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An air photo survey along some rivers in Central Alberta revealed the frequent occurrence of a raised
valley rim in the ground surface adjacent to valleys where postglacial channels were incised through a region
of low topographic relief. Subsequent more detailed studies lead to the conclusion that, in large part, these
features are due to elastic rebound of the rock into which the valley has been eroded. Rebound of the valley
floor occurs due to vertical stress relief and gives rise to a gentle anticlinal structure. This structure and
the upwarping of the beds in the valley walls can be predicted by a mathematical model based on elastic
behavior and incorporating modifications to deal with stratified rock masses.

Evidence of valley rebound was noted at the sites investigated and typical cases are presented. The
amount of rebound varies with the modulus of elasticity of the rock and may be as much as 10% of the
valley depth.

The upwarping of the beds will locally influence the dip of the beds. The rebound should be accompanied
by interbed slip which would give rise to gouge zones. If these gouge zones occur near the base of the valley
walls, they will have an important bearing on landslide activity. The raised valley rim has other
geomorphological implications.

La photointerpretation a été utilisée pour I'analyse de quelques rivieres, situées dans lIa partie centrale
de I'Alberta. Cette étude a révélées que le soulevement du rebord d’une valiée est de nature fréquente ol
des lits post-glaciaire furent incisés & travers une région de bas-relief topographique. Des études plus détail-
lées nous menerent  la conclusion que ce phénomeéne est principalement dii au rebondissement élastique
de laroche dans lequel la vallée fut érodée. Le rebondissement du fond d’une valée est causé par le relache-
ment des contraintes verticales et donne lieu a un 1éger anticlinal. Cette structure ainsi que la déformation
des lits des versants de la vallée peuvent étre prédites par un modele de mathématique, basé sur la théorie
d"élasticité et incluant les modifications nécessaires a répresenter la stratification des amas de roches.

Ce rebondissement a été mesuré sur quelques sites étudiés; des cas typiques sont aussi présentés. La
grandeur du rebondissement est une fonction du module d'élasticité de la roche et peut aller jusqu’a 10%
de la profondeur de la valiée.

Le gondolage des lits ne fait qu'influencer localement I'inclinaison de ceux-ci. Le rebondissement devrait
étre accompagné par un glissement des strates les unes par rapport aux autres, ce qui provoque la formation
de minces zones argileuses entre celles-ci. Si ces zones se developpent prés du pied du versant de la vallée,
elles pourraient avoir une influence déterminante sur sa stabilité. De plus, le soulévement du rebord de la

vallée a d'autres implications géomorphologiques.

-~ Introduction

¢ The influence of geology on the design and
“onstruction of many civil engineering projects
swell known. Transportation systems such as
ighways and pipelines are areas in which
wologic input is important, and the close co-
peration of the geologist and the engineer is
teritical concern in earth dam projects. This
uper discusses a phenomenon of interest to
oth the discipline of geology and of engi-
enng.
A recent research project in the Department
tCivil Engineering at the University of Al-
rta was concerned, in part, with the differen-

:P.resent address: Soils Engineer, Acres Consulting
“vices Limited, Niagara Falls, Ontario.
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tial movements of footings placed in deep
excavations and the rebound of the bottom of
these excavations (DeJong 1971). The rebound
of large man-made excavations in the Tertiary
and Cretaceous rocks of the great plains of
western Canada and north-central United States
are well documented in engineering literature
(see, for example, Smith and Redlinger 1953,
Lane and Occhipinti 1963, Underwood et al.
1964, and Ringheim 1964). The immediate
rebounds of the bottom of these excavations
have been observed in the order of 1% of the
excavation depth. They have presented engi-
neering problems concerning the performance
of the structures involved. The rebound of
these excavation bottoms has continued, how-
ever, over significant periods of time. Fleming
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el al. (1970) show that the bottom of the Fort
Peck Dam spillway in Montana (cut into the
Bcarpaw Formation) continues to rebound at
the average rate of 0.04 ft (.01 m) per year
and some 1 to 2 ft (.3 to .6 m) of rebound has
occurred sincc October 1937 when readings
began.

In a broad scnse, river valleys can be con-
sidered as large scale excavations. The prime
difference betwcen natural valleys and artificial
excavations is the time scale, thus the rebound
of valley bottoms is greater than artificial ex-
cavations of equivalent depth. Associated with
rebound of valley floors, is an upwarping of
the beds in the valley wall. This upwarping,
which increases as the valley is approached, is
termed herein as “valley flexure”. In regions of
low topographic relief, a rise in the ground
surface adjacent to the valley results from
valley flexure and is termed a “raised valley
rim”. These features are considered to result
from elastic rebound of the bedrock below the
valley bottom due to the removal of the super-
incumbent overburden by valley excavation.

