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Understanding fl ow and transport in variably saturated, lay-
ered and fractured geologic systems is critically important 

for managing waste disposal and determining remediation strate-
gies. For many contaminated sites, the vadose zone is the only 
barrier between the source of contamination and the regional 
aquifer. Repositories for radioactive and hazardous wastes have 
been proposed in unsaturated, fractured rock that is expected 
to prevent contaminant release to the accessible environment. 
For many years, it was thought that highly negative pressures 
within the unsaturated matrix of fractured rocks would prevent 
fl ow from occurring in the fractures until the surrounding matrix 
was saturated or close to saturated (Montazer and Wilson, 1984; 
Wang and Narasimhan, 1985, 1993; Peters and Klavetter, 1988). 

Thus, fl ow was expected to proceed at relatively low rates that 
could be predicted using Richard’s equation–type formulations. 
Growing evidence from both fi eld experiments and numerical 
modeling efforts, however, has shown that substantial fl ow does 
occur in fractures surrounded by unsaturated matrix (Fabryka-
Martin et al., 1993, 1994; Faybishenko et al., 2000; Finsterle et 
al., 2002; Flint et al., 2001b; Gauthier et al., 1992; Illman and 
Hughson, 2005; Liu et al., 1998; Yang et al., 1996). This fl ow 
mechanism appears to be especially important during unsatu-
rated fl ow associated with intense, episodic infi ltration events 
(McLaren et al., 2000; Pruess, 1999). Fracture fl ow in unsatu-
rated media gives rise to much faster contaminant travel times 
and lower effective sorption than would be predicted based on a 
matrix-fl ow conceptual model.

In deep vadose zones, contacts between units of differing 
hydrogeologic characteristics (fractured vs. unfractured, consoli-
dated vs. unconsolidated) have important implications for fl ow 
distribution (e.g., Adam et al., 2004; Flint et al., 2001a; Nimmo 
et al., 2004b; Robinson et al., 2005). Issues associated with such 
contacts include the formation of perched aquifers, interrup-
tion of vertical fl ow, and lateral diversion of infi ltrating water. 
Perched aquifers may store signifi cant amounts of water within 
the vadose zone and, as such, may act as reservoirs within which 
contaminants are either concentrated or diluted (Nimmo et al., 
2004b). Lateral redistribution of water may serve to limit infi l-
tration through a waste site or repository horizon but can also 
act to divert polluted water to preferential pathways such as fault 
zones that provide fast paths to the regional aquifer (Flint et al., 
2001a). Whether lateral fl ow occurs above or within an imped-
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The objective of this work was to investigate fl ow and transport in a layered, variably saturated system consisting of both frac-
tured rock and sedimentary material during focused infi ltration from the surface. Two tracer tests were performed using the 
Vadose Zone Research Park (VZRP) at the Idaho National Laboratory (INL). The fi rst test occurred under quasi-steady-state 
conditions and the second was initiated in a much drier system and thus provided information regarding fl ow and transport 
under transient conditions. A one-dimensional analytical model was used to fi t breakthrough curves resulting from the two 
tracer tests. The results of this modeling provide insight into the nature of fl ow in the fractured basalt, surfi cial alluvium, and 
sedimentary interbeds that comprise the vadose zone of the eastern Snake River Plain. Flow through the fractured basalt is 
focused and preferential in nature, and multiple fl ow paths arise due to numerous fractures functioning as transmissive pathways 
in addition to fl ow splitting along geologic contacts. Flow velocities were signifi cantly higher during the test with the wetter 
fl ow domain, presumably due to increases in hydraulic conductivity associated with higher water contents of the geologic 
materials. Perching was observed above the alluvium–basalt contact and above the lower boundary of a locally continuous sedi-
mentary interbed. The perching behavior between the two contacts was fundamentally different; the perched layer above the 
alluvium–basalt contact was neither laterally extensive nor temporally persistent in the absence of infi ltration from the surface. 
In contrast, the perched layer along the interbed was signifi cantly thicker and gave rise to lateral fl ow over distances on the order 
of hundreds of meters. Vertical transport is shown to occur predominantly through the main bulk of the sedimentary material 
of the interbed; lateral fl ow appears to occur primarily in the fractured basalt directly above the interbed.
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ing layer has important implications for the rate at which fl ow 
may be expected to occur. In addition, the potential for sorption 
and other physicochemical interaction between dissolved solutes 
and the rock will vary depending on the unit through which the 
solutes are being transported.

Radionuclide contamination in the vadose zone, and the 
potential for contaminant migration to the aquifer, is one of 
the most serious environmental concerns at Idaho National 
Laboratory (INL). At the Radioactive Waste Management 
Complex (RWMC), low-level radioactive wastes were buried in 
near-surface pits and trenches. At the Idaho Nuclear Technology 
and Engineering Center (INTEC, formerly the Idaho Chemical 
Processing Plant), spills and leaks from transfer lines have resulted 
in contamination of near-surface sediments as well as of perched 
water bodies deeper in the vadose zone. To predict the behavior 
of such contamination, we must understand the nature of fl ow 
in the vadose zone, particularly fracture–matrix interactions and 
the role of geologic contacts and the associated perched zones 
of saturation.

Over the past couple of decades, long-term monitoring, 
fi eld-scale experiments, and associated modeling efforts have 
been performed at INL. Three tracer tests were performed in the 
1990s: the Large Scale Infi ltration Test (LSIT), the Box Canyon 
tests, and the Spreading Area test (these tests are described in 
detail below). The goal of these studies was to reduce uncertainty 
in the conceptual understanding of fl ow and transport in this 
very complex hydrogeological setting as well as to provide site-
specifi c transport parameters that could be used in risk assessment 
(Doughty, 2000; Dunnivant et al., 1998, 1995; Faybishenko et 
al., 2000; Magnuson, 1995, 2004; Mattson et al., 2004; Nimmo 
et al., 2002; Wood and Norrell, 1996). A relatively robust con-
ceptual model has resulted from this work, but several issues 
require further clarifi cation. The effects of transient infi ltration 
events and antecedent wetness on fl ow velocities (and therefore 
residence times in each geologic unit) have not been defi ned. 
In addition, understanding of perching mechanisms and the 
persistence and lateral extent of the resulting saturated layers is 
lacking. Although lateral fl ow is known to be associated with 
sedimentary interbeds, it is not clear whether this fl ow occurs in 
the sedimentary material of the interbeds themselves or in the 
high-permeability basalt rubble zones with which the interbeds 
are often associated (Nimmo et al., 2004b). It is also unclear 
to what degree water bypasses the highly sorptive sedimentary 
materials of the interbeds due to fl ow mechanisms such as insta-
bility-linked fl ow fi ngering and funneling within the sediments 
or by accessing preferential fl ow paths through discontinuities 
in the interbed.

To address these issues and further clarify the behavior of 
this system during high-fl ux infi ltration from the surface, we 
performed two tracer tests using the Vadose Zone Research Park 
(VZRP) at INL. Tracers were applied in two infi ltration ponds 
and were sampled at three depths: at the base of the surfi cial 
alluvium where it contacts fractured basalt, within a laterally 
continuous and relatively thick sedimentary interbed (the CD 
interbed), and at the interface between the fractured basalt and 
the top of the CD interbed. The fi rst tracer test was performed 
under relatively wet, quasi-steady-state hydrologic conditions; 
the second test investigated transport during infi ltration into an 
initially dry system.

Both tracer tests yielded valuable information for INL as 
well as other sites with similar hydrogeologic systems in that (i) 
they were performed at a scale of 100s of meters, which is directly 
relevant to questions regarding transport at the site and facility 
scale, (ii) they investigated fl ow in the fractured basalt, in the 
surfi cial alluvium and in the interbed sediments, as well as at the 
contacts between these units, and (iii) they simulated episodic 
infi ltration events on two temporal scales that are of concern at 
INL and in other semiarid environments subject to both short-
term, seasonal fl ooding (days–weeks) and longer-duration fl oods 
of several months. Analysis of tracer test results facilitated by 
the use of a simple one-dimensional transport model provided 
insight into the nature of fl ow in each of the geologic units of 
concern and allowed comparison of transport behavior between 
units under differing infi ltration conditions.

