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outbursts, have occurred globally since 1843 and describes 
these events as “the most dangerous natural phenomenon” 
impacting mine worker safety. In the US, the Mine Safety 
and Health Administration (MSHA) maintains a database of 
incidents that includes 429 discrete coal dynamic failures 
occurring in the United States between 1945 and the first 
half of 2020 that meet the criteria for reporting [3]. Rong 
[4] reports that at least 100 fatalities and 1,000 injuries 
have occurred in the approximately 200 Chinese coal mines 
which experienced dynamic failures in the past decade. 
The Upper Silesian Coal Basin, which is shared between 
Poland and the Czech Republic, has experienced hundreds 
of dynamic failures [5], and many other countries with coal 
mines including Germany, Japan, Australia, and Russia, 
have reported similar events [6].

Efforts to categorize coal dynamic failures date back 
at least to mid-1930s when Rice [7] made a distinction 
between events that tend to colocate with damage (pressure 
bursts) and events which occur some distance from the dam-
age observed in the workings (shock bursts). Iannacchione 

1  Introduction

Underground coal mines can experience a wide variety of 
dynamic failures which pose substantial threats to opera-
tions and mine workers. Despite decades of research, these 
events remain poorly understood and difficult to manage. 
Due to differences in definitions and time ranges, the num-
ber of reported coal bursts varies. Zhang et al. [1] report 
approximately 3,000 bursts from several countries, includ-
ing the United States (US), China, Poland, Germany, and 
the Czech Republic over multiple time ranges spanning the 
last century. Kidybiński [2] estimates that more than 30,000 
gas-pressure-driven dynamic failure events, known as 
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Abstract
Coal bursts pose a substantial threat to operations and mine workers. The coal mines in the North Fork Valley (NFV) in 
the United States (US) have experienced many coal bursts, often with distinct characteristics from those of other US coal 
mining regions. Seismic monitoring in conjunction with other in-mine instrumentation was conducted at the Elk Creek 
Mine in the NFV during the mining of four longwall panels. Nearly one million seismic events with magnitudes rang-
ing between − 2.0 and 3.1 were detected, of which approximately 200,000 located within the study region surrounding 
the extracted panels with 80 m location errors. Five events were coal bursts that resulted in injury or significant in-mine 
damage. This study examines the characteristics of the recorded seismicity, focusing on the largest magnitude coal burst. 
The moment tensor solution for the largest event corroborates the findings of other studies that faulting contributed to the 
damaging seismicity at the mine. Anomalous ground conditions, abnormal caving behavior, and the migration of seismic 
events characterized a latent seismic hazard that later resulted in a large coal burst. Moreover, the observed load transfer 
distance at the mine is significantly greater than what is suggested using common empirical design methods, which are 
largely based on coal mines in the Eastern US. This case study provides an example of the utility of seismic data at a 
burst-prone underground coal mine. The Elk Creek dataset, which is co-published with this study, is a valuable resource 
for future mine safety research.
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[8] defined three types of coal bursts based on the associated 
mechanism: excessive stress, seismic shock, and loss of 
confinement. Taking a slightly different approach, Vardar et 
al. [9] classified events based on the primary energy source 
driving the failure. Their categories include strain energy 
stored in the coal seam (bursts), strain energy in surround-
ing strata (bumps), or gas pressure in the coal (outbursts). 
Frith et al. [10] illustrated these burst categories as a Venn 
diagram, with overlapping circles to indicate the potential 
for multiple event energy sources. They further divided 
bursts into fault-driven failures and compressive failures 
of competent units. The diversity of these taxonomies dem-
onstrates the complex and eclectic nature of dynamic fail-
ures in coal mines, as well as a pervasive inconsistency in 
nomenclature. For the sake of simplicity, but at the cost of 
precision, this work simply refers to any damaging seismic 
event in a coal mine as a coal burst.

The deep coal mines of the Western United States have 
experienced a wide variety of coal bursts. Those experi-
enced by the coal mines in the state of Utah, which account 
for over half of recent coal bursts in US coal mines [11], 
demonstrate the wide range in event magnitude, location, 
mechanics, and damage. The most severe event since the 
turn of the century is the Crandall Canyon Mine disaster 
in 2007 in which six miners and three rescue workers were 
killed. A regional seismic network registered the event at 
a magnitude of 3.9 and waveforms were consistent with 
convergence of mine workings [12]. Observations made by 
rescue workers indicated wide-scale coal pillar failure while 
the mine roof remained largely intact [13]. There are also 
cases of larger events minimally impacting mine workers. 
In 2000, a thick sandstone unit failed in the overburden of 
a Utah longwall mine resulting in a magnitude 4.2 event. 
While the event triggered a rock slide on the surface that 
caused some damage to a road and railroad track above the 
mine, there was little in-mine damage and no injuries [14]. 
The experience of another Utah mine demonstrates that 
even low-magnitude events can result in injuries and fatali-
ties when workers are near the seismic source. In this case, 
two fatalities and several injuries resulted from relatively 
small (magnitude < 2) events occurring on the mining face 
between 1998 and 2006 [15].

While coal bursts in the state of Utah are largely related 
to stored energy in the coal or near-seam strata, the experi-
ence in Colorado mines is more varied. The Mid-Continent 
mines, for example, experienced severe gas-driven out-
bursts, which is rare for US coal mines [16]. Coal bursts in 
the mines of the Somerset Coal Field, situated in Colorado’s 
North Fork Valley (NFV), often occurred in areas with only 
moderate strength roof and floor, some distance from the 
highest stressed zones, and are more associated with geo-
logical structure rather than near-seam thick competent 

strata. There were also multiple cases of damaging events 
occurring in development sections, the mechanics of which 
remain “enigmatic” [17]. The events of the NFV were so 
severe, they prompted the installation and operation of a 
local seismic network [18], an uncommon practice for US 
coal mines.

This work details the extensive efforts conducted by 
the National Institute for Occupational Safety and Health 
(NIOSH) and the Oxbow Mining Company to study the 
coal bursts occurring in the Elk Creek Mine, a deep long-
wall mine in the NFV, from the years 2009 to 2013. During 
this time, several significant coal bursts severely disrupted 
the operation. A concise narrative, description of seismicity, 
and analysis of the largest coal burst is offered. Addition-
ally, details about the jointly published dataset are given. 
The dataset includes mine maps and extraction sequences; 
seismic data from a microseismic system consisting of both 
in-mine and surface stations; qualitive ratings of rib, roof, 
and floor conditions; near-seam core; data from borehole 
pressure cells (BPCs); and several others. This extensive 
dataset represents a unique resource on which future studies 
can build to better understand and manage coal bursts.

