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ARBSTRACT

The thesis examines the forms and aorigins of small
valley systems within the clay lowlands around Ottawa and is
particularly concerned with the respective roles of past and
present conditions in shaping their evolution. The valleys
exhibit major variations in form and discharge. They may be
dry and V-shaped or may possess a perennial but underfit stream
which meanders upon an alluvial floodplain. Three valley sys-
tems which reflect these contrasts were selected for detailed
observation. They are located at Gatineau, Trend Village and
Gloucester Glen.

The roles of contemporary processes in the shaping of
slope and valley form were evaluated with the aid of field
observations of form, discharge, slope processes, microclimate,
soils and vegetation. The fundamental control of land form
appears to be the behaviour of the basal stream. No signifi-
cant variations of slope form with aspect were noted whereas
three main types of slope system were identified which depend
upon the influence of the basal stream.

(i) Slopes on the outer bends of meanders in floodplain
valleys are powerfully undercut. Their soils and plant asso-
ciations are degraded. Maximum angles are steep, rates of
gurvature are high and forms are dominantly convex.

(ii) Slopes which experience no undercutting within such
valleys support developing soils and plant associations. A

hasal concavity may be present, Rates of curvature tend to be low

iii



and maximum angles are gentle. At Gatineau, where undercutting

is absent in many of the seasonally dry valleys, slope form is
complex, consisting of successive convexo-concave sequences. The
mid-slope facets are prohably terraces. The present slopes appear
to be static and probably resemble those at the time when active
fluvial processes ceased.

(iii) In many of the dry valleys, discharges are active
during the spring melt. Slope forms reflect the balance between
weak processes af fluvial undercutting and gravitational proces-
ses. G0ils and vegetation associations appear to be at arrested
stages of development as a result of this equilibrium. The max-
imum angles, rates of curvature and the relative developments of
convex and concave slope segments depend upon this balance.

The role of historical conditions in the shaping of the
valleys is indicated by the characteristics of present-day dis-
charges. The valleys were initiated on the surface which emer-
ged from beneath the Champlain Sea and, for which, maximum and
minimum dates are approximately 10,000 B.P. and 7,500 B.P. re-
spectively. The extensive terrace systems of the Ottawa River
reflect both discharge decline and base level decline since the
regfession. Palynological evidence suggests that, during the re-
gression, climatic conditions were cool and moist (9,000 to 8,000
B.P.) and, as such, would have been ideal for valley initiation.
The subsegquent warmer, drier phase could then have encouraged the
onset of underfitness which has produced the present meandering

7

streams. Where the additional influence of base level decline uaé
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also considerable, valleys may have been rencered dry and cur-
fently experience discharges only during the spring melt. GSuch
valleys are usually V-shaped. In conclusion,the present forms of
the valleys and their slopes Are a direct response to the impact

af these historical circumstances upan basal stream activity.
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CHAPTER ONE
INTRODUCTION



1(a) The Aims of the Thesis

The object of this thesis is to investigate the form
and origin of certain small valleys in the Ottawa area. These
valleys are minor tributary developments of the Ottawa River drain-
age system and they are usually incised within late-Quaternary
surficial materials., With the aid of slope profile data and other
guantitative field observations, the study attempts to assess the
relative roles of past and present physical conditions in the
shaping of these valleys. Special emphasis is directed towards
the relationship between slope form and process.

The only major work which directly concerns such valleys
is that of J.A. Heginbottom (1967) whose investigations were con-
ducted in the Montreal area. Other similar valleys, houwever, are
common in many parts of the Ottawa River valley between Montreal
and Pembroke. Thaey represent a phase of fluvial downcutting which
was initiated during the last 10,000 years and which has been
intimately linked with the development of major river terraces.

In a regional sense, the relevance of the study lies in
its attempt to contribute towards a further understanding of events
in the recent geomorphological evolution of the Ottawa area. These
events begin with the waning of the Wisconsin ice sheet which was
the most recent glacial phase in eastern North America. Deglac-
iation was accompanied by a marine transgression into the Ottawa-
St. Lawrence lowlands. By approximately 10,000 years ago, this
major marine incursion, which has been termed the Champlain Sea,

had begun itself to give way to freshwater and subaerial condit-



ions., This transformation and subsequent events are perhaps
léss well documented than those of the marine phase itself.

The present study, by describing and attempting to in-
terpret some of the landform assemblages of the region, comp=-
lements research on other aspects of the post-marine phase, such
as the nature and dating of the regression of the sea (sse E.
Antevs, 1925, 39; J.A. Elson, 1963, 68, 69; J.A. Elson and J.8.
Elson, 1959; N.R. Gadd, 1961, 63), the characteristics of poste-
marine deposits (see W.A. Johnstan, 1916, 17; Antevs, 1939, Gadd,
1961, 63), the magnitude of recent isostatic uplift (see T.C.
Kenney, 1964), the post-marine evolution of the main channels
of the Ottawa, Gatineau and Rideau Rivers (see Johnston, 1917;
Je.W. Goldthwait, 1933; Gadd, 1963; J. Lemenastral, 1966; G.D.
Hobson, 1970), the dating of the abandoned courses of thess rivers
(see R.J. Mott and M., Camfield, 71969), the nature of the major ter-
race assemblages (see Johnston, 1916, 17; Goldthwait, 1933; J.R.
Mackay, 1949) and the trends in late-Quaternary climatic fluctu-
ations (see J.E. Potzger, 1953; J. Terasmae, 1959, 60, 61; J. Ter-
asmae and P. Lasalle, 1968).

The stqﬁy is also of interest in that it considers an
area in which slope instability is a significant engineering prob-
lem, Fluvial processes are frequently operative within Champlain
Sea sediments in the vicinity of Ottawa. The deep-water facies of
this sediment sequence is a fine blue-grey clay which is highly
sensitive and prone to liquefaction (E. Penner, 1965). UWhere the

processes of incision and undercutting produce high-angle slopes



within this material, rapid slumping may follow. In the past,
such clay slopes have been considered from an engineering stande
point, for example by C.B. Crauford and W.J. Eden (1967) and by
W.J. Eden and R.J. Mitchell (1970). 1In the present study, howsver,
land form is considered to be a component of an integrated system
which also comprises a series of fluvial, climatic, biologicsl and
lithological variables. Geomorphological research which seeks to
explain .environmental variables as responses to each other is now
commonplace (ses, for example, M.A. Melton, 1958; J.T. Hack and
J.C. Goodlett, 1960; J. de Ploey and J. Savat, 1968; M.A. Carson,
1969a) and frequently involves a systems approach (see, for ex-
ample, Hack, 1960; F. Ahnert, 1967; R.J. Chorley, 1967; A.J. Cone
acher, 1967; C.S. Denny, 1967).

The remainder of Chapter One considers the recent geoe
morphological history of the Ottawa area and describes three field
sites which were selected for detailed investigation during this
study. Chapter Two discusses the significance of slope farm. The
chapter begins with a critical review of some of the theories which
have been advanced in order to interpret the relationship between
slope form and slope processes. This is followed by a considera-
tion of the relevancse to slope form studies of the characteristics
of lithologies, slope procasses, fluvial processes and historical
factorse In Chapter Three, field observations are presentsd con-
cerning the nature of slope and valley forms within the three local
study areas. Thae forms of 103 mesasured slope profiles are class-

ified and parameters of angle, dimension and shape are considered



and compared. In Chapter Four, the characteristics of bath past
and present processes in the study areas are reviewesd. The first
part of the discussion consists of a summary of field observatlons
on the nature of present-day processes, soils, vegetation assem-
blages and microclimates. The latter part of the chapter considers
the role of histarical conditions in initiating and shaping the
valleys. In the concluding chapter, an explanation of the nature
and variation in slope morphology is attempted. Three slope madels
are constructed and, within each, the characteristics of praesent
slope systems are related to the historical conditions which have

influenced slope developmsent.

1(b) The Geomorphological History of the Ottawa Area

A review of the geomorphological history of the Ottawa area
is essential to any consideration of the nature and origin of the
valleys. The area consists of two physiographic regions. 1In the
north are the PreCambrian uplands of the Canadian Shield which are
bounded to the south by the Eardley sscarpment. To the south are
the lowlands of'the Ottawa valley. Thaese are veneered by Quater-
nary materials which overlie both PreCambrian rocks and Ord-
ovician limestones and shales.

A.E. Wilson (1946) has examined the bedrack and ecanamic
geology of the area, and Johnston (1916, 17), Antevs (1925, 39)
and Gadd (1961, 63) have reviewed and discussed its Quaternary

evolution. It appears from such studies that the main topographic



f?aturas of the area, which are present today, were already in
existence during the immediate pre-Pleistocene period. Although
the Quaternary era did not drastically modify these features, it
produced the landforms and materials which are the object of the
present study.

The nature of the advance and retreat of the Wisconsin
ice sheet in the Ottawa area has heen documented by both Gadd
(1961,63) and V.K. Prest (1970). There is little evidence of pre-
vious ice sheets. Deglaciation produced a rise in sea level which
was more rapid than the isostatic response of the land to the re-
moval of the ice overburden. Retreat of the ice was accompanied
initially by the formation of large freshwater lakes but this trans-
itory phase was rapidly replaced by marine conditions. The approx-
imate extent of the marine inundation, which is known as the Cham-
plain Sea, is indicated in Figure 1.1 (p.7). In the Ottawa valley
itself, marine conditions extended to some miles beyond Pembroke.
The Sea was responsible for the deposition of large tracts -of marine
sediments (Fig. 1.2,p.8). Some landforms were wave-washed and
reshaped, and chers, such as sand bars and spits, were created.
It appears that, after attaining an sarly maximum depth, the Sea
shoaled and there was a gradual transformation from marine to sub-
aerial conditions.

The importance of this change should be stresssd because it
was at some time during the post-marine phase that the tributary
valleys were initiated. The nature and dating of this transforma-

tion has been the object of conflicting interpretations. Gadd (1961,
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§3) has argued that marine conditions ceased when the level of the
waters in the valley had declined to an elevation of approximately
325 feet because it is only below this elevation that non-marine
sediments overlie marine sediments. Antevs (1939), however, had
contended that there was a later marine incursion which he termed
the Ottawa Sea. His hypothesis depended particularly upon the rec-
ognition of two clays of marine origin.

Gadd (1961, 63) has described these two clays. The older

Champlain Sea clay is light grey, massive, soft, fossiliferous and

exhibits traces of oxidation above the water table. The younger

brown mottled clay is brown to brownish grey and is stratified in

places with alternating light and dark bands. It is stiff, non-
calcareous, oxidized and tends to be mottled, even below the water
table. Gadd pastulated that the latter is a freshwater derivative
of the former which has been redeposited by ancestral stages af the
Ottswa River. The proposal implies that freshwater conditions have
been continuous since the retreat of the Champlain Sea.

In support of this hypothesis, it is possible to demon-
strate that thgre has besn considerable isostatic recovery in the
area. The most recent radiocarbon dating for Champlain Sea fauna
is L604D which was determined for shells discovered at an eleva-
tion of 350 feet in the Ottawa area (W. Dyck and J.G. Fyles, 1962).
The age of the shells is estimated to be 10,200 £200 B.P. According
to J.R. Curray (1965), mean world sea level at that time was approx-
imately 200 feet below its present elevation (Fig. 1.3, p.10).

d

By adding this figure to that for the altitude of the shells, one
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may calculate that the minimum net isostatic uplift at the dated
site has been 550 feet since 10,200 B.P. (see Kenney, 1964, for
discussion of procedure). The net rise in sea level since that
time has been 200 feet and Figure 1.3 suggests that this rising
trend has been consistent rather than fluctuating. There have been
no reports of ice re-advances in the Uttawa area during this per-
jod which might have resulted in isostatic downwarping. Under these
circumstances, a phase of more recent marine conditions is unlikely.
Despite the differences which have been stated, the hy-
potheses of Gadd and Antevs are similar in that they involve the
deposition of 2 clay since the retreat of the Champlain Sea.

Since the clay which overlies the Champlain Gea clay is areally

very extensive (Fig. 1.2, p.8), such a phase of deposition would
have been of major proportions. Furthermore, since this clay
characteristically veneers the fluvial terraces into which the
small tributaries are incised, these latter rnould not have been
initiated until after the clay was deposited.

In 1965, a different interpretation of the origin of the
upper clay was offered by Crawford and tden who demonstrated that
many of the geotechnical characteristics of the two clays are sim-
ilar. It should be noted that these authors employ criteria for
distinguishing the clays which are different from those which Gadd

has employed. In areas where Gadd has identified the brown mottled

clay, however, Crawford and Eden describe a clay which is overlain
by an oxidized crust. More recently, it has been stated that,

The weathered crust of Leda clayS....(This is
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an engineering term for the Champlain Sea clay)
....is of variable thickness and may extend to a
depth of 10m. It is identified by decreasing
field vane strength with increasing depth....The
crust consists of two layers: an upper oxidized
layer which extends approximately to the depth of
seasonal variation of the groundwater table, and
a lower layer of gray clay. The upper portion of
the crust is strongly fissured and may allow
water to move freely through the clay.

(Eden and Mitchell, 1970, p.285).

It is possible, therefore, that the brown mottled clay is

‘a leached crust of the marine clay. This hypothesis accords
with other evidence which suggests that, within the Ottawa area,
the post-marine phase has been characterized by the dominance of
processes of eraosion.

It appears that, initially, an undulating, bedrock-con-
trolled marine plain began to emerge as relative sea level de-
clined. Field evidence suggests that the altitude of this plain
would have lain between 300 and 360 feet (Gadd, 1963; Crawford and
Eden, 1965; Lemenestral, 1966). As an example of this evidence,
Crawford and Eden have demonstrated that normally-consolidated
clays occur between these elevations whereas clays at lower el-
evations have become progressively more overconsolidated as a
raesult of loadiné by the sediment overburden (Fig. 1.4, p.13),
Most of the small tributaries in the Ottawa area appear to have
been initiated on this surface. The radiocarbon date L604D
(Dyck and Fyles, 1962) provides a maximum age of 10,200 B.P.
for this surface. The exposure of the marine plain to sub-
aerial processes, however, was probably rather gradual. As Gadd

(1961) has reported, considerable guantities of meltwater discharge
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from Lake Algongquin, a predecessor of the Great Lakes, were sup-
plied to the Ottawa River through the Fossmill channel near Mat-
tawa. As this source of discharge declined, that of the Ottawa
River was reduced. Of the several channel outlets in the Mattawa
area, the most recent was closed by 5,250 B.P. (radiocarbon date
GSC-1162), a date which was derived from wood fragments. During
this phase of discharge decline, the Ottawa River was also influ-
enced by the decline in elevation of regional base lesvel. The river
began to dissect both its alluvium and the marine clay beneath it.
If the small tributary valleys were initiated at this time, it is
possible that they developed as extended consequent streams an

the emerging surface. A similar process of stream initiation was
envisaged for the Montreal area by Heginbottom (1967).

As a result of the declines in both discharge and base
level elevation, the Ottawa River developed a series of terraces.
These features are discontinuous and are associated with veneers of
channel, bar, delta and spit deposits (Gadd, 1963 - see Figure 1.2,
p.8). The approximats locations of the bluffs and terraces are
mapped in Figure 1.5 (p.15). The information for this figure was
obtained from an analysis of topographic sheets and aerial photo-
graphs. Although the terraces are discontinuous and have been
locally influenced by warping, an attempt to identify and classify
the various levels has been reproduced in Figure 1.6 (p.16). The

inferred marine surface varies in elevation between 360 and 290

feet, partially because of rock control, warping and local tidal

scour or fluvial erosion. VYounger terraces are frequently divided
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by islands whose summits represent the dissected remnants of older
terraces. The maost recent terrace, which is at an elevation of
approximately 140 feet, occurs only below the Chaudikre Falls.

From this information, it is possible to suggest the main
adjustments in drainage pattern which may have taken place since
the initiation of the post-glacial Ottawa River. Four main stages
are recognized in Figure 1.7 (p.18). At stage one, during the mar-
ine regression, an estuary existed which was betwsen five and sev-
en miles wide and which possessed several islands. With the dev-

elopment of stage two (the 220-foot surface), most of the discharge

became confined to the Mer Bleue path. At the 190-foot stage
(stage three), the Ottawa River above the Chaudiere Falls was al-
most in its present position with the exception of a path of dis-
charge through the Lake Constance area. Furthermore, the Mer
Bleue path was now abandaned because further downcutting was inhib-
ited by a rock threshold in the vicinity of Alfred, some forty-
five miles to the east of Uttawa. The drainage had been totally
diverted to the more northerly channel which it presently occupies.
This channel, however, had been operative at least as early as the
220-foot stage since morphological evidence suggests connecting
channels. The major features of the present drainage pattern in
the Ottawa area are indicated in stage four. The Lake Constance

channel is dry and the 140-foot surface is in the process of devel-

opment downstream from Ottawa. ODowncutting further upstream is
inhibited by the rock threshold at the Chaudiere Falls.

