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Infiltration in Unsaturated Layered Fluvial Deposits at Rio Bravo:
Macroscopic Anisotropy and Heterogeneous Transport

R. J. Glass, J. R. Brainard,* and T.-C. Jim Yeh

ABSTRACT

An infiltration and dye transport experiment was conducted to
visualize flow and transport processes in a heterogeneous, layered,
sandy-gravelly fluvial deposit adjacent to Rio Bravo Boulevard in
Albuquerque, NM. Water containing red dye followed by blue-green
dye was ponded in a small horizontal zone (about 0.5 by 0.5 m) above
a vertical outcrop (about 4 by 2.5 m). The red dye lagged behind the
wetting front due to slight adsorption, thus allowing both the wetting
front and dye fronts to be observed in time at the outcrop face.
After infiltration, vertical slices were excavated to the midpoint of the
infiltrometer, exposing the wetting front and dye distribution in a quasi
three-dimensional manner. At small scale, wetting front advancement
was influenced by the multitude of local capillary barriers within the
deposit. However, at the scale of the experiment, the wetting front
appeared smooth with significant lateral spreading, twice that in the
vertical, indicating a strong anisotropy due to the pronounced hori-
zontal layering. The dye fronts exhibited appreciably more irregularity
than the wetting front, as well as the influence of preferential flow
features (a fracture) that moved the dye directly to the front, bypassing
the fresh water between. To illustrate the ability of equivalent homo-
geneous media models to capture the behavior of the wetting front,
we performed numerical simulations using equivalent homogeneous
media with isotropic, anisotropic, and moisture-dependent anisotropic
properties. Those containing anisotropy matched the experimental
data best.

IN THE PAST TWO DECADES, numerous studies have in-
vestigated the effects of flow and solute transport in
variably saturated media. Theoretical work (e.g., Yeh
and Gelhar, 1983; Mualem, 1984; Yeh et al., 1985a,
1985b, 1985¢c; Mantoglou and Gelhar, 1987; Green and
Freyberg, 1995), numerical simulations (e.g., Yeh, 1989;
Desbarats, 1998; Wildenschild and Jensen, 1999b; Bag-
tzoglou et al., 1994; Polmann et al., 1991; Ababou, 1988;
Ababou et al., 1991; Khaleel et al., 2002), and experi-
mental studies (e.g., Stephens and Heerman, 1988; Yeh
and Harvey, 1990; McCord et al., 1991; Wildenschild
and Jensen, 1999a) indicate that if stratified sediments
are regarded as an equivalent homogeneous medium,
the effective hydraulic conductivity (K) tensor for the
equivalent medium can exhibit moisture- or tension-
dependent anisotropy. That is, the anisotropy (ratio of
K parallel to bedding to K perpendicular to bedding)
increases with decreasing saturation (increasing tension).
For solute transport, several studies (e.g., Mantoglou
and Gelhar, 1985; Polmann, 1990; Russo, 1993; Harter
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and Yeh, 1996; Roth and Hammel, 1996; Birkholzer
and Tsang, 1997) suggest that in unsaturated media,
the macrodispersivity for the equivalent homogeneous
medium, which is in general anisotropic, increases with
a decrease in saturation. The results of all these studies
suggest that accounting for anisotropy in the modeling
of flow and transport within the vadose zone may be
important. However, most of these studies have focused
on a theoretical analysis of the flow and transport behav-
ior in synthetic media where the media is considered
simply composed of distinct individual macroscopic lay-
ers within a stratigraphic sequence.

Natural sedimentary sequences can be quite complex
with layers that are highly variable in thickness and lat-
eral extent. Often, macroscopic layers, or units, are iden-
tified though sedimentological mapping, with differences
between the units reflecting changes in the local deposi-
tional environment, origin of the sediments, stream dy-
namics, or subsequent superposition of pedogenic pro-
cesses. As an example, refer to Fig. 1a, where a sequence
of macrounits have been identified using sedimentologi-
cal mapping methods within an outcrop of fluvial origin
at the Rio Bravo site in Albuquerque, NM. A close in-
spection of individual macroscopic units within the strati-
graphic sequence reveals each unit to be composed of
a hierarchy of many subunit layers, as can best be seen
in Fig. 1b. Such subunit layers are typical of deposits
where eolian and fluvial processes have deposited the
initial sequence of strata. At small scale, the bedding is
composed of alternating fine and coarse layers obviously
truncated by local erosion and redeposition of sediments
resulting in the superimposition of a variety of longer
length scales that increase the variability within the
macrounit. The now classic work of R.A. Bagnold span-
ning from the 1940s to the 1970s (e.g., Bagnold, 1941,
1973) has elucidated much of the physics of such sedi-
mentological processes and the deposits they create.

