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ABSTRACT

‘Jeomorphic systems possess a hierarchical structure. Every geomorphic system
consists of smaller, lower-level systems, and is at the same time part of larger, higher-level
systems. Insight into the aspects of spatial scale transference aids in focussing on those
hierarchical levels dominating behaviour of the geomorphic system of interest.

A literature review led tc the formulation of a series of prepositions concerning
spatial scale transference in process geomorphology. Results of a field study of the effect
of spatial scale on the rainfall-runoff relationship and sediment and soiute dynamics in a
series of semi-arid, ephemeral, badland drainage basins were used to ’est these
propositions, and to deduce new ones. For the field study, the timescale of interest was
that relevant to basin response to a single rainstorm.

Results from the field study indicated that spatial scale transference between
geomorphic systems of differing scales is restricted by morphological and f un.ctional
constraints. Morphological constraints are caused by morphological elements existing in
large-scale systems, but not at smaller scales. Functional constraints follow from the
characteristics of the matter and energy flows in the systems of interest. The boundaries
imposed upon spatial scale transference by morphological and functional constraints are
fuzzy rather than sharp in character. Thus, the greater the scale difference between two
geomorphic systems, the smaller the amount of information that can be extrapolated from
the one to the other. From the viewpoint of a geomorphic system, when a system 'looks'
at systems of smaller and larger scales, the amount of detail and information the system

'sees’' decreases with distance. Nevertheless, certain prominent features may continue to



PREFACE

An important part of geomorphology is concerned with the study of
geomorphological processes, and studies the flows of matter and energy in the landscape.
Direct observations form a crucial part of process research. Thes: ouservations usually are
of limited spatial and temporal extent. For instance. the steady-state infiltration rate is
often determined with an infiltrometer ring covering only a fraction of the area of interest.
Smettem and Cc lisGeorge (1985) demonstrated that on & soil containing macropores, ring
size has a considerable effect on the measured infiltration rates. A smaller ring has a larger
chance of being installed at a2 site which i3 not representative of the soil, and hence will
give a poor representation of the actual field conditions.

Logistical and financial constraints place severe limits on long-term studies, and
comparatively few geomorphologic investigations of processe. extend over more than a
decade. Lewin (1980), for example, used the example of process observations which are
restricted to a few years of 'Ph.D. time".

Problems occur when attempts are made tc extrapolate, either in space or in time,
the information obtained in the field from studies of small areas or investigations o, short
duration. These problems arise from the fact that increases in scale do not merely insoive
increases in the spatial and tempor: . dimensions, and the number of con:ponents of a
system, but instzad result in new variables, new relationships, 3nd as a rule lead to the
identification of new probiems (Haggett et al., 1965).

An awareness of scale effects has a significance beyond the problems of spatial and

temporal extrapolation of process observations. Sugden and Hamilton {1971) argued that



linking process and form on different temporal and spatial scales as equivalent to
establishing geomorphological theory. Mark (1980) argued that recognizing the scale-based
dichotomy of small-scale processes and large-scale landforms is essential to further
advances in linking process and form. Roswall et al. (1988) viewed an appreciation of scale
effects as essential to overcome the disparities in spatial and temporal scales used in the
different disciplines concerned with global environmental change.

The transfer of information between systems of differing scales, hereafter referred
to as scale transference, has both temporal and spatial aspects. Schumm and Lichty (1965)
explored the geomorphclogical implications of temporal scale transference in their classic
paper 'Time, space, and causality in geomorphology'. Since then, temporal scale has been
the subject of a number of papers (e.g. Wolman and Gerson, 1978; Brunsden and
Thornes, 1979; Church, 1980). In 1978 a Symposium was held by the British
Geomorphological Research Group with * 1e aim of bring'ng together geomorphologists
investigating different timescales, and to examine how resulis f rom one timescale could be
extrapolated to another (Cullingford et al., 1980).

Spatial scale transference, however, has received considerab:y less attention. Threre
is especially a scarcity of studies under controlied experimental conditions of the effects of
" Manges in spatial scale on geomorphic processes.

The objective of this study is twofold: first, to review earlier work relevant to
spatial scale transference in process geomorphology; second, 1o investigate the effect of
spatial scale on the rainfall-runoff relationship and solute and sediment dynamics in
semi-arid badland basins drained by ephemeral streams.

The field area is located in the Dinosaur Provincial Park badlands in the semi-arid



choosing the field area. Badlands have special advantages for this type of study as they are
areas in which many of the varied cifects of geomorphic processes can be easily discerned
and measured. Even at the smallest scale, drainage basins are readilv defined in badlands.
Furthermore, the lack of a soil and vegetation cover facilitates detailed investigation of ,
10T example, the relationship between rainfall, lithology, and drainage basin response at all
levels of scale.

The field study was carried out at three scale levels: (1) the microscale of the
experimental plot, typically concerned with an area of less than 1 m?; (2) the subbasin
scale, concerned with two subbasins of ca. 2000 m?; and (3) the mesoscale, concerned with
two basins of 79,230 and 202,260 m?, respectively. The basins were nested, so that each
mesoscale basin contained one subbasin which, in turn, contained a number of microscale
basins. The tirhescale of interest for the field study concerned basin response to a single
rainstorm. The timescale was kept constant for all three spatial scale levels 1o avoid
confusion arising from the interaction of temporal and spatial scales. An additional reason
for the choice of timescale is that in semi-arid regions the considerabie variability in
rainfall from year to year limits the validity of estimating long terrn geomorphic conditions
from short-term observations. Hence, extrapolating data from short-term experiments to
longer periods should be avoided. Drainage basins are well suited to spatial scale research
because they exist in a wide range of sizes, and are relatively easy to delineate. In addition,
as drainage basins are fundamental geomorphologic units their use is particularly
appropriate for geomorphological research.

