
CHAPTER 11. GEOLOGY 

8. REGIONAL GEOLOGY. (a) Physiography.- 
Glen Canyon Dam is situated in the Colorado Plateau 
province, a vast area of nearly horizontal beds which 
have been elevated without materially disturbing the 
component layers. It is characterized by broad, 
cliff-edged mesas cut by narrow, steep-walled canyons. 
The general elevation of the province ranges from 
4,000 to 11,000 feet above sea level. Between these 
two elevations are plateaus at various altitudes. 

Glen Canyon embraces a 200-mile section of the 
Colorado River from the lower end of Cataract 
Canyon, 14 miles above Hite, Utah, to Lee Ferry, 
Ariz. This canyon is one of the more spectacular 
canyons cut by the Colorado River. Throughout most 
of its length, Glen Canyon is a narrow river gorge 
confined by near-vertical, massive, red sandstone walls 
with heights up to a maximum of 1,200 feet above the 
river. 

Formations range from Permian to Tertiary, with 
the bulk of the sedimentary rocks being Mesozoic. 
Sandstone is the predominant rock type, but numerous 
shale formations are present. The Glen Canyon damsite 
is in the Jurassic Navajo sandstone. The following is a 
generalized stratigraphic section applicable to a broad 
area: 

(Unconformity 
Summerville Formation 

Mesozoic 
Upper Jurassic Entrada Sandstone 

San Rafael Group 
Carmel Formation-pink to red 
and bluish sandy shale; 
white and buff sandstone f 

(Unconformity 1 

1,200 to 1,800 feet) Massive, 
cross-bedded sandstone; few 
very thin limestone lenses 

Mesozoic 
Lower Jurassic (Local Unconformity) 

Glen Canyon Formation-Maroon, 
cross-bedded sandstone; 
conglomerate; bluegray, 
hard, dense limestone; 
maroon and brown shale. All 
in thin irregular beds 

Wingate Sandstone L 
(Unconformity) 

(b) Structure.-The Glen Canyon Area is a part 
of the Kaiparowits region which ~ r e ~ o r ~ '  describes as 
follows: "As suggested by the wide, sensibly flat 
plateaus and long, even crested escarpments, the rock 
beds throughout most of the Kaiparowits region are 
gently inclined or nearly horizontal. This simple 
general attitude is interrupted in places by sharp 
monoclinal flexures, which trend in a general northerly 
direction and subdivide the region into large gently 
tilted blocks. In places minor undulations interrupt the 
otherwise regularly inclined beds between the 
monoclines. %st and northwest of the Kaiparowits 
region northward-trending faults divide the plateaus 
into blocks not unlike those produced by the 
monoclines. In each of the three monoclinal folds that 
traverse central southern Utah the dip of the beds is 
eastward and the rocks on the west are elevated and 
those on the east depressed. Along each of the faults 
the movement is in the opposite direction, the rocks on 
the east being elevated and those on the west dropped. 
The monoclinal folds affect al l  the rocks from the 
uppermost Cretaceous downward but do not involve 
the Tertiary, whereas the faults displace the Tertiary 
beds as well. The displacements of the two types are 
thus of different geologic age. 

"Aside from the deflections that are due to the 
monoclinal folds, the general inclination of the beds in 
the southern part of the Kaiparowits region is 
northward, for the rocks here constitute the north 
flank of the broad Grand Canyon upwarp in Arizona." 

Local uplifts, due to igneous intrusions, are 
represented in the Glen Canyon area by the Navajo and 
Henry Mountains. Evidence of other igneous activity in 
the area is found only in the recent basalt flows which 
cover parts of the higher plateaus. 

All of the large faults and monoclinal folds are 
located a considerable distance from Glen Canyon 
Dam, so the beds in the latter area have been only 
slightly disturbed. At the damsite, the massive Navajo 
sandstone beds lie essentially horizontal with only a 
slight dip ( l o  to 2') upstream and into the left 
abutment. This is in harmony with the regional dip 
which is northeastward away from the Grand Canyon 
uplift. 

