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ABSTRACT

(ilass, R.J., Swenhuws. TS, and Parlange, Y, 1988 Wetting front instability as a rapid and
fur-reaching hydrologic process in the vadpse zone ln: PUF. Germann (Edutor), Rapid and
Far-reaching Hydrologic Processes in the Vadose Zone. o, Condam. Hydral, 3: 207-226

Wetling front instability in the vedose zone causes the formation of Angers which can rapidly
transport both water and solute to the phreatic surface. The development of the unstable flow feld
in laboratary experiments 1s described for an initially dry, twolaver sand system, inwhach the top
layer has a finer texture than the bottom layver. The effect of repeated infiltvation cycles and of
initial meoisture content st field capacity are presented. Fingers once formed in the dry porous
media are found to net change location even after several infiltration events. Only saturation and
subsequent drainage alters the finger structure within the chamber, [n Eastern Long [sland, New
York, USA, field infiltration experiments using the combination of twe dves showed that water
moved Lthrough finger-like structures,

INTRODUCTION

Understanding pollutant transport mechanisms through the unsaturated
zone to the groundwater is of primary importance 1n predicting and avoiding
groundwater contamination. Spatial variability of solute transport in the field
has been found to cause predictions based on one-dimenzional flow models to
be misleading, Recent research primarily has been concerned with the descrip-
tion of horizontal variability of soil praperties (e.g., Nielsen et al 1973; Yieira
et al., 1981; Wagenet et al., 1984) and with various forms of bypass flow due to
cracks and other macropores {(e.g.. Beven and Germann, 1932; Tippkotter, 1983
Smettem and Collis-George, 1935; Hichard and Steenhuis, 1988) as the major
cause of nonuniform solute transport. However, in addition to low variability
caused by soil structure and property variation in the horizontal, current field
and lahoratory evidence (Hill and Parlange, 1972: Starr et al., 1978, 1986; Glass
and Steenhuis, 1984: Diment and Watson, 1985; Glass et al., 1987) has shown
flow variability where horizantal heterogeneity was minimal and according to
the traditional conceptualization of upsaturated flow, one-dimensional flow
should oceur. For soils in which the hydrauvlic conductivity increases with
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deprh bt does not neceszarily vary from point to point in the horzontal, the
phenomenun of wetting front instability, often called “fingering”. in which
waler and Wnxies move in columnar steuctures to groundwater at speeds on the
order of the saturated pore velocity, can occur. The conditions for fingering due
to o sidden increase in conductivity with depth are present along much of the
eastern senboard of the United States, on Long Island, in river valleys of
post-placiated regions and elsewhere, Toxie waste sites consisting of a semi-
impermeable or leaky impermeable liner overlving porous media are ancader
imiporeant example of a situation where fingering might oceur,

Ascited in g recent review paper (Hillel, 1987, to date there have been four
theoretical analvses of the wetting front mstability problem, three analv_ical,
Raats (19731 Phalip (1975) and Parlange and Hill (1%78), and one numerical,
Diment ot al {19820 and Diment and Watsen (19830 Tn addition to the situation
where the conductiviey of the top laver is less than the battom laver, the
theorotical analyses of Raats (1973 and Philip (1975) euch have further

poztulated instability for o number of other situations including infiltration of

nonponding rainfall, an ineraase in the imitial moisture content with depth,
non uniform hvdraulic conductivity which increazes with depth but not necess
arily lavered, and movement mto less wetting soil.

Although wetting front instalulity has been noted in a number of
experiments (e.g., Tabuchi, 1951 Miller and Gardner, 1962, Peck, 1963; Smith,
THTY. previous to our work there hove been four reported experimental studies
conducted in the laboratory specifically designed to demonstrate welting front
instability; Hill and Parlange (1972 for luyvered soils, White et al. (1978) for air
pressure incresse in front of the wetting front, Diment and Watson (1985} for
bath layversd soils and redistribution following nfiltration under different
uniform imtial moisture enntents and Tamai =t al. (1987) for redistribution
following infiltratuon inta glass beads. In addition there have been three field
sludies specifically designed to document the existence of the phenomenon in
the field (Starr et al, 1978, 1986; van Ommen et al,, 1988), Many other field
studics whore fingers were not considered in the experimental design have
yvielded results inconsistent with standard conceptualizalions of water and
zolute movement (oog, Smith, 1967; Grosby et al., 1968). Their results, however,
might be accounted for by the process of wetting front instability,

Understanding of the phenomenon s nol complete and its importance for
feld situstions, that is, under what cireumstances and 1o what sols it will
occur, cannot be adeguately assessed. Tt s clear that svatematic quantitative

«laboratury experimentation and field experimentation together with theoreti-
cal analysis is nesded if our understanding of welting front instability is to be
advanced and the question of its importance resolved. The purpose of current
rescarch intn this subject should be to fill this need, Our approach s founded
on experimentation designed to answer two essentinl questions. First, under
what circumstances does wetting front instability occeur and second, once the
fow field has become unstable how can its behavior be described in terms of the
relevant system parameters. The major thrust of our resenrch has been in the
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lavered 201l system because 1is presence is ubiguitous in ayricultural zoils and
15 of particular relevance to agriculture on Long Tsland where we have
condurtsd field research (Steenbus et a1l 1985 The results of our work,
however, are of & more genernl pature and shed light on the gencral
phenomenon of wetting front instabihicy,

