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THE VERTICAL DISTRIBUTION OF A DYE
TRACER IN A LAYERED SOIL

R. C. Schwartz', K. J. Mclnnes?, A .S. R. Juo?, and C. E. Cervantes®

Solute transport under field conditions is often inconclusive and difficult to
measur e because of poor spatial resolution of sampling devices. Dyetracers can
complement concentration measurementsby characterizingthespatial structure
of soluteflow through soils. Thisstudy assessed theinfluence of antecedent water
content, tillage, and residue cover on the pattern of soil water flow in thefield as
exhibited by a dye tracer. A random walk method for estimating the vertical
distribution of the stained soil fraction was used to evaluate the degree to which
the advective dispersive equation corresponded to field plot transport. The dye-
tracer study was conducted on twelve 0.9 m diameter plotswithin a2-hafield in
southern Costa Rica. A 4-cm depth of Brilliant Blue FCF solution at 5 g L™ was
applied at a rate of 6.81 cm h™ to plots using a spray nozzle. Plots were later
excavated to record the vertical distribution of stained soil. The dye patterns
demonstrated that significant bypassing can occur within the surface horizon
under rainfall intensitiesbelow thesteady stateinfiltration rate. Comparedtopre-
wetted soil, plots with an initially low antecedent water content exhibited
significantly greater spreading of dye within the soil profiles. The random walk
simulations indicated that the advective-dispersive equation could not describe
dye staining patterns unless the dispersion coefficients estimated from column
experiments were increased by one order of magnitude. Tillage did not
significantly influencethemean penetr ation and spreading of dyewithin theentire
soil profile as compared to other undisturbed, pre-wetted subplots, but it
increased theinteraction of the soil with the dye near the surface asindicated by
a significantly greater fraction of stained soil in the Ap horizon. (Soil Science
1999;164:561-573)
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YE traces have frequently been used to

study the patterns of flow in structured soils
and provide aquditative asesanent of the size
and extent of maaopaes asociated with the
rapid transport of water and solutes (Bouma ¢ d.,
1977 Starr et d., 1978 Omoti and Wild, 1979b
Ghodrati and Jury, 199Q Flury et a., 1994. Such
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studies have improved ou understanding of pore
conredivityinvolvedinsolutetransport processes.
For instance, rapidly condLcting regions may not
necessrily be awciated with dscrete bio-
channels or structural fedures (Seyfried and
Ra0,1987%. Andreini and Steenhus (1990 studied
preferential movement of dyetracesin till ed and
untiled soils and demonstrated that tillage
deaeasedtheverticd spreading of dyestains. This
deaeased spreading of dye asaresult of till age dso
corresponced to a smaller dispersion coefficient
estimated fromthe bregkthrough curves of column
displacement experimentsfor till ed soil s.
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Despite the value of dye trace studies to
identify flow pathsin soil s, results have often been
inconclusiveinasmuch asthey exhibit the presence
or absenceof dyerather than concentrations. Only
spatiad or tempora distribution o trace con
centrations resulting from known boundry and
initial condtionscan provideinformation pertain-
ing to the dispersive nature of transport and the
suitability of dispersion theories. Inferring dye
concentrationfromimage analysisof UV or color
phaographsat present appeasunsuitablebecause
of changes undergone by the dye when adsorbed
and the variation in color or UV intensity with
water content (Starr et al., 1978 Omoti and Wild,
197%). Moreover, resolution d dye concentra-
tions from color image analysis may be cmpli-
caed by the occurrence of horizons consisting of
more than ore dominant matrix color. Thus, in
most situations, analysis of dye staining patterns
from crosssedional areas canyield orly Bodean
informationcorrespondngtothevisual presenceor
absence of the dye. These limitations do nd
predude the use of inverse methods to relate dye
concentrationsobtainedfromtransport equationsto
the probabilities associated with stained aress
averaged perpendicular to the diredion d flow.
Suchanapproachwould beuseful inevaluatingthe
degree to which an assumed transport equa-tion
corresponds to the observed distribution d dyein
thefield.

Flow patternswereobservedinsmall field plots
using Brilliant Blue FCF dye. Stealy-state
laboratory column displacement experimentswere
conducted using a bromide tracer to estimate the
parameters of the alvedive-dispersive ejuation
(ADE) over a range of water contents and
correspondng pare-water velocities. Lastly, a
random walk method for estimating the vertical
distribution of stained soil wasused to evaluatethe
degreeto which transport in laboratory columns
corresponced to field plot transport.

