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Abstract Layers of strong geologic contrast within the unsat-
urated zone can control recharge and contaminant transport to
underlying aquifers. Slow diffuse flow in certain geologic
layers, and rapid preferential flow in others, complicates the
prediction of vertical and lateral fluxes. A simple model is
presented, designed to use limited geological site information
to predict these critical subsurface processes in response to a
sustained infiltration source. The model is developed and test-
ed using site-specific information from the Idaho National
Laboratory in the Eastern Snake River Plain (ESRP), USA,
where there are natural and anthropogenic sources of high-
volume infiltration from floods, spills, leaks, wastewater dis-
posal, retention ponds, and hydrologic field experiments. The
thick unsaturated zone overlying the ESRP aquifer is a good
example of a sharply stratified unsaturated zone. Sedimentary
interbeds are interspersed between massive and fractured ba-
salt units. The combination of surficial sediments, basalts, and
interbeds determines the water fluxes through the variably
saturated subsurface. Interbeds are generally less conductive,
sometimes causing perched water to collect above them. The
model successfully predicts the volume and extent of perching
and approximates vertical travel times during events that gen-
erate high fluxes from the land surface. These developments
are applicable to sites having a thick, geologically complex
unsaturated zone of substantial thickness in which preferential

and diffuse flow, and perching of percolated water, are impor-
tant to contaminant transport or aquifer recharge.
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Introduction

In many regions of the world, the unsaturated zone is tens of
meters or more thick and geologically complex, comprising
diverse strata that typically are heterogeneous within them-
selves at multiple scales. Effective water management in these
regions requires increased knowledge of hydraulic processes
in the unsaturated zone, which quantitatively link precipita-
tion, infiltration, and percolation to the underlying aquifer.

Geologic stratification in the unsaturated zone has diverse
hydrologic effects. It can retard downward unsaturated flow
because of individual layers that conduct poorly or, regardless
of which layer is more conductive, because of the retarding
effect of layer contrasts (Miller and Gardner 1962; Nimmo
and Perkins 2008). Conversely, it can cause flow instabilities
that generate fingers of relatively rapid flow (Hill and
Parlange 1972; Hendrickx and Flury 2001). Flow impedances
associated with layer contrasts or low-conductivity layers
sometimes cause perched water to collect above them. These
thin but laterally extensive saturated volumes can lead to
greatly enhanced, or possibly impeded, transport of water
and contaminants (e.g. Hammermeister et al. 1982; Oostrom
et al. 2013). They complicate subsurface transport with
saturated/unsaturated interactions and increased likelihood
and magnitude of lateral flows.

This paper quantitatively evaluates the phenomena of
perching and preferential flow, both of which exert major
control over recharging fluxes, contaminant transport, and
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hydrologic water balance. When both occur, each amplifies
the importance of the other.

The Eastern Snake River Plain (ESRP) in Idaho, USA,
having a large and heavily utilized aquifer, multiple alternat-
ing basaltic and sedimentary layers, and an unsaturated zone
of thickness up to 200 m or more, provides an important study
site for these processes and issues (Barraclough et al. 1967;
Nimmo et al. 2004; Smith 2004). Layers in both the unsatu-
rated zone and aquifer mostly are either fine, unconsolidated
sediments or fractured rock. (Here the term Bfractured rock^ is
used to include associated rock composed of unconsolidated
fragments, for example rubble or gravel zones.) A major ad-
vantage of this location is that previous investigations have
produced an extensive data record of water flow dynamics in
the unsaturated zone and aquifer (Barraclough et al. 1967;
Rightmire and Lewis 1987; Anderson and Liszewski 1997;
Dunnivant et al. 1998; Perkins and Nimmo 2000; Nimmo
et al. 2002; Duke et al. 2007; Mirus et al. 2011). Geologic
and hydraulic property data from recent USGS investigations
(Perkins et al. 2014; Twining et al. 2014) at an ESRP location
referred to as USGS 140/141 (Fig. 1) within the Idaho
National Laboratory (INL) provide an opportunity to explore
newmethods for characterizing preferential flow and perching
phenomena in combination with the more frequently studied
diffuse flows, and to use them to learn about this previously
little-explored portion of the unsaturated zone.

Diffuse and preferential flow

Unsaturated zone flow is often treated as having either diffuse
or preferential character. Through sediments, at the ESRP and
other sites with deep unsaturated zones, unsaturated flow is
commonly diffuse, though preferential flow also can occur.
Through fractured rock with little matrix porosity, essentially
all flow is preferential.

Diffuse flow, considered as progressing through connected
pores, each of which departs only slightly, and in diminishing
degree, from equilibrium with those in its vicinity, can gener-
ally be quantified using traditional theory embodied in such
relationships as the Darcy-Buckingham Law and Richards’
equation. It normally entails slow transport processes with
the possibility of strong interactions between water and solid
materials.

Preferential flow moves rapidly through narrow path-
ways in disequilibrium with the surrounding matrix mate-
rial, in contrast to slower diffuse flow, which moves
through broad regions of matrix material. It can speed
transport of contaminants through the unsaturated zone
while exposing them to only a small fraction of the natu-
ral subsurface materials, thereby reducing the opportunity
for chemical reactions and adsorption. Preferential flow
commonly occurs due to elongated pores or fractures,
fingering caused by flow instability, or heterogeneities at

small or intermediate scales. It becomes more prevalent in
situations of stratification, perching, heterogeneity, and
geologic complexity. Though of great practical concern,
preferential flow is poorly understood at both fundamental
and practical levels (Pruess 1998; Jarvis 2007). This poor
understanding is apparent in the lack of a widely accepted
quantitative model for preferential flow, whether occur-
ring as the dominant mode on its own, or in combination
with diffuse flow. Of several different types of quantita-
tive models in use, none is universally accepted (Beven
and Germann 2013). Most approaches consider two do-
mains of the unsaturated medium. Normally one domain
has diffuse flow quantifiable with Darcy-Buckingham and
Richards formulations, with traditional hydraulic conduc-
tivity and water retention properties to represent the me-
dium. Various alternatives are used for the preferential
domain, including Richards’ equation applied with prop-
erty values different from those used for the diffuse do-
main (Gerke and van Genuchten 1993), kinematic waves
(Larsbo and Jarvis 2003) and others, including the source-
responsive flow (Nimmo 2010) used in this study.

Perching

On the ESRP, several studies (e.g. Barraclough et al. 1967;
Rightmire and Lewis 1987; Anderson and Lewis 1989) have
shown that water episodically accumulates in perched layers
that typically persist for a fewmonths or years.While the layer
contrast that allows perching to occur impedes vertical flow,
the perched water itself is subject to rapid lateral flow, widen-
ing the influence of a localized water source. A broad area of
perched water can facilitate access to aquifer-connected pref-
erential flow paths, for example causing funneled flow (Kung
1990), facilitating transport to vertical fractures or other
macropores, or generating fingered flow below a layer contact
that causes perching. If the perched layer is sloped, there may
be a significant vertical component of the enhanced flowwith-
in it.

Perching complicates hydraulic issues and contamination
problems in several ways. The geometric complexity that
perching introduces can lead to misinterpretation of hydrolog-
ic data (Davis 1994). Perching can be a critical element of
runoff generation (Salve et al. 2012), though this may not
occur when perched layers are at tens of meters depth. The
reduced aeration within a perched zone may be a controlling
influence on biochemical processes and it may become a zone
of accumulation of contaminants. Monitoring of a perched
zone can sometimes provide early warning of aquifer
contamination.

The effect of perching on contaminant travel times has
obvious importance. Other questions include what volume,
thickness, and lateral extent of perched water body will
develop for a given amount or rate of water inflow. Such
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geometrical issues are important for knowing how long
perched water will persist, how broadly it will spread
recharging water or contaminants from a localized source,
and the likelihood of affecting an important subsurface
feature such as a fault or a supply well. The lateral extent
in particular is important to approach by theory or simula-
tion, yet is poorly understood because, owing to the high
cost of drilling the numerous test wells needed, few data
are available (Robinson et al. 2005).

One straightforward approach to the quantification of
perched water include is to solve Richards’ equation for a
stratified system in which the spatial variation of hydrau-
lic properties determines where and how much perched
water occurs (Hinds et al. 1999). A variation introduced

by Robinson et al. (2005) includes flow impedances char-
acteristic of the contacts between layers, as well as the
properties of the layers themselves. Oostrom et al.
(2013), in addition to a multiphase numerical approach
based on transport properties of the subsurface materials,
applied a Darcian scoping model that provides a simple
relationship between perched water thickness, downward
flux density, and properties of the layered materials. The
model presented here is somewhat more complex than the
scoping model of Oostrom et al. (2013), but much simpler
than models based on multi-dimensional numerical solu-
tions of partial differential equations of transport. It differs
from other models also in incorporating explicitly distinct
formulations for diffuse and preferential flow.

