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Simple predictions of maximum transport rate in

unsaturated soil and rock
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[1] In contrast with the extreme variability expected for water and contaminant fluxes in
the unsaturated zone, evidence from 64 field tests of preferential flow indicates that the
maximum transport speed V.., adjusted for episodicity of infiltration, deviates little
from a geometric mean of 13 m/d. A model based on constant-speed travel during
infiltration pulses of actual or estimated duration can predict V,,,, with approximate
order-of-magnitude accuracy, irrespective of medium or travel distance, thereby
facilitating such problems as the prediction of worst-case contaminant traveltimes. The
lesser variability suggests that preferential flow is subject to rate-limiting mechanisms
analogous to those that impose a terminal velocity on objects in free fall and to
rate-compensating mechanisms analogous to Le Chatlier’s principle. A critical feature
allowing such mechanisms to dominate may be the presence of interfacial boundaries

confined by neither solid material nor capillary forces.
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1. Introduction

[2] Prediction of the transport rates of water and other
substances within the unsaturated zone is critical to infiltra-
tion and runoff, erosion, plant growth, microbiota, contam-
inant transport, aquifer recharge, and discharge to surface
water. Unsaturated-zone flow is fundamentally complicated
by nonlinearity and hysteresis of unsaturated hydraulic
properties and extreme sensitivity to materials and hydraulic
conditions. In recent decades, it has become increasingly
clear that much unsaturated-zone transport of importance,
especially when water is abundant, occurs through a small
fraction of the medium along preferential paths such as
wormholes, fractures, fingers of enhanced wetness, and
regions near contacts between dissimilar portions of the
medium. This flow, for which accepted theory applies less
well, occurs at rates typically some orders of magnitude faster
than flow through the remainder of the medium. In many
applications, its importance is redoubled because preferen-
tially transported substances are exposed to only a small
fraction of the soil or rock and only for limited time, reducing
opportunity for adsorption or reactions.

[3] Different modes of preferential flow have been recog-
nized, distinguished by the mechanisms that make it physi-
cally or conceptually distinct from nonpreferential or matrix
flow. Three categories, macropore, fingered, and funneled
flow, are often designated for this purpose [Jarvis, 1998]. A
given flow problem may involve any single one or any
combination of these categories. Some quantitative models
are derived for only one category, though one model may be
used for a broader variety of cases than it was conceptualized
for. Fingered flow, for example, may be treatable with a
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model based on macropore concepts; the mathematical
formulation may be applicable even though the underlying
conceptualization is intuitively less appropriate. A finger
comprising many wetted micropores is not the same thing
as a filled macropore, but several important characteristics
(elongation, high conductance, etc.) are common to both. The
model presented here treats all preferential flow modes in
combination without distinguishing among them.

[4] Diverse approaches have been used to quantify and
predict preferential flow [Simunek et al., 2003]. One of the
most basic is simply to apply to preferential flow the diffuse
continuum approach embodied in the Richards equation as
typically applied to matrix flow [Philip, 1968b; Othmer et al.,
1991]. In effect, such an approach uses effective unsaturated
hydraulic properties considered to represent characteristics of
both the preferential and matrix domains. Mathematically,
the water-retention and unsaturated hydraulic conductivity
properties may be represented by a sum of functions [Peters
and Klavetter, 1988; Durner, 1994; Zurmiihl and Durner,
1996] or by formulas otherwise modified to represent the
effects of preferential flow [Liu and Bodvarsson, 2001]. A
variation is to apply the diffuse continuum approach for only
that fraction of the total macroporosity that is active, that is,
filled and connected in a way that allows throughflow [Philip,
1968a; Liu et al., 1998].