RANDOM WALK SIMULATION OF
VERTICAL DYE STAIN DISTRIBUTIONS

A particle tradking method applied commonly
applied in statistical physics and solute transport
problems (e.g. Scheidegger, 1959 is the randam
walk approach. It consists of cdculating both the
deterministic and randam displacements of par-
ticles over time. Thistype of motion has gener-
ally been modeled by the Fokker-Planck equation
(Gardiner, 1985, which describes, in the infinite
limit, the spatial distribution d particles by a
probability density function. For the purposes of
this study, solute transport is assumed to conform
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to the Fickian dspersion theory correspondng to
the stealy-state, ore-dimensional advedive-
dispersive equation with instantaneous, linea
adsorption. Derivation d the randam walk step
equation as it applies to the alvedive-dispersive
equation is elaborated by Kinzdbadch (1988,
Tompson et al., (1988 and Uffink (1988. For
spatialy constant flow vel ocity, water content, and
dispersion, the one-dimensional step equation for
advedive-dispersive transport of asingle particle

over timeis(Tompsonet a., 1989
X(t) = X, + V(X(t, ) At +

Z - J2D (X ) At

where X(t,) is the position (cm) of a particle &
timet (h) correspondng to the nth step, X(t,_,) is
the paosition d the particle & the previous time
step, V(X(t,,) is the velocity (cm h™) of the
particleevaluated at the previoustimestep, D(X(t,,.
1) isthedispersioncoefficient (cm? h™*) evaluated
at the previous time step, At isthe time increment
(h) of ead step, and Z, is defined as

Z, = U3 (@)

)

whereU isauniform deviate (-1 < U < 1) with a
mean o zeo.

The massof a single particle must be defined
to apply the random wak method. The flux
concentrationof particles C,, (number of particles
per unit fluid volume, cm™) is defined as

N
Coo = T-qAxAy ©)

where T isthetotal time of thesimulation (h), gis
the volumetric flux at the soil surface(cm?® cm™
h1), Ax-Ay is the unit area over which flux is
applied (cm?), and N is the total number of
particles released into the upper boundry over
time T. Hence, the massof an individual particle
m, () istherefore

m, = = (4)
pO

where C,isthe mncentration(g cm™®) for the same
particle flux. A fradion o the mass of ead
particle canbe alsorbed instantaneously ac@rding
to a linea exchange isotherm such that total
particle massm, consists of the fluid massm,, and
adsorbed mass described by R, the retardation
fador. Hence, total massis can be described as

m, = m, +(R-1)m, )
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where the fluid phase mass m;, = m/R. Linea
adsorption is incorporated into the step equation
by repladng the velocity by a retarded velocity
(WR) and by repladng the dispersion coefficient
by areduced dspersion coefficient (D/R) in Eq.
(1). The resident concentration C, (g cm™) in a
sampling region€, or cel with dmensions Ax -Ay
Az and containing N, particles can be defined as
m,: N,

C R0, Ax:-Ay-Az ©)
where R, and O are, respedively, the retardation
fador and volumetric water content in the
sampling region. Let Cy, represent the minimum
detectable resident fluid concentration (g cm ) of
dyeinthe sail; it isafunction o the visibility of
the dye ad the image analysis process Also
define this same minimum detedable oncentra
tion as one particle per cdl. Thus using Eq. (3),
(4), and(6), theminimum detedable mncentration
within Q for the randam walk path is

1'm CyTq
Coo = y - ™
R,-0, Ax-Ay-Az N:-R. 0. Az

Assuming that water contents and dstribution
coefficients do na vary gredly throughou the
profile, one can estimate the reguired number of
particlesinpu during the simulationtime T as

N = &. Tq

Cdo ﬁ'é'AZ

®

where O and R are the average volumetric water
content and retardation fador for the soil profile.
Suppce now that a large number of M
particles are dl released at the inlet boundxry for
ead time step. To distinguish between "stained"
and"unstained" cdls, asingle particleis released
into ead o the M noninterading columns (Fig.
1) and permitted to move through the flow field
acording to the one-dimensional step equation
(2). The aeaof eah o the M columns (Ax-Ay)
combined with the depth increment (Az) defines
the volume of a single cdl that is required to
estimate the probability that this cdl is gained.
The magnitude of M does natinfluence the
cdculation of the stained-fradion na the resident
concentration, but only aff eds the resolutionwith
which the randam walk approximates these
continuous variables. The mean resident
concentration for M columns C, is obtained by
combining Egs. (3), (4), and (6) to yield

_ C-T M
c - =3 .LyNn) (9

" NROAz M H
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Inlet flux = M particles per time step
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Fig. 1. Schematic showing the manner in which
particles are added to columns, and the calculation
of stained-fraction with depth for N=4 and M = 10.

