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Geoelectric Studies of Seasonal Wetting and 
Drying of a Texas Vertisol 

Sikiru A. Amidu* and John A. Dunbar 

Vertisols are comple.x soil, with high cby content (>30%), high .shrink-swell potemia!, and microrelief features known as gil
gtli. \i7c applied fidd and laboratury dl'ctriGtl.rc~isth·ity mc;t'lJrcmcIlts to characccriu: s('asollal wetting and drying of a Texas 

VertisoL and (0 quamif)' the elt;:cts ofgilgai and cracks on seasonal hydrodynamics of the soiL Thi ny·two muhielectrode resis
tivity.profiling linc. were mllccrcd along the same profile from I l\1ay 2005 (0 22 Apr. 2006, using combined dipole•.dipole 

and Schlumhcrgcr electrode conhgmJtions. Til,' pmliles were 17.5 111 long and inrcrsecttd two sets of mkrolows and micro
highs of the gilga;. The resistivity dam were inverted using the RES1D!NV program and the ;m'erred dlla were corrected for 

tempcramre. 'W'e m.:.asurcd variarions of resisriviry wirh soilmoisruR' in th" laboratory and rhe resulrs were llsed (Q calibrJte rhe 
field data. To enluare rhe resistivity results, in sitll mCJ.mrements of soil moisture Wcre made using auger sampling. During the 

wc[(ing three dmincT soil moisture Were rcrognized in the upper 1,4 m of the Vcnisul: all upper Wne (O-O.5-m 

deprh), which is the mosr dynamic with regard to wetting and drying; a middle Wne (0.5~·I.1 m), which is rdatively saturared 

and !.:ss dynamic; and a lower wile (bdow 1.1 m), which is rdarively less s,1.turared compared wilh the middle layer. The samra

rion of the middle layer appeJrs to be enharked by preferential flow rhmugh cracks. AI.,o, the microrelief wpography exercises a 

control on spanorcmporal variations in soil moisrure in that the microhighs dry fasrer dun rhe microlows. 

Accurate knowledge of seasonal wetting and drying of expan~ 
sive day soils sHch as Vertisols is important in understanding 

the mechanisms of shrinking and swelling and choosing the best 
agricultural and management practices [or long-rcrm sustain
ability of the soils. Vertisols cover about 308 million ha glob
ally and 12 million ha in 25 srares of the USA (Coulombe et 
al., 1996). In 'iexas, rhey cover about 6.5 million ha (Coulombe 

et aI., 1996), Vertisols arc characterized b}' high day content 
(>30%) and a high shrink·swell porential. Their .shrink-swell 
characceristics rise [() microwpographic expression of sub
surface soil dynamics known as gi<'1;ai and deep cracks that may 
extend> I m. Gilgai consists of a series of microhighs that arc 
the higher parts of the microrelief, depressions or microlow.s that 
are the lower parrs of thc microrelief, and shelves that arc pla
nar or subplanar arcas mtermediate in e1cV<ltion between the two 
other elemel1[s (Coulombe ct aI., 1996). Although these features 
form naturally in Vettisuls over decades (Merl1lu( et aI., 1996), 
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the exact mechanism hy which they form is not well understood 
(Gustavson, 1975; Wilding and 1i:ssier, 1988). Once developed, 
individual microhigh and microlow features may be m wide 
dnd rhe e1cvation differcnce between adjacent peaks and trollghs 

may be >0.3 m. [r is known empirically that gilgai strongly inAu
ellces the spatial pattern of water infiltration and soil moisrurc in 
Vertisols. For example, differences in plant growth in sume cercal 
crops have been correlated to different gilgai element:S (\X/ilding 
et aI., 1991). 

Soil moisture regimes in Vertisols arc also influenced by 
deep cracks in the soils. In the U,S. Soil Taxonomy, the criteria 
used to divide Vertisols according to udic and udic-llstic soil 
moisture are (he duration and pattern of soil 
(Dudal and Eswaran, 1988). The descriptiollS of cracking pat
terns as contained in these criteria are subjective, hmvever, and 

the extent to which they reflect the climatic conditions under 
which Vertisols occur and which land management and utiliza

tion decisions are made is not clear (Dudal and Eswaran, 198B). 

Among idemified acUte areas of needed Verrisol research arc veri
fication of cracking paHerns and cracking depths as a function 
ofseasonal soil moisture betwecn microhigh and microlow gilgai 
elements (Wilding er aL, 1991; Newman, 1986). 

Many recent studies of Vertisols have becn performed in an 
attempt to undersrand soil moisture dynamics in these soils (e.g., 
Favre et aL, 1997; Lin e( aI., 1997, 1998). There is no general 
agreement among the researchers, however, 011 concepts such 
as seasonal warer fluxes, seasonal cracking patterns and their 
duration, and closure of cracks in response to soil ·wetring. r;or 
example, Favre et aL (1997) observed that on some cracked plots 
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in a Vertisol of surhce irrigation and simulated rainfall 
resulted in crack closure within 4.5 h. They concluded that for 
the Vertisol.ltudicd, bypass flow through cracks would have little 
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 (prcfercmia\) 
flow through macropores is an important process in [he 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 rhe soil surface Bouma and Loveday, 1988). 

I n general, characrerizing soil moisture in Vertisols is an 
unfinished challenge (Wilding and Puelltes, 1988). Precise char
acterization of soil moisture in Vertisols requires noninvasive 
[wo-dimensional (and three-dimensional) high-resolutioll 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 poim and are destructive, 
making it difficult to carry out rcpeated measurements at the 
same locations. Geophysical methods otter a potencial alternative 
that gives good spatial coverage but lower resolution. Ground 
penetrating radar is not applicable in this case, however, because 
high conductiviry of soils limits signal penetration (Davis 
and Annan, 1989). 

