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Conceptual model of the geometry and physics of water flow

in a fractured basalt vadose zone
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Abstract.

A conceptual model of the geometry and physics of water flow in a fractured

basalt vadose zone was developed based on the results of lithological studies and a series
of ponded infiltration tests conducted at the Box Canyon site near the Idaho National
Engineering and Environmental Laboratory. The infiltration tests included one 2-week test
in 1996, three 2-day tests in 1997, and one 4-day test in 1997. For the various tests, initial
infiltration rates ranged from 4.1 cm/d (4.75 X 1077 m/s) to 17.7 cm/d (2.05 X 10~7 m/s)
and then decreased with time, presumably because of mechanical or microbiological
clogging of fractures and vesicular basalt in the near-surface zone, as well as the effect of
entrapped air. The subsurface moisture redistribution was monitored with tensiometers,
neutron logging, time domain reflectrometry, and ground-penetrating radar. A conservative
tracer, potassium bromide, was added to the pond water at a concentration of 3 g/L to
monitor water flow with electrical resistivity probes and water sampling. Analysis of the
data shows evidence of preferential flow rather than the propagation of a uniform wetting
front. We propose a conceptual model describing the saturation-desaturation behavior of
the basalt, in which rapid preferential flow occurs through the largest vertical fractures,
followed by a gradual wetting of other fractures and the basalt matrix. Fractures that are
saturated early in the tests may become desaturated thereafter, which we attribute to the
redistribution of water between fractures and matrix. Lateral movement of water takes
place within horizontal fracture and rubble zones, enabling development of perched water

bodies.

1. Introduction

Fluid flow and chemical transport in unsaturated fractured
rocks are currently being studied with respect to the siting of
radioactive waste repositories (e.g., Yucca Mountain, Nevada)
and remediation of contaminated sites (e.g., Idaho National
Engineering and Environmental Laboratory (INEEL), Idaho).
The Department of Energy faces the remediation of several
contaminated sites with fractured basalt vadose zones, where
chemical and radioactive wastes released from shallow ponds
and deep wells have traveled downward sporadically through
narrow fracture pathways that are difficult, if not impossible, to
detect. In addition, lateral spreading of water has occurred
through systems of perched water zones that are poorly under-
stood. Thus the behavior of contaminants at these sites has
been very difficult to predict. Development of effective reme-
diation procedures for these contaminated sites requires an
appropriate conceptual model that describes the geometry of
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the flow domain and the physics of water flow through it. In
general, conceptual models that describe water flow include a
description of the hydrologic components of the system and
how mass is transferred between these components. The de-
velopment of a conceptual model is based on the analysis and
simplification of data collected during field and laboratory
experiments (Figure 1). A key difficulty with the procedure
outlined in Figure 1 is that without a conceptual model we do
not know what tests to conduct, what parameters to measure,
where to place probes, or what probes to use. Consequently,
the development of a conceptual model requires an iterative
approach, in which we conduct a series of tests to obtain data
and, concurrently, develop a conceptual model of water flow to
refine our tests.

The unique feature of fractured rocks is that flow and trans-
port processes are affected by the contrast in hydraulic con-
ductivities of the fractures and porous matrix, which may be
extreme and localized. For example, in fractured basalt, frac-
tures with hydraulic conductivity as high as 30 m/d (3.5 X 10~*
m/s) [Wood and Norrell, 1996], or even higher [Heath, 1984],
are imbedded in a rock matrix with hydraulic conductivity as
low as 1078 m/d (1.2 X 107* m/s). Water flow in a fracture
network embedded in a low-permeability matrix depends
strongly on the interconnection or connectivity of the fractures
[National Research Council Committee on Fracture Character-
ization and Fluid Flow, 1996]. Often many, or in some cases
nearly all, observable fractures play no significant role in flow,
even when they appear to be interconnected [Knutson et al.,
1993; Priest, 1993). Fractures may be nonconductive because
apertures are closed under the ambient stress state or by min-
eral precipitation. Fracture conductivity may decrease during
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Figure 1. The relationship between different stages of an investigation showing how a conceptual model

relates to field and numerical investigations.

an infiltration event owing to clogging, sealing, or air entrap-
ment. The effects of capillary, viscous, and gravitational forces
are relatively well understood for unsaturated porous media,
but their coupling effects in fractured media are not well un-
derstood and cause uncertainty in predictions of flow and
transport.

Over the past 20-30 years a number of authors have con-
ducted field, laboratory, and modeling research on the devel-
opment of conceptual models for flow and transport in unsat-
urated fractured rocks [e.g., Evans and Nicholson, 1987; Peters
and Klavetter, 1988; Wang and Narasimhan, 1993; Pruess, 1999;
Pruess et al., 1999]. A series of water flow and solute migration
experiments were conducted in unsaturated fractured chalk in
the Negev Desert of Israel by Nativ et al. [1995], Dahan et al.
[1998], and Weisbrod et al. [1998]. They designed a compart-
mental liquid sampler, which was inserted into a horizontal
borehole, to collect infiltrating solution at multiple locations.
They estimated the amount of water flowing through the frac-
tures and imbibing into the matrix across the fracture walls and
determined that under variable moisture content conditions
the fracture aperture, roughness, and flow channels varied with
time. They also noted that under field conditions the effective
fracture aperture was more than 1 order of magnitude smaller
than that expected based on laboratory conditions. Or and
Ghezzehei [2000] studied water dripping into subterranean cav-
ities in a fractured porous medium in order to improve esti-
mates of dripping rates onto waste disposal canisters placed in
caverns. These results suggest that conventional approaches
and concepts, such as Darcy flow through a constant fracture
aperture, may not be valid for characterizing unsaturated frac-
tured rocks.

Several laboratory-scale investigations were conducted using
natural fracture cores and fracture replicas to investigate fac-
tors and processes affecting flow and transport under con-
trolled conditions at the centimeter to decimeter scale. For
example, Persoff and Pruess [1995] injected a water-air mixture
into a fracture replica under different flow rates and observed

temporal instabilities of water and air pressure at the entrance
and exit of the fracture as well as instabilities in the capillary
pressure in the fracture. From their observations they con-
cluded that the redistribution of entrapped air created spatial
and temporal flow instabilities. Glass et al. [1991], Lenormand
and Zarcone [1989), Nicholl et al. [1993, 1994], and Su et al.
[1999] observed phenomena of preferential flow and channel-
ing in fractures or fracture replicas.

Despite the value of laboratory studies to elucidate funda-
mental aspects of fracture flow, there remains a lack of under-
standing of how real systems composed of multiple fractures
and other hydrogeological components behave at the field
scale, which forces researchers to make many assumptions,
most or which are site-specific, and to oversimplify models
[Eaton et al., 1996]. To improve the models, we need to inves-
tigate under what conditions fractures conduct water, the ef-
fects of fracture infilling materials and asperity contacts, when
unsaturated fractures constrain flow by playing the role of
capillary barriers, and how fracture-matrix interactions affect
flow.

Field measurements in unsaturated fractured rocks of the
vadose zone have proven challenging because of difficulties
with drilling and completion of boreholes, setting up instru-
mentation to provide access to fractures, and collecting water
from fractures and matrix for chemical analysis. The design of
borehole tests and the interpretation of data in fractured rocks
are complicated because the response in a monitoring well may
only be from a single fracture [National Research Council Com-
mittee on Fracture Characterization and Fluid Flow, 1996]. In
this case, measuring the test response is equivalent to measur-
ing the response in a single pore in a porous medium. There-
fore “point” measurements in a fractured system cannot reveal
processes that result from the interaction of features at many
different scales that are related to each other in a complex
manner.

The purpose of this paper is to discuss the development of a
conceptual model of the geometry of the flow domain and the
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Figure 2. Map of the Eastern Snake River Plain and the location of the Box Canyon experimental site.

physics of water flow in a fractured basalt vadose zone based
on results from a detailed site characterization and a series of
ponded infiltration tests using a tracer. The field experiments
were conducted at the Box Canyon site, located in the Eastern
Snake River Plain near INEEL (Figure 2). The area called Box
Canyon is adjacent to the Big Lost River. The Box Canyon site
is an environmentally clean analog site for contaminated sites
at INEEL. Minimal soil cover and a nearby cliff face exposure
provide an excellent opportunity to study the relationships
between the fracture pattern and the hydrogeologic response
to the infiltration tests.