In Glass et al. (19885} a theoretica] framework for wotting front instability
cxperimentation 18 developed through classical dimensional unalysis. Rela
tonzhips between system parameters and initial/boundary conditions and
unstable fAow field behavior are derived. Miller scaling (Miller and Miller,
1956} of these relationships allows their geperalization to similar porous media
with different mesn grain sizez and shows the effects of coarseness und fuid
properties. Preliminary resultz presented in Glass and Steenhuis (19494} support
the scaling theory and found that the smaller the mesn grain size. the wider
and slower the finger. The effect on unstable flow field behavior of the flow rate
through an initially dry fine over coarse textured lavered sand svstem is
explored in Glass or al. (19885 Belationshaps dernved previously through
dimensional analysis between finger width, velocity, Aow through individual
fingers, and properties of the bottom layer are evaluated.

In this paper. we present the results of two experimental studies that begin
toy brudge the laboratory and the field, We emphasize gualitative description as,
to our knowledge, many azpects of the flow behavior noted in the experiments
have nut been presented in detail before and vield insight into the behavior of
wetting front instability in the field, [n the first study, conducted in the
laboratory, we explore the effect of initial moisture content and its nonunifor
mity on wetting front instability in a two-layered sand svstem with a fine laver
overlaying o coarse layer, We describe in detail the movement of the infiltrat-
ing water and document the persistence of fingers over a sequence of infiltra-
tian cveles. The second study was conducted in the feld. We present the results
of three infiltration experiments conductsd on Long 1sland, NY. USA, whers
the flow feld was delineated through the use of two dves with different
adzorption eoefficionts as a way of looking for fingers in Lthe field,

LABOHATORY EXPERIMENTATION

Since 1t 1z rvare that feld soils are uniformly dry, it 12 important to
understand the effect of inttial moasture eontent and 1t distnbution on wetting
front instability. The effect of initial moisture cuntent on the width of fingers
can be seon in the photos of Smith (1%67) showing a narrow finger moving down
through dry sund to widen several fold when it entered n wetted region at the
bottom of the experimental chamber, Initial moisture content also may affect
the stability of the one dimensional wetting front. Diment et al, (1982) and
ment and Watson (1983, 19585) suggest increasing uniform imual maisture
conter, 5 to have a stabilizing effect. However, Starr ot al. (1978, 1956) found
fingering to occur in field soils with high initial meisture content.
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Laboratory experimental method

A two-dimensional Aow field was created in a slab chamber 1 em deep, 30cm
wide and 100 em high. Horzontal gaps in the chamber every 10 em allowed air
to escape freely. Sieved silica sand fractions, denoted by U5 sieve series
numbers that define the top and bottom of the fractions, constituted the porous
media used n the experiments. The 14-20 froction was usged for the bottom
laver and the 40-50, 6040, and 100-140 fractions formed more restrictive top
lavers. The sands were cleaned with soap and rinsed several times and dried
before and hetween usze to assure purity. The chamber was filled through a
funnel/extension/randomizer assembly and then packed using a drop impact
method, Lavers were separated by a thin piece of cotton cloth to keep fine
particles from filtering down into the bottom layer and to assure that lavers
could be easily separated after an experiment. The cotton cloth was not found
to infuence the flow field behavier, Further details of the experimental
apparatus and eleaning, filling, and packing procedures were discussed in
Glass et al. (1988Dh).

Distilled water with a constant, low non-adsorbing dve concentration
(0.025% solution of USDA Red #3) was ponded to 1.3cm and maintained
throughout the duration of each experiment. Flow field data were recorded
with time lapze photography on movie film, Data was abtained from the film by
projecting it onto a screen and then tracing the wetting front position with
time on acetate sheets. The velocity field at various trmes was visualized by
mjecting pulsez of blue dye {1% solution of USDA blue #2) into the water
supply. The flow out the battom of the chamber was measured through a "drip
section'” which divided the outflow across the bottom of the chamber into 10
mcrements or sampling points each having a width of 3em. Each of the 10
sampling positions were 1solated from each other by a thin metal barrier higher
than the capillary fringe for the bottom laver 2and so that the lateral movement
of water in the saturated zone at the bottom of the chamber was restricted, The
drip section enabled the monitoring of the flow rate through individual fingers
and 1ts change in time,

The ritial moisture distribution was vared systematically by running three
vonsecutive infiltration experiments in each of three two layer combinations
{zee Table 1), In the first experiment, denoted by a lower case "a” following the
experunent number, the 2and was initially dry. This experiment was conducted
for twenty-four hours and then the chumber was sealed o inhibit evaporation
cand allowed to drain for twenty-four hours, The moisture content field at the
end of the drainage cycle formed the initial meoisture field for the zecond
experiment. The second experiment, denoted by a lower case "b” following the
experiment number, was then conducted for twenty-four hours, In preparation
for the third experiment, the bottom laver was saturated several times and
afterwards sealed and drained for another twenty-four hours, An almost
uniform moisture content field (6%) in the bottom layer resulted and formed
the initial condition for the third experiment also conducted for twenty-four
howrs and further denoted by a lower case "¢ following the experiment