2  Geology and Mine History

The NFV is situated in central Colorado, adjacent to High-
way 133. The Somerset Coal Field contains six primary coal 
seams, which are part of the Mesaverde Formation. Only 
three of the seams, locally referred to as the B, D and E 
seams, are commercially viable. The regional structural dip 
is 3° to 5° to the north-northeast. The strata exhibit regularly 
spaced, near-vertical jointing, with the predominant joints 
having an average orientation of N76°E and secondary 
jointing oriented N18°W [19]. The study area is intersected 
by several steeply dipping faults striking N80°−90°E with 
minimal offset.

Figure 1 shows the generalized stratigraphy of the region. 
Roof lithologies tend to cycle between near-shore and 
marine deposits as a function of the area’s proximity to the 
Cretaceous Western Interior Seaway at the time of deposi-
tion, resulting in rapid transitions between sandstones, silt-
stones, mudstones, occasional rider seams and bone coal 
stringers through the immediate mine roof [20, 21]. Seam 
thickness is variable, ranging from approximately 3 m to 
more than 6 m in minable seams. At the Elk Creek Mine, 
coal was extracted from the upper D seam with a mining 
height of 3.0–3.4 m, leaving coal in the floor in areas where 
the coal seam is thicker. Localized thermal metamorphism 
as the result of proximity to igneous intrusions, referred to 
as “burn zones”, exist in some of the mines operating in 
the NFV and appear to increase dynamic failure behavior. 
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However, these zones are spatially limited with no regional 
effects.  

Agapito et al. [23] summarized stress measurements 
of others by overcoring borehole deformation gauges at 
mines in the NFV. The average principal horizontal stress 
is oriented roughly N 81° E with a maximum to minimum 
horizontal stress ratio of 3.7, although there is significant 

variability, likely due to the influence of topography and 
other structural features [23, 24].

The Elk Creek mine began development in 2002 and 
extracted coal from the upper D seam. During the study 
period (November 2009 to January 2013), four panels 
were mined in the northeast part of the mine as shown in 
Fig. 2. The gateroads are incremented from South to North. 

Fig. 1  Stratigraphy of the NFV from Larson et al. [22]. The Elk Creek Mine extracted coal from the upper D seam (DU Seam).
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in the 2 N gateroad are denoted as orange rectangles in Fig. 
2). These zones experienced markedly worse deterioration 
compared to the rest of the gateroads, even during develop-
ment. The development of these zones appeared to be influ-
enced by local geology as they exhibited a notable shift in 
both cleat spacing and direction. Rather than the regular, 
blocky character typically observed, the face cleat in these 
areas occurred as tightly spaced “swarms” oriented N 67 E 
[25]. Photographs of the conditions in 2 N are shown in Fig. 
3. While floor heave wasn’t commonly observed in 1 N, it 
was observed ahead of the longwall face starting early in the 
panel for 2 N, even under normal conditions, as seen in Fig. 
3a. The roof of 2 N was largely intact under normal con-
ditions. However, in the anomalous zones, the floor heave 
and roof deterioration progressed much more quickly than 
under normal conditions. Both anomalous zones in 2 N are 
intersected by faults, but not every fault-gateroad intersec-
tion resulted in an anomalous zone. Additionally, no fault-
ing was apparent for the anomalous zones in 1 N [26].

For example, the tailgate of Panel 1 is 1N and the gateroad 
between Panels 1 and 2 is referred to as 2N. Panel widths and 
pillar sizes are summarized in Table 1. The mine employed a 
three-entry system, and the entries are similarly incremented 
from South to North. The topographic relief around the mine 
is highly variable and during the time of the study, extraction 
depths varied from approximately 500 m to 700 m.

The immediate roof was highly variable but generally 
consisted of siltstone interlaced with weak layers of shale 
and coal. Some areas had meandering sandstone channels. 
The floor was composed of coal and a fireclay of vari-
able thickness that acted as a split between the upper and 
lower D seam. This split widened to the northeast, such that 
the immediate floor composition in the 1 N gateroad was 
approximately 3 m of coal, shifting to about 1 m of fireclay 
underlain by coal and occasional siltstone stringers in 2 N. 
The coal seam was divided into four distinct depositional 
layers, separated by both depositional horizons and changes 
in macrolithotype. Coal cleat was moderately to poorly 
developed, dependent upon depositional layer. Upper lay-
ers tended toward bright banded coal and consequently 
were more well-cleated, while the lowermost quarter of the 
mined portion of the seam was dull and more friable with 
poorly developed to absent cleating. It is in this lowermost 
depositional layer where the most mining-related damage 
was observed.

2.1  Anomalous Deterioration Zones

Several anomalous zones spanning multiple pillars were 
observed in the 1 N and 2 N gateroads (the anomalous zones 

Table 1  Panel and pillar dimensions
Panel Name Panel Width Pillar Dimensions Inter-Panel 

Barrier 
Width

Panel 1 236 m 58 m by 61 m centers –
Panel 2 236 m 58 m by 73 m centers –
Panel 2b 236 m 58 m by 73 m centers –
Panel 3 236 m 58 m by 73 m centers –
Panel 3b 142 m 33 m by 73 m centers 75 m
Panel 4 236 m 33 m by 73 m centers 75 m
Panel 4b 236 m 33 m by 73 m centers 75 m

Fig. 2  Mine map. The contours 
show overburden in meters. 
Faults are shown as light purple 
lines. Circles denote coal burst 
events and are colored the same 
as their corresponding dam-
age areas and face positions, 
denoted by rectangles and solid 
lines, respectively. The orange 
rectangles indicate “anomalous” 
zones on the 2 N gateroad. Mined 
out regions are shaded grey. 
Panels were mined from north-
west to southeast, but develop-
ment occurred from southeast to 
northwest
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abutment load of Panel 2. Panel 3b was extracted without 
issue. A 75-m-wide interpanel barrier was similarly intro-
duced between Panels 3 and 4, with a row of yield pillars 
separating the barrier from Panel 4. Panel 4 also had a small 
140 m barrier built into the panel about 500 m outby of the 
panel start to avoid mining through a sandstone channel that 
crossed the coal seam. Event 4 occurred in 5 N after mining 