In this paper, after an overview of the Snake River Plain
geology, we present a preliminary conceptual model for water
flow in a fractured basalt vadose zone, based on the analysis of
data obtained during the Large Scale Infiltration Test (LSIT)
conducted at INEEL. The lithology and fracture pattern at the
Box Canyon site, the results of a series of ponded infiltration
tests, and an augmented conceptual model of the geometry
and physics of flow are then presented.

2. Snake River Plain Geology

The Snake River Plain is primarily composed of fractured
Quaternary basalt flow units, interlayered with sedimentary

deposits [Welhan and Reed, 1997]. Sedimentary interbeds may
separate basalt flow units that were formed at widely separated
times, and their thickness may range from a few centimeters to
as much as 15 m. Some have great areal extent, while others
are of limited extent. Basalt flow units are composed of a
number of basalt flows arising from the same eruption ¢vent.
Individual basalt flows generally consist of multiple lobes that
are clongated in one direction, giving them a finger-like or
lenticular structure. Typical lobe dimensions are 3-12 m thick
and 20—60 m wide, with lengths of up to a kilometer [Sorenson
et al., 1996]. Basalt flows are typically highly fractured or rub-
blized at the flow margins. Geophysical logging and borehole
coring results suggest that the total basalt thickness in the
Snake River Plain may exceed 3 km. A more detailed descrip-
tion of the lithology of the Snake River Plain is given by
Knutson et al. [1993]. ‘

3. Preliminary Conceptual Model Based on
Results of the Large-Scale Infiltration Test

The LSIT was conducted at the Radioactive Waste Manage-
ment Complex of INEEL in 1994 to characterize water flow on
the scale of several hundred meters (the macroscale) [Wood
and Norrell, 1996]. A 26,000 m? infiltration basin was flooded
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with water for a period of 36 days, and several tracers were
added to the basin water 6 days after the onset of flooding
[Newman and Dunnivant, 1995]. The existing conceptual model
for flow at the macroscale assumed that the Snake River Plain
basalt behaved as an oversized porous medium, in which the
network of rubble zones surrounding individual basalt flows
represented the pore space and the basalt flows represented
the mineral grains. It was assumed that the permeability of the
intra-basalt-flow fractures was negligible in comparison with
that of the inter-basalt-flow rubble zones. Consequently, the
large aspect ratio of the individual basalt flows (lateral extent
significantly exceeds thickness) would impart a large anisot-
ropy to the effective permeability of the medium (horizontal
permeability significantly exceeds vertical permeability). Be-
cause of the macroscale anisotropy, extensive lateral spreading
was expected to accompany infiltration, so a large fraction of
the monitoring wells were located outside the footprint of the
infiltration pond. Of the 101 monitoring locations, water was
recovered from 30, and the tracer, Se-75, assumed to be con-
servative, was found in only 26. No monitoring locations out-
side the footprint of the infiltration pond showed water or
tracer arrival in the vadose zone, except in perched water zones
just above a sedimentary interbed located at a depth of ~70 m.
The shapes of the breakthrough curves varied significantly
between the different locations. Newman and Dunnivant [1995]
were able to model 10 of the 26 tracer breakthrough curves
using a one-dimensional model of advective-diffusive transport
through a homogeneous porous medium with a constant water
velocity. The low success rate of the one-dimensional model
indicated that a volume-averaged macroscale conceptual
model was inappropriate for interpreting field-scale measure-
ments within a fractured basalt vadose zone.

In order to improve the conceptual model and to interpret
the spatial and temporal distribution of tracer in the subsur-
face, a schematic fracture pattern keyed to representative
breakthrough curves (BTC) from the LSIT was developed
(Figure 3). The analysis of a variety of the BTC shapes implies
that the detection of tracer depends on the location of the
sampling point within the fracture system and the connectivity
of the fractures supplying water to that point. The BTCs do not
produce a unique correlation between the distance from the
tracer source and tracer arrival time. For example, although
tracer-free water infiltrated the basin for 6 days prior to the
addition of tracers, the first water observed in several wells
contained tracer (locations 2, 5, and 6 in Figure 3). In addition,
tracer-free water was observed in several lysimeters through-
out the course of the test (locations 3 and 4).

Despite the presence of the inter-basalt-flow rubble zones in
the vadose zone at the LSIT site, lateral spreading was only
significant over the sedimentary interbed. It appeared that
intra-basalt-flow vertical fractures contributed considerably
more to the overall vertical permeability than had previously
been assumed. To better understand this contribution, we fo-
cused our studies at the Box Canyon site on the intermediate
scale (several meters) over the central portion of a single basalt
flow. At this scale the internal fracture pattern within the basalt
flow is assumed to be a major factor affecting water flow.

4. Lithology and Fracture Pattern
at Box Canyon

The surface of the Box Canyon site consists of exposed
weathered basalt and soils (clays and silts), which infill the
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near-surface fractures and basalt column joints. The depth to
the regional aquifer is ~200 m, and a perched water zone is
located at a depth of ~20 m. Along the vertical Box Canyon
cliff face, located ~30 m from the infiltration pond, two dis-
tinct basalt flows separated by a rubble zone can be seen.

The connectivity of the fracture pattern and its relationship
to other geological features are of critical importance. A frac-
ture map provides the best illustration of the fracture spatial
distribution, persistence, and the size and shape of fracture-
bounded blocks [Laubach, 1991]. The two-dimensional map (a
vertical cross section) of the fracture pattern in the uppermost
basalt flow exposed on the side of the cliff at Box Canyon is
shown in Plate 1. The basalt flow is divided into upper and
lower zones of distinctly different fracturing because of differ-
ent cooling rates and temperature gradients in the upper and
lower portions of the basalt flow. Plate 1 also depicts fractures
of varying length propagating from the top of the basalt flow
that connect the surface with major vertical and horizontal
fractures, whereas the fractures propagating upward from the
bottom of the basalt flow are less well connected and may be
considered dead-end, or nonconductive, fractures.

Site characterization, including cliff face mapping, borehole
logging, and cross-hole gas-phase interference tests, revealed
that the fractured basalt vadose zone is composed of the fol-
lowing geological components (shown in Plate 1): (1) soils and
flow top breccia and boulders, (2) near-surface soil-infilled
fractures, (3) upper and lower vesicular zones, (4) isolated
vesicular layers, (5) massive basalt, (6) a central horizontal
fracture zone, and (7) a flow contact rubble zone.

