Seismicity of Colorado: Consistency of Recent
Earthquakes with Those of Historical Record

Abstract. Earthquakes instrumentally recorded from 1966 to 1968 have oc-
curred in the same regions of western Colorado, the Arkansas and Platte river
valleys, as those felt back to 1870 (from newspaper reports), despite the
increasing cultural effects of mining, highway construction, reservoir building,
and loading. Thus it appears unnecessary to explain the Denver earthquakes in
terms of pressure induced by the introduction of waste fluid. However, the
assumption of preexistent tectonic strains in the area of the Rocky Mountain

Arsenal seems to be confirmed.

Colorado is considered a region of
minor seismicity. However, the advent
of hundreds of earthquakes in the area
of northeastern Denver since 1962,
when the Rocky Mountain Arsenal be-
gan pumping fluids under pressure into
a 3600-m disposal well, caused concern
that a more destructive earthquake
might possibly occur there in the fu-
ture. This study does not consider a
sufficiently long interval of time to yield

seismic information on the distant past
before the Rocky Mountain region be-
came populated. The data collected do
show a picture of seismicity for 1966
through 1968 consistent with that de-
rived from reports of felt shocks in
newspapers published 100 years ago.
Figure 1 shows the known locations
of earthquakes in Colorado from 1870
to 1967. This map, adapted from Had-
sell’s study (), indicates that the ma-

Table 1. Summary of earthquakes in Colorado for the years 1966, 1967, and 1968 com-

pared to historical record.

Nos. Nos.
(Fig. Location 1966 1967 1968 Historical records?t (Fig.
2) 1)
1 Aspen 10 12 13 1880 VI, 1889 V (Glenwood
) Springs), 1941 IV, 1960 V 1
2  Baxter Mountain 4 20 6
3  Cabin Creek 19 73 17 1871 IV (Georgetown), 1894 V 2
4  Castle Rock 1 0 0
5 Climax 12 31 0
6 Colorado Springs 0 0 3
7 Denver (Derby) 189 314* 99 1882 VII, 1916 IV (Boulder),
1962-65 VII 3
8 Dulce,
New Mexico 161* 31 14 1952 V (Conejos County) 4
9  Elkhead Mountains 152 177 85
10  Four Corners 0 3 5 1941 V (Durango) 5
11 Golden Fault 0 31 0
12 - Grand Valley 2% 6 2 1954 IV (Grand Junction) 6
13 Harvey Gap
Reservoir 0 1 0
14  Lake Hattie
Reservoir . 16 4 1
15 Leadyville 28* 13 4 1901 VI (Buena Vista),
1961 IV ) 7
16  Montrose 12 22% 11 - 1960 VI, 1962 IV (Cimarron) 8
17  Mount Evans 0 5 0
18  Mount Gunnison 47 67 29 1882 IV, 1944 VI 9
19  Mount Wilson 8 12 5 1913 V (Ouray) 10
20  North of Elkhead 11 7 17
21  Pueblo 5 12% 10 1870 VI, 1888 IV (San .
Isabel National Forest), 11
1955 IV (Rocky Ford),
1956 V, 1963 1V 12
22  Rangely 6* 25 4 1891 VI (Axial Basin) 13
23 Ruth Mountain 16 51 13 )
24  Sheep Mountain 1 0 0 . 1955 VI (Lake City), 1928 V
(Creede) 14
25  Silverton 2 1% 2 1882 IV 15
26 Snowmass Mountain 1 5 8
27  Steamboat Springs 5 20 59 1895 V, 1955 V 16
28  Tenderfoot )
Mountain 0 16 3
29  Trinidad 5% 2 1
30 Urad 15 15 71
31  Wkite River 1 6 4
32 Yampa 0 7 16
Totals 729 989 502

* Magnitude > 4.0:
scale (10). ~~
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T Roman numerals refer to estimated intensities on the modified Mercalli

jority of Colorado earthquakes in this
period have occurred west of the Rocky
Mountain Front Range and within 30
km of post-Oligocene extrusive rocks.
Reports of felt shocks from 25 news-
papers, published in 1882 and later,
were used by Hadsell to estimate the
intensities listed in Table 1.