During the past few decades, numerous field infiltra-
tion and tracer experiments (e.g., Wierenga et al., 1986;
Sisson and Lu, 1984; Gee and Ward, 2001; Brainard,
1997; Brainard et al., 2004a) have been conducted to
study infiltration and solute transport processes in the
heterogeneous vadose zone. Monitoring of the processes
in these field experiments has mainly relied on measure-
ments of capillary pressure, moisture content, and tracer
concentration, using a limited number of tensiometers,
neutron access tubes, and suction lysimeters over a large
area. As a consequence, these sparse measurements de-
pict moisture and solute distributions only at low resolu-
tion and provide temporal changes of the processes only
at the measurement locations and not beyond. Recent ad-
vanced geophysical surveys (e.g., cross-borehole ground
penetrating radar and cross-borehole electric resistivity
tomography) are allowing the imaging of these distribu-
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Fig. 1. Layered fluvial outcrop at Rio Bravo. (a) View of outcrop
taken during the final stages of infiltrometer installation and show-
ing the contact locations of the five mapped units (see Table 1 for
geologic description). The orange flags provided a 40 by 40 cm
reference grid. (b) Oblique view of outcrop showing the outcrop
profile. The infiltrometer is installed right of center just beyond
the edge of the photograph. Note, these photographs should be
seen in color and are best viewed on a computer screen where one
can “zoom in” to see increasing detail.

tions in multidimensions. Spatial resolution of these geo-
physical measurements, however, is limited, and their
ability to accurately detect moisture content and solute
concentration remains to be fully assessed (e.g., Alum-
baugh et al., 2002; Yeh et al., 2002; Binley et al., 2001).

Here we present the results of a simple but unique
field experiment designed to visualize processes occur-
ring during water infiltration in a heterogeneous fluvial
deposit with significant layering. We compare these re-
sults with illustrative numerical simulations based on
the equivalent homogeneous medium concept. We infil-
trated water containing slightly adsorbing dye tracers
immediately above the vertical outcrop in the sandy-
gravelly, fluvial deposit at Rio Bravo shown in Fig. 1.
This design allowed documentation of the spatial and
temporal evolution of both the wetting and lagging dye
fronts on the face of the outcrop as infiltration pro-
gressed. Afterwards, we excavated the outcrop in verti-
cal slices back from the face to visualize the dye and
wetting front structure within the deposit. We provide

images depicting the spatial evolution of the infiltrated
dyes and water at both the outcrop and microlayering
scales. We also discuss effects of multiscale heterogene-
ity on the movement of the dyes and water. Finally, we
present results from qualitative simulations of the water
infiltration process at the field site using equivalent ho-
mogeneous media for three cases: isotropic, constant
anisotropic, and moisture-dependent anisotropic. Re-
sults of the simulation are discussed, and we emphasize
the importance of including unsaturated hydraulic con-
ductivity anisotropy in simulating water movement at
the Rio Bravo field site.

MATERIALS AND METHODS

Dye infiltration experiments have been used as a method
to visualize vadose zone flow and transport processes during
water infiltration in soils (e.g., Ghodrati and Jury, 1990; Flury
et al., 1994) and in a variety of geologic deposits, including
arid playa (Wierenga et al., 1986), sandy glacial outwash
(Kung, 1990), glacial till (Roepke et al., 1995), sandy beach
(Glass et al., 1988), a sand dune (McCord et al., 1991), and
fractured volcanic tuff (Glass et al., 2002; Nicholl and Glass,
2002). In all of these field studies, the patterns of dye within the
formation were obtained through site excavation by detailed
mapping at the end of dye infiltration (i.e., one snapshot). In
the experiment presented here, we wanted to capture a view
of the evolving wetted zone and dye tracer structure as infiltra-
tion progressed, as well as at the end of infiltration. To do
this we designed our experiment to infiltrate at the top of the
vertical outcrop shown in Fig. 1 so we could obtain a continu-
ous record of the spatial and temporal evolution at the face
of the vertical outcrop. At the end of the experiment we
excavated the site in a series of vertical cuts back into the
outcrop. Because the dyes we used adsorbed slightly to the
sediments, we were able to visualize both the wetting front and
the fronts of the lagging dye tracers. A complete photographic
record of our experiment can be found in Brainard and Glass
(2004). We note that the photographs presented here must
be seen in color and are best viewed on a computer screen
where one can “zoom in” to see increasing detail.

