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Geoelectric Studies of Seasonal Wetting and
Drying of a Texas Vertisol

Sikiru A. Amidu* and John A. Dunbar

Vertisols are complex soils with high clay content (330%), high shrink-swell potential, and microrelief features known as gil-
gai. We applied field and haboratory clecorical-resistivity measurements to characcerize seasonal weeting and drying of 2 Texas
Verasol, and w quandify the effects of gilgar and cracks on seasonal hydrodynamics of the soil. Thirty-two multielectrode resis-
dviey-profiling lines were collecred along the sanie profile from 1 May 2005 w0 22 Apr. 2006, using combined dipole-dipole
and Schlumberger clectrode configurations. The profiles were 17.5 m long and intersected owo sets of microlows and nuicro-
highs of the gilgal. The resistivity data were inverted using the RES2DINV program and the inverted daw were corrected for
remperature. We measured variations of resistivity wich soil moisture in the laboratory and the resules were used to calibrate the
field data. To evaluate the resistiviny resules, in sitn measurements of soil moisture were made using auger sampling. During the
wetting cycle, dhree distiner soil moiswure regimes were recognized in the upper 1.4 m of dhe Vertisol: an upper zone (0-0.5-m
depdh}, which is the most dynamic with regard 10 wetting and drying; a middle zone (0.5~1.1 m), which is relatively saturared
and less dynamic; and a lower zone (helow 1.1 m), which is relatively fess saturated compared with ehe middle fayer. The sacura-
tion of the middle layer appears ta be enhanced by preferential flow through cracks. Also, the niicrorelief topography exercises a

control on spatiotemporal varations in seil moisturc in chac the microhighs dry faster than the microlows.

Accura(c knowledge of seasonal wetting and drying of expan-
sive clay soils such as Vertisols is importantin understanding
the mechanisms of shrinking and swelling and choosing the best
agricultural and management practices lor long-term sustain-
ability of the soils. Vertisols cover abour 308 million ha glob-
ally and 12 million ha in 25 states of the USA {Coulombe et
al., 1996). In Texas, they cover about 6.5 million ha (Coulombe
et al., 1996). Vertsols are characterized by high clay content
(>30%) and a high shrink-swell potendal. Their shrink-swell
characteristics give rise w microwpographic expression of sub-
surface soil dynamics known as gilgai and decp cracks thac may
extend »1 m. Gilgai consists of a series of microhighs that are
the higher parts of the microrelicf, depressions or microlows that
are the lower parts of the microrclief, and shelves thar are pla-
nar ot subplanar arcas intermediate in elevation beoween the two
other elements (Coulombe et al., 1996). Although these features
form naturally in Vectisols over decades (Mermur er al,, 1996},
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the exacr mechanism by which they form is not well understood
(Gustavson, 1975; Wilding and Tessier, 1988). Once developed.,
individual microhigh and microlow features may be >4 m wide
and the elevation difference between adjacent peaks and troughs
may be >0.3 m. {ris known empirically thar gilgai scrongly influ-
ences the spatial patrern of water infiltradion and soil moisture in
Vertisols. For example, differences in plant growth in some cereal
crops have been correlated ro differenc gilgai elements (Wilding
eral, 1991).

Soil moisture regimes in Vertisols are also influenced by
deep cracks in the soils. In the U.S. Soil Taxonomy, the ctiteria
used to divide Vertsols according to udic and udic—ustic soil
moisture regimes are the duration and pattern of soil cracking
(Dudal and Eswaran, 1988). The descriptions of cracking pat-
terns as contained in these criteria are subjective, however, and
the extent to which they reflect the climatic conditons under
which Vertisols occur and which fand management and udiliza-
tion decisions ate made is not clear (Dudal and Eswaran, 1988).
Among identified acute areas of needed Vertisol research are veri-
fication of cracking patterns and cracking depchs as a function
of seasonal soil moisture berween microhigh and microlow gilgai
elements (Wilding et al., 19915 Newman, 1986).

Many recent studies of Verdsols have been performed in an
attempt to understand soil moisture dynamics in these soils (e.g.,
Favre et al,, 1997; Lin et al, 1997, 1998). There is no general
agreement among the researchers, however, on concepts such
as scasonal water fluxes, scasonal cracking patterns and cheir
duration, and closure of cracks in response to soil wetting. For
example, Favre ctal. (1997) observed that on some cracked plots
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in a Vertisol of Senegal, surface irrigation and simulated rainfall
resulted in crack dosure within 4.5 h. They concluded that for
the Vertisol studied, bypass flow through cracks would have lirdle
impact on the seasonal field water balance. Lin et al. (1997) per-
formed infiltration studies on some soil samples from Vertisols
in Texas. Their results suggested that low-tension (preferental)
flow through macropores is an important process in the soils.
Favre et al. {1997) also showed that crack closures start from the
soil surface and progress downward; this contradicts the widely
held view that closure of cracks starts from the bottom and pro-
gresses to the soil surface (c.g., Bouma and Loveday, 1988).

In general, characterizing soil moisture in Vertisols is an
unfinished challenge (Wilding and Puentes, 1988). Precise char-
acterization of soil moisture in Verrisols requires noninvasive
two-dimensional (and three-dimensional} high-resolutiou and
in situ monitoring of seasonal wetting and drying of the soils.
Conventional methods of soil moisture measurements provide
information of soil properties at a point and are destrucrive,
making it difficult to carry out repeated measurements ar the
same locations. Geophysical methods offer a potential alternative
that gives good spatial coverage but lower resolution. Ground
penetrating radar is noc applicable in this case, however, because
high conductivity of day soils limits signal penetration (Davis
and Anpan, 1989).

