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Abstract

Abandoned underground lignite mines are potential 
hazards to present day mining operations in the Gulf Coast 

lignite belt. Records of old workings are often incomplete 
or non-existent. Direct detection of the tunnels is not 
possible when the depth to the excavation is greater than 
three times its diameter. Indirect detection using 
geophysical methods is possible because the underground 
mining in these areas causes fracturing of the overburden. 
This results in the alteration of the petrophysical 
properties of these fractured zones. Changes detectable by 
seismic and electrical methods are lower velocities due to 
decreased density, and higher resistivities due to lower 
water saturation, respectively.

Surface resistivity and refraction seismic methods were 
tested in the vicinity of the recently opened Jewett lignite 
strip mine. Wenner array resistivity profiling was 
effective in the detection of lateral changes in resistivity 
due to fracturing. Indeed, previously unknown workings were 
discovered. The refraction seismic fan configuration was 
able to measure delays in the first arrivals due to 
fracturing over known mined-out areas, thus showing the 
effectiveness of this method.
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Introduction

Northwestern Resources of Huntsville, Texas has recently 
started a lignite strip mining operation north of Jewett, 
Texas (see figure 1 ). Between 1907 and 1930 two coal 
companies operated several underground mines in the area. 
Advancing room and pillar methods were employed to extract 
the lignite. Mining operations took place at depths of 40 
to 200 feet. Most of the mine records and maps of that time 
are incomplete or lost, making it difficult to determine the 
location and extent of the abandoned workings. Since these 
mined-out areas are potentially hazardous to the present day 
operations it is necessary to develop some means of remotely 
determining the extent of these areas.

There are several exploration methods which have been 
used in the past to detect mine workings or other types of 

subsurface cavities. These methods include: drilling, 
seismic reflection, ground probing radar, electromagnetic 
profiling, gravity, hole to surface and surface resistivity, 
seismic refraction, and downhole acoustic tomography. Many 
of these methods are not applicable to the problem at hand 
for reasons which follow.

Drilling is effective but costly; several holes must be 
drilled in an arc so as not to miss a room or drift.
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Seismic reflection was attempted in the study area but 
was unsuccessful, primarily due to the presence of an 
unconsolidated, highly variable overburden which resulted in 
attenuation of the signal and stacking problems. Although 
further testing may show promising results, the acquisition 
and processing is more costly than some of the other 
methods.

Ground probing radar has been successful in the location 
of cavities. Depths of penetration of more than a few 
meters can be achieved only in a very resistive medium. The 
conditions at the study area preclude its use because of the 
moist, conductive clay layers which attenuate the radar 
signal.

Low frequency electromagnetic methods are effective at 
locating good conductors in resistive surroundings but are 
not as sensitive to resistive anomalies. Since the 
anomalies of interest are resistive, for reasons which will 
be discussed later, the electromagnetic profiling methods 
will show poor results.

Gravity methods can be applied where cavities are large 

enough to cause measurable effects on the gravity field at 
the surface; this is not the case with these cavities.

Resistivity, refraction and tomography methods remain 
as possible techniques for the delineation of the mined-out
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area boundaries. The following pages will discuss the 
geological and geophysical setting, the surface resistivity 
methods and the refraction methods which have been tested at 
the study area. A description of each method and its 
implementation will be followed by an interpretation of the 
data, and a discussion of problems and suggested 
improvements on the methods used.
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Geological and Geophysical Setting

A. Geology of the Area

The extensive lignite deposits of the Jewett area are a 
part of the Wilcox formation. The formation lies parallel 
to the coastline approximately 100 to 150 miles inland (see 

figure 2). The surface exposure of the Wilcox is in the 
form of a wide band which extends from the Rio Grande in 
Southern Texas, through eastern Texas, Louisiana, southern 
Arkansas and Mississippi. During the Eocene, deltaic 
systems were frequent along this paleo-coastline which is 
now called the Wilcox formation.

The Texas lignites have their origins in three different 
types of environments of deposition: deltaic, fluvial, and 
lagoonal (Edgar, et al., 1974) . The lignites of the study 

area are associated with fluvial depositional environments. 
These lignites were formed as "back-swamp peats in broad, 
isolated flood basins, analogous to the Mississippi River 
alluvial plain" (ibid.). Fluvial deposits of lignite are 
relatively continuous and large, often covering several 
square miles, while deltaic and lagoonal lignites are 

smaller and discontinuous.
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The seam of interest in the Jewett area ranges in 
thickness from six to eleven feet and is overlain by 
interbedded sand, shale, clay, and less significant lignite 
seams. It is of good quality, having a low sulphur content, 
moderate ash content, and high volatile matter content. The 
low sulphur content is attributed to the fresh water 
depositional environment while the high volatile matter 
content is attributed to the high percentage of woody 
material. Ash content is a function of the amount of 
non-organic sediment influx during deposition.

