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ABSTRACT
Stickney, Michael C., M.S., Spring, 1980 Geology

Seismicity and Gravity Studies of Faulting in the Kalispell
Valley, Northwest Montana Y

r

Director: Dr. Anthony Qamar ¢4'

The Kalispell Valley forms part of the Rocky Mountain Trench
in northwest Montana. Numerous earthquakes have occurred within
the Kalispell Valley and represent the northernmost seismicity
along the Intermountain Seismic Belt. Gravity data indicates
that normal faults bound the Kalispell Valley and the northern
Mission Range. P-wave first motions from the February 4, 1975
Kalispell Valley earthquake (M = 5.0) indicate oblique-slip at
the northern end of the Mission Range on a fault trending
northeast across the valley. Gravity data and seismicity sug-
gest that the floor of the Kalispell Valley is moving downward
and tilting eastward with respect to the Mission Range. In the
southwest corner of the Kalispell Valley, vertical movement
along faults may slightly tilt the surface of the Kalispell
Valley and affect the course and gradient of the Flathead River,
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CHAPTER I
INTRODUCTION

Regional Setting

The Kalispell Valley lies in the Rocky Mountains of northwestern
Montana and is part of a succession of valleys which extend to the
northwest across British Columbia to form the Rocky Mountain Trench.
Daly (1912) described it as "a long narrow intermountain depression".
Previous workers (Daly, 1912; Schofield, 1921: Leech, 1959; Garland
and others, 1961; Thompson, 1962; and Mudge, 1970) believe that
steeply-dipping, northwest-trending normal faults bound one or both
sides of the trench along its southern half. Gravity data from the
Kalispell Valley and British Columbia (Garland and others, 1961; and
Thompson, 1962) suggest that northeast-trending faults cut across the
Rocky Mountain Trench. To the south, the Kalispell Valley splits,
southeastward into the Swan Valley and southward into the Flathead
Valley (see Fig. 1). The Mission Range separates the Swan and Flat-
head valleys. Elevations of the peaks in the southern Missions
exceed 3000 meters; the elevations decrease steadily northward until
bedrock disappears beneath Cenozoic deposits in the Kalispell Valley.

Earthquakes in the Kalispell Valley indicate continued movement
along some faults. The earthqudkes in northwest Montana represent

the northernmost seismicity along the Intermountain Seismic Belt, an
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Figure 1. Location map showing the study area and sur-
rounding features.




arcuate zone of seismicity extending from Nevada northward through

Utah, Wyoming, Idaho and into northwest Montana where it apparently
ends (Smith and Sbar, 1974)., The moderate level of seismicity con-
trasts with Tow seismicity levels along the Rocky Mountain Trench in

southern British Columbia (Milne, 1966; and Milne and Davenport, 1969).

Methods of Study

I conducted a gravity survey in the southern Kalispell Valley
to determine the bedrock configuration beneath the Cenozoic deposits.
From the gravity data, one can estimate the trend and displacement
of buried faults., I also operated temporary networks of seismograph
statiens to collect data from minor earthquakes in the Kalispell
Valley area. Information from the temporary seismograph networks
supplements data from about 100 Ké]ispe11 Valley earthquakes recorded
by the University of Montana Earthquake Research Lab. Careful study
of these earthquake indicate movement along several fauits identified
from gravity data and provides information about the present-day
tectonics.

Maps showing recently active faults in western Montana (Pardee,
1950; and Witkind, 1975) do not show active faults in the Kalispell
Valley area. However, geology mapped by Johns (1970) indicates sig-
nificant displacement along normal faults in the area during Cenozoic
time. A brief visit to the field with D. Winston verified the exis-

tence of 0l1d northeast-trending faults in the Swan Range.



CHAPTER TI1I

GRAVITY SURVEY OF THE SOUTHERN KALISPELL VALLEY

Gravity Data Collection

From August 29 to September 9, 1279, I measured the acceleration
of gravity at 285 locations (stations) in the southern Kalispell
Valley usinag a Worden gravimeter. Gravity readings were taken at
section corners, road intersections, bench marks or any other loca-
tion with an elevation marked on the U.S5.G.S. 7 1/2 minute topographic
maps which covered the area. Accurate elevations for seven gravity
stations could not be determined from the maps, so elevations were
surveyed in from the nearest point of known elevation using a Nikon
theodolite. The survey covered approximately 370 square kilometers
with an average station density of 0.75 stations per square kilometer,
The Towest station density exists along the foot of the Swan Range
in the eastern Kalispell Valley because of 1imited access and few
marked elevations. For similar reasons, no readings were taken in
the Swan Mountains. Readings taken at one of three base stations
every two hours allowed me to plot a drift curve for each day of the
gravity survey. The three base stations were tied together by
going from one base station to another and then back to the first,
taking a reading at each. In tHis manner, the differences in the

acceleration of gravity at the three base stations were determined to



within 0.05 milligals. An additional reading taken at the Kalispell
Airport, a point of known absolute gravity, allowed me to calculate

the absolute qravity at all 285 aravity stations.

Gravity Data Reduction

Daily drift curves, prepared by the method described in Dobrin
(1960), of gravity at base stations were used to remove instrument
and tida] fluctuations. Appendix 1 lists the latitude, longitude,
elevation and terrain corrections used to compute free air and Bou-
guer gravity anomalies for each station. Appendix 2 contains a Tist-
ing of the Fortran program BOUGER.FOR, the proaram used to calculate
the Bouquef gravity anomalies. The terrain corrections were deter-
mined in two parts. A Hammer chart and terrain correction table (Bible,
1962) allowed estimation of qravify effect due to surrounding terrain
out to a distance of 895 meters (through the F ring) from each gravity
station. The U.S. Geological Survey in Denver computed the aravity
effect of terrain from 895 meters to a distance of 160 kilometers
from each station using terrain elevations diaitized from 1:250,000
scale maps at intervals of about 1 kilometer. The two terrain correc-
tions for each station were added together to obtain the total terrain
correction. A density of 2.67 grams per cubic centimeter (the usual
assumed density of average crustal rocks) was assumed when computing
all'ierrain corrections. The maximum terrain correction computed is
3.0 éi11iga1s; the averaae value is about 0.7 milligals. The data

weregqathered and reduced carefully enough to attain a precision of

A



at least 0.5 milliaals relative to the Kalispell Airport value of
980581.9 milligals (Woollard, 1958). The largest source of error
comes from uncertainty of the aravity station elevations. A one foot
elevation error will affect the gravity reading at a station by about

0.06 milligals (combined elevation and Bouguer correction).

The Bougquer Gravity Map

General features of the Bouauer gravity map, shown in Fiaure 2,
include a prominent NNW trending gravity hiah which decreases in a
stair-step fashion to the northwest where it ends near the center of
the map. A northeast-southwest striking aravity gradient traverses
the Kalispell Valley for three auarters of its width and marks the
northern end of the gravity hiah. A aravity low centered north of the
map area and along the eastern haif of the Kalispell Valley, lies
north of the transverse gravity gradient. Gravity contours along the
southwest side of the valley rouaghly parallel the bedrock outcrop and
decrease in value with increasing distance from bedrock. The -130
milligal contour surrounds all of the bedrock outcrops along the
southwest side of the valley and most of the bedrock outcrop at the
northern end of the Mission Range. A northweét—trending, trough-shaped
gravity low with about six milliaals of relief separates the aravity
high associated with the northern end of the Mission Ranae from the
gravity high paralleling the southwest vallev edge. The final major
gravity feature shown by this map consists of a Targe aravity Tow

centered southeast of the map area in the northern end of the Swan



Figure 2. Complete Bouguer gravity anomaly map of the southern Kalispell
Valley. Contour interval is 2.0 milligals. Cross sections shown
in Figures 4, 5 and 7. Gravity data listed in Appendix 1.
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Valley. Several small (two to four milliagal) aravity hiahs and lows
occur in the southern half of the map area. In the same way that -13n
milligal contour surrounds most bedrock outcrop in the south and west
parts of the map, the -140 milligal contour surrounds all but one of
the minor gravity anomalies. This fact together with the small spatial
extent of the anomalies suggest that the sources lie at relatively
shallow depths. In general, a gravity survey cannot detect anomalies
which have dimensions smaller than the distance between aqravity sta-
tions. This gravity survey has an average station spacing of 1.3
kilometers, however, the station spacing is significantly qreather
than this in the central eastern part of the map area. The -146 milli-
gal contour appears to bound the bedrock outcrop at the foot of the
Swan Range along the northeast side of the Kalispell Valley.

