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ABSTRACT 

Electromagnetic methods have been used to measure apparent terrain 

conductivity 1n the downstream portion of a watershed 1n which a waste 

disposal site 1s proposed. At that site, the pathways for waste 

migration 1n groundwater are controlled by subsurface channels. The 

Identification and mapping of these subsurface channels constitutes an 

Important contribution to the site characterization study. The channels 

are Identified using Isocurves of measured apparent conductivity. Two 

upstream channel branches are found to merge Into a single downstream 

channel which constitutes the main drainage path out of the watershed. 

Electromagnetic terrain conductivity measurement methods are found 

to be inexpensive, rapid and efficient tools for subsurface 

Investigations. Their contribution to site characterization studies and 

pathways analyses 1s particularly significant 1n planning of the 

monitoring program, the hydrogeologlcal testing, and the modeling study. 

The results reported so far are very promising for use of the methods 1n 

several other applications related to the subgrade disposal of waste. 
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1. INTRODUCTION 

Two electromagnetic terrain conductivity measurement methods have 

been tested to demonstrate their geophysical applications. This report 

presents the results of conductivity measurements to detect underground 

moisture anomalies and map channel controlled groundwater flow pathways 

1n alluvial valleys overlying carbonate rock. A companion report! 

presents the results of conductivity mapping of contaminated ground-

water plumes. 

An area of approximately 10 ha was surveyed during the course of 

the study. The area 1s located 1n the downstream region of a watershed 

1n which the siting of a waste disposal facility 1s proposed. The 

location of the subsurface pathways for waste migration 1s of funda-

mental Importance for the Impact analysis related to the siting of the 

facil i ty. Path./ays of major transport Include subsurface channels with 

high transmlsslvlty. These channels usually have a higher moisture 

content, different soil composition and greater soil thickness than the 

adjacent areas, and therefore have higher electrical conductivity. 

This study was conducted to locate accurately the subsurface channels 

at the site by locating the areas of high electrical conductivity using 

electromagnetic techniques. 

The principles and methods of operation of the electromagnetic 

devices used during the course of the study are reviewed briefly 1n 

Sect. 2. Section 3 gives a description of the site where the study was 

conducted. The results of the apparent terrain conductivity mapping 

are given 1n Sect. 4. A reconnaissance survey 1s described in which 
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the major conductivity anomalies at the site were located. Apparent 
terrain conductivity measurements were performed 1n the areas where 
anomalies were detected, and a map showing the contours of apparent 
terrain conductivity 1s presented. A discussion of the results and of 
the potential use of the methods for geophysical applications 1s given 
1n Sect. 5. 
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2. INSTRUMENTATION AND METHOD OF MEASUREMENT 

The basic principles of opeutlon are similar for both the EM-16 
and the EM 34-3 devices. A primary magnetic field of known orientation 
and frequency 1s created 1n the ground. When this magnetic field 1s 
Imposed upon an electrical conductor 1n the subsurface, secondary mag-
netic fields arise from the conductor due to Induced current flows. 
The measure of the magnitude, 1n-phase and quadrature components of the 
secondary field provides the apparent conductivity and allows an esti-
mation of the location of the conductive bodies 1n the ground. 

The EM-16 uses the concentric horizontal magnetic fields created 
by the vertical antennas of Very Low Frequency (VLF) transmitting sta-
tions as a primary field. The antennas used during this study are 
located 1n Cutler, Maine and Seattle, Washington. Local conductivity 
1nhomogene1t1es will add vertical components, Hz, to the horizontal 
primary field, Hx, so that the total field 1s tilted locally on both 
sides of a local conductor (F1g. 1). The EM-16 provides a direct read-
ing of the 1n-phase and quadrature components of the vertical field by 
measuring the tilt angles of the magnetic fields.2 The spatial dis-
tribution of the phase and quadrature angle yields the approximate 
location and size of the conductive bodies. Details about the method 
of data Interpretation can be found 1n Ref. 2 and 3. The EM-16 was 
used 1n the initial survey to locate major conductive bodies in the 
study area. 

The EM 34-3 uses a transmitter coll energized by an alternating 
current to produce the primary magnetic field. This field induces very 
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Fig. 1. Tilting of the VLF electromagnetic field by a local conductor. 
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F1g. 2. Current flow Induced by the transmitter coll 
of the EM 34-3. 



