, the exact time at which the boreholes were drilled and
samples were taken is of little consequence regarding the exact vertical position of the
plume.

Having evaluated the impact of spatial variability, we next assessed the
uncertainty of the model predictions given uncertainty in the input parameters. First, a
sensitivity analysis was performed to eval uate the relative importance of the parameters
listed in Table 3. (From an inverse perspective, the sensitivity coefficients can also be
interpreted as the amount of information contained in the data, if evaluated along the
profile where borehole measurements were made). Each parameter was changed from its
base-case value by a certain amount, & (the same vaueis later used as the input standard

deviation for the Monte Carlo simulations). A composite, dimensionless sensitivity

measure Q; for parameter p; was defined as follows:

N AS(p+d.e)-AS(p-d.e) 0.

= £ 290, (of
Here, p isthe base-case parameter vector, e, isthe j th column of the identity matrix,
AS isthe saturation changein gridblock i, i =1,...,m after 180 days, where m isthe

number of gridblocks aong the borehole, ¢, and v, are the porosity and volume fraction
of continuum Kk , respectively, n, =4 isthe number of continua, and o, isascaling

factor (here arbitrarily set to 1.0). Despite the subjectivity of the chosen weighting factors

0, , the sengitivity anaysis confirms that the cal culated water content changes and thus



the observed Br/Cl ratios are predominantly affected by the matrix sorptivity, and—to a

lesser extent—the diffusivity of the fracture system. Matrix porosity ¢,, turns out to be

the most sensitive parameter (albeit not significantly), because a higher porosity provides
additional pore space for water imbibition, directly affecting the maximum and thus
actual water-content change. Note that even the large uncertainty in the rel eased amount
of construction water has a smaller impact on predicted water-content changes than a
moderate uncertainty in matrix properties. The results further indicate that the measured
Br/Cl data contain little information about the Tptpmn fracture properties, even though
the fractures largely determine the construction-water migration distance. Therelative
sengitivity of field datato the fracture properties would be higher immediately after
construction-water release (i.e., fracture properties could possibly be inferred if accurate
early-time measurements were available).

To examine the impact of parameter uncertainty on the model predictions, we
performed 50 Monte Carlo simulations, in which parameter values were sampled from
uncorrelated normal distributions with the standard deviations indicated in the third
column of Table 3. Figure 8 shows the resulting profiles of water-content changes
(volume averaged over all 4 continua) after 180 days along the centerlineat X = 0. The
profile obtained with the base-case parameter set is shown as a dotted line; the thick solid
line represents the average profile from all 50 realizations. Predicted profiles vary
considerably. If the construction-water release rate is high and locally saturates the
fracture network, an almost vertical curve is obtained in the upper part of the profile, the
change being equal to the difference between the initial and fully saturated water content

for the prevailing value of matrix porosity. A similar behavior is also observed if the



random parameter set favors matrix imbibition (i.e., high matrix permeability combined
with strong capillarity). If lesswater isreleased or matrix sorptivity isrelatively weak,
saturation changes and thus unsaturated hydraulic properties are more accentuated,
leading to high-amplitude fluctuations. Since all curves are based on the same fracture
permeability pattern, the location of maor peaksissimilar in al realizations.

Figure 9 shows the combined effect of parameter uncertainty and stochastic
variability in the Tptpmn heterogeneous fracture-permeability field. Each water-content
profile isthe result of a simulation, in which the properties are randomly sampled from
the prescribed uncertainty distributions (see Table 3) and, at the same time, a new
realization of the permeability field is generated. Each permeability field is created using
adifferent seed number, i.e., the location of low- and high-permeability regionsis
different among the realizations, while the geostatistical properties of the fields remain
consistent. The average profile of all resulting water-content curves (thick line) is rather
smooth and tends to decrease with depth. However, individual realizations show a
random pattern of relatively high amplitude (note that only the first 25 Monte Carlo
realizations are plotted). Many of the redlizations qualitatively match the characteristics
of the observed Br/Cl profile in borehole CWAT#2 (see Figure 3). Specificaly, sharp
gradientsin the profile and the occurrence of isolated construction-water signals at depth
are evident. This behavior is not captured by the average curve, for which one might have
falsely concluded that the construction-water signal propagatesin adiffusive,
monotonically decreasing manner.

Finally, we performed a construction-water release simulation using properties

believed to be representative for the upper lithophysal zone (Tptpul, see Table 2). The



resulting average profile is plotted in Figure 10, showing water-content changes that are
smaller compared to those in the middle nonlithophysal zone (Tptpmn). In fact, the
calculated water-content changes are near or below the approximate construction-water
detection limit of 0.2%. This behavior is qualitatively consistent with the absence of
elevated Br/Cl ratios in the deeper portions of borehole CWAT#3 (see Figure 3). The
simulation suggests, however, that construction water migrates to considerable depths,
mainly because the Tptpul unit exhibits higher fracture permeability and lower fracture
porosity. Moreover, the hydrogeol ogic properties imply that the potential for matrix

imbibition could be smaller. The sorptivities s of the two units are very similar,
assuming the approximate relationship s 0 /k/a (Zimmerman and Bodvarsson, 1991).

