Soil Water Content Monitoring Using Electromagnetic
Induction
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Abstract: The use of electromagneti&€M) induction measurements was evaluated to predict water content in the upper 1.50 m of a
prototype engineered barrier soil profile designed for waste containment. Water content was monitored with a neutron probe, and bulk so
electrical conductivity was monitored with a Geonics EM38 ground conductivity meter at ten locations at approximately monthly intervals
over a three-year period. A simple linear regression model accurately predicted average volumetric water content of the profile at any
location at any time R?=0.80p=0.009) and spatially averaged volumetric water content over the entire area at anyRfme (
=0.99¢0=0.003). Although some temporal drift was present in the model residual values, the impact on predicted water content was
negligible. Therefore, once the model is calibrated with the neutron probe over a sufficient range of water contents, further neutron prob
measurements may not be necessary. EM induction has several advantages over traditional water content monitoring techniques, includi
nonradioactivity, speed and ease of use over larger areas, and noninvasive character.
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Introduction 1986; Dalton 199 As these techniques generally measure water
content at a particular point, it is costly and time consuming to
Information on average water content in near-surface soils is im- monitor large areas using them.
portant for assessing land atmosphere interactions, infiltration, Electromagneti¢EM) induction can also be used to estimate
deep percolation or recharge, water balance, and performance ofoil water content. Bulk soil electrical conductivitiEC) gener-
engineered covers. Engineered covers are widely used to mini-ally varies with clay content, water content, and salificNeill
mize water movement into underlying waste, including municipal 1980. EM induction is a noninvasive technique that measures a
solid waste, industrial waste, and hazardous wé&Bgniel and depth-weighted average of EC, termed the apparent electrical
Koerner 1995 They are also being proposed for many contami- conductivity (EG). Previous studies have shown that the control-
nated sites where remediation is technically infeasifeng and ling factor in some areas is clay contéook and Walker 1992
Gee 1994; Dwyer 2001 Thousands of sites are deploying engi- salinity (Rhoades et al. 1990; Lesch et al. 19%nd water con-
neered covers throughout the United States that may extend ovetent (Kachanoski et al. 1988, 1990; Sheets and Hendrickx 1995
large areaghectares Measurement of water content or water and can include all three factors in different parts of a study area
storage in the cover soils is used to assess the performance of théPaine et al. 1998; Scanlon et al. 199Rachanoski et al(1988
covers(Ward and Gee 1997Water content data are also required found that EG explained 96% of the spatial variation in water
to validate water balance models of near-surface soils using codegontent in the upper 0.5 m of the profile of a 1.8-ha field. In
such asUNSATH(Fayer et al. 1992; Khire et al. 1997; Scanlon another study, Kachanoski et #1990 compared water content
et al. 2003. Subsidence or desiccation of engineered covers may monitored with neutron probes installed at 10-m intervals along a
result in localized areas of increased water content, in turn result-660-m transect with ECmonitored with EM31 and EM38 meters
ing in potential performance failure. Information on water content (Geonics Inc., Mississauga, Canadsalues of EG and water
at specific locations is therefore required. content were not correlated at scaled0 m; however, at scales
Conventional techniques for measuring and monitoring water =40 m, EG, explained more than 80% of the variation in water
content include destructive soil sampling and oven drying, neu- content. Sheets and Hendrickk999 conducted a similar study
tron thermalization, and time domain reflectomet@ardner  that used 65 neutron probe access tubes at 30-m intervals and
compared water content measurements with E€adings using
'Bureau of Economic Geology, Jackson School of Geosciences, Thean EM31 meter for 16 monthly measurements. The loRér
Univ. of Texas at Austin, Univ. Station, Box X, Austin, TX 78713-8924. (0.64) calculated for this study relative to that calculated by
2Bureau of Economic Geology, Jackson School of Geosciences, TheKachanoski et al(1988, 1990 was attributed to the deeper pen-
Univ. of Texas at Austin, Univ. Station, Box X, Austin, TX 78713-8924. atration of the EM31 metef4 m) relative to the water content
E-mail: Bridget.Scanlon@beg.utexas.edu ) , monitoring (1.50 m and the distance between the EM measure-
Note. _Dlscusspn open until April 1, 2004. Separate c_ilscussmns must ments and the neutron probe access t8sm). The correlation
gqeoﬁﬁlbn;'mtéﬂr rgm\ggf?qlu?%g?i'lezovﬁ?ﬁﬂi K‘Se Cﬂoag%a%?rt]z tgjigﬂe was improved by using monthly calibrations, and a residual stan-
! ~ dard deviation of 0.019 was obtained for the 1.5-m soil profile.

The manuscript for this paper was submitted for review and possible ! ;
publication on March 8, 2002; approved on January 22, 2003. This paper  1he purpose of this study was to evaluate the use of EM in-

is part of theJournal of Geotechnical and Geoenvironmental Engineer- ~ duction to monitor average water content and changes in water
ing, Vol. 129, No. 11, November 1, 2003. ©ASCE, ISSN 1090-0241/ content in the upper 1.5 m of the soil profile at point locations and
2003/11-1028-1039/$18.00. over an area of an engineered soil cover. The main difference
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[Fig. 1(b)]. The access tubes were installed to an average depth of
2.2 m and were irregularly spaced to avoid metallic instrument
cables, conduits, and horizontal neutron probe access tubes buried

<o at several depths and locations within the cover. The neutron

Nominal probe was calibrated using 35 core samples obtained during in-

52’;'35501 stallation of the access tubes, and volumetric water corétent

By o the core samples ranged from 0.047 to 0.226. A linear regression
calibration model of neutron counts versus volumetric water con-
tent resulted inR? of 0.96 and a residual standard deviation of
0.011. Water content was monitored at 0.15-m intervals to a depth
of 2.10 m. A neutron count measurement duration of 64 s was
used in this study and resulted in an average neutron count pre-