Research was first directed towards the development of a series of propositions

that would be generally applicable to the problems of spatial scaie in process



reviews previous research on geomorphic processes ‘n Dinosaur Provincial Park. The

results of the field study a: the three scale levels are presented in Chapter 3 (microscale),
Chapter 4 (subbasin scale), and Chapter 5 ( mesoscale). In Chapter 6 the relationship
between the results obtained at the differcat scales in the field is analyzed, and some of the
propositions derived in Chapter 1 are applied to these results. Finally, in Chapter 7 the
conclusions from the field study are presented. Three new propositions, derived from the
field study, concern the constraints on spatial scale transference between geomorphic
systems, ativ characterize the boundaries across which spatial scale transference cznnot take

place witnnut extensive revision of the concepts and models involved.
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CHAPTER 1}

1.1 GENERAL PRINCIPLES OF HIERARCHY THEORY

At present there is no widely accepted theoretical framework within which the
probiems of spatial scale transference can be investigated. This indispensible framework
may be provided by hierarchy theory (Haigh, 1987).

A geomorphic system is defined by Chorley et al. (1984, p. 5) as 'a structure of
interacting processes and landforms that function individually and jointly to form a
landscape complex'. The term system is used here to refer to an open system, i.e. one with
boundaries open to the import and export of matter and energy from its environment.
Closed systems, with boundaries acros:; which no import or export of matter and energy
occurs, have limited use in geomorphology (Graf, 1988) and will be ignored in this study.
Any geomorphic system, such as a drainage basin, can be viewed as a nested hierarchy of
systems. In this approach, every system consists of smaller subsystems, and is in itself a
subsystem of a larger system. Koestler (1967) introduced the term 'holon’ for such a
system in a hierarchy in a biological context. The meaning of the term 'holon’ was
subsequently generalized by Allen and Starr (1982) to include systems of any type. A
geomorphic system can therefore considered to be a holon. To illustrate the concept of
holons, Koestler (1967) uses the image of the Roman god Janus, who has two faces
looking in opposite directions: one face looks inward at the subordinate parts, and is that
of a self -contained whole; the other face looks outward, and is that of a dependent part.
This duality of being both a seif -contained whole and a dependent part, or the
'Janus-eff<st' (Koestler, 1967), is a fundamental characteristic of all holons. A hierarchy
consisting of holons was termed a holarchy by Koestler (1967).

Tre structure and functioning of a holon are governed by a set of fixed rules,

which Koestler {(1967) calls its 'canon’'. The canon of a holon describes its fixed properties



and the laws governing its structure and functioning. Within the constraints imposed by
the canon the holon has a wealth of options, or sirategies, for responding to changes in its
environment. Koestler (1978, p. 38) illustrates this idea with the example of the game of
chess: the canon consists of the rules defining the permissible moves, but the actual moves
are determined by the players whose strategy is based on the environment, i.e. the
positions of the pieces on the board.

In 2 hierarchy, a higher and a lower holon are linked by an exchange of
information, matter, or energy. Allen and Starr (1982) distinguish two cases in which such
a link is not present. The first, somewhat trivial case, occurs when the lower and the
higher holon are in different stems of the hierarchy. The second case occurs when the
vertical distance between the holons is too large. Allen and Starr (1982, p. 13) define a
holon's environment as 'being made up of all things with slower behavior with which it
interacts’. The holon in its turn forms the environment for 'all faster behaving holons with
which it interacts’ (Al' - and Starr, 1982, p. 13). There is no link between the two holons
when the ratio of cycle times, or frequencies or rates of behaviour of two holons becomes
too large. From the viewpoint of the higher holon, the lower holon behaves so rapidly that
it appears ‘to quickly attain static or, in some cases, dynamic, equilibrium (Schumm,
1977). From the viewpoint of the lower holon, the higher holon behaves at an
imperceptually slow rate, and essentially provides a constant background. In this manner,
when the vertical distance between two holons is large, they may become part of each
others’ canon. Similarly, links between a higher and a lower holon will not exist when the
lower holon has a lifespan which is too short, has too short a mi=m Jry, or exerts too little
influence to establish a direct link with the higher holon (Allen and Starr, 1982). This
point implies that the search for a fundamental level at which all higher level phenomena
can be explained will prove to be inefficient if not ineffective (O’Neill, 1988).

The concept of 'emergent properties’ is of considerable importance in hierarchy

theory (Allen and Starr, 1982). This concept concerns the properties of high-level holons



which cannot be predicted from the properties of the lower levels. The existence of such
properties limits the usefulness of the reductionist approach because to understand the
whole it becomes necessarv to understand mecre than just the parts.

O'Neill et al. (1986) illustrate the difference in process rates at different levels in a
hierarchy with the example of a holon vhich acts as a filter for its lower holons. The
high-frequency signal from the lower holons is tranformed into 2 gnal having a lower
frequency, characteristic of the upper holon (Fig. 1.1). The upper holon is thus not
sensitive to every variation at the lower level, but only to the overall, filtered state. Signals
from the upper holon's environmernt, which have a lower frequency, are not filtered by the
upper holon. The upper holon thus has no control over the signals it receives from its
environment, and must respond to these signals without being able to modify them.

When used in an every-day context the term 'hierarchy' connotes a system of rank
in which the higher levels constrain the lower levels. In hierarchy theory, however, this is
not necessarily the case. Although not sensitive to ev'ery little change at the lower levels,
the characteristics of the higher holons are partly determined by those of the lower holons,
which therefore are essential to the functioning at the higher level. At the same time the
lower holons are constrained by the higher level assemblage of which they are part. Grene
(1969) describes this situation as a double asymmetry. The link between two holons is
called symmetrical when two holons which are at the same level constrain each other to a
similar extent, in a similar manner. The other type of link, asymmetrical, occurs between
holons at different leveis when one of the holons has a greater influence over the other
(Allen and Starr, 1982). Double asymmetry as used by Grene (1969) indicates that holons
at different levels mutually constrain each other, but that the manner of constraint differs.

