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Abstract

Field evidence of finger formation and reformation during successive rain events over an eight months’ observation period from
June 1994 until January 1995 is presented. Fingered flow pathways were monitored in a no-tilled, grass-covered water repel-
lent sandy field soil using an automated, stand-alone TDR device. Within a 2 m long and 0.7 m deep transect, 98 three-wire
probes were installed horizontally at depths of 4, 12, 20, 30, 40, 55, and 70 cm. The horizontal distance between two adjacent
probes was 15 cm. Finger formation occurred during distinct rainy periods and was most pronounced under heavy rainfall with
initially wet topsoil conditions. The percentage of water infiltrated and transported preferentially through the fingers to the deep
subsoil varied between 0 and 80%, depending on the wetting history of the soil and the rainfall characteristics.

Introduction

Preferential flow can occur in structured and in homoge-
neous soils. In structured soils, rapid transport of water and
solutes may be caused by the presence of shrinkage cracks
and/or biopores. In non-structured, homogeneous soils,
water and solutes may move preferentially due to the devel-
opment of unstable wetting fronts; the latter often occurs
in water repellent soils. In the past, various studies have
investigated water repellent soils in general, and aspects of
water transport through these soils in particular.

Several studies in various soil types have shown that
water repellency occurs in sand (Hendrickx er al., 1993,
Ritsema et al., 1993), loam (McGhie and Posner, 1980;
Dekker and Ritsema, 1995), clay (Dekker and Ritsema,
- 1996a), and peat soils (Dekker and Ritsema, 1996b). In
addition, Ma’Shum ez al. (1988), Bisdom ez al. (1993) and
Capriel er al. (1995) have linked water repellency with
decaying organic material and the presence of fungi
and/or algae. Other studies have evaluated the effect of
water repellency on water flow and transport and sug-
gested that water repellency might promote runoff gener-
ation (Burch et al, 1989), lateral flow through surface
layers (Ritsema and Dekker, 1995), irregular wetting of the
soil (Jamison, 1945; DeBano, 1971) and the development
of preferential flow paths (Ritsema and Dekker, 1994
Ritsema and Dekker, 1996a).

The effect of water moving preferentially through water
repellent soils has been simulated by Van Dam er al
(1990), De Rooij (1995) and Ritsema et al. (1997b); down-
ward transport of solutes in water repellent soils proved to
be much faster than in comparable, wettable soils. Ritsema
et al. (1996) predicted finger width in various water repel-
lent field soils by applying laboratory derived equations.
These predictions agreed well with field observations.

So far, the process of finger growth and persistence dur-
ing successive rain events does not appear to have been
studied in water repellent field soils. Therefore, the pre-
sent study focused on measuring finger formation and fin-
ger recurrence in a water repellent sandy field soil, using
a highly sophisticated stand-alone TDR device. The study
aimed at i) presenting evidence of recurring fingered flow
pathways during successive rain events, and ii) illustrating
the effect of the wetting history of the soil and rain char-
acteristics on the development of fingers and on the extent
of drainage to the deep subsoil.

Materlals and Methods
SITE

The experiment took place near Ouddorp, in the south-
western part of the Netherlands, on a mesic Typic
Psammaquent soil (De Bakker, 1979), comprising a 9 cm
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humic surface layer on top of fine dune sand. The organic
matter content of the topsoil was 20 w.%, while that of the
subsoil was lower than 0.5 w.%. The clay content of the
soil was less than 3%. The WDPT test (Dekker and
Ritsema, 1994) indicated that the soil exhibited extreme
water repellency to a depth of around 50 cm. The highest
degree of water repellency was found around the layer
interface at a depth of 9 cm. Water repellency disappears
above a certain ‘critical’ soil moisture content (Dekker and
Ritsema, 1994). Ritsema et al. (1997a) showed that this
critical (volumetric) soil moisture content decreased from
25% for the 0 to 5 cm layer to 1.7% at depths of 47-52
cm. Below this depth, the soil was classified as wettable
even when dry. The site was grass-covered, and had not
been tilled for several decades.