Radiocarbon dates are available only for the 220-foot
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surface and are presented in Table 1.1 (p.20). There are two
dates for the minimum age of the abandoned channels in the Mer
Bleue region, one at 6,750 B.P. and the other at 7,650 B.P.

Uther dates are available from Catherine Street and Richmond Road.
It appears from this data that, during the 2,500 years which fol-
lowed the termination of the Champlain Sea, the marine surface and

several fluvial terraces had been abandoned and the 220-foot sur-

face had been created. During that period, therefore, the Ottawa
River achieved approximately 100 feet of downcutting. Ouring the
succeeding 7,500 years, perhaps only 60 feet aof downcutting has been
achieved, and this only below the Chaudiere Falls. Furthermore,
7,500 years constitutes a minimum age for the emergence of the mar-

ine surface upon which the study valleys were initiated.

The evolution of the drainage pattern in the Ottawa valley
would undoubtedly have been influenced by important regional cli-
matic fluctuations. Both temperature and precipitation influence
runoff, discharge, and ssdiment yield so that cool and moist cli-
matic conditions favour the operation of fluvial erosion processes
(G.H. Dury, 1964a). The findings of Patzger (1953), Terasmae
(1959, 60, 61) ;nd Terasmae and Lasalle (1968), which are applic-
able in general to the Uttawa-5t. Lawrence lowlands, are presented
in Table 1.2 (p.21). The investigations of these researchers,
which were based upon palynological evidence, indicate a change
from cool and moist to warm and dry conditions and a subsequent
return to cool and moist conditions. It may be that either of the

cool, moist periods (from 8,000 to 9,000 years ago or during the



TABLE 1.1.

MINIMUM RADIOCARBON DATES FOR THE 220-F0OT SURFACE AROUND OTTAWA

DATE CODE DATE LOCATION ALTITUDE | STRATIGRAPHY COLLECTOR REPORTER
(YEARS B.P.) (FEET)

GSC 548 6750% 150 MER BLEUE 220 GYTTJA J. TERASMAE (1959) | LOWDON, FYLES AND
L5°23'20"N 75°31'0"W BLAKE, 1967

GSC 681 7650%210 MER BLEUE 225 GYTTJA J. TERASMAE (1959) | LOWDON,AND BLAKE
45°30'0"N 75°30'20"W 1968

GSC 628 7870% <60 CATHERINE ST 220 GYTTJA J. TERASMAE (1959) | LOWDON, FYLES AND
45°24'N 75°42'uW BLAKE, 1967

GSC 547 8220t 150 RICHMOND RO 235 woobDy PEAT N.R. GADD & J. LOWDON, FYLES AND
45°21'N 75°L8 W TERASMAE (1961) BLAKE, 1967

GSC 546 8830%190 GLADSTONE AVE 200 GYTTJA R.J. MOTT (1966) LOWDON, FYLES AND

L5°42112"N 75°42'37"W

BLAKE, 1967

0é
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TABLE 1.2. POLLEN ZONES IN THE ST. LAWRENCE LOWLANDS IN THE
POST-GLACIAL PERIOD

PROBABLE

RGE (YEARS B.P.)

POLLEN ZONES
UF POTZGER AND
COURTEMANCHE
(1953-1956)

POLLEN ZONES FOR
5T. LAWRENCE LOWLANDS
BY TERASMAE AND
LASALLE (1959-1968)

POST-GLACIAL

Q5 I I.5. Spruce
2,000 CcooL, MOIST D.5. Hemlock
QL II I.5. Beech, Hemlock
4,000 WARM, MOIST 5.5« Spruce, Fir,
Birch
D.5. Pine
6,000 Q3 III I.5. White Pine
WARM, DRY D.5. Spruce, Fir,
Hemlock, Beech
8,000 TV I.5. Jack Pine, Fir
D+S. Spruce, Birch
LATE-GLACIAL
Q2 v Spruce Maximum
9,000 COOL, MOIST
Q1 VI I.5. Pine, Birch,
10,000 WARM Alder, NAP.
D.5. Spruce
12,000 VII I.5. Spruce, Willow
NAP.,
14,000 VIII I.5. Boreal sp.,
Spruce

After Terasmae (1959) and Terasmae and Lasalle (1968).

I.5. = Increasing Species;

5.5. = Supporting Species;

D.S5. = Decreasing Species;

NAP = Non-arboreal pollen.
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last 2,000 years) could have favoured the initiation of the trib-
utary valleys. None of these valleys has been dated by radiocar-
bon analysis, however, so that such speculation is reserved until

Chapter Four where the evidence of valley form is considered.

1(c) Study Sites and Field Observations

For the purpose of field investigations, three areas were
selected for study. It was required (i) that the field sites be
located in different parts of the Ottawa area, (ii) that they be
easily accessible and (iii) that they be free from obstacles to sur-
veying such as dense covers of vegetation. The latter criterion is
debatable, however, in view of the possible anthropogenetic nature of
the valleys (see Heginbottom, 1967). Several potentially-suitable
valley sites were located on maps and air photographs and these were
subsequently examined in the field.

The three sites which were chosen are known in this study
as Gloucester Glen (A), Trend Village (B) and Gatineau (C) - sese
Figure 1.8 (p.23). Three, one and four valleys respectively were
considered at these locations. The valleys possess both north-south
and east-west alignments in order to ensure the presence of slopas
of various aspects. The vegetation in the valleys varies from asso-
ciations of closely-cropped grasses where grazing occurs, to the
initial stages of a bush association where grazing has been discon-
tinued. Dense bush associations were avoided although trees are
present in some valleys.

The brown mottled clay is present in all of the study

valleys but the underlying Champlain Sea clay outcrops only rarely.
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The brown mottled clay appears to have been especially successful
in attracting valley development. It is the dominant surficial
material not only of the three areas of study but also of most of
the other minor fluvial systems, as demonstrated in Figure 1.2 (p.8).
Morphology within the study valleys is varied. The val-
leys at Gatineau are short and deeply incised. Channel gradients
here are steep whereas slope angles are lower than elsewhere. At
Gloucester Glen and Trend Village, valleys are laonger, slope angles
are steeper and channel gradients are gentler than at Gatineau.
The valleys at the three sites are also graded to various terrace
levels which are related to different stages of drainage svolution.
The Gloucester Glen area (Fig. 1.9, p.25; Plate I, p.26)
is located three miles to the south of Uplands Airport. At this
site, a valley complex has become incised into the inferred marine
surface to a depth of between twenty and thirty feet. In this
area, which is adjacent to the Rideau River, the surface is under-

lain by brown mottled clay and ranges in elevation from 300 to 315

feet. It is flanked by areas which rise to approximately 375 feet
on marine beach materials. The drainage system is graded to the
floodplain ter;ace of the Rideau River which is situated at approx-
imately 260 feet.

The drainage pattern at Gloucester Glen is dendritic and
most tributaries appear to reach the main trunk valley (valley A1)
from the north. The trunk stream is approximately seven miles in

length. It is perennial and drops sixty-five feet along a course

which meanders aver a wide floodplain (Plate II, p.27). The valley-
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Plate 1. Vertical serial photograph of the study area at Glouces-'
ter Glen; scale approx. 1:15,3900. (A19864-114, Air Photo
Division, Canada Department of Energy, Mines and Resources).
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side slopes are locally undercut by the stream and may attain
angles of forty-two degrees. In valleys A2 and A3, discharge
occurs only during the spring melting period. Valley A2 lacks a
floodplain (Plate III, p.27) whereas, in valley A3, a small flood-
plain is situated astride a narrow incised channel (Plate 1V,
p. 29).

The stream network at Trend Village (Fig, 1.10, p.30;
Plate V, p.31) flows northwards to the Ottawa River at Graham
Bay and, in its lower reaches, passes through the urban develop-
ments of Leslie Park and Bayshore. The main stream (B1) crosses
three terraces of the Ottawa River along a course of approximately
seven miles during which it drops in elevation by 100 feet. The

stream is incised into brown mottled clay on the lowest terracs,

which varies in elevation between 210 and 230 feet (the 220-foot

surface). The stream is entrenched into the Champlain Sea clay

on the second terrace (270 to 290 feet) which is separated from

the marine surface by a minor bluff (Fig. 1.5, p.15). This bluff

is capped by marine gravels. At this point, brown mottled clay

outcrops in the valley sides. The upper terrace (the marine sur-

face, at 310 to 320 feet) is thinly veneered with alluvial sands

which have been dissected to expose the brown mottled clay. 0On

this surface, the valley possesses a floodplain. Stream under-
cutting has produced slopes which locally attain maximum angles of
forty-five degrees. The volume of water which occupies the channel
fluctuates seasonally but a continuous flow is maintained,

even during summer (Plate VI, p.32). The drainage pattern varies
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ONE HALF MILE
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from terrace to terrace. It is dendritic on the upper surface
where most tributaries are from the west. Further downstream,
tributaries are absent.

The valleys at Gatineau (Fig. 1.11, p.34; Plate VII,
pP.35) are confined to a terrace bluff which separates terrace

levels at 325 to 330 feet (the marine surface) and 150 to 200

feet (the 190-foot surface). The higher surface is capped by fine

alluvial sands but the study valleys are incised into the under-

lying brown mottled clay. The bluff is approximately 100 feet

high and the valleys which traverse it experience a considerable
loss of elevation over distances which are usually less than ane
half mile. Valley depths are variable and may range from greater
than seventy feet to less than ten feet. The smaller valleys are
often unbranched and quasi-parallel,occurring as closely-spaced in-
dentations in the terrace bluff. Larger valleys occasionally as-
sume a dendritic pattern. The valleys lack floodplains and their
headward limits are characterized by shallow depressions which do
not possess fluvial channels (Plate VIII, p.36). The valleys are
dry for most of the year (Plate IX, p.36) and fluvial processes

do not appear to be effective.

The selected study valleys provide an opportunity for the
consideration of many physical factors which may contribute to their
present characteristics. Variations may be associated with dif-
ferences in age, history, alignment and present physical enviran-

ments. It is also possible to consider the modifying influences

of man's activities. In some valleys, the tree vegetation has been
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Plate VIII. A detail of a typical small dry vallay
incised into the bluff at Batinesu; there
is no distinct channel form (grid ref.
L76383).

Plate IX., A detail of valley C3; the channel is 1in-
distinct; a prominent mic-slope facet is vis-
ible in the foreground (grid ref. L72382).
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cleared. Grazing presently occurs in all valleys except valley

B1. In the latter valley, it was necessary to confine field obser-
vations to the upper reaches because of the considerable downstream
modifications which have resulted from urban expansion. Even in
the upper section of the valley, however, urban developments are
beginning to encroach and refuse dumping occurs in places.

During the present study, a variety of field observations
were recorded at the study sites. In each valley, the longitudinal
profile and several slope profiles were measured in order to pro-
vide an indication of the nature of slope and valley form. The
slope profiles have been classified into straight and curved seg-
ments. Several morphological parameters are derived from this
guantitative data. These parameters include the maximum and mean
angles of slope, valley cross-profile dimensions and indices of
cross-profile asymmetry.

In each valley, a regolith transect was conducted. Sev-
eral soil pits were excavated along the selected cross-profiles and
soil profiles were described with respect to horizoning, depth,
texture, structure and colour. In three valleys, vegetation trans-
ects were conductted in order to note variations in the composition
of floristic associations. In valley A2, some microclimatic data
were collected from the opposing north-facing and south-facing
slopes of one cross-profile. The data include soil temperaturss,
soil moisture contents and the depths of snow accumulation. Flu-
vial and gradational processes were noted but it was not feasible to
undertake gquantitative process measurements because of the brief

duration of the study.
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THE IMPORTANCE AND SIGNIFICANCE OF SLOPE FORM
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2(a) Introduction to the Problem

It is possible to view whole landscapes as assemblages of
slopes of varying form and gradient so that slope studies have
assumed great significance in geomorphology. These studies have
been characterized by a complex variety of approaches and objectives
which have contributed to the many diverse interpretations of
slope form.

A recurring praoblem in slope form analysis has been the
apparent absence of a gimple relationship between slope form and pro-
cess. The nature of this relationship was perhaps a secondary
factor in the cyclical framework of W.M. Davis who concentrated
upon the significance of general base level and the evolution of
landforms through long periods of time. Many recent studies, how-
ever, have investigated local situations in order to explain morph-
ological variations as specific responses to complex local physical
systems (see, for example, A.N. Strahler, 1950; Hack, 1960; Hack
and Goodlsett, 1960; Conacher, 1967; Carson, 1969a).

The approaches to these studies provide a suitable con-
ceptual framework within which to investigate the forms, processes
and external controls which are present. The slope may be viewed
as a system within which form evolves as materials are exchanged
with the surrounding environment. These exchanges are influenced
by biological, 1lithological, climatic and fluvial variables. It is
possible to incorporate the form, the processes of exchange and the
controlling variables within a single conceptual open system model,

as illustrated in Figure 2.1 (p.t0).
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The following review of literature discusses the cam-
plex nature of slope form, the state of knowledge concerning the
relationship between slope form and process, the diversity of local
controls and the conflicting interpretations which have been pro-
posed for the evolution of slopes through time. As such, the re-
view constitutes a necessary background to further studies of slope
form and provides a comment upon the validity of a systems approach

to the issues which are considered in this study.

2(b) Interpretations of Slope Form

The profiles of slopes are often classified into their com-
panent convex, concave and rectilinear slope segments for descrip-
tive purposes. Distinctive assemblages have been identified as a
result, including the convexo-concave slope of humid temperate lati-
tudes and the free face/debris slope form of semi-arid areas (H.
Baulig, 1940, 57). Explanations of the origins of these segments,
howaver, are diverse and contradictory.

Convexities are usually attributed to erosional processes.
In 1909, G.K. Gilbert wrote that "....On the convexity, the amount
of soil to be removed increases down-slope; a progressively steeper
slope is therefore required for its removal." (cited in A. Young,
1963, p.28). Baulig (1940) supports this statement in general al-
though he disputes some of Gilbert's premises, including the assump-
tions that both rates of weathering and reqgolith thickness are con-

stant over the convexity. N.M Fenneman (1908) suggested, in a
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s;milar hypothesis, that the increase in the volume of wash in a
downslope direction in turn increases its erosional and transporta-
tional powers so that downslope steepening occurs.

In contrast, it has also been stated that the summit of
the divide experiences the most effective denudational processes
so that a convexity develops through summit flattening. This no-
tion was suggested by G. Gotzinger (1907) and expanded upon by
W. Penck (1924), A.C. Lawson (1932) and 0. Lehmann (1933) - these
authors are cited in Young (1963a, p.28). 1t is also believed that
convexities may result from the weathering of a bedrock surface
beneath a talus apron (A. Wood, 1942; J.P. Bakker and J.W.N. Le
Heux, 1946, 47).

The origin of concave segments has been attributed to bath

erosional and depositional processes. G.K. Gilbert (cited in
J. Dylik, 1968, p.7) reasoned that concave surfaces are associated
with concentrated runoff. It may be argued that rills possess
the same relationships among their hydraulic parameters as do
streams which develop concave profiles, and slope concavities have
often been attr}buted to rill wash (Fenneman, 1908; Baulig, 1940;
R.E. Horton, 1945; C.A Cotton, 1952). On many concavities, however,
rills may be entirely absent or are present only periodically,
perhaps after heavy rainfall (B.W. Sparks, 1960, p.6h4).

Deposition occurs on many basal concavities and slope
regoliths are frequently thicker in these zones than slsewhere.
Lawson (1932) actually asserted that these zones are entirely depo-

sitional but A. Jahn (1963) demonstrated that the concavities may be
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more correctly interpreted as zones of net accumulation. He
has concluded that rates of erosion which are associated with rill
wash on the basal concavity may far exceed the rates of erasion
which are maintained by soil creep on the summit convexity.
Rectilinear segments frequently occur between convex and
concave segments and, in many instances, they may form the maximum
angle segments. 0One may reason that such segments reflect a bal-
ance between those processes which fashion convexities and concav-
.ities respectively (Baulig, 1940). The significance of maximum slope
angles has heen assessed hy Strahler (1950, pp.684-685) as follows:
Within an area of essentially uniform lithology,
soils, vegetation, climate and stage of develap-
ment, maximum slope angles tend to be normally
distributed with low dispersion about a mean value
determined by the combined factors of drainage
density, relief and slope-profile curvature.

