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Abstract 

Electromagnetic conductivity measurements have been used t.o map 
apparent ground conductivity 1n the vicinity of a liquid hazardous 
waste disposal site. An area of approximately 12 ha (30 acres) was 
surveyed. Approximately 600 conductivity measurements were obtained to 
prepare a conductivity map of the site. Conductivity measurements 1n 
the area correlate with specific conductance measurements of surface 
and groundwater samples. Contouring of the conductivity data showed 
the precise location of contaminant migration pathways in the subsur-
face. A complex contaminant plume was defined by the conductivity 
survey. Conductivity values obtained reflected anisotropic character-
istics related to loc?1 bedrock structure. Anlsotropy characteristics 
and the use of different instrument configurations Indicated semiquan-
titative^ the depth of the high conductivity zone and the direction of 
flow. 
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1. Introduction 

Electromagnetic terrain conductivity mapping was used at two loca-
tions to demonstrate Its use both for mapping the location of conduc-
tive contaminant plumes In groundwater and for locating subterranean 
flow channels In carbonate terrain. This report presents the results 
of conductivity mapping performed near a liquid hazardous waste dis-
posal site. A companion report1 presents the results of conductivity 
mapping to Identify the location of solution channel controlled ground-
water flow pathways 1n a carbonate terrain. An area of approximately 
12 ha (30 acres) was surveyed using a Geonlcs EM 34-3 conductivity 
Instrument. During the course of the survey approximately 600 conduc-
tivity measurements were recorded. The conductivity survey was per-
formed 1n conjuction with other geologic and geohydrologlc site Inves-
tigations oriented toward assessing the effects to groundwater In the 
site vicinity. 

In addition to presentation of the terrain conductivity map of the 
site, this paper Includes a discussion of the methodology developed, 
the effects of local geologic structure on probable groundwater migra-
tion routfts, and the anisotropic character of the conductivity measure-
ments due to geologic characteristics of the site. 
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2. Method of Measurement 

The Instrumentation used 1n this survey 1s the Geonlcs EM 34-3 two 
man portable system. The EM 34-3 consists of a transmitter coll, a 
receiver coll, an energlzer, and a receiver set which Includes Inte-
grated electronic systems to allow direct reading of ground conduc-
tivities. The transmitter coll 1s energized with an alternating cur-
rent (Ac) at an audio frequency (f) and 1s placed on the earth, either 
vertically or horizontally. The receiver coll 1s located a distance 
(s) away, coplanar with the transmitter coll, (F1g. 1). The time vary-
ing magnetic field arising from the alternating current 1n the I'-ans-
mltter coll Induces very small currents 1n the earth. These currents 
generate a secondary magnetic field which Is sensed, together with the 
primary field by the receiver coll. Under certain constraints, defined 
as "operation at low values of induction number"2»3»4 the apparent 
conductivity of the ground 1n the region of influence of the magnetic 
fields can be shown to be 

where aa is the apparent ground conductivity (In mho/m), Hp 1s the 
primary magnetic field at the transmitter coil, Hs is the secondary 
magnetic field at the receiver coil, <*> « 2irf, f is the frequency, u 0 

Is the permeability of free space and s Is the intercoll spacing 1n 
meters. Given a certain coll spacing s, direct reading of the con-
ductivity can therefore be performed when the ratio of the magnetic 
fields has been measured. 
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The depth of Influence of the magnetic fields 1s a function of 
both the 1nterco1l spacing and the coll dipole configuration. The EM 
34-3 has preselected coll spaclngs of 10, 20, or 40 m, both 1n the 
horizontal and vertical dipole configuration (F1g. 2), allowing 
measurements of apparent conductivity of subsurface materials at depths 
ranging from about 7.5 m to about 60 m. 

ORNL-DWG 83-15379 

Fig. 1. Current, flow induced by the transmitter coil magnetic field (homogeneous halfspace). After McNeill. 
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ORNL-DWG 83-15378 

F1g. 2. Vertical and horizontal dlpole coll configurations. After McNeill.4 

The contribution of a layer of subsurface material to the secon-
dary magnetic field sensed by the receiver coll varies with the depth 
of the layer. The relative contribution to the measured apparent con-
ductivity of all materials below a normalized depth z (z = z'/s where 
z' is the actual depth) is easily calculated and Is plotted versus z on 
Fig. 3 for both dlpole configurations. These curves, together with 
measurenents over several depths of influence, (using different coil 
sparlngs or configurations) are useful for estimating the geometry of 
underground conductivity layers or the depth of conductivity 
anomalies. 
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O R N L - D W G 83 .16377 

Fig. 3. Cumulative response versus depth for vertical and horizontal dipoles. After McNeill. . 
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3. Site Description 

The area surveyed Includes approximately 12 ha (30 acres) 1n the 
vicinity of a liquid waste disposal facility. The area 1s located 1n 
the Valley and Ridge Province and 1s underlain by shale of the 
Conasauga Group of Cambrian age. Bedrock at the site trends northeast-
southwest and dips about 60 degrees to the southeast. The terrain at 
the site slopes gently toward a stream which 1s located approximately 
60 meters southeast o^ the waste ponds. The ponds are located near a 
topographic divide separating two large watersheds. 