5 
small currents 1n the ground vrfrlch 1n turn produce a secondary magnetic 
field. A receiver col 1, placed a distance (s) away and coplanar with 
the transmitter coll (F1g. 2), senses both the primary and the second-
ary magnetic fields. Under certain constraints known as "operation at 
low Induction numbers" and Included 1n the design of the EM 34-3,4«5»6, 
the ratio of the magnitudes of the magnetic fields 1s shown to be pro-
portional to the apparent conductivity of the ground, oa, according 
to the relation 

where oa 1s the apparent conductivity (mho/m), Hs/Hp 1s the ratio 
of the magnitudes of the magnetic fields, f 1s the frequency (Hz), 
u0 1s the permeability of free space (Weber2/nt m2) and s 1s the 
coll spacing (m). Apparent terrain conductivity, as measured from a 
point on the ground surface, 1s defined as the spatially Integrated 
value of electrical conductivity of the soils within a finite subsur-
face volume. The subsurface volume usually corresponds to the region 
of influence of the magnetic fields. The depth of this region of In-
fluence varies with the coll spacing and the orientation of the colls 
on the ground (vertical or horizontal). Therefore, both precise map-
ping of apparent conductivity and estimation of the depth at which con-
ductive bodies occur 1n the subsurface are possible with the EM 34-3. 
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3. SITE DESCRIPTION 

The study area 1s located on the DOE Oak Ridge Reservation at 
Oak Ridge, Tennessee. The site 1s adjacent to an area under study for 
disposal of low-level radioactive waste. The work reported was 
performed as a portion of the site characterization program and con-
tributes to the site data base for use 1n the pathways analysis. 

The study area lies 1n a broad valley bottom 1n an unnamed water-

shed. Topography 1n the area 1s gentle as shown 1n F1g. 3. In the 
headwater end of the valley there 1s an Intermittent stream channel; 
however, this surface channel disappears near the east edge of the 
study area as all downstream drainage is subterranean. The broad valley 
1n which the study area 1s located 1s Interpreted as being a possible 
abandoned meander of the Clinch River. This Interpretation 1s based on 
topographic characteristics and terrace soils containing well rounded 
gravel and cobbles of fine grained, well cemented sandstone possibly 
derived from the Rome formation. Within the study area there 1s no 
dlscernable surface channel and the only surface water observed has 
been 1n marshy ponds 1n late winter and spring. The area was selected 
for study using electromagnetic techniques because these methods are 
useful for locating soil moisture anomalies which maty be associated 
with subterranean flow channels. 

Bedrock beneath the site 1s cherty dolomite and limestone of the 
Knox Group. Formations which subcrop the site include the Chepultepec 
Dolomite, the Longview Dolomite, and the Newala Formation. Bedrock 
generally strikes N 50-60°E. Measured dips 1n the area range from 25° 
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Fig. 3. Topographic and geological map of t * - West Chesnut Ridge 
site ano vicinity. 
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to 35° to the southeast. The Newala Formation Includes the Klngsport 
and Mascot Formations which are Interbedded dolomite, limestone, and 
chert matrix sandstone. Depth of weathering 1s generally deeper 1n the 
dolomltlc formations than 1n the more limestone rich Newala. Signifi-
cant geologic Information Including approximate formation contacts and 
location of karst zones 1s shown 1n F1g. 3. Karst zones 1n the vicin-
ity of the study area show a strong stratlgraphlcally controlled 
orientation. Karst development 1s discontinuous 1n Individual zones 
along strike. Two karst zones are mapped 1n the upper half of the 
Chepultepee Dolomite east of the study area and their extensions 
through the study area parallel to strike are Indicated 1n F1g. 3. 



9 
4. ELECTROMAGNETIC TERRAIN CONDUCTIVITY MAPPING 

A reconnaissance survey was performed over the site shown 1n F1g. 
3 using the Geonlcs EM-16. The goal of the reconnaissance survey was 
to locate the major moisture anomalies present 1n the site, and subse-
quently delineate a study area 1n which further studies would be 
conducted. Measurements of t11t angle and quadrature angle were taken 
every 10 m along traverse lines orientated to cross the suspected sub-
surface flow channels. The traverse lines 1n the study area correspond 
to the lines labeled Line 1, Line 2, Line 3 1n F1g. 4 and recorded 
anomalies are denoted by the letters A through E. Anomalies A and B 
were Interpreted as the edges of a large conductive zone whereas anoma-
lies C, D, and E were Interpreted as single narrow conductors. 
Anomalies A, B, C, and D are all located 1n the low topographic points 
of the traverses Line 1 and Line 3, suggesting that conductivity highs 
In the site subsurface follow the topographic lows. An Interesting 
result of the reconnaissance survey 1s that no significant conductivity 
anomaly was recorded on Line 2. Traverse Line 2 was run across a topo-
graphic saddle which 1s thought to be 1n the path of an old meander of 
the Clinch River. A conductive anomaly could have been created by a 
difference 1n soil thickness, soil composition or soil moisture 
content. The fact that no anomaly was recorded during that traverse 
leads to the conclusion that no shallow hydraulic connection exists 
below the saddle between the watershed In which the traverses were made 
and the adjacent watershed to the west. Anomaly E was easily 
Interpreted as the gas pipeline running approximately north-south on 
the east side of the study area. 