B. Physical Properties of the Subsurface

Several dozen boreholes have been drilled and logged in 
the vicinity of the study area. Some were drilled before 
this investigation for purposes of coal seam, water quality, 

and subcrop mapping. The remaining holes were drilled after 
the geophysical work was completed for correlation with the 
collected data.

Two well logs were chosen for analysis and discussion 
here. From these logs it was possible to determine certain 
physical properties of the subsurface. The two wells are 
290 feet apart. Well 41-6-151 was drilled in a non 
mined-out area while well 41-6-153 was drilled in a
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mined-out area. Well 41-6-153 intersected one of the mine 
workings. Both wells penetrate 130 feet of overburden 
before intersecting the lignite seam of interest (seam 6).

It is safe to assume that there will be a minimal change in 
the lithology and the formation water resistivity between 
boreholes.

The logs of well 41-6-151 are presented in figure 3. A 
gamma log indicates the shale or clay content of an 
interval. A high gamma reading indicates higher shale or 
clay content. This gamma log shows a sequence of interbedded 
sands and clays from the surface down to a depth of 130 
feet. A thin lignite stringer is visible within the 47 to 
50 foot interval. Seam 6 lies within the 130 to 142 foot 
interval. The caliper measurements indicate a fairly 
uniform hole diameter. Examination of the bulk density log 
shows a good correlation with the gamma log. Densities vary 
according to lithology and are relatively constant within a 
given lithology. The resistivity log displays low 
resistivities in the clays and higher resistivities in the 
sands. Both lithologies display relatively low 
resistivities, even above the water table, indicating a high 
percentage of water saturation throughout the section.

Well 41-6-153 is located in the mined area. Comparison 
of the gamma logs from both wells shows an excellent
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correlation of lithology between the two wells (see figure
3). However, a comparison of the caliper and bulk density 
logs shows a lack of correlation. In this well, the caliper 
measurements are more erratic and show a larger diameter.

The bulk density log displays considerably lower and more 
erratic density measurements. These log characteristics 
indicate the presence of fractures in this interval. Since 
fracturing increases pore size and hence alters the 
capillary properties of an interval, a lower water 
saturation would be expected. Indeed, the resistivity log 
confirms this fact. The high resistivities measured in this 
well indicate a low water saturation.
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Resistivity

A. Principles of the method

Experiments using resistivity methods for the detection 
of subsurface resistivity variations date back to around 
1865 (Heiland, 1939). However, it wasn't until 1912-13 that 
the method began to see wide spread use when Marcel 
Schlumberger patented his "method of equipotential line 
measurement" (ibid.). Thus, it was possible to measure the 
apparent resistivity of the subsurface using two current 
injecting electrodes and two potential measuring electrodes. 
Since the time of Schlumberger's discoveries resistivity 
profiling, or the measurement of lateral changes in 
resistivity, has been used extensively in civil engineering 
and mineral exploration work. It has been successfully 
applied to the measurement of overburden thickness and the 
location of vertical contacts and three dimensional bodies. 
It is and ideal method for the delineation of mined-out 

areas. The direct current resistivity method is based on 
the surface measurement of potentials due to a primary E 
field, resulting from the injection of current into the 
ground through an electrode, and secondary E fields, 
resulting from the charges which arise on the surfaces of
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layers, vertical or dipping contacts, and anomalous bodies. 

The information from these measurements can be used to 
determine properties of the subsurface.

Let us consider a homogenous, isotropic earth. Two 
electrodes are inserted into the ground with a current 
source (battery, etc.) connected to them. Charges will 
arise on the surfaces of the electrodes creating an electric 
field between them. Equipotential surfaces will exist 
perpendicular to this field. Figure 4-a shows the 
distribution of the equipotential surfaces in a homogeneous 
earth. The earth is rarely well approximated by a 
homogeneous haIf-space; it is usually layered, fractured and 
full of anomalous bodies. Charges will arise on the 
surfaces of these inhomogeneities resulting in secondary 
electric fields. These secondary electric fields will add 
with the primary E field causing distortions in the 
equipotential surfaces (see figure 4-b). These distortions 
can be mapped by incrementally moving an array along the 
surface. The array consists of two current electrodes at a 
fixed distance apart and two sensing electrodes. The 
profiled data is the potential difference measured between 
the sensing electrodes at different locations along a line. 
This is known as resistivity profiling. More on the theory 
of D.C. methods can be found in the references by Keller and
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Fig. 4 b. Distorted current flow lines (Dobrin, 1976).



