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Abstract

Rapid soil moisture variations were measured with TDR equipment at five depths ranging from 0.1 to 0.9 m during five con-
secutive infiltration experiments under ponding. Each time, 27 mm of water were applied. The water of the second experiment
was spiked with 200 mbq of K'3!I-tracer. Its activity was recorded as functions of depth and time with Geiger-Miiller probes
in 12 vertically installed access tubes. The soil moisture variations were classified as showing (i) no reaction, (ii) monotonous
increase, and (iii) rapid increase followed by a gradual decrease. Reaction type (iii) was investigated further according to the
boundary-layer flow theory and diagnosed as preferential flow. Rapid variations of !3!I-activities occurred at all depths showing
soil moisture reaction type (iii). However, some of the reaction types (i) and (ii) also included rapid variations of the activities.

The approach based on boundary-layer flow theory allows fluxes to be estimated from soil moisture variations. Seven esti-
mated total volumes of rapid flow ranged from 0.15 to 1.1 of the applied volume of water, and in only one case was the total
volume badly overestimated by a factor of almost 3. The approach is worth further exploration.

Introduction

Radioactive wastes, pesticides, and other hazardous mate-
rials in soils may threaten ground and well waters. The
ability to contain, control, and treat these contaminants
depends on the understanding of the physical processes
involved in their release to, transport within, and interac-
tion with the subsurface environment.

Water and solutes can move preferentially in soils con-
taining macropores, by-passing much of the soil matrix
(Thomas and Phillips, 1979; Beven and Germann, 1982;
Watson and Luxmoore, 1986; Jaynes e al., 1988; Butters
et al., 1989; Singh and Kanwar, 1991). Vertically oriented
macropores can greatly increase water flow, as shown by
Edwards ef al. (1979) and Davidson (1985), and field trans-
port phenomena may be a direct consequence of root sys-
tems. Several authors demonstrated by-pass flow by
examining the depth distribution of chemical tracers
(Germann et al., 1984; Jury et al, 1986; Roth et al., 1991;
Ritsema ez al., 1993), by measuring the concentration of
chemicals in tile drains (Steenhuis and Muck, 1988;
Kladivko ez al.,, 1991) and by investigating flow in earth-
worm burrows (Edwards er 4/, 1989, 1993), and subsur-
face flow (Luxmoore et al., 1990). Flow paths were also
highlighted with methylene blue (see, for instance, Flury

et al., 1994; Bouma and Decker, 1978). Van Ommen et al.
(1988) used anionic iodide to demonstrate water sorption
during infiltration. However, destructive sampling restricts
dying techniques to single experiments.

Direct assessment of by-pass flow is challenging techni-
cally because of the spatial and mainly temporal variability
during water movement in field soils. Thus, progress in
the investigation of by-pass flow in field soils must rely on
non-destructive, rapid measuring techniques and related
theoretical approaches.

This study assesses flow in sizw with minimum distur-
bance from rapid soil moisture measurements. Preferential
flow is estimated from the soil moisture data according to
Germann and DiPietro (1996). In addition, the transport
of radioactive K13 was studied by using an in-situ-
analyser technique.

Soil and Methods
A) SOIL

The experiments were conducted on a black clay loam
(Chemozeni) under corn (Zea mais). The parent material
originates from fluvial deposits from the Danube river near
Bratislave, Slovakia. Textural analyses, bulk densities, pp,
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Table 1. Texture, bulk density, pb, and hydraulic conductivity at saturation, Ks (mean, standard deviation, SD, and coefficient of vari-

ance, CV) of the soil.