However, while the matrix sorptivity determines imbibition from a single fracture, the
larger spacing of fractures carrying the construction-water pulse through the Tptpul
(2.23 mversus 0.23 min the Tptpmn; see Tables 1 and 2) significantly reduces the
overall area available for fracture-matrix interaction. This reduced interaction area and
the larger matrix block volume lead to smaller water-content increases in the matrix,
resulting in an apparent absence of construction water in the simulations.
Thisinterpretation is based on simulation results only; it is believed to be correct
for hydrogeologic units with the idealized properties summarized in Tables 1 and 2.
However, there may be other explanations for the absence of a construction-water signal
below a depth of 2 min CWAT#3 (see Figure 3). For example, construction-water |oss at
this location may have been significantly lower compared to that near borehole
CWAT#2, where considerable amounts of construction water were used for the

excavation of anearby alcove and were released in a water-line break. Also note that the



fracture spacing reported for Tptpul in Table 2 was derived from fracture-trace maps that
exclude small fractures and microfractures. Small fractures are generally abundant in the
lithophysal units. If interconnected and if not bypassed by the water pulse traveling
through the high-permeability network of larger fractures, these small fractures may
provide access to and sufficient surface areafor increased matrix imbibition. Given the
relatively larger storage potential (higher matrix porosity, lower initial saturation,
lithophysal cavities), all the released construction water may be held in the formation
immediately below the excavated tunnel without significant vertical migration. The
shallow front with high Br/Cl ratios in the top two meters of CWAT#3 (see Figure 3)

supports this hypothesis.

5. Discussion and Conclusions

The simulation results and the comparison between the behavior in two fractured
units with different hydrogeol ogic properties (specifically fracture spacing) reveal that
water-content changes and associated Br/Cl data are representative of matrix conditions
and are thus not necessarily indicative of the actual construction-water penetration depth.
For example, despite the absence of a chemical signal at depth in CWAT#3, migrationin
the upper lithophysal zone is expected to be faster and deeper because of the higher
permeability, lower fracture porosity, and smaller amount of water being imbibed into the
matrix. Since water that quickly flows through the fracture network does not leave a
prominent Br/Cl signal in the matrix, the apparent absence of elevated Br/Cl values at
certain locations along the profile may be misleading. An alternative hypothesis states

that the construction water is entirely stored immediately below the ESF. For this



behavior to be reproduced by the model, a parameter set different from that shown in
Table 2 would need to be developed, appropriatel y capturing the role of microfracturesin
enhancing water imbibition. Finally, the absence of a detectable signal could also be
explained as aresult of three-dimensional, channelized flow, which bypassed the
sampling locations.

We conclude that the observed Br/Cl data provide an estimate of the minimum
(rather than average or maximum) vertical distance to which the construction-water pulse
migrated through the densely welded fractured tuff. The Br/Cl signal gives an indication
of the strength of matrix imbibition, which is affected by the residence times of water in
the adjacent fractures and the matrix sorptivity properties. Small average permeability as
well aslocal permeability reductionsin the heterogeneous fracture network leads to
increased matrix imbibition, which controls bromide accumulation and the final Br/Cl
distribution in the otherwise homogeneous matrix. As aresult, the water content and
chemical profiles beneath the ESF exhibit many local maximaand minima, as seen in the
data (Figure 3) aswell asin the simulations (Figures 8 and 9).

The measured profiles can be reproduced with many different parameter
combinations and realizations of the underlying property fields. That is, the
corresponding inverse problem isill-posed, limiting the possibility of inferring
hydrogeologic properties from matching Br/Cl data. Moreover, predictions of Br/Cl ratios
are highly uncertain (see Figures 8 and 9) because channeling and ponding effects are
almost impossible to predict deterministically. This difficulty results from alack of
information about fracture-network geometry and the spatial distribution of fracture

hydraulic properties. Focusing on the average behavior of a discrete, highly variable and



nonlinear system may lead to a misinterpretation of its key features, specifically the
potential for fast and deep migration of water along preferential flow paths.

Neverthel ess, the Tptpmn simulations discussed here yielded results that (1) are
consistent with the observed range of Br/Cl signals, and that (2) qualitatively reproduce
the observed variability along a vertical profile. The apparent inconsistency of observing
longer migration distances in aformation of lower permeability (Tptpul) (1) can be
explained as aresult of reduced matrix imbibition caused by larger fracture spacing or (2)
suggests the need to re-evaluate the hydrogeol ogic parameters for this unit.