T-3165 14

Frischnecht (1966) , Koefed (1979) , and others.

B. Resolving power

One may imagine that it would be possible to directly 
detect a subsurface cavity or tunnel with such a set-up. 
Direct detection is possible if the depth to the target is 
not more than 2-3 times its diameter (Kaufman, 1984) . This 
can be shown by analyzing the potential which would be 
measured at the surface for an ideal case in which the 
resistivity contrast between a tunnel and the surroundings 
is large.

In order to demonstrate this we will consider a 
cylinderical tunnel in a whole space (see figure 5 ). The 
tunnel has a resistivity of surrounded by a medium having 
a resistivity of p̂  where >> p̂  . A uniform electric 
field, Eq , is present which gives rise to charges on the 
surface of the tunnel. A secondary electric field, , 
results from these charges. Surface resistivity 
measurements sense the effects of both the primary field and 
the secondary fields which arise due to an anomaly. By 
determining the ratio of the primary field to the secondary 
field it will be possible to show whether or not the 
secondary field resulting from the tunnel is measureable.



T-3165 15

XM

0>u
a0)
<Dr-4oæ3
C•H
wcc3+J
rou

•H
uTJ
C

•Hf—4 >iu

in

•H
pL|



T-3165 16

The potential due to the tunnel at a distance r from the 
center of the tunnel is:

Po ~ Pi a
( 1 )  U =    —  E   cos ( 0 )

P2+ f \

From this it is possible to calculate the radial and 
tangential components of the E field at point 0 (see figure 
6) .

d u  a2
(2) E = -   = k E — —  cos ( 0 )

d r  12 ° h Z

(3) E
du a2

e = k 12 Eo — T  sin( 0 ]

4) where k ^
p2-Pi

P2+Pl

Since the radial component of the field is zero at point 0 
we can state that the secondary electric field is equal to 
the tangential component of the electric field:

a 2
(5) E g = E e = k 12 E - y -  sin ( $ )
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Assuming an ideal resistivity contrast where = 1 then:

a2
(6) Es ■ Eo-rh
Calculating the ratio :

-,

Thus we can see that a tunnel with an eight foot diameter at 
a depth of fifty feet would result in the secondary E field 
having a magnitude of only 2.5% of the magnitude of the 
primary field. Though it may be a measureable difference it 

will not be distinguishable from the geologic noise which 
exists in a real earth. The maximum diameter of the 
workings in the study area is approximately ten feet. At 
depths of forty to two hundred feet these workings would be 
impossible to detect directly.

C. Indirect Detection.

In this case, however, indirect detection is possible. 
Since only the main entries and airways were timbered, most 
of the workings are either partially or completely caved 
(see figure 6 ). As described earlier, this caving creates
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fractures which extend far above the workings resulting in 

an increased porosity above the mined-out areas. This 
increased porosity allows for better drainage resulting in a 
higher resistivity than in areas where there is no 
fracturing and porosity is lower. Thus we can assume that 
slowly varying relatively low resistivities will be 
encountered while profiling in the non mined-out areas. In 
mined areas, erratically varying, relatively high 
resistivities will be measured.

D. Field Procedure.

The study area was chosen by Northwestern Resources to 
be along the eastern edge of the Evansville number 6 mine. 
This area was chosen for three reasons :

1) Historical records and maps of the past mining 
operations are available.

2) The depth to the workings varies from forty feet to 
two hundred feet.

3) Strip mining operations will not begin in that area 
for several years thus leaving it as a test area for 
possible future studies.

The area is heavily wooded with elevations varying from four 
hundred feet above sea level in the northeastern corner of



T-3165 20

the survey area to five hundred and fifty feet in the 
southwestern corner.

Eighteen survey lines were cleared in the east-west 
direction perpendicular to the mined-out area's boundary. 
Each line was two thousand feet in length and the lines were 
two hundred feet apart (see figure 7). The lines were 
surveyed and staked every one hundred feet in order to 
ensure accuracy in the location of measurement positions.

Resistivity values were calculated from measurements 
taken using a Bison D.C. system and the Wenner electrode 
array (see figure 8). The Wenner array was chosen for two 
main reasons : good results had been obtained from previous 
cavity detection research and it is better suited for low 
powered portable resistivity gear than the dipole-dipole or 
schlumberger arrays. Dipole-dipole and Schlumberger arrays 
were tested but measurements were difficult since the 
voltages being measured were very low due to the close 
spacing of the potential measuring electrodes.

