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Measurement and Modeling of the Indirect Coupling
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Abstract—This paper describes measurements and analytical
modeling of the indirect coupling of electromagnetic fields pro-
duced by horizontal and vertical lightning currents into the Sago
mine located near Buckhannon, WV. Two coupling mechanisms
were measured: direct and indirect drive. Only the results from the
indirect drive and the associated analysis shall be covered in this
paper. Indirect coupling results from electromagnetic field propa-
gation through the earth as a result of a cloud-to-ground lightning
stroke or a long, low-altitude horizontal current channel from a
cloud-to-ground stroke. Unlike direct coupling, indirect coupling
does not require metallic conductors in a continuous path from the
surface to areas internal to the mine. Results from the indirect cou-
pling measurements and our modeling show that vertical lightning
currents are not likely to have produced lethal voltages in the Sago
mine, but a large, horizontal current above the ground could have
created a large voltage on a long, insulated cable. Indirect trans-
fer function measurements compare extremely well with analytical
and numerical models developed for the Sago site, which take into
account measured soil and rock overburden properties.

Index Terms—Buried cables, cables, electromagnetic cou-
pling, electromagnetic measurements, lightning, model validation,
modeling.

I. INTRODUCTION

N JANUARY 2, 2006, an explosion was initiated in a

methane—air mixture within a sealed area at the Sago
underground coal mine near Buckhannon, WV, which resulted
in the deaths of 12 miners. Because of the fraction of a sec-
ond simultaneity of the explosion and nearby lightning strokes
recorded by the National Lightning Detection Network (NLDN)
and the United States Precision Lightning Network (USPLN),
lightning was strongly suspected to have caused the explosion.
Additional eyewitness reports of other lightning, not recorded
by NLDN and USPLN, further increase these suspicions [1].
Since 1990, at least 11 underground coal mine explosions have
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occurred in the U.S. in which lightning is suspected of being
the cause, further supporting the need to understand the poten-
tial role of lightning in the Sago disaster [2]-[5]. The coupling
mechanisms that may have brought lightning energy into the
sealed area 300 ft below ground at Sago were unclear and com-
plicated by the fact that there were no known metallic penetra-
tions into the sealed area of the Sago mine, unlike other sealed
area explosions.

Recent work by Novak and others [6], [7] have utilized com-
mercial, numerical electromagnetic codes to calculate the volt-
ages on metal-cased boreholes connecting the surface with the
sealed areas in mines. They have postulated corona discharge as
an initiating mechanism based on experimental work by com-
bustion researchers [8], [9]. Berger et al. have analyzed the spe-
cific situation of lightning-caused explosions in shallow South
African underground coal mines [10]-[14]. The Australian,
German, and Chinese literature on lightning-initiated under-
ground coal mine explosions has not been thoroughly explored.
There has also been work by Petrache et al. [15], [16] on induced
voltages on buried cables due to lightning; however, the cables
were only buried at a depth of the order of 1 m. Delfino et al. [17]
also calculated the underground electromagnetic fields due to
lightning at depths of 10 m and less.

The coupling mechanisms of lightning energy at the Sago
mine were divided into: 1) direct coupling via metallic penetra-
tions from the outside of the mine that are terminated immedi-
ately outside the sealed area and 2) indirect coupling through
the soil and rock overburden above the sealed area. Direct-drive
measurements [18] demonstrate that the direct coupling path
was unlikely to have caused the Sago mine explosion. Only
the indirect coupling path is discussed in this paper. However,
a follow-on paper describing the direct-drive measurements,
results, and possible shock safety concerns due to lightning at-
tachment is in preparation.

A. Coupling Transfer Function Measurements and Analysis

Three steps are involved in calculating the response of a light-
ning flash attachment at a distance from the sealed area. The first
step involves estimating the magnetic field (or surface current)
above the sealed area from a lightning attachment to the ground
at a distance from the sealed area. The second step involves cal-
culating the electric field in the sealed area of the mine due to the
uniform magnetic field (or surface current) on the surface using
the parameters determined from the coupling measurements.
Once these connections are made with data in the frequency
domain, the third step is to multiply the Fourier transform of a
mathematical representation of a lightning flash by the transfer
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function derived in the first two steps. The inverse Fourier trans-
form of the product can be taken to determine the peak electric
field and peak voltages that would be caused by a lightning at-
tachment of a given amplitude at a given location with respect to
the sealed area. If the peak-induced voltages are significant, arc-
ing between conductors could occur. A few tenths of a milliJoule
of energy in the arc would be a sufficient ignition source for a
combustible methane—air mixture [19]. This amount of energy
is readily available from almost any arcing process envisioned
in a lightning-induced event. Bulk air breakdown in small gaps
(several millimeters) occurs at average electric field values of ap-
proximately 10 kV/cm with standard lightning waveforms [20].
Surface arcing can occur at electric field values in the 5-kV/cm
range.