Electrical resistivity techniques are noninvasive and empiri-
cal relationships exist berween resistivity and soil moisture
for clay soils (Bussian, 1983; Frohlich and Parke, 1989). The
techniques have been used in identifying subsurface structures
{Griffith and Barker, 1993} and in mapping soil structure hori-
zonation {Tabbagh et al., 2000} and soil pollution (Halvorson
and Rhoades, 1976; Amidu and Olayinka, 2006). Michot et al.
{2003) used the method in precision agriculture for monitor-
ing water uptake by plants, whereas Besson et al. (2004) used

TX (Fig. 1). The area is underlain by marls and chalks belonging
to the Taylor Group of the Gulhan serics of the Creraceous sys-
tem (Soil Conservation Service, 1942). These chalks and marls
weather casily to develop soils that strongly reflect the character
of the geologic marerial from which they arc formed. The field
site is on Houston Black soil within the research station (Fig. 1).
In this area, Houston Black sotls are classified as fine, monmo-
rillonitic, thermic Udic-Ustic Haplusterts (Natural Resources
Conservation Scrvice, 2001; Soil Survey Staff, 1999). These
soils exhibit strong shrink—swell potential, and microrelicf gilgai
fearures are well developed. Typical elevation difference between
peaks and troughs of adjacent microlows and microhighs ranges
from 10 to 30 ¢m, with horizontal spacing of 2 to 5 m. The
fandscape is characterized by gently rolling slopes ranging from
1 to 3% and soil thickness ranging from 1 to 3 m (Allen et al..
2005). The annual average precipitation is 787. 4 mm and the
temperature ranges from a mean minimum of 2.2°C in January
to a mean maximum of 36.1°C in July.

Thearetical Concepts

Soil is a three-phase system consisting of grain matrix, air,
and water. With regard to electrical current conduction, soil
water is the most important {Saarenketo, 1998). The com-
menly used relationship berween resistivity and soil moisture is
expressed as (Archie, 1942)

P, = dd)wwj.'”pw {1]

where @, m, and # are petrophysical constants that are charac-
teristic of the porous medium, p, is the resistivity of the porous
medium, g, is the pore-water resistivity, @ is the porosity, and §
is saturation, which is the tatio of the water content and poros-

the method (o investigate the effects of tillage on soil
properties. Recently, Samouélian er al. (2003) discussed
the potential for use of the method for characterizing
cracks in soils. Also, because of the sensitivity of electri-
cal resistivity to soil moisture, Hagrey and Michaelsen
(1999), Zhou et al. (2001}, and Garambois et al. (2002),
amuong others, have characterized soil hydrology using
these techniques.

Tn this study, we applied feld and laboratory eleeeri-

* Welis

cal resistivitcy measurements to characrerize the scasonal
wetting and drying of a Texas Vertisol and to quantify
the effects of gilgai and cracks on soil moisture variations
in the soil. We carried out laborarory measurements on
soil samples and used the results to calibrate dara from
field two-dimensional resistivity surveying during wet-
ting and drying cycles in the Vertisol. We evaluated the
results of resistivicy measurements by comparing with
the results of soil moisture measurements by auger sam-
pling. Finally, we related our results o in situ wetting
and drying properties of the Texas Vertsol.

Materials and Methods

Site Description

The field site for this study is located at the USDA
Grassland Sotl and Water Research Station, near Ricsel,
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Fic. 1. Study location: {a) location map of USDA Grassland Soil and Water Re-
search Station, near Riesel, TX, showing the study site and distribution of moni-
toring wells within the station; and (b) sectional view of the experimental layout
(MH = microhigh, ML = microlow, Ml = intermediate microrelief). The electrodes
are humbered 1 to 36.
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Archie’s law assumes that all currenc is conducted through
the pore fluid, and grain and air-filled pores are insulators. in
clay soils, however, the effects on bulk resistivity of conduction
of current along the grain surface of soil have been recognized
{Urish, 1981; Taylor and Barker, 2006). To account for the
effects of grain surface conduction, Archie’s (1942) model has
been modified to yicld parallel-resistor models to describe the
sotl material—resistivity system for clay soils. A simplified form of
these models is given by (Frohlich and Parke, 1989):

e

_1_ o E_ o _1- [2]
Py Py Py

where py is the soil bulk resistivity and p,, which represents the
effects of grain surface conduction, is the resistivity of the grain
matrix surfaces. From Eq. [2], it is observed that at high satura-
tion, pore-water resistivity contributes more to the overall bulk
resistivity, whereas grain surface conduction becomes important
as saturation and grain size decrease. At any soil moisture con-
tent, however, the two parameters contribute to the overall bulk
resistivicy of the soil. Also, at different degrees of saturation (),
measurements of py incorporate other parameters (soil-water
resistivity, porosity, and grain surface conduction) in the equa-
tion; however, these other parameters are relatively constane dur-
ing a wetting and drying cycle. Thus, in theory, measurement of
p,, at ditferent values of 8 can be used ro characterize emporal
variability in soil-water content.

Electrical resistivity techniques are based on the assumption
that the subsurface is a continuum-~a closely connected metric
space {Loke, 2000a). Variation in soil moisture is characterized
by relatively smooth variations in resistivity on the inverted resis-
tivity sections (Zhou et al., 2001). On the other hand, cracks
in soils (which are normally filled with air) represent resistant
structures in terms of electrical prospecting (Samouélian et al,,
20033. They ace as small regions within the soil in which values
of Sand 1/p_ are zero. This blocks the flow of current and causes
it to follow a more circuitous path between electrodes. Hence,
the presence of cracks along a current flow path breaks the con-
tinuum and thereby results in high values of py, in the soil. In this
study, following Samouélian et al. {2003), cracks in the Vertisol
are identified as isolated spots of high-resistivity values on the
inverted resisdvity sections and of near-zero soil moisture values
on the corresponding soil moisture sections,

Field Surveys

Muldelectrode resistivity surveys were performed in the
study area from 1 May 2005 o 22 Apr. 2006, using a Sting R1/
Swift resistivity system {Advanced Geosciences, Austin, TX). The
systemn consists of a portable carth resistivity meter wich a Swift
control unit and smart elecerodes for total automation of the
measurement sequence for the array of electrodes. For this study,
there were six cables cach with two clectrode rake-outs, and sur-
veys were conducted with the roll-along technique (Advanced
Geosciences, 2000). The system was preprogrammed before
each field survey for automatic resistivity measurements with
dipole-dipole and Schlumberger arrays ar a minimum dipole
and electrode spacing of 0.5 m. The dipole-dipole array has low
clectromagnetic coupling between the potential and current cir-
cuits and is most sensitive o horizontal changes in resistivity,
whercas the Schlumberger (along with Wenner) array is most

sensitive to vertical changes in resistivity (Loke, 2000a; Furman
etal., 2003; Daldin and Zhou, 2004). With this combined-array
technique, we hypothesized that vertical and horizontal changes
in resistivity would be optimally resolved. The resistivity system
also has an algorithm for carrying our a resistance test to ensure
that the electrodes are in good contact with the soil. This was
performed before each field survey to ensure good data qual-
ity. We used four-cycle stacking and set che standard error of
measurements to 5% in the inscrument. Wich chis setting, cach
mcasurement was repeated four times and readings that did not
agree o within 5% were rejected.