It is the purpose of this paper to present
field evidence for valley rebound and to dis-
cuss briefly some geological implications of this
phenomenon,

Geology and Physiography of the Study Area

The study area includes the southern parts
of Alberta, Saskatchewan, and Manitoba, and
eastern Montana and North and South Dakota
(Fig. 1). This great plains area is of generally
low surficial relief and is covered by a rather
thin veneer of glacial deposits. The drainage
system consists typically of deep, relatively
narrow valleys, many of which are postglacial,
excavated scveral hundred feet through the
glacial deposits into the bedrock.

The near surface bedrock comprises a suc-
ccssion of marine and non-marine mudstones
(clay shales), siltstones, and sandstones of
Tertiary and Upper Cretaceous age. Minor
amounts of bentonitc and coal occur in the
succession. The geology of this study area is
discussed in detail by Williams and Burk
(1964) and Taylor er al. (1964). The bedrock
has been heavily overconsolidated by some
2000 ft (610 m) of sediments which were
eroded during the Tertiary and by the conti-

nental ice sheets of the Pleistocene (Scott gpg
Brooker 1968, Smith and Redlinger 1953y,

Regional dips are commonly low, often iy
the order of tens of feet per mile, therefore if
continuous marker beds are present in g lo’cal
region, stratigraphic interpretation is relatively
casy. Normally, only beds of coal, bentonite
or limestone show sufficient continuity and upj.
formity in thickness to bc used as marker beds.
Bentonite beds have been traced over 20 mi
(32 km) in the Upper Cretaceous Bearpaw
Formation (Hake and Addison 1954) and were
used as marker beds at Fort Randall Dan
(Underwood 1964) and at Oahe Dam (Flem-
ing ef al. 1970).

The present drainage of the area was formeg
during the retreat phases of the continenta
glaciation some 12000 to 25000 years ago
(Gravenor and Bayrock 1961, Scott and
Brooker 1968, Fleming er al. 1970). Large
volumes of meltwater rapidly eroded deep,
stcep-sided channels which were frequently ice-
marginal or glacial lake spillways. Today, these
valleys are typically 1 to 2 mi (1.6 to 3.2 km)
wide, 200 to 400 ft (62 to 123 m) deep and
have relatively steep valley walls except where
landslide activity has flattened them.

A large number of sites for major earth-fill
dams, as well as those locations where dams
have been constructed, have been investigated
within the study area over the last few decades.
In addition to these, major bridges over some
of the larger rivers have resulted in subsurface
cxploration programs. The stability of the local
bedrock has been a controlling factor in the
design of these structures and has resulted in
intensive studies of the bedrock both from the
point of view of its engineering properties as
well as the major cffects that minor geologic
detail plays in the performance of the structure
(Peterson 1954, 1958, Knight 1963, Ringheim
1964, Thomson 1970, Fleming et al. 1970).
These investigational programs have produced
geologic cross scctions across a number of post-
glacial river valleys within the study area. Sites
discussed in this article are shown in Fig. 1.

An air photo survev of landslide activity
along the Pembina and North Saskatchewan
Rivers in Central Alberta (Matheson 1970)
revealed the frequent occurrence of a raised
valley rim in the ground surface adjacent 10
valleys where a postglacial channel was incised
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ough a region of very low topographic relief.
his feature is considered to be due to elastic
bound of the rock comprising the valley
4l and evidence to support this concept exists
! the displacements predicted by the finite
‘ment method for an excavation made into
Jisotropic, homogeneous, elastic rock mass
Duncan and Goodman 1968). The displace-

“ts due to an excavation (or to valley for-
Aion) are illustrated in Fig. 2. Rebound of
® bottom of the
die

excavation occurs due to
f of vertical stress and an inward movement

of the excavation walls occurs as a function of
the lateral stress relief and the modulus of
elasticity (E) of the bedrock. An upwarping
of beds in the valley walls is predicted which
results in a raised valley rim.

The mathematical model is based on elastic
behavior and can be modified to déal with
stratified rock masses. The rock properties,

which can be varied for each layer, that are
important in this model are the Modulus of
- Elasticity (E), Poisson’s Ratio (v), and the
Coeflicient of Earth Pressure at rest (Ky). Eis
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(after Duncan and Goodman 1968).

defined as the ratio of stress to strain at a given
stress level, v is defined as the absolute ratio of
horizontal strain to vertical strain under the
influence of a vertical stress and K, is defined
as the ratio of the horizontal effective stress to
the vertical effective stress. These parameters
influence the amount of rebound but a detailed
consideration of the mathematical treatment
and the effects of parameter variation are con-
sidered to be outside the scope of this paper.
The important feature is that the displacement
patterns associated with valley rebound are
predictable, at least in a qualitative sense.

It is important to note that the bedrock of
the study arca is characterized by low values
of E. Moduli in the order of 10 000 to 20 000
p.s.i. (703 to 1406 kg/cm?) are not uncommon
in such formations as the Bearpaw and Pierre
shales. Thus a change in stress, by either load-
ing or unloading, will produce a relatively
large strain.