2.2  Coal Bursts

Five significant coal bursts occurred during the mining of 
Panels 2–4. These events, as well as the narrative provided 
by the Mine Safety and Health Administration (MSHA), 
are listed in Table 2 and indicated on Fig. 2. One of these 
events, Event 1, occurred in response to gateroad develop-
ment, while the others occurred during longwall retreat. 
After Event 2, which damaged a 3-hectare area of pillars 
in Panel 2’s tailgate [11], the longwall was advanced 300 m 
ahead to bypass the damaged area and the remainder of the 
panel was extracted (labeled Panel 2b in Fig. 2). Mining in 
Panel 3 started shortly afterward and progressed for 700 m 
before another large burst, Event 3. This event occurred just 
ahead of the face in the 3 N gateroad, damaging a 1.6-hect-
are area of tailgate pillars [11]. Mining was stopped and a 
sub-panel (Panel 3b) was developed, leaving a 75-m-wide 
interpanel barrier, with a row of yield pillars, between Panel 
2 and Panel 3b to provide additional isolation from the 

Table 2  Listing of damaging burst events
Event Date

(Local time, 
YYYY-MM-DD 
HH: MM: SS)

Ma MSHA Description
(edited for brevity)

Location

1 2010-12-03 
17:37:10

1.5 Coal rib bump 
occurred after the 
miner operator had 
graded to the face 
and bumped into the 
coal face. The opera-
tor was standing 
outby the miner tail 
when he was hit by 
coal from behind the 
screened rib.

Devel-
opment 
(Head-
gate of 
Panel 3)

2 2011-02-17 
15:47:20

3.1 Not in database. Tailgate 
of Panel 2

3 2011-10-18 
23:24:16

3.0 A non-injury moun-
tain bumpb occurred 
longwall tailgate 
entries. From the 
longwall face outby 
for 60 feet in the #3 
entry between 28 and 
29 x-cut and inby 28 
x-cut in the #2 entry.

Tailgate 
of Panel 3

4 2012-12-02 
11:44:37

2.7c Mountain bump 
around 25 crosscut, 
[along] sand chan-
nel of the [Panel 
4b] start line. This 
resulted in floor 
hiccup and rib falls 
[from] crosscut 20 to 
26 in the #2 and #3 
entries.

Headgate 
of Panel 4

5 2013-01-02 
03:11:58

2.3 A non-injury moun-
tain bump occurred 
inby the longwall. 
Additional floor 
heave and rib falls. 
Some damage to 
ventilation controls, 
outby to x-cut 19 #2 
and #3 entries. Same 
area as Event 4.

Headgate 
of Panel 4

aLocal magnitude, see Eq. (1)
bMountain bump” is an historical term sometimes used in the US to 
describe a coal burst
cThe United States Geological Survey reported a local (Richter) mag-
nitude of 3.4 for this event ​h​t​t​p​s​:​​​/​​/​e​a​r​t​h​​q​u​a​​k​​e​.​​u​s​g​​​s​.​g​​​o​v​​/​e​a​r​​t​h​q​​u​a​k​​​e​s​​/​e​
v​e​​n​t​p​​​a​g​​e​/​u​s​p​0​0​0​j​​w​c​5​/​e​x​e​c​u​t​i​v​e

Fig. 3  Photos of the ground conditions in the 2 N gateroad during min-
ing of Panel 2 showing (a) normal conditions with floor heave and (b) 
typical damage in the anomalous zone
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in the dataset are longwall face positions as a function of 
time and some photographs of conditions and the instru-
mentation. For the first two panels, precise longwall posi-
tions were extracted from production reports, and for the 
remainder of the study they were linearly extrapolated from 
monthly positions included in the mine map. Additional 
details are provided in the following subsections.

3.1  Seismic Catalog Creation

Seismic monitoring efforts in the NFV began in 2007 to 
assess the possibility of mining-induced seismicity dam-
aging local reservoirs. At that time, a small number of 
temporary surface sensors were deployed that lacked real-
time telemetry. In collaboration with the Bowie and West 
Elk mines, the seismic network later expanded to include 
10 surface stations, and the focus of the network shifted to 
managing and studying mining-induced events [18]. These 
surface stations typically consisted of a three-component 
strong-motion accelerometer and 1-Hz vertical geophone. 
Starting in late 2009, a network of “close-in” stations was 
installed at the Elk Creek mine, illustrated in Fig. 4, using a 
seismic monitoring system manufactured by Integrated Seis-
mic Systems International (ISS, now the Institute of Mine 
Seismology or IMS). The data from the close-in stations 

approximately 470 m of Panel 4b and the damage spanned 
a 4-hectare area stretching back to the within-panel barrier. 
A final event (Event 5) occurred a month later in the same 
area. The mine was abandoned shortly afterwards due to the 
initiation of an underground fire.

3  Data and Methods

A variety of data were collected during the study, including 
a seismic event catalog, measurements of pressure changes 
in the coal seam with BPCs, measurements of load and clo-
sure of instrumented support Cans, measurements of roof-
to-floor entry closures, roof sag determined by multipoint 
extensometers and sonic probes [26]. The locations of the 
different instrumentation sites and seismic stations are 
shown in Fig. 4. The seismic stations were located on the 
surface and in the mine. The other geotechnical data were 
collected at or near four instrumentation sites: 1 N Inby (A), 
1 N Outby (B), 2 N Inby (C) and 2 N Outby (D), and identi-
fied in Fig. 4. Figure 5 shows a timeline of mining, seismic 
monitoring, and data collection at each instrumentation site.