This view envisages an equilibrium form which reflects conditions

within an integrated physical environment.

Rectilinear segments have been said to retreat parallel
to themselves, particularly where they are characterized by rapid
mass movements. It is argued that ground loss, when measured per-
pendicular to the slope surface, occurs at the same rate over the
entire surface (P. Birot, 1968, p.61). S.A. Schumm (1956a) and
Carson (1969b) have described rectilinear segments which appear
to be transportational slopes. On such surfaces, an eguilibrium
exists between the material which is brought from upslope and the

material which is evacuated downslope so that there is no net

ground loss.
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In summary, it is clear that there is no simple relation-
ship between slope form and process. The literature has, however,
identified important considerations which include nat only the nat-
ure of slope processes but also the characteristics of the bedrock,
the effectiveness of fluvial processes and the influences of his-
torical conditions. It is imperative that the relationships of these

factors to slope form be examined further.

2(c) Environmental Contrals

(i) Geotechnical Influences

Bedrock and its regolith are the elements of resistance
to the processes which operate within the slope system. Materials
may be cemented, granular and resistant or unconsolidated, non-
cohesive and weak. Geotechnical properties such as strength, struc-
ture, dip, chemical composition and weathering history may vary
from slope to slope or even within individual slopes. Several
authors have noted the different degrees of development of con-
vex, concave and straight segments on differing lithologies in
Belgium (P. Macar and R. Fourneau, 1960; Fourneau, 1960-1961;
Macar, 1963). Macar and Fourneau (1960) have noted also that un-
consolidated materials adjust more rapidly to environmental con-
ditions than cemented rocks. Slopes tend to be steeper in loose
sands than in schists or sandstones, following the recent initia-

tion of slope-steepening processes.
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On slopes in coherant rocks, failures are not often deep-
seated and are usually confined to the regolith zone. In Champ-
lain Sea sediments and other unconsolidated materials, however,
failures may occur at any depth. The sources of strength in such
materials are cohesion, internal friction and pore water pres-
sures. Cohesion is ionic bonding among soil particles and water
molecules and tends to be greatest in clays (Crawford, 1963).
Where cohesion is lacking, materials cannot support slope grad-
ients which exceed the angle of repose, a property which is deter-
mined by internal friction between particles (A. van Burkalow,
1945). Cohesive forces, however, may permit slopes to assume
steeper inclinations, especially during periods of drought when
negative pore pressures reinforce the strength of the material. In
oversaturated soils, pore pressures are positive and act against the
atmosphere to alleviate normal stress and, in consequence, to re-
duce soil strength (R.H. Warol, 1960, pp.48-50; Carson, 1969b).

The permeability of materials influences the nature of
the processes which affect them. For example, Schumm (1856a) has
demonstrated that creep is an effective process on permeable mat-
erials whereas surface wash becomes relatively morez important as
the infiltration capacity of the soil declines. Materials with
high waterholding capacities are susceptible to failure by flow
rather than by sliding. They also experience greater impacts

from both freeze-thaw processes and wetting and drying cycles.
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(ii) Slope Processes and Slope Form

Many studies have been devoted to the relationship be-
tween slope forms and the processes which shape them but few prin-
ciples have been established. For example, it is a common premise
of deductive models aof slope evolutian that the rates of operation
of slope processes are positively correlated with slepe angle (see
W.E.H. Culling, 1960, 63; A.E. Scheideggar, 1961, 6L; Young,
1963b; de Ploey and Savat, 1968). Yet field observations by both
Young (1960) and M.J. Kirkby (1967) have failed to demonstrate this
relationship. In addition, R. Common (1966) paints out that the
stability of a slope depends on many factors other than slope angle
and the associated gravitational stress. Une is compelled to agree
with Chorley (1964a, p.71) in his conclusion that

.es.neither the manner of evolution aof the slope
nor the processes responsible can be unambiguously
deduced from the slope form alone....All erosional
slope forms present ambiguities if one attempts
to reason simply and directly from form to pro-
cess, and it is now patently apparent that no dis-
tinctive slope form is uniquely linked to a given
climatic or tectonic erosional environment.
The work of C.D. Holmes (1955) and M.J. Mulcahy (1961) has shown
that the functions of slope surfaces of similar angles may be
erasional, transportational or depositional, depending upon their
position on the profile amd on conditions in the local environment.

From field observations, however, it appears that within
specific areas of fairly uniform conditions, slope processes oper-
ate within definite ranges of slope angles. Jahn (1960) contends

that, in Spitzbergen, rockfalls occur on 'slopes above 40 degrees,

talus aprons with dry gravitational sliding on surfaces between
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30 and 40 degrees, creep on humid talus slopes inclined between
15 and 25 degrees, and solifuction on slopes of between 2 and 25
degrees.

Carson (1969a) has attempted to explain such findings
by formulating a model of succeeding phases of slope development.
Each phase is characterized by a threshold angle of slope below
which its characteristic process(es) cease to operate. For example,
evolution from a vertical rock face may involve four succeeding

phases; a rock slope of large blocks, a talus slope, a moist tal-

luvial slope and a soil slope. In a later article (M.A. Carson

and D. Petley, 1970), the concept of the threshold angle is held to
imply that, as the minimum gradient for a particular process is
reached, that process will be replaced by a new process with a
lower threshold unless a compensating process of slope steepening
is operative. 5ets of processes with different thresholds, there-
fore, are likely to characterize small regions.

The main factor in the differentiation of slope processes
throughout the world appears to be climate (Common, 1966). As a
result, variations in slope form in different parts of the world
have been rscognized. The contrast between the convexo-concave
slope of humid latitudes and the free face and debris slopes of
semi-arid areas is an example.

Within a single region, climatic processes vary from slope
to slope with aspect, Aspect and slope angle control the amount of
insalation on a surface at any given latitude (B.J. Garnier, 1968).

In addition, winds operate in preferred directions to create wind-
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ward and leeward slopes. Such microclimatic contrasts are often
s;Fficient to promote asymmetry of valley crass-profile form. In-
terpretation of slope asymmetry requires care, however, since this
phenomenom is also caused by structural variations, asymmetrical
drainage development and differential stream undercutting (H.M.
French, 1967). R.F. Hadley (1961) has expressed the opinion that,
in many parts of North America, the north-facing slope is usually
stesper than the south-facing slope which experiences more rapid
slope processes. These processes lead to accumulations of debris
at the base of the south-facing slope which deflect the stream
channel against the north-facing slope. This slope, which is
steepened by undercutting, is more capable of maintaining its grad-
ient than the opposite slope because of its greater vegetation
caver and moister, more cohesive soil. French (1967) has demon-
strated, however, that steeper slopes have been identified in many
areas of North America and Europe which possess various orientations.
These steeper slopes, furthermore, are not consistently either the
wetter or drier or the cooler or warmer of the two slopes. It is
clear that the literature concerning asymmetrical slopes and val-
leys is ambiguous and conflicting.

Vegetation may influsnce the nature and rate of opera-
tion of slope processes. According to G.K. Gilbert (cited in
Chorley, 1959, p.503), a plant cover promotes weathering and rock
disintegration but retards the removal of the loosened debris.

Most workers have emphasized its capacity to protect the soil from

erosion, for example, K.G. Smith (1958) and Chaorley (1964b).
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Unlike climate, however, vegetation is considerably in-
fluenced by the slope system. Schumm (1956b) reported that, at
Perth Amboy, New Jersey, gentler slopes appear to support more veg-
etation. It is probable that, as slope angle increases and grav-
itational processes become more effective, plants experience pro-
gressively more difficulty in becoming established within the mobile
rooting medium. Floristic associations, therefore, may reflect the
effectiveness of slope processes. As regolith mobility increases,
the successian may be halted and the plant association may be main-
tained in an equilibrium condition (as an immature climax) or may
even be degraded.

The maturity of soil profiles on a slope is a similar
index of the effectiveness of surface processes. P.H.T. Beckett

(1968) has written concerning the Aufbereitung concept of W. Penck

which alleged that soil materials are progressively reduced with
time and become increasingly susceptible to removal. Penck be-
liesved that the rate of removal is proportional to slope angle and
it follows that the degree of maturity of a soil is inversely pro-
portional to slope angle because soils require ever-declining
angles of slope in order to ensure their caontinued evolution. P.A.
Furley (1968) has presented field evidence which partially supports

the Aufbereitung theory; but its precepts limit its applicability to

convex and straight surfaces which experience only shallow surfic-
ial processes, such as sheet wash, creep and rain splash erosion.
Variations in soil maturity with topography have been noted by many

other workers, including C.D. Ollier and A.J. Thomasson (1957),
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Young (1963a) and French (1967). Such variations may be obscured,
however, where seepage moisture migrates over the slope by through-
flow rather than by vertical infiltration (Kirkby and Chorley, 1967).

(iii) Fluvial Processes and Slope Form

Slope form is a component of valley form and it is there-
fore logical to expect that fluvial processes exercise a consid-
erable influence upon it.

In V-shaped valleys, downcutting and slope undercutting
are simultaneous processes where the slope base merges with the
channel bank. The ultimate gradient of the slape may depend upan
the relative efficacies of two processes: (i) the downslope trans-
portation of debris; (ii) the erosion and transportation of mater-
ials by the basal stream.

In floodplain valleys, downcutting is negligable and slope
undercutting occurs only locally. Valley depth and slope height are
relatively constant. The floodplain level is not built up because
most deposition occurs in the form of lateral accretion in shift-
ing meanders (M.G. Wolman and J.P. Miller, 1960). Lateral erosion
occurs on the outer bends of meanders (M.G. Wolman and L.B. Ledpold,
1957)., UWhere the latter are adjacent to the valley-side slapes,
undercutting and slope steepening occurs. O0Often, the erosive cap-
acity of the stream far exceeds the transportational capacity of pro-
cesses of mass movement. In such situations, the slopes tend to be
oversteepened to the maximum gradients which the bedrock materials
are able to support. Away from these points of localized erosian,

undercutting is absent and slope processes reduce slope angles with-
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out interruption. It appears that sven floodwaters do not under-
cﬁt these slopes because of the absence of the turbulent flow which
characterizes water motion within the main channel (Dury, 1954).
The form compasition of the slope profile has been found
to vary with basal fluvial activity. Culling (1965) and P. de
Bethune (1967) have argued that, theoretically, convexities should
tend to increase in length and to acquire progressively lower rates
of curvature where slow mass movements are operative. Observations
of the processes of soil creep by Schumm (1956a) and of rainsplash
erosion by de Ploey and Savat (1968) support this contentiaon.
Active fluvial processes at the base of the slope, bhow-
ever, oppose this tendancy. Strahler (1950) and Culling (1963)
observed that the rates of curvature on divides increase directly
with such drainage basin parameters as the density of valley spac-
ing and available relief. Rates of curvature tend to increase,
therefore, in areas of downcutting and channel extension. 0On slopes
which are powerfully undercut, the upper convexity is reduced in
length and assumes a high rate of curvature. Furthermore the de-
velopment of a basal concavity may be entirely suppressed (Baulig,
1940). In such situations, the maximum angle segment is located
near the base of the slope which is dominantly convex in form. The
basal segment often occurs as an undercut scar without soil or veg-
etation (R.W. Packer, 1964; Birot, 1968, pp.60-61). The overall ef-
fect of undercutting appears to be to simplify the form of the
slope profile. When basal fluvial activity ceases, variations in
process and structure are more likely to produce a complex slope

forme.
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As a further indication of the connection between slope
form and fluvial processes, a relationship between slope angle and
channel gradient has often been cited. W.M. Davis predicted that
these two variables would be positively correlated and Strahler
(1950) conceived of the relationship as a delicate adjustment which
reflects the quantity of slope debris to be removed by the stream.

Strahler devised a slope ratio (channel slope / hillslope gradient)

for the investigation of this notion. Field abservations suggested

to him that the slope ratio declines as valley development proceeds

sao that, for example, as stream segments attain higher orders in a
drainage basin, their channel gradients become less whereas those of
the adjacent slopes increase.

Melton (1960) has noted a further relationship between
slope angle and channel gradient. He has illustrated from data
in Wyoming that, as channel gradient increases, its influence
eventually dominates other controls of slope angle and, by produc-
ing efficient removal of material from the foot of the slope, leads
to symmetrical valley cross-profiles.

(iv) Slope Evolution

Early theories of slope development have emphasized the
evolution of geometric form through time. These evolutionary con-
cepts were parts of elaborate cycles of landscape development. In
W.M. Davis's cycle of peneplanation, slopes decline in angle about
a fixed local base level once maturity has been achieved. In this
cancept, the slope resembles a closed system and the peneplain is a

land surface at maximum entropy. L.C. King(1953) proposed a cycle
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of pediplanation in which the end-product was also a flat surface.
Throughout the cycle, however, the slopes retreat parallel to them-
selves; they are free to migrate and are not fixed in position by

a8 local base level. Such slopes resemble more closely open sys-
tems in a steady state. W. Penck's model of landscape development
(1924) involved two successive trends in the evolution of a slope
through time. Initially, a convexity develops as fluvial down-
cutting accelerates but, later in the cycle, when downcutting ceases
to operate, sweeping concavities consume the divides by the pro-
cess of slope replacement. Explanation of this change is assisted
by visulalizing the slope as a series of facets of varying grad-
ient. During the development of the concavity, steep facets retreat
rapidly to be replaced at their hases by gentler facets (Penck's
maodel is_  described in M. Simons, 1962).

Cyclical approaches to the interpretation of slope form
have been criticized in recent studies. Chorley (1965, p.25) con-
sidered that,

The relationship between gradient and rate of

mass transfer is more partial and complex than

Davis assumed....such that some aspects of land-

scape geametry may be relatively unchanging

throughout large segments of "cyclic time",

whereas the detailed pattern of change of others

may be neither progressive nor continual.
Hack (1960) argued that one may satisfactorily explain landscape
features as responses to the conditions which prevail at the time
of the study. Chorley(1965) also felt that this approach trans-

fers the emphasis of research to the complex problems of the rela-

tionships between form and process. 5.A. Schumm and R.W. Lichty
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(1965) have concluded that historical studies such as those of
Penck, King and Davis tend to underestimate the unity within the
landscape whereas recent quantitative studies have suppressed temp-
oral considerations and ignored sequential and migrating changes.

For some problems of landscape interpretation, a reasonable
explanation may only be sought from a comparative evaluation of past
and present conditions. Ffor example, although the form of flood-
plain valleys with meandering streams is often attributable to the
characteristics of the present discharge, Dury (1964a, 64b, 65)
has demonstrated the importance of much larger discharges during the
past in the fashioning of these valleys. Many such valleys in Eur-
ope and North America are misfit and climatic conditions for the on-
set of underfitness appear to have been widespread in the immediate
post-glagial period. Misfit valleys may be contrasted with those
which have not undergone the same Quaternary history and which,
therefore, possess different form and discharge characteristics.

The general expansion and evolution of a drainage network
constitutes a further illustration of sequential development. Many
of the dimensions of drainage basins increase allometrically (see,
for example, Schumm, 1956b; Hack and Goodlett, 1960; Leopold, Wol-
man and Miller, 1964, pp.131-150; Hack, 1965; L. Wilson, 1968).
Slope form parameters, such as height, length and maximum and mean
angles, may increase as part of the general process of growth (Schumm,
1956b; Fourneau, 1960-"'961; C.S5. Carter and R.J. Chorley, 1961).

In conclusion, therefore, it is often useful to interpret some
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aspects of slope form within an evolutionary context,rather than

through a simple time-independant conceptual framework.

2(d) Tne Slope as a System

Recently a systems approach has been employed by several
authors in order to interpret slope form (see, for example, Cul-
ling, 1960, 63; Ahnert, 1967; Jahn, 1968). In these studies, the
emphasis is directed towards the ratio of materials supplied to
materials removed from slope surfaces. Ahnert, for example, reas-
oned that the removal of materials exceeds supply on convex Sur=
faces whereas the reverse occurs on concavities and inputs and out-
puts are balanced an straight segments. Carson (1969a) suggested,
by contrast, that (i) outflow exceeds inflow at all points on a
slope which is retreating parallel to itself, (ii) outflow equals
inflow at the slope base but the outflow/inflow ratio increases
upslope where the slope is declining in an =1gle and (iii) outflow
equals inflow at all points on the slope except at the summit where
slope rounding is occuring.

It should be possible, logically, to develop further the
applicability of a systems viewpoint in the study of slopes. In
the present study, emphasis is directed away from the denudational
balance towards the balance between the oppeosing tendancies towards
slope steepening and slope angle reduction.