Hydrogeology of the Eastern Snake River Plain

The Idaho National Laboratory occupies approximately 
2300 km2 of the eastern Snake River Plain (ESRP) in southeast 
Idaho (Fig. 1). Underlying the plain is the Snake River Plain 
aquifer that provides agricultural and domestic water to much 
of southeastern Idaho. The vadose zone is approximately 60 m 
deep at the northern border of INL and thickens to about 200 
m at the southern border. The ESRP hosts a thick sequence of 
Tertiary and Quaternary pahoehoe basalt fl ows that erupted 
from small shield volcanoes (Schaefer and Kattenhorn, 2004; 
Smith, 2004). Individual lava fl ows are low volume (0.005–7 
km3) and have a fairly consistent and well-defi ned internal struc-
ture. Schaefer and Kattenhorn (2004) described a typical basalt 
fl ow as having an upper and lower colonnade separated by a 
densely fractured entablature. Fractures in the upper colonnade 
are more closely spaced than those in the lower colonnade and 
are both column-bounding and column-normal. In contrast, the 
lower colonnade is distinguished by more sparsely distributed 

FIG. 1. Location of Vadose Zone Research Park (VZRP) and nearby fa-
cilities, the Radioactive Waste Management Complex (RWMC), Idaho 
Nuclear Technology and Engineering Center (INTEC), Test Reactor 
Area (TRA), and Central Facilities Area (CFA). Arrows in the inset indi-
cate the direction of regional groundwater fl ow.
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fractures that are primarily column-bounding. The entablature, 
although intensely fractured, contains few column-bounding 
fractures and in fact serves to prevent column-bounding frac-
tures from the upper and lower colonnades connecting across the 
fl ow. Schaefer and Kattenhorn (2004) noted that entablatures 
were not present in all the fl ows that they studied. This observa-
tion was supported by Faybishenko et al. (2000), who observed 
densely fractured, subhorizontal central zones in ?40% of the 
fl ows examined at their Box Canyon experimental site located 
in the eastern Snake River Plain adjacent to INL. Schaefer and 
Kattenhorn (2004) suggested that column-bounding fractures 
are likely the features of greatest signifi cance in controlling 
hydraulic conductivity within a single basalt fl ow as they are the 
longest and most-connected fractures and have the greatest aper-
tures. This idea is supported by the fact that column-bounding 
fractures are often lined with secondary minerals, whereas entab-
lature fractures generally are not. Faybishenko et al. (2000) also 
identifi ed vertical to subvertical column-bounding fractures as 
the predominant fl ow pathway through individual basalt fl ows 
exposed at Box Canyon.

During periods of volcanic quiescence, sedimentary materi-
als consisting of lacustrine deposits, alluvial material, and aeolian 
sediments have been deposited in the topographic lows between 
the basalt fl ows. These now form laterally discontinuous sedi-
mentary interbeds, which, in turn, are overlain by the next gen-
eration of basalt fl ows (Anderson and Lewis, 1989; Barraclough 
et al., 1976; Schaefer and Kattenhorn, 2004; Smith, 2004).

The margins of basalt fl ows are commonly highly frac-
tured and rubbly, giving rise to high-permeability zones of 
rubble, fractures, and clinker collectively known as either rubble 
zones (Nimmo et al., 2004b; Smith, 2004) or interfl ow zones 
(Ackerman, 1991). Rubble zones are found between 5 and 20% 
of the basalt fl ows and have hydraulic conductivities on the order 
of 800 m d−1 or higher (Nimmo et al., 2004b). Rubble zones in 
contact with a low-permeability feature such as massive basalt 
or a sedimentary interbed may host signifi cant perched aquifers 
and facilitate lateral fl ow for distances on the order of 100s to 
1000s of meters (Nimmo et al., 2002). Nimmo et al. (2004b) 
pointed out that observed rapid lateral transport rates over dis-
tances of 1000 m or more indicate that rubble zones may exhibit 
large-scale continuity under some conditions.

Conceptual Model of Flow and Transport in the 
Eastern Snake River Plain Vadose Zone

Over the past 10 yr, three tracer tests of note have been per-
formed in the variably saturated, fractured basalt and interlayered 
sediments of the ESRP. In chronological order, these consist of 
the LSIT performed in 1994 (Newman and Dunnivant, 1995; 
Wood and Norrell, 1996), the Box Canyon tests performed in 
1996 and 1997 (Doughty, 2000; Faybishenko et al., 2000), 
and the Spreading Area test performed in 1999 (Nimmo et al., 
2002). Each of these tests was intended to investigate fl ow and 
transport in the vadose zone of the ESRP at a different scale. The 
LSIT provided information on the 100s of meters scale, the Box 
Canyon tests concentrated on fl ow and transport within a single 
basalt fl ow (scale of several meters) and the Spreading Area test 
provided information on the 100s to 1000s of meters scale.

The LSIT was performed in a 26,000-m2 infi ltration pond 
at the RWMC at INL (see Fig. 1 for location of the RWMC). 
The pond was fl ooded for 6 d, and then a conservative tracer, Se-
75, was added to the pond, after which fl ow was continued for 
another 30 d. One hundred and one monitoring wells and lysim-
eters were installed in and around the pond in three concentric 
rings. Water was collected at 30 of the 101 monitoring points, 
and tracer was detected at 26 of these sites. No water was recov-
ered from any well or lysimeter outside the footprint of the pond 
except at a depth of 70 m, where a sedimentary interbed caused 
perching and lateral fl ow. One of the most important fi ndings 
of this test was that infi ltration through the unsaturated basalt 
is essentially vertical until intercepted by an interbed, at which 
point perching and lateral fl ow occur. In addition, application 
of the one-dimensional advection–dispersion equation to break-
through data from the LSIT provided estimates of fl ow velocity 
(v) and longitudinal dispersivity (α) for the unsaturated basalt 
(mean v = 1.01 m d−1; range of α = 0.18–3.92 m) and along 
the interbed (mean v = 5.02 m d−1; range of α = 0.10–45.80 m) 
(Dunnivant et al., 1998).

Faybishenko et al. (2000) performed fi ve infi ltration tracer 
tests at Box Canyon near INL in 1996 and 1997. These were 
relatively short duration tests (2 d to 2 wk) designed to explore 
fl ow and transport within a single basalt fl ow. Faybishenko et 
al. (2000) concluded from the location of tracer detections 
that solutes moved rapidly through preferential fl ow pathways. 
They identifi ed column-bounding fractures as the primary con-
duit for fl ow between the surface and the lower boundary of 
the basalt fl ow under investigation. The authors concluded that 
water fl owed rapidly through saturated fractures and that the 
surrounding matrix saturated slowly (on the order of days) as 
long as there was water in the fracture. Finally, they pointed 
out that some fractures that were initially wet drained after the 
beginning of the test, even though infi ltration from the surface 
had reached a steady rate. The conceptual model of Faybishenko 
et al. (2000) identifi ed a variety of mass transport mechanisms 
based both on geology and on distribution of saturation. These 
mechanisms include (i) fracture-to-matrix diffusion, (ii) vesicular 
basalt-to-massive basalt diffusion, (iii) preferential fl ow through 
conductive fractures and the effect of funneling, (iv) vesicular 
basalt-to-nonconductive fracture diffusion, (v) conductive frac-
ture-to-vesicular basalt fl ow and diffusion, (vi) lateral fl ow and 
advective transport in the central fracture zone, (vii) lateral fl ow 
and advective transport in the rubble zone, and (viii) fl ow into 
the underlying basalt (see Fig. 17 in Faybishenko et al., 2000).

