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CTBTR&D Program: LLNL Seismic Monitoring Project Task S7.2 - Field study to 
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Deployment at the Twentymile Coal Mine 

(Deliverable #2) 

W. R. Walter, S. L. Hunter, and L. A. Glenn 
Lawrence Livermore National Laboratory 

January 1,1996 

Abstract 

This report summarizes the preliminary results of a just completed experiment at 
the Twentymile Coal Mine, operated by the Cyprus Amax Coal Company near Oak 
Creek, CO. The purpose of the experiment was to obtain local and regional seismic 
data from roof caves associated with long-wall mining activities and to use this data 
to help determine the effectiveness with which these events can be discriminated 
from underground nuclear explosions. 

Introduction 

The sudden collapse of man-made underground cavities has generated seismic 
signals as large as magnitude 5.4. Collapses are just one of the many types of 
mining-associated seismicity which need to be identified and distinguished from 
potential clandestine nuclear explosions under a future Comprehensive Test Ban 
Treaty (CTBT). Collapses are of concern for seismically monitoring a CTBT for a 
number of reasons. First, they can look like explosions when using some seismic 
discriminant measures, such Ms:mb, M0:mb and depth. Second, underground 
nuclear explosions themselves produce cavities that might collapse, possibly aiding 
in the detection of a clandestine event. Finally any seismic event, including 
collapses, occurring in the vicinity of a known or suspected cavity would come 
under special scrutiny because of the concern that such cavities could be used to 
evasively decouple a clandestine test. For these reasons collapses in active or former 
mining regions have the potential to be false alarms under a CTBT. In order to 
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better understand these types of events LLNL has an active field program to study 
mining seismicity. 

The largest seismic collapse events (M>3.5) tend to be accidental failures in 
large room and pillar mines (e.g. Pechmann et al., 1995, Taylor et al. 1994). 
Considerable effort by miners is usually taken to avoid these events for obvious 
reasons, and such accidents tend to be relatively rare. However, in certain instances, 
as in long-wall rnining, rock-burst-like collapse of the roof panel is an integral part 
of the mining technique. While these events are smaller (M=2-3.5) than the big 
accidents they are also more common and part of the routine operation of the mine. 
It has been noted (e.g. Taylor et al., 1994) that, because mined cavity collapses are 
shallow and may not have double-couple (earthquake) mechanisms, some of their 
seismological features are similar to those of underground explosions and it might 
be difficult to discrirninate one from the other, thereby providing possibilities for 
evading a ban on the underground testing of nuclear explosives. The evader might 
either claim the explosion was a collapse event or conduct the explosion 
simultaneously with the collapse, with the intent of hiding the explosion in the 
overall event coda. 

To learn more about the seismic characteristics of long-wall collapse events, 
we designed and conducted an experiment in cooperation with the Cyprus Amax 
Twentymile Coal Company at their Foidel Creek Coal Mine. This mine held the 
world record for monthly underground coal production (534,557 tons in September 
1994), and set a new world record during our experiment. The experiment consisted 
of an 11-station seismic deployment, covering the immediate vicinity of the mine 
and extending to a distance of roughly 100 km. We recorded all the seismicity 
associated with the mining of a new panel, beginning with the "first cave" of an 
estimated 25,000 m 2 roof panel, and continuing with the monitoring of aftershocks 
and subsequent collapses for an approximate 3 month period. 

- ! 
Mine Operation 

The Cyprus Amax Twentymile coal mine is an underground long-wall coal 
mine. The operation completely excavates the 3 meter (10 foot) high Wadge coal 
seam at a depth of approximately 350 m (1100 feet) underground in 244 m (800 foot) 
wide panels. The roof rock above the coal seam is supported hydraulically in the 
immediate vicinity of the area of active mining. The entire mining machinery 
moves forward as the coal is removed and the region behind the active mining is 
allowed to collapse as shown in Figure 1. It is believed that the softer shale rocks 
collapse until reaching the more competent sandstone layers, which can support 
more weight. It is the failure of these sandstone layers that we believe leads to the 
M=2-3.5 seismic events which have been detected by the U. S. Geological Survey 
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station 160 km away in Golden Colorado. These seismic events do not cause 
significant air waves.underground and do not generally impede the operation of the 
mine. After failure of the sandstone layers, the collapsed zone spreads up to the 
surface, where the ground above the region that has been mined eventually 
subsides about 1.4 m (4.5 feet). The lack of easily visible surface subsidence and 
absence of impact on the mine operation mean that ground inspection and 
overhead imagery may shed little light on the nature of a seismic event coming 
from mines of this type (see Figure 2) without more careful study. To better 
understand the nature of the seismic events coming from this mine we carried out a 
seismic field study. 