Ground condition surveys were conducted in parts of the 
1 N gateroad and in entries 2 and 3 of the 2 N gateroad to 
track changing conditions. These surveys followed the rat-
ing criteria developed by Lawson et al. [27]. Also included 

Fig. 4  Map of seismic stations 
and instrumentation sites in rela-
tion to the mine workings. Sur-
face stations are represented by 
upright triangles, while inverted 
triangles denote underground 
stations. The station symbols are 
colored according to installation 
date. Orange rectangles delineate 
in-mine instrumentation sites and 
purple circles denote the loca-
tions of the significant events
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An initial seismic catalog was created with ISS’s JMTS 
software. Event locations were determined using a homo-
geneous velocity model with a P-wave velocity of 3,048 
m/s and S-wave velocity of 2,042 m/s. King [29] later cre-
ated a model consisting of two layers over a half space. The 
velocities of the two layers are described in Table 3 and the 
interface between the two layers is described in Table 4. The 
data were reprocessed in 2024 using RockSigma’s Bayesian 
Estimator for Mining-Induced Seismicity (BEMIS) [28]. 
BEMIS uses a self-calibrating approach [28] to account for 
heterogeneities within the rock mass. The velocity calibra-
tion initially used the King [29] model as a starting point. 
This calibration method enables both temporal and spatial 
updates to the velocity structure, providing more precise 
event locations than a static model (see, e.g., Törnman et al. 
[30]). This improvement shows tighter clustering of events 
around the mine workings compared to the ISS system. 
Events that occurred during the mining of Panel 1, when the 
network consisted of only four stations, were excluded from 
BEMIS processing due to the insufficient number of stations 
for reliable calibration.

BEMIS estimates radiated seismic energy in the time 
domain, while seismic moments are calculated using the 
method described by Törnman et al. [31], based on the 
Brune model [32] with a Q-value of 30. Both approaches 
account for noise and include spatiotemporal compensation 
for attenuation (see Törnman and Martinsson [28] for more 
details). The local magnitude calculation is based on the 
seismic moment (M0, N-m) and radiated energy (E, J):

ML = 0.272log10E + 0.392log10M0 − 4.63� (1)

The BEMIS-processed events are the preferred source of 
information in the catalog with supplements from the origi-
nal ISS catalog to fill two gaps: (1) before the installation of 
the full network, and (2) during a 7-hour gap on December 2, 
2012, between 00:00 and 07:00 UTC where the events were 
inadvertently skipped due to an error in the batch process-
ing using BEMIS. For all subsequent processing, only events 
with a location error of 80 m for the BEMIS-processed 
events and 30 m for the ISS catalog events were used. The 

initially consisted of four surface sites, each of which had a 
three-component geophone (labeled as “Original Stations” 
on Fig. 4). One of the sites also had a colocated shallow 
borehole sensor. The network was expanded in mid-2010 
to include an additional six surface sites and eight under-
ground sites (labeled “Expanded” on Fig. 4) for a total of 
19 sensors. The underground stations consisted of three-
component geophones installed in shallow boreholes drilled 
into the roof from mine level. The sensors were periodically 
relocated as mining advanced to maintain good azimuthal 
coverage around the longwall face, including two sensors 
that were routinely moved with face advance. There were 
only 19 sensors operating at a given time, but each time a 
sensor was moved it was assigned a new identifier, resulting 
in 39 unique station names and locations over the lifetime of 
the system. The sampling rates for the in-mine stations and 
surface stations were 5,000 Hz and 1,000 Hz, respectively. 
Because the network was frequently reconfigured, its sensi-
tivity and event location accuracy varied with time.

The Elk Creek microseismic data were recorded on trig-
gered mode, meaning digital waveforms were saved only 
when a trigger threshold was exceeded. Furthermore, wave-
forms from the Elk Creek network were only archived when 
a trigger was successfully associated to an event. An analy-
sis for other mines suggests that these associated waveforms 
correspond to only about 15% of the total triggered data [28]. 
Although this substantially reduced the total data volume, 
it resulted in potentially losing valid events. Additionally, 
many files did not contain sufficient pre-trigger data. On the 
underground stations, in particular, the P-wave arrival was 
often excluded due to a poor arrival time estimate resulting 
from a low signal-to-noise ratio for the P wave. Because of 
the short pre-event time configured in the system, this often 
resulted in the exclusion of the P phase in the waveform file. 
Consequently, the data for the underground stations were 
only included in a relatively small percentage of event files.

Table 3  Velocity model used for event locations
Layer P-Wave Velocity (m/s) S-Wave Velocity (m/s)
Upper 2,771 1,600
Lower 3,801 2,195

Table 4  Interface between the two velocity model layers
Component South West Down
Reference Point
(mine coordinates, m)

−5,002 −11,001 −1,831

Upwards Normal −0.0644 −0.0267 −0.9976

Fig. 5  Timeline showing the timing of extraction of the different long-
wall panels, data collection periods for seismic monitoring and other 
underground instrumuntation, and the timing of significant coal burst 
events (with event numbering matching Table 2)
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LaModel, Heasley recommends calibrating the rock mass 
stiffness using the distance from the side of the panel within 
which 90% of the mining-induced vertical stress increase 
is transferred [38]. Considering measurement sensitivity 
and repeatability, a consistent increase in cell pressure of 
140 kPa as measured with BPCs was used as a threshold 
to determine 90% transfer distance [26, 39]. The sensitiv-
ity of detection increase was adjusted similarly for support 
Cans and ground condition surveys. The relative distance 
sensitivities were determined, with BPCs being the most 
sensitive [40].

4  Results

4.1  Seismic Observations

The catalog consists of a total of 983,379 mining-induced 
events and 4,033 noise triggers and false positives. After 
excluding events that did not meet the location or location 
error criteria, the catalog contained 197,779 events. The cri-
teria used to distinguish mining-induced events from noise 
triggers are strongly linked to location uncertainty and can 
vary substantially between manual processors as shown in 
Appendix A in Törnman and Martinsson [28]. Therefore, a 
substantial portion of the events with higher location errors 
were likely mis-classified noise triggers. Figure 6 shows 
histograms of the local magnitudes both before and after 
applying quality filtering. Events above magnitude 3.1 (the 
magnitude of the largest coal burst) in the pre-filtered data-
set were inspected and found to be artefacts. After filtering, 
the local magnitudes range from − 2 to 3.1, with a magni-
tude of completeness around −0.5. There are 78 events with 
magnitude ≥ 2.

As mentioned in Sect. 3.1, events with a location error 
> 80 m were excluded from analysis. Most of the location 
error is in the vertical direction, as seen by the uncertainty 
planes plotted in Fig. 7. This is due to the preferential use 
of the surface array (e.g., Boltz et al. [41]) and inconsistent 
inclusion of data from the in-mine stations. As a result, it is 
not possible to determine whether the events are originating 
at, above, or below the coal seam, though most of the events 
clearly originate near the coal seam.