Fig. 1 The Idaho National
Laboratory, Idaho, and selected
facilities
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Objectives

The main emphasis in this paper is the subsurface hydraulic
response to a major infiltration episode as could be caused by
floods, ephemeral streamflows, artificial recharge, or periods
of rapid snowmelt. The scope includes episodes in which
nearly steady flow is established early enough that most of
the input water moves through a substantial portion of the
unsaturated zone during the time this condition holds.
Though reducing applicability for short-duration events and
advancing wetting fronts, this requirement permits attention to
major infiltration episodes with great potential impact on re-
charge and contaminant transport.

Because models currently used for preferential and diffuse,
variably saturated flow cannot simulate the types flow ob-
served during tracer experiments (e.g. Nimmo et al. 2002;
Dunnivant et al. 1998; Duke et al. 2007; Mirus et al. 2011),
the development here includes a basic quantitative formula-
tion of flow through the alternating sequence of materials.
Predicted quantities include the thickness and areal extent of
perched water bodies, and travel times to particular points in
the subsurface. The model is developed for application in a
forward mode, maximizing utilization of available hydrologic
and geologic data, without heavy reliance on parameter cali-
bration. After testing and refining the conceptual model using
the best available parameter values, hypothetical scenarios
and sensitivity analyses in response to plausible, major infil-
tration events are presented, taking the USGS 140/141 site as
one example where the geology has been characterized but
unsaturated zone hydraulics have not.

Approach

The many ESRP unsaturated-zone investigations since the
1950s, especially in and near the INL, have produced perti-
nent geologic and hydrodynamic information to understand
some of the unsaturated zone flow behavior and estimate hy-
draulic property values. As at most sites, available unsaturated
zone hydraulic property measurements lack the spatial resolu-
tion needed for representing all macroscopic heterogeneities.
This deficiency motivates an approach that utilizes geologic
data and quantifications in terms of effective properties that
represent integral stratigraphic layers.

The model developed here uses data collected from some
ESRP locations where both hydrodynamic and geologic data
are available. The hydrodynamic data can facilitate direct es-
timation of the needed hydraulic properties. At others, some
geologic data are available but unsaturated-zone hydrodynam-
ic data are not, so it is useful to be able to predict hydraulic
behavior from geologic knowledge. The unsaturated zone at
USGS 140/141 has detailed geologic characterization data
from two boreholes (Twining et al. 2014) and measured hy-
draulic properties of its sedimentary interbeds (Perkins et al.

2014), but no measurements that characterize the flow behav-
ior of the basalt where preferential flow would be expected to
occur under suitable high-flux conditions. For application to
this andmost other ESRP locations, a type of property-transfer
approach is developed, based on data from locations where, in
addition to lithologic characterization, there have been char-
acterizations of the subsurface hydrodynamics associated with
instances of substantial infiltration. Synthesized over broad
regions of the ESRP, these data can facilitate predictive esti-
mates of hydrodynamic quantities at locations where the un-
saturated hydraulics have not yet been studied.

This work quantifies and interprets flow in sedimentary
layers as diffuse flow based onDarcian formulations, in which
flow rates are proportional to the driving force (i.e. hydraulic
gradients). The proportionality constant, the hydraulic con-
ductivity, is highly sensitive to conditions specified by state
variables, particularly water content and matric pressure.
Darcy’s law is applied to both vertical and horizontal flow,
in saturated and unsaturated conditions.

Preferential flow through fractured rock is quantified with
source-responsive formulations (Nimmo 2010), in which the
water flux applied to the system, rather than the usual state
variables, largely determines the flow conditions. Based on
generalizations of widespread observations, the source-
responsive model quantifies preferential flow in relation to
conceptually simple properties, with emphasis on the temporal
distribution of water input. It augments the traditional Darcian
theory for the diffuse component of unsaturated flow. Recent
applications and developments of this model include: predic-
tion of travel times (Nimmo 2007) and fluxes (Nimmo 2010),
contaminant risk assessment (Ebel and Nimmo 2013; Mirus
and Nimmo 2013), soil-water balance estimation of recharge
(Cuthbert et al. 2013), prediction of irregular patterns of infil-
trated water (Nimmo and Mitchell 2013), unsaturated-zone
seasonal storage mechanisms (Nimmo and Malek-
Mohammadi 2015), and incorporation into the VS2DT code
for combined solution of Darcian and preferential unsaturated
flow (Healy 2015).

Unsaturated zone of the Eastern Snake River Plain

The ESRP lies within a northeast-trending basin, approxi-
mately 320 km long and 80–110 km wide, which slopes gent-
ly to the southwest and is bordered on the northwest and
southeast by the ends of northwest-trending mountain ranges
(Fig. 1). The depth to the Eastern Snake River Plain aquifer
ranges from 61 m in the northeast to 274 m in the southwest.
The climate is semi-arid with 0.22 m average annual precipi-
tation (US Department of Energy 1989), cold winters, little
snowfall, hot dry summers, and high evapotranspiration.

Facilities and locations important to this study are shown in
Fig. 1 and in the Appendix. These include the Vadose Zone
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Research Park (VZRP), the site of the Large Scale Infiltration
Test (LSIT), Spreading Areas A and B (SAA and SAB) used
in the Spreading Area Tracer Test (SATT), the Idaho Nuclear
Technology and Engineering Center (INTEC), the sampled
boreholes USGS 140 and USGS 141, the Radioactive Waste
Management Complex (RWMC), and the Advanced Test
Reactor (ATR).

ESRP stratigraphy

Three classes of layers are essential to the model developed
here. Their nature and basic hydraulic function are described
in this section, with specific characterizing measurements
summarized in the section ‘Results’.

Surficial sediments

Toward the south, including the SAA, SAB, and LSIT sites
(Fig. 1), the surficial sediments consist of well-developed silty
soils. Farther north, including the VZRP and INTEC sites, at
the surface are thick, poorly sorted alluvial deposits with
pebble- to gravel-sized rocks. In general, the surficial sedi-
ment layer thickens to the north (Anderson et al. 1996b).
Both preferential and diffuse flow through the surficial sedi-
ments have been observed (Nimmo and Perkins 2008).

Sedimentary interbeds

The sedimentary interbeds contain large amounts of sand, silt,
and clay which, produced during quiet intervals between vol-
canic flows, are of fluvial, eolian, and lacustrine origin.
Frequently the uppermost portion of an interbed is a baked
zone, where a period of increased temperature during the de-
position of hot lava irreversibly altered the chemical and struc-
tural properties of the sediments. Interbeds vary in thickness
and continuity across the ESRP, ranging from less than 0.5 to
more than 20 m thick. To the south, near the RWMC, seven
main basalt flow groups and three sedimentary interbeds ap-
pear to be the most continuous (Anderson and Lewis 1989).
The two interbeds of greatest thickness and continuity, and
consequently greatest influence on water flow and perching,
lie at approximately 33 and 73 m below land surface. To the
north in the vicinity of the INTEC and ATR (Fig. 1), the
sedimentary interbed structure becomes more complex as de-
scribed by Anderson (1991) and Cecil et al. (1991). Along
with the two main interbeds, numerous thin, discontinuous
interbeds exist (Winfield 2003) that likely play a lesser role
in water movement and perching. Interbeds tend to be denser
than surficial sediments, and many are composed of lower
conductivity silts and clays (Perkins and Nimmo 2000;
Perkins 2003; Winfield 2003).

Basalt

Volcanic units, composed primarily of basalt flows, welded
ash flows, and rhyolite, range from vesicular to massive with
horizontal or vertical fracture patterns. The basalts extend as
deep as 3,000 m below land surface and under the INL com-
prise about 85% of the subsurface volume to this depth
(Anderson and Liszewski 1997).

Individual basalt layers, bounded above and below by
sedimentary layers, typically are a few meters to tens of
meters thick, and are generally composed of multiple basalt
flows and flow lobes. The geometry of basalt flow lobes has
been investigated in detail by Knutson et al. (1990) and
Faybishenko et al. (2000), and summarized by others includ-
ing Sorenson et al. (1996). The width of individual lobes is on
the order of meters or tens of meters; vertical thickness is
highly variable and typically much less than the width.
Some thickness of the basalt immediately above a sedimenta-
ry interbed, which was subjected to rapidly changing thermal
and moisture conditions during lava deposition, frequently
constitutes a rubble zone, of high porosity with a gravelly or
stony texture. Observations from closely spaced wells at the
LSIT site (Fig. 2) indicate great heterogeneity in basalt layers,
with individual lobes composed of various basalt types and
rubble zones, greatly varying in density and fracture connec-
tivity. Laterally, hydraulically significant heterogeneities
(edges of lobes and their internal variations) are much more
closely spaced in ESRP basalt layers, each composed of many
lava flows, than in the sedimentary layers, which were formed
through processes of greater areal uniformity.