Seismometer Deployment 

The seismometers were deployed in two groups. A close-in array of strong 
motion accelerometers were deployed above the surface where the roof collapse was 
expected to occur as shown in Figure 3. A second group of velocity sensors were 
deployed in a line heading towards AFTAC's permanent array in Pinedale, 
Wyoming and one sensor on a line towards a USGS permanent station in Golden, 
Colorado as shown in Figure 4. 

The ring of strong motion sensors used 3-axis Wilcoxon piezoelectric 
accelerometers in order to capture the large amplitude and high frequency 
components that were expected close-in. There were three sites in the ring, roughly 
spaced 500 meters from the expected center of roof collapse. There was one force-
balance accelerometer at the center. These sites were recorded with Reftek digitizers, 
operating in event-triggered mode. The close-in array was designed to provide 
information on the location, time history and first-motion mechanism of the 
mining induced events. 

The line of sensors heading towards the Pinedale array in Wyoming had 
sensors at distances of 5.5,8,10.5,20 and 100 km from the center of the event site. 
AFTAC's Pinedale array station is about 337 km from the mine. The first three 
stations used S-6000 seismometers and the furthest two sites used Guralp 40T and 
ESP seismometers; all 6 sites employed Reftek digitizers operating in continuous-
record mode. This line of stations was designed to provide information on regional 
phase propagation out to the Pinedale array. 

The station on a line towards a permanent station GOL in Golden, Colorado 
was 20 km from the event site. This site used a Guralp seismometer and a Reftek 
digitizer operating in continuous-record mode. This station also helped to evaluate 
regional phase propagation out to GOL. Together with the 20 km station at the 
Pinedale azimuth, the two 20 km Guralp seismometer stations gave good broadband 
response and some azimuthal coverage for waveform modeling studies to better 
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understand the source mechanism of the mining induced events. 

Seismic Events Recorded 

We searched through the first three months of data and picked out the largest 
events that triggered the close-in stations. The dates and times of the five events 
larger than Mi=2 are given in the table below. 

Date Time (UT) ML(CodaX 
August 5,1995 23:49:50.0 2.0 
August 25,1995 12:51:24.6 2.8 
September 6,1995 2:57:49.4 2.6 
October 2,1995 12:38:12.0 2.9 
October 5,1995 01:18:13.5 2.8 

The August 25th event was large enough to be recorded at the LLNL station 
KNB about 640 km away. Having calibrated that station previously (e.g. Mayeda and 
Walter, 1996) we were able to determine an Mi/Coda) of 2.8 for the event. The 
other event magnitudes were determined relative to the August 25fh event. The 
timing of the first arrivals at the close -in arrays was consistent with the events 
being located close to the currently active niining panel and very shallow in depth 
(<500m). A more accurate location requires more refinement of the shallow 
velocity model for the region and will be the subject of future work. There were 
many other well recorded events that appear to have magnitudes less than two. 
The dates and times of the larger ones are given in Appendix A. 

A comparison of the seismograms of the five largest events and their spectra 
is given in Figure 5. Note that all the traces show an initial downward (negative) 
motion and much similarity in their shapes. With the exception of the August 5th 
event they also have quite similar spectra. The spectra show peaks near 1 Hz, which 
in the time domain can be seen as the result of the slowly traveling (<1.7 km/s 
group velocity) large amplitude Rg phase coming in after 12s. These Rg phases are 
commonly seen in local records from very shallow sources of seismicity. In fact the 
spectral peak can still be observed at more distant stations by examining the coda 
(e.g. Mayeda and Walter, 1995). 

The major difference observed between events is the change in spectral 
content between the August 5th event and the subsequent large events. Since the 
August 5th event was the first large event, occurring only 5 days after mining on the 
current panel began, it seems plausible that the August 5th event had a different 
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depth, mechanism or time function than the latter events. More analysis will be 
required to determine the cause of the frequency difference. 

Collapse Events 

To gain a better physical understanding of the cause of the mining-induced 
seismic events we examined their source mechanisms using two techniques. First 
we used the standard technique of examining the first motion direction of the 
ground using the close-in stations. Second, we employed the more sophisticated 
technique of waveform modeling using the 3 component broadband stations 20 km 
away (e.g. Walter, 1993). 

