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GeophyRical and ~eological investigations relating to 

earthquakes in the Denver areA, Colorndo 

Introduction 

By J, II, ile aly and others 

A series of minor earthquakes in the Commerce City (Derby) ;1rea, 
just north of Denver, Colorado, started in the Spring of 1962. The 
earthquakes have ranged f~om felt shocks of magnitude 4.3 to instrument 
shocks of ma~nitudes less than zero. 

In November, 1965, David Evans, Denver nrea consulting geolorist, 
proposed that the earth<1unkes were being triggered by the injection of 
waste fluids into a 12,000-foot disposal well at the Rocky Hountain 
Arsenal near Commerce City, His suggestion was documented by ch<1rts 
showing apparent time correlations between frequency of earthquakes 
and rate of injection of fluids into the '.Jell,. 

The U. S. Geo logi en 1 Survey, in cooperation \~i th the Co lor ado 
School of Hines, Regis College, and the University of Colorado, has 
undertaken a series of studies of the distribution of the eRrthquakes 
in time and space, and their relations to local and regional p,eolor,y. 
Preliminary results of the geophysical and geological investigations 
relating to the earthquakes are reported here by scientists of the 
U. s. Geological Survey and the Colorado School of Mines, 

The report is in five parts. Part one is a discussion of the 
general geologic setting of the Conunerce City area, and it contains the 
conclusion that faulting is not evident from the surface geology. In 
the second part, records are presented which indicate the probable 
absence of seismic activity in the Commerce City area prior to the 
injection of fluids into the Rocky ~~untain Arsenal well. TI1e operation 
of a seismic station in Bergen Park by the Colorado School of Hines is 
described in part three, which contains a list of earthquakes reported 
in the Conunerce City area between 1962 and the present time. In part 
four, the possibility that a Precambrian fracture zone was penetrated 
in the bottom 110 feet of the Arsenal well is supported by petro~rnphic 
description. of the well core. The results of new seismological studies 
reported in part five show an even closer clustering of earthquake 
epicenters around the well than was evident from the original data 
used by Evans. Analysis of 62 additional earthquakes show their 
epicenters to be located in a roughly ellipsoidal area 6 miles by 3 
miles surrounding the well, and their deptl1 to range from 4.5 to 5.5 
k i 1 orne te r s • 
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PART 1 

GENERAL GEOLOGY OF THE ROCKY MOUNTAIN ARSENAL AREA, 

ADAMS AND DENVER COUNTIES, COLORADO 

By Robert M, Lindvall 

INTRODUCTION 

This report summarizes the geology of a 323-square-mile area 

centering on the Rocky Mountain Arsenal, which is about 10 miles 

northeast of Denver. The report includes a generalized geologic map 

of the area, a map showing the configuration of part of the bedrock 

surface in the area, a structure contour map of the Denver basin, and 

a generalized east-trending geologic cross section. This material has 

been assembled from published reports by Hunt (1954), Finley, Dobbin, 

and Richardson (1955) 1 Van Horn (1957), Scott (1963a 1 b) 1 J, H. Smith 

(1964), R. 0, Smith, Schneider, and Petri (1964) 1 and Scopel (1964); 

from unpublished data by J. A. McConaghy and G. H. Chase; and from. 

data acquired through fieldwork by the author. 
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GENERAL GEOLOGIC SETTING 

The Rocky Mountain Arsenal is located on the High Plains of 

Colorado about 20 miles east of the Front Range of the Central Rocky 

i1ountains, Geologically the area lies in the Colorado Piedmont 

section of the Great Plains physiographic province and is underlain by 

about 12,000 feet of sedimentary rocks ranging in age from Paleozoic 

to Cenozoic. The sedimentary rocks are underlain by an unknown 

thickness of Precambrian metamorphic rocks. Denver and the Rocky 

l1ountain Arsenal are located over the deepest part of the 

north-trending asymmetrical Denver basin (fig. 1), Sedimentary rocks 

which are exposed on the west flank of the basin dip steeply eastward; 

those on the east flank dip gently to the west. 

A system of steeply dipping faults trends southeasterly from the 

metamorphic rocks of the Front Range into the sedimentary rocks of the 

Denver basin. The generalized geologic section (fig, 2) shows the 

general subsurface relationship between the sedimentary and metamorphic 

rocks across the Denver basin. In the area shown on the generalized 

geologic map of the Rocky Mountain Arsenal area (fig. 3), only the 

youngest of the sedimentary bedrock units crops out at the surface. 

The bedrock is covered in many places by unconsolidated surficial 

deposits of silt, sand, and gravel of Pleistocene and Recent age. 
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Figu re I .-- St ructure contour map of the Denver area, Colorado. 
S t ructure contours drawn on top of the Dakota Sandstone; contour 
int e r va l 500 feet; datum is mean sea level. Adapted from U.S. 
Geolo g ical Survey Oil and Gas Investigations Map OM 176 (Finley 
an d others, 1955). 
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The maximum local topographic relief in the area is about 

500 feet; the altitude above sea level ranges from about 5,500 feet in 

the western part of the report area to about 4 1 970 feet along the 

South Platte River at the northern boundary. All of the area lies in 

;the drainage basin of the South Platte River. Clear, Sand• First. and 

Second Creeks are the principal tributary streams. 

SURFICIAL DEPOSITS 

Surficial deposits of Pleistocene and Recent age in the Denver 

area have been divided by Scott (1963a) into eight deposits of 

alluvium, three or four deposits of eolian sand and loess, bog clay 

deposits 1 and landslide deposits. For convenience in this report, 

however, several of these deposits have been combined under a single 

map unit heading. The following surficial units are shown on figure 3. 

Alluvium of Recent age covers the flood plains of the major 

streams and also forms shallow flat-topped deposits along the courses 

of almost every minor tributary in the area. The alluvium 1 which 

consists of unconsolidated brown to gray silt, sand, clay 1 and 

fine-grained gravel, is 10-20 feet thick in the major stream valleys 

and generally 2-8 feet thick in the tributary valleys. 

Eolian sand of early Recent age covers much of the upland area, 

particularly east of the South Platte River. The sand is light brown 

and fine to medium grained; in some areas it contains fairly large 

amounts of silt and silty sand. 'The sand ranges in thickness from 

less than a foot to 3 0 feet. 
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Terrace and pediment deposits of Pleistocene age consist of 

unconsolidated clayey silt, silt, sand, and fine- to coarse-grained 

gravel. The deposits are generally exposed in well-developed terraces 

along the major streams and on isolated flat-topped erosional remnants 

on the uplands, In some areas the flat terrace surfaces also are 

covered by relatively thin eolian sand deposits. The terrace deposits 

in the mapped area are as much as 40 feet thick in places, particularly 

along the South Platte River valley. 

Figure 4 shows the configuration of the top of the bedrock under 

the surficial deposits, as determined from borehole data, for a part 

of the area near the Rocky Mountain Arsenal, 

SEDIMENTARY ROCKS 

Sedimentary rocks in the mapped area are at least 11,920 feet 

thick, as revealed in the log of the Rocky Mountain Arsenal disposal 

well (table 1). The sedimentary rocks range in age from Paleocene to 

Pennsylvanian, or possibly to Ordovician or Cambrian. Along the Front 

Range in the Morrison quadrangle about 15 miles southwest of the Rocky 

Mountain Arsenal area, J, H. Smith (1964) measured more than 

12,500 feet of sedimentary strata (table 2). 

The name, thickness, and a brief description of the lithology of 

each sedimentary formation penetrated in the Arsenal disposal well are 

presented in table 1 and will not be repeated here, 
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Figure 4. WAP OF THE ROCK Y WOUNTAIN ARSENAL AREA, COLORADO, SHOW ING THE CONFIGURATION 

OF A PORT ION OF T HE BEDROCK SURFACE 
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Table 1.--Log of the stratigraphic units in the Rocky }1ountain Arsenal 
disposal well, Actams County, Colorado, Hodified from 

L. J. Scopel (1964) 

[A more detailed log of this well from the surface through the 
Pierre Shale is published in Colorado t~ater Conservation Roard 
Basic-Data Report 15 (McConaghy and others, 1964, p. 9 7 - 9 8) ) 

Group or formation 

Surficial deposits 
(~uarternary age) 

Arapahoe Formation 
(Late Cretaceous age) 

Laramie Formation 
(Late Cretaceous age) 

Fox Hills Sandstone 
(Late Cretaceous age) 

Pierre Shnle 
(Late Cretaceous age) 

~iobrara Forma~ion 

(Late Cretaceous age) 

Benton Group 
(Early and Late 
Cretaceous age) 
Carlile Shale 
Greenhorn Limestone 
Graneros Shale 

Depth 
(feet) 

· Li tholo~y 

0- 30 Unconsolidated clune Rand, sand, silt, cmd 
grave 1. 

30- 460 Light- to dnrk-gray shale, siltstone, 
sandstone, and conglomerate. 

460- 1,250 

1,250- 1,480 

1,.480- 7. 710 

7,710- 8,078 

8,078- 8,120 
8,120- 8,345 
8 •· 345- 8,485 

Alternatin~ fine-grained gray glauconitic 
sandstone anu dark-gray shale nnd 
coal beds. 

Gray fine-~rained sandstone interbctlcled 
with gray to dark-~ray shctle, 

Predominantly light-gray and dark-gray 
shale • in terhedded with s i 1 ts tone and 
sandstone. Hygiene Sandstone Hember at 
5,448 ft to about 5,490 ft. 

Calcareous to chalky, light-gray to ~ray 
shale and limestone, 

Dark-gray shale. 
Dense shaly gray to brown limestone. 
Black rni caceous shale. 111in beds of 

bentonite near base. 
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Table 1.--LoR of the stratigraphic units in the P.ockv ~ountain Arsenal 
disposal Hell, Adams County, Colorado. Hodified from 

L. J, Scopel (1964)--Continued 

\.roup or formation 

D:tkota \.roup 
(Early Cretaceous age) 
"J" Sandstone 
"D~kot.q" Sands tone 
"Lakota" Sands tone 

Morrison Formation 
(Jurassic age) 

Lykins Formation 
(Triassic age) 

Lyons Sandstone 
(Permian a.P,e) 

Fountain Formation 
(Pennsylvanian age 
& Early Perm~an age) 

Regolith (Fossil Soil) 

Rocks of Ordovician(?) 
or Cambrian(?) age 

Schist 
(Precambrian age) 

Gneiss 
(Precambrian age) 

Total depth of hole 

Depth 
(feet) 

8,485- 8,633 
8 ' 6 3 3- 8 , 7 30 
8, 7 30- 8, 7 86 

Litholo~y 

Fine-grained quartzitic sandstone. 
Sands tone and dark-gray shale. 
Hhi te hard qu.artzitic sandstone. 

8,786- 8,972 Varicolored sh<1les, thin beds of 
fresh-water limestone, white hnrd 
sands tone, and anhydrite. 

8,972- 9,582 Red silty shale. Top 15 ft is n fine, 
hard quartzitic sandstone, Bottom 
80 ft is anhydrite and red shale. 

9, 582- 9, 772 Fine-grained, highly fractured, ornnr.c 
crossbedderl quartzitic sandstone. 

9, 772-11,880 Coarse-rr;lined arkosic conglomerate, 
s i 1 ts tone, maroon shale 1 .:md a fc\oJ 
thin beds of limes tone. Vpper third 
of formation is highly fractured. 

11,880-11,895 \-leathered maroon to dark-brown shale. 
Bottom 1 foot is a dark-rerldish-brmm 
highly fractured quartzt te, 

Quartz conglomerate, 
Purple fissile shale, 

11,895-11,950 Coarsely crystetlline, pink to white 
dolomite containing green chert fraRments, 
purple shale. 

11,950-11,970 BriRht-green weathered mica schist. 

11,970-12,045 Highly fractured hornblende granite 
gneiss containing pegmatite intrusions. 

12,045 
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Tnble 2.--Description of the stratigraphic units in the i·1orrison 
auadrangle, Colorado. Hodificd from J, ll. Smith (1964) 

Groun or formation 

Denver Formation 
(Late rrr taccous nnd 
r J leocene a~c) 

Aranahoe form<1tion 
(Lt1tc Cretaceous ar,e) 

Laramie forn<1tion 
(Late Cretaceous age) 

Fox Iii lls Sands tone 
(Late Cretaceous n~e) 

Pierre ShAle 
(Late Cretaceous a~e) 

Thickness Litholo~y 

(feet) 

950 Yellowish-gray to modern te-b rO\·Jn noorlv 
sorted tuffaceons fossiliferous 
clavstone, siJ tstone, mudstone, 
arkosic sandstone, c0nglomerat~ heJs, 
:mel interlaycrcd latitc. 

400 CoArse- to fine-r.r.1i ned sr1nrl::; tone .1nd 
mudstone in uprer nnrt, p0nrly sorted 
pehble conp.lomer<1te in lm;cr third 
of formation. 

700 - S:mcis tone, c 1 ays tone and co.11. 
1,000 . Sands tone is U rh t gray to ye llmd sli-

180 

6,200 

11 

L r o1m , s i l t y t n c lay e y , f in e t o 
ncrlium grained. Clnvstnnc is lirht 
grAy to 1i~ht olive, ;md rn.1ssivE"! to 
blocky in structure. Coni. in T'l:lnv 
thin sem'ls in loHer 200 feet of the 
formation; sul>bituMinous tc1 inpure 
lir,n{ te. 

Upper 105 ft is olive-gr.1y to dnrk
yellm<~ish-hrown !=;hlllc and in terheddcd 
s;:1ndstone. Lmver 75 ft ir. ycllo\·lish
brown, massive to thin bedded, fri"ble 
fine-grained, locally crosshc>ddcd 
snnds tone m1d in terbecldecl shnl E:' .1nd 
c1nvstone. 

Upner pnrt is interbec!rlcd yc llm·Ji fJh
brolm to olive-gray sf.lty sandstone, 
sandy shAle, ;md shale. 11iddlc part 
is r,r .1yi sh-hrmvn cl ayP.y f i nP.-~ rain P. d 
s.·mds tone of the Hyr.icnc> S.c:mds tone 
Henber. Lower part is ol i.ve-p.r.1v to 
ycllowish-h rm·m shr1lc. 
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Table 2.--Description of the stratigraphic units in the Morrison 
quadrangle, Colorado. Modified from J. H. Smith (1964)--Continued 

Group or formation 

Nio~rara Formation 
(Late Cretaceous age) 
Smoky Hi 11 Shale Hember 

Fort Hays Limes tone Hember 

ilcnton Shale 
(E<lrly and Late Cretaceous. age) 

Dakota C.roup 
(Early Cretaceous age) 
South Platte Formation 
Lytle Formation 

Morrison Formation 
(Late Jurassic age) 

Ralston Creek Formation 
(Late Jurassic age) 

TI1ickness Litholo~y 

(feet) 

Pale-hrmm to reddish-brown, soft 
thin-bedded, cnlcareous shale and 

410 interbedded thin. layers of limestone. 

