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INSTRUMENTATION STUDIES OF EARTH TREMORS RELATED TO

GEOLOGY AND TO MINING AT THE
SOMERSET COAL MINE, COLORADO

By FRANK W. OsTERWALD, C. RicHArRD DUNRUD,
Joun B. BENNETTI, JR., and JouN O. MABERRY

ABSTRACT

A temporary seismic recording network was operated for
about 2 weeks in the fall of 1969 on the ground surface around
the Somerset coal mine, in Delta and Gunnison Counties,
Colo., to study seismic activity as related to coal mining and
geology. Tremors, most of which were small manmade earth-
quakes, were recorded both on chart paper and on magnetic
tape with sufficient precision that we could locate most hypo-
centers within 750 feet of their true position. Nearly all the
tremors originated within 1 mile of the actively mined parts
of the Somerset mine and between 1,000 feet and 6,000 feet
below the mine. Some tremors occurred directly beneath the
mine; others occurred along a line west of the mine beneath
the intersection of a southeastward-trending zone of steep dip
in coal and several northward-trending clastic dikes. The line
of tremor hypocenters, which is parallel to and beneath the
east wall of the canyon of Hubbard Creek, is probably a
result of stresses which, differentially concentrated in the
zone of steep dip and the dikes by mining, were released and
redistributed as underground mining progressed. The rapid
lateral change of overburden stress along the canyon may
have induced failures as stresses were redistributed by min-
ing. Although the distribution of hypocenters clearly was
related spatially to actively mined areas, no direct correlation
between the rate of tremor occurrences recorded by the net-
work and raining work cycles was observed during the moni-
toring period. A fixed station located above the Somerset
mine, however, recorded many local tremors, and rates of
tremor occurrence detected by it are related to mining work
cyeles.

A nuclear explosion detonated 41 miles northwest of Som-
erset during the monitoring period apparently influenced the
occurrence pattern of large tremors recorded by the network
but did not influence the occurrence pattern of all tremors
and did not disrupt the mining.

INTRODUCTION

Coal has been mined near Somerset, in Delta and
Gunnison Counties, Colo., for many years. Coal mine
bumps, which are violent, spontaneous, and destruc-
tive bursts of coal and rock from mine ribs, faces,
floors, and roofs, are a hazard in the Somerset coal
mine (fig. 1). Other failures of mine workings, such
as heaving floors, pots (sudden release of inverted
cone-shaped masses of coal and rock from roofs),

and cave-ins, some of which may be caused by
mechanisms similar to those causing bumps, occur
in the Somerset mine. The U.S. Geological Survey
began a research program in 1968 to study these
mining hazards at Somerset as part of a continuing
investigation of geologic factors that influence
bumps and other failures of mine workings (Oster-
wald and Dunrud, 1966). Most research to date has
been done at Sunnyside, Utah; short-term monitor-
ing experiments also have been conducted elsewhere
in Utah (Osterwald and others, 1971).

To aid the program, a continuously recording
seismograph, with one vertical component seismom-
eter, was installed at Somerset in July 1969.
During the first month the seismograph recorded
1,000 small tremors in and around the mine. Conse-
quently, an experiment was planned to use a mobile,
temporary seismic array to locate hypocenters of
these tremors and to study the relation of the trem-
ors to geologic features and mining. To obtain the
maximum information from the recording experi-
ment, we planned to record during a nuclear
explosion (project RULISON) scheduled to be deto-
nated beneath Battlement Mesa, near Grand Valley,
about 41 miles northwest of Somerset (figs. 1, 2).
The minimum recording period was to begin 1 week
before and end 1 week after the explosion so that
any resultant changes in seismic activity in or near
the mine could be detected.