The August 25th event was well recorded at all of the close-in accelerometers 
and, as seen in Figure 6, shows clear downward (negative) motions at all of the 
stations. The event appears to have been shallowly located under the array between 
the stations NE500, N500 and GZ. This location and first motion profile is 
consistent with either a normal earthquake mechanism (top block slides down a 
dipping fault relative to the foot block) or a collapse mechanism (block collapses 
vertically under gravity) as described by Pechmann et al, 1995. This first motion is 
not consistent with explosive sources or other simple types of earthquake 
mechanisms. All five M L > 2 events have similar first motions at the close-in sites. 

Waveform modeling can distinguish between normal earthquakes and 
collapses but requires knowledge of the velocity structure to calculate the synthetic 
seismograms. We determined a preliminary velocity structure for this region as 
follows. We started with the Southwestern Wyoming model described by 
Pechmann et al (1995) which was based on Prodehl (1979). The top kilometer was 
modified based on information received from the Twentymile mine. For the layers 
above the coal seam we used the measured values of Young's modulus provided 
from the mine, along with our assumptions about Poison's ratio, to determine the 
shear modulus for the layers. Along with density measurements and estimates we 
could then determine the P - and S—wave velocities. The P - and S -wave velocities 
of the two layers below the coal seam were adjusted by trial and error modeling to 
give the timing and dispersion observed in the data. This preliminary velocity 
model for the path from the mine to the PD20KM site is given in the table below: 
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Layer P—wave S—wave Density Poisson Rock Unit 
Thickness Velocity Velocity (g/cm) Ratio Description 
(m) (km/s) (km/s) (from mine) 

64 1.58 0.90 2.2 0.27 Holderness 
80 1.88 1.07 2.2 0.26 Sandstone 
174 2.18 1.24 2.2 0.30 Marine Shale 
14 2.41 1.38 2.3 0.26 Sandstones 
668 3.50 1.99 2.3 0.26 
1000 4.00 2.28 2.4 0.26 
1000 4.80 2.73 2.6 0.26 
2000 5.20 2.96 2.7 0.26 
2000 5.70 3.25 2.7 0.26 
2000 6.00 3.42 2.7 0.26 
5000 6.20 3.53 2.7 0.26 
8000 6.60 3.76 2.7 0.26 
14000 6.80 3.87 2.7 0.26 
2000 7.10 4.04 2.88 0.26 
2000 7.40 4.21 2.88 0.26 
CO 7.90 4.37 3.33 0.28 

We used waveform modeling techniques to try to distinguish between the 
two types of mechanisms suggested by the first motion data. In our waveform 
modeling we calculated synthetic seismograms using a reflectivity code (George 
Randall, written communication) and compared them to the data for each of the 
possible mechanism types. We narrowed down the possibilities from the first 
motion data to gravity driven collapse or a normal fault. Noting the lack of energy 
on the transverse components, we tried mechanisms that were nearly nodal for 
Love waves at the two stations PD20KM and G20KM. The comparison between the 
data and synthetics at station PD20KM for the largest event on October 2, 1995 is 
shown in Figure 7. While the fit is not perfect, the gravity driven vertical collapse 

. clearly fits better than the normal earthquake mechanism. This indicates that the 
point source mechanism is different from normal earthquakes and similar to some 
large accidental collapses. While this may complicate efforts to cHscximinate these 
events from potential underground nuclear explosions (e.g. Taylor 1994), more 
work needs to be done to evaluate the discrimination behavior of these collapse 
events 
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Regional Phase Propagation 

An important aspect of using regional phases to identify event source types is 
understanding and predicting how the phases develop and propagate. In our 
experiment, the location of the source of seismic waves was known ahead of time 
so that we could deploy a number of seismometers in a line from the source to the 
permanent regional station. This allowed the study of the initial genesis and 
propagation of these regional phases. An example of this regional phase 
development is shown in the record section in Figure 8. Note in particular the 
prominent, large amplitude, very slowly traveling short period Rg phases seen at 
distances of 20 km and less, that were discussed earlier. By 100 km this energy 
appears to have spread and scattered out into the coda. Note also that the regional 
phases commonly used in disaimination—Pn, Pg and Lg (Walter et al. 1995)—do not 
fully develop until the seismic waves are more than 100 km from the source. 