Since ore particle per cdl in a given column
corresponds to the minimum concentration that is
detedable with image analysis, the presence or
absence of a particle in a cdl indicaes that this
cdl is dained or unstained respedively. Let g(z, i)
represent a function at depth z for the ith column
(1 through M) such that
0 N(zi) =0
9zi) = { ) (10)
1 N(zi) >0
where N(z,i) isthe number of particlesin the cdl
at depth interval z for the ith column. Note that
concentrationiszerowhenthere aeno particlesin
acdl, yet the analyticd solution will indicae a
noreero concentration hkecaise of an infinite
propagation of velocity by the df ed of dispersion.
The stained-fradion d soil with depth f(2) can
therefore be expressed as

1.x

i = =) 9@ (11
M i

Estimates of the mean pae-water velocity, dis-
persion coefficient, retardation fador, and mini-
mum detedable @ncentration, can be used to
obtain the stained-fradion f(2) correspondng to
Fickian dispersion from randam walk simula
tions. As such, the movement of ead particle is
asumed to be uncorrelated over time, which re-
fleds a situation where the @rrelation lengths of
the inhamogeneities are smaller than the step
length (Kinzdbad, 198§. Choice of a minimum
detedable concentration is the major difficulty
with this approach. Dye visibility can be influ-
enced by such fadors as water content, shadows,
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adsorption, and color of the soil matrix. Thus, Cy,
could change appredably with soil depth and, for
a given vaue of N cdculated in Eq. (8), the
correspondng C, in ead soil horizonwill vary as
a result of variable asorption and mean pore-
water velocity with depth. Therefore, this
procedure can provideonly arough approximation
of the stained-fradion d soil over depth expeded
under Fickian dispersiontheory.

Thusfar, the development of therandomwalk
step equation has asumed an infinite domain. To
corredly describe particle distributions in the
presence of boundries and in media with
discontinuows transport coefficients, auxiliary
condtions must be spedfied. For this gudy, a
third-type continuous flux boungry is applied to
the upstrean inlet. Such a boundry is
implemented by instantaneously refleding
particles badk into the solution damain when they
move out of the domain through the inlet. An
outlet boundhry of infinite extent is approximated
by pladng this boundry a a distance far
downstrean such that upstream concentrationsare
not influenced. When layered media echibit
discontinuities in effective porosities,
dispersivities, and flow velocities, spedal
boundry conditions (Uffink, 1985 or
interpolation schemes (Labolle & al., 199 must
be implemented. For this gudy, we assumed that
downstrean concentrations do nd influence
upstream concentrations and thus the gpropriate
condtionat theinterfacebetween layersisathird-
type oontinuous flux bourdary with
macroscopicaly discontinuous resident
concentrations (Leij et a., 199). The interface
condti on between two layerswasimplemented by
dividing the time step into two increments if the
particlecrossed aboundxry. Thetravel distanceof
the particle was modified by summing the travel
distances asoociated with ead layer according to
the fradion d time spent in ead layer. The
fradion d time spent in the layer associated with
the pasition o the particle & the beginning of the
time step was computed by solving for At in Eq.
(1) with X(t,) set to the distancefromtheinterface

Figure 2 shows the results of a randam walk
simulation wing the step Eq. (1) with a mnstant
flux inlet, an infinite outlet boundary, and a two-
layer medium. The arrespondng two-layer
analyticd solution d the alvedive dispersive
equation (ADE) for resident concentrations (Le&ij
et al., 199) is also shown in Fig. 2 (as a solid
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Fig. 2. Simulated concentrations (a) and stained-
fraction (b) with soil depth from a random walk
simulation with M = 200, N = 400, Az = .08 cm, D, =
65.0cm?h™, D, =195.0cm*h, v, =v,=13.62 cm
h', R, =2.0, R, =3.0, and T = .582 h. The interface
between the two layers is located at z = 7.0 cm.

line). Concentrations obtained from the randam
walk simulation corresponded favorably with the
analyticd solution d the ADE. For porous media
with low dispersivities, the overal shape of the
simulated stained-fradion with depth parallels
field results of dye aoverage obtained for nealy
structureless soils (e.g. Flury et al., 1994 Les
Bargesin Fig. 3).

MATERIALS AND METHODS

All field experimentswere condicted ona2-ha
site in southern Costa Rica with fine textured
Ultisols (clayey kaolinitic semiadive isohyper-
thermic Oxyaquic Hapludut) derived from sed-
imentary rocksrichin maficmaterials. Thesite has
an average slope of 20% and a mean annual
predpitation of 300cm. The study was condicted
during the dry season o 1995 ona site that has
been managed uncer a no-ill bean-corn rotation
for 10 years. For 20 yeas the site was a ©ffee
plantation with guaba (Inga spp.) shade trees.
Upon conversion to annual crops, the field was
ploughed. Substantial amourts of residues
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(approximately 80% cover) were on the soil
surfacefor the duration d this gudy.