The discontinuities that affect water flow the most in frac-
tured basalt are column-bounding fractures (also called joints
[Engelder, 1987; Priest, 1993]), intrabasalt fractures, fracture
zones, and rubble zones. Column-bounding fractures in basalt
usually form a polygonal network, created perpendicular to the
cooling isotherm due to thermal contraction of basalt lava.
Using fracture maps of seven basalt flows below and adjacent
to the Box Canyon site, we determined the horizontally aver-
aged spacing between fractures as a function of depth (Figure
4). The spacing between fractures for several basalt flows,
likely of the same eruption, is markedly similar and exhibits an
increase in spacing with depth in the upper two thirds of the
flow thickness. The base of each basalt flow shows an inverted
pattern, in which the lower part of the flow contains a smaller
spacing between fractures than the center of the flow. At the
exposed upper surface of the basalt flow the spacing between
fractures is as low as 0.3 m. However, it is clear that some
material has been removed from the upper exposures by
weathering, thus removing the basalt with the smallest fracture
spacing that is often present in the uppermost 2-3 cm of
material in an unweathered basalt flow. Overall, the upper two
thirds of the basalt flow is characterized by small fracture
spacing and thus has more fractures than the lower third. In
some basalt flows, there is a region near the center of the basalt
flow that contains highly fractured rock that does not display
the columnar style of fracturing [Long and Wood, 1986;
Tomkeieff, 1940]. These subhorizontal central fracture zones
are present in ~40% of basalt flows examined at Box Canyon,
and one is observed below the infiltration site (Plate 1). On the
basis of the results of experiments on core samples by Knutson
et al. [1990] the porosity of the basalt matrix ranges from 20 to
40% with an arithmetic mean porosity of 19.2%, and the geo-
metric mean permeability is 2.24 X 107 '° m? (the mean is
biased toward low permeability because permeabilities greater
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Figure 3. A conceptual model of a fracture pattern (not to scale) and (a) the types of flow paths and (b)
different tracer breakthrough curves determined during the LSIT. The numbers on Figure 3a indicate the
locations of lysimeters for which breakthrough curves are shown: (1) multimodal BTC due to a confluence of
flow from multiple conductive fractures, (2) single-peak BTC in a single conductive fracture, (3) very slow
diffusion of the tracer in a saturated dead-end fracture, (4) no tracer arrival in a low permeability massive
basalt, (5) diffusion of the tracer in vesicular basalt near a conductive fracture, and (6) delayed and abrupt
tracer arrival in a deep horizontal fracture or rubble zone. On Figure 3b, the horizontal axis is the time since
the tracer was introduced in the pond, and the vertical axis is activity of Se-75 in pCi/L. BTC curves are from

Newman and Dunnivant [1995].

than 1072 m? from vesicular zones were not included in this
calculation).

The fracture distribution observed at the Box Canyon cliff
face was simplified and idealized in order to conmstruct the
simple four-generation “tree” model shown in Figure 5. The
model shows that the largest basalt column is subdivided into
several columns toward the top of the flow. This model also

shows the branching (bifurcation) phenomenon for individual
fractures, which may cause preferential flow paths and multiple
flow paths leading to a given point. The model shown in Figure
5 indicates that in order to represent all geological components
of a basalt flow the minimal domain for a geological investi-
gation should extend from the top to the bottom of the basalt
flow and its width should coincide with the maximum spacing
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Figure 4. Column-bounding fracture spacing as a function of
depth for seven basalt flows under (thick line) and adjacent to
the Box Canyon infiltration pond.

between the columnar joints. At the Box Canyon site the av-
erage spacing between columnar joints is 0.46 m at the surface,
2.0 m near the center of the basalt flow, and 1.3 m at the
bottom. The maximum spacing near the center of the flow is
from 3.5 to 4 m.

5. Methods and Results of the Box Canyon
Infiltration Tests

5.1. Design of Instrumentation Used
at the Box Canyon Site

5.1.1. Site layout and instrumentation. Over the course
of 3 years (1995-1997), 38 vertical and inclined boreholes were
drilled (diameters of 10-15 cm) and logged (natural gamma
and caliper measurements, downhole video recording, bore-
hole scanning, and core description) to provide information
about the types of fractures, the depth of soil infilling the
fractures, the occurrence of vesicular zones, and the locations
of fracture zones and rubble zones [Faybishenko et al., 1998a,
1998b]. Plate 2a shows a three-dimensional view of the bore-
hole layout. In 1995, three groups of 20 wells were drilled to
study the geology of the site and to conduct hot air injection
[Long et al., 1995] and ambient air injection tests [Benito et al.,
1999], including vertical wells of series I (depths of 12 m) that
intersected the first rubble zone, vertical wells of series II
(depths of 18.3-22.5 m) that intersected several rubble zones,
and inclined wells (30° from vertical) of series S (lengths of
4.9-21.2 m) that intersected one or several rubble zones. An
example of the geological information obtained from series I
and IT wells is shown in Plate 2b.
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In 1996, three groups of 16 wells were drilled to install
monitoring instrumentation, including vertical wells of series T
(depths of 3—6.7 m), and inclined wells (27°-45° from vertical)
of series E and R (lengths of 18.3-22.9 m). In 1997, after
interpretation of the results of the 1996 infiltration test, which
showed a zone of preferential flow between wells R1 and R2,
two additional inclined wells (R5 and R6) were drilled between
existing R wells. Note that inclined boreholes were mostly
drilled from the outside of the pond to reduce the disturbance
to the pond surface and to intersect more vertical column-
bounding fractures to better characterize the three-dimen-
sional geometry of flow below the pond.

The types of instrumentation used during the infiltration
tests are summarized in Table 1. A more detailed description
of the instrumentation is given by Faybishenko et al. [1998b].
All the instruments were installed in boreholes using the fol-
lowing method of borehole completion [Faybishenko et al.,
1998d]. The instruments were attached to the outer faces of
polyethylene packers mounted onto sections of 3.5-cm OD
PVC manchette pipe, and the sections were glued together to
form a continuous string of instruments placed at preselected
depths. After the string with the probes was lowered into a
borehole, the packers and the space between the packers were
infilled with impermeable polyurethane resin, thus pressing the
instruments against the borehole walls. This completion
method ensured that no water flow occurred through the bore-
hole.

On the basis of the geometric conceptual model of the frac-
ture pattern we determined that the scale of the infiltration
tests should be of the order of 8 m, so that hydrological pro-
cesses are characterized on a scale that includes at least one or
two major column-bounding fractures (their maximum spacing
is 4 m at the center of the flow). Two designs of a 7 m by § m
pond berm were used. In 1996, the berm was constructed using
bags filled with crushed basalt and injected with polyurethane
resin in order to create a watertight barrier. However, this
design did not prevent water leakage at several locations be-
neath and through the berm during the first 1-2 days of the
test. For the remainder of the test the water leakage through
the berm to the area outside of the pond was <10% of the
infiltration rate into the subsurface within the pond. In 1997, a
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Figure 5. A conceptual tree-type model of the fracture pat-
tern and fracture connectivity of the basalt flows. Note that
nonconductive fractures originating from vertical fractures are
not shown.
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Plate 1. A photo of the Box Canyon infiltration pond and a two-dimensional map of the fracture pattern at the vertical basait
outcrop, showing the main functional geological components affecting water flow: (1) soils and flow top breccia and boulders,
(2) near-surface soil-infilled fractures, (3) upper and lower vesicular zones, (4) isolated vesicular layers, (5) massive basalt, (6)
central fracture zone, and (7) flow bottom rubble zone.
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Plate 2. (a) Perspective view of well layout at the Box Canyon field site; purple, open, uncased wells outside
the pond; gold, yellow, and magenta, backfilled, instrumented wells; green and teal, open, cased wells for
ground-penetrating radar (GPR) and neutron logging. The footprint of the infiltration pond is shown shaded.
A plan view of the Box Canyon site is given by Doughty [this issue, Figure 1a]. (b) Lithologies obtained from
core (white background) or borehole televiewer (gray background) for selected vertical boreholes, with
locations shown projected onto the easting axis of the site map shown in Plate 2a. The footprint of the
infiltration pond is shown shaded. Note that vertical fractures may not be identified in vertical boreholes and
are likely underrepresented.
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Table 1. Summary of the Types of Data Collected and the Instrumentation Used During the Infiltration Tests at the Box

Canyon Site

Type of
Instrumentation

Type of Data

Source

Cumulative volume of water water flow totalizer
supplied into the pond
Evaporation rate
Local infiltration rates at
several locations within the pond

Water pressure

evaporation pond

25-cm-diameter infiltrometers

tensiometers with water-filled connecting tubes,

Faybishenko et al. [1998b]

Faybishenko et al. [1998b]

SoilMoisture, Inc., Santa Barbara, Calif.

pressure transducers at the surface

Water and tracer samples

suction lysimeters: single chamber (0-20 feet, 0—6 m)

SoilMoisture, Inc., Santa Barbara, Calif.

double chamber (20-50 feet, 6-15 m)

Changes in moisture regime CPN 503DR hydroprobe

Time domain reflectometry (TDR) using the

Trase System

ground-penetrating radar (GPR)

thermistors
miniature ER probes
depth to water table meter

Temperature
Electrical resistivity (ER)
Water level in open boreholes

Zawislanski and Faybishenko [1999]
SoilMoisture, Inc., Santa Barbara, Calif.