2o : cision of +0.74% (range from=0.62% to*1.20% for all mea-

IS HEHHC surements, translating to an average volumetric water content

measurement precision af£0.0019 (range from +=0.0016 to

Fig. 1. (& Study area location(b) Relative positions of vertical ~ +0.0030. Neutron probe surveys of all ten locations required

(solid symbol$ and horizontal(dashed linesneutron probe access  approximately 3 h to complete.

tubes, and soil sample transe¢tlid diagonal lines Horizontal No separate calibration was performed for the 0.15-m depth.

access tube designations indicate pipe mateA&laluminum and Neutron counts for the 0.15-m-depth measurements were adjusted

depthts) of burial. (c) Engineered cover cross sectigBCL: sandy  ysing a correction factor to account for the loss of neutrons at the

clay loam; HD: horizontal dipole mode; VD: vertical dipole made soil surface(Greacen et al. 198%fter Grant 1975. The correc-

tion factor was calculated from

Study Texas

area Neutron

probe
access
tubes

(b) 34m

2,0
2.3
26

®3 5® ®8

be_-tween this _and previo_us studies is that this _s_tud_y includes de- log(C—1)=—0.855 log — 1.8446 Q)
tailed evaluation of spatial and temporal variability in water con-
tent, whereas other studies focus only on spatial variability in WhereC= correction factor; ané = volumetric water content at a
water content(Kachanoski et al. 1988, 1990This study also  depth of 0.15 m. Measured neutron counts were multiplied by an
should provide a more accurate evaluation of the use of EM in- initial estimate ofC to calculate an initial estimate éfusing the
duction than that provided by Sheets and Hendri¢k895 be- calibration model. The initial estimate &fwas substituted into
cause the EM38 meter is more appropriate for monitoring water Ed. (1), and a refined estimate Gfwas calculated. The measured
content in the upper 1.5 m and EM readings were conducted atneutron counts then were multiplied by the refined estimat€ of
the location of the neutron probe measurements. to calculate a new estimate 6f The process was reiterated until
successive changes @were<0.001. Average correction factors
between different locations ranged from 1.048 to 1.104 for differ-
Materials and Methods ent measurement times. Multiplying the neutron probe counts by
the correction factors resulted in an upward adjustment of the
The study area is located approximately 145 km southeast of Elaverage volumetric water content at the 0.15-m depth that ranged
Paso, Tex., in the Chihuahuan Desffig. 1(a)]. Water content from 0.012 to 0.016 for different measurement times.
and EM measurements were conducted on the mwppa of an The average water content at each location was calculated for
engineered cover. The engineered cover was constructed withdepth intervals from 0 to 0.75 mf¢s) and from O to 1.50 m
soils obtained from a nearby excavation at depths from 0 to 10 m. (6159 by integration of the water content measurements. The spa-
The dimensions of the engineered cover are 341% m [Fig. tially averaged water content over a given depth interval for a
1(b)]. The soils in the engineered cover consisted of sandy clay given survey date was calculated as the simple arithmetic average
loam in the upper 2 niFig. 1(c)]. The dry bulk density of the  of the measurements from each access tube location. Spatially
cover topsoil(0- to 0.3-m depthwas 1,500 kg/rﬁ whereas the averaged water content values were not weighted on the basis of
cover subsoil(0.3- to 2.0-m depthwas compacted to 1,800 the irregular access tube spacing.
kg/m?. Water content was also measured in four horizontal neutron
probe access tubes installed during site construdffog. 1(b)].
One of the horizontal access tubes was constructed of 0.152-m-
diameter(6-in.) clay pipe installed at 0.45-m depth, and the re-
Soil samples were collected during site construction at 14 loca- maining three tubes were constructed of 0.1024in.) alumi-
tions along two transects and analyzed for texture and salinity num pipe installed at 0.45-, 1.2-, and 2.0-m depffig. 1(b)]. Six
[Fig. 1(c)]. Vertical profiles were equally spaced at 3.0-m inter- surveys were conducted on the horizontal access tubes at irregular
vals, and samples were taken at 0.3-m-depth intervals to a deptitime intervals between March 1998 and November 2000. Ap-
of 1.8 m. A total of 84 samples were analyzed for saturated pasteproximately 110 measurements were obtained at 0.3-m intervals
conductivity (EG), saturation percentage of the soil paste, and at each depth across the length of the installation. Calibrations

Soil Salinity and Clay Content Measurements

percent sand, silt, and clay following Anonymo(954). Esti- were generated by transference of the vertical access tube mea-
mates of the saturated paste extract conductivity jE@re cal- surements to the nearest locations in the horizontal access tubes.
culated following Rhoade€1992. A linear regression calibration model of volumetric water con-

tents ranging from 0.169 to 0.241 for the clay access tube resulted
in an R? of 0.99 (residualc=0.003). The calibration for the
aluminum access tubes resulted in BA of 0.82 (residual o
Water content was monitored with a neutron probe in 10 PVC =0.007) over approximately the same water content range. The
neutron probe access tubes from July 1998 through July 2001clay access tube was more closely spaced to a greater number of

Water Content Measurements
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vertical access tubes than were the aluminum tubes, resulting in1967. Simple ANOCOVA models were initially developed that
the higherR? value. incorporated only the EG measurements (ECand EG;) and a
parameter to adjust for any temporal effects. The simple models
were used to determine which combination of, Ed EG, mea-
surements provided the best predictions of water content. The
EM induction measurements were made with the Geonics EM38 resulting preferred model was then reformulated to formally test
ground conductivity meter. The EM38 instrument response is a for both spatial and temporal effects using a more rigorous
nonlinear, depth-weighted measurement of apparent soil bulk ANOCOVA analysis. The formal models included parameters to
conductivity (EG). The EM38 has an intercoil spacing of 1.0 m examine the relative contributior{ge., significancg of both lo-
with a nominal depth of investigation, defined as the depth to cation and time to the variability in the relationship between mea-
which approximately 70% of the measured response is generatedsured water content and B Last, simple linear regression
of 1.50 m when operated in the vertical dipdD) mode and models were developed for the relationship between measured
0.75 m when operated in the horizontal dipéiD) mode (Mc- water content and Ef. The residual water contents at each lo-
Neill 1980). The VD mode response is less sensitive than the HD cation were examined for temporal trend., first-order auto-
response to near surface material~0.40-m depth and more correlation.
sensitive to deeper material. Simple ANOCOVA models were used to evaluate the relation-
A total of 35 surveys were conducted between July 1998 and ships between the measured water content over each depth inter-
July 2001 at a median time interval of 32 days, ranging from 7 to val with the EG, and EG, measurements. Three linear combina-
71 days. Measurements of E@ere performed at the same times tions of the measurements are possible; therefore, three model
as the water content measurements. The EM38 was operated t@parametrizations were initially investigated
obtain both VD and HD readings, with the instrument on the