The gravity in Fiqure 2 generally aqrees with lower resolution,
regional Bouguer gravity maps which cover the Kalisnell Valley (Koni-
zeski and others, 1968; and Bonini and others, 1973). However, the
computed Bouguer anomalies in Figure 2 are consistently 9.6 milliqals
greater than thqse shown on the earlier maps. This difference stems
from the formulas used to compute theoretical, sea level values of
gravity. Bonini and others (1973) and Konizeski and others (1968)
used the International Gravity Formula of 1930 (see Dobrin, 1960,
page 234). I used the updated Gravity Formula 1967 given by the
Defense Mapping Agency which has the form:

G = 978031.85 (1 + N.NN5278795 sin2 LAT + 0.000023462 sin? LAT)
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where G is theoretical gravity in milligals and LAT is latitude of

the gravity station in degrees.

Interpretation and Discussion of the Gravity Data

Regional mapping by Johns (1970) shows that sedimentary rocks of
the Precambrian Belt Supergroup crop out on all sides of the Kalispell
Valley. Belt rocks are probably also present under the Cenozoic depo-
sits in the Kalispell Valley. The observed gravity lows must result
from the variable thickness of the low density Cenozoic deposits. A
value of 2.2 grams per cubic centimeter was assumed for the Cenozoic
deposits, the same value aiven in the HANNBNOK OF PHYSICAL CONSTANTS
(1942) for water saturated sedimentary material of Tertiary or Quater-
nary age. The actual density may vary as much as 10% from this value
depending on the deqree of sortind, porosity, compaction, cementation
and composition of the sediments. Several workers have measured the
densities of rocks along the Rocky Mountain Trench in southern British
Columbia. Thompson (1962) determined an average density of 2.69 + 0.12
grams per cubic centimeter from 35 samples of Precambrian quartzite,
Timestone and argillite from the Cranbrook, British Columbia area.
Spence and others (1972) determined a similar density of 2.70 + 0,12
grams per cubic centimeter from 42 samples of Precambrian sedimentary
rocks collected near Radium, British Columbia. It seems reasonable
to assume that similar Precambrian sedimentary rocks around the Kalis-
pell Valley would have similar densities of approximately 2.7 grams

per cubic centimeter. These densities indicate that the Cenozoic
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deposits filling the Kalispell Valley have a density 0.5 grams per
cubic centimeter Tess than the surrounding Belt rocks.

Before modeling the observed gravity anomalies, one must decide
whether the regional gravity changes over the area and whether these
changes result from the structures of interest. One attempt to esti-
mate the regional gravity changes consists of fitting the best first,
second, third and fourth order polynomial surfaces to the observed
Bouguer gravity values. Each successively higher order polynomial
surface gives a better fit to the observed data. However, these com-
puted surfaces do not accurately reflect the regional aravity around
the valley. Over 95% of the aravity measurements are within the
Kalispell Valley while the remaining measurements were taken close
to the edge of the valley. The gravity effect of the Kalispell Valley
should extend several kilometers beyond the valley's edge. Therefore,
the polynomial surfaces computed from gravity readings within the
valley are biased by the large number of low gravity values associated
with the valley. An alternate method for determining the regional
gravity chanaes involves estimation from a map which covers the entire
region such as the CompTete Bouguer Anomaly Map of Montana (Bonini and
others, 1973). A section of this map, reproduced in Figure 3, shows
that the gravity contours roughly parallel the Rocky Mountain Trench.
Note the large gravity Tow in thé northeastern corner of the Kalispell
Valley whose extension into the study area strongly affects the com-

puted polynomial surfaces. Bouguer anomaly values of -130 to -140
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miliigals exist west of the Kalispell Valley while values of -150 to
-160 mil1ligals exist east of the valley. This 10 to 20 milligal de-
crease from the southwest side to the northeast side of the valley
along a line striking N60E represents a regional chanae in gravity
unrelated to the low density Cenozoic deposits fillina the Kalispell
Valley.

Cross section A-A' (Fig. 2) strikes N13W, at approximately 70
degrees to the direction of maximum regional change; a reqgional qravity
profile of 0.22 milligals per kilometer was subtractad from the aravity
profile along A-A' shown in Figure 4. The two Targe step-shaped anom-
alies in profile A-A' are modeled as bedrock offset along vertical
faults, the north side downthrown relative to the south side. Telford
and others (1976) give equations -for the gravity effect of a semi-
infinite, thick, horizontal slab, which when applied to cross section
A-A' suggest the following bedrock confiqurations. The southern step
in A-A' represents about 360 meters of offset in the bedrock surface.
There are too few gravity stations to constrain precisely the slope or
the gradient of this anomaly. However, bedrock on the upthrown side
must 1lie near the surface since it outcrops about one kilometer south
of the anomaly on profile A-A'. The northern step-shaped anomaly
represents at Teast 570 meters of offset in the bedrock surface and is
here called the Creston fault sihce it passes directly under the town
of Creston. The slope of the anomaly suggests that the top of the

step 1ies about 50 meters below the valley surface. The cumulative
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offset of the two steps suggest a thickness of 900N+ meters of Tow
density sediments near A. One problem exists, however; the depth to
bedrock calculated at the base of the southern step is about 300
meters below the depth to bedrock calculated at the top of the Creston
fault, even though both places have the same Beouguer gravity value.
In the semi-infinite, thick, horizontal slab equations, the thickness
of the slab (the offset along a vertical fault) is calculated from
the equation:
t = Aq/0.0128p

where t is the slab thickness in feet, Ag is the amplitude of the
anomaly in milligals, and p is the density contrast between valley
fill and bedrock in grams per cubic centimeter. The depth to the top
of the slab is calculated from the equation:

d = t/e(245.7 p dg/dx)_]
where d is the depth to the top of the slab, t is slab thickness in
feet, p is the density contrast, and dg/dx is the maximum rate of
change of gravity with horizontal distance (maximum gradient) in
milligals per foot. The calculated depth depends mainly on dg/dx,
the gradient. As Figure 2 shows, gravity stations to the north and
south of the Creston fault anomaly constrain its position and ampli-
tude, but no stations exist within the anomaly to constrain the
gradient. A change of 3.3 x 10;3 milligals per meter in the observed

gravity gradient will change the depth to bedrock calculated by about

75 meters. Additional gravity measurements taken within the gradient
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would help to determine whether it is as steep as shown by the pre-
sent contours. Another possible explanation for the steeper than
expected gradient might be an underestimated regional gravity gradient
which has a component dipping to the north. Removing a greater
north-dipping, regional gravity gradient would result in a more
moderate anomaly gradient than presently observed and hence, a greater
calculated depth to the top of the slab. The discrepancy might also
result from improperly assuming that offset along the Creston fault
resembles a semi-infinite, horizontal slab.