The Spreading Area test of Nimmo et al. (2002) was con-
ducted using large fl ood control ponds located ?10 km upstream 
of the VZRP on the Big Lost River at INL. Nimmo et al. (2002) 
placed 675 kg of the conservative tracer 1,5-naphthalene disul-
fonate into two fl ooded spreading areas. A network of monitor-
ing wells was used to sample water from perched zones 100s to 
1000s of meters from the spreading areas. Tracer recovery results 
indicated that within 9 d, water moved from the spreading areas 
vertically to the aquifer. In less than 4 mo, tracer was transported 
laterally along perched layers for distances up to 1.3 km. From 
these observations, the authors concluded that although low-per-
meability layers divert water laterally, they do not prevent solute 
transport to the aquifer. They also noted that horizontal fl ow 
probably occurs under essentially saturated conditions at rates 
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as high as 14 m d−1. In a follow-up study Nimmo et al. (2004a) 
proposed that horizontal fl ow through saturated high-perme-
ability zones in the basalt associated with laterally continuous 
interbeds may be described as Darcian fl ow.

Based on the three studies outlined above, together with 
data from long-term monitoring at INL (Anderson and Lewis, 
1989; Barraclough et al., 1976; Mattson et al., 2004; Rightmire 
and Lewis, 1987), a conceptual model has been developed. The 
model has seven major components:

1. Water moves mostly vertically through the basalt until it 
reaches a geologic contact or other area of strong permeability 
contrast that diverts water laterally.

2. Percolation through the fractured basalt occurs primarily in 
column-bounding fractures; however, these fractures do not 
necessarily remain wet but rather fi ll and empty with time 
even when infi ltration has reached a steady rate.

3. During percolation through a previously dry subsurface, the 
basalt matrix is initially unsaturated but saturates gradually as 
long as the bounding fractures contain water.

4. Diffusive mass transport between mobile and immobile fl uid 
domains is thought to be an important transport mecha-
nism in the fractured basalt, but matrix diffusion has not 
been quantifi ed.

5. Sedimentary interbeds act to slow downward fl ow, causing 
perched saturated zones and lateral fl ow.

6. Under saturated or near-saturated conditions, fl ow along the 
interbeds is facilitated by the combination of a low-perme-
ability layer (the sediments of the interbed and clay-rich frac-
ture fi ll in the associated basalt) overlain by a high-perme-
ability basalt rubble zone that acts to conduct water laterally. 
Flow is thought to take place through the rubble zone under 
saturated or nearly saturated conditions.

7. Although the interbeds divert fl ow laterally, water and sol-
utes eventually move downward. An important outstanding 
question is whether water moves through the sedimentary 
interbeds primarily through the matrix or via preferential 
fl ow paths.

Materials and Methods
Description of the Vadose Zone Research Park

The VZRP is a 2.6-km2 (1 square mile) facility located 
in the southwestern portion of INL along the Big Lost River. 
The Big Lost River is an intermittent stream that fl ows from 
the Pioneer Mountains to the west, enters INL, and then turns 
north to a series of sinks and playas where it terminates. A net-
work of monitoring wells and instrumented boreholes surrounds 
two percolation ponds and extends some 1000 m north to the 
Big Lost River. The two roughly square percolation ponds are 
immediately adjacent to one another, and each measures approx-
imately 76 m on an edge (Fig. 2). The primary function of the 
ponds is to dispose of uncontaminated wastewater generated 
by INTEC, which lies approximately 4 km to the northeast of 
the VZRP. The INTEC diverts an average of 3800 to 5700 m3 
(?1.0 × 106 to 1.5 × 106 gal.) of water to one or the other of 
the ponds daily. This water is pumped from an aquifer well near 
the INTEC, softened using an ion exchange resin, and circulated 
through the facility before disposal at the VZRP.

At the VZRP (Fig. 3), the surfi cial alluvium is approximately 
15 m thick and consists of alluvial gravels, pebbles, and cobbles 
mixed with fi ne-grained silty and clayey sand (Smith, 2004). 
Below the surfi cial alluvium lie multiple layers of basalt and 

interbedded sediments. The monitoring network at the VZRP 
is focused largely within the 25 m of basalt that lies between 
the alluvium and a sedimentary interbed at approximately 40 m 
depth. This interbed is relatively continuous beneath the VZRP, 
has an average thickness of ?5 m, and is known as the CD inter-
bed because it lies between the C and D basalt units (Baker et 
al., 2004). Although the alluvium–basalt contact and the con-
tact between the basalt and the CD interbed are the focus of 
this study, inspection of the well logs from the VZRP indicates 
that many smaller, less-continuous sediment and clay layers and 
lenses are interspersed throughout the basalt. The hydrogeology 
of the VZRP is representative of the vadose zone throughout 
INL and the ESRP. As a result, although this study was per-
formed on a local scale, the results are applicable to the much 
larger, regional scale. Furthermore, the hydrogeologic setting of 
a thick vadose zone with layers of geologic material of strongly 
contrasting permeabilities is typical of many arid and semiarid 
regions.

Thirty-nine wells and instrumented boreholes are located 
around the percolation ponds and in a line northward to the 
Big Lost River. Wells and boreholes are distributed in nested sets 
(Fig. 2 and 3). Each set consists of a shallow monitoring well 
completed at the alluvium–basalt contact (?15–20 m below 
land surface [bls]), a deeper monitoring well completed at the 

FIG. 3. Schematic cross-section showing lithology and monitoring 
network along the line of section of the Vadose Zone Research Park 
shown in Fig. 2. Wells 202, 203(A), and 204 are projected into the 
line of section. Red symbols represent monitoring wells; blue sym-
bols represent suction lysimeters.

FIG. 2. Map of infi ltration ponds and associated near-fi eld monitoring 
network at the Vadose Zone Research Park.

 15391663, 2007, 4, D
ow

nloaded from
 https://acsess.onlinelibrary.w

iley.com
/doi/10.2136/vzj2006.0102, W

iley O
nline L

ibrary on [07/02/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.vadosezonejournal.org · Vol. 6, No. 4, November 2007 859

CD interbed (?40 m bls), and an instrumented borehole con-
taining tensiometers, suction lysimeters, gas ports, water content 
sensors, and thermocouples located at various depths. In this 
paper each well or lysimeter identifi er is followed by a letter in 
parentheses to indicate where the well is completed or the lysim-
eter is located. The letter (A) is for wells at the base of the allu-
vium, (B) for the lysimeter that is fi nished in the basalt and the 
wells at the contact between the basalt and the CD interbed, and 
(I) for suction lysimeters within the CD interbed. Well 202 col-
lapsed during drilling, and a second hole was drilled and named 
well 202A; we refer to this well as well 202A(B). Identifi ers of 
all other wells and lysimeters consist only of the relevant number 
and a letter in parentheses [e.g., well 210(A), well 211(B), and 
lysimeter 204129(I)].

