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ABSTRACT

Electromagnetic conductivity measurements were used to map apparent
ground conductivity in the vicinity of a liquid hazardous waste disposal
site. Approximately 600 conductivity measurements were obtained to pre-
pare a conductivity map of the site which includes an area of 12 ha (30
acres). Conductivity measurements in the area correlate with specific
conductance measurements of surface and ground water samples.
Contouring of the conductivity data located contaminant migration path-
ways in the subsurface. A complex contaminant plume was defined by the
conductivity survey. Conductivity values obtained reflected anisotropic
characteristics related to local bedrock structure. Anisotropic charac-
teristics of measurements and the use of different instrument configura-
tions indicated semiquantitatively the depth of the high conductivity
zone and the direction of flow.

I N T R O D U C T I O N •,- • •• - - •-

This report presents a discussion of the use of electromagnetic
earth conductivity measurements in mapping the migration of highly con-
ductive fluids adjacent to a liquid waste storage facility. The elec-
tromagnetic mapping was performed to test and demonstrate the method and
to contribute to a general study of impacts to ground water at the
facility. The study area was surveyed using a Geonics EM 34-3
conductivity instrument. During the course of the survey, approximately
600 conductivity measurements were recorded. A general geohydrologic
study encompassing a larger area was performed concurrent with the
electromagnetic survey and several water samples from the survey area
were analyzed for selected parameters. The electromagnetic survey
provided both a map of the apparent electrical conductivity at the
ground surface (apparent terrain conductivity) and revealed that the
terrain conductivity at this site is anisotropic. The character of
anisotropy is related to the local geologic structure and variations in
the ratio of anisotropy may identify local geologic structural features
and may also affect the extent of confinement of ground water flow in
discrete fracture sets.

1. R. H. Ketelle and F. G. Pin, Oak Ridge National Laboratory,
Oak Ridge, Tennessee.



ELECTROMAGNETIC TERRAIN CONDUCTIVITY MEASUREMENT METHOD

The terrain conductivity survey was performed using the Geonics
EM 34-3 terrain conductivity meter. This equipment consists of a trans-
mitter coil, a receiver coil, an energizer, and a receiver set which
includes integrated electronic systems to allow direct reading of ground
conductivity in millimhos/m. Procedures used in operation of electro-
magnetic conductivity equipment.and data interpretation are discussed in
the manufacturers publications. »*• Application of electromagnetic
conductivity measurement,to contaminant migration at waste disposal
sites has been reported, »4 By varying the intercoil spacing and
transmitter frequency between three predetermined operating configura-
tions the depth of influence over which measurements are obtained can be
varied. A further variation is possible by orienting the transmitter
and receiver coils in horizontal or vertical dipole configurations.

In the survey reported here, most apparent terrain conductivity
measurements were obtained using the 10 m coil spacing in the horizontal
dipole configuration. This configuration results in a major contribu-
tion of the terrain conductivity value obtained from materials shallower
than about 7.5 m. In several areas other configurations were used to
evaluate the relative depth at which the strongly conductive fluids were
located.

SITE DESCRIPTION

The area surveyed includes approximately 12 ha (30. acres). in.the
vicinity of a liquid waste disposal facility. The area is located in
the Valley and Ridge Province and is 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 is located approximately 60 m south-
east of the waste ponds. The ponds are located near a topographic
divide separating two large watersheds.

The waste facility is comprised of four ponds contained within an
earth embankment. Each of the four ponds is about one acre in size.
The ponds have been used to dispose of waste acids from a metal process-
ing facility. The ponds were constructed in 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 is occupied by the industrial facility
and the area immediately to the southwest is underlain 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 ground water 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.



ELECTROMAGNETIC TERRAIN CONDUCTIVITY MAPP^G

The site was selected as a test area for electromagnetic terrain
conductivity mapping because of the likelihood of occurrence of a highly
conductive dispersion zone around the ponds. The EM survey was also
used to determine whether existing monitoring wells are properly located
to detect the plume and to plan the location of additional monitoring
installations.

Figure 1 shows the terrain conductivity map prepared for the study
area. Site layout and topography are shown as well as conductivity con-
tours. The topographic contour interval is 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
millimhos/m increments. Areas within the shading pattern have at least
twice the background conductivity which is generally about 20
millimhos/m or less in this area. Existing water quality monitoring
wells, and water table observation wells are indicated respectively by
solid circles and triangles. Sites from which surface water samples
were taken are also indicated.