Site Description

The experimental site was located about 161 m (0.1 mile)
east of I-25 on the south side of Rio Bravo Boulevard in
Albuquerque, NM, where a road-cut provided a 2.5-m-high
vertical exposure of ancestral Rio Grande layered sand and
gravel (Fig. 2). These fluvial sediments were mapped into five
macrounits having similar texture and structures and bounded
by erosional contacts (see Table 1). They are predominantly
weakly cemented and non- to slightly friable, except for the
upper unit (Unit 5), which has moderately strong cementation
and, as such, formed a resilient cap on the outcrop. Starting
at the bottom, Unit 1 is a fine to coarse-grained sandstone
and is bounded above by a pebble-granule conglomerate
(Unit 2). The coarser grains in Unit 2 are supported by a
matrix of medium to coarse sand. Unit 3 is a medium to
coarse—grained sandstone capped by the fine to medium-
grained sands of Units 4 and 5. The lack of pebble gravel
interbeds in Units 5 and 3 distinguishes these units from Unit
4. In addition, within each unit, well-developed laminations
and cross-bedding with thickness on the order of millimeters
to centimeters were observed, reflecting both flowing fluid
deposition and sequential fluvial deposition processes. A com-
plete description of each of these units is presented in Table 1.
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Fig. 2. Location map of the Rio Bravo Site, located in southern Albu-
querque, NM on the eastern escarpment of the “inner valley”
resulting from the incision of the Rio Grande. The site is located
on fluvial deposits within the Neogene/Quaternary Santa Fe Group,
which comprise the principal fill of the Albuquerque Basin, one
of the largest of a series of eastward stepping, en-echelon structural
basins of the Rio Grande Rift (Kelley, 1977; Hawley, 1978).

Because we did not wish to disturb the deposit before our
visualization experiment, initial moisture content was not
characterized. However, ambient moisture contents in similar
deposits have been measured to be in the range of 3 to 8%
(Brainard et al., 2004a).

Site Preparation and Experimental Procedure

The top of the outcrop was excavated to provide a hori-
zontal infiltration surface within Unit 5. A square infiltrometer

(46 by 46 cm) was installed into this layer and equipped with
float valves to provide a constant ponding depth of 1 to 2 cm.
A supply tank (=140 L) was used to mix the dye and feed the
solution to the infiltrometer. Food coloring (Warner Jenkins
Red Dye #3, Blue #1 and Green #3) was mixed with water at
a concentration of approximately 1 g L~'. At these concentra-
tions, qualitative tests confirmed that the dyes adsorbed
slightly to the sands and would lag behind the water. Infiltra-
tion was initiated 9 May 1992, with red-dyed water supplied
for the first 20 h (370 L) followed by a mix of green and
blue-dyed water lasting an additional 27 h (549 L). During
this time, infiltration rate was recorded by measuring the levels
in the supply tank. Cameras located directly in front of the
outcrop recorded the progression of the wetting front and
development of the dye plume. Photographs were taken at
regular intervals during daylight hours. A 40-cm square grid
marked on the face provided scale. Once infiltration was
stopped, the outcrop was excavated in a series of vertical slices
at 70, 60, 50, 43, 37, and 0 cm from the center of the infiltro-
meter to expose the internal structure of the dye plume. Each
excavated face was photographed. Because the outcrop faced
north, evaporation from the surface of the outcrop was mini-
mized under ambient conditions. At night when photographs
were not taken, the face of the outcrop was draped with a
plastic tarp to further reduce evaporative losses.