Apparent Electrical Conductivity Measurements

ground immediately adjacent to the vertical neutron probe access Oy,=atb(EG,) +C(EGy-n)) +di(Time) (32)
tubes. The EM38 instrument zero and in-phase null were cali- 0, =a-+b(ECy)+d,(Time) (3b)
brated at each location prior to data collection. Complete surveys .

of all ten locations were performed in approximately 15 min. 0y, =a+b(EC,)+d(Time) (3c)

Soil temperature correction of EGalues is essentidMcK-
enzie et al. 1989 Average soil temperature at the site ranged
from 8 to 31°C over different depth intervals at different times, t=monitoring times {(=1-35). The subscript \(—H)
requiring the EG to be standardized to allow a comparison be- _ jifterence between ECand EG,. The difference was used
tween values monitored at different times. Soil temperature was aiher than EG alone because of the strong correlation between
measured using thermistofs£0.1°C) installed at seven depths EC, and EG, readings R?=0.83). Time was included in each
ranging from 0.15 to 2.00 m. Average soil temperature values n,rameterization as a discrete, fixed effect to adjust for possible
were determined for the 0 to 0.75-m and 0 to 1.50-m depth inter- o hora) bias in the model coefficients. Based on the analysis

vals by vertical integration of the temperature data. Apparent roqits described subsequently, Modah) was selected as the
electrical conductivity measurements were standardized to 25°Cpreferred model.

where 6 =vertically integrated volumetric water content; sub-
script y=depth interval(0—0.75 m or 0—1.50 m and subscript

using A more comprehensive ANOCOVA model then was used to
EC,s= EC,(0.4779+ 1.380(~T/25.654) ) formally test Model(3b) for both spatial and temporal effects.

) 3 The model incorporated multiple parameters to characterize the
where  EGs=temperature-standardized; ECand T(°C) effects of both location and time. E¢4) was used with both
=average temperature over a given depth interval. (Bgwas water content data set6 to 0.75-m and 0 to 1.50-m depth data
developed through regression of tabulated data for the 3 to 35°C . . .
range(Anonymous 195 Correction factor§term in parenthesis 0;j=a+B(ECy) + a(Site) + ;B (Site* EC4) +8;(Time)
in Eq. (2)] ranged from 0.90 during warmer months to 1.47 dur- i
ing colder months. The average temperatures in the top 0.75 and +8B(TIMe*EGy) + &ij )

1.50 m were used to calculate temperature-standardized HD readwith i=1,2, ...,10 locations and=1,2, ...,35 monitoring
ings (EG,;) and VD readings (E(), respectively. times. In Eq.(4), Site was treated as a random effect and assumed

to be spatially independent. The statistical significanc@ ¢the
main EG; slope estimatewas tested using the (SHtEC,) inter-
action effect. Time was treated as a fixed effect and used to adjust
Measured water content data were examined for spatial and tem+or temporal trends in the data and also to help neutralize any
poral correlation. The spatial correlation of water contents mea- temporal correlation in the residual water contents. The
sured in the horizontal access tubes was examined using vari{Time* EC,) interaction term was used to test for the stability of
ograms (Pannatier 1996 There were insufficient data for a the parameter over time.

temporal analysis of the horizontal access tube data. With only ten  The relative statistical significances of the various interactions
measurement points per survey in the vertical access tubes, spatiat each of the ten locations over the 35 monitoring times were
variograms for a given survey date were noisy. Accordingly, de- quantified using thd--test statistics and associatpdvalues for
scriptive statistics of the temporal variability of measured water each model parameter. Tigevalue is inversely proportional to
content for each of the ten locations were summarized and com-parameter significance and represents the probability that the ob-

Data Analysis and Model Development

pared using percentile box plots. served effect of a given parameter is the result of random chance.
The relationships between measured water content ang EC Thus, smaller values qf indicate greater significance.
were investigated using analysis of covarian@dNOCOVA). Simple linear regression models were fitted to all 350 obser-

Analysis of covariance is a technique that combines the featuresvations[Eg. (3b), excluding the Time paramefernd the result-
of analysis of variance and regressi®nedecor and Cochran ing model residuals were directly analyzed for both spatial and
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temporal correlation. Percentile box plots were used to summarize Clay content (<2 um, %)
the degree of non-random spatial variation. The residuals at indi- 15 20 25 30
vidual locations and the average residuals for each monitoring 0.0 1 L
time were analyzed for temporal trends and other evidence of
nonstationary behavior. All regression and statistical analyses
were performed usin@AS version 8.02oftware(SAS Institute,
Cary, North Carolina Volumetric units (m¥m?® were used to
compare water content predictions over different depth intervals.
Clay content, salinity, and water content are factors that affect
bulk electrical conductivity. The relative contributiof®sulting

Depth (m)
5

from the spatial variability at our sitef each of these factors to 20

the spatial variability of EC were estimated through time. Esti- EC. (dS/m)

mates of EC were calculated following Rhoad#892 using the 0 2 4 6 8
clay content and ECdata from the sampled transects and the 0.0 . 4 .