35 Lir,.ht-yellouish-Rrny, dense, hard, fi.nc-
grainerl limestone in beds 1 tn 7 ft 
thick. 

5 30 Dark-~ ray to black sha lc, s i 1 ty 

300 

300 

90 

12 

claystone, sandstone, calcnrenttc, 
thin beds of bentonite, siltstone, 
and massive limestone. Upper part is 
chalky and silty shnle an<1 snnclstone 
that constitute Carlile equivnlent. 
Hidclle !'art is fossiliferous 
calcareous shale, calcnrenltc, and 
limestone that constitute Creenhorn 
equivalent. Lower part is 
noncalcarcous black sh.'11e that 
constitutes Graneros equivnlcnt, and 
bottom 15 ft is li~ht- to dark-r,ray 
platy siltstone equivalent to ttmvry 
Shale. 

Tan to ligltt-yellm-lish-gray medium
grained crossbeclded sandstone and 
interhedded siltstone ;mel clnystone.. 

Gray anu red shale and gr.ay claystone 
that contain sandstone .:1nd thjn 
limestone beds. 

Grayish-yellow siltstone nnd dull-red 
and greenish-yellow variegated 
mudstone. Contains thin gypsum beds. 



Table 2,--Description of the stratigraphic units in the Morrison 
gue1dranJ3le. Colorado. Modified from J. ll, Snith (1964)--Continucd 

Group or formation 

Lykins Formation 
(Permian(?) and Triassic(?) 
age) 

Lyons Sands tone 
(Permian age) 

Fountain Formation 
(Pcnn~y 1 vani an and Early 
Permie1n age) 

Crystalline metamorphic rocks 
(Precambrian age) 

Thickness 
(feet) 

450 

115··-
200 

13 

Lithology 

Hoderate reddish-brown, thin-bedded 
silty shale with several thin beds 
of limestone, 

Grayish-orange to yellowiRh-gray or 
white massive medium- to fine-grained 
friable croasbedded quartz s~ndstone. 
Lenses of arkosic conglomerate nnd 
reddish-brown siltstone in lower part. 

Moderate reddish-brown to yellowish-gray 
conglomerate, arkosic sandstone, and 
thin layers of micaceous siltstone. 
Crossbedded; cut-and-fill channels. 

Metamorphosed sedimentary rocks 
including gneiss, schist, quartzite, 
slate, and marble;,.and intrusi.ve 
igneous rocks such as granite and 
pegmatite. 



PRECAMBRIAN ROCKS 

Precambrian rocks were penetrated in the Arsenal well at a depth 

of from 11,950 feet to 12,045 feet, which is the bottom of the hole 

(table 1). According to Scopel (1964), the rocks consist of weathered 

mica schist and highly fractured hornblende granite gneiss. Sheridan, 

Wrucke, and Wilcox (this report) have recently examined the core and 

cuttings samples from the lower part of the we 11 and have concluded 

that the rocks from a 11,935- to 11,950-foot depth are also of 

Precambrian age. They report that the rocks from the bottom 75 feet 

of the well are gray, fine- to medium-grained hornb lendic biotite

quartz-feldspar gneiss, which is locally fractured and veined. 

STRUCTURE 

The Rocky Mountain Arsenal is located near the deepest part of 

the asymmetrical Denver basin (fig. 1). The synclinal axis of the 

basin, as shown by Finley, Dobbin, and Richardson (1955), lies about 

6 miles west of the Arsenal well. The steeply dipping sedimentary 

rocks on the west flank of the basin are faulted in many places along 

the mountain front. Typical examples of such faulting are shown on 

the geologic maps of the Golden (Van Horn, 195 7) and Morrison 

(Smith, 1964) quadrangles. Both quadrangles are located about 

15 miles west and southwest of the Rocky Mountain Arsenal area. The 

sedimentary rocks on the east flank of the Denver basin 11 where no 

faulting has yet been reported, dip very gently westward (fig. 2). 
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No faults which cut the bedrock surface or the surficial deposits 

are known in the mapped area (fig. 3) • The nearest faults cutting the 

Cretaceous and Paleocene rocks are those in the 'Golden and Morrison 

quadrangles. Several faults were mapped by Spencer (1961) near 

Superior, Colo., in the Louisville quadrangle, about 15 miles 

northwest of the Rocky Mountain Arsenal. These faults occur in the 

Laramie, Fox Hills, and Pierre Formations. Spencer reported vertical 

displacem2nts of as much as 500 feet along the fault planes. 

G. R. Scott (oral communication, 1966) has reported that a fault 

in the Fox Hills Sandstone near Boulder, Colo., about 25 miles 

northwest of the Rocky Mountain Arsenal, di8places gravel of middle 

Pleistocene age. 
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Part 2 

Recorded seismic activity prior to 1962 

By 

Harold L. Krivoy and M. P. Lane 

As part of the investigations of seismic activity in the vicinity 
of Comnerce City (Derby), Colorado, seismograph data previously studied 
primarily for distant earthquakes were reviewer! for the occurrence of 
local earthquakes. 

The primary source of information was the University of Colorndo's 
seismogram library covering the years 1954-1959. TI1is material was 
made available to us through the cooperation of nr. Warren Longley, at 
the Department of Geolo~y. The seismor,rams were recorded on 35-mm film 
by two horizontal and one vertical 13eni off seismometers, located in 
the basement of the Geology Building on the Boulder campus. 

Regis College, in North Denver, has had a longer history of seismic 
observations, starting in 1909. However, the Regis seismometers were 
low-r,ain mechanical instruments, and so the Regis' record files were 
consulted prir.-~arily for verification of other data. Access to the Regis' 
files was provided through the cooperation of Rev. Joseph Downey, S • .T., 
Director of the Seismographic Observatory at Regis. 

United States Earthquakes, published annually by the U. s. Coast and 
Geodetic Survey, lists earthquake activity accordinr, to region of ori~in, 
and includes both instrumental and non-instrumental, or felt, renorts of 
earthquakes. 

1be seismic networks of the Coast and Geodetic Survey And the Jesuit 
Seismological Association have provided valu~ble information on ori~in 
times and epicenters for larger earthquakes all over the world, but for 
small earthquakes possibly originating in the Derby area prior to 1962t 
it is likely that the Coast and Geodetic Survey instrumental or non
instrumental screening missed events of magnitude 2 or smaller. 

Hethod of Study 

Seismograms from Boulder, covering an interval of about 3 years, 
were reexamined and studied in close reference to Dr. Longley's original 
notes. It was found that his notes omitted very few local quakes or 
blasts even though these data were not transmitted to the U. s. Coast 
and Ge~detic Survey. Therefore, Dr. Longley's notes were used as R guide 
for the screening of the seismo~rams covering the remaining two years. 
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R~sults of examination of the Boulder ScismoGrruns 

Evidence was found indicating that seismic activity in Derby 
mo..;:r have beQID before 1962. Thirteen events that mi!_Sht possibly fit 
into the 11 DerbY 11 category were identified and studied, but many or all 
of these may have been of artificial origin rather than natural oricin. 
Thc.Y seemed similar in mae;nitude--less than M-2. 

Earthquakes originating in Derby since 1962 commonly have prominent 
nost-P arrivals, as recorded at the South Inealls, Golden and Bergen 
Park stations. Events on the Boulder seismograms during the 19 54-19 59 
int8 rva.l that displayed similar prominent post-P arrivals are desig
natr.rl "Derby" type events in table 1. Such arrivals are best explained 
as compressional waves 8enerated at the free surface by incident trans
verse waves and then refracted and reflected in the area between the 
focus and recording site. 
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Tnblc 1.--Chronologicnl summary nf soMe seismic events rcc0rded 

at Boulder, Colo, t station, 195'•-59. 

[l<ccordin~ hc~;an on January 1, 1954, <md was di~continuccl on June 9, 19.S9. 
NST, Hountain Standard Tir.lc; C&GS, Coast anti Geodetic ;;urvey; 1'1,, 1""\llgnitude; 
s-r, time interval between arrival of P-waves and S-wnves] 

De c. 15 

Description and comments 

13:50 HST: widely felt in southeastern h'yominr.; ca 1900 
HST: second (smaller) felt ']Ullke, FOXP/\RK type, 

S-!, 16.7 sec.; FOXPJ\RK type. 

S-P ca 2. 4 sec,; pos:;ib le. DERBY, (}!ondny) 

13:20 MST: northwestern Colorado; felt r.'R.i\Nll ,Jtl~fCTinN, 

HEJJLk'JI>S, DINOSAUR 

S(?)-r ca 1.8 sec,; possible DEPBY.(Frirlny) 

S-P pro b :1 h 1 y 5 , 0 s e. r .• ; ~ n s s i h 1 c m: J? BY 

Large Cnliforni~ ~u:-~kc, 

Good deep event off Sp:1i.n; }!:::7 

05:47 t1ST; S-P 23 :.~~c. (not noted by C&GS) 

3 events: 02:49, 03:15, 04:14 ~1ST; s-r 25.3 sP.c,, 
(not noted by C&GS) 

Fallon; t~ev.; 1'1=6, R 

01:52 and 01:59 HST; first locnl event thnt t.,ns felt nt 
DOUGLAS-\·IHEATLAND, HYO. 

11:38 HST; poRsible local event S-P, 15 to 30 Rec. 
(not noted by C&GS) 

Ca 20:00 ?-!ST; S-P ca 1.5 sec. 

Ca 05:00 MST; S-P 2.4 or 4.3 sec, iloth quakes (?) s~a11 
a.nd both from the nnrthwcs t qua.dr:m t; they do not otherwise 

see~ to be relnted. 

fallon, Nev.; ~! = 7.0, 6.R etc. 
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Date 

Feb. 10 

tiay 1 

May 22 

July 30 

Aug. 1 

Aug. 2 

Sept. 2 

Oct. 2 

Oct. 27 

Nov. 27 

Dec. 13 

Jan. 6 

Jan. 14 

Jan. 16 

Feb. ll 

May 6 

June 5 

1 

1 

Description and comnents 

10:26 MST; felt strongly at STEA}ffiOAT SPRINGS (?). 

10:26 MST; S-P ca 12.5 sec. (not reported by C&GS) 

05:46 MST; S-P ca 16.2 sec., felt in HEDICINE BOH, WYO. 

19:05 MST; local S-P (not reported by C&GS) (Hay be 
CREEDE foreshock~ 

21:18 MST; S-P ca. 37 sec. (not reported felt) CREEDE 
fore sho'c k. 

23:31 MST; felt, CREEDE forcshock. 23:4o MST; CREEDE main 
shock, felt strongly CREEDE, OURAY, TELLURIDE, LAKE CITY, 
etc. 

14:51 MST; possible DERBY. (Friday) 

09:51 MST; S-P 1~ sec., 81,000-pound blast at CLI}~, 
COLO. (Sunday) 

07:32 MST; very clear event close to station; probably a 
blast. 

22:25 NST; S-P 20 to 25 sec.; from SE quadrant, felt 
strongly in SUGP.P.. CITY and ROCKY FORD. 

08:17 HST; S-P ca )0 sec.; felt in LANDER, WYO. 

04: 59 MST; S-P ca 20 sec. ; ep iccnter near COLDWAT.ER, KAN. ; 
felt in OKLAHOMA and KANSAS. 

11:43 and 11:49 MST; both felt in LAMAR, COLO. 

07:21 MST; S-P 27.7 sec. (good record; not noted by C&GS) 

18:08, 19:45, 21:02, 21:07 (strongest), 22:04 MST; ) 
shallow, interesting similar (s-P 44 sec.) events. At 
about 20:00 and 21:15 NST; felt reports from VERNAL, UTAH. 
(These two events have a shallmv- and artificial character) 

One small possihle event; questionable due to noisy 
background. S-P ca 4 sec. 

One local---small and questionable; S-P ca 10 sec. 



Date 

June 28 

July 5 

July 7 

July 9 

July 19 

Aug. 15 

Aug. 27 

Oct. 3 

Nov. 1 

Nov. 24 

Jan. 5 

Jan. 25 

Feb. 1~ 
./ 

Feb. 25 

April 21 

May3 

July 15 

1956 continued 
Description and comments 

1 

1 8 

01:)6 }ffiT; S-P ca 17 sec.; typical FOXPARK event. 

07:08 }ffiT; S-P 2.7 or 5.0 sec.; good recording of DERBY 
type. (Thursday) 

19:51 MST; S-P ca 17 sec.; typical FOXPARK event. 

23:34 MST; S-P ca 17 sec.; small FOXPARK event. 

08:44 MST; S-P 2.7 or 5.0 sec.; good example of DERBY 
type. (Thursday) 

06:12 and 06:29 MST; S-P 16.7 sec.; two good FOXPARK events. 

06:16 MST; S-P 2.7 or 5.0 sec.; good example of DERBY type. 
(Monday) 

13:22 MST; reported felt in southwestern Wyoming. 

One·small event at S-P 8.6 sec.; not characteristic of 
any recognized type locality. 

Small event; S-P 4.5 sec.; possible DERBY. (Saturday) 

19:32 MST; S-P ca 35 sec.; reported felt in ESTERBROOK, WYO. 

14:26 ~ffiT; S-P 17 sec.; FOXPARK type (recorded and studied 
by Univ. Wyoming). 

One possible blast; S•P ca 2 sec. 

A questionable event; S-P ca 10 sec. 

22:25 MST; S-P ca 27.5 sec. (not noted by C&GS). 

01:30 MST; reported felt in CREEDE, COLO. (not seen on 
Boulder records) 

12:44 MST; S-P ca 16.5 sec.; FOXPARK type (not noted by 
C&GS) 

Jan. 28 04:17 MST; S-P ca 18 sec.; one event of FOXPARK type. 
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Date 

Feb. 13 

Mar. 12 

May 1 

!-lay 5 

Aug. 6 

Aug. 7 

Aug. 15 

Oct. 7 

Dec. 28 

Jan. 15 

May6 

Description and comments 
1958 continued 

1 

15:53 MST; PROVO, UTAH; damage at Provo and t~a11sburg, 
Utah. Berkeley and Univ. Utah stations estimated magnitude 
at between 4.0 and 4.5. 

13:47 }ffiT; S-P either 3 or 5 sec.; DERBY type event. 
(Wednesday) 

13:32 MST; S-P either 3 or 5 sec. DERBY type event. 
(Thursday) 

17:55 MST; similar to 'May 1st DERBY type ,event. (1-londay) 

17:47 MST; S-P ca 16 sec, felt in FOXPARK and LARAMIE. 
FOXPARK type. 

03:22 MST; S-P 16.5 sec. FOXPARK type (not reported by C&GS) 

13:35 MST; S-P ca 17 sec.; FOXPARK type (not reported by 
C&GS) 

13:47 MST; S-P ca 3 sec. DERBY type. (Tuesday) 

05:25 MST; S-P ca 16 sec.; good event of FOXPARK type 
(not noted by C&GS) 

One very poor local event; S-P 2.7 or 7.2 sec.; may be 
DERBY type. (Thursday) 

One poor event at S-P ca 14 sec. 

(No further local events registered.) 



for c:lrthauakes or artificial seismic events ori.r.inntin~ near 
Derby, the s-r time interval~ ns recorded at Boulder., sh0uld he about 
5 seconds depending on the focal depth. The strongest arrivals ;1t 

Boulder f~r the events designated "Derby" occur <1t about 2. H ~ec0nds 
after r. These vJoulcl ordin:1rily he ~;Joentificcl CIS S, but if the events 
di.d come fror.1 Derby, the arriv<-lls are~ec1rly to rerresent S-waves. 