RESULTS

The observed infiltration rates followed the behavior
of the standard infiltration equations and models (e.g.,
Kostiakov, 1932; Horton, 1933, 1939; Green and Amp,
1911; Philip, 1969) where the initial infiltration rate drops
to a constant rate with time. Initially the infiltration rate
was near 0.23 m h™! and dropped to near 0.085 m h~! by
7 h; thereafter it approached about 0.075 m h™! (Fig. 3).
The slight variations in the rate after 7 h can be ex-
plained primarily by the influence of temperature varia-
tion during the test on the viscosity of the infiltrating
water. On the first day, the ambient maximum tempera-
ture was 23°C. During the following night and into the
next day, temperature dropped to a minimum of 21°C
at the point where infiltration rate had reached its mini-

Table 1. Geologic description of units, listed from the bottom of the outcrop to the top.

Unit 1: Fine to coarse, weakly cemented, nonfriable sandstone.
¢ Horizontal to subhorizontal carbonate indurated thin laminae

e Strata are mostly parallel with some low-angle cross-cutting relationships
t in the finer grained fractions near the top of the each stratum

d

e Carbonate c t is most ab

¢ Sorted to poorly sorted fine sand at base and poorly sorted coarse sand and granules near the top

¢ Fining-upward sequences are present in the upper part of the unit

® Local zones of soft sediment deformation present along the left edges of the outcrop as viewed in Fig. 1
e Upper contact is located at the sharp textural transition to the Unit 2 conglomerate
Unit 2: Pebble—granule weakly cemented, slightly friable conglomerate with pebbles and granules, in a matrix of medium to coarse sand.
o Strata are laminae scale, planer and parallel with low-angle cross-cutting relationships; some local tangential cross laminae are also present
e Upper contact is located at the sharp textural transition to the Unit 3 sandstone

Unit 3: Fine to medium-grained weakly cemented, slightly friable sandstone

¢ Thinly laminated to laminated with local pebble and granule lags

o Strata are parallel and planer with abundant low-angle tangential cross stratification
e Coarse to very coarse sand with granules occurs locally, and pebble lags cap some erosional surfaces on the left side of the outcrop

e Carbonate cement concentrated at tops of strata
e Upper contact is located at the sharp textural transition to Unit 4

Unit 4: Fine to medium-grained weakly cemented, slightly friable sandstone

¢ Thin to very thin planer laminae with local interbeds of pebble-granule conglomerate
e Laminae are mostly parallel but locally display low-angle cross-cutting relationships

e Cobble-sized rip-up clasts of sandstone and mudstone occur near the base

e Upper contact is picked at the top of a bedding plane, above which pebble—granule interbeds are not present

Unit 5: Medium to fine-grained moderately cemented sandstone

e Planar and parallel thin laminae and thin beds with occasional lag pebbles

* Low-angle cross-cutting relationships are rare
e Upper contact is not exposed in the outcrop
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Fig. 3. Experimental infiltration rate plotted for the approximately
47-h infiltration experiment.

mum, after which it began to rise. On the last day of
the experiment, the temperature had increased to 26°C
when the infiltration was 0.079 m h™! and slowly rising.

The visual contrast between wet and dry regions, the
red dye tracer, and the subsequent darker dyes resulted
in vivid photographs showing the development of the
wetting front and dye plumes with time. As an example,
Fig. 4 shows the photograph taken at approximately
48 h. The outermost zone of higher moisture content
behind the wetting front was primarily free of red dye
because of its slight adsorption to the sand. Locations of
the three fronts in time are shown in composite drawings
obtained by digitizing the locations of the fronts from
the photographs taken throughout the infiltration ex-
periment (Fig. 5a-5c; a complete set of photographs can
be found in Brainard and Glass (2004). Photographs of
the excavated faces provided a quasi-three-dimensional
view of the internal structure of the plume (Fig. 6a—6f).

e ) R S SR S A Pl

Fig. 4. Photo of plume development at about 48 h. Three zones are visible: an outer clear water zon-é.,

e i
- q‘:-..".;