Electrical resistivity techniques are noninvasive and empiri
cal relationships exist between resistivity and soil moisture 
for clay soils (Bussian, 1983; Frohlich and Parke, 1989). The 
techniques have been used in identifjring subsurface structures 
(Griffith and Barker, 1993) and in mapping soil strllCture hori
zonation (Tabbagh e[ aI., 20(0) and soil pollution (Halvorson 
and Rhoades, 1976; Amidu and Olayinka, 2006). Micllor et al. 
(2003) used the method ill precision agriculture for moniror
ing water uptake by plants, whereas Besson et al. (2004) used 
the method to investigate the effects of tillage on soil 
properties. Recently, Samoui'lian et a!. (2003) discmsed 
the potential for use of the method for characterizing 
cracks in soils. Also, because of the sensitivity of electri
cal resistivity to soil moistute, Hagrey and Michaelsen 
(1999), Zhou et al. (2001), and Garambois et aL (2002), 
amung others, have characterized soil hydrology using 
these techniques. 

Jn this study, we applied field and laboratory electri
cal resistivity measurements to characterize the seasonal 
wetting and drying of a Texas Vcrrisol and to quantify 
the eHecrs ofgilgai and cracks on soil moisture variations 
in the soil. We carried our laboratory measurements on 
soil samples and used the results to calibrate data from 
field two-dimensional resistivity surveying during wet
ting and drying in the Vertisol. We evaluated [he 
results of resistivity measurements by comparing with 
the n:sulrs of soil moisture measurements by auger sam
pling. Finally, we related our results to in situ wetring 
and drying properties of the Texas Verrisol. 

Materials and Methods 

Site Description 

The field site for this study is located at the USDA 
Grassland Soil and Water Research Station, lll~ar Riesel, 

TX (Fig. 1). The area is underlain by marls and chalk, belonging 
to the Taylor Group of the Gulfian series of the Cretaceous sys
tem (Soil Conservatioll Service, 1942). These chalks and marls 
weather easily to develop soils [hat strongly reflect the character 
of the geologic material from which they arc formed. The field 
site is on Houston Black soil within the research station (Fig. 1). 
In this area, Houstoll Black soils are classified as fine, montmo
rillonitic, thermic Udic-Ustic Haplusrerts (Natural Resources 
Conservation Service, 2001; Soil Survey Staff, 1999). These 
soils exhibit strong shrink-swell porential, and microrelief gilgai 
feamres arc well developed. Typical elevation ditTerence between 
peaks and troughs of adjacent microlows and microhighs ranges 
from 10 to 30 cm, with horizontal spacing of 2 to 5 m. The 
landscape is characterized by gently rolling slopes from 
1 to 3% and soil thickness ranging from 1 ro 3 m (Allen et aI., 
2005). The annual average precipitation is 787. 4 mm and the 
temperature ranges from a mean minimum of 2.2°C in J~nuary 
to a mean maximum of 36.1 DC in July. 

Theoretical Concepts 

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

[1 J 

where (J, In, and n arc petrophysical constams that arc charac
teristic of the porous medium, is the resistivity of the POfOUS 

medium, Pw is the pore-ware I' <D is the porosity, and S 
is saturation, which is the tatio of the water content and poros
ity. 

N 
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*6 
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FIG. 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, MI =intermediate microrelief). The electrodes 
are numbered 1 to 36. 

www.vadosezonejournal.org·VoI.6.No. 3, August 2007 51 

www.vadosezonejournal.org�VoI.6.No


Archie's law assumes that all current is conducted through 
the pore fluid, and grain and air-filled pores are insulators. in 
clay soils, however, the effects on bulk resistiviry of conduction 
of current along the grain surface of soil have been recognized 
(Urish, 1981; Taylor and Barker, 2(06). To aCCOUll[ for the 
effects of grain surface conduction, Archie's (I942) model has 
been modified [0 yield parallel-resis[Or models to dcscribe the 
soil matcrial-resistivity system for clay soils. A simplified form of 
these models is given by (Frohlich and Parke, 1989): 

(pINJ"
--+ 

Pb apw p, 

where Pb is the soil bulk resistivity and P" which represents the 
effects of grain surface conduction, is the resistiviry of the grain 
matrix surfaces. From Eq. [2], it is observed that at high satura
tion, pore-water resistivity contribu tes more to the overall bulk 
resistivity, whereas grain surface conduction becomes imporrant 
as saturation and grain size decrease. At any soil moisture con
tent, however, the two parameters contribute to the overall bulk 
resistiviry of the soiL Also, at different degrees of saturation (5), 

measurements of PI, incorporate other parameters (soil-water 
resistiviry, porosiry, and surface conduction) ltl tbe equa
tion; however, these other parameters arc rdatively constant dur
ing a wetting and drying cycle, Thus, in theory, measurement of 
Pb at different values of S can be used to characterize temporal 
variability in soil-water content, 

Electrical resistiviry techniques are based on the assumption 
that the subsurface is a continuum-a closely connected metric 
space (Loke, 2000a). Variation in soil moisture is charaw:rized 
by relatively smooth variations in resistiviry on the inverred resis
tiviry sections (Zhou et at., 20(1), On the other hand, cracks 
in soils (which are normally filled with air) represent resistant 
structures in terms of electrical prospecting (Samouelian et aI., 
2(03). TIK')' act as small regions wirhin the soil in which values 
of S and lips 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 ofPb in the soil. In this 
srudy, following Sarnouelian et at. (2003), cracks in the Vertisol 
arc identified as isolated spots of high-resistivity values on the 
inverted resistivity sections and of near-zero soil moistllre values 
on the corresponding soil moisture sections. 

Field Surveys 

Multielectrode resistlviry surveys were performed in the 
study area from 1 May 2005 to 22 Apr. 2006, using a Sting RII 
Swift resistivity system (Advanced Geosciences, Austin, TX). The 
system consists of a portable earth resistiviry meter with a Swift 
control unit and smart electrodes for total amomation of the 
measurement sequence for the array of electrodes. For this study, 
there were six cables each wi th two electrode 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 at a minimum dipole 
and electrode spacing of 0.5 m, The dipole-dipole array has low 
electromagnetic coupling between the potential and current cir
cuits and is most sensitive to horizontal changes in resistiviry, 
whereas the Schlumberger with Wenner) array IS most 

sensitive to vertical changes in resistivity (Loke, 2000a; Furman 
et aI., 2003; Dahlin and Zhou, 2004). With this combined-array 
technique, we hypothesized that vertical and horizontal changes 
in resistivity would be optimally resolved. The resistiviry system 
also has an algorithm for carrying out 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
iry, We used four-cycle stacking and set the standard error of 
measurements to sq'o in the instrument. \'V'ith this setting, eaeb 
measurement was repeated four times and readings that did not 
agree to within 5% were rejected. 