depth particle size distribution (% by weight) Py Kg

diameter classes (mm) mean SD Cv
<0.002 0.002-0.05  0.05-2.0 >2.0

m % % % % Mg/m? m/s m/s %
0-0.1 29 42 28.7 0.3 — 7.9X10-¢ 2.3X105 290
0.1-0.2 23 46 29.5 1.5 — 6.0x10-° 1.2X10-5 200
02.-0.3 24 43 3255 0.5 1.47 6.7X10~7 7.7X1077 120
0.3-0.4 17 49 33.0 1.0 1.55 4.2X10- 6.0x10-¢ 140
0.4-0.5 215 46 324 0.1 1.37 7.0X10-¢ 1.2X10-5 170
0.5-0.6 27 39 34 0 1.41 4.0Xx10¢ 2.2X10¢ 60
0.6-0.7 22.7 44 333 0 1.39 3.4X10-¢ 2.1X10- 60
0.7-0.8 18 50 32 0 1.37 1.7X10-¢ 5.5X10~7 30
0.8-0.9 19 59 22 0 1.38 1.6X10-¢ 1.7X10-¢ 100
0.9-1.0 19.6 70 10.4 0 1.39 1.6X10-¢ 4.7X107 30

and hydraulic conductivities at saturation, K, are reported
in Table 1. The standard deviations, SD, and the coeffi-
cients of variance, CV (i.e., standard deviation expressed
as percentage of the mean), of the 9 replicas of K5 mea-
surements at each 0.1-m depth increment are also com-
piled.

Organic matter was about 4% by weight in the plough
layer (i.e., to the 0.3-m depth). It was almost negligible in
the lower horizons. Previous infiltration experiments and
the presence of main roots to the 0.6-m depth suggested a
system of flow-active macropores. This notion is sup-
ported by the CVs of K5 which exceed 100% between the
soil surface and 0.5-m depth but are considerably smaller
below that depth (with the unexplicable exception of the
horizon between 0.8 and 0.9 m). The corn stalks were cut
prior to the experiments.

B) FIELD METHODS

Volumetric soil moisture # m3/m=3 was measured with a
TDR-system. A wave-guide consisted of a pair of rods of
stainless steel, 50 mm apart, with diameters and lengths of
6 mm and 0.3 m, respectively. An RF-Pulse transformer
(500 kHz to 1 GHz and 50 to 200 {}) was used to stabilize
the signal on the Tektronix 1502B cabletester. The wave
guides were multiplexed with a SDMX50 50W Coax
Multiplexer, which was controlled by a 21X Campbell
Micrologger. The TDR-system was calibrated according
to Roth ez 2l (1990) who separated the impact of the wave-
guide geometry from the soil properties, such as bulk den-
sity and the contents of clay and organic matter, on the
dielectric constant. The limit of significant differences
among individual measurements with the same wave guide
was assessed at 0.002 m3/m3. Five TDR-wave guides were
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inserted horizontally into the soil profile at depths of 0.1,
0.3, 0.5, 0.7, and 0.9 m underneath the infiltration area, as
shown in Fig. 1. The time steps of recording were set to
300 s.

Five infiltration experiments, subsequently labelled run
1 to run 5, were performed under ponding conditions by
periodically and gently sprinkling 27 mm of water on the
soil surface into the confined area of 1x1 m. Water was
applied manually with a watering can in small amounts
such that ponding was maintained during infiltration and
that its depth did not exceed a few millimeters. The time
to infiltrate 27 mm varied among the five runs according
to the actual infiltrability of the soil surface as listed in
Table 2.

Table 2. Times, durations, and average rates 7; of the five infil-
tration runs.

run date beginning infiltration duration 7
time h s

t1 20795 16.13 water 1630 1.65 10-5

tz 21795 10.30 Iodide 4800 5.63 10-°

t3  22.7.95 9.46 water 7440 3.63 10-°

ty 23.7.95 9.35 water 10500 2.57 10-¢

ts  24.7.95 9.35 water 9300 2.90 106

Radioactive potassium iodide, K!3!I, with a half-life of
8.09 days and an original activity of 200 mbq, was added
to the water of run 2. Translocation of 3! was followed
by three Geiger-Miiller (GM-) probes with diameters of
6.3 mm and lengths of 21 mm. The analogue interface of
each probe was connected with a coaxial cable to a nuclear
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Fig. \. Instrumentation of the soil block. (a) Geiger-Miiller probe; (b) nuclear analyser; (c) access tubes for Geiger-Miiller probes; (d) data
logger; (¢) cable tester; (f) multiplexer; (g) card storage module; (h) TDR wave guides.