[s] It is also a common practice to treat preferential flow
differently from nonpreferential flow, often in combination
with a standard Richards equation formulation for the
matrix flow. Preferential flow may be taken to obey basic
fluid dynamics relations through conduits of a particular
geometry [Childs, 1969, pp. 194—197; Jury and Horton,
2004, pp. 139—141]. In general, this includes the possibility
of turbulent flow [Chen and Wagenet, 1992; Logsdon,
1995], but usually, laminar flow is assumed. An example
is the calculation of preferential flow by Poiseuille’s law
[Ahuja et al., 1993] with the assumption that macropores
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behave as tubes. Another common choice is a cubic-law
representation [Wang and Narasimhan, 1985], assuming
macropores behave as parallel plates. Different conduit shapes
may be applied in combination [Beven and Germann, 1981].
Another alternative is to assume that flow through macropores
occurs with a perfectly sharp wetting front [Philip, 1968b],
similar to the mode of flow described by Green and Ampt
[1911]. Usually, such conduits are considered in terms of
averages or effective continuum behavior, although Pruess
[1999] has argued that discrete conduits must be considered
more independently because spatial and temporal averages are
inappropriate for widely spaced and erratically flowing
macropores, which can cause flow to be faster even when
a medium’s average hydraulic conductivity is lower.

[6] Much attention has been given to “nonequilibrium”
models, on the assumption that preferential flow is so fast
that its water does not have time to equilibrate (in terms of
pressure, chemical composition, temperature, etc.) with
water in the adjacent matrix material [Skopp, 1981; Jarvis,
1998]. The relation between the preferential and matrix pore
domains is a major concern mainly because it affects the
distribution of solutes within the medium, though in some
respects this relation also affects the basic preferential flow
rate. A way of treating nonequilibrium effects on flow rate is
to implement the Richards equation with the assumption that
water retention relations at a point in the medium may deviate
from their pressure/water content equilibration relationship
for a finite time after a change in matric pressure at that point
[Ross and Smettem, 2000]. In general, where the two domains
are not assumed to be in equilibrium, there are many means of
describing the transfer of water from preferential to matrix
domains, for example, a radially symmetric Green-Ampt
approach [Beven and Clarke, 1986].

[7] Other ways of treating preferential flow apart from
matrix flow do not make use of concepts of Darcian flow
or laminar flow in conduits. One is to use a kinematic wave
formulation [e.g., Germann and DiPietro, 1996], in which
the flux density is taken directly to be a function of the
water content, as opposed to the solution of an equation
with explicit potential gradients. Another way of avoiding
the Darcy-Richards formulation is to use a stochastic
transfer function [Jury, 1982], which works with probability
distributions of the transported substance and characterizes
the medium with a function that implicitly incorporates
all processes that affect those probability distributions.
Although intended for nonequilibrium flow [Jury and Roth,
1990], transfer functions can be used for the effects of
preferential and matrix flow together.

[8] Various approaches have been developed that involve
a combination of processes to represent preferential flow,
either by itself or together with matrix flow. Typically, these
involve some sort of capacity or threshold that must be
exceeded to cause preferential flow. The model of Steenhuis
et al. [1994] considers preferential flow in terms of a release
of water from a “mixing layer” in the uppermost part of the
soil. The tipping-bucket model [Emerman, 1995] implicitly
assumes that all of the water flows through macropores at a
rate which is proportional to the water content of the
macropores and that macropore flow occurs only after the
micropores have been saturated. The layer-capacity model
of Weiler [2005] takes into account the influence of the
preferential-flow initiation process on the dynamic prefer-
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ential/matrix flow process, incorporating the approach of
Beven and Clarke [1986] for transfer of water from the
preferential to the matrix domain.

[9] Models developed for unstable flow [e.g., Hill and
Parlange, 1972; Hillel and Baker, 1988; Selker et al., 1992,
Jury et al., 2003] have demonstrated significant successes in
predicting fingered-flow characteristics such as the number,
diameter, and velocity of fingers, as well as the conditions
under which fingers will be generated. Evidence suggests that
Darcy’s law and Richards’ equation may be applicable to
flow within wetted fingers that are generated by instabilities.
Selker et al. [1996] proposed a simple model in which the
transport velocity in fingered flow can easily approach, but
not exceed, a value given by dividing saturated hydraulic
conductivity by the effective saturated water content.