Dyetracer study

Threefield locations within the study site (A,
B, and C) were seleded and subdvided into four
1.2x 1.22msubpotsto examinefour experimental
treaments using a randamized block design. The
treaments were: (1) dye gplication with no pe-
wetted soil and residueintad, (2) dye gplicaion
to a pre-wetted soil with residue intad (3) dye
applicaion to a pre-wetted soil after removal of
residue, (4) application d dye solution to a pre-
wetted soil after residue removal and tilling to a
depth of 12to 15cmusing a hoe.

Subpots were pre-wetted by sprinkling 20cm
of water over the plot and al owing redistribution
of water to occur overnight. Immediately prior to
ead dye gplicaion, buk soil samples at depths
of 0.0to 12.5and 12.5to 25cm were taken nea
the plot edge to measure gravimetric soil water
contents. Mean antecedent volumetric water
content at 0 to 12.5cm depth were 0.27 (+ 0.01
SD) cm?® cm™® and 0.32(+ 0.04 SD) cm® cm™® at
12.5to 25 cm depth for dry plots that were not
pre-wetted. For the pre-wetted pots, mean
antecalent volumetric water contentswere0.38(+
0.02SD) cm® cm™® at 0 to 12.5cm depth and 0.45
(+ 0.03SD) cm® cm® at 12.5t0 25cm depth.
Brilli ant Blue FCF (Flury and Flihler, 1995 was
applied at a oncentration o 5gL*to ead of the
subdots with asingle, stationary spray nozzle. A
4.0-cm depth of dye solution was applied by
sprinkling at a cnstant rate of 6.81cm h™ to an
eff edive plot diameter of 0.9m. The wefficient of
variation d the spray distribution, oltained by

12 4 Ap,0-7cm
Bt1, 15-40cm
Bt2, 40 - 57 cm

Bt3, 57 - 77 cm

[
o
L
<« > ie

o]
L

Adsorbed Concentration, g kg

Equilibrium Concentration, g Lt
Fig. 3. Batch adsorption isotherms for Brilliant Blue
FCF for several horizons. The lines are the non-
linear least-squares fit of the general Freundlich
isotherm, Eq. (13).
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measuring the volume of solution colleded in 6
cm diameter cups distributed below the spray
nozzlewithin an 86-cmdiameter circular areg was
13%. Approximately two hous after the ap-
plicaion of the dye trace, the lower half of the
circular plots were excavated to the depth of
maximum dye penetration. Color phaos were
taken of verticd crosssedions shaded from the
sun, using a hand-held camera with a flash, to
preserve areard dof the dye patterns.

Color slides of stained patterns were digiti zed
at aresolution d 15 [dxels per cm of soil depth
using ascanner. The images were stored in ared-
green-blue (RGB) format for subsequent ma
nipulation by Adobe Photoshop™ *. Stained areas
were delineaed using the mlor seled feaure of
Adohe Phatoshopto buldtwo filesthat identified
pixels over arange of blue and green huesin the
digitized image. The two seledion files were
constructed using all of the images. The fil e that
seleded arange of green hueswas built by adding
stained pixels that were not identified using the
initially constructed file to identify blue hues.
Once files were @nstructed, stained pixels were
identified in ead of the images by using the two
color seledion files. Seleded pixels were
converted to bladk (dedmal value = 0), urstained
pixels were @mnverted to white (dedmal value =
255), and aher pixels(e.g. correspondngtolabels
and the soil surfacg that were initially seleded
andsaved onaseparate channel were anverted to
gray (dedmal value=126) color levelsto produce
a grayscde image. Images were saved as binary
charader filesand wsed to cdculatethefradion o
stained soil within 45cmfrom plot center and over
depth increments of one an. The cmplement of
the awmulative normal probability distribution

X

= =1 1 exp (X U)Z
M
(X) . . f [ - ] dx ( 2)

—o0

wasfitted to the fradion d stained soil with depth
to obtain estimates of themean dye penetration (1)
and the verticd sprealing (o) of stained soil. Use
of the aumulative probability distribution F(x) to
derive the statisticd properties of the stained soil
distribution is reasonable because Eq. (12) also
describes normalized concentration with depth at
large times for a anstant flux concentration inlet
condtion.