The Somerset mining district as designated by
Lee (1912, p. 67—68) is on the southeast flank of
Grand Mesa, a large flat-topped mountain with a
maximum elevation of 10,800 feet (fig. 2) that is
capped by remnants of Pliocene basalt flows (Yeend,
1969, p. 8). Below the caps of basalt are thick beds
of claystone, siltstone, shale, and sandstone of
Tertiary age which are weak and are prone to large-
scale mass movements; these Tertiary rocks make
up much of the upland part of the Somerset district

(fig. 3).
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The Somerset district is about 60 miles east-
southeast of Grand Junction (fig. 1). The towns
of Somerset and Bowie, both owned originally by
coal mining companies, are the only organized set-
tlements in the district. Paonia, 9 miles by road west
of the Somerset mine, is the residential and business
center for much of the area surrounding the distriect.
A paved road, Colorado State Highway 133, con-
nects the district with the towns of Hotehkiss and
Delta; this highway is partly paved to the east, con-
necting the district, by way of McClure Pass, with
Redstone and Glenwood Springs. A branch of the
Denver and Rio Grande Western Railroad from
Grand Junction provides freight service, by way of
Delta, to Hotchkiss, Paonia, Bowie, and Somerset,
as well as to a few small coal mines.
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F1GURE 1. — Index map of Colorado.

Coal beds in the district crop out along both sides
of the North Fork of the Gunnison River, which
flows westward at the town of Somerset, and along
some of the tributary canyons (fig. 3). The river
at Somerset is at an elevation of about 6,000 feet
and is 8,800 feet below mountain summits 5 miles
to the north.

This report describes briefly the instruments in
the mobile system, especially those that were modi-
fied after similar monitoring experiments were done
in Utah (Osterwald and others, 1971). The geology
of the Somerset district also is described briefly,
particularly as it pertains to coal mining and to
seismic activity.

Responsibility for aspects of the work was shared
by the authors. Dunrud and Osterwald planned the
monitoring experiment and set design limits for the
instrumentation, and Dunrud located the instru-
ment sites. Bennetti designed and modified some of
the instrumentation for the particular conditions
expected during the monitoring period. Bennetti also
supervised the assembly and installation of the
equipment, calibrated the entire system, and super-
vised its operation. Dunrud determined tremor hypo-
centers, calculated ground-motion parameters of the
nuclear explosion, and supplied much of the geologic
information. Maberry and Osterwald helped install
and remove the network and assisted in its operation
at times.
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GEOLOGY

Coal, most of which comes from a bed known
locally as the Somerset or B bed, is mined at Somer-
set from the lower part of the Mesaverde Formation
(Upper Cretaceous), a complexly interfingering
unit of transgressive and regressive littoral-marine
to continental strata. This coal bed is one of five
major coal beds contained in an interbedded and
lenticular sandstone and shale sequence 250-300
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FIGURE 2.-— Geologic map of part of western Colorado, showing sites of mobile seismic stations (solid triangles) and of
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feet thick. This unit, which was termed the lower | Johnson (1948). The Rollins overlies several thou-
coal member of the Mesaverde Formation by John- | sand feet of Mancos Shale.

son (1948), overlies a conspicuous -cliff-forming The so-called upper coal member of the Mesaverde
white to light-yellow-brown sandstone, 150 feet to | Formation overlies the lower coal member and re-
more than 200 feet thick, that was called the Rollins | sembles the lower member lithologically except that
Sandstone Member by both Lee (1912, p. 30-82) and | the upper is more lenticular (Johnson, 1948). The
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SEISMIC WORK IN THE SOMERSET DISTRICT 9

makes up Mount Gunnison, a prominent peak about
7 miles southwest of Somerset. According to Lee
(1912, p. 52-56) most of the igneous rocks are
quartz monzonite porphyry. The largest mass of
igneous rock in the Somerset distriet is an irregular
mafic intrusion several hundred feet thick which is
in the barren member of the Mesaverde Formation
at Iron Point (fig. 3), high on the west side of the
canyon of Hubbard Creek. Small irregular clastic
dikes, called rock spars by miners, that were injected
into fractures at low temperatures are common in
the Somerset mine. A small mass of intrusive breccia
was found in the canyon of Bear Creek 1 mile west
of Somerset.