Hubbard et al. [1997], Peterson et al. [1997],
and Vasco et al. [1997]

Faybishenko et al. [1998b]

Lee et al. [1998]

Faybishenko et al. [1998b]

small trench (15 cm high by 15 cm wide) was cut into the basalt
at the location of the previous berm and a permanent concrete
wall was constructed that practically eliminated water leakage
beneath and through the berm.

5.1.2. Design of the infiltration tests. A series of ponded
infiltration tests was designed to mimic episodic surface-
flooding events that occur during large rainstorms or snowmelt
events. This is the extreme condition for maximum infiltration
and contaminant transport from the surface to the water table.
From August 27, 1996, through September 9, 1996, a ponded
infiltration test (test 96-1) was conducted by maintaining water
at a spatially averaged depth of 23 cm above the uneven land
surface. A tracer test was conducted midway through test 96-1
by adding a slug of a potassium bromide (KBr) solution to the
pond water on September 2, 1996, yielding an average tracer
concentration in the pond of approximately 3 g/L. The water
supply to the pond was halted for 2 days so the tracer was not
diluted; thereafter the water supply was reestablished to main-
tain a constant water level.

A series of four infiltration tests was conducted from Sep-
tember 11, 1997 through November 3, 1997 (tests 97-1 through
97-4). In each of these tests a fixed volume of water containing
3 g/L of KBr infiltrated for 2 days (during test 97-4, the solution
infiltrated for 4 days), and then the remaining solution was
pumped out to allow ambient air to enter the subsurface. The
purpose of this design was to keep the concentration of the
tracer constant in the pond during infiltration. These tests were

also designed to decrease the effects of exhaustion processes
such as in washing and swelling of colloids, which lead to a
decrease in the infiltration rate with time, by providing inter-
mittent periods of drying between each test. Periodic flooding
is also thought to contribute to a chaotic component of flow in
the subsurface, the subject of another investigation being con-
ducted at the Box Canyon site [Faybishenko et al., 1998c]. Table
2 summarizes the volume of water and mass of salt that infil-
trated during each test.

5.2. Main Characteristics of Flow and Transport
During the Infiltration Tests

5.2.1. Infiltration rate. To analyze the infiltration rate
data obtained in the field, we first determined the cumulative
volume of water that infiltrated into the subsurface by subtract-
ing the cumulative volume evaporated from the cumulative
volume supplied to the infiltration pond at each time interval.
A Horton-type equation was used to fit the data of cumulative
volume infiltrated [Jury et al., 1991]

q = igt + (1/BYiy — ip[1 — exp (—p1)], §))

where g is cumulative water volume infiltrated per unit area
(cm®/cm?), ¢ is time (days, from the time when a constant water
level was established), and the fitting parameters are i, initial
infiltration rate (cm/d); i, final infiltration rate (cm/d); and B,
exponential decay parameter.

Table 2. Summary of Volumes of Water and Masses of Tracer (KBr) Supplied to the Pond During the Infiltration Tests at

the Box Canyon Site

Start of Ponding

End of Ponding

Volume of

Time, Time, Water Mass of Salt

Test Date LT Date LT Infiltrated, m> Infiltrated, kg
96-1 Aug. 27, 1996 1227 Sept. 9, 1996 1100 25.00 38.64
97-1 Sept. 11, 1997 1215 Sept. 13, 1997 1245 542 16.26
97-2 Sept. 18, 1997 1456 Sept. 20, 1997 1646 5.01 15.03
97-3 Oct. 2, 1997 1540 Oct. 4, 1997 1600 391 11.73
97-4 Oct. 31, 1997 1351 Nov. 3, 1997 1500 6.79 20.37
97 totals 21.13 63.39
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Figure 6. Time variation of the cumulative total volume of water infiltrated during the tests. The fitted lines
are from a regression analysis using equation (1). Test 96-1 was conducted for 14 days; however, only 4.5 days

are shown.

The experimental data and fitting curves are shown in Figure
6, and the fitting parameters for each test, which were deter-
mined using a least square nonlinear regression of Horton’s
exponential function, are summarized in Table 3. Note from
Table 3 that in order to compare fitting parameters for all tests,
we calculated these parameters for two cases: (1) assuming
that the tests lasted only 2 days and (2) for the entire duration
of tests given in Table 2 because tests 96-1 and 97-4 lasted
longer than the other tests.

Hortor’s [1940] equation was derived based on the assump-
tion that exhaustion processes are involved in the reduction of
the infiltration rate as the test proceeds. In such processes the
rate of performing work is proportional to the amount of work
remaining to be performed. In general, for a ponded infiltra-
tion test conducted in a partially saturated medium the pres-
sure gradient affecting the flow rate depends on both the
height of ponding and the magnitude of the natural state cap-
illary pressure. As the wetting front moves downward, the
pressure gradient decreases and accordingly so does the infil-
tration rate. Eventually, the front moves far enough away so
that the pressure gradient becomes negligible compared to the
gravity force and infiltration rate becomes steady. Infiltration
rate would continue to decrease if the infiltrating water moved
from high- to low-permeability regions. Strongly heteroge-
neous media (even those without a systematic depth trend in
permeability) tend to show a greater decrease in infiltration

rate with time than do homogeneous media, as large high-
permeability flow paths that are accessible from the ground
surface fill rapidly, leading to a large initial infiltration rate.
Another mechanism for a decreasing infiltration rate that has
been demonstrated for soils is the redistribution of entrapped
air above the wetting front [Faybishenko, 1999a].

Under ponded conditions in fractured basalt the exhaustion
processes leading to a decrease in infiltration rate include
surface and fracture sealing due to in washing, swelling of
colloids, redistribution of particles, and microbiological clog-
ging. However, numerical simulations of the Box Canyon in-
filtration test [Doughty, this issue] showed a significant de-
crease in the infiltration rate during ponding even without
taking into account exhaustion processes. We assume that in
addition to near-surface fracture sealing, the infiltration rate
also decreases due to the following processes:

1. As water fills the highest-permeability vesicular basalt
and closely spaced fractures in the upper part of the basalt
flow, it is funneled to the lower-permeability, widely spaced
fractures in the massive basalt in the lower part of the basalt
flow, and the overall permeability decreases as the test pro-
ceeds.

2. As water moves into partially saturated fractures and
imbibes into the matrix, the air it replaces may redistribute
itself and block liquid flow paths [Faybishenko, 1995; Persoff
and Pruess, 1995]. During the first 67 days of the 1996 test and

Table 3. Summary of Parameters Obtained by Fitting Horton’s Equation (1) to Cumulative Infiltration Data®

Tests
Parameter 96-1 96-1 97-1 97-2 97-3 97-4 97-4
Duration, days 11 2 2 2 2 2 4
B, 1/d 0.17 0.12 1.32 4.02 1.17 0.21 0.21
iy, cm/d 11.01 10.23 9.96 17.70 6.74 4.05 4.16
is, cm/d 0.00 4.72 2.16 2.70 1.63 3.01 0.63

“Note that in 1996, the test was completed in 14 days, whereas the first three tests in 1997 lasted 2 days, and the fourth test lasted 4 days.
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Figure 7. Time variation of the infiltration rates as determined from the derivative of the cumulative

infiltration curves using equation (2).

during the 1997 tests, air bubbles were observed rising to the
surface at several locations within the pond.