A total of 32 profles was collected during the study period.
The resistivity profiles were 17.5 1n long and intersected two
scts of microhighs and microlows. Typically, for each field sur-
vey, 382 apparent resistivity (a representative resistivity of a vol-
umme average of the soil’s half-space) readings were collected in a
period of about 2 h (249 readings for dipole~dipole array and
133 for Schlumberger array). Surveys were repeated following
some of the substantial rain events (>10 mm) at intervals of 1 d,
until negligible changes in resistivity were observed on successive
surveys. For surveys following rain events, delay times of at least
12 h were allowed before conducting surveys. This was done o
ensure that errors due to streaming potentials were negligible in
the resistivity readings (Telford cval,, 1976). For periods with no
rain cvents, surveys were typically performed ac 1-wk intervals.
To cnsure that the same section was surveyed each time, the elec-
trodes were left in the ground throughout this study. This was
particularly important because of the close-interval variability
in physical and chemical propertics of the soil (Wilding et al.,
1991). Also, driving the electrodes in and pulling chem out in
nearly the same location 33 times would substantially change the
near-surface sotl properties, due to physical damage to the soil.
We surveyed the microrelief topography using a laser-type eleva-
tion survey and depths to the water table in the nearby wells,
and rain-gauge readings were measured and recorded. Finally,
to evaluate resistivity resules, auger samples were collected on 23
Mar. 2000 at two sampling points. The sampling points were
located adjacent to the profile within a microbigh ar 0.2 m from
electrode no. 17, and within a microlow at 0.2 m from electrode

no. 22 (Fig. 1).

Inversion of Field Resistivity Data and
Temperature Corrections

To obtain the true two-dimensional distribution of soil
resistivity, the apparent resistivity daca were inverted using the
program RES2DINV (Loke and Barker, 1996), and the calcu-
lated resistivity values were corrected for the effects of tempera-
ture. The RES2DINV is a computer program that autematically
determines a two-dimensional resistivity model of the subsur-
face for the input—apparent resistivity data, The program uses
an array of rectangular blocks to model the subsurface, and by
an iterative forward modeling and correction scheme, calcu-
laces resistivity values that agree with the actual measurements.
There are wwo options for data inversion in the program: a
rapid least-squares technique (DeGroot-Hedlin and Constable,
1990; Loke and Barker, 1996), which is preferable when there
is smooth variation in resistivity in the subsurface; and a robust
inversion metbod (Claerbout and Muir, 1973), which is more
applicable to situations involving abrupt changes in resistivity
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berween adjacent blocks in a medium (Olayinka and Yaramandi,
2000). We used both options in our dat inversion, the former
to account for smooth variations in resistivity with water content
and the latter to account for sharp resistivity gradients due to the
effect of cracks in the resistivity data (Samouélian et al., 2003).
The data sets for each array (Schlumberger and Dipole-dipole)
were first inverted separately using the rapid least-squares inver-
sion routine. The outputs were then combined using the “gen-
cral array” option in the program, and werc inverted as a single
dara set using the robust inversion method. The topography was
incorporated into the inversion scheme by taking x-(clectrode
locations) as true horizonral distances. We used the “finite ele-
ment inethod wich uniform distortion” option in the program
for the topographic modeling (Loke, 2000b; Tong and Yang,
1990). By default, the “general array” option uses an extended
model where the model blocks extend to the edges of the survey
line (Loke, 2000b). The program generated a five-layer model
with a total of 175 blocks arranged in 35 blocks per layer. To
generate an arrangement of the model blocks such that an indi-
vidual block does not have sensitivicy values that are too small,
the option “gencrate model blocks” was used. The final model
sections from the robust inversion were clipped ac the edges how-
ever, to remaove areas still characterized by small sensidivity values
where there were not enough data to represent actual resistivity
variations in the soil. The inverted data were saved in XYZ for-
mats. These contained the coordinates of the model blocks with
the inverted resistivity values as well as absolute errors from the
robust inversion method. Further details of che inversion scheme
arc described by Loke (2000a, 2000b).

Following the data inversion, temperature correction was
performed. For resistivity measurement during a prolonged
period, as in this study. the effect of temperature variation must
be accounted for in the resistivity data. Mceasurements are usually
expressed to a reference temperanure of 25°C (Rein et al,, 2004;
Samouélian et al., 2005). The procedure for temperature cor-
rection in this study follows Rein et al. (2004). Hourly
soil temperature data at the site were obtained from the
USDA database. The data consisted of soil temperature

averaged for 0.015- to 0.085-n1 depth in the soil. We 005
assumed these values are equal to soil temperature ac the
median depth of 0.05 m. Variadions of temperature with 028
depth relative to the 0.05-m depth were then caleulared,
assutning a sinusoidally varying daily soil temperacure, as 045
{Campbell and Norman,1998; Hillel 1998)

T 08s
TE) =T, + T cxp[—;}sin w({—S)—%—‘! [3] E% 055
where T12) is soil temperature at depth z; 7, is the daily
average of soil temperature; 7, is the amplitude (half 108
the difference berween the maximum and minimum) of
the daily soil temperature fluctuations; ¢ is the time of 1.25
obscrvation reckoned from the zero hour of the day: w is

1.45

the angular velocity of card’s rotation (7.3 x 1075 rad/s)
and D = 2//w is the damping depth fot a diurnal wave,
where # is the thermal diffusivity of the soil (obrained
from Campbell and Normaun, 1998). The mean hourly
temperature dara were used to obrain 7 and 7, and
¢ is the time of the day surveys were performed (averaged

for about 2 h). Generally, Eq. [3] allows variation of tem- day.

perature with depth to be predicted without necessarily destroy-
ing the structurce of the soil (Fig. 2). The calculated temperature
values were used to correct the inverted resistiviry values to 25°C
using the equation (Keller and Frischknecht, 1966; Besson et
al., 2004)

e

Do = 7 [1 +0025(T - 25" cj 4]
where the value 0.025 is the temperature coefficient, and p-and
D y5e¢- represent resistivity valucs at temperature 7 and the refer-
ence temperature of 25°C, respectively.