Cross section B-B'' strikes N65E across the Kalispell Valley.
The linear, trough-shaped anomaly which strikes northwest between B
and B' suggests a graben, a down-dropped block bounded on each side
by parallel normal faults. An anomaly whose length is several times
its depth can be modeled as a two-dimensional structure using the
technique of Talwani and others (1959). Before modeling the graben,
the northeast-dipping regional gravity profile estimated from the state
gravity map was subtracted. Figure 5 shows the Bouguer gravity pro-
file and the regional profile estimated along cross section B-B''.
Figure 6 shows the observed gravity profile after subtractina the re-
gional gravity profile and the calculated bedrock profile between B
and B'. Cross section B'-B'' was not modeled owing to the paucity of
data in this part of the map areé. The most steeply dipping bedrock
surfaces shown in Figure 6, flank the deepest part of the valley and

probably represent normal faults dipping into the graben. The linear
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gravity gradient (Fig. 2) which strikes southeast from Kalispell to

the north end of Flathead Lake, here called the Kalispell fault, is
interpreted as the expression of the fault bounding the southwestern
edge of the Kalispell Valley. It forms the southwest edge of the
graben in the southern half of the map area. The parallel fault

which strikes northwest from the Flathead River delta is probably the
northern end of the Mission Fault. Bedrock offset along the Mission
Fault appears to end near the center of the map where it meets the
Creston fault. Modelina results suggest that the central part of the
graben, which I call the Flathead graben, contains roughly 700 meters
of Tow density material. The central third of cross section B-B''
shows highs and Tows possibly associated with buried bedrock topography
along the northern extension of the Mission Range. Gravity reaches its
Towest value along the northeastern third of this cross section where
the Swan Valley joins the Kalispell Valley. The linear gravity
anomaly which parallels the eastern edge of the Mission Range suggests
the presence of a steep fault which drops the floor of the Swan Valley
down to the east and brings the Mission Range up to the west.

Cross section C-C' traverses the Kalispell Valley about eight
kiTometers north of, and parallel to, cross section B-B'. Cross
section C-C' Ties norfh of the Creston fault which terminates the gra-
vity high associated with the northern end of the Mission Range.
Figure 7 shows the observed Bouguer anomaly along C-C' and the north-

east-dipping regional gravity profile estimated from the state gravity
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map. Figure 8 shows the gravity profile after subtracting the regional
gravity profile and the calculated bedrock profile. The calculated
bedrock surfaces dip steeply near the edges of the valley, revealing
the valley-bounding faults. The Swan Fault along the eastern edge of
the valley has about 500 meters of relief below the valley fill. The
Kalispell fault runs along the western valley edae and has roughly 400
meters of relief. A maximum depth of 809 meters of valley fill occurs
one third of the way between C and C'. The bedrock floor of the
Kalispell Valley lies at an average depth of 5570 meters below the sur-

face and has up to 300 meters of relief.



CHAPTER III
KALTSPELL VALLEY SEISMICITY

University of Montana Earthquake Data and Results

Although the National Oceanic and Atmospheric Administration
(NOAA) World Earthquake Data Fi]é Summary contains only four epicen-
ters near the Kalispell Valley north of 48 degrees latitude before
1975, recent earthquakes demonstrate continued movement along some
faults in the Kalispell Valley. A search of United States Earthquakes
(annual publication, 1928-1968) yields numerous reports of felt earth-
quakes of local origin dating back to 1935. At Teast 25 earthquakes
have shaken the Kalispell-Bigfork area since 1935 without noticeably
affecting the surrounding region.  The lack of sufficient instruments
capable of detecting earthquakes less than about magnitude 4 makes
instrumental epicenter locations of smaller quakes uncertain and in-
complete before 1974. During 1974, the Geology Department at the Uni-
versity of Montana installed eight seismograph stations between Helena
and Missoula, bringing the number of seismograph stations operated by
the University to 17. An array of four stations around Lake Koocanusa
(Libby array), four stations around the Dworshak Reservoir in Idaho
(Orofino array), eight stations between Missoula and Helena (Helena
array), the World Wide Standardi}ed Seismograph Network (WWSSN) Station

near Missoula (MSO) and the U.S.G.S. station near Hungry Horse Dam

23
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(HHM) all recorded earthquakes which began to occur in the Kalispell
Valley late in 1974 and continued to occur through the closure of the
University of Montana arrays in October, 1976.

I used arrival times of P- and S-waves recorded at surrounding
seismograph stations and the computer program HYPOELLIPSE (Lahr,
1979) to determine hypocentral parameters for 98 Kalispell Valley
earthquakes which occurred between August, 1974 and October, 1976 and
ranged in magnitude from about 1.5 to 5.0. In order to locate the
earthquakes, a seismic velocity model of the layers which comprise
the cruét and upper mantle of the earth must be specified. Several
workers (Meyer and others, 1961; McCamy and Meyer, 1964; Asada and
Aldrich, 1966; Bennett and others, 1975; and Walton and others, 1972)
have recorded explosions in northwestern Montana and southern British
Columbia and have calculated models of crustal structure from their
data. Six different crustal models from their studies were tested
using HYPOELLIPSE to locate 21 of the largest and best recorded
Kalispell Valley earthquakes. The standard errors of the origin time,
focal depths, root mean square of the travel time residuals and the
estimated horizontal and vertical errors of the hypocenters were com-
pared for each of the 21 earthquakes when located by each of the six
crustal models. Table 1 lists the P-wave velocities of the crustal
model determined by Walton and ofhers (1972) which gave consistently
better results than the other crustal models and was used to locate

all earthquakes shown in Figures 11 and 14 and listed in Appendix 3.
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S-wave velocities are determined by dividing the P-wave velocities by

1.76.

Table 1

Crustal and upper mantle P-wave velocity used to
lTocate the Kalispell Valley earthquakes

Velocity Depth to Layer.Top
km/sec km
5.90 0
6.50 25
7.95 43

The two-Tlayer model of Walton and others (1972) is similar to the more
complex model proposed by McCamy and Meyer (1964).

A11 Kalispell Valley earthquake magnitudes were determined from
the WWSSN station MSO (except the February 4, 1975 earthquake which
drove the short period instruments off scale) by measuring the period
and amplitude of the largest pulse on each short period horizontal
instrument (magnification = 100,000 at 1 Hz) and calculating the
amount of true ground displacement. When this value is multiplied by
2800, one obtains the amplitude that would have been recorded by stan-
dard Wood-Anderson seismographs (magnification 2800). The magnitude
is computed from the epicentral distance and the estimated Wood-
Anderson amplitude using the relation developed by Richter (1958, paae
340). Figure 9 shows the cumulative number of earthquakes in the

Kalispell Valley plotted against their magnitudes. The alignment of



Figure 9.

Graph of the number of Kalispell Valley earth-

quakes larger than a particular magnitude (the

cumulative number) versus their magnitude. All
magnitudes were determined from MSO except the

magnitude 5.0 earthquake of February 4, 1975,
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data points between magnitudes 1.7 and 4.0 suggests that the Univer-
sity of Montana data are complete for earthquakes with magnitudes as
small as 1.7. The equation:
Loa N = 3.023 - 0.723M

satisffes the data with magnitudes between 1.7 and 4.0 where N is the
cumulative number of earthquakes, and M is the magnitude calculated
from station MSO. The constant 0.723, preceeding the maqnitude'term
(the "b value") for these earthquakes falls near the Tower end of the
range of observed b values for Montana earthquakes (Qamar and Breunin-
ger, 1979). Figure 10 shows the number of quakes per week in the
Kalispell Valley and the estimated radiated seismic energy per week.
Radiated energy was estimated from the magnitude of each earthquake
by the relation:

Log E = 9.9 + 1.9 M - 0.024 2
where E is energy in ergs and M| is the estimated Richter or "local"
magnitude (see Richter, 1958, page 366). A peak in the seismic acti-
vity occurred during Tate January and early February, 1975; the largest
earthquake ever recorded in the Kalispell Valley occurred during this
period on February 4. Figure 10 shows that earthquakes occurred
monthly from the peak of activity early in 1975 through June, 1976.
From early February to mid-October, 1975, the radiated seismic eneray
decreases, similar to the decreaﬁe in seismic energy observed for
aftershocks following a main shock. After October, 1975, scattered

peaks of radiated seismic energy suggest swarm-type activity.