The infiltration rate V' (cm/d) into the subsurface is obtained
by differentiating (1) [Jury et al., 1991]:

v =dg/dt = i+ (ig — i) exp (—Bt). @)

Infiltration rates as determined from (2) are shown in Figure 7,
and the fitting parameters are given in Table 3. Although the
initial water depths in the pond were the same for all the tests
(spatial average of 23 cm), initial infiltration rates varied from
4.1 ecm/d (4.75 X 1077 m/s) to 17.7 cm/d (2.05 X 1075 m/s).
During test 96-1 the water level was held constant, while during
the tests in 1997 the water level dropped 4-6 cm/d. Despite
these differences, the final flow rates for all tests converged to
a narrow range from 1.6 to 3.0 cm/d (1.85 X 1077 t0 3.5 X 10~
m/s). Note that the entire pond surface was water-covered
throughout the tests to prevent air from entering the subsur-
face during infiltration tests. The decrease in infiltration rate
with time observed in these tests is consistent with the results
of many infiltration tests in soils [Jury et al., 1991] and fractured
rocks [Kilbury et al., 1986], in which a similar pattern of de-
creasing infiltration rate was observed.

Detailed analysis of the infiltration rate (Figure 6 and Table
4) indicated that the measured cumulative infiltration exhib-
ited short-term fluctuations, which increased in magnitude

Table 4. Standard Error and Correlation Coefficients
Determined by Fitting Horton’s Cumulative Infiltration
Function to Data Collected in the Field During the
Four Infiltration Tests in 1997

Standard Correlation
Test Error Coefficient
97-1 0.047 0.9998
97-2 0.083 0.9988
97-3 0.102 0.9962
97-4 0.206 0.9942

with each successive surface flooding. For example, Figure 6
shows that despite the overall trend of a decrease in the infil-
tration rate in test 97-4, at 0.7 days the infiltration rate rapidly
increased, followed by a period of 0.3 days when the infiltration
rate was practically zero; significant fluctuations were also ob-
served from 1.6 to 1.9 days. Table 4 shows that for each suc-
cessive test, the standard error increases and the correlation
coefficient decreases for the experimental data fitted to Hor-
ton’s equation. This analysis indicates that the infiltration rate
decrease is less gradual (i.e., more pulse-like) with each suc-
cessive pulse. These findings are consistent with those of
Vandevivere et al. [1995], who observed that during infiltration
tests in soils with microbiological clogging, hydraulic conduc-
tivity may not decrease monotonically but with fluctuations.
During test 96-1, local infiltration rates were measured with
nine infiltrometers (25 cm diameter) within the pond. The
water level within the infiltrometers was maintained at the
same level as in the pond. The infiltration rates were mostly
within the same range as the overall pond infiltration rate, as
shown in Table 5. The smallest flux value (infiltrometer 4) was

Table 5. Flow Rates Calculated for Individual
Infiltrometers and the Entire Pond for September 2-4, 1996*

Average Flow Description
Infiltrometer Rate, cm/d of Surface
1 33 soils (2.5 cm)
2 3.6 soils (5 cm) and cracks
3 3.2 soils (5 cm) and cracks
4 0.4 dense basalt
5 1.7 soils (5-15 cm)
6 24 soils (30 cm)
7 33 soils (15-20 cm)
8 24 soils (10-15 cm)
9 18 dense basalt
Pond volume averaged 31

“Note that these data were calculated using the water level drop at
night when evaporation was practically negligible.
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Figure 8. Time trend of water pressure measured with ten-
siometers in boreholes at different depths before and during
test 96-1: (a) well T-5 and (b) well T-9. Note that daily aver-
aged pressures are shown before the test and in well T-5 during
the test at depths of 1.52 and 3.04 m because pressure fluctu-
ations were large due to temperature fluctuations. Otherwise,
nine-point averaged pressures are shown.

measured at a location where the infiltrometer was installed on
the top of a basalt column. Calculations using the water flux
and hydraulic gradients in a near-surface 30-60 cm zone
showed the range of hydraulic conductivity from 0.003 m/d
(3.5 X 107% m/s) to 0.9 m/d (10~° m/s), with the lowest values
associated with the vesicular basalt and the largest values as-
sociated with fractures.

5.2.2. Water pressure. In this section we analyze the re-
sults of field measurements of water pressure using tensiom-
eters from test 96-1 and test 97-3. Measurements were taken at
23 locations between depths of 0.3 and 3 m in eight wells within
the pond and three wells outside the pond. Figure 8 shows
typical results of water pressure measurements in two bore-
holes located within the pond. Figure 8a shows that in well T-5
a gradual response at a depth of 3.04 m underlies no arrival at
a depth of 1.52 m, indicating the phenomena of bypass and
nonuniform vertical flow. Figure 8b shows that in well T-9 the
water pressure decreased after the initial rapid increase at
depths of 1.52 and 3.04 m. At a depth of 1.52 m the water
pressure increased again after 7 days. Thus, during test 96-1 a
steady state regime of hydraulic heads did not develop below
0.3 m.

In contrast to the almost instantaneous response of tensi-
ometers to the beginning of ponding, the pressure responses
after the end of ponding occurred more slowly. Finsterle and
Faybishenko [1999] and Faybishenko and Finsterle [2000] used
the results of a laboratory test and numerical modeling of the
saturation-desaturation of a fractured basalt core to show that
the water pressure measured in fractured rocks by tensiom-
eters is determined by the most permeable component (frac-
ture or matrix) at the time of measurements. Their studies

FAYBISHENKO ET AL.: CONCEPTUAL MODEL OF WATER FLOW GEOMETRY AND PHYSICS

revealed that during the saturation event the tensiometer mea-
sures the fracture water pressure and during the drying event
it measures the matrix water pressure.

A summary of the changes in water pressure that occurred
during tests 96-1 and 97-3 is given in Table 6 for three depth
intervals:

1. In the shallow interval (0.3—0.6 m), all the tensiometers
showed rapid pressure increases (within 0.5-1 day) during test
96-1, and five of the eight probes showed rapid increases dur-
ing test 97-3. The three probes that showed no response were
already in a wetted formation (indicated by a positive pressure)
before the start of test 97-3. They showed no response because
under wetted conditions, the arrival of infiltrating water is not
necessarily accompanied by a notable pressure increase.

2. In the intermediate interval (1.5-1.8 m), during both
tests, some tensiometers responded gradually (within 1-3 days)
to ponding, suggesting slow, indirect routes of water travel.

3. Inthe deep interval (2.7-3 m), there were very few rapid
arrivals and a larger number of nonarrivals, indicating that
water bypassed most of the tensiometers.

These observations are consistent with the structure of the
fracture pattern observed within a single basalt flow, which
showed a tributary structure that funnels flow from many shal-
low fractures to a few fractures as depth increases, as shown in
Plate 1 and Figure 5. Figure 9a shows that lithology at the
tensiometer location does not correlate well to water arrival
time. This is because arrival time depends on the entire flow
path above and below the probe.

Some examples of the vertical hydraulic head profiles deter-
mined prior to and during tests 96-1 and 97-3 are shown in
Figure 10. If the hydraulic head profile is located to the right of
the diagonal (solid line), the water pressure is positive, and the
hydraulic system is saturated or quasi-saturated (with en-
trapped air). If the hydraulic head profile is located to the left
of the diagonal, the water pressure is negative, and the system
is unsaturated. In well T-5 during test 96-1 (Figure 10a), the
saturated (or quasi-saturated with entrapped air) zome ex-
tended from the surface to a depth of ~0.6 m, and the unsat-
urated zone was present below this depth. However, in the
same well during test 97-3 the unsaturated zone extended all
the way to the surface (Figure 10b), although conditions were
generally wetter in 1997. In well T-9 the formation was satu-
rated (or quasi-saturated) during test 96-1 from the surface to
3 m (Figure 10c), but in test 97-3, there was an unsaturated

Table 6. Categorization of Tensiometer Responses by
Depth for the 1996 Test

Response
Depth Saturated
Intervals, m  Rapid Gradual None Total Before Test
Test 96-1
0.3-0.6 8 0 0 8 1
1.5-1.8 4 3 1 8 1
2.7-30 3 2 2 7 1
Total 15 5 3 23 3
Test 97-3*
0.3-0.6 5 0 3 8 4
1.5-1.8 1 3 4 8 2
2.7-3.0 1 1 5 7 1
Total 7 4 12 23 7

*Pressure data from the third test were used because the data
records from the other pulses were incomplete due to technical prob-
lems with the data acquisition system.



