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Noninvasive techniques such as EM induction are becoming

increasingly popular because they can be used to rapidly and cost-
effectively evaluate spatial variability in apparent electrical conductivity
(ECa) over large areas and provide information on ECa variations between
point measurements provided by boreholes.  ECa in the subsurface varies
primarily with clay content, water content, and salinity (McNeill, 1992).
In an Australian study the correlation between recharge and ECa was
controlled by clay content; therefore, the EM induction survey primarily
mapped clay content at this site (Cook et al., 1992). Comparison of ground
measurements of ECa with recharge estimated according to unsaturated-
zone chloride data at 20 sites resulted in an r of 0.7 (Cook et al., 1992).
These data suggest that although EM induction cannot estimate recharge
directly, it may be useful in reconnaissance and interpolation between
borehole measurements. Values of ECa measured with an EM38 ground
conductivity meter in a 1.8-ha field (Ontario, Canada) were highly
correlated (r 0.88) with spatial variability in average water content
measured with time domain reflectometry probes in the upper 0.5 m of
the soil zone (Kachanoski et al., 1988). At other sites, EM induction has
been used to map spatial variability in soil salinity related to irrigation
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in agricultural areas (Rhoades et al., 1990; Lesch et al., 1992, 1995) or
as a result of contamination from oil field brines or other sources of
environmental contamination (Paine et al., 1997).  Because ECa varies
with water content and salinity, evaluations of soil salinity variations are
made preferably at field capacity (Rhoades, 1992).  The aforementioned
studies illustrate the primary controls on ECa in soil: clay content, water
content, and salinity.  Because of the various controls on ECa, EM
induction may be more suitable for monitoring temporal variations in
one parameter such as water content while the other parameters remain
fixed, such as soil texture and salinity.  Sheets and Hendrickx (1995)
demonstrated the use of EM induction for monitoring temporal variations
in water content in arid regions once the variations in EM response were
calibrated with neutron probe water content data.

The primary objective of this study was to evaluate the potential
use of ECa measured using EM induction tools as a reconnaissance
method for characterizing unsaturated flow in an arid setting. To
accomplish this objective, the factors affecting ECa need to be
investigated, and the hydrologic significance of these factors needs to be
evaluated. This study demonstrates how these factors can be determined.
Influences on spatial variability in ECa measured with surface EM meters
(EM31 and EM38) were evaluated by detailed downhole measurements
of ECa with an EM39 conductivity meter and with results of soil sampling
for clay, water, and chloride content. After the factors affecting ECa
were estimated, the significance of these factors relative to unsaturated
zone hydrology was determined.  This study evaluates the potential for
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the conductivity data to be used to guide borehole locations and to provide

information for interpolating between borehole data.
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���(!&� "���$������� &!��!((��%� �����2�#�"!�-� :99� 6#�� �%� ��!��� �(� �
(!&�#!%"�,���!&�1�(�%�+�"��%�"�!�7�(�%��%&���%$!���-(��$����������)�%�!
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7��%������+��%&����-"�%�8�6!����-�<� �%"!�&���%�$!� ��!�(�� �%��'&�%$
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Table 1 
Characteristics of electromagnetic induction conductivity meters 
including above ground EM38 and EM31 meters and the downhole  

EM39 meter used in this study (McNeill, 1992).  Exploration depths for  
the different instruments correspond to approximately 70% of  

instrument response (McNeill, 1992). 
 

Instrument Intercoil 
Spacing (m) 

Frequency
(Hz) 

Exploration depth (m) 

   Horizontal dipole 
mode 

Vertical 
dipole 
mode 

EM38 1 14,600 0.75 1.5 

EM31 3.7 9,800 3 6 

EM39 0.5 39,200 Radial distance = 0.9 m 
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Table 2 
Weighted means (equation 2) and ranges of water, chloride, and clay contents calculated from analyses of sediment samples  

in the upper 6 m from sampled boreholes and ECa measured with the EM31 meter (vertical dipole mode). 
 

Borehole no. Geomorphic setting No. of 
Samples 

Water content  mean 
(range) 

(g g-1) 

Chloride content 
mean (range) 

(mg Cl kg-1 
sediment) 

Clay 
content  mean 
(range) (%) 

ECa (VD) 
mean (range) 

(mS m-1) 

EF 94 gully 7 0.16 (0.07-0.21) 20 (5-47) 52 (42-63) 135 
EF 110 Blanca Draw 18 0.10 (0.03-0.15) 5 (0-13) 39 (6-54) 30 
EF 93 slope 11 0.10 (0.08-0.14) 878 (76-1,137) 44 (35-57) 110 
EF 111 interdrainage 20 0.10 (0.07-0.13) 318 (8-609) 45 (28-55) 50 
EF 92 fissure 20 0.09 (0.05-0.13) 133 (2-280) 33 (9-50) 76-80 
EF 96 10 m from fissure 12 0.07 (0.04-0.11) 405 (4-770) 32 (14-57) 61 
EF 35 fissure 18 0.14 (0.04-0.20) <10 22 (4-27)   
EF 36 10 m from fissure 17 0.09 (0.04-0.13) 561 (212-860) 38 (14-52)   
       
EF 120 fissure 16 0.13 (0.10-0.19)  1.7 (1-23) 35 (25-48)   
EF 119 10 m from fissure 18 0.08 (0.05-0.13)  431 (2-690) 41 (19-52)   
       
GL2 playa 14 0.15 (0.13-0.17) 123 (5-224) 62 (53-67) 66 
GL4 eolian sheet 13 0.07 (0.03-0.11) 187 (1-391) 24 (6-44) 30 

 