Figure 10. Number of earthquakes per week (solid bars) recorded by the University of
Montana and the radiated seismic energy per week (open bars). Energy est-
imated from magnitude using the relation from Richter (1958, page 366).
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Figure 11 shows Kalispell Valley earthquakes recorded by the
University of Montana. Solid dots indicate epicenters with uncertain-
ties less than six kilometers; error bars are plotted for these quakes
which have magnitudes of 2.0 or greater. About 85% of these earth-
cuakes occur in a zone 6 kilometers wide and 20 kilometers lona which
trends northeast-southwest. The Tong axis of the zone 1lies about 5
kilometers south of, and roughly parallel to the Creston fault. A
special feature of HYPOELLIPSE is its calculation of the standard
error of hypocentral position in the directions of maximum and minimum
uncertainty. Because most of the readings used to locate the Kalis-
pell Valley earthquakes come from the Libby array to the northwest and
the Helena array to the southeast, the direction of maximum epicentral
uncertainty is in the northeast-southwest direction. Most earth-
quakes have estimated errors two to three times greater in the north-
east-southwest direction than in the northwest-southeast direction.
Unfortunately, the direction of maximum uncertainty corresponds to the
trend of the zone of epicenters. In addition, two of the larger earth-
quakes (magnitudes 5.0 and 3.5) located without P- and S-wave readings
from HHM fall on the southwest end of the zone. Preliminary epicen-
ters of other earthquakes lacking HHM readings fall near the northwest
corner of Flathead Lake, but when readings from HHM were added to
their solutions, they shifted td the northeast. This fact suggests
that the two larger earthquakes located west of the Flathead River

probably occurred east of the Flathead River. Therefore, the apparent



Figure 11. Epicenter map of Kalispell Valley earthquakes
recorded by the University of Montana Earthquake
Research Lab between August, 1974 and October,
1976. Open circles indicate epicenters with
uncertainties greater than six kilometers. Solid
circles show epicenters with uncertainties less
than six kilometers. Size of the solid circles
are proportional to magnitude. Error bars in-
dicate the amount and direction of the maximum
and minimum epicentral uncertainty for the bet-
ter located quakes with magnitudes of 2.0 or
greater. See Table A2 for hypocenter parameters.
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zone of epicenters may not define a northeast trending fault but may
result instead from systematic errors in the earthquake locations.
However, other data suggest that the earthquakes may, in fact, have
occurred on a northeast trending fault.

The predominant travel time difference between S-and P-waves (S-P
time)-of 2.5 seconds recorded at the nearby station HHM for the major-
ity of these events supports the hypothesis that most of these earth-
quakes occurred at the same location within the resolution of the
data. However, some of the earthquakes have S-P times at HHM ranging
from 1.9 to 3.2 seconds. The 1.3 second variation in the observed
S-P time might result from distribution of the earthquakes along the
Creston fault. Variation of focal depths between 0 and 15 kilometers
could produce an S-P variation of only 0.7 seconds. Two perpendicular
cross sections (Fig. 12) plotted through the cluster of epicenters
(D-D' and E-E' in Figure 11) illustrate the range of focal depths
computed for these events and their distribution along the northeast-
trending zone. Cross section D-D' shown in Figure 12a strikes acrdss
the Creston fault, E-E' (Fig. 12b) 'strikes along it. Fiqure 12a sug-
gests that the hypocenters fall on a steeply dipping plane, and hypo-
central error as indicated by the error bars, cannot explain all of
the observed range in focal depth. Further evidence of faulting along
a northeast-striking fault comes.from P-wave first motion data. For
each quake, HYPOELLIPSE plots the vertical direction of P-wave first

motions where their ray paths pierce a lower-hemisphere, equal area
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projection centered on the hypocenter. One graphically computes a
fault plane solution by dividing opposite first motions into quadrants
with two orthogonal great circles which represent perpendicular planes
(the fault plane and the auxiliary plane). Although additional data
is required to determine which great circle (nodal plane) represents
the fault plane, a fault plane solution provides information such as
the type of faulting and the approximate stress orientations required
to produce faulting. The first motion pattern is sensitive to the
crustal model used to locate the earthquakes. Though constant velo-
city crustal layers (Table 1) work well for epicenter location, a more
realistic velocity model, in which velocity varies continuously with
depth, produces more reasonable first motion plots. I used a crustal
model in which the P-wave velocity increases at the rate of 0,06 kilo-
meters per second per kilometer of depth. This rate of velocity
increase with depth gives an upper mantle velocity similar to the
upper mantle velocity determined by Walton and others (1972). When
determining first motion patterns with this linear-velocity-increase-
with-depth model, the hypocenters were held fixed at the coordinates
determined from the layered crustal model of Walton and others (1972).
The resulting fault plane solutions do not have artificial "rings" of
first motions corresponding to the angle of incidence for mantle or
mid-crustal head waves such as those observed with layered models.
Figure 13 shows fault plane solutions for the two largest Kalis-

pell Valley earthquakes (Figs. 13a and 13b) and a composite fault



Figure 13.
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Feb 4 1975
o1 32 UTC
M, :50

Jan 31 1975
08 54 UIC
M:38

Jon 23 1975 1323 M:27
Jan 31 1975 0943 M:26
Oct 20 1975 1417 M:=3S
Jon 1§ 1976 2106 M:18

Lower hemisphere, equal area projections (fault
plane solutions) showing compressional (solid
circles), dilatational (open circles), weak
compressional (+) and weak dilatational (~) P-
wave first motions for six Kalispell Valley
earthquakes. Theoretical axes of maximum and
minimum compressive stress indicated by P and

T respectively. Orientation of nodal planes and
P-, T-axes are listed in Table 2. The shaded
area in 13a shows the range of uncertainty for
nodal plane 1. Figure 13c is a composite of
first motions from four earthquakes.



Table 2.

Orientations of Nodal Planes and P-, T-axes

for the Fault Plane Solutions Shown in Figures 13 and 15.

Nodal Plane 1* Nodal Plane 2 P axis T axis

Figure strike dip strike dip strike plunge strike plunge Remarks
13 a N55E 44NW  N4QE 43SE  S60W  80SW  NASW 0 Hor. Nodal plane 1 poorly constrained
13 b N60E 50NW N 60E S38W  56SW  S6OE 6SE  Largest Kalispell Valley quake
13 ¢ N8OE 56NW N24E 50SE  S48W 58SW N38W  4NW  Composite of 4 auakes
15 a N39E. 58NW N72W  62SW  S17E 3SE N72E 46NE  Composite of 7 microearthquakes
15b N3W 57SW N36E 40SE  N38E 69NE‘ N76W  10NW Composite of 2 microearthauakes
15 ¢ N61E 44NW N6OW 64SW N75E 54NE  S3W  12SW

*Nodal plane 1 represents the preferred fault plane.

8¢



39

plane solution for four smaller but well recorded Kalispell Valley
earthquakes (Fig. 13c). A1l three fault plane solutions suggest nor-
mal movement with subordinate amounts of strike-s1ip movement on a
fault which strikes north to northeast. Figure 13b shows the first
motion pattern for the magnitude 5.0 Kalispell Valley earthquake of
February 4, 1975; first motion data from 13 additional stations within

a distance of 1700 kilometers are aiso plotted.

Kalispell Valley Microearthquake Surveys and Results

To obtain more detailed information about hypocenters in the
Kalispell Valley, A.I. Qamar and I operated five portable seismograph
stations in the valley from the 19th to the 23rd of August, 1976.
Again in 1979 from August 13 to September 10, I operated six seismo-
graph stations in the Kalispell Valley to collect earthquake data at
epicentral distances of 20 kilometers or less. Each seismograph sta-
tion except BFM consisted of a Mark Products model L-4 short period
vertical seismometer and a Sprengnether model MEQ-800 drum recorder.
The data were recorded on smoked paper records at a rate of 60 milli-
meters per minute. Several minutes of the Bureau of Standards radio
station WWV were recorded at the beginning and end of each record in
order to measure the time correction and amount of internal clock
drift. Clock drift never exceeded 0.15 seconds per day at any station.
One can determine the time correction to the nearest 0.05 seconds

using a 7 power magnifier with a scale graduated at 0.1 millimeter
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intervals. The Earthquake Research Lab installed seismograph station
BFM near Bigfork, Montana during March of 1979; it continues to oper-
ate through the present. FM radios telemeter the data from BFM to
the University of Montana campus where an ink pen records the data

on a drum recorder at a rate of 60 millimeters per minute.