The locations of the events are plotted in plan view in 
Fig. 8a. Most of the seismicity locates on the face and in 
the gateroads of the active panel. Events continue to occur 
in the gateroads of previous panels due to loading from the 
expansion of the gob (mined out region). The clusters of 
events on the mains to the south of Panel 1 occurring dur-
ing mining of Panels 3–4 are likely data processing artefacts 
as the clusters are approximately co-located with seismic 
sensors.

location procedure described in Törnman and Martinsson 
[28] reduces location uncertainty relative to a static model, 
as shown in Törnman et al. [30]. However, the primary dis-
tinction in location uncertainty threshold between the two 
approaches lies in how the location uncertainty is estimated. 
BEMIS estimates the size of the credible region of the hypo-
center distribution, whereas ISS determines location uncer-
tainty solely from travel-time residuals, hence not including 
deficiencies in the system layout and generally underestimat-
ing the true uncertainties. For instance, when the system lay-
out is nearly linear, as shown in Törnman et al. (2024, Fig. 
2), the resulting uncertainty forms a donut-shaped region. 
Although this region covers a large area, all credible coordi-
nates within it will have small travel-time residuals, result-
ing in often unrealistic but smaller uncertainties in general. 
Event 1 had a location error of 114 m, higher than the cut-
off, so it was explicitly added back into the catalog. Finally, 
events outside of the study area, as defined in Table 5, are 
excluded.

3.2  Geotechnical Instrumentation and Load 
Transfer Distance

Various measurements, including pressure changes from 
BPCs, support loads in the Cans, closure measurements, and 
ground condition surveys were used to determine the load 
transfer distance (LTD), or the maximum distance ahead 
of the face at which mining-induced stress can be detected 
[26]. Details of the installed instrumentation and methods 
for estimating LTD can be found in NIOSH [26]. The sen-
sitivities of the LTD determinations were method depen-
dent. Using BPCs was the most sensitive, followed by using 
instrumented support Cans. Using ground condition surveys 
to determine this distance was useful in this regard, but this 
method was about 40% less sensitive than using BPCs to 
sense the first indication of mining-induced stress increase.

The BPCs and support Cans were located in the gatero-
ads or panel ahead of the longwall face and not at the side 
of the panel. Therefore, the maximum distances ahead of 
the face at which a mining-induced stress increase occurred 
were converted to equivalent LTDs. This was accomplished 
using a plot of stress-change contours calculated with a dis-
placement discontinuity model, Mulsim [33], calibrated for 
conditions of this dataset.

Load transfer distance is important because it can be used 
to calibrate the stiffness of strata in numerical models. For 

Table 5  Study volume extents (in mine coordinates)
Direction Minimum (m) Maximum (m)
East 9,800 12,800
North 4,200 6,500
Vertical 1,400 2,100
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These events occur in the approximate location of Event 2, 
which took place during mining of the next panel. There is 
also a small cluster of magnitude 2 + events that occur on the 
face in this same area. Most of the magnitude 2 + events that 
occurred were either on the face or on the tailgate side of 
the panel. The cluster of events that locate well ahead of the 
face correspond to events that occurred during the develop-
ment of the setup room for Panel 2b.

Figure 9 shows a spatial count of events in the study area. 
There is increased seismicity near burst areas, but the most 
seismically active zones do not necessarily correspond to 
the locations of the bursts. Several of these areas of high 
seismicity occur in the vicinity of mapped faults, though it 
is difficult to say whether the faults are the sources of the 
events. A notable exception is the cluster of seismicity on 
the tailgate of Panel 4b that corresponded to mining of Panel 
4b prior to Event 4.

Much like tectonic earthquakes, large seismic events in 
mines often exhibit well-defined aftershock sequences. The 
decay rate of the aftershocks is quantified by Omori’s law 
[42] which describes the event count ( n) as a function of 
time ( t) and three constants ( c, k, p) according to Eq. 3:

n (t) = k

(c + t)p � (2)

The Omori parameters are useful in a post-burst context to 
help inform re-entry protocols (e.g., Vallejos and McKin-
non [43]) and may provide some information about material 
stress and fracture maturity (e.g., Smirnov [44]). Most of the 
coal bursts, but especially Events 2, 3, and 4 exhibit a clear 
aftershock decay that is well described by the Unmodified 
Omori’s Law ( p = 1, Fig. 10).

4.2  Load Transfer Distance and Numerical Modeling

Larson et al. [40] took the LTD determined from this dataset 
and added to it those determined from other NIOSH stud-
ies and those from the literature, for a total of 89 cases. 
They used reasonable sensitivity factor assumptions for 
other instrument types and ground condition surveys to 
adjust LTDs to an equivalent basis. Of the 89 cases, 33 had 
unknown stratigraphy. Two distinct LTD curves emerged 
from the 56 remaining cases. The discriminating factor to 
separate data points into two sets was whether there was an 
overburden member over 15 m (50 ft) thick—that is mas-
sive (at least one overburden member with thickness greater 
than or equal to 15 m) versus nonmassive (all overburden 
members having thickness less than 15 m). Both sets of data 
were fit to the same equation form as follows:

LTDnonmassive = −64.27 + 253.1(1 − exp(−0.004035H ))� (3)

It is often insightful to visualize coal mine seismicity in a 
face-centered view since most events occur near the active 
mining face. Figure 8b shows event locations relative to the 
face at the time of each event. Most of the events locate 
near or ahead of the face, though it is important to note that 
the interpolated face position typically lags slightly behind 
the true face position. In addition to events across the face, 
events also locate along the gateroads stretching back into 
the gob, consistent with the gateroad pillars taking the 
abutment load and yielding as mining progresses. There is 
a small cluster of events that occurred on the headgate of 
Panel 1 (purple) that occurred notably ahead of the face. 

Fig. 6  Histogram of local magnitudes (a) before applying quality filter-
ing and (b) after applying filtering
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(3) was also fit using the same equation form as that used by 
Peng and Chiang [45] to be

LTDnonmassive = 5.00
√

H � (5)

Although the r2 of this equation was not as good (r2 =0.539) 
as it was for Eq. (3), the metric equivalent to the Peng and 
Chaing equation is

where H is overburden thickness, and r2 = 0.839. For cases 
having an overburden member of 15 m thick, LTD was fit 
to the equation: 

LTDmassive = −105.8 + 1186(1 − exp(−0.001158H ))� (4)

where r2 = 0.851. The latter equation is stated incorrectly in 
Larson et al. [40], so these equations are corrected here. Eq. 