A detailed study of seismograms
from the Colorado School of Mines
station (GOL) (2) with additional data
from the Uinta Basin Observatory
(UBO) at Vernal, Utah (3), produced
sufficiently accurate information on the
epicenter locations to make possible -
reports of events recorded in the years
1966, 1967, and 1968. Figure 2 shows
locations of seismic events for these
years. The trend of epicenters for all
3 years is north-south, parallel with
the Continental Divide, with most epi-
centers placed west of the divide. East-
ern Colorado is nearly aseismic, with a
few epicenters in the Arkansas and
Platte river valleys. There are con-
spicuous areas of the state where no
earthquakes occurred, either historical-
ly or in the 3-year study. These inactive
regions, in addition to the eastern
plain, are in the northwestern and
southwestern corners of Colorado. The
Sangre de Cristo Mountains in the
south-central part of the state also re-
main inactive. Table 1 lists the annual
number of events in each epicentral
region.

Nine of these epicentral regions have
produced earthquakes of Richter mag-
nitude greater than 4.0. Only one of
these locations had shocks of large
magnitude in both 1966 and 1967. This
was at Dulce, New Mexico, on the
southern border of central Colorado;
these shocks were widely felt in south-
ern Colorado. Other epicenters in 1966
having earthquakes larger than magni-
tude 4.0 were Grand Valley, Leadville,
Rangely, and Trinidad. In 1967 north-
eastern Denver (Derby) earthquakes
were the largest in the state, with three
shocks above magnitude 5, and the
greatest number, 314 events, recorded
at GOL (4). Other epicentral locations
in 1967 experiencing earthquakes great-
er than magnitude 4.0 were Dulce,
Montrose, Silverton, and Pueblo. In
1968 there were no earthquakes with
magnitude > 4.0 recorded at GOL.
Seismicity of Colorado for 1968 was
less than for the previous 2 years.

Earthquakes reported in this study
were of magnitude = 1.0; most were
greater than magnitude 2.0, with the
exception of the Denver events. Den-
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Fig. 1. Historical seismicity of Colorado
adapted from studies of F. A. Hadsell (7).
Circles represent locations of epicenters.
Numbers on map refer to numbers in the
last column of Table 1. Large, irregular,
solid-black regions represent post-Oligo-
cene (less than 26 X 10° years) extrusive
volcanic rocks.

ver is 45 km from the Bergen Park
Observatory; thus events of magnitude
1.0 could be easily interpreted, even in
winter months when the magnification
of the instruments is lowered to reduce
background noise.

Possibly 20 percent of the total
number of events recorded are due to
mining operations. At Urad, for in-
stance, reports were regularly received
of charge sizes and approximate times
of blasting. In 1968 this operation
reached its peak, with the planned
cave-in of a mountain. Fifty natural
events at Urad occurred within a month
of this collapse, half of this number
within a few days. At other locations
it is not always possible to distinguish
between natural earthquakes and ex-
plosive sources. Several epicentral loca-
tions where blasting operations are
known to occur are Elkhead Moun-
tains, Climax, and Mount Gunnison.
Usually mining is carried on only dur-
ing daylight hours, so that events oc-
curring betwegn the hours of 2400 and
1200 G.M.T. are probably natural

Fig. 2. Map represents locations of earth-
quakes during 1966, 1967, and 1968 in-
strumentally recorded in Colorado at
GOL and in Utah at UBO. Circles rep-
resent areas approximately 15 km in
diameter. Numbers within each circle re-
fer to numbers in the first column of
Table 1.

events. Blasting at Climax has been
carried on here around the clock. No
large blasts were recorded from Climax
in 1968. Highway blasting has been
omitted from the data when it is known
to have occurred. Construction com-
panies notified us in advance of large
blasts.

Seismic activity has been observed
at some reservoir sites, namely Cabin
Creek, Lake Hattie, Harvey Gap, and

‘Mount Gunnison (Blue Mesa Reser-

voir). Carder described earthquakes
occurring along the southern edge of
Lake Mead, Nevada, with water-load-
ing of the reservoir in 1932 (5). On the
other hand, no earthquakes have oc-
curred at sites in Colorado where the
U.S. Bureau of Reclamation has been
constructing reservoirs, several of which
are already filled. Nine of these sites
are within a radius of 150 km of the
Bergen Park Observatory, a distance
where even small events would be well
recorded. No events were observed
from these nine sites in the 3 years
studied. Earthquakes did occur in the

Table 2. Number of Denver earthquakes per month, magnitude >10 recorded at Bergen
Park Observatory (GOL) for the years 1962 through 1968.