Examples of Valley Rebound

Government agencies and engineering firms
engaged in dam and bridge investigation in the
area were approached and a collection of valley
cross sections was compiled. The resulting
cross sections are primarily the result of con-
tinuous coring with double-tube core barrels
such as the Pitcher Sampler (Morgenstern and

Thomson 1971) or the Failing CB-19A: -core
barrel (Hvorslev 1949). Core recovered is
classified on the basis of visual inspection and
routine engineering classification tests. Prob-
lems are often encountered with achieving core
recovery in softer or fractured bedrock of the
study area. An intensive, carcfully conducted
drilling program is required to produce a good
picture of the stratigraphy along the center line
of a damsite.

Distinct evidence of valley rebound was
noted at cvery site in the study area where
sufficient drilling had been done to detail the
stratigraphy accurately and correlation of beds
between test holes was possible. Selected ex-
amples are presented of cases where coring
revealed a single anticlinal rise below the valley
bottom and where an unwarping of the strata
in the valley walls towards the valley edge
occurred. Details of other sites are given by
Matheson (1972). The anticlinal rise and the
upwarping of the beds is often on a small scale
compared to the size of the valley. Distortion
of the vertical scale is used to bring out thesc
features.

Hairy Hill Damsite _
Hairy Hill Damsite (Fig. 1), located on the

North Saskatchewan River some 80 mi (128
km) downstream of Edmonton, Alberta, was
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investigated by the Prairic Farm Rehabilitation
Agency (P.F.R.A.). At the site, the valley is
about 200 ft (60 m) deep and 1 mi (1.3 km)
wide and is cut through bedrock of the Rib-
stone and Lea Park Formations (Upper Cre-
taccous). Thin coal strata and layers of very
hard calcarcous sandstone occur in both for-
mations. Corrclation of these marker beds show
that some 6 ft (2 m) of rebound has occurred
in the valley. The unwarping of these beds,
which are normally flat lying, is indicated in
Fig. 3.

The Ribstone Formation is composed mainly
of uncemented to poorly cemented sandstone,
the Lea Park Formation consists of gray marine
shale with occasional thin carbonaceous sand-
stone or siltstone lenses or layers. The bedrock
at the site is characterized by very low values
of the Modulus of Elasticity (which, at one
third to one half of the ultimate failure strength
in the unconfined compression test, averaged
6300 p.s.i. for the Lea Park shale and 1100
psd. (77.3 kg/cm?) for the Ribstone sand-
stonc) (P.F.R'A. 1970).

Ardley Damsite

The Ardley Damsite is located on the Red
Deer River some 40 mi (64 km) downstream
of the City of Red Deer in Central Alberta
(Fig. 1). The site has been investigated by
P.F.R.A. and by the Water Resources Division,
Government of the Province of Alberta (Al-
berta Water Resources 1968).

The bedrock at the site is the Edmonton
Formation of Upper Cretaceous age. The strata
are nearly flat lying with a westerly dip of
about 16 ft/mi (3 m/km). The original drilling
encountered some poor recovery due to soft
zones below the valley bottom and was supple-
mented by three large diameter test pits drilled
along the valley floor (Brooker and Associates
1969). A study of the subsurface boring re-
sults along the center line (Fig. 4) indicate an
anticlinal flexure below the valley bottom in
the order of 12 ft (3.6 m). The section under
the valley bottom is shown more clearly in
Fig. 5 (Brooker and Associgtes 1969) when
the results of the test pit exploration werc
idded to the drilling results.

Unwarping of the 20 ft (6.1 m) thick coal
%am in the valley walls is not evident from
the test holes. The elevation of the coal outcrop

revealed in a test excavation down the valley
wall 600 ft (180 m) upstream of the proposed
centerline, is about 12 ft (3.6 m) above the
level suggested by the test hole data (Fig. 4).

Boundary Dam

Boundary Dam (Fig. 1) was constructed by
P.F.R.A. on Long Creck near: Estcvan, Sas-
katchewan (P.F.R.A. 1956). Long Creek flows
in a postglacial vallcy some 90 ft (28 m) deep
and 1000 ft (300 m) wide cut through a thin
veneer of glacial deposits and the bedrock of
the Tertiary Ravenscrag Formation. The bed-
rock at the site consists of poorly lithified
sandy to clayey shalcs, siltstones, sandstones,
and several lignite beds which serve as marker
beds.

The borehole logs (Fig. 6) indicate a rise in
the lignite beds of about 10 ft (3 m) below
the valley bottom. The upwarping of the beds
on both sides of the valley is also evident
although no surface expression of the flexure
occurs at this site. Confirmation of the valley
flexure is given in Fig. 7 which shows a distinct
rise in the coal seams towards the valley wall.
This photo, when compared to Fig. 6, illustrates
some of the limitations in present core tech-
niques in the soft bedrock of the study area.

A similar valley anticline is documented in
the drilling logs of an alternate damsite located
several miles upstream of the dam (Matheson
1972).