FAYBISHENKO ET AL.: CONCEPTUAL MODEL OF WATER FLOW GEOMETRY AND PHYSICS

100%
80% |
80% 1 .;di.;q
40% - Mrapid |

20%

0% - Z

basalt

100%

(b)

80%

60% { Ouncertain
late
40% Wrapid
20%
0% -
Fractured Vesicular Massive
basatlt and basalt basalt
rubble zone

Figure 9. Correlations between lithology and water arrival
times: (a) tensiometer measurements and (b) water sampling
by suction lysimeters.

zone near the surface (Figure 10d). The presence of a satu-
rated zone determined by a local measurement does not nec-
essarily reflect the overall wetted condition beneath the pond.

5.2.3. Changes in moisture regime. Changes in the mois-
ture regime were determined using neutron logging, time do-
main reflectometry (TDR), and ground-penetrating radar
(GPR). It appears that the absolute value of the moisture
content in fractured rocks cannot be determined from field
measurements using these techniques because it is difficult, if
not impossible, to obtain calibration curves for fractured rocks
[Bishop and Porro, 1996]. Therefore we interpret relative in-
creases in neutron counts and electromagnetic wave travel
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times as identifying zones of increased moisture content and
use them to locate zones of preferential flow.

On the basis of neutron logging, numerous local increases in
moisture content were observed during test 96-1, particularly
at depths of 3 to 4 m and 6.5 to 10 m (Figure 11). These local
moisture content increases indicate preferential flow paths
with water bypassing locations above, between, and below
these locations. Well R-3, whose neutron logging data are
presented in Figure 11, is a slanted well drilled from the out-
side of the pond that intersects the vertical projection of the
pond at a depth of 12.2 m. The moisture increases above this
depth indicate horizontal flow beneath and beyond the infil-
tration pond. The moisture profiles in this deep slanted well
prior to and during the tests in 1997 were almost identical to
the moisture profiles at the end of test 96-1. Apparently, the
formation was wetted during test 96-1 and did not return to
background conditions 1 year later, before the beginning of
test 97-1.

Neutron logging of well T-10 showed that a 1-m zone be-
neath the pond and a low-angle fracture at 1.5 m were weited
sometime during the 1997 tests, while no moisture increase
occurred below that depth (Figure 12a). The moisture content
at the depth of 1.5 m rapidly increased sometime between tests
97-1 (ended on September 13, 1997) and 97-2 (started on
September 18, 1997), and then increased slowly thereafter
(Figure 12b).

Plate 3a shows a wave velocity difference tomogram, ob-
tained using GPR surveys conducted between wells R-1 and
R-2 prior to and during test 96-1. There were several local
increases in moisture content, especially within the central
fractured zone and the rubble zone. During tests 97-1 and 97-2,
no significant changes in the moisture content were observed
using GPR.

TDR probes were installed near the surface to a depth of
0.5 m. All probes within the pond responded almost immedi-
ately to ponding, indicating a rapid saturation of both the
fractures and matrix at depths down to 0.5 m. These measure-
ments suggested that the near-surface weathered basalt acted
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Figure 10. Hydraulic head variations with depth in wells T-5 and T-9 before and during the infiltration tests:
(a) well T-5, test 96-1; (b) well T-5, test 97-3; (c) well T-9, test 96-1; and (d) well T-9, test 97-3.
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Figure 11. Neutron logging results in well R-3, a slanted borehole located partially (from the surface to the
depth of 12.2 m) outside of the pond and partially beneath the pond before and during test 96-1 and the tests
in 1997. Note that the groundwater level is at 19.8 m. An increase in neutron counts is interpreted as an

increase in moisture content.

as a porous medium. Probes located outside the pond re-
sponded later during the infiltration test, indicating lateral
movement of water in the near-surface zone.

5.2.4. Temperature. Subsurface temperature changes
may arise via two modes of heat transfer from the ground
surface: conduction caused by temperature gradients and con-
vection caused by infiltrating water. In a homogeneous me-

(a) Relative neutron counts
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dium, temperature changes due to conductive heat transfer
with a periodically varying surface temperature are dampened
exponentially with depth and delayed in time. Using subsurface
temperature profiles collected from Box Canyon [Lorng et al.,
1995], conduction theory predicted that daily temperature vari-
ations could propagate only ~0.5 m, while seasonal tempera-
ture variations could propagate to a depth of 10 m. Departures

Infiltration pulse number

(b)

3.2
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Figure 12. Neutron counts relative to pretest counts in well T-10, a vertical borehole located inside the
pond, during the 1997 tests: (a) vertical profile and (b) temporal change at 1.5 m. The width of the shaded area

indicates the duration of the infiltration test.
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Figure 13. Water level in well I-S during the 1997 tests. The
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ponded.
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from this general pattern indicate that convection is altering
the temperature profile and potentially could be used to locate
preferential flow paths.

During test 96-1, subsurface temperature measurements
were for the most part consistent with purely conductive heat
flow: temperature changes generally decreased with increasing
depth and no thermistor deeper than 7 m showed any temper-
ature change. Of the 29 thermistors used to conduct measure-
ments, seven showed changes in temperature that could not be
explained by conduction alone. Six of the seven were gradual
changes in temperature that differed from conduction theory
by at most a few degrees. The strongest evidence for convective
flow occurred at a depth of 4.6 m in well I-3, where the tem-
perature response showed small daily temperature variations
at a depth far too great to be explained by conduction, strongly
suggesting that a fast flow path for infiltration was nearby.
During the tests in 1997, all the temperature observations were
consistent with conductive heat flow, probably because of the
smaller volume of water infiltrated and the wetter pretest con-
ditions, both of which factors would lessen the thermal signa-
ture of the infiltrating water.

5.2.5. Perched water levels. Observations using tensiom-
eters installed in backfilled boreholes showed that at some
locations the water pressure became positive (0.15-1.85 m)
during ponding, indicating that local perched water zones were
formed because of infiltration. Perched water zones were also
identified in cased, but open at the bottom boreholes within
the footprint of the pond. For example, the height of water
above the bottom of well T-10 (depth 3.05 m) was 0.65 m, and
it was 0.35 m in well T-8A (depth 6.1 m). During test 96-1,
seepage of water was observed along the borehole wall at the
level of the rubble zone (~12 m depth) in wells 11-7 and II-2.
Water also accumulated at the bottom of well I1-6 at a depth
of 12 m. Wells 1I-2, II-6, and II-7 are open, uncased wells
located 3-5 m NW, east, and SE, respectively, from the infil-
tration pond (see Plate 2a). However, not all of the open wells
outside the pond showed perched water at the rubble zone
depth, indicating that lateral flow was not uniformity distrib-
uted away from the infiltration pond.

During the tests in 1997, perched water was observed in well
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I-5 (a 12-m-deep well located 1.5 m from the boundary of the
pond) with an almost immediate rise in the water level during
ponding and then a dramatic drop during periods of drying
(Figure 13). This indicates that there was a major fast flow path
linking the pond with the borehole. Note that transient water
level changes in conventional boreholes installed in fractured
rocks are not quantitative indicators of in situ conditions be-
cause of the different specific yield (S) for the fractured rock
(S << 1) and the open space (S = 1) of a borehole. Thus our
water level observations confirmed that open, uncased bore-
holes in fractured rocks could lead to misleading results be-
cause of short-circuiting between otherwise unconnected frac-
tures.

5.2.6. Water and tracer sampling. During the first week
of test 96-1 (before the tracer was added), water samples were
taken to determine the water arrival time at different depths.
Table 7 shows a decrease in the percentage of locations (from
82% to 44%) of water arrival with depth through the upper
half of the basalt flow (down to 5 m), which is presumably due
to the increase in fracture spacing with depth. These data are
consistent with the tensiometer data (Table 6) and support the
hypothesis of a funneling of flow with increasing depth. There
is an increase in the percentage of locations showing water
arrival near the central fracture zone (73% within the 5 to 9 m
interval) and rubble zone (67% within the 9 to 14 m interval)
because these zones allow both lateral and vertical flow to
occur more easily. The first arrival times given in Table 7 show
rapid movement of water, of the order of 5 m/d (6 X 10 m/s)
through the fastest flow paths. However, there were locations
at every depth that did not respond during the test.