SOIL WATER CONTENT MEASUREMENTS USING
TIME DOMAIN REFLECTOMETRY (TDR)

Experimental Set-up

To measure volumetric soil water contents in time at dif-
ferent positions in the profile, an automated measuring
system based upon TDR was constructed (Topp et al.,
1980, Whalley, 1993). TDR is an extremely suitable
method for automated measurements at remote sites
(Baker and Allmaras, 1990, Heimovaara and Bouten, 1990,
Van den Elsen ez al., 1995). The volumetric water content
measurements were made automatically at 98 different
positions using the commercially available TRASE model
6050X1 TDR device. The standard three-rod probes were
installed horizontally in the wall of a pit in 7 rows of 14
probes each, covering an area 2 m wide and 0.7 m deep.
The probes were placed 15 cm apart in the horizontal
direction (centre-to-centre distance) at depths of 4, 12, 20,
30, 40, 55 and 70 cm.

The probes were connected to 7 multiplexer cards with
16 channels each (Fig. 1). Every 3 hours, the TDR device
started a measurement series automatically, and the mea-
surement of volumetric water content for each probe was
stored, together with time and date information. One mea-
surement cycle along the 98 probes took around 20 min.
Up to 20,000 separate measurements could be stored in
this way, equivalent to a data set covering 25 days. The
measurements were retrieved from the TDR device once
every three weeks using a laptop PC, after which the data
were processed in the office.

TDR Probe Accuracy and Measuring Volume

Before the system was installed in the field, numerous vol-
umetric water content measurements with the TDR device
were compared with gravimetric measurements taken at
the same spot in the profile to test the integrity of the
TDR system across the entire water content range. Near
each TDR measurement point, three 100 cm?® samples
were taken to determine the average volumetric water con-
tent by weighing and drying. These comparisons showed
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Fig. 1. Schematic set-up of the stand-alone TDR measurement device
used to monitor soil water content changes in water repellent soil near
Ouddorp, the Netherlands.

that the standard calibration curve of the device was accu-
rate enough for application in the subsoil at Ouddorp, i.e.
in the layers below a depth of 10 cm. The TDR measure-
ments showed an average water content deviation of 0.7
vol.% from the gravimetrically obtained determinations.
For the 0 to 10 cm layer, consisting of a mixture of organic
matter, grass roots and sand, a separate calibration curve
had to be determined in the laboratory because the stan-
dard calibration curve generated water content readings
some 6 vol.% larger than the gravimetric determinations.
The calibration curve thus adapted was used to recalculate
the recorded water content values for the 14 TDR probes
installed at a depth of 4 cm. The standard calibration curve
of the TRASE device was used for the other 84 probes.

Standard commercially available buriable three-wire
probes were used. The 3 mm diameter rods had a length
of 20 cm, while the wires were placed 2.5 cm apart. From
this geometry, the volume that holds 95% of the electrical
energy, i.e. the approximate measuring volume, could be
calculated, using the model introduced by Knight ez al.
(1994). The imaginary elliptical envelope around the hor-
izontal rods of the sensors holding 95% of the radiated
energy was about 7.2 ¢m in vertical diameter and 6.4 cm
in horizontal diameter. This elliptical envelope covered an
area of about 36 cm? so the measuring volume was about
720 cm?® per probe. In combination with the measuring
grid used, which had horizontal distances of 15 cm and
vertical distances of 8, 10 or 15 cm between adjacent
probes, this guaranteed sufficient spatial resolution to
detect any occurrence of fingered flow pathways (Ritsema
and Dekker, 1996b).

Solar Power Supply

Since the system was placed in a remote area, it was
powered by two 12 V| 50 Ah batteries in parallel. The
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complete measuring system consumed about 1.4 Ah per
24-hour period. This battery capacity enabled the system
to remain operational for at least four weeks without being
recharged even during the winter period. The batteries
were charged within three sunny days by a set of three
Siemens 50 W solar panels, using a Siemens charging reg-
ulator. The power supply system caused no problems dur-
ing the whole measuring period.