Unsaturated zone investigations

Large-scale infiltration studies have been conducted at instru-
mented test sites on the ESRP. All of these show strong evi-
dence of preferential flow and perching of infiltrated water.
Perching in these studies occurred within and above a sedi-
mentary interbed, typically the shallowest interbed in the pro-
file that has substantial lateral continuity and hydraulic imped-
ance. The Appendix provides diagrams, details, and results
from these studies, which were used in the development and
parameterization of the model.

Infiltration test sites

The four infiltration test sites used were:

1. Vadose Zone Research Park (VZRP). At this site two in-
filtration basins were used to dispose of clean discharge
water. Surficial sediments were approximately 20 m thick
(Duke et al. 2007). The VZRP has extensive geologic and
hydraulic characterization data from wells completed at
both the surficial sediment-basalt contact and at the first
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sedimentary interbed-basalt contact. The VZRP has been
used to quantitatively observe and document the migra-
tion of water discharged into the ponds under mostly
steady conditions, and from transient infiltration of the
Big Lost River to the north of the park.

2. Large-Scale Infiltration Test (LSIT). At the site of this
field experiment, the surficial sediment layer was thin or
absent, with a maximum thickness about 3.7 m and sub-
stantial basalt outcrops (Porro and Bishop 1995). Wood
and Huang (2015) have presented a recent summary and
interpretation of this field experiment. More than 60 in-
strumented monitoring wells were installed in and around
a circular infiltration pond 183 m in diameter (Burgess
1995; Porro and Bishop 1995; Wood and Norrell 1996;
Dunnivant et al. 1998). A high-volume pumping well
maintained surface water in the pond for 36 days.
Neutron probes, tensiometers, and geophysical instru-
ments monitored water migration within the subsurface
down to a major interbed at 55 m depth, both directly
under the pond and in the surrounding area. Model devel-
opment here assumes that surficial sediments extend to an
average of 1.5 m deep, and that infiltration in effect goes
directly into the basalts.

3. Spreading Area Tracer Test (SATT). This field experiment
made use of ponded water in SAA and SAB, southwest of
the RWMC (Nimmo et al. 2002). The surficial sediments
are thin and similar to those at the LSIT site. During the
test in 1999, the spreading areas contained water diverted
from the Big Lost River. This ephemeral river flows in
early spring in years when there is enough snowmelt
above Mackay dam, upstream of the ESRP, that manage-
ment protocols dictate release of water from the reservoir.
In 1999, Big Lost River flow was great enough to trigger

intentional diversion to the spreading areas, used as infil-
tration basins. Tracer was added to the water in these areas
and subsequently monitored using available wells.

4. Idaho Nuclear Technology and Engineering Center
(INTEC). The surficial sediments at the INTEC facility
consist of gravelly alluvium, range from 2 to 20 m thick,
and are thickest to the northwest (Anderson et al. 1996b),
where the Big Lost River intersects the INTEC boundary.
The subsurface is intensely instrumented with wells com-
pleted to various depths in the unsaturated zone and aqui-
fer. Networked pipes at INTEC that convey clean water
for fire-fighting purposes (called firewater) are monitored.
In 2007, 2012, and 2013, instruments recorded perturba-
tions of perched water level caused by three occurrences
of firewater leaks. In this paper, these three occurrences
are designated IL07, IL12, and IL13.

Geologically characterized test site

Though not having been investigated in infiltration studies,
the otherwise well-characterized USGS 140/141 site is in the
southwest portion of the INL east of the INTEC, north of the
VZRP, and about 12 km northeast of the LSIT and SATT sites
(Fig. 1). The surficial sediments extend to about 10 m deep
(Twining et al. 2014).

Hydraulic behavior

Water perches above major layer boundaries as a result of
infiltration from floods, snowmelt, and deliberate or acciden-
tal releases of water to the unsaturated zone. Artificial infiltra-
tion of wastewater has created perched zones that have

Fig. 2 Stratigraphy of wells
within the LSIT basin. The three
clusters A01, A04, and A08, each
comprising closely spaced wells,
are about 65 m apart
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persisted for several years (Orr 1999). Rubble zones, which
often occur near layer contrasts where perching is likely, when
effectively saturated, constitute an extremely conductive layer.
The SATT showed that rapid downward flow, and substantial
perching and lateral transport of water result from the infiltra-
tion of diverted river water in SAA and SAB. Water traveled
through the 200-m unsaturated zone thickness in as little as 9
days, and laterally in perched zones approximately 1 km to
wells at the RWMC and LIST. Cecil et al. (1991), with anal-
ysis of perched water levels in wells and water content pro-
files, showed that perching can take place within both sedi-
ments and basalts, and identified several causes. Specific
mechanisms include (1) impedance of contrasts in vertical
hydraulic conductivity between basalt flows and sedimentary
interbeds, (2) reduced hydraulic conductivity in baked zones
between basalt flows, (3) reduced vertical hydraulic conduc-
tivity in dense, unfractured basalt, and (4) reduced vertical
hydraulic conductivity from sedimentary and chemical filling
of fractures in basalt.

Theory and conceptual framework

Quantitative subsurface flow modeling relies on the concep-
tual model in Fig. 3, further idealized in Fig. 4. Infiltrating
water moves through surficial sediments with varying degrees
of spreading depending on the nature of the material. Water
reaches the underlying heterogeneous basalt and flows mainly
vertically in preferential paths down to the underlying, lower-
conductivity interbed where perching and lateral spreading
can occur. These processes recur as water reaches successively
lower layers.

As mentioned in the previous, the formulations here apply
to cases of effectively steady unsaturated zone flow in re-
sponse to high-volume infiltration that continues for a suffi-
cient length of time. The infiltration flux is of a magnitude that
would be generated by shallow ponding. During the later por-
tions of a major infiltration episode, the subsurface flow re-
gime would approach a steady state through the unsaturated
zone or to a given depth. For convenience, notation SSP refers
to steady, surface-ponded conditions.

Much of this analysis is geared toward situations where the
infiltration occurs over a limited area, entailing the possibility

Fig. 3 Conceptualized flow
through the surficial sediments,
heterogeneous basalt, and
sedimentary interbeds that
comprise the thick unsaturated
zone of the Eastern Snake River
Plain

Fig. 4 Conceptual model with volumes of transmission represented as an
idealized wedding-cake shape. The conceptual model applies as long as
volumes of transmission are straight-sided; the cross-section does not
have to be circular as pictured here
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of significant lateral spreading within or between layers of the
unsaturated zone. In this paper, layer refers to a depth interval
of finite thickness whose composition allows it to be treated as
a distinct unit characterized by a single set of effective hydrau-
lic properties. Individual layers are indexed by subscript i,
sequentially from the surface downward.

Although the distinction between flux and flux density is
often neglected because a given study may deal entirely with
one or the other, for the case of steady flow from a source of
finite area into a stratified unsaturated zone, the distinction is
essential. The symbol Q [L3T−1] stands for volumetric flux,
the total volume of water passing through a hypothetical infi-
nite plane per unit time, and the symbol q [LT−1] for flux
density, the volumetric flux per unit area of the plane through
which it passes.

Diffuse flow

Diffuse unsaturated flow is assumed to follow Darcy’s law,
meaning that at a subsurface point with water content θ and
steady flow driven solely by gravity, the downward flux den-
sity q numerically equals the unsaturated hydraulic conductiv-
ity K(θ) [LT−1]. The value qi entering layer i is determined by
properties of the overlying layers. During steady percolation
and SSP conditions, each layer has come to an effective aver-
age water content θi, at which its hydraulic conductivity K(θi)
equals qi according to the characteristic K–θ relation of the
material, also referred to as the layer’s effective hydraulic
conductivity:

Ki ¼ K θið Þ ¼ qi ð1Þ

For the surface layer, Ki = K1 would also equal the infiltra-
tion capacity or infiltrability. Defining effective hydraulic con-
ductivity in this way, which is appropriate only for steady
flow, avoids the need to specify what θ value it corresponds to.

Preferential flow

The two main characterizations needed for source-responsive
preferential flow are the medium’s capacity for transmitting
preferential flow (symbol M) and the degree of activation
(symbol f) that represents how preferential flow will proceed
with a given water input. Nimmo (2010) interpreted M [L–1]
as the inner facial surface area of potential preferential flow
paths per unit volume. This does not equal the total facial area
within all macropores or fractures, but only the portion that is
subject to active preferential flow under conditions of maxi-
mal water input for the medium and location. The active area
fraction f indicates the degree to which the available preferen-
tial flow paths are activated and connected, and varies from 0
when no preferential flow occurs to 1 when the preferential
flow paths are completely activated. If the flux density into the

top of the layer equals the value that ponding would generate
if it were present above the layer, preferential flow would be
maximal, implying f = 1. For lesser rates of percolation into
the layer, which generate less preferential flow, f < 1.