James MacDonald Bridge, Edmonton

The James MacDonald bridge wa$ con-
structed across the North Saskatchewan River
in Edmonton, Alberta during 1970-71. The
river lies in a postglacial valley some 200 ft
(65 m) deep and 4000 ft (1200 m) wide at
the site. In the valley bottom the river has
carved a channel about 50 ft (16 m) deep and
600 ft (180'm) wide through the alluvial flood
plain which mantles the valley floor.

The bedrock is the Edmonton Formation
(Upper Cretaceous). The regional dip is low,
20 to 40 ft/mi (3.8 to 7.6 m/km) to the
southwest (Carlson 1966). Geotechnical prop-
erties of the bedrock in the vicinity are dis-
cussed by Thomson (1970).

A center line profile across the valley is
shown in Fig. 8. About 4 ft (1.2 m) of dif-
ferential rebound across the channel can be
observed by tracing coal and carbonaceous
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investigated by the Prairic Farm Rehabilitation
Ageney (P.F.R.A.). At the site, the valley is
about 200 ft (60 m) deep and 1 mi (1.3 km)
wide and is cut through bedrock of the Rib-
stone and Leca Park Formations (Upper Cre-
taceous). Thin coal strata and layers of very
hard calcarcous sandstone occur in both for-
mations. Correlation of these marker beds show
that some 6 ft (2 m) of rebound has occurred
in the valley. The unwarping of these beds,
which are normally flat lying, is indicated in
Fig. 3.

“The Ribstone Formation is composed mainly
of uncemented to poorly cemented sandstone,
the Lea Park Formation consists of gray marine
shale with occasional thin carbonaceous sand-
stone or siltstone lenses or layers. The bedrock
at the site is characterized by very low values
of the Modulus of Elasticity (which, at one
third to one half of the ultimate failure strength
in. the unconfined compression test, averaged
6300 p.s.i. for the Lea Park shale and 1100
psd. (77.3 kg/em?) for the Ribstone sand-
stone) (P.F.R.A. 1970).

Ardley Damsite

The Ardley Damsite is located on the Red
Deer River some 40 mi (64 km) downstream
of the City of Red Deer in Central Alberta
(Fig. 1). The site has been investigated by
P.F.R.A. and by the Water Resources Division,
Government of the Province of Alberta (Al-
berta Water Resources 1968).

The bedrock at the site is the Edmonton
Formation of Upper Cretaceous age. The strata
are nearly flat lying with a westerly dip of
about 16 ft/mi (3 m/km). The original drilling
encountered some poor recovery due to soft
zones below the valley bottom and was supple-
mented by threc large diameter test pits drilled
:llong the valley floor (Brooker and Associates
1969). A study of the subsurface boring re-
sults along the center line (Fig. 4) indicate an
anticlinal flexurc below the valley bottom in
the order of 12 ft (3.6 m). The section under
the valley bottom is shown more clearly in
Fig. 5 (Brooker and Associates 1969) when
the results of the test pit exploration werc
tdded 1o the drilling results. '

Unwarping of the 20 ft (6.1 m) thick coal
%am in the valley walls is not evident from
the test holes. The elevation of the coal outcrop

revealed in a test excavation down the valley
wall 600 ft (180 m) upstream of the proposcd
centerline, is about 12 ft (3.6 m) above the
level suggested by the test hole data (Fig. 4).

Boundary Dam

Boundary Dam (Fig. 1) was constructed by
P.F.R.A. on Long Creck ncar-Estevan, Sas-
katchewan (P.F.R.A. 1956). Long Creck flows
in a postglacial valley some 90 ft (28 m) decp
and 1000 ft (300 m) wide cut through a thin
veneer of glacial deposits and the bedrock of
the Tertiary Ravenscrag Formation. The bed-
rock at the site consists of poorly lithified
sandy to clayey shales, siltstones, sandstones,
and several lignite beds which serve as marker
beds.

The borehole logs (Fig. 6) indicate a rise in
the lignite beds of about 10 ft (3 m) below
the valley bottom. The upwarping of the beds
on both sides of the valley is also evident

* although no surface expression of the flexure

occurs at this site. Confirmation of the valley
flexure is given in Fig. 7 which shows a distinct
rise in the coal seams towards the valley wall.
This photo, when compared to Fig. 6, illustrates
some of the limitations in present core tech-
niques.in the soft bedrock of the study area.

A similar valley anticline is documented in
the drilling logs of an alternate damsite located
several miles upstream of the dam (Matheson
1972).

James MacDonald Bridge, Edmonton

The James MacDonald bridge wa$ con-
structed across the North Saskatchewan River
in Edmonton, Alberta during 1970-71. The
river lies in a postglacial valley some 200 ft
(65 m) deep and 4000 ft (1200 m) wide at
the site. In the valley bottom the river has
carved a channel about 50 ft (16 m) deep and
600 ft (180'm) wide through the alluvial flood
plain which mantles the valley floor.

The bedrock is the Edmonton Formation
(Upper Cretaceous). The regional dip is low,
20 to 40 ft/mi (3.8 to 7.6 m/km) to the
southwest (Carlson 1966). Geotechnical prop-
erties of the bedrock in the vicinity are dis-
cussed by Thomson (1970).