Some recordings are reproduced in fir,ures 1 and 2 for cor,pari son 
of events of the "Derby" tyne recorded at Houlder w:f.th R 'knmvn Derby 
earthfluake of magnitude 2.1 recorded Jan. 1, 196A hy a newly established 
seismograph at noulder. 
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~--------------------------- 1 minute-~------------------~~~--~ 

Ground motion NORTH 

?Ground motion EAST 

Ground motion UP 

Event B (above) 

Unknown origin, Mar.12,1958 

Event A 

Derby earthquake, Jan.1,1966 

Neither magnification nor first 

motion direction is ·known 

Fi ~ure 1.--Comparison between a recent Derby earthquake of Jan. 1, 1966 
(M= 2.1) and an event copied from the records of March 12, 1956. Both 
records were written by high-gain, short-period instruments operated at 
the University of Colorado, Boulder, Colo. All recordings have been 
projected to the same time scale. (The originals were loaned by Dr. 
Warren Longley, University of Colorado, Boulder.) 
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EVENT D ""' 7~"' .,_,_,.. ........ ., . .,I • ·, . .,, "' :;; ! , 1 ~) • o*:.!Y'Jil fl&iiii,.i<! tik:Vi*11 42 4t we I Xt¥4 UA4~ 
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Ground motion EABT t 1

11
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1
t ~~ \~1~ - •J\\ liA I.JA.l/1 EAST -WEST HORIZONTAL • 

- •"' • "~~"~~ 11 I i -~~ :t!Wll\" ~I AA\~...,·~~1/AW:.,_,,.,,.,._.-
h 1\ ,ll 1 l1 r il l It 1 ; COMPONENT • 

EVENT A 

Derby 

earthquake, 

Jan .1,1966 

I I 

.a ---~-:::..;e:;ll:lijl._am .... -.--·------------- • 

Fi gure 2.--i\vent C is the vertic o. l trace of unknown ori g i n compared 
witr. all th ree compone nts of C:vent D. These 1956 events (C and D) 
are further compared with 2:vent A (repeated from f ir; . 1), a true 
De rby earthquake. All r ecordings b.ave been projected to the srune tirr.e 
scale. (The ori r:; inals were loaned by Dr. Warren Long ley, University 
of Colorado, Boulder.) 
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Three events described as "Derby" were recorded in 1954, one in 
1955 four in 1956, none in 1957, four in 1958, and one in 1959. 
Thre; events described as "Derby" or "Derby type" recorded in 1956 
took place early in the day and on \vorkdays. The four events in 1958 
also took place on workdays, but in the afternoon. Occurrence of these 
events on workclays sup,p,ests that they may have been artificial explosions. 

Analysis of direction of first motions of ground movement assisted 
in determination of the quadrant in \vhich the seismic event orip,inated. 
First motion of event D (Fig. 2) in 1956 indicates that particle motion 
was UP, tm.;Rrd the SOUTH and EAST, and thus probably originated in the 
quadrant northwest of Boulder (Derby lies in the quadrc:mt southeast of 
Boulder). Event B (Fig. 1) in 1958 apparently originated to the south, 
slightly southe:1st, or southwest of the station; the ambiguity arises 
from the fact that the east-~..rest component of motion is question<1ble. 
It should be pointed out that first motion observecl in other e.1rthquakes 
from knovm sources seem to verify that the l3oulder install.'ltion ~\rns 

correctly oriented, and that the directions are reliable indicators of 
the source. Thus first motion woulcl suggest that some of the events 
listed as "Derhy" in table 1 do not come from the direction of Derby, 
\vhich is in the southeast quadrant. First motion of events 13 and D 
also indicate a difference in location between the 1956 and 1958 epi
centers. 

Table 2 presents a readout of all phases .for each event shmm in 
figures 1 and 2. The times shmm arc in seconds after P. No attempt 
was made to label the phases, and they are offerecl with the reservation 
that such readings are always subjective. 

Event A, a true Derby quake, has a fairly clear S-P on Boulcler 
records of around 5.0 seconds. Such a time would be expected for the 
Boulder-~o-Derby epicentral distance of about 40 km. A phase read at 
4.6 seconds after Pis shown for events C and D; that phase is either 
lost in the wave train or is not present in event B. For the so-called 
"Derby" events of table 1 to be like recent Derby earthquakes, the 
transverse waves would have to arrive about 4. 7 to 5.0 seconds after P. 
If a ~erby epicenter is not assumed for events c, D and B, an s-r of 
2.7 s~conds would be read for C; 2.7 seconds forD; and 3.1 seconds 
for B. On the basis of the small group of events illustrated in figures 
1 and 2. it seems likely that there were important differences between 
events during 1956 and those during 1958, and that neither group clearly 
resembles the actual Derby earthquakes recorded in 1966. 
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Table 2--Schedule of readings from events illustrated in figures 1 and 
2 to show outstanding phases in terms of the time by which they lag 
P-arrivals. Three chronological groupings are also used: two events 
in 1956, a single (true Derby) event in 1966 and a single case recorded 
in 1958. 

Seconds after P 

Event 
1 6 

c 
(Fig. 2)----- 0.9 ---- 2.0 ---- 2.7 ---- 4.7 ---- 6.6 ---- 8.37 1 

D, (z, First motion up) 
(Fig. 2)----- 0.9 ---- 1.8? --- 2.6 ---- 4.6 ---- 6.7 ---- 8.1 ---- 13.2 

D, (s, First motion toward south) 
(Fig. 2)----- 0.91 --- 1.7? --- 2.7 

D, (E, First motion toward east) 
(Fig. 2)----- ? ---- 1.8 ---- 2.7 

1 66 

? ---- 6.4? --- 8.2 ---- 13.2 

? ? ---- 8.2 ---- 13.3 

A, (Horizontal component seismometer) 
(Figs. 1&2) ------1.2---------------------5.2---------------------------

A, ( z) 
(Fig. 1) --------------------------------4.8----------------------------

(spot is too active on this 1966 quake; only the above three 
phases, exclusive of P, were prominent) 

1 8 

B, (z, First motion up) 
(Fig. 1) -----0.8--1.3 ------- 3.4? -----many phases--- 11.8 

B, (E, First motion toward east) 
(Fig. 1) ---- 1 -- ? ---------2.9? ------many phases--- 11.6 

B, (N, First motion toward north) 
(Fig. 1) ---- 0.8--1.3? -------3.1--------many phases--- 11.6 
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Conclusions 

Two conclusions are possible from this investigation: 

1. It is possible that the events listed as "Derby" in table 1 
are real earthquakes resulting from the same or a similar 
mechanism as that now existing near the Rocky Mountain Arsenal. 

2. It is more probable that the events picked on Boulder records 
between 1954 and 1959, were either natural earthquakes or 
demolition shocks from some other epicenter or epicenters. 
Their occurrence only during the daytime working hours and 
only on workdays suggests an artificial disturbance. On 
the basis of a 3-second S-P interval and a P-velocity of 
5 Km/sec, a source should be sought within 20 Km of Boulder. 
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Part 3 

THE DENVER EARTHQUAKES AS RECORDED AT THE CECIL H. GREEN 

GEOP~~SICAL OBSERVATORY 

By Maurice Major, Colorado School of Mines 

The Cecil H. Green Geophysical Observatory was established by the 

colorado School of Mines in December 1961 as an integral part of the 

Geophysics Department. The observatory is located 15 miles southwest of 
I 

Golden at Bergen Park, Colo. ( 39°42' 01" N., 105°22 '16" W.), at an eleva.-

tion of 7,770 feet. A three-component short-period Benioff seismograph 

installation has operated continuously at this site since that date. 

These instruments, running at magnifications of 4oo,ooo during the 

summer and 200,000 during the winter, are about 28 miles from the center 

of the seismic activity in the Derby~area. They are capable of detect-

ing Derby events as small as magnitude 0.8 on a quiet day, but the aver-

age threshold of detection during the past 5 years has probably been 

closer to 1.1. The lower limit of'felt reports from the Derby area, by 

comparison, is slightly above 2.0. 

No Derby earthquakes were detected by these instruments between the 

initiation of recording at this station, late in December 1961, and 

April 24, 1962. A complete list of the dates, P-wave arrival times at 

Bergen Park, and the magnitudes of all Derby events detected between 

April 24, .1962, and February 28, 1966, is presented in table 1. This 

!/ The seismic events located near Commerce City (formerly known 

as Derby) are referred to as "Derby" events in this report. 
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list represents the results of interpretive work by several investigat

ors: 1962, Mr. Poh-His Pan; 1963, Dr. Ynng-lian3 vlan[;; l96i-t, ~~r. Peter 

Jones; 1965, Mr · Char~es vlideman; and 1966, Dr. 1··1aurice gajor. It is 

probable that the threshold of recognition was not the same for all 

investigators and that therefore a number of Derby events in the ma~ni

tude ran~e o.e-1.2 have escaped detection. 

The Richter ma311i tude, M, of a local earthqua1~e is defined in tenns 

of the response of a \~ood-Anderson torsion seismometer vii th a ma~ifica-

tion of 2000: 

M • log A-loa Ao 
10 °10 

wherein A is the amplitude in millimeters of the maxirnwn trace runpli tu' le 

and Ao is the correspondinc; trace ampli tuci.e expec t;.;d. frc.m an t-1 =0 Giloc·~ 

at the same distance. ValueG of -lo~~1ifo :1'(6) ha\'C been tabula let I by 

Hichtcr after study of the records of a dense neti·!Cr1.~ cr stations ln 

southern California. Because of the paucity of dnta no corres))undin0 

study can yet be made in Colorado. Possibly Richter'.::J tabulation does 

not well represent the decrease in amplitude of .:;rmmcl motion '.Ji th 

increasinG distance which actually occurs in Colorado near Derby but 

the discrepancy, if present, is considered not to be larc;e. 

T~1e initial magnitude detenninat.ions by Pan in 1 <;162 were based on 

Richter's tabulated values for -log Ac) =f(A) anu a simple conversion of 

the Benioff response to that of the standard 1:/ood-Andcrson. This is 

equivalent to asswning that the wave of maximwn recorded amplitude has 

the same period on both ty·pes of instrwnents. In the sprin~ of 1:)65 

two Wood-Anderson seismometers were installed at Bergen Park. Hecords 
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from these instruments 1-1ere compared directly with Benioff-seismometer 

records of Derby earthqual~es in the magnitude range 3-3.5. The compar

ison indicated that the maGili tude-determination technique used prior to 

1965 was correct. 

It is noteworthy that the magnitudes so determined are systemat

ically smaller, by about 0.5, than the corresponding magnitudes assi(91ed 

in the u.s. Coast and Geodetic Survey's preliminary epicenter cards. 

This anomaly may be due to the known high efficiency of the pr( pa,?;a.tion 

path from Denver eastv1ard and an accidental bias of the U.s. Coast and 

Geodetic Survey data in favor of stations in the eastern United States. 

Future studies of the Derby activity lvill involve a quantitative 

comparison of the wor:~ done by the pumps and the elastic ener&Y radiated 

from the hypocenters. Such a study would naturally be a part of the 

effort to establish a reasonable source mechanism. From strictly pre

liminary studies of this sort, based upon GutenberJ and Richter's 

relationship loe1oE·ll.4+1.5M (1958), we were not able to conclude that 

the energy contribution of the pumps has been ne6ligible. 

Reference cited: 

Richter, Charles, 1958, Elementary seismology: San Francisco, 

W. H. Freeman and Co. 
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Table 1.--Denver area earthquakes recorded at the Colorado School 
of Mines Cecil H. Green Geophysical Observatory, 
April 24, 1962, to February 28, 1966. 

GCT, Greenwich Civil Time; C&GS, Coast and Geodetic Survey; Mag., 
magnitude. Compass directions in Remarks column refer to direction 
from the observatory 

Date Time (GCT) Magnitude .Remarks 
h m s 

-··- .......... 1962 
Apr. 24 11 10 32.3 1.5 

28 11 48 5().8 1.8 
May 1 7 47 52.7 1.5 

1 23 07 32.6 1.7 
10 9 56 26.7 1.0 
19 9 42 51.0 1.7 
20 6 18 58.9 1.7 
22 2 18 ~.8 1.6 
22 4 19 53·5 1.1 
22 13 22 20.) 1.1 
24 4 4) 32.1 1.5 
24 10 02 27.5 1.2 
24 10 18 15.8 1.4 
24 10 49 51.2 1.4 

June 3 9 29 0).0 1.5 
5 14 34 10.0 1.6 
5 15 28 03.4 2.) 
5 16 21 04.7 o.8 
6 1 28 44.5 1.3 
6 7 49 24.8 1.8 
6 15 33 1).0 1.2 
6 16 25 35·5 1.) 
7 3 27 21.1 1.6 
8 00 43 02.2 2.0 
8 15 27 46.0 1.3 

10 2 47 ~.8 2.2 
13 20 24 52.7 1.1 
14 6 09 47.8 1.3 
14 9 55 53-7 1.2 
18 00 45 10.6 1.) 
18 00 46 11.5 3-1 
18 1 36 o6.h 2.1 
18 1 28 00.4 1.6 
18 4 52 42.0 1.1 
18 8 26 22.7 1.4 
18 21 38 59.1 1.3 
19 4 1~8 54.4 2.3 
19 10 03 53·5 1.1 
20 21 02 04.8 1.) 
22 22 05 24 ·5 2.5 

h 



Table 1--Continued 

Date Time (GCT) Magnitude Remarks 
h m 6 

1962 
June 22 22 51 57·5 1.4 

23 '15 14 28.4 1.0 
23 15 19 14.1 1.1 
23 15 58 51.6 1.0 
25 9 53 47.7 1.1 
26 9 33 22.0 1.1 
29 6 29 05.5 1.3 
29 7 .35 37.0 1.4 
29 11 27 13.3 1.4 

July 2 1 04 42.0 1.1 
2 4 24 19.5 o.8 
2 7 40 38.8 1.8 
2 21 28 52.6 2.1 
9 6 35 39.0 1.9 
9 6 44 51.0 1.2 

11 15 29 04.4 1.3 
14 3 46 28.8 1.5 
14 3 49 57·5 2.0 
14 4 39 44.9 1.2 
14 14 45 12.7 o.li 
14 15 13 :;o.o 2.1 
15 20 14 00.2 1.6 
15 23 53 33.1 n.8 
16 00 17 22.0 ? ? 
16 11 o6 33.1 1.6 
16 11 51 57.0 1.1 
28 6 15 09.1 1.2 
28 6 23 4 3.0 1.6 
28 7 59 l, 3·5 1'.6 
28 9 16 3h. 7 1.4 
28 14 45 34.8 1.1 
29 16 56 20.2 1.1 

Aug. 7 ()() 51 00.2 3.0 
7 1 22 09•h 1.8 
7 1 ;o 10.7 1.5 
7 1 40 ;o.6 2.5 
7 2 07 21.1 l.O 
7 2 52 24.2 o.8 
7 15 09 41.1 o.B 
8 12 47 25.5 1.9 
8 23 53 38.6 2.0 

10 23 29 :;o.o 1.6 
11 00 28 05.4 1.2 
15 22 o6 26.5 l. 5 
15 23 55 52.9 1.8 
16 00 ()() 01.2 1.) 
16 2 03 17.7 2.6 
16 2 09 28.4 1.1 
16 2 10 15.9 1.1 
16 4 o6 ll8,4 1.6 



Table 1.--Continued 

Date Time ( GCT) M9.gnitude Remarks 
h m s 

1962 
Aug. 16 10 17 55-0 1.) 

16 23 15 48.7 1.2 
18 22 40 37.5 1.2 
20 4 07 30-5 1.1 
20 8 28 49.3 1.5 
20 9 48 42.9 o.8 
20 10 01 02.0 1.1 
23 3 41 13.2 1.4 
24 9 35 10.7 2.0 
27 10 )4 11.8 1.7 
31 2 08 09.2 1.2 

Sept. 2 11 40 07.7 0.8 
2 21 43 39.8 1.2 
2 23 53 23.4 2.3 
3 00 09 16.6 1.4 
6 01 07 15.3 1.8 
8 17 26 39.2 1.5 
9 03 25 56.4 1.7 
9 03 37 51.1 1.0 
9 16 38 04.0 1.2 
9 16 52 )1.5 1.6 

10 l 40 38.0. 1.3 
10 7 51 09.2 1.6 
10 17 27 05.2 0.8 
11 22 01 49.9 1.3 
12 11 22 55.0 1.0 
12 23 37 05.0 1.7 
13 21 43 11.5 1.2 
13 22 19 52.5 1.0 
14 1 15 29.1 1.8 
14 2 03 24.6 1.4 
14 2 12 39.1 1.7 
16 00 38 24.7 1.8 
16 14 37 5(). 3 2 .l~ 
26 9 58 02.2 l.h. 