When a vertical lightning flash attaches to the earth, current
travels into the earth, as evident by fulgurites and along a surface
layer away from the attachment point. For this paper, we have
assumed a fully developed lightning flash and approximated the
azimuthal magnetostatic field as

H(r)= - )

- 27r
where [ is the lightning current and r is radial distance from flash
attachment. This approximation is valid for distances where r <
ho, where hy is the height of the charge source [21]. The electric
and magnetic fields near rocket-triggered lightning have been
measured, and the current flow in the soil out to 30 m distance
from the attachment can be inferred [22], [23]. When r > hy,
the vertical component of the electric field can be approximated
using

EX(rt) = [ )

} 100, — r/c)

2megcr

where v is the upward propagation speed of the current wave and
is the same as the front speed in many engineering models [21],
[24]. For distances where 7 is not much less or much greater
than hy, the approximation for the magnetic field at the surface
becomes more complex, as shown by Thottappillil er al. [25].
Calculated field results from Nucci et al. [26] at a distance of
5 km show peak values of 0.265 A/m. These results can be
bounded by using (1), which yields 0.35 A/m for [ = 11 KA.
Therefore, using (1) at 1-5 km is an overestimation of the field,
but can be used as a simple approximation.

When lightning attaches to the ground, the azimuthal mag-
netic field creates currents not only on the surface, but also
deeper in the earth. This is because magnetic fields on the sur-
face of a conductor can generate currents within a conductor
of some depth. Resistivity measurements have shown the soil
in the vicinity of the sealed area of the Sago mine to be a
fairly good conductor; therefore, it is reasonable to assume that
some electromagnetic energy can propagate from the surface
of the earth through the overburden into the sealed area of the
mine. The electromagnetic coupling is dominated by diffusion
coupling when frequencies are sufficiently low that the displace-
ment currents are negligible. Diffusion coupling is also referred
to as eddy current coupling. The skin depth characterizes the
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exponential decay of these currents in planar geometries and is
dependent on the resistivity of the soil.

It was desired to measure the coupling through the earth into
the sealed area due to a realistic lightning strike. Because of
safety and time considerations, inducing a lightning strike or
waiting for a real one were not viable options. Therefore, a
low-power, frequency-variable source was used to drive cur-
rent on long wires on the surface. The wires were 200-500 m
long and terminated with ground rods. An antenna was used
to measure the resulting electric field in the sealed area, 300 ft
below the drive wires on the surface. In addition, voltage in-
duced on a long, insulated pump cable abandoned in the sealed
area was also measured. Measurement setup details are given in
Section III.

The frequency range of the source was chosen to match the
frequency content of a realistic lightning strike. Long wires were
used to simulate current traveling radially on the surface from
lightning attaching to the surface. They realize that there were
multiple limitations to this approach and conducted modeling
in tandem to test the validity of this approach. One limitation
was that the range of the frequency-variable source was 10 Hz—
100 kHz, while realistic lightning has frequency content up to
a few megahertz. Another concern was that the source-driving
long wires on the surface was not a sufficient representation
of lightning traveling radially on the surface from an attached
lightning strike. Another concern was that unknown resistive
inhomogeneities in the soil and rock above the sealed area could
affect the results. Despite these concerns, the modeling and
measured results compared favorably, as can be seen further
in this paper. This does not invalidate these concerns, but does
lend credence to the deduction that they were not overridingly
important factors in this case.

From the measurements, we have the electric field and voltage
response on the pump cable in the sealed area from a known
linear current distribution on the surface.

B. Site Information

The soil and rock resistivities play a major role in determining
the amplitude and frequency dependence of indirect coupling
into the sealed mine area. The resistivities in [27], using a best fit
to electromagnetic sounding data, are 100 2-m from 0 to 40 ft,
10 ©2-m from 40 to 120 ft, and 100 ©2-m from 120 to 350 ft deep,
yielding an average of 77.3 {2-m above the sealed area at the
borehole. In this study, an average resistivity of 80 {2-m is used
to characterize the soil and rock overburden above the sealed
area of the Sago mine.

Vertical pipes, including gas wells, in the vicinity of the sealed
area, are potential conduits for lightning energy. Because the
pump cable in the sealed area is orthogonal to the pipes, the
vertical pipes were considered not to be a likely source of sig-
nificant coupling to the cable in this particular case and were
not investigated.