The mention of trade or manufadturer names is made for information

only and doesnot imply an endorsement, reeommendation, or exclusion
by USDA-Agricultural Reseach Service
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Batch adsorption o Brilli ant Blue FCF

Batch methods were used to oltain Brilliant
Blue FCF (792.85g mol %) adsorption isotherms
for air dry, 2-mm sieved soil samples obtained
from plot B. Dye alsorption measurements were
made using a badkgroundconcentration o 0.015
M NaCl. Twenty-five mL of 0.015M NaClwith
dye concentrations of 6.0, 4.0, 2.0and 1.0g L™
wereadded to 6.0gair dry soil . These suspensions
were gently agitated using avortex mixer, all owed
to equilibrate for 20 hous at 20°C, and then
centrifuged to collect the supernatant. The
supernatant was diluted with 0.05 M NaCl and
dye concentrations in these solutions were meas-
ured using a colorimeter at a wavelength of 630
nm. Sorbed concentrationswere cdculated by sub-
trading themassof dyeinthe equili briumsolution
from that initially added. The genera Freundich
equation expressed as (Kinniburgh, 1986

xC )P
S S ( 1+ xC

wasfitted to batch adsorptionisotherms. Here Sis
the g of solute adsorbed per kg of sall, s; istheto-
tal massof surfacesites (g kg?), « is the overall
affinity coefficient (L g™), C isthe molar concen-
tration of the solutein the equili brating solution (g
LY, andp isadimensionlessheterogeneity fador.

(13

Miscible displacement experiments

Large, undsturbed soil cores (10.1cm i.d)
used for miscible displacanent experiments were
excavated from aress immediately adjacent to the
soil pits in plot B. Undisturbed soil cores were
colleded at O to 15, 20to 40, 42to 57,and 57to
77-cm depths correspondng to the Ap/AB, Bt1,
Bt2 and Bt3 haizons, respedively. Cylindricd
soil columns (10.1 cm i.d) were isolated by
incrementally forcing a beveled cutting edge
couped to a payvinyl chloride pipe over a
previously carved pedestal of soil. Excess il
meterial at the battomandtop o the g/linderswas
trimmed flush and cgpswere seaured to the endsto
permit transport to the laboratory in Costa Rica

A total of 33 miscible displacenent experi-
ments were condwcted using nine soil columns
(three columns for the Ap/AB horizon and two
columnsfor ead Bt horizon) using the methods of
Schwartz et a. (1999. A unit hydraulic gradient
wasimposed at presaure headsranging from-11.0
to 1.0cmH,O using 5.0mM CaBr, astheinfluent
solution and 5.0mM CaCl, as the solution being
displaceal. Bromide oncentrationsin the €fluent
were measured using an ion-seledive eledrode.
The parameters of the alvedive dispersive
equation (ADE) were identified by fitting the
analyticd solution d Lapidus and Amundson
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(1952 to eff luent concentrations. For thedisplace
ment experiments conducted at the slowest flow
rates, the least-squares fit of the ADE solutionto
measured eff luent concentrationswas obtained by
allowing bath D andRvary. At greaer pore-water
velociti es, the ADE wasfitted to eff luent concen-
trations by alowing only D to vary and cdculating
the retardation fador using the distribution coef-
ficient obtained from the fit of the ADE for the
same soil column at slow pore-water velociti es.
Vauesof theretardationfador excealed unty due
to the presence of goethite (7 to 11%) and an
equili brium pH in the dfluent of approximately
4.6 which resulted in a small amourt of positive
charge in these soil s (Schwartz, 199§.

Randan walk simulations
Randam walk simulations of dye movement
were carried ou asauming a steady state flux of
6.81cmh™inall horizonsfor aperiod o 0.582 h
and using the results of the miscible displacement
experiments described above (Schwartz,1998.
Volumetric water contents for ead haizonwere
estimated from the linea interpolation of water
content with resped to the flux in soil columns.
This permitted the cdculation of the mean pae-
water velocity for ead haizon (Table 1). The
dispersion coefficient was estimated from the
vel ocity-dispersion relationships of the ADE for
Br~ displacement experiments (Schwartz, 1998).
The retardation fador was estimated as
S
0 1 + xC,
where C,isthe concentration d the dye gpliedto
the soil surface. Using Eq. (14) to estimate the
retardationfador, adual adsorptionwould exceel
predicted adsorption at dye ncentrations less
than C, = 5.0 g L™ used in this dudy. The
minimum detedable @ncentration d dye
asciated with the methoddogy to identify
stained pixels was estimated by mixing 1g of soil
with 5 mL of dye solution a concentrations
ranging from 0.1 to 2 g L*, decaiting the
supernatant, and permitting these stained soil
samples to air dry for one-haf hour on absorbent
paper. The threshold at which dye becane
detedable was based onthe wlor of pixelslocaed
at the exterior edge of regionsdesignated as dained
on color bitmap images. The dosest match o the
prepared stained soil samples to these pixel colors
was used to estimate the threshdd concentrationin
eah haizon. Adsorbed concentrations in the
stained soil samples were badk-cdculated using
the fitted coefficients of the genera Freundich
equation (Eq. 13 obtained for ead haizon.

