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The Five-Step OJT Cycle for Declarative Training 
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OJT Module Lesson 
Title:  801 Understand EMI technology. 

WHAT WHY, WHEN, WHERE, HOW, SAFETY, QUALITY 

Cycle step 1 
Trainer and trainee review objectives of module. 

Cycle step 2 

Trainer and trainee read or review the attached: 
• What is Electromagnetic Induction 

(EMI).pdf 
• Paper-Mapping within field soil 

variability...using electromagnetic 
induction.pdf 

• Paper-Comparison of EM and Direct 
sensing of soil EC.pdf 

Trainer and trainee should note the attached: 
• Example EMI Investigations.pdf 

 
Trainer may also want to provide investigations 
completed locally as examples. 

Cycle step 3 
Trainer leads the following discussions: 

1. Describe how EMI works. 

• Advantages of EMI assessments. 
• Current flow and responsive secondary 

electromagnetic field 
• Depths of observation in lateral and vertical 

modes 
• The soil properties that affect conductivity 
• Inference of other soil physical and chemical 

properties 
• Suitabilities of EMI for investigations 

2. Example site investigations 

• Using the attached Example EMI 
Investigations.pdf or trainer provided local 
investigation examples: 

• Review soil properties involved 
• Discuss influence on results 
• Discuss any other properties that may be 

inferred 

Cycle step 4 

Trainer should provide pending local map units 
and/or MLRA projects. Trainer should ask the trainee 
to review each and: 

• Discuss soil properties that would affect an 
EMI investigation 

• Discuss any possible inference of other soil 
physical or chemical properties 

• Decide if an EMI investigation would benefit 
decisions pending for the map units/projects 
provided 

 



Cycle step 5 
Trainer can debrief trainee and address any 
concerns. 
 

 
 
 
 
 
 
 
OJT Module Lesson Measurement of Learning 
Title:   801 Understand EMI technology. 

WHAT WHY, WHEN, WHERE, HOW, SAFETY, QUALITY 
Trainee’s learning is measured. Have the trainee complete the attached quiz to 

reinforce the concepts in this module. 
 

 
 
 
 

SF-182 
 
Trainee and/or supervisor access Aglearn to verify completion of the module via its 
SF-182. 
 

  
  



Quiz  
 

1. Apparent conductivity is a weighted, average conductivity measurement for a 
column of earthen materials to a: 
 
A) Specific depth 
B) Variable depth 

 

2. Generally, apparent conductivity is: 

A)  A reflection of only one dominant soil property 
B)  A reflection of combined interaction of the soils properties 

 
3. In any soil-landscape, variations in one or more of the factors (soluble salts, clay, 

and water contents) may dominate the EMI response?  
 
A)  True 
B)  False 
 

4. Apparent conductivity can be an indirect indicator of other soil physical and 
chemical properties?  
 
A)  True 
B)  False 
 

5. EMI investigations can be used to describe spatial variability (one or more of the 
following):  
 
A)  Within landscapes and landforms 
B)  Within a map unit 
C) Between map units 
 

 
 


	SF-182
	Quiz




Quiz  
 


1. Apparent conductivity is a weighted, average conductivity measurement for a column of 
earthen materials to a: 
 
A) Specific depth 
B) Variable depth 


 
2. Generally, apparent conductivity is: 


A)  A reflection of only one dominant soil property 
B)  A reflection of combined interaction of the soils properties 
 


3. In any soil-landscape, variations in one or more of the factors (soluble salts, clay, and 
water content) may dominate the EMI response?  
 
A)  True 
B)  False 
 


4. Apparent conductivity can be an indirect indicator of other soil physical and chemical 
properties (silt content, CEC, depth to bedrock, etc.)?  
 
A)  True 
B)  False 
 


5. EMI investigations can be used to describe spatial variability (one or more of the 
following):  
 
A)  within landscapes and landforms 
B)  within a map unit 
C) between map units 
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Example EMI Investigations 
 


Overview 
 
Following recent years of catastrophic flooding and inundation from devastating hurricanes that ravaged 
the Gulf coast, soil salinity has become a major issue along many portions of this region. Flooding not 
only occurred along the coast line but salt water also inundated soils several miles well into the mainland.  
Thousands of acres were inundated with sea water for prolonged periods of time resulting in elevated 
salinity. EMI has become a valuable tool for assessing salinity in the region. The soils staff in Opelousas, 
LA has acquired a Dualem-1S conductivity meter to help better assess changes in salinity throughout the 
region. EMI surveys have been conducted to get a better assessment of changes in salt concentrations 
across the region.  
 
During this field investigation, results from EMI surveys were compared to electrical conductivity (ECe) 
measurements taken by the field staff at survey sites using a portable ECe meter (hand probe). This field 
testing method provided quick onsite comparisons and ground truthing. Results were encouraging as there 
appeared to be a good association with changes in ECe and changes in salinity as interpreted from EMI 
spatial conductivity maps - apparent conductivity (ECa). The soils staff in Opelousas, LA plans to use the 
conductivity meter to further assess changes in salinity over time and observe the effects of rainfall and 
see if a “flushing “ of salts occurs in soils inundated from sea water. The Dualem-1S meter will also be 
used to provide ancillary information related to other soils issues. 
 
 


EMI Surveys 
 


Site 1 
 
The study site was located approximately 2.5 miles east of the community of Delcambre, in Iberia Parish, 
Louisiana. The site was located in cropland.  The site was in an area that has been mapped Jeanerette, silt 
loam (Web Soil Survey). The very deep, somewhat poorly drained, Jeanerette soils formed in loess or 
silty alluvium on broad, nearly level areas or slight depressions on late Pleistocene age terraces. Jeanerette 
is a member of the fine-silty, mixed, superactive, thermic Typic Argiaquolls family.  
 
 







 2 


 
Photo 1. An electromagnetic induction (EMI) survey is being completed across an area of Jeanerette silt 
loam to assess the area for changing salinity. The site is located inland approximately 7 miles north of 
Vermilion Bay which empties in the Gulf of Mexico.  
 


 
Survey Design: 
A semi-triangular shaped grid was established across the site. Survey procedures were simplified to 
expedite fieldwork. A mobile EMI survey was completed with the Dualem-1S meter by towing the 
instrument in a sled with an ATV at a fairly uniform pace along similarly numbered parallel survey lines 
in a back and forth pattern while maintaining a 10 m interval spacing. The Dualem-1S meter was 
positioned in the sled at a height of approximately 10 cm (4 inches) above the soil surface and was 
operated in the continuous mode with measurements recorded at a 1-sec interval. Measurements of 
apparent conductivity were geo-referenced and collected in the HCP (deeper sensing) and PRP (shallower 
sensing) geometries. 
 
Results: 
A total of 2458 measurements were recorded with the Dualem-1S meter in the deeper sensing HCP 
geometry. Apparent conductivity averaged about 114.5 mS/m with a range of 90.2 to 171.6 mS/m. One-
half the observations had values of apparent conductivity between about 105.8 and 120.8 mS/m.  
 
A total of 2458 measurements were recorded with the Dualem-1S meter in the shallower sensing PRP 
geometry. Apparent conductivity averaged about 91.6 mS/m with a range of 69.7 to 183.4 mS/m. One-
half the observations had values of apparent conductivity between about 84.1 and 96.7 mS/m.  
 
Changes in apparent conductivity across the survey area (Figures 1 and 2) were thought to dominantly be 
associated with changes in soil characteristics. Higher apparent conductivity (ECa) was thought to be 
attributed to an increase in salt, clay and moisture content, relative to other portions of the survey area. 
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The highest apparent conductivity observed in portions of the survey area was thought to dominantly be 
influenced by the presence of salts. Even though the measurements observed here are not alarmingly high 
(130 – 140 mS/m), these values are higher than normally recognized for soils not containing appreciable 
amounts of salts.  
 
In Figures 1 and 2, a distinct linear feature (higher apparent conductivity) trending northwest to southeast 
is very apparent and well defined. Two underground utility pipe lines were identified crossing the site at 
this location. Figure 1 also shows a map processed in the metal detection phase (greater sensitivity to 
metallic objects). The underlying metallic pipeline was very evident in this survey. 
 
A comparison of the surveys (Figures 2) completed with the Dualem-1S in the deeper (0 - 1.5 m) and 
shallower geometries (0 – 0.5 m) resulted in similar interpretations. Overall spatial patterns of 
conductivity were relatively similar. The deeper sensing HCP geometry resulted in a better quality 
interpretative spatial map of apparent conductivity. The average conductivity was also higher in the HCP 
geometry.  
 
Hand probe measurements (EC/salinity probe) were recorded across the site. A general trend across the 
site shows a good association with changes in ECa (apparent conductivity) and ECe (electrical 
conductivity). Higher measurements of ECe were observed in areas with higher ECa. The Field Scout 
Soil and Water EC meter (24” hand probe) was used to collect ECe measurements. The Field Scout hand 
probe appears to be an excellent tool for quick onsite salinity assessments.  
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Figures 1. The diagrams above represent spatial patterns of apparent conductivity measurements 
(measured in millisiemens per meter (mS/m)) and metal detection (measured in parts per thousand 
(ppt)) collected in an area of Jeanerette silt loam with the Dualem-1S meter in the deeper sensing 
geometry (0 – 1.5 meters).     
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Figures 2.  ArcGIS presentations of an EMI survey completed with the Dualem-1S conductivity meter at 
the Ben Langlinais site and prepared by the NRCS staff in Opelousas, LA. The diagram (survey) on the 
left was collected in the shallower sensing PRP geometry (0 - 0.5 meter) and the diagram (survey) on the 
right was collected in the deeper sensing HCP geometry (0 - 1.5 meters). Areas in red are associated with 
higher apparent conductivity.    
 