A center line profile across the valley is
shown in Fig. 8. About 4 ft (1.2 m) of dif-
ferential rebound across the channel can be
observed by tracing coal and carbonaceous




966 CAN. J. EARTH SCI. VOL. 10, 1973

2000 - 2000
ALLUVIAL —
Z
B 0
< GLACIAL o
3 g
3 o
- —
2 ¢z "
7
. /'h{ /
G\.-;)” ! 22
1900 [~ 77 J/»Z 1900
=
s ALLUVIAL ~z '
'/ /LLI/./ ‘
77 77 I
7N ;7 I
w 4 L]
R Al 2% Z
SEUAN WD B
@ . T han
ijéA\ \ . <
A SRV 1 SO A > shalc
. I LN SRR e 02 4 her
‘ 4 . .....u:o-o- ZU) LT EXT TS TP M w
1800 = 7 N - 1800 _
LEGEND T
ison
11 seeeses HARD LAYER nd -
j ! e oo COAL LAYER i
LEA PARK Ls.
EM. sders
b
el L 0 3600 2pth
B A T me
it trelo | HORIZONTAL SCALE- ft ser
1 apro
11 4 arfac
1700 - - 1700 The
-nith
R di
Fi16. 3. Marker bed profiles at Hairy Hill Damsite (from P.F.R.A. plan 31059). ‘JZ’,-:HE
“the

5t he
E



:ND
\RD LAYER
JAL LAYER

3600
N
TAL SCALE- ft

plan 31059).

2750

2700

T

MATHESON AND THOMSON: VALLEY REBOUND 967

[_] NO RECOVERY OR OVERBURDEN
Bl coat, CARBONACEOUS SHALE
{7 SHALE, BENTONITIC SHALE

[ sanDsTONE
BENTONITE

T

2650

2600

T

2550

ELEVATION (ft)

2500

2450

T

2400

2] GRAVEL

OUTCROP OF COAL
IN TEST TRENCH
600 fi UPSTREAM ——

0 500 1000

| ST —|
HORIZONTAL SCALE- ft

FiG. 4. Stratigraphy and test holes at Ardley Damsite (courtesy of Water Resources Divi-
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16 ft/mi (3.05 m/km) to the west and (2) Bedrock is Edmonton Formation (Upper Cretaceous).

shale beds and noting their upwérping under
the river.

Garrison Dam

The valley of the Missouri River at Gar-
rison Dam (Fig. 1) is some 2 mi (3 km) widc
and 250 ft (80 m) deep. The center line geo-
logic scction for the dam shown in Fig. 9
(U.S. Corps of Engincers 1946) indicates con-
siderable valley rebound. No single lignite bed
can be traced across the valley duc to the great
depth of alluvium below the river but a risc of
some 20 ft (6.1 m) in lignitc beds can be
observed in the valley walls as the river is
approached. This is reflected on the ground
surface at this site as will be discussed later.

The effect of the time factor is illustrated by
Smith and Redlinger (1953) who compared
the difference in clevation of lignite beds in the
Fort Union Group (Tertiary) at thc Garrison
Damsite. One test hole was drilled on the top
of the valley on the east abutment and another
est hole in the flood plain near the east valley
wall. These two holes were 659 ft (201 m)

apart horizontally and their surface elevations
differed by about 200 ft (61 m). The lignite
beds below the flood plain were 4.6 to 7.4 ft
(1.4 to 2.3 m) above the same beds below the
valley wall. Observed rebound values for arti-
ficial excavations (Lanc and Occhipinti 1963)
were about one-half to one-quarter of the in-
ferred natural rebound values. This difference
is duc to thc long term continuing rcbound
during the many centuries since valley forma-
tion. Continuing rebound of the bottom of large
scale excavations in the 120 ft (37 m) deep
spillway cut at Garrison Dam have been docu-
mented by Fleming ef al. (1970). The rate of
rebound over the last two decades averages
about 0.03 ft/yr (0.009 m) and is somewhat
less than at Fort Peck.

Mechanism of Rebound

Figure 10 shows an idcalized scction illus-
trating the phenomena described in this article.
The valley flexure and valley anticlines are
apparently ubiquitous in the study arca where
the bedrock is characterized by a low modulus

ey st e
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(3) Regional dip of bedrock approximately 20 ft/mi (4 m/km) to the southwest.
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of clasticity (E). Hence deformations due to Fig. 2—rcbound of the valley bottom to form o
stress relief are much larger than would occur  a ‘valley anticline’, upward flexure of the stratd o,
adjacent to a valley cut through a stiff sedi- in the valley walls to form ‘valley flexure’, and

mentary, metamorphic, or igneous rock mass. a raise in the ground surface adjacent to the .
The features observed in the field are qualita- valley edge to form a ‘raised valley rim’. 4
tively predicted by eclastic theory as shown in Similar anticlinal features have been docu- 5
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FiG. 10. Idealized section illustrating features resulting from valley rebound.

mented elsewhere. Ferguson (1967) documents
gentle anticlinal rises below valley floors in the
Allegheny Plateau in the U.S.A. Zaruba (1956)
deseribes analogous phenomena in Rumania
where Tertiary clayey scdiments flooring river
basins have been forced up into gentle anti-
clines arranged parallel to the direction of the
river. These features were termed “valley anti-
clines”. It should be noted that alternative
mechanisms were proposed by Ferguson (1967)
and Zaruba (1956) to explain their observa-
tions.