There were also horizontal gas pipes in the vicinity above the
sealed area. This includes approximately 27 mi of horizontal
(mostly metal) gas pipelines within 1.5 mi of the Sago explo-
sion area, and these pipes are connected to 60 active gas wells
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(going to an average depth of 3800 ft). These horizontal pipes
are, in general, buried at a depth of 2 ft from the surface. The
response on the pump cable, or electric fields in the sealed area,
due to the current drive of the horizontal gas pipes was not
characterized because it was not planned for and because of
liability issues that could not be resolved in the short time frame
of the planned measurements. The gas pipes, if driven locally to
the sealed area, would have similar coupling characteristics to
the pump cable as that of the indirect-drive experimental setup.
If the gas pipes were driven remotely, the amount of attenuation
from one point on the pipes to another point is mostly depen-
dent upon the resistivity of the soil surrounding the pipes. If the
soil surrounding the pipes has low resistivity, a majority of cur-
rent injected onto the pipes would attenuate in a short distance.
However, if the pipes are either not in contact with the soil or
the resistivity of the soil is large, then the pipes would act as
insulated conductors. Attenuation along the pipes in this case
would be much less.

C. Outline of Paper

Section II presents the derivation of the models used to predict
the coupling of surface current to underground electric fields.
The geometry for the simplest model for dc current coupling is
analyzed in [28]. The discussion in this paper bypasses the sim-
ple static representation of the problem and begins with a time-
varying infinite current drive above the surface. The equation can
be simplified when the current is brought to the surface interface.
Section III presents the measurement techniques, including di-
agrams of the setup and photos graph of equipment. Section IV
presents the measured data and a comparison with the model
from Section II. Conclusions are presented in Section V.

II. ELECTROMAGNETIC COUPLING PHENOMENOLOGY MODELS

Modeling was included in this project to compare the mea-
surements with theoretical calculations. Another purpose of the
indirect modeling was to determine if the simple propagation
models from surface to underground were sufficient for these
lightning propagation calculations.

This section documents the relevant analytical models used
to predict the voltages and electric fields produced in the Sago
mine by current drive sources used to simulate the effects of a
lightning flash attachment on the surface of the earth above the
mine. To calculate the electric fields in the earth induced by a
current on the surface, the problem is simplified by representing
the earth as a homogeneous material with a constant uniform
resistivity. Section II-A calculates the simplest case given an
infinite-length, time-varying current drive. The calculations be-
come less complex in Section II-B as the current drive is brought
to the surface. These results are used to compare to the indirect
measurements of the electric field in the sealed area as a func-
tion of the drive current on the surface. The modeling equations
have been implemented in MATLAB to calculate the fields and
the resulting voltages generated within the earth.

It should be noted that Rakov and Uman [29] and Cooray [30]
have developed equations for calculating the aboveground and
underground electric field from a lightning return stroke. The
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Fig. 1. Infinite length, harmonically time-varying horizontal current drive over

a conductive half-space.

electric fields calculated from the simple method described in
this paper were compared to the results in [30] and were found
to be within 10% of peak values.

A. Infinite Line Source Above Homogeneous Half-Space

The first coupling models to be considered are generaliza-
tions, where the current is time varying, say as with et and
the displacement currents are neglected because region 1 is as-
sumed to be a good conductor. This generalization turns out to
be more difficult than one might expect because the current in
the earth depends on the geometry of the current path above the
earth. A simpler model that corresponds to the electromagnetic
coupling below an infinitely long, horizontal wire grounded at a
large distance away and driven by a voltage source is, however,
developed in this section.

The current drive geometry of an infinitely long, horizontal
wire placed a distance h above a conductive half-space is shown
in Fig. 1. Similar configurations are analyzed in [31]-[35].

The current drive is harmonically time varying and directed
along the z-axis at height i above it. The upper half-space has
permittivity €y and infinite resistivity, and the lower half-space
has permittivity ; and resistivity 7;. Both regions have free
space permeability 14.

If one neglects displacement current and relates current den-
sity 4. (y, z) and electric field E,(y,z) in region-1 through
E, (y,z) = 14, (y, 2), then the current density in the lower
half-space, region-1, can be determined to be

cos uy du

. iwpgl [ et e th
(2 (y7 Z) = -
0

TT1 U+ q
i2 T 00 eqze—uh,

2 )y utq cos uy du 3)
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and then
15 00 ,qz ,—uh
By (y,2) = 7 (y,2) = —2 £°  cosuydu @)
T Jo u—+q
where
k=w Moo
q=u?+ip?
pz _ WhHo _ z
T1 6%

b= 2L

WHo

Note that the skin depth ¢ plays an important role as a pa-
rameter in all diffusion coupling calculations. At a given fre-
quency, the lower the resistivity the smaller the skin depth,
which means that a majority of the current is contained closer
to the surface. Hence, for a given surface magnetic field drive,
there will be better coupling deeper underground for ground
with resistivity of 100 €2-m than for ground with resistivity
of 10 Q-m.