           
Site 2 


 
The study site was located approximately 12 miles northwest of Lake Charles, in Calcasieu Parish, 
Louisiana. The site was located in woodland. The site was formerly used for oil well production. The site 
is very severely eroded with some areas experiencing gullies in excess of 10 feet in depth. Brine waste 
water (by-product from the oil well mining process)) has flowed across this area and has wreaked havoc 
on the site. Remediation efforts have been discussed at the site but damage is thought to be so severe that 
the cost factor makes sufficient remediation of the site difficult, economically speaking. High levels of 
salts are thought to still be present at the site. Most of the site is void of any plant growth, except small 
isolated “islands” within the site and along fringe areas bordering woodland (areas with lower amounts of 
overland flow of brine waste water). An EMI survey was conducted at the site to assess apparent 
conductivity and associated salinity levels.  
 
The site was in an area that has been mapped Glenmora silt loam, 1 to 3 percent slopes (Web Soil 
Survey). The very deep, moderately well drained Glenmora soils formed in mixed fluvial sediment of 
mid-Pleistocene age on terraces of broad steam divides. Glenmora is a member of the fine-silty, siliceous, 
active, thermic Glossaquic Paleudalfs family.  
 
Survey Design: 
A wildcat EMI survey was conducted across the site. The very severely eroded area (gullies) made a 
conventional grid set-up impractical. An EMI survey was completed with the EM38 meter and the 
Dualem-1S meter by walking at a fairly uniform pace while trying to maintain a semi-equi-distant spacing 
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between survey lines to accurately capture changes in apparent conductivity. The Dualem-1S meter and 
the EM38 meter were carried at a height of approximately 10 cm (4 inches) above the surface and were 
operated in the continuous mode with measurements recorded at a 1-sec interval. Measurements of 
apparent conductivity were collected in the deeper sensing HCP geometry (0 - 1.5 m) and the shallower 
sensing PRP geometry (0 - 0.5 m) with the Dualem-1S meter and in the vertical dipole orientation (0 - 1.5 
m) with the EM38 meter. Measurements of apparent conductivity were geo-referenced. 
 


 
Photo 3. An electromagnetic induction (EMI) survey is being completed across an area of Glenmora silt 
loam, 1 to 3 percent slopes to assess the area for changing salinity. The site has been used for oil well 
production but has since been abandoned. The site is in need of remediation but cost effective measures 
of repair at the site are still in discussion. High salt concentrations remaining from the brine water by-
product, as a result of the mining process have severely impacted the site. 
 
 
Results: 
A total of 1276 measurements were recorded with the Dualem-1S meter in the HCP geometry (0 - 1.5 m). 
Apparent conductivity averaged about 184.4 mS/m with a range of 27.8 to 579.8 mS/m. One-half the 
observations had values of apparent conductivity between about 109.3 and 227.8 mS/m.  
 
A total of 3540 measurements were recorded with the EM38 meter in the vertical dipole orientation (0 - 
1.5 m). Apparent conductivity averaged about 174.5 mS/m with a range of -205.5 to 840.4 mS/m. One-
half the observations had values of apparent conductivity between about 90.4 and 227.8 mS/m.  
 
Comparative EMI surveys conducted at the site with the Dualem-1S and the Geonics EM38 meter 
resulted in similar spatial patterns. Spatial patterns were similar in appearance and result in similar 
interpretations. Average apparent conductivity and range in conductivity were relatively similar with 
some variation in extremes between instruments which is to be expected. Survey paths were not identical 
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and slight variations in survey lines resulted in variations in measurements. Negative values observed in 
the EM38 survey was thought to be attributed to the presence of metal within the survey area (metal pipes 
were observed across the survey area).  
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Figure 3.  Spatial pattern of apparent conductivity measured with the EM38 meter in an area of 
Glenmora silt loam, 1 to 3 percent slopes. Apparent conductivity is measured in mS/m 
(millisiemens/meter). 
 
In Figure 3, the yellow, orange and red colors are associated with higher apparent conductivity and are 
thought to be attributed to higher concentrations of salts. Apparent conductivity in excess of 700 mS/m 
was observed and suggests that very high salt concentrations still exist at the site. The site is mostly void 
of vegetation except for fringe areas adjoining the woodland and small “islands” containing small trees 
and understory vegetation with lower salt concentrations. Higher amounts of salts still present at the site 
have had and are having a severe impact on vegetation. Portions of the EMI survey were conducted in 
soils thought to be less influenced from higher salt concentrations and brine water flow (outer fringe 
areas). This “standard” (apparent conductivity of naturally occurring soils (Glenmora soil)) observed in 
fringe areas was in the 30 to 40 mS/m apparent conductivity range.  Measurements in excess of these 
values were thought to reflect the influence of salt concentrations across the site from earlier mining 
operations.  
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The Opelousas MLRA soil survey staff hopes to use EMI to further assess areas containing elevated 
salinity levels, both man-induced and also in areas subjected to natural disasters such as sea water 
inundation from hurricanes. 
 


Site 3 
 


The study site was located approximately 4 miles southwest of the community of Forked Island, in 
Vermilion Parish, Louisiana. The site was located in pastureland.  The site was in an area that has been 
mapped Judice silty clay loam and Midland silty clay loam (Web Soil Survey). The very deep, poorly 
drained Judice soils formed on nearly level and broad depressional areas, in clayey sediments on terraces 
of late Pleistocene age. The very deep, poorly drained Midland soils formed in clayey sediments on low 
concave terraces above stream channels on uplands of late Pleistocene age. Judice is a member of the 
fine, smectitic, thermic Typic Epiaquerts family. Midland is a member of the fine, smectitic, thermic 
Chromic Vertic Epiaqualfs family.  
 
Survey Design: 
A 300m x 130m semi-rectangular grid was established across the site. Survey procedures were simplified 
to expedite fieldwork. A mobile EMI survey was completed with the Dualem-1S meter by towing the 
instrument in a sled with an ATV at a fairly uniform pace along similarly numbered parallel survey lines 
in a back and forth pattern while maintaining a 10 m interval spacing. The Dualem-1S meter was 
positioned in the sled at a height of approximately 10 cm (4 inches) above the soil surface and was 
operated in the continuous mode with measurements recorded at a 1-sec interval. Measurements of 
apparent conductivity were geo-referenced and collected in the HCP (deeper sensing) and PRP (shallower 
sensing) geometries. 
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Horizontal Coplanar Geometry (HCP) (0 - 1.5 meters) 
 


 
Perpendicular Geometry (PRP) (0 - 0.5 meters) 
 


Figures 4.  ArcGIS presentations of an EMI survey completed with the Dualem-1S conductivity meter at 
the Stelly site and prepared by the NRCS staff in Opelousas, LA. The upper diagram (survey) was 
collected in the deeper sensing HCP geometry (0 - 1.5 meters) and the lower diagram (survey) was 
collected in the shallower sensing PRP geometry (0 - 0.5 meter). Areas in red are associated with higher 
apparent conductivity. 
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Figures 5. The diagrams above represent spatial patterns of apparent conductivity (measured in 
millisiemens per meter (mS/m)) and metal detection (measured in parts per thousand (ppt)) 
measurements were collected simultaneously collected with the Dualem-1S meter in the deeper sensing 
geometry (0 - 1.5 meters). These figures were processed using Surfer processing software.           
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Photos 1 and 2. (Right photo)-An electromagnetic induction (EMI) survey is being completed across an 
area of Judice silty clay loam and Midland silty clay loam to assess the area for changing salinity. The 
Dualem-1S meter (left photo-close-up) is being towed in a sled while measurements of apparent 
conductivity are geo-referenced and stored in an Allegro field data recorder for later post-processing. 
This site is located inland approximately 7 miles west of Vermilion Bay which empties in the Gulf of 
Mexico. The site was inundated during Hurricane Rita and Hurricane Ike and still contains elevated salt 
concentrations.  
 
Results: 
A total of 1894 measurements were recorded with the Dualem-1S meter in the deeper sensing HCP 
geometry. Apparent conductivity averaged about 148.8 mS/m with a range of 117.8 to 194.7 mS/m. One-
half the observations had values of apparent conductivity between about 142.7 and 155.3 mS/m.  
 
A total of 1894 measurements were recorded with the Dualem-1S meter in the shallower sensing PRP 
geometry. Apparent conductivity averaged about 112.4 mS/m with a range of 84.2 to 217.2 mS/m. One-
half the observations had values of apparent conductivity between about 105.0 and 117.5 mS/m.  
 
Changes in apparent conductivity across the survey area (Figures 4 and 5) were thought to be associated 
with changes in soil characteristics. Higher apparent conductivity was thought to be attributed to an 
increase in salt content across the survey area. In Figures 4, the deeper sensing HCP geometry was 
thought to result in a better interpretative map of the survey area even though a comparison of the HCP 
and PRP geometries are similar, interpretatively speaking. Areas with higher apparent conductivity are 
more pronounced in the deeper sensing HCP geometry. Overall, the deeper sensing HCP geometry 
resulted in slightly higher apparent conductivity which suggests an increase in salts with increasing depth, 
generally speaking within the survey area. Figures 5 displays the same grid area as Figures 4 but use 
Surfer processing software. 
 
In Figures 5 (lower diagram) the “metal detection phase” more definitively shows the location of a gas 
pipeline that is located within the survey area. Higher apparent conductivity can be observed in Figures 4 
and 5 in this same location in the diagram but the additional data (verification) gained from the “metal 
detection phase” using the Dualem-1S is very advantageous when making interpretations. 
 
 
Electrical conductivity (ECe) measurements were recorded at different locations across the survey area 
using the Field Scout Soil and Water EC meter (24” hand probe). Sample locations were selected using 
the spatial conductivity map (ECa) generated from the EMI survey of the site. Locations were selected to 







 12 


represent variations in ECa across the survey area with measurements taken dominantly at depths in the 3 
to 18 inch range. A good association was observed with changes in ECe and ECa across the survey area. 
Higher ECe measurements were recorded in areas where higher ECa measurements were observed and 
lower ECe measurements were observed in areas containing lower ECa measurements. 
 