Fig. 8  Locations of the events in 
(a) plan view and (b) relative to 
the mining face at the time each 
event occurred (a face-centric 
coordinate system). Events are 
colored according to time. In (b), 
the horizontal black line indicates 
the location of the longwall face 
while the vertical lines indicate 
the width of the panel. The dotted 
grey lines indicate the reduced 
width of Panel 3b. The red arrow 
indicates the mining direction 
and the circles denote events with 
magnitude ≥ 2 with pink circles 
indicating the locations of bursts. 
Not shown in (b): seismicity in 
the gateroads of previously mined 
panels, including Event 1

 

Fig. 7  Uncertainty planes for a 
small subset of events. The grey 
lines indicate the mine workings, 
green diamonds are the locations 
of seismic sensors, and the red 
rectangles indicate the plane of 
maximum location uncertainty 
(i.e., the least square approxima-
tion of the two largest axes of the 
95% posterior point cloud)
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was associated with structural features [47]. The numeri-
cal modelling conducted with the Elk Creek dataset did not 
produce any useful information that pointed to improved 
gateroad design, because the models did not simulate the 
important structural features.

5  Event 2 Back Analysis

Event 2, the largest and first coal burst to damage multiple 
gate pillars during the study, offers a unique opportunity to 
conduct a back analysis of a coal burst because, in addition 
to the seismic data, ground deformation measurements and 
ground conditions surveys were performed in the vicinity of 
the event. The event occurred after mining approximately 
two-thirds of Panel 2 and damaged a 3-hectare area of the 
tailgate (2 N), registering as a magnitude 3.1. Several con-
tributing factors are evidenced by the study data.

5.1  Geology and Caving Behavior

There are a couple of geologic structures of interest in the 
vicinity of the event. One of the anomalous zones in 2 N 
described in Sect. 2.1 overlaps the inby side of the damage 
zone from Event 2, and there is a fault that intersects the 
anomalous zone very close to the damaged area (Fig. 2). 
Additionally, some unusual caving conditions were observed 

LTD = 5.13
√

H � (6)

which is nearly equivalent to Eq.  (5). The fit to the same 
equation form for the data points that included a massive 
member, though not previously reported, was

LTDmassive = 19.1
√

H � (7)

where r2 = 0.694. The ratio between the coefficients in the 
last two equations is 3.82. In other words, the equivalent 
LTD for environments with massive strata is nearly four 
times higher than those calculated using the empirical equa-
tion determined by the Peng and Chiang equation [22, 39].

Measured LTD was used to calibrate numerical models 
in FLAC3D, Mulsim, and LaModel. The details of achiev-
ing those calibrations are found in NIOSH [22]. Reason-
able calibration was achieved with the former two models, 
but calibration with LaModel was only achieved when the 
overburden was so stiff that loading of the gob was negli-
gible. The reason is that the overburden had to be very stiff 
to achieve the LTD because of the frictionless laminations 
formulation of LaModel.

Observations of floor heave and no floor heave were used 
to determine a range of strength properties of the floors of the 
gateroads [22, 46]. However, initial numerical models did 
not completely explain why floor heave occurred in some 
gateroads, and not in others [22]. Eventually, floor heave 

Fig. 9  Seismic event count 
binned spatially using 50-m by 
50-m pixels. Grey lines show the 
mine workings and light purple 
lines represent faults. Blue lines 
and rectangles show the face 
positions and damage locations 
of the burst events, respectively. 
Green rectangles denote the 
anomalous zones observed in 
gateroad 2 N. Note that only four 
stations were operational during 
mining of Panel 1.
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during mining of Panel 1. Figure 11 shows the progression 
of the seismicity as the longwall mined past the damage 
area of Event 2. The subplots each correspond to the same 
amount of face advance, except for the last subplot, which 
was extended slightly to include the face position when the 
lack of caving was observed underground. The amount of 
time that passed between subplots varies between 15 and 
24 days. As the longwall approached the anomalous zone 
(Fig. 11a and b), the seismicity was distributed across the 
face in a typical manner. When the longwall reached the 
anomalous zone (Fig. 11b), there was a substantial uptick 
in the seismicity across the face, as well as an increase in 
seismicity in gateroad 2 N, particularly within the anoma-
lous zone. Larson et al. [26] indicated that under normal 
conditions in 2 N the roof remained relatively intact while 
there was significant floor heave, whereas the anomalous 
zone also saw significant deterioration in the roof (Fig. 
3). Therefore, the difference in seismicity in the anoma-
lous area may be due to progressive roof failure. As min-
ing progressed further into the anomalous zone (Fig. 11c), 
the seismicity largely shifted ahead of the face, with the 
highest concentration of seismicity occurring in the future 
damage area of Event 2. As the longwall continued to mine 
past the future damage area (Fig. 11d), there was very lit-
tle seismicity at the face and in 1 N. The seismicity that 
did occur remained concentrated ahead of the face in 2 N. 
Finally, after mining passed the future damage zone (Fig. 
11e), the seismicity in the panel largely dropped off. The 
lack of caving of the segment of Panel 1 near the damage 
area for Event 2 may have resulted in stress transfer onto 
the already deteriorating anomalous zone, priming the area 
for a future large burst. In this case, the dearth of seismic 
activity, in conjunction with abnormal caving conditions, 
indicated a latent coal burst hazard.

Changes in the seismicity are similarly observed when 
the face enters the anomalous zone during the mining of 
Panel 2, as shown in Fig. 12. In the month prior to Event 2, 
most of the seismicity locates in the headgate of the panel, 
which would be consistent with the pillars in the headgate 
taking load as the adjacent coal is extracted. After advanc-
ing approximately 55  m into the anomalous zone, a sub-
stantial increase in seismicity occurred across the face and 
onto the tailgate corner in addition to the seismicity on the 
headgate. This could be due to a possible increase in load 
transfer ahead of the face. Such a scenario might have taken 
place, for example, if the pillars in the anomalous zone 
began to yield. The over-panel weight would then be trans-
ferred mostly ahead of the face, potentially exacerbated by 
a roof member that did not fully cave during mining of the 
previous panel. The tailgate pillars, having less confinement 
than the panel, may have burst in response.

when mining in Panel 1 in the vicinity of the burst area. Lar-
son et al. [26] observed that gob formation in the first half of 
Panel 1 was gradual, but that caving occurred immediately 
behind the face. However, later into the panel—past the loca-
tion of the area damaged by Event 2—Larson et al. observed 
that the behavior dramatically changed, and the roof stopped 
caving and instead sagged until it contacted the floor. This 
suggests a member in the immediate roof simply delaminated 
rather than breaking. Unfortunately, Larson et al. [26] did not 
observe where along the panel these conditions began.