At time t and vertical position z within the medium, the
source-responsive flux density is

qsr z; tð Þ ¼ VuLuM zð Þ f z; tð Þ ð2Þ

where Vu is a characteristic film-flow velocity and Lu the film
thickness. In this formula, the film concept plays a role anal-
ogous to that of the capillary-tube concept in widely used
unsaturated zone models for flow that is mediated by capillar-
ity (e.g. Mualem 1976). The assumed geometric form of the
flowing stream within the partially filled macropore links the
water flux to a physical basis for its quantification. Preferential
flow can occur in films of different thickness and flow veloc-
ity (Mirus and Nimmo 2013), as well as in other forms such as
droplets and rivulets. Application to natural media is made
with the understanding that the actual shapes of flowing
streams are not uniformly thick films or perfectly cylindrical
tubes. This paper’s objective is not to modify this model but to
utilize it, essentially as presented by Nimmo (2010), to repre-
sent preferential flow in fractured rock. The idealized film
concept and the earlier Vu and Lu values of 8.6 m/day and
6 μm (Nimmo 2010; Mirus et al. 2011) are retained, giving
5.0 × 10−5 m2/day (5.8 × 10−10 m2/s) for the product VuLu.

Each basalt layer i, having preferential flow under SSP
conditions, is represented by the effective macropore areal
density Mbasalt assumed for all ESRP basalt layers, and a par-
ticular effective active area fraction fi. The flux density then is

qi ¼ VuLuM basalt f i ð3Þ

which numerically equals Ki.

Unsaturated flow through multiple layers

For convenience of notation, for two layers in contact, index b
designates the layer below (often the flow-limiting layer), and
index a (= b – 1) the layer above (often the layer of perching).

Volumes of transmission

When the infiltration source is areally finite, an important
quantity is the cross-sectional area through which the water
is transmitted downward. In each layer water flows through a
transmission volume, within which θ is elevated by newly
infiltrated water. Because practical situations normally have
few data to characterize the subsurface flow regime, this trans-
mission volume needs to be represented by a simple shape
requiring few parameters. This analysis takes the cross-
sectional area of transmission Ai through the layer to be uni-
form (though not necessarily equal to the area of any perching
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below). The plausibility of this approximation is supported in
basalts by direct observations from the LSIT, and in sedimen-
tary layers by their typically modest thickness. This assump-
tion of one-dimensional flow applies to the unsaturated por-
tions of these layers, exclusive of perched zones, where the
flow typically also has a strong lateral component. The shape
of the cross-sectional area can in principle be an arbitrary
closed curve in two dimensions, though particular cases may
best be treated with a designated shape such as a circle.

Sequential source-responsive and Darcian flow

Each sedimentary layer, assuming Darcian flow, has a maxi-
mum effective hydraulic conductivity equal to the hydraulic
conductivity at a field-saturated state, meaning the degree of
saturation that develops from natural processes with a copious
supply of water, as from flooding or high-intensity rainfall:

Kmax ¼ Kfs ð4Þ

The field-saturated state normally includes significant
trapped air and other effects that make its hydraulic conduc-
tivity less than for a fully saturated state (Fayer and Hillel
1986). If qi is large enough that θi comes to its field-
saturated value, as for a layer that has ponded or perched water
above it, the effective hydraulic conductivity Ki would equal
the maximum value for the material of that layer (Eq. 4).

The artificial construct of effective hydraulic conductivity
can also be applied to fractured rock layers undergoing
source-responsive flow. As in the case of sedimentary layers,
for SSP conditions, its value would equal the flux density
under those conditions, but with that flux density determined
by Eq. (3) rather than Darcy’s law:

Ki ¼ VuLuM basalt f i ð5Þ

For a fractured rock layer under these conditions,

Kmax ¼ VuLuM basalt ð6Þ

Use of this equivalence does not mean flow is Darcian
within the fractured rock, but rather that the maximum flux
density it can absorb without causing perching equals this
maximum effective conductivity.

At a layer boundary, if the maximum hydraulic conductiv-
ity of the layer below, Kmax–b is greater than or equal to qa
supplied to it by the layer above, the entire fluxQ can proceed
through the lower layer without a change in flux density, i.e.
qb = qa. In the alternative case where Kmax–b is less than qa,
qb= Kb if any perched head that develops in layer a is small
compared to the thickness of layer b, written as

qb ¼ min qa;Kmax−bð Þ ð7Þ

where the function min(y,z) represents the lesser of its argu-
ments y and z, and Kmax–b is taken from Eqs. (4) or (6) as
appropriate. If there is a layer j, typically the surface layer,
where the flux density is known, another layer’s flux density
qi can be determined by applying Eq. (7) repeatedly as neces-
sary for the intervening layers. During steady flow, though the
flux density can vary layer by layer if the areas Ai are unequal
due to unequal Ki, the volumetric flux Q has a single value
through the unsaturated zone, regardless of depth. The areas in
different layers are related by

Ai ¼
qj

qi
A j ð8Þ

which allows calculation of Ai for any layer in which qi is
known.

Conceptual model: stratigraphy

Within the surficial sediments, although the flow comprises
both preferential and diffuse components, the flow is assumed
to be primarily diffuse in character where this layer is thicker
than about 3 m, as suggested by studies of the damping of
post-infiltration moisture fluctuations. In the absence of de-
tailed flow measurements, the layer’s lower portions,
compacted by substantial overburden and less likely to have
preferential flow channels, are assumed to be the dominant
control of flow that goes down to the next layer.

Diffuse flow is assumed to dominate the transport of water
through the sedimentary interbeds, as it does through the
deepest surficial sediments. Numerous core-sample measure-
ments (McElroy and Hubbell 1990; Perkins and Nimmo
2000; Perkins 2003; Winfield 2003; Perkins et al. 2014) indi-
cate wide variations of hydraulic conductivity and other prop-
erties within these layers. For model testing and flow predic-
tion, effective hydraulic conductivity data were averaged from
some of these laboratory measurements (Table 1). Within a
sedimentary interbed, the lowest K sublayers likely dominate
the perching and transport-rate processes of interest. These are
likely to be fine-textured aeolian deposits. The general unifor-
mity of depositional processes over time, as described in the
preceding, gives reason to hypothesize that lateral and
interbed-to-interbed variations in the limiting K value are
modest.

Because of the pronounced lateral short-range (i.e. the ap-
proximate 10-m scale of a flow lobe) heterogeneity of any
given basalt layer, it is inappropriate to treat it as a neatly
stratified sequence of broadly homogeneous sub-layers.
Instead, a basalt layer is characterized by effective hydraulic
properties that apply through its whole thickness. Further, the
sparse unsaturated-zone data available do not provide a basis
for assigning distinct hydraulic properties to each basalt layer.
Assuming that a consistent set of geologic processes created
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these basalt formations, a single set of effective hydraulic
property values represents all ESRP basalt layers. This can
be rationally conceptualized only in terms of a representative
elementary volume (Bear 1972) of great lateral extent to en-
compass multiple basalt flows. Future investigations of water
flow through the unsaturated fractured basalts could lead to
refinements or locality-specific variations.

Several lines of evidence justify an assumed dominance of
unsaturated preferential flow through the basalts of the unsat-
urated zone. The common occurrence of perched water in
basalts normally extends upward only a short distance from
the underlying interbed, such that the flow that supplies the
perching goes through unsaturated conditions in the middle
and upper portions of the basalt layer. Measurements of water
content and matric potential within basalts during ponded in-
filtration experiments confirmed that unsaturated conditions
dominate major portions of the basalt volume (e.g.
Dunnivant et al. 1998; Faybishenko et al. 2000). The hetero-
geneity within a given basalt layer implies there are numerous
instances where less conductive material overlies more con-
ductive material. Gravity-driven flow in this system would
ensure that unsaturated conditions persist at least in the most
hydraulically conductive portions. The source-responsive
model is appropriate for quantifying water flow in the basalts
because much of it proceeds through fractures and other con-
duits that are only partially filled.

The LSIT provides evidence for the general prevalence
of one-dimensional (at a scale of tens of meters) vertical
flow through basalts. Based on neutron-probe measure-
ments described in the Appendix, water content increased
within the fractured basalt directly under the pond, but
persisted unchanged at boreholes situated 15 m beyond
the edge of the pond, except for a short depth interval
immediately above the sedimentary interbed, where
perching occurred (Porro and Bishop 1995; Dunnivant
et al. 1998). This evidence suggests the water at this loca-
tion did not spread significantly within the surficial sedi-
ments or the first basalt layer.

Conceptual model: integration

Considering flow from a surface source of finite area, the
most idealized version of the conceptual model pictures the
zones of transmission as a stacked set of concentric cylin-
ders resembling a traditional wedding cake (Fig. 4).
Equation (8) gives the cross-sectional area of the transmis-
sion zone in each layer as determined by fluxes and relative
conductivities. Because the uppermost layer is at least sev-
eral meters thick, whether basalt (LSIT site) or sediments
(other locations), variations in ponded height above the
land surface are assumed negligible in determining travel
times. Where total flux Q is known but not area, as for
injected water or subsurface leaks, with knowledge of

effective hydraulic conductivity for the layer j where flow
is introduced, equivalent effective ponded surface area Aj is
estimated as Q/Kj.