Open systems maintain their activity through the continuous

net imports of energy and materials from the surrounding environ-
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ment. Slope systems which are open may be maintained by proces-
ses of slope steepening such as fluviasl undercutting. These pro-
cesses offset the tendancy of slope processes to produce lower
slope angles and, in turn, more gradual slope processes. UWhere
the opposed tendancies are balanced, slope gradient becomes the
morphological manifestation of a steady state.

As systems bscome more stable, they approach maximum
gntropy and experience a decline in their rates of adjustment.
Such systems are partially closed and incur net losses of energy
and materials. The slope system cannot be completely closed
because of the complex nature of its exchanges with its external
environment (Fig. 2.1, p.40). Nevertheless, in situations where
processes of slope steepening are insignificant, a decline in the
rate of activity within the system may be predicted.

These principles constitute the framework for considera-
tion of the present attributes of slopes within the Ottawa area.
This approach permits the simultaneous consideration of form and

its controls, those factors which were reviewed in section 2(c).
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3(a) Field Observations of Slope Form

Slope form was investigated by means of the measurement
and analysis of two-dimensional slope profiles. Slope profiles
have frequently been employed in slope studies, for example, by
M.J. Clark (1965) and A.F. Pitty (1963), because of the absence of
suitable techniques for the simultaneous anslysis of all three
dimensions, including the lateral extent, of the slape.

Several prafiles were measured in each of the eight selec-
ted valleys, 103 profiles in total. This sample size was considered
to be practicable, given the time available and the methods of
observation. Furthermore, J. Tricart and 3. Muslin (1951) sug-
gested that 100 slope profiles is an adeguate sample size for the
analysis of form in any one region. It is not possible, of course,
to generalize on the guestion of a sufficient sample size for slope
profiles since each derived parameter possesses a different co- -
efficient of variation. In the present study, for example, the employ-
ed sample vyielded fairly precise mean values for the distributions
of maximum and mean angles. Using the procedure which was outlined
by F.C. Mills (1965, pp.671-676), it was calculated that, for each
of these distributions, there was a six percent chance of failure
to locate the sample mean within >1.96 standard deviations of the
true mean (i.e. within 95 percent confidence limits). For other
parameters with greater coefficients of variation, the risk of
such a failure was greater.

A sampling design was established which was intended to

reduce to a minimum the bias involved in the location of the sites
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for slope profile measurement. A number of problems, however,

were encountered. For example, slope plans may exhibit pronounced
variations, as observed by Pitty (1966). They may be spurs, hol-
lows or side slopes (Fig. 3.1, p.60) and Pitty contends that only
side slopes are amenable to slope profile analysis. His argument

is as follows. Profiles should be measured along the lines of steep-
est' slope (the orthogonal lines), which are perpendicular to the
contours, because the maximum effect of the force of gravity, which
generates mass movements, is assumed to be directed down the steep-
est available gradient. Such directions are straight and parallel
in side slopes (Fig. 3.71A) but diverge aon spurs (Fig. 3.78) and con-
verge in hollows (Fig. 3.1C). The processes of distribution of
materials over the slope, therefore, may be expected to be more com-
plex on spurs and in hollows than on side slopes. Pitty proposes
that, in order to avoid the presence aof unlikes within a supposedly
homogeneau s population, slopes with orthogonal deviations of greater
than five degrees should be excluded from consideration.

Slopes in the Ottawa area, however, frequently possess
spurs and hollows. Such forms are either absent or of limited de-
velopment in valleys A2 (Plate X, p.61), A3 (Plate IV, p.29),

C2 (Plate XI, p.61) and Ck. Many other valleys possess sweeping
valley meanders and the valley-side slopes are characterized by a
succession of pronounced spurs and hollows which may be interspaced
with side slopes. These are present in valleys A1 (Plate XII, p.62),
B1, C1 and C3 (Plate IX, p.36), for example. During field mea-
surement, therefore, an arbitrary maximum orthogonal deviation of

forty degrees was permitted.
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Plate X. A detail of the north-facing slope in valle
AZ2; terracettes and incipient spur and hollos
development are visible; the upper surface is
the marine surface (grid ref. 459153),

L

%

Plate XI. Terracetting on the east-facing slope in
valley 02; the terracettes are continuous
down-valley but are especially prominent on
spure (grid ref. 469381),
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Plate XII. Spur Slope in valley A1; the feature is
in the process of stabilization followling
undercutting during a previous flood sea-
son (grid ref. 672148).
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Profiling was begun in most valleys (A2, A3, C1, C2, C3
and C4) as near to the valley mouth as possible. As an arbitrary
rule, each subseguent cross-profile was located upvalley of the
preceeding cross-profile by a distance which was two-thirds of the
length of the longest of the two slope profiles which had comprised
the previous cross-profile. The ruling worked well in thase val-
leys where spur and hollow development is limited. In such val-
leys, orthogonal deviations were usually considerably less than forty
degrees. In valleys A1 and B1, however, it was almost impossible to
locate orthogonal lines which deviated by less than forty degrees ex-
cept on the crests of the spurs (line AB in Figure 3.18) or in the
troughs of the hollows (line CD in Figure 3.1C). The restricted
number of suitable locations for sampling in these two valleys de-
tracts to an unknown degree from the otherwise systematic sampling
procedure. The sites for profiling are located in Figure 3.2 (p.64).

Where profiles were selected for study, their lower end-
points were located either at the bank of the basal stream, where
present, or in the middle of the seasonally-dry channel. The loca-
tion of the upper endpoint was more arbitrary. Many of the slopes
in the Ottawa area grade upwards into gently-inclined river ter-
races with slope angles of two degrees or less. For this study,
therefore, it was convenient to assume that the lower limit of oper-
ation of slope processes is 2.5 degrees, although this limit has been
variously stated as 5 degrees for creep (W. Penck, cited in Leopold,
Wolman and Miller, 1964, p.349), 2 - 5 degrees for solifluction

(Jahn, 1960), 2 - 3 degrees for solifluction (Leopold, Wolman and
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Miller, 1964, p.346), 2 - 3 degrees for mass movements in general
(jahn, 1954 - cited in Dylik, 1968, p.10), 1.5 degrees for wash and
creep (Strahler, 1950), 1 degree for seepage moisture (B.T. Bunting,
1961) and 1 degree for block movements (C.R. Twidale, 1967). The
upper slope zone was terminated either where a value of zero degrees
was recorded or after angular measurements of less than 2.5 degrees
had been recorded over 100 feet of terrain.

For the purpose of measuring angular variations along the
sample profiles, the use of an abney level and a pair of range poles
was considered to combine precision with rapidity in field obser-
vation. Figures are accurate to within £0.5 degrees. Theodilite
surveys would have been unjustifiably time-consuming and the pan-
tometer (Pitty, 1968) was considered to be inadaptable to the mea-
surement of slope segments of greater than five feet in length.

Slope angles were measured at twenty-five feet intervals
along the profile. This standard measuring span was considered to
be desirable although irregular measured lengths have been employed
by some researchers (Carson and Petley, 1970). In other work
(R.A.G. Savigear, 1952), the boundaries between measured segments
were subjectively located on "breaks of slope". The standardized
length allows each angular measurement to carry equal statistical
weight as an individual in a population. Furthermore, the inher-
ant angular variation of each profile may be considered tao have
been systematically sampled. The tuwenty-five feet measuring inter-
vals worked well with long slope profiles but tended to overgeneral-

ize short profiles such as thase which characterize valleys 81 and
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C2. Breaks of slope may be displaced and angular differences (an-
gular discontinuities) hetween measured lengths may become ex-
eggerated on short slopes.

The slope profiles have been graphically reconstructed
without vertical exaggeration and are presented in Figures 3.3 to

3.10 (pp.67 to 74).

3(b) Classification of Slope Form

(i) Method

The form of the measured slope profiles was classified
into convex, concave and rectilinear segments, employing a methad
which has been adapted from the suggestions of other suthors. In
many studies of slope form, as in the present study, the basic data
consist of sequences of measured length inclinations along two-
dimensional profiles. The identification of curved and straight
segments, therefore, has usually depended upon the patterns of these
sequences. For example, French (1967) recognized rectilinear seg-
ments on slopes where at least three consscutive measured inclina-
tions were present which varied in angle within one degree of each
other. Fourneau (1960-1961) identified bath straight and curved
segments where consistent trends could be observed through three
consecutive measured lengths of the profile. Lambert (1960-1561),
however, insisted that five consecutive measured lengths were re-

quired for the recognition of sach type of slope segment. Other
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types of segquence were considered to be complex.

' Savigear (1965, 67) collected similar field data but em-
ployed a different principle of subdivision. He assumed that differ-
ent segments adjoin at breaks of slope and inflections which con-
stitute readily recognizable discontinuities in the field. He dis-
tinguished true breaks of slope from apparent breaks of slope which
are present only in the graphically-reconstructed profiles. These
latter may occur where the measured length spans are so long that
they misrepresent the true form. Although the text is far from
clear, it appears that a visual appraisal is considered to be ad-
equate for the identification of boundaries between slope segments.

Field measurements are employed by Savigear to confirm and
supplement the field observations. In each profile, the difference
in angle between each pair of measured lengths is calculated. This
value, the angular difference, is termed an angular discontinuity
if greater than zero degrees. In convexities, such values are pos-
itive and, in concavities, negative. A criticism aof this approach
to classification is that it appears to employ angular discontinui-
ties as both integral parts of curved segments, and as breaks af
slope between different types of segments, without any precise reg-
ulations which render these usages mutually exclusive. Further-
more, the method of defining a break of slope requires clarification.

Young (1963a) suggested a complex nomenclature for slope
form classification based upon the location of individual segments
in relation to the overall profile. For example, the segment at the

slope summit may be termed "crestal". "Seguences" of slope segments
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are also recognized and constitute any convexo-concave series.
Tﬁese ideas have influenced the present classification. Young,
however, is not concerned with the practical guestions of segmant
delimitation, either in his explanatory paper (1963a) or in a later
article (1964).

The present classification is designed for use upon basic
data which consist of constant measured lengths of known inclina-
tion. The recognition of breaks of slope is not required, and the
criteria for segment delimitation are such that each segment type
is mutually exclusive.

The basis of segment differentiation is the pattern of the
angular discontinuities. Convex (+) and concave (-) segments are
sequences of discontinuities of the same sign. These segments are
recognized when at least one angular discontinuity of *1 degree or
more is present. A straight segment is identified when at least
one angular difference of zero degrees or t0.5 degrees is present.
The latitude of *0.5 degrees is intended to accomodate the possi-
bility of slight measuring error. Any seqguence of angular differ-
ences of zero degrees or f0.5 degrees, therefore, constitutes a
straight segment.

In all cases, the slope segment boundaries occur at the
midpoints of the measured lengths between different angular discon-
tinuity patterns. Since the measured spans are twenty-five feet in
length, the shortest slope segment which may be delimited by the
classification is also twenty-five feet in length. Figure 3.1

(p.77) illustrates an actual example of the classification.
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A segment sequence is recognized where an upper convex
and lower concave unit are present, whether in an uninterrupted
form (CxCc) or partially interspersed with rectilinear segments (as,
for example, in the sequence CxRCxRCc). Half sequences are also
identified which contain only a convex unit. The segment sequence
was first defined by Young (1963, 64). He argues that the evolu-
tionary trends of different convexo-concave sequences on a slope are,

in some degree, independant.

(ii) Slope Form in the Field Areas

As a preliminary step in the analysis of the slope form
data, three types of slope zone were recagnized in order to facil-
itate the comparison of slope profiles. The three zones, which are

termed the upper, intermediate and lower slope zones, originate from

differing combinations of processes. 1t proved undesirable, there-
fore, to compare entire slope profiles at every stage of the analysis.
The upper slope zone merges imperceptibly into terrace sur-
faces which are related to ancestral stages of the Ottawa River.
There are no obvious sites within this transitional zone at which to
locate the upper endpoint of the slope profile. UWhere present, the
zone constitutes a surface which is inclined at less than 2.5 degrees
(see section 3(a), p.63). A lower slope zone, also of low gradisnt
frequently occurs. It usually constitutes a toe slape, a part of
the floodplain terrace of the basal stream. The upper boundary of
this zone is sited at the base of the concavity which rises up into

the intermediate zone. The latter occurs on each profile. It contains

the maximum angle of slope and may perhaps be regarded as the slope
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sensu stricto (Dylik, 1968) because it experiences perceptible slope

processes which the upper and lower zones do not. Furthermore, it

is beyond the reach of direct fluvial processes although it may dis-

play evidence of indirect fluvial influences such as lateral erosion.
These different slope zones occur in various combinations

in different study valleys. In valley A1 (Fig. 3.3, p.67), which

is incised into an extensive terrace, the upper slope zones are

found on all profiles. The presence of a lower floodplain zane

depends upon the position of the meandering channel. Toe slopes

intervene between the channel and the intermediate zones on the in-

sides of meander bends. The outer banks of these bends may abut

directly against the intermediate zone (Plate XIII, p.80). A sim-

ilar pattern emerges in valley 81 (Fig. 3.6, p.70; Plate VI, p.32),
although occasionally the upper zone is short or absent because
gradients of zero degrees are encountered close to the slope sum-
mit. The thres zones occur on many slopes in valley A3 (Fig. 3.5,
p.69; Plate IV, p.29) although the lower zone is narrow and less
obvious in the graphically-reconstructed profiles. Valley A2

(Fig. 3.4, p.68; Plate X, p.61) contains slopes without any lower
floodplain zone but with well-developed upper and intermediate
zones. In the valleys at Gatineau (Figs. 3.7 to 3.10, pp.71-74),

the intermediate zones dominate the profiles. Floodplains are ab-

sent here and extensive gently-inclined surfaces do not occur ad-
jacent to the slope crest (see, for example, Plate XIV, p.80).

The variable form of the intermediate zone contrasts with

the relative uniformity of the upper and lower slope zones. The
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Plate XIII. An undercut scar in valley A1, imme-
diately following the flood season (grid
ref. L75145),

e -
\i\\w ‘\%Niﬁ\\:‘& » .\
N

Plate XIV. A view of the narrow divides on either
side of valley C3; a prominent facel 15 pre -
ent bhelow the slope summit on the farther
slope; in the background is the 190-foot sur
face (grid ref. 472383).
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intermediate zone has been isolated, therefore, from the rest of

the profile for much of the ensuing discussion since it was dis-

covered, during preliminary snalysis, that differences within it

tended to be confused or masked when the profiles were considered
in their entirety.

Using the classification of slope form which is outlined
in section 3(b)i, the segment structure of each profile has been
plotted beneath it in Figures 3.3 to 3.10 (pp.67 to 74). The upper
slope zones exhibit very minor fluctuations of gradient which may
be associated with complex sequences of segments. The lower slope
zone is usually of simpler form, consisting of a long gentle con-
vexity which terminates at the margin of the fluvial channel.

The forms of the intermediate zones are classified in

Table 3.1 (p.82). Seven major groups of segment sequences are iden-
tified which may be subdivided into twenty individual patterns. The
simplest patterns, which comprise one complete or partial segment se-
quence only, are most commonly observed and constituted ninety per-
cent of the observed profiles. OSixty-seven percent of the profiles
possess a simple convexo-concave sequence. This type dominates at
Gloucester Glen in all three valleys but especially in valley A2 (Fig.
3.4, p.68) and valley A3 (Fig. 3.5, p.69; Plete IV, p.29). It is alsa
common at Trend Village (Fig. 3.6, p.70; Plate VI, p.32). At Gatin-
eau, convexo-concave slopes are infrequent except in valley C2 (Fig.
3.8, p.72). Thirteen percent of the slopes are totally convex and
comprise partial segment seguences. Such slopes occur occasionally
in all of the study areas, but are most frequent in valley A1

(Plate XIII, p.80).