TABLE 1

Summary of two laser experiments

Experiment # Top laver sand fraction Initi] moseure conditions

Tn 100 140 Oy

th 1 day drwinuge of Ala

e Saturation then 1 dav dronage
24 RO & Dry

A | day draimage of Al

e Suturmton then 1 day drainage
da k51 Dy

k1 1dmy droinugs of AZa

il saturation then 1 day drainage

number, In this way the first {"a"y and third ("¢ experiments represented the
mitin] moisture content conditions (1.e. uniform) ofter used in analytical pnd
numerical studies of infiltration Hows. The second ("b"'} experiment mimics
more realistically a field situation where initial moisture content varies from
POInt Lo point,

Preseatation of lohoratory results

The infiltration expeniments yield o clear qualitative description of the
unstable How field instigated by the increase in pore size geross a textural
interface, its development in time and the effect of the initial moisture The
qualitative aspects are identical for experiments 1, 2, and 3, =0 experiment |
will be uzed as an example here, Figure 1 shows druwings of the wetting front
position after various times since the onset of infiltration 1n experiment la,

For infiltration into initially dry two-layer sand systems ("a" experiments),
flowr 1o the finer top laver 15 characterized by an initially flat wetting front and
vertical streamlines, The flow at the interface between the two luvers shows
that water passes into the bottom layver at discrete. fairly regularly placed
locations or “point sources.” Small fingers form under these sources and then
many merge within the next 1 em to form wider fingers, These fingers then pass
into the fully developed finger zone which 1s characterized by fairly constant
finger velocity, width and spacing, Qecasionally in this zone, a merger of
fingers will ocour to produce a faster moving, wider finger.

Three stages in the development of the flow field in the initially dry
experiments may be delincated. (a) an imitial “rapid” period, (b a transitional
“slow™ peried and (e) a final period of almost no change. The initial “rapid”
period is characterized by rapid change in wetting front position with tme
This period iy shown in Fig. 1 for experiment 1a. It continues unti) the
descending fingers arrive at the water table or. in the case of the labaratory
experiments, when they wrrive at the bottom of the chamber,

The transitional “slow" period is chavacterized by very slow changes in
wetlting front position as wetting fronts diffuse laterally into the drv areas
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Fig. 1. Drawings of wetting front position in time after the gtart of infiltretion for experiment La,
animtonlly dry two-laver sand system. Wetting frunt pogition is drawn at ene nonute infervals. The
finger areas which are formed during the Hrst five minutes form the "eore” nress that eonlinue Lo
conduct most of the How in “n" nnd b experiments

between fingers creating a less saturated “fringe’ area around the more
zaturated original finger “core” areas. This period is shown in Fig 2 for
experiment 1o, When a blue dyve pulse is added, the core areas become blue
while the fringe areas remain red demonstrating that most of the Aux in the
system continues to oceur downward in the core arens, Occasionally during
this period a Anger itsell will become unstable and a small split-off finger or
"dendrite” may form and move slowly downward to the water table. Thizs period
ends when the lateral wetting fronts have diffused through all the porous
media and some moisture s present at all locations

The finul period 15 charactarized by no perceptible change in the fux
direction or magnitude within the flow field. Mowsture content differences are
visible between the core areas and the fringe areas and the addition of blue dye
verifies that most of the flow in the system continues wo oceur downward
through the core areas. This period has been documented to last for at least 10
dayz of continuous infiltration (Glass, 1985) and may well last indefinitely.

In the "b" experiments performed with an heterogencous initial moisture
content left after drainage of the "a” experiments, fingers form in the zame
locations as in the "a” experiments, Movement in the former fringe areas is
enhanced over the "a" experiment but the size and configuration of the core
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Fig & The transtionel "slow" perid where wetting frunts move from imitial core arens (2a, black
regnns] leterally ceeating a less saturated “fringe’ sres (prev regions) around the fingers is shown
after one hour (269 wnd five houss 120] Thie mpgonty of the Aow contimee to take place through
the core aregs within thee welled region

arceas match almost exactly with thosze of the previous initially dry experiment
thus demonstrating the persistence of finger path, Basicallv, the heteroge.
necus, initial moisture content field formed by 8 presvious unstable wetting
evele allows s rapid transition into the third and final flow period, seen in the
“a” experiments, by enhancing movement i the fringe areas. As evidenced by
dve tracer pulses, Lhe majority of the flow continoes o be conducted by the core
areas with no change in fow field during the duration of the 24 hre infiltration
vl

In the final "¢ experiments, the initial moisture content in the bottom layer
15wt approximately £6%. The wetting front becomes wavy as it moves into the
bottom coarse laver and the amplitude of the wave increases as the wetting
front proceeds downward. Thus, the wetting front 18 indeed unstable, but sinee
the wavelength of the disturbance is on the order of the width of the chamber,
separate fingers cannot form. The dramatic finger structure found in the dry
and heterogeneous initial moisture content distribution experiments is not
observed, However, after the wetting front haz reached the bottom of the
chamber, blue dye pulses show an exaggeration of the tnitial wave form of the
wetting [ront thus indicating faster movement of moisture in wide “core’” areas
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associated with the Jocation of the initial bulges in the wetting front. The flow
field shown by the blue dye pulse was constant throughout the duration of this
final 24-hour infiltration cvele.