Future Work 

The Twentymile Coal Mine experiment has collected an extremely high 
quality and important dataset. In addition to the mine collapses and other mine-
induced seismicity, the continuously recording seismometers recorded local 
earthquakes, explosions detonated for the Lithoprobe project, and seismicity from 
other mines in the area. We plan to use these additional sources, along with data 
recorded by the permanent stations at Pinedale, Wyoming and Golden, Colorado, in 
a future discrimination study. The location of earthquakes, explosions and mine 
collapses, all in the same region, offers an ideal dataset to test our discrimination 
algorithms. Seismic collapse events are part of the routine operations at a number 
of mines all over the world. It is crucial that we learn how to identify these types of 
events and prevent their confusion with the signals from a potential underground 
nuclear explosion which could generate false alarms under a future Comprehensive 
Test Ban Treaty. 
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Appendix A - Events to be studied 

Date and Time of the Larger Events: 

08/03/9511:34 09/08/9517:15 
08/04/9511:20 09/14/9510:40 
08/04/9511:29 09/16/95 01:10 
08/04/9511:55 09/16/9501:14 
08/04/9511:56 09/16/9517:16 
08/04/9511:58 09/16/9517:17 
08/05/9523:28 09/16/9517:18 
08/05/9523:29 09/17/9516:19 
08/05/9523:31 09/17/951620 
08/08/95 04:29 09/17/951621 
08/08/9504:30 09/19/952026 
08/08/9517:44 09/19/952053 
08/08/9517:47 09/21/951923 
08/08/9517:48 09/22/95 09:41 
08/08/9519:51 09/22/950958 
08/14/9511:54 09/24/951629 
08/14/9512:00 09/24/951633 
08/14/9512:15 09/27/9500:32 
08/14/9512:18 09/27/9500:39 
08/15/95 01:58 09/28/9502:39 
08/19/9519:53 09/28/95 02:41 
08/24/95 04:28 
08/24/9511:14 
08/24/9511:16 
08/24/9511:45 
08/24/9513:05 
08/24/9513:35 
08/24/9515:19 
08/24/9517:19 
08/25/9512:51 
08/25/9516:14 
08/27/9500:30 
08/29/9512:17 
08/31/9519:33 
09/06/95 02:57 
09/06/9503:09 
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Appendix B - Instrument locations 

Close-in instruments 

Ground Zero (GZ) 
Location - Directly over the expected center 
of the biggest event. The sensor is 200 
meters south-east of the yent pipe, which is 
near at the north-west corner of the new 
panel. 
Coordinates - N40°20.952'WL07°6.224' 
Altitude - 7,106' 
Estimated accuracy - 20 meters 
Soil type - clay 
Instrument - FBA-23 

South site (S500M) 
Location - 520 meters south and a little west 
ofGZ. 
Bearing to GZ - 017° 
Coordinates - N40°20.683/ W107°6.335' 
Altitude - 7,160' 
Estimated accuracy - 24 meters 
soil type - easy digging at surface, clay at 
bottom of hole 
Instrument - Wilcoxon piezoelectric 
accelerometer 

East site (E500M) 
Location- 490 meters east of GZ 
Bearing to GZ - 270° 
Coordinates - N40°20.949' W107°5.880' 
Altitude - 7,103' 
Estimated accuracy - 21 meters 
soil type - rock, shallow hole although 
instruments are fully covered 
Instrument - Wilcoxon piezoelectric 
accelerometer 

Location- 500 meters north of GZ 
Bearing to GZ -162° 
Coordinates - N40°21.208' W107°6.330' 
Altitude - 6,824' 
Estimated accuracy - 22 meters 
soil type - clay and sandstone layers 
Instrument - Wilcoxon piezoelectric 
accelerometer 

Intermediate sites 

5.5km site (PD5KM) 
Location- 5.88km from GZ 
Bearing to GZ -147° 
Coordinates - N40°23.607' W107°8.494' 
Altitude - 6,954' 
Estimated accuracy - 24 meters 
soil type - day soil, rocks on surface 
Instrument - S-6000 seismometer 

8km site (PD8KM) 
Location- 8.18km from GZ 
Bearing to GZ -144° 
Coordinates - N40°24.523' W107°9,616' 
Altitude - 6,522' 
Estimated accuracy - 27 meters 
soil type - heavy clay soil 
Instrument - S-6000 seismometer 

10.5km site (PD10K) 
Location- 10.57km from GZ 
Bearing to GZ -149° 
Coordinates - N40°25.834' W107°10.071' 
Altitude - 6,653' 
Estimated accuracy -17 meters 
soil type - dry clay soil 
Instrument - S-6000 seismometer 