R=1+ (14
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TABLE1

Parameters used in the randam walk simulation o dye movement asauming a
steady state flux of 6.81 cm h™ in all horizons for aperiod o 0.582 h

Horizon Depth 0 v D R Cy (g L) for indicated condtion '
cm m*m3® cmh® cm?h? 1 2 3 4
Ap 0-7 0.537 12.7 65.2 1.77 0.486 0.43 0.104 0.0104
AB 7-15 0.537 12.7 65.2 3.47 0.0150 0.22 0.053 0.0053
Btl 1540 0.551 12.4 91.2 3.28 0.0118 0.23 0.055 0.0055
Bt2 4057 0.578 11.8 679 4.19 0.0008 0.17 0.041 0.0041
Bt3 57-80 0.556 12.3 747 5.76 0.0004 0.13 0.031 _ 0.0031

¥ Cy isthe estimated minimum detedtable concentration for condtion: 1, adsorbed concentration o 1.5gkg?; 2, N
=600, Az=0.08cm; 3, N=250Q Az=0.08cm; 4, N=2000 Az=1.0cm.

RESULTS

Batch adsorption

Batch adsorption isotherms for Brilli ant Blue
FCF dye were norlinea and pases®d a dealy
defined maximum in al cases (Fig. 3). The
isotherms were best approximated by the general
Freundich equation (13). The isotherms were not
well described by thereduced Freundich equation
[i.e. Eq. (13) with k = 1/(1-C)] dueto the presence
of clealy defined adsorption maximums. In
addition, the Langmuir equation overestimated
adsorbed concentrations at low solution
concentrations (data not shown).

Sincethe alsorptionisothermswerevery stegp
at low concentrations (Fig. 3), it is apparent that
the minimum detedable ncentrations were
adudly afunction d the mlor intensity of the dye
when adsorbed to the soil. Once alsorbed to the
soil, the hue of the blue dye took ona dull green
color that, at low concentrations, was difficult to
distinguish from organic stains. Based on the
comparison of the mlor of stained soil samples
withthe clor of pixelslocated at the outer edge of
aress identified as dained, the threshold at which
dye becane detedable in eah of the horizons
corresponced to adsorbed concentrations between
approximately 1 and 2 g kg’ Asauming an
adsorbed threshold of 1.5 g kg?, the minimum
detedable concentration estimated using the
coefficients of the General Freundich Equation
for eath haizonranged from4 x 10*gL *inthe
Bt3 harizon to 0.5 g L™* in the surface harizon
(Table 1). Appropriate values of Az and N were
chosen for the random walk simulation based on
Eq. (8) and these results.

Flow patterns

Dye patterns exhibited by untilled subpots
were charaderized by incomplete staining of the
surfaceharizonandan acamulation o dye & and
just below theinterfadal areabetweenthe Ap and
AB harizons (Figs. 4and 5. In bah the Ap and
AB horizons, the stained regions were not
assciated with discrete bio-channels or structural
fedures. Till ed subgdots exhibited rather uniform
dye staining patterns in the Ap haizon withou
much of the bypassng charaderistic of urtill ed
plots (Fig. 4). At greder depths, however, stained
regions were ssociated with ped interfaces, roots
androat channelsirrespedive of the treament.

Incompl ete staining of the surfacehorizonwas
enhanced when dyewasappliedtoinitialy dry soil
profiles (Fig.5). For these subpots, much o the
Ap horizon remained unwetted as well as
unstained. This enhanced “bypass' of bath water
and dye in initially dry soil profiles is likely
atributed to thewater repell ency exhibited by peds
in the surface horizon. Once wetted, however,
these peds did na exhibit any visual evidence of
water repellency (i.e. water drops infiltrated into
pedswithinatime period d lessthan fives). Flow
paths through the surface horizon exhibited in
many of the images for urtilled plots canna be
attributed to surfacepondng sincethe gplication
rates were one order of magnitude lessthan the
steady state infiltrationrate & this ste (Schwartz,
1999. Although small saturated areasappeared on
the soil surfaceduring the gplicaion d the dye,
these areas were nat associated with flow patterns
exhibited immediately below the surface This
suggests that, for these soils, bypass flow is
generated below rather than at the surface
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Plot B, Residues removed
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Fig. 4. Vertical cross-sections of stained (black pixels) sub-plots (left) and the corresponding fraction of stained soil
area (right) as a function of depth for plot B after a sprinkling application of 4.0 cm dye solution. The depth scale
on the stained-fraction plots applies also to the adjacent left image. Gray areas in the image are labels or exterior
regions that were not counted in the calculation of the fraction of pixels stained. Some images are tilted to correct
for slope.
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Plot B, Initially dry profile
I I I I

0.2 04 0.6 0.8 1.0
Stained fraction

Fig. 5. Vertical cross-section of the stained (black pixels) sub-plot (left) and the corresponding fraction of stained
soil area (right) as a function of depth after a sprinkling application of 4.0 cm dye solution to the initially dry soil
profile of plot B. The depth scale on the stained-fraction plots applies also to the adjacent left image. Gray areas
in the image are labels or exterior regions that were not counted in the calculation of the fraction of pixels stained.