Geophysical interpretations are considered preliminary estimates of site conditions.  The results of all 
geophysical investigations are interpretive and do not substitute for direct soil borings.  The use of 
geophysical methods can reduce the number of soil observations, direct their placement, and supplement 
their interpretations.  Interpretations should be verified by ground-truth observations.   
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Comparison of Electromagnetic Induction and Direct Sensing of Soil
Electrical Conductivity


K. A. Sudduth,* N. R. Kitchen, G. A. Bollero, D. G. Bullock, and W. J. Wiebold


ABSTRACT et al. (1989) modeled ECa as a function of soil water
content (both the mobile and immobile fractions), theApparent profile soil electrical conductivity (ECa) can be an indi-
electrical conductivity (EC) of the soil water, soil bulkrect indicator of a number of soil physical and chemical properties.


Commercially available ECa sensors can be used to efficiently and density, and the EC of the soil solid phase.
inexpensively develop the spatially dense data sets desirable for de- Measurements of ECa can be used to provide indirect
scribing within-field spatial soil variability in precision agriculture. measures of the soil properties listed above if the contri-
The objective of this research was to compare ECa measurements butions of the other soil properties affecting the ECa
from a noncontact, electromagnetic induction–based sensor (Geonics measurement are known or can be estimated. If the ECaEM38)1 to those obtained with a coulter-based sensor (Veris 3100) changes due to one soil property are much larger than
and to relate ECa data to soil physical properties. Data were collected


those attributable to other factors, then ECa can beon two fields in Illinois (Argiudoll and Endoaquoll soils) and two in
calibrated as a direct measurement of that dominantMissouri (Aqualfs). At 12 to 21 sampling sites in each field, 120-cm-
factor. Lesch et al. (1995a, 1995b) used this direct-cali-deep soil cores were obtained for soil property determination. Depth
bration approach to quantify variations in soil salinityresponse curves for each ECa sensor were derived or obtained from


the literature. Within a single field and measurement date, EM38 data within a field where water content, bulk density, and
and Veris deep (0–100 cm depth) data were most highly correlated other soil properties were “reasonably homogeneous.”
(r � 0.74–0.88). Differences between ECa sensors were more pro- Research in Missouri has established direct, within-field
nounced on the more layered Missouri soils due to differences in calibrations between ECa and the depth of topsoil above
depth-weighted response curves. Correlations of ECa with response a subsoil claypan horizon (Doolittle et al., 1994; Sudduth
curve–weighted clay content and cation exchange capacity were gener- et al., 1995, 2001; Kitchen et al., 1999).
ally highest and most persistent across all fields and ECa data types.


Mapped ECa measurements have been found to beSignificant correlations were also seen with organic C on the Missouri
related to a number of soil properties of interest infields and with silt content. Significant correlations of ECa with soil
precision agriculture, including soil water content (Sheetsmoisture, sand content, or paste EC were observed only about 10%
and Hendrickx, 1995), clay content (Williams and Hoey,of the time. Data obtained with both types of ECa sensors were similar


and exhibited similar relationships to soil physical and chemical prop- 1987), CEC, and exchangeable Ca and Mg (McBride et
erties. al., 1990). Because ECa integrates texture and moisture


availability, two soil characteristics that affect productiv-
ity, it can help to interpret spatial grain yield variations,
at least in certain soils (e.g., Sudduth et al., 1995; JaynesEfficient and accurate methods of measuring
et al., 1993; Kitchen et al., 1999). Other uses of ECa inwithin-field variations in soil properties are impor-
precision agriculture have included refining the bound-tant for precision agriculture (Bullock and Bullock,
aries of soil map units (Fenton and Lauterbach, 1999),2000). Apparent profile soil electrical conductivity is
interpreting within-field corn rootworm (Diabroticaone sensor-based measurement that can provide an indi-
barberi Smith and Lawrence) distributions (Ellsbury etrect indicator of important soil physical and chemical
al., 1999), and creating subfield management zonesproperties. Soil salinity, clay content, cation exchange
(Fraisse et al., 2001).capacity (CEC), clay mineralogy, soil pore size and dis-


Two types of portable, within-field ECa sensors havetribution, soil moisture content, and temperature all
been used in agriculture—an electrode-based sensor re-affect ECa (McNeill, 1992; Rhoades et al., 1999). In
quiring direct contact with the soil and a noncontactsaline soils, most of the variation in ECa can be related
electromagnetic induction (EM) sensor. The earliestto salt concentration (Williams and Baker, 1982). In
sensors were of the contact type and included four elec-nonsaline soils, conductivity variations are primarily a
trodes inserted into the soil, coupled with an electricfunction of soil texture, moisture content, and CEC
current source and resistance meter. Hand-carried four-(Rhoades et al., 1976; Kachanoski et al., 1988). Rhoades
electrode sensors were initially used in salinity surveys
(Rhoades, 1993), and later versions were tractor-1Mention of trade names or commercial products is solely for the
mounted for mobile, georeferenced measurement ofpurpose of providing specific information and does not imply recom-


mendation or endorsement by the USDA or the Univ. of Illinois. ECa. The electrode-based sensing concept formed the


K.A. Sudduth and N.R. Kitchen, USDA-ARS, Cropping Syst. and
Abbreviations: CV, coefficient of variation; DGPS, differential globalWater Qual. Res. Unit, 269 Agric. Eng. Bldg., Univ. of Missouri,
positioning system; EC, electrical conductivity; ECa, apparent soilColumbia, MO 65211; G.A. Bollero and D.G. Bullock, Dep. of Crop
electrical conductivity; ECa-sh, shallow (0–30 cm) apparent soil electri-Sci., Univ. of Illinois, 1102 S. Goodwin Ave., Urbana, IL 61801; and
cal conductivity measured by Veris 3100; ECa-dp, deep (0–100 cm)W.J. Wiebold, Dep. of Agron., Univ. of Missouri, 214 Waters Hall,
apparent soil electrical conductivity measured by Veris 3100; ECa-em,Columbia, MO 65211. Received 10 July 2001. *Corresponding author
vertical-mode apparent soil electrical conductivity measured by Geo-(SudduthK@missouri. edu).
nics EM38; EM, electromagnetic induction; GPS, global positioning
system; TD, topsoil depth.Published in Agron. J. 95:472–482 (2003).
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Fig. 1. Veris 3100 coulter-based apparent soil electrical conductivity sensor.


basis of a commercial product, the Veris 3100 (Veris or computer, an analog-to-digital converter, and a GPS
receiver (e.g., Jaynes et al., 1993; Cannon et al., 1994;Technol., Salina, KS). This mobile system (Fig. 1) uses


six rolling coulters for electrodes and simultaneously Sudduth et al., 2001).
Each of the commercial ECa sensors has operationalgenerates shallow (ECa-sh; nominally 0–30 cm) and deep


(ECa-dp; 0–100 cm) measurements of ECa (Lund et al., advantages and disadvantages. The EM38 requires the
user to complete a daily calibration procedure before1999). It includes all necessary components except for


the tow vehicle and global positioning system (GPS) use. Changes in ambient conditions such as air tempera-
ture, humidity, and atmospheric electricity (spherics)receiver and requires no user calibration.


The EM-based ECa sensor most often used in agricul- can affect the stability of EM38 measurements. Sudduth
et al. (2001) reported that EM38 output could drift byture is the EM38 (Geonics Limited, Mississauga, ON,


Canada). Details of the EM-sensing approach are given as much as 3 mS m�1 h�1 and that this drift was not
consistently related to ambient conditions. They sug-by McNeill (1980, 1992). The EM38 is a lightweight bar


and was initially designed to be carried by hand and gested that drift compensation be accomplished by use
of a calibration transect or through frequent recalibra-provide stationary ECa readings. To implement mobile


data acquisition with this unit, it is necessary to assemble tion of the EM38. In contrast, the Veris 3100 system
includes all necessary components and requires no usera data collection system (Fig. 2), including a cart or sled


to transport the sensor, a tow vehicle, a data collector calibration. Thus, the Veris requires less user setup and


Fig. 2. Mobile apparent soil electrical conductivity data collection system, including Geonics EM38 sensor attached to rear-wheeled cart.
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Table 1. Study fields.


State Field Field size Location Dominant soils Sampling date Calibration sites


ha
Missouri F1 35 39�13�48″ N, 92�7�0″ W Mexico, Adco 24 Nov. 1997 21


16 Nov. 1999 19
Missouri GV 13 39�14�5″ N, 92�8�49″ W Mexico, Adco 25 Nov. 1997 15


17 Nov. 1999 15
Illinois WN 16 40�18�18″ N, 88�32�38″ W Varna, Drummer, Chenoa 14 Oct. 1999 12
Illinois WS 16 40�18�5″ N, 88�32�38″ W Varna, Drummer, Chenoa 14 Oct. 1999 17


as much as 50 to 60% smectitic clay. Within each study field,configuration before use and has the advantages of a
topsoil depth (TD) above the claypan (depth to the first Bsingle-vendor system when it comes to troubleshooting.
horizon) ranged from �10 cm to �100 cm.Using a wheeled cart pulled by an all-terrain vehicle


Soils of the Illinois fields include the Varna series (fine,(Fig. 2), an EM38 system is adaptable to a wide variety
illitic, mesic Oxyaquic Argiudolls), Drummer series (fine silty,of data collection conditions. This lightweight system mixed, superactive, mesic Typic Endoaquolls), and Chenoa


requires little power and makes it possible to collect series (fine, illitic, mesic Aquic Argiudolls). Surface textures
data under wet or soft soil conditions. Also, it is possible include silt loam and silty clay loam. Drainage classes repre-
to collect data after a crop has been planted in 76-cm sented at the Illinois fields range from poorly drained to well
rows, up until the time that the crop is 15 to 20 cm tall. drained (Kravchenko et al., 2001).
The Veris 3100 is much heavier and requires a tractor
or truck to pull it through the field, limiting its use to Apparent Soil Electrical Conductivity Sensors
firmer soil conditions and unplanted fields. The newer and Response Curves
Veris 2000XA, which only has four coulters and one The EM sensor used in this research (Geonics EM38) has
measurement depth, can be pulled by a large all-terrain a spacing of 1 m between the transmitting coil located at one
vehicle and can collect data between planted 76-cm end of the instrument and the receiver coil at the other end.
crop rows. Calibration controls and a digital readout of ECa in millisie-