TABLE 3.1. THE PATTERNS OF SLOPE SEGMENT SEQUENCES ON THE INTERMEDIATE ZONES OF SLOPE PROFILES

GROUP NUMBER OF TYPE DESCRIPTION A7 R2 A3 B1 C1 C2 C3 C4 ALL
SEQUENCES (DOWN SLOPE—)* VALLEYS

1 % 1A Cx 6 - 2 2 - - 2 1 13

18 RCx - - - - - - 1 - 1

1C CxR - - - - - - 1 - 1

2 1 2R CxCc 17 16 16 10 1 7 - 2 65

2B CxRCxCc - - - - - - - 1 1

2C CxRCxRCxCc - - - - 1 - - - 1

2D CxRCc - - - 1 - - - - 1

2E CxCcRCc - - - - - - 1 - 1

2F CxCcR 1 - - - - - - 1 2

3 e 3A CxCcCx - - - - - 1 - - 1

3B RCxCcEx - - - - - - 1 - 1

3C CxRCcRCx - - - - - - 1 - 1

3D CxCcRCcEx - - - - - - 1 - 1

L 2 LA CxRCcCxCc - - - - - - 1 - 1

4B CxRCxCcRCxCc - - - - - - 1 1

LC CxCcCxREkc - - - - - - - 1 1

2% 5A CxCeCxCclx - - - - 2 - 1 - 3

3 6A CxCcCxRECcRCxCc - - - - 1 - - - 1

3% 7A CxCcRCxRCcRCcRCxRCeCx - - - - 1 - - - 1

7B CxCcCxCrCxCocRCx - - - - - - 1 - 1

2L 16 18 13 6 8§ 12 2] 103

*Cx = convex; Cc = concave: R = rectilinear

é8
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No other segment sequence was found to recur with regu-
larity. Of the twenty different sequences, the CxCc and Cx types
constitute eighty-one percent. The remaining patterns (with the
exception of the CxRCc and CxCcR varieties) are confined to the Gat-
ineau area. They often contain more than one segment sequence and
are so compl;x that they rarely occur more than once. Group 7 con-
tains 3% segment sequences, and Group 6, 3. The repetition of se-
quences is indicative of some degree of faceting in mid-slope and,
although several sequences may be present, one faceted level is usu-
ally particularly prominent (Plate IX, p.36; Plate XIV, p.80). In
valley C1 (Fig. 3.7, p.71), for example, pronounced flattening oc-
curs at the base of the highest sequence on profiles 1A and 2A,
although other seguences are present. In profile 18, the most
well-developed levelling is at the base of the middle of three se-
quences. UOccasionally, two major facets may be present, for ex-
ample, in profile 2A of valley C3 (Fig. 3.9, p.73). The complex-
ity of slope form in the Gatineau area is a remarkable contrast to
the simple patterns which occur at both Gloucester Glen and Trend
Village. The origin of the facets at Gatineau is doubtful but could
be related to either slope processes or fluvial terracing.

Significant vériations may be detected in the relative
dimensions of different types of slape segment on individual slope
profiles. For the purposes of demonstrating these variations, both
the height and length aof an individual segment may be expressed as
a percentage of the total height and length respectively of the

slope. Percentage form composition data are presented here for the
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intermediate slope zones. A general impression of the relative
p£op0rtions of different slope segments in each area may be obtained
from Figure 3.12 (p.85). Convex segments, aon average, constitute
more than half of the total lengths and heights of profiles, their
contributions to these dimensions varying between 52 and 62 percent.
The concave proportion is lower and varies from 30 percent of slope
length at Gatineau to 45 percent of slope height at Gloucester Glen.
The rectilinear component of the slope is negligable except at Gat-
ineau where its average contribution to slope length is 10 percent.

The percentage form structures for individual slope pro-
files are plotted on trivariate graphs in Figure 3.13 (p.86). In
Figure 3.13A, the concentration of slopes at the base of the graph
is indicative of the almost complete lack of rectilinear segments
on all slopes at Gloucester Glen and Trend Village. There is some
evidence of rectilinear development on 15 of the 32 slopes at Gat-
ineau. 0n most slopes more than 50 percent of slope length is con-
vex. A similar pattern is revealed in Figure 3.13B, although con-
cave development exceeds convex development on greater than 50
percent of the profiles. It is probable that there are a few short
rectilinear segments which have not been detected by using the
twenty-five feet measured length, but there is no doubt that most
sloping surfaces are curved rather than rectilinear in the field
areas.

The rates of curvature of the convex and concave slope
segments of the intermediate zone were calculated with the aid of

the following formula from Young (1963a, 64):-
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A £ B x 100

L
Where A = the angle of the highest measured length
B = the angle of the lowest measured length

L = the ground length in feet
The units of measurement of the rates of curvature are degrees per
100 feet. Multiplication by 100 is performed in order to transform
the observed rates of curvature (for segments of varying length) to
rates for a unit ground length of 100 feet. Rates as expressed are
then directly comparable.

The frequency distributions of rates of curvature for all
profiles are reproduced in Figure 3.14 (p.88). It may be seen that
very few convex segments possess rates of curvature which exceed
48 degrees per 100 feet (Fig. 3.14A). Rates of convexity assume
their greatest magnitudes at Trend Village where the mean rate of
curvature is 52.31 degrees per 100 feet, and their least values at
Gatineau where the mean is 18.51 degrees (Table 3.2A, p.83). The
distribution is not highly peaked and the great inherant variation
is indicated by values of the coefficient of variation. A similar
pattern emerges with respect to concavities (Fig. 3.14B, Table 3.2B).
Measures of central tendancy exhibit considerable contrasts and
rates at Trend Village far exceed those elsewhere. The rates of

curvature in the upper and lower slaope zones are rather low and

rarely exceed 4 degrees per 100 feet.
In summary, it has been demonstrated that, at Gloucester

Glen and Trend Village, the intermediate zones of most slopes are

convexo-concave whereas, at Gatineau, they are often much more
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TABLE 3.2. CHARACTERISTICS OF RATES OF CURVATURE OF CURVED SEG-
MENTS ON THE INTERMEDIATE SLOPE ZONES

A. CONVEXITIES*

N X Mo SD CV%
TOTAL
POPULATION 129 30.79 20.00 21.45 69
GLOUCESTER
GLEN (A) 59 37.92 32.00 18.50 L8
TREND
VILLAGE (B) 13 52.31 44,00 33,82 6L
GATINEAU (C) 57 18.51 20.00 10.83 58

*Values in degrees per 100 feet for x, Mo, SD.

B. CONCAVITIES*

N X Mo 5D CV%
TOTAL
POPULATION 105 29.78 20.00 22.34 75
GLOUCESTER
GLEN (A) 52 37.67 20.00 20.77 55
TREND
VILLAGE (B) 11 51.82 52.00 26.97 52
GATINEAU (C) 42 14,23 4,00 8.76 61

*Ualues in degrees per 100 feet for x, Mo, SO.
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complex. On individual profiles, the character of the convex and
concave segments may be rather contrasted and either segment type
may dominate. Rectilinear segments are almost completely lacking
on slopes except in the Gatineau area. The rates of curvature of
convex and concave segments tend to be greatest at Trend Village and

least at Gatineau.

3(c) Maximum and Mean Angles of Slope

The maximum angle of slope is the steepest measured
length inclination on a given profile. It has been considered to
be a sensitive index of fluctuations in local conditions and it
apparently assumes a normal (i.e. Gaussian) distribution of low
variability where environmental conditions are fairly uniform
(Strahler, 1950). Descriptive statistics for this parameter in the

Ottawa area assume the following values:-

AREA N X Ma sD Cv%
TOTAL 103 22465 21.93 6.71 30
A 58 23.91 22.60 5.24 22
g 13 29.77 28.60 5.0 17
c 32 17.78 19.97 6.07 34

(values in degrees for X, Mo, SD).
The highest mean value occurs at Trend Village and the lowest at
Gatineau. Variability within the data is low when compared to that
within populations of other parameters of slope form, values of the
coefficient of variation not exceeding thirty-four percent. This
fact illustrates the tendancy for maximum angles to cluster around

mean values. Frequency histograms of these distributions (Fig, 3.15,
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p.92) suggest that they may be approximately normal except at Gat-
iheau. The graphs also demonstrate differences from place to place
in the range of mean angle values. A test of difference, the
Mann/Whitney 'U' test, was performed between each pair of areas in
order to investigate these variations. A null hypothesis stated
that, for each pair of areas,there are no differences in their max-
imum angles except for chance variations. The data were ranked and
a one-tailed region of rejection was employed since the direction of
difference under the alternative hypothesis was predicted from the

mean values. The results were as follows:-

AREAS 1IN HYPOTHESIS
TEST z p* ACCEPTED
R/C L.50 0.001 Hi
B8/C -5.07 0.001 Hi
*3=0.05
The alternative hypothesis was accepted in each test, confirm-

ing the existence of significant differences in maximum angles
among the three study areas. Thess differences presumably reflect
differences in the relative efficacies of agents which increase or
decrease slope gradients.

The location aof the maximum angle on a slope was calcula-
ted as the position of the maximum angle upslope from the bottom
endpoint, expressed as a percentage of total slope length. All
slope zones were included in the calculation of tatal slope length.
because it was felt that the activity of the basal stream would con-
siderably influence this parameter (see section 2(c)iii, p. 51). It
was desirable, therefore, that the parameter reflect the distance‘of

the maximum angle from the basal channel. Values of zero percent
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indicate that the maximum angle is adjacent to the fluvial channel.
The mean value of this parameter for the region was 27.43 percent
and varied from 26.30 percent at Gatineau to 32.21 percent at Trend
Village. The distribution of this parasmeter is positively skewed
(Fig. 3.16, p.94) and it appears that, in all areas, maximum angles
tend to occur near the slope base. A Mann/Whitney 'U' test was
unable to detect any significant differences among the study #reas
in the location of maximum angles on slope prafiles. This finding
is surprising in view of the significant differences in maximum
angles among the study areas and suggests a lack of sensitivity of
this index to contemporary local fluvial discharge regimes.

The mean angle of slope is the average inclination of the
slope profile and is derived from slope height and slope length
data. It has been calculated here as the average inclination of
all three slope zones so that it reflects the morphometry of the

valley rather than local conditions within the intermediate zone

solely. This parameter of slope form is believed to be more stable
and less sensitive to change than the maximum angle of slope. This

is demonstrated by the following descriptive statistics:-

AREA N x Mo 5D CV%
TOTAL 103 9,01 7.86 2.81 31
A 58 8.4L8 7.42 2.36 28
B 13 10.78 _* 3.61 34
C 32 9.45  10.55 2.94 31

(values in degrees for x, Mo, SD; * bimodal).
Mean values are similar, dispersion is low and values of the
coefficient of variation are little greater than those for maximum

angles. The distribution of mean angles for the total area
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(fig. 3.17, p.94) approaches a normal one but is slightly nega-
tively skewed. Few mean angles of slope exceed sixteen degrees.

The relationships of both maximum and mean slope angles to
the dimensions of the slope were graphed. Data from the Gatineau
area were plotted separately from those of the other study areas
because of the differences in slope form which have already been
noted between these areas.

The plots of maximum angle against both slope height and
slope length (Fig. 3.18, p.96) reveal no systematic patterns in any
areas since maximum angles are influenced more by local conditions
than by regional morphometric dimensions. At both Gloucester Glen
and Trend Village, however, where slope height is relatively invar-
iant, the mean angle exhibits a strong negative relationship with
slope length (Fig. 3.19, p.96). Any factors which influence slaope
length, such as the migration of the basal stream channel or the
width of local water divides, chiefly determine, therefore, vari-
ations in mean angle. No close relationships are evident between
mean angle and either height or length at Gatineau. In this areas,
slope height is very variable and factors which control this para-
meter, such as fluvial downcutting or divide wasting, must also be

considered in order to explazin variations in mean angle.

3(d) Characteristic Angles

It has often been asserted that slope angles characteris-

tically recur within particular landscapes. "Characteristic angles
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of slope are those which most frequently occur, either on all slopes,
undsr particular conditions of rock type or climate, or in a local
region." (Young, 1961, p.126). Carson and Petley (1970) sug-
gest that recurring anglss may reflect thresholds for the operation
of particular processes and that these are controlled by the strength
characteristics of the soil. Macar (1963) and G. Seret (1963)
have emphasized the need to seek explanations for them within their
area of origin and Clark (1965) has criticized certain authors who
have attempted to ascribe world-wide significance to characteristic
angles which have been derived from local situations.

In an attempt to recognize characteristic angles in the
Ottawa area, attention was focused upon the measured length inclin-
ations. The search for characteristic angles met with limited suc-
cess only. An important problem was that no standard procedures
are available for selecting them from a population. One cannot,
for example, select only values for which the highest frequencies
are recorded because, where distributions are strongly positively
skewed, as in the present case, no values could be selected in the
higher range. £Equally, one cannot select all modal values since
these modes may possess freguencies only slightly in excess af
neighbouring classes and may be due salely to chance. Some modal
values, furthermore, may contain lower frequencies than other val-
ues which do not form modes in the distribution.

Tests were performed in order to determine whether or not
characteristic angles could be validly identified in the Ottawa area.

The populations of measured length inclinations were organized into
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histograms with a class interval of one degree. Each modal class
ués selected for testing (see Table 3.3A, p.99). Each mode was
considered in turn and became part of a small histogram with five
classes, the others being the two on either side of it in the major
distributions. For each set of five classes, a null hypothesis stated
that no differences occur in the freguencies in each class except
for those which may be attributed to chance. A Chi Square test was
then performed during which the cbserved frequencies were compared
with the average freguencies among the five classes. lWhere the value
of Chi Square was found to be significant at the five percent level,
the modal class in the histogram was considered to constitute a
characteristic angle.

The results have been summarized in Table 3.38. Low angles
only aoccur in significantly high gquantities. Values between zero
and 2.5 degrees constitute 42 percent of all measured length inclin-
ations, including 53 percent of those at Gloucester Glen, 50 percent
of those at Trend Village and 23 percent of those at Gatineau. The
percentages are especially high at Gloucester Glen and Trend Vil-
lage where the upper and EEEEE slope zones are well-developed. Both
2 degrees and 5 degrees are characteristic of the entire region,
2 degrees at Gloucester Glen, 1 degree at Trend Village and zero
degrees at Gatineau. The 5-degree class is prominent at Gatineau
but was not found to be significantly larger than neighbouring
classes. Since low-angle surfaces (below 2.5 degrees) may nat even
experience slope processes, the only legitimate characteristic angle

is probably 5 degrees.



A. MODES IN DISTRIBUTIONS® OF MEASURED LENGTH INCLINATIONS™

TABLE 3.3.

CHARACTERISTIC ANGLES AMONG THE MEASURED LENGTH INCLINATIONS.

T 2 5 7 9 12 14 17 19 23 26 28 36
A 2 7 21 W 17| 19 23 28

B 1 14 17 23 28 30

C a 5 9 12 17 22

( 4 = 1 degree; values in degrees)

B. CHI SQUARE VALUES WHICH TEST THE SIGNIFICANCE OF THE MODES

T 83.68* |10.50*|6.23 1.00 3.7413.5710.82 |6.89 3.75|4.4317.00 ?
A 104.42* 3.00 L.,55(5.80(1.13 |1.75 Te71 ?

8 23.88* ? ? 7 ? ?

c 24 . 20* 8.73 3.90 3.82 0.50 ?

(DOF = 4; * p<0.05; ? - frequencies<5, too low for Chi Square test).
q

66
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3(e) Valley Morphometry

(i) Channel Gradient

The relationship between channel gradient and slope form
was reviewed in section 2(c)iii,p.52. The literature suggested that
a relationship exists between slope angles and channel gradients
which reflects the amount of debris to be transported. In the pres-
ent study, the longitudinal profiles of all of the study valleys
except valley CL were measured with the aid of an automatic level.
The diagrammatic reconstructions of thaese profiles (Fig. 3.20, in
pocket) demonstrate that the steepest gradients are found at Gatin-
eau where the average gradients are 4°20' for valley C1, 2°30' for
valley C2 and 4°10' for valley C3. Much lower gradients occur in
the other field areas. Valley A2 possesses an average gradient of
0°50*' and channel gradients in other valleys do not exceed 0°30°'.

From Figure 3.20, it is obvious that a major scale varia-
tion exists among the study valleys. The length of the surveyed
stretch of valley A1 is approximately 13,500 feet whilst none aof the
valleys at Gatineau exceed 2,500 feet in length. The length of
valley B1 is greater than the figure suggests since only its upper
reaches were levelled.

The data from these observations also suggest that an in-
verse relationship exists between slope gradients and valley grad-
ients among the study valleys. This may be simplistically demon-
strated by calculating an average slope ratioc for each study valley

which is a modification of that which was proposed by Strahler (1950).
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The average slope ratio (average channel gradient/average value of
.

measured maximum slope angles) appears to decrease as valleys be-
come larger. It assumes its lowest values in the valleys of great-
est length (A1 = 0.0066; B1 = 0.0110). 1In valleys A2 and A3, which
are of intermediate length, the ratio values are 0.0339 and 0.0223
respectively. The highest ratio values occur in the short valleys
at Gatineau (C1 = 0.3006; C2 = 0.1208; C3 = 0.2192). The ratio
serves to demonstrate, therefore, the presence of fundamental con-

trasts in valley form.