Vertical DyeDistribution
Thefradion o areastained by thedye asafunction
of soil depthis showninFigs. 4and 5.Analysisof
varianceindicaed that therewasasignificant (p =
0.012 treament eff ed for theverticd spread (o) of
the distribution o stained soil. Although tilled
subpots exhibited thelowest verticd spreading of
stained soil in al plots, multiple mwmparison o
means using Duncan's Multiple Range Test in-
dicaesthat nosignificant diff erence istedamong
the treaments that were pre-wetted (Table 2).
However, dye aplicaions under the dry
antecadent moisture @ndtions resulted in a
significantly greaer spreading of dye (Table2). A
significant (p = 0.0099 treament effed for the
analysisof varianceof thefradion d stained soil in
the Ap horizon suggests that till age increased the
interadion of dyewith thishorizon (Table 2).

The random walk simulation d the verticd

distribution of stained soil fradionfor plot B using
three different assumed minimum detedable
concentrations is dhown in Fig. 6a. These simu-
lations asauumed steady state flow and undbr-
estimated dye adsorption over the entire oncentra-
tion range for ead soil horizon. Hence randam
walk simulations shoud overestimate the depth of
dye penetration kecause i) for theinitially wet soil
profilesin thefield, approximately one-quarter of
the water applied would fill empty pores before
stealy state flux could be achieved, and ii) the
underestimation of adsorption wsing lineaized
isotherms would also increase predicted transport
rates. Comparison d therandoamwalk simulations
(Fig. 6a) with the plot B verticd distributions of
dye (Fig. 4) suggests that the dye moved con
siderably further in the field than that predicted
usingdispersioncoefficientsobtainedfromcolumn
displacament experiments. For theparametersused
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TABLE 2

Mean dye penetration, verticd spreading, and stained-fradioninthe Ap haizonas
influenced by treaments applied to subpots.

Mean dye penetration,

Verticd spreading, o Stained-fradion

cm cm in Ap haizon
Not pre-wetted, residue 1927 2914& 0.72a
Pre-wetted, residue intad 15.2 156b 0.78ab
Pre-wetted, residue 19.4 135b 0.88bc
Pre-wetted, till ed 20.5 9.2b 0.97c

"Treament effedt not significant with resped to mean dye penetration.
* Within columns, vaues foll owed by the same letter are nat significantly different (P < 0.05).

in this randamn walk simulation, ceaeasing the
minimum detedable concentration hed littl e dfed
inincreasingthedepth at whichthestained-fraction
approached zero. Apparently, the simulated
concentrations dedined steeply at around 20to 25
cm and the predicted fradion o stained soil

becaneinsignificant at these depths. In contrast, a
10-fold increase in the dispersion coefficient for
eadh haizon (Fig. 6b) produced verticd
distributions of stained soil fradions smilar to
those in Fig. 4 as well as in the other pre-wetted
subdots. Clealy, the solute spreading in the field

30.0 Bt1

Depth, cm

40.0

50.0 Bt2

o

o

a

N =600, Az = 0.08 cm, M = 200
N = 2500, Az = 0.08 cm, M = 200
N =2000, Az = 1.0 cm, M = 200

60.0 ‘
0.2

T
0.4

Stained fraction, fg

T T
0.6 0.8
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50

10 x Dispersion
N =600, Az = 0.08 cm, M = 200

60 4 ‘
0.0 02

0.4

T T
0.6 0.8 1.0

Stained fraction, fg

Fig. 6. Simulated fraction of soil stained with respect to soil depth for (a) the dispersion coefficients listed in
Table 1 and (b) for dispersion coefficients 10 times greater. The corresponding minimum detectable
concentration for each simulation and horizon is listed in Table 1.
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was greder than that predicted by dispersion
coefficients oltained from column dsplacement
experiments. Theinfluenceof soil horizonation on
the stained-fradion with depth was observed on
many subpots. Thiseffed isclealy manifested by
the discortinuity of the slope of the stained-
fradion x depth relationship at the transition zone
between the Ap and AB harizons exhibited by
untilled plots (Figs 4 and 9. Less pronourced
transition zones between deeper horizons are
distinguishable for some verticd dye distribution
patterns. Thisphenomenonislikely a ansequence
of alad of pore rtinuity between haizons and
abrupt changesin mediapropertieswhich giverise
to changesin mean pae-water velocity and solute
sprealing. Abrupt changes in stained-fradion at
the Ap-AB interfacealso may be linked to the
till age of thefield when it was converted to annual

crops. Randam walk simulations also produced a
discontinuity (in the maaoscopic sense) between
the ApandAB horizons (Fig. 6b). Inthiscese, the
discontinuity of thestained-fradionwas caused by
an increase in the retardation fador, which is
manifested as dower pore-water velocities and
small er dispersion coefficients in the simulation.