The standard deviation of the flux distribution in the "a", “b" and “c"
experiments at the bottom of the chamber - az monitored through the ten
sampling positions of drip section - can be used a5 a measure of the uniformity
of the flow field: the more uniform, the lower the standard deviation. Figure 3
gives the flux distribution for experiment 1 in time and the standard deviation
{""position 117}, It can be seen that the standard deviation of the percent total
flux across all ten sampling locations decreases from dry ("a™) to heteroge
neously wet {"b") to uniformly wet at field capacity ("'¢") initial moisture
content conditions. In la, five fingers flow into the set of drip sections causing
How out of all but two of them, Over time, as lateral wetting fronts move into
the dry sand between finger core areas, the fringe areas begin to contribute to
the flux distribution by smearing out the effect of the core areas. Flow from the
points with the lowest fluxes has increased while Aow from those with the
highest fluxes has tended to decreass, thus decreasing the standard deviation
from 9.21 ta 7.582 in 24 hours. In b, the standard deviation decreased to 5.28 and
changed little during the 24-hour infiltration cycle. As has been described
above, the core areas present in la are alse core areas in 1b; however, the fringe
areas were seen by dye pulses to be more active in conducting water than in 1a
at 24 hours. The decrease in the standard deviation from the a to the b
experiment shows this increased fringe area conductance as well, Experiment
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Fig. & Flux distribution gut the bottom of the chamber for experiment 1. Position 1 through 10

reprasent the drp section. At each position the percent of the total fux withan the first hour and
st 24 hours for the "n", "b" and "¢ experiments are given. In position 11, the standard deviation
at each time perod across the drp sectiom s given,
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Ic shows a further reduction in the standard deviation of the flux distribution
to a constant 1.45 throughout this final 24.hour infiltration eycle. Thus, the
influence of high, uniform initial moisture content is to make the flow feld on
the scale of the chamber more uniform than the "a” or "b" experiment.
However, the fact that the standard deviation 15 not lower than 1.45 supports
the result of dve pulses that the flow is still not entirely uniform,

Summary of laboratory results

From the two-layer experiments, five major points can be remarked, First,
the textural interface provides a very strong perturbation, discretizing the
uniform flow at a number of digerete point sources. Second, under dry initial
conditions, fingers that form have a dramatic molsture content structure - very
wet inside the finger and very dry outside the finger, Third, over time, slow
sideways diffusion of moizsture from finger core areas takes place resulting in
a steady flow field with finger core arcas persisting and continuing to conduct
most of the Aow. Fourth, on subsequent infiltration eveles, low remains con-
centrated in the same core areas as first delineated fingers. thus emphasizing
the importance of slight variation of initial moisture content between past
fringe and core areas on the heterogeneous moisture movement and the persis.
tence of fingers. Fifth, when the initial moisture content s artificially uniform
and high, fingers widen and can coalesce giving the appearance of an almost
uniform flow field but with horizontal variation in flux still apparent,

FIELD EXPERIMENTATION

Traditional feld technigues are not able to either detect fingers or
adequately monitor solute transport through soils when they accur. The
fingering process in the subscil has been shown to have no effect on the
infiltration as measured at the soil surface (Parlange and Hill, 1972}, If ten.
gsiometers and neutron probes are installed in order to measure water flow or
if =01l core samples are taken to monitor solute transport, the measurements
would not necessarily indicate that fingering is cccurring and any inconsisten-
cies between measurements would often be explained by faulty technigue,
experimental ervar, or by heterogeneities in porous media properties. To verify
that fingering 15 occurring, the fingers themselves can be revealed through the
use of dves as was first shown by Starr et al, (1978), We employ similar meth-
odology, but add the use of two dyes to document the existence of finger
gtructures in eastern Long lsland.

Site description
The site of the field experiment iz on the grounds of Cornell University's

Long Island Horticultural Research Farm located 4 km north of Riverhead,
New York, and 1 km south of the Long Island Sound. The farm lies on a glacial
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cutwash plain with soilz typaeal of the region. Sosl at the zite 12 8 Haven loam
(NYE Soil Survey) with a high to moderate available moisture, good internal
drainage, poor natural fertility, moderate permeahility in the surface layer and
high permeability in the substratum. Some charactenstics of thiz soil are piven
in Table 2, taken from Steenhuis et al. (1979). It can be seen from the table that
hydraulic conductivity inerenses dramatically with depth and thus fulfills the
eriteria for the occurrence of infiltration flow instability given by theory, This
sonl is not only representative of the soils on Long Island but of many gravelly
to sundy soils along the Atlantic coast from Maine to Florida as well.
Previous to our work, severnl studies conducted at the site indicated
extremely heterogencous flow possibly due to fingering. A traditional infiltra-
tion study at the field site using one tensiometer at depths of 156, 30, 60, 90 and
120 cm below the surface and one neutron probe access hole was sccomplished
by Lecuona-Valenzuela (19800 This methodology waz not designed for the
detection of fingering, however, the eomparizon of the neutron probe data to
the tensiometer data indicates the advance of the wetting front near the
neutron probe Lo be much faster than near the tensiometer set. Steenhuis et al.
(1485) studied natural recharge at the site using two circular plots 2m in
diameter instrumented with tensiometers in triplicate at depths of 30,5, 61, 91,
and 122 cm and in duplicate av 152, 183, and 213 em distributed in 8 single ting
pattern with a 2.5 m-deep neutron probe accesz hole in the center of the plot
Data collected showed large variation between tensiometer readings at the
game depth but located at different places in the plot. This variability of water
movement in supposedly horizontally homogeneous soils instigated research to