measured water content values at each monitoring location and

time. The approach used assumes that the mean and standard

deviation values of clay content and salinity at the sampled loca-

tions are representative of the values at the water monitoring lo-

cations. The relative contribution of each factor to the spatial

variability of EC was estimated by maintaining a consta@vier-

age value for that factor while allowing the remaining factors to

vary over the observed ranges. Tispatia) coefficient of varia-

tion (CV) of estimated EC was used to compare the relative con- Fig. 2. Average clay content and saturated paste extract conductivity

tributions of clay content, salinity, and water content. (EC.) with depth (six depths,n=14 at each depih Error bars
The contribution of clay content to spatial variability in EC represent one standard deviation.

was estimated by maintaining both E@nd water content con-

stant at the spatial average value for each depth. The measured

clay content values were used ar)d values of EC were calcu!atgohom 1.0 to 1.8 dS/MCV range: 19-36%to the 1.50-m depth

fqr each of the _14 sampled Iocatlon_s as the average of_the _'“d"and 0.5 dS/m (C¥:19%) at the 1.80-m depth.

vidual depth estimates at each location for each monitoring time.

The EC CV due to spatial variation in clay content was calculated

for each monitoring time. The contribution of salinity to the spa- Spatial and Temporal Variability of Water Content

tial variability of EC was similarly estimated by maintaining both ~Measured with the Neutron Probe

clay content and water content constant at the average value forggip spatial and temporal variability of water content were
each depth. Finally, the contribution of water content to the spa- greater over the 0- to 0.75-m-depth interval than over the 0- to
tial variability of EC was estir_nated _by maintaining both clay 1.50-m-depth intervdlFig. 3@)]. Volumetric water content at the
content and ECconstant at their spatial average values for each e measurement locations was generally more spatially variable
depth. The water content profiles at the ten monitored locations 4; 4 given time in the 0- to 0.75-m-depth intervaverageo
were used and estimates of EC were calculated for each Iocation:O_()lz) than in the O- to 1.50-m depth interv@veragec
as the average of the individual depth estimates, resulting in ten:0.00S) (Table 1. Average water content increased with depth
values for each monitoring time. The EC CV due to spatial varia- throughout most of the study period, as shown by the higher
tion in water content was calculated for each monitoring time.  \yater content in the O- to 1.50-m zone relative to that in the O- to
0.75-m zone. Temporal variability in water content was charac-
terized by an initial increase in water content in response to irri-
Results and Discussion gation and precipitation, followed by a long-term drying trend
and then fairly uniform conditions punctuated by short-term in-
creases in water content in response to precipitation. Spatial vari-
ability of measured(vertically averaged water content (CV
Results of the textural and salinity analyses are summarized in=4%) was similar to that of clay content (GM4%) and less
Fig. 2. The soils in the upper 1.8 m of the cover were texturally than that of EG (CV=12%).
uniform (topsoil: 51+=6% sand, 2% 3% silt, and 22-3% clay; The horizontal access tube surveys indicated that, at a given
subsoil: 55-3% sand, 2% 2% silt, and 24- 2% clay). Clay con- time, volumetric water contents were generally withirD.01
tent was generally uniform at a given location and across loca- (1,0) of the average at a given depth across the test area. For each
tions at a given depth. Vertically averaged clay coniget, the of the horizontal access tube surveys, the water content measure-
average of clay content values at a given locatiwas spatially ments at similar lateral offset distances were averaged across all
uniform with a CV of 4%. Across locations at different depths, access tube depth®.45, 1.2, and 2.0 jn The resulting one-
average clay content ranged from 22 to 25% and standard devia-dimensional data sets provided approximations of the vertically
tions ranged from 1 to 3%CV range: 5-12% Compared to clay =~ averaged water content at 0.3-m intervals across the length of the
content, vertically averaged E@as more spatially variable with  study area. The variograms for each survey date showed a con-
a CV of 12%. Across locations at different depths, averagg EC sistent pattern, indicating that the lateral correlation range of ver-
ranged from of 5.1 to 5.6 dS/m to a depth of 1.50 m and was 2.7 tically averaged water content was less tha? m (Fig. 4). The
dS/m at the 1.80-m depth. E@vas more spatially variable at a  variograms also showed an oscillation with a wavelength of from
given depth than clay content, with standard deviations ranging4 to 5 m. The reason for the oscillation is unclear but may be

2.0

Spatial Variability of Clay Content and Salinity
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g 020 0'03\6
Q | O OE+0 —————r—r
< o8
° = 0 2 4 & 8 10 12 14 16
& 0.16 1 ooz § Il (m)
q) p
= o Fig. 4. Semivariogram(y) of combined horizontal neutron probe
< >
0.14 1 < access tube water content measurements for the November 2000 sur-
vey (lag=0.31 m); h is the (absolute separation distance;? is the
0.12 1 data variancer(= 110). A spherical model was fitted to the data with
range=1.5m, sil=c¢?, and nugget2.0x 107 8.
0.10 T Y Y T Y = 0.00
1.8 1.0 . -
(b) B ECy () tances ranged from 4 to 28.5 m. Percentile box plots depicting the
1.6 4 - 0.9 temporal distribution of water content measurements at each lo-
0 ECy (o) cation indicated a slight southerly trend toward lower average
- 0.8
_ 1.4 4 ® ECy (W RN volumetric water contentd§-ig. 5), and for both depth intervals
£ - 0.7 g the magnitude of the trend was approximately 0.01. The southerly
g 12 o locations were also more variable through time than the northerly
o 10+ 06 g locations. The spatial trend and the greater temporal variability at
3 i 8 the southerly locations are consistent with the observed distribu-
) 05§
li-)' 0.8 o tion of vegetation, which was denser in the south half of the
> - 0.4 O facility. However, all temporal average water contents between
© 061 0.3 o nearby locations were the same at the 95% confidence level. Most
3: =g of the mean 95% confidence intervals at individual locations
0.4 1 L 0.2 < overlapped with those at other locations. The only exceptions
' . were between locations with the greatest separation distances
021§ ‘ 020 0.1 [e.g., Locations 1 and 9, Fig(H)].
0.0 0.0 Visual comparison between Figsia3and b indicates that the

trends in EG; for both horizontal and vertical dipole modes fol-
lowed the trends in measured water content through time, EC
. L was consistently greater in magnitude than,E@ndicating that
Fig. 3. Variation in (a) neutron probe average water cont¢wtC) soil bulk conductivity increased with deptfiable 2.

