


r
s
r
t

h
l
b
d
2
l
c
a
C
1
l
s
R
s
m
C
N

B
s
g
s
�
p
t
p

E
i
m
�
i

g
m
p
c
s
h
c
c
p
g
t

t
f
m
c
t
m

s
o
u
a

3

F
s
t
W

B222 Hammack et al.
ainfall and deficiencies in the foundation of the dam, which led to
lumping and sliding of the waterlogged refuse bank. This disaster
esulted in regulations that govern the design of embankment struc-
ures for new impoundments �National Research Council, 2002�.

Since the implementation of regulations, no new embankments
ave failed. However, other types of impoundment failure have re-
eased water and coal slurry into streams. Some of these involved the
reakthrough of water and coal slurry from impoundments into un-
erground mines. The most notable incident occurred on 11 October
000 near Inez, Kentucky, U.S.A., where 946 million liters �250 mil-
ion gallons� of water and 117 million liters �31 million gallons� of
oal slurry from an impoundment broke into an underground mine
nd flowed via mine workings into local streams �National Research
ouncil, 2002�. An estimated 1.6 million fish were destroyed along
20 km of stream, and temporary shutdowns were imposed on a
arge power plant and numerous municipal water supplies. As a re-
ult of the Inez incident, the U. S. Congress requested the National
esearch Council �NRC� to examine ways to reduce the potential for

imilar accidents in the future. The report, “Coal Waste Impound-
ents, Risks, Responses, and Alternatives” �National Research
ouncil, 2002�, documents the findings and recommendations of the
RC.
In response to the recommendations of the NRC, the Robert C.

yrd National Technology Transfer Center �NTTC� at Wheeling Je-
uit University in Wheeling, West Virginia, U.S.A., contracted Fu-
ro Airborne Surveys to conduct helicopter electromagnetic �HEM�
urveys of 14 coal-waste impoundments in southern West Virginia
Figure 1�. HEM geophysical imaging was used because it held the
romise to determine or estimate structural integrity efficiently and
o focus mitigation efforts accurately, if required, within the im-
oundment structures. The U. S. Department of Energy’s National
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nergy Technology Laboratory �NETL� was asked to process,
nterpret, and validate survey data. Wheeling Jesuit University

aintains a coal impoundment location and information system
http://www.coalimpoundment.org/� with additional details regard-
ng all aspects of these structures in West Virginia.

Electromagnetic geophysical methods are well suited to investi-
ate subsurface structure and hydrology of coal-slurry impound-
ents �Appendix A, Figure A-1�. Coal-waste impoundments are

redominantly constructed of coarse and fine coal waste, which can
ontain varying amounts of fluid. Coarse coal waste is used to con-
truct the embankment of the impoundment because it is relatively
omogeneous in physical properties and is therefore a predictable
onstruction material �National Research Council, 2002�. Slurry
ontaining fine coal waste is hydraulically discharged into the decant
ond where, as a result of engineered drainage, the material under-
oes rearrangement because the coarsest material settles closer to
he spigot point.

During refuse discharge, the processing fluid infiltrates through
he coarse coal refuse in the embankment or invades adjacent aqui-
ers. In typical impoundment construction, lifts of coarse coal refuse
ay be released over the unconsolidated material and may be further

ompacted with a bulldozer to decrease the pore space and therefore
he amount of fluid in the material, at which point the amount of re-

aining fluid is of particular concern because of stability issues.
Construction and composition of these impoundments results in

ubsurface variation in sediments and hydrology related to leakage
r subsidence. Most of these factors and other possible modes of fail-
re can be identified by electromagnetic geophysical investigations
nd mitigated.

We believe this project is the first application of HEM for mapping
impoundment structures and interpreting these
results with respect to internal features. Earlier
HEM research includes applications in mapping
water quality �Sengpiel, 1983, 1986; Fitterman
and Deszcz-Pan, 1998; Hammack and Mabie,
2002; Paine, 2003; Lipinski et al., 2008� and in-
terpreting regional-scale lithologic variations
�Christiansen and Christensen, 2003; B. D. Smith
et al., 2003; R. S. Smith et al., 2004�. Our method-
ology could be applied to almost all impound-
ment and coal-slurry impoundment structures to
address questions relevant to their internal struc-
tural stability.