Geologic structure in the Somerset district is
simple. Coal beds at the Somerset mine dip north
and northeast at about 500 feet per mile, although
a gentle northeast-trending anticlinal nose extends
into the north-central part of the district (Johnson,
1948). Neither Lee (1912) nor Johnson (1948)
mapped faults; however, several steeply dipping
faults occur north and east of the Somerset mine
(fig. 3). These faults trend west-northwest to east-
northeast and have stratigraphic separations of 5-20
feet. A few steeply dipping faults which trend west-
northwest to east and have stratigraphic separations
of a few feet offset the coal in the mine. Clastic dikes
probably were injected into some irregular fractures
of about the same age and trend as these faults.
Other faults, which have various dips and trends,
oceur in the northern part of the mine, in both the
B and C coal beds. These faults may be part of a
deformation zone around a probable intrusive mass
beneath the canyon of Bear Creek (figs. 3, 4). An
irregular channel sandstone, called a want by min-
ers, truncates the C coal bed along the north limit
of the mine, and a zone of steep dip truncates the C
bed along the south limit (figs. 3, 4). The zone of
steep dip may have resulted from differential com-
paction around a thick sandstone-filled channel below
the C bed and south of the south limit of the mine.
Areas of numerous slickensided fractures are com-
mon in coal near the sandstones and locally create
hazardous mine roofs. Stresses, probably resulting
from differential compaction between the rigid sand-
stones and the weak shales and claystones, may have
induced movement to cause the slickensides.

COAL MINING
Underground coal mining began in the Somerset
district in 1901, when the Utah Coal Mining Co.
opened a mine on a 20-foot-thick seam of bituminous
coal (Denman, 1903, p. 93). After the completion of
the Denver and Rio Grande Railroad from Delta to
Somerset in 1902 (Beebe and Clegg, 1962, p. 374),

the mine was shipping about 1,000 tons of coal per
day (Lee, 1912, p. 12, 106) . All mining in the district
has been done by room-and-pillar methods, in which
openings (slopes) are driven down the dip of the
coal beds. Multiple entries are driven nearly parallel
to the strike of the coal beds at intervals of about
500 feet, so that the coal is divided into large blocks
several thousand feet long and 500 feet wide (fig. 4).
These large blocks then are divided into areas of
small, nearly square pillars, most of which are 50 to
60 feet on a side, by driving rooms up the dip of the
coal seams from the multiple entries, and by driving
small crosscuts between rooms. The rooms are later
used as working areas from which the pillars are
extracted. During final or “retreat” phases of mining
as much of each pillar as possible is removed and
the roof is allowed to collapse completely. This col-
lapse eliminates accumulation of abutment stress in
nearby working areas; if the roof over large mined-
out areas does not collapse, large amounts of stress
will be concentrated in nearby areas (abutment
zones). An attempt formerly was made to keep the
pillar lines in the C bed, along which pillars were
being removed, slightly ahead of pillar lines in the B
bed below, so that roof-control problems in the B
bed could be minimized. The need for such coordi-
nated work no longer exists because mining ceased
in the C bed as a result of large sandstone-filled
channels in the coal and of hazards from weak roofs,
bumps, and many pots.

Most of the mining in the Somerset mine is now
done by continuous-miner machines. Methods for-
merly used in the district included undercutting the
solid coal with hand picks or cutting machines, then
blasting or wedging it down (Lee, 1912, p. 94-110).
Coal in the Bowie (Juanita) mine which adjoins the
Somerset mine to the west (figs. 3, 4), formerly
was blocked out by using prominent vertical joints
trending N. 70° E. as the face. During mining the
coal then “snaps from the face with considerable
force in some places,” according to Lee (1912, p.
104), probably because it was under natural stress
and was failing by small bumps.

SEISMIC WORK IN THE SOMERSET DISTRICT

Seismiec activity in the Somerset district was stud-
ied from August 30 through September 16, 1969,
although continuous recording extended only from
September 3 through September 16. The instrumen-
tation system used at Somerset (fig. 6) was similar
to one used ‘to study earth tremors in Utah coal
mining areas (Osterwald and others, 1971). Most
of the system will not be described again in this
report, but modifications in instruments and proce-
dures will be described where pertinent.
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FI1GURE 6. — Block diagram of field instrumentation