Figure 9b illustrates that the percentage of rapid arrivals was
higher at locations of fractures and rubbles and lower in the
massive basalt and the percent of late arrivals does not corre-
late to lithology. Whether or not water arrives to a certain
location depends on the entire pathway from the ground sur-
face to the space around the lysimeter. Early arrivals are in-
terpreted as reflecting a relatively direct pathway from the
surface to the monitoring location along fractures. Addition-
ally, the suction lysimeter is not a point-type probe because as
vacuum is applied, water is drawn from a certain rock volume
around the probe. Once the moisture content of fractures and
matrix changes, the radius of influence changes as well.

The tracer arrival data from test 96-1 were consistent with
water sampling and tensiometry data, suggesting that no single
tracer front moved uniformly downward during infiltration,
reinforcing the hypothesis of preferential water flow. The
tracer was detected in lysimeters installed in the rubble zone at

Table 7. Categorization of Water Arrival Time by Depth
Using Suction Lysimeter Data for the 1996 Test

Number of Total Percent of  First Arrival
Locations Number of Locations Time, days
Depth ~ Where Water Locations Showing  since start of
Intervals, m  Arrived® Sampled Water Arrival test
0-1 9 11 82 <1
1-2 7 10 70 <1
2-3 6 9 67 <1
35 4 9 44 <1
59 8 11 73 1
9-14 4 6 67 2
Total 38 56 68

“During 11 days of monitoring.
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Figure 14. Breakthrough curves for bromide during the 1997 tests for well I-1 at four depths (0.3, 1.5, 6.1,
and 10.1 m). Vertical lines show the duration of pulses. Note that well I-1 is a vertical borehole within the

boundaries of the pond.

depths of 10.5 and 12 m and in the fracture zones (or individual
fractures) at depths of 2.6, 5.5, 7.2, and 10.1 m.

Tracer data from the tests in 1997 were for the most part
consistent with tracer data from test 96-1. Figure 14 illustrates
breakthrough curves for bromide obtained at different depths
in well I-1. The wetter conditions and larger mass of tracer
introduced during these tests (see Table 2) allowed the tracer
to penetrate deeper into the formation than during test 96-1.
At a depth of 1.5 m, bromide concentrations reached over 2
g/L, whereas at 0.3 m, located directly above this point, the
concentrations remained at background levels (<0.05 g/L),
showing strong evidence of preferential flow. A tracer concen-
tration of 0.43 g/I. was detected at a depth of 10.1 m, where a
horizontal fracture/rubble zone was identified in the lithologi-
cal log (see Plate 2a).

5.2.7. Electrical resistivity. Miniature electrical resistiv-
ity (ER) probes were used to determine localized resistivity
values along the boreholes during the infiltration tests. Tem-
poral variations occurred in all tests, usually with decreases in
resistivity during ponding (Figure 15a), which we interpret as
an increase in tracer (salt) concentration. In general, resistivity
values were lower during the tests in 1997 than during test 96-1
because the formation was wetter and/or more saline after the
1996 infiltration test. These results are in agreement with the
data obtained from neutron logging, GPR, and tensiometry
data.

Nearly all the ER probes (96%) located near fractures or in
the central fracture zone showed a decrease in resistivity dur-
ing the tests in 1997, indicating that the tracer eventually
reached most if not all fractures (Figure 15b). Half the probes
in the rubble zone (~12 m depth), 33% of the probes in
vesicular basalt, and 30% of the probes in massive basalt
showed a decrease in resistivity. Thus the ER measurements
showed a qualitative correlation to lithology.

5.3. Insights From Numerical Modeling
of the Ponded Infiltration Test

Numerical modeling was used as a tool to investigate the
effects of fracture geometry, lithology, and entrapped air
(which cannot be monitored in detail under field conditions)
on water and air velocity fields, infiltration rate, and tracer
breakthrough curves. Here we summarize insights into the
conceptual model of flow and transport gained from the two-
dimensional (2-D) (vertical plane) numerical model of test
96-1, described in detail by Doughty [this issue]. The spatial
discretization for the 2-D model (Plate 3b) was created based
on the geometry of the fracture pattern and lithology of the
exposed Box Canyon cliff face (Plate 1) as well as on borehole
lithological data.

Modeling results suggest that the infiltration rate is sensitive
to both the intrinsic permeability of the highest-permeability
features (column-bounding fractures, denoted as primary ver-
tical fractures in Plate 3b) and the functional form of the
relative permeability curves used. Despite the fact that the
model did not explicitly include a temporal decrease in the
hydraulic conductivity of the near-surface layer (see section
5.2), it showed a significant temporal decrease in the infiltra-
tion rate. Modeling results suggest that coupled effects of the
geometry of flow (resulting in the funneling effect), the overall
decrease in the rock permeability with depth, and entrapped
air contribute to the decrease in infiltration rate.

The model predicted an irregular pattern of flow through
the subsurface during the ponded infiltration test, with much of
the water flow occurring preferentially through the highest
permeability vertical fractures. Short-range lateral flow oc-
curred through vesicular lenses, the central fracture zone, and
the rubble zone. Simulation of tracer movement showed a
variety of breakthrough curves in fractured basalt (Figure 16)
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Figure 15, Results of ER probe measurements: (a) example of temporal ER response in well S-3 during test
97-3 showing the decrease in electrical resistivity as affected by the tracer at depths of 0.8, 2.0 and 3.4 m and
(b) classification of all ER probe measurements made during the 1997 tests according to lithology.

confirming the results of both the LSIT (Figure 3) and the Box
Canyon infiltration tests (Figure 14). Plate 3b shows that two
probes located next to each other (e.g., locations 3 and 4), but
representing different flow paths, generate different break-
through curves.

The modeling studies considered two treatments for the air
present in the vadose zone [Doughty, this issue]. In the first
case, using the traditional soil physics approach, air was treated
as a passive phase, and the model only simulated water flow. In
the second case, the vadose zone was considered as a two-
phase flow system, in which coupled water and air flow were
simulated. The results suggested that air flow and entrapped
air significantly affect infiltration, creating a more nonuniform
moisture distribution in the subsurface and decreasing the
infiltration rate by ~30%. Examination of gas-phase flow paths
showed that while much of the air was purged from the sub-
surface region below the pond via lateral flow through the
central fracture zone and rubble zone, some air became en-
trapped and subsequently flowed upward into the pond
through the column-bounding fractures.

6. Summary of the Conceptual Model
of Water Flow

The data obtained during the infiltration tests have con-
firmed that infiltration is primarily controlled by the charac-
teristics of the fracture system within the basalt flow, leading to
strongly preferential, irregular, and nonrepeatable flow pat-
terns in the subsurface. Comparisons between test 96-1 and the
tests in 1997 show that flow patterns and zones of saturation
are highly variable from test to test. Apparently, they do not
depend solely on lithological features but are sensitive to both
initial conditions and flow history. Beneath the pond, the basalt
may be found in unsaturated, saturated, and quasi-saturated
conditions with entrapped air. These phenomena confirm the
complex character of water flow in a fractured basalt vadose
zone over space and time.

In order to describe such a complex system we propose the
multi-geological-component conceptual model illustrated in
Figure 17. This conceptual model recognizes the connections
between individual geological components, each with different
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Figure 16. Breakthrough curves corresponding to numbered locations in Plate 3b.

hydraulic processes governing water flow. Figure 17 shows the
main processes of water flow: preferential flow through con-
ductive vertical fractures, fracture-to-matrix diffusion, vesicu-
lar basalt-to-massive basalt diffusion, the funneling effect, and
lateral flow (with advective transport) through subhorizontal
fractures and rubble zones. This multi-geological-component
conceptual model is far more complicated than most existing
conceptual models for fractured/porous media, such as double-
porosity [Barenblatt et al., 1960; Warren and Root, 1963] or
triple-porosity [Abdassah and Ershaghi, 1986] models. The sim-
pler models cannot account for all the processes necessary to
make accurate predictions of flow and transport in the frac-
tured basalt vadose zone. The key features of our conceptual
model are summarized in the following paragraphs.