Laboratory Calibration

To calibrate the field results, variations of resistivity with
soil-water content were measured in the labotatory. An impor-
tant issue in laboratory calibrations is that the volume of soil
measured in the laboratory is always small compared with the
volume measured in the field (Zhou et al., 2001; Michot et al.,
2003). Thus, the inevitable buc challenging scale transfer or
muldscale transfer issue remains ac the heart of many hydro-
logic and pedologic studies (Lin, 2003). In our laboratory cali-
bration, we aimed at reducing errors due to: (i} edge effects on
resistivity measurements arising from che finite extent of the soil
samples; (i1} deviation from the assumption of a point source of
current in the operating principles, and electrode sample cou-

pling—these effects are significant and need 1o be accounted for
in data obuined from resistivity surveys with electrode spacings
<1.0 m (Zhdanov and Keller, 1994); and (iii) soil shrinkage with
a decrease in soll moisture, which is an important characteris-
tic of the soil under study (Yule and Ritchie, 1980a, 1980b).
To account for the edge effects, preliminary measurements were
made in a water-filled plastic bucket 30.5 cm in diameter and
15.2 cm deep (this was the anticipated size of the soil samples
to be collected). The conductivity of the water in the bucket
was increased by adding salt and resistivity values were mea-
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Fis. 2. Examples of estimated temperature profiles in the Vertisol that were used
for temperature corrections of the inverted resistivity data. The times indicated on
the plot correspond to the average of the time span of resistivity surveys on each
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sured with the Sting R1 equipment {set up in the manual mode
[Advanced Geosciences, 2000]), and a calibrated YSI Model 30
conductivity meter (YS, Yellow Springs, OH). The water tem-
perature was simultancously measured wich the YSI conductivity
meter. For resistivity measurements with the Sting R1 equip-
ment, a Wenner array with four electrodes spread at 8 cm was
used. This electrode separation incorporated a greater portion
of the water volume in the measurements. The resistiviey meter
has an accuracy of up to 1% (Advanced Geosciences, 2000}, and
by using it for both ficld and laboratory measurements in this
study, systematic errors are presumably reduced in the calibra-
tion resules. The water in the bucket was thoroughly stirred ac
cach stage of the experiment, and thus the niedium was assumed
homogenous. After corrections of readings 1o 25°C using Eq.
[4], the following relationship was established:

pp = 0.6275py — 0.0536 [5]

where p is the presumed true resistivity of the medium as mea-
sured using the YSI conductivity meter and pyy; is the apparent
resistivity value measured using the Wenner array.

Three cylindrical sotl samples were collected from the gilgai
elements {mmicrolow, microhigh, and intermediate microrelief).
The samples were 30.5 cm in diameter and 15.2 cm thick, The
soil samples were inidally soaked in distilled water for 5 d. They
were then drained and four clectrodes spread at 8 cm were inserwed
into the samples (Fig. 3). Then measurements were madce using
Wenner arrays ac different water contents, as the sample dried at
room temperature. The insertion of clectrodes into the soil sam-
ples from the surface and the use of a collinear (Wenner) array in
the laboratory measurements were done to approximate the field
expetriment conditions, and thereby account for deviations from
the assumptions of point source of current and electrode sample
coupling in the resistivity measurements. Also, because of the
relatively large size of the samples, we assumed that the pard-
tioning of the water content was similar to field conditions. The
apparent resistivity values {after temperature corrections) were
converted to true resistivity values using Eq. [5]. To account for
the shrinkage of the soil sample with a decrease in soil moiscure,
sample volume and bulk density were measured at each stage of
the soil drying. The butk density values were then used to obain
corresponding volumetric soil-water content.

Terminals

\\ . Electrodes

Sting resistivity meter

/

Plastic bucket

Parforations o engure uniform
dranage of the soff sample

Fia. 3. Experimental setup for the laboratory measurement of resistivity
variations with soil moisture.

Sail sample

Next, we established a resistivity—soil moisture relationship
for the Vertisol by fiting a modified form of the power-law rela-
don of Yeh et al. (2002) o the laboratory dara. Yeh et al. (2002)
related bulk electrical resistivity to water content for some sandy
soils as follows:

Py = puewm 6]

where py and 8 are bulk soil electrical resistivity and soil mois-
ture, as defined previously, py, is a ficting parameter chat is relared
1o the electrical resistivity of pore water, and w7 is 2 dimensionless
constant. In establishing a fit to our Izboratory data, we made 8
the dependent variable. This power-law relation eliminates the
required and often ill-posed problem of estimating the petro-
physical parameters in using Eq. [2] for estimating soil moisture
from resistivity data {Zhou ec al., 2001}, Detailed discussion of
the validity of this approach has been presented by Yeh et al.
(2002} and Liu and Yeh (2004}, Similar approaches have been
used by other rescarchers in similar studics (Walker and Houser,
2002; Hymer ec al., 2000; Amer et al,, 1994).

Results

Resistivity—Soil Moisture Relationship

Figure 4 shows the resistivity-soil moisture characteristics of
the soil samples obtained from the laboratory calibration, and a
general curve fitted to the data. Generally, at high water content
(>0.5 m¥m?), large changes in soil moisture cause small changes
in resistivity, whercas at the other extreme (soil moisture <0.18
m>fm?), small changes in soil moisture result in large changes in
resistivity values. At intermediate soil moisture values, resistiv-
ity decreases proportionately with a decrease in soil moisture.
It should be noted, however, that the lowest soil moisture value
determined was 0.13 m*/in’. Below this value, the soil cracked
continuously and eventually crumbled, such that no current
could be injected into the soil samples.