Before infi ltration from the ponds, the subsurface below 
the VZRP was relatively dry with only a few areas of local sat-
uration. Initial moisture content analyses were performed at 
the USGS Unsaturated-Zone Flow laboratory in Menlo Park, 
CA (Winfi eld, 2003). Moisture content was determined gravi-
metrically on 10 interbed sediment samples taken from seven 
boreholes at depths ranging from ?40 to ?60 m. The majority 
of the samples were less than 50% saturated (volumetric water 
content < 0.2), an exception being two saturated samples col-
lected from the CD interbed (Winfi eld, 2002). Similarly, the 
basalt was largely unsaturated although locally perched water 
occurred both within the basalt and at the contact between the 
basalt and the CD interbed (Baker et al., 2004). To test the water 
delivery system between INTEC and the VZRP, approximately 
10,000 m3 of water were discharged between 18 and 27 June 
2002. About 10% of this water was released to the north pond, 
and the remainder to the south pond. High-volume discharge 
(?3800–5700 m3 d−1) began in the south pond on 27 Aug. 
2002, switched to the north pond 21 Sept. 2002, and then back 
to the south pond 5 Oct. 2002. The discharge continued to the 
south pond until 31 June 2003 and was then switched to the 
north pond coincident with the start of the second tracer test of 
this study (Baker et al., 2004). While we did not quantify the 
initial spatial distribution of moisture beneath the north pond 
at the start of the second tracer test, there clearly would have 
been a decaying south-to-north lateral gradient in both the allu-
vium and the basalt due to infi ltration from the south pond. 
This gradient could have initially diverted 
tracers to the north more than they otherwise 
would have been if there had not been an ini-
tial water mound beneath the south pond. We 
know, however, that saturated conditions did 
not exist at the base of the alluvium on the 
north side of the north pond during infi ltration 
into the south pond, and we also know that the 
mound in the alluvium beneath the south pond 
decayed in ?4 d. Perched water levels at the 
base of the basalt never exceeded ?5.5 m at the 
periphery of the south pond [in well 211(B)], 
so the majority of the basalt thickness beneath 
the south pond remained unsaturated. Thus, 
the residual effects from the south pond 
infiltration on test 2 were limited both spatially 
and temporally.

Field Experiments to Characterize Water and 
Solute Movement

Two tracer tests were performed at the VZRP in summer 
2003. The fi rst was conducted in the south pond starting 11 
June 2003. At this time the INTEC had been discharging water 
to the south pond for approximately 9 mo. Local areas of satu-
ration were present at the southern end of the alluvium–basalt 
contact, but to the north and west the contact was unsaturated. 
Water was also perched along the CD interbed with water levels 
between 3.0 and 5.5 m above the upper surface of the CD inter-
bed at the location of the wells. Based on water-level data from 
the wells, the fl ow system was considered to be at quasi–steady 
state. Maximum water-level fl uctuations were on the order of 
0.04 m d−1 and could be related to changes in the rate at which 
water was being discharged to the pond. Approximately 18.25 
kg of 2,4,5-trifl uorobenzoate (2,4,5-TFBA) was used as a con-
servative tracer. The 2,4,5-TFBA was “injected” by emptying 
tracer-containing carboys into the infl ow of the south pond. 
For 2 h subsequent to the injection, grab samples were collected 
every 15 min at four locations around the pond.

The second tracer test differed fundamentally from the fi rst 
test in that the system was relatively dry before the beginning 
of the test. Test 2 was conducted in the north pond, which had 
not received discharge water for 9 mo except for 14 d between 
21 Sept. 2002 and 5 Oct. 2002. Two conservative tracers were 
used in this test; bromide ion (Br−) and 2,4-difl uorobenzoate 
(2,4-DFBA). The tracers (16.8 kg Br and 21.6 kg 2,4-DFBA) 
were mixed in a tank (?1600 L), which was located on the berm 
between the two ponds. On 31 July 2003, the discharge was 
switched from the south pond to the north pond, and the tracer 
mixture was added with the fi rst water into a shallow pit in the 
fl oor of the north pond. The tracer was chased by continuous 
discharge to the north pond for the next several months.

After the fi rst tracer addition (test 1), all the wells and lysim-
eters that yielded water were sampled every 2 to 4 h for 2 wk. 
The test 2 sampling period was longer, with samples collected 
every 3 to 4 h for a month and then less frequently for several 
more months. The characteristics of the wells and lysimeters that 
received water and were sampled during the two tracer tests are 
summarized in Table 1 (see Fig. 2 and 3 for locations). If pos-
sible, the wells were purged of 3 bore volumes before sampling. 

TABLE 1. Descriptions of wells and lysimeters that received water during tests 1 and 2. Well 
and lysimeter numbers correspond with locations shown in Fig. 2 and 3. Letters in paren-
theses indicate where a well is completed or a lysimeter is located: A = alluvium–basalt 
contact, B = basalt–interbed contact, and I = within the CD interbed. Well 212 is a deeper 
well and has no associated letter.

Well/lysimeter ID Location Radial distance 
from well 212

Completion 
depth below 
land surface

Completion lithology

————— m —————
Well 199(A) N of north pond 142 15.5 alluvium–basalt contact
Well 203(A) NW of north pond 120 15.8 alluvium–basalt contact
Well 210(A) S of south pond 142 18.1 alluvium–basalt contact
Well 197(B) Far N of north pond 215 38.1 top CD interbed
Well 200(B) N of north pond 129 38.7 top CD interbed
Well 202A(B) NW of north pond 107 37.4 top CD interbed
Well 211(B) S of south pond 133 39.0 top CD interbed
Well 212 Between ponds 0 79.2 deep basalt–interbed
Lys 198114(B) Far N of north pond 215 34.7 fractured basalt ?3 m 

above CD interbed
Lys 198126(I) Far N of north pond 215 38.4 within CD interbed
Lys 204129(I) NW of north pond 120 39.3 below CD interbed
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Due to transient fl ow conditions during test 2, some wells were 
pumped to dryness before 3 bore volumes were obtained. When 
this happened, the wells were allowed to recover for 5 to 15 min 
and then sampled. The alluvial wells to the north and northwest 
of the north pond [199(A) and 203(A)] were dry at the begin-
ning of test 2. These wells were bailed until enough water was 
present to allow pumping. Samples were fi ltered using a 0.45-
μm in-line fi lter. Suction lysimeters were purged with argon to 
remove all the water present at each sampling cycle, and sam-
ples were fi ltered using 0.45-μm nylon syringe fi lters. Between 
sampling events, a vacuum tank at the surface was connected to 
each of the suction lysimeters via tubing in the borehole, and 
the lysimeters were placed under negative pressure to enhance 
fl ow from the surrounding unsaturated media into the ceramic 
sampling cups (Baker et al., 2004).

Tracer samples were returned to the Los Alamos National 
Laboratory, New Mexico, for analysis. Samples were analyzed 
for fl uorobenzoates (FBAs) using high-performance liquid chro-
matography with UV absorbance detection and for Br using 
ion chromatography with conductivity detection. The quantifi -
cation limit (QL) for Br and for 2,4-DFBA was 0.016 mg L−1. 
Two QLs are shown for 2,4,5-TFBA; the samples from test 1 
were run using a method with a QL of 0.008 mg L−1, whereas 
the 2,4,5-TFBA analyses in samples that also contained 2,4-
DFBA from test 2 had a QL of 0.024 mg L−1. In some of the 
FBA plots (Fig. 4), data below the QL are shown; these data are 
included to provide a visual continuation of the breakthrough 
curve (BTC) and should not be considered to be quantitative. 
Only the FBA data are presented in this paper.

Tracer Test and Model Results
Breakthrough Curves

Collection of grab samples after the introduction of tracer 
to the south pond (Test 1) enabled coarse mapping of the spa-
tial distribution of the tracer during infi ltration. Tracer concen-
trations were highest in the northern third of the pond adjacent 
to the injection point. In the southeastern part of the pond, 
tracer concentrations were approximately one-third of those 
toward the north. The southwestern quadrant remained dry 
throughout the test. Tracer concentration in all portions of the 
pond dropped below the QL (0.016 mg L−1) within the fi rst 2 
h after tracer was introduced to the pond.

The tracer tests yielded BTCs that provided information 
regarding transport through the alluvium, the alluvium–basalt 
complex, and the CD interbed for a range of vertical and lat-
eral distances (Fig. 4). Test 1 data represent travel under quasi-
steady-state fl ow conditions with considerable antecedent wet-
ness. In contrast, the second tracer test BTCs represent transport 
under transient fl ow conditions arising from infi ltration into an 
initially dry shallow system with relatively wet conditions at the 
contact between the basalt and the CD interbed. Initial and 
peak arrival times together with peak tracer concentrations are 
summarized in Table 2.