Pressure measurements and TDR measurements indicated
that wetting of the top 0.5 m zone beneath the pond occurred
very rapidly. Preferential flow appeared to originate just below
this depth, and flow became increasingly localized with increas-
ing depth, as evidenced by the successively fewer instruments
responding to ponding. The tree structure of the fracture pat-
tern conceptualized in Figure 5 is consistent with the concept
of flow funneling. Multimodal breakthrough curves that were
obtained at the LSIT, the Box Canyon infiltration tests, and
using numerical modeling provide further evidence of a con-
fluence of water flow through different sets of fractures of
varying permeability and geometry. In this conceptualization,
column-bounding fractures provide the primary pathways for
fast vertical infiltration. However, the water supply from the
surface into column-bounding fractures is restricted due to
limited infiltration through sediments filling near-surface frac-
tures. Some fractures terminate within the basalt flow, either
creating dead-end flow paths or indirect flow paths composed
of linked column-normal and column-bounding fractures. Fur-
thermore, we expect that water flow within initially dry frac-
tures will show the fingering phenomena that have been iden-
tified at the laboratory scale [Nicholl et al., 1994; Geller et al.,
1996; Glass and Nicholl, 1996] and in modeling studies [Pruess,
1999], so even conductive column-bounding fractures will not
be uniformly wet. Thus simply identifying a monitoring point
as being located in a vertical fracture does not enable one to

flow top breccia and boulders with soils
and sediment-infilied fractures

.

massive basalt

Figure 17. A conceptual model of mechanisms of water flow
in a multi-geological-component system representing fractured
basalt: (1) fracture-to-matrix diffusion, (2) vesicular basalt-to-
massive basalt diffusion, (3) preferential flow through conduc-
tive fractures and the effect of funneling, (4) vesicular basalt-
to-nonconductive fracture diffusion, (5) conductive fracture-
to-vesicular basalt flow and diffusion, (6) lateral flow and
advective transport in the central fracture zone, (7) lateral flow
and advective transport in the rubble zone, and (8) flow into
the underlying basalt flow.
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predict the flow response because the response at any point
depends on the entire flow path both above the monitoring
point and below the monitoring point for nonconductive, dead-
end fractures.

Since the largest fractures are vertical, the predominant flow
direction under gravity is downward. However, geological fea-
tures such as the horizontal fractures connecting terminated
vertical fractures, the vesicular lenses, the central fracture
zone, and the rubble zone promote lateral flow. If the perme-
ability below the rubble zone is low (likely if the underlying
fractures were exposed at the surface for a period of time and
are consequently sediment filled) or if a sedimentary interbed
occurs there (as at the LSIT, which is typical for the INEEL
area), perched water zones can be created and lateral flow can
be widespread. Given the high porosity of the rubble zones
(presumably up to 50% or higher), the potential for storage
and movement of water (and consequently contaminants) is
large. Once positive hydraulic pressure is developed within the
perched water in the rubble zone, water may migrate upward
into dead-end fractures in the lower part of the basalt flow (see
Plate 1 and Figure 5), and then from there can be imbibed into
the matrix.

The decrease in infiltration rate with time observed in all
tests is consistent with the theory and experience of infiltration
from the land surface [Jury et al., 1991]. We hypothesize that
the main factors affecting the infiltration rate are the topsoil
layer, the interface between the soil layer and the fractured
basalt, and the near-surface soil-infilled fractures. Small vari-
ations of these factors may cause the large range of initial
infiltration rates for the tests. Another example of sensitive
dependence on local conditions may be the tendency for a
pulse-like infiltration rate that was observed during test 97-4.
We hypothesize that water penetrates into horizontal fractures
only if a critical hydraulic pressure is reached, at which point a
hydraulic connection between column-bounding fractures is
established. Once a hydraulic connection is made, water begins
to flow through the fracture producing a rapid, but short-term
increase in the infiltration rate, despite its long-term decreas-
ing trend.

Numerical modeling suggests that the presence of air has a
significant effect on infiltration rate and subsurface saturation
distribution, and the observation of air bubbles rising through
the pond confirms that entrapment of air does occur. We
hypothesize that entrapment of air within the wetted zone
beneath the pond occurred in both the vesicular basalt and the
fractures infilled with sedimentary material due to the irregular
spatial flow pattern.

7. Conclusions and Future Research

The data from the intermediate-scale infiltration tests con-
ducted at Box Canyon combined with those from the LSIT
[Newman and Dunnivant, 1995; Wood and Norrell, 1996] have
shown that it is impossible to identify a priori which fractures
will transmit water during an infiltration test, implying that
much of the monitoring network will be unused. Instruments
that do respond are likely to be sparsely distributed, and their
responses difficult to interpret in terms of the scale of the
infiltration problem as a whole. Therefore our approach to the
development of a conceptual model of water flow in a frac-
tured basalt vadose zone is based on a combination of the
lithological information and fracture pattern data together
with the results of the infiltration tests. The scale of the Box
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Canyon experiment was chosen to be relevant to both the scale
of geologic variability and the scale of contamination prob-
lems, for example, leakage from a single tank.

Even with the geology-based, relevant-scale approach we
use, it is impossible to obtain a complete, integrated picture of
the movement of water within the multiporosity system of
massive and vesicular basalt and fractures partially infilled with
sediments. Point measurements cannot be reliably interpolated
for such heterogeneous systems, and geophysical measure-
ments are not of high enough resolution to identify individual
preferential flow paths. However, by using a combination of
these methods, we can make the following observations. From
analysis of the geological setting, we have determined that the
fracture pattern exhibits a general increase in the fracture
spacing downward. This fracture pattern enables a funneling of
flow into progressively fewer flow paths as depth increases;
such flow paths may be impossible to locate, and contaminants
can move quickly through them. From analysis of the infiltra-
tion test data we find that the conventional term “water front,”
commonly used to characterize infiltration in sedimentary ma-
terial, is irrelevant for infiltration in fractured rocks. Column-
bounding fractures are the primary pathways for preferential
flow from the surface toward the rubble zone at a depth of 10
to 12 m. Water flow occurs rapidly through the conducting
fractures followed by a gradual saturation of the basalt matrix.
Some fractures that are saturated at the beginning of the test
desaturate thereafter, suggesting that steady state conditions
do not develop.

The field data obtained at Box Canyon can be of general use
for hydrogeologists working at other sites composed of frac-
tured basalt and other types of fractured rocks and heteroge-
neous soils and can be employed to develop investigation strat-
egies, measurement devices, and modeling approaches. For
example, the data sets abtained from the Box Canyon infiltra-
tion tests were used to build confidence in numerical models
used for the Yucca Mountain project [Unger et al., 1999].
Moreover, such field data can be interpreted using several
alternative models [Pruess et al., 1999]. One exciting new area
of research involves conceptualizing flow in the fractured ba-
salt vadose zone as a chaotic dynamical system [Faybishenko et
al., 1998c; Faybishenko, 1999b]. The motivation for this ap-
proach is twofold: in the temporal regime we recognize that
flow through an unsaturated fracture network may be more
like a set of dripping faucets than the continuous flow pre-
dicted by Darcy’s law and Richards’ equation. In the spatial
regime we recognize that the funneling effect of water flow
through the fracture pattern, in combination with the wide-
spread lateral flow in the rubble zone, provides the combina-
tion of chaotic processes. The important output provided by a
chaotic model is information on how much can be known
about the future behavior of a system. A chaotic dynamic
approach may provide an entirely new paradigm for describing
flow and transport behavior in the fractured basalt vadose zone
[Faybishenko et al., 1998c; Faybishenko, 1999b). For remedia-
tion this means knowing what questions are reasonable to ask,
rather than oversimplifying a system to the point of uselessness
in an attempt to answer all questions.
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