An important property of a hierarchy is its 'near-decomposibility’. This concept
was introduced by Simon (1962} who used the term to refer to systems consisting of
subsystems. In a nearly decomposable system, interaction within the subsystems is

relatively strong, whereas interaction between the subsystems is relatively weak, although
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not negligible (Platt, 1969). Components of a subsysiem interact directly with each other,
but only indirectly, through the higher level, with components of other subsystems. The
strength of the interaction between subsystems may thus provide clues for locating the
system boundaries.

Allen and Starr (1982) argue that the composition and boundaries of a holon are
essentially arbitrary. They recognize, however, that for a certain purpose some holons may
be more useful than others. Klemes {1983) calls such holons 'nodes’, and suggests that the
distinction of these few, but important, levels provides a firm basis for the development of
concepts, and promotes a rapid development of science. In biology, for instance, the
following nodes can be distinguished: molecule, cell, organism, species, population,
community, ecosystem, biosphere. According to Klemes (1983), in disciplines such as
hydrology where nodes are absent, or perhaps it is better to say ill-defined, progress is
significantly slower. O'Neill (1988) uses the term ‘coherent level' to describe a level that
'makes sense' as an isolated object of study.

The observer's decision of the location and nature of the boundary has
far-reaching effects on the results obtained from studying the holon. Allen and Starr
(1982) propose that all boundaries are in essence functional: the holon is separated from
its environment by ithe relatively more rapid intrinsic process raies, and may be
functionally isolated while being spatially interwoven with its environment. A special class
of functional boundaries is formed by structural boundaries, which involve a physical
surface separating the systems on either side. An example of a structural boundary is a cell
membrane isolating the inside of the cell by impeding or slowing down intrusion from the
cell's environment. An extensive discussion of the properties of boundaries in hierarchical

systems may be found in Platt (1969).



1.2 HIERARCHY THEORY IN GEOMORPHOLOGY

The characteristics of a system are to a large extent determined by its complexity
and its randomness (Weinberg, 1975). Both concepts are hard to defin-. For the purpose
of this discussion randomness may be thought of as representing unpredictability, in the
sense that when a die is thrown the outcome is unpredictable within certain bounds.
Complexity is equally hard to describe, but may be thought of as a measure of the number
of interactions between the components of a system. Weinberg (1975) distinguishes three
classes of systems having differing degrees of randomness and complexity (Fig. 1.2).
Systems in class I exhibit 'organized simplicity’. Such systems have a low degree of
randomness, possess few components, and may be successf ully treated in a deterministic
manner, for instance with differential equations. Many systems in engineering are examples
of class I systems.

Systems in class II are characterized by the term 'unorganized complexity'. These
systems possess a large degree of randomness, allowing a statistical approach in which the
exact behaviour of each component is ignored in favour of the calculation of averages. An
example of a class II system having a large degree of randomness and complexity is a
cylinder filled with gas. The relationship between the temperature, pressure, and density of
the gas is described by the gas laws derived from statistical considerations of the large
number of molecules in the cylinder. The behaviour of each individual molecule is ignored
because in any practical problem the large number of molecvies would make the resulting
system of equations totally intractable.

Systems in between these two extremes are in class III, and possess 'organized
complexity'. Systems in this last class are too complex, and their degree of randomness is
too high, to be analyzed by the methods which are successful for class I systems. At the
same time, their degree of randomness is too low for a purely statistical approach.

Methods successful for class I and II systems can be applied to systems of class III, but
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Fig. 1.2 System type as a function of randomness and complexity. See text for explanation.
(Modified after Weinberg, 1975).



usually only with very limited success because very often the limit of the methods is
reached. Weinberg (1975) calls systems in class III medium-number systems, which thus
contrast with low-number systems (class 1) and large-number systems (class 1I).
Medium-number systems cover the middle ground where the large number of components
bring about a complexity which precludes the use of the mathematical techniques developed
For dealing with small-number systems. At the same time, medium-number systems are
small enough that the behaviour of each component will affect the system.

Klemes (1978) expresses a similar idea, and states that randomness can be of
considerable importance in an aggregate where the number of components is large, but not
large enough to suppress the influence of the individual components on the behaviour of
the aggregate. With an increase in aggregate size the effect of the individual components
weakens, and the behaviour of the aggregate may become more susceptible to a
deterministic analysis. Klemes (1978) hence relates the change from random to
deterministic behaviour to an increase in spatial scale.

Hierarchies have been recognized in many diverse branches of science ranging from
cosmology to crystallography. In geomorphology, (hypothetical) examples of hierarchies
have been given by Chorley and Kennedy (1971) and Chorley et al. (1984). Hierarchies are
so common that their existence is often overlooked (Pattee, 1973). Allen and Starr (1982)
avoid the question whether reality is hierarchically structured or not. Rather, they view
hierarchies as coming into the picture when humans try to understand the world they live

in. This outlook coincides with that of Simon (1962, p. 477) who suggests that

'If there are important systems in the world that are complex without being hierarchic,
they may to a considerable extent escape our observation and our understanding. Analysis
of their behaviour would involve such detailed knowledge and calculation of the
interactions of their elementary parts that it would be beyond our capacities of memory or

computation.’



This view of hierarchies does not in any way lessen their importance because at wc st it
means that hierarchies are abstractions conceived by the researcher for conceptualization
and investigation. Similar views have been expressed regarding systems (Haigh, 1985), and
the systems approach has proved to be extremely fruitful in geomorphologicai research.
Allen and Starr's (1982) interest in applying hierarchy theorv to ecology arises

from the fact that the majority of ecological systems are medium-number systems. In this
respect geomorphic and ecologic systems are similar (Graf, 1988). Allen and Starr (1982)
suggest that to deal with these compiex systems, models will almost of necessity have to be
hierarchical. O'Neill et al. (1986) and Risser (1987) see hierarchy theory as a promising
framework with which to approach the problems of spatial and temporal scale transference
in ecology. In a nested hierarchy of geomorphic systems the scale of holons increases from
small at the bottom, to large at the top. The concept of scale hence permeates hierarchy
theory, which may thus provide concepts, a philosophical basis, and a neutral terminology

to deal with the problems of spatial scale transference in geomorphology.