The instrument van containing the recording
equipment and the supporting camp were located in
Condemn It Park (fig. 3). Seven vertical component
seismometers, sealed in plastic sacks and buried,
were arranged in a triangle having sides of about 4,
5, and 8 miles. We had considerable trouble placing
the seismometers on bedrock because of the heavy
surficial cover. The seismometer at station A, in
Poison Park about 2 miles north-northwest of Con-
demn It Park (fig. 3), was on a large landslide mass
in the Wasatch Formation. Three EV-17 seismom-
eters were located along a county road in Hubbard
Creek canyon southwest of Condemn It Park, and
three others were placed along a pack trail extending
southeast from Condemn It Park to Thousand Acre
Flats (fig. 3). A vertical component Willmore seis-
mometer was installed at station E (fig. 3) on the
north slope of Pilot Knob, about 214 miles southeast
of Condemn It Park. The size and configuration of
the array was necessary to give sufficient length and

chronometer

Radio

Padder receiver

FM

| Direct |

Record [¢)

electronics
14-channel
magnetic-tape recorder
Direct _{ |

FM Playback
| electronics |
| Oscillo-graph sy |
““"“‘__,_.A.u__%

Speaker

_

system used in Somerset mining district.

breadth that seismic waves reflected or refracted
from deep layers could be detected. The triangular
array thus enclosed most of the Somerset mine area.

Signals from all the seismometers were boosted
by battery-powered transistorized preamplifiers sim-
ilar to those used in Utah (Osterwald and others,
1971). Circuitry was added to some of the preampli-
fiers so that the normal voltage gain of 7,500 could
be lowered easily and rapidly to 0.5 at station B, to
2.5 at station C, and to 50 at station F (fig. 3) simply
by moving the input plugs to different sockets. This
was done so that the seismic waves from the nuclear
explosion could be recorded properly by selected sta-
tions in the network and so that the remaining
stations could still retain the capability of recording
small earth tremors before and after the explosion.
The locations for variable-gain preamplifiers were
selected so that the direct seismic energy entering
the mine could be compared with that coming out.
Frequency response of the preamplifiers is shown in
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FIGURE 21, — Semilogarithmie plots of number of tremors per
day recorded by: A, mobile network in Somerset mining
district. Average number of tremors daily: four during
mining, three during idle day, standard deviation 4 each.
B, Fixed station near Sunnyside (Bear Canyon), Utah.
C, Fixed station at Somerset, Colo. Average number of
tremors daily: 41 during mining, 29 during idle day, stan-
dard deviations 12 and 5, respectively. D, Times when min-
ing work was being done in Somerset mine (shown by black
sections).

although total numbers of tremors at Sunnyside were
much greater (fig. 21B). Some of these variations
may have resulted because the signal wires connect-
ing the seismometer stations closest to the Somerset
mine, which were the longest wires in the network,
were broken more frequently than the shorter wires.
The pattern of tremor occurrence recorded by the
mobile network (fig. 214), therefore, is different
from the pattern recorded by the fixed station, which
operated continuously (fig. 21C). Little relation is
apparent between the occurrence pattern of all the
tremors recorded by the mobile network and by the
fixed station (fig. 21C). The rates of occurrence of
all the tremors recorded by the mobile network also
bear little obvious relationship to times of mining
activity in the Somerset mine (fig. 21D), although
such relationships between mining and occurrence
patterns of tremors were reported for the Sunnyside
and Hiawatha districts in Utah during monitoring
experiments similar to the one at Somerset (Oster-
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FIGURE 22. — Semilogarithmic plots of number of large trem-
ors per day. A, Natural tremors that were large enough to
determine hypocenters, mobile network. B, Times when no
mining work was being done (shown by black sections).
C, Fixed station, showing number of tremors whose esti-
mated magnitudes were greater than 1.0. Open circles
indicate days of recording when no tremor occurred. Days
marked at 12:00 noon.

wald and others, 1971). The average daily rate of
occurrence of all tremors recorded by the fixed sta-
tion during the monitoring period, however, was
greater on days when mining was done than on days
when no mining was done (fig. 214, C, D).

No apparent correlation was found between times
of active mining in the Somerset mine during the
monitoring period and the occurrences of tremors
that were large enough to be detected by three or
more stations in the mobile network (fig. 224, B).
The occurrence pattern of such large tremors re-
corded by the mobile network (fig. 224) generally
is not similar to the occurrence pattern of large
tremors recorded by the fixed station at the Somerset
mine (fig. 22C), which also shows no relationship to
times of mining activity (fig. 22B). Small sections
of the curves do show some similarities, as should
be expected because the seismometers were measur-
ing adjoining areas, but the entire network received
signals from a much larger area than did the Somer-
set mine seismograph.