[10] The general range of preferential flow rate variability
for different sites and conditions has not been widely
emphasized in hydrologic literature but can be estimated
from typical ranges of saturated hydraulic conductivity K,
Heath [1983] notes a 12 order-of-magnitude range in Ky
for common geologic materials. Dividing K, by the effec-
tive porosity of the medium gives a transport speed V.
Assuming typical K, values [Klute and Dirksen, 1986]
and a typical effective porosity of 40%, V would range from
about 107° m/s in sands to 10~' m/s in coarse gravel.
Alternatively considering macropore flow as gravity-driven
Poiseuille flow in tubes [Jury and Horton, 2004] that vary
in radius from 0.5 to 10 mm, transport speeds would range
from 0.3 to 120 m/s. These estimates suggest the speed of
preferential flow might fall within about an eight order-of-
magnitude range.

[11] This study aims to identify factors most relevant to
transport rates in direct field observations of preferential flow
and to generalize concerning the prediction of transport rate
when preferential flow occurs. The chief focus for predictions
is the speed of the fastest portion of the flow, V},,.«, defined as
distance traveled divided by the first arrival time of a tracer.
Advantages of this choice are that V},,, has direct practical
importance (e.g., for worst-case contaminant traveltimes), is
a better signifier of preferential flow than intrinsically aver-
aged quantities, and can be determined from many published
studies whether or not preferential flow was originally
emphasized. This paper presents (1) published evidence from
64 diverse field tests indicating that the maximum transport
speed during preferential flow varies within a smaller range
than during other forms of unsaturated flow and (2) a simple
episodicity-adjusting model requiring only basic infiltration
data that can predict maximum flow rates when preferential
flow is dominant.

2. Data From Field Observations

[12] Measured V. values were compiled from the soil
science and hydrologic literature. The criteria for inclusion
were that the studies must be field tracer experiments in the
unsaturated zone, the occurrence of preferential flow must
either be obvious or adduced by the original investigators,
modes of sampling must be sensitive to preferential flow,
traveltime and distance must be adequately identifiable to
calculate V., and it must be reasonable to assume that
tracer moved the entire distance, as opposed to there being a
preexisting parcel of the same substance pushed ahead to
the detection point. All studies found to meet these criteria
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Figure 1.

Observed maximum speed of transport in the case studies of unsaturated-zone preferential

flow from Table 1. The continuous/intermittent distinction refers to whether or not water at land surface
was supplied during the entire time of travel to the sampling point. The dashed line is at the V},,,x value of
13 m/d, the geometric mean for continuous-input cases.

were included. These studies were sought from the pub-
lished literature with the conscious objective of finding a
wide variety of media, scales, and other relevant features. I
do not claim to have found all the relevant cases, a more
exhaustive search would doubtless discover more studies
meeting these criteria, but rather that the cases found
constitute a reasonable basis on which to formulate general-
izations that can be formally proposed for wider consider-
ation and testing.

[13] Additional rules applied in determining traveltimes
are (1) if there are replicates, as from repeated experiments
in the same place, take the average first-arrival traveltime
from the set of replicates; except that if the replicates are
from a set of laterally spread out point samplers at the same
depth, take the earliest, to simulate the result of a method
that senses tracer over an area broader than the effective
sampling area of a single sampler. (2) Where data indicate a
time interval, rather than a point in time, of first arrival, use
the midpoint of that interval. If the beginning time of the
interval is unknown, take it to be O for purposes of
averaging. (3) Use multiple cases from a single study if
they differ in a significant way, for example in porous
material or infiltration rate.