1.3 PREVIOUS RESEARCH ON SCALE TRANSFERENCE IN GEOMORPHOLOGY

Haigh (1987) wrote the first and, at present, the only paper in the
geomorphological literature in which hierarchy theory is explicitly used. Prior to Haigh's
paper, however, a small number of other papers appeared in which hierarchies were
implied. Haigh (1987) distinguishes three areas in geomorphology where hierarchies have
been employed. First, hierarchies have been used in landscape classification and terrain
synthesis (e.g. Isachenko, 1973). Second, hierarchy theory has been applied to drainage
networks, leading to the different methods of stream ordering (rdorton, 1945; Jarvis,
1976). In both of these areas the systems being studied are treated as static objects. The

third area of application of hierarchy theory in geomorphology deals with dynamic



10
systems, and allows systemn evoiution and changes in the hierarchy. This last area is the

most significant from the viewpoint of process geomorphology.

In the following review certain papers in this third area will be discussed, in
addition to papers having relevance to the problems of spatial scale transference in
geomorphology but not directly concerned with hierarchy theory. It will be attempted to
deduce, from the specific evidence presented, propositions that have a wider, more general
application to the problems of scale transference in geomorphology. Some of these
principles will be old truths in new words, the terminology of hierarchy theory; others will
sound more fresh. In the following sections geomorphic systems will be viewed as holons,
but to emphasize that not all holons are geomorphic systems the term holon will not be

used.

1.3.1 TIME

In the 1960's the focus of geomorphology shifted from long-term landform
evolution to short-term process observation. In a successful atiempt to unify the different
viewpoints, Schumm and Lichty (1965) evaluated the connections between the three
approaches to geomorphology current at that time and proposed a hierarchical
classification of timespans. At the highesf level of ‘cyclic time', periods are up to several
millions of years in length. During cyclic time a fluvial system progresses through a cycle
of erosion (Davis, 1899). At the middle level of 'graded time', periods vary in length from
a few hundreds to a few thousands of years. This timespan corresponds to the period
during which the system variables are in a steady state equilibrium (Fig. 1.3), so that a
fluvial system may be characterized as being in a graded condition (Mackin, 1948; Chorley
et al., 1984). The lowest level of ‘steady time' concerns the relatively short periods during

which the system variables do not change with time, i.e. are in static equilibrium (Fig.
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Fig. 1.3 Types of equilibrium: static equilibrium - no change over time: steady state
equilibrium - short term fluctuations around a constant long-term average; dynamic
equilibrium - short term fluctuations around a declining long-term average.
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1.3).

Schumm and Lichty (1965) div'de e variables describing the state of a drainage
basin during each of the three timespans into three categories: not relevant, independent,
and dependent (Table 1.1). In the terms of hierarchy theory the independent variables
establish the canon of the drainage basin during each timespan (Haigh, 1987). The
independent variables can be considered to be constant during a timespan (i.e. vary at a
frequency too low to detect variations over the timespan of interest), and hence pose
certain constraints on drainage basin behaviour during that timespan. The dependent
variables provide the options of the drainage basin. These variables are allowed to vary in
response to changes in the environment of the drainage basin, or to internally adjust the
system within the constraints imposed by the canon. These ideas are expressed in the
following propositions:

I - The canon and options of a geomorphic system vary with the timescale of interest.
With a change in timescale certain options may become part of the canon, or parts of the

canon may become options, depending on the direction of scale change.

I - The model of evolution of a geomorphic system varies with the timescale of interest.

A geomorphic system may thus be viewed as being in static, steady state, or

dynamic equilibrium, depending on the timescale of interest.
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Table 1.1 Status of drainage basin variables as a function of time

Drainage basin variables

Status of variable

during indicated timespan

Cyclic Graded Steady
1 Time Independent Not relevant Not relevant
2 Initial relief Independent Not relevant Not relevant
3 Geology (lithology, structure) Independent Independent Independent
4 Climate Independent Independent Independent
5 Vegetation (type and density) Dependent Independent Independent
6 Relief Dependent Independent Independent
7 Hydrology (runoff and sediment Dependent Independent Independent
yield pe1 unit area within system)
8 Drainage network morphology Dependent Dependent Independent
9 Hillslope morphology Dependent Dependent Independent
10 Hydrology (discharge of water Dependent Dependent Dependent

and sediment from system)

(After Schumm and Lichty, 1965)
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1.3.2 SPACE AND TIME

Schumm and Lichty's (1965) approach may be extended to include spatial scale
(Schwartz, 1968; Sugden and Hamilton, 1971: Chorley et al., 1984; Haigh, 1987; Graf,
1988). Both Haigh (1987) and Graf ( 1988) provide tables showing the combinations of
temporal and spatial scales thought to be most suitable for the analysis of
geomorphological systems.

The response of a geomorphic system can be characterized by two time periods
describing change in system variables (Fig. 1.4). The reaction time is the timespan between
a disturbance causing a change in process rate or type, and the beginning of observable
morphological change. The relaxation time is the timespan between the onset of
morphological change, and attainment of a (steady state) equilibrium cofresponding to the
new process conditions. Smaller spatial units can be analysed over short timescales because
their short reaction and relaxation times will allow them to respond rapidly to changes in
their environment. Such small systems are therefore more likely to be in an equilibrium
state reflecting the system's environment. Large scale landscape features require a long
timespan for analysis, for reaction and relaxation ti.nes increase with increasing spatiai
scale or, in certain cases, when the type of process and process rates are equal, with an
increase in the amount of material that has to be transf ormed or transported 1o adjust a
landscape feature to new conditions. Chorley et al. (1984) give an example of a
hypothetical, hierarchical geomorphic system in which reaction and relaxation times
increase from the lowest level (alluvial channel) to the highest level (divides) (Fig. 1.5).