GEOPHYSICAL SURVEY
DESCRIPTION

Site selection

Mine impoundments are ranked with respect to
hazard potential based on the height of the em-
bankment, the volume of material impounded,
and the downstream effects of an impoundment
failure �Mine Safety, 1974, 1983�. Impound-
ments with moderate hazard potential are in pre-
dominately rural areas where failure may damage
isolated homes or minor railroads, disrupting ser-
vices or important facilities. Impoundments with
a high hazard potential are those where failure
could reasonably be expected to cause loss of hu-

38°0′0″N

un
p.

M. The inset
survey loca-
oundaries of
Crooked r
refuse im

ng HE
e HEM
ounty b
SEG license or copyright; see Terms of Use at http://segdl.org/



m
b

v
h
t
s
a
p
c
T

D

m
i
t
e
1
m
1
p
w
S
h
p
w
t
l

A
s
r
a
t
g
r
fl
q
e

D

i
w
t
u
2
s
t
d
v
d
a
d
l
s
m

n
o
r
B

c
T
d
t
t
S
a
t
e

a
p
v
w
e

del nor

Geophysical imaging of impoundment structures B223
an life and serious damage to houses, industrial and commercial
uildings, important utilities, highways, and railroads.

The NTTC selected 14 impoundments for HEM geophysical sur-
eys in southern West Virginia; these sites were given a moderate or
igh hazard-potential rating. This list of selected impoundments was
ransferred to the NETL, where flight areas were determined by con-
tructing a bounding rectangle that enclosed the impoundments and
ncillary structures, including a 1-km-wide buffer around the im-
oundments to determine the flight area. An effort was made to in-
lude sites with known underground mines in the surveyed areas.
he locations for surveyed impoundments are depicted in Figure 1.

ata acquisition

In July 2003, Fugro Airborne Surveys performed frequency-do-
ain electromagnetic �FDEM� surveys of the selected coal-refuse

mpoundments using the RESOLVE electromagnetic data acquisi-
ion system. This system consists of five coplanar transmitter/receiv-
r coil pairs operating at frequencies of approximately 385 Hz,
.70 kHz, 6.20 kHz, 28.1 kHz, and 116 kHz and one coaxial trans-
itter/receiver coil pair that operates at

.41 kHz. Separation for the five coplanar coil
airs was 7.9 m; separation for the coaxial coils
as 9 m. �A complete description of the RE-
OLVE data acquisition system is available at
ttp://www.fugroairborne.com.� An optically
umped cesium vapor magnetometer mounted
ithin the RESOLVE sensor was used to acquire

otal-field magnetic data concurrent with the col-
ection of electromagnetic data.

The surveys were flown using an Ecureuil
S350-B2 helicopter, with the RESOLVE sensor

uspended about 30 m beneath the helicopter. A
adar sensor-measured instrument altitude, which
veraged 45 m because of the rugged terrain,
rees, and numerous power lines. The acquisition
eometry consisted of parallel flight lines sepa-
ated by approximately 50 m. At the average
ight speed of 90 km /hour, the 10-Hz data-ac-
uisition rate resulted in one HEM sounding ev-
ry 2.5 m along the flight line.

ata processing

Preliminary data processing, including level-
ng and digital filtering, was performed by Fugro,
hich base-leveled the data to remove tempera-

ure-related drift and low-frequency noise spikes
sing a spherical rejection median filter �Cain,
003� and high-frequency noise using a low-pass
patial-domain filter with Hanning coefficients at
he roll-off �Cain, 2003�. In-phase and quadrature
ata were leveled to remove differences related to
ariation in instrument calibrations. Electronic
ata were then transmitted to NETL for addition-
l processing, analysis, and interpretation. These
ata included apparent-conductivity maps calcu-
ated using the Fraser �Fraser, 1978� algorithm for
ix frequencies, total magnetic field intensity
ap, leveled in-phase and quadrature data, and
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avigational data. Space limitations preclude a detailed description
f these processing steps for our survey. Leveling and calibration
elevant to FDEM systems are presented in Brodie et al. �2004� and
rodie and Sambridge �2006�.
The HEM data were then processed to calculate the subsurface