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*5"00 in (1500
feet) southeast 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 is a flat area in which
random fill has been backfilled into a gentle valley. Monitoring well
data and observation in shallow excavations indicate that leachate from
the ponds occurs both in fractures and bedding planes of bedrock and in
pore spaces in the fill material. The south trending lobe of the 60
micromho/m conductivity contour coincides approximately with the
preexisting valley.

The western node of this plume occurs on the west side of a gentle
hill which is 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 is attributed to the surfacing of fluid which traveled
from the ponds through a deeper flow route. Infiltrating liquids from
the ponds ultimately discharge to the surface water system in 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.

A striking feature of the observed conductivity anomalies is the
strong bedrock control of the features. The trends of the high conduc-
tivity 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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Figure 1: Electromagnetic terrain conductivity map of the site.



CORRELATION OF TERRAIN CONDUCTIVITY WITH WATER /QUALITY

Water samples were obtained from several wells and streams in the
area as part of a general geohydrologic study. The analytical program
focused on inorganic and organic substances suspected to be present
based on the operating history of the facility. Parameters included in
this discussion include pH, specific conductance, and nitrate nitrogen
because they serve as good indicator parameters for fluids which have
migrated from the ponds. Table 1 includes water test results obtained
on samples from ground water and surface water sample locations.

Table 1

Summary of Water Quality parameters

Sample
Site

SS-1
SS-2
SS-3
W-l
W-2
W-3
W-4

PH

2.6
3.3
3.6
6.6
6.0
3.8
5.7

Specific .
Conductance
^mho/cm

21,600
10,350
23,000

304
3200
4250
2800

NO3
mg/1

7870
4500
7550

<0.04
i490
1570
740

Notes: All samples were collected between 7/21/83 and 7/25/83
pH and specific conductance were determined by field measurement

All sample locations except well W-l are obviously affected by infiltra-
tion from the ponds. Chemical parameters in W-l are essentially back-
ground values. Inspect -n of the data in Table 1 shows a strong corre-
spondence between low 'iigh nitrate content, and high specific con-
ductance. There is au trong correspondence between the observation
of high terrain conductn 1 'alues and sample locations for the three
surface water samples which nad the highest specific conductance values.

ANISOTROPY OF CONDUCTIVITY MEASUREMENTS

Conductivity values obtained for elongate features in 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 in
terrain underlain by shale 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 a.n area of background
measurement and it was later applied on a spot check basis throughout
the area west of the ponds.

Figure 2 shows the distribution of anisotropy values obtained in
the mapped area. The ratio of anisotropy (cx/ay) is the
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of terrain conductivity measured parallel to strike (a*.) to that mea-
sured perpendicular to strike (ay). Anisotropy ratio values obtained
in this survey range from about 1.1 to 4.1. Areas of consistently high
and low anisotropy are shaded. The contours of measured apparent con-
ductivity are reproduced for reference. The areas of lowest anisotropy
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 in the study area. The area of
strongest anisotropy occurs between the two nodes of the plume.

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

The low anisotropy values obtained in the western plume node may be
due to occurrence of conductive fluids in shallow soils where weathering
processes have rasulted in maximum opening of fractures in 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 anisotropy ratios between the
two plume nodes is 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 in plume node areas because
measured conductivity values in this area are somewhat lower than in the
nodes. The shape of this area is elongate parallel to local strike
which further supports the interpretation of bedding plane confinement
of most of the fluids.

CONCLUSIONS

Electromagnetic terrain conductivity mapping provided a very rapid
survey method to locate migration pathways around this facility. The
very high specific conductance of seepage from the ponds created a
nearly ideal test case in this study. Terrain conductivity measurements
made at the surface correlate well with specific conductance values
obtained for water samples in the affected area.

Terrain conductivity mapping at the site identified two major geo-
logically controlled migration pathways for infiltrating liquids.
Detailed mapping of one plume revealed a complex dispersion zone with
two nodes of high conductivity. Terrain conductivity measurements were
found to vary depending on instrument alignment with respect to geologic
strike. The ratio of anisotropy between measurements made parallel to
strike to those made perpendicular to strike was used to evaluate the
extent of confinement of fluids in bedding plane fractures. Very low
values of anisotropy were interpreted to indicate shallow seepage with



high conductivity fluids in weathered material or backfill. The aniso-
tropy of measurements was used to infer relative flow jliath depths
associated with the two high conductivity nodes of the complex plume.
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