The measured P- and S-wave arrival times of the Kalispell Valley
earthquakes recorded during the field survey and HYPOELLIPSE were
used to compute hypocenters. Figure 14 shows the locations of 14
earthquakés (listed in Table A3) which occurred in the Kalispell
Valley during five weeks of recording with the portable networks.

The magnitudes for all the earthquakes were estimgtéd from the ver-
tical ground motion using the "equivalent Yood-Anderson" method pre-
viously described. These calculated magnitudes are not true local
magnitudes. While Richter used horizontal seismographs to define the
Tocal magnitude scale, I measured vertical ground motion. Also, the
frequency responses differ between the University of Montana portable
seismographs and the Wood-Anderson seismographs which Richter used.
In spite of these differences, the relative magnitudes between the
Kalispell Valley microearthquakes should be roughly correct. Earth-
quakes recorded during the surveys had magnitudes ranging between -1.5
and 0.

Generally, earthquakes occﬁrring within the temporary network
have estimated epicentral uncertainties Tess than two kilometers.

Those events which occurred within 10 kilometers of, but outside the



Figure 14. Epicenter map of the Kalispell Valley microearth-
quakes recorded during the periods August 19 to
23, 1976 and August 13 to September 10, 1979.
Dots show epicenters, bars indicate the amount
and direction of maximum and minimum epicentral
uncertainty. See Table A3 for hypocenter para-
meters. Solid triangles indicate seismograph
stations, dates indicate the period of operation
for temporary stations. Shading shows bedrock
outcrop. '
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seismograph network, have epicentral uncertainties two to three times
greater than those inside the network. Nine of the fourteen micro-
earthquakes have well determined focal depths, which range from 7.5

to 13.6 kilometers below the surface with an average of 10 kilometers.
The earthquakes numbered 1 through 5 in Figure 14 occurred on August
19, 1976 in a tight cluster just south of the Creston fault. A1l five
events occurred within a 14 hour period; no other earthquakes were
recorded for the following week. Earthquakes on August 20 and Septem-
ber 2, 1979 (numbered 8 and 13) occurred four kilometers northwest of
the August 19, 1976 cluster. Figure 16a shows the first motions of
these seven earthquakes plotted on an equal-area, lower hemisphere
projection. The first motions constrain the two nodal planes well.
The fault plane solution indicates'a combination of reverse and strike-
sTip motion, an unexpected result in view of the nearby normal faults.
The Targest of the seven earthquakes had a magnitude of -0.1. Several
other earthquakes occurred near the north end of Flathead Lake. At
lTeast two of these events probably occurred along the northern end of
the Mission Fault. A composite fault plane solution for these events
(numbered 9 and 14) suggests a north trending normal fault which dips
west (Fig, 15b), in good agreement with the fault suggested by the
gravity data. One microearthquqke occurred five kilometers east of
Kalispell near the intersection of the Kalispell and Creston faults
(number 10). A fault plane solution for this event (Fig. 15c¢) suggests

movement along an east-west normal fault, such as one might expect to
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Figure 15. Fault plane solutions for 10 microearthquakes re-
corded in the Kalispell Valley. Figure 15a shows
the first motions from seven events clustered
near Creston (see Fig. 14); 15b shows the first
motions from two events (numbered 9 and 14 in
Fig. 14) near the north end of Flathead Lake;
and 15c is from one microearthquake (number 10,
Fig. 14) located five kilometers southeast of
Kalispell. See Figure 13 of an explanation of
of symbols.
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find along the Creston fault. Two other earthquakes occurred north of
the Creston fault, one near each side of the Kalispell Valley. First
motion data were too sparse to determine a fault plane solution for
these quakes, however, one might expect these earthquakes to result

from normal slip along the Swan and Kalispell faults.



CHAPTER 1V
DISCUSSION

Figure 16 shows the geology of the Kalispell Valley area from
Johns (1970) and the faults inferred from gravity data. The Bougquer
gravity map (Fig. 2) clearly indicates a fault (the Creston fault)
trending northeast across the Kalispell Valley. Another fault, in-
ferred from the gravity, occurs eight kilometers southeast of the
Creston fault and agrees very well with one which Johns (1970) in-
ferred from geologic mappjng. Microearthquakes Tocated within three
kilometers of the Creston fault by nearby seismograph stations suggest
that it is presently active. Although the earthquakes recorded by
the University of Montana are located in an elongate zone, parallel
to, and four to six kilometers southeast of, the Creston fault, I
believe that these earthquakes, as a group, are mislocated somewhat
to the south and actually originated along the Creston fault. As
evidence, over 55% of thése earthquakes have S-P intervals of 2.5 or
2.6 seconds at the nearest station, HUHM. The arc drawn in Figure 11
shows the epicentral distance from HHM for a quake with an S-P of
2.5 seconds and a focal depth of 10 kilometers (the average focal
depth of the quakes shewn in Figure 11). The arc just touches the
northeastern end of the zone ofvepicenters. Shifting all of the com-

puted epicenters about five kilometers to the northwest would satisfy

46
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Geologic map of the study area modified from
Johns (1970) and faults inferred from gravity
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fault, C - Kalispell fault, D and E - splays of
the Mission Fault, and F - Flathead graben.
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the epicentral distances indicated by the S-P times at HHM, A five
kilometer shift to the northwest would also place the epicenters
directly over the Creston fault zone. Two of the microearthquakes
recorded by the temporary network during 1976 also recorded at HHM
with S-P intervals of 2.5 seconds. The epicenters of these two micro-
earthouakes lie 2 to 3 kilometers northwest of the epicenters shown
in Figure 11, suggesting that a northwestward shift of the epicenters
computed by regional stations (epicentral distances of 100 to 300
kilometers) is justified. Note that the amount of the shift exceeds
the northwest "uncertainty" of the epicenters shown in Figure 11.
Systematic mislocations of earthquake epicenters have occurred
elsewhere in Montana (Qamar and Hawley, 1979) as well as in central
California where data from numerous seismograph stations are available
(Uhrhammer, 1980). Systematic epicenter mislocations usually result
from lateral variations of seismic velocity and structure of the
earth's crust (often along fault zones) between earthquake foci and
seismograph stations. These variations are not normally considered
in the hypocenter location procedure. In the case of the Kalispell
Valley earthquakes, the Helena array, the Orofino array, and station
MSO 1ie south of the Montana Lineament, a major zone of crustal weak-
ness (Weidman, 1965), while the Libby array and the Kalispell Valley
Tie north of it. The suggested three to five kilometer southward
shift of the Kalispell Valley epicenters suggests a higher velocity
or thinner crust to the south which may result from changes in crustal

structure across the Montana Lineament.
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Both the gravity data (Fig. 2) and the cross section showing the
better located earthquakes (Fig. 12a) suggest that the Creston fault
dips very steeply. However, because of hypocenter uncertainty and
the paucity of gravity measurements directly over the Creston fault,
one should treat this conclusion with caution. Probably a better
determination of the dip of the Creston fault comes from the fault
plane solution for the magnitude 5.0 earthquake of February 4, 1975
(Fig. 13b). As discussed above, the Creston fault strikes northeast.
An increasing thickness of valley fill northward across the Creston
fault implies downward displacement on the northwest side of the fault.
In view of these data, the northeast trending nodal planes which dip
to the northwest in Figure 13 are taken to represent the fault planes
and the southeast dipping nodal planes to represent the auxiliary
planes. Figure 13c indicates that the dip-slip and left-Tateral
strike-s1ip movement occurred on a fault plane which strikes N60QE and
dips 50NW. The ratio of dip-slip to strike-slip movement was approxi-
mately 3 to 1. Figures 13a and 13c suggest similar types of movement
but these fault plane solutions lack sufficient first motions to pre-
cisely constrain the nodal planes. The composite fault plane solution
for seven microearthquakes along the eastern end of the Creston fault
(Fig. 15a) indicates a combination of thrust and strike-s1ip movement;
nearly the opposite sense of movément determined for the larger
shocks. The microearthquakes result from tiny movements roughly five