The waste facility 1s comprised of four ponds contained within an 
earth embankment. Each of the four ponds 1s about one acre 1n size. 
The ponds have been used to dispose of waste acids from a metal 
processing facility. The ponds were constructed 1n the early 1950's 
and were not lined. A portion of liquids discharged into the ponds 
infiltrated Into soils and weathered bedrock beneath and adjacent to 
the facility. The area northeast of the ponds 1s occupied by the 
Industrial facility and the area immediately to the southwest is under-
lain by several meters of fill composed of construction rubble lying on 
the residual soil. 

Depth to the water table is shallow in the vicinity of the ponds 
and a groundwater mound has been formed by seepage from the ponds. 
Water levels recorded in one well at the toe of the embankment are con-
sistently above the land surface. This observation is consistent with 
the occurrence of a seep at the toe of the embankment near that well. 
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4. Electromagnetic Terrain Conductivity Mapping 

The site was selected as a test area for electromagnetic terrain 
conductivity mapping because of the likelihood of occurrence of a 
highly conductiv: dispersion zone around the ponds. The EM survey was 
also used to determine whether existing monitoring wel'is were properly 
located to detect the plume and to plan the location of additional 
monitoring wel1s. 

The Geonics EM 34-3 terrain conductivity meter was used to measure 
apparent conductivity between transmitter and receiver colls spaced 10 
meters apart on all traverse lines. Twenty and 40 meter coil spacings 
were used in selected areas to check conductivity values integrated 
over larger areas and penetrating to greater depths. Al1 measurements 
were made in the horizontal dipole operating mode since coplanar coil 
alignment on uneven terrain is most readily achieved in this manner. 

Figure 4 shows the terrain conductivity map prepared for the study 
area. Site layout and topography are shown as well as conductivity 
contours. The topographic contour Interval 1s 7.6 m (25 feet). 
Terrain conductivity values corresponding to apparent conductivity 
measurements of the upper 7.5 m of subsurface material are contoured in 
20 micromhos/m increments. Areas within the shading pattern have at 
least twice the background conductivity which is generally about 20 
micromhos/m or less in this area. Existing water quality monitoring 
wells and water table observation wells are Indicated respectively by 
solid circles and triangles. 
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Fig. 4. Apparent terrain conductivity map of the study area. 
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The conductivity map shows that a comparatively large area has 
been affected by Infiltration of high conductivity fluids from the 
liquid waste ponds. The major plume which was mapped extends about 500 
m (1500 feet) southwest of the ponds. This conductivity plume has a 
complex form Including two nodes of high conductivity values. The area 
within about 200 m (600 feet) southwest of the ponds 1s a flat area 1n 
which random fill has been backfilled Into a gentle valley. Leachate 
from the ponds occurs both in fractures and bedding planes of bedrock 
and 1n pore spaces In the fill material. The south trending lobe of 
the 60 m1cromho/m conductivity contour coincides approximately with the 
pre-existing valley. 

The western node of this plume occurs on the west side of a gentle 
hill which 1s underlain by weathered Conasauga residual shaley soil. 
The west end of the node coincides approximately with a small stream 
which drains the area north of the road and is a tributary of the 
stream shown. This node 1s attributed to the surfacing of fluids which 
traveled from the ponds through a deeper flow route. Infiltrating 
liquids from the ponds ultimately discharge to the surface water system 
1n this area. 