ORNL-DWG 83-<5708, 

Fig. 4. Topographic map of the study area showing the 
traverse lines performed during the reconnaissance 
survey and the anomalies recorded with the EM-16. 
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The EM 34-3 survey was conducted to check the location and the 

nature of the conductivity anomalies recorded during the reconnaissance 
survey, establish whether connections existed between the recorded 
anomalies, and to map the conductivity channels 1f connections were 
found to exist. Measurements were taken every 10 m along the traverse 
Lines, Line 1, Line 2, and Line 3 (F1g. 4) using the various selectable 
coll spaclngs (10 m, 20 m, and 40 m) 1n both horizontal and vertical 
dlpole configurations. These measurements confirmed the location of 
the anomalies and Identified them as zones of high apparent conduc-
tivity. All anomalies were found to be located 1n the upper 7.5 m zone 
of the subsurface. 

Additional measurements were made every 10 m on traverses connect-
ing the anomalies and traverses following a net-Uke pattern covering 
the vicinity of the detected channel. An area of approximately 10 ha 
was surveyed using the 10 m spacing horizontal dlpole configuration 
(depth of penetration of 7.5 m) and a total of 520 measurements were 
obtained. A map showing contours of recorded apparent conductivity for 
the study area 1s shown 1n Fig• 5. Conductivity values correspond to 
the measured apparent conductivity of the upper 7.5 m layer of the sub-
surface and are contoured 1n 1 mlcromhos/m increments. Background 
conductivity ranged from 1.8 to 2.5 mlcromhos/m. Shaded areas repre-
sent regions of apparent conductivity of at least twice the background 
conductivity. The contours of apparent conductivity define a subsur-
face conductivity channel with two upstream branches; one to the 
northwest, the other to the northeast, and one downstream branch to the 
southeast of the study area. The northeastern branch is very narrow 



Fig. 5. Map showing contours of apparent conductivity in the study area. 
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(about 20 m) and 1s Interpreted as the subterranean portion of the 
stream draining the northwestern valley of the site. The northwestern 
branch of the channel corresponds to the underground drainage of the 
valley directly north of the study area. The confluence of the north-
eastern and northwestern branches occurs approximately 1n the center of 
the study area. In this region of confluence, areas of high apparent 
conductivity (at least three times background) are recorded. These 
nodes of high conductivity are thought to correspond to thick lenses of 
soils with high moisture content. The two upstream branches are seen 
to merge Into a single downstream branch running to the southeast ot 
the study area through a narrow valley. On the west side of the study 
area, apparent conductivity measurements over a depth of 7.5 m con-
firmed that no shallow connection exists under the saddle between the 
watershed 1n which the study area lies and the adjacent watershed to 
the west. The slightly higher than background recorded conductivities 
are attributed to shallow narrow paths of Infiltrated runoff from the 
nearby hill. This Interpretation was reinforced by a series of mea-
surements performed with the vertical dlpole configuration which showed 
no significant conductivity anomalies at greater depth. 
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5. CONCLUSIONS 

The results of the study demonstrate that conductivity anomalies 

1n the subsurface and conductivity channels 1n alluvial valleys over-

lying carbonate rock can be detected from the surface and mapped using 

electromagnetic methods. The two electromagnetic devices used in this 

study provide an Inexpensive, rapid and efficient wqy to survey large 

areas for subsurface conductivity mapping. Six man-days were necessary 

to survey an area of approximately 10 ha and obtain 520 measurements 

used 1n the preparation of the conductivity map of the area. 

The two Instruments have been found to have a complementary role 

1n the study. The EM-16 1s well adapted for reconnaissance surveys 

over very large areas to locate major Subsurface *.onduct1v1ty anomalies 

and the EM 34-3 1s a very versatile device allow1r«g precise mapping of 

the conductive zones, estimation of the depth of the conductive layers 

and, to some extent, the determination of the tydrogeologlc conditions 

1n which groundwater flows occur. 

The electromagnetic methods have been used as part of the site 

characterization study for a low-level radioactive waste disposal site. 

At that site, the pathways for waste migration 1n groundwater are con-

trolled by subsurface channels. The locations of subsurface channels 

have been Identified using the map showing contours of apparent terrain 

conductivity. The results dictate In a straightforward manner the 

placement of monitor wells, the preferred areas to extract soil samples 

for use 1n laboratory tests, the preferred locations to conduct 

geohydrologlc testing (pump tests, slug or packer tests, tracer tests) 
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and the construction of grids for use In the numerical simulations of 

the site. 

In summary, this study, together with several art1cles2t4,5,6,7 

describing the use of the methods 1n general geological mapping (soil 

types, faults, bedrock topography) and a companion report1 presenting 

the mapping of waste migration 1n groundwater, demonstrate that elec-

tromagnetic terrain conductivity methods are very valuable tools 1n all 

phases of subsurface Investigations related to subgrade disposal of 

waste. 
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