[14] Table 1 lists 64 V.« values compiled from 38 studies.
The data span about five orders of magnitude, a range that is
modest given the diversity of media and conditions. Figure 1
makes clear that certain factors show little or no trend,
including spatial scale from 0.3 to 1300 m, and medium,
categorized here as either soil or nonsoil porous material.
Sampling method, including unsaturated-zone sampling
using suction samplers, extracted cores, or excavation, as
well as shallow saturated-zone sampling using wells, piezo-
meters, or agriculturally functional tile drains, also showed
no significant trend. Tracers included various solutes, radio-

isotopes, and wetting fronts; variation in the adsorptive
character of tracers can often be negligible in preferential
flow [Kung et al., 2000b] and is not likely to significantly
affect Viax-

[15] One factor that does make a significant difference is
the temporal distribution of water input. Where input was
continuously substantial in terms of volume flow rate per unit
area, as from ponded conditions or continuous irrigation,
Vmax 18 distinctly greater and somewhat less variable than
where it was intermittent, as from natural rainfall. The greater
significance of the temporal distribution of water input,
compared to other factors normally expected to influence
Vmax, 18 consistent with the pattern observed by Nimmo
[2003] for a smaller data set. The values of geometric mean
e and geometric standard deviation o, in Table 2 also
illustrate this observation. The interpretive significance of
o, is that dividing or multiplying u, by o, designates
confidence limits analogous to the additive confidence limits
defined by an arithmetic standard deviation. Thus the range
of one standard deviation from the mean would be 0.1 to
31 m/d (2.5 orders of magnitude) for the entire set of
64 Vinax values, compared to 2.5 to 68 m/d (1.4 orders of
magnitude) for the 34 continuous-input cases.

3. Quantitative Predictive Model

[16] For cases of continuous water input, these observa-
tions suggest use of a constant 7, as a simple prediction of
the fastest traveltime:

Vmax—pred = Vo (1)

where J, takes the value of ji, for the continuous-input Vy,ax
values, 13 m/d based on the 34 relevant data in Table 1. If
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Table 2. Summary Statistics for Maximum Transport Speed®

Number Geometric Geometric
Quantity Cases Considered of Cases Mean, m/d Standard Deviation
Vinax All 64 1.8 17.3
Vinax Continuous input 34 12.9 53
Vinax Intermittent, /iy, known 23 0.08 5.5
Vinax Intermittent, /., not known 7 2.5 2.6
Vinax-adj Intermittent, ;o known 23 12.9 2.3

“The quantity Vinax-aqj in the last row is computed using a value of i, = 30 mm/hr, as explained in connection with

equation (2).

Vmax for this case is lognormally distributed, the geometric
standard deviation of 5.3 for those 34 data suggests a 90%
probability that a V., measured under comparable condi-
tions would fall between 0.8 and 200 m/d.

[17] For cases of intermittent water input, a pulsed-transport
concept can extend this generalization. Assumptions are that
input occurs in hypothetical pulses during which the tracer’s
speed is constant and between which it is negligible, and that
input during the pulses occurs at a universal effective rate i,
that produces the tracer speed V. Input here is quantified as all
the water put onto the land surface, equivalent to total
infiltration if runoff is negligible; this permits direct use of
precipitation or irrigation data given as volume per unit area. If,
for a given case, the total amount of water input /i, during the
transport process from time O to #;is known, the total effective
duration #, of pulses during that time equals fiwi/io. The
predicted V. for that case is

4 Ly,
Vmax—pred - Vo Mg Vo N £ (2)
5 1o

where i,,, is the actual average input rate, fiyai/ts.

[18] The value of i,, like ¥, is to be inferred from data.
Because the ratio i,,,/i, scales V;, to give a predicted Viyay, its
inverse iy/i,yg can scale a measured V., to give an adjusted
value V,4; which would equal V5 if the value chosen for i, is
right for that case. Using the 23 cases from Table 1 in which
the water input is intermittent and /¢, known, an optimized
i, value of 0.73 m/d (30 mm/hr) predicts V,q; values such that
their geometric mean equals the 13 m/d value of V for the
continuous-input cases. These V,q; values cluster more tightly
(0 =2.3) than the original V.« values (o, = 5.5), supporting
the usefulness of this pulsed-transport concept.

[19] In some intermittent cases, i 1S not known, but the
total duration #,, of input is known, for example when ponding
persists for a known time. Assuming then that input proceeds
at rate i, during t;,,, the pulsed-transport model indicates

tin
Vmax—pred - Vo {*:| . (3)
ty

Equations (1), (2), and (3) together represent a predictive
model for V.« for continuous input and for intermittent
input if either /iy or #, is known.