Despite the heterogeneous nature of the deposits, the
overall wetting front remained relatively smooth and
symmetrical throughout infiltration. Across all photo-
graphs, we see enhanced lateral spreading relative to
vertical penetration (i.e., lateral spreading = twice verti-
cal spreading) beginning early in the experiment and
continuing throughout its duration. The multitude of
small, sequential, capillary barriers within and across
each mapped unit caused only local irregularity in wet-
ting and integrated to create a smooth large-scale aniso-
tropic structure. An example of this local action is shown
in the photographs of Fig. 7a and 7b. There, at 30 h
into infiltration, the local flow at the lower edge of the
wetted bulb was blocked by a stronger than average
capillary barrier (coarser top of the =20-cm-thick cross-
bedded Unit 3 noted in Fig. 7a). Subsequent break-
through followed the irregular cross bedding directly
below. While the bottom of the advancing front is held
back by the sequential action of a multitude of these
fine—coarse capillary barriers, this same sequence allows
effective horizontal movement with only a sight irregu-
larity at the edges (Fig. 7b).

In contrast to the macroscopically smooth wetting
fronts, dye fronts exhibited much greater irregularity.
While we can see this in the sequence of photographs
taken as infiltration progressed, those of the excavation
at the end of the test show this more vividly (Fig. 6a—6f).
These photographs show that both the red and blue-
green dye fronts contained “streamers” that radiated
both laterally and downward from the center of the
plume. Some of the streamers persisted with depth into
the formation, as evidenced by similarity between shape
and location from one photograph to the next. Only one
of these streamers could be associated with an obvious

At SR W G T T e e
a middle red dye zone, and an inner

blue-green zone. Note that this photograph should be seen in color and is best viewed on a computer screen where one can “zoom in” to

see increasing detail.
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Fig. 5. Composite drawings of water, red and blue fronts, depicting
the location of the three fronts in time for (a) water, (b) red dye,
and (3) blue dye.

preferential flow feature. A near vertical fracture that
extended into the face outcrop and ran up toward the
left hand corner of the infiltrometer (but did not pene-
trate into the top unit) could be seen to transport dye
significantly ahead of the rest of the dye front (Fig. 8).
While this fracture seemed to have very little influence
on the advance of wetting, Fig. 8 shows it to provide
red dye (and thus water) directly to the wetting front.
Tracing this fracture back into the outcrop in the exca-
vated slices of Fig. 6a through 6f shows its influence on
the blue-green dye front to persist back to just before
the midpoint of the infiltrometer (Fig. 6¢).

Illustrative Simulations with Equivalent
Homogeneous Media

Even in the midst of significant visual heterogeneity
(Fig. 1), the wetting front at Rio Bravo formed a sym-
metric, horizontally anisotropic plume (i.e., lateral spread-
ing = twice vertical spreading). This behavior suggests
the possible applicability of equivalent homogeneous
media concepts for modeling water infiltration in such
deposits. As an illustration of this applicability, we con-
ducted several simple numerical simulations. A two-
dimensional cross section (x—z plane, where x is the hori-
zontal axis and z is the vertical) of the field site was
created as a simulation domain, 3.2 m in the horizontal
direction and 1.8 m in the vertical, reflecting the actual
size of the outcrop. This domain was discretized into
32 X 18 elements of 0.1 by 0.1 m each. The bottom of
the domain was assumed to be under a unit gradient
condition; the left- and right-hand sides and top of the
domain, except the center zone corresponding to the
infiltrometer, were assumed to be no-flow boundaries.
A ponded constant head boundary was assumed for the
center portion of the top boundary. The initial pressure
distribution was assumed uniform at —10 m of water
(corresponding to =4% initial moisture content for
properties as presented below).

The unsaturated hydraulic conductivity and moisture
release curves for the homogeneous medium were taken
to follow the Mualem—-van Genuchten model (van Gen-
uchten, 1980):

O(h) = (6. — 61 + (all)]™ + 6 [1a]
K(h) = K{1 = ()" L1 + (alAl)']"P/[1 + (alal)]™?
[1b]