onductivity distribution with respect to depth along each flight line.
his can be done using two classes of methods: �1� conductivity
epth transforms �CDTs� or �2� layered-earth inversions �LEIs� �Sat-
el, 2005�. For our research, we used two CDT algorithms — the cen-
roid depth algorithm as implemented in EMIGMA �Sengpiel, 1988;
engpiel and Siemon, 2000� and the method of Macnae et al. �1998�
s implemented in EMFLOW �Macnae et al., 1991� — to preprocess
he data and guide parameter selection for a more rigorous LEI mod-
l, EM1DFM.

EM1DFM fits a modeled response to the input data by minimizing
n objection function and provides error responses between the in-
ut data and model output so that the model can be evaluated �Uni-
ersity of British Columbia, 2000; Farquharson et al., 2003�. Data
ere inverted to an earth model composed of 80 horizontal layers,

ach 1 m thick, with a starting-conductivity model and reference-

472,600 473,200

10

1

A
pp

ar
en

t
C

on
du

ct
iv

it y
(m

S
/m

)

472,600 473,200

10

1

A
pp

ar
en

t
C

on
du

ct
iv

it y
(m

S
/m

)

0 472,600

Easting (m)
473,200

/714

Data misfit

472,600 473,200

10

1

C
on

du
ct

iv
ity

(m
S

/m
)

Model norm

n of methods used to determine subsurface apparent conductivity or
FM does a full inversion for conductivity� using a representative

0110: �a� EMIGMA, �b� EMFLOW, and �c� EM1DFM. �d� Data pro-
es used to determine apparent conductivity and the associated data
m.
472,000

472,000

472,00

ne: 714

472,000

pariso
EM1D
file 13
quenci
SEG license or copyright; see Terms of Use at http://segdl.org/



c
I
p
w
t
m
t
t

a
i
d
r
m
r
t
a
t
v

G

m
i

S
t
m
w
o
c
c
d
A
w
t
c

H

d
p
d
fl
c
c
c
c
H
c
d
t
t
H
t
d
o
l
w

G

�
t
fl
s
d
s
i
g
b
fi
l

w
i
o
w
t
t
w
m

a

b

F
o
fi
c
d
i
v
fi
t
t
z
u
t

B224 Hammack et al.
onductivity model of 10 mS /m. After comparing results from EM-
GMA and EMFLOW with EM1DFM results �Figure 2�, we com-
leted inversions using the fixed trade-off parameter � algorithm
ithin EM1DFM for � �10 after trial inversions indicated this was

he optimal value. Data-error values were determined to be approxi-
ately 5%, consistent with previous research �Tølbøll and Chris-

ensen, 2006�. The values of the smallest and flattest components of
he model structure term were 0.001 and 1, respectively.

Conductivity depth sections were related to features on maps and
ir photos using software developed at NETL. Within the Geograph-
cal Information Systems �GIS� environment, the locations of con-
uctivity anomalies could be related to specific attributes of the coal-
efuse impoundment as well as the locations of known underground
ine workings. Another assumption was that among dry, coarse

efuse, high-clay-mineral content can increase electrical conductivi-
y as well. The conductivity models have values of 0–200 mS /m
nd are indicated with a color ramp of blue �resistive� to red �conduc-
ive� in Figure 2. To validate our HEM data, ground geophysical sur-
eys were completed at selected locations.

round surveys

Revistivity ground surveys were conducted at three impound-
ents to validate the HEM results. These surveys used the Superst-

ng R8 IP and Supersting �28 R8 IP instruments with 56-electrode
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igure 3. The reproducibility of HEM data. Two adjacent flight lines
verlap briefly, resulting in coincident data points. �a� CDI for pro-
le 70,140, �e� CDI for 70,150, �c� flight lines and conductivity cal-
ulated from the highest frequency. �b, d� EM1DFM-calculated con-
uctivity/depth profiles generated from HEM data are similar at co-
ncident points, although flight directions were opposite. The dashed
ertical line shown in the center of �a� shows the location of the pro-
le in �b�; the dashed vertical line shown in the center of �e� shows