Although the Event 2 occurred during the mining of 
Panel 2, the deterioration of the anomalous zone and change 
in caving behavior are both observable in the seismic data 

Fig. 10  Seismicity surrounding (a) Event 2, (b) Event 3, and (c) Event 
4. Each dot represents a seismic event, the dotted gray line indicates 
cumulative event count, and the red line is the best fit Omori’s Law 
with the parameters listed on the plot. Standard deviations of the fit 
parameters are in parentheses
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phases filtered between 5 and 15 Hz and synthetic wave-
forms generated with a homogenous velocity model. Using 
cross correlation rather than an absolute comparison partially 
compensates for travel time errors and unmodeled veloc-
ity anisotropy. The second target was the manually picked 
polarity of the P-wave arrivals, again filtered between 5 and 
15 Hz. The moment tensor solution is presented in Fig. 13. 
Because the closure of mine workings often dominates the 
low-frequency displacement field [50], damaging events 
frequently have significant implosive components, as was 

5.2  Moment Tensor Solution

Estimating moment tensors for coal mine seismicity is diffi-
cult due to the complex, time-varying, and anisotropic envi-
ronment in which the events occur [48]. However, moment 
tensors can provide important insight into nature of the 
event. A moment tensor of Event 2 was determined using 
the Bayesian framework, Grond [49]. Two targets (good-
ness of fit metrics used in the inversion) were selected. First, 
the cross-correlation coefficient between manually selected 

Fig. 11  Density plot of number 
of events during mining of Panel 
1 as the longwall passed the 
area damaged during Event 2 
(blue rectangle). Each subplot 
contains the seismicity that hap-
pened during mining of the area 
bounded by the purple lines. The 
anomalous zones are shown in 
light green and the faults are light 
purple
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workings) from the double couple (shear) moment tensor 
components. This was done for Event 2, assuming the crack 
closing direction (its P axis) was perpendicular to the coal 
seam (Fig. 13b and c).

The resulting moment tensor indicates most of the dis-
placement field was caused by the closing of the work-
ings, with a minor double couple (shear) component. 
While there is some scatter among the ensemble solu-
tions, they primarily fall in the CDC region of the Hud-
son plot (Fig.  13a). One of the focal planes is oriented 
roughly at the same strike as the known fault system 
and indicates oblique reverse faulting. This is consistent 
with roof and floor convergence in the damaged area and 
shearing of the fault that crosses the anomalous zone, 
possibly affecting an un-caved roof member encountered 
during the mining of Panel 1. The post-event observa-
tion of significant entry convergence with most of the 
movement coming from the floor and ribs corroborate the 
moment tensor solution.

5.3  Instrumentation Response

The proximity of the underground instrumentation to Event 
2 and its associated damage (Fig. 14) provides the ability to 
observe the loading and displacement caused by the burst 
near the damage zone. BPCs installed in Panel 2 and instru-
ments in two sub-sites of site D (d1 and d2 in Fig. 14) are 
particularly useful in this regard. Site d1 had four instru-
mented Cans and two roof-to-floor string potentiometers, 
and site d2 had six instrumented Cans and four roof-to-
floor potentiometers (see Fig. 19 in Larson et al. [26]). The 
Cans were also instrumented with string potentiometers, but 
these laregely measured the convergence of the Cans and 
the timber on top of the Cans rather than the movement in 
the workings. The loads on support Cans at site d2 were 

the case for Event 2 (Fig. 13a). The physically motivated 
Crack Double Couple (CDC) moment tensor decomposition 
[51] can separate the “crack closing” (e.g., convergence of 

Fig. 13  Moment tensor solution of Event 2. Panel (a) shows a Hudson 
plot of the best solution (red dot) with other ensemble solutions plot-
ted as gray dots. The region in which the CDC decomposition is valid 
shown as a blue patch. Panel (b) shows the ensemble total moment ten-
sor slolutions with its closing crack and double couple ratios indicated. 
Panel (c) shows the ensemble DC solutions after removing the crack 
closing component, with the best fitting solution in red with the strike, 
dip, and rake of the focal planes listed below it

 

Fig. 12  Seismicity in the month 
leading up to Event 2. (a) shows 
the spatial count of events 
between January 17, 2011, and 
February 17, 2011 at 15:00 local 
time. (b) shows the number of 
events per day leading up to and 
shortly following Event 2. The 
dashed orange line indicates 
where the longwall face reached 
the anomalous zone and the 
dotted pink line indicates when 
Event 2 occurred.
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6  Discussion

6.1  Interpretation Considerations for the Seismic 
and Instrumentation Data

The use of in-mine microseismic systems is common prac-
tice for nearly all seismically active hard rock mines, but 
not for seismically active coal mines, especially in the US. 
Reasons for this lack of adoption ranges from prohibitive 
costs to sensor placement limitations. Swanson et al. [52] 
discuss these challenges and various monitoring strategies 
based on mine-specific needs. The use of in-mine sensors 
enables near-event recordings and can both improve the 
sensitivity of the seismic network and reduce location error 
uncertainties. However, this study also highlights some of 

monitored by a separate datalogger than the loads on Cans 
d1. The recording times for the d2 Cans were shifted so that 
the response to Event 2 lines up with that of the other instru-
ments. The approximate 18-hour offset in the readings is 
likely due to the datalogger clock being set incorrectly after 
a battery change.

Figure 15 shows the response of the barrier pillar BPCs, 
the change in load on instrumented support Cans, and the 
convergence of the support Cans and roof-to-floor stations 
before and after Event 2, averaged for each sub-site. The 
BPCs show a gradual increase before the event as the long-
wall approaches, then a sudden increase in stress between 
2.2 and 4.2 MPa during and after the event. A similar pat-
tern is noted in the support Can load averaged by sub-site, 
and the averaged Can and roof-to-floor displacements. The 
increased load observed on both the BPCs and the support 
Cans and convergence are likely due to load transfer from 
the damaged zone to surrounding areas. The increased load 
in the barrier pillar is likely due to stress being transferred 
from the pillars destroyed by the event. Although the 
bulk of the load and convergence changes occur directly 
after Event 2, roughly two days passed before the system 
stabilized, approximately the duration of the aftershock 
sequence (Fig. 15b and c). Interestingly, while there is a 
clear response to the main burst, the subsequent spikes do 
not appear to coincide with any larger-magnitude after-
shocks and are likely more related to smaller events occur-
ring closer to the instrumentation. It is possible that the 
responses from this type of instrumentation could be used 
in conjunction with Omori’s law to improve the assess-
ment of re-entry time following significant events. Unfor-
tunately, the roof-to-floor potentiometers at sub-site d1 
were damaged during the event and thus did not produce 
usable data.