Month 1962 1963 1964 1965 1966 1967 1968
January 0 24 5 4 : 25 4 10
February 0 35 2 32 11* 19 8
March 0 38 8 12 20 2 3
April 2 72 9 27 11 72 9
May 30 26 3 25 18 31 11
June 45 14 4 68 12 14 10
July 24 21 5 132 18 11 14
August 30 11 9 65 11 74 9
September 23 14 4 105 22 11 10
October 9 20 13 23 9 16 6
November 8 4 3 43 23 44 7
December 20 5 8 14 9 9 2

Totals 191 284 73 550 189 314 99

* Pumping stopped at the Rocky Mountain Arsenal disposal well.
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historical record at locations where
reservoirs have since been constructed,
especially at Mount Gunnison and
Harvey Gap, in western Colorado, and
Cabin Creek (Georgetown) in central
Colorado. The occurrence of earth-
quakes at reservoir sites would seem to
depend not on the size of the body of
water but rather on the geologic struc-
ture beneath it.

Recent earthquakes began at Derby
in April 1962. This was shortly after
the U.S. Army began pumping waste
fluids under pressure into the deep
disposal well at the Rocky Mountain
Arsenal in northeastern Denver. Evans,
a Denver-based consulting geologist, hy-
pothesized a connection between the
Denver earthquakes and this well (6).
Healy et al. theorized that the Denver
earthquakes are man-made (7).

The arsenal well was constructed
through 3650 m of sedimentary layers
into fractured Precambrian basement
rock. Studies were carried out at the
Colorado School of Mines with a dense
network of instruments to determine
whether there was any relation between
the Denver earthquakes and the arsenal
well (4). Pumping of wastes into the
well was stopped in February 1966.
The earthquakes continued. The num-
bers of earthquakes recorded at Bergen
Park Observatory for the years 1962
through 1968, with monthly and yearly
totals, are listed in Table 2.

The largest earthquakes in the Den-
ver area occurred in 1967, a year after
the cessation of pumping of waste
fluids into the Rocky Mountain Arsenal
well. The relation of frequency of oc-
currence to magnitude of the Denver
earthquakes is similar to that observed
in other geographic regions where
earthquake activity is not influenced
by man. However, in 1967, the ex-
pected great number of small shocks
that usually accompany a few large
ones did not occur.

As debate about the causal relation
between earthquakes in Denver and the
arsenal well continued, Army Engineers
began a series of pumping tests in Sep-
tember and October 1968 to determine
whether removal of small amounts of
fluid from the well would change the
carthquake occurrence. A report of
their results indicates that many small
shocks (as low as magnitude —1.0)
did occur near the well during the pe-
riod studied (8). Accordingly, the tests
were discontinued. The number of
earthquakes in the Denver area, re-
corded at GOL in 1968, was 99. The
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largest magnitude in 1968 was 3.2, re-
corded in November. The total number
of Denver earthquakes recorded since
the Bergen Park Observatory began
operations in 1962 is 1698 of magni-
tude = 1.0.

Rangely, Colorado, a seismically ac-
tive region during the years studied, is
near the southeastern edge of a large
oil field. An earthquake of magnitude
4.5, located by the U.S. Coast and Geo-
detic Survey, occurred there in 1966.
Munson tried to correlate numbers of
earthquakes near Rangely with millions
of gallons of water pumped into the
field as oil was withdrawn (9). He
found no change in numbers of earth-
quakes whether pumping rate increased
or decreased in the period of time con-
sidered.

Colorado seismicity has been virtu-
ally unchanged in the last 100 years.
The same areas that were seismically
active in the historical record were
seismically active in the years 1966,
1967, and 1968; those areas that were
seismically inactive 100 years ago were
inactive in 1966, 1967, and 1968. The
intervening years have seen a large
population growth in the Rocky Moun-
tain region, along with increased inter-
est in seismic activity and the earth-
quake hazard problem for construc-
tion projects.