he location of the profile in �d�. We interpret the change in conduc-
ivity with depth to denote the boundary between the unsaturated
one �resistive� and saturated zone or water table �conductive�. The
pper 100 m of the CDI is used for interpretation; conductors below
his depth are assumed to be artifacts of the processing or noise.
Downloaded 21 Dec 2010 to 137.82.25.105. Redistribution subject to 
wift cables and 28-electrode passive cables, respectively. Elec-
rode spacing was 1–6 m, depending on the spatial area surveyed;

ost commonly, electrode spacing was 4 m. Resisivity profiles
ere obtained along selected segments of flight lines or across push-
uts using a single cable deployment. The 28-electrode passive
ables were used for flight line segments, and 56-electrode Swift
ables were used for push-outs. Electrodes were polled with a
ipole-dipole array, and resulting data were processed using
dvanced Geosciences Inc. resistivity imaging software �http://
ww.agiusa.com/datasheets/AGIEarthImager.pdf�. Inverted resis-

ivity data were further converted to conductivity and displayed as
onductivity-depth profiles.

RESULTS AND DISCUSSION

EM data reproducibility

In this study, we found HEM geophysical data to be highly repro-
ucible based on careful review of coincident flight lines and tie
oints within individual surveys. Figure 3 demonstrates the repro-
ucibility of the calculated conductivity results in a region where
ight lines overlap because sudden wind gusts displaced the heli-
opter temporarily from the survey flight-line course but allow direct
omparison of repeat HEM measurements over the same spatial lo-
ation. In the location shown in Figure 3d, measurements on adja-
ent lines were within a few meters, well within the footprint of the
EM sensor, which is essentially a circular area with a 30-m radius

entered on ground directly below the sensor. The conductivity/
epth images �CDIs� for the two flight lines are similar, and conduc-
ivity/depth profiles �sounding profiles below CDIs� are nearly iden-
ical at the coincident location. This provides assurance that the
EM sensor is responding to conditions specific to that location and

hat the results are reproducible. With some HEM systems, there is
irectional offset in the data collection so that the data are dependent
n flight direction. Because results were identical at such coincident
ocations, in this case, even though flight directions were 180° apart,
e are confident of the reproducibility of these HEM surveys.

round verification of HEM data

Geophysical data ground verification at three impoundments
Brushy Fork, Jarrell’s Branch, and Monclo� was completed during
he summer and fall of 2005, two years after the HEM surveys were
own. The Brushy Fork and Monclo impoundments are large up-
tream structures, whereas the Jarrell’s Branch impoundment is a
ownstream structure. Interviews with company staff engineers re-
ponsible for constructing the impoundments provided additional
nformation to facilitate the interpretation of geophysical data. In
eneral, the engineers found the preliminary HEM interpretations to
e accurate based on their knowledge of site hydrology and con-
rmed the accuracy of mapping the engineered drains and potential-

y flooded subsurface voids.
Our main challenge in comparing the HEM geophysical surveys

ith our ground surveys was that the helicopter surveys were flown
n 2003 and the ground geophysics occurred two years later. Two out
f three impoundments selected for ground geophysical surveys
ere active and had been modified significantly because large quan-

ities of coal waste were being disposed there continually.According
o the project engineers, about 350,000 tons of coarse coal waste
as being placed on the embankment at the Brushy Fork impound-
ent each month. Therefore, the structural and hydrologic condi-
SEG license or copyright; see Terms of Use at http://segdl.org/
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Geophysical imaging of impoundment structures B225
ions that existed during the 2003 HEM survey might have changed
ignificantly by 2005, when ground resistivity surveys took place.
or this reason, our primary focus in the activity to use ground-based
eophysical resistivity surveys to verify and compare with the HEM
urveys occurred at the Monclo impoundment, which was inactive
etween the time of the helicopter and ground surveys �Figures 3 and
�.