A total of 32 profiles was collected during the study period. 
The resistivity profiles were 17.5 m long and intersected two 
sets of microhighs and microlows. Typically, for each field sur
vey, 382 apparent resistiviry (a representative resistivity of a vol
ume 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 (> 1 0 mm) at intervals of 1 d, 
until negligible changes in resistiviry were observed on successive 
surveys. For surveys followil1g rain events, delay times of at least 
12 h were allowed before conducting surveys, This was done to 

ensure that errors due to streaming potentials were negligible in 
the resistiviry readings (Telford et ai., 1976). For periods with no 
rain events, surveys were rypically performed at 1-wk intervals. 
To emure that the same section ,vas 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 properties of the soil (Wilding et aI., 
1991). Also, driving the electrodes in and pulling them out in 
nearly the same location 33 times would substantially change the 
near-surface soil 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 results, auger samples were collected on 23 
Mar. 2006 at tWO sampling points. The sampling points were 
located adjacent to the profile within a microbigh at 0.2 m from 
electtode no, 17, and within a microlow at 0,2111 from electrode 
no. 22 (Fig. I). 

Inversion of Field Resistivity Data and 

Temperature Corrections 


-Ib obtain the true two-dimensional distribution of soil 
resistivity, the apparent resistivity data were inverted L1Sing the 
ptogram RES2DINV (Loke and Barker, 1996), and the calcu
lated resistiviry values were corrected for the effects of tempera
ture. The RES2DINV is a computer program that automatically 
determines a two-dimensional resistiviry model of the subsur
face for the input-apparent resistivity data, The program uses 
an array of rectangular blocks to model the SUhSur£lCC, and 
an iterative forward modeling and correction scheme, calcu
lates resistivity values that agree with the aemal measurements. 
There are two options for dara 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 resistiviry in the subsurface: and a robust 
inversion method (Claerbollt and Muir, 197.3), which is more 
applicable [(l situations involving abrupt changes in reslstlvlry 
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between adjacent blocks in a medium (Olayinka and Yaramanci, 
2000). We lIsed both options in our data inversion, the former 
to accollnt for smooth variations in resistivity with water content 
and the latter ro account for sharp resistivity gradients due to the 
effect of cracks in the resistivity data (Samouciian et al., 20(3). 
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
eral array" option in the program. and were inverted as a single 
data set using the robust inversion method. The topography was 
incorporated into the illversion scheme by taking x-(e1eccrode 
locations) as true horizontal distances. We used the "finite ele
ment method with uniform distortion" option in the program 
for the topographic modeling (Loke, 2000b; Tong and Yang, 
1990). By defauh, the "general array" option uses an extended 
model where the model blocks extend to the edges of the survey 
linc (Lokc, 2000b). The program generated a five-layer model 
with a [oral 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 sensidvity values that are too small, 
the option "generate model blocks" was used. The final model 
sections fi-om the robLL'it inversion were dipped at the edges how
ever, to remove areas still characterized by small sensitivity values 
where there were not enough data to represent actual resistivity 
variations in the soi1. 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 tbe inversion scheme 
arc described by Loke (2000a, 2000b). 

Following the data inversion, temperature correccioll was 
performed. For resistivity measurement during a prolonged 
period. as in this study. the effect of temperature variation must 
be accounrcd for in the resistivity data. Measurements are usually 
expressed to a rderence temperature of 25"C (Rein et aI., 2004; 
Samouelian et at.. 20(5). The procedure for temperature cor~ 
reetion 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 10 

perature with depth to be predicted without necessarily destroy
ing the structure of the soil (Fig. 2). The calculated temperature 
values were used to correct the inverted resistivity values to 25°C 
using the equation (Keller and Frischknecht, 1966; Bessoll et 
aI., 20(4) 

Pr [1 +0.025 (T 25UC~ [41 

where the value 0.025 is the temperature coefficient, and PTand 
p1.50C represent resistivity values at temperature T and the refer~ 
ellce temperature of 25"C, respectively. 

Laboratory Calibration 

To calibrate the field results, variations of resistivity with 
soil-water content were measured in the labotarory. An impor
tant issue in laboratory calibrations is that the volume of soil 
measured in the laboratory is always smal.! compared with the 
volume measured in the field (Zhou et al., 2001; Michot et 
200.3). Thus, the inevitable but challenging scale transfer or 
multiscale transfer issue remains at rhe heart of many hydro~ 
logic and pedologic studies (Lin, 2003). Tn our Iaborarory cali
bration, we aimed at reducing errors due to: (i) edge dIects Oil 

resistivity measurements arising from the finite extent of the soil 
samples; (ii) deviatioll from the assumption of a point source of 
current in the operaring principles, and electrode sample cou
pling-these eff,:cts are significant and need to be accounted for 
in data obtained from resistivity surveys with electrode spacings 
< 1.0 m (Zhdanov and KeUer, 1994); and (iii) soil shrinkage with 
a decrease in soil 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 diamerer alld 
15.2 cm deep (this was rhe anticipated size of the soil samples 
to be co]Jected). The conductivity of the water in the bucket 
was increased by adding salt and resistivity values were mea~ 

Temperature ("e) 

15 20 25 

averaged for O.015~ to O.085-m depth in tbe soiL \X'Te 
assumed these values are equal to soil temperature at rhe 
median deprh of 0.05 m. Variatiolls of temperature with 
depth relative to the 0.05~m depth were then calculated, 

0.45"assuming a sinusoidally varying daily soil rem perature, as 
(Campbell and Norman, 1998; Hillel 1998) 