There are no faults in the immediate vicinity of 
the damsite. The area i s  characterized by relatively few 
joints of two distinct types: (1) Steeply dipping 
subparallel joints restricted principally to a single set 
trending NE-SW diagonally across the axis of the dam, 

'Gregory, H. E., and More, Raymond C., U.S.G.S. Professional Paper No. 164, "The Kaiparowits Region", 1931, p 
118. 13 
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and (2) stress-relief joints roughly paralleling the 
canyon walls. The joints of the former type resulted 
from regional warping. They are generally tight and 
relatively clean and continuous; individual joints can be 
traced across the extensive bedrock exposures for 
distances of up to 800 to 1,000 feet. The latter type of 
joints reflect the reduction of loading due to the 
erosion of the deep canyon; they are discontinuous and 
spaced from 1 to 5 feet apart, commonly open from 
1/16 to 114 of an inch. The resulting "sheeted" 
structure parallels major natural rock faces; it 
diminishes with depth back of the rock face and 
disappears within 20 to 50 feet. 

(c) Stratigraphy.-The Navajo sandstone forms 
the canyon walls at the damsite and throughout most 
of the reservoir basin. It has a larger outcrop than any 
of the other Jurassic formations in the area. At the 
damsite, the Navajo sandstone, over 1,400 feet thick, 
extends from approximately 1,000 feet above river 
level to more than 400 feet below river level. 

The Navajo sandstone is buff to reddish, medium 
to fine grained, and moderately hard to soft. It is 
massive with pronounced crossbedding and commonly 
indistinct horizontal bedding. It is composed 
essentially of quartz grains with a minor amount of 
feldspar and is poorly to moderately well cemented 
principally by secondary quartz, chalcedony, and to a 
much lesser extent by calcite and hematite. The 
sandstone is moderately porous and highly absorptive, 
owing to the high capillarity created by the small size 
of intergrain pore spaces. 

The Navajo sandstone is remarkably uniform and 
homogeneous over wide areas and nearly identical 
samples can be obtained from areas separated by many 
mites. Two thin, shaly layers, encountered at elevations 
3065 and 3115 in the right abutment keyway 
excavation were the only changes in the lithology in 
the entire excavation area. 

9 .  I N V E S T I G A T I O N S .  ( a )  E a r l y  
History.-Perhaps the first explorer to traverse the Glen 
Canyon area was Father Silvestre Velez de Escalante. 
Father Escalante and his party crossed the Colorado 
River on September 26, 1776, at a point which has 
since become known as the Crossing of the Fathers. 
This crossing has been inundated by Lake Powell, as it 
was located about 10 miles upstream of Glen Canyon 
Dam. 

Major John Wesley Powell, working under the 
sponsorship of the Smithsonian Institution, made the 
first ecologic traverse of the unknown canyons of the 
Colorado River during the summer of 1869. The 
section of the Colorado River from the mouth of the 

Green River to the mouth of the Virgin River, a 
distance of 539 miles, was covered in 23 days. This 
first trip was hurried due to the loss of supplies at the 
beginning of the trip; as a result, Major Powell was able 
to make only a fraction of his intended studies. 

Not satisfiecbwith the results of his first survey, 
Powell determined that he would once more attempt 
to pass through the canyon in boats, devoting 2 to 3 
years to the trip. Supplies were taken by pack train to 
several strategic points on the river where they would 
be available as the boat party progressed. The second 
expedition left Green River, Wyo., in May 1871. 
During this second trip and the years following, the 
parties of the Powell survey completed topographic 
maps of the area from the Henry Mountains to Kanab, 
Utah. These maps for many years constituted the sole 
available information regarding the topography and 
drainage of this region. 

Valuable as were these data collected by the 
Powell survey, they were not sufficiently detailed for 
definite planning for the development of the Colorado 
River. Consequently, in the years 1921 and 1922, the 
U.S. Geological Survey undertook, in cooperation with 
power companies, a comprehensive survey of the 
potential power and water resources of the Colorado 
River. This survey consisted of taking strip topography 
of the canyon with more detailed survey of potential 
damsites. A hydrographic survey, with stream gaging at 
key locations, constituted an important part of these 
studies. Six potential damsites were studied from the 
mouth of the San Juan River to Lee Ferry. The site 
most favored was the Glen Canyon No. 1, located at 
RM4 (4 miles upstream from Lee Ferry, Ariz.). Six 
core holes were drilled at this site with the assistance of 
the Southern California Edison Co. 