Wenner array profiles were made using two different 
electrode spacings: AB = 60 feet and AB = 120 feet. Two 
different spacings were used to differentiate between near 
surface geologic noise and anomalies due to workings. As 
the spacing between the current electrodes increases the 
depth of penetration of the current field increases. Thus
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as spacings increase the potentials measured at the surface 
are affected by a larger volume of earth encompassing 
greater depths.

Readings were taken at ten foot intervals in order to 
study the rapid spatial changes in resistivity that occur 
over the mined-out areas. Such close spacings of station 
locations would not be necessary for a production survey in 
the area. This will become apparent to the reader in the 
interpretation section.

In order to expedite the collection of the data, a 
switchable electrode system was designed and built. The 
system consisted of two 150 foot, 15 conductor cables and a 
switch b o x . Waterproof takeouts were made at ten foot 
intervals on each cable resulting in thirty one takeouts 
over the total of 300 feet. The switch box was located at 
the center of the cable array and had the ability to connect 
any of the takeouts to either the potential measuring or the 
current generating circuit. With this system it was 
possible to lay out the cable and electrodes and then 
proceed with the reading of 20 to 30 measurements with one 
set-up. The system is effective even with a crew size of 
one or two people.
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E. Interpretation

1. Method of Data Presentation

Over three thousand data values from the profiles were 
entered into a computer and the apparent resistivity values 
for each station location were calculated. These values 
were then plotted versus the station location. All station 
and line coordinates are referenced using the Texas Survey 
coordinate system. These coordinate values represent the 
distance in thousands of feet north and east of some 
arbitrary point in the Gulf of Mexico. In addition to the 
plotted profiles, two resistivity contour maps were 
produced; one of the data from the 60 foot spacing profiles 
and one of the data from the 120 foot spacing profiles. The 
data were first smoothed using a running three point average 
and then contoured using a logarithmic scale.

2. Categories of anomalies and their signatures

The first step in the interpretation was to gain a 
complete understanding of the mining practices employed. 
After careful analysis of the profiles and their correlation 
to the mine map and topographic map, it became apparent that

ARTHUR LAKES LIBRARY 
COLORADO SCHOOL of MINES 
GOLDEN, COLORADO 8040*
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the various profile features could be categorized. Seven 
basic categories were formulated. Each category corresponds 
to a particular type of subsurface feature causing a 
particular characteristic form on the profiles. The seven 
types of features causing resistivity variations are:

1 ) non-mined-out areas

2) streams and paleochannels
3) near surface lithologie anomalies
4) rooms
5) secondary entries
6) main entries
7) topography

The following paragraphs will describe each of the 
categories, explain the causes of each type of anomaly and 
refer the reader to some illustrative examples on the 
profiles. The numbers on the profiles correspond to the 
different types of anomalies.

1) Non mined-out areas. The subsurface of non mined-out 
areas are undisturbed and relatively homogeneous. Profiling 
with the two different array spacings over these areas 
results in smooth, slowly varying resistivity profiles. In 
most cases the electrode array with the narrower electrode 
spacing measures nearly the same or slightly higher 
resistivities than the arrays with the wider spacings.



T-3165 26

2) Streams and paleo-channels. Areas in the vicinity of 
present day streams and their associated subsurface 
paleo-channels have higher resistivities than the 
surroundings. This maybe due to the fact that most of the 
conductive clays have been washed away in these areas. The 
profile anomalies which result over these areas are usually 
wi d e , seventy five to two hundred feet, showing slightly 
higher resistivities. Their character is often jagged.
Here again the resistivity measurements from the two 
different array spacings are nearly the same.

3) Near surface anomalies. Near surface lithologie 
anomalies such as sand and clay lenses are readily 
identifiable. The array having the shorter spacing shows a 
sharp change in resistivity while the deeper sensing array 
with the longer spacings shows very little change.

4) Rooms and Pillars. The resistivity values over the 
worked out room and pillar areas are higher and much more 
erratic than those measured over the non mined-out areas.

As stated earlier, advancing room and pillar methods of 
mining were employed. A main vertical shaft was dug to the 
level of the lignite. From there a main entry was excavated 
in the up and down dip directions. This main entry consists
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of three parallel, five to six foot wide drifts. Extensive 
timbering and often complete over head logging were required 
since these main entries had to be maintained throughout the 
life of the mine (Crow, 1938). Branching from the main 
entry were the secondary entries consisting of two parallel 
drifts. Lignite was removed by excavation of rooms, or long 
narrow hallways, perpendicular to these secondary entries 
(see figure 9). This left pillars between the rooms. These 
pillars were often mined in a retreating manner toward the 
end of a particular mine's operation. The secondary entries 
were not as extensively supported as were the main entries 
while the rooms were supported only by an occasional stull 
(Crow, 1938).