The simulation results and conclusions presented in this study pertain to very
large water pulses applied over short periods of time. They do not necessarily explain the
behavior of the fractured-porous system at Y ucca Mountain under natural, low-
percolation-flux conditions. However, construction-water migration studies from local
pulse releases at drift inverts may help us understand the variabilities associated with

future liquid releases of potentially contaminated water at sites located in fractured rocks.
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Table 1. Parameter Set of the Middle Nonlithophysal (Tptpmn) Zone

Parameter Fracture Matrix
Permeability k [m?] 2.76 x 1073 4.07 x 108
Porosity @ 1.00 x 107 0.11

Fracture spacing [m] 0.23 -

van Genuchten a [Pa] 5.16 x 10 3.86 x 10°
van Genuchten m 0.61 0.29

Residual liquid saturation 0.01 0.19

Sr

Initial liquid saturation 0.011 0.93

* Geometric mean of the heterogeneous log-permeability field shown in

Figure 4.




Table 2. Parameter Set of the Upper Lithophysal (Tptpul) Zone

Parameter Fracture Matrix
Permeability k [m’] 5.50 x 1073 3.08 x 10
Porosity @ 6.60 x 107 0.15
Fracture spacing [m] 1.23 -

van Genuchten a [Pa] 1.46 x 10°° 213x10°
van Genuchten m 0.61 0.30
Residual liquid saturation 0.01 0.12

Sr

Initial liquid saturation 0.011 0.78

* Geometric mean of the heterogeneous |og-permeability field.




Table 3. Tptpmn Parameters Varied During Sensitivity Anaysis and Monte Carlo

Simulations: Base-Case Value, Perturbation, and Composite Sensitivity Measure

Parameter Base-case value Perturbation 9, Sensitivity Q,
(from Table 1) Uncertainty Eq. (5)
Water release [kg day™ m™] 1500.0 500.00 0.75
log(ks [m?) -12.6 0.25 0.73
log(k,, [M?]) -17.4 0.25 0.77
log(@5) 2.0 0.25 0.17
log( @) -1.0 0.10 1.22
log(as [Pa™]) -3.3 0.25 0.43

log(a,, [Pa']) 5.4 0.25 0.82




Figure Captions

Fig. 1. Location of CWAT boreholes along Exploratory Studies Facility and at Y ucca
Mountain, Nevada. Stratigraphic units along the plane of the ESF are indicated

using the nomenclature of Buesch et al. (1996).

Fig. 2. Inverse normative probability plot of Br/Cl datafrom CWAT boreholes: (a) full
data set and (b) expanded view of background datato more clearly show the

break between background and construction water samples.

Fig. 3. Bromide-to-chloride profiles for salts leached from CWAT cores.

Fig. 4. Oneredlization of the heterogeneous permeability field for the fracture
continuum; the matrix is homogeneous. The model is symmetric about the line
X = 0. While both the fracture and matrix continua occupy the entire model
domain, the fracture continuum is shown on the left and the matrix on the right

of the symmetry axis.

Fig. 5. Volume-weighted average water-content changes in fracture continuum and
matrix continuum (@) 1 day, (b) 10 days, (c) 30 days, and (d) 180 days after
construction-water release from the ESF invert in the middle nonlithophysal

Zone.

Fig. 6. Water-content changes in second and third matrix continua (a) 1 day and (b) 180
days after construction-water release from the ESF invert in the middle

nonlithophysal zone.



Fig. 7.

Fig. 8.

Fig. 9.

Fig. 10.

Amount of water imbibed into the matrix to a depth of 30 m below the
construction water release point as afunction of time are shown on the left for 50
geostatistically equivalent realizations of the fracture permeability field. The
solid line represents the mean. The histogram of the final amount of matrix

imbibition is shown on the right.

Water-content change profiles along centerline calculated for the base-case
parameter set (dashed line) and for multiple Monte Carlo realizations, reflecting
the prediction uncertainty as aresult of uncertainty in the input parameters. The

thick line shows the average profile.

Water-content change profiles along centerline calculated for the base-case
parameter set (dashed line) and for multiple Monte Carlo realizations, reflecting
the prediction uncertainty as aresult of uncertainty in the input parameters and
variability in the fracture continuum’ s permeability field. The thick line shows

the average profile.

Average water-content change profiles for construction-water release in the
upper lithophysal zone (CWAT#3) and the middle nonlithophysal zone
(CWAT#2). Triangles represent measurement locations in boreholes CWAT#2
and CWAT#3; filled triangles indicate detection of construction water. Detection

limit is a water-content change of approximately 0.2%.
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