Data Processing

During the 8§ months experimental period, almost 200,000
volumetric soil water content values were used to construct
two-dimensional soil water content distributions for every
3 hour time-step, using the Genstat software package. In
all, around 2,000 graphs were made, a selection of which
are presented here.

PRECIPITATION, EVAPORATION AND GROUND
WATER LEVEL

Precipitation was measured using an automatically record-
ing tipping bucket system, with a resolution and accuracy
of 1 mm. Daily evaporation estimates from a meteorolog-
ical station nearby were converted to evapotranspiration
rates using the appropriate crop factors. The ground water
level was measured using a water level pressure sensor and
a data logger with a measuring range of 1500 mm, resolu-
tion of 5 mm and accuracy of 10 mm. Evaporation and
ground water level data were retrieved with a laptop PC
every three weeks during the visits to the site.

Results

Values of precipitation, evapotranspiration, net infiltration
and ground water level measured during the experiment
are shown in Figures 2A, 2B, 2C and 2D, respectively.
Most rainfall was recorded in the second half of the exper-
imental period (Fig. 2A), the total rainfall registered being
around 500 mm. Daily evapotranspiration ranged between
0 and 5 mm, with highest amounts in the summer, at the
start of the experiment (Fig. 2B). Figure 2C shows that
several major infiltration events occurred during the exper-
iment, particularly between September 1994 and the end
of January 1995. These events were accompanied by sharp
rises in the ground water table (Fig. 2D), indicating rapid
downward transport of water during such events.

Figure 3 shows examples of soil water contents mea-
sured by three TDR probes placed above each other at
depths of 4, 30 and 70 cm. Data for a three week period
in July 1994 were lost due to a computer breakdown. The
probe at 4 cm (Fig. 3A) responded very quickly to rain
events (see also Figs. 2A and 2C), and volumetric water
contents varied from 3% to 30%. The probe at 30 cm
showed a similar, but less pronounced, response to rain
events (Fig. 3B). There was very little delay in wetting
compared to the probe at 4 cm. Volumetric water contents
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Fig. 2. Rainfall (A), evapotranspiration (B), net infiltration (C),
and ground water level (D) measured at Ouddorp during the 8
months measurement campaign.

measured by the probe at 30 cm varied between 4%
and 20%. Even at a depth of 70 cm, direct volumetric
water content increments occurred during rain events
(Fig. 3C), and the pattern showed a close resemblance to
those observed by the other two probes. Water content
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Fig. 3. Examples of soil water content values measured by three TDR
probes arranged in a vertical line at depths of 4 (A), 30 (B) and 70
(C) cm.

variations at this depth were, however, less pronounced,
and varied only from 4% and 15%.

To illustrate the process of finger formation and finger
recurrence, a selection was made of the seven most pro-
nounced rainy periods during the experimental period.
(Table 1) The rainy periods selected occurred during the

Table 1. Rainfall duration and quantity, evapotranspiration, and
net infiltration for the seven most distinct rainy periods during
the period June 1994 until January 1995 at the Ouddorp experi-
mental site.

Rainfall ~ Rainfall Evapotrans- Infiltration

Rainy duration amount piration amount
period days mm mm mm

1 11 36 23 13

2 10 47 11 36

3 10 34 3 31

4 8 40 3 37

5 10 81 2 79

6 8 39 2 37

7 8 57 3 54
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months of June, September, October/November and
December of 1994, and January of 1995. The duration of
the rainy periods was between 8 and 11 days, and the total
rainfall ranged from 34 to 81 mm per event. Subtraction
of the evapotranspiration from the rainfall quantities
yielded the amount of infiltrated water during the selected
periods. Net infiltration varied between 13 and 79 mm
(Table 1), with the most distinct events during the months
of December and January. The cumulative rainfall, evap-
otranspiration, and net infiltration, and the course of the
ground water level during the selected rainy periods are
depicted in Figure 4. The ground water responded to each
event, except for the period in June (missing data) (Fig.
4B).