The hierarchical structure of the landscape, comprised of micro-, meso-, and
macroscale forms with differing reaction and relaxation times, cause the landscape to be
polygenetic (Trudgill, 1976; Brunsden and Thornes, 1979). For instance, the small-scale
rock features adjust most rapidly to the conditions of rock weathering induced by the

present climate. Macroscale forms may owe aspects of their morphology to earlier,
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different climatic conditions, unless the climate has been stable over a timespan longer

than the reaction and relaxation *imes of the form. This leads to the following

proposition:

IIT - The hierarchical structure of the landscape gives rise to its polygenetic character.

The magnitude of reaction and relaxation times is not just a function of spatial
scale. Trudgill (1976) introduces the concept of lability of geomorphic systems, and
distinguishes sluggish and labile systems. A labile system, for instance a shale badland
slope, may show adjustments in morphology to a high-magnitude rainstorm; a sluggish
system, for instance a slope of similar scale developed in granite, will not. Figure 1.6
illustrates the relationship between temporal scale, spatial scale, and lability of a
geomorphic system. Similarly, Brunsden and Thornes (1979) distinguish sensitive and
insensitive landforms (and all the gradations in between) and define the sensitivity of a
landform as the ratio of the mean relaxation time to the mean recurrence time of events
contrclling the morphology.

Several field studies have illustrated the relationship between temporal and spatial
scales. Slaymaker (1972) undertook an analysis of the production, transport, and
deposition of sediment at the micro-, meso-, and macroscale in order to clarify the effect
of present-day processes on fluvial landforms of different spatial scales. Sediment
dynamics at the two smallest scales, of the individual site and the slope or stream reach,
could be explained in terms of present-day geomorphological processes. At the macroscale
of the second- and third-order basin, however, several exampies of severe disequilibrium
with respect to sediment supply and removal were found over the 4 yr observation period.
It shouid be noted that if the observation period were longer it might well have been found
that at the macroscale a steady state equilibrium had been reached. Slaymaker's (1972)

study stresses that the length of the observation period should be in accordance with the
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spatial scaie of the system of interest.

Jackson (1975) directly correlates bedform life, or time span of existence, and
bedform size in a hierarchical, unifying model of bedforms. Bedforms generated by the
flow of a fluid over a cohesionless, granular material range in size from a small-scale
ripple to, in 2 meandering stream, a pointbar, or, in an area of aeolian sands, a draa
(Jackson, 1975). The smallest bedforms, or microforms, form in response to the local,
non-uniform, unsteady fluid-dynamic regime, and require detailed, small-scale
measurements of local flow conditions. When bedform size increases, local flow conditions
become less important until, at the macroscale, the 'geomorphological regime' controls
bedform development (e.g. in the case of a point bar). With this latter term Jackson
(1975) denotes factors such as geological control of channel plan-form, and the location of
sources of coarse sediment. To describe the developmem of bedforms at the macroscale,
process observations do not have to be as closely spaced in time (and space) as for
microforms.

The relatinnship between temporal and spatial scales is featured prominently in a
paper by Brunsden and Jones (1980} who studied the development of coastal landslide
systems in southern England over a 100 yr period. Within the landslide systems three zones
were distinguished: Zone 1 is the zone of large-scale landslides, and extends seaward from
the cliff top to the furthest extent of these large slides; Zone 2 may be viewed as the zone
of transmission, where the large landslide blocks from Zone 1 are broken up by small-scale
landslides, mudslides, and gully erosion; and Zone 3 consists of the near-vertical sea cliffs,
where rtetreat occurs through toppling failures, sagging failures, and rock falls.
Observations indicated that over the observation period the whole system was in a state of
dynamic equilibrium: the overall landform assemblage appeared to be diagnostic of the

processes operating in the area, even though the individual landforms were continually

changing.
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Zone 1 and Zone 3 represent different geomorphic systems at the same hierarchical

level. The cliffs in both zones retreated at similar rates over the observation period. The
processes responsible for cliff retreat, however, were markedly different. In Zone 1 cliff
retreat occurred through high-magnitude, infrequent landslides, whereas in Zone 3
low-magnitude, high-frequency failures and rockfalls were responsible. Brunsden and
Jones (1980) draw attention to the importance of a suff iciently long observation period,
necessitated by the considerable length of time between large-scale landslides in Zone 1.
Observation over a shorter period might lead to the conclusion that cliff retreat in Zone 1
and Zone 3 occurred at dissimilar rates, which would indicate an increase or decrease in the
areal extent of the landslide system and a state of disequilibriurmn (compare Slaymaker,
1972). Brunsden and Jones (1980) also call attention to the connection between the three
zones. Storage in the form of a landslide block at the base of a landslide scar protects the
scar from further erosion, and thus slows down the rate of retreat. The subsequent
breaking-up of the landslide block by more frequent, low-magnitude processes causes
unloading of the slope, and provides the conditions for a repeated occurrence of a
high-magnitude, low-frequency, large-scale landslide. As Brunsden and Jones (1980, p.
16) state: 'Thus the persistent and more even erosion of the sea cliffs is translated into
large event failures in other parts of the system’.

The following proposition indicates the connection between temporal and spatial

scales:

IV - Because of the slow response to changes in the environment, or inertia, the
morphology, functioning, and evolution of high-level, large-scale geomorphic systems are
best, and frequently can only be, analyzed over long timespans. Lower-level, small-scale
geomorphic systems equilibrate much more rapidly with the environment, enabling analysis

over shorter timespans.



Brunsden and Jones (1980) introduce the concept of 'formative events', which are
those events that produce the dominant or diagnostic features of a landscape. They suggest
that in a situation as in Zone 1, where the average erosion rate is low but variations
around the mean large, the formative events are likely to be of a high magnitude and low
frequency, shaping a landscape with abrupt variations in relief. Conversely, in Zone 3,
where the average erosion rate is equally low but with small variations around the mean,
the formative events are events of a lower magnitude and higher frequency, and the
resulting landscape is more regular. The same idea was expressed by Brunsden and Thornes
(1979) in a review of the concepts of magnitude and frequency in geomorphology.
Brunsden and Jones (1980) add that it remains to be seen whether the relationship between
magnitude and frequency of formative events and irregularity of the landscape is a general
geomorphological principle, applicable to other areas within geomorphology.