analyser (Lichner, 1985). The probes were alternatively
inserted into twelve duralium access tubes with inner and
outer diameters of 8 and 12 mm, respectively, reaching to
a depth of 1m. Radioactivity was measured periodically in
depth increments of 0.1 m , as it is shown in Fig. 1. The
data were corrected for radioactive decay. The limit of sig-
nificant differences among single measurements was
assessed at 20 counts per second (cps).

C) LABORATORY INVESTIGATION:

p» and Kg were determined from undisturbed cylinder
samples with a diameter of 53 mm and a height of 45 mm.
Nine replicas were taken from each layer of 0.1 m thick-
ness. The samples were taken between the access tubes of
the G-M-probes (Fig. 1). The results are reported in
Table 1. Soil texture was determined from grab samples
collected at the corresponding depth increments.

Results
MOISTURE MEASUREMENTS

The soil moisture readings are shown on the left hand side
of Fig.2. The five vertical lines, marked from #; to #5, rep-
resent the beginning of infiltration of the respective run.

Prior to the first infiltration experiment soil moisture,
6,1 m3/m?3, throughout the profile was in the low range of
0.3 < 6,1 < 0.36 m3/m>3; this also indicated low initial cap-
illary potentials. Temporal soil moisture variations reflect
three types of reactions to infiltration:

(i) No immediate increase with barely significant, and
apparently periodic, fluctuations, as illustrated at the
depths of 0.3 to 0.9 m, runs 1 and 2; at the depths of
0.7 and 0.9 m, runs 3 and 4.

(i1) Monotonous increase without immediate decrease, as
demonstrated at the depth of 0.1 m, run 1; at the
depths of 0.3 and 0.5 m, run 3; and at the depths of
0.7 and 0.9 m , run 5.

(ii1) Rapid increase during infiltration, followed by a grad-
ual decrease shortly after the cessation of infiltration,
as shown at the depth of 0.1 m, runs 2 to 5 and at the
depths of 0.3 and 0.5 m, runs 4 and 5.

RADIOACTIVITY MEASUREMENTS

Only the data from two aceess tubes, numbers 21 and 31,
are presented graphically here due to their vicinity to the
TDR-wave guides, and only data from comparable depths
are summarized on the right hand side of Fig. 2. The
averages and CVs of the 12 activities within a horizon,
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Fig. 2. Temporal variations of soil moisture @ m*/m?, and activity cps of 131 in access tubes 21 and 31 at depths 0.1, 0.3, 0.5, 0.7, and 0.9
m. The vertical lines, marked with 1] to t5, indicate the beginning of the corresponding infiltration run.

measured approximately one hour before and two hours
after infiltration, are compiled in Tab. 3 for runs 3, 4, and
5 and depths 0.1, 0.3, and 0.5 m. Reductions of CVs from
before to after infiltration were observed in seven out of
the nine cases, whereas the CVs of 13!I-activities increased
during run 4 at depths 0.1 and 0.5 m. However, F-tests at
the 0.95-level revealed that the variances among the 12
131]-activities did not change significantly from before to
shortly after infiltration.
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Discussion

A) VARIATIONS OF SOIL MOISTURE

The sequences followed by the reaction types of soil mois-
ture variations were always from (i) — (ii) — (iii) with
respect to depth and time (i.e., from the upper left to the
lower right corner of the left hand side of Fig. 2), and no
reverse development was observed.

Strictly speaking, type (i) indicates steady flow at the