Commercial operators are using ECa sensing systems mens per meter (mS m�1) are included, and an analog data
output allows data to be recorded on a data logger or com-to provide soil variability information to producers. Al-
puter. The EM38 was operated in the vertical dipole mode,though many or most of these are coulter-based sensors,
providing an effective measurement depth of approximatelythe vast majority of research information has been ob-
1.5 m. The vertical-mode ECa measurement from the EM38tained with EM-based sensors. As more use is made of
by Geonics EM38 (designated by ECa-em in this study) is aver-ECa sensing in precision agriculture, it will be important
aged over a lateral area approximately equal to the measure-to compare the data obtained with each type of system ment depth. The instrument response to soil conductivity var-


and to understand how these data are related to soil ies as a nonlinear function of depth (McNeill, 1992). Sensitivity
properties. This study was undertaken to compare ECa in the vertical mode is highest at about 0.4 m below the instru-
data collected on Missouri and Illinois fields with the ment (Fig. 3). The ECa measurement is determined by the
noncontact Geonics EM38 and the coulter-based Veris soil conductivity with depth, as weighted by this instrument
3100 and to relate those data to measured soil proper-
ties. Objectives were to (i) interpret differences in ECa


sensor data in relation to response curves of the sensors,
(ii) document the relationship of ECa data to soil proper-
ties, and (iii) investigate the improvement, if any, ob-
tained by combining multiple ECa variables for estimat-
ing soil properties.


MATERIALS AND METHODS


Study Fields


Data were collected on two Missouri fields and two Illinois
fields. The Missouri fields (F1, 35 ha and GV, 13 ha) were
located within 3 km of each other near Centralia, in central
Missouri. The two Illinois fields (WS and WN, 16 ha each)
were adjacent to each other near Bellflower, in east-central
Illinois. Geographic coordinates of the fields are given in
Table 1.


The soils found at the Missouri sites include the claypan
soils of the Mexico series (fine, smectitic, mesic aeric Vertic
Epiaqualfs) and the Adco series (fine, smectitic, mesic aeric
Vertic Albaqualfs). These soils were formed in moderately
fine-textured loess over a fine-textured pedisediment and are
classified as somewhat poorly drained. Surface textures range Fig. 3. Relative response of apparent soil electrical conductivity
from silt loam to silty clay loam. The subsoil claypan horizon(s) sensors as a function of depth. Responses are normalized to


yield a unit area under each curve.are silty clay loam, silty clay, or clay and commonly contain
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response function (McNeill, 1992). The EM38 was combined ation of the Veris 3100 can be a problem in dry, low-conductiv-
ity soils due to poor electrical contact between the coulterswith a data acquisition computer and differential GPS (DGPS)


system for mobile data collection (Fig. 2), as described by and the soil, such a problem was not observed in these data.
Examination of the Veris data showed it varied smoothly fromSudduth et al. (2001).


The Veris Model 3100 sensor cart (Fig. 1; Lund et al., 1999) point to point except for one small field area where stony
ground presented coulter contact problems. In this area, aidentifies soil variability by directly sensing soil EC. As the


cart is pulled through the field, a pair of coulter electrodes small number of data points with extreme Veris ECa values
were excluded from the data set.transmit an electrical current into the soil while two other


pairs of coulter electrodes measure the voltage drop. The The Veris 3100 and Geonics EM38 were operated in tan-
dem, taking measurements on transects spaced approximatelysystem georeferences the conductivity measurements using an


external DGPS receiver and stores the resulting data in digital 10 m apart. Data were recorded on a 1-s interval, correspond-
ing to a 4- to 6-m data spacing. Between 4400 and 11 000form. The measurement electrodes are configured to provide


both ECa-sh and ECa-dp readings of ECa. As with the EM38, the individual ECa measurements were obtained for each field.
Data obtained by DGPS were associated with each sensorVeris 3100 response to soil conductivity varies as a nonlinear


function of depth. The coulter electrodes of the Veris 3100 reading to provide positional information with an accuracy of
1.5 m or better.are configured as a Wenner array, an arrangement commonly


used for geophysical resistivity surveys. The theoretical re- Using our previously reported approach (Sudduth et al.,
2001), a calibration transect was established in each field tosponse function of the Wenner array (Roy and Apparao, 1971)


is somewhat similar to that of the EM38 although it decreases monitor instrument drift during the survey. Data were col-
lected on this transect at least every hour, and raw ECa read-more rapidly with depth (Fig. 3).


If the response curves of Fig. 3 are integrated with respect ings were adjusted based on any change in calibration transect
data. As expected, the direct ECa–sensing approach of theto depth, differences in the soil volumes measured by the


different sensors are readily apparent (Fig. 4). With ECa-sh, Veris system was much less (�50%) prone to instrument drift
than the EM38. We believe that drift compensation would90% of the response is obtained from the soil above the 30 cm


depth. With ECa-dp, 90% of the response is obtained from the not be a necessary component of Veris ECa surveys although
it should be done for EM38 surveys.soil above the 100 cm depth. With ECa-em, 90% of the response


is obtained above 5 m depth while 70% of the response is Within each field, between 12 and 21 sampling sites were
selected to cover the range of ECa values present. These sitesobtained above about 1.5 m. The curves of Fig. 4 are based


on equations that assume a homogeneously conductive soil were chosen by a soil scientist familiar with the soils in the
particular field with the additional goal of including samplesvolume. Actual responses will vary somewhat due to ECa


differences between soil layers, with a high-conductivity sur- from all of the landscape positions and soil map units present.
One 4.0-cm-diam. core that was 120 cm long was obtained atface layer reducing the depth of response (Barker, 1989).
each site using a hydraulic soil-coring machine. Cores were
examined within the field by a skilled soil scientist and pedo-Data Collection
genic horizons identified. Cores were segmented by horizon


For each field, ECa data were collected with both sensors for laboratory analysis. Soil moisture was determined gravi-
on the same date in the fall of 1999. Additional ECa data were metrically.
collected for the Missouri fields in the fall of 1997 (Table 1). Additionally, samples for each horizon were analyzed at
Soil moisture conditions were relatively dry at the time of the University of Missouri Soil Characterization Laboratory
data collection for all sites and dates because there had been using methods described by the National Soil Survey Center
little profile recharge due to fall rains. Although reliable oper- Staff (1996). Data were obtained for the following properties:


sand, silt, and clay fractions (pipette method); CEC (base �
Al method); organic C; and saturated paste EC.


Data Analysis


To allow comparison between ECa sensors, a combined
data set was created for each field. Each Veris data point was
combined with the nearest EM38 data point based on GPS
coordinates. If a match was not found within a 2-m radius,
that point was removed from the data set. Additional data
sets were created to compare across sampling dates on the
Missouri fields. Because measurement transect locations were
not identical between 1997 and 1999, it was necessary to in-
crease the search radius for these data sets to 3 m. Pearson
correlation coefficients (r) were calculated between the vari-
ous ECa sensors and measurement dates.


In this study, soil property data were obtained by horizon,
rather than on an even depth increment. To facilitate compari-
son across calibration points, a depth-weighted mean was cal-
culated for each soil property at each calibration point. To
provide a measure of the variability in each soil property with
depth, a depth-weighted coefficient of variation (CV) was also
calculated. To account for the fact that the response of each
ECa sensor is not constant with depth, three additional sets
of data were created by weighting each soil property profileFig. 4. Cumulative response of apparent soil electrical conductivity


sensors as a function of depth. by the sensor response curve (Fig. 3).
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Analysis of the relationship between ECa and soil properties TD was �100 cm were used because 90% of the theoretical
ECa-dp response is within 100 cm of the surface.was performed for each data source (ECa-em, ECa-sh, and ECa-dp)


and profile-weighted soil property, using the 1999 calibration
point data. These data were examined for spatial autocorrela- RESULTS AND DISCUSSIONtion by calculating the Moran coefficient as suggested by Long
(1996). No significant autocorrelation was detected in any Comparison of Apparent Soil Electrical
ECa data. Only 15% of the soil property data sets showed Conductivity Data
significant (P � 0.05) spatial autocorrelation. With this general


Apparent soil electrical conductivity data obtainedlack of significant spatial autocorrelation, likely caused by the
small number (12–19) and spatial dispersion of the calibration with each sensor exhibited similar qualitative trends at
points in each field, we conducted a nonspatial analysis be- the field scale (e.g., Fig. 5, showing field F1). A statistical
tween ECa and soil properties. Pearson correlation coefficients summary of the ECa data for each field and measure-
were calculated between ECa and soil properties (moisture, ment date is shown in Table 2. In general, the mean
clay, silt, sand, organic C, CEC, and saturated paste EC). ECa-sh and ECa-dp measured by the Veris 3100 were some-
Regressions were performed to estimate soil properties from what higher on the Illinois fields compared with the(i) each individual ECa measurement, (ii) both Veris 3100 ECa Missouri fields; however variation in ECa as measuredmeasurements, and (iii) all three ECa measurements. Only


by the CV was somewhat less. The mean EM38-mea-parameters statistically significant (P � 0.05) were retained
sured ECa was similar for Missouri and Illinois fieldsin the final regression equations.
while the CV was higher for the Illinois fields. ThisOur previous work (Doolittle et al., 1994; Kitchen et al.,


1999; Sudduth et al., 2001) established the utility of ECa-em suggests that the major variability in the soil properties
data for estimating TD on claypan soils. In this study, we that affect ECa on the Missouri fields may be in the
compared the accuracy of TD estimation by ECa-em and ECa-dp upper layers that are more heavily weighted in the Veris
for the Missouri claypan soil fields. Estimations based on ECa-sh 3100 ECa measurements. In contrast, variability affect-
were not included because 90% of the theoretical ECa-sh re- ing ECa on the Illinois fields may be more pronounced
sponse is within 30 cm of the surface. Therefore, ECa-sh data at greater depths.are unable to estimate TDs greater than approximately 30 cm