The following proposition is derived from Brunsden and Jones' (1980) hypothesis:

V - High-frequency, low-magnitude processes produce a smoother, moi~ regular
morphology (i.e. with irregularities of a relatively small scale) which can be studied at a
relatively small scale. Low-frequency, high-magnitude processes produce an irregular
morphology with considerable variations in relief. Such a morphology should be studied at

a relatively large scale.

The following proposition calls attention to the relationship between large-scale
and smali-scale events at the same hierarchical level, and describes the cumulative effect of

small-scale thresholds:

VI - Low-magnitude, high-frequency processes operating on a small scale in a geomorphic
system may, given sufficient time, provide the conditions for the occurrence of a

high-magnitude, low-frequency event, operating on a much larger scale at the same

21



22
hierarchical level.

The temporal and spatial resolution of a study of high-magnitude, low-frequency
processes and the landforms resulting thereof should be high enough to take into account
such a seeming discrepancy in scale. The basic idea behind this principle has also been
expressed by Schumm (1977) who gives an example in which a high-magnitude,
low-frequency flood is only the most apparent cause of valley-floor incision (Fig. 1.7).
Floods of a lower magnitude and higher frequency have caused a gradual increase in the
valley-floor slope, and hence play a crucial role in preparing the conditions in which
incision of the valley-floor by a high-magnitude, low-frequency flood can occur. In
Schumm's (1977) example a high-magnitude, low-frequency flood not preceded by a
period of low-magnitude, high-frequency floods may only have a minor effect on the
landscape. It is, however, important to note that not all high-magnitude floods need to te

preceded by a series of low-magnitude events to strongly affect landscape evolution.

1.3.3 PROCESS AND FORM

In a study of the factors influencing the slope of stream channeis Penning-Rowsell
and Townshend (1978) found that a change in spatia) scale caused a change in the relative
importance of the different factors. At their largest scale, channel slope was measured over
a stream reach of approximately one kilometer in length. It was found that channel slope
was mainly determined by the discharge through the reach, and to a lesser extent by bed
material size along the reach. At the intermediate, or 'local’ level, channel slope was
measured over a distance of ca. 6.1 m. Bed material size was found to be the dominant
factor controlling channel slope at this scale, whereas discharge was relatively unimportant.

At the smallest scale, the variations of channel slope along a single reach were analyzed,



threshold slope of incision
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Fig. 1.7 Increasing valley floor slope through time, causing valley floor incision. The line
segments superimposed on the gradually rising curve indicate variations in valley floor slope
caused by events of differing magnitude. At time A, a flood of relatively high magnitude
causes the valley floor slope to exceed the threshold slope of incision. Valley floor incision,

however, would have occurred at time B regardless of the magnitude of the flood at that time.
(Modified after Schumm, 1977).
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and channel share turned out to be the dominant variable. Penning-Rowsell and

Townshend (1978) note that with a decrease in spatial scale there appears to be a shift in
the importance of variables, from those variables showing systematic variations over long
distances, to those displaying rapid variations over shorter distances. They add that their
results may be interpreted in two ways: first, the observations indicate a real change in
dominant variables with variations in spatial scale; second, there may not be a real change,
but instead the variables chosen to describe the system may not be equally appropriate at
all scales. Penning-Rowsell and Townshend (1978) also draw attention to the interaction
between spatial and temporal scales, and remark that the frequency of discharge events
determining channel slope at the local scale may be dif ferent from those controlling slope
over a longer reach.

If it is accepted that the results obtained by Penning-Rowsell and Townshend
(1978) indicate a real change in domninant variables with a change in spatial scale, the

following proposition may be deduced from their work:

VII - Differences in morphology, functioning, and evolution between geomorphic systems
at the same level in a hierarchy are controlled by variables showing systematic variations
over distances equal to, or shorter than, the distance between the geomorphic systems, but

equal to, or longer than, the spatial dimensions of the geomorphic systems.

A variable showing systematic variations over distances longer than the distance
between the geomorphic systems will have the same value in the geomorphic systems, and
hence can not explain a difference in morphology. Furthermore, a variable showing
systematic variations over distances shorter than the spatial dimensions of the geomorphic
system will be hard to characterize because of the variation within the geomorphic system.
This will limit the usefulness of this variable for understanding differences between

geomorphic systems. A transformation of this variable, for instance in a simple case by
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calculating an average value for each geomorphic system, may lead to a transformed

variable for each geomorphic system which may account for differences between the
geomorphic systems.

Morgan (1973) provides an illustration of the last principle {rom the field of
climatic geomorphology. An analysis of the effect of climatic factors on drainage density
at different scale levels indicated that at the macroscale (160 000 km?), the variation in
drainage density could be explaiiied by climatic factors such as the return period of 100
mm daily rainfall, mean annual and mean monthly precipitation, and rainfall seasonality.
At the mesoscale (1600 km?), climate was relatively uniform, both temporally and
spatially, and climatic factors were replaced by relief factors in the explanation of drainage
density variations. Morgan (1973) also investigated the factors controlling drainage density
at the microscale of a 0.09 km? basin, and found that the extension of the drainage
network during a storm is dominated by two climatic factors: the amount of rainfall in the
previous two hours, and the return period of S0 mm daily rainfall. However, comparison
‘to the results obtained at the various scales is difficult. A distinction should be made
between the dynamics of a drainage network during a storm, as measured at the
microscale, and the adjustment of the drainage network to climatic variables over a longer
timescale, as measured at the meso- and macroscale. Morgan (1973) infers that when
going from the micro- to the macroscale the significance of events of moderate magnitude
decreases, whereas the significance of high-magnitude events increases. However, failure to
recognize th+ ¢ ect of temporal scale makes this conclusion somewhat suspect. In addition,
at the microscale a high magnitude event may well result in a permanent extension of the
drainage network (see for example Gerson, 1974).