For each rainy period, the soil water content distribu-
tions measured within the TDR-transect are shown just
before, during (twice), and at the end or after cessation of
the rainfall (Fig. 5). Soil water contents before the rain
events (Fig. 5, left hand side) were generally below 10
vol.% for the water repellent subsoil, and up to 10-25
vol.% for the humic topsoil, although there were some dif-
ferences. No fingered flow patterns were present before the
start of the rain events, but these developed during all the
rainy periods. The most distinct ones were monitored
under conditions of heavy rainfall with initially slightly
wetter soil (rainy periods 3, 5, 6, and 7). During rainy
periods 1, 2 and 4, fingered flow patterns emerged as well,
but with less evidence of protrusion of fingers to the deep-
est layers of the TDR transect. However, the ground water
level rose during rain events 2 and 4 (Fig. 4), indicating
downward transport to the ground water in both these
cases.

Based upon the arrangement of the TDR probes within
the transect, the soil profile can be divided into seven lay-
ers, namely the 0-8, 8-16, 16-25, 25-35, 35-47.5,
47.5-62.5 and 62.5-77.5 cm layers. If the TDR probes are
assumed to monitor soil water content changes for each of
these layers, a total soil water balance can be made for the
entire TDR transect. Table 2 shows the approximate water
balance for the entire transect for each of the selected rainy
periods. Net infiltration was derived by subtracting evap-
otranspiration from rainfall, and the change in soil water
content in the transect down to a depth of 77.5 cm was
determined using the individual TDR measurements.
These two values were used to calculate deep drainage to
the soil region below 77.5 cm. (Table 2) Deep drainage
was most evident during the December and January rain
events. Based upon the measured unsaturated hydraulic
conductivity characteristic of the Quddorp sand (Ritsema
and Dekker, 1994), it might be concluded that mainly
water flowing along the fingered flow pathways con-
tributed to deep drainage. Unsaturated hydraulic conduc-
tivities at volumetric water contents of 5, 10, 15, 20 and
25% are 0.0002, 0.02, 0.2, 0.5, and 1.5 cm/day, respec-
tively. This indicates, for instance, that the unsaturated
hydraulic conductivity at a volumetric water content of
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15% is a thousand times higher than that at a volumetric
water content of 5%. The emerging fingered flow path-
ways in the TDR transect during the rainy periods 1 and
3 did not lead to considerable drainage below 77.5 cm. The
percentage of the infiltrating water per rainy period which
was transported preferentially through the fingers to the
deep subsoil could also be derived, and ranged from 0 to
80%, depending on the wetting history of the soil and the
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rainfall characteristics. The highest percentages occurred
during the rainy periods in the winter (no. 5, 6, and 7).
The set-up. of the TDR transect, with 98 probes in a
fixed spatial grid, enabled 14 vertical soil columns to be
distinguished within the transect, each with probes at
seven depths. If the different TDR probes measure soil
water contents for the same representative soil layers, i.e.
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62.5-77.5 cm, the total water storage can be explored
before and at the end of the rainy periods, as well as the
changes per layer for each soil column. Figure 6 shows the
total soil water content down to a depth of 77.5 ¢m for all
14 soil columns, just before the start of the rainy period
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and at the end. The combined line-bar graphs in Fig. 6,
show that some places within the TDR transect were
initially wetter and were wetted to a greater extent during
the rainy periods than others. The general trend seems
to be that initially wetter places received more water than

Table 2. Estimated water balance for the 2 m long and 77.5 cm deep TDR transect for the selected rainy periods.

Net Water change Deep drainage Percentage of infiltrating
Infiltration in soil layer below 77.5 water transported to
Rainy amount 0 to 77.5 cm cm depth depths below 77.5 cm
period mm mm mm %
1 13 13 0 0
2 35 21 14 40
3 31 31 0 0
4 37 20 17 46
5 79 16 63 80
6 37 11 26 70
7 54 24 30 56
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deeper soil regions, even below a depth of 77.5 cm (Table
2). Despite the higher rainfall during December and
January, the water content per layer showed a smaller
increase during these events than during the other rainy
periods. This can be attributed mainly to the initially
higher soil water contents (of the humic topsoil) during the
December and January rain events. Comparing the bar
graphs in Fig. 6 with the wetting patterns in Fig. 5 sug-
gests that below the humic topsoil, water was transported
mainly through the fingers toward the deep subsoil.