TABLE 2

Deserption of the z0il (Hoven Joam? at the Aeld s:e (MY S 5ol Survey )

[bepth {em) Mossture content range Dreprh fem) Average saturaled
hadranhe conductiviny

Suturated Haralry fom dav™ ')

0 30 141 ] -30 27 - 10

£l 035 (1,405 ik il 4 F2 - 10

w .34 0005 fild G0 17 - ¥

1 20 DAz [ERY #5]

Diepth dcm Visanl descriprion of auger zumples

(L} Dark browrn, elovey feel, organy maller present

He 47 Bimalar to 00 8 but with lugher sund concent

an Dhztinet diviswon bedween plow layer and lower honenns

20045 Lighter lrnwn than plow laver, liss coheaive

45 6l Prhbloz up to 0mm diameter. increased s mnd pumber with dopth

Gl L0 Chrange brown send with pebbles, Low cohegion

10 Ji0 Sand becomes coarser, less oronge

16 182 Sund lsver very muast, sticks together, clay lenses present

182 106 Clayey lnyer, durk browrn and sery moist

196G 200 Almust entirely pebbles 25 cm diameter

200-21% {Coarse aand

07

determine the variability of unsaturated seil physical propertios al the site,
Over 100 s0i] samples, taken at two depths (15 em phove the plow pan and 15 em
helow the plow pan), were analvzed in the laboratory for their hydraulie
properties {Cooke, 1983), It was determined that little horizontal vanability can
be found at the site at either the 45 cm or the 15 cm depths. With these previous
studies in mind a dye tracer study was planned in ovder wo track the path of
water movement through the sml profile during infiltration.

Field experimental method

Cine ponded infiltration experiment was conducted in cach of three different
land use areas at the site, The specific locations of the feld infiltration
experiments are shown in Figo 4, o map of the Long Island Horticultural
Research Farm. Location 1 had been in raspberries for three yeurs until the
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Fig 4 Map of the grounds of Cornell University's Long Talamd Horticulturs] Research Farm
showing the locntiens of the theee feld infliration esperiments.
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spring bedore our experiment when they were removed, the field was disked and
laid fallow until the time of the infiltration experiment. Location 2 had been in
corn the vear previously and was currently in potatoes. Location 3 had been in
grass for ut least 4 years,

Aninfiltration ring 1 meter i diameter was pounded into the topsol to a
depth of 30 cm, Some grease was applied to the inside surface before 1nstalla
tinn to insure g good seal and inhibit preferential movement of water around
the sudes of the infiltration ring. The top 5em of the soil inzide the ring at
lecations 1and 2 was homogemized and leveled with a trowel after ring installu-
tion. At location 3 the sod was left intact, The zoil within 3em of the edge of
the infiltration ring was then shightly compacted to insure against water mnove-
ment down the sides of the ring.

With reference to the laboratory study above, in arder to visualize fingers in
a situation much hke that of the "B experiment the use of two dves with
different adsorbancez would allow the delineation of fingers with their core and
fringe arcas. Two dves wore chiosen as tracers which could be eazily seen in the
soil and which had much difforent absorbances in the =01, USDA green #2
food coloring was found to move almost with the wetting front 1n a laboratory
test and 5o to be a good indicator of the extent of the infiltrating water body,
Hhadamine WT was found to adzorb moch more strongly than the green food
coloring snd so was chosen as the tracer tondicate high How regions: that s,
where rhodamine WT 15 found to penctrate deepest in the seil profile, the most
How is oceurring. Infiltration was started by applying 5 om of red colored water
{rhodamine WT 1% solution), Green colored water (0.025% solution) was then
added through a constant head device to maintain the ponding depth at Sem
until g total of 43 em had infiltrated.

As soon ws ponding disappeared, the soil was carefully excavated to give
horzontal flar surfaces approximately every 20cm and photographs of the Qat
surfnee were made to show the location of dyved soil.

ftesults of field experiments

Previous work at the site had indicated that the subsoil at the site wuas
horrontally laverad and it was assumed to vary only shghtly between the thres
lpeations as they were all within Mm of one anather, However, the strati-
graphy of location 3 was extremely different below the 140 cm level due to the
presence of erratically distebuted discontinuous and non horizontal clay
lensez. We dezeribe below the dye pattern for each location in detail.