Furcher analysis of Fig. 4 shows thar the general trend of
resistivity and soil moisture variations, especially at higher water
content, differs by position within the microrelief. For the same
soil moisture values, resistivity values are highest for the micro-
high soil sample and lowest for the soil sample collected from
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Fia. 4. Soil moisture-resistivity characteristics of the Texas Vertisol.
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the microlow. The values for the intermediate microrelief soil
lie mosty berween these two extremes. For example, at a soil
moiscure of 0.5 m3/m3, resistivity is 6 -m for microlow, 7 Q-m
for intermediate, and 10 -m for microhigh soil samples. The
general curve htied to the data (Fig, 4) is expressed as

6=6.0145p, ¥ +0.12 [7]

where the constants in the cquation were chosen to optimize the
fit in a lcast-squarce sensc. The first term on the right-hand side
is equivalenc to the term in Eq. [6]. The added valuc of 0.12 was
used o establish a better fit to the data, We achieved an overall
root mean square error of 6.18%.

Field Rainfall Data

Figure 5 shows the rainfall distribution during the period
of study. The month of May 2005 was characterized by 8 d of
rainfall, with a mean monchly value of 3.33 mm. In June and
July 2005, there was cessation in rainfall, which resulted in mean
values of 0.43 and 0.9 mm, respectively, for the months. The
wettest month during the period of study was August 2005, with
average rainfall of 8 mm, From September to December 2005,
the average monthly rainfall was mosdy <1.0 mm, the lowest
monthly average of 0.08 mm being recorded in November 2005,
From 22 Jan. 2006, the average monthly rainfall started to tise
again. Throughout this study, the depths to the water wble were
>0 m.

Resistivity-Derived Soil moisture Sections

Figures 0,7, and 8 show representative soil moisture sections
inferred from corresponding resistivity profiles. In deriving the
soil moisture values, the temperature-corrected resistivity values
of the inverted model blocks were substituted for py, in Eq. {7].
Thus, the soil moisture sections are shaped after the geomeuy
of the inverted resistivity models (Michot et al., 2003). The lat-
eral extent and boundarics of the gilgai clements are shown on
the sections. As reported by Zhou ev al. (2001), these sections
are indicative of relatve variadions in soil mois-

Aug. 2005 10 22 Jan, 2006, when the average monthly rainfall
decreased considerably, corresponds to the drying cvele. The var-
ious intervals are indicated in Fig. 5. For the sake of comparison,
the resistivity scales as well as absolute errors of daca inversion are
shown in the sections. Generally, the sections obtained during
the wetting cycle are characterized by relatively smuall absolute
errors ranging from 1.9% for the section collected on 1 May
2005 (Fig. 6a) to a value of 5.7% for the data collected on 20
July 2005 (Fig. 6f}). The errors for the data collected during che
drying period were higher, the highest value of 6.9% being from
the data collected on 28 Oct. 2005 (Fig. 7¢). ltis evident chat for
the latter, the higher crror values are due, in part, to high contact
resistance and the presence of cracks in the soil.

Welting Cycle 1 (Late Spring and Summer 2005}

Figure 6 displays the representadve apparent soil meis-
ture~inverted resistivity sections collected in the Vertisol during
a wetting cycle in the late spring and summer of 2005, Figure
6a shows that, for the profile collected on 1 May 2005, follow-
ing a cumulative rainfall of 14.73 mm in April (as inferred from
rainfall records preceding chis study), apparent soil moisaure
values vary from about 0.25 o about 0.45 m¥/m? from 0- o
about 0.5-m depth, and there is spatial variation in apparent
soil moisture underncath each of the microrelicf clements in chis
zone. Underlying this layer is a relatively saturated Jayer wich
apparent soil moisture mostly greater than about 0.45 m3/m?,
which extends from about 0.5- to 1.1-m depths. Below abour
1.1-m depths, apparent soi} moisture varies from about 0.25 o
about 0.45 m3/m?. These apparent soil moisture-layer relation-
ships are also obscrvable in the profile collected on 24 May 2005
{Fig. 6b), but with pronounced development of isolated spots of
lower appareat soil moisture {less than about 0.25 m*/m?) ac,
for example, positions of 5, 8, and 12 m along the profile, in the
upper layer. This is indicative of localized drying as a resule of no
rainfall in the 10-d period before the survey (Fig. 5). Localized
lower apparent soil moisture zones are also observable at posi-

ture rather than absolute values. Hence, they are 1%0 9
hereafter referred co as apparent soil moisture sec- 160 Wetting cycle 1 Drying cycle Wetting cycle2 | g
tons. These apparent soil moisture sectons are 8
divided into three groups and are arranged in 10 A 7 =2
the order in which individual field surveys were g 10 " ¢ _;:.,
performed. Fach group corresponds to a wetting :_E, 100 B
or drying cycle in the soil. The wetting cycde  ® g0 Ha €
cortesponds to intervals of time on the scale £ 60 | ey Ma- .=
of months, in which there was a net increase & o st | koo | Ao 2
in the apparent soil moisture. Conversely, dur- 4{? , .(J]Lél- Sop- gscl ) (f Of 0’6 2
ing the drying cycle, there was a net decrease in 20 ' o5 f 1 0% . | pow LEe l I l i !
the apparent soil moisture actoss the same time o Ll * d | SIS —
scale. Both cycles are characterized by muldple & 8 ¢ g & g é £ & & £ &
short-term, wetting and drying events on the f ;" L S
seale of days. 5B F B g § LR g E§E

There are two wetting cycles correspond- Daes
ing w the time intervals from 1 May o 16
Aug, 2005, and from 22 Jan. 1o 22 Apr. 20006, — Dady cainfal
when the average monthly rainfall was relatively S Mean maonthly values

high. They arc designated as Werring Cycles 1

and 2, respectively. The time incerval from 16

Fia. 5. Rainfall distribution during the periad of study. The intervals corresponding to the
wetting and drying cycles in the soil are indicated in the figure.

www.vadosezonejournal.org - Vol. 6, No. 3, August 2007 516


www.vadosezonejournal.org�VoI.6.No

tions 4 and 8 m along the profile, in the lower layer (below
about 1.0-m depth).