Another illustration of principle VII may be found in the work of Arnett (1979),
who studied the factors controlling denudation rates at different scales of investigation.
The study was carried out at three different levels of spatial scale. At the largest scale, 16

drainage basins were used, all lying within the same climatic regime and ranging in size



from 10 to 300 km?. Statistical analysis indicated that at this scale annual sediment yield
was closely related to lithology and land use facte.:, with relief . slope, and drainage
density being of secondary importance. Lithology and land use are essentially concerned
with the same factor, as the variations in denudation rate were explained by the presence
or absence of agriculturally utilized boulder clays. At the medium scale, 93 subcatchments,
with a surface area ranging from 0.9 to 50 km?, were selected from within the 16
large-scale drainage basins. Because the large number of drainage basins at the medium
scale precluded the establishment of annual sediment yields, Arnett (1979) used the
concentrations of suspended and dissolved sediment during the falling stage as a measure
of denudation rate. Relief and drainage density were found to control denudation rates at
this scale. Distinct anomalies, however, were caused by lithology and land use, conf irming
their importance as controlling factors. At the smallest scale, three experimental plots,
similar in slope, lithology, and aspect, were selected from within the drainage basins. The
plots varied in their vegetation development, which ranged from recently burnt, through
pioneer, to dense and mature. Not surprisingly, annual sediment yield was strongly
controlled by vegetation development, the largest yields occurring at the freshly burnt plot,
whereas the mature plot yielded the least sediment. The increase in destruction of the
vegetation cover was accompanied by a reduction of the amount of precipitation needed to
cause erosion. On freshly burnt plots, erosion was therefore more continuous in time,
whereas on vegetated plots erosion only occurred durrirg events of a higher magnitude, but
lower frequency.

Arnett’s (1979) study shows that measurements of sediment yield at the outlet of a
drainage basin mask considerable variations within the basin. At the microscale these
variations are caused by topographical, pedological, and land-use factors, at the medium
scale by slope and drainage density, and at the largest scale by the combination of lithology
and land use. The factors controlling denudation rates all exhibit spatial variability. Those

causing variations at the microscale var most rapidly, and with increasing scale there is a
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change in dominant factors to those varying over longer distances.

A direct consequence of proposition VII is that the morphology of geomorphic
systems at different levels in a hierarchy will be controlled by different factors (Harvey,
1968). An example of a change in spatial scale accompanied by a change in the factors
controlling processes and morphology is given by Jackson (1975). At the scale of the
microforms, morphology is controlled by the conditions in the inner zone of the turbulent
boundary layver (Jackson, 1975). At the scale of the macroforms, however,
geomorphological conditions control the morphology of the bedforms.

A similar idea has been expressed by Stoddart (1969) who notes that climatic
geomorphology and structural geomorphology deal with landforms of different scales:
structural geomorphology is concerned with the large-scale landscape features associated
with geological structures; climatic geom.o_rphology deals with the 'superficial’
modifications of these features. At the lécai scale, lithology becomes important again, and
may rank equally with climate. Stoddart (1969) remarks that it is probably significant that
most successful studies in climatic ggomorphology have been carried out at the medium, or
regional, scale and at the microscale. The effect of spatial scale on the balance between
climatic and structural influences has also been observed by Tricart and Cailleux (1972)
and Morgan (1973).

Douglas (1976) distinguishes three aspects of geology controlling the morphology
of landforms at different levels of scale. On the largest scale, major tectonic units
dominate landscape evolution. On the small scale of the single hillslope (less than 1 km in
length) the structure and lithology of the bedrock determine slope form. Folded and
faulted structures control geomorphology at intermediate scales.

An example of variations in dominant process with chénging spatial scale from
drainage basin geomorphology is provided by Yair and Lavee (1985) who describe four
mechanisms causing spatial variability in rainfall rates over a basin, three of which are

scale-dependent. Non-uniformity of the synoptic conditions within the area covered by
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rain, leads to a spatial variability in rainfall which is totally independent of the

topography, and also independent of scale. The variations in rainfall induced by

topography, however, show spatial scale dependence:

(1) At the macroscale, non-uniformity of rainfall is caused by orographic effects.

(2) At the mesoscate, non-uniformity of rainfall is caused by the carry -over effect. This
applics to small watersheds (over 0.5 km?) in which the upper slopes generally receive less
rainfall than the clope base. The carry-over theory states that the higher wind velocities at
the upper part of tl.« " )pe cause drops to drift away in a downwind direction before being
deposited in more protected areas on the leeward parts of the slope.

(3) At the microscale, non-unif ormity of rainfall is caused by the direction and inclination
of the incoming rainfall in relation to the aspect and inclination of the slope. This causes
large variations in the actual amount of effective hydrological rainfall reaching the ground

surface.

The combined effect of these sources of non-uniformity of rainfall is thai runoff
generation will be non-uniform, even over very small areas. Variability at a certain scale
may (partially) cancel out at larger scales. The network for the measurement of
precipitation should be adjusted to the size of the area under investigation. In general, the
pouuibility of extrapolatiing precipitation d- - - collected in small areas to larger areas, or
“ice versa, is limited

Hamlin (1983) suggests that the spatial scales of the precipitation measurement
network and of the drainage basin of interest should be compatible. For smaller
catchments precise knowledge of the spatial and temporal characteristics of the
precipitation input may be essential. For instance, in a small drainage basin in which a
partial area model of runoff generation is tiought to ope-ate, knowledge of the rainfall

intensities over the partial areas is more important than the average intensity over the
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whole basin. On the other hand, for large basins of say 40,000 km*® monthiv rainfall data

may suifice to gain insight in the response of the basin (Ham'in, 1983).

In general, however, as Harvey (1968, p. 72) argues: ‘we have no measure of the
scale at which a particular process has most to contribute to the formation of a spatial
pattern and our notions regarding the scale problem remain intuitively rather than
empirically based’.

The following proposition describes the effect of spatial scale on the factors

controlling processes and forms in geomorphic systems:

VIII - There is a close similarity, or balance, between the spatial and temporal dimensions
of a geomorphic system, and the characteristic dimensions of the dominant processes

controlling its morphology, functioning, and evolution. The ratio between these two

measures is therefore near unity.