Since these worked out rooms were left with very little 
support they probably collapsed during or a short time after 
the mining operations. This caving which occured over the 
rooms created a zone of higher porosity. Over the years 
gravitational compaction took place reducing the porosity. 
These areas, although somewhat compacted, still have a 
higher porosity than the undisturbed non mined-out areas. 
This is evident in the type of profile, signature which is 
observed.
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5) Secondary entries. The profiles show higher 

resistivities while the fluctuations are of a lower spatial 
frequency than those over the rooms and pillars. In 
addition, the shorter array measures higher resistivities 
than the longer array.

The supports of the secondary entries probably held out 
for several years before collapsing. As a result, there has 
been a shorter period of compaction than over the room and 
pillar areas. Thus, there is greater porosity and therefore 
higher resistivities will be expected. The fact that the 
shorter array measures higher resistivities is probably due 
to less compaction and higher porosity near the surface, 
while compaction is greater at depth.

6) Main entries. Resistivities over the main entries 
are the highest in the area. Broad, slightly jagged high 
resistivity anomalies are observed. In this case the longer 
arrays measure higher resistivities.

Since the main entries were heavily supported they were 
probably the last of the excavations to partially or 
completely collapse. The caving over a more recent collapse 
will probably not extend as close to the surface as the 
caving over an older collapse. The profiles' high 
resistivity values over these main entries reflect this
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phenomena; the deeper sensing array detects higher 
resistivities indicating higher porosity or a greater degree 
of caving at depth.

7) Topography. Topography causes slight, gradual 
changes in resistivity. The resistivity contour maps as 
well as the profiles show regional resistivity variations 
which directly correspond to topography. As the elevation 
increases, the baseline resistivity increases. Since the 
water table is farther from the surface at higher elevations 
there is less moisture in the overburden of these areas 
resulting in higher overall resistivities.

3. Analysis of selected profiles

Six profiles were chosen to demonstrate the method of 
interpretation. Each of these profiles have anomalies which 
can be associated with features on the mine map. Some of 
these anomalies indicate that mining may have taken place in 
areas beyond the mapped workings. Below each profile is a 
schematic cross-section indicating the nature of the 
underlying mine features.



T-3165 31

Line 653.40

We will begin by examining line 653.40 at the northern 
end of the study area (see figures 10 and 11). In this area 
the depth to the lignite seam is between 40 and 80 feet*
The east end of the line is in the non mined-out area. Low 
resistivities and gentle spatial variations are encountered. 
Resistivities increase in the vicinity of the creek whose 
centerline is at 278.41. In this region of the study area 
it is difficult to differentiate between the anomalies due 
to the creek and those due to fracturing above the caved 
rooms. The spatial variations of the data from the 120 foot 
array become more erratic west of 278.10. It is reasonable 
to interpret this as the eastern extent of the rooms and 
pillars. Two high resistivity peaks are encountered between 
277.30 and 277.65. These two peaks coincide with the two 
secondary entries beneath the survey line. Erratic readings 
continue to the west indicating fracturing due to collapsed 
rooms.

Line 652.40

This profile clearly indicates that fracturing due to 
underground mining exists west of 278.00 (see figure 12).
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Fig. 10 Legend for the resistivity profiles.
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Five secondary entries beneath this line can be correlated 
with the high resistivity peaks west of 278.00 (see figure 
9). The erratic variations between the peaks are associated 
with the rooms. A segment of line 652.40 is missing due to 
cable malfunction.

Line 651.60

Examining line 651.60 we see no indication of mining 
east of 278.15 (see figure 13). The increase in resistivity 
between 277.78 and 278.15 maybe due to mining activity to 
the south of this line. The "quiet" zone between 277.50 and 
277.78 coincides with the feature labeled "barrier pillar" 
on the mine map. A barrier pillar is a solid rib of coal 
between two mines or sections of a mine. It is left 
entirely or relatively unbroken by entries or airways in 
order to protect against accidents arising from an influx of 
water or a squeeze (Thrush, 1968). West of 277.50 we see 
evidence of fracturing due to wor. d out areas. The high 
resistivity peak encountered at the western extent of the 
line corresponds to a secondary entry on the mine map.
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Line 651.40

Line 651.40 is 200 feet south of the previously 
described line. Here we see the zone of mining which the 
measurements on line 651.60 had sensed (see figures 13 and 
14). The zone lies between 277.74 and 278.11. This 
coincides perfectly with the area between the barrier pillar 
and the line marked "Proposed Boundary Line Mine No. 6" on 
the mine map. These workings are clearly outside the 
assumed mining boundary. Evidence of the barrier pillar is 
indicated by the low resistivities between 277.61 and 
277.74. West of the barrier pillar the line closely 
parallels a secondary entry resulting in higher 
resistivities. The resistivity data measured by the 120 
foot array rises above data measured by the 60 foot array. 
Beneath this peak is the main entry of the mine.