0.65 

.c8)- Z 1 [.3j UT(Z) 
OJDj 0,85o 

where T(z) is soil temperarure at depth z; 7'" is [he daily 
average of soil temperature; Tamp is the amplirude (half 1,05 

the ditIerence between the maximum and minimum) of 
the daily soil temperature fluctuations; t is the time of 125 

observarion reckoned from the zero hour of rhe day; Uj is 
the angular velociry of eanh's rotarian (7.3 x lO-5 rad!s) 1.45 

and D 2klw is the damping depth fot a diurnal wave, 
where k is the thermal diffusivity of rhe soil (obtained 
hom Campbell and Norman, 1998). The mean hourly 
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FIG. 2. Examples of estimated temperature profiles in the Vertisol that were used 
temperature data were used to obtain Ta and l:rnp' and for temperature corrections of the inverted resistivity data. The times indicated on 
tis rhe time of the day surveys were performed (averaged the plot correspond to the average of the time span of resistivity surveys on each 

day.for about 2 h). Generally, Eq. [3] allows variation of tem~ 
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sured with the Sling Rl equipment (set up in the manual mode 
/Advanced Geosciences, 2000]), and a caiibraced YSI Model 30 
conductivity meter (YSI, Yellow Springs, OH). The water rem
peracure was simultaneously measured with the YSI conductivity 
meter. For resistivity measurements with the Sting R 1 equip
ment, a \Venner 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 resistivity meter 
has an accuracy of up to 1% (Advanced Geosciences, 20(0), and 
by using it for both field and laboratory measurements in this 
study, systematic errors are presumably reduced in the calibra
tion results. The water in the bucket was thoroughly stirred at 
each stage of the experiment, and thus the nleciium was assumed 
homogenous. After corrections of readings to 25°C using Eq. 
[4], the following relationship was established: 

PI 0.6275p\\ 0.0536 [5J 

where PT is the presumed true resistivity of the medium as mea
sured using the YSI conductivity meter and Pw is the apparent 
resistivity value measured using the \Venner array. 

Three cylindrical soil samples were collected from the gilgai 
elements (mierolow, microhigh, and intermediate microrelief). 
The samples were 30.5 C]11 in diameter and 15.2 cm tbick. The 
soil samples were initially soaked in distilled water fot 5 d. They 
were tben drained and fourdectrodes spread at i! e]11 were inserted 
into the samples (Fig. Then measurements were made using 
\Venner arrays at different water contents, as tbe sample dried at 
room temperature. The insertion of electrodes into the soil sam
ples from tbe surface and the use of a collinear (Wenner) array in 
the laboratory measurements were done to approximate the ileld 
experiment conditions, and tbereby account for deviations from 
the assum ptions of point source of currem and elecuode sam pIe 
coupling in the resistivity measurements. Also, because of the 
relatively large size of the samples, we assumed that tbe parti
tioning of the water content was similar to field conditions. The 
apparent resistivity values (after temperamre corrections) were 
converted to true resistivity values using Eq. [5J. To account for 
the shrinkage of the soil sample with a decrease in soil moisture, 
sample volume and bulk density were measured at each stage of 
the soil drying. Tbe bulk density values were then used to obt;lin 
corresponding volumetric soil-water content. 

Terminals 

\"", 

Sling resistivity ~let€r 

P~f10rations to e'~$ure uniform 
jrainago 01 tho S<lll sample 

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

Next, we established a resistivity-soil moisture relationship 
for the Vertisol by fitting a modified form of the power-law rda
tion ofYeh et al. (2002) to the laboratory data. Yeh el a1. (2002) 
related bulk electrical resistivity to water content for some sandy 
soils as follows: 

8.... ,'1
Pb = PI) [6J 

where Pb and e are bulk soil electrical resistivity and soil mois
tIIre, as defined previously, Po is a fitting parameter that is related 
to the electrical resistivity of pore water, and In is a dimellSionless 
coIlStant. In establishing a fit to our laboratory data, we made e 
the dependent variable. This power-law rclation eliminates the 
required and often ill-posed problem of estimating the petro
physical parameters in lIsing Eq. [2] for estimating soil moisture 
from resistivity data (Zhou et aI., 20(1). Detailed discussioll of 
the validity of this approach bas been presented by Yeh et al. 
(2002) and Liu and Yeh (2004). Similar approaches have been 
used by other researchers in similar studies (Walker and Houser, 
2002; Hymer et al., 2000; Amer et aI., 1994). 

Results 

Resistivity-Soil Moisture Relationship 

Figure 4 shows the resistiyi ty-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 m3Jm3), large changes in soil moisture cause small changes 
in resistivity, whereas at the mher extreme (soil moisture <O.IS 
m3Jm 3), 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 O.l3 m 3Jm 3. Below this value, the soil cracked 
continuously and eventually crumbled, such that no current 
could be injected into the soil samples. 

Further analysis of Fig. 4 shows that 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 va/ues, resistivity values are highest for the micro
high soil sample and lowest for the soil sample collected from 
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FIG. 4. Soil moisture-resistivity characteristics of the Texas Vertisol. 
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the microlow. The values for the intermediate microrelief soil 2005 to 22 Jan, 2006, when the average monthly rainfall 
lie mostly between these tWO extremes. For example, at a soil 
moisture of 0.5 o1'3/m'>' resistivity is 6 Q-m for microlow, 7 Q-m 
for intermediate, and 10 Q-m for microhigh soil samples. The 
general curve fined to the data (Fig. 4) is expressed as 

[7J 

where the constants in the equation were chosen to optimize the 
fit in a lcast-sq uarc sense. The Ill'S[ rerm on the right-hand side 
is equivalent ro rhe term in Eq. [6]. The added value of 0.12 was 
used (0 esrahlish a hetter fit to the data. \Ve achieved an overall 
roo t mean square error of 6.18%. 