Fig. 15  Instrumentation response to Event 2 at instrumention site D. 
(a) shows the BPC response, (b) shows the support can load averaged 
by sub-site, and (c) shows the average Can displacement and roof-to-
floor (rf) convergence again averaged by sub-site. The dotted grey line 
on panels (b) and (c) shows the cumulative event count in the area sur-
rounding Event 2. In each case, the pre-burst measurements were sub-
tracted from the absolute response to highlight the effect of the event

 

Fig. 14  Zoomed-in view of instrument site D showing the instru-
mented support Can sub-sites (d1 and d2) and the borehole pressure 
cells (labeled dots). The damage zone of Event 2 is shown in blue
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likely overestimated. However, the sensitivity of the BPCs 
to changes in stress and the detection of increasing load is 
consistent.

6.2  Future Research Potential for the Elk Creek 
Dataset

The Elk Creek dataset has immense research potential 
beyond that presented in this study. This section highlights a 
few potential avenues for future research.

First, during the mining of Panel 4, the workers were 
withdrawn from the mine on January 8th, 2013, due to 
elevated levels of carbon monoxide caused by a thermal 
event. A few days later, workers were allowed to re-enter 
the mine but were evacuated again due to gas levels. 
The mine was subsequently sealed and decommissioned. 
Although the in-mine sensors went offline on January 9th, 
2013, the surface stations continued for several months 
after the mine closure. These data are potentially useful for 
tracking the progress of the underground fire and studying 
mine relaxation.

Although some important observations were made about 
the seismicity surrounding Event 2, additional work could 
be conducted to examine conditions surrounding the other 
events. Quantifying and back analysing seismic risk using 
the same framework commonly used in hard rock mines 
(e.g., Hudyma and Potvin [54] and Wesseloo [55]) could be 
particularly insightful as rigorous seismic hazard analysis is 
not commonly conducted in coal mines.

As mentioned previously, moment tensor inversion 
for coal mine events is very difficult due to the complex, 
anisotropic, time-varying medium in which the events 
occur. Although the simplistic approach taken in this work 
yielded some insights, this dataset offers the opportunity 
for improvement. For example, heterogenous, anisotropic 
models could be used to generate more realistic Green’s 
functions for the inversion. Moreover, unlike most tectonic 
earthquakes, the coal bursts reported here certainly contain 
some net mass movement, so a joint moment tensor, force 
system may be required to adequately describe the dis-
placement field. Expanding the inversion approach to also 
include single forces may better fit the data.

The geotechnical instrumentation was used to assess load 
transfer distance and quantify the mine’s reaction to Event 
2, but it could be used for additional purposes. For example, 
exploring the relationship between pressure and displace-
ment to track the coal pillar transition from elastic to plastic 
behavior, searching for coal burst precursors, better quan-
tifying the response to small seismic events, and using the 
measured displacements to help constrain the moment ten-
sor inversion could all be fruitful avenues.

the practical challenges of using in-mine stations, such as 
the need to constantly relocate sensors to maintain good 
coverage of the longwall face. Additionally, due to how the 
data were saved, the underground stations were only usable 
for a small percentage of the events because the P-wave 
arrivals were cut off, as described in Sect. 3.1. This could be 
mitigated in future by saving the continuous waveforms or 
at least longer event windows.

There are some important considerations when interpret-
ing the seismic data for this dataset, particularly because the 
finalized events come from two different sources: the origi-
nal catalog produced using JMTS and the catalog of events 
reprocessed with BEMIS. In particular, the methods used to 
calculate the source parameters for each catalog are differ-
ent. Additionally, most of the events contributed by the orig-
inal catalog occurred during the mining of Panel 1, when the 
network only consisted of four sites. As a result, in addition 
to the reduced sensitivity of the JMTS event detection com-
pared to the BEMIS event detection, a significant amount 
of seismicity was likely outright missed from Panel 1. The 
reduced station coverage also makes the source parameters 
more sensitive to outliers. As such, the source parameters 
and event counts for Panel 1 should not be directly com-
pared to those of the later panels. This is similarly true for 
the seven-hour gap in the BEMIS data from Panel 4, but 
it is a short enough time window that it is not expected to 
have a significant impact on interpretation. Similarly, the 
seismic sensors, especially those located in the mine, were 
frequently relocated during the study. The network reconfig-
uration was essential to maintain adequate seismic coverage 
of the mining face, but it resulted in changes to the sensitiv-
ity of the system over time that were largely ignored here.

Data reduction of BPCs using both the Lu method [34] or 
the Babcock method [35], with the assumptions and meth-
ods described by Vandergrift and Conover [36] resulted in 
calculations of compressive stress increase that were unrea-
sonably high. To investigate this, Larson and Kim [37] con-
ducted a numerical model study using FLAC to compare the 
behavior of BPCs under different ground conditions against 
a one-to-one increase in pressure with increasing applied 
stress. In their models they presented six cases, including 
elastic ground and under perfectly plastic behavior with 
increasing degrees of softening. They found that the BPC 
pressure overestimated the magnitude of the stress change 
compared to the elastic case with decreasing post-peak-
strength of the stress-strain curve. The behavior observed 
at the Elk Creek mine was clearly not elastic, as seen by 
the estimated stresses and abutment loading. Furthermore, 
the coal at the mine is similar in nature to coals in Utah, 
which are found to exhibit brittle behavior [53]. As a result, 
the magnitude of the stresses recorded by the BPCs are 
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aftershock sequence for Event 2. This information could be 
useful for evaluating the aftershock sequence and determin-
ing when it is safe to re-enter the area following a large burst.

Finally, the Elk Creek dataset, which is being released along-
side this study, holds significant potential for future research.
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7  Conclusions

This paper presents a case study of a “close-in” seismic 
array with both in mine and surface stations to monitoring 
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