Correlation coefficients between the various ECawhile the TD on these fields exceeded 100 cm in places. Topsoil
measurements for each field are shown in Table 3. Thedepth (depth to the first B horizon) data obtained at calibra-
highest correlations were observed when comparing thetion points in fields F1 and GV were used to develop linear
same data (ECa-em, ECa-sh, or ECa-dp) across the 1997 andregression equations for estimating TD as a function of the


inverse of ECa (ECa
�1). Only those calibration points where 1999 measurement dates. Soil conditions were similar


Fig. 5. Comparison of apparent soil electrical conductivity (ECa) readings obtained with (left) Geonics EM38, (center) Veris 3100 shallow
electrodes, and (right) Veris 3100 deep electrodes on Missouri field F1 (39�13�48″ N, 92�7�0″ W, Mexico and Adco soils). Within each
map, an equal number of observations is contained in each classification interval.
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Table 2. Statistical summary of apparent soil electrical conductiv-between these two measurement dates. Each occurred
ity (ECa) data.after a water-stressed growing season and little posthar-


ECavest moisture recharge, so we would expect similar ECa


results. In previous work, we also found high correla- Field and year ECa data† Mean Median SD CV
tions (0.85 � r � 0.90) when comparing the 1997 F1


mS m�1 %
ECa-em data used here with other EM38 survey data F1(1997)‡ ECa-em 41.2 40.5 5.7 13.8
collected on the same field under wetter soil conditions ECa-sh 15.2 14.3 4.7 30.9


ECa-dp 21.9 21.2 9.3 42.5in April 1994 and April 1999 (Sudduth et al., 2001).
F1(1999) ECa-em 30.7 30.0 3.8 12.4Within a single measurement date, the highest corre- ECa-sh 9.7 9.3 3.1 32.0


ECa-dp 19.6 18.7 8.5 43.4lations were consistently observed between the ECa-em
GV(1997) ECa-em – – – –data and the ECa-dp data for both Missouri and Illinois ECa-sh 30.9 27.1 12.2 39.5


fields. Correlations between ECa-em data and ECa-sh data ECa-dp 35.5 35.2 13.2 37.2
GV(1999) ECa-em 34.8 35.3 6.4 18.4were lowest while correlations between ECa-dp data and


ECa-sh 15.2 13.0 7.5 49.3
ECa-sh data were intermediate. The reason behind this ECa-dp 23.7 23.5 11.6 48.9


WN(1999) ECa-em 30.7 28.8 8.5 27.7ranking can be discerned from the differences between
ECa-sh 27.7 25.7 8.0 28.9the response curves for the various sensors (Fig. 3 and ECa-dp 39.3 37.4 12.0 30.5


WS(1999) ECa-em 32.8 32.2 8.0 24.44) where the ECa-dp response curve lies between the
ECa-sh 27.9 26.9 6.9 24.7ECa-sh curve and the ECa-em curve. Correlations across ECa-dp 41.1 39.5 11.8 28.7


years and sensors were similar to correlations observed
† ECa-em, vertical-mode ECa measured by Geonics EM38; ECa-sh, shallowacross sensors for a single measurement date. ECa measured by Veris 3100; ECa-dp, deep ECa measured by Veris 3100.


When data from both fields of a state were combined, ‡ Field characteristics and locations are given in Table 1.
correlations were similar, and better in some cases, than
correlations calculated within individual fields. When lower (Table 3). These results indicate that although
data were combined for all fields, correlations between the shallow (ECa-sh) and deep (ECa-dp or ECa-em) ECa data
the two deeper ECa readings did not decrease, but corre- were strongly related within a field or soil association


(the fields from each state had similar soils and werelations of ECa-sh to the other ECa readings were much


Table 3. Correlation coefficients (r) between different apparent soil electrical conductivity (ECa) measurements for study fields.


1999 1997


Field and year Data† ECa-em ECa-sh ECa-dp ECa-em ECa-sh ECa-dp


Field F1‡
1999 ECa-em‡ 1


ECa-sh 0.60 1
ECa-dp 0.74 0.74 1


1997 ECa-em 0.80 0.67 0.83 1
ECa-sh 0.64 0.82 0.69 0.71 1
ECa-dp 0.79 0.71 0.86 0.81 0.79 1


Field GV
1999 ECa-em 1


ECa-sh 0.67 1
ECa-dp 0.84 0.75 1


1997 ECa-em – – – –
ECa-sh 0.66 0.84 0.74 – 1
ECa-dp 0.83 0.69 0.88 – 0.80 1


Both Missouri fields
1999 ECa-em 1


ECa-sh 0.78 1
ECa-dp 0.71 0.72 1


1997 ECa-em – – – –
ECa-sh 0.78 0.87 0.66 – 1
ECa-dp 0.71 0.76 0.84 – 0.84 1


Field WN
1999 ECa-em 1


ECa-sh 0.79 1
ECa-dp 0.88 0.82 1


Field WS
1999 ECa-em 1


ECa-sh 0.78 1
ECa-dp 0.84 0.80 1


Both Illinois fields
1999 ECa-em 1


ECa-sh 0.77 1
ECa-dp 0.86 0.80 1


All fields
1999 ECa-em 1


ECa-sh 0.61 1
ECa-dp 0.86 0.46 1


† ECa-em, vertical-mode ECa measured by Geonics EM38; ECa-sh, shallow ECa measured by Veris 3100; ECa-dp, deep ECa measured by Veris 3100.
‡ Field characteristics and locations are given in Table 1.
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located near each other), their relationship was not con- were generally highest and most persistent across all
sistent across different soil associations. Thus, the shal- fields and ECa data types. This higher correlation with
low (ECa-sh) and deeper (ECa-dp and ECa-em) sensors pro- sensor-weighted data supports our hypothesis that trans-
vide unique information, and data from one cannot be formation of soil property data by weighting with the
inferred from data obtained with the other. However, sensor response function is an appropriate way to help
because the two deeper ECa readings were highly corre- account for curvilinearity in the functional relationship.
lated both within and across fields, it appears that little Other soil properties that exhibited a significant correla-
additional information would be gained on these soils tion in most cases were clay, silt, and CEC of the upper
by collecting both EM38 and Veris data. soil horizon. Some properties, such as profile-average


organic C and CEC were significant on the Missouri
fields but not on the Illinois fields. Significant correla-Relationship of Apparent Soil Electrical
tions with soil moisture, sand content, and paste ECConductivity to Measured Soil Properties
were observed less frequently.A statistical summary of profile-average soil property Quadratic regression analysis was performed to esti-data measured for the calibration points in each field mate soil properties as a function of each of the ECais shown in Table 4. Analysis of variance indicated that variables. Properties estimated were profile-averageprofile-average clay and paste EC were significantly and top-layer clay, silt, CEC, organic C, paste EC, andhigher for the Missouri fields while sand, organic C, and soil moisture (Missouri fields only). The effect of fieldCEC were significantly higher (P � 0.05) for the Illinois
was not statistically significant in the analysis (P � 0.05),fields. Profile CVs of clay, silt, CEC, and paste EC were
so regressions were performed for three data sets: (i)significantly higher for the Missouri fields while profile
Missouri data, (ii) Illinois data, and (iii) all data. Table 6CVs of organic C were significantly higher (P � 0.05)
shows the regression statistics for each analysis. Regres-for the Illinois fields. These higher CVs showed that the
sions for some soil properties were more predictive forclaypan soils of the Missouri fields were more layered in
Missouri fields while others were more predictive forterms of the soil properties affecting ECa. To further
Illinois fields. The most accurate estimates were ob-investigate this layering, mean A-horizon and first
tained for clay, silt, and CEC. Estimates of soil moisture,B-horizon clay and CEC were calculated for the calibra-
organic C, and paste EC obtained by regression on ation points on each field. For the Illinois fields, mean
single ECa variable were of relatively low accuracy.clay and CEC for the first B-horizon were within 2%


Top-layer clay, silt, and CEC were estimated withof the means for the A horizons. For the Missouri fields,
considerably more accuracy than were profile-averagemean clay was 215% greater and mean CEC 185%
values. In most cases, ECa-sh provided the best estimatesgreater for the first B horizon compared with the A
of the top-layer soil properties, as would be expectedhorizons. This significant layering, combined with differ-
from the shape of the ECa-sh weighting function (Fig. 3).ences in response functions (Fig. 3) for the different
Profile-average soil properties were usually estimatedsensors, explains the nonlinear relationship between
with the highest accuracy using ECa-em data althoughdata from the different sensors seen on the Missouri
ECa-dp data were most predictive for some cases (Tablefields (Fig. 6). The similarity of clay and CEC levels
6). Quadratic equations were significant for less thanbetween the A horizon and B horizon for the Illinois
half of the soil parameters; for the others, only the linearfields helps to explain the linear relationship between
ECa term was significant.ECa data obtained from the different sensors on those


A second series of regression analyses included multi-fields (Fig. 6).
ple ECa data sources for estimating the same soil proper-Significant (P � 0.05) correlation coefficients be-
ties listed above. Stepwise quadratic (plus interaction)tween ECa and profile-weighted soil properties for each
analyses included (i) both Veris data sets—ECa-sh andfield are shown in Table 5. Correlations of ECa with


sensor-weighted clay content and sensor-weighted CEC ECa-dp—and (ii) all three ECa data sets (Table 6). In


Table 4. Means and coefficients of variation (CVs indicating variation with depth) for soil properties obtained from by-horizon analysis
of calibration point cores. Means and CVs were calculated for each calibration point and then averaged over all calibration points
in each field.