Estimated Flow Velocities

The breakthrough curves generated at the VZRP were fi tted 
using the one-dimensional advection–dispersion equation (1-D 
ADE) to yield estimates of fl ow velocity (v) for the alluvium, 

the integrated alluvium–basalt complex, and the CD interbed 
(Table 3). The CXTFIT code (Parker and van Genuchten, 1984; 
Toride et al., 1999) was used to fi t breakthrough data with ana-
lytical solutions to the deterministic, equilibrium advection–dis-
persion equation:

FIG. 4. Test 1 and test 2 breakthrough curves from wells and lysimeters 
(QL = analytical quantifi cation limit).
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( ) ( )
2

L 2
C C CD v
t xx

∂ ∂ ∂
= θ − θ

∂ ∂∂
 [1]

where C is solute concentration (mg L−1), DL is longitudinal 
dispersion coeffi cient (m2 d−1), v is average pore water velocity, 
θ is volumetric water content, t is time (d), and x is transport 
distance (m).

The purpose of this modeling was to determine average fl ow 
velocities through different portions of the profi le. For this exer-
cise the volumetric water content within each unit was assumed 
to be constant, and Eq. [1] was simplifi ed to

2

L 2
C C CD v
t xx

∂ ∂ ∂
= −

∂ ∂∂  [2]

Equation [2] describes transport of a nonreactive solute through 
a homogeneous porous medium under steady-state fl ow con-
ditions. The initial and boundary conditions used in this 
study are

C(x, 0) = 0, t ≥ 0

C(0, t) = C0, 0 < t ≤ t0

C(0, t) = 0, t > t0

( ), 0, 0C t t
x

∂
∞ = ≥

∂

Initial time (t0) is the time at which tracer was added to the sys-
tem (and, for test 2, the time at which fl ow to the north pond was 
initiated). Tracer transport distance (x) is the sum of the horizon-
tal and vertical components of fl ow (see below for further discus-
sion). The constant concentration boundary condition was used 
despite the decreasing concentration over the 2 h that it took for 
tracer to infi ltrate from the surface. We consider the error intro-
duced by this departure from the defi ned boundary condition 
to be negligible because the rise and fall in concentration was 
relatively steep and the total infi ltration time (?2 h) was short 
relative to the transport times (days to weeks). Thus, the injec-
tion approximated a pulse input. Total mass was included as a 
fi tting parameter in the estimation procedure because the solute 
mass entering any given subset of fl ow pathways was not known. 
The only other parameters optimized were fl ow velocity (v) and 
dispersion coeffi cient (DL).

The analytical model used in this work does not explicitly 
account for the complexity of transport through a geologically 
heterogeneous and variably saturated system. However, the 
model fi ts to the fi rst arrival and peak portions of the BTCs are 
very good (Fig. 5), suggesting that although the geometry and 
fl ow conditions are oversimplifi ed, the model provides reasonable 
overall estimates of average fl ow velocities in the system. In this 
paper, we use the estimates of fl ow velocities generated using the 
1-D ADE to provide information on relative fl ow and transport 
between lithologic units under varying infi ltration conditions. 
Dispersion coeffi cients are not reported as they are particularly 
sensitive to the fact that the test boundary conditions together 
with the transient, three-dimensional nature of the fl ow system 
violate many of the assumptions inherent in the 1-D ADE.

To determine transport velocities, travel distances must be 
estimated. In test 1, tracer was added to the south pond and is 
known to have distributed unevenly across the wetted area of 
the pond. On the basis of tracer concentrations measured in the 
pond and visual estimates of pond water volume, we assumed 
that most of the tracer mass infi ltrated between the southeastern 
part of the pond, where water volume was greatest and near the 
discharge, where tracer concentrations were greatest. We recog-
nize that due to the spreading of the tracer across the pond, pos-
sible travel distances encompass a wide range. To provide bound-
ing estimates of fl ow velocity, model fi ts were performed assum-

TABLE 2. Summary of breakthrough behavior in tests 1 and 2.

Test 1

Well ID First arrival Peak arrival Peak 2,4,5-TFBA 
concentration

—————— d —————— mg L−1

210(A) 1 2.7 1.1
197(B) 9 N/A† N/A
200(B) 5 14 0.1
202A(B) 5 12 0.12
211(B) 3 8 0.25
212 29‡ N/A N/A
Lysimeter ID

198114(B) 27 N/A N/A
198126(I) 21 35§ N/A
204129(I) 19 20–50 N/A

Test 2

Well ID First arrival Peak arrival Peak 2,4-DFBA 
concentration

————— d ————— mg L−1

199(A) 4¶ 8 0.14
203(A) 6# 6–7†† >0.63
197(B) peak 1‡‡ N/A 10–20 0.011
197(B) peak 2 N/A 40–50 0.009
200(B) peak 1§§ 3 5 0.025
200(B) peak 2 N/A 11 0.05
202A(B) 4 14 0.35
211(B) 7 19 0.31
212 46 N/A N/A
Lysimeter ID

198114(B) 27 N/A N/A
198126(I) 17 N/A N/A
204129(I) 12 34 0.28

† N/A Data not available.
‡ First arrival based on three data points all below quantifi cation limit.
§ From interpolation between available data.
¶ First arrival based on water level data in well (Baker et al., 2004).
# First arrival based on water level data in well (Baker et al., 2004).
†† Peak arrival estimated from breakthrough curve slope.
‡‡ All 2,4-DFBA data below quantifi cation limit, breakthrough curve bimodal.
§§ Well 200(B) breakthrough curve bimodal–presented in two peaks.

TABLE 3. Summary of fl ow velocities for both tracer tests.

Well identifi er Domain sampled Travel 
distance† v R2 ‡

m m d−1

Test 1
210(A) Alluvium max. 145 41 0.975

min. 85 24 0.975
202A(B) Alluvium/basalt max. 166 8 0.971

min. 124 6 0.971
211(B) Alluvium/basalt max. 157 13 0.996

min. 97 8 0.996

Test 2
199(A) Alluvium 136 13 0.955
200(B) peak 1 Alluvium/basalt 129 20 0.858
200(B) peak 2 Alluvium/basalt 129 10 0.939
202A(B) Alluvium/basalt 131 5 0.981
211(B) Alluvium/basalt 194 6 0.960
Lys 204129(I) Alluvium/basalt/interbed 146 3 0.980

† See text for travel distance calculation.
‡ Coeffi cient of determination.
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ing two infi ltration points, one in the southern part of the south 
pond and one at the discharge to the south pond. Maximum 
and minimum linear transport distances were calculated as the 
sum of the horizontal distance from each of these infi ltration 
points to a given sampling location plus the depth to that sam-
pling location. Three test 1 BTCs were fi tted: one [well 210(A)] 
provides transport parameters for the alluvium, and two [wells 
202A(B) and 211(B)] provide transport parameters for the inte-
grated alluvium–basalt complex (Table 3). Model fi ts of a rep-
resentative alluvial well [210(A)] and deeper well [211(B)] are 
shown in Fig. 5.

The estimated minimum and maximum fl ow velocities 
yielded by well 210(A) are 24 and 40 m d−1, respectively. These 
velocities are integrated values for transport from the ponded 
water at the surface, down through the alluvium, and along the 
alluvium–basalt contact to the well. The minimum and maxi-
mum fl ow velocities estimated from BTCs in well 202A(B) are 6 
and 10 m d−1, and for well 211(B) are 8 and 13 m d−1, respec-
tively. In both cases, these represent integrated velocity distribu-
tions from several subdomains, which include fl ow across the 
alluvium–basalt contact, through the variably saturated basalt, 
and along the basalt–interbed contact.