At a restrictive layer i, an effectively saturated perched
zone (likely including trapped air, at least initially) that
forms above it, is assumed to supply the water percolating
into layer i. This perched mound would likely be thinner
near its edges, but for convenience is idealized as having
uniform thickness Hi and area Ai, giving it volume Vi =
HiAi. Note that Hi and Vi represent space within layer i–1,
above layer i. If the mound is perched within the unsatu-
rated zone, the height Hi is measured from the interface
between layers i–1, and i. If the mound sits on a water table
aquifer within layer i–1, Hi is measured from the level of
the aquifer’s water table.

The actual shape of the zones of transmission deviates from
the highly symmetric picture in Fig. 4 for several reasons.
These zones may be noncircular; assumptions and formulas
concerning the area Ai do not require circular symmetry. In a
real medium, inter-layer contacts will not be perfectly flat or
horizontal. Layer-tilt will cause the transmission zones to be
nonconcentric. These and other possible deviations must be
kept in mind when applying this conceptual model to specific
field situations, particularly when additional information may
be available to constrain the shape of spreading zones (e.g. the
strike and dip of an interbed). The Appendix provides further
details from the various field studies that were used to inform
the development of the conceptual model.

Perching phenomena

When the source of water can be approximated as uniform
infiltration over an infinite plane, as for widespread rain-
fall or flooding over a large area, the basic relations be-
tween percolation flux densities and the fluctuating head
of perched water can be formulated one-dimensionally
(e.g. Heppner and Nimmo 2005; Nimmo 2010; Oostrom
et al. 2013). Here, adaptations of these formulations are
applied for the case where the source of water is an area
of limited extent.

The water balance for the perched mound has two compo-
nents, accretion by incoming water and depletion by down-
ward flow through the limiting layer that causes perching. The
incoming flux Q supplies a perched mound of volume Va and
uniform thickness Ha, necessarily Ab = Va/Ha. For accretion
occurring alone,

dHa

dt
¼ Q=Ab

Ya
ð9Þ

where Ya is the effective specific yield within layer a, calcu-
lated as the difference in volumetric water content above and
below the perched water table.
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For depletion occurring through a sedimentary limiting lay-
er, assuming that outflow from the mound moves downward
according to Darcy’s law driven by the head Ha,

dHa

dt
¼ −

Ha

τ
ð10Þ

where τ is a time constant of exponential decline. The value of
τ can be determined from fitting an exponential-decline curve
to head-vs.-time data, Ha(t). Examples of this sort of post-
infiltration decline are shown in the Appendix. With accretion
also occurring, the net water-balance is

dHa

dt
¼ Q=Ab

Ya
−
Ha

τ
ð11Þ

Applying the geometric relation Va = AbHa,

dVa

dt
¼ Q

Ya
−
Va

τ
ð12Þ

At steady state the mound volume is

Va ¼ Qτ
Ya

ð13Þ

and the ponded height is

Ha ¼ qbτ
Ya

ð14Þ

Where the effective hydraulic conductivity of a limiting
layer is not known, it can be calculated from the dimensions
of a steady-state perched mound that forms above it. The
known geometry, in a rearrangement of Eq. (14), gives

qb ¼
HaYa

τ
ð15Þ

Darcy’s law gives this flux density as

qb ¼ −Kb
Ha þ bb

bb

� �
ð16Þ

where bb is the thickness of the limiting layer b. The combi-
nation of Eqs. (15) and (16) indicates the effective hydraulic
conductivity of the limiting layer:

Kb ¼ HaYabb
τ Ha þ bbð Þ ð17Þ

in which all quantities on the right side can be estimated from
measurements to give the value of Kb.

When the flow-limiting layer is fractured rock rather than
sediments, and the flow is source-responsive rather than
Darcian, Eq. (3) gives the flux density qb. As long as there is
some degree of perching at the top of that layer, as is normal
when it acts as a flow-limiting layer, qb is constant at its

maximum value (i.e. f = 1) and equal to Kmax, given by
Eq. (6). Combining with Eq. (15) and rearranging gives

M basalt ¼ HaYa

τVuLu
ð18Þ

This formula gives Mbasalt from knowledge of the steady-
state perched mound and its transient response to input cessa-
tion. In fractured rock layers that are not limiting flow, the
effective active area fraction fi can be determined by applying
Eq. (3) during SSP conditions,

f i ¼
qi

VuLuM basalt
ð19Þ

Travel times

Considering the travel time Δti through layer i as determined
by advective transport, the travel time from the land surface to
the bottom of layer k is

t0k ¼
X

i¼1

kΔti ð20Þ

For source-responsive flow through layer i, the transport
speed is just the standard value Vu (Nimmo 2010), so that

Δti ¼ bi
Vu

ð21Þ

For diffuse flow, the application of Darcy’s Law (Eq. 16)
with the effective water content θi gives

Δti ¼ biθi
qi

¼ bi2θi
Ki bi þ Hi−1ð Þ ð22Þ

For sedimentary layers with diffuse flow that are not flow-
limiting layers (not causing perching), or that cause perching
of negligible thickness, this formula simplifies to

Δti ¼ biθi
Ki

ð23Þ

Results

Effective hydraulic properties and flow behavior

For predictions, this model needs estimates of θi, and Ki for
each diffuse-flow layer, and Mbasalt and the specific yield
Ybasalt for fractured rock layers. This section presents evidence
for these, with more detailed information about the experi-
ments and calculations given in the Appendix. Table 1 sum-
marizes estimates of these for the sedimentary layers.
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Surficial sediments

Thickness and coarseness of surficial sediments are correlated.
Where the surface sediments are less than a few meters thick,
they are soils that have developed from loess or lacustrine
deposits. Where thicker, they are mainly gravelly alluvial de-
posits, coarser and more conductive. The increase in both
layer thickness and typical grain size along an approximately
SW–NE direction. This trend affects infiltrability, travel times,
flow directionality (especially vertical vs. lateral), and
perching behavior.

Where ponded infiltration has been measured, as for the
LSIT, VZRP, and SATT, infiltrability tends to be greater for
the more northeasterly sites. If material close to the land sur-
face has a dominant influence on infiltration rate, this could
explain the spatial trend. A thicker surficial layer could also
contribute to the measured infiltration trend by affording a
greater capacity for lateral spreading within the sediments.
For infiltration and percolation over a finite area, enhanced
lateral spreading in sediments would allow more infiltrated
water to be accommodated above the normally less-
conductive basalt. Such spreading varies from site to site.
For the LSIT, with thin or absent surficial sediments, spread-
ing was highly limited. At the VZRP, however, there can be
significant spreading within the 20 m of surficial sediments.
Infiltration pond data at the VZRP from Duke et al. (2007)
suggests that water flowing through this layer of sediments
can travel laterally at least 100 but less than 140 m before
going through the underlying basalt.

Sedimentary interbeds

Sedimentary interbeds typically have numerous sublayers of
various textures, from coarse sands and gravels to fine tex-
tured silts and clays, as shown by measurements of Perkins
et al. (2014). Measured properties are available for relatively
few of the ESRP interbeds. Therefore two effective values are
used to represent two general classes of interbeds (coarse and
fine).

Whereas the effective conductivity of coarse-textured
layers within interbeds (0.13 m/day) is comparable to or great-
er than that of basalts, the effective conductivity of fine-
textured layers tends to be significantly lower (about 0.03 m/
day average). When diffuse flow dominates within the fine
layers, therefore, these layers would limit the rate of down-
ward flow through the unsaturated zone. These consider-
ations, applied with the best available measured data, lead to
the values listed in Table 1.

Fractured rock

Previous studies have shown that water moves quickly through
the heterogeneous basalts, through gaps and fractures

undergoing preferential rather than diffuse flow (Faybishenko
et al. 2000; Nimmo et al. 2002; Duke et al. 2007). Data from
the BLR-CHwell at the INTEC show that the time lag between
the initial flow in the Big Lost River and the initial response
150 m away at 40-m depth is 4–5 days (Mirus et al. 2011).
Flow from anthropogenic leaks at the INTEC has similarly fast
travel times, such as well responses after about 3 days at dis-
tances of 40 m and depths of 40 m (Forbes and Ansley 2008).
Water at the VZRP has traveled 40 m vertically and about 100
m laterally in 2–3 days (Duke et al. 2007).

The LSIT provides a good case from which to estimate the
macropore areal densityMbasalt and the maximum percolation
flux density (Eq. 6) for a basalt layer, because the ponded area
had minimal surficial sediment and was large enough to in-
corporate much areal heterogeneity. The directness of the
ponding on the basalt layer justifies setting f = 1 during SSP
conditions, because the flux density from direct ponding is the
highest that would occur over the range of land-surface con-
ditions found on the ESRP. The average input flux Q was
3,500 m3/day. Assuming the water percolating through this
basalt layer stays within a transmission zone of area 27,000
m2 (slightly larger than the 183-m-diameter pond), q2 is 0.13
m/day and Mbasalt using Eq. (3) is 2,600 m−1. As explained
concerning ESRP basalt characteristics in the site descriptions
in the preceding, this value is assumed applicable to all basalt
layers in the ESRP.