Field†


F1 (MO) GV (MO) WS (IL) WN (IL)


Property Mean CV Mean CV Mean CV Mean CV


Soil moisture, g kg�1 146 0.26 146 0.18 –‡ – – –
Clay, g kg�1 354 0.38 321 0.22 300 0.13 298 0.14
Silt, g kg�1 594 0.23 622 0.11 587 0.09 603 0.10
Sand, g kg�1 32 0.84 58 0.39 113 0.43 99 0.64
Organic C, g kg�1 6.4 0.58 6.7 0.60 8.9 0.77 8.0 0.86
CEC, cmol kg�1§ 18.8 0.33 18.2 0.20 21.0 0.17 20.8 0.25
Paste EC, mS m�1¶ 22 0.27 22 0.31 10 0.17 17 0.28


† Field characteristics and locations are given in Table 1.
‡ Soil moisture data not available for Illinois fields.
§ CEC, cation exchange capacity.
¶ EC, electrical conductivity.
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Fig. 6. Relationships between apparent soil electrical conductivity (ECa) data for (top) Missouri field GV and (bottom) Illinois field WS. Re-
lationships appear more linear for WS (40�18�5�� N, 88�32�38�� W; Varna, Drummer, and Chenoa soils) than for GV (39�14�5″ N, 92�8�49″
W, Mexico and Adco soils). ECa-sh, shallow (0–30 cm) ECa measured by Veris 3100; ECa-dp, deep (0–100 cm) ECa measured by Veris 3100;
ECa-em, vertical-mode ECa measured by Geonics EM38.


general, this approach provided little, if any, improve- function of ECa yielded standard errors from 6 to 16 cm
(Table 7). Comparisons between ECa-em and ECa-dp datament over single-factor ECa regressions for top-layer


clay, silt, and CEC, reinforcing our observation that were variable between fields. For field F1, ECa-dp data
were more predictive of TD while ECa-em data were moreECa-sh data were a reasonable estimator of these proper-


ties. Estimates of single-state, profile-average clay and predictive of TD on field GV. Variations in the accuracy
of TD estimations between years could be explained atsilt were generally improved by including both Veris


ECa data sets and were further improved somewhat least partially by the fact that different calibration points
were used between 1997 and 1999. For F1, the 1997by including the ECa-em data. For multistate analyses,


estimates were improved when all three ECa variables calibration points exhibited a reasonably uniform distri-
bution in TD across the range from 0 to 100 cm. How-were allowed to enter the regression but were not im-
ever, in 1999, the calibration-point TDs were clusteredproved by including just Veris data.
between 20 and 50 cm. For GV, a more uniform distribu-Estimates of paste EC and profile-average soil mois-
tion of calibration points was obtained in 1999. Theseture were of low accuracy and were not improved by
results point out the importance of properly selectingincluding additional ECa variables. Estimates of organic
calibration points for relating ECa data to soil physicalC for Illinois fields were improved by including addi-
properties. One way to remove the subjectivity fromtional ECa terms while estimates for Missouri fields were
this process was proposed by Lesch et al. (1995b), whonot. Estimates of top-layer soil moisture, available only
described an algorithmic approach to the selection offor Missouri fields, also improved when additional ECa
optimized locations for calibrating ECa measurements.terms were included. For both single ECa and multiple


ECa regressions, better estimates of soil properties were
obtained within a single state than across both states. SUMMARY AND CONCLUSIONSFor best results, site-specific (or soil-specific) equations
relating soil properties to ECa should be used. Sensor-based measurements of ECa can provide im-


portant information on within-field soil variability. InRegression equations for estimating claypan TD as a
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Table 5. Significant (P � 0.05) correlations between soil properties and apparent soil electrical conductivity (ECa) data for each study field.


Field F1‡ Field GV Field WN Field WS


Soil property Weighting† ECa-em§ ECa-sh¶ ECa-dp# ECa-em ECa-sh ECa-dp ECa-em ECa-sh ECa-dp ECa-em ECa-sh ECa-dp


Soil moisture Sensor‡ 0.54 0.60 –†† – – – – –
Profile avg. – – – – – –
Top layer – – – – – –


Clay Sensor 0.60 0.76 0.74 0.88 0.89 0.83 0.59 0.70 0.78 0.76 0.74
Profile avg. 0.81 0.70 0.80 0.55 0.73
Top layer 0.62 0.75 0.83 0.74 0.60 0.74 0.66 0.54 0.77 0.62


Silt Sensor �0.65 �0.71 �0.73 �0.84 �0.79 �0.60
Profile avg. �0.50 �0.74 �0.61
Top layer �0.52 �0.66 �0.60 �0.68 �0.79 �0.72 �0.63 �0.75 �0.64 �0.60 �0.64 �0.61


Sand Sensor
Profile avg. �0.60
Top layer 0.46 0.59


CEC‡‡ Sensor 0.76 0.61 0.79 0.88 0.88 0.88 0.63 0.76 0.66 0.60 0.51
Profile avg. 0.68 0.54 0.53 0.82 0.79
Top layer 0.74 0.83 0.77 0.79 0.77 0.83 0.78 0.54 0.63


Organic C Sensor �0.75 �0.72
Profile avg. �0.54 �0.60 �0.72 �0.55 �0.60 0.62
Top layer


Paste EC Sensor 0.79
Profile avg.
Top layer 0.85 0.74


† Weighting applied to soil property data before calculating correlations: sensor � weighting function from Fig. 3 for the respective sensor; profile avg.
� depth-weighted average for 120-cm-deep profile sample; top layer � value from top layer of profile sample.


‡ Field characteristics and locations are given in Table 1.
§ ECa-em, vertical-mode ECa measured by Geonics EM38.
¶ ECa-sh, shallow ECa measured by Veris 3100.
# ECa-dp, deep ECa measured by Veris 3100.
†† Soil moisture data not available for Illinois fields.
‡‡ CEC, cation exchange capacity.


Table 6. Regression statistics for the estimation of soil properties as a function of apparent soil electrical conductivity (ECa).


Best single-ECa model Veris ECa Veris � EM38


Soil property Locations ECa data† R 2 SE‡ R 2 SE R 2 SE


Top layer
Moisture MO§ ECa-sh, q¶ 0.20 49.7 0.30 47.2 0.60 37.4
Clay MO ECa-sh 0.63 34.7 0.63 34.7 0.70 31.9


IL ECa-sh 0.53 25.6 0.55 25.6 0.55 25.6
All ECa-sh, q 0.78 31.2 0.78 31.2 0.78 31.2


Silt MO ECa-sh, q 0.62 41.2 0.62 41.2 0.63 40.7
IL ECa-dp, q 0.48 34.2 0.47 33.7 0.51 32.4
All ECa-sh, q 0.73 39.1 0.73 39.1 0.74 38.7


CEC# MO ECa-sh 0.56 3.40 0.56 3.40 0.56 3.40
IL ECa-em 0.61 2.80 0.46 3.30 0.61 2.80
All ECa-sh 0.60 3.44 0.60 3.44 0.61 3.36


Organic C MO ECa-sh 0.17 1.90 0.17 1.90 0.17 1.90
IL NS†† NS NS
All ECa-sh, q 0.46 3.56 0.51 3.42 0.58 3.22


Paste EC MO ECa-dp, q 0.28 5.9 0.28 5.9 0.31 5.8
IL NS NS NS
All ECa-dp 0.15 10.7 0.15 10.7 0.30 9.8


Profile average
Moisture MO ECa-sh 0.20 14.8 0.20 14.8 0.20 14.8
Clay MO ECa-em 0.23 49.2 0.33 46.7 0.60 37.4


IL ECa-em 0.47 29.6 0.53 28.3 0.50 28.6
All ECa-em 0.30 44.5 0.20 48.3 0.43 40.5


Silt MO ECa-em 0.28 46.4 0.37 44.0 0.44 41.7
IL ECa-em, q 0.15 52.5 NS NS
All ECa-dp 0.10 52.1 0.10 52.1 0.10 52.1


CEC MO ECa-em 0.48 2.86 0.44 3.00 0.48 2.86
IL NS NS NS
All ECa-dp 0.20 4.26 0.20 4.26 0.28 4.06


Organic C MO ECa-em, q 0.41 1.40 0.32 1.48 0.41 1.40
IL ECa-em 0.20 2.86 0.50 2.30 0.62 2.01
All NS 0.19 2.43 0.19 2.43


Paste EC MO ECa-sh 0.18 4.2 0.18 4.2 0.18 4.2
IL NS NS NS
All ECa-sh, q 0.43 5.1 0.43 5.1 0.43 5.1


† ECa-sh, shallow ECa measured by Veris 3100; ECa-dp, deep ECa measured by Veris 3100; ECa-em, vertical-mode ECa measured by Geonics EM38.
‡ Standard errors are in the units of g kg�1 (moisture, clay, silt, and organic C), cmol kg�1 (CEC), and mS m�1 (paste EC).
§ Field characteristics and locations are given in Table 1.
¶ The letter “q” denotes quadratic regression; all others are linear.
# CEC, cation exchange capacity.
†† NS, no significant (P � 0.05) regression.
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Table 7. Regression equations and statistics for estimation of claypan soil topsoil depth (TD, depth to the first B horizon) as a function
of apparent soil electrical conductivity (ECa).


Calibration
Field and year ECa data† Calibration equation r 2 SE points used


cm
F1 (1997)‡ ECa-em‡ TD � 7390 ECa-em


�1 � 137 0.81 10.7 18
ECa-dp TD � 918 ECa-dp


�1 � 11.7 0.87 8.9 18
F1 (1999) ECa-em TD � 1560 ECa-em


�1 � 18.6 0.27 9.0 18
ECa-dp TD � 278 ECa-dp


�1 � 13.8 0.62 6.5 18
GV (1997) ECa-dp TD � 1670 ECa-dp


�1 � 19.2 0.66 15.3 13
GV (1999) ECa-em TD � 5220 ECa-em


�1 � 118 0.86 10.6 13
ECa-dp TD � 646 ECa-dp


�1 � 2.4 0.69 16.1 13


† ECa-sh, shallow ECa measured by Veris 3100; ECa-dp, deep ECa measured by Veris 3100; ECa-em, vertical-mode ECa measured by Geonics EM38.
‡ Field characteristics and locations are given in Table 1.
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1. Introduction 
Precision Agriculture aims at adapting cultural practices in accordance with field 


variability in order to precisely meet the crops needs. This optimal management of 
agricultural soils implies the assessment of their fertility potential and of their capability 
of producing and supporting crops. As a consequence, the knowledge of soil physical 
and chemical properties at field scale appears as an essential factor in the decision 
process governing such management strategy. 