Line 651.00

Additional evidence of mining activity east of the 
barrier pillar can be seen on line 651.00. Anomalies due to 
fracturing over rooms exist between 277.96 and 278.24 (see 
figure 15). A secondary entry exists in the vicinity of 
277.80.
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Line 650.20

40

Line 650.20 exhibits two prominent high resistivity 
peaks (see figure 16). If one were to extend the main entry 
of Mine No. 6 in a straight line through the barrier pillar 
it would lie directly beneath the peak at 277.00 (see 
figure 9). The resistivity peak further to the west 
corresponds to the main entry and a secondary entry of Mine 
No. 3. These workings were also previously unknown.

4. Analysis of resistivity contour maps

The generation of resistivity contour maps was difficult 
since the spatial density of data values was much greater in 
the east-west direction than in the north-south direction. 
However, certain trends can be seen on the maps.

A gently rolling region of low resistivity exists east 
of 278.00 and north of 651.60 (see figures 17 and 18). This 
is the non mined-out portion of study area. A narrow,
linear north-south trending high sistivity band intersects 
this low resistivity region. This geographically 
corresponds to the creek which runs through the area. West 
and south of this low resistivity region is the portion of 
the study area which overlies the mine workings. This is
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Fig. 17 Resistivity contour map: AB spacing=60 ft.
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evident in overall higher resistivities as well as the 
linear trends which do not correspond to geographic or 
topographic features.
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Refraction

A. Principles of the Method

The fan shooting refraction seismic method, which was 
used extensively in the 1920's to locate salt domes in the 
Gulf Coast, can be successfully applied to the problem of 
mined-out area delineation. Refraction methods are based on 
the principle that a wave, generated by a source at the 
surface, which travels down and is refracted by an 
underlying higher velocity layer will arrive at a receiver 
before a reflected wave or direct surface wave. The 
information from these refracted wave arrivals can be used 
to determine properties of the subsurface.

Let us consider a tabular two-layer case where the 
velocity of the top layer is less than that of the half 
space below. A wave striking the interface at the critical 
angle, i ^ , will be refracted into the lower medium and will 
travel in that layer along the interface at the higher 
velocity of V^. As it travels in the lower layer it will 
generate perturbations at the base of the upper layer. These 
perturbations will spherically radiate in the upper layer at 
the lower velocity of (see figure 19). Because of this 
increased speed while the wave is traveling in the second
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layer, the first wave to arrive at a distance greater than

x from the source will be the refracted wave and notcross
the surface or reflected waves (see figure 20). Using a 
linear array of geophones it is possible to determine the 
velocities and thicknesses of layers in a stratified Earth. 
This is done by measuring the times of the first arrivals, 
plotting them and from this information calculating the 
strata thicknesses and velocities (see Dobrin, 1976).

The fan shooting configuration is quite simple. The 
geophones are positioned in an arc whose radius is the 
distance from the source to each geophone (see figure 21). 
The distance is chosen according to which interface one 
wishes to receive refracted waves from. In a homogeneous, 
horizontally layered earth the first arrivals at each 
geophone will occur at the same time. If the refracted 
waves intersect some velocity anomaly they will either be 
slowed or scattered resulting in varying first arrival 
times. In the case of the mined-out area problem the 
refracted rays travelling through the fractured zones above 
the mine workings will be slowed and attenuated before 
reaching the geophones.
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B. The Survey

1. Survey location

The seismic refraction study was undertaken in the area 
overlying the Bear Grass number 1 and number 2 mines (see 
figure 22). In this area the current boundaries were 
approximated from tonnage mined and from verbal accounts of 
the mining operations ; no historical maps are available.
The mine workings range from eighty to one hundred and ten 
feet in depth. A twelve channel Nimbus portable seismic 
system was used. The depth to mine workings and the degree 
of consolidation of the overburden warranted the use of 
explosives for the source as opposed to a sledge hammer or 
rifle source.