B. Infinite Line Source at Surface of Homogeneous Half-Space

If the line current source is brought to the surface of the
conducting homogeneous half-space where h = 0, integrat-
ing E, from the previous section for y = 0 to get the hor-
izontal electric field immediately below the current source
yields [18]

E, (y=0,2)
(1+19) (;1) n ((;)21 o—(1+i)(2/61)
_ T;Ié_l% _i2K, [(1+i) ;] (5)
—(141) (;11)K1 {(1 +1) ;]

where K and K are modified Bessel functions. Note that
we are now using positive z in the downward direction in the
formula.

C. Finite Line Source at Surface of Homogeneous Half-Space

The time-harmonic fields underground due to a finite line
current have been studied by Hill and Wait [36]. Again, dis-
placement currents are neglected due to the low frequency of
interest. The field components calculated are as follows:

i
E;n (x,y,z) = %/[ (A+B) dl’,

exp(—yr)

322 322
(5 2) e (3

A:
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The argument of [y and I; is «y (r + z)/2, and the argument
of Ky and Ky isy (r — 2)/2.

D. Transmission-Line Field Coupling Model

Using transmission-line theory and treating the incident elec-
tric field as a distributed source, has been used in previous areas
by Vance [37] and Warne and Chen [38]. We consider the re-
ceiving wire in the mine as a wire over a lossy earth ground,
where the radius of the wire is a and the wire is at distance d
above the ground. Then, we let

k=+—ZY and Z, = \/g (7

For the admittance, we use the usual formulation of a wire
over a perfect ground for the capacitance, such that

—iw2mE

Y =1 = —
e arccosh (d/a)

®)

For the impedance, the perturbation due to the nonperfect
ground is included using Sunde’s formulation [39], [40] Z =
Z1 + Zo, where Z; is the formulation of a wire over a perfect
ground and Z, is the correction term, which are as follows:

—iwpgarccosh (d/a)
27
—iwpp A
27

where A =In(1—idky/—idky)
Vwpo (iog + weg).

Then, the transmission-line equations start as

avs
dx

dI

dzx

where V* is the scattered voltage and the total voltage V' is
described as

Z) =

Zs ©))

and kg =

= —ZI+E}°

=YV (10)

h
V(z) =V*(z) —/ B (x, 2) dz. (11)
0
Letting h = 0.01 m for an insulated cable on the ground
allows for V(z) ~ V*(z). Also, V is the total voltage if the
vertical component of electric field in the absence of the cable
is equal to zero [41].
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Combining (10) by differentiating (second equation) yields

2
(d + k2> I=-YE}.

da? (12

If we let E, be a constant, then solving the second-order
differential equation yields

inc

I(z) = ZJ (tan(kL) sin(kx) + cos(kx) —1).  (13)
Also, at z = 0 (where the measurements were made)
kEinc
V(0) = Y% tan(kL). (14)

If E, is allowed to be a function of x, then using the method
of variation of parameters, we find

I(x) = (G + P(x)) e ™ + (Co + Q(x)) €™ (15)
where
1 N kv ppinc
P(x) = 57 e B (v) dv
1 w2 —kv ppinc
Qz) = 57 e " EM (v) dv
P(xy)e F22 — Q(a)eF>2
Ol = plekzl pi‘(T«z(—i)) CQ_(k(ql)_T )
e 1 —_ plpze 2 1
kay —kay
ke P1Q(a1)e™ — P(ap)e
CQ = p2€ ek(ngg:l) _ plPZefk(szIl)
Zl - Zc Z2 - Zc
= 2L % and gy = 222 16
=gy mde =g (16)

The impedance at 1 (z = 0) is set to be 10 M€, which is
essentially an open circuit, and the impedance at x5 (x = 300 m)
is set to be 0, or a short-circuit. These conditions lead to P(x;)
and Q(x2) equal to zero, p; equal to 1, and py equal to —1. The
voltage at x; is

—Q(x1) sinh(kzy) — P(xa)e
cosh(kxs)

V(1) = Z. ( - Q(l‘l))-

a7

E. Uniform Magnetic Field at Surface Above Homogeneous
Half-Space

The fields produced in the sealed area during the explo-
sion were from natural lightning, not linear current sources. In
Section I-A, the magnetic field from a fully developed vertical
lightning flash was shown. This magnetic field can be calculated
at a distance on the surface from the flash attachment point, but
we still need to propagate the field to the sealed area below the
surface. This section develops the equations that allow a uni-
form magnetic field to propagate into a conductive half-space
and calculate the electric field in the half-space. The results of
this derivation are identical to [42, eq. (1)] and [43, eq. (6)].