Concurrent with the drilling and other surveys at 
the Glen Canyon No. 1 site, the Bureau of Reclamation 
employed a Board of Consultants to examine the Glen 
Canyon damsite along with other sites on the lower 
Colorado River at Boulder and Black Canyons. This 
Board pointed out certain undesirable features of site 
No. 1 and, in particular, one set of rather closely 
spaced joints which crossed the proposed axis in a 
diagonal fashion. The Board suggested that the axis be 
moved downstream where the foundation would be 
improved without materially increasing the width of 
section. Work at Glen Canyon was not resumed until 
1946 when the Bureau began a reconnaissance survey, 
thus initiating the studies that led to authorization of 
the project. 

(b) Choice Of Site.-A number of damsite 
locations in Glen Canyon were considered, but 
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planning investigations resulted in the elimination of all 
but two. These were located a t  RM4 and RM15, 
respectively, above Lee Ferry. 

Reconnaissance studies of the two sites in 1947 
indicated that the RM15 damsite was geologically 
superior to the RM4 damsite. Although the site at RM4 
had serious geologic deficiencies, it had an apparent 
topographic advantage so it was felt that it should not 
be discarded without further preliminary testing. The 
completion of three core holes in the river revealed 
that soft sandstone with thin shale beds existed at an 
unfavorable elevation in the foundation; accordingly, it 
was decided to forego further exploration until some 
comparable drilling had been done a t  the RM15 site. 
Initial phases of the drilling revealed no geologic 
defects; and, before the initial drilling program was 
completed, comparative estimates showed that the cost 
of a dam at this site would be less than at  the 
geologically inferior RM4 site. As a result, the RM4 site 
was eliminated and the investigation program at the 
RM15 site expanded to provide sufficient data on 
foundation conditions and concrete aggregate sources 
for feasibility design of a concrete dam. 

( c )  C o n s t r u c t i o n  M a t e r i a l s  
Investigation.-Concrete aggregate sources available in 
the vicinity of Glen Canyon Dam consisted of a 
high-level terrace deposit on both sides of the Colorado 
River and one alluvial deposit on Wahweap Creek. A 
careful search for 60 to 70 miles in all 
directions-involving extensive study of air photos and 
ground checks-did not reveal any other important 
aggregate deposits. 

The high-level terrace on the west side of the 
Colorado River opposite the mouth of Wahweap Creek 
was the most obvious deposit of sand and gravel in the 
area, so it was the first discovered. Preliminary test 
pitting and sampling of this deposit indicated that it 
was far too small to supply enough aggregate for 
construction of the dam and appurtenant works. The 
search was then expanded into the surrounding area. 

The Wahweap deposit, a rather unimpressive 
looking stream deposit, was not at first given serious 
consideration as a possible source of aggregate. Later, 
more careful investigation indicated that this deposit 
contained considerable gravel, and it ultimately became 
the prime source of aggregate for the dam. 

The Manson Mesa deposit is in a high-level 
terrace located on the east side of the Colorado River. 
This deposit was covered with blow sand and was so 
well hidden that i t  was discovered only by chance and 
was developed as the aggregate source for the 
construction of the townsite. Had i t  not been for this 

deposit, al l  of the aggregate required for the 
construction of the town of Page would have had to be 
ferried by highline from the west side of the river. The 
highway bridge over the Colorado River had not been 
completed at that time (construction on the bridge 
commenced in 1957 and was completed in 1959). 