2. Determination of field parameters

The determination of a proper fan radius was necessry 
for the effective use of the fan configuration. The fan 
radius depends upon the depth to the refraction interface of 
interest and the underground velocities. Several refraction 
profiles were shot in order to gain an understanding of the 
subsurface layers' velocities and thicknesses. Figure 23
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shows the time-distance curve for the area. Three layers 
are detectable. Velocities where determined from the slopes 
of the time-distance curves while thicknesses of the layers 
were determined using the following expressions:

(8) Z Ti V 1V 0
0 2 <V12-V02 )1/2

(9) Z 1 (Ti2-2Z0 (V22-V 02)1/2) V 2V 1
1 2 V 2Vq (V22-V12 )1/2

The top layer has a low velocity of 3100 feet/second and 
a thickness of 33 feet. The second layer is 80 feet thick 
with a velocity of 5670 feet/second and is overlying a third 
bed having a velocity of 6875 feet/second. These velocities 
correlated well with the sonic log data. We were not able 
to detect the lignite bed since its velocity is much less 
than the overlying bed's velocity. From these data the 
velocity cross section shown in figure 24 was developed. 
After analyzing the time distance curve a fan radius of 600 
feet was chosen. By using this distance the waves causing 
the first arrivals will have traveled through the first and 
second layers, traveled horizontally in the third layer and 
returned to the surface through the second and first layers.
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Thus any major velocity anomalies due to caving will be 
detected if they lie in the path of the downward or upward 
traveling waves.

Several fans were laid out and shot. Two were shot in 
a known unmined area for comparison to the data from the 
other fan locations. Paper records were printed out for 
later analysis of first arrivals.

C. Interpretation

1. Analysis of refraction profiles

Two refraction lines and seven refraction fans were 
shot. As mentioned earlier the line shot in the non mined 
out area was used to determine the field parameters for the 
fans. The line shot in the mined-out area was used to 
develop a velocity model of the caved zones above the mine 
workings to see whether or not the velocity change is 
significant enough to detect from the first arrivals of the 
fans.

Any caving over the mine workings will result in the 
same amount of mass in a greater volume thus reducing the 
rigidity and density of the media. Sound speed can be 
related to the bulk density in the following manner :
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(10) pb = .23 Vp 1/4

Thus, a •reduction in the density will result in lower 
velocities (see figure 25). Analyzing the velocity model 
developed from the mined-out area refraction line and 
comparing it to the non mined-out area refraction line we 
see that this is the case (see figures 24 and 27). Lower 
velocities in both the first and second layers are observed 
as a result of the subsurface caving. In addition, less 
linear coherence of the first arrival data points is 
observed (see figure 26). Comparison of the two travel time 
curves reveals a 30% increase in the first arrival time at a 
distance of 600 feet from the source. Similar increases 
should be seen in the fans over the mined-out areas when 
compared to those over the non mined-out areas.

2. Analysis of Refraction Fans

Fans G and H

Seismic fans G and H were shot in the non mined-out 
areas (see figure 22). Examining the plots of the first 
breaks we see that they are fairly constant (see figures
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Fig. 25 Relationship of bulk density to velocity. 

(Gardner, et al., 1974)
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28 and 29). Arrival time ranges for each plot are not 
greater than 6 milliseconds. The overall range for both 
plots is between 90 and 105 milliseconds. These variations 
in first arrivals are due to topography and variations in 
lithology. Fans G and H establish the criteria for travel 
times and distributions over non mined-out areas.

Fans I ,  J ,  and K

Seismic fans J, K , and I were shot in an area over the 
eastern extent of the Bear Grass number 1 mine (see figure 
22). First arrival times recorded by fans J and K are
within the 90 to 105 millisecond range and neither varies by
more than 6 millisecond. Here again slight variations due 
to topography and lithology exist (see figure 30). The 
refracted waves recorded by fan J were not effected by zones 
of caving. This was verified by extensive arc drilling
around the area of fan J (see figure 22). The path from the
source to geophones #11 and #12 of fan K may intersect a 
disturbed zone, thus explaining the sudden increase on an 

overall constant curve (see figure 31). This interpretation 
of fan K is not completely conclusive since the time delays 
observed at geophones #11 and #12 are not very great. The 
first arrival times recorded by geophones 1 through 9 of fan
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GEOPHONES

Fig. 28 Seismic fan G.



T-3165 62

GEOPHONES

Fig. 29 Seismic fan H .
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GEOPHONES

Fig. 30 Seismic fan J.
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GEOPHONES

Fig. 31 Seismic fan K.

COLORADO SCHOOL cf Mit l:.o 
GOLDEN, COLORADO 30401
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I are within a six millisecond range and are less than 105 
milliseconds. Geophones #10 and #11 show a considerable 
increase in the time of the first arrivals (see figure 32). 
The wave path between the source and these two receivers 
probably intersects a zone of decreased rigidity due to 
caving.