Flow through the top soil (to 30cm) at location 1 was very nonuniform due
to the combination of macropores along decaving raspberry roots and
compaction between rows from tractor tires. At Tem depth, approximately 65%
of the horizonial plane was dyed while the remaining 35% was the color of the
original sml The undyed aress were spread more or less eveniy through the
horigontal plane small Tem diameter “speckles™) and also in s 15-cmewide
strip between rows. AL the top of the subsaoil at 30cm the blotchy pattern
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disappeared and the dyved regions contained very few undyed "speckles™ within
green dyed regions. The strip of undyed soil beneath the tire runs perpetuated
itsell into the subsoil as can be seen in seale drawings made from color 2lides
of horizontal eross-sections at 50, 70, 90, 115, and 140 cm depths shown in Fig.
6. The dye pattern indicates infiltration to be oecurring in the subsoil mainly
through columnar, finger like struoctures. One of these structures located
beneath a large raspberry root in the top soil reached to a depth of 190cm
before green dye eould no longer be detected by eye. Below this "tip” the sand
was noticeably wetter indicating a deeper penetration of water than shown by
the dye. This stands to reason since some water within the profile moves ahead
of the advancing dyed water and also the green dve does adsorh slightly 1o the
soil,

Movement in the topso] st location 2 was not very influenced by macropores
or uneven compaction as indicated by an evenly mixed red/green color
throughout the topsol, Drawings of the dve patterns within the subsoil at the
60, 100 and 160 cm levels are given in Fig, 6. While a number of low regions can
be seen at the 60cm level, two major regions of flow designated by red core
repions had developed. These two regrons reached to 170 and 185 om respective-
Iy hefore green dye could no longer be distinguished, The sand was noticeably
wolter beneath these two regions again indicating an even deeper penetration
of the infiltrating water.

At location 3, flow through the topsoil took place mainly through evenly
distributed fine macropores associated with the sod. At the top of the subsoil
the 20i] was green everywhere with many red speckles distributed evenly
across the wetted region. Drawings af the dye patterns within the subsoil at the
G, 125, 170 and 180cm levels are given mn Fig. 7. At a depth of 60 em the red
spechkles had coalesced to form several small red columnay regrons which disap-
peared by 70em, At 140 om a fairly horizontal clay layer was encountered by the
infiltrating water. The clay layer had several breaks or holes through it and
water moved through these. Below, an erratic mixture of coarse sand and clay
layers waz found extending down to 2 meters, The green dve indicated water Lo
move through the gand lavers in nareow finger like structures. When the next
clay laver was encountered the finger would widen above it and move along the
sloping layer until & hole through it was found. At the 170 cm level, 8 discon.
tinuous areas were conducting the flow. By 190 em all but two of these green
regions had disappearsd. The largest of these areas there encountered a
gradually sloping ¢lay layer which it followed into the side of the excavation
hole at least T meter from where it encountered the layer.

Summary of field resulis

The use of the more ighly adsorbed red and almost non-adsorbed green dves
allows the delineation af core areas where most of the flow was taking place
ired) and fringe areas where the low velocity wasz less (green). The dominance
of vertical-versus-horizontal water movement in the coarse sandy subsoil iz
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THSTUSEHIN

The laboratory study shows, a5 did Diment and Watson (1985) for a uniform
initial moisture content of 2%, that for a uniform 1nitial mowsture content of
6%, the wetting front becomes very wavy with the wave amplitude increasing
in time. Since the increase in amplitude with depth is a definition of front
ingtability, the wetting front may be considered to be unstable even for initial
moisture contents gt field capacity. The fact that separate fingers do not form
under uniformly high moisture contents 15 most likely due to the widening of
fingers and their merger in a laterally construined infiltvation chamber. In

2

addition, this widening and merger seems to be found only of the initial
moisture content 15 uniform - a condition not often found in nature.

The most striking result of the laboratory study is the effect of an heterope-
neous distribution of mosture content as formed by a previous unstable flow
field {the "h" experiments) on wetting front instabulity, In additional infiltra-
tion cyeles, ingers form in the same locations as they did initially and have the
same core areas which continue to conduct almost all of the fow. If the
chamber is flooded so that the initial moisture content field 16 uniformized,
these core areas are obliterated, thus emphagizing that they are not caused by
the heterogeneities in the porous material either in the initial pack or by the
reorientation of grains by the initial fingers themselves,

The field experiment demonstrates that fingers like structures will form with
core areas present which conduct most of the flow. A comparison of the results
af b experiments and the feld experiments shows a cloze resemblance,
Variation in initial moisture content has a much higher probusbility of
ovreurrence in nature than a uniform distribution, especially where fingenng is
occurring. Thus, the field experiment not only demonstrates the ocourrence of
finger structures on Long Island, bul, in combination with the laboratory
results, emphazizes the need to look more closely at the mitial condition of
uniform initial moisture content  commonly  used in both  laboratory
expeanments and theoretical discussians of infiltration phenomena.