In test 2, the tracer input was constrained to a shallow pool 
roughly 4 m in diameter within the north pond, so the tracer 
input signal was considered to be a point source. Maximum lin-
ear transport distances were calculated as the sum of the hori-
zontal distance from the center of the tracer pool to the well 
and the depth of the well. This method yields an estimated 
maximum travel distance and thus provides an upper bound on 
the average linear velocity. Test 2 yielded four BTCs complete 
enough to be analyzed using CXTFIT; one alluvial well [well 
199(A)] and three wells fi nished above the CD interbed [wells 
200(B), 202A(B), and 211(B)]. Model fi ts of a representative 
alluvial well [199(A)] and deeper well [202A(B)] are shown in 

Fig. 5. Table 3 contains a summary of the velocity estimates from 
each BTC.

Discussion
Flow and Transport through the Surfi cial Alluvium

The alluvium at the VZRP, and throughout the ESRP, is 
known to be heterogeneous with gravel, sand, and clay layers and 
lenses interspersed throughout (Smith, 2004). In such a system, 
it is necessary to defi ne a characteristic length scale below which 
the heterogeneity must be explicitly accounted for and above 
which effective properties (e.g., hydraulic conductivity) may be 
used to represent the system as a whole (Bear, 1972). According 
to the current conceptual model, fl ow through the surfi cial allu-
vium is expected to be largely vertical until the alluvium–basalt 
contact is reached and lateral spreading occurs. Flow pathways 
along the alluvium–basalt contact to the north and northwest 
are intercepted by two shallow wells [199(A) and 203(A)]. To 
assess transport behavior through the alluvium at the scale of the 
tracer tests, a forward simulation was performed using the tracer 
travel distance for well 203(A) during test 2 (122 m) together 
with the velocity and dispersion coeffi cient generated from an 
inverse fi t of the test 2 well 199(A) BTC. The results of the for-
ward simulation were compared with the BTC from well 203(A) 
(Fig. 6). The 1D-ADE with v and D from well 199(A) provides 
a reasonable estimate of the position of the peak and predicts all 
but the very late-time tailing behavior in well 203(A). That one 
set of transport parameters describes breakthrough behavior in 
both wells suggests that, despite the known heterogeneity of the 
porous medium, comparable transport pathways through the 
alluvium formed to the north and the northwest. This in turn 
suggests that transport distances more than ?15 m vertically 
and ?100 m laterally are greater than the characteristic length 
for this medium.

FIG. 5. Representa-
tive fi ts of test 1 and 
test 2 data from which 
fl ow velocity estimates 
were generated. See 
Table 3 for minimum 
and maximum transport 
distances used in these 
simulations.
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Flow and Transport across the Alluvium–Basalt Contact

The behavior of the alluvial wells suggests that although a 
saturated layer forms at the alluvium–basalt contact, providing 
a mechanism for some horizontal transport, this perched layer 
is neither laterally extensive nor temporally persistent. In test 1, 
only well 210(A) at the south end of the south pond produced 
water; the other two alluvial wells [199(A) and 203(A)] were 
dry. When discharge was switched from the south pond to the 
north pond, well 210(A) dried up within 4 d and wells 199(A) 
and 203(A) began producing water within 4 to 6 d. Water never 
reached well 196(A), an alluvial well farther to the north of the 
north pond (?228 m from well 212). This behavior strongly 
suggests that vertical fl ow across the alluvium–basalt contact is 
suffi ciently large to limit the extent of lateral fl ow along the con-
tact. In addition, signifi cant tracer masses were recovered at the 
deeper wells in the same well clusters as the alluvial wells. Both 
of these observations are inconsistent with the alluvium–basalt 
contact acting as a lateral conduit to move a signifi cant portion 
of the infi ltrating water out of the monitoring domain of the 
VZRP. Rather, it appears that perched zones that form at the 
alluvium–basalt contact do not extend far beyond the margins 
of surface source and drain within days after the source of infi l-
tration is removed. Other studies based on monitoring at both 
the RWMC and the INTEC support this conclusion (Cecil et 
al., 1991; Hull and Bishop, 2003). This result is important as it 
shows that perched water at the alluvium–basalt contact cannot 
store a large amount of water or solute, move water or solute over 
laterally extensive distances, or signifi cantly retard the downward 
movement of water or potential contaminants.

Flow and Transport through the Basalt

The results of our tracer tests indicate that during high-
intensity infi ltration from the surface into unsaturated basalt, 
fl ow occurred primarily in the fractures. In test 2, three BTCs 
[wells 197(B) and 200(B) and lysimeter 198126(I); Fig. 4] are 
bimodal, supporting the idea that miscible displacement as 
conceptualized in porous media does not apply to fl ow in the 
fractured basalt of the ESRP. The most plausible explanation 
for compound BTCs is that fl ow occurred along multiple fl ow 

paths with different fl ow lengths and/or fl ow velocities 
(Mohanty et al., 1998; Nimmo et al., 2002).

Flow velocities through the alluvium–basalt complex 
range from ?5 to ?20 m d−1 (Table 3). If fl ow was matrix 
dominated, we would expect fl ow velocities on the order of 
0.4 m d−1 based on the laboratory-measured mean vertical 
saturated hydraulic conductivity for ESRP basalt matrix 
(saturated hydraulic conductivity, Ksat, = 8.4 × 10−2 m 
d−1; Bishop, 1991). The velocities observed in the fi eld 
are one to two orders of magnitude greater than can be 
explained by matrix fl ow alone. We interpret the evidence 
of multiple fl ow paths, together with high fl ow velocities, 
as indicating that fl ow through the basalt occurred primar-
ily in the fractures even when the matrix was unsaturated.

Flow and Transport through the Sedimentary Interbeds

The sedimentary interbeds in the ESRP vadose 
zone are thought to exert important controls on fl ow 
and transport, both physically and chemically. The for-
mation of perched zones above the major sedimentary 

interbeds indicates that the interbeds act as barriers to vertical 
fl ow as well as facilitating lateral fl ow along the basalt–interbed 
contact (Newman and Dunnivant, 1995; Nimmo et al., 2002; 
Wood and Norrell, 1996). In current conceptual and numerical 
models of fl ow and transport in the ESRP vadose zone, sorp-
tion of contaminants is assumed to occur only within the sur-
fi cial sediment and the sedimentary interbeds (Magnuson and 
Sondrup, 2006). Clearly, the higher sorptive capabilities of these 
sediments may only be called on if in fact fl ow patterns result in 
signifi cant sediment–water interaction. Thus, it is important to 
understand whether vertical fl ow occurs via percolation through 
the sedimentary material of the interbeds or if preferential fl ow 
paths such as high conductivity channels within the interbeds 
or interbed discontinuities result in signifi cant bypassing of the 
interbed material.

By analyzing tracer BTCs collected above and below the 
CD interbed, fl ow velocities were calculated for the sedimen-
tary interbed and associated clay-fi lled, fractured basalt. The 
computed velocities were compared with velocities calculated 
from laboratory-derived sediment characteristics, the results of a 
water-balance calculation, and breakthrough behavior in a deep 
well at the VZRP to investigate the nature of fl ow through the 
interbed. Pore water pressure data from the tensiometer at 38.7 
m in borehole 204 indicated that the CD interbed saturated 
quickly in response to infi ltration from the VZRP ponds and 
remained saturated during both tracer tests (Baker et al., 2004).