where /4 is the capillary pressure head, K is the saturated
hydraulic conductivity, and « and n are shape factors,
with m = 1 — 1/n. The saturated moisture content is 0,
and residual moisture content is 0,. Base values for all
the parameters were found to allow a “by eye” fit of
the macroscopic wetting front behavior (our effective
measure). Note that further adjustment of these param-
eters for our two-dimensional simulations to better fit
a three-dimensional experiment is of limited value.
To illustrate the importance of anisotropy we consid-
ered three cases: isotropic (Case 1), constant anisotropic
(Case 2), and moisture-dependent anisotropic (Case 3).
For Case 1 all parameters of Eq. [1a] and [1b] were taken
to be the same in the x and z directions. For Case 2, the
saturated hydraulic conductivity in the x direction was
set to be three times that in the z direction, while the
rest of the parameters were taken to be directionally
independent. Finally, for Case 3, in addition to the direc-
tional preference in K, the parameter « in the hydraulic
conductivity—pressure head relation (Eq. [1b]) was taken
to be directionally dependent. Note that the deviations
from base parameter values in Case 1 chosen to reflect
anisotropy, were chosen for illustrative purposes; the val-
ues of all parameters for each of the three cases are
listed in Table 2. With these parameter values and the
omission of hysteresis, a finite element model for vari-
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at 70, 60, 50, 43, 37, and 0 cm from the center of the infiltrometer. Notice the red and blue-green streamers radiating from the center of the
plume, some of which have been identified with yellow arrows. A blue arrow designates the location of a fracture within the deposit that
extended back from the outcrop face and influenced dye transport (see Fig. 8 as well). Note, these photographs should be seen in color and
are best viewed on a computer screen where one can “zoom in” to see increasing detail.

ably saturated flow and transport (Yeh et al., 1993, distribution at about 18 h after the beginning of infiltra-
VSAFT2, which is available at www.hwr.arizona.edu/ tion in the homogeneous medium for Cases 1, 2, and 3,
yeh [verified 13 Oct. 2004]) was employed to simulate respectively. The homogeneous and isotropic medium
the infiltration event. (Case 1) produced predominantly vertical migration of

Figures 9, 10, and 11 show the simulated moisture the infiltrated moisture. The medium with either constant
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Fig. 7. Example influence of layering. Close-up photographs of the (a) bottom and (b) side of the plume at about 30 h. At the bottom, water
appears to be preferentially flowing parallel to small-scale cross bedding after breaking through a stronger horizontal capillary barrier at the
top of unit 3 (white arrow). At the side, these sequential capillary barriers allow effective horizontal flow. Note, these photographs should
be seen in color and are best viewed on a computer screen where one can “zoom in” to see increasing detail.

anisotropy or moisture-dependent anisotropy (Cases 2
or 3) resulted in greater horizontal spreading of the
infiltrated water than the medium with isotropy. Com-
paring the resultant moisture distributions of Cases 2
and 3 with the observed wetting front (Fig. 5a), both

are qualitatively similar to the experiment. However, it
appears that the medium with the moisture-dependent
anisotropy yields a slightly better match with a blunter
moisture distribution at the bottom of the plume than
is represented with the constant anisotropy medium.
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Fig. 8. View of the plume showing a red streamer intruding along the fracture to the clear water front (red arrow). This photo of the unexcavated
face was taken about 30 h after start of infiltration. Note, this photograph should be seen in color and is best viewed on a computer screen

where one can “zoom in” to see increasing detail.

CONCLUSIONS

The field experiment at the Rio Bravo site provided
an excellent illustration of the spatial and temporal evo-
lution of infiltrating water in a layered fluvial deposit.
The deposit encompassed five mapped units, each of
which contained a multitude of smaller-scale layers that
ranged in thickness from several centimeters to milli-
meters and had horizontal length scales ranging from
several centimeters up to the width of our experiment
and beyond. Yet, in this complex heterogeneous struc-
ture, a simple regular plume emerged. Small-scale irreg-
ularities at the wetting front averaged to yield a macro-
scopically smooth wetting front with significant anisotropy
(i.e., lateral spreading = twice vertical spreading). We
found that replacing the heterogeneous deposit with a
simple equivalent anisotropic homogeneous media eas-
ily reproduced such a structure. This observation ap-
pears to support the results of theoretical and laboratory
experiments, reviewed in our introduction, that suggest
such anisotropy to arise in layered unsaturated deposits.