The laburatory experiments demonstrute the nature of the texturnl interface
aE a discritizer of the flow feld allowing water entry at discrete locations. The
implication of this for field soils 15 important, In the field, disturbances in the
form of heteropeneities are abundant. While at first glance, il may seem that
the heterogeneities might swamp any instalulity that may ocour, a closcr look
indicates heterogencitios and instability could combine to dictatye a How field
much more heterogencous than with sithee operating alone. Figure 8 shows the
advance of fingers in A preliminary experiment with heterogeneities due to
strong gradation of the sand when the chamber was filled through a funnel
Viins of finer sand pulled the finger tips sideways allowing them to merge and
form stronger fingers, Numerous structures within the soil profile can cause
the flow to conventrate during infiltration and onee this has occurred, either
within or at the top of a coarse textured laver, the flow can take place through
fingers, In the laboratory, Glass ot al. (1987) formed individual fingers from
point sources at the top of 4 coarse lnver. In the field, a lurge dead root from
a mature ruspherry bush ac location 1 provided a preferrad path for water Aow
through the top soil and initisted the growth of @ finger that reached to a depth
greater thun 199 em in 8 hours, Holes or breaks in clay lavers at Jocation 3
concentrated flow and fingers formed in the intervening coarse sand lavers.

Wetting front instability has important implications for both monitoring wnd
predicting the fate of toxics in the unsaturated zone. The usual practice 1n
monitoring programs 18 to sample one or two locations, Consequently, af
fingering is occurring then the sample might indicate a significant higher or
lower movermnent than the “average”. An increase in the speed with which the
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Frg. 8. Drawing of a preliminary exgeriment showing the effect of slighl heterogeneities in the top
e of the boltom laver
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pallutant s transported to the subsoil will wlso influence fate prediction since
the breakdown of toxies 15 usually performed by microbial activity which
decrenses rapilly with depth. Thus, the fingening process can nat only hasten
the arrival of toxics, but alse increase the loading due to shorter retention time
in the Foot 2one,

It iz important that the impheations of fingering be incorporated into
current toxic monitoring and fate prediction procedures for areas where the
phenomenon occurs. For this purpose we are currently conducting both
laboratory and field studiez e determine the effect of fingering on solute
trunsport, Bince water flow in the capillary fringe region 1s still vertical and,
as we have shown in the Jaboratory experiments presented in this paper, fingers
will widen wnd coalesee under high untform meisture content, the use of
suction Iyszimeters placed in the capillary fringe region sbove the water tahle
shows promise us a field solute monitoring technigue.

CONCLUSION

In & fine over coarse lavered sand system, instability of the infiltration flow
itself canses the formation of ingers in the bottom laver, Fingers, once formed,
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persist from one infiltration evele to the next. These conduits for the mujority
of the flow can only be destroved by artificially uniformizing the moisture
vontent within the bottom laver by saturation and dramage, In the field, finger
structures were demonstrated through the use of two dyes 1n an unstructured
coarse sand subzoil overlan by a fine wpsoil. Not anly were finger structures
aszociated with the textural change but with regions of concentrated fow in
the surface layer, Macropores in the topsoil supplied water nonuniformly to
the unstructured and macropore-less subenil cauzing the formation of Angers
below. Other How concentrating structures within the soil profile such as clay
lenses and rocks play a similar rale. The combination of instability, macropories
and heterogeneities in the properties of the porous medin leads to a much mora
complex water flow field than with any of them acting alone and poses a severe
challenge for the modeling ard monitoring of toxics withm the vadose zone.

ACKNOWLEDNGEMENTS

This research was supported in part by the Annual Allovment program of the
OWRT. EPA grant # 812819010 and the Department of Agricultural Engi-
neering, Cormell University, Many thanks are given to Wilbert van Pampus for
nssistance (n the field seoudy

REFERENCES

H oven, K and Germann T8 1888 Macropores and water fow noscls. Water Hesour, Fes, 14
L= 1325

Conthes, B 14981 Experimental determination of wnsaturated How parameters and thewr apatial
vartabiliey ME thesis, Cornel]l Unoversity, Ithaca, NY

Crosby, JW,, Johnstone, [LLL, Theake . H and Femon, F L. 1908 Mograbom of poflutants in a
glacial cutwash environment Water Resour Ree. 4 10951113

ment GoA wnd Watson, KoK, 19353 RBrability analysim ol wiler movement in unssturated porois
materials L Numericsl studies. Water Kesour Res | 10 1802 1010,

Lhimene, G4 ard Watson, KUK | 18RS Stalulity analveis of water movemnent in uisaturated porous
malerinls J Experimental studies Water Resour, Bes,, 210 970 -lsg

Diment, Goa. Watson, k B end Blennerhnssett, TJ0 1982 Stabilaty anslvesis of water movement
i unsiturted maceriale, L Thevretical consideratins. Water Besour, Res., 18 [245- 1254

Class, B, 1885, 4 suwdy of wetting fronl instalaliy in layersd porows media, M5 thesis, Cornel]
Wniversaty, Tthaew, NY.