In the dime inwrval between 9 and 27 May 2005, there
were no significant rain events {excepr for a rain event of 2.03
mo on 14 May 2005; Fig. 5% this led to development of the
first set of cracks in the Vertisol. The locations of these cracks
were confirmed by visual inspection on 25 May 2005, Figure
6c shows the inverted resistivity—apparent soil moisture see-
tion for the profile collecred on 29 May 2005 following a rain-
fall of 39.9 mm on 28 May 2005. The upper 0.2 m, and the
depth intervals berween abour 0.6 and abour 1.1 m of the sail
are characterized by apparent soil moisture values greater than
about 0.5 m3/m3, whereas apparent soil moisture variations in
the depth intervals between about 0.2 and abour 1.5 m, and
scctions of the soil at depths in excess of abowt 1.1 m, range
from about 9.45 o about 8.3 m¥m?. In addition, traces of
isolated low apparent soil moisture spots can be noted in the
upper laver, with preferential saturation of the regions immedi-
ately underlying cach spot {corresponding to the points marked
“P™). The apparent soil moisture variations in Fig. 6d (the pro-
file collected on 15 June 2005} are similar ro those of Fig. 6c,
but, because there was no rainfall from 4 to 15 June 2005 (Fig.
5}, the thin. relatively saturated layer in the upper 0.2 m in Fig.
6 is no longer visible in Fig, 6d. For the profile collected on 22
June 2006 (Fig. 6e), the pattern of apparent soil moisture varia-
tions is similar to those of Fig, 6a and 6h, but, due to further
cessation of rainfall in this peried (Fig. 3), theve are relatively
low apparent soil moisture values for the respective seciions of
the soil. For example, apparent soil moisture valnes are mostly
less than about 0.25 m¥/m? in the upper 0.5 m and there is
development of isolated Jow apparent soil moisture spots at,
for example, positions 3.5 and 8 m along the profile. Similarly,
because the average minfall berween 22 June 2005 and 20
July 2005 was only 0.86 mm, there is a relatively Jow value of
apparent soil moisture for the respective sectiens of the soil in
lig. of {the profile callected on 22 July 2003}, when compared
with Fig. 6e. The isolated low apparent soil moisture spots in
the upper layer of the soil are more developed and the relatively
satrated middle layer is less continuous. Figure 6g shows the
apparent soil moisture section for the profile collected on 16
Aug. 2005 following the peak rainfall event on 18 Aug. 2005
{Fig. 5). This scetion reflects a relatively complete sawurarion
of the soil by a cumulative rainfall (from a previous survey) of
212 mm (Fig. 5). As shown in Fig. 6g, apparenr soil moisture
is mostly greater than about 0.45 m¥/m? in the cntire section,
except for the portions at depths below 1.1 m, where apparent
soil moisture is less than about 0.45 m¥/m?.

Drying Cycle (Fall and Winter 2005-2006)

The representative apparent soil moisture—inverted resis-
ttvity sections collected during the drying cycle are shown in
Fig. 7. The figure shows depletinn in apparent soil moisture,
which was inidally gradual (Fig. 7a—) and later became rapid
(Fig. 7d-g), after a relagively complete saturation of the soil
{Fig. 6g). Because of lack of rainfall between 16 and 27 Aug.
2005 (Fig. 5), apparent soil moisture values in the section col-
lected on 27 Aug. 2005 are mostly less than about 0.3 m¥/m?3
in rthe upper 0.5 m of the soil in Fig, 7a. There is a reladve
saturation of the middle layer {about 0.5- o 1.1-m depths),
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however, with apparent soil moisture greater than about 0.45
m3/m3. At depths >1.1 m in the soil, there is spacial lateral
variation in apparent soil moisture but with values mosiy
less than about 0.3 m*/m>. Similar variations in apparent
soil moisture are observed in Fig. 7b {the profile collected on
9 Sept. 2005) and Fig. 7¢ (the profile collected on 17 Sept.
2005) bur with relatively tow apparent soil moisture values
for the respective sections of the soil. Due to a cumulative
rainfall of 21 mm in the interval, however, the isolated low
apparent soil moisture spots in the upper layer are less visible
in Fig. 7¢ than in Fig. 7b.

The interval from 17 Sept. to 8 Ocr, 2005 was char-
acterized by lack of rainfalt (Fig. 5). In Fig. 7d (the 8 Oct.
2005 profile), the upper 0.4 m of the soil is dry, with appar-
ent soil moisture values of less than abeut 0.2 m3m?. In
the middle layer, the regions underncath the microlows are
of higher apparent sail mobsture (grearer than abour 0.33
m3/m?} than the regions underneath microhighs (moscly
less than abour 0.25 m3/m?). At depths in excess of about
1.0 m in the soil, there is spatial variation in apparent soil
moisture, with values mostly less than about 0.3 mY/m’.
Similar appareot soil moisture variation is observed on other
profiles collecred during this period (Fig. Te~g), but because
the lowest average monthly rainfall was in this period {Fig.
5}, there are lower values of apparent soil moisture and more
pronounced development of the isolated low apparent soil
moisture (high-resistivity) spots, in the subsequent sections.

Wetling Cycle 2 (Winter and Spring 2008)

Figure 8 shows the tepresentative appacent soil mois-
rure~inverted resistivity sections collected following resump-
tion of rainfall events after intense drying of the Verusol. In
Fig. 8a (apparent soil moisture section collected on 24 Jan,
2000), the soil is relatively dry. In comparison with Fig. 7g
{apparent soil moisture section collected on 29 Dec. 2005),
however, apparent seil moisture values are reatively high in
the corresponding portions of the soil due tw cumulative
rainfall of 11.43 mum in the interval berween the owo field
surveys. As a consequence, the isolated low apparenc soil
moisture regions in the upper layer are less visible in Fig. 8a
than in Fig. 7g.

Figure 8b shows the profile collected on 4 Feb. 2006 fol-
lowing a cumulative rainfall of 70 mm (Fig. 51 12 d from che
previous survey on 24 Jan. 2006 (Fig. 8a). There is relative
saturation of the upper 0.3 m of the soil, with the inferred
apparent water-content values greater than about 0.45 m?¥/
m?; however, isolated spots of near-zero apparent soil mois-
m along the profile in the

—=

rure, especially at the position 7
upper layer, could sull be ohserved. The ower portions at
depths below about 0.4 m are charactetized by apparent
sail moisture mostly loss than abourt 0.45 m¥/m3. With an
increase in cumulative rainfall {(Fig. 5), progressive mave-
ment of the wetting front down to deeper seetians of the soil
could be observed on subsequent sections {Fig. 8¢-8t). Also,
relices of the isolated low apparent seil moisture spots are
visible in the upper 0.4 m of the soil.
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Data Evaluation