Up to now, data collection on soil is mostly made by grid sampling. Measurements 
of these properties are labour- intensive, time-consuming and expensive. Because of this, 
the development of sensors suited to quantify soil properties at the scale required for 
accurately mapping within-field variations appears as a necessity in order that Precision 
Agriculture can be widely practised (Stafford, 2000). 


On-line measurement of soil electrical conductivity (EC) appears as an efficient 
solution for delineating soil condition at field scale. Sensors performing these 
measurements can be classified in two types: they are based or contacting or non-
contacting methods. Sudduth et al. (1999) obtained soil EC data with an non-contact 
sensor based on electromagnetic induction principles (Geonics EM38, Geonics Ltd., 
Mississauga, Ontario) and compared it with data from a direct contact, coulter-based 
sensor (Veris 3100, Veris Technologies, Salina, Kansas). They concluded that 
differences in EC measurements can be attributed to differences in sensing depth 
between the sensors and their operating modes. 


Soil EC is mainly affected by the following parameters: soil salinity, clay content 
and water content (Rhoades et al., 1989). Several studies have shown the usefulness of 
soil apparent electrical conductivity (ECa) measurement for soil physical and chemical 
properties determination. Williams and Hoey (1987) showed that ECa can be interpreted 
in terms of average salt content and average clay content on 15 m depth, in saline, 
multi- layered soil profiles. Kachanoski et al. (1988) found that the spatial variation of 
soil water content in the top 0.5 m was highly correlated to ECa readings in a soil with 
low concentrations of dissolved electrolytes. Durlesser and Stanjek (1997) showed that 
ECa allows to map within-field variations of clay content (German soil containing 
between 18 and 30 percent clay). Sudduth et al. (1999) linked the ECa measurements to 
topsoil depth in claypan soils. Kitchen et al. (2000) found significant relationships 
between base cations (Ca, Mg and K) and ECa on Mississippi delta soils. Hartsock et al. 
(2000) achieved similar results from a study conducted in Kentucky. Waine et al. 
(2000) used ECa measurements to produce maps of available water content. Auerswald 
et al. (2001) established a model predicting ECa, based on clay content, electrical 
conductivity of the soil solution and water content. 


2. Purpose 
The purpose of this study is to assess the capability of electromagnetic induction 


sensing of ECa for the characterisation of within-field variability of soil physical and/or 
chemical properties in the particular soil conditions encountered in our experimental 
area, namely non-saline deep silty soils. This study was prefaced with a comparison of 
EMI measurements with classical resistivity measurements by means of a geo-electrical 
survey on a transect, in order to ensure validation of EMI sensing method. 
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3. Materials and methods  


3.1. Study site 
The experiment was conducted on two sites located near Gembloux (Belgium). This 


region is situated on the low and feebly undulating plateaux, to the west of the Belgian 
“silty area”. 


3.1.1. Transect measurements 
The first part of this study, consisting in concomitant measurements of ECa using 


two different techniques, took place on a transect, in the border of a fallow field. Soil is 
classified as alluvial, moderately gleyed soil on silt (Adp, in the Belgian classification) 
(Pécrot, 1957). 


3.1.2. Field measurements 
Continuous ECa measurements were performed on a 7 ha field (see Fig. 1a). In the 


centre part of the field, soils are classified as deep silty soils (Aba and AbB), while in 
the southern and in the northwestern part, soils are alluvial, well drained soils on silt 
(Abp, light tones on Fig. 1b) (Pécrot, 1957). Slope varies between 0 and 6 %. During 
cultural seasons 2001 and 2002, this field was covered by winter wheat crops. 


  
Fig. 1. Experimental field, (a) topographic (contour lines interval : 2.5 m) and (b) pedological maps 


3.2. Soil electrical conductivity measurement 
The sensor used in the framework of this study is the Geonics EM38 (Geonics 


Limited, Ontario, Canada). This sensor uses electromagnetic induction (EMI) principle. 
This soil apparent electrical conductivity (ECa) sensing method has the advantage of 
allowing field measurement, without any soil perturbation and without taking soil 
samples. The EM38 can be operated in two different modes: in vertical or in horizontal 
dipole position. Each mode results in a different investigation depth: the soil depth on 
which the electrical conductivity measurement is integrated is approximately 1.5 m in 
vertical mode (ECV), while in horizontal mode (ECH), this depth is about 0.75 m. 
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3.3. Validation of EMI measurements 
Concomitant measurements of soil electrical resistivity and soil electrical 


conductivity were performed respectively by means of geo-electrical measurements and 
EMI technique. These measurements were done on 8th of June 2001, along a 260 m 
transect located in the border of a fallow field. Measurement interval is 10 m. 


3.3.1. Geo-electrical survey 
The principle of this method consists in injecting a current of known intensity 


between two electrodes A and B inserted in the soil. The potential created in this way is 
influenced by the resistivity of the constituting materials of the soil and is sensed with 
two different electrodes M and N. 


Two configuration were used: “Wenner α” were the order of the electrodes is 
AMNB and “Wenner γ” were the electrodes are arranged in the order AMBN. The 
distance a separating two neighbouring electrodes defines the investigation depth. The 
effective investigation depths zie for each configuration are: 


“Wenner α” : zie = 0.52 a  “Wenner γ” : zie = 0.59 a 


Measurements were performed on the 26 points of the transect, using both electrodes 
configurations, with 2 gaps (1 m and 2 m). Consequently, effective investigation depths 
are: 0.5 m, 0.6 m, 1 m and 1.2 m. 


3.3.2. EMI measurements 
Measurements were done on the 26 points of the transect, also on 4 different 


investigation depths, approximately equal to the ones obtained with the geo-electrical 
measurements: 0.5 m, 0.6 m, 1 m and 1.2 m. In order to achieve this, measurements 
were done in ECV and ECH modes and placing the instrument at two different height 
above the ground surface. 


3.4. Soil electrical conductivity mapping 
In order to perform on- line field measurements, the Geonics EM38 was mounted on 


a specially constructed, tractor-pulled cart. The cart is entirely made of wood in order to 
avoid interference that would arise from metallic parts close to the sensor (see Figure 2). 


  
Fig. 2. Wooden cart supporting the Geonics EM38 for continuous measurement: (a) overall picture, (b) detail. 


Moreover, the design of the cart ensured a constant height of the sensor above the 
soil during operation and the possibility of doing measurements in both modes of 
operation (ECV and ECH). The DGPS localisation (Omnistar 3100-LR-12) guaranteed 
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an accurate localisation of EM38 measurements. The combined acquisition of the 
signals (EM38 and DGPS) was made by means of a LabView (National Instruments) 
self-made virtual instrument. 


The first ECa measurements, on the 5th of April 2001, were done without the cart. An 
operator caried the sensor along tracks in the field. Therefore, these data are less 
accurate than those acquired with the cart on 11th of September 2001 and on 10th of 
April 2002 (better localisation and constant sensor height). All ECa measurements were 
done in vertical mode. 


3.5. Soil physical and chemical properties measurements 


3.5.1. Transect measurements 
Soil moisture content was measured on each point of the transect on 1 m depth. Soil 


samples were collected on 4 layers (0 to 25 cm, 25 to 50 cm, 50 to 75 cm and 75 cm to 
1 m) and water content was determined by gravimetric method. 


3.5.2. Field measurements 
The determination of soil chemical properties on the experimental field was done by 


an intensive soil sampling on 12th of February 2001. Soil samples on the top 30 cm were 
collected at each node of a 25 x 25 m square grid (112 sampling points). A complete 
textural and chemical analysis was performed in order to determine the following 
parameters: volumetric percentage of sand, silt and clay, exchangeable sodium (Na), 
potassium (K), calcium (Ca), magnesium (Mg), and phosphate, organic matter content, 
pH, total nitrogen and total carbon. 


Concurrently with ECa measurements, soil water content was determined in 12 to 18 
reference points. On 5th of April 2001, measurements were done on the first 30 cm 
layer, in 12 reference points. On 11th of September 2001, measurements were done on 4 
layers (in 12 points): 0 to 25 cm, 25 to 50 cm, 50 to 75 cm and 75 cm to 1 m. On 10th of 
April 2002, measurements were done in 18 points on the first 10 cm. These water 
content measurements were performed by soil sampling and gravimetric method on the 
two first dates. For the latter experiment, soil moisture content was measured in situ 
using a portable sensor (Theta-Probe ML2x plugged to a Theta-Meter HH1, Delta-T 
Devices, U.K.). 


3.6. Data interpolation and statistical analysis 
In order to produce continuous maps representing the within-field variation of soil 


properties and soil ECa, these were interpolated by means of Inverse Distance Weighted 
algorithm available on the Spatial Analyst module for ArcView (ESRI). Different 
search radius depending on the density of the measurements were used to interpolate: 20 
m for soil ECa, 30 m for other parameters. An influence factor of 1 was chosen in order 
to obtain smooth aspect maps. The cell size for all maps is 2 m. 


On the other hand, statistical analysis was performed by means of Minitab software 
to compute matrices of correlation coefficients, linear and multi- linear regressions. 


4. Results and discussion 


4.1. Validation of EMI measurements 
Figure 3 presents the evolution of ECa measured by geo-electrical (investigation 


depth = 1.0 m) and EMI (1.1 m) techniques. Both profiles showed very similar trends. 
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The correlation coefficient between the two series is 0.94. Absolute values, however, 
presented notable differences. These differences can be attributed to the investigation 
depths of each sensing method, which are purely theoretical. Consequently, the volume 
of soil which is sensed may be different. Moreover, small disturbances may appear with 
the geo-electrical method when the contact between the electrodes and the soil is not 
optimal. 