Oct. 7 8 47 15.3 1.4 
8 16 41 12.2 2.4 
8 16 53 37.2 0.7 
8 19 o8 28.9 0.8 
8 19 15 53.2 0.8 
8 20 43 57·3 1.4 
8 20 45 12.9 2.5 
9 23 39 10.0 1.7 

Nov. 1 19 31 18.) 1.6 
3 4 21 11.1 2.1 
8 2 41 11.1 1.1 

11 3 29 18.6 1.4 
28 12 11 52.2 1.4 
30 2 32 24.7 1.7 



Table ·1.--Continued 

Date Time (GCT) Magnitude Remarks 
h m s 

.. 1962 
Dec. 4 17 50 o6.4 3.6 

4 18 33 02.9 1.6 
4 21 18 31.5 1.6 
4 22' 58 02.4 2.3 
4 23 22 32.8 1.3 
5 4 22 13.1 1.2 
5' 6 26 49.9 2.1 
5 13 48 07.1 3.8 
6 2 13 13.8 1.6 

14 8 18 37.1 1.1 
16 20 16 56.4 2.4 
17 23 ~ 52.4 1.1 
19 22 22 20.3 1.2 
24 00 08 07.8 2.1 
24 07 47 33.0 1.1 
24 9 00 53·9 1.2 
24 9 02 14.6 1.4 
24 9 10 10.1 1.2 
26 5 59 05.6 o.B 
29 22 44 11.8 2.:; 



Table 1.--Continued 

Date Time (GCT) Magnitude Remarks 
h m . s 

1963 
Jan. 1 16 41 51.2 1.:; 

3 21 26 38 1.1 
3 22 02 41.2 2.:; 
6 00 02 09.7 1.5 
7 22 02 ?? 0.9 
7 22 53 5().2 1.3 
8 21 12 ?? 1 
8 22 16 ?? 0.5 

10 12 35 51.5 1.5 
25 14 26 21.7 1.1 
26 ()() 22 36.9 2.5 Felt. 
26 00 36 12.6 1.0 
26 06 35 46.1 0.7 
26 12 27 14.9 0.7 
26 19 09 06.7 0.7 
27 o6 15 40.2 1.2 
27 09 '52 23.0 0.5 
27 13 56 08.5 1.1 
28 03 33 05.2 1.) 
28 07 29 45.9 1.9 Felt. 
28 07 57 40.6 0.6 
28 12 5lt 21.8 1.5 
28 14 ()() 25.8 1.1 

Feb. 3 05 24 12.6 1.5 
3 22 05 01.3 1.2 
4 00 29 1~6. 3 1.4 

11 00 ;6 o8.3 1.5 
ll 19 05 35·5 0.9 
12 07 48 57.2 1.6 
12 08 01 40.3 0.6 
15 05 43 45.8 1.2 
15 07 ~8 22.1 1.6 
16 05 11 01.0 1.2 
17 21 13 10.1 0.6 
22 o6 51 52-3 1.6 
22 10 47 45.7 1.0 
25 13 36 26.3 1.4 
25 13 57 05.2 0.9 
25 14 24 17.8 1.2 
26 02 53 I~ 7.6 1.5 
26 05 28 38.0 1.2 



Table 1.~-Continued 

Date Time ( GCT) Magnitude Remarks 
h m s 

196) 
Mar. 5 15 22 5C3.6 1.1 

6 17 51 46.4 1.1 
6 21 31 05.3 0.9 
6 21 48 32.2 1.6 

12 12 25 35.0 0.9 
22 07 00 26.7 0.9 
24 10 42 35.1 1.1 
26 00 23 29.6 1.1 
26 13 04 56.7 1.5 
27 02 37 26.5 1.4 
28 17 26 13.1 2.0 
29 o8 41 40.2 1.6 
):) o6 19 09.4 1.0 
):) 06 48 it7 .l 1.5 
):) 19 J~:; 54 .o 1.7 

Apr. 2 co 59 17.6 1.1 
2 01 05 16.5 1.l+ 
2 01 09 5().8 1.6 
2 01 15 55-5 1.6 
2 01 L+5 37.8 1.0 
4 02 19 01.1 1.3 
l+ 02 19 )t 9 .o 2.5 
4 02 41 27.2 1.9 
4 03 07 04.8 0.9 
4 03 48 59.8 0.9 
l+ oR 37 0(). ~ 1.0 
4 o8 40 01.3 2.0 
4 10 03 )1.2 1.3 
4 10 57 32.7 1.2 
4 11 Ol• )6.5 1.7 
6 01 41 J~4. R 1.3 
8 09 01 1+ 3· 3 l.) 
8 04 10 12.7 1.8 

10 12 23 57 .l 0.9 
10 20 32 2).) 1.4 
17 01 07 31.6 1.5 
17 12 21 06.5 0.9 
17 1lt- 31 2EL5 1.6 
20 20 44 25.7 1.3 
23 04 54 lt 7.4 0.9 
23 14 14 17.3 0.8 
23 14 28 53.1 1.0 
24 00 16 35·5 2.3 
28 23 07 01.9 0.9 



Table 1.--Continued 

Date Time (GCT) Magnitude Remarks 
h m 6 

1963 
V.a.y 3 13 59 36.6 0.9 

7 23 20 19.8 1.7 
7 23 22 32.7 1.0 
9 23 01 31.3 0.9 

22 09 55 00.6 1.6 
22 14 41 33.0 1.6 
22 14 49 29.7 1.5 
25 10 44 37.0 2.5 
25 11 13 41.5 1.0 
25 12 31 )6.6 0.4 
27 20 01 o8.4 0.9 
29 02 41 1').0 0.9 

June 2 ll 16 19.5 0.9 
3 19 23 2(.2 1.8 
5 00 13 5().6 3 Felt. 

18 o6 45 4 7.4 1.6 
24 09 42 13.5 1.4 
26 06 27 12.7 1.8 
28 09 36 '?7.'j 1.0 

July 4 16 'll 1 ~?. 8 1.3 
7 19 05 51.0 ] .2 

12 13 37 04.8 o.s 
14 o8 43 20.5 1.7 

Aug. 8 15 08 19.9 1.2 
11 05 26 47.3 o.s 
12 10 07 ?.0 .1 0.5 
16 04 50 ')7.1 0.9 
17 o6 23 1).8 1.') 
28 05 04 07.) ~.2 

31 21 17 46.9 1.3 

Sept. 5 07 05 ~8.1 0.8 
10 17 53 )l.f) 2.5 
10 19 07 46.h 0.9 
15 12 00 41~. 4 1.5 
17 01 56 29.0 1. '• 
24 o8 18 yr .R 1.7 
29 03 23 ')4 • ~~ 1.2 
29 09 53 5?. 3 2.1 
29 10 16 35.1 1.1 
29 10 29 l. '5. 9 0.7 



Table 1.--Continued 

Date Time (GCT) Magnitude Remarks 
h m 6 

1963 
Oct. 5 17 o6 27.1 1.3 

9 07 48 59·9 1.2 
12 10 55 17.2 1.6 
12 12 01 54.2 1.2 
12 12 15 18.3 1.8 
12 19 10 48.0 1.7 
13 19 01 43.9 0.7 
18 09 00 02.5 1.2 
25 o8 41 o8.o 1.2 
31 04 43 53.2 1.2 
31 10 47 01.8 2.1 
31 15 57 o6.8 1.2 

Nov. 21 22 39 41.3 1.1 

Dec. 12 13 12 56.1 1.3 
14 o8 40 53·9 0.9 



Table 1 continued 

Date Time(GCT) Magnitude Remarks 
h m 6 

1964 

Jan. 5 00 34 55.6 1.1 
6 02 57 50.0 1.7 
10 1.7 not enough data available. Derby? 
11 07 05 0.6 1.8 
11 07 07 15·3 1.4 

Feb. 9 09 19 50.5 2.6 
15 10 59 15·5 1.9 

Mar. 9 03 25 56·9 1.0 
13 00 27 13.6 Probably a Derby shock(if so, Mag. 
19 23 50 39.2 1.0 1.4) 
20 20 40 38.4 Probably a Derby shock 
21 17 36 32.2 Probably a Derby shock(Mag.l.l) 
22 00 05 59·2 1.4 
27 07 07 59·6 2.6 
29 08 36 56.4 1.8 
30 20 17 18.9 Probably a Derby shock(Na.g. 0.7) 

Apr. 9 02 36 4L~. 5 1.4 
10 09 37 31·9 1.1 
10 17. 39 28.1 2.7 
14 07 28 41.8 2.0 
14 Od 32 08.9 1.8 
23 19 28 16.5 1.7 
23 20 55 04.5 1.7 
24 10 24 19.4 1.4 
26 07 51 2.8 1.7 

May 3 08 31 59·5 1.4 
17 10 02 ll.3 1.8 

June 3 19 04 42.8 1.5 
9 18 18 57·3 0.7 
21 13 39 59·4 1.6 
23 22 58 07.2 1.6 

July 12 22 35 48.8 1.1 
12 22 40 9·5 1.1 
13 21 11 37.2 Probably a Derby shock (Mag. 1.6) 
31 12 09 36.0 1.8 

12 



Table 1 continued 

Da.te Tline (GCT) Magnitude Remarks 
h m s 

1964 

Aug. 6 01 28 54.6 1.8 
8 10 39 53·3 1.8 
27 09 23 01.0 1.2 
27 09 25 15.8 1.2 
27 09 32 02.6 1.4 
27 09 57 15.0 1.4 
27 12 52 40.6 1.4 
27 14 20 16.0 2.7 

sept. 3 07 45 8.2 1.2 
13 17 49 32.e 1.2 . 

oct. 17 03 13 57·6 1.4 
17 13 12 06.8 2.2 
17 13 17 24.5 2.5 
17 14 35 30.6 2.3 
17 14 39 34.1 1.2 
17 14 1~6 38.9 1.7 
17 16 22 12.5 1.2 
17 16 21 50.1 1.7 
17 1d 32 57·3 1.4 
17 20 24 51.[3 1.0 
17 21 46 30.7 1.8 
17 22 02 40.0 2.5 
18 01 12 54.4 2.4 

Nov. 2 21 25 12.1 1.6 
4 20 02 40.0 Not Derby 
23 23 2d 3.2 1.3 

Dec. 4 21 37 5L~ .0 2.0 
4. 21 26 57·7 2.8 
0 10 08 L~6 .9 2.4 
e 11 43 31.b 1.4 
b 11 )1-7 1~5 .4 1.5 
9 11 14 57·2 1.7 
9 11 25 23.2· 1.0 
24 18 26 59·2 Within Front RanGe• 

13 



Date Time (GCT) Magnitude Remarks 
h m s 

19 5 

Jan. 5 23 25 36.7 2.1 Louisville, Colo. 
9 20 03 14.7 1.8 Felt at Westminster, Colo. 
9 20 52 lt7 ·5 1.1 Louisville 
13 19 55 27.2 1.5 Louisville 
14 19 05 55-3 1.6 Louisville 
15 23 07 25.2 1.4 Derby 
21 18 21 Ltl.d 1.2 East-West component, no good 
25 03 20 29·7 1.7 Derby 
28 06 40 44.2 No amplitude shown 
31 07 04 31.2 1.6 Derby 

Feb. 4 02 09 26.1 1.5 Derby 
lt 05 05 50.0 1.8 Possibly Derby 
5 07 01 02.9 1.5 Derby 
13 23 33 44.9 1.1 Local 
15 21 23 28.7 (small) Derby 
16 00 lt 3 00.1 1.9 
16 06 lt 3 14.9 1.5 
16 09 03 26.6 1.2 
16 19 45 47.6 1.5 
16 19 45 52.7 1.5 
16 19 45 53·7 2.1 
16 19 52 21.0 1.9 
16 20 18 02.6 2.9 
16 20 44 42.2 1.4 
16 21 '36 43.2 1.4 
16 21 46 13.7 1.6 
16 22 21 53.8 3·2 
16 23 24 25.9 1.6 
16 23 42 16.6 1.5 
17 06 21 07.d 1.4 
17 09 10 45.b l.d 
17 13 45 29·5 1.6 
17 13 56 24.2 2.0 
17 14 12 47.4 2.1 
17 14 30 02.0 No first motion (probably Derby) 
17 18 01 01.2 1.7 Derby 
17 19 21 16.6 1.5 
18 01 09 47.3 1.7 
18 09 57 51.6 1.5 
18 11 38 52.0 2.4 
22 03 51 35.2 1.5 
23 10 00 02 ·5 1.7 
23 14 05 56·7 1.5 

14 



Date Time (GCT) Magnitude Remarks 
h m s 

196~ 

Feb. 24 06 28 02.3 2.1 

Mar. 6 08 27 25.6 1.2 
8 1o 01 41.6 1.1 N. 2l0 E. 
20 00 25 43.9 1.6 
25 20 23 55·7 3·1 Derby.North-south c~ponent 48.2 

~ast-west component 97.1 
25 20 26 59·5 2.5 
25 20 33 09.5 1.t35 
25 20 33 57.6 1.4 Derby(?) N.37° E. 
25 20 55 ll.2 1.5 
25 21 00 08.6 1.6 
25 21 OQ 47.0 1.2 

Apr. b 00 29 50.0 2.0 
9 05 31 21.7 1.8 
12 23 32 35·3 2.4 
13 00 12 41.8 1.8 
13 01 03 29.0 1.7 Derby( 7) 
13 01 08 0.03 1.7 
13 10 22 41.4 1.9 
13 12 23 40.3 1.9 
13 15 32 LJ-4. 7 2.4 
16 04 01 40.2 1.0 
16 17 24 48.1 3·4 
16 18 LJ-9 32.3 1.0 
17 07 30 33.0 1.8 
17 22 55 39·5 1.7 
20 08 45 05·9 1.3 N • 45° E. 
21 19 21 35·0 2.0 
23 OG ll-2 24.0 2.4 
23 13 24 42.2 1.7 
23 22 2(3 14.8 2.4 
26 23 18 17·5 1.5 
27 01 25 26.3 1.8 
29 06 17 36·7 1.7 