EFFECTS OF NUCLEAR EXPLOSIONS

A 40-kiloton-equivalent nuclear explosion was det-
onated 41 miles northwest of the town of Somerset
at 3 p.m. m.d.t. (2100 G.m.t.) on September 10, 1969
(Gauss, 1969) . Before this explosion, which probably
was detonated in the lower coal member of the Mesa-
verde Formation (U.S. Atomic Energy Comm., 1969,
p. 138), considerable local apprehension had arisen
that the shock waves would damage various coal
mines in the Grand Mesa coal field (Saile, 1969;
Denver Post, 1969). We hoped to measure the effects
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FIGURE 23. — Semilogarithmic plots of seismic activity

summed for each 3-hour period from 12 noon, September 9,
1969, to 12 midnight, Sept. 11, 1969. A, Mobile network.
B, Times when no mining was done (shown by black sec-
tion). C, Fixed station.

of this explosion around the Somerset mine and to
determine whether any change in the seismic activity
occurred after the explosion.

The daily occurrence pattern of large tremors re-
corded by the mobile network and by the fixed sta-
tion changed after the nuclear explosion at Rulison
(fig. 22). Maximum number of large tremors per
day inecreased, and variations in this maximum were
greater than before the explosion. No changes, how-
ever, were detected in the numbers of tremors per
day after the explosion either by the mobile network
or by the fixed station (fig. 21).

The total number of tremors recorded by the net-
work and the number recorded by the fixed station
were summed separately for each 3-hour period from
12 noon (m.d.t.) September 9 to 12 midnight Sep-
tember 11, so that the activity could be analyzed for
shorter periods of time (fig. 23). We detected no
significant changes in occurrence pattern recorded
by the mobile network before or after the nuclear
explosion and found no change in pattern during the
time that the Somerset mine was worked after the
explosion (fig. 23). We could not analyze the occur-
rence pattern of large tremors for the shorter peri-
ods of time, because of the small number of such
tremors. We did observe much more variation in the
3-hour occurrence pattern recorded by the fixed sta-
tion after the nuclear explosion, probably because
the seismometer at the fixed station was closer to

the mine than the seismometers in the mobile net-
work (fig. 28C) and because of the rapid stress
changes around the actively mined areas.

The first ground motion from the RULISON ex-
plosion was recorded by station E of the mobile
network at 21:00: 10.6 G.m.t. on September 10 (fig.
26). The amplitude on the record was limited by the
maximum electronic output of the preamplifier and
is not a true indication of actual ground motion.
Station F, which had a lower gain setting than
station E, recorded the complete wave envelope (fig.
24) ; the first ground motion was detected by station
F at 21:00:11.4 G.m.t., and maximum ground veloc-
ity was recorded 4.8 seconds later. Station F was on
about 10 feet of surficial material and therefore was
not coupled to bedrock. Consequently, ground motion
may have been slightly amplified, and arrival times,
slightly delayed.

The peak record deflection produced by the EV-17
seismometer at station F and recorded by the tape
system was 28 mm. Using the manufacturer’s output
specifications of the EV-17 and the system-calibra-
tion information, shown by the measured deflection
of a 10-cps 5-volt peak-to-peak calibration signal
(fig. 25), we calculated the peak ground velocity at
station F, as follows:

Given:
Preamplifier gain=G,=50,
Record deflection constant=K2=5 mm/volt (by
calibration),
Seismometer output constant=K,;=1.18 volts/
cm/sec (manufacturer’s specs.), and
Record deflection=D=28 mm—2.8 c¢m,
Ground velocity=V,
Line voltage into truck—=FE,, and
Seismometer output voltage=FE,;
then: E,=VXK,, so
K,=F,/V=1.18 volts/cm/sec (manufac-
turer’s specs.),
and: D=K,xFE,, so
K,=D/E;=0.5 cm/volt (by calibration,
fig. 25).
Also: D:ETXK{.’:K:!XEIJXGp:KSXKIXVXGps
but: D=2.8 cm,
therefore: K. XK, XVXG,=2.8 cm.

Solving for V, we have: V=2.8 em/K.XK;XGp;
substituting:

let:

volts
cm/sec
therefore: V==.095 cm/sec (peak ground velocity at
station F).

V=2.8 ecm/0.5 cm/voltx1.18

x50,
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