Discussion
RESOLUTION OF MEASUREMENTS

Comparison of the two-dimensional soil water content dis-
tributions measured by the TDR device (Fig. 5) with those
obtained via the intensive soil core sampling method
(Ritsema and Dekker, 1994) revealed that the resolution
was slightly poorer for the TDR transect. This is not
unexpected, as the soil core sampling method uses 100
cm3 soil samples in a dense array to determine soil water
contents. The TDR measurement set-up uses individual
soil water content measurements which are representative
of volumes of slightly more than 700 cm3 of soil. Despite
the high quality measurements obtained in this study, res-
olution could be increased by using smaller TDR probes.
Future studies of the dynamic behaviour of fingered fow
processes would therefore benefit from using using the
smallest TDR probes available to maximize the resolution
of the measurements. Using smaller probes would also
allow the resolution of the measuring grid to be enhanced.

RECURRENCE OF FLOW FINGERS

This study indicates that fingers recur at the same loca-
tions during successive rain events. Ritsema ez al. (1997b)
showed that the water retention function of the Ouddorp
sand is extremely hysteretic, characterized by a steep main
wetting branch. This is typical for water repellent materi-
als, and explains why vertical fingers can exist in dry soil
(Nieber, 1996). The recurrence of fingers at the same loca-
tions can be attributed to the hysteretic, non-uniform
water retention characteristic of the Ouddorp sand. After
the cessation of rainfall, soil water contents decrease
throughout the soil profile, within as well as outside the
fingers. After a certain period of time, soil water content
variations between former positions with and without fin-
gers decrease, but differences do remain, due to their dif-
ferent wetting history. Even when the soil water content
differences have become very small, water will still flow
into the former pathways, as the water content in these
places is slightly higher than in the immediate vicinity of
the former fingers. Soil water contents even only slightly
higher imply significantly larger unsaturated hydraulic
conductivities, as illustrated by Ritsema and Dekker

(1994); thus, the flow of water is promoted through the
wetter soil. This process of finger recurrence in soils might
continue for an unlimited period of time, except that
human influence might change the pattern drastically. The
particular grass-covered experimental site used in the pre-
sent study had not been tilled for several decades. If fields
are used for the cultivation of crops, fingers might have
stable spatial positions for one growing season only. In the
following growing season, tillage treatments and seed bed
preparation might cause fingers to occur at locations dif-
ferent from the year before. Therefore, persistent spatial
finger patterns like those found in the present study might
develop in, for instance, untilled agricultural fields, nature
reserves and forests.

SOIL HETEROGENEITY

In waste land or extensively-used natural environments,
the continuous recurrence of fingers at the same locations
might lead to the inducement of heterogeneity in the phys-
ical and/or chemical properties of the soil. It is known for
instance, that humic substances responsible for soil water
repellency may leach through the vertical fingers to the
subsoil (Ritsema and Dekker, 1996a). This may lead to a
decrease in the extent of water repellency around the top
end of the finger near the humic topsoil, and in an increase
at the lower end of the finger deeper in the profile. In addi-
tion to such effects on the physical properties, continu-
ously recurring fingered flow patterns might also induce
heterogeneity in regard to soil chemical properties. For
example, Ritsema and Dekker (1994) provided evidence of
circular iron precipitates around the fingers at the bound-
ary between dry and wet soil.

Conclusions

e The TDR measurement device used in the present
study is a suitable instrument for detecting finger for-
mation and finger recurrence in soils. The use of smaller
TDR probes is recommended for future studies, to
increase the measurement resolution.

+ Finger formation depends on the wetting history of the
soil and the rainfall characteristics. Fingers develop
rapidly during severe rain storms, causing significant
portions of the infiltrating water to be transported pref-
erentially through the fingers to the deeper subsoil.

« Fingers recurred at the same sites during all rain events.
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