May 4 02 LJ-1 39·8 1.6 
5 19 27 19.8 1.8 Derby(?) 
5 20 38 03.8 1.1 Derby(?) 
6 . 12 01 05·7 1.1 N • 95° E. 
7 09 01 27.1 1.4 Derby(?);no east-west component 
11 06 27 01.4 1.5 
11 07 11 52.4 1.6 
11 13 00 24.2 1.4 
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Date Time (GCT) Magnitude Remarks 
h m s 

1965 

May 12 18 49 02.1 1.7 
13 01 40 09.8 1.8 
18 23 Ln 56.0 2.8 
19 15 13 25·7 2.0 
20 00 10 13.8 1.5 
20 09 19 1~6 .2 2.3 
20 09 27 26.3 2.4 N. 47° E. 
20 10 42 53·3 2.2 
22 00 27 01.0 1.7 N. 53° E. 
25 01 56 49.8 2.0 

June 3 22 01 23.8 1.5 M. 51° E. 
5 21 39 24.7 1.5 N. 61° E. 
12 04 22 19·5 1.6 
14 00 47 07.7 1.7 N. 23° E. 
14 06 40 46.2 2.0 
14 08 36 48.8 1.5 
14 08 42 40.7 2.1 
14 09 24 43.9 3·1 
14 09 33 08.5 2.1 
14 10 14 43.6 2.0 
14 10 50 43.6 2.0 
14 12 01 14.3 2.2 
14 12 29 36.3 1.8 
14 12 44 22.3 1.7 
14 13 01 31.4 1.9 
14 13 06 08.6 1.7 
14 14 03 44.9 1.7 
14 14 52 10.0 
14 15 01 56.9 1.6 
14 15 02 47.9 1.9 
14 15 43 14.5 1.7 
14 17 15 49.3 2.1 
14 17 25 33·3 1.5 
14 21 29 04.1 1.8 
14 23 32 09.7 1.9 
14 23 40 48.0 1.8 
15 00 27 16.5 1.8 
15 00 43 20.9 1.6 
15 06 11 31.9 2.7 
15 09 52 20.8 2.1 
15 10 07 29·5 1.4 
15 12 01 37.2 1.4 N. 33° E. 
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Date J:lime (GCT) Mae;nitude Hemarks 
" m s " 

1965 

June 16 01 50 31.3 1.5 
19 23 35 20.1~ 1.6 N. 5LJO £, 
2).;. oG l~J 1 ~7 ·3 l.J N. 36° 8. '? 
25 00 10 ·~9.6 l.h N. 1 ~5° E • 
25 17 50 ;+5. 5 1.5 N. i-t 5° E • 
25 23 30 50·9 1.5 N. 61° E. 
27 00 01 )~J. 3 1.0 N. 67° E.-Derby 
29 09 50 32. L~ 2.2 
29 10 01 1+7 ·5 1.6 
29 10 06 }!2.7 1.6 
29 12 51 12.9 2.2 
2) 13 l;~ !t9·5 2 ,, .u 
2:) 13 27 1~0.6 1.7 
29 14 59 1(( .2 2.2 
2') 15 30 03·9 1.0 
29 16 21 34.0 1.5 
29 1J 05 37·0 1.6 N. )~50 B. 
30 15 h2 5d.u 2.3 
30 15 ;_,7 16.6 l.u 
30 16 23 h5.1 1.J 
30 20 20 19.h 2.0 

July 1,. 01 59 L~d • 7 1.6 N. i1oo -, 

~· 

5 0'7 ~~2 29.2 1.6 N. 63° ., 
D• 

5 07 .. 55 05.6 1.'( 
0 13 •)' 

J'~ Jj.6 or( 1.7 
6 13 27 59.6 1.9 
G 1)1- 05 11-2 ·5 1.7 
6 15 55 07·7 1.5 
7 00 ;~6 lJ-2 ·5 1.5 N. 51° ,, 

Ll• 

'7 02 01 32 .l l.j [{. '~50 ~. 

7 17 36 l~U.l 1.9 r ~ • 50° E. 
7 23 3d 51·7 1.7 ;·.J • 61° ~. 
9 lu 21 )j.. '7 1.5 N. 62° ~. 
10 05 11·5 04.5 1.)1- J'.l, 57° E. 
12 OJ 03 5b.2 1.6 
12 OJ 23 12.5 1.'( N. 65° .s. 
15 iJlj. 1, '7 2J .!~ 1.!1 N. 5)0 E. 
17 00 07 2<.L7 1.7 
17 02 )1-1 2u.U 2.0 l'I • 59° E. 
17 03 3u 52.2 1.3 
17 05 47 o6.o 1.5 
17 05 56 13.1 2.4 
l'l o6 54 33·7 1 .. 3 
1'{ OJ 29 20.6 1.6 

17 



Date Time (GCT) l4agnitude Remarks 
h m s 

1965 

July 17 11J. 01 37,/1- 1.7 
17 2t:J 22 59.1 1.1~ 
17 21 o6 07.4 1.8 
17 21 iJ-6 23.2 1.6 
17 22 36 27.0 1.9 
17 23 06 36.6 1.7 
17 23 1LJ. 21.2 2.1 
17 23 56 40.7 2.2 
10 01 52 ll-O .0 1.1~ 
10 03 09 39 .1~ 1.9 
1J 05 15 25.0 1.5 
1J 10 21 09.3 1.0 
1iJ 10 23 20.1 1.3 
1b 21 07 2U.O 2.9 
10 21 13 27.4 3.0 
1d 21 20 1~o.o 2.3 
10 21 39 42.4 1.5 
1u 21 IJ.O 53 .L~ 3·1 
1') u 21 L~J 05 .1+ 2.9 
l() 21 53 16.7 1.U 
10 23 52 32 .},. 1.7 
1~; 23 i~5 11J. ·5 1.5 
19 02 09 17·5 1.7 
19 03 1~0 00.3 1.6 
1<) 06 1~1 20.2 1.2 
19 10 19 23.0 2.2 
19 10 1~1 20.u 1.4 
19 13 21 31.1 1.2 
19 14 59 13.2 1.4 
19 21 ;+9 22.5 1.4 
20 03 27 59·5 1.7 
20 07 Ol+ 46.5 1.4 
20 OJ 04 43.6 1.4 
20 15 51 31.4 2.4 
20 17 46 19.0 1.7 
20 17 56 3tLl 2.9 
20 18 18 29·9 2.6 
20 19 22 27.6 1.8 
20 21 lL~ 10.3 2.3 
20 21 ' 23 45·5 1.8 
20 21 3G 06.5 1.3 
20 22 07 24.7 1.3 
21 06 1~8 48.5 1.7 
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Date Time (GCT) Magnitude Remarks 
h m s 

1965 

July 21 o6 53. 53.6 2.0 
21 06 55 50.6 1.5 
23 03 35 L~l.o 1.8 
26 07 25 21.5 1.0 N. 69° E. 
26 16 39 16.7 1.5 
30 01 16 26.5 1.9 
30 01 21 46.0 1.3 
30 01 25 50.3 1.5 
30 01 26 22~ .4 2.0 
30 01 35 1~5 · 9 l.G 

Aug. I~ OJ 51 10.0 2.1 
4 09 07 03.6 1.8 
5 10 20 39.0 1.6 
7 11 55 33.0 2.2 
7 20 33 16.0 1.4 N. 58° E. 
J 11 53 47 .2~ 1.6 
12 18 22~ 36.3 2 .!~ N. 35° E. 
12 23 56 03.5 2.1 
12 23 5o 00.1+ 2.0 
12 23 59 11.5 1.9 
12 23 59 54.4 2.0 
13 03 !~ 3 08.6 1.4 
13 07 }15 03.2 2.1 
13 07 50 33.4 1.4 
13 OJ Ob 22.7 1.8 
13 Ob 24 01.0 1.7 
13 12 10 17.2 1.3 
10 23 19 41.0 2.3 
10 23 25 11.6 1.7 
11 07 56 11.6 1.6 
11 13 Ol+ 39.2 1.6 
11 18 22 01+.9 1.8 
9 15 30 39·5 3·0 
9 21 58 36.8 1.5 
9 22 00 21.4 2.8 
9 22 02 25.9 1.8 
9 22 57 28.1 1.8 
9 23 17 39 .1+ 2.0 
9 23 18 20.2 3·0 
9 23 21 35.1 2.4 
10 03 !~ 2~ 23.7 2.6 
10 04 02 22.8 2.8 
10 05 12 06.0 2.5 
10 22 33 50.0 1.8 
10 21 09 56·9 1.6 
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Date ~ime (GCT) Magnitude Remarks 
h m s 

1965 

AU6• 1lJ. 22 52 10.4 2.9 
14 23 15 1J.2 .4 1.5 
17 05 Lf5 15-3 1.7 
17 06 57 15.0 1.4 
20 13 40 38.2 1.4 
22 12 17 45.7 1.7 
22 12 18 lJ.5 .2 1.5 
22 10 16 17.2 2.8 

' 34.0 1.6 23 02 25 
23 01+ 09 31J..0 1.6 
23 07 1!-~ 29.1 1.5 
24 02 51 36.1 1.5 
26 02 lJ.l 11-3.7 1.8 
27 15 08 19.1 1.4 
27 20 15 40.0 1.8 
27 20 32 10.5 2.6 
27 20 43 53·2 1.7 
27 21 02 39.6 1.7 No north-south component. 
30 23 46 59·2 1.5 

Sept. 2 19 11 15·5 2.6 
1 05 Oo 42.3 1.5 
l 17 10 56.6 2.0 
l 18 01 01.2 1 .. 9 
5 07 15 31.4 1.0 
9 23 )0 24.5 1.5 
10 08 17 07·7 1.4 
10 14 39 57.·5 1.4 
10 15 51 25·9 1.4 
11 15 lt2 3(3. 7 1.7 
11 20 02 30·5 1.6 N. 22° E. 
l2 11 49 32·2 1.8 
13 09 58 26.3 3.8 
13 10 14 57·3 1.8 
13 10 lj. 3 42.0 2.0 
13 11 03 24.5 
13 11 2J 01.5 1.5 
13 11 29 21.6 1. L+ 

13 ll 52 21+.1 2.0 
13 11 51+ 38.0 1.8 
13 10 21 43.4 2.3 
13 21 25 20.0 1.4 
13 21 39 20.5 1.4 
13 22 LJ.7 08.0 2.4 
14 00 24 57·2 1.5 
14 04 32 22.2 1.6 
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Date Time (GCT) Magnitude Remarks 
h m s 

1965 

Sept. 14 04 1~5 02.0 
14 . 05 08 10.3 1.5 
14 06 05 26.0 1.5 
11~ 09 08 07.6 1.4 
14 11 42 53·7 2.1 
14 16 36 55.1 2.8 
14 16 1~7 18.7 1.5 
14 1() 1~7 16.4 1.0 
14 20 52 21.7 1.9 
1LJ. 21 00 05.5 
14 22 10 29·5 1.7 
11+ 22 12 12.3 1.7 
14 22 LJ.6 33·2 4.1 
14 23 31 17.0 
15 00 01 29.7 1.7 
15 00 14 13.4 1.4 
15 00 27 12.1 2.2 
15 00 28 53.2 1.8 
15 00 34 26.3 1.6 
15 01 02 55·7 2.0 
15 01 33 2tL2 1.6 
15 01 39 17.4 1.5 
15 01 43 45.8 1.7 
15 03 22 30.4 1.2 
15 03 35 1+2 ·3 1.2 
15 03 39 14.9 1.4 
15 03 lJ.2 22.5 1.6 
15 09 59 38.0 1.2 
15 18 05 01.2 1.8 
15 10 29 01.4 1.8 
15 19 05 50.0 1.5 
15 19 07 21.7 2.3 
15 19 02 47 1.5 
15 22 09 10.6 1.4 

. 16 07 08 56·5 1.4 
16 OC3 39 17.0 1.2 
16 22 50 11J. ·3 1.5 
21 15 13 05.6 1.4 
21 15 14 29.0 1.4 
22 00 01 33·6 1.4 N. 41° E. 
22 07 36 05.3 1.7 N. 63° E. 
23 20 01 05·7 1.2 
24 13 14 30.5 1.7 
27 02 01 16.3 1.6 
27 10 34 16.0 3·1 
27 15 05 o6.o 1.7 
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Date 

Sept. 27 
27 
27 
20 
20 
29 
29 
29 
29 
2S 
29 
29 
29 
29 
2) 
29 
29 
29 
30 

Oct. 1 
1 
1 
~~ 

10 
10 
11 
11 
11 
11 
12 
12 
12 
17 
21~ 

25 
29 
31 
31 

Time (GCT) 
h m s 

15 ~~) 11.5 
21 03 1~9 .0 
23 J~o 19.9 
11 51 16.9 
22 ~~9 17.6 
10 28 53.0 
lJ 31 56.1 
16 50 17.8 
18 59 51.2 
19 00 01.7 
19 17 0).4 
19 20 50.~-~ 
19 32 55·7 
19 j~1 J~l~, 4 
19 !~7 OJ .lf 
19 55 31-!. 9 
20 07 3G.o 
23 23 06.6 
17 30 33·0 

02 26 11~ .1 
05 30 5J.6 
16 21 57·6 
11 51 G.7 
13 !~5 119.5 
17 20 h6.3 
05 16 1~0 .o 
06 ):9 ,l~)j. 7 
07 02 07.0 
20 23 16.] 
07 4·1 ~ )f2. 3 
21 22 3J.6 
22 oo 50.1 
02 ;,7 ,I~J.lf 

oJ oJ~ ii5 .o 
06 23 20.2 
02 1S 35 .1,. 
06 l,7 57.11 
16 00 57·b 

~1agnitude 

,... •) .. .:.:.. 

1. ~~ 
1.6 
1.2 
1.4 
1.1.~ 

1.b 
l.:J 
1.5 
1.4. 
!f.l 
1.7 
2.0 
2 .1~ 
1.4 
1.11 
1.5 
2 .l~. 
2.0 
1.5 

1.7 
1.0 
" ,. 
J.,l) 

1.J 
1.0 
1.7 
1.6 
1.4 
1.7 
1.) 
1.0 
1.)l 

1.4 
1.J 
1.9 
1.1:. 

1.7 
1.7 
1.6 

Remarks 

N. 61° E. 
N • ~~ 3° ~ · 
H. ~i1·0 E • 

rT. 6!1° ~. 
rr. GJ0 ~. 
N. G2° E. 
N. 5o0 1~. 
N. 3tP E. 

H. 5(P E. 
N. 1~4° E. 

N • 5'(0 .8 • 
N. 58° E. 
N. 62° E. 



Table 1 --Continued 

Date Time (GCT) Magnitude Remarks 
h m 6 

1965 

Nov. 3 07 38 32.5 1.6 N. 5cf'E. 
3 07 56 54 ·5 2.0 N .64°E. 
3 16 12 49.6 1.2 N.51°E. 
6 09 25 14.2 2.5 N.65°E. 