Assume that a uniform y-directed magnetic field of intensity
H, is instantaneously applied above a conducting half-space.

For a good conductor [44]

wpo 1
AR —— ==
2 )
wpo 1
Ry — == 18
B 5 ; (18)
The surface impedance is written as
. W
Zg = (1 —_—. 19
s =0+ /5, (19)

Taking the normal unit vector to be in the z-direction and
applying the boundary condition of surface impedance, yields
the tangential electric field as

Et = Zsjg = Zs(’fl X H) = —i‘ZsHoy. (20)

Substituting the formula for the surface impedance and skin
depth, and rearranging yields the electric field just below the
surface of the interface

- o [WHL
Ei,(z=0")=—-(1 —H,,
(2 =07) = (L4 i), [ 57y,
11
=—(1414i)——H
( + Z) o1 51 Oy
141
-7 ( 5 )H()y ey
1
However, it is more important to know the electric field below
the surface at some depth z = —d. Therefore, for attenuation in
the negative z-direction

E,i(2) = E(z =0 )el* ™)z, (22)

Combining the previous equations yields the = component of
the electric field due to a uniform magnetic field at the surface
as

- (1+4) Ho, e1+0:/91,

(23)

III. ELECTROMAGNETIC MEASUREMENT METHODS

The measurement method used to characterize indirect elec-
tromagnetic coupling into the sealed area is shown in Figs. 2
and 3. The current from an audio amplifier (which is driven
by the output from a network analyzer) is driven on long wires
above the ground, which are terminated at each end with ground
rods. The ground rods are placed so that the drive wire was in a
straight line, to produce a current distribution in the ground that
simulates a linear current drive.

Two orthogonal drive cable orientations were used for the
indirect-drive measurements. One orientation, shown in Fig. 3,
drove the surface current parallel to the sealed area of the mine
and over the area where the explosion occurred. The surface
drive wire was approximately 500 m long. The second orien-
tation, not shown, drove the surface current perpendicular to
the sealed area of the mine and over the area where the ex-
plosion occurred. In this case, the surface drive wire was only
200 m long. Using the results from these two configurations, the
fields due to an arbitrarily oriented current source drive above



HIGGINS et al.: MEASUREMENT AND MODELING OF THE INDIRECT COUPLING

Messure Fiber Optic
Network Rx

Analyzer

Audio
Amplifier

T T
¥

l\ Current Drive

— Ground Rods

Surface

T

Mine Shaft

Z 7 /" /2
Antenna
OR ™\ Fiber Optic
—_— JES

Signal Pickup Line Esnisia
~300m long Jt_ 7.;5V|'r1::=rf

Grounded ir vizter
near pumps

Fiber Optic
Line
Through
Core Hole

Fig. 2. Indirect-drive conceptual drawing.
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Fig. 3. Parallel surface current drive for the indirect-drive measurements with
electric field measurement locations.

the sealed area can be calculated using trigonometric functions,
thus accounting for all angles of current source orientation.
The measurement method developed utilizes the dynamic
range and frequency sweep speed of a network analyzer. In
addition, the transfer function has both amplitude and phase
information, which is important to ensure causality in an in-
verse Fourier transform. The key to the method is the use of
a fiber-optic transmitter/receiver pair with an operational fre-
quency band from dc to ~10 MHz. The fiber-optic units were
used to bring the measured signals from the sealed area to the
surface through a nonconductive borehole. It would increase
the dynamic range of the measurement system to place the fiber
optics on the drive side; however, transporting the network an-
alyzer deep into the previously sealed area was an unattractive
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alternative. Therefore, a reduction in dynamic range was traded
for speed of equipment setup and a reduced risk of damag-
ing expensive equipment. The audio amplifier, with an output
impedance of 4 2, matched the impedance of the grounded wire
drives sufficiently well to generate enough surface current to
measure signals in the sealed area below. The frequency range
of the audio amplifier was 10 Hz—100 kHz. Communication be-
tween team members on the surface and members positioned in
the previously sealed area of the mine was accomplished using a
fiber optic Ethernet link through the borehole with a voice over
IP program on two laptops.

Two types of measurements were made to characterize the
indirect coupling into the sealed area. The more time consuming
of the two was the electric field mapping measurements made
in the vicinity of the explosion ignition area, where the core
hole is located. The other measurement was the induced voltage
on a pump cable going from the back of the sealed area to the
location of the core hole.