DISCUSSON AND CONCLUSIONS

The dye patterns exhibited in this il demon-
strate that significant bypassng can occur under
rainfal intensities below the stealy state infiltr-
aion rate. As indicaed by the dye staining pat-
terns, preferred pathways in the Bt horizons were
aswciated with ped interfaces and Hochannels.
This suggests that in the subsoil, limits on water
transport through the matrix regions caused water
to be channeled through these larger, continuous
pores. Incontrast, thefingering pattern observedin
the surfacehorizons (0 - 15cm) did na appea to
arise from horizontal variations in soil properties
that could limit transport. Fromfield olservations
andthin sedions, the Ap and AB horizons ladked
large peds (> 1 cm) that would lateraly limit
diffusive or advedive exchanges to generate the
observed flow patterns. In addition, column ds-
placement experiments indicate that dispersion
generated by the slow exchange of solute between
intra-aggregate and inter-aggregate regions was
negligibleinthe Ap and AB harizons at flux rates
lessthan 10cm h™* (Schwartz, 1998.

The greaer dispersion in the field compared
with column studies as indicated by the randam
walk simulations is frequently observed and
usually attributed to the laboratory measurement
scde being too small to encompass the full
heterogeneity of field pots. (Jury and Fahler,
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1992. Both column studies and thin sedions
suggest that horizontal variabilit y in soil properties
influencing transport under steady state flow
condtions for the Ap/AB horizons was a a
smaler scde than the wlumn size For the
displacement experiments of Schwartz (1998, the
range in dispersivity exhibited by the Ap/AB soil
columns at similar water fluxes was relatively
narrow (4.2+ 1.0cm). Thisoutcomeis sippated
by field observations and thin-sedions that
indicae a ladk of large structural feaures in the
ApandAB horizons. Staining patternsinthefield,
however, show that there ae large horizonta
variations over distances greder than 10 cm, the
diameter of laboratory columns. Thus, haizontal
variability in staining patterns in the Ap and AB
horizonsdoesnot seemto arisefromthehorizontal
variability in soil properties.

Instabiliti es generated near the soil surface
(which were dsent in the steady-state @lumn
experiments) may be resporsible for much of the
discrepancy between field and column generated
dispersion.Erraticflow patterns sich asfingering,
distributionflow, and preferential flow have been
previously identified as potentialy important
processes that influence lateral solute mixing in
thefield (Ritsema and Dekker, 1995 FlUhler etal .,
1996. Fingered flow patterns were obviously
generated by the presence of water repell ent soil
peds in the surfacehorizon o initialy dry plots.
Ritsema et a. (1998 have proposed that such
fingersrepresent permanent flow pathways where
repeded wetting and dying over time has led to
leading hydrophobic substances from ped and
pore surfaces. Although water repellency is
usualy associated with coarse textured soils that
possesssmall specific surface aeas (Ma shum et
al., 1989, development of water repellence has
been deteded in fine textured soil s (Giovannini et
al., 1983; Dekker and Ritsema, 1996 and alsoin
wedhered oxidic soil s (Chan, 1992. It isunlikely
that water repellency was a mgjor fador in the
development of fingered flow in the pre-wetted
plots because water dropsinfiltrated instantly into
wetted peds obtained from the Ap haizon. In
generd, dry soilswill charaderisticdly lose their
hydropholic properties upon complete wetting
(WallisandHorne, 1992. Instability in pre-wetted
plots may have been produced by the presence of
largevoidsthat reducethewater-bubHing pressure
of the porous media and therefore increase the
probability for the onset of instability at the
wetting front (Wang et al., 199§.

Results of this gudy indicate that disturbance
of the soil surfaceby hoeing reduced the spreading
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of dye and incressed the interadion d the dye
with the surfacehorizon. Simil ar eff eds of till age
reducing dispersion and bypass flow have dso
been reported by Andreini and Steenhus (1990
andWu et a.(1995. Such an effed is anticipated
becaise tillage destroys the large-scde spatial
fedures that promote the generation d large
variancesin pae-water velocity. Moreover, uncer
conventional till age pradices, condtions are not
conducive to the occurrence of water repellence
(Chan, 1992 and this in turn promotes more
uniform wetting of the profile. Tillage would
therefore increase the interadion d surface
applied solutes with the surface horizon. Under
no-till management, however, residence times of
solute dready within the undsturbed surface
horizons would be expeded to be longer than in
tilled soils. This may be important when retive
sources of N make significant contributions to
crop requirements.
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