10 19 24 14 ·5 1.5 N. 5S0E. 
12 20 32 47.3 1.8 N.;<:> 0 E. 
14 16 45 20.8 1.8 N.51~. 
14 16 46 37.8 1.7 N.51°E. 
14 16 58 10.3 1.9 ?J.56°E. 
14 17 16 4o.o 2.3 
14 17 53 08.5 2.3 
14 18 45 23.6 2.9 
15 18 09 53.0 1.7 N .45°E. 
19 03 54 38.8 1.7 N .4SOE. 
19 08 47 04.0 1.9 N.51'E. 
21 03 59 18.8 1.7 N .4SOE. 
21 03 59 )4. 3 1.3 
21 04 00 o8.o 3·5 
21 04 02 13.1 2.2 
21 04 02 )8.7 4.3 
21 04 24 55.2 2.6 
21 04 28 57.1 1.7 
21 04 29 32.3 1.) 
21 04 36 31.8 1.7 
21 04 36 59.6 1.9 
21 04 39 12.8 1.4 
21 04 55 56.7 1.9 
21 05 ()() 36.3 3.8 
21 08 52 16.8 1.9 
21 11 46 51.3 1.9 
21 13 07 39.8 1.9 
21 14 48 35·9 3.0 
22 o6 34 14.4 2.2 
22 19 o6 16.8 2.0 
23 04 26 22.6 1.9 
24 13 37 21.0 2.0 
24 13 31 46.6 2.6 
26 07 03 11.1 1.9 
27 23 26 10.5 1.7 N .l+5oE. 
28 20 59 11.3 1.9 
30 21 :;o 47.7 2.2 



Table 1.--Continued 

Date Time ( GCT) r.tagnitude Remarks 
h m 8 

1965 

Dec. 1 20 00 53.2 1.5 
11 19 21 24.6 1.7 
14 21 47 46.4 1.7 
14 22 57 15.0 1.5 
15 o6 18 43.0 1.5 
15 08 42 21.0 1.6 
15 10 56 40 .l+ 1.4 
18 07 38 38.8 ' 1.6 

1966 

Jan. 1 ()() 13 49.8 2.) 
5 00 37 26.4 3·5 5.0 (C&GS) 
5 22 33 17.0 1.0? 
7 20 45 21.4 1.1 
8 21 20 l+2. 5 1.8 

10 19 42 52.2 1.4 
13 10 01 o6.6 1.0 lower limit 
14 07 41 40 .l~ 1.1 
18 o6 03 00.4 1.0? 
21 23 JJ )4 .4 1.4 
25 21 45 33.8 1.8 
25 22 17 33.7 1.7 
25 23 22 03.4 1.8 
25 23 44 43.8 2.1 Western Derby? 
27 18 18 o6.o 1.2 
28 00 03 39.0 1.2? 
28 03 09 48.3 1.2? 
28 15 58 28.5 1.6 
31 11 31 37.2 1.7 

Total 19 events 

Feb. 2 20 04 28.3 1.5 
2 23 47 19.8 1.4 
2 23 48 15.0 2.3 Deep? 
9 12 Ll9 03.5 1.2 
9 12 50 01.6 1.1 

12 21 l~ 3 31.8 1.0 
13 02 59 46.8 1.1 
21 20 09 42.7 0.9 
22 04 :f) 27.3 1.8 
22 22 17 43.8 1.) 

Total 10 events 



Part 4 

PETROGRAPHY OF THE PRECAMBRIAN ROCKS FROM THE DEEP DISPOSAL WELL, 

ROCKY MOUNTAIN ARSENAL, ADAHS COUNTY, COLORADO 

By Dou~las M. Sheridan, Chester T. \vrucke, and Ray E. Wilcox 

INTRODUCTION 

This report summarizes the results of a study of the core and 
cuttings of rocks of Precambrian age recovered from the deep disposal 
well at the Rocky Mountain Arsenal, Adams County, Colorado. Haterial 
available for this study included core of part of the Precambrian gneiss, 
drill cuttings of the Cambrian or Ordovician rocks, and drill cuttin~s 
of the Precambrian rocks not included in the core. The intervals from 
which these materials were obtained are indicated on figure 1. A total 
of 6.7 feet of core was recovered from the 9-foot interval cored. Of 
the amount originally recovered, only about 2 feet of core was available 
for this study. 
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This study shows that the Precambrian rock consists of migmatitic 
gneiss on which a regolith probably developed before deposition of the 
overlying Paleozoic rocks, and that crossing the gneiss are open 
fractures as well as veinlets and microbreccias. The veinlets and 
microbreccias resemble features in and near breccia-reef faults that 
are known to transect Precambrian rocks in the 'Front Range. Rocks of 
Precambrian age in the well occur from about 11,935 feet below the 
surface tofue bottom of the well at 12,045 feet, an interval of 110 feet. 
Scopel (1964, p. 40) reported the boundary between Paleozoic and Precambrian 
rocks to be at a depth of 11,950 feet, but interpretation of material 
studied for this report indicates a slightly higher position for the 
contact at 11,935 feet. A revised section of the Precambrian rocks in 
the well is summarized in figure 1. 

A brief petrographic study of the Precambrian core 'o~as made by 
R. B. Taylor (written communications, Oct. 10, 1961, and Harch 11, 1963) 
of the Geological Survey shortly after the completion of the drilling. 
Four thin sections of the core made at that time augmented the six thin 
sections cut for the present study. Part of the core was used at that 
time also for radiometric determination of the age of the rock, reported 
by Hedge and Walthall (1963, Spec. No. 38) as 1,350 million Rb/Sr years. 

X-ray diffractometer patterns of several specimens were made for 
the present study by A. J. Gude. 

MEGASCOPIC FEATURES 

The drill core (fig. 2), about 3 1/2 inches in dianeter, has the 
banded appearance typical of many exposures of migmatitic metamorphic 
rocks in the Front Range. It consists of fine- to medium-r,rainerl gneiss, 
banded in shades of medium to dark gray and crossed by numerous irregular 
veins and lenses of reddish-stained pegmatite. Most of the pegmatite 
masses parallel the gneissic bands and therefore accentuate the layered nature 
of the rock. The gneissic layers, commonly 2 mm to 10 em thick, result 
from variations in the amounts of mafic minerals. These layers are oriented 
at angles of 60°-70° to the core axis, suggesting a dip of 20°-30°. 
Pegmatite layers commonly are less than 2 em thick, but a mass 12 em thick 
occurs in one piece of core not illustrated. 

Fractures cut the core samples, ~ost of them parallel to the core 
axis (fig. 2) indicatinp, a vertical or nearly vertical attitude. One dips 
as low as 20°. Some of the fractures are open (fig. 3, 4) and others are 
filled with vein minerals. 
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I 
Cuttings - 11 1 935 to 11,976 

t 
Core - 11,976 to 11~985 

(6.7 ft recovered) 

1 

Cuttings - 11,985 to 121 045 

t 

Dep+.h 
(feet) 

11,970 

. 12 1 Oh5 

Descrii?_!:ion 

SP.d:i.mentary rocl':.s nf Cambrian or 

Ordovician agP.. 

Unconfcrmity. 

F.ep.;oli th: weathered gnr~i ss 

c0nsi~ting prinr~pa1ly of hri~ht 

green illite, hematite-

encru:.;ted biotite 1 quartz: 

and feldspar. 

Migm3.Li tic gnei.ss: · gray 

hornb1endic biotfte-quartz-

fr 1:1 npar rock, containing 

:; teep1y dipping open fract11r~s 

a!ld thin calcite- Rncl Rnkeri te-

filled veinlets and ml.r.rohre<"ci.tJs. 

Bottom of well. 

Figure 1. --Log of the P1·f~cambrian portion of the well .. 
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RMA-7 
a tig.4 

Figure 2.--Core of migmatitic gneiss showing location of two of 
the samples studied petrographically (RMA-2E and RMA-7) and 
positions of sawed faces illustrated in other figures. Note 
fractures parallel to core axis. Scale is marked in inches. 
Photograph by R. B. Taylor. 
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Figure 3.--Sawed faces of core shown in figure 2. The location of face lF, 
above, in the core is unknown . Fractures that extend from left to right 
partly across lF are open; the other prominent fracture is filled with 
prehnite(?). Prominent fractures on face 2E are open. Photograph by 
W. N. Sharp . 

Figure 4.--Sawed face across core shown in figure 2. Thin Tein that extends from 
left to right contains calcite, ankerite, prehnite(?), and illite(?). (See fig. 
10). ~e of the fracturea approximately normal to the Tein are open, others 
contain carbonate minerals . Photograph by W. N. Sharp. 
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Cuttings 

CuttingG were available from th': interv1.ls above and below the cored 
interval. They consist of angular fragments, generally 0.5-5.mm a~r~s3, 
r.ot~ only from the Precambrian rocks, uut a..i..:~0 fron thP. overlyJ.ng sed unent.Hry 
0~rataJ particularly the Fountain Frrmation. In the interval 11,935-
ll 976 feet grains of Precambrian rock com~ri::;e 30-50 percent of the 
cu~ t:i.ngs J whereas in the interval 11, 985-1~, 045 feet, they inc~:·eace in 
abundance to as much as 70 percent. 

PF.;TR0GRAPF.Y 

Gneiss 

Petrographic studies were made of 10 thin sections from the core. 
The approximate position of two of these sections (RMA-2E anti RMA-'1) 
is shown in figure 2. Modes dP.terminecl by the poi.nt-C'oun1 methnd on SO'llP 

of the sections are given in table 1. 

Under the microscope the Precambrian rock is a fine- l.o meciium
c;rained gneiss composP.d predominantly o~ pln.gi.n,~1ase, quart.r., biot.i !.r~ 1 ,.,.1'1 
hornblende J with lesser amounts of microcl.inP.. Thr.:! biotite ar1d. 
hornblende (or alteration products of hcrnc)lend~) t-.oge-ther form 1~-2~ 
percent of the gneiss. Layering is well shown .ln one 1~hin section by dar Jr. 
biotite-rich layersJ 2 mm thick, separated by a lighter-colored layer, 
12 mm thick. The grain size ranges from Jes~ than 0.02 mm to 3.5 mm, 
but the major minerals most commonly are 0.3-l mm across. Modes 1 through 
6 in table 1 are typical of gneiss thai- coP La i.ns fref.;h or only slightly 
altered hornblende; modes 7 and 8 represent gne.~ss in which the hornblende 
is largely altered. As i.ndicated in the table 1 some of the modes arr:~ of 
migmatitic gneiss in which the areas of pecmatltic material could not 
conveniently be separated in making the po:int counts. 

PlagioclAse (olie;oclase around An?
5

) is i.hP. most abund. aPt minere.l in 
the gneiss and forms the largest grains, which are irr~gulnr to somewhnl. 
blocky and as much as 3 mm aqross. Albit~ twinning is djsL~nct in some 
grains but weak or absent in others; some twins are slightly bent. Many 
of the plagioclase grains contain cons~icuous blocky to r0unded patches of 
microcline, forming antiperthite (fig. 5). Most of the plagi.oclase shown 
only weak sericitic alteration, commonly arranged in discontinuous bands 
parallel to twin lamellae. Quartz occurs as isolated anhedral grains, 
generally somewhat smaller than pla~ioclaue 1 and as elongate aggregates. 
Locally quartz forms myrmekitic int8rgrowths with plagioclase adjacent 
to microcline. Biotite forms eloneate grains {fig. 6) that are dark-
alive -brown or brownish-green in the d.irection of maximum absorption. 
Optical data indicating that it io biotite of higl'l iron content Hre: 
n =1.596 to 1.598; birefringence, 0.058; 2V <5° determined on several 
g?ains. Unlike the hornblende, which in pn?tr-; of the gneiss is consider11hly 
altered, the.biotite is generally vnry fresh (fig. 7). The hornblende 
occurs as somewhat ra{5ged to blocky grains (fig. 8) that have Z = deep 
gr_een or slightly bluish-green. Optical data for several grains of the 
hornblende are: n =1.687 to 1.690; 2V about 25° or less, strong 
dispersion. The htgh refractive indPxxand low optic angle suggest a 
hornblende rich in ferrous iron. 
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Fi gu r e 5 . --Gn e iss showin g op en frac tur e extending from left to right. Rounded to 
blo cky p a t c hes of microcline (m) occur in large grains of plagioclase (p), form
in g antipe rthite. Nicols partly crossed. ~ecimen rt.1A- 4; photomicrograph by 
W. N. Sharp . 

...... -
• 

Fi gu re 6 .- -Gnei s s s howing subpar allel elongate grains of biotite (b) . Other 
min e rals are plagioclase (p), quartz (q), sphehe (s), apatite ( ap), and cal 
cite (c). Plane polarized light. Specimen RMA-2E; photom1crograph by W. N. 
Sharp . 
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Figur e 7.--Gneiss sho win g lar ge blocky g rain of hornblende comp l e tely altered to 
a comp lex 1nte r g rowth of illite(?) (i) and fine-grained c arbonate minerals ( em) 
together with l ess abundant chlorite (ch) and hematite (hm), a r range d approxi
mate! y along former cleavage trace s. Biotite (b) and apatite ( ap) remain fresh. 
Plane poi ari1.ed 1 ight. Spec imen P.\1/\- 5; photomi c rograph by W. N. Sharp. 

fi gure 8. --Gneis s showing prefe rred planar orientation of biotite (b) and horn
blende (h) that defines a moderat e ly well developed foliation extending diag
onally from upper left to lower ri ght. Plane polari1.ed light . Specimen fto1A
lf; photomi cr og raph by W. N. Sharp. 
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Figure 9.--Gneiss showing granoblastic fabric modifi ed by catac lastic granul ation 
that produced mortar trains of finely granulated minerals . Minerals are princi
pally plagioclase (p), quartz (q), biotite (b), hornblende (h), and mi crocl ine 
(m) . Crossed nicols. Specimen RMA-lF; photomicrograph by W. N. Sharp. 
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Table 1. --Modes (volume percPnt) of hornblendi~ 

biotite-quart~-feldspar gneiss~? 
(Tr., trace) 

Vuneral 
Mr1de 

l 2 3 h 5 6 . .,. t) 

P.L~gioclase 42 38 40 42 51 50 52 4A 
Quartz 31 26 40 33 30 25 29 2j 
Bi.otite 8 9 ll l) 111· 20 8 1) 
Hornblende 10 16 1.0 2.3 .L. 3 o.B y gj 
Microcline 7 7 5 4 0.5 •rr. Tr. 1.3 
Magnetite-ilmenite Tr. 1.1 Tr. 0.5 Tr. 0.5 0.'1 'J., I • • 
Apatite Tr. 0.6 Tr. 0.6 Tr. Tr. •rr. Tr. 
Sphene 0.9 0.8 0.6 0.4 0.7 0.9 Tr. Tr. 
Calcite Tr. 0.7 1.2 1.1 1.8 Tr. 0.5 
Zircon Tr. •rr. Tr. •rr. 
Hematite Tr. Tr. Tr. 'l'r. 0.:) Tr. Tr. Tr. 
Leucoxene Tr. 'rr. Tr. 0.5 0.5 •rr. Tr. 0 ,. . ) 
Sericite Tr. 'l'r. ~rr. '1 r. Tr. Tr. •rr. 'fr. 
Alteration products 

of hornblende: 
Illite(?) 'Pr. Tr. Tr. Tr. 'rr. T:r. lJ ?.1 
Carbonate minerals Tr. Tr. 'J,r. 'l' r. 'rr. Tr. 2.9 5 
Chlorite3/ Tr. Tr. Tr. Tr. 'l,r, •rr. 1. ·-r 
Hematite- Tr. Tr. Tr. 2.8 1.3 

y Modes 3 to 8 are of migmati tic gneiss in ·wh"!.ch lhe areas of 
pegmati tic material could not conV"11'i ently he separat0d in mal~ i.ng thf' 
point counts. 

g) Hornblende altered complet~ly tn alr.nrat.Jon proc1·Jcts :indicated 
near bottom of table. · 

Mode 

1. 
2. 
3· 

4. 
5· 

6. 
7. 