An HEM conductivity-depth section for a segment of flight line
0270 is compared to a resistivity profile �plotted as conductivity�
cquired on the ground at the same location in Figure 4. Two seg-
ents of adjacent flight lines �60,270 and 60,280� that crossed the

ecant pond �now dry� within the Monclo impoundment were cho-
en for a resistivity ground survey. Both geophysical apparent-con-
uctivity cross sections �Figure 4a and c� show a low-conductivity
5–20-mS /m� surface layer 2–5 m thick, which is predominantly
oarse coal waste. Beneath the resistive surface layer is a conductive
ayer that is discontinuous in the resistivity data but continuous in the
EM data. This is because the spatial resolution of the HEM instru-
ent provides less discrete imaging capabilities than the 4-m spaced

lectrode array configuration used in the ground geophysical resis-
ivity survey at this site. However, the interpreted depths to this con-
uctive layer derived from the data sets agree well with each other,
uggesting that both geophysical survey methods allow imaging of
he same overall apparent conductivity subsurface structure. Be-
eath this conductive layer, at the bottom of the cross section, is a
hick resistive layer that contains two conductive anomalies visible
n the HEM data �at about 25 and 40 m of depth, respectively�. Only
he uppermost is within the exploration limits of the conducted di-
ole-dipole ground resistivity survey. We interpret this feature to be
ooded mine working.
Other ground-survey-based resistivity data were obtained from an

ctive push-out at the Jarrell’s Branch impounding structure �Figure
�. The HEM results from the 2003 survey were compared with
round-survey resistivity results from 2005, despite the fact that the
005 impoundment structure push-outs were in a different location.
onetheless, the resistivity profiles showed reasonable similarity
ith the HEM conductivity results. Both data sets show a resistive

urface layer that we know to be coarse coal waste, emplaced on the
urface of the push-out. The resistive layer is thicker in the 2005 re-
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igure 4. �a� CDI for line 60270 calculated from the HEM survey
ompared with �c� a ground-based resistivity survey for a segment of
flight line crossing the Monclo impoundment, shown as �b� a digi-

al orthophoto. In �b�, note the locations of flight lines from the heli-
opter survey �light yellow�. Inset map shows the location of three
esistivity profiles acquired to corroborate helicopter survey results.
ifferent color values are used for �a� and �c�.
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istivity by roughly 12 m. Beneath the resistive overburden is a con-
uctive layer, which we interpret to be unconsolidated coal refuse.
he recovered conductivity and thickness of this layer is remarkably
imilar in the 2005 resistivity profile and in a spatially coincident
003 HEM conductivity sounding �Figure 5d�.

Finally, at the base of the cross section is a resistive bedrock layer
hat defines the bottom of the decant pond. The distribution of con-
uctivity beneath this push-out supports our assumption that the cal-
ulated conductivity displayed in the conductivity model is propor-
ional to the material’s water content. This conclusion, therefore,
uggests that our HEM results can be used to map unconsolidated
lurry, which could represent a significant embankment stability
azard. Based on these HEM and ground geophysical survey com-
arisons, it is conclusive that recovered depths and modeled conduc-
ivities from airborne surveys are accurate and can be acquired at
ignificantly lower cost per line-km than ground-based geophysics
urveys.

ELECTROMAGNETIC MAPPING OF
COAL-WASTE IMPOUNDMENTS

The HEM response to different materials within the coal-waste
mpoundment depends largely on the porosity of the material and the
egree of water saturation. This is because the electrical conductivi-
y of impoundment TDS-rich fluid is much greater than the bulk con-
uctivity of dry coal refuse. Coal-slurry water exhibits lower pH and
ncreased mineral content, total dissolved solids, electrical conduc-
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igure 5. Comparison between �a� ground-based resistivity data �up-
er-conductivity depth profile� and �d� conductivity calculated by
M1DFM using HEM data �lower-conductivity/depth section or
ounding� acquired over a push-out at the Jarrell’s Branch impound-
ent. The dashed vertical line shows approximately where the
here HEM flight line intersected the resistivity profile. The resis-

ive surface layer is thicker in the resistivity profile because more
oarse coal waste was placed here between the HEM survey and the
esistivity survey. �b� Map view of conductivity calculated by
M2DFM using HEM data. �c� Location of two specific flight lines.
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