Table 1 summarizes the cases documented
by Matheson (1972) and values of E for the
bedrock. A marked trend occurs for larger
amounts of rebound to occur below valleys cut
into bedrock with a low modulus of elasticity.
Rebound at the valley center ranges from 3 to
10% of the valley depth for sites where E is
less than 50 000 p.s.i. (3515 km/cm?) as is
illustrated in Fig. 11. Artificial excavations in
the bedrock of the arca discussed previously
have maximum rcbounds of less than 1% of
the cxcavation depth illustrating the importance
of time-dependent rebound continuing over
geologic periods of time.

The general trend of observed values of re-
bound agrees with the values of rebound pre-
dicted for the simplc one-dimensional rebound
mechanism illustrated in Fig. 11 and indicates

that rcbound due to stress release is the me-
chanism producing ihe features discussed in this
article. It must be noted that the mechanisms
used to delincate the ‘process of rebound

l X}

Z= DEPTH OF ELASTIC MATERIAL OF
ASSUMED UNIT WT. 144 pcf

o REBOUND BASED ON HOOKEAN
. BEHAVIOR
\ NUMBERS REFER TO SITES IN TABLE 1

RATIO OF REBOUND TO DEPTH OF VALLEY

éiaooo:\

0 | T 9q-z;12(%)(())'-—§80

0 s 4 6 8 10
MODULUS OF ELASTICITY, E x 105 PSI.

Fic. 11. Normalized maximum values of rebound
versus modulus of elasticity.

g U |
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TasLe 1. Compilation of maximum values of rebound and reported values of E

Maximum
rebound
Site (ft) S/H E (ps.i.)
1. Ardley Damsite 12 .08 840012 000
2. Boundary Dam 6 .07 —
3. Carvel Damsite 5 .025 26 100 (shale)
53 000 (sandstone)
4. Hairy Hill Damsite 6 .033 6300 (Lea Park)
5. Ricky A Damsite 4 .036 —
6. Sounding Creck 5 125 —
7. St. Mary Dam 1.5 .01 1 x 10
8. Three Rivers Damsite 0.5 .002 0.6 x 10°
9. Tomahawk Damsite 7 .035 15 000 (sandstone)
10. Pembina 3A Damsite 5 .038 44 80075 600
I1. James MacDonald Bridge 4 .08 —_
12, Garrison Dam 20 .09 14 060040 000
13. Gavins Point 7 .05 20 000
14. Bowman-Haley 20 12 1540
15. A.G.T. Excavation* 0.25 .007 6000-20 000

16. South Saskatchewan Dam*

‘Arliﬁciz;l cxcuvaﬁon. T

(simple clastic rcbound) is an oversimplifica-
tion of a rather complex problem, a more
sophisticatcd mecthod of analysis is given by
Chang and Duncan (1970).

Features exhibiting an anticlinal structure
have been created by ice thrust or ice push
during the advance of the Wisconsinan glaciers
(Kupsch 1962). These ice thrust ridges trend
parallel to the advancing ice front. The anti--
clinal structurcs below the valley floors ob-
served in this report do not bear any relation-
ship to the direction of ice advance and, if one
considers an ice tongue advancing up a valley,
the anticlinal axes are perpendicular to the
direction of advance. In addition, some of the
valleys being considered are meltwater channels
and crosion would likely have cut through ice
thrust featurcs. For these recasons, valley flexure
is not considered to be duc to ice thrusting.

Geological Implications

The occurrence of valley rebound provides
an intercsting and apparently widespread oc-
currence of a geologic structure that, in the
broad field of geology, may be considered as a
minor feature but which has major implications
in many civil engineering projects.

The occurrence of valley rebound can be
important in local stratigraphic interpretation
immediately adjacent to major valleys incised
into soft, horizontally bedded rock. It is to be

.007 18 000

noted that the bedrock of the study area is, for
the most part, the poorly indurated rocks of
the Upper Cretaceous and Tertiary ages. These
rocks arc characterized by low values of a
modulus of elasticity as shown in Table 1. Beds
below the valley floor form a gentle anticline
and will be elevated above similar strata below
the valley walls. The dip of beds that crop out
in the valley walls will be an apparent dip and
somewhat modified by valley flexure. The
change in dip at most sitcs documented should
be minor (in the order of 1 or 2°) although
Underwood (1964) documents a downwarpmg
of beds of up to 5° into the bluffs of the
Missouri River at Fort Randall Dam (Upper
Cretaccous Niobrara Formation).