Short flow paths south of the ponds to the creek are apparent on 
the map. Another plume leaves the pond at its southeast corner and 
apparently enters the industrial complex and the headwaters of a stream 
draining to the northeast. This plume was not mapped because of inter-
ferences with Induced magnetic fields caused by overhead and buried 
utilities, metal buildings, etc. 
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A striking feature of the observed conductivity anomalies 1s the 
strong bedrock control of the features. The trends of the iilgh con-
ductivity areas are parallel to local and regional bedrock strike. The 
migration pathway of liquids from the ponds follows strike to the 
nearest point of emanation to a cross-strike surface water channel. 
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5. Anlsotropy of Conductivity Measurements 

Conductivity values obtained for elongate features 1n the subsur-
face are dependent upon the orientation of the measurement relative 
to the long dimension of the object. The highest conductivity values 
obtained from a particular feature are obtained by measurement parallel 
to and directly over the object. Conductivity measurements made 1n 
shale terrain were found to vary according to orientation of the 
measurement. Higher conductivity values were almost always obtained 
parallel to strike than at angles oblique or perpendicular to strike. 
This characteristic was first noticed In an area of background 
measurement and 1t was later applied on a spot check basis throughout 
the area west of the ponds. 

Figure 5 shows the distribution of anlsotropy values obtained 1n 
the mapped area. The ratio of anlsotropy (ax/oy) 1s the expression 
of terrain conductivity measured parallel to strike (ox) to that 
measured perpendicular to strike (ay). Anlsotropy ratio values 
obtained 1n this survey range from about 1.1 to 4.1. Areas of con-
sistently high and low anlsotropy are shaded. The contours of measured 
apparent conductivity are reproduced for reference. The areas of 
lowest anlsotropy occur in areas where the highest conductivity values 
are obtained and where conductivity anomalies are broadest. These 
areas occur coincident with the two nodes of the plume mapped 1n the 
study area. The area of strongest anlsotropy occurs between the two 
nodes of the plume. 

The cause of low anlsotropy area near the ponds is interpreted to 
be saturation of pore volume in the base of the fill over bedrock with 
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high conductivity fluids. Well monitoring records and conditions 
encountered 1n excavations 1n the fill demonstrate that fluids are 
present 1n the lower portion of the fill. The response of EM measure-
ments 1n this area 1s apparently most sensitive to the shallowest con-
ductive horizon and since this horizon occurs above the bedrock surface 
or 1n the most heavily weathered zone, the readings show weak 
an1sotropy. 

The low anlsotropy values obtained 1n the western plume node may 
be due to occurrence of conductive fluids 1n shallow sollr where 
weathering processes have resulted 1n maximum opening of fractures 1n 
the residual shaley soil. One seep area devoid of vegetation was noted 
In this area and other seeps were observed near the tributary stream. 

The location of the area of highest anlsotropy ratios between the 
two plume nodes 1s interpreted as an area in which conductive fluids 
are confined to bedding plane fractures. The conductive fluids are 
Inferred to be at a greater depth In this area than 1n plume node areas 
because measured conductivity values 1n this area are somewhat lower 
than 1n the nodes. The shape of this area 1s elongate parallel to 
local strike which further supports the Interpretation of bedding plane 
confinement of most of the fluids. 
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6. Conclusions 

The results of this study demonstrate that electromagnetic terrain 
conductivity mapping may be an excellent technique for locating dis-
persion routes for high conductivity fluids around liquid waste dis-
posal facilities. In this study area there was a stong contrast 
between background terrain conductivity and conductivity values 1n con-
taminated areas. 

Terrain conductivity mapping 1s a rapid and inexpensive technique 
for surveying an area to locate anomalous areas. In this study approx-
imately 12 ha (30 acres) were surveyed In detail 1n a total of 6 man 
days. The results of the EM survey are useful In planning a ground-
water and surface water monitoring strategy around the facility. 

The anlsotropy of conductivity measurements 1n thin bedded 11th-
ologles such as shale Is a useful characteristic. The ratio of 
anlsotropy as used 1n this study combined with variable depth cf 
measurement possible using the Geonlcs EM 34-3 allows a semiquantita-
tive determination of depth of the conductivity anomaly when 1t is 
produced by pore fluids. 

Potential applications of electromagnetic terrain conductivity 
mapping to waste disposal sites range from pre-des1gn studies through 
operational monitoring and Into the postclosure monitoring phase. 

As a pre-deslgn survey tool the technique shows a good potential 
for locating probable groundwater flow pathways offslte.1 Based on 
conductivity mapping, geohydrologic testing and monitoring locations 
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can be Identified to coincide with probable migration pathways.5 

Anlsotropy can be factored Into predictive groundwater modeling studies 
to show areas likely to be affected by migration of contaminants. As 
an operational and postoperatlonal monitoring tool electromagnetic 
conductivity measurements may be combined with groundwater monitoring 
data to confirm the integrity of waste containment facilities. The 
technique 1s also very useful for precisely locating buried conductive 
materials such as metallic objects 1n waste disposal trenches. This 
method 1s useful for completing an Inventory of trench locations at 
abandoned facilities. 
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