and standard deviatiofw) for different depth intervals anth) EC,

and EG, average andr values. Average values are based on ten
measurement locations. Preferred Model for Predicting Water Content

7/98

1/99 4
7/99 4
1/00 4
7/00 1
1/01 4
7/01 1

The regressions showed that E¢3a) and (3b) produced nearly
H 2
related to small differences in soil compaction around the loca- €duivalent results and both were more accufaigher R* and

tions of other instrument systems that have lateral offsets of 4 to lOWer residuals) than model 3dTable 3. A preliminary test of

6 m and that are located near the horizontal access tubes. the coefficients of Eq(3a) revealed that the coefficient was not
The vertical access tubes appeared to be sufficiently distantSi9nificantly different from zero at the =0.01 confidence level.

from one another to be considered spatially independent with re-Additionally, the lack of any substantial improvement in e

gard to the water content spatial correlation structure observed in(@nd/or reduction in the standard error estimaeggested that

the horizontal access tubes. The smallest separation distance wad'® EG/-+ térm could be omitted from the model. As a result, Eq.

3 m between Locations 1 and 2, whereas other separation dis-(Sb) was selected as the preferred model parametrization.
Interestingly, the EG models based on E¢3b) consistently

generated better predictions of water content and had greater sig-
Table 1. Measured Water Contents in 0- to 0.75-m and 0- to nificance than did the ECmodels based on E¢3c) (Table 3.
1.50-m Depth Intervals The higher correlations and lower residual standard deviations of
the EG, models relative to the corresponding E@odels may be
explained by the contrast between the HD and VD relative re-

Interval (m) 6 Rang@ (m*¥m® o Averagd (m¥m3 o Rangé& (m¥m?3)

0-0.75 0.152-0.241 0.012 0.006-0.016 sponse functions with depth for the EM38 instrum¢hig. 6).
0-1.50 0.176-0.227 0.008 0.005-0.011 Most of the spatial and temporal changes in water content oc-
®Range of measured water contents averaged over the ten measuremenrred nearer the surface at depths where a greater percentage of
locations for the 35 surveys. the total HD response was generated relative to the total VD
PAverage of all 35 survey values, each witm= 10 (representing the ten  response. Approximately 73% of the combined spatial and tem-
measurement locations poral variability in water content over the 0- to 2.1-m-depth in-
‘Range of average values over the 35 surveys. terval occurred in the top 0.75 m, and 90% occurred in the top
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Fig. 5. Percentile box plots of water contefWwC) measured with the neutron probe in the different depth intervals at each of the ten monitored
locations @ =35). Locations 1 through 10 generally indicate northerly to southerly locaftigs 1(b)]. “All” locations represent the pooled
values for each depth intervah€ 350).

1.50 m. Over the same depth intervals, respectively, 70 and 84%EC,,* Site term$, and another 2.6% of the total variation is re-
of the HD response is generated compared with only 45 and 68%|ated to temporal effects.

of the VD response. Results for the rigorou8 ;5o ANOCOVA model are shown in
Table 5. This second model also produced an ov&alalue of
0.96, and a volumetric water content RMSE of 0.0043. The indi-
vidual parameteF-test results were basically the same as for the
Results for the rigorou&75ANOCOVA model are shown in Table 675 model. TheF-test associated with the main EG|0pe term

4. The model produced an over&f value of 0.96, and a volu-  was highly significant. The EG Time interaction effect was not
metric water content root mean square e®MSE) of 0.0071. significant. The Time effect was statistically significant, and high
The F-test associated with the main EGlope term was highly  F-test values were observed for both the Site ang,*Esite in-
significant (small p), suggesting that the temperature corrected teraction terms. In this second model, the sequential sum of
HD signal data were strongly correlated with the measured 0- t0 squares results indicate that 83.1% of the téta}, variability is
0.75-m-depth water contents. The Fdime interaction effect  explained by the main ECslope term, 14.4% of additional varia-
was not significantlarge p), suggesting that the slope term is tion is explained by location effectéhe Site and EG* Site
stable over time. However, the Time effect was statistically sig- termg, and another 2.6% of the total variation is related to tem-
nificant, implying that the average prediction error changed sys- poral effects.

tematically over time. Additionally, although both the Site and The results from these two analyses indicate that thg &a
EC,* Site interaction terms were considered random effects in effectively account for the predominant variation in water con-
this ANOCOVA model, their associated hightest values sug-  tent. However, additional spatial and temporal effects are also
gest that there is a significant location effect within the present in the data, which may need to be accounted for. These
CondUCtiVitylwater content relationShip. Overall, the sequential |latter effects are important to quantify’ because a much more lim-
sum of squares results indicate that 87.3% of the #jalvari- ited amount of calibration data would probably be collected in an

ability is explained by the main ECslope term, 10.1% of addi-  actual water content monitoring application and a much simpler
tional variation is explained by location effectthe Site and calibration model might likely be employed.