Figure 7 shows 2,4-DFBA BTCs at well 202A(B) and lysim-
eter 204129(I). This well and lysimeter are in the same nested 
set located to the northwest of the northern VZRP pond. Well 
202A(B) is completed in a basalt rubble zone just above the CD 
interbed (the well is screened between 35.8 and 37.3 m bls, and 
sedimentary interbed material was encountered at a depth of 37.5 
m bls). Lysimeter 204129(I) is installed within the CD interbed 
at a depth of 39.3 m bls. Given that the lateral fl ow distances 
from the tracer injection point to well 202A(B) and borehole 
204 are similar (107 m and 120 m from well 212, respectively; 
see Table 1), the tracer breakthrough at well 202A(B) is assumed 
to be representative of the tracer arrival above the interbed in 
borehole 204. Thus, the distribution of tracer at 202A(B) was 

FIG. 6. Prediction of test 2 well 203(A) data using parameters from an inverse fi t 
of test 2 well 199(A) breakthrough curve.
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used as an input signal to fi t the BTC at 204129(I) and 
calculate the fl ow velocity through the sedimentary 
interbed and clay-fi lled fractured basalt. This analysis 
yielded an estimated fl ow velocity of 0.12 m d−1.

To address the question of whether preferential 
fl ow paths allow signifi cant bypassing of the sedi-
mentary interbeds, it is informative to compare the 
hydraulic conductivity values derived from the results 
of inverse modeling with values calculated using labo-
ratory hydraulic parameters. Comprehensive charac-
terization of the VZRP interbed sediments has yielded 
estimates of saturated hydraulic conductivity (Ksat) in 
the interbed materials (USDOE-ID, 2006; Winfi eld, 
2003). Hydraulic conductivity values for the CD 
interbed range over four orders of magnitude (10−5 
to 10−1 m d−1), decrease with depth, and have a mean 
value of 5.76 × 10−2 m d−1. The average porosity for 
the CD interbed is 0.496 (Winfi eld, 2002). The mean 
water level above the upper boundary of the CD inter-
bed for the duration of the second tracer test was 3.16 
m. A Darcy calculation using a pressure head of 3.16 m, a fl ow 
velocity of 0.12 m d−1, a vertical transport distance of 1.98 m 
and porosity of 0.496 yields a saturated hydraulic conductiv-
ity of ?2 × 10−2 m d−1. Clearly, the interbeds are highly het-
erogeneous with respect to Ksat; however, the fi eld-derived fl ow 
velocity yields an estimated value for Ksat that is very close to the 
mean laboratory-derived Ksat value (both on the order of 10−2 
m d−1). This agreement between laboratory- and fi eld-derived 
transport parameters lends credence to the hypothesis that verti-
cal fl ow occurs through the main bulk of the sedimentary mate-
rial of the CD interbed.

A simple water-balance calculation was used to estimate the 
saturated vertical hydraulic conductivity of the CD interbed on 
a larger scale than that interrogated by the preceding analysis. 
Assuming that water moves predominantly vertically from the 
surface and then spreads radially along the CD interbed, the rate 
at which water percolates vertically through the interbed con-
trols the extent to which the perched water spreads. During test 
1, water reached well 197(B), located ?268 m from the center of 
the south pond, but failed to reach well 194(B), located ?449 m 
from the center of the south pond (Fig. 2). These two wells pro-
vide bounding estimates of the radial distance that water traveled 
along the CD interbed and thus of the area of the circles through 
which water percolated vertically. Darcy calculations using the 
two bounding areas (2.3 × 105 and 6.3 × 105 m2) yielded esti-
mates of vertical saturated hydraulic conductivity for the CD 
interbed of 8 × 10−3 and 3 × 10−3 m d−1, respectively. The fact 
that these values are so close to both the estimate based on the 
well 202(A), lysimeter 204129(I) analysis (2 × 10−2 m d−1) and 
the mean laboratory value (5.76 × 10−2 m d−1) suggests that 
the interbed (i) is laterally continuous over an extensive area, 
(ii) does not contain signifi cant high-permeability vertical chan-
nels, and (ii) is homogeneous enough that its large-scale effective 
vertical permeability is represented quite well by averaged point 
measurements

Analysis of tracer breakthrough in well 212 can also be used 
to further our investigation into the nature of transport through 
the vadose zone. Well 212 is completed at a depth of 79 m bls 
and is located between the two ponds almost directly below the 

infi ltration point (Fig. 2). The well penetrates a total of 8 m of 
sedimentary material and ?1 m of clay-fi lled fractured basalt 
distributed in four separate interbeds. Cement grout and ben-
tonite plugs from land surface to approximately 2 m above the 
screened interval prevents vertical fl ow down the annulus of the 
well. Transport through the ESRP vadose zone to the regional 
aquifer can be conceptualized in terms of two end members. The 
fi rst of these is that water moves primarily through the fractured 
basalt, traveling laterally along the tops of the sedimentary inter-
beds until a gap is found. The second end member is that ver-
tical transport rates are predominantly controlled by transport 
through the sedimentary material of the interbeds and associated 
clay-fi lled fractures in the basalt. Presumably, the true transport 
paths lie between these two extremes. To assess the nature of fl ow 
paths through the interbeds, two forward simulations were per-
formed and compared with the test 2 data from well 212 (Fig. 
8). In both simulations, lateral fl ow is not included as lateral fl ow 
velocities are rapid compared with vertical fl ow velocities (see 
next section for discussion of lateral fl ow along basalt–interbed 
contacts). In the fi rst simulation, fl ow and transport are assumed 
to be predominantly through the basalt; that is, fl ow bypasses 
the sedimentary material and associated clay-fi lled fractures of 
the interbeds. In the second simulation, fl ow and transport are 
assumed to be through the sedimentary interbeds and associ-
ated basalt with clay-fi lled fractures with no bypassing. Since 
transport velocities through the basalt are roughly two orders of 
magnitude faster than those through the interbed (Table 3), fl ow 
through the basalt is neglected in simulation 2.

The forward simulations clearly show that transport 
parameters for the sedimentary material of the interbeds and 
the associated clay-fi lled fractured basalt best match the test 2 
well 212 BTC (Fig. 8). The simulation in which the interbeds 
are neglected predicts initial arrival of tracer in well 212 ?25 d 
too early. This simulation also predicts a very steep rising limb 
of the BTC whereas the data show a slower, shallower rise in 
tracer concentrations. The results of simulation 2 provide a 
much closer match to the well 212 data with an initial arrival 
time of ?40 d. This result indicates that most of the tracer that 
arrived at well 212 likely traveled through the interbeds. The 

FIG. 7. Test 2 breakthrough curves for well 202A(B) and lysimeter 204129(I).
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simulated breakthrough is somewhat later than that observed in 
well 212; however the fi t is considerably improved by decreasing 
the assumed effective interbed thickness to 8 m instead of 9 m. 
Although the difference between an effective interbed thickness 
of 8 and 9 m is small considering the uncertainties inherent in 
this analysis, the improved fi t using the smaller number does 
allow the possibility that some fl ow may bypass the interbed 
material. Other possibilities that could account for this relatively 
small difference between predicted and measured interbed thick-
nesses without any bypassing include spatial variability of inter-
bed thickness surrounding well 212, locally higher heads due to 
variable perched water thickness above the CD interbed or other 
interbeds penetrated by well 212, and heterogeneity in hydraulic 
conductivity both within and between the CD interbed and the 
deeper interbeds.

Comparison of fi eld-derived hydraulic conductivity values 
with those generated in the laboratory, together with a simple 
model analysis of tracer breakthrough at a deep well, provides 
strong evidence that solutes move through both the sedimen-
tary material and the associated clay-fi lled fractures in the basalt 
during vertical transport. A small degree of bypassing is allowed 
by the data but not required given the uncertainties inherent 
in this analysis and the likely variable thicknesses and heteroge-
neous characteristics of the interbed materials. This fi nding has 
important implications for contaminant transport as retardation 
of reactive solutes is expected to be much higher in sedimen-
tary material and clay-fi lled fractures than in the basalt alone 
(Magnuson and Sondrup, 2006).