North site (N500M) 



Distant Sites 

Pinedale 20km site (PD20K) 
Location-19.24km from GZ 
Bearing to GZ - 144° 
Coordinates - N40°29.376/ W107°14.196/ 

Altitude - 6,594' 
Estimated accuracy - 24 meters 
soil type - heavy day soil 
Instrument - Guralp 40T seismometer 

Pinedale 100km site (PD100) 
Location-99.91km from GZ 
Bearing to GZ -140° 
Coordinates - N41°2.428' W107°51.624' 
Altitude- 6,251' 
Estimated accuracy -19 meters 
soil type - heavy day soil on rock outcrop 
Instrument - Guralp ESP seismometer 

Golden 20km site (G20K) 
Location-21.83km from GZ 
Bearing to GZ - 290° 
Coordinates - N40°16.854' W106°51.770' 
Altitude - 7,208' 
Estimated accuracy - 21 meters 
soil type - rock outcrop 
Instrument - Guralp 40T seismometer 
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Directions to Sites 

Close-in instruments 

The mine can be reached by driving south on Route County Road(RCR) 27 (aka. 
Twenrymile Road), which intersects US Highway 40 a couple of miles east of Hayden, CO. 

The close-in sites are located on land owned by Robert Perry and operated by Bill Rogers 
(970-879-2187). From the mine, drive back- north on RCR 27. Most of the way through the 
posted subsidence zone is a dirt road heading due west along the main power lines. Follow 
this road, which is the old county road, to the first road and gate on the left. 

E500M - From the above gate, take the first left and continue up the hill. The station is located 
about 5 meters from the road on the left side just below the bulldozed pad at title top of the 
first hill. 

GZ - From the above gate, go to the right and down the hill, through the next gate. On the top 
of title hill is a silver gate on the left. Go through the gate and follow the (faint) tire tracks. The 
site is just to the right of the tracks where they meet the sagebrush. This site is 200 meters 
southeast of the mine vent pipe. 

S500M - Continue from GZ on the tire tracks up the hill, down across the small creek, and 
along the fence. The site is about 10 meters from the fence line. 

N500M - There is a red gate just south of where RCR 27 crosses Fish creek. Go through this 
gate and the woven wire gate about 40 meters along the "road." Follow the bottom land over 
to where the "road" heads up the hill near the fence line. The site is just above the edge of old 
river cut. 
Intermediate sites 

PD5KM - Continue north on RCR 27 from the mine. Near the top of a hill, there is a double 
wide gate on the left (west) side with a well graded dirt road. The site is about 80 meters past 
the gate, down the hill on the left side, next to a clump of bushes. 

PD8KM - Continue north on RCR 27 from, the mine. About 150 meters before a large pond is a 
double wide green gate with a combination lock. Follow the ranch road almost a mile. Turn 
left (west) on a very faint ranch road just past the dam of another pond. Continue to the fence 
and turn left. The site is located ahead on the flat. 

PD10K - Continue north on RCR 27 from the mine to RCR 51D. This dirt road is not marked 
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and can be difficult to spot. It is on the left (west) next to an old wooden building. Follow this 
road until it crosses a small creek and turns sharply to the right (north). Turn left (south) 
before the creek (east side) and drive cross country about 250 meters to an outside corner of a 
fence. The site is within 10 meters of this corner. 

Distant Sites 

PD20K - This site is on the Yampa Valley (Hayden) Airport property. Stop at the old terminal 
building, go through the old waiting area and up the stairs at the back. The manager is Dave 
Bravdica (970-276-3669). He can give permission to visit the site, which is located about 100 
meters north of the west end of the runway. There is a dirt road near the end of the taxiway 
which leads to an electrical shack. Our site is about 100 meters beyond the shack. 

PD100 - Take Colorado Route 13 north from Craig past Baggs, WY. Turn left (west) 0.7 miles 
after crossing the Little Snake River. This is the last road for a while and located on the edge of 
town. The site is 17.42 km west of where this dirt road leaves the highway. The site is on the 
left (south) side of the road on a small finger of the mesa, before the road drops down to the 
river below. This site may be difficult to find without a GPS receiver. Some branches of the 
road are best identified by using a compass and choosing the route that leads west. 