orders of magnitude smaller than the largest Kalispell Valley earth-
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quake. There is a weak suggestion from the distribution of epicenters
that the northeast-trending nodal plane represents the fault plane.
If so, this fault plane strikes more northerly and dips more steeply
than the main shock fault plane, possibly representing minor movement
along a second order fault within the Creston fault zone. The fault
plane solutions for the larger Kalispell Valley earthquakes (Fig. 13)
indicate a northwest-southeast direction for the axis of minimum com-
pressive stress. Sbar and others (1972) and Stevenson (1976) also
determined a predominantly northwest-southeast direction of Teast
compressive stress for microearthquakes occurring in the western
Flathead Valley. In contrast to these results, Friedline and others
(1976) and Stickney {1977) determined northeast-southwest axes of
minimum compressive stress for earthquakes along the Intermountain
Seismic Belt in central western Montana. These results suggest a 90
degree rotation of the direction of minimum compressive stress between
northwestern and central western Montana across the Montana Lineament.
A1l of the microearthquakes (Fig. 14) and the better located
earthquakes (within the limits of estimated error) shown in Figure 11
fall within the Kalispell Valley. The confinement of earthquakes occur-
ring along the Creston fault to the Kalispell Valley suggests that
the Creston fault exists only within the Ka]ispg11 Valley. 1If so,
the Creston fault must end wheréit:meets the Swan Fault on the north-
east side of the valley and where it meets the Kalispell fault on the

southwest side of the valley. The extent of the fault based on gravity
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data supports this conclusion. If the Creston fault does transect

the Kalispell fault, it has not produced enough offset on the Kalis-
pell fault scarp to produce an obvious signature on the Bouguer gravity
map (Fig. 2).

Johns (1970) mapped two parallel normal faults near Trail Creek
and Mill Creek which form a small graben structure trending N60E into
the Swan Range. The two faults intersect and possibly offset the
Swan Fault five kilometers northeast of Creston. During October of
1979, D. Winston and I went into the field to check the relationship
between the two northeast trending faults and the Swan Fault. Poor
bedrdck exposure exists on the lower reaches of the Swan Range near
Trail Creek because of thick vegetation and glacial deposits. Ue
nevertheless convinced ourselves that the northeast trending faults
exist and that Johns' interpretation of the relative motion along them
seemed reasonable. We could not find cross cutting relationships be-
tween any of the faults because talus and glacial deposits cover the
Swan Fault at the foot of the Swan Range. We found no evidence to
suggest recent offset along either northeast trending fault. The gra-
vity map in Figure 2 suggests that the Creston fault ends close to
the points where the northeast trending faults intersect the Swan
Fault. The northeast trending faults in the Swan Ranae and the
Creston fault may have formed afong a common zone of weakness. The
Tack of evidence of recent faulting and the apparent lack of earth-

quake activity along the northeast trending faults in the Swan
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Mountains suggest that the oblique-slip occurring along the Creston
fault does not involve the faults in the Swan Range. If movement is
not occurring within the Swan Range, then movement must occur along
the Swan Fault to compensate for dip-slip and left-lateral strike-slip
movement observed along the Creston fault. The character of the Swan
Range front changes from north to south as noted by Davis (1920).
North of 48 degrees 13' latitude, steep truncated ridge-spurs or
facets run along the base of the Swan Range. The facets have steep
slopes of 60 degrees or more and consist of intensely jointed and
fractured bedrock. The facets reach a maximum height of 200 to 300
meters above the valley floor and decrease to about 150 meters at
their southernmost location just north of Trail Creek (about 48 de-
grees 13' Tlatitude). Stream drainages have not dissected the Swan
Range as deeply to the north of Trail Creek as they have further
south. Davis believed that glacial scouring during the last ice age
over-steepened the base of the Swan Range and produced the facets.
He goes on to say:

"If faulting is the cause of the truncated spurs, it

must be recent and of much smaller amount than that

which formed the Swan Range. Recently renewed fault-

ing as an origin for the spur-end facets is therefore

improbable, for it can hardly be imagined that re-

newed faulting of an ancient fault line should termi-

nate southward at just that part of a mountain front

where the moraine of a great glacier, which decreased

in breadth towards its end, withdrew from the moun-
tain base."
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During our field investigation, D. Winston and I found glacial depo-
sits at an elevation of about 1520 meters in the Swan Range, at least
550 meters above the floor of the Kalispell Valley. Alden (1953)
estimated a thickness of ice of at least 760 meters in the Kalispell
Valley during the last ice age. I would, therefore, expect to find
facets carved by glaciers to a greater height than 300 meters above
the valiey floor. Although glaciers moving down the Rocky Mountain
Trench have undoubtedly modified the front of the Swan Range, I sug-
gest that movement along the Swan Fault north of 48 degrees 13' lati-
tude accounts for much of the oversteepened topographic profile along
the base of the Swan Range. Konizeski (1968) also believes that
faulting is responsible for oversteepening along the base of the Swan
Range north of Lake Blaine. He cites several lines of evidence to
support his statement, which include: 1) Ice scouring and beveling
on the tops of the facets but not on the Tower parts of the facets;
2) The facets are part of a regionally uniform joint system along
which slickensides clearly indicate movement; and 3) Large talus
accumulation at the bases of the facets suggest formation of the
facets after glaciation. Although one can refute some of these rea-
sons, several different 1ines of evidence point to the same conclu-
sion, that dip-s1ip movement along the northern part of the Swan Fault
has occurred in the recent past.' Although outside the temporary seis-
mic network, one microearthquake on August 30, 1979 occurred in the

Swan Range, just east of the Kalispell Valley, indicating active
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faulting in the northern Swan Range. The three first motions observed
for this earthquake are compatible with a northward trending normal
fault.

The Bouguer gravity map (Fig. 2) indicates that the northern end
of the Mission Fault trends about N35W and shows about 600 meters of
bedrock offset (Fig. 6). Johns (1970), on the basis of limited bed-
rock outcrops, mapped the Mission Fault trending about N15W and two to
three kilometers east of the fault indicated by gravity data. Both
faults probably exist, the fault mapped by Johns may represent a
splay of the Mission Fault. The locations and fault plane solution oﬁ
two microearthquakes recorded during 1979 suggest that the northern 1
end of the Mission Fault is presently active. Gravity data suggest
that the Creston fault truncates the Mission Fault. The Kalispell
fault and the Mission Fault form the Flathead graben which has appro-
ximately 700 meters of relief. An exploratory hole drilled several
kilometers southeast of Kalispell (probably near the northern end of
the Flathead graben) penetrated 450 meters of gravel without reaching
bedrock (Johns, 1970, page 156). The bathymetry of northern Flathead
Lake reflects the southward extension of the Flathead graben (Moore,
1980).

The character of the Flathead River changes from north to soufh.l
along the Kalispell Valley. Thé Flathead River flows southward from
Columbia Falls to Kalispell through numerous coalescing channels

which suggest a braided stream. At a point about 5 kilometers south-
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east of Kalispell, all of the braided channels converge and the Flat-
head River flows eastward for about 10 kilometers, then south for 10
kilometers through a series of large meanders. At the point where
meandering begins, the gradient of the river changes abruptly from 114
centimeters per kilometer north of the point to about 19 centimeters
per kilometer south of the point (Konizeski and others, 1968). Koni-
zeski and others do not discuss the reason for the change in gradient
of the Flathead River, however, Moore (1980) suggested that a change in
the type of sediment through which the river flows could affect the
gradient and character of the river. Fine grained delta deponsits have
accumulated along the north end of Flathead Lake since the last period
of glaciation, but their extent remains unknown. 1 suggest that the
abrupt change in river gradient results from movement along the faults
which underlie the Cenozoic deposits in the Kalispell Valley. The
Creston fault passes under the Flathead River close to the point where
the river begins to meander, Upward movement along the southeast side
of the Creston fault would tend to decrease the gradient southward
along the Kalispell Valley and possibly cause the river to meander.
Dip-s1ip movement along normal faults bounding the Mission Ranae may
cause eastward tilting of the southwestern corner of the Kalispell
Valley and thus account for the eastward jog in the Flathead River

before it flows into Flathead Lake.
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Conclusions