 
Fig. 3. Comparison of measurements made with the Geonics EM38 and a geo-electrical survey. Evolution of soil 


water content along the profile. 


The good correlation with the proven method of geo-electrical measurement ensures 
the reliability of EMI technique for measuring soil ECa. 


4.2. Soil electrical conductivity mapping 
Figure 4 shows the three ECa maps from April 2001, September 2001 and April 


2002. These maps indicate that the spatial repartition of high and low ECa values was 
quite constant in time. Table 1 gives the statistical values of the interpolated ECa data. 


   
Fig. 4. Interpolated ECa maps. (a) April 2001, (b) September 2001, (c) April 2002. 
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Table 1 : Statistical values of interpolated ECa values (n = 17626). 


 Mean (mS/m) Std.-Dev. (mS/m) Min. (mS/m) Max. (mS/m) 
Apr. 2001 20.2 3.9 10.4 27.5 
Sept. 2001 23.9 4.9 14.7 33.0 
Apr. 2002 21.1 3.9 11.9 28.5 


 


The comparison of these maps with the soil map (Fig. 1) reveals a certain 
correspondence of low ECa zones with alluvial soils (depressions), while Aba and AbB 
series present higher values.  


4.3. Soil physical and chemical properties measurements 


4.3.1. Textural and chemical properties 
Figure 5 shows maps for three parameters (among the textural and chemical 


properties that were determined) cited in the literature, which may explain part of the 
ECa spatial variability, namely exchangeable K and Ca and clay content. Comparing 
these three maps to the ECa maps (Fig. 2) reveals some similarity, particularly for clay 
content. 


   
Fig. 5.  (a) Exchangeable K map, (b) Exchangeable Ca map, (c) Clay content map. 


4.3.2. Moisture content 
Table 2 shows the mean values for gravimetric moisture content of the top soil layer 


(Apr. 2001: 30 cm; Sept. 2001: 25 cm; Apr. 2002: 10 cm). 
Table 2 : Mean values for moisture content. 


 Apr. 2001 Sept. 2001 Apr. 2002 
Number of meas. points 12 12 18 
Measurement depth 0 - 30 cm 0 - 25 cm 0 - 10 cm 
Soil water content (gr gr-1) 0.203 0.174 0.117 


 


Soil moisture content values for April 2002 appear much lower than for the two first 
dates. Actually, it must be recalled that these measurements were performed with a 
Theta-Probe sensor in the 0-10 cm depth superficial layer which undergoes much 
evaporation than the lower layers. Nevertheless, the moisture values can be used to 
study spatial variability of this parameter in the field at one measurement date. 







- 7 - 


4.4. Relationships between soil electrical conductivity and physical and chemical 
properties 


The correlation coefficients between ECa, soil texture and chemical parameters were 
computed on the basis of the 112 points data set. Table 3 gives these r values for each 
ECa measurement date. 
Table 3 : Correlation coefficients between ECa and textural and chemical parameters (n = 112). 


Correlation coefficients r 
 Apr. 2001 Sept. 2001 Apr. 2002 


Clay 0.74 0.85 0.79 
Silt -0.55 -0.70 -0.61 
Sand -0.68 -0.70 -0.70 
pH 0.42 0.41 0.40 
Organic matter  0.19 0.21 0.18 
Exch. P -0.04 -0.03 -0.08 
Exch. K 0.80 0.85 0.83 
Exch. Mg 0.39 0.35 0.36 
Exch. Na -0.08 -0.08 -0.04 
Exch. Ca 0.70 0.74 0.69 
Tot. N 0.20 0.22 0.23 
Tot. C -0.32 -0.33 -0.37 


 


In the experiment conditions, three factors mainly explained ECa variability: clay 
content, exchangeable K and Ca. Kitchen et al. (1998) found good correlation between 
ECa and Ca and Mg cations (and with K to a lesser extent). No evident relationship with 
Mg is shown through our data; however, we found a higher correlation with K. The 
correlation between ECa and clay content is high. Although some authors (Brus et al., 
1992; Waine et al., 2000) found highest correlation when the profile humidity is near 
field capacity, the best correlation was found in September 2001, when the soil moisture 
is expected to be lower. However, the moisture conditions for all the three dates are 
distinctly below field capacity, which is approximately 0.25 gr gr-1. 


These observations confirm the sensitivity of soil ECa measurements to clay content, 
and K and Ca cations.  
Table 4 : Correlation coefficients between ECa and soil moisture content. 


Correlation coefficients r 
 Apr. 2001 Sept. 2001 Apr. 2002 


Soil water content (gr gr-1) -0.20 -0.29 -0.89 
 


Table 4 gives the correlation coefficients between ECa an soil moisture content. 
Relationships for the two first dates are not significant. The high r value for April 2002 
could not be interpreted, since its negative sign is indicative of an inverse 
proportionality. 


5. Conclusions  
This study was carried out in Belgium, to the west of the “silty area”, characterised 


by non-saline deep silty soils. Electromagnetic induction (EMI) measurements of soil 
apparent electrical conductivity (ECa) were validated on a transect by means of the 
comparison with “classical” geo-electrical measurements. The correlation coefficient 
between the data was 0.94. 
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A wooden cart was designed for allowing continuous ECa measurements on field. A 
coupled DGPS ensured the accurate positioning of measured data. ECa measurements 
were performed three times on one year. Soil ECa revealed to be temporally variable, 
but the spatial pattern was quite constant. 


The use of ECa as an indicator for clay content and exchangeable K and Ca cations 
was assessed by the correlation of mutli- temporal ECa maps and a very intensive soil 
survey. Results indicated that ECa allows to map within-field variability for these 
parameters. Further investigations have to be made in order to get a better insight on the 
influence of soil water content on ECa measurements. This experiment underlined that a 
big amount of reference measurements is essential in order to understand relationships 
linking ECa and soil properties. 
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What is Electromagnetic Induction (EMI)? 
 
Electromagnetic induction is a noninvasive geophysical tool that is used for high intensity surveys and detailed site 
assessments.  Advantages of EMI are its portability, speed of operation, flexible observation depths, and moderate 
resolution of subsurface features.  Results of EMI surveys are interpretable in the field.  This geophysical method 
can provide in a relatively short time the large number of observations that are needed to comprehensively cover 
sites.  Maps prepared from correctly interpreted EMI data provide the basis for characterizing site conditions, 
planning further investigations, and locating sampling or monitoring sites. Electromagnetic induction uses 
electromagnetic energy to measure the apparent conductivity (ECa) of earthen materials.  Current flow is induced 
into the soil. This induced current flow is proportional to the electrical conductivity of the conducting body (ECa) 
for a given strength of EM field. The current flow creates a secondary electromagnetic field, the strength of which is 
proportional of the current flow, and hence, to ECa. ECa may be inferred from the magnitude of the induced 
secondary EM field generated upon imposition of a primary EM field on the conductor (soil) (Corwin and Rhoades, 
1990).  
 


 
Photo 1. An electromagnetic induction (EMI) survey is typically conducted with an EM meter for 
measuring apparent conductivity (ECa), a data logger for recording the data and a GPS receiver to geo-
reference measurements of apparent conductivity. Changes in apparent conductivity are typically 
associated with changes in soil characteristics.  
 
 
Apparent conductivity is a weighted, average conductivity measurement for a column of earthen materials to a 
specific depth (Greenhouse and Slaine, 1983). Variations in apparent conductivity are caused by changes in the 







electrical conductivity of earthen materials.  Electrical conductivity is influenced by the volumetric water content, 
phase of the soil water, temperature, type and concentration of ions in solution, and amount and type of clays in the 
soil matrix (McNeill, 1980).  Apparent conductivity is principally a measure of the combined interaction of the soil’s 
soluble salt content, clay content and mineralogy, and water content.  The apparent conductivity of soils increases 
with increased soluble salts, clay, and water contents (Kachanoski et al., 1988; Rhoades et al., 1976).  In any soil-
landscape, variations in one or more of these factors may dominate the EMI response.   
 


 
 
Spatial pattern of apparent conductivity measured with the Dualem-1S meter in the horizontal co-planar (HCP-
deeper sensing mode (0.0- 1.5 m)) geometry in an area of Iberia silty clay, Memphis silt loam, 1 to 3 percent slopes, 
Memphis silt loam, 5 to 8 percent slopes and Jeanerette soils (inclusion). The orange dashed lines represent soil 
boundaries as observed on the USDA/NRCS Soil Survey map.  Apparent conductivity is measured in mS/m 
(millisiemens/meter). 
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Though seldom diagnostic in itself, lateral and vertical variations in apparent conductivity have been used to infer 
changes in soils and soil properties.  As EMI measurements integrate the bulk physical and chemical properties for a 
defined observation depth into a single value, responses can be associated with changes in soils and soil map units 
(Doolittle et al., 1996; Jaynes et al., 1993).  For each soil, the inherent variability in physical and chemical 
properties, as well as temporal variations in soil water and temperature, will establish a unique and characteristic 
range of observable apparent conductivity values.  Recently, EMI has been used as a soil-mapping tool to assist 
precision farming (Jaynes et al., 1993; Sudduth et al., 1995).   
 
 
Electromagnetic induction is not suitable for use in all soil investigations.  Generally, the use of EMI has been most 
successful in areas where subsurface properties are reasonably homogeneous. The effects of one property (e.g. clay, 
water, or salt content) dominates over the other properties, and variations in EMI response can be related to changes 
in the dominant property (Cook et al., 1992).  Within a given geographic area, most similar soils should have 
comparable EMI responses.  Dissimilar soils should have disparate EMI responses.  However, the conductivities of 
some similar and dissimilar soils will overlap.  This occurs where contrasts in EMI responses caused by differences 
in one property are offset by differences in another property.  Some soil properties and soils can be inferred or 
predicted with EMI, provided one is cognizant of changes in parent materials, topography, drainage, and vegetation. 
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