Analysis of Covariance

Table 2. Measured Electromagnetic Response Values

Measurement Ranfe o Averagé o Rangé Table 3.' R’_egression Analysis Results for Different Model

(dS/m (dS/m (dS/n”D Parametrizations

Degr f

ECy4 0.40-1.02 0.095 0.064-0.132 0-0.75 m 0-150 m f?gefii?no
ECy 0.81-1.55 0.172 0.116-0.216
Note: Subscript$d andV represent horizontal and vertical dipole mode, Model R® o (mm?) F R® o (m’m’) F Model Eror
respectively. All EC values are corrected to 25°C. 3a 0.892 0.0098 71.8 0.846 0.0071 478 36 313
®Range of measured EC values averaged over the ten measurement loc&hb 0.892 0.0098 73.7 0.842 0.0072 478 35 314
tions for the 35 surveys. 3c  0.869 0.0106 59.5 0.812 0.0078 387 35 314
PAverage of all 35 survey values, each witim=10. Note: Models numbers refer to equations in text. ANalues are signifi-
‘Range of average over 35 surveys. cant top<<0.0001.
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Cumulative contribution to total (%) Table 5. ANOCOVA Model Results for Water Content in 0- to

0 20 40 60 80 100 1.50-m Depth Interval
0.0 4 . 1 4 s - Degrees of Mean Sequential sum
WC relative Parameter freedom square of square$ F p
variability to Overall 87 — — 68.8 <0.0001
05 2.10-m depth ECy 1 00904 0831  4975.57<0.0001
’ Site 9 0.0113 0.104 68.84<<0.0001
— EC,*Site 9 0.0043 0.040 26.36<<0.0001
é Time 34 0.0022 0.020 3.50<0.0001
£140- EC,*Time 34 0.0006 0.006 0.95 0.5529
§' EM38 HD Note: Overall modelf;5, mean=0.196, R?=0.96, root mean square
nse error=0.0043, error degrees of freedem62.
respo aSequential sum of squarésalculated as the mean square divided by the
1.5 sum of mean squares, 0.1087
EM38 VD
response spective mean residual deviations are biased in opposite direc-
20 tions. Overall, the deviation in mean residual water contents

seems to show little relationship to physical location. Addition-
Fig. 6. Cumulative EM38 signal responses and relative temporal ally, the differences between locations are relatively small com-

variability of average measured water contéW(C) with depth. pared with the ranges in volumetric water content observed dur-
Curves for the horizontal dipole modeD) and vertical dipole mode  ing the study period, and 98% of all predicted values at individual
(VD) were calculated from McNeil{1980 Egs.(13) and (14) with locations are within=0.02 of the measured values for the 0- to

an intercoil spacing of 1 m. Relative temporal variability was calcu- 1.50-m-depth interval.
lated from the standard deviations of the average measured water
contents at each depth over the 35 monitoring times.

Direct Analysis of Model Residual Temporal
Correlation

Direct Analysis of Model Residual Spatial Correlation To further characterize the temporal variability of model residu-

Additional analyses were performed to investigate the apparentals' the mean residual water contents and residual standard devia-
spatial and temporal influences indicated by the rigorous tions were calculated for each of the 35 monitoring times. Fig. 9
ANOCOVA analyses. First, Eq3b) was simplified by omitting shows the apparent temporal patterns for both the 0- to 0.75-m
the Time term

6y=a+b(ECy) (5)

Kolmogorov-Smirnov distribution tests showed that the residuals
for the two depth intervals modeled using Ed) were normally
distributed at the 95% confidence le\€lig. 7). On a volumetric
basis, water contents over the 0- to 1.50-m depth were more ac-
curately predicted than over the 0- to 0.75-m de(ble 6.

The spatial variability of the regression model residuals for
Eq. (5) was summarized using box plots by locatifig. 8).
Distinct spatial differences between the mean residual water con-
tents are apparent across locations. However, these effects do not
seem to clearly indicate spatial correlation. Indeed, Locations 1
and 2 represent the closest pair of neutron probes, yet their re-

Frequency

ECy vs. 045

Table 4. ANOCOVA Model Results for Water Content in 0- to
0.75-m Depth Interval

Degrees of Mean Sequential sum

Parameter freedom square of square$ F p

Overall 87 — — 67.4 <0.0001

ECy4 1 0.2575 0.873 5119.14<0.0001

Site 9 0.0226 0.077 49.90<0.0001

EC,*Site 9 0.0072 0.024 15.94<0.0001 -0.04 -0.02 0 0.02 0.04
Time 34 0.0062 0.021 3.64<0.0001 Residual WC (mS/ms)

EC,*Time 34 0.0015 0.005 0.86 0.6916

Fig. 7. Distribution of model residual water contents for the,
=a+b(EC,)] models fit to the complete data setsa=(350).
Smooth lines represent normal distribution functions with given
average(p) and standard deviatiofwr) values.

Note: Overall model§,s mear=0.186, R2=0.96, root mean square
error=0.0071, error degrees of freeder262.

aSequential sum of squarésalculated as the mean square divided by the
sum of mean squares, 0.2950
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Table 6. Regression Analysis Results for Model,=a+b(EC,)] 0.02
with n=350

Depth interval a (X107
(m) (m3md)

0-0.75 10.6%0.20 12.380.29 0.84 0.013

0-1.50 14.8%#0.13 7.34-0.20 0.80 0.009

Note: Intercept(@ and slope(b) values are shown with respective stan-
dard errors.

b (X10?)

(o)
(m¥m%d9) R? (m¥md)

g

o o
QO
N

and 0- to 1.50-m depths. The average residual volumetric water
content for the 0- to 0.75-m depth displayed a generally consistent
temporal trend with values ranging from approximately 0.005 at
the beginning of the study te0.005 at the end. Values for the 0-
to 1.50-m depth also displayed a consistent temporal trend of
approximately the same magnitude, but only during the first year
of the study. After the first year, average residual water content
values for the 0- to 1.50-m-depth remained close to zero.