8. 

1/ May include some magnetite. 

Specimen 

11,988-95B 
RMA-lF 
11J988-95A 

RMA-2E 
· RMA-4 

RMA-3A 
RMA-5 

11,988-950 

TJescription 

Hornblendic hi.otit~-Guartz-feldspar gneiss. 
Ditto 

Slightly migmntitic lnyered hornbl.'=!ndic !Jiotite
quartz -feldspar gnej.ss. 

Migmatitic hornblendic biotite-quartz-feldspar gnels::.. 
Slightly migmatitic hornblendic biotite-quartz

feldspar gneiss. 
Ditto 

Originally hornblendic biotite-quartz-feldspar 
gneiss in whlr·h l.J1•· hornblf'tHl'"! io ··nmplctely 
altered. 

Migmati tic originally horublcndic bj oti. t.c-qu11rt7.
feldspar gneiss in whi~h the hornblende is 
completely altered. 
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Of th(~ minor minerals Ln the f.r.,iss, :nicrocli.nc i:; pPrhup:.; most 
no:-eworthy .. It occurs both as an ti.j)r>rthi ~.ic ln ~·. r~ 1 ·ow•.n~~ ~.n plagiut;lase 
(fl~· 5) <.tnC1 as gf'!nerally small Grains intcrSJ>~rsrd ar1ong the r.1ore 
n'oundant min,!rals of the rock (fig. 9). The :nh:roC'line is Wlaltered 
and cenernlly shows well-defined grid-twinning. Sphene apatjte and 

t't '] 't ' ' rr"'lc.;ne l e -l..mern ·e are common as accessory minerals whereas zircon is 
sparse. Irregular grains of calcite (fig. 6) form an integral part of 
the ~ranoblastic fabric in several thin se~tions and are therefore 
assumed to h~ part of the mRtamorphi~ suite of th8 rock, as distinct frum 
the carbonRt.(~ in late veins. 

;)omP. t11! n· ~>P.ctions show t·,hR1. th~ hornblend(~ has been alterP.d partly 
or completely to a complex inter growth compos,·d pl'inci}:.>ally of j lli Lc ( 7) 
and fine-r;rnined carbonate minerals tor:ether with less abundant pnle-grern 
chlorite nnrl hematite (fi.g. 7). Illite(?) occurs as ·1ery fine-grained 
ar;grcgates of colorless to pale-brown mica~P.ous grains that locally are 
sufficiently well oriented to indicate that th8y are o1Jtically biaxLal 
negative with low 2V and have a birefringence of about 0.033. An X-ray 
diffraction pattern of impure fine matPrial obt.aj ned from a sample containing 
altered hornblende is interpreted as indi~ating illite or possibly Ger~cite. 
Under the micror;cope this very fine micaceons mineral resembl~~~; the 
megascopicnlly green grains from the cuttinr,s identified by X-ray patterns 
with great0.r certainty as illite. Grains of hematite in the 'altered ' 
hornblende are arranged approximntely along former cleavag~ ~races. Biotite 
remains fresh even where hornblende is comple1.c>ly altered (fig. 7). 
Commonly the biotite contains thin plateleto of hematitP. qlonr, the cleavage, 
and rarely chlorite occurs along the! cleavagP trnr(~s. Lencoxene forms 
parti.nl to complete pseudomorphs aftP.r sphPll''' :111d togetht:r with h~~mat.ite 
coats grnins of magnetite-ilmenite. 

The t r>Xture of the gneiss is prcdomi nnn tly granoblas t! c. PrefF:!rrP.d 
planar orientation of biotite and hornblende is weakly t0 mcdcrate.Ly w~~ll 
developed (fig. 8) and defines the metamorphic foliation. As shown in 
figure 9 the granoblastic fabric hrts been modifil'd by c.:at.nclastic gr'lnnJati· .. m 
thn t protl\.lC' ~d rr.:>rtar trains of finely {SranuJ.a ted minerals. The complex.! :v 
interlocking borders between quartz and feldsp~r grains in theGe mortar 
trains and between these grains and the lar{;er adjacent grains of r~lat:ivcly 
undeformcd minerals suggest that considernhle recrystallization occurred 
during cntoclasis. 

Pegmatite 

Quartzofeldspathic pegmatite forms both irregular lenses and more 
regular layers most of them less than 3 em thick, in the relatively 
dark colored gneiss. The average grain stze is abo1.lt l. 5 rnm hut plagioclasp 
grains are as much as 7 mm across. Large grains of pJ.agioclase and 
somewhat smn.ller grains of quartz are the prinr,ipal c!JnstituP.nts. In one 
thin sectinn both refractive indices of the plagioclase are lower than 
the 1. 54 i.nclP.x of the motmting medium, suggesting a composition in th'= 
albite range. In other thin sections, however, the h.L~hcr index is 
greater than the index of the mounting medium, suggesting a ~omposition i.n 
the ol igoc.ln:.e range, as in the gneiss. Minor min'=rals in the pegl1113.ti te 
are microcline (most commonly as antiperthitic intergrowths in plagioc1Rse) 1 
biotite, hornblende, apatite, and zircon. The pegmatite owes its pale 
reddish color to fine hematite thRt occur3 alon~ minute frar.tures and HD 
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dis~eminatc<.l du.st. The pegmatite grn•..!ralJy contains lln mortar trnins. 

Cuttings 

·The Precambrian constituents in t~e cuttings from thr in ~erval 
between the core and the bot tom of G!1e well include many l>i<> t. i. Lc
bearing QUartzofeldspathic grains thought to be fragments of gneis~ 
similar to that of the core. Grains of clear to milky plari~~lase about 
1 mm Rcro:;~;, prohably from the gneiss are e'Lunclant in r.uttings from thr-! 
;owe.: s t 5 -foo~~ ~n terval. . They. are olj GOClase, An _r 

0 
as dP Le rmined 

.~.rom two r,rrnno hy the 1mmers1on method. Prescnt5n~:;c'> in th~ cuttings 
from below the core are numerous fragments ~>f clr..!al' qunrtz and reddish 
feldspar, cn.ch as much as 5 mm acroos, and a few p;rains of frezh biotite 
and muscovite of similar size. These frap.;mP.ni.s may have come from 
pegmatite bodies. Grains of bri~lt-freen material in the cuttin~s· from 
below the core are considered to bC' a r.ontaminant from the Precambrian 
interval above the core. 

Numerous conspicuous pale-gr~en to bright-green grains of illite 
occur in all of the cuttings from the Precambrian port.i on ni 1.},,. W" ll. 
The ilJJ.t0. WA.S identified from X-ray ciiffrat:>tnrw'Ler p8tterns of two 
multi-grain samples. Indi~idual grai11s of the illite are soft and 
somewhat waxy in appearance. Other grains contqjn variable amounts of 
the greenish illite, light-colored QUartz and feldfpar, e.nd small speckc 
of hematite. Many of the illite-bearing grains contain black to reddish
brown or coppery (hematitic) biotite. Feldspar in the iJ lit~~ -rich r;rains 
of the cuttings appears to be more highly a1tP.red i.n the upp0rmcst part 
of the Precambrian interval. The 1lli te -ri r·l• grulns increase in 
abundance upward until they comprise perhaps 50 percent of the Precnmbrian 
fragments in the interval between 11,935 nnr1 111 970 feet. 

Interpretation and correlation of petrographic dnta 

The Precambrian rock recovered as drill core may be classified as 
a migmatit.ic hornblendic biotite-Quartz-feldspar gneiss. 'Ihi~ gneiss 
appears to be a variety gradationnl in co1nposition betw~en microcline 
gneiss and hornblende gneiss, two types of metasedimentary rock that are 
very common as major layers in the high-grqde metamorphic i.errane of the 
east-central Front Range. Although similar ln general composition to 
microcline gneiss, the gneiss of the drill core is somewhat more mafic 
and generally contains more hornblende and less mj.crocline than most of 
the specimens of microcline gneiss described by Sims and Gable (1961l, · 
p. Cll) and Moench (1964, p. A22-A23). The prE.:sence of noteworthy 
amounts of hornblende, sphene, apatit~, and metamorphic calcite suggests 
a gradation in composition toward that of hornblende gneiss in which 
such minerals are more typical. 

The granoblastic texture and the foliRtion defined by planar 
orientation uf biotite and hornblende are identical to texturul fP.at,nres 
of metasedimentary gneisses in the east-central Front Range. In that 
area this fabric is interpreted to he the result of relatively early 
Precambrian plastic deformation jnvolvjng metamorphism of interlayered 
aluminous pelitic sedimentary rocks to a grane generally equivalent to 
the sillimanite zone of regional metamorphi>m. The superimposed mortar 
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trains in the rocks of the drill r.0re prodnnP. & fabric that is similar 
to the fabric of rocks in those part.s 0f the Idaho Spring~ -H:tls Lon shear 
zor.r~ thn.t \-!ere only moderately cat::wlnsiz·.~d (W~lls 11no other1;

1 
19()4, 

p. 015-016(. The cataclasis chnrac:t.~.~risti·~ of that shear zone, located 
about 20 ~rnles west of Denver, is correla t.rd wi 1.h a Frecumbriun 
deformation that was more localized than the ~arlie:r regional dPformation. 

Cuttings from the well below t~e cored interval may b~ interpreted 
nG gneiss similar to that in the drj ll core. I-"gm~ttite bodies probal:ly 
occur in the gneiss 1 as suggestP.d by the mineral.Clr:;ic n8.ture cJf some of 
the large grains. 

The presence of illite in the ~nejss and as greenish grains in the 
cuttings only below 11,935 feet strongly suggents that Lhis inLnt~l·al is 
associated only with the Precambrian rocks and not with the lower part 
of the overlying Cambrian or Ordovician section.· For this rcnGon, the 
interval 11,935-11,950 feet is thought to consist of ?recambrian rock 
rather than Cambrian or Ordovician rock as indicated previously 
(Scopel, 1964, p. 40-41). MoreovP.r 1 we believe th::.1t. the "illite formed 
by weathering of the Precambrian gneiss prior to Jeposi 1.1 ''ll ul' tl1e 
Cambrian or Ordovician strata. Heuce we con sit~8r the int.P.rvaJ ll
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to about 11,970 feet to be a regoli+.h nf Altere:i PrP.cambrian gnF:>iss. 
This regolith is distinct from the higher reg~l4th rleucribed by Gcopel 
(1964, p. 40) below the Fountain Formation. 

The illite (?) in the pseudomorrhs after ~.he horne lend.e in the c0re 
could have formed by hydrothermal alteration 1 ns su(!,gc;; L,~d by th~ presenr.f' 
of intensely altered hornblende only in specimens crossed py mlcrobreccia. 
However, plagioclase in hydrothermally altert"rl Precambrian rocks in the 
Front Range is as completely altered as hornb.l.P.nde (Tool~<:r, 1963, p. 9,13), 
whereas plagioclase in the eore shows only incipient alteration unrelatf!d 
to fractures. No conclusive evidenr.e was found th8.t would clearly 
indicate whether the illite(?) in the core formell. by weathertng or 
hydrothermal processes. 

FRACTURES, VEINS, AND MICROBRECCIA 

Description 

Petrographic studies show that the gneiss is cut by opep frActures 
and by thin veins and zones of microbreccia. The open fractures 
commonly are oriented parallel to the core axis. They have fairly smooth 
walls and show little or no displacement (fig .. 5). Some of the veins 
formed along simpl~ fractures; othf~rs were deposited in sinuous fracturef; 
(figs. 4, 10) that contain a few angular fragments of the host rock. ThP 
microbreccia occurs in single fractures and in zones of brauchi.ne, and 
intersecting subparallel fractures (figs. 11, 12), each choked with 
abundant angular wallrock fragments, mostly quartz and feldspar, cemented 
by vein minerals. 

The principal vein minerals ar8 calcite and ankerite. Other vein 
minerals are prehnite(?), illite(?), and hematite. Identification nf the 
carbonate minerals is based on X-rBy examination of material from the 
sinuous vein illustrated in figures 4 and 10. Although the X-ray analy8 1s 
showed. that ankerite and calcite occur in anproxinv.ttely equal amotmts, ,'.he 
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fi f,'1He 10 . --1l1in s 1nuous vein cu tti ng gne iss. Bands of c arbonate min e rals ( em), 
illite(?) (i), hematite (hm), and prehnite (?) (pr) are par a llel to vein walls . 
Plane polarized li ght. Specimen R\IA-7; photomi c rograph by W. N. Sharp. 

Figure 11.--Gneiss cut by branching and in t ersecting subparallel zones of micro
breccia. Angular wallrock fragments comprising the microbreccia are cemented 
hy carbonate minerals, illi t e(?), and hematite. Plane polarized light . Speci
men R\IA-5; photomicrograph by W. N. S!arp. 
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Figure 12.--Microbrecc ia in fr ac tur e s cutting gne i ss. Angular wallroc k fra gment s comp n s 1n g th e microbrecc ia are cemented 
by carbonate minerals, illite( ? ) , and hema tite .~ . refle c t e d li ght; !:!. ni co ls par t l y c r ossed . Specime n 11, 988- 950; 
photomicrog r a ph s by R. B. Tay l or . 



distinction between the two is difficult in thin section. The calcite 
is believed to form relatively coarse erains that contain less hematite 
than the ankerite. The prehnite(?), probably the latest of the vein 
minerals, forms colorless grains that contain two cleavages intersectin~ 
approximately at 90o. It has 2V2 esti~atcd to he about 40° and a 
birefringence of about 0.03. One vein is filled entirely hy prehnite(?) 
(fig. 3). Illite(?) forms a colorless to pale-brmm ag~regate of very 
fine micaceous grains that are biaxial(-) and have a low 2V and a 
birefringence of about 0.030 to 0.035. This illite(?) is thus optically 
similar to the prominent alteration product of hornblende in the ~eiss 
and to the green masses of the cuttings. One vein contains all these 
minerals Rrranged in bands parallel to the vein walls (fig. 10). llands 
of carbonate minerals alternate with discontinuous zones of illite(?) and 
hematite; the central zone contains prehnite(?). Variable amounts of 
hematite occur in the vein minerals anci as coatin~s on the angular 
fragments of wallrock in the mirrobreccias. 

No montmorillonite-type clay was detected tn the limited number of 
X-rayed samples. >Jeither was it seen in thin section, '"'here some 
evidence of it would be expected if any significant amount had been 
present, despite its tendencv to he removed during grinding of the thin 
section in water. 