The rubble and the highly fractured vesicular rock of the
basalt layers are likely to have specific yield comparable to that
of the similarly constituted Snake River Plain aquifer. Lindholm
(1996) summarized values of this specific yield ranging from
0.01 to 0.20. Here it is assigned the value 0.10, from the middle
of this range. This value is comparable to expected porosities of
this rock type, which can be estimated and corrected for trapped
air using data collected by Marinas et al. (2013). If it is assumed
that basalts have essentially zero water content when water is not
flowing through them, the value of 0.10 also approximates the
field-saturated water content, as would initially be achieved
when perching begins.

Test cases

Predictions of the model developed in section ‘Theory and
conceptual framework’ can be compared with measured travel
times, depth of perched water, and lateral extent of perched
water bodies.

Travel time through the unsaturated zone

The selected field infiltration studies provide tracer arrival
times at the interbed immediately below the uppermost basalt
layer, indicative of travel times through surficial sediments
and a single thick layer of basalt. To compare them to predic-
tions, therefore, would test only the source-responsive travel-
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time portion of the model (Nimmo 2007), producing little
insight concerning ESRP hydrogeology. It is valuable, how-
ever, to consider the travel time through the whole sequence of
layers down to the water table. One set of such measurements
under SSP conditions is the tracer breakthrough curve from
well USGS 120 during the Spreading Area Tracer Test
(Nimmo et al. 2002).

Tracer for the SATT was added at the water surface after 21
days of ponding, when subsurface flow conditions were essen-
tially steady. At USGS 120, completed in the aquifer at a depth
of 205 m and located 100 m from the edge of the ponded body,
tracer was detected in a transient spike 9 days after tracer appli-
cation, and as a persistent breakthrough curve beginning 25 days
after application (Fig. 5). Themedian tracer travel timewasmore
than 100 days. For model comparisons the 25-day travel time is
appropriate because (1) it applies to steady, not transient, condi-
tions; (2) diffusion and dispersion are negligible for the short
time intervals considered; and (3) the model specifically predicts
first-arrival times (Nimmo 2007).

Neglecting the horizontal distance between the pond and the
well, the predicted water travel times for each layer at USGS 120
are listed in Table 2, with some of their principal characterizing
quantities. For basalt layers, the source-responsive advective
travel velocity was taken to equal 13 m/days (Nimmo 2007).
For sedimentary layers, the travel velocity was taken to equal
the Darcian gravity-driven flux density divided by the estimated
volumetric water content. The predicted sum of travel times is
14.6 days for the eight basalt layers and 117 days for the seven
sedimentary layers. The total of 132 days is considerably larger
than the 25 days from observations. Possible reasons for trans-
port through sediments being faster than predicted, elaborated
further in the discussion section, include preferential flow, inac-
curate parameter values, and interbed discontinuities.

Thickness and lateral extent of perched zones

For the LSIT, the volume of the perched mound at steady
state can be estimated from Eq. (13). For this calculation,

the estimated the time constant τ is 14 days, based on
regression to data from a period of recession after the
infiltration had ceased. The calculated steady state volume
of the mound within the uppermost basalt layer is 480,000
m3. This value, divided by the area obtained using
Eq. (8), establishes an estimate of perched thickness.
With an effective specific yield of 0.10, the volume of
added water within the mound would be 48,000 m3.

At the VZRP, the water-transmitting area of surficial
sediment-basalt contact and the mound volume on the inter-
bed (layer 3) can be estimated using the value of Mbasalt. The
average Q discharged into the ponds during the VZRP test
was 4,800 m3/day. Using this flux and Mbasalt = 2,600 m–1,
this transmission area is 35,000 m2, equivalent to a circle of
radius 110m. This size falls within the range (100–140m) that
Duke et al. (2007) estimated for lateral spreading on the sur-
ficial sediment-basalt contact during the VZRP experiment.
Regressing the recession data indicated τ of 4.2 days. Using
Qin = 4,800 m3/days and a specific yield of 0.10, the predicted
steady-state perched volume on the first interbed below the
VZRP ponds (layer 3) is 200,000 m3, the volume of the water
itself being 20,000 m3.

With a similar approach to other ESRP high-volume infil-
tration events, Fig. 6 compares the predicted and observed
perched thickness. Observations are based on water levels in
one or more wells, averaged where appropriate. Predictions
for most of these infiltrations are in reasonable agreement. The
poorest agreements are an overprediction for IL07 and an
underprediction for IL12. The small input flux of these two
events, markedly lower than the others, suggests the model’s
capability to predict perched water thickness is more reliable
for events greater than a certain magnitude, perhaps a few
hundred m3/days, of input flux.

Figure 7 compares the predicted and observed areal
extent of perched water. Each predicted value is the radius
of the idealized circle having area calculated using
Eq. (8). The observed minima are distances to the furthest
well of detected perching, and the maxima, in two cases,

Fig. 5 Breakthrough curve of
conservative tracer at aquifer well
USGS 120 during the SATT
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are distances to the nearest tested well with no observed
perching. Irregularity and slope of the layer topography
add to the uncertainty, but because the extent in any given
direction from the center of the infiltration source may be
greater or less than the radius of the circle, this assump-
tion does not necessarily create a bias toward greater or
lesser values.

Water balance

In cases where it is known which layers contain infiltrat-
ed water, an estimate of the volume of infiltrated water
within the unsaturated zone can be calculated from the
mound thickness and spreading calculations. The layers

holding resident infiltrated water can be identified from
the duration of water input and the travel times through
the basalts and sediments. For basalt layer i containing
perched water, the volume of infiltrated water within the
mound is

Vwi ¼ HiAiY i ð24Þ

For sedimentary layer j containing perched water, the vol-
ume of infiltrated water within it is

Vw j ¼ b jA jΔθi ð25Þ

Table 2 Predicted SSP travel
times through the unsaturated
zone at well USGS 120 for
conditions of the SATT

Layer Type Thickness (m) Predicted layer
travel time (days)

Predicted cumulative
travel time (days)

1 Surficial sediment 3.7 1.9 2

2 Basalt 36.3 2.8 5

3 Sandy interbed 6.1 21.1 25

4 Fine interbed 6.1 39.8 66

5 Basalt 24.7 1.9 68

6 Fine interbed 4.3 27.8 95

7 Basalt 4.0 0.3 96

8 Fine interbed 2.7 17.9 114

9 Basalt 35.7 2.7 116

10 Basalt 64.6 5.0 121

11 Fine Interbed 1.2 4.2 125

12 Basalt 7.9 0.6 126

13 Fine interbed 1.2 4.2 130

14 Basalt 9.8 0.8 131

15 Basalt 6.7 0.5 132

Water contents and effectiveK values used in calculating travel times are taken from Table 1 for the corresponding
layer type. Stratigraphic data here are from Anderson et al. (1996a)

Fig. 6 Predicted (red) perched thickness, compared with observed (blue)
values, in several ESRP investigations of high-volume infiltration

Fig. 7 Predicted distance of lateral spreading (effective equivalent
radius) of perched layer in several ESRP investigations of high-volume
infiltration
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where bj is the layer thickness and Δθj is the difference be-
tween the final and initial water content. Summation of these
volumes for the layers with infiltrated water gives the volume
of water added to the unsaturated zone

If the duration of infiltration is short enough that the
amount of infiltrated water added to the saturated zone is
modest, the total added water in the unsaturated zone may
approximately equal the total contribution to infiltration. The
LSIT experiment and three INTEC leaks appear to meet this
criterion. Table 3 compares the total volume calculated from
the modeled spread and thickness within the unsaturated zone
with the volume known from the input rate and duration.
Although for the INTEC 2013 leak the calculation overesti-
mates by a factor of 6.5, the generally fair agreement suggests
the calculations of volume based on spreading and thickness
are reasonable.

Model-predicted subsurface behavior at the USGS
140/141 site

Lithology

Having tested the model’s ability to estimate hydrologically
important information such as travel times and spreading dis-
tances, this section illustrates its application in a predictive
mode. Figure 8 illustrates the observed lithology at wells
USGS 140 and USGS 141 (Twining et al. 2014). Surficial
sediments extend 10.4 m deep at USGS 140 and 11.6 m deep
at USGS 141. The stratigraphy over the 100-m distance be-
tween these wells, compared to wells in other ESRP locations,
is more continuous. The thickness of the surficial sediments is
fairly uniform—10.4 m at USGS 140 and 11.6 m at USGS
141. There are fewer distinct interbeds than at other ERSP
locations; four interbeds appear in USGS 140 and five in
USGS 141. The surficial sediments and the first 2 interbeds
exhibit a slight change in thickness and relatively flat average
slope over the 115-m distance between the wells. The deepest
interbed (the fifth in USGS 141, 154 m below the surface),
because it appears in only one of the wells, is clearly not
continuous in this area. The four other interbeds appear to be

laterally correlated. Having greater apparent slope, the third
and fourth interbeds could promote stronger lateral movement
of water perched on them.