Figure 9 shows comparisons of the resistivity-
derived apparent soil moisture values for the 23 Mar.
20006 survey (Fig. 8¢) to the results of auger sampling.
The appatent soil moisture values were extracted from
verdcal variations of apparent soil moisture at 8- and
10.5-m positions along the profile (Fig. 8c¢), which are
the closest points to the microhigh and the microlow
auger sampling poings, respectively (Fig. 1). Also, in
computing the volumetric moisture from gravimetric
values obtained for the auger samples, we used soil bulk
density values ranging from 1.2 g/cm? ac the surface,
which was at higher moisture content at the time of
sampling, to 1.5 g/an® ac depth (Coulombe et al.,
1996; Plant, 2000). The various data were then inter-
polated so that results could be compated for the same
depths. As shown in Tig. 9a, for the measurements
taken within the microhigh, the resistivity-derived
apparent soil moisture values are lower than soil mois-
ture values derived from auger sampling by an average
of about 169 in the upper 0.2 m of the soil. From
0.2- to about 0.6-m depth, the apparent soil moisture
values are greater than soil moisture derived from auger
sampling by about 22%. Below 0.6-m depth. the rela-
tionship is essentially the same as in the upper 0.2 m
but with an average difference of about 19%. For the
sampling within the microlow (Fig. 8b), the apparent
soil moisture values are highest in che upper 1.0 m by
an average of about 17%, whereas at greater depths, the
values are lower than soil moisture obrained from auger
sampling by abour 14%.

Discussion

Soil Moisture~Resistivity Characteristics of the
Vertiso!l and Data Evaluation

“The resistivity=soil moisture relationships for the
Vertisol obtained from laboratory measurements {Fig.
4) follow the trend for clay soils (McCarter, 1984;
Samoutlian et al., 2005). At high soil moisture, it is
probable that current conduction is mainly through the
pore water, whereas current conduction along the grain
surfaces probably predominates at low water content in
the Vertisol. At the intermediate soil moisture values,
the proportionate decrease in resistivity witch soil mois-
ture shows resultant effects of conductivity due to the
pore water in the conduits and the matrix conductiv-
ity along grain surfaces. In Eq. {71, the value of 0.12
added to the optimization scheme probably denotes
the effects of current conduction along the grain sur-
faces analogous, but not necessarily equal, to the effects
of 1/p, in Eq. [2]. This value may be equivalent to the
water content near which it is impossible {or at least
difficult) to inject current to estimate soil moisture
the Vertisol using the approach presented in chis study.
Presumably, near this value in the apparent soil mois-
wre sections (Fig. 6, 7, and 8), the inferred soil mois-
ture is influenced primarily by cracks in the soil.
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The wrends in soil moisture from data evaluation in Fig. 9
indicate that, for the most part, the values of the resistiviry-mea-
sured apparent soil moisture are greater than soil moisture values
derived from auger sampling at relatively high water content,
whereas at relatively low water content, the values are smaller.
The exception is shown in Fig. 9a, where apparent soil mois-
ture values are lower than soil moisture derived from the auger
sampling at relatively high water content in the upper 0.2 m of
the soil. The difference berween the apparent soil moisture and
soil moisture derived from auger sampling may be due to close-
interval variability in physical and chemical properties of the soil
(Wilding et al., 1991; Akbar et al., 2004), and the fact that the
resistivity measurements were calibrated according to the surface
soil, wheteas soil profiles in Vertisols are known to change sig-
nificantly in pedological properties with depth (Wilding et al.,
1991; Nordt et al., 2004). The relatively low value of the resis-
dvity-derived apparent soil moisture in the upper 0.2 m in Fig.
9a may be due to the effect of a probable crack around rhe 8-m
position along the profile (Fig. 8¢). Additional difference may,
however, be due to ambiguity implicit in the two-dimensional
approximation of three-dimensional How of current in the resis-
tivity survey, as well as artifacts in the resistivity daca inversion
scheme (Zhou et al,, 2001). Nevercheless, because the general
trends of the apparent soil moisture followed, to some extent,
the soil moisture measured by the auger sampling (especially
as shown in Fig. 9b), we conclude that the resistivity-derived
apparent soil moisture data are valid for characterization of sea-
sonal wetting and drying of this Vertisol, which was the main
objective of this study.

Characterization of Seasonal Wetting and Drying

The geoclectric study of seasonal wetting and drying of this
Texas Vertisol revealed the spatiotemporal pattern of soil-water
variations in the soil. The wetting and drying of the Vertisol cor-
relate with rainfall distribution in the area (Fig. 5) and are influ-
enced by cracking and microrelief variability. As shown in Fig. 6,
the upper 1.4 m of the soil can be divided into three soil moisture
regimes: an upper zone (from 0- to about 0.5-m depth), which is
of relatively low soil moisture; a middle zone (from about 0.5- to
about 1.1-m depth), which is relatively saturated; and the lower
zone (below about 1.1-m depth), which is relatively less saturated
than the middle layer. The upper layer is the interface between
the atmosphere and the decper sections and, as expected, is the
most dynamic wirh regard to wetting and drying in the Vertisol.
The saturation of the middle layer appears to be enhanced by
bypass flow into the decper sections of the soil. For example,
as can be inferred from Fig. 6¢, the portions of soil presumably
underneath the cracks (localized spots of high resistivity and low
apparent soil moisture) are preferentially saturated relative to
other arcas in the Vertisol. According to Lin et al. {1997), bypass
flow through cracks may constitute an important mechanism
that may lead to rapid transport of contaminants to groundwa-
ter. Also, according to Allen ct al. (2003}, rapid recharge in the
study area is related o bypass flow. Even when the soil surface
approaches ficld capacity, the remaining cracks are sufficient to
support flow rates of 2.5 am/d around the soil structural units
(Allen et al., 2005; Ritchie e al., 1972). [t can also be inferred
that the more intense the rainfall, the greater the preferential
flow process in the Vertisol. For example, the relatively complete
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saturation of the soil as shown in Fig. 6g is enhanced by the rain-
fall cvents. Following these events, lateral infileration probably
proceeds at the same rate as vertical movement of water in the
soil (Favre et al., 1997). The low hydrautic conductivity of the
soil, however, ensures that the lower portion below about 1.2-m
depth is still relatively less saturated. In addition, it appears that
the localized low apparent soil moisture spots extend to the soil
surface in the prohles collected following localized drying as a
result of cessation of rainfall (Fig. 6b), whereas following rainfall
events, they appear closed at the surface with their traces visible
ac depth in the section (Fig. 6¢). Thus, in accordance with che
work of Favre et al. (1997), crack closure starts from the soil
surface and progresses downward in the soil.