Field Rainfall Data 

Figure 5 shows the rainfall distribution during rhe period 
of study. The month of May 2005 was eharacrerized by 8 d of 
rainfall, with a mean monthly value of 3,33 mm, In June and 
July 2005, rhere 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 petiod ofstudy was August 2005, with 
average rainfall of 8 mill. From September to December 2005, 
the average monthly rainfall was mostly < 1.0 111m, the lowest 
monthly average of 0.08 m m being recorded in November 2005. 
From 22 Jan, 2006, the average monthly rainfall started to rise 

Throughout this study, the depths to the water (able were 

>6 m. 

Resistivity-Derived Soil moisture Sections 

Figures 6, 7, and 8 show representative soil moisture sections 

inferred from corresponding resistiviry profiles. In deriving the 
soil moisture values, the temperature-corrected resistivity values 
of the inverted model blocks were substiruted for Ph in Eq. 
Thus, the soil moisture scctions arc shaped after the geometry 
of the inverted resistivity models (Michot et aI., 2003). The lat
eral extent and boundaries of the gilgai clements arc shown on 
the sections. As reponed by Zhou et al. (2001), these sections 
are indicative of rdative variations in soil mois
ture rather than absolute values. Hence, are 180 

decreased considerably, corresponds to the drying cycle. The var
ious intervals are indicated in Fig. 5. For the sake of comparison, 
the resistivity scales as well as absolute errors ofdata inversion are 
shown in the sections. Generally, the sections obtained during 
the wetting are characterized by relatively small absolute 
errors ranging from 1.9'Yo for the section collected on 1 May 
2005 (Fig. 6a) (0 a value of 5.7% for the data collected on 20 
July 2005 (Fig. 60. The errors for tbe data collected during the 
drying period were higher, the highest value of 6. 9 O/ll being from 
the data collected 011 28 Ocr. 2005 (Fig. 7e). It is evident that for 
the latter, the higher error values arc duc, in part, (0 high contact 
resistance and the presence of cracks in the soil. 

Wetting Cycle 1 (Late Spring and Summer 2005) 

Figure 6 displays the representative apparent soil mois
wre-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 recorels preceding this srudy), apparent soil moisture 
values vary fr0111 about 0.25 to about 0.45 m 3/m3 from 0- to 

about O.S-m depth, and there is spatial variation in apparent 
soil moisture underneath each of the microrelicf clements in this 
zone. Underlying this layer is a relatively saturated layer with 
apparent soil moisture mostly greater than about 0.45 rn3/m.3, 
which extends from about 0,5- to 1.1-m depths, Below about 
I.l-m depths, apparent soil moisture varies from about 0.25 to 

about 0.45 m3/rn3 These apparent soil moisture-layer relation
ships arc also observable in the profile collected on 24 May 2005 
(Fig. 6b), bu t with pronounced development of isolated spots of 
lower apparent soil moisture than about 0.25 m 3/m 3) at, 
for example, positions of 5, 8, and 12 m along the profile, in the 
upper layer. This is indicative of localized drying as a result of no 

rainfall in the lO-d period before the survey (Fig. 5). Localized 
lower apparent soil moistllrc zones arc also observable at posi

hereafter referred to as apparent soil moisture sec 160 
tions. These apparent soil moisture sections arc 

140 
divided into three groups and are arranged in 

E'120the order in which individual field surveys were 
performed, Each group corresponds to a wetting EIOO 

or drying cycle in the soil. The wetting cycle 80~ 
ccorresponds to intervals of time on the scale iij 60 
(Yof lllonths, in which there was a net increase 

40
in the apparent soil moisture. Conversely, dur

20ing the drying cycle, there was a net decrease in 
the apparen t soil moisture across the same time 0 
scale. Both cycles arc characterized by multiple 
shorr-term, and drying events on the 

scale of days. 
There are two wetting cycles correspond

lJalt'S 
mg to the time intervals from 1 May to 16 

Oally rainfall Aug. 2005, and from 22 Jan. to 22 Apr. 2()06, 
Mean monthly values when the average monthly rainfall was relatively • 

high. They arc designated as Wetting Cycles I FIG, 5, Rainfall distribution during the period of study, The intervals corresponding to the 

and 2, respectively. The time interval from 16 wetting and drying cycles in the soil are indicated in the figUre. 
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tions 4 and 8 III along the profile, in the lower (below 
about 1.0-m depth). 

In the time interval bet\eveen 9 and 27 1\hy 2005, there 
·were no significant rain events (except for a rain event of 2.03 
mill on l'l May 200S; 5): this led to development of (he 
first set of cracks in the Vertisol. The locations of the5e cracks 
were confirmed by ViSU~ll inspection on 25 "hy 200S. Figure 
Gc shows the inverted resistivity-app.Hent soil moisture sec

[ion fi)f rhe profile collecred 011 29 M'IY 2(0) following a rain

fall of 39.9 mm on 28 May 2005. The upper 0.2 m, and the 
depth imervals between about 0.6 and abour 1.1 1Il of the soil 
are characterized by apparent soil moisture values greater than 
about 0.5 1l1 3/m 3, wlu:reas apparent soil moisture variations in 
the depth intervals between about 0.2 and about n.5 111. and 
sl:crions of the soil at depths in excess of about 1.1 In, range 
from about 0.45 to abDut 0.3 m5/nr~. In addition, trace5 of 

isohtt:d low apparent soil moisturc .lpO£S em bc noted in the 
upper layer, with preferential saturation of the regions immedi

underlying each Spot (corrcsponding to the points marked 
"PH). The apparent soil moisture variations in Fig. 6d (the pro
file collected on 15 June 200')) are similar to thost' of Fig. 6c, 
bUt. because there wa., no rainfall from Ii to 15 June 2005 (Fig. 