Model predictions

Knowledge of the stratigraphy at the USGS 140/141 lo-
cation facilitates estimation of subsurface hydraulic re-
sponse to major infiltration episodes. Illustrative modeled
responses are computed assuming, for comparability to a
flood response, an infiltration rate of 0.79 m/day
(Table 1). Calculating the travel time with the same as-
sumed layer properties used for other sites, the model
predicts the infiltrated water would take 360 days to reach
the aquifer, having 10 days of travel time through basalt
and 350 days through sediments (Table 4). This travel
time is likely overestimated, as noted above, because the
simple Darcian calculation of flow through sediments is
likely inadequate for this purpose, especially when inter-
beds are discontinuous or leaky.

Perched mound estimates were computed at the first inter-
bed (Table 5). Given flow rates of 55, 263, 3,500, and
4,740,000 m3/days (corresponding to observed values for
IL12, IL13, LSIT, and SATT, respectively), the area of spread-
ing at land surface, perched water thickness, and lateral extent
of perching were estimated. The area at land surface scales
with flow rate. The perched thickness depends only on the
value of τ for this location. In the absence of perching data,
τ is given the average value, 14 days, of τ values from the four

Table 3 Comparison between volumes of infiltrated water from
measured inflow to the infiltration source, and estimated through model
calculations of spreading, thickness, and travel time

Event Total volume estimated by
model calculations (m3)

Total volume of
measured inflow (m3)

LSIT 1.41 × 105 1.33 × 105

IL07 6.40 × 103 5.70 × 103

IL12 1.78 × 104 7.40 × 103

IL13 8.43 × 104 1.29 × 104

Fig. 8 Stratigraphy of the two wells near the USGS 140/141 site
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sites in the ESRP (14 days for LSIT, 4.2 days for VZRP, 6.0
days for SATT, and 33 days for INTEC) where there are
perching data. Independence of perched thickness from input
rate results from the limitation on flux density imposed by the
basalt layer above the interbed; if flow through the transmis-
sion area in the surficial sediments exceeds the maximum flux
density of the basalt, the infiltrating water would spread later-
ally above the interbed and cover a greater area, rather than
increasing the vertical accumulation. This same mechanism
causes lateral travel distances to increase with flow rate.

Sensitivities

The simplicity of the model’s formulation facilitates the eval-
uation of sensitivities to subsurface characteristics. Perched
thickness is proportional to τ, a range of about a factor of 8
over the sites investigated. The lateral extent is slightly more
complicated, having a square-root relationship with conduc-
tivity. This sublinear dependence moderates the increase in
lateral extent that comes with greater input flux or lower con-
ductivity of the layer that causes perching. Travel times vary
considerably with the dominance of preferential vs. diffuse
flow modes, so the overall proportions of basalt and sediment
likely have great effect.

Discussion

Model purpose and design

For major inputs of water such as prolonged flood infiltration,
into thick geologically complex unsaturated zones, the model
developed here estimates important hydrologic variables in-
cluding vertical travel times, occurrence of perched water at
layer interfaces, and the volume and extent of perched water.
The ability to make direct, forward-model predictions of these
quantities is possible in part because the model is limited to
steady-state conditions in response to a substantial input of
water to a finite area of the land surface. This condition tailors
the model to applications related to natural and artificial
ponding, flooding, or substantial water release, which have
critical importance to aquifer recharge and contaminant trans-
port. It applies not to the early stages, but to the later, effec-
tively steady portion of major infiltration events, when the
potential for fast, high-volume transport is greatest. This mod-
el addresses coupled diffuse and preferential flow processes
that are of concern in thick, stratified unsaturated zones.
Important features underlying the model include preferential
source-responsive flow in fractured rock, diffuse Darcian flow
in sediments, and the development of perched water at layer
boundaries where an incoming flux density exceed the lower
layer’s effective conductivity. Required inputs for fractured
rock layers concern the abundance of preferential flow paths
and the fraction of those flow paths that are active. The main
required input for sedimentary layers is the effective conduc-
tivity that occurs when the response to ongoing infiltration has
become steady.

For characterization of the subsurface, the implementa-
tion of this model in the ESRP utilizes a large body of
observational evidence from hydrogeologic field experi-
ments and measured natural conditions, further described
in the Appendix. For the preferential flow in fractured

Table 4 Predicted SSP travel
times through the unsaturated
zone at the location of well USGS
140

Layer Type Thickness (m) Water content (-) Predicted layer
travel time (days)

Predicted
cumulative
travel time (days)

1 Surficial sediment 15 0.42 8.0 8.0

2 Basalt 39 – 3.0 11

4 Fine interbed 8.0 0.45 52 63

5 Basalt 7.0 – 0.5 64

6 Fine interbed 7.0 0.45 45.7 109

7 Basalt 7.0 – 0.5 110

8 Fine interbed 3 0.45 19.6 129

9 Basalt 15 – 1.2 131

10 Fine interbed 1 0.45 6.5 137

11 Basalt 68 – 5.2 142

Table 5 Predicted perched water thickness atop interbed, and lateral
travel distance at the USGS 140/141 site, given a range of selected steady-
state flow rates and corresponding ponded areas at the land surface

Analog event for input flux IL12 IL13 LSIT SATT

Input flux at surface (m3/day) 55 263 3,500 4,740,000

Area at land surface (m2) 69 333 4,430 6,000,000

Perched thickness (m) 3.5 3.5 3.5 3.5

Lateral travel distance (m) 26 56 211 7,769
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rock, based on currently available hydrodynamic data
from the ESRP, it is not justifiable to use a more detailed
representation of the source-responsive M parameter than
a single value (2,600 m−1) computed from observed con-
ditions. Available observations suggest that surficial sed-
iments are more conductive than the basalt layers. The
common observation of perched water within and above
sedimentary interbeds indicates that at least some of these
interbeds are less conductive than the basalt layers.

The typical deficiency of hydraulic-property knowl-
edge motivates not only a simplified model but also a
property-transfer approach, in which hydraulic properties
at the location of interest are based on those of one or
more related locations, adjusted appropriately for locally
observed characteristics. Diverse types of information are
useful for this, for example characteristics of the geologic
framework; measured travel times from tracer experi-
ments, core-sample measurements of hydraulic properties;
and observations of perching, especially in terms of
heads, lateral extent, and persistence.

Tests and applications

Predictions with this model can be produced deterministically,
as the test cases demonstrate for travel times and perching
behavior. The source-responsive modeling of travel times give
results comparable to observation when the flow is through
basalt layers, even though, as discussed in the following with
model limitations, the Darcian calculation of flow through
sedimentary layers sometimes does not. The model can pre-
dict the thickness of a perched zone above a layer boundary, in
accord with the incoming and outgoing water balance. The
perched water body evolves toward a thickness and areal ex-
tent dictated by (1) the incoming flow of water from above,
and (2) the downward percolation into the layer below, which
cannot exceed that layer’s maximum hydraulic conductivity.
This calculation relies heavily on knowledge of the effectiveK
of the underlying layer, for which a useful information source
is the measured perched-water decline rates after cessation of
inflow to the perched zone. The lateral extent of perching is
sensitive primarily to the effective hydraulic conductivity of
the underlying layer in comparison to the incoming flux den-
sity at the level of perching. For this quantity, important to
contaminant transport and artificial-recharge applications,
few observations are available because there are few suitable
wells.

The model predictions of thickness and extent compare
well with observations, but agreement of travel times is poor,
as indicated by predictions of SATT tracer travel times at
USGS 120 (Nimmo et al. 2002). An important inference is
that interbeds have greater effect for perching than for retar-
dation of advective transport. Possible reasons for the model’s
overestimation include firstly that some form of preferential

flow may occur through most sedimentary layers, so that the
Darcian calculation is inappropriate for this purpose.
Preferential flow is well known to occur in the surficial sedi-
ments (e.g. Nimmo and Perkins 2008) and may also occur in
interbeds. Secondly, the parameter values for fine interbeds
(Table 1) may have the effective hydraulic conductivity too
low or water content too high, either of which would overes-
timate travel times. This possibility is unlikely to be the main
reason, however, because these values are based primarily on
unusually accurate core-sample measurements. Thirdly, dis-
continuities in the interbeds may be common enough that
water-transporting pathways through basalt bypass most inter-
beds. Little is known about subsurface features that would
permit such bypass because of the limitations and high cost
of subsurface characterization methods. More detailed knowl-
edge of interbed continuity, uniformity, topographic varia-
tions, and heterogeneity is needed for comprehensive travel-
time prediction. For present applications, better predictions
would be obtained by assuming that vertical flow down to
the water table is preferential as if determined entirely by the
fractured rock. Travel times, especially for first arrival, may be
more accurately predicted by assuming interbeds have either
gaps or vertical preferential flow paths that circumvent the
retarding effect of Darcian flow.