(ii) Downvalley Variations in Slope Form

The position of a slope within a valley may exert a con-
trol upcn slope form. Carter and Chorley (1961), for example, have
revealed correlations between maximum and mean angles of slope
and stream order. Similar relationships were sought in the pres-
ent study by tabulating the relationships between a series of
slope form parameters and valley location (Table 3.4, pp.102 and
103). The valuss for slope form parameters which are entered into
this table are averages for the two slopes which comprise the cross
profile at any one location within a valley.

Slope height demonstrates s definite downstream increase
in valleys A1 and A2, but height is relatively constant in valleys
B1 and C2 and appears to decline downstream in valleys C1 and C3
where the valley channels and intervening divides merge into a
single flat surface at approximately 200 feet.

There do not appear to be any distinct trends in the vari-

ations of slaope length within the valleys except perhaps for a
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TABLE 3.4. DOWNVALLEY VARIATIONS IN SOME SLOPE FORM PARAMETERS.®

VALLEY |CROS5- DISTANCE SLOPE SLOPE MAXIMUM MEAN
PROFILE| FROM VALLEY HEIGHT LENGTH ANGLES ANGLES
MOUTH (FEET) (FEET) (FEET) (DEGREES) (DEGREES)
A1 1 10,850 25.5 208.5 21.3 761
2 10,650 26.0 222.5 20.8 6.9
3 10,500 24.0 183.0 21.0 9.6
4 10, 150 24,3 147.5 21.5 3.5
5 9,820 28.0 221.5 27.8 7.5
6 9,625 28.5 261.0 24.3 6.2
7 9,400 27.0 222.0 2645 7.0
8 9,100 25.5 156.5 31.3 12.0
9 8,400 30.3 213.5 29.0 8.4
10 8,100 39.5 282.5 28.5 9.0
11 7,650 38.0 273.5 26.8 8.1
12 7,400 41,0 285.5 23.5 8.2
A2 1 1,133 24.0 189.0 21.5 7.2
2 1,000 26,8 186.5 23.3 7.5
3 825 24,5 173.0 24.0 8.0
4 700 23.0 136.0 24.8 10.3
5 566 27.0 194.5 26.0 7.8
6 L33 29.3 193.5 26.5 8.5
7 300 30.5 182.0 27.5 3.5
8 150 29.5 171.5 23.3 10,3
A3 1 2,560 27.5 222.5 18.0 6.9
2 2,410 30.0 197.5 23.8 8.7
3 2,24 29.5 209.5 22.3 8.1
L 2,111 28.0 173.5 28.5 9.3
5 1,978 24,0 161.0 17.5 8.4
6 1,845 26.0 197.5 19.8 7.5
*Yalues are averages for the two slope profiles which comprise each cross-profile.
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103

VALLEY|CROSS- DISTANCE SLOPE SLOPE MAXIMUM MEAN
PROFILE| FRuM VALLEY HEIGHT LENGTH ANGLES ANGLES
MOUTH (FEET) (FEET) (FEET) (DEGREES) (DEGREES)
A3 7 1,670 27.5 222.0 22.0 6.8
(cont.)l g 1,520 32.0 199.5 20.5 9.0
9 1,320 28.0 187.0 28.8 10.5
B1 1 21,630 25.0 145.0 29.3 10.0
2 21,550 25.0 156.5 26.5 10.4
3 21,425 25.5 157.0 35.0 9.3
4 21,320 26.0 163.5 31,8 10.0
5 21,140 24,8 124.5 31.0 13.1
6 21,050 26.5 108.5 28.5 13.8
7 21,000 -t -t -t -t
C1 1 580 54.0 295.0 17.5 10.3
2 230 48.0 337.5 15.8 7.7
3 o] 13.5 213.0 4.5 3.5
cz 1 398 36.0 173.0 21.3 1.8
2 280 32.5 160.0 22.3 11.3
3 150 35.0 172.5 20.3 11.5
4 0 36.0 173.0 19.0 1.8
c3 1 898 39.5 222.5 23,3 10.0
2 632 52.0 312.5 19.8 9.5
3 482 38.0 235.0 17.0 9.1
A 282 46.0 273.0 18.0 9.5
5 132 26.0 6.0 17.0 8.3
6 0 4.0 88.0 3.5 2.4
Ch 1 214 23.5 135.5 19.8 9.8
2 100 22.0 135.0 15.8 8.9
3 0 20.0 130.0 17.0 9.2

*Values are averages for the two slope profiles which comprise each cross-profile

+Cruss-profile 7 in valley B1 incomplets
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F}uctuating downstream decline in valley C3. A slight but distinct
rise in maximum angle inclinations may be recognized in valleys A1
and A2 in a downstream direction and in valleys C1 and C3 in an
upstream direction. Msan angles decline downstream in valleys C1
and C3, probably in association with the similar decline in slaope
height. They also exhibit a slight downstream increase in valleys
B1 and A2, in the latter valley as a reflection of the correspond-
ing increase in slope height. 0One may conclude that, although some
trends may be identified, other explanations, probably more locally
based, are reguired to interpret variations in many slope form par-
ameters,

(iii) valley Cross-Profile Characteristics

The forms of valley cross-profiles depend upon the controls
which fashion the two slope profiles which comprise them. In the
present study, an attempt was made to quantify some aspects of
cross-profile characteristics. OSeveral parameters were derived.
Those which are concerned with dimensions are treated separately
from those which consider slope asymmetry.

Dimensions

Three indices of cross-profile dimensions were investi-
gated. They are based upon similar parameters which were developed
by Heginbottom (1967) and are illustrated in Figure 3.21 (p.105).The
cross-sectional area of the cross-profile is the area, in square feet,
which is contained by the valley sides, the basal channel and a line
which joins the upper endpoints of the two slaope profiles. The

centre depth of the cross-profile is the vertical distance, in feet,
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between the centre of the basal channel and a 1line which connects
the upper endpaints of the two slope prafiles. The shoulder width
of the cross-profile is the distance, in feet, between the upper
endpoints of the two slope profiles.

Table 3.5 (p.107) records the maximum and minimum dimen-
sions of each of these parameters for each valley. The valleys at
Gatineau, which are shortest in length, tend to possess the great-
est cross-profile dimensions, particularly valleys C1 and C3. The
cross-profiles of these two valleys are larger with respect to all
three dimensions than those of the long valleys, A1 and B1. The
range of values between the maximum and minimum dimensions at Gat-
ineau is also greater than elsewhsre and reflects the gradual trans-
ition from ridge-and-valley topography on the terrace bluff to the

flat terrain of the 190-foot surface. Valley B1 exhibits the least

range of variation in cross-profile dimensions.

It has been argued that various areal and linear dimen-
sions of drainage basins tend to increase allometrically during
drainage development (see section 2(cl)iv, p.54). In order to test
the applicability of this hypothesis to the study valleys, seven
variables of slope and valley form were compared to each other with-
in a simple shot-gun correlation matrix, using all cross-profiles.
The rank correlation coefficient, Spearman's rho, was employed to
assess the degree of correlation between each pair of variables.
Parametric statistics were avoided because some populations were not
normally distributed. No attempt was made to sliminate interdepend-

ancy among the variables. In addition to the three cross-profile di-



TABLE 3.5, VALLEY CROSS-PROFILE DIMENSIONS
VALLEY | SHOULDER WIDTH | CENTRE DEPTH | CROS5-SECTIONAL AREA
(FEET) (FEET) (S5QUARE FEET)
MAX o MIN. MAX. [MIN., MAX. | MIN.
A1 381 227 41 24 1710 600
A2 216 % 30.5| 23 550 305
A3 290 193 30 22 715 420
B1 221 170 26.5| 24.5 565 LLs
C1 595 325 53 9 2960 355
c2 268 268 36 32 950 750
C3 546 221 58 13 2510 390
Ch 248 193 25 19 590 340

107
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mensions, slope height, slope length, mean angle and maximum angle were
included in the analysis (see Table 3.6, p.109).

The five dimensional parameters are positively intercor-
related. The correlations are highly significant in many instances
and appear to accord with the principle of allometric growth except
in valley B1. However, the results are not conclusive since the prin-
ciple implies a constant ratio rather than a simple correlation be-
tween variables.

The angular parameters tend to be correlated with each

other but exhibit only limited relationships with the dimensional
parameters. Local factors which modify slope angles, such as basal
fluvial activity, have probably overridden any relationships which
might otherwise exist between the two sets of parameters. It should
be noted, for example, that both maximum and mean angles are negatively
correlated with slope length, a dimension which is itself susceptible
to local fluvial activity. As further evidence of these local fac-
tors, many of the corss-profiles are asymmetrical.

Cross-Profile Asymmetry

Slope asymmetry may be considered with respect to both max-
imum and mean angles of slope. Several attempts have been made to
develop indices which quantify the degree of slope asymmetry. In
the present study, indices of asymmetry were calculated according to

Grimberieux (1954-1955). The maximum angle index of asymmetry,

_ _ gentle slope maximum angle
max steep slope maximum angle

L
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FOR PARAMETERS OF SLOPE AND VALLEY FORM®

TABLE 3.6, SHOT-GUN CORRELATION MATRIX
CENTRE SHOULDER CROSS5- SLOPE SLOPE MAXIMUM MEAN
DEPTH WIDTH SECTIONAL  HEIGHT LENGTH ANGLE ANGLE
AREA
0.18 -0.05 0.05 0.16 =0.54** 0.32**
0.08 -0.22 0. 0.02 -0.76** 0.51** MEAN
0.01 -0.16 -0.17 -0.65* -0.98** 0.68** ANGLE
0.9 -0.20 0.0 0.26 -0.14 0.53**
-0.12 -0.39** -0.16 -0.04 -0,32**
0.10 -0.13 p0.03 0.23 -0.29* MAXIMUM
-0.02 g.26 0.23 -0.52 -0.68** ANGLE
.04 -0.22 -0.09 0.16 -0.16
O.41°* 0.50** 0.45*" 0.63**
g.31+ g.46** O.41°* 0.52** SLOPE
0. 11 0.18 0.07 0,72** LENGTH
0.52** 0.73*+* 0.62** 0.81**
D.75%* D.51** D.59**
0.75** 0.38** 0.L45** SLOPE
0.45 -0.13 ~0.33 HEIGHT
0.65** 0.60*" 0.68**
0.78** 0.86**
0.52** 0.87** CROSS-
-0.47 0.05 SECTIONAL
0,83+ g.91* AREA .
Spearman's nonparametric cor-
0.6L** relation coafficient rho was
employed to test the relation-
0.43°* SHOULDER ship between each pair of var-
0.00 WIDTH iables.
0.69° * Relationship significant at
* p <0.05
**Relationship significant at
CENTRE p <0.0

DEPTH
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whilst the mean angle index of asymmetry,

= 1 - gentle slope mean angle
mean steep slope mean angle

L

The range of the indices is from 0.0 (symmetry) to 1.0 (ex-
treme asymmetry). This is preferable to the index which was devel-
oped by Tricart (1947) and which required comparison between values
of different orders of magnitude (either 0.1 to 1.0 or 1.0 to infin-
ity) depending upon the orientation of the steepest slope. The
values of Grimberieux's indices are directly comparable but do not
indicate the direction of steepest slope. Figure 3.22 (p.111)
illustrates the distributions of Lmax and Lmean within the Ottawa
area. The lowest values of the indices are modal which suggests
that many cross-profiles depart little from symmetry. More than
seventy percent of the cross-profiles, however, exhibit some degree
of asymmetry.

The relationships of valley asymmetry to the orientation

of the steepest slope are plotted in Figure 3.23 (p.111). Lmax
asymmetry tends to be greatest for cross-profiles in which the steep
slope faces between 271 and 315 degrees. Lmean is greatest where
steep slopes face towards either the 91-180-degree zone or the
271-315-degree zone, which is significant because these are opposed
directions. No consistent pattern of variation with aspect, there-
fore, is likely to emerge. The implication of this finding is that

local factors are more likely to explain slope asymmetry whereas

the influences of regional factors such as aspect are insignificant.
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3(f) Summary and Conclusions

The preceding description- has served to highlight some of
the similarities and contrasts which are to be found among those
valleys which were originally selected as typical of the Ottaws
area. Variations may be identified with respect to slope forms and
valley dimensions.

Slopes at Gloucester Glen and Trend Village possess exten-
sive upper terrace zaones and, in both A1 and B1, a lower floodplain
zone may also be present. These low-gradient zones are virtually
absent at Gatineau. Simple convexo-concave forms dominate at Glou-
caester Glen and Trend Village whilst much greater complexity is
observed on the higher Gatineau slopes where the convexo-concave
saquence may be repeated more than once. The convex segments are
most extensive in all areas and rectilinear develaopment is limited.
The only area where the latter occurs even rarely on slopes of great-
er than five degrees is the Gatineau area. The rates of change of
ground slope are greatest at Trend Village and least at Gatineau
where the gradients change more slowly over much langer distances.

Maximum angles tend to be greatest at Trend Village and
least at Gatineau which represents an inverse correlation with chan-
nel gradient. These maximum slope segments are located close to the
pbase of slopes in all areas. Mean angles showed little variatian
among the three study areas, which is perhaps surprising because of
the considerable range of values of both slope height and slaope
length. Attempts to locate characteristic slope angles in the Otta-

wa area did not succeed. The most common inclinations,which are
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Eglow 2.5 degrees, are probably too low to experience slope pro-
cesses. There is a gradual tapering off in the frequencies of
angles above these low values. There are no significant breaks in
the distributions and those modes which are pressnt do not possess
frequencies which are significantly greater than those in other
classes.

Several of the slope form parameters were found to ex-
hibit some relatiocnships with each other and also with parameters
of cross-profile marphometry. The position of slopes withinm- in-
dividual valleys was found to influence certain of their character-
istics, notably slope height, maximum angle and mean angle. Cross-
profile dimensions tend to be positively intercorrelated in allo-
metric fashion. These dimensions are greatest and most variable at
Gatineau, whereas fluctuations in these parameters in valley 81
are negligable. Such findings may suggest the influence of gensral
drainage development on form. O0Other relationships, houwever,
suggest more local influences. Mean angles are pasitively related
to maximum angles but are inversely proportional to slope length.
In addition, many cross-profiles are asymmetrical but no consis-

tent pattern of orientation of the steepest slope is encountered.



CHAPTER FOUR

THE ORIGIN AND DEVELOPMENT OF THE VALLEYS
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‘ It is possible to view the initiation and subseguent devel-
opment of the tributary valleys within the context of the post-
glacial evolution of the Ottawa area. These landforms may also be
viewed, however, as a response to interactions within the present
physical environment. The discussion in this chapter combines bath
of these approaches in attempting to account for the present form
of the valleys.

In section 4(a), the relationships between present-day
processes and valley form are considered. Slope processes ars
described and the influences af external controls such as fluvial
processes and climate are also discussed. The characteristics af
slope regoliths and vegetation associations are summarized. It is
argued that soil profiles and plant communities are indices aof the
effectiveness of slope processes becsuse they tend to become mare
immature as the rates of operation of slope processes increase
(see section 2(c)ii, pp.48 to 50).

Evidence of the historical factors which have contributed
to the development of the valleys is reviewed in section 4(b).

This evidence concerns bath the pattern of post-glacial climatic

flucuations and the decline in the elevation of regional base level.

L4L(a) Present-Day Processes

(i) Climatic Influences

Geomorphological processes in the Ottawa area today reflect
the considerable seasonal extremes of the regional climate. Ouring

the winter months of predominantly sub-freezing temperatures
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(December to March), fluvial and gravitational processes are dor-
mant in the study valleys. The critical phase for these processes
is the six weeks of snow melting which commences in early April.

Rt this time, runoffs and discharges are at their greatest. During
the summer months, fluvial discharges are shrunken or cease entirely
and runoff processes are most active during short-term phases of
intense rainfall. Precipitation increases again during the fall and
freeze-thaw cycles occur in November and early December.

The period of greatest interest, therefore, is the phase of
spring melting. Field observations suggest that, at this time, the
regional climate is significantly modified on slopes of varying
aspect. A series of spot-readings of temperature were recorded on
cross-profile 6 in valley A2 (a typical north-south profile) during
the winter of 1969-1970. Three soil moisture cells were located two
inches apart and three inches below the soil surface on the maximum
angles of both the north-facing and south-facing slopes. Measurements
were recorded, using a soil moisture meter. Average temperatures from
the three ce;ls are reported in Table 4.1 (p.117). As expected, the
sauth-facing slope is consistently warmer than the opposing slope.
The south-facing slope began to thaw before April 7t whereas the north-
facing slope remained frozen for at least one further week. Visual aob-
servations revealed that parts of the north-facing slaope were covered
with snow and ice until the end of the first week in May, which was
two weeks after thawing had ceased on the south-facing slope.