5). the thin. rebtivdy saturated layer in the upper 0.2 111 in Fig. 
6c is no longer visible in Fig. 6d. For tbe profile collected on 22 
June 2006 (Fig. 6<=>, the parrern ofapparent soil moisture varia
dOllS is .similar to those of Fig. 601 and 6h. hit, d\le to funher 
cessation of rainfall in this period (I:ig. 5)' there arc rebtively 
low apparent soil moisture values for the rcspccti\'c sections of 
tbe soiL For example. apparent soil moisture nlnes arc mmtly 

less than about 0.25 111"/m 3 ill the.: upper 0.5 tIl and th~rl: is 
development of isolated low apparent soil moisture SPOtS at. 
for c:x<lrnpk positions ').5 and 8 m along the prolile. Similarly. 
became the average rainfall bel:\veen 11 June 2005 ;lnd 20 
July 2005 wa, only 0.86 rnm. there.: is a rdativel), low vallie or 
apparent soil moisture for the respective .~ectiollS of the soil in 

Fig. 6f (the profile collected on 22 July 2005). 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 
satUrated middle layer i; less continuous. Figure (ig shows the 
apparent soil moisture section for the profile collt"cu::d on 1(, 
Aug. 2005 following the peak rainfall evelll 011 10 Aug. 2005 
(hg. 5). This section reReers a relatively complete saruration 
of (l1e>oil by ~t cumu[;uivc raint;l11 (from a previolls survey) of 
212 mm (Fig. 5). As shown in Fig. 6g, apparent soil moisture 

is mostly greater than about 0.45 m.3/m 1 in the mtlre section. 
except for the portions at depths below 1.1 m. where apparent 
soil moisture is less than about 0,45 m·3/m 3• 

Drying Cycle (Fall and Winter 2005-2006) 

The representative appar,nt soil moisture-inverted re.lis

tivity sections colle.:crcd during the dtying cycle are shown in 
Fig. 7. The figure shows depletion in Jpparent soi! moisture. 
which was initially gradual (hg. 7a-..:) and later became rapid 

(Fig. 7d-g). after a relatively compbe saturation of the soil 
(Fig. 6g1. Because of lack of rainfall bem'een 16 and 27 Aug. 
2005 (Fig. 5). apparent soil moi.lture values in the: section col
leered on 27 2005 are mostly less than about 0.:') m.3/m' 
in the upper 0.5 III of rhe soil in Fig. 7;1. There i.\ ;1 reLHive 
s:lturation of the middle layer (anout 0.5- to 1.I·m depths), 
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F,G. 6. Representative apparent soil moisture-inverted resistivity sections 
collected during Wetting Cycle 1 in the Vertisol: (a) 1 May: (b) 24 May: (c) 
29 May: (d) 15 June; (e) 22 June; (I) 20 July; and (g) 16 Aug, 2005. The 
lateral extent ofthe microhighs (MH). microlows (MLl. and the intermediate 
microrelief (Mil are shown in Fig. 6a. The areas marked "P" in (e) denote 
preferentially saturated portions of the soil in the section. The absolute er
ror values refer to the errors in % from the robust inversion of the apparent 
resistivity data. 
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however. with apparent soil moi~ture greater than ahout 0.45 

m3/mJ . At depths >1.1 m in the soil. there is spatial lateral 

variation ill apparenr soil moisture but wid1 values mosdy 
less than about 0.3 m.l/m3. Simibr variations in apparent 

~oil moisture arc observed in Fig. 7b ((he profile collected on 
9 Sept. 2005) and Eg. 7e (the profile collected on 17 Sept. 

lOOS) bur with rC\;Hivcly low apparem soiil11oisrurc values 

tor the respective sections of the soil. Due to a cumulative 

rainf'<11I of 11 mm in the interval. however. the isolated low 

apparent soillTIoisrure spots in the upper layer are less visible 

in Fig. 7e than in 7b. 
The interval from 17 Sepe to 8 Oct. 2005 was char

acterized by lack of rainfall (Fig. 5). in Fig. 7 d (tht: 8 Oct. 
20DS profile), the upper oA 111 of the soil is dry. with appar

ent soil moisture values of less than about 0.2 mJ /m 5. In 

the middle layer. the regions underneath the microiow~ are 

of higher apparent soil moi,nut: (great.::r than <lhom 0.53 
mj/m~) than the regions undel'l1eadl microhighs (mostly 

less than abom 0.25 m 3/m3). At depths in excess of about 

I.D III in the soil. there is spatial variation in apparent soil 
moisture, with values mostly less than about 0.3 mJ/mJ . 

Similar appareLH soil moisture nriation is observed on other 
profiles collected during this period (Hg. bur b('cause 

The lowest average momhly rainfall wa_, in th is period (Fig. 
5). there are iuwer values of apparent soil moisture and more 

pronounced development of the isolated low apparent soil 

moisture (high.resistiviry) spots, in the subsequent sections. 

Welting Cycle 2 (Winter and Spring 2006) 

Figurt: 8 shows (he representative apparent soil mois
Ture-inverted resistiviry secrium collected following resump

lion of rainfall events aft<'[ intcnse drying of the Vatisol. In 

Fig. Sa (apparent soil moisture section collected on 24 Jan, 
20(6), thc soil is rdatively dry. In comparison with 'g 
(lpparem soil moisture section collected on 29 Dec. 200S), 
however, apparent soil moisntre values are rdatively high in 

rhe corresponding portions of ,be soil due to cumulative 

rainfall of 11,43 111m in the interval betwc,n the two fidd 
surveys. A., a consequence, dle isolated low apparellt ,oil 

moisture regiom in the upper hycr are lc'ss visible in Fig. 8a 

{han in Fig. 7g. 
l;igme ab shows the profile collected on 4 Feb. .2006 fol

lowing a climulative rainfall 01'70 mm (Fig. 5) 12 d from the 
previolls survey on 24 Jan. 2006 (Fig. 8a). There is relative 

saturation of the upper 0.3 m of the soil. with the inferred 
appOlrent water-content values greater than .lbout 0.45 mjl 
m-'; howcvcr, isolatcd spots of near-:t.t:fO ;lp~}arClll soil mois

mre, especially at the position 7 m along the profile in the 
upper layer, could still be ol1.~t'fVt:d. The lower porti()fls at 