While a number of infiltration experiments have been
conducted in the heterogeneous vadose zone (e.g., Wier-
enga et al., 1986; Sisson and Lu, 1984; Gee and Ward,
2001; Brainard, 1997; Brainard et al., 2004a), none have
shown such smooth, nearly symmetrical, and ellipsoidal
moisture fronts as the Rio Bravo experiment. This dif-
ference may be because the geological settings of these

Table 2. Properties used in illustrative numerical simulations.

other experiments contained more significant large-scale
variability in hydraulic properties, resulting in the for-
mation of experiment-scale, nonsymmetrical, preferen-
tial flow and solute transport. At Rio Bravo, our results
suggest that variability in properties and structure be-
tween the different mapped units was not significant at
the scale of the experiment, thus resulting in a symmetri-
cal, ellipsoidal wetting front. Indeed, while one may des-
ignate units within the deposit to be separate sedimento-
logically, from a hydrological point of view, we seem to
be able to describe the deposit as single hydrostrati-
graphic unit with its multitude of layers represented by
an equivalent homogeneous medium. In this sense, the
Rio Bravo site, at least at the scale of our experiment,
is ideally suited for the application of equivalent homo-
geneous media concepts that incorporate anisotropy
due to the homogenization of layering.

Results at Rio Bravo also demonstrate that behind
the wetting front dye transport appears more heteroge-
neous and includes preferential movement directly to
the front in the context of crosscutting features (e.g., frac-
tures). Because capillary pressure variability naturally
decreases behind a wetting front, flow and thus advec-
tive transport behind the wetting front will be increas-
ingly controlled by the differences in the hydraulic con-
ductivity within the zone. In addition, movement of the
dye will also be influenced if its adsorption varies in space.

Parameters for unsaturated hydraulic conductivity function

Parameters for moisture release curve

K, K. o, @, ny n, [ n 0, 0,
cm s ! 1em™!
Isotropic 0.001 0.001 0.0335 0.0335 3.0 3.0 0.0335 3.0 0.368 0.102
Constant anisotropy 0.003 0.001 0.0335 0.0335 3.0 3.0 0.0335 3.0 0.368 0.102
Moisture-dependent 0.003 0.001 0.0335 0.0435 3.0 3.0 0.0335 3.0 0.368 0.102

anisotropy
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O 004007010013 016 0.190.22 0.25 0.28 0.31 0.34

50 100 150 200 250 300
X {cm)
Fig. 9. Homogeneous isotropic simulation: Simulated moisture distri-

bution at about 18 h after infiltration in an equivalent homogeneous
medium with isotropic unsaturated hydraulic conductivity.

Regardless of whether variable flow (advection), vari-
able adsorption, or some other process is responsible,
the difference in structure between the wetting and dye
fronts is interesting and encourages additional study in
the future.

In conclusion, we emphasize that both the infiltration
experiment at Rio Bravo and the numerical simulations
presented here were designed as illustrative. Results
show that the effect of layering is clearly significant in
the natural fluvial deposit at Rio Bravo. Importantly,
we found that for the advance of the wetting front, all
the detailed small-scale behavior at the front averaged
to produce a large-scale macroscopic symmetrical plume.
Our numerical simulations show that representing the
heterogeneous deposit with an equivalent homogeneous
medium requires an effective, large-scale hydraulic con-
ductivity anisotropy to reproduce the enhanced hori-
zontal migration of water observed in the experiment.
Such an anisotropic hydraulic conductivity function has
been frequently ignored in the analysis of flow and sol-
ute transport in the vadose zone and would yield signifi-
cant errors in deposits such as those at Rio Bravo. Al-
though the necessity of anisotropy is clear, whether that

© 004007010013 016 0.19 0.22 0.25 0.28 0.31 0.34

50 100 150 200 250 300
X (cm)
Fig. 10. Homogeneous constant anisotropic simulation. Simulated mois-
ture distribution at about 18 h after infiltration in an equivalent

homogeneous medium with a constant unsaturated hydraulic con-
ductivity anisotropy.

© 004007010013 016 019 0.22 0.25 0.28 0.31 0.34

50 100 150 200 250 300
X (cm)
Fig. 11. Homogeneous moisture-dependent anisotropic simulation.
Simulated moisture distribution at about 18 h after infiltration in

an equivalent homogeneous medium with a moisture-dependent
unsaturated hydraulic conductivity anisotropy.

anisotropy is moisture-dependent or constant remains
to be fully considered. To investigate this and other issues
further, additional large-scale infiltration experiments
are required that include extensive site characterization
as well as the application of accurate, quantitative, real-
time monitoring of moisture content and pressure fields.
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