Fans F, L, and M

Seismic fans M, L, and F were located in an area over 
the Bear Grass number 2 mine (see figure 22). Arrival times 
at geophones #1 through #5 of fan M fall within a 6 
millisecond range and below the 105 millisecond maximum for 
the non mined-out areas. Between phones #6 and #11 the 
first arrivals are progressively later with the latest being 
122 milliseconds at geophone #10 (see figure 33). This 
indicates the existence of mine workings between the source 
and receivers #6 through #11 and correlates well with the 
nearby drill holes which intersected cavities. Fans L and F 
lie entirely in the mined-out area. Arrival times are 
highly variable and much greater than the 105 millisecond 
maximum(see figures 34 and 35). Supporting evidence of this
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GEOPHONES

Fig. 32 Seismic fan I.
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G E O P H O N E S

Fig. 33 Seismic fan M.



geophones

Fig. 34 Seismic fan L.



T-3165 69

GEOPHONES

Fig. 35 Seismic fan F .
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exists in the fact that the mine shaft and several cavity 

intersecting drill holes are in the vicinity of the fans 
(see figure 22).
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Conclusions

A. Survey Results

Evansville

The correlation of the resistivity profiles with the 

features shown on the historic mine map is very good. 
Resistivity profiling effectively measured the lateral 
change in resistivity due to fracturing above mine workings. 
The boundaries are clearly specified by the transition from 
low resistivities and slow spatial variations of the 
measurements over the non mined-out area to high 
resistivities and erratic spatial variations of the 
measurements over the mined-out areas. The profile lines in 
the southern portion of the survey area indicate that mine 
workings exist beyond the presently suspected extent of the 
mine (see figure 36).

Bear Grass

Drill holes, estimates of t h e .extent of the Bear Grass 
mines and the location of the shafts correlate well with the 
interpretations of the seismic fans. There is insufficient
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EVANSVILLE BASE MAP
OVERBURDEN SEAM 6
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Fig. 36 Evansville base map showing extent of mining as 
delineated by the resistivity survey.
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coverage in the area to delineate any boundaries. However, 
there is sufficient coverage to prove the effectiveness of 
the method.

B. Summary of Petrophysical Effects of Mining and 
Geopysical Implications

Underground mining in the type of lithology encountered 
in the Wilcox formation causes fracturing of the overburden, 
altering -its petrophysical properties. Fracturing will 
decrease the bulk density and alter the overburden1s 
capillary properties. The decreased rigidity and the lower 
bulk density will result in slower seismic velocities. 
Alteration of the capillary properties will cause a decrease 

in the water saturation resulting in a more resistive 
overburden.

Surface resistivity measurements will not directly 
detect a void or tunnel which is deeper than two to three 
times the targets diameter. Such measurements will, 
however, detect lateral changes in resistivities due to 
fracturing over mine workings.

The seismic refraction method using a fan configuration 
is able to measure delays in the first arrivals due to 
fracturing over mine workings.
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C. Problems Encountered

The multiconductor cable used for the resistivity 

measurements began malfunctioning after a few weeks of daily 
use. This caused a reduction in productivity and in some 
cases poor data quality. In addition, use of the switchable 
electrode system placed restrictions on the types of arrays 
and the sizes of the electrode spacings which could be used.

High spatial density of resistivity data values in one 
direction and low spatial density of data values in the 
other direction made interpretation by resistivity 
contouring difficult.

Electrode array spacings were not always optimum for the 
thickness of the overburden. Although the data collected in 
areas of thicker overburden were interpretable, larger 
electrode spacings in these areas would have produced more 
definitive data.

Causes of certain resistivity anomalies were 
occasionally indeterminable as were the causes of delays in 
the refracted wave arrival times.
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D. Recommendations for Future Surveys

Use of a four person crew, of which only one need be a 
geophysicist, with a simple system of single conductor 
cables and four electrodes for the acquisistion of the 
resistivity data would eliminate most of the sources of 
equipment trouble. If a four person crew is not economical, 
then the use of higher quality multi-conductor cable with 
professionally manufactured electrode take-outs would also 
be effective.

Modification of the station location and line spacing 
would probably improve interpretability of the resistivity 
data. Spacings between station locations could be increased 
to between 20 and 30 feet while spacings between lines 
should be decreased to 100 feet to improve coverage for 
contouring.

Array spacings should vary with overburden thickness.
It should be possible to optimize the electrode spacings for 
a given overburden thickness range.

Uncertainties in the interpretation of either the 
resistivity or refraction data can be minimized by using a 
combination of the two survey methods in a given area.
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Appendix A: Resistivity profiles
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