Lateral Transport along the Basalt–Interbed Contact

When water infi ltrating vertically through the variably satu-
rated basalt reaches a sedimentary interbed, it forms a perched 
layer. From this perched layer water is redistributed both verti-
cally through and laterally along the interbed. Tracer recovery 
at well 200(B) and at well 197(B) (Fig. 2 and 3) may be used 
to provide insight into the lateral component of this fl ow. Well 
200(B) is completed above the upper boundary of the CD inter-
bed slightly to the north of the north pond. Well 197(B) is simi-

larly completed above the CD interbed approximately 
86 m due north of well 200(B). A Darcy calculation 
was performed using a hydraulic gradient based on 
water levels in wells 200(B) and 197(B), tracer arrival 
times at the two wells, and an assumed porosity of 
0.5 (a reasonable assumption for both CD interbed 
[Winfi eld, 2002] and the basalt rubble zone [Smith, 
2004]). If fl ow from well 200(B) to well 197(B) is 
assumed to be linear in nature, this calculation yields 
an estimated mean Ksat of ?500 m d−1; if a radial fl ow 
assumption is made, the calculated value is ?900 m 
d−1. Nimmo et al. (2004b) stated that the saturated 
hydraulic conductivity of basalt rubble zones is likely 
similar to that of gravel and could easily exceed 800 m 
d−1. In contrast, the mean vertical saturated hydrau-
lic conductivity of the CD interbed as determined by 
Winfi eld (2003) is 5.76 × 10−2 m d−1, and tracer 
breakthrough analysis presented above yields a com-
parable value of 2 × 10−2 m d−1. Even allowing for 
the possibility that the sedimentary materials of the 
interbed have high horizontal to vertical anisotropy in 

hydraulic conductivity, this large contrast in Ksat values strongly 
suggests that lateral fl ow occurred in the basalt rubble above the 
CD interbed rather than within the sedimentary material itself.

Perching Behavior at Different Geologic Contacts

Perching behavior at the alluvium–basalt contact differs sig-
nifi cantly from that which occurs at the basalt–interbed contact. 
Although a saturated layer did form at the alluvium–basalt con-
tact, it was not persistent once the source of water from the sur-
face was discontinued. In contrast, the perched layer that formed 
at the basalt–interbed contact remained stable even after the 
source was moved between ponds. The perched water at the allu-
vium–basalt contact did not extend far beyond the wetted foot-
print at the surface, whereas the perched layer that formed at the 
basalt–interbed contact extended well beyond the surface infi l-
tration source clearly indicating signifi cant lateral fl ow (on the 
order of 100s of meters). This dissimilarity in perching behavior 
suggests that the perching mechanisms at the two contacts are 
different. We suggest that when unconsolidated material overlies 
fractured rock (as typifi ed by the alluvium–basalt contact), the 
underlying rock functions as a capillary barrier and water moves 
into the basalt when the head above the contact exceeds the 
air-entry pressure of the transmissive fractures. In contrast, the 
thicker, more extensive perching at the basalt–interbed contact 
is likely due to the permeability contrast between the fractured 
rock and the relatively low permeability interbed sediments.

Comparison of Flow Velocities in Test 1 and 2

Flood events in semiarid systems occur on a variety of tem-
poral scales. For example, at INL, infi ltration from the Big Lost 
River and associated spreading areas may continue for months 
or years, whereas local snowmelt and rainfall may cause intense 
infi ltration events that last from days to weeks. These two tem-
poral scales are simulated by test 1 and test 2. Test 1 was con-
ducted after water had been infi ltrating for roughly 9 mo. In 
contrast, test 2 was conducted in an initially dry setting and the 
test duration was approximately 2 mo. Flow velocities calcu-

FIG. 8. Results of CXTFIT simulations compared with test 2 well 212 breakthrough 
data (see text for conceptual model in each simulation); d = effective interbed thick-
ness.
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lated for test 1 are consistently faster than those calculated for 
test 2 (Table 3).

Two fundamental differences between test 1 and test 2 are 
the antecedent wetness and the location of the infi ltration points. 
That tests 1 and 2 were performed in separate ponds allows the 
possibility that differences in fl ow velocities are due to fl ow 
through different pathways. In such a case, however, one would 
also expect that there would be a distribution of fl ow velocities 
and that each different infi ltration location would produce some 
slower and some faster pathways. There is no a priori reason to 
expect that fl ow paths from one pond would give rise to consis-
tently higher fl ow velocities than another. Rather, the consistent 
trend of faster fl ow velocities in test 1 suggests that system wetness 
is an important controlling factor in both the basalt and the allu-
vium. This correlation is presumably related to increased unsatu-
rated hydraulic conductivity associated with increased moisture 
content. In addition, once the fl ow fi eld approaches steady state, 
fl ow velocities in the fractured basalt may be higher due to the 
presence of saturated or near-saturated fractures that are able to 
act immediately as transmissive pathways. This interpretation 
suggests that during long-term infi ltration events, velocities in 
the alluvium may be as much as a factor of two to three higher 
than during initial infi ltration into a dry system. Similarly, fl ow 
through the alluvium/basalt complex may be expected to be 50 
to 100% faster under wetter antecedent conditions. Thus, the 
relative difference in fl ow velocities calculated for test 1 and test 
2 may be useful in evaluating contaminant transport under tem-
porally different infi ltration scenarios.

Conclusions

The work outlined in this paper provides evidence that when 
driven by high-fl ux infi ltration from the surface, fl ow occurs in 
fractures even when matrix saturations are low. This fracture 
fl ow gives rise to vertical transport rates that are much higher 
than would be predicted assuming that the fl ow occurs primar-
ily in the matrix. Vertical fl ow velocities through the combined 
surfi cial alluvium and fractured basalt at the VZRP were deter-
mined to range between 5 and 20 m d−1. Flow velocities were 50 
to 100% faster under quasi-steady-state conditions with higher 
antecedent wetness than they were when infi ltration occurred 
under initially dry and highly transient conditions. This increase 
in fl ow rates is presumed to result from higher unsaturated 
hydraulic conductivities related to higher moisture contents. In 
addition, we propose that under steady-state conditions, fl ow 
velocities increase because fractures are already behaving as active 
transmissive pathways, in contrast to the transient case in which 
the fractures must go through an initial wetting-up phase.

Perching and fl ow behavior at two types of geologic con-
tacts were investigated during this study: the contact between 
the surfi cial alluvium and the underlying basalt and the contact 
between basalt and a sedimentary interbed. The dissimilarity 
in perching behavior suggests a fundamental difference in the 
perching mechanism at the two contacts. We propose that when 
unconsolidated sediment overlies fractured rock, the underlying 
rock presents a capillary barrier, with water moving vertically 
into the rock only when the head above the contact exceeds the 
air-entry pressure of the fractures. In contrast, when fractured 
rock overlies sedimentary material, perching appears to be due 

to the contrast in permeability between the high-permeability 
fractured rock and the relatively low-permeability interbed sedi-
ments. This is an important distinction as the capillary barrier 
mechanism is head-dependent and may therefore give rise to 
pulsing or fl ushing of fl ow across the contact, whereas the per-
meability-controlled mechanism is independent of head above 
the contact and is therefore a permanent feature of the subsur-
face environment.

Water perched above the CD interbed fl owed laterally and 
also percolated vertically through the sedimentary material of 
the interbed. Results of our tracer tests suggest that lateral fl ow 
along the basalt–interbed contact occurs in a high-permeability, 
high-porosity zone, perhaps of basalt rubble, that lies above the 
sedimentary interbed. The mean saturated hydraulic conductiv-
ity of this zone is estimated to be on the order of either 500 or 
900 m d−1 for lateral and radial fl ow assumptions, respectively. 
Vertical fl ow occurs through the sedimentary material of the 
interbeds with little or no apparent bypassing of the interbed 
through preferential pathways. The estimated mean vertical sat-
urated hydraulic conductivity of CD interbed sediments based 
on analysis of fl ow at a single point is ?2 × 10−2 m d−1; a larger 
scale analysis yielded bounding values of 3 × 10−3 and 8 × 10−3 
m d−1 for infi ltration through an interbed area of ?105 m2.
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