In the Kalispell Valley, the Kalispell and Swan faults bound the
Rocky Mountain Trench (see Fig. 16), the dominate structural feature
in the region. Gravity data suggest a thickness of 800 to 900 meters
of Cenozoic valley-fill deposits in the Kalispell Valley north of
Creston. A graben trends northwest from Flathead Lake and contains
about 700 meters of Cenozoic deposits. The Creston fault strikes
northeast across the Kalispell Valley and marks the northern end of
the Mission block. Most earthquakes in the Kalispell Valley result
from oblique-s1lip (northwest side down and left-lateral) along the
Creston fault. Gravity data and field observations suggest that the
Creston fault exists only within the Kalispell Valley:; it does not
extend into the mountains on either side. Concurrent dip-slip move-
ment postulated along the northern end of the Swan Fault and 6b1ique-
s1lip observed along the Creston fault suggest that the floor of the
Kalispell Valley north of Creston is moving downward and tilting east-
ward relative to the Mission block. The concentration of earthquake
activity along the eastern half of the Creston fault supports this
hypothesis. Garland and others (1961) and Thompson (1962) ascribe
gravity lows observed along the Rocky Mountain Trench in British
Columbia to basins bounded by pairs of normal faults which cut across
the trench and down-drop sectioﬁs of the trench floor. The Rocky
Mountain Trench appears to split into two smaller grabens south of

the Creston fault. The Flathead graben represents the southwest
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branch, the Swan Valley represents the northeast branch. Sparse
gravity data obscure the relationship between the Swan Valley and

the Creston fault but to the southwest, the Creston fault transects the
Flathead graben. Movement along the Creston and Mission faults may
slightly tilt the surface of the Kalispell Valley and affect the gra-
dient of the Flathead River.
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Table A1 lists the positions and Bouguer gravity values
determined for 285 stations in the Kalispell Valley during
the summer of 1979. Following is a brief description of

the column headings.

STA NO. Refrence number of a gravity station.

LAT. Latitude of a gravity station in
decimal degrees.

LONG. Longitude of a gravity station in
decimal degrees.

ELEV. Elevation above sea level (feet) of a
gravity station.

GRAVITY OBSERVED The observed gravity relative to the
Kalispell Airport in milligals.

GRAVITY THEOR. The theoretical sea-level value of
gravity determined from the Gravity
Formula 1967 (see Chapter 2).

ELEV. COR. The elevation correction in milligals
(0.09406 x station elevation in ft),.

FREE AIR ANOM. The free air anomaly in milligals
(obs. grav. - theor. grav. + elev.
corr.)

BOUG. COR. The Bouguer correction in milligals

(-0.03407 x elevation in ft).

BOUG. ANOM. The Bouguer anomaly in milligals
(free air anom. + Bouguer corr.).

TERRAIN CORRECTION
NEAR Gravity effect (in milligals) of

terrain out ot a distance of 895
meters (through the "F ring” on a
Hammer chart) assuming a density of
2.67 grams per cubic centimeter.

FAR Gravity effect (in milligals) of
terrain between 895 meters and 160
kilometers assuming a density of
2.67 grams per cubic centimeter.
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COMPLETE BOUGUER
ANOMALY Bouguer gravity anomaly after adding
terrain corrections.
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306 4.
3057,
39¢€3.
3056,
3043.
3249,
3C77.
3023
2286,
2897,
2596.
2951,
2961,
3365,
3049,
3065,
3041,
2330,
39184,
3Chl,
2944,
2362,
3079.
2927.
3193.
3257,

Yulhhy,30
Y3i0aT71.24
9%0570.4%
980371.21
930572.05%
930575.47
939573.44
980506y .88

J0569.93
980572.36
986576,.,97
92(55h,13
930587.069
980584,14
920573.15
952570.48
990553.41
Y50573.59
Ju0979.76
9R05%3,.,30
I4G582.84
94Ga38.50
330356437
940E296.38
930594.39
080522.71
980592.85
9905c6.92
03C0384.571
930594.14
¥37536.271
9150504.,75
980596.23
98054737
930575,
9805587.74
980590.77
930578.63
930589.93
980568.32
980562.92

JudGil. )3
Y43910. 10
9B0wud .4l
950909.18
980909,.18
950908.73
980903.50
389909.50
900910.46
960910, 16
980%11.390
Sa0eR 74
980898.77
93089¢.77
9358458.76
9805699,.36
SRUGB00.06
933900.08
960903.908
950690473
930901.16
936347.45
580556.47
93308Y56.15
Yc08%6.15
980896.15%
98M596.63
9308%5.43
93039%9,41
93094C.08
9Y83399.12
950399,76
YBOH0D.29
Y50399.775
930900 .39
98¢9 04,67
980905.10
9309005.37
9809a37,14
960907.57
923605.11

RETE PRI
250.32
279,57
233447
243.08
252.E4
252.90
300.80
239.73
287445
233.50
2'?0‘69
256441
238,20
227,54
297.17
237.45
286,22
255,179
2.9.42
292.55
281.34
272.4¢
272.49
272.40
275.59
273.51
288.39
206.79
288.39
256.04
277.29
2715.50
2d3.97
257.92
276.91
278.61
2£9.,61
275.21
300.33
307.25

=32.608
=52489
-53.73
'51059
-53.44
-50.42
-42015
-3%.82
-41.79
~50.€5
-51.73
-25.92
-24,75
=264 42
-38.07
-41.72
-44,21
-40427
-33.53
=27.51
=27.717
-24,31
=-27.70
-27.08
=29.37
=-27.71
‘25027
=21.82
=27.75
~27.55
"27.12
=27.72
"25-47
-23.41
"26070

h ""‘:0001

-3701‘1
-41.89
-36 059

=10a.47
-123.71
-105.44
=1972.42
=104.76
-1C¢2.45
-106¢.09
-108.95%
-104.21
-10‘;012
-102.09
-103.45
-103.74
~104.39
-104.15
-104.92
-164.12
-103.68
~133.438
-104.53
-105,24
~102.99

-%u.57

-Jb.70

-96.57

=55.56
=103.58
~164.46
-103.45
-104.46
-103.061
-109.44

-99,83
-102.56
-134.29
-100.39
-100.92
-104.90

-9907?
=104.75
-111031

~157.%5
-155.50
-157.23
-156.92
-155.19
=-152.87
-144.25
-147.78
=150.390
-15‘1077
-154.42
=123.76
-1280“!9
-130.91
-142,22
-145.73
-142,33
-143.94
-137.41
-132.34
-133.01
-127.3¢0
-125.37
-125.74
-128.03
~127.62
-126.15
-125.03
-13i.64
-132.01
-133.73
-128116
~128.29
-131.27
-13C.39
-142.32
-135.64
-142.04
~141.62
-143.00
-147.°%0

~15%.36
~-155.72
-155.21
-154.61
-1‘31.03
-140.30

-145. 861
-147.81
-152.25
~152.¢4
-129.24

-=127.85

-13C.15
-14101\:-
=154.€3
=147.15
-142.923
-13¢.5h
-131.64
-122,35
=126.62
-125.62

«nZ N2

-12%.20
-127.62
~127.CE
-125.52
=125.50
~131.1+
-131.135
-13%.27
=127.69
-127.83
-130.78
-137.43
~139.75
-135.82
-140.92
=133.64
-145.31

69
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200 Goexcaz Lidedllv goive Dul3U30TY U5000.08 277001 0 =d.83 =130.54 =141.27  0.6)  1.16 -1il.1.
251 48.1742 114,10ty 29450. 980391415 9Y50925.33 270.54 =38.14 -100417 -134.31 C.06 G.90 =137.7%
232 4841501 114.1093 2995. 950591.34 9803093.066 277.95 =34.33 =-1C0.08 -135.,06 0.03 (.54 =134.37
253 48.1353 114.2617 2910. 98059%9.35 930902.23 273.71 -232.27 =95%.14 -128.41 0.00 (.43 =-127.4d
254 48.1392 114.243% 28%98. 980596.27 980902.58 272.59 -33.83 -98.73 -132.56 0.00 €.28 =-132.78
235 43.1535 114.1150 2944, 980591.92 983903.97 276.91 =35.13 -100.30 -135.43 0.02 0©.62 =134.79
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Appendix two contains a listing of the Fortran:
computer program BOUGER.FOR which was used to compute
the complete Bouguer gravity values for gravity stations
in the Kalispell Valley. Before using BOUGER.FOR,
change the file names in the OPEN statements (lines 110-

130) to the names of your data files.