4. Discussion
4.1.

[20] Figure 2 shows that for the full set of 64 cases in
Table 1, about 85% of the V.« values predicted using

Evaluation of Results and Testing

equations (1), (2), and (3) fall within one order of magnitude
of the measurements. This comparison suggests that this
model, which requires elementary data about water input
conditions but no information about the medium or its
moisture state, might approach order-of-magnitude accuracy
in predicting minimum traveltimes.

[21] Because in many applications order-of-magnitude
accuracy would be a loose criterion for a quantitative scien-
tific model, it is worth considering what uncertainty is
tolerable or achievable for the specific task of unsaturated-
zone traveltime prediction. This issue has been too seldom
addressed; Corwin et al. [1999] note that a field confirmation
is attempted for only about half of published models of
unsaturated zone solute transport, and most such attempts
are not done at the scale of relevance to the practical
prediction problem. In applications that require predictions
over times as long as thousands of years, if such predictions
are based on a deterministic quantitative model, it is impos-
sible to directly test that model within the duration of a
practical scientific study. Comparisons of model predictions
among themselves sometimes show a large range of varia-
tion. One example is the range of 3.5 orders of magnitude in
traveltime-to-aquifer predictions among models developed
for the Idaho National Laboratory between 1966 and 1998
[National Research Council, 2000, p. 30]. Given this general
situation for predictive applications, a prediction made with
order-of-magnitude confidence can be of value.

[22] The particular values that the Table 1 data suggest for
the predictive model parameters are consistent with their
physical interpretation. The ¥, value of 13 m/d is within a
range typical of preferential flow. The i, value of 30 mm/hr
is comparable to heavy rainfall or irrigation. Note that i, is
based on data for water input at the surface; if the model had
been developed based on data for infiltration less evapo-
transpiration or for estimated downward percolation fluxes,
a smaller 7, would result. The total water input rate has the
advantage of being known in more cases and with greater
accuracy.

[23] The proposition that a 13 m/d ¥, value is somehow
representative of continuous-infiltration preferential flow
requires explication. The deviation of a measured V.
from 13 m/d does not imply a degree of error in that
measurement. The implication rather is that, assuming a
lognormal distribution, V. for different sites would tend to
fall within a range centered logarithmically on 13 m/d. As
noted above, for the data assembled here, the 90% proba-
bility range would be 0.8 to 200 m/d. The quantification of
such a range is empirical, but the range itself may be
hypothesized to relate to basic properties of the unsaturated
zone system such as fluid viscosity and density, surface
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Figure 2. For the 64 listings in Table 1, predicted versus measured maximum transport speed of
preferential flow in the unsaturated zone based on the model of uniform speed during periods of water
input. Dotted lines mark the bounds of order-of-magnitude agreement.

tension, and the acceleration of gravity. The value of ¥
could perhaps be scaled with some properties of this sort,
though probably not in a linear way.

[24] Applied to a site where transport data are not avail-
able, this model should not be interpreted as predicting in all
situations the arrival of transported substance at depth L in
time L/Vimax-preds Where Vinax-prea 18 computed by the appro-
priate choice of equations (1), (2), and (3). Rather, it indicates
that if conditions the model is based on apply, in particular
that between the points of tracer injection and sampling are
one or more preferential flow paths through unsaturated
material, L/Viax-prea predicts an approximate first arrival
time of the tracer. The fact of tracer arrival does not guarantee
that its concentration will exceed any specific threshold,
especially because the model says nothing about the amount
of water (or tracer in it) that is preferentially transported in the
given time; if some small amount of tracer has traveled the
full distance through preferential flow paths, there might not
be enough of it present to register above the detection
threshold. This situation might commonly occur with sam-
ples taken from below the water table, as there can be
substantial dilution of the tracer once it is mixed into the
water resident in the saturated zone. These considerations also
suggest that nondetections must be interpreted cautiously with
respect to this model and are not necessarily appropriate for
tests of its general applicability.