Readings of soil moisture content were also collected

(Table 4.1). The resistance of the soil (in ohm units) is inversely



TABLE &4.1.

0OBSERVATIONS OF SOIL TEMPERATURES AND MOISTURE CONTENTS ON CROSS-PROFILE 6, VALLEY A2,

DATE NORTH-FACING SLOPE SOUTH-FACING SLOPE PRECIPITATION®*
(INCHES)
TEMPERATURE (°F)* | SDIL MOISTURE _ | TEMPERATURE (°F)% | SOIL MOISTURE IN LAST[IN LAST|IN LAST
READINGS (OHMS)* READINGS (OHMS)® | 24 HDURS|48 HOURS| 7 DAYS
05-11-69 41 NR 43 NR
08-11-69 45 NR L6 NR
11-11-69 41 NR 42 NR
16=11-69 41 NR 63 NR
26-11-69 32 10.36° 33 10.27" 0.30 0.40 1.06
15~12-69 25 -* 27 - 0.42 0.46 0.64"
27-01-70 20 -* 21 -* 0.09* | 0.22* | o0.u0*
01-02-70 21 -* 25 - NIL 0.07"* 0.81%
01-04-70 27 - 31 - NIL NIL 0.46"
07-04-70 30 - L 10.40° NIL NIL 1.27%
15-04-70 33 10.20° s0 10.80° NIL NIL NIL
01-05-70 50 10.50° 63 10.25° NIL NIL 0.51
03-05-70 48 10.58° 55 10,35° 0.06 0.12 0.12
05-05-70 51 10.50° 56 10.30° NIL NIL 0.12
10-05-70 u6 10.40° 53 10,18° 0.24 0.28 0.96
29-05-70 55 10.10° 69 10.30° NIL NIL 0.4
01-06-70 6l 10.24° 68 10.30° 0.13 | 0,13 0.57

xReadings from soil moisture meter MC-300A, manufactured by Soiltest Inc., Illinais,
*In frozen ground, the meter does not give readings for soil moisture.

**Data from Monthly Metsorological Summary, Uplands Airport climatic station,.
Includes water eguivalent for snowfall where 10 in. snow = 1 in. rain.

NR - No readings

LLL
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proportional to the soil moisture content. The table indicates

t%at, on April 7%, the south-facing slope recorded a low resis-

tance (10.&03 ohms). The soil on the south-facing slope appeared to
be saturated. At this time, the north-facing slope remained frozen
and saturated conditions were not initiated for a further week.

By May 1St, the surface of the south-facing slope was dried and sun-
cracked but high moisture contents were observed on the north-fac-
ing slope until mid-May. The persistence of snow on north-facing
slopes was noted in all valleys with east-west alignments (Plate XV,
p. 119). Precipitation rates during the melting period do not appear
to have influenced significantly the soil moisture readings (Table &.1).
During thawing, the resistance readings were low whether or not re-
cent precipitation had occurred.

The disappearance of snow from the south-facing slopes was
more rapid despite the fact that they tend to attract greater accum-
ulations of snow. The depth of these accumulations depends upon the
degree to which slopes are exposed to the prevailing winds. The
latter for the six months of snowfall (November, 1969 to April, 1970)
are plotted in Figure 4.1 (p.120). The radiating scale on the rose
diagram indicates the number of days on which a particular wind
dirsction was prevalent during this period. Winds from the north-
by-west guadrant are dominant so that the lee slopes which attract
snow deposition face the south-by-east guadrant. 0On five occasions
during the winter of 1969-1970, snow depth variations were obser-
ved along profile 6 in wvalley A2 (Fig. 4.2, p.121). Snow deposits in

November were greatest on the north-facing slope because it receives
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Plate XV. The coni"lusnce of valleys A1 and AZ during
the flood season; in the latter, snow accumu-

lations are greater on the north-facing silope
(grid ref. 456154).

119
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RADIAL SCALE EXPRESSES NUMBER OF DAYS OF PREVALENT WIND DIRECTION
SOURCE: MONTHLY METEQROLOGICAL SUMMARY, UPLANDS AIRPORT, 1969-1970

FIG. 4.1, ROSE DIAGRAM OF PREDCOMINANT WIND DIRECTIONS AT UPLANDS AIRPORT
BETWEEN NOVEMBER, 1969 AND MAY, 1970
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least insolation. DOuring subsequent months, however, temperatures
were below freezing and melting by insolation was less obvious.
Snow accumulations built up on the leeward south-facing slope and
the windward slope was swept bare. It is likely that the latter
slope was probably frozen to a greater depth than the former because
of the lack of a protective snow cover. Much of the snow on the
leeward slope was supplied from the wind-swept terrace above it.
This snow would cascade over a snow cliff which gradually advanced
downslope (Plate XVI, p.123). Differential snow accumulation may
explain why snow persisted longest on east-facing slopes at Gat-
ineau where differences in insolation on opposite slopes of the
valley may be expected to be minimal (Plate XVII, p. 123).

The hollows were the most favourable zones for snow accu-
mulation on slopes of all aspects. During thawing, these hollows
remained snow-covered when the spurs had been cleared of snow
(Plate XVIII, p.124). Rivulsets which drain from the accumulations
within the hollows were found to cause a certain amount of gulley
erosion (Plate XIX, p.124).

During the melting period, the surface regolith was very
moist and mobile, partly because infiltration was restricted for
some time by the frozen substratum. The addition of any stress tao
the surface material was sufficient to promote liquefaction since

the brown mottled clay is highly sensitive. OSmall-scale mudflows

occurred in the material abaove the frozen solum. Slope processes
at this time were probably most effective on south-facing slopes

where considerable quantities of snow and ice were dissipated aver 3
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Plate XVI. The south-facing slope of valley A2
during the flood season; remnants of the
snow cliff which is typical of this slope
are present in a slope hollow (grid ref.
L60153).
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Plate XVII. A newly-developing erosional channel
form in valley £3; snow remains on the
gast-facing slope (grid ref. L73381).
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Plate XVIII. Valley A2, looking upstream during the
flood season; flood-waters wash the bases of
both slopes; snow is confined preferentially
to hollows on the north-facing slope {(grid
ref. LB0153).

-, A L s AN, §)

B

£

Plate XIX. Gulley formation at the base of a snow
patch on the saouth-facing slope of valley
A2 (grid ref, 4L57154),
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short period of time. Rates of runoff on this slope may have been
mLch greater than on the north-facing slope where, although the
accumulations of snow were limited, they nevertheless required the
greater period of time for melting. Despite the observed micro-
climatic variations with aspect, however, it has not been possible
to detect corresponding variations in slope form. In no valleys
except valley C1, where east-facing slopes possess greater eleva-
tions (Fig. 3.7, p.71), are maximum or mean angles consistently
stgeper on one slope than on the other. 1In section 3(e)iii, it
was reported that valley cross-profile asymmetry bears a complex
relationship to aspect, reflecting the influence of local factors.
Une may conclude therefore, that, if form is adjusted to present-
day conditions, factors other than simple microclimatic variations
and the resulting slope processes are responsible for variations
in form.

(ii) Fluvial Processes

The streams within the study valleys are considerably
influenced by seasonal climatic variations. They are frozen from
December to April and are then very active until mid-May. After
the snow melt, discharges decline in valleys A1 and B1 and cease
entirely in the other valleys until the following spring. The most
effective phase of fluvial processes, therefore, is the spring
melting period.

Fluvial processes are more readily related to varia-
tions in slope and valley form than are microclimatic influences,

particularly in the floodplain valleys, A1 and B1. Undercutting
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of the valley-side slopes on the outer bends of meanders produces

a very distinctive slope form which is characterized by an erosion
scar near the base of the slope. An example in valley A1 (Plate XIII,
p 80) was photographed in June, 1970, immediately after the cessa-
tion of a phase of undercutting during the spring flood. The sur-
face of the scar consists of loose debris which is dry but highly
mobile. The feature is fresh and both vegetation colonization and
soil development are negligable. The angle of slope is thirty-seven
degrees. In the turf above the scar, a transverse tension crack

is present which indicates that the feature will eventually slump.
Plate XX (p.127) illustrates an undercut scar from valley B1 which
has become a natural haven for drifting snow and, as such, is sus-
ceptible ta nivatlon processes.

Slopes which are removed from these loci of erosion do not
appear to experience undercutting, even in the presence of large
volumes of discharge during the flood season (Plate XXI, p.127).
Floodwater levels during 1970, which may have been as much as eight
feet above the level of the floodplain in valley A1, were indicated
by floated debris which became lodged in trees and by silt deposits
on the valley-side slopes (see also Plate XXI1I, p.128). The flood
discharges appeared to deposit rather than to erode in areas away
from the main channel and vegetation was veneered by a cohesionless
alluvial silt (Plate XXIII, p.128).

It is probeble that the non-undercut slopes in valleys A1

and B1 have been undercut at some time during the past but have been
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Plate XX. Snow accumulation on an undercut scar in
valley B1 (grid ref. 383183).

Plate XXI. The floodplain of valley A1 during the
flood season (grid ref, 456152).
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Flate XXII. In vslley A 1, 3 tree trunk fractured
eight feet sbove floodplsein level by flo=t-
ing debris during the flood season (grad
ref. L66°49),

Ny\

Plate XXIII. Yalley B1, immeciately following the
floods; vagetakzaw on the floodplain is
veneared by cohes unless silt (grid ref.
3831840,

128
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abandoned by the basal stream as a result of meander migration.
dbon abandonmant, the scars would experience slumping and then
stabilization, vegetation colonization and soil development. Slow
diffuse processes such as creep and rainwash then become dominant.
Slope profile 6A in valley A1 (Plate XII, p.62) was in the process
of stabilization at the time of photographing, not having been un-
dercut for two years.

In order to investigate further the nature of the undercut
and non-undercut slopes, using the surveyed profile data, a 2x2 con-
tingency table was prepared. 1t compares the two types of slope

in valleys A1 and B1 with respect to the type of slope segment which

characterizes the foot of the slope.

BASAL UNDERCUT ~ NON-UNDERCUT  TOTAL
CONCAVITY  SLOPES SLOPES
PRESENT 6 20 26
ABSENT 9 0 9
75 Z0 35

A null hypothesis stated that there was no association between the
process operating at the base of the slape and the type of segment
at the base af the slope. A Chi Square test was performed and the
value of X2 (16.15 with DF = 1) was significant at the 0.001 level
of probability, confirming the impression that concavities are
largely absent from the base of the undercut slaopes.

A Mann/Whitney 'U' test was performed in order to test the
null hypothesis that there were no differences between the maximum
angles which occur on the undercut scars and on the non-undercut

slopes in valleys A1 and B1 except for chance variations. The
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null hypnthesis was rejected at the 3.0071 lev2l of probability with
z‘= -4.09. One may conclude, therefore, that undercutting is a
process which is accompanied by slope steepening. Mean angles are
also steeper on undercut slopes (z = =4.04 and p < 0.007). Rates of
curvature appear to increase where undercutting occurs and it he-
comes obvious from an appraisal of the slope profiles in Figures

3.3 and 3.6 (pp.67 and 70) that undercutting leads to marked valley
cross-profile asymmetry.

Less obvinus relationships between slope form and fluvial pro-
cesses occur in valleys A2, A3, C1, €2, C3 and C&4, which contain ephem-
eral streams. At the time of snow melting, these valleys become water
chutes. Floodplains are absent and the waters wash the bases of the
gslopes at all points (Flave XXIV, p.131). The erosive capacity of these
chutes appears tn be limited at present. Only in valley C3 was there
gvidence of downcutting during the <spring of 1970 when a small channel
began to be incised into the original, less distinct valley floor (Plate
XVII, p.123). Both valley A3 (Plate IV, p.29) and valley C2 possess
distinct erosional channel forms but these contain only isolated pools
of water for most of the year. The channels af valleys A2, C?, C3 and
C4 are occupied by plant communities with an affinity for waterlogged
conditions. 5Species of plants which are particularly common include
dark-green bullrush, softrush, several species of sedges and reed-
meadow grass. The materials beneath these plant communities are
bath gleyed and dark blue in colour. There is little evidence of
egither erosion or deposition in these channels. The plant commun-

ities are easily able to withstand the dr-gging effects of Floming



Plate XXIV, 6 detail of the channel in valley A2
during the flood ssason; vegetation couvzes
the chamnel ped; .noercutting may be oc-
curring at the slope base on a small scale
(gr:d ref. 460153,
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water, even during the melting season (Plate XXIV, p.131). Under-
thting is a minor process within these valleys and, although
small-scale evacuations of material from the slope base occur,

no major erosional scars ars produced.

It is common on many of the slopes in vallays A2 and CZ2
for stabilization to have occured in the form of a series of slops
terracettes which are indicative of a phase of small-scale rota-
tional failures (Plates X and XI, p.61). It is possible that fluvial
undercutting has influenced the development of these features since
they are best developed on the upslope sides of spurs where basal
fluvial activity may be expected to be greatest. As many as thir-
teen individual terracettes may be present in a single sequence in
valley C3. Their dimensions are relatively constant, ranging from
approximately two feet wide to three feet high.

Not all of the slopes in the ephemeral valleys, however,
possess terracettes. Such micro-forms are absent from valleys A3,
C1, C3 and C4, but, whether or not terracettes are present, the
slope regolith in ephemeral valleys appears to be stable except
during the spring, especially at Gatineau. The forms of the slopes
in these valleys are illustrated in Figures 3.4 (p.68), 3.5 (p.69)
and 3.7 to 3.10 (pp.71 to 74). Slope forms are basically convexo-
concave at Gloucester Glen but are usually more complex at Gatineau.
Maximum angles of slope, rates of curvature and valley cross-profile
asymmetry, all of which tend to increase as fluvial processes hecome
mare effective, are least at Gatineau. The presence aof several con-

vexo-concave seguences on slopes at Gatineau is indicative of the
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semiindependant evolution of different sections of the slopes, a
situation which may not normally be associated with the activity

of a powerful basal stream. The simpler forms and steeper angles of
slope in valleys A2 and A3 may reflect either current or recent
fluvial activity. Field observations, however, have failed to dem-
onstrate effective fluvial erosion within them during the spring

of 1970.

(iii) Vegetation and Soils

The development of either a mature soil profile or a mature
climax vegetation association is hindered by movements within the
slope regolith. The effectiveness of present-day slope processes on
clay slopes around Ottawa, therefore, should be reflected in the
maturity of their solls and plant associations.

Soils were examined at many sites in the study valleys
and certain general characteristics became apparent. In all of the
valleys, the parent material consists of a fine-grained 1lithology
which possesses a blocky structure (Plate XXV, p.134). The colaur
varies little and is termed grayish brown (2.5Y 5/2) or dark
grayish brown (2.5Y 4/2) according to the notations of the Munsell
50il Color Chart. The texture of the material varies from clay at
Gatineau to silty clay at Gloucester Glen and Trend Village. The
material is located in those areas which were mapped by Gadd (1963)

as brown mottled clay. Ouring soil development, the blocky struc-

ture breaks down into a progressively finer granular structure.
Freeze-thaw cycles and wetting and drying cycles are likely to pro-

mote the disintegration of the blocky structure. It was also
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Plate XXV. An excavated section of brown mottled
clay nesr valley ©1; tne fissures are ores-
sure-relsmse oracks asspcisted with the
blocky, structure of the material (grid re..
L723825).




135

observed that the granular aggregates tend to become finer as root
content increases. 0On the summits aof the slopes in all areas, a
loamy material veneers the silty clay to depths up to fifteen inches.
In the Gatineau area, this material has been termed the Paontiac
Series by Lajoie (1967) who attributes it elsewhere (1962) to
fluvial terrace deposition.

Soil development is undoubtedly least advanced on steep
slopes. On erosion scars, the blocky material is either at the
surface or is smothered by a veneer of cohesionless silt which is
rarely greater than two inches in thickness. Vegetation is absent
from the scars. 0On the maximum angle segments of slopes which are
not experiencing powerful undercutting processes, the regolith is
less mobile and a horizon of coarse granules (0.4 - 1.2 inches in
diameter) rests an the surface of the parent material, per-~
haps to a depth of three inches. The vegetation cover which over-
lies +the soil on the maximum angle is incomplete and bare patches
of soil are exposed. 0On surfaces of lower inclination, such as the
upper convexity or lower concavity, four soil horizons may fre-
guently be recognized: (i) the basal horizon of blocky silty clay,
(1ii) a coarse granular harizon with few roots, (iii) a granular
horizon (diameter of granules 0.1 - 0.4 inches) with dense root net-
works and (iv) a humus layer. Soil horizoning is aided by the fact
that, on most slopes with inclinations of less than twenty degrees,
the vegetation cover is complete and acts as an obstacle to soil
mobility.