We evaluated the correlation of the model residuals indepen-
dently at individual locations through time and statistically sig-
nificant temporal variatior(first-order autocorrelationwas de-
tected in the residual distributions. For the 0- to 0.75-m data, the
apparent degree of first-order autocorrelation ranged from 0.081
to 0.639, with an average value of0.378 across all ten loca-
tions. For the O0- to 1.50-m data, the first-order autocorrelation
levels ranged from 0.116 to 0.804, with an average value of salinity with depth as water infiltrates. The analyzed samples were
=0.459. Although not excessively high, these values confirm that obtained prior to the onset of irrigation and some vertical redis-
some degree of temporal residual correlation exists in both datatribution likely occurred during and following irrigation.
sets. In turn, this implies that, in an actual monitoring study, this  Although statistically significant, the actual impacts of the
temporal residual correlation pattern may need to be modeled,temporal trends on water content predictions were small in prac-
assuming water content data are collected over multiple times.tical terms. Over the course of the three-year study period, the
Estimating the degree of residual correlation is important, becauseoverall residual trend rate was0.0037 ni/m®year for the 0- to
the temporal correlation structure can substantially impact the cal-0.75-m deptHFig. 9. The overall residual trend rate for the 0- to
culation of both the model mean square error term and the asso-1.50-m depth was-0.0016 ni/m®year, though average residual
ciated standard error estimates for comparing changes in watewvalues were essentially zero after the first year. The fact that the
content over time. Conversely, if data from only one time are global temporal trends noted in the residual values did not have a
collected, then some assumptions about the degree of temporasignificant effect on the predicted water contents is important.
correlation might need to be made. Though minor in this case, the This implies that once the EM measurements are calibrated with a
primary cause of the noted temporal trends is likely changing sufficient range of water content values, further calibration points

Residual WC (m*m?®)
o
(o)

0to 1.50 m R
-0.01 '

7/98

1/99

7/99 <
1/00 4
7/00 +
1/01 -
7/01 4

Fig. 9. Average residual water contefj) and standard deviation
(o) (n=10) through time for th¢6,=a+b(EC,)] models fit to the
complete data setsiE& 350).

0.04
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Fig. 8. Percentile box plots of water content residuals for each of the ten monitored locations fdr, tha+b(EC,)] models (=350).

Distributions shown for each location are based on 35 residual values. “All” locations represent the pooled values for each depthinterval (
=350).
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Fig. 10. Comparison between predicted and measured water cofwédt and changes in water contefdWC) for the [6,=a+b(EG,)]
models fit to the complete data sets<350). Lines represent the 1:1 ratio. Water content changes are cumulative over 11 periods when the
spatial average was either increasing or decreasing.the standard deviation.

might be limited or eliminated, provided a reasonable assumption Variability of Estimated Soil Bulk Electrical

about the degree of temporal residual correlatibrany) can be Conductivity

made. For example, one possible approach might be to simply use

calibration data acquired from artificially created test plots at dif- Estimates of the relative contributions of clay content, salinity,
ferent water contents at the beginning of the study. Such a cali-and water content indicate that spatial variability in salinity is the
bration approach would be advantageous because it would limitdominant cause of spatial variability in estimated bulk conductiv-
use of a radioactive source to the initial phase of the study. This ity at our site. Varying salinity alone over the range of measured
result differs, at least for our site, with that of Sheets and Hen- values resulted in estimated bulk conductivity CV values 3.6
drickx (1999, who found it necessary to obtain calibration mea- times greater than estimates due to variation in clay content alone
surements with the neutron probe for each EM survey in order to and an average of ten times greater than estimates due to variation

obtain the most accurate results. in water content alone. Varying salinity alone resulted in an aver-

Alternatively, one could collect periodic water content calibra- age estimated bulk conductivity CV of 7.9% and ranged from 7.8
tion data at a few preselected sitéss done in this studyin to 8.0% at different times. Varying clay content alone resulted in
conjunction with a much more detailed EM grid across the survey an average estimated bulk conductivity CV of 2.2% and remained
area. This would represent a more conservative, safey ap- stable through time. Varying water content alone resulted in an
proach, because the resulting statistical calibration model couldaverage estimated bulk conductivity CV of 0.8%, and ranged
be periodically updated and any tempofal spatial residual from 0.4 to 1.2% at different times. Therefore, the spatial vari-

correlation could be directly modeled. Most importantly, the extra ability in the predicted water content residual values is predomi-
EM data could be used to produce location specific water contentnantly the result of variability in salinity, with clay content vari-
predictions(at all nonsampled EM survey sijesnore accurate ability being of secondary importance at our site. The variability
site average estimates, and estimates of either location-specific opf salinity may be attributed to the heterogeneous nature of the
site-average changes in water content over time. Such an ap-<construction source stockpiles. The stockpiled soils were locally
proach would be quite similar to the EM/salinity calibration tech- derived from deposits at depths ranging from 0 to 10 m. While
nigues advocated by Lesch et 61995, except that a temporal  texturally similar, chloride concentrations varied froriL00 to
component would be incorporated into the calibration approach. ~700 mg/kg soil over that depttScanlon 2000
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Fig. 11. Comparison between predicted and measured spatially averaged water ¢dr@rand change in water conte@@WC) for the[6,
=a+b(EC,)] models fit to the complete data sets<{350). Lines represent the 1:1 ratio. Average water content values for each survey are
representedr(=35). Average water content changes are cumulative over 11 periods when the spatial average was either increasing or decreasin
o is the standard deviation.

Predicted Point Location and Spatial Average Water Sheets and Hendrick®€ 995, whose overall model for volumetric
Contents water content to the 1.50-m depth resulted in a standard deviation

o ) of 0.021, which was based on measurements using an EM31 con-
Monitoring water content and water content changes at point lo- quctivity meter.