depths below about 0.'1 111 are chat.lctetized by apparent 

suil moisture mostly less than ahout 0.45 m'/m3. With an 

increase in cumulative rainfall (Pig. 5), progressive move

ment of rhe wetting front down to deeper sections of the wil 
could he ohserved on .subsequenr secriQIl> (Fig. 8c-8f). Also. 
relicts of the isolated low apparent soil moisture spots are 
visihle in the upper 0/1 !11 of rhe soil. 
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F,G. 7. Representative apparent soil moisture-inverted resistivity sections col
lected during the drying cycle in the Vertisol: (a) 27 August; (b) 9 September: 
(c) 17 September; (d) 8 October; (e) 28 October: (I) 30 November: and (g) 29 
Dec. 2005. The absolute error values refer to the errors in % from the robust 
apparent resistivity data inversion. 
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FIG. 8. Representative apparent soil moisture-inverted resistivity sections collected 
during Wetting Cycle 2 in the Vertisol: (a) 24 January; (b) 4 February; (c) 26 Feb
ruary; (d) 1 March; (e) 23 March; and (I) 22 Apr. 2006. The absolute error values 
refer to the errors in % from the robust inversion of the apparent resistivity data. 
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Data Evaluation 

Figure 9 sbows comparisons of the reSlstlVlty
derived apparent soil moisture values for the 23 Mar. 
2006 survey (Fig. 8e) to the results of auger sampling. 
The apparent soil moismre values were extracted from 
vertical variations of apparent soil moisture at 8- and 
10.S-m positions along the profile (Fig. 8e), which are 
the closest points to the microhigh and the microlow 
auger sampling points, respectively (Fig. I). Also, in 
computing the volumetric moisrure from gravimetric 
values obtained for the auger samples, we used soil bulk 
densiry values ranging from 1.2 g/cm3 at the surface, 
which was at higher moisture content at the rime of 
sampling, to 1.5 g/cm3 at depth (Coulombe et aI., 
1996; Plant, 2(00). The various data were then inter
polated so that results could be compared for the same 

depths. As shown in Fig. 9a. for the measurements 
taken within the microhigh. the resistivity-derived 

apparent soil moisture values arc lower than soil mois
rure values derived from auger sampling by an average 
of about 16% in the upper 0.2 m of the soil. From 
0.2- to about O.6-m depth, the apparent soil moistllre 
values are greater than soil moisture derived From auger 
sampling by about 22%. Below O.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 the upper 1.0 m by 
an average ofabout 17%, whereas at greater depths. the 
values are lower than soil moistllre obtained from auger 

sampling by about 14%. 

Discussion 

Soil Moisture-Resistivity Characteristics of the 
Vertisol 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; 
Samoueiian et aI., 2005). At high soil moisture, it is 
probable that current conduction is mainly through the 
pore water, whereas current conduction along the 
surfaces probi\bly predominates at low water content in 
the Vertisol. At the intermediate soil moisture values. 
the proportionate decrease in resistivity with soil mois
ture shows resulrant effects of conductiviry due to the 
pore water in the conduits and the matrix conductiv
ity along grain surfaces. In Eq, [7], the value of 0.12 
added to the optimization scheme probably denotes 
the effects of current conduction along the grain sur
faces analogous, but nor necessarily egual, to the efTects 
of lips in Eg. [2]. This value may be equivalent to the 
water content near which it is impossible (or i\t least 
difficult) to inject current to estimate soil moisture in 

the Vettisol using the approach presented ill this stlldy. 
Presumably, ncar this value in the apparent soil mois
tlire sections (Fig. 6, 7, and 8), the inferred soil mois
ture is inAucnced primarily by cracks in the soil. 
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The trends in soil moisture from data evaluation in Fig. 9 
indicate that, for the most part, the values of the resistivity-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 coment in the upper 0.2 m of 
the soil. The difference between 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 ct ai., 1991; Akbar ct aI., 2004), and the fact that the 
resistivity measurements were calibrated according to the surface 
soil, whereas soil profiles in Vertisols are known to change sig
nificantly in pedological properties with depth (Wilding et a!., 
1991; Nordt et aI., 2004). The relatively low value of the resis
tivity-derived apparent soil moisture in the upper 0.2 m in 
9a may be due to the effect of a probable crack around rhe 8-m 
position along the profile (Fig. 8e). Additional diHerence may, 
however, be due to ambiguity implicit in the two-dimensional 
approximation of three-dimensional flow of current in the resis
tivity survey, a, well as artifacts in the resistivity data inversion 
scheme (Zhol! et a!., 200 O. Nevertheless, 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. 'Jb), 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 geoelectric smdy 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 6, 
the upper 1.4 m ofthe soil can be divided into three soil moisture 
regimes: an upper zone (from 0- to about o. 5-m depth), which is 
of relatively low soil moisture; a middle zone (from about 0.5- to 

about 1.I-m depth), which is relatively saturated; and the lower 
zone (below about 1. l-m depth), which is relatively less saturated 
than the middle layer. The upper layer is rhe interface bet:ween 
the atmosphere and the deeper sections and, as expected, is the 
most dynamic wirh regard to wetting and drying in the Verrisol. 
The saturation of the middle layer appears to be enhanced by 
bypass flow into the deeper 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 arca, in the Vertisol. According to Lin et al. (1997), bypass 
How through cracks may constitute an important mechanism 
that may lead to rapid transport of contaminants to groundwa
tcr. Also, according to Allen ct al. (2005), rapid recharge in the 
study area is related (0 bypass How. Even when the soil surface 
approaches field capacity, the remaining cracks arc sufficient to 

support How rates of 2.5 cm/d around the soil structural units 
(Allen et aI., 2005; Ritchie et aI., 1 'J72). It can also be inferred 
that rhe more intense the rainfall, the greater the preferential 
flow process in the Vertisol. For example, the relatively complete 
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FIG. 9. Comparisons of results of soil moisture values derived from re
sistivity measurements of 23 Mar. 2006 to those obtained from auger 
sampling on the same date: (a) measurements within the microhigh; 
(b) measurements within the microlow. 

saturation of the soil as shown in 6g is enhanced by the rain
13.11 events. Following these events, lateral infiltration probably 
proceeds at the same rate as vertical movemenr of water in the 
soil (Favre et aI., 1997). The low hydraulic conductivity of the 
soil, however, ensures that the lower portion below about 1.2-rn 
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 profiles 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 
at depth in the section (fig. 6e). Thus, in accordance with the 
work of Favre et al. (1997), crack closure starts from rhe soil 
surface and progresses downward in the soil. 