The possibility of a devastating earth- '

quake of greater than magnitude 6,
which might cause loss of life and ex-
tensive damage to property, always ex-
ists. On the basis of this seismicity
study, however, the possibility that Col-
orado will experience a larger magni-
tude shock than has yet occurred, and
its location and time, cannot be pre-
dicted.

RurH B. SiMoN
Department of Geophysics, Colorado
School of Mines, Golden 80401
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Obstructive Lung Disease and «:-Antitrypsin

Deficiency Gene Heterozygosity

Abstract. The phenotypes of serum aj-antitrypsin were determined by antigen-
antibody crossed electrophoresis. There were five homozygotes and 25 heter-
ozygotes for the deficiency gene found in a group of 103 patients with obstruc-
tive lung disease. The frequency of heterozygotes was 14 and 9 percent in two
control groups with different mean ages of 36 and 80. There was only one heter-
ozygote among 39 healthy males over 70 years of age. Heterozygosity may be a
predisposing factor in chronic obstructive lung disease, especially in the male

population.

Inherited deficiency of serum ay-anti-
trypsin in man is transmitted by an
autosomal codominant gene (/). The
serums of homozygotes for the de-
ficiency gene have persistently low
levels of «q-antitrypsin (mean, 25z
6 mg per 100 ml), approximately 10
percent that of normals (212 =% 32
mg) (2). Such a very low level of
proteinase inhibitor in the serum pre-
disposes an individual to lung disease,
as judged by the fact that more than
90 percent of such individuals who
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have reached the age of 50 years have
chronic obstructive lung disease and
often well-defined emphysema.

The serums of heterozygotes have
intermediate levels of «j-antitrypsin
(125 = 46 mg per 100 ml); previously
heterozygotes were thought not to have
a higher incidence of obstructive lung
disease than normal individuals (3).
However, heterozygotes may develop a
similar but less severe form of chronic
obstructive lung disease (4). Lieberman
has reported a higher than expected

incidence of heterozygosity in patients
with emphysema (5).

Our data suggest that heterozygosity
as well as homozygosity for the ay-
antitrypsin deficiency gene may be a
predisposing factor in as many as 30
percent of patients with chronic ob-
structive lung disease or emphysema.
Our working hypothesis is that lung
tissue is destroyed in individuals whose
serums are deficient in ay-antitrypsin
because of their inability to inactivate
proteolytic enzymes released during
inflammatory processes in the lung (6).
Accordingly, we tested for an associa-
tion between heterozygosity and ob-
structive lung disease.

We determined the «q-antitrypsin
phenotypes of a group of patients with
chronic obstructive lung disease and
two control groups. By means of anti-
gen-antibody crossed electrophoresis (7),
ap-antitrypsin from homozygotes can
be distinguished from that of heter-
ozygotes (Fig. 1). The difference be-
tween the two minor aq-antitrypsin
components in serum from homozy-
gotes for the normal gene and heter-
ozygotes for the deficiency gene is
small but consistent in all known heter-
ozygotes, that is, offspring from matings
between homozygotes for the deficiency
gene and homozygotes for the normal
gene. The pattern (Fig. 1B) for the
heterozygotes can best be explained by
the presence of two electrophoretically
distinct but antigenically identical spe-
cies of aj-antitrypsin in the heterozy-
gote. A mixture of equal parts of
serum of the two homozygotes yields
the same pattern as that of a heter-
ozygote (8). The antigen antibody
crossed electrophoresis is a more reli-
able method for determining the ay-
antitrypsin genotype, as it is based on
a qualitative electrophoretic difference
and not merely on the serum concen-
tration of ay-antitrypsin; the concen-
tration can be raised in heterozygotes
to the normal range by a ‘variety of
pathologic and physiologic conditions
such as infection and pregnancy (9).

We selected two control groups.
Group 1 consisted of 100 healthy indi-
viduals (62 males, 38 females); their
mean age was 36 years (range 18 to 67
years). Group 2 consisted of 88 older
individuals (49 females, 39 males); their
mean age was 80 years (range 70 to 97
years). All of group 2 were residents
of a home for old people; none had a
history of obstructive lung disease.

Group 3 consisted of 76 males and
22 females who had obstructive lung
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