This study also shows that microrelief features exercise a sig-
nificant control on seasonal variations in soil moisture regimes in
the Vertisol. By comparing variacions in apparent soil moisture
in the various profiles, it can be observed that more moisture
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is retained underneath microlows than underneath microhighs
throughout the wetting and drving cyeles. The relative satura-
don of the microlows, especially during the wetting cycle, might
be due to the fact that much of the rainfall falling on the micro-
highs runs off into the microlows (Newman, 1986). This is sup-
ported by our field observation that more vegetation was pro-
duced in the microlows than on the microhighs. In addition,
the soils bencath microlows have been known ro have higher
organic content than those underneath the microhighs (Wilding
etal,, 1991; Nordt et al., 2004). An implication of this result is
that, in a rypical farming season, assuming other effects are neg-
ligible, crops planted on microlows will give higher vield than
those planted on microhighs because of differential availabilicy
of water (Wilding et al., 1991) and, by implication, nutriens
(Rodriguez-lrurbe, 2000) to the plants. Thus, a consideration
of the hydrologic effects of gilgai microrelief is importanr for
optimal agricultural management of Vertisols.

The profiles collected during the drying cycle (Fig. 7) and
the beginning of the wetting cycle (Fig. 8a) illustrare cracking
patterns in the soil. Although crack geomety and depth cannot
be determined precisely from two-dimensional resisdvity sec-
tions and inversion schemes based on regularized mesh such as
RES2DINV {Samouélian et al,, 2003), che distribution of cracks
within the upper layer and duration of cracking can be inferred
from the apparent soil moisture-inverted resistivity sections.
This is particularly important in developing better classification
schemes for Vertisols {(Wilding et al., 1991; Dudal and Eswaran,
1988; Newman, 1986). As mentioned above, the localized near-
zero soil moisture (high-resistivity) spots are interpreted as cor-
responding to cracks in the upper layer. Tt can be noted from the
sections that more cracks are concentrated on the microhighs
and intermediate porcions of the soil than in the microlows.
This may be correlated 1o microclimatic variability berween the
microhigh and microlow fearures. According to Newman (1986),
microhighs and microlows control surface water flow in the same
way as larger topographic features. Hence, it 1s natural that the
soil bencath the microhighs would be drier and more intensely
cracked than that beneath the microlows. Further analysis of the
sections shows that cracks (especially those around distances of
8 and 12 m) opened between 8 Oct. 2005 (Fig. 7d) and 24 Jan.
2006 (Fig. 8a). This is consisrent with the classification (NRCS,
2001; Soil Survey Staff, 1999) of the Vertisol under study as
belonging to udic—ustic soil moisture regime. This classification
requires, in part, that cracks be opened from 90 to 150 cumula-
tive days in most years (Dudal and Eswaran, 1988).

Moreover, it can be inferred from Fig. 8 that rewetding of
the Verusol after intense drying is, among other factors, a func-
tion of the amount of rainfall and antecedent moisture content.
For example, in Fig. 8b, due to the low antecedent moisture con-
tent, the added moisture was absorbed in the upper portions of
the soil and, due to the relatively small amount of rainfall, bypass
fow was not noticeable underneath the cracks. This is especially
true for the apparent crack shown at position of 7.5 m along the
profile. Additional rainfall events led to further saturation of the
soil, with the cracks being less visible on subsequent secrions,
In addition, the observed movement of the wetting front into
the deeper sections with cumulative rainfall shows thac the dara
from this study can be used for calculadng soil moisture flux and
fiow gradient, which may be important in studying contaminant

hydrology of the soil. Additional studies are required, however,
to verify this assertion.

This study has shown thar electrical resistiviry techniques
can be effective methods of characterizing hydrological proper-
ties and processes in Vertisols. Unlike convenrional methods of
soil moisrure measurements, the techniques allow cracks and
gilgai microrclief features to be incorporated into soil moisture
profiles. For resistivity methods to evolve as a tool for rourine
hydrologic studies of Vertisols, however, improvements in survey
designs and daca inversion schemes are needed. Further work is
recommended in the study area with three-dimensional imag-
ing and tme-lapse techniques. It would also be of interest to
test other clectrode configurations such as square arrays in the
laboratory and field measurements, Finally, we did not observe
movement of clectrodes left in the ground during the field sur-
veys, and they were not observed to have induced cracking in the
soil. This might have been duc to relatively low lateral flow prop-
erty of the soil (Allen et al., 2005), which may not be applicable
to other Vertisols. Thus, turther studies are recommended to
investigate if techniques and phenomena reported in this study
can be considered applicable o all Vertisols,

Conclusions

In this study, field and laboratory electrical resistivity mea-
surements were used to characterize scasonal wetting and drying
of a Texas Vertisol. Laboratory measurements were used to gen-
erate soil moisture—resistivity relarionships and to calibrate dara
from two-dimensional resistivity monitoring of spatiotemporal
soil moisture variations in the Vertisol during a period of 1 yr.
Both laborarory and field resistivity data were corrected for the
effect of temperature variations. The results of resistivity mea-
surements are correlated to the results of soil moisture measure-
ments with auger sampling. The resules show chat che upper 1.4
m of the Vertisol can be divided into three soil moisture regimes:
an upper zone {from 0- to about 0.5-m depth), which is the
most dynamic with regard to wetdng and drying in the soil; a
middle zone (from about 0.5- w about 1.1-m depths), which is
relatively saturated during periods of substantial rainfall when
the soil is wet; and a lower zone (below about 1.1-m depth),
which is relatively less saturated than the middle layer. The satu-
ration of the middle layer appears to be enhanced by preferential
flow through cracks into the soil. It is apparent from the resistiv-
ity-apparent soil moisture sections that most cracks terminate
at depths in this layer. Morcover, the microrelief topography
exercises a significant control on spatial and wmporal variations
in soil moisture in thac the microhighs dry out faster than the
microlows. This study should be of relevance for better agricul-
tural management of Verrisols.
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