Simplifications and limitations

Some model simplifications include:

1. Geologic features are idealized as being horizontal and
uniformly thick. Realistic topography, at short range, has
ridges, bumps, and depressions that guide perched water
to an irregular pattern of spread; these alsomay focus flow
into the next layer. At longer ranges, any significant net
slope of a layer interface will bias the lateral flow direction
of any perched water at that interface.

2. The use of lumped effective properties to represent strat-
igraphic layers. Fractured basalts have substantial lateral
heterogeneity at scales of a few meters or less, smaller
than typical layer thickness. Surficial sediments vary less
at this scale, but are strongly variable over much larger
lateral distances; they have fewer geological processes in
common, across distances, than basalts or interbeds.
Spatial variability also results from additional location-
specific influences such as weather and vegetation pat-
terns. Interbeds, on the other hand, are less subject to these
sorts of effects, and also are subject to additional process-
es that may decrease spatial variability, such as high over-
burden pressures, baking while lava is flowing, and ab-
sence of much flora and fauna.

3. Neglect of lateral flow other than spreading of perched
water. In addition to gravity, capillarity can drive unsatu-
rated flow, without the downward bias of gravity. High-
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flow events may in general be dominated by gravitational
flow and lateral spreading due to effective conductivity
contrasts, but in thick or fine sedimentary layers lateral
capillarity-driven flow may be significant

These simplifications are comparable to those normally used
in hydrogeologic modeling at intermediate to large scales.
Besides creating quantitative uncertainty, their use entails the
danger that critical processes may be neglected—for example
those deriving from system heterogeneity. Despite unavoid-
able simplifications, however, the model results can provide a
particularized understanding of local hydrologic phenomena
based on the most advanced science available, producing in-
sights useful for management and monitoring purposes related
to recharge and contaminant containment or mitigation.

Further development and broader application

Additional applications would become possible with develop-
ment that extends this model to the transient case. An obvious
example is the prediction of early-stage travel times and lateral
travel times in perched layers, important for events of relative-
ly short duration. Such an extension would also allow estima-
tions of the time and conditions required to establish
steadiness.

This model can be applied to locations other than the ESRP
with modest data requirements. The main requirement for ap-
plicability is an unsaturated zone with contrasting layers, as
needed to cause perching of water at layer boundaries. The
model’s most important use would likely be in situations
where some, but not necessarily all, layers transmit preferen-
tial flow. Some of the needed site-specific properties could be
characterized by local measurements or by property transfer
from the ESRP or more closely related sites.

Conclusions

For one extensive area of interest, the ESRP, using results
from several previous unsaturated zone investigations, this
study has inferred the properties needed to quantify and pre-
dict preferential flow in unsaturated zone fractured rock, dif-
fuse flow in sedimentary layers, and the thickness and areal
extent of perched water bodies.

Synthesis of data and observations from several major field
experiments gives insight into hydrologic processes at the
ESRP. Available knowledge of ESRP unsaturated zone mate-
rials suggests that surficial sediments are in general the most
conductive and also the most spatially heterogeneous. They
strongly influence the flow below. Basalts are less conductive
than surficial sediments but more conductive than some, per-
haps most, interbeds; the common observation of perched
water within and above sedimentary interbeds indicates that

at least some fraction of the interbeds are less conductive than
the basalt layers.

This investigation has developed an advanced capabil-
ity for predicting subsurface hydraulic response to a spe-
cific, hydrologically important type of event, namely, a
large input of water over a finite area of land surface that
continues long enough to establish steady conditions in
the unsaturated zone. It does so with a combination of
simple formulations, namely, diffuse flow by standard
Darcian techniques and preferential flow by the source-
responsive model. It provides a quantitative description of
flow through alternating sedimentary and fractured-rock
materials, including cross-sectional areas of flow trans-
mission and generation of perched water. The main pre-
dicted quantities are vertical travel times, the thickness of
perched layers, the lateral extent of perched water, and the
volumes of infiltrated water contained within individual
unsaturated-zone layers. With this modeling approach it
is possible to predict important features of unsaturated
zone flow resulting from hypothetical scenarios, based
on property transfer to a location with available geologic,
bu t not necessa r i ly hydro log ic , charac te r i z ing
information.
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Appendix: Evidence to support the conceptual model

This study relies strongly on data from infiltration experi-
ments conducted at four particular ESRP locations, designated
LSIT, SATT, VZRP, and INTEC (Fig. 9). This Appendix gives
details concerning three of these.

LSIT

The Large Scale Infiltration Test was conducted in 1994
(Wood and Norrell 1996). A circular pond, area 26,300 m2,
was filled with water at a constant head for 5 days, allowed to
drain for 11 days, and maintained at a constant head (maxi-
mum 1.4 m) for 19 more days. Water remained in the pond at
declining level for 11 more days after replenishment had
stopped.

Sixty-six instrumented wells within and around the pond
were used to monitor flow through basalt and perching on top
of the sedimentary interbed at 55 m depth. The wells were
arranged in four rings, designated A, B, C, and E, in order
of increasing radii (Table 6). The wells were grouped in clus-
ters, usually of three, positioned at approximately equal
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spacing around the circumference of each ring. Within each
cluster, except one in the A-ring, one well was drilled to the
interbed and the others to shallower depths. Two wells were
drilled through the interbed.

To evaluate changes in water content above the first
interbed, neutron counts over a range of depths in the
wells were measured daily from June 23 until the end of
August 1994. The data from A wells (within the pond)
show an increase in water content during the period of
ponding (Fig. 10a). Data from the B wells, however, show
no increase in water content (Fig. 10b). This suggests that
infiltrated water in the surficial sediments or in the basalt
did not migrate laterally more than 15 m beyond the edge
of the pond, where the B wells are located.

Water from the pond began infiltrating when the ex-
periment started on July 25, 1994, and perched water
was first detected on August 8. Results from the mea-
surements are plotted in Fig. 11. The A wells reported
much higher perched water elevations than the B, C, or
E wells and show no rising or falling limb because
these wells were completed at levels considerably above
the interbed.

The A wells show no trend in perched water-table ele-
vation over time. The B wells do exhibit a trend over
time, all but two of them (B08N11 and B09N11) reaching
elevations of 1,492.0 to 1,492.5 m. The two exceptions
are considerably lower than the rest, possibly because of a
topographical impediment that limits the flow to these
positions. The elevation of perched water in the C wells
is lower than that in the B wells, and in the E well is less
than any others. This trend suggests that the perched wa-
ter elevations decrease with distance from the infiltration
basin (Porro and Bishop 1995).

VZRP

During the 2007 VZRP experiments, the average rate of
water discharged into the ponds was 4,800 m3/day.
Though the pond basins at the surface were larger, actual
ponded water during these experiments never covered an
area larger than about 1,000 m2. Data from Duke et al.
(2007) suggest that infiltrated water spread laterally with-
in the relatively thick (15 m) VZRP surficial sediment
layer before flowing into the underlying basalt. The data
indicated this spreading extended laterally at least 100 m,
but no more than 140 m. The area of percolation into
basalt then was between 31,400 and 90,800 m2, much
larger than the ponded area at the surface.

INTEC leaks

Two wells at the INTEC facility, MW-6 and 33-3, exhibit
significant responses to nearby anthropogenic leaks of
water intended for fire-fighting (Fig. 12; Forbes and

Fig. 9 Sites of major surface
infiltration experiments on the
ESRP, noting the spatially
varying trend of surficial
sediment characteristics

Table 6 Radial layout of
LSIT site Radius from pond

center (m)
Notable feature

46 4 A-well clusters

91.5 Edge of pond

107 10 B-well clusters

183 8 C-well clusters

320 4 E-well clusters
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Fig. 10 Neutron counts before
the experiment on June 23, 1994,
and during the experiment on
August 4, 1994: a well A01C11
within the pond radius, and bwell
B01C11 outside. More counts
indicate less water, so water
content increases to the left

Fig. 11 Perched water-table
hydrograph for all wells with
perched water detected during the
LSIT
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Ansley 2008); J. Forbes, Idaho Cleanup Project, personal
communication, 2014). Figure 13 shows the hydrographs
of these wells.

The first leak, from fire hydrant HYD-0521, began leaking
on June 27, 2007, and was stopped on February 6, 2008, after
releasing an estimated 5,700 m3 of water. This leak triggered a
response only in well MW-6, where the water table rose about
1 m to a steady position of 1,463 m. The second leak began
January 5, 2012 and was stopped on May 15, 2012 after re-
leasing 7,400 m3 of water. The perched water table near MW-
6 rose 4 to 1,465 m above sea level, and near well 33-3 rose 2
to 1,464 m. The third leak began March 2, 2013 and was
stopped on May 20, 2013 after releasing 12,900 m3 of water.
The perched water table nearMW-6 rose 4.5 to 1,464 m above
sea level, and near well 33-3 rose 1.5 to 1,464.5 m.
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