���

��+%���!��/��)��'!(�+!�!���$$!&��%�@�'%��(!&�(�#��!&�1��!���!(
. 9�"���
�#�&!!���9� @�#���&�'(0�(���"�-��,"!��"�!�1��!���!(�+!�!�&����!&
.4�$��  0����!���	����(� �%� �%"!������ (����%$��,�9�:�#��%&��!%!"��"!(
9��� #� �%"�� "�!� ('���'%&�%$� (!&�#!%"(� .��1�!�  0�� /�%&'�"�)�"-
#!�('�!#!%"(�+!�!�"�6!%��"��:�##��%"!�)��(��%�"�!�1��!���!(�

�
�
�
�
���	�
�!�!)��'�"!&�"�!�,��"��(��,,!�"�%$��/���%�"+��+�-(E�. 0���#����%$

�/��#!�('�!&�+�"��"�!��1�)!�$��'%&���	 �#!"!��+�"��&!�"��+!�$�"!&
)��'!(� �,� ���-�� +�"!��� �%&� ������&!� ��%"!%"� ,��#� 1��!���!� (�#��!(

.��1�!��0��%&�.�0���#����%$��/��#!�('�!&�+�"��"�!�&�+%���!���	�
#!"!�� &��!�"�-�+�"�� )��'!(� �,� ���-��+�"!��� �%&� ������&!� ��%"!%"� �"� "�!
(�#��!&�&!�"�(�.��1�!�	0�

/���!��"��%���!,,���!%"(�+!�!�����'��"!&�1!"+!!%��/��#!�('�!&�+�"�
"�!��1�)!�$��'%&�#!"!���"�"�!�1��!���!�����"��%(��%&�"�!�#!�('�!&�)��'!(
�,����-��+�"!����%&�������&!���%"!%"��,�"�!�(!&�#!%"�(�#��!(�.��1�!��0�
7�/�'(!�"�!��!%!"��"��%�&!�"���,�"�!���	 �#!"!���(�$�!�"!("�.;���#0�
#�("���#����(�%(�+!�!�#�&!�+�"��"�!���	 �&�"�������!���	 �#!"!�
#!�('�!(���&!�"��+!�$�"!&��)!��$!��,���%&'�"�)�"-E

�
//
��
��

��
��
�

���
��
��
��
%�
�

��
�
	
�,
�
 
��
1�
-

���
�����,�-

�//����
�����
���������%��
���
	�,� ��1�-

��

8�

"�

#�

��

��

��

��

�

����� ����"

���$�"������1��1"�1$�1��� 1��

�.���9�

�.���:�

�������

���"#$�

���

$�

�����

��

�

� �#�

�
�/

'
�,
�
-

����"

��

�

� �#�

�
�/

'
�,
�
-

������� $	��
��
������ ��� ��
� 
����� 
� ��
������ 
������ ���� �������
��
������"�����#$��
����#$%������������������� ��������&�'(
)'*�
�����"��������
���
������"���������#$+�������������������
���+��&�������*�
������+-�&�.���������������*	��������
����������
�����
�������	��	

�
//
��
��

��
��
�

���
��
��
��
%�
�

��
�
	
�,
�
 
��

1�
-

���
�����,�- ���"#�,(-�

�.���9�

�.���:�

5��;��
�%�����
���
�2�2������

$�

8�

"�

#�

��

��

��

��

�

��

���$�"������1��1"�1$�1��� 1�� ���

������� ,	� ���������
������� ���������� ��
��������
������"���� ���
�#$��������&�'*�
���������������������������������������(�"����������
����������
����/�����������������������	��������
����������
���������
���	��	

�

�

�
��
��

��
��
,�
-

�

�

��

��

"�

$�

���

���

���

�"�

�$�

�
//
��
��

��
��
�

���
��
��
��
%�
�

��
�
	
�,
�
 
��

1�
-

����	
���4

 ��/� 0�
��%�����)�

�����
������������������ ����� ������

�.���9�

�.���:�

�.�$�9�

�.�$�:�

����#"��

�//����
�����
���������%��
���
	�,� ��1�-

�����

��

�

� �#�

�
�/

'
�,
�
-

�����

� �#�

������

� �#�

������

� �#�

� ��� ��� ��� ��� #�� "�� 8�� $��

���
�����,�-

�����
���

�

�������0	���
��
�����������
�
�����
���
�������������
��
�'�
"���
���� �������
��
��� 
��
���
������"�����#$�� 
����#$%� ������
����������� �������� &�'(�)'*�
�����"��������
���
������"���
�����#$+�����������������������+,�&���� *(������.�&��
��
�'�
"*(
���+$�&�����*�
����������&�������
��
��*	

Table 3.  Correlation coefficients between ECa measured with the EM39 meter and clay, 
water, and chloride content in soil sampled from these boreholes and between water content 
and clay content.  All r values are significant at =0.05 except those denoted by an asterisk. 

Borehole no. Geomorphic 
setting 

ECa vs      
clay content 

ECa vs   
water 

content 

ECa vs  
chloride 
content 

Water content 
vs  clay 
content 

EF 94 gully 0.23 0.33 0.54 0.57 
EF 110 Blanca Draw 0.44 0.74 0.76 0.86 
EF 93 slope 0.54 0.66 0.18 0.93 
EF 111 interdrainage 0.21 0.62 0.35 0.70 
      
EF 92 fissure 0.58 0.75 0.90 0.52 
EF 96 10 m from 

fissure 
0.36* 0.58 0.36 0.90 

EF 120 in fissure 0.53 0.54 0.53 0.86 
      
GL2 playa 0.09 0.61 0.01 0.83 
GL4 eolian sheet 0.89 0.92 0.26 0.98 
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ECa = φ (z)EC(z)dz
0

∞

∫ �������������. 0
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