The anticlinal structures in the valley bottom
and the upwarping of the beds duc to rebound
in the valley walls should be accompanied by
flexural slip between the originally flat lying
beds. Changes in dip of up to several degrees
appecar to have occurred in the strata ass¢-
ciated with valley rebound in the study i
The theoretical amount of flexural slip can be
calculated (Norris 1967) and slip between
beds in the order of several inches 2IRPCZ“"“
fcasible. This slip, in turn, may give tise ©
‘gouge’ or mylonite’ zones which have beet
observed in the area. )

The flexural or interbed slip can be simu-

lated using the finite clement program (Fig. 2
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F1c. 12.
Alberta, (Note pocket knife for scale.)

by introducing a thin layer of low modulus of
asticity for example near the toe of the valley
gwall> The differential movement is strongly
faffected by the modulus of elasticity, the
mount of slip increases as the modulus de-
eascs. The value of the coefficient of earth
essure also has a notable cffect, the amount
of slip increases as the value of the coefficient
creases. The mathematical model predicts, in
qualitative sense, the gouge zones.
The pier and abutment excavations for two
idges, constructed across the North Saskatch-
wan River in the city of Edmonton during
1969-1971, provided an opportunity to inspect
the bedrock below the river bottom (Edmonton
Formation of Upper Cretaccous age). The ex-
cavations were carried through a very thin
alluvium and some 12 ft (3.6 m) into the
bedrock. Thin, near horizontal, soft layers
about 0.25 to 0.5 in. (0.6 to 1.3 c¢cm) thick
werc obscrved in all the bridge pier excavations
Inspected. These layers, which were apparently
composcd of remolded material, occurred either
at the contacts between strata of different
lithology or at intervals of 2 to 4 ft (0.7 to
1.2 m) along bedding plancs in beds of similar
rock type. They were usually continuous and

(2

Gouge zone in bridge pier excavation at James MacDonald Bridge, Edmonton,

could be traced around the entire periphery of
the pier excavations which were 20 by 40 ft
(6.1 to 12.2 m). These layers exhibited pocket
penetrometer strengths less than 0.5 tons
(long)/ft* (.55 kg/cm?). A pocket knife
could be driven into the soft material under
very slight pressure. Fig. 12 illustrates one of
the layers in a bridge pier excavation in Ed-
monton.

Samples from the thin layers had essentially
the same Atterberg limits and grain size dis-
tribution as the rock on either side of them.
Hence it was concluded these features were
not depositional in origin but were caused by
shearing movements betwcen beds. The move-
ments are due to interbed slip resulting from
rcbound of the valley floor to form the valley
anticlines documented in this article. They are
considered to be a stress relief feature and may
contribute to poor core recovery during drilling
operations.

The presence of the thin soft layers below
the valley bottom and, by inference, in the
valley walls is considered to have important
implications in landslide activity in the Upper
Cretaceous bedrock of the study area. The soft
layers, arising from intcrbed slip, would lower
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the shear strength along the near-horizontal
bedding planes in the valley walls leading to
a greater tendency for landslide activity.

The raised valley rim appeared to have geo-
morphological implications hence the cross
sections available were augmented by field
surveys. Simple ground surface profiles were
obtained at locations where preliminary air
photo study showed evidence of a raised valley
rim. The profiles were surveyed at right angles
to the valley wall using a ‘Kern’ precision
cngincering level and horizontal distances were
paced. These surveys are considered to have
an acceptable error for this project. The pro-
files extended far enough back from the valley
cdge to define the presence of a rim as well as
the magnitude of the local relief in the area.

The sites at which surveys were conducted
are shown on Fig. 13 as well as other sites at
which there is evidence of valley rebound. The
raised valley rim is a common, though not
ubiquitous, feature. Along many of the valleys
in the study area no trace of a rim appears to
exist due to high local topographic relief, retro-
gressive landslides, or postglacial erosion. The

@ DRILLING RESULTS
SHOWING EVIDENCE
OF DIFFERENTIAL
REBOUND

A PROFILE SHOWING RAISED
VALLEY RIM

O AIRPHOTO SHOWING RAISED

VALLEY RIM MsglAchE
SITES:

I. PEMBINA RIVER DAMSITE 5 HAIRY HiLL DAMSITE
2. TOMAHAWK DAMSITE 6. ARDLEY DAMSITE
3. CARVEL DAMSITE 7. SOUNDING CREEK DAMSITE
4. EDMONTON BRIDGES 8. ROCKY SITE A

Fi16. 13. Locations within the Province of Alberta
showing evidence of valley flexure,

feature is best developed in areas of low topo-
graphic relief and thin overburden where the
river valley is steep-walled and deep. Because
it is a fairly common phenomenon and hus
geomorphological ramifications, three locations
will be briefly discussed. Details of all the sites
are given by Matheson (1972).