The electric field at various locations in the sealed area of
the mine was measured with an active dipole antenna connected
to a receiver via fiber optics. The fiber-optic receiver was con-
nected to the network analyzer measurement port so that the
signals were phase-locked in order to measure very small sig-
nals in the microVolt/meter range. The three polarizations of the
electric field were measured at a total of 15 locations for both
the parallel and perpendicular surface wire current drives. The
three polarizations measured were the vertical polarization, the
horizontal P-directed polarization (parallel to the length of the
sealed area), and the horizontal X -directed polarization (trans-
verse to the length of the sealed area). A photo graph of the
dipole antenna in one of the horizontal polarizations is shown in
Fig. 4. The measured calibration frequency response of the ac-
tive dipole antenna is shown in Fig. 5. The exact locations of the
measured electric field are shown in Fig. 3, where the distance
between measurement locations was approximately 10 m. The
figure shows 17 total locations; however, positions P1 and P9
were not measured due to water hazards. In other words, there
were seven locations where the electric field was measured (par-
allel to the underground wire orientation) and these points were
spaced approximately 10 m apart. Because of the amount of data
taken and the spacing between measurement points, the lack of
these two points did not negatively impact the results.

The pump cable was spliced with 12-gauge wire to recreate
the length of pump cable believed to have been there during the
explosion.' The end of the pump cable at the back of the mine
was originally attached to the pump that was submerged under-
water and chained to the ceiling mesh. For the measurements,
the pump cable was connected with 12-gauge wire to the ceil-
ing mesh and the exposed conductors were placed underwater
approximately four crosscuts from the back of the sealed area.”
The cable being attached to the ceiling mesh on one end grounds

As a note, there is some disagreement as to the length and positioning of
the pump cable at the time of the explosion. The test team used information
provided at the time of the measurements, which was that the pump cable was
intact and the cable shield was grounded to the submerged pump.

2Test team was unable to reach the back of the sealed area, where the pump
would have been (it was removed after the explosion) due to water.
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Fig. 4. Active dipole antenna in the horizontal polarization inside the previ-
ously sealed area.

10°

Effective Height (m)

Frequency (Hz)

Fig. 5. Calibration frequency response of active dipole antenna.

that end of the cable through the roof mesh. The approximate
total length of the recreated cable was 300 m. The induced volt-
age measurements were taken on the pump cable with both a
parallel and perpendicular surface wire drives. These measure-
ments were also conducted using the instrumentation system
shown in Fig. 2. The induced cable voltage was measured with
a Nanofast high-impedance probe in the vicinity of the core
hole, and transmitted to the surface with fiber optics.

IV. RESULTS

The purpose of the electric field mapping of the explosion
area was to first look for any field inhomogeneities due to geo-
logical features and second, to compare to the analytical model.
The electric field measurements are shown first and then the in-
duced cable voltage is plotted. The results did show an enhanced
electric field at the P5 location. This is noted for general interest,
but does not significantly impact the cable results because the

Amplitude (V/m/A)

1
Frequency (Hz)

Fig. 6. Composite electric field along the P-direction with parallel line drive
on surface.

cable integrates or averages the fields over the cable length to
build up a potential difference or voltage.

The data collected for the indirect-drive tests from the dipole
antenna were only usable above 100 Hz. This was due to a very
large 60-Hz clutter signal from surrounding power lines and the
high noise level from the network analyzer below 40 Hz. Both
of these factors were overcome for the long wire voltage mea-
surement by reducing the IF bandwidth of the network analyzer
from 10 to 2 Hz. The reduction of the IF bandwidth lowered
the noise floor considerably and reduced the sensitivity of the
transfer function to the 60 Hz clutter; however, the time for a
single swept measurement increased by almost a factor of 10.
With the large number of measurements desired for characteriz-
ing the electric field in the sealed area, the higher IF bandwidth
was used for the majority of the data collected. As a result, only
data from frequencies above 100 Hz are plotted in Fig. 6.

The normalized composite electric fields from the dipole an-
tenna at various locations are plotted in this section. The com-
posite electric field is simply the root-sum-square or amplitude
of the electric field vector. The measured electric field is nor-
malized by the current in the drive wire on the surface, so that
the units are volts per meter per ampere [V/(m-A)].

The normalized electric fields due to the wire current drive
parallel to the P-direction, measured at locations P2 through
P8, are shown in Fig. 6.

Referring to Fig. 6, note that all composite electric fields
measured in a path parallel to and immediately below the drive
are approximately the same amplitude. The measurement at P5
was made in the area between unconnected sections of roof mesh
and shows a slight enhancement. The presence of metal objects
near an antenna can affect the local fields. The slight resonance
at about 60 kHz in the P5 measurement was probably caused
by a resonance of the cable that was attached for the voltage
measurements. This cable was not removed for the electric field
measurements, and high electric fields may have been induced
on the disconnected end of the cable at resonance.