00100
00200
00300
00400
00500
90600
00700
00800
00300
01000
01100
01200
01300
01400
71500
01600
01700
01600
01300
02000
02100
02200
02300
02400
02500
02600
02700
02809
02900
03000
03100
03200
03300

Ce e PROGLAM BOUGER.FIR
Coeo COMPUTES CUMPLETE BOUGUER GRAVITY ANOYALY. EACH LINE OF INPUT DATA
Ceeo'ILE, GRVINLDAT CONAINS: LATITUDE IN DZGREES(X), LONGITUDE(B),
Coos tLEVATICN IN FEET(E), A GRAVITY READING IN MILLIGALS(GS), #HICH
Coese S TIHE DIFFERENCE BETWEEN A MASTER BASE STATION AND A STATIOCN,
Coeeo TERRAIN COKRECTIONS THKRU RING F(ICI) AND TERRAIN CJORRECTIONS BEYOND
Ceoeo RING F(TCO). QJUTPUT DATA FILE NAMED GRVDAT.OUT. PLOT FILE NAMED
Coee GRVDATLELTs RENAME FILE="NAME.**** IN OPEN STATEMENTS FOR YOUR OWN
C...UATA FILES. MODIFIED KOV, 1979 AND APR, 1980 BY MC STICKNEY.
NJUBLE PRECISION AA,B8,CC,00,G,D
JPEN(UNIT=6,0EVICE="DSK" ,ACCESS="SEQIN®,FILE="NAAE.IN ")
JPEN(UNIT=8,DEVICE="DSK",ACCES5="SEQUUT",FILE="NAME.PLT")
APEN(UKIT=5,DEVICE="DSK”", ACCESS="SEQUUT*,FILE="NAME.OUT")
, JATA AA,88,CC,DD,N/978031.85,.005278895,.000023462,6.283185307,0/
CeaoUSEK ENTERS DATA.

TYPE 190
10 FORMAT(LX,“ENTER GRAVITY (IN MG) OF MASTER BASE STATIODN: “S5)
ACCEPT 12,BASVAL
12 FIRMAT(F)
TYPE 14
14 FORMAT(1X,“DO YOU ®ANT A PLOTTER FILE CREATED? °$5)
ACCEPT 16,IANSER
16 FIRHMAT(AS)
CRITE(S,2G) BASVAL
20 “ORMAT(1X,"ACCELERATION OF GRAVITY AT XALISPELL AIRPORT = ¢

1710.1° MILLIGALS?/)

WRITE(5,570)

570 FIRMAT(S8Y, FREE®,22X,“TERRAIN COMPLETE?)
ARITE(S5,580)

580 SORMAT(1X,"STA LAT. LOAJG. ELEVa G R AV ITY ‘s
1°ELEV. AIR BOUG. BO0UG. CORRECTION BOUGUER®)

iRITE(S5,600)

vL
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Table A2 lists the hypocentral parameters determined
by HYPOELLIPSE (Lahr, 1979) for 98 Kalispell Valley earth-
quakes recroded by the Earthquake Research Lab at the
University of Montana. Table A3 contains the hypocentral
parameters for 14 Kalispell Valley microearthquakes
recorded by temoprary networks of seismograph stations.
Following is a brief description of the column headings
for Tables A2 and A3. For more detailed descriptions of

these parameters see Lahr (1979).

DATE The year, month and day of an earthquake.

ORIGIN The hours, minutes and seconds of the origin time
of an earthquake.

LAT N Latitude of an earthquake epicenter in degrees and
minutes.

LONG W Longitude of an earthquake epicenter in degrees and
minutes.

DEPTH The depth of a hypocenter (in km) below the earth's.
surface.

MAG Earthquake magnitude determined from WWSSN station
MSO.
NO Number of S-P, P- and S-wave arrival times used to

locate an earthquake.

GAP The greatest azimuthal gap between seismograph
stations used to locate an earthquake.

DMIN Distance from an earthquake epicenter to the closest
seismograph station in kilometers.

RMS Root mean square of the travel time residuals in
seconds.

ERH Estimate of the standard error in epicentral
location (in km) in the direction of maximum
uncertainty.



78
ER2Z Estimate of the standard error in the depth of the
hypocenter in kilometers.

Q Quality of a hypocenter solution based on the RMS,
ERH, ERZ, NO, GAP and DMIN.



DATS
743826
741225
741225
741225
750116
750117
750119
750120
753120
750121
150122
753123
750123
759123
750123
750124
750125
750125
750131
750131
750131
750131
750131
750131
750131
750131
750131
750131
750201
750232
750202
750202

ORIGIN

1012
148
2217
251
748

1453
142
622
854

1811

1756

1013

1323

16 3

1921

1144
130
139
854
Y43

1025

1118

1124

1148

1310

14 4

14 9

1751
4 0
26
511
654

48. 79
55. 33
29.38
48.81
38.72
59.99
31. 32
34.51
45.01
38.28
32.14
58. 60
57. 63
+7.14
44,81
20. 87

2.86
20.14
45, 87
13.00
16.12
20.15
21.75
14,12
33.40
14. 84
752
38.67
38. 97
3.93
5C.77
22. 41

LAT N
48N 2.82
47IN57.61
47H57.94
47N55.98
488N15.07
48N 9.34
48N 9.21
48%10.70
48N10.61
48N 8.70
48N10.32
48N 8.98
46N B8.27
46N15.69
46N 9.16
48N 9.67
48N B.76
486N B.37
48N 9.12
48N B.14
48N Y9.36
46N11.02
48N 9.75
48N B8.89
48N B8.39
48N 9.35
48N 9.43
488 B.83
48N10.41
48N10.04
48N B.31
48N B.46

LONG W
113W55.73
114%29,75
114426.78
114%29.32

114w
114y
1144
1144
1144
114%
1144
1144
114w
114w
114%
114w
1144
114w
114w
114W
1144
114w
114w
1144
114+
1144
1144
114w
1144
1144
114k
1144

4.56
4.06
4,32
5.44
2.92
T.63
3.60
7.99
5.81
0.32
6.34
6.16
4,32
6«94
6.71
6.70
5.27
2.34
S5.71
5.60
7.54
7.13
5.21
5.36
3. 74
4.86
7.07
6¢35

TABLE A2

JEPTH
Jeb63
7.99

1).55
.12

13.54
d.31
3.27

11.81

1).76

11.59
1.25
Je 26
4. 23

13.14
4.97
2.50
Jeb63

11.70

13.09
.23
4,22
2.50
2.50
V.31
2.50

14.94
2.50
J.17

11.39

1J.57
.05

11.59

.

NN AN A A NN A aNWNa aANa N QW2 N2 e
L] [ ] . e 0 L] e e [ I ] . @ L] [ ] s L[] e e * & a » * @ e @ L . L] L3
OO NI~ITUNMTONOOJOVAOOROARIJAODOUTI=20JUIAANODNGD

NO
10
23
20
16
10
21
13
15

14
11
14
14

13

10
13
16
14
10
10

12
11

11
10
10
12
12

GAP DMIN
139128.8
90 93.6
93 96.6
91 95.6
144102.0
1281C9.8
129109.8
124106.9
13€109.2
1181C7.6
138109.0
122107.0
124109.7
158105.3
1241C03.1
129107.6
131110.4
127108.7
1i91C7.8
124109.2
125108.1
188117.0
130107.8
127109.1
125108.1
138107.2
12810847
125109.4
130106.7
126114.3
123112.3
123113.1

RMS
0.38
0.74
0.32
.59
0.59
0.71
G.38
0.50
0.05
0.27
0.30
0.64
0.46
0.53
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