(d  ) Investigations For Final Design And 
Specifications.-Preliminary investigations a t  the mile 
15 site were initiated in October 1947, and a total of 
28 holes and 2 test drifts was completed. All but five 
were vertical holes drilled in the bottom of the canyon 
to outline the bedrock profile and to determine 
condition of the rock in the foundation area. One 
horizontal hole and one exploration drift was 
completed near the base of each abutment. Three 
shallow holes were drilled near the base of the left 
abutment to secure 6-inch-diameter core for laboratory 
testing. Additional field investigations in 1949 included 
Nx (3-112-inch-diameter core hole) and 6-inch-diameter 
core holes, grouting, and load-bearing tests in and near 
the left abutment drift. 

In the latter part of 1956, additional drilling was 
initiated to supply supplementary data on the bedrock 
profile in the river section and to provide samples of 
the abutment rock for laboratory testing. A total of 49 
Nx-Bx (3-112- and 2-718-inch) holes and two 
6-inch-diameter holes were completed. Six were 
vertical holes about 500 feet deep. They were drilled 
from the top of and a short distance back from the 
face of each abutment. 

Twelve of the Nx-Bx holes were angle holes (DH 
A through J, Ln and Kn) drilled in the approximate 
direction of the maximum principal stresses in the 
abutments of the dam except DH56-J which (owing to 
an overhang interfering with the original location) had 
to be drilled in the direction of the horizontal 
component of the principal stresses at that elevation. 
The two 6-inch-diameter holes (La and Ka) were drilled 
parallel to and a few feet from the lowermost Nx angle 
holes (Ln and Kn) near the base of each abutment. 
Figure 6 is a drawing showing the areal geology and 
location of al l  but a few of the exploration holes. 
Figures 7 through 11 are typical geologic cross sections 
through the damsite. 

The test drifts in each abutment were later 
utilized to perform in situ jacking tests to determine 
the modulus of  elasticity and deformation 
characteristics of the sandstone. Tests were also 
performed at the Bureau's Denver laboratories on core 
samples to determine compressive strength, modulus of 
elasticity, Poisson's ratio, percent porosity, and percent 
set. A graphical portrayal of the principal elements of 
these tests is shown on figures 12 and 13. Geophysical 
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Figure 6.-Topography, areat geology, and location of exploration for dam and powerplant. Front drawing No. 557-0.186. 
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EXPLANATION 
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Figure 12.-Graphical portrayal of the physical property tests on foundation cores for the left abutment, 
From drawing No, Geol. 57-123. 
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Ftgure 13.-Graphical portrayal of the physical property tests on foundation cores for the right abutment. 
From drawing No. Gml.  57-123. 
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(seismic) tests were also conducted at the damsite to 
determine modulus of elasticity of the rock mass. 

10 .  CONSTRUCTION GEOLOGY AT 
DAMSITE. In view of the uniformity of the Navajo 
sandstone, no wide area geologic mapping of keyways, 
tunnels, and other excavations was necessary. From 
t ime t o  time, detailed mapping of local 
areas-principally to show position and spacing of 
joint s-was accomplished to assist in locating 
structures; such as, transmission tower footings plus 
length and spacing of rock bolts. Presentation of the 
data was mostly in the form of partial cross sections 
and marked photographs. 

Exploration during construction consisted 
principally of core drilling and exploration or cutoff 
drifts. The drill holes fell into three general categories: 
(1) Core holes to determine details of bedrock 
condition beneath structure sites; (2) holes drilled to 
determine depth of overburden at the toe of the dam 
in order to stake the overburden excavation cut; and 
(3) core holes drilled ahead of or near grout holes to 
determine the location of joints and to serve as vents 
during grouting. 

Thin shale seams were encountered at elevations 
31 15 and 3065 at the base of the right abutment 
keyway. The seam at elevation 3115 varied from 
one-eighth of an inch to about 4 inches thick and had a 
waterflow of 2 to 3 gallons per minute. A 5- by 7-foot 
drift following this seam was excavated near the heel of 
the dam to a depth of 73 feet into the abutment to a 
point where the flow of water disappeared. The seam 
at  elevation 3065 varied from a thin shale parting in 
the sandstone to a shale layer 1 to 2 inches thick and 
had a waterflow of 75 gallons per minute. A 5- by 
7-foot drift following this seam was excavated near the 
heel of the dam to a depth of 215 feet into the 
abutment. The flow of water decreased with depth and 
at  the end of the drift was just a small trickle. Both 
drifts were backfilled with concrete and grouted to 
form a barrier to seepage through the foundation. 