Glass, B and Steenhuis, TR, 1984 Factors influencng infiltration ow mstabile gnd mosvement
of tonics 10 layered sandy soile. ASAE Paper Mo, B3200R, St Joseph, ML

Glass, B Porlenge, JoY and Steenbue, TS 1057, Water infiloration i layensd sols where a fine
textured laver overluvs o coarse sand. Proceedings of cthe Internntional Conference for Infilirn.
tion Development and Applaation, Hawai, Jan. &%, 1487, pp, 66-81.

Giluzs, . Parlange, J. Y and Steenhois, T2, 19s8a. Wetting front instabnbity 1D Theareticnl
discussinn. Submitted for publication

Gilans, B.I, Steenhuis, T8 and Parlunge. J.-Y., 198Eh. Weeting fronc instabiloy 1- Experimental
determinanon of relutienships between system parameters and twe-dimensional unstalie fow
feld hebavior in imtially dry poroos modia. Submitted for pablicatom.

Hill, IVE, and Farlange, . %, 1972 Wetling front imstabulity an layversd suile So0l S Soc Am
Proc.. 6. 697 S0

Hillel, T, 1467 Unstahle fow in lovered smle 2oreview. Hydrol, Proe, 10 143 147



204

Leocona-Valensueln, M F 15840 Thearetienl and experimentn] analvaie of infiltrution into soils
wilh traflie pan on lang lsland Special publications SWaL1, Dept, of Agric. Eng., Cornell
Uirie, Iehaea, WY

Miller, TVE, and Gardner, W.H | 1962 Water infiltrution into stratified son] Soql Seo1, Soc. Am. Proe.,
26; 116-11h.

Miller, EE ond Maller, K10, 956 Physical theory lor capillary fow phenomena J. Appl. Plas,
27 324-332.

Nwelsen, DR, Bigear, W, and Erh, KT, 1874 Spatial vanabiluy of field measured soilowater
properties. Hildgwedin, 42 2L5- 266,

Parlunge, J ¥ and Hull, B E 1976 Theoretical annlyss of wetting front instability in soila. Sail
S, 122 236200,

Peck, AL, 1965 Mowture profile development and air compreasion during water uplakie by
pounded porous hodies 4 vertical columns, Soil Sci., 100 44 &)

Philip, 1R, 1875, Stability analysis of infiltration. Soil S0 Soe Am, Proe, 39 1042 1049,

Bants, FA U, 1970 Unstuble wetting fronts i aniform and sonuniform scils. Sail 5o Soc. Am
Proe., 47, 68 445

Richard. T. and Steenhms, T 5, 1984, Tile drain samplong of preferental fow onoa field scale, J.
Cantam Hydrol | 3:

Smaettem, KR and Collis-George, M., 1985 Stptistical characterization of so1l bipores using nsml
peel method, Geoderma, 36 27 K

Sruth, W.OL 1967 Infileration imosand and its relution to groumd warter recharge, Water Resour,
Hes_ 3. B34 AG5

Starr, J L, DeBoo, H.C, Frink, CH. and Porlange, o Y., 1A Leaching characteristies of
tavered ficld sonl Sell Sci. Swe Am 43 876-361,

Starr, d L. Parlange, 1. Y. and Fank, C.R., 1986, Water and chloride movemen! through a lavered
field soil. Boil Sev Boc, Ame b, B0 1EE4 1300,

Steenbuis, TS, Hreuwsaecr, WL, Frizzols, J A, Jacobowne, LA, and Ringers. DA 1974
Estimating recharge to groandwater reservorr in Saffolk County, NY by measuring soil water
flow. Besearch Projeet Technocsl Completion Report, Matching Grant Agreement Naoo 13-34.
KT Oifice of Water Hesearch wnd Technology S Dept of Interior, 62 pp

Steenhos, TS Jackson, ©, Kung. 5. and Brulsaert, W H 1985 Messurement of groundsater
recharge on eastern Long lsland, New York, L5 A0 Hedral, 700 145 169

Tabuchl, T, %81 Infilteation and enauing percelation in columns of layered gloss paricies packed
in laboratory. Mogyn debuku kenkyn, Bessatsu (Trans, Agric. Eng Soc _Japant L1310

Tamu, N, Azssedn, T and Jeevaray, .G 1987, Fingering o two-dimensional, homogeneous.
ureRturatad porcus mishia, Soil e, 142107 112

Tippkoter, B, 180 Morphologs, spetisl arrangement and origin of macropores ino some
Hapludalfs, West Germany Gooderma, 20 9535 471

van Omnsen, HO, Thehher, LW, Digksmon, B Hulshaf, 4 and von der Molen, W H | 1989, A new
tevhnigue for evaluation the presence of preferentin flow peths nnon-seactured soils. Soil Se
B Am b, imopresas

Vara, S K, Mielsen, TR and Diggar, JW, 1981 Spatial variabality of field measured mnfillristion
rate. Bl Se1 Soc, Ame Wk 1AD 1D48,

Wapenet, B, Kighton B E and Bressler, F |, 1854, Soul chemecal amd physieal effects on apatinl
variatmlily of hvdraulbic conductivity, Soil Sci, 137 262 262

White |, Colombera, P.M. and Phelip, LR, 1976 Experimencal study of wetting front instabslicy
induced by sudden change of pressure pradient. Soal Seil Soe Am, o 400 B29-R820,