[25] Because relatively few data are available, all were
used to optimize the values of V;, and i, precluding indepen-
dent testing until there are additional data. Further testing is
essential for this reason and also because the data set with
which the model was developed likely has significant biases.

Owing to motivations to investigate extreme or clear-cut
situations, published studies may overrepresent cases with
greater than average rates or prevalence of preferential flow.
Yet the 38 studies represented cover diverse investigator
objectives as well as sites and conditions, so it is likely that
within at least some category of preferential flow problems, a
relatively uniform maximum speed dominates over a diver-
sity of other factors.

4.2.

[26] The minimal observed variability in V., counters
the conventional paradigms of unsaturated-zone hydrology.
Because preferential flow entails many diverse processes, a
universal explanation is elusive, though some relevant flow
behaviors may be illustrated by considering hypothetical
perturbations that would be expected to alter V.. (1) For
processes of fingered flow, i.e., preferential flow through a
narrow contiguous network of essentially saturated micro-
pores, increased flow rate can change the number or
diameter of fingers without changing the transport speed
through the fingers themselves. (2) For a system of prefer-
ential pathways operating at less than its full flow capacity,
an increase in flow can be accommodated by using a larger
fraction of the system’s capacity, e.g., filling some of the
macropores that were unfilled at lower flow rates, without
significantly increasing the speed of travel through any
active pathway. (3) For a preferential flow process that
dynamically generates detached mobile blobs [Su et al.,
1999], increased flow rate may create blobs more frequently
but without changing the speed at which each travels once it
has been created. (4) Alternatively, with unchanged flow

Implications for Unsaturated Flow Theory
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rate but increased driving force, say from changing the tilt
of a fracture, a likely response would be the creation of
smaller blobs with greater frequency. The smaller blobs
would likely have a lower ratio of mass to viscous friction,
slowing their travel and thus partially compensating for the
increased force. (5) For thick-film (sheet) flow in macro-
pores with constant inflow rate, increased driving force is
likely to decrease the film thickness, increasing viscous
friction per unit mass and again partially compensating for
the greater force. Similar compensating mechanisms can be
hypothesized for many other preferential flow processes, in
general operating analogously to Lenz’s law in electromag-
netism or Le Chatlier’s principle in chemistry: The response
of a system to a perturbation acts in opposition to the
perturbation’s primary effect.

[27] The minimal variability can also be considered in
terms of natural speed limits on preferential flow. The
constant V, may approximately indicate an upper speed
limit that depends, as suggested above, on properties of
water and the earth itself, such as viscosity and the accel-
eration of gravity. Various illustrative analogs support this
idea. As an object falling through earth’s atmosphere
reaches a terminal velocity dictated by the balance of a
velocity-dependent frictional force with the force of gravity,
so might a parcel of water driven by gravity within a
uniform macropore reach a maximum speed dependent on
viscous friction. Because water has greater viscosity than
air, this subsurface terminal velocity would be slower and
more quickly approached than for the object in air. The rate
of laminar flow in filled tubes varies much with tube
diameter because within a large tube more of the fluid is
at a greater distance from solid walls, thereby experiencing
less friction; whereas in the movement of drops, rivulets, or
sheets down the inner face of a fracture, all of the liquid
may be within a small distance of the solid surface. The
maximal thickness, perpendicular to the fracture face, of
such a traveling water parcel would be largely determined
by the properties of water and the nature of the solid
surface, which vary less among media than does pore
geometry. Processes that distinguish preferential from
diffuse flow may create an effective lower limit to the speed
of preferential flow. For example, where the soil matrix is
absorbing water out of preferential flow in a macropore, if
the preferential flow rate is below a certain speed, the water
will be lost from the preferential channel before it travels
significantly. Thus the speed of preferential flow may be
limited on the lower end by processes that take the slower
conceivable speeds out of the preferential category, while an
upper limitation may result from processes analogous to the
terminal velocity of an object falling in a fluid.