Although the Navajo sandstone is remarkably 
uniform and yields remarkably smooth excavation 
surfaces, it has two principal characteristics which 
contributed to design problems. The stress-relief 
jointing parallel to the canyon walls showed a tendency 
to open slightly with time and slab or peel off 
onionskin fashion. The second defect is that the rock 
has a fairly large percentage of "set" or unrecovered 
strain occurring during the first loading of the 
sandstone. Special grouting design was developed to 
offset this characteristic. 

Rock bolts were used extensively as shaped 
excavations developed; such as, tunnel portals and 

reentrants in the powerplant foundation adjacent to 
the base of the canyon walls. When excavation faces 
cut through sheeted-type, stress-relief joints, the free 
ends of slabs or sheets tended to separate and warp. 
The low tensile strength of the sandstone contributed 
to fallouts, and bolting was used for safety and to 
maintain the original integrity of the rock. Experience 
demonstrated that multiple lines of bolts installed 
adjacent to the edge of a proposed excavation surface 
prior to blasting was the most satisfactory procedure. 
Similarly, edges of rock slabs were "sewed" with bolts 
to prevent progressive warping and deterioration. 

The influence of stress-relief in the rock in the 
canyon walls was perhaps the most important single 
geologic problem encountered during the construction 
a t  Glen Canyon Dam. These joints increased the 
estimated quantities of excavation, rock bolting, and 
wall scaling. 

The problem of stress-relief jointing was first 
noticed during the excavation for skewback No. 2 for 
the Glen Canyon Bridge on the right canyon wall. A 
large slab had to be removed which extended from 
below the skewback a t  elevation 3570 to the canyon 
rim at elevation 3828. This overexcavation resulted in 
considerably more concrete under the skewback. 

A second local problem area caused by stress-relief 
jointing occurred at  the downstream portal of the left 
diversion tunnel. A large rock slab fell during 
excavation due primarily to warping along stress-relief 
joints. That part of the slab which did not fall was later 
removed and the sandstone area stabilized with rock 
bolts. 

Stress-relief jointing, along with undercutting by 
water discharging from the right diversion tunnel, 
caused a large rock slab, estimated at 18,000 cubic 
yards, to fall into the outlet portal of this tunnel. This 
rock mass almost completely choked the outlet portal, 
and the tunnel had to be unwatered before the rock 
could be removed and repairs made to the portal area. 
This operation involved closing of the gates at the 
upstream portal and construction of a cofferdam 
around the downstream portal. The problem was 
corrected by building a concrete wall to support and 
protect the sandstone. In addition, the area 
downstream from the outlet portal of the left diversion 
tunnel was lined with concrete to prevent the 
occurrence of erosion or undercutting. 

Excavations in the powerplant area near the right 
canyon wall and in the machine shop area near the left 
canyon wall were troubled with slabbing along 
stress-relief joints. The bench-type excavation design 
was modified to more or less f i t  the joint attitude. 
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Zones of less well-cemented sandstone encountered 
in the keyway excavations, although surrounded by 
normally cemented sandstone, required considerable 
local resloping to meet existing design concepts. A 
program of extensive rock bolting and drainage 
immediately downstream of the dam was accomplished 
to securely anchor large slabs of rock which were the 
result of jointing. This work was done for about 200 
feet downstream of the toe from elevation 3190 to 
elevation 3450 on the right abutment and from 
elevation 3190 to elevation 3350 on the left abutment. 
The problem of stress-relief joints in the keyway was 
taken care of by grouting the joints, one lift at a time, 
as the dam rose in elevation. 