A typical profile across the South Saskatch-
ewan River some 3 mi (4.8 km) upstream of
Medicine Hat (Fig. 13) is given on Fig. 14.
A rise of about 12 ft (4 m) in the ground
surface starting some 1300 ft (400 m) back
from the valley edge is clearly evident on both
sides of the river. Three other profiles in the
vicinity corroborated this observation. The
river valley is postglacial, about 200 ft (61 m)
deep and 5000 ft (1525 m) wide. Thirty fect
(nine meters) of till overlies siltstones and
mudstones of the Foremost and Oldman For-
mations of Upper Cretaceous Age.

Air photo studies of the Drumheller arca,
located northwest of Medicine Hat (Fig. 13)
revealed weli-developed raised valley rims.
Figure 15 shows the location of surveys made
along Michichi Creek about 2 mi (3 km) cast
of Drumheller. The valley immediately east of
the plateau is some 400 ft (120 m) deep, the
tributary valley to the west is about 200 ft
(60 m) deep. A veneer of till 20 to 30 ft (6
to 9 m) thick overlies the Edmonton Forma-
tion. The profiles are shown on Fig. 16. Thc
rise of 5 ft (1.6 m) occurs along the east side
in a horizontal distance in the order of 25 ft
(8 m) back from the valley edge. The rnm
effect on the west side appears less pronqunccd
due to erosion. The feature is visible in the
field as shown in Fig. 17.

The raised valley rim has been observed
along the Missouri River. The project xcport
for the Oahe Dam near Pierre, South Dakota
(USCE 1948) described the ground surface as
sloping landward from the valley Wﬂl'l thus
leaving the rim edge as the highest portion or!
the left side of the river. In certain arcas the
rim effect is visible on both sides of the'vul.lu.‘_t‘:
Fig. 18 is a profile across the Missourl Rivet
2 mi (3 km) downstream of Qahe Dam (Crﬂ_lt_
dell 1958). The same phenomenon occurs C'l-“f
where along the Missouri River as “at {ﬂdfll)
places in the State, upland surfaces immcdmui ,‘_
adjacent to the trench slope away from “[L
Missouri River” (Crandell 1958, p. 42)- !
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Fic. 14. Ground surface profiles on the South
skatchewan River near Redcliff, Alberta.
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FiG. 15. Location of ground surface profiles on
ichichi Creek near Redcliff, Alberta.

ishould be noted that the well-developed rim on
iithe cast side of the River is augmented appar-
Rently by loess deposits which decrease with
‘letzmcc away from the river. In all cases
Hdocumented in Alberta no evidence was ob-

erved to suggest the raised rim was due to
ess or alluvial deposits.

The raised valley rim often exerts a strong
influcnce on the drainage pattern which has
:devcloped postglacially adjacent to the valley
due to the low relicf in the area. The features
at develop along the uplands near the main
alley depend largely upon the magnitude of
e raised rim and include the following
atures. Narrow sloughs or wet depressions,
istinguishable on air photos by the vegetation,
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Fic. 16. Ground surface profiles at Michichi
Creek, Alberta.

are noted near and parallel to the valley walls.
Gullies occur parallel but landward from the
valley wall. These are generally a few hundred
yards in length before they make sharp bends
and join the main valley at right angles. Parallel
tributaries occur which may be a development
from gullying but are often further back from
the valley wall and follow the main valley for
some distance before entering it. Where a high
raised valley rim occurs, drainage from the rim
flows landward, as a sort of “backward” drain-
age, to tributary streams which enter the valley
at widely separated points.

Figure 19 is a schematic diagram illustrating
the development of drainage pattern associated
with the development of a raised valley rim. It
is possible that the features outlined in the pre-
vious paragraph are different time manifesta-
tions of an erosional sequence. Run off from
higher areas remote from the valley would be
deflected by the rim and flow parallel to the
main valley for some distance before joining
the main stream. These geomorphic features
are visible on air photos and topographic maps.
Fig. 20 illustrates gullies and parallel tribu-
taries as visible on a topographic map.

The drainage patterns of the tributary
streamns are neither lithologically nor joint set
controlled. This conclusion was established by
an independent observational program the re-
sults of which are to be published elsewhere
(Dr. A. E. Babcock, personal communication
1972).
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Summary

Valley rebound is a ubiquitous feature in
areas where major river valleys are deeply in-
cised into flat lying sedimentary rock charac-
terized by a low modulus of elasticity. The
occurrence of valley anticlines, valley flexure,
and the valley rim present an interesting case
where the occurrence and magnitude of natural
features can be predicted by an analysis based
on elastic theory). Rebound is also time depen-
dent and continues to occur for many years
after the valley is formed. The amount of re-
bound can be up to 10% of the valley depth
though values of 3 to 5% scem to be more
common.

Several typical illustrative examples of valley

Raised valley rim, Michichi Creek near Drumheller, Alberta.
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Fig. 19. Schematic diagram illustrating drainage
patterns associated with valley flexure.

rebound have been given and the implicatlor:jh
in geologic interpretation have been suggestct:
The gouge zones and the possible brecciation
of some beds associated with rcbound arc ‘01
considerable concern to civil engineering P
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