cations provides information regarding engineered cover perfor-  |n a5 much as the arithmetic average of the ten water content
mance and may aid in identifying areas of potential failure due to measurement locations represents the true spatial average at our
focused flow. The ab|||ty to rapldly |dent|fy such areas can Sig' Site' the E('_“1 models for both depth intervals more accurate|y
nificantly decrease response time to institute corrective action a”dpredict the spatially averaged water content than water content at
may help to limit costs through early identification of the prob- individual locations. A comparison of the measured and predicted
lem. Spatially averaged water content or water content changespatial averages resulted in a standard deviation of 0.003 for both
over a given area is generally useful for water-balance calcula- yolumetric water content and changes in volumetric water content
tions and for monitoring overall cover performance. over the 0- to 1.50-m depttFig. 11) with only a slight tendency
Because many of the changes in volumetric water content be-to overpredict higher water contents. The standard deviation for
tween survey dates at our site were snf&lD.01) over the 0-t0  the 0- to 0.75-m depth was 0.004 for both volumetric water con-
0.75-m- and 0- to 1.50-m depth intervals, comparisons betweentent and changes in volumetric water content, and the model
measured and predicted changes in water content using5Eq.  tended to slightly underpredict lower water contents and over-
were generated from the cumulative sums of changes over periodsgredict higher water contents.
for which the spatial averadéig. 3@] was either increasing or Results from this study compare favorably to those from pre-
decreasing. Inspection of measured versus predicted values indivious studies that evaluated the use of EM induction for water
cates that within the observed range, volumetric water content atcontent monitoring. The range in measured bulk soil electrical
individual locations over the 0- to 1.50-m depth interval are pre- conductivity was greater in this stud9.4 to 1.02 dS/mthan in
dicted with a standard deviation of 0.009 and changes in volumet- previous studies0.12 to 0.20 dS/m, Sheets and Hendrickx
ric water content are predicted with a standard deviation of 0.008 (1995; 0 to 0.50 dS/m, Kachanoski et a1988]. Volumetric
at our site(Fig. 10. The standard deviation values are larger for water content could be predicted with greater accuracy in this
the 0- to 0.75-m-depth interval with values of 0.013 for volumet- study(+0.009 than in previous studigst0.02, Sheets and Hen-
ric water content and 0.014 for changes volumetric in water con- drickx (1999; Kachanoski et al(1988]. The accuracy of the
tent at individual locations. These values are smaller than those ofelectromagnetic induction technique is similar to that of the neu-
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tron probe(~ +0.01) method, with the added advantage of moni- lack of a significant temporal impact in the model residuals sug-
toring larger areas more rapidly. gests that calibration of the EM with water content measurements
using a neutron probe could be conducted in the initial phases of
a study using test pits in natural soils used for cover construction
having a range of artificially created water contents, thus limiting
In addition to water content, the EM response is influenced by the use of a radioactive source. Of course, this approach assumes
temperature, salinity, and soil textufglay content Elevated sa- that both soil salinity and/or clay content remain stable or change
linity levels and high clay contents can adversely affect the use of only negligibly over time. Conversely, a limited number of neu-
time domain reflectometryT DR) to monitor water content. Many  tron probe locations could be used in a study area to facilitate a
areas in the western United States have soil conditions that pre-much more detailed calibration of EM grid data. Such detailed
clude the use of TDR for automated water content monitoring. grid data could then be used to produce accurate estimates of the
Elevated salinity levels can actually enhance the EM responsetemporally dependent spatial water content pattern, along with a
through increased sensitivity to both water content and changes inverifiable level of statistical precision. In either scenario, the re-
water content. Engineered covers generally are designed to haveults of this study demonstrate that EM induction can be used to
uniform soil texture and bulk density and as a result are inherently monitor spatial and temporal variability in water content over
spatially homogeneous. Variations in salinity were not considered large areas.
during construction of our site and heterogeneity of salinity was
found to be the dominant source of soil bulk electrical conductiv-
ity spatial variability. Careful attention to salinity and clay content Acknowledgments
during construction can further limit the heterogeneity of factors
that influence the EM response and thereby maximize the poten-The writers thank Scott LesctGeorge E. Brown, Jr., Salinity
tial for using EM to monitor water content. Despite the heteroge- Laboratory, U.S. Dept. of Agriculture ARSnd James Jennings
neity at our site, EM induction measurements, once standardized(Bureau of Economic Geology, Jackson School of Geosciences,
for temperature influences, successfully predicted volumetric The University of Texas at Austinfor their insights and kind
water content to a depth of 1.50 m to within0.009 at point assistance with the statistical analysis. Financial support was pro-
locations and to within=0.003 of the spatial average calculated vided by grants from the U.S. Environmental Protection Agency
from the point location measurements. and the Texas Low-Level Radioactive Waste Disposal Authority.
The observed water content range and, thus, the simplified Publication authorized by the Director, Bureau of Economic
linear regression model calibration, required approximately 18 Geology.
months to establish at our site. Because the model residuals were
only slightly correlated with time implies that calibration might
have been more rapidly established using test pits having a rangeNotation

of artificially created water contents. This option should be tested.
The following symbols are used in this paper:

°C = degrees centigrade;
Conclusions C = near-surface neutron probe count correction factor;
EC = bulk soil electrical conductivity;

EC, = apparent bulk soil electrical conductivity;
EC. = saturated soil paste extract electrical conductivity;
EC, = EC, horizontal dipole mode readings;
EC, = saturated soil paste electrical conductivity;
EC, = EC, vertical dipole mode readings;
EC,s = EC, standardized to 25°C;

F = ANOCOVA F-test value;

h = separation distance;

n = sample size;
= ANOCOVA F-test value significance;
= coefficient of determination;
= correlation coefficient;
= temperature;
= semivariogram;
= volumetric water content;

Implications for Water Content Monitoring

Water content and changes in water content in the prototype en-
gineered soil cover were accurately predicted using noninvasive
electromagnetic induction measurements. The EM38 horizontal
dipole mode measurements consistently produced more accurate
models than did the vertical dipole mode measurements because
most of the water content changes at our site occurred at shallow
depths, where the horizontal dipole mode response provided the
greatest sensitivity. Models that included only the horizontal di-
pole mode measurements were better predictors of water content
at our site than models that incorporated only the vertical dipole
mode measurements. The application of EM induction in this >
study shows excellent promise for monitoring spatial and tempo-
ral variability in water content. Although the particular applica-
tion discussed in this study is an engineered cover designed for
waste containment, this method might also be applied to natural
systems, with the understanding that greater variability of salinity

VYA T o2 4= Bo
|

; = mean;
and clay content would necessarily lead to less accurate results. B S

- - : = standard deviation; and

Our results indicate that a simple linear model based on EM B .
. ! = variance.
induction and neutron probe water content measurements can es-
timate volumetric water content over the 0- to 1.50-m-depth in-
. . + . 2: .

terval to within =0.009 at any locationR“=0.80). The spatially References
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