Laboratory tests performed on cores of Navajo 
sandstone showed a high percentage of "set" or 
unrecovered strain during the initial loading period. 
This adjustment i s  thought to be due to a slight 
rearrangement of the quartz grains in the interstitial 
cement. With subsequent loadings, the unrecovered 
strain decreased and the sandstone became more 
elastic. The range in "set" under the first loading was 5 
percent in drill hole J at a load of 800 pounds per 
square inch to 29 percent in drill hole H at 200 pounds 
per square inch. The range under the second loadings 
were zero percent in drill hole D at 800 pounds per 
square inch to 9 percent in drill hole H at 400 pounds 
per square inch. Figures 12 and 13 are graphic 
presentations of the principal variations in engineering 
properties of the Navajo sandstone as related to the 
exploration drilling and typical canyon section. 

The correction or adjustment for this characteristic 
of the sandstone was accomplished by prestressing the 
dam so as to bring the first loading onto the rock 
before the reservoir exerted a force. This was done by 
cooling the blocks of the dam concrete down to 40' F. 
and grouting the contraction joints. As the dam 
warmed up, the reservoir load was transmitted to the 
abutment. This load will be maintained and so becomes 
the minimum load imposed by the dam on the rock. 
After this first loading, the sandstone becomes 
essentially an elastic substance which will deform 
slightly with loading and will recover this deformation 
when unloaded. 

Transformer circuit towers are located on the 
canyon rim downstream from the highway bridge. The 
joints in the area were mapped and examined in detail 
prior to construction. Three test pits were excavated 
on joints to determine the dip of the joints and study 
their character underground. There was no evidence to 
indicate the joints extended very far below the surface. 
Similar joints intersecting the canyon wall are visible 
for only 50 to 60 feet down from the canyon rim. 
Most of the joints dip away from the canyon, and all of 
the joints exposed in the test pits tightened with depth 
and were well cemented. 

1 1 .  G L E N  C A N Y O N  R E S E R V O I R  
GEOLOGY. The main body of Glen Canyon Reservoir 
(Lake Powell) occupies a long, narrow canyon of the 
main stem of the Colorado River for a distance-at full 
reservoir-of about 186 miles. A number of long, 
slender arms extend out from the main canyon where 
tributary streams enter the Colorado River. The largest 
of thew is the arm extending approximately 70 miles 
up the San Juan River. 

The canyon as a whole is long and narrow and is 
characterized by smooth, steep walls and a gentle 
stream gradient. The average slope for the first 165 
miles upstream is  2 feet per mile. The gradient 
increases rapidly above this point as the reservoir enters 
the lower end of Cataract Canyon. 

Except at the Waterpocket Fold, where Chinle shale 
is  exposed, the confining walls of the main body of the 
reservoir basin are the massive sandstone cliffs of the 
Glen Canyon Group made up of the Wingate, Kayenta, 
and Navajo formations. Throughout i t s  course in the 
sandstone formations, the canyon is narrow and 
straight-sided; but, in the weaker shale, its bottom 
widens and the sides become gently flaring slopes. That 
part of the reservoir which will extend up the San Juan 
River will be largely in Triassic beds made up of the 
Moenkopi, Shinarump, and Chinle formations. 

Porosity of the Navajo sandstone ranges between 20 
and 25 percent, so the bank storage or waterholding 
potential is considerable. The reservoir started filling in 
1963; and, since that time, a program has been 
underway to determine the volume of water in bank 
storage. This program is continuing, and i t  will be 
several years before an accurate quantitative figure on 
bank storage can be determined. 

Minor problems have arisen as the reservoir rises 
regarding rim stability. Sand dunes and talus deposits 
slide into the reservoir as the materials become 
saturated. Most of this material goes into the zone of 
dead storage so has only a very small effect on the total 
storage capacity. Rockfalls have only occurred on a 
very small scale and in areas where the sandstone has 
been undercut. 

A slight movement along an existing joint was 
observed on the right side of the reservoir several miles 
upstream of the dam. It is assumed that such slight 
readjustments are occurring elsewhere in the reservoir 
area as the reservoir level reaches successively higher 
levels. This movement is a normal reaction and 
represents readjustment along existing joints resulting 
from the increasing waterload of Lake Powell. Future 
movements will be recognized, as in the case of the 
other large reservoirs, only as slight shocks on 
seismograph instruments. 