So0il profiles are best developed on the slope summits where
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the parent horizon may be located at depths in excess of tuwenty
inches. The loamy material which overlies the silty clay is more
permeable than the latter so that leaching processes may be able to
operate to greater depths than on other parts of ths slops.

The most mature vegetation associations are also to be
found at the summits of the slope profiles. At Gloucester Glen
and Gatineau, domesticated long-term pastures occur on the slope
summits. These pastures are maintained as immature climaxes by
grazing. At Trend Village, however, grazing is absent. The al-
falfa fields, which have been abandoned at the slope summits, have
already been invaded by pasture grasses and are evolving towards a
bush association.

On the slopes of the valleys, the plant associations are
immature and reflect the disturbed site conditions. Grasses are able
to become established on éll but the steepest slopes but they be-
come progressively less dominant as slope angle increases. Other
species become prominent which could be classed as weeds in the sense
that they do not provide the intended forage for cattle. Many are
heliophile and are normally shaded out by the tall inflorescences
of grasses in the pastures. Helliophile species include groundlevel
sprawlers, such as white clover and silvery cinquefoil, and rosette-
formers such as dandelion and plantain. As a solitary reflection
of aspect, mosses are restricted to the steeper gradients of the
moist, cool, north-facing slopes.

On the undercut erosional scars, a sequence of colonization

may be identified. Initially, vegetation is absent. The first
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pioneers are annuals such as yellow clover and horsetail which
compete very poorly with perennials. The first perennial pioneers
include wild strawberry, calico aster and long-leaved aster which
tend to be absent from later associations. The heliophiles are
among the early colonists and these are followed by the grasses.
On the maximum angles of many slopes, the succession appears to have
been halted and heliophiles and grasses co-exist. The disclimax is
maintained by movements within the regolith and by grazing. Graz-
ing by cattle is not essential to the maintenance of the eguil-
ibrium, however, since the associations on steeper slopes at Trend
Village, where grazing is absent, are similar to those elsewhere.
One may conclude that the immature condition of both soils
and plant associations on slopes, particularly on maximum angle
segments, is indicative of the effective operation of pressnt-day
processes, I1here is no reason to believe, therefore, that the slaope
forms are not being shaped and modified by present-day processes.
These forms are not relict features unlike the adjacent terrace

surfaces which support more mature soil profiles and vegetation

associations.

L(b) Past Processes

The initiation of the study valleys may have occurred at
any time following the exposure of the marine surface to freshwater
and subaerial conditions. The maximum possible age for this sur-
face is ca. 10,200 years. During the succeeding 2,500 years, there

was a phase of intensive downcutting which may have been accompanied
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by the initiation of the tributary valleys. Without radiocarbon
dates fram materials within these valleys, however, it is difficult
to link their development to the terrace chronology.

The following section reviews some indirect lines of ev-
idence which may offer a method for the approximate dating of the
valleys and gives some insight into the causes of their initiation,
especially for those presently-dry valleys at Gatineau.

(i) The Significance of Dry and Misfit Valleys

Three main groups of valley-types appear to be present
within the Ottawa valley: (i) dry or ephemeral valleys, (ii) val-
leys with perennial discharges which are misfit and (iii) valleys
with perennial discharges which are normal. Misfit or underfit
valleys are those which meander within more amply meandering val-
leys (Dury, 1964a). The valleys at the field sites appear to fall
within the first two categories. In valley A1 and the upper reaches
of valley 81, perennial streams meander across wide floodplains.

The other valleys are dry except during spring. The lower reaches
of valley B1, which were not examined in detail in the field,
appear to represent the third group of valley-types.

Dry valleys are not uncommon in western Europe and parts
of North America. They have been interpreted according to several
hypotheses. A.J. Bull (1940) claimed that dry valleys may be formed
on highly permeable strata which have been rendered impermeable by
permafrost. During the permafrost phase, surface runoff is possible.
The valleys which develpp, however, are abandoned following the de-

gradation of the permafrost. This hypothesis may be applicable to
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chalk landscapes in western Europe (Ollier and Thomassan, 1957;
E.H. Brown, 1969; French, 1972). In the Ottawa valley, houwever,

the brown mottled clay is not highly permeable so that the theory

is unlikely to explain dry valleys.

C.C. Fagg (1954) has interpreted dry valleys as the result
of a decline in the water table. In the Ottawa area, hbase level
decline has occurred in conjunction with fluvial downcutting and
terrace formation. The affects of this phenomenom would have been
experienced on a regional scale and could account for the ubigiutous
presence of dry valleys within the Ottawa valley.

It is also possible, however, that historical variations
in runoff have contributed to the formation of dry valleys. Oury
(1964a) has argued, on the basis of field evidence in both North
America and western Eurape, that many valleys have experienced great-
er discharges during the past for climatic reasons. GSome of these
valleys are now dry whereas, in others, the streams are misfit. It
is postulated that meander wavelengths are proportional to discharge
and that the wavelengths of major valley meanders, therefore, are
indicative of discharges which may have been 3t least twenty times
greater during the past than they are at present. In a later paper
(1964b), Dury hypothesized that floodplain alluvial deposits origin-
ated from a sudden decline in the transporting capacity of streams.
The cause of this decline and of the onset of underfitness was a
reduction in precipitation.

It was part of Dury's argument (1965) that post-glacial

fluctuations in temperature and precipitation have been sufficient
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to cause major reductions in the volumes of stream discharges.
Field evidence certainly suggests that temperature and precip-
itation exercise certain controls over runoff. Schumm (1965), for
example, demonstrated that mean annual runoffs tend to be directly
proportional to precipitation and inversely proportional to temp-
erature. OGSediment yields are inversely proportional to both pre-
cipitation and temperature since an increase in the latter pro-
motes a greater vegetation cover which protects the soil from
erosion. UWhether or not these controls are able to produce dis-
charge variations of the magnitude which are required by Dury's
theories, however, is a matter of conjecture.

Dury (1965) concluded that cocol, moist conditions during
the immediate post-glacial period would have been most suitable for
the initiation of valleys in North America. This is significant
for the Ottawa-St. Lawrence lowlands where Potzger (1953), Terasmae
(1959, 60, 61) and Terasmae and Lasalle (1968) have suggested that
cool, molst conditions were present twice during the post-glacial
phase (see Table 1.2, p.21). The first phase of such conditions,
zone Q2(V), occurred between 8,000 and 9,000 years ago and the
second phasae, zone Q5(I), has occupied the last 2,000 years.

Zone Q2(V) coincides with the period during which the

marine surface was exposed to subaerial conditions. The trans-

formation to warmer, drier conditions in zone Q3(III) appears to
correspond to the drastic decline in the volume of the Ottawa River

discharge which accompanied the farmation of the 220-foot surface.

This climatic change, therefore, could have been a major factor iﬁ
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producing dry and misfit valleys in the Ottawa area at that time.
No similar climatic period has succeeded zone Q5(I) so that a very
recent phase during which streams may have become misfit 1is less
likely to have occurred.

(ii) The Initiation and Development of the Study-Valleys -

A Conclusion

In summary, it appears that the cool moist climatic phase,
zane Q2(V), which extended from 9,000 to 8,000 years ago, would have
favoured the initiation of stream networks in the Ottawa area and
that the subsequent climatic zone, Q3(III-IV) from 8,000 to 6,000
years ago, would have been suitable far the onset of underfitness
within such networks.

Certainly, valley A1 and the upper reaches of valley B2
appear to satisfy Dury's criteria for the recognition of underfit
streams. The dry valleys may also have been initiated in zone
Q2(V) so that they too reflect, in some degree, the subsequent de-
cline in regional precipitation. The complete cessation of flow at
certain times of the year, however, suggests that such valleys have
been affected by the additional influence of the declining re-
gional base level and the resultant decline in the elevation of the
water table.

The effects of a dropping base level appear to be espec-~
ially great at Gatineau. The forms of the valleys suggest a phase
of intense downcutting by short powerful streams which were able
to keep pace with the rapidly-downcutting Uttawa River, at least

until the formation of the 190-foot surface. This phase of down~
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cutting may have been punctuated by short stillstands since there
is some evidence that the valley sides are terraced. Further douwn-
cutting in response to the continued decline in base level was pre-

vented by the bedrock outcrop which underlies the 190-foot surface

adjacent to these valleys and which acted as an erosion threshold.
At this time, which coincided with the dry conditions of zone Q3
(III<IV), the water table would have passed beneath the floors aof
these valleys.

The impact of the historical circumstances which are post-
ulated above upon the present forms and pracesses within the study
valleys may be predicted. The critical factor in the variations of
slope forms and slope processes has been identified as the behaviour
of the basal stream. The nature of this behaviour depends upon dis-
charge regime, a stream characteristic which is, in turn, determined
by historical factors. The concluding chapter demonstrates the far-
reaching effects of these factors in producing different types of

slope system.



CHAPTER FIVE

CONCLUSION
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5(a) Slope Systems in the Ottawa Area

It has been demonstrated that slope processes in the Otta-
wa area are active today in modifying slope form. In this sense,
slope forms reflect present-day conditions and are not relict fea-
tures. In particular, the overwhelming conclusion is that the char-
acteristics of slope form are controlled by. the activity of the
basal stream. On the other hand, variations in the nature of flu-
vial processes have been found to depend upon historical factors and,
in this sense, slope and valley forms reflect past conditions. With
these qualifications in mind, three major types of slope system may
be recognized in the small valleys around Ottawa.

(i) Powerfully-Undercut Slopes

The first type of slope system is represented by the under-
cut scar. The operations of the system are summarized in Figure 5.1
(p.145). Such systems occur in valleys where the streams have be-
come underfit as the result of a decline in precipitation. Erosion
in such valleys is predominantly lateral and is confined to the outer
bends of meanders.

Undercutting produces a characteristic slopes form which is
convex, the maximum angle occurring at or near the slope base. Dur-
ing the formation of the scar, slope length decreases, any basal
concavity is eliminated and maximum angle, mean angle and rates of
curvature increase. UWhere one slope in a cross-profile is under-
cut, slope asymmetry is accentuated and shoulder width and cross-
sectional area tend to increase.

Within this type of slope system, great imbalance exists.
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Undercutting, the chief agent of slope steepening, is a much more
efficient process than are the processes of debris downslope trans-
portation, with the result that the development of soil profiles and
vegetation communities is inhibited. The slope is aoften steepened
to the limiting strength of the lithology so that instantaneous

failure may be imminent. The 1limiting angle in the brown mottled

clay may be as great as forty-five degrees. 0Of the sixteen undercut
scars which were observed in the field, sixty-six percent possessed
angles greater than thirty degrees. Although slope processes on such
slopes may be very rapid as they strive to reduce slaope angle to a
more stable condition, these efforts are not usually successful until
after the floods have subsided.

Where slope steepening is gradual, the soil profiles and veg-
etation communities are progressively undermined. More often, howevar,
rapid and deep-seated failures occur which expose fresh surfaces.

All traces of previous soils and plant associations are effectively
removed.

(ii) Weakly-Undercut Slopes

This type of slope system is believed to occur in valleys
A2, A3 and C2. 1In these valleys, undercutting is a relatively minor
process and slope processes are able to reduce the angle of slope
below that of the limiting strength of the underlying material. The
historical factors which have contributed towards the development
of these slopes include declines in base level, water table elevation
and precipitation. The net effect of these factors is to restrict‘

present-day streamflow to the period of the spring melt. The runoff
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during the spring appears to possess a greater erosive capacity in
these valleys than in the other dry study valleys. Distinct flu-
vial channels are maintained in valleys A3 and C2 and, in valley
RZ, there were signs that small amounts of materisl are being re-
moved from the base of the slopss.

Within weakly-undercut slope systems, an eqguilibrium exists
between the processes of slope steepening and slope angle reduction
and this balance is reflected in slape form (Fig. 5.2, p.148).

The typical form is convexo-concave. The undercutting process is
associated with an increase in slope height, mean angle, maximum
angle, rates of curvature and the convex component of the profile.
Slope processes tend to be associated with decreases in maximum and
mean angles and rates of curvature, and increases in slope length
and the concave proportion aof the slope. In valleys in which such
slopes occur, the cross-profile dimensions increase steadily and
slope asymmetry is reduced because of the operation of similar pro-
cesses beneath both valley sides.

The equilibrium within the system extends to the soils and
vegetation communities (Fig. 5.2). On the maximum angles of slope
profiles, where regolith mobility is great, both vegetation associ-
ations and soil profiles are maintained at e=n immature stage of devel-
opment. Plant associations are characterized by the presence of
heliophiles whereas grasses are restricted. So0il profiles usually
consist of a thin, coarsely-granular horizon which is perhaps three

to four inches deep and overlies the parent material.
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(1ii) Non-Undercut Slopes

The third group of slope systems experiences no fluvial
undercutting so that processes which act to reduce slope angle may
operate unopposed (Fig. 5.3, p.150). Such systems occur in misfit
valleys away from the loc! of undercutting. It is probable that
these slopes have been undercut during the past but have then been
abandoned by the basal stream as the result of meander migration.
Since a renewal of undercutting may be predicted for the future,
such slope systems, like the powerfully-undercut systems, are rel-
atively short lived., It is possible that undercutting is absent in
many of the dry study valleys, notably valleys C1, C3 and C4. Field
observations indicated that signs of erosion in these valleys during
the spring melt are negligable.

Non-undercut slopes sre like closed systems in that they
develop towards a condition of maximum entropy. As slope processes
reduce the angle of slope, their rates of operation are reduced in
consequence. As a result, soil profiles and vegetation associations
become more mature. Vegetation coverage of the soil may be complete
and grasses tend to dominate associations, even on maximum slope
angles. The evolution of these associations beyond the pasture stage
is prevented at present by grazing.

As energy declines in these slope systems, maximum and mean
angles, rates of curvature and the convex companent of the profile
tend to decrease whereas slope length and the cancave proportion in-

crease. Materials which accumulate at the bise of the slope are not
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removed by the basal stream and are able to form depositional con-
cavities. These deposits do not appear as scree forms but, rather,
are indistinguishable from the parent material which is itself un-
consolidated and fine-grained. Basal concavities are especially
obvious on non-undercut slopes in misfit valleys.

It is difficult to predict changes in the cross-profiles of
valleys in which these slope systems are present. If the opposing
slope is undercut, slope asymmetry will become accentuated and
shoulder width and cross-sectional area will increase, If both
sides of the valley are free from undercutting, width may increasse
and depth decreases as materials are transported from the slope
summit to the base of the slope.

Beneath the stable slopes at Gatineau, however, there is
very little evidence of such accumulations. The slopes in valleys
C1, C3 and C4 are of low inclination and yet have retained a basal
convexity which suggests that adjustments to the cessation of flu-
vial processes have been so gradual that the slopes may be viewed
as guasi-static. The latter are characteristically multi-sequential
in farm in contrast to the simple forms which are found in valleys
with more active slope processes. Une passible explanation of the
irregular form is that there has been slumping in mid-slope. The
mid-slope facets which are present, however, are extensive rather
than localized features and may represent fluvial terraces which

are now relict landforms.



152

5(b) Suggestions for Further Work

The age and origin of the study valleys must remain doubt-
ful despite the indirect evidence which is cited in the report.

It would be particularly useful, therefore, if materials could be
located within these valleys which are suitable for dating by radio-
carbon methods. Unfortunately, many of the tributaries contain no
such deposits although dateable materials may occur in some misfit
valleys where they have heen buried by alluvial fill.

Other aspects of the post-glacial history of the Ottawa
area also require further investigation. The preliminary work con-
cerning local drainage development, which was based upon the analysis
of topographic sheets, is in need of supporting field evidence.

Since the gquestions of the origins of the Champlain Sea clay and the

brown mottled clay are relevant to the reconstruction of recent

events in the Ottawa area, the comparative evaluation of the geo-
logical and geotechnical investigations into these clays is
imperative.

The models of slope development which are proposed require
further field verification. Changes in the characteristics of slope
systems are predicted largely from static evidence which could be
gainfully supplemented by field measurements of surface processes.
Of special interest are observations concerning the development
and subsequent stabilization of erosion scars. More extensive data
concerning soils and vegetation are necessary if the relationships
of these latter to slope form are to be effectively analyzed. Such
da'a would contribute eventually towards the construction of quan;

titative models of slaope systems developmant.
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FIG 32C THE LONGITUDINAL PROFILES OF THE STUDY VALLEYS
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