G20KM - This site is located in the Stagecoach State Recreation Area (SSRA). Take US 40 south 
from Steamboat Springs to State route 131. Continue south on 131 to road 14, and then south 
on road 14 to SSRA on the left (east) side of the road. Follow the park road around to the right 
to the ranger headquarters building. It would be best to check in with Ranger Wayne. The site 
is reached from the back parking lot of the ranger building. Walk up the hill along the south 
end of the sewage ponds. The site is just past the rock outcropping at the top of the hill. 
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Fig 1. Simplified schematic cross section of 
Twentymile coal mine and some of the major 
rock units. The 3m (10 ft.) high Wadge coal seam 
is completely excavated within the mining panels 
and the weak shale rocks are allowed to collapse 
behind the advancing face of active mining. It is 
hypothesized that the roof rock collapses until it 
reaches the stronger sandstone rock layers which 
can support more weight before failure. We believe 
it is the failure of these sandstone layers, either 
units B, C or the thicker Twentymile sandstone 
layers that are responsible for the largest seismic 
events. (Simplified from detailed cross sections 
provided by Twentymile coal mine). 

Fig. 2. Aerial photo of Twentymile Coal Mine area. A surface projection of the currently active mining 
panel is superimposed on the picture. The ground above the active panel and previously mined panels to 
the north has subsided 4.5 m but this is not easily visible to the naked eye. The Twentymile sandstone 
layer is visible where it outcrops. (Photo courtesy of Francois Heuze). 
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Figure 3. Map view of mine layout and close-in seismic stations. LLNL deployed close-in seismic stations (blue dots) in a ring about 
500 m from the Ground Zero station (GZ) located directly over the center of the area which was expected to collapse first. The northern 
panels of coal have already been excavated. The southernmost panel has been monitored since coal extraction began in early August. 
The region that has been mined between August and the end of October is shown by the green hatchure. Faults are indicated in red and 
the surface topography is shown by the brown and purple contour lines. (Base map courtesy of Twenty mile Coal Mine). 
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Largest Events at Station Largest Events at Station 
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Fig. 5. A comparison of the seismograms and spectra of the five largest mining induced events recorded 20 km away at station G20km. 
On the left, the velocity seismograms of the five different events show many similarities. In particular note the resemblance of the 
Sept 6th event to that of August 25th and of the October 5th to the October 2nd. All the events are dominated by an approximately 1 Hz, 
slowly traveling Rg phase (arriving after 12 s or a group velocity < 1.7 km/s), commonly observed at local distances from very shallow 
events. On the right hand side the displacement spectra are shown for the frequency band with signal above the noise. Note that all except 
the August 5th event show a peak near 1 Hz. The spectra from the five events also share many similarities but note that while the August 
5th event (black trace) has a similar long-period level to the others it appears deficient in high frequencies. 



Foidel Creek event on 8/25/95 at close-in stations 
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Fig. 6. Close-in accelerometer records of the ML=2.8 event on August 25,1995 at the 
Twentymile Coal Mine at Foidel Creek, CO. Note the first motions are down (negative 
velocity) on all five stations. This indicates the ground initially sank beneath all the stations 
during the event. This type of motion is consistent with a large collapse or a very shallow 
normal-faulting earthquake. Notice also the complexity of the traces, and the variation 
between these very closely located stations. Part of this complexity may be due to strong 
variations in the geology and structure beneath the stations. For example, sites NE500 and 
N500 are located above a panel which has already been mined and the ground has subsided. 
The remainder of the complexity is most likely due to the source and may indicate that 
at high frequencies the event is composed of several sources which may vary in time, location 
and mechanism. 
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Fig. 7. PreUminary waveform modeling indicates the point-source mechanism for the largest events 
are more consistent with a gravitational collapse mechanism than a normal earthquake mechanism. 
This example shows 3 component, 2-5 s period fits of synthetic seismograms for both mechanism 
types to the data recorded at a station 20 km away towards Pinedale (PD20KM). 



Record Section Plots to Examine Regional Phase Propagation 
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Fig. 8. Local and regional vertical component seismograms from ML=2.8 Foidel Creek, CO event on 8/25/95 plotted as a function of 
distance. The stations deployed by LLNL along a line from the Twentymile Coal Mine to the Primary array station at Pinedale, WY 
allow the study of the evolution and propagation characteristics of the the regional phases used for event identification. This can 
improve our physical understanding of how and why regional phase discriminants work at the actual monitoring station at Pinedale. 
At the close-in stations note the large amplitude very late arriving surface wave energy with very slow apparent velocities <1.5-2.0 km/s. 
At more regional stations the Pg phase shows up clearly while the Pn and Lg phases do not separate out clearly until the Pinedale station. 
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