The voltage on the pump cable was measured with a high-
impedance voltage probe and the network analyzer set to a 2-Hz
IF bandwidth. The normalized results of the voltage amplitude
plotted relative to the drive current on the surface wire, with
units of volts per ampere (V/A), are shown in Fig. 9.
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Fig. 7. P-directed electric fields compared with the analytic models with an
effective resistivity of 80 2-m.

To compare the induced voltage measured on the pump cable
with the field measurements, we will look only at the parallel
surface-drive-induced fields from P2 to P8. Furthermore, we
will only look at the horizontal polarization directed along the
P-axis, parallel to the direction of the drift. The horizontal
polarized electric fields are shown in Fig. 7. The normalized
electric fields are in units of volts per meter per ampere, while
the normalized induced voltages on the pump cable is in units
of volts per ampere. The distributed source transmission-line
model is used for coupling the electric field onto the cable in the
following section.

A. Results Compared With Diffusion Model

The model for coupling from an infinite and a finite cur-
rent source above a homogeneous half-space were presented
in Section II. These models are compared with the measured
electric field. Using an effective soil resistivity of 80 {2-m, the
analytic models plotted in Fig. 7 match very closely to the hor-
izontal (P-directed) electric field measured with a parallel cur-
rent drive. The correlation between model and measured data is
extremely good from below 1 to 100 kHz. This confirms that the
major coupling mechanism from the surface to the sealed area is
field diffusion coupling. The measured data are contaminated by
60-Hz resonances and clutter below 1 kHz for this polarization.
The data deviate from the model of coupling beneath an infinite
line at frequencies below 1 kHz. The measured data stay at a
constant level of approximately 0.0006 V/m/A, whereas the ana-
lytical model predicts a downward slope. Much of this deviation
can be attributed to the field caused by the dc component from
the finite spacing of the ground rods. The numerical simula-
tions in Electromagnetic Interactions GEneRalized (EIGER), a
frequency-domain electromagnetics code, account for the low-
frequency enhancements due to the finite length of the cable
much better than the analytic models. A comparison of the aver-
age of the P-directed electric field measurements from P2 to P8
with the analytic models and the numerical models is shown in
Fig. 8. The average field is a more meaningful value to compare
since it has local variations removed. The amplitude and shape
show amazing correlation.

To compare the numerical model with the measured induced
cable voltage, we used a distributed source transmission-line
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Fig. 8. Average of the P-directed fields from P2 to P8 compared with analytic
and numerical models.
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Fig. 9. Induced voltage on the pump cable due to parallel wire current drive
on the surface (with 60 Hz and harmonics removed) compared with distributed
transmission line coupling from the numerically calculated electric field and an
effective soil resistivity of 80 {2-m.

model for coupling. Again, the model shows excellent agree-
ment with the measured voltage through the entire range of
frequencies. The measured data have been processed to remove
the 60-Hz clutter signal and its harmonics as shown in Fig. 9.

B. Results Coupled With Lightning Waveforms

The results from the indirect coupling measurements and
analysis are coupled with recorded and hypothetical lightning
strokes in this section. The hypothetical strokes were assumed
to have a peak amplitude of 100 kA for two reasons: first, there
was a cloud-to-ground stroke recorded close in time and dis-
tance to the explosion area of the order of 100 kA; and second,
the value of 100 kA is easy to scale. It should be noted that
the pump cable voltages for the recorded strokes were calcu-
lated using the uniform magnetic field excitation formulation
shown in Section II-E. The voltages from a hypothetical long,
low-altitude horizontal current channel from a cloud-to-ground
stroke were calculated using infinite line current source above
a half-space shown in Section II-A. The basic lightning wave-
forms used in this section as inputs into the transfer functions
are shown in Fig. 10. No analytic or mathematical model for
a positive lightning waveform was found in published litera-
ture. Hence, a positive lightning waveform was created using
a 15th-order polynomial of the author’s design and appending
a 100-ms tail on the backend. The positive lightning waveform
characteristics were tailored from values found in [45] and [46].
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Fig. 10. Modeled 100-kA positive lightning stroke with a dI/dt of 6.5 kA/us
and a full-width half maximum of 69 us.

L e

—Stroke #1: 38.8 kKA
—Stroke #2: 35 kA
—Stroke #3: 101 kKA

Amplitude (V)

0 100 200 300 400 500
Time (us)

Fig. 11.  Voltage induced on pump cable due to the three positive lightning
strokes recorded on the NLDN and USPLN.

