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Sandia’s role was to determine if lightning was 
a plausible cause

Could lightning have created an electrical arc 
in the sealed area at Sago? 
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Lightning can propagate by direct attachment or 
electromagnetic (indirect) coupling

Indirect coupling

Direct attachment
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Direct-attachment lightning effects on mine 
penetrations were determined

– Measured transfer functions of direct coupling paths
• Rails

• Conveyor

• Power shield

• Trolley communication line

– Applied a mathematical representation of a lightning 
stroke to the transfer function 

• to calculate realistic voltages and currents on conductors 
inside the mine 

• Assumed worst-case scenario of lightning attachment at the 
mine entrance
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Direct-drive measurement technique
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Direct-drive measurement locations
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Direct-drive transfer functions

Transfer function = 
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Mathematical representation of lightning stroke

References for lightning waveforms:
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Direct-drive results given lightning attachment 
at the mine entrance

Results = Transfer function x Mathematical Representation of Lightning Strike
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Direct-drive results given lightning attachment 
at the mine entrance

Results = Transfer function x Mathematical Representation of Lightning Strike
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Lightning can propagate by direct attachment or 
electromagnetic (indirect) coupling

Direct attachment

Indirect coupling
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Common examples of electromagnetic 
propagation

Ground penetrating radar 
image of an underground 
cavern

communications

Radiation from power lines

Extremely low frequency 
communications for 
submerged submarines
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Lightning energy penetrates the earth 
through electromagnetic waves

Lightning current, I

Sealed area

Pump cable

Magnetic field, Ho, is proportional 
to I and attenuates as distance 
from ground strike point. Ho

radiates radially from surface 
current

EM propagation is affected by:
• the source on the surface
• skin depth
• distance into the ground

+
V
-
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Indirect coupling of lightning effects in the 
sealed area were determined

– Measured transfer functions of indirect coupling paths 
• Electric field mapping in sealed area

• Voltage measurements on pump cable in sealed area

– Applied a mathematical representation of a lightning 
stroke to the transfer functions 

• to calculate realistic electric fields in the sealed area and 
voltage on pump cable 

• Used recorded lightning strokes and related cases

– Compared measured results with a simplified 
analytical model of electromagnetic propagation 
through the earth
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Indirect-drive measurement technique
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Indirect-drive electric field measurement 
locations

Measurement locations in sealed area

Custom antenna used in sealed 
area was developed to evaluate 
DOE facilities
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Pump cable and surface drive orientation

Parallel surface 
drive wire

Field mapping area

Perpendicular 
surface drive 
wire

seal
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Indirect-drive electric field measurements 
agree with analytical model 

Electric field
transfer function 
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Indirect-drive voltage measurements agree 
with analytical model

Voltage
transfer function 

Voltage on pump cable in sealed area (V)
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Next, voltage on the pump cable is calculated 
given lightning strokes in the area 

• Use recorded lightning strokes, assuming 
vertical cloud-to-ground geometry

• Use a recorded lightning stroke, assuming 
horizontal geometry of lightning arc 
channel

• Assume a vertical cloud-to-ground 
lightning stroke close to sealed area
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Data record of lightning activity in the area

Lightning Strokes detected @ 6:26:35 
am on Jan 2, 2006 around Sago:

Stroke 1:  +38.8 kA (NLDN)*
Stroke 2:  +35 kA (USPLN)*
Stroke 3:  +101 kA (NLDN)

* Independent analysis indicates that 
Stroke 1 and Stroke 2 represent one 
stroke

NLDN = National Lightning Detection Network
USPLN = United States Precision Lightning Network

1

2

3
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Vertical cloud-to-ground lightning stroke data does 
not support high-voltage arcing on the pump cable
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The lightning detection network data is limited

• In general, the lightning detection 
networks detect approximately 80 
– 90% of cloud-to-ground flashes 
and approximately 50 - 70% of 
individual strokes within a flash.

• Presence of horizontal arc portions 
of lightning strokes are not 
resolved by the lightning detection 
network sensors.

• Positive, upward-going lightning 
initiated from tall structures are 
generally not detected by the 
sensors. Communication towers 
are within a mile of the sealed 
area.  
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Case 1:  Horizontal arc channel above the sealed area 
does support high voltage arcing on the pump cable
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Case 2:  Undetected lightning stroke close to the sealed 
area does support high voltage arcing on the pump cable
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Could lightning have created an electrical arc 
in the sealed area at Sago?

• From measured direct drive paths    --- No

• From  2 recorded lightning strokes (assuming vertical 
cloud-to-ground geometry)   --- No

• From recorded lightning stroke (assuming horizontal 
arc channel over the sealed area)   --- Yes

• From undetected cloud-to-ground lightning stroke 
close to the sealed area   --- Yes

Observation:  It is possible that lightning coupling through the measured direct-drive 
paths could cause electrical shocks to personnel, even miles back into the mine
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Backup slides
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Direct-drive measurement setup

+ -

12 V battery

Ground rod

ground

Few hundred feet to 2 miles

Function generator

Audio amplifier

Spectrum analyzer
(for measuring signal)

40 V, 1 A max
10 Hz – 100 kHz

rails

120 Vac
inverter

Electrical power for source

+ -

12 V battery

120 Vac
inverter

Electrical power for spectrum analyzer

Fiber optic line to synchronize 
the function generator and 
spectrum analyzer

Current probe to measure signal

Input 
current

Output 
current
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Network
Analyzer

Measure

RF Out

Current Drive

Ground Rods

Fiber Optic
Tx

Fiber Optic
Line
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Core Hole

AntennaMine Shaft

Surface

Audio
Amplifier

+

-
Core Hole
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Rx

Signal Pickup Line
~300m long

ORGrounded in water
near pumps

Grounded on
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Earth Overburden
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1976 Bureau of Mines report – “EM Detection System 
for Detecting and Locating Trapped Miners”