In most thin sections thRt contRin veins anct· Rbundant microbrecciR, 
the hornblende of the host gneiss is r~rtly to completely altered. In 
contrast, those thin sections that shot..T only open fractures or no fractures 
contain fresh or only slightly Rltered hornblende. 

Discussion 

The microbreccins. veins, and fractures that cut the Precambrian 
gneiss of the Arsenal well are strikin~ly simil~r to structures in the 
breccia-reef faults and fracture zones in the Precambrian of the Front 
Range. Moreover, the calcareous cement in the microbreccias and veins 
consists of ankerite and calcite as it does in breccia-reef faults in 
parts of the Front Range (Arlams and Stu~ard, 1956, p. 194, 199). 
Scopel (1964, p. 39-40) described the intensely fr:tctured Lyons Formation 
and fractures in the upper third of the Fountain Formation cored in the 
well and noted that circulation was lost durinr. dri1lin~ of these formations. 
Along the eastern margin of the Front R;tnge these two formations are 
intensely fractured only in the vicinitv of southeastward continuatio_ns 
of breccia-reef faults and alonP, related faults. 

Breccia-reef faults and frrtcture zones in the front Range commonly 
trend about N. 30° \-1. and din steeply, ~encra11y to the northeast, but 
branching faults of other trends and variable dip are common in complexly 
faulted areas (Lovering and r,oddarrl, 1950, ols. 1, 2). Tweto and Sims 
(1963, p. 1001) noted that the breccia-reef faults range from single 
fractures through complex fault zones to bro<1d granulated zones; they 
also gave evidence indicating that these faults were first active in 
Precambrian time hut that complex movements occurred a~ain during the 
L~ramide orogeny. Open spaces are today abundant in ve i.ns that occur 
along breccia-reef faults (Sims and Sheridrtn, 1964, ~· 24). 
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The similarity between many features of the microbreccias in the 
~eiss at the Arsenal well and the breccia reefs seems clear. This 
similarity and the presence of fractures in the Lyons Formation and 
in part of the Fountain Formation suggest that a fracture zone may occur 
in the general vicinity of the well at the Rocky Mountain Arsenal. 
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Part 5 

HICROSEISMICITY STUDIES AT THE SITE OF THE DENVER EARTHQUAKES 

by 

J. H. Healy, W. H. Jackson, and J. R. Van Schaack 

A series of minor earthquakes occurred in the Denver area in the 
vicinity of Commerce City (Derby) beginning in 1962 and continues to 
the present time. These earthquakes were recorded by a seismograph 
station at negis College and by a newly established station at Bergen 
Park, Colorado, operated by the Colorado School of Junes. These two 
earlier seismograph stations were auernented by additional temporary 
stations established by the U. S. Geological Survey during the middle 
of 1962. These additional stations provided the information necessary 
to obtain fairly accurate locations of the earthquakes. A list of the 
times and the magnitudes of .,the earthquakes as recorded at the Colorado 

o..,.~ pno.Sll'11-to<> 
School of Hines station/\ by fh._ior elsewhere in this report (table 1). 

In 1962 a 12,04.5-ft. disposal well was completed at the Rocky 
Mountain Arsenal. Th i.s well Htls drilled to disp')~;(~ of cuntamina Led 
waste de vel oped in mD.nnfactur.i 11!~ rroc(~sscs :d, the Ct.rscn;ll. \vat.er vras 
pumped into this 1-.rell bep;j nninp in t.1ard1 1')62, and cont.:i nued inter
mittently until the prr.sent Lime. In November 1965, Dav:i d l'~vans, a 
local consul tinr: geolop;isL, proposPd t.hat i.here \vas a r0.ln.tionsh:i p 
between in.iection of water in t.his disrosal \vc~.ll Hnci the occurrcnc(~ 
of the Denver earthquakes. Evans 1 hypothesi ::5 1·ra~ ba.sed on a con"'c
lation in time between the rate of earthqu:iln~ ocr.urrence and th(~ rate 
of injection of water in the well. Figurt~ l, taken from a pap~~t· by 
Evans (1966), shows a plot of the number of earthquakes occurrin~~ per 
month between 1962 and 1965 and the number of gallons of water 
injected in the disposa.l well durinp; this same period. A second 
correlation referred to by Evans 1-;as the correl.:1 tion in space between 
the location of the earthquakes and the I1.ocky Hountain Arsenal well. 
The earthquake locations are based on the results of a thesis by 
Wang (1965) at the Colorado School of Mines which gave the location of 
the quakes as shown in figures 2 rtnd 3 .. 

In December 1965, the U. S. Geological Survey initiated studies 
that would help to detennine the rela U on ship, if any, between the 
disposal of contaminated '·rater in the arsenal well and the location 
and frequency of earthquakes. 
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Tne.most ~L~pressive part of the data presented by Evans was the 
correlatlon 01 earthquakes with the amount of water pumped. As a first 
step, the source data on which these plots were based was checked and 
the plots were found to be a correct representation of the source 
information. ~nother aspect of the correlation which was more difficult 
to check was that no earthquakes were reported in this area prior to the 
beginnine of injection of water at the Rocky Mountain Arsenal well. 
Unfortunately, the most sensitive station in the area, that at Bergen 
Park, Colorado, began operation only 3 months prior to the start of 
injection of water at the Rocky Mountain Arsenal well, so the data are 
not available from this station to extend the earthquake history back 
in time. 

A seismograph station was operated at the University of Colorado 
in Boulder by Dr. Warren Longley between the years 1954 and 1959. 
Seismic record~ were obtained from Dr. Longley and analyzed and 
described by Knvoy elsewhere in this report. These records showed a 
few small events that might possibly be earthquakes in the Derby area, 
but we are inclined to discount this possibility because all of these 
events occurred during weekday working hours, suggesting that they are 
more likely to be construction blasting or explosives disposal at the 
Arsenal. 

From all the evidence which we have been able to collect, it 
appears that the correlation shown in figure 1 is an accurate statement 
of the available information. One minor objection to the data presented 
might be raised because the records at the School of Mines were examined 
by different individuals during the period in question, and it is 
possible that some of the interpreters were more diligent than others 
and picked up more events from the seismograms. The re-reading of the 
seismograms would be a formidable task, and in our judgment would not 
significantly alter the data presented. 

The second major piece of e\~dence presented by Evans in support 
of his hypothesis was the data on earthquake location from Wang's 
thesis. Evans pointed out that most of the earthquakes occurred 
vdthin a 5-mile radius (8.3 km) of the arsenal well; however a signifi
cant number of earthquakes were located as far as ten miles from the 
well and at depths greater than 18 miles (30 kilometers). Assuming 
that the hypocenters of the earthquakes were correctly located, they 
were distributed over a large volume, on the order of 10 to 20 cubic 
km. The quantity of water pumped into the arsenal well is sufficient 
to fill only a very minute fraction of the available pore space in 
the volume·represented by the distribution of earthquakes. If the 
porosity is 1 perc~nt, .the 150 million gallons of water pumped into 
the ground would fill only 0.0057 percent of the volume of the pores 
spaced in a 10-kilometer cube. If we consider a cube of 20 km to 
approximate the earthquake volume, then the 150 million gallons of 
water would fill only 0.00071 percent of the available pore space in 
this larger volume. It is evident that the larger the volume of rock 
in which the earthquakes occur, the less likely it becomes that the· 
earthquakes are related.to the injection of water in the disposal well. 
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Close inspection of vJang 1 s data shows that· most of the earthquakes 
plotted vrere located with less than 4 stations and only a relatively 
fevr earthquakes Here located ~i.th 4 stations. Two earthquakes were 
located vnth 5 stations. If one discards all of the locations made 
with less than 4 seismic stations, the remaining earthquakes cluster 
considerabl;y closer to the -vrell. Hm-.rever, the 4 stations available to 
Hang in this study were not optimally positioned to locate earthquakes 
in the vicinity of Commerce City. It Lherefore appeared that a major 
contribution to an understanding of this problem would be to establish 
a seismic network that would greatly improve the accuracy of earthquake 
location. 

If accurately located earthqu~kes tended to cluster in a tighter 
area in the proximity of the well;~hypothesis of a relationship between 
water injection and the earthquakes would be greatly strengthened, but 
if the earthquakes were actually located over the wide area as 
indicated by Wang's da~~ or if they were clustered but moved some 
distance from the well,,.. hypothesis \•mnld be weakened. Studies of many 
seismically active rev,ions have indicated that there is a linear 
relationship between the log of the n1mber of earthquakes occurring 
over a period of time and the Hichter 111.:1.f,ni t.ude of the earthquakes. 
V.!ang (1965, fir;. 27) prepared a ploL of this type for the Conunercc 
City earthquakes. 

If we take \'Jo.ng' s relnti onship for the numher of earthquakes 
versus magnitude, log N = 3.1- 0.7E~ i'l, whf!re N is the number of earth
quakes per year and M is the l~i chter mn.gni i.ude, we would expect 1259 
earthquakes of magnitude 0 and 7586 eart.hquakes of ma~nitude -1 per 
year. These numbers indicate that a network desir;ned to detect 
earthquakes with magnitudes less than zero ,.,rill produce a large,t body 
of data within a few months. 

The U. S. Geological Survey had a number of seismic recordine; 
units which were adaptable to the study of very small earthquakes, and 
a program for this stuqy was initiatAd. In addition, efforts were 
made to improve the standard station recording network in the Denver 
area. Co operative efforts bet1-reen the Colorado Gchool o.f Mines, 
University of Colorado, Regis College, and the U. S. Geolop,ical Survey 
were established to improve the seismic network. Figure 5 shows the 
augmented network of seismic stations \'lhich resulted from this effort. 
Seismic-refraction units, each with a capability of recordinr, eir,ht 
channels of seismic information, Here used for the microseismic study. 
L-shaped arrays consisting of 6 verLical and 2 horizontal seismometers 
were established at a number of 1laces surrounding the Rocky Mountain 
Arsenal well. These units required continuous attendance and \-Jere 
only operated for about 6 hours per day. Up to 8 units were in. 
operation at a given time. A number of positions were occupied to 
look for earthquakes over a wide are~ (fig. 6). One to twenty micro
earthquakes Nere recorded every day durj nr- this 3tudy. 
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To obtain accurate locations of seismic events, it is necessary to 
have accurate information about the traveltimes of seismic waves in the 
region under study. Seismic measurements made by the U. S. Geological 
Survey during 1965 provided additional data on the seismic traveltimes 
which had not been available to earlier workers (fig. 7). The profiles 
show that the CI"Jstallinc rock beloH the section of sedimentary rock 
has a velocity between 5.9 and 6.0 km,kin this region, and that there 
is no indication of a laree increase of velocity with depth in the 
crystalline rocks that ,"'ould affect the traveltimes of waves recorded 
from shallow earthquakes within the network of stations used in this 
stu~y. The seismic velocities from sedimentary rocks were taken from 
measurements made in the Rocky Mountain Arsenal well (fie. 8). 
Sedimenta~J-rock velocities were approximated by a series of 4 layers 
and the crystalline-rock velocities by 3 layers to get the velocity 
structure used for this study (fig. 9). 

A number of techniques for locating seismic events were tried in 
this study. The first technique attempted to ascertain the direction 
of seismic-wave propagation across the L-shared arrays at each 
recording unit which provided a series of vectors that should, in 
theory, -point at the ericentral location (surface projection of 
location). A second means employed the use of thr! S-P traveltime 
information to obtain the orip;in time and location of the earthquake. 
The third, and most effective technique consisted of usi.ng an isochron 
chart which consists of a series of circles representinr, equal travel
times from the seismic sourer.. A scraratR chart must hr! nsed for each 
depth because the traveltime as a function of d:isLance differs with 
the depth of the earthquake. Thes8 chartn Here laid on a map shovring 
the location of the stations and the times of arrival at each station. 
The chart was shifted to minimize the rliffcrences between the time 
predicted by the charts and the actnr:tl arr:ival times u.t the stations. 

Using this technique, lve estimate that the accuracy of the 
locations is approximately 1000 feet ( 0.3 Ion). A slir,ht modification 
of this technique ~ms used to obtain the depth of the earthquake. 
~·Jhen the epicenter of the earthquake is determined, the distance from 
the epicenter to each of the seismic stations is measured. A plot of 
traveltime versus these distances is superimposed upon a graph which 
predicts the traveltime for a series of depths based on the assumed 
velocity structure (fig. 10). This technique provides a sensitive 
check on the location because poorly located events will show a 
scatter of points about the theoretical curves. One example is 
plotted on figure 10. Using this technique, the depths of the earth
quakes are probably reliable within about 1500 feet (0.5 km). 
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Figure 9· --Diagram showing depth-velocity approximation in 
microearthquake study. 
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About 12 earthquakes were studied in detail. All the earthquakes 
studied in detail were located at depths between 4.5 and 5.5 km. The 
hypocenters of those earthquakes that were not studied in detail are 
probably consistent vQth depths in this range. Epicenter locations of 
the earthquakes recorded during this period outline a roughly ellipsoidal 
area about 6 miles long and 3 miles wide that includes the well (fig. 11). 
Tne trend of this earthquake distribution is approximately N 60° vJ. 

Havinp.; defined the epicenter and hypocenter locations of these 
quakes, an effort 1-:as made to detennine the mechanism of the earthquakes. 
! ... widely used technique for determining the orientation of fault planes 
associated with individual earthquakes is the study of the direction 
of the first motion on each seismogram. Sufficient data were available 
to define the rattern of first motion direction for many of the quakes. 
For some quakes the change of direction in first motion was seen on a 
single recordinr; unit (fig. 12). This rnttern of first motion is best 
illustrated by reference to a diagram (fit~· 13). If faulting occurs 
along a fracture in the direction of motion indicated by the arrows, 
the direction of first arrivals will have distribution as indicated 
by the plus and mj_nus plots on the diaeram (fig. 13.:1.). It should be 
noted that the same distribution of first mot:ion would also be given 
by a fault rotated 90° (fig. 13b). 

Usinr; th:i::; LP-chnique, it was possiblP. Lo obt.a:i.n some infonnation 
on the fault :;lanes from the available recordinp,s. These data arc 
illustrated by Ll1e plots in figure 14. Hnny of the faults appear to 
have an approximately vertical orientation t.v.itll horizontal motion 
alonp, the fault plane although other orientations of faulting may be 
consistent with the data. It is not yet clear how these distributions 
of first motion relate to the earthquake mechanism, but we can note 
that there is cL correlation between the individual first motion 
patterns and the orientation of the ellipse defined by the location 
of all the earthquakes .. 

CONCLUSIONS 

Hesults of this study indicate that tlle location data presented 
by VJan.~· was subject to errors at le<1.st as laq~e as 10 kilometers, and 
that when an effort is made to obtcd n precise locations, the earth
quake ericenters cluster much more closely around the Rocky Mountain 
Arsenal t.-rell. These data tend to support the hypothesis that there is 
a relationship between the injection of water in the Rocky Mountain 
Arsenal well and the occurrence of earthquakes :i.n the Denver area. 
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Figure 13. -- Diagram showing relation between direction of 
fault motion and direction of first motion of 
seismic waves. 
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Figure 14. -- Map showing first motion of the ground at 
earthquake epicenters. 
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