The three closest lightning strokes recorded within 1 s of the
Sago explosion by the NLDN and USPLN were used to calcu-
late voltage induced on the pump cable. The angles discussed
are the angle between the line made up from the lightning stroke
location to the center of the pump cable and the line formed by
the direction where the pump cable lay. The first stroke analyzed
is the 38.8-kA positive lightning stroke, 5.44 km away from the
sealed area, and an angle of 52.8°. The second stroke has an
amplitude of 35 kA at a distance of 4.02 km away from the
sealed area and an angle of 49.3°. (Note that it is highly proba-
ble that the 38.8 and 35 kA strokes represent a single stroke with
alocation discrepancy, as discussed in [18].) The last stroke has
an amplitude of 101 kA, a distance of 2.91 km, and an angle of
85.5°. The resulting induced voltage pulses on the pump cable
(at the end of the cable nearest the explosion area) are shown
in Fig. 11, with peak amplitudes of 66.1, 87.9, and 42.8 V for
the three strokes, respectively. The transmission-line coupling
model was used for coupling the electric field to voltage on the
pump cable in Fig. 11 with a cable length of 300 m. None of the
induced voltages from these recorded strokes have the necessary
amplitude to cause an arc inside the sealed area.

If we assume a 100-kA positive cloud-to-ground stroke with
a long, low-altitude horizontal current channel directly over the
sealed area and parallel with the pump cable (a zero-degree
angle), it could be capable of inducing voltages on the pump
cable sufficient to produce electrical arcing. Pump cable (with
a length of 300 m) voltages are shown for a positive cloud-to-
ground stroke with horizontal current channel at heights (H)
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Fig. 12.  Induced voltage pulse on pump cable from hypothetical horizontal
current channel from a cloud-to-ground +100-kA stroke. H is distance of the
current channel above the ground.

of 100, 200, 500, and 1000 m above the surface in Fig. 12.
The maximum voltages from the positive current channel at the
heights given are 18.0, 11.5, 5.4, and 2.8 kV, respectively.

An eight-layer case based upon the resistivity profile shown
in [1] was modeled and yielded peak voltage on the cable 15%
less than that of the homogeneous model.

V. CONCLUSION

The results of this short-term project demonstrate the useful-
ness of transfer function measurement techniques and analytical
modeling to evaluate lightning effects in mining environments.
Simple analytic and numerical models for coupling electromag-
netic energy underground were developed for lightning coupling
into the Sago mine. The measured results at the site compared
very well with the analytic and numerical models. This study
shows that significant field levels and voltages on insulated con-
ductors can be developed from surface current excitations or
from overhead lightning arc channels.

Three cloud-to-ground lightning strokes were recorded in the
vicinity of the Sago mine within 1 s of the explosion in the sealed
area. Based on the results in this paper, these lightning strokes
were too far away to have generated a significant voltage on the
pump cable in the sealed area. A thorough, expert analysis of
the raw data provided by several lightning-detection databases
did not uncover evidence to support the detection of another
cloud-to-ground stroke in the correct timeframe.

The simultaneous events of recorded lightning strokes and the
explosion in the sealed area of the mine; the multiple personal
accounts above the sealed area describing simultaneous flash
and thunder [1] (indicating extremely close lightning); and
the inability of the lightning-detection networks to resolve the
presence of horizontal lightning arc channels [45], [46] led to
the investigation of a hypothetical lightning stroke event. The
expected voltage on the abandoned cable was calculated for
this scenario using the indirect coupling models discussed in
this paper.

The hypothetical case explored the possibility of the presence
of a horizontal lightning arc channel acting as a source of en-
ergy. For this scenario, a 100-kA peak horizontal arc channel is
assumed to be parallel to the pump cable in the sealed area at
distances of 100, 200, 500, and 1000 m, respectively, above the
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ground above the sealed area. For a positive-polarity flash, the
resultant voltages on the pump cable were 18.0, 11.5, 5.4, and
2.8 kV, respectively. While these calculations use favorable cou-
pling circumstances (high peak arc-channel current and parallel
orientation of the arc channel to the pump cable), this hypo-
thetical scenario presents a reasonable case where significant
voltages build up on the pump cable.

In conclusion, indirect coupling of lightning of sufficient
magnitude and proximity to the sealed area could have cre-
ated high voltage on the pump cable. The voltages would have
been high enough to create an arc, which is a known ignition
source of combustible methane—air mixtures. This conclusion is
based on the analysis of a hypothetical scenario that is credible
and has supporting circumstantial evidence, but could not be
confirmed by recorded data from lightning-detection networks.

Due to the complexity of lightning interactions with large
multipath structures and the limited duration of this project, it
was not possible to address the full intricacies of potential light-
ning interactions at the Sago mine. However, results cited in this
paper can be considered as a significant indicator of the potential
for lightning to couple significant voltages to ground on cabling
left in underground mines. Significant follow-on research would
be required to address the complexity of mining structures to
fully characterize these energy-coupling mechanisms.
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