This study also shows that microrelief features exercise a 
nificant control on seasonal variations in soil moisture regimes in 
the Vertisol. By comparing variations in apparent soil moisture 
in the various profiles, it can be observed that more moisture 

www.vadosezonejournal.org·VoI.6.No. 3, August 2007 520 

07 

www.vadosezonejournal.org�VoI.6.No


is retained underneath microlows than underneath microhighs 

throughout the wetting and drying cycles. The relative SatUra

tion of the microlows, especially during the wetting cycle, might 
be due to the fact tbat much of the rainfall falling on the micro
highs runs off into tbe microlows (Newman, 1986). This is sup
ported by our field observation that more vegetation was pro
duced in tbe micrnlows than on the microhighs. In addition, 
the soils beneath microlows have been known to have higher 
organic contcnc than those underneath the microhighs (Wilding 
et al., 1991; Nordt ct ai., 2004). An implication of this result is 
(hat, in a typical farming season, assuming other effects are neg
ligible, crops planted on microlows will give higher yield than 
those planted on microhighs because of differential availability 
of water (Wilding et aI., 1991) and, by implication, nuttients 

(Rodriguez-lrurbe, 2000) to the planrs. Thus, a consideration 
of the hydrologic effects of gilgai microrelief is importanr for 
optimal agricultural managemenr ofVcrtisok 

The profiles collected during the drying cycle (Fig. 7) and 

the beginning of the werting cycle (Fig. 8a) illllstrare cracking 
patterns in the soil. Although crack geometry and depth cannot 
be determined precisely from two-dimensional resistivity sec
tions and inversion schemes based on regularized mesh such as 
RES2DINV (Samouelian et aI., 2003), the dimiburion ofcracks 
within the upper layer and duration of cracking call be inferred 
from the apparent soil moisture-inverted resistivity sections. 
This is particularly importam in developing better classification 
schemes for Venisols (Wilding et aI., 1991; Dudal and Eswaran, 
1988; Ne"wman, 1986). As mentioned above, the localized near
zero soil moisture (high-resistivity) spots are interpreted as cor
responding to cracks in the upper layer. It call be noted fro111 the 
sections that more cracks are concentrated on the microhighs 
and intermediate portions of the soil than in the microlows. 
This may be correlated to microclimatic variability bet:\veen the 
microhigh and microlow features. According (Q Newman (1986), 
microhighs and micro lows control surface water Aow in the same 
way as larger topographic features. Hence, it is natural that the 
soil beneath the microhighs would be drier and more intensely 
cracked than that beneath the microiows. 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-ustie soil moisture regime. This classification 
requires, in part, that cracks be opened from 90 (Q 150 cumula
tive days in most years (Dudal and Eswaran, 1988). 

Moreover, it can be inferred from Fig. 8 that rewerring of 
the Vertisol after intense drying is, among other factors, a func
tion of the amount of rainfall and antecedent moisture content. 
For example, in Fig. 8h, due to the low antecedent moisrure con
tent, the added moisture was absorbed in the upper porrions of 
the soil and, due to the relatively small amoun t of rainfall, bypass 

flow was not noticeable underneath the cracks. This is especially 
true for the apparent crack shown at position of7.5 m along the 
profile. Additional rainfall events led to further saturation of the 
soil, with the cracks being less visible on subsequent sections. 
In addition, the observed movemelll of the werring front imo 
the deeper sectiolls with cumulative rainfall shows that tbe data 
from this study can be used for calculating soil moisture flux and 
Aow 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 that electrical resistivity techniques 
can be effective methods of characterizing hydrological proper
ties and processes in Vertisols. Unlike conventional methods of 
soil moisrure measurements, the techniques allow cracks and 
gilgai microrelief features to be incorporated into soil moisture 
profiles. For resistivity methods ro evolve as a tool for roUtine 
hydrologic studies ofVertisols, however, improvements in survey 
designs and data inversion schemes arc needed. Further work is 
recommended in the study area with three-dimensional imag
ing and time-lapse techniques. It would also be of interest to 
test other electrode configurations such as square arrays in the 
laboratory and field measurements. Finally, we did not observe 
movement of electrodes left in the ground during the field sur
veys, and they were not observed to have induced cracking in tbe 
soil. This might have been due to rdatively low lateral flow prop
erty of the soil (Allen et al., 2005), which may not be applicable 

to other Vertisols. Thus, furtber studies arc recommended to 
investigate if techniques and phenomena reported in this study 
can be considered applicable to all Vertisols. 

Conclusions 

In this study, field and laboratory electrical resistivity mea
surements were used to characterize seasonal wetting and drying 
of a Texas Vertisol. Laboratory measurements were used to gen
erate soil moisture-resistivity rclarionships and to calibrate data 
from two-dimensional resistivity monitoring of spatiotemporal 
.~oil moisture variations in the Vertisol during a period of 1 yr. 
Both laboratory 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 results show that the upper 1.4 
m of the Vertisol can be divided into three soil moisture regimes: 
an upper zone (from 0- to about O.5-m depth), which is the 
most dynamic with regard to wetting and drying in the soil; a 
middle zone (from about 0.5- to about l.l-m depths), which is 
relatively saturated during periods of substantial rainfall when 
the soil is wet; and a lower zone (below abour 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 crack, into the soil. It is apparent from the resistiv
ity-apparent soil moisture sections that most cracks terminate 
Jt depths in this layer. Moreover, the microrelief topography 
exercises a significant control on spatial and temporal variations 
in soil moisture in tbat the microhighs dry out faster than the 
microlows. This srudy should be of relevance for better agricul
mralmanagemenr of Vertisols. 
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