[28] Similar observations concerning limitations on the
variability of transport speeds in preferential flow have been
made before, especially for the case of fingered flow. Kim
et al. [2005] found the solute velocity in fingered flow to
be computable from the quotient of hydraulic conductivity
and water content within a finger and thus to be “almost
independent of the flow rate.” Similarly, Darnault et al.
[2004] found in fingered flow that flux increases caused the
generation of more fingers without affecting the finger
velocity, which depended only on soil properties.

[29] As to why a minimally variable V,,, might be
evidenced in preferential but not saturated or diffuse unsatu-
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rated flow, a likely critical distinction is the issue of a confined
versus unconfined flow conduit. Considering in macropore
flow the intrapore conduit to be the water-filled space bounded
by solid or air, then unless the macropore is totally filled with
water, preferential flow is free to adjust the dimensions of its
conduit at the air-water interfaces, whereas saturated flow has
its conduit constrained by solid boundaries, and unsaturated
micropore flow has its conduit constrained by either solid
boundaries or fixed-geometry capillary interfaces. This rea-
soning also suggests what might be an important distinguishing
characteristic between micro- and macropores: A macropore
could be defined as one in which at certain water contents
there are air-water interfaces not geometrically constrained
by capillarity. Also, worth noting is that whereas diffuse
unsaturated flow may depend strongly on the connectedness
and tortuosity of a sequence of filled micropores whose
individual lengths in the direction of flow are not much
greater than their effective diameters, preferential flow paths
are composed of extended linear features and so may be less
affected by these factors.

4.3. Practical use

[30] The model represented by equations (1), (2), and (3)
potentially has great value in practical applications. For
example, this model suggests the ratio V, /i, (empirically
estimated to equal about 18) as an essentially universal
constant that needs only to be multiplied by the infiltration
or precipitation rate to give an estimate of maximum
transport rate. The time of first arrival at the water table
from a disposal or spill site at the land surface could be
simply predicted as L/Viax-pred> Where L is the distance of
travel and Viax-prea is from the appropriate choice of
equations (1), (2), and (3).

[31] The data needed to predict V. are essentially just
the total amount of water applied during the time interval of
interest or the fraction of that time that copious input is
occurring. In the form of precipitation rates, irrigation
schedules, or similar information, these are available for
perhaps the great majority of cases of potential interest.

[32] In contaminant-transport and other applications,
knowledge of V.« is useful even though it is not the only
transport characteristic needed. It provides some answers
directly, such as the earliest arrival time of a contaminant at
a water table of known depth. In applications that require
instead some type of average transport rate or the arrival
time of a certain amount of transported substance, an
estimate of V., can be useful in other ways, especially in
combination with other known facts or estimated quantities.
For example, if the transport speed of the center of mass of a
contaminant plume is known, the additional knowledge of
Vmax can help quantify large-scale dispersion as well.

5. Conclusions

[33] Evidence assembled here indicates that for certain
types of rapid-transport situations, flow within the unsatu-
rated zone is less variable and more easily predicted than
previously thought. Preferential flow in the unsaturated
zone is not as closely analogous to either saturated flow
or diffuse unsaturated flow as implied in widespread
approaches to it, for example the modeling of fractured
rock as an equivalent granular medium. Having one or more
boundaries confined by neither solid material nor capillary
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forces, the streams, blobs, and fingers of preferential flow
undergo transport by processes unique among subsurface
flow phenomena, affording new and simplified approaches
to hydrogeologic problems and requiring new theoretical
treatments that are not currently active in hydrogeologic or
porous-media research.

[34] The maximum speed of transport by preferential
flow in the unsaturated zone, critical to contaminant trans-
port and other problems, appears to vary far less with
location and subsurface medium than do typical subsurface
transport rates, such that it might be roughly predicted from
easily determined infiltration conditions.

[35] Acknowledgments. I am grateful to Grace Su, Ed Weeks,
Michelle Walvoord, Ben Mirus, and others for helpful discussions and
reviews.
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