The characteristic dimensions of a geomorphological process are a measure of the
total volume of material involved, the distance over which this material is moved, and the

timespan characterizing the process.

1.3.4 CATASTROPHIC EVENTS

In a study of coastal cliff erosion systems, Cambers (1976) found that the relative
importance of high-magnitude, low-frequency (or catastrophic) events and events of a
moderate magnitude and frequency is to some extent a function of the spatial and
temporal scale of investigation. At the largest scale of investigation, cliff retreat rates for
three cliff systems 30 to 60 km in length were determined over a 70 to 100 yr timespan. At

this scale Cambers (1976) found that moderate, frequent storms accomplish~d more work
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than high-magnitude, infrequent storm surges that are catastrophic when coinciding with

high spring tide, thus providing support for Wolman and Miller's (1960)
magnitude-frequency hypothesis.

At the smaller scale, Cambers (1976) examined cliff systems 1 km in length over a
period of 1 yr. The catastrophic event at tnis scale was found to be the landslide, whereas
moderate, frequent events were water and wind erosion, and mudflows. A comparison of
the volume of material removed by each of these processes showed that landslides
accounted for the bulk of the material transported so that, at this smaller scale, the
catastrophic event accomplished most of the geomorphological work.

However, Cambers (1976) observed that at the smaller scale the highest rates of
cliff retreat occurred where the frequency of high-tide mark- reaching the cliff base was
greatest. The removal of debris from the cliff base by wave action maintained the cliffs at
a high, unstable angle, and provided the conditions for the occurrence of landslides. This
means that the moderate storms of the large scale systems and the landslides of the small
scale systems are essentially concerned with the same process. At the smallest scale, with a
period of observation of 1 yr, these storm-induced landslides accomplish most of the work
and are clascified as catastrophic. If the 1 km cliff systems had been observed over a
period of 70 to 100 yr it would in ail iikelihood be found that the landslides stili
accomplish most of the work. However, because of the occurrence of catastrophic surges
with a higher magnitude and lower frequency, the la-1slides would not be classified as
catastrophic at this timescale. Over a period of observation of 1 YI. a catastrophic surge
would probably not occur so that its relevance to cliff retreat over this period would be
undefined.

Cambers' (1976) study shows that when the observation period is short, certain
events may be classified as catastrophic, which they would not be on a longer timescale.
The term catastrophic as used by Cambers (1976) indicates a hig- magnitude,

low-frequency event. Whether or not an event is classified as catastrophic thus depends on



the length of the observation period, and on the magnituds and frequency of the events
occurring during this period.

A better use of the term catastrophic would be to call an event catastrophic for a
geomorphic system if it leads to the breakdown of that system into lower-level geomorphic
systems. A catastrophic event for a low-level geomorphic system may have little or no
effect at a higher level. waever, a catastrophic event for a high-level geomorphic system
must have considerable effect at lower levels. Whether or not an event is classified as
catastrophic hence depends on the level of interest, but is independent of the period of
observation.

Cambers' (1976) conciusion that the relative importance of catastrophic and

moderate events, in terms of geomorphic work done, is to some extent a fun:ction of scale

should thus, because of his particular use of the term catastrophic, be viewed with caution.

If during the 1 yr, small-scale observation period a storm surge had occurred, the
landslides would probably still do most of the work, but would no longer be classified as

catastrophic.

The following propositions describes the scale dependence of catastrophic events:

IX - A catastrophic event i1s an event causing the breakdown of a geomorphic system into
lower-level components. Whether or .ot an event is catastrophic depends on the
hierarchical level of interest. A catastrophic event will only affect geomorphic systems at

lower hierarchical levels, and not those at higher levels.
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1.3.5 INPUT-OUTPUT RELATIONSHIPS

Chorley and Kerncdv “1971, p. 5) describe cascading systems as ‘composed of a
chain of subsystems, often characferized by thresholds, having both spatial magnitude and
geographical location, which are dynamically linked by a cascade of mass or energy'. A
cascading system thus consists of the flows of matter and energy through a part of the
landscape, for instance through a drainage basin. Several studies have investigated the
effect of spatial scale of a cascading or geomorphic system on the relationship betv}een
input and output of matter and energy. These studies were focussed on drainage basins, a
specific class of geomorphic systems, because for drainage basins input and output are
concepts that are relatively easy to understand.

Generally, a spatial scale increase of a geomorphic system results in zn increased
average path length between the points of input and output. As a consequence, travel
times through the system tend to increase because f‘lo(u rates remain relatively constant
with increasing spatial scale. Processes that operate on the material in transit through the
system therefore have the opportunity to progress to a further stage in larger systems.
These processes can be divided into two groups. The first group consists or those processes
that are time-dependent, for instance solution and weathering. The second group consists
of processes that are distance-dependent, such as sorting and attrition. The time-dependent
processes continue to operate when the transported material is temporarily stored, for
instance, in the case of fluvially transported gravels, in a channel bar. The
distance-dependent processes only operate when the material is in motion. This distinction
is useful because when two samples of material need different periods of time to travel the
same distance, the samples will be similar in those characteristics caused by the
distance-dependent processes, but dissimilar in those characteristics caused by the
time-dependent processes. In practice the effect of both groups of processes is usually hard

to separate because of their interaction. For instance, a fluvially transported boulder will
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diminish in size more rapidly if it is in a weathered state.

Fluvially transported material generally shows a downstream change in size,
sorting, shape, and composition. In many cases the downstream decrease in particle size
follows the Sternberg Law of the form szoexp( -kx), where W is the weight of an
individual boulder or particle, W0 its original weight, x the distance travelled, and k a
constant depending on the lithology of the sediment (Gregory and Walling, 1973). When
flow conditions promote sorting, the degree of sorting generzlly increases with the travelled
distance.

The direction of the downstream change of shape depends on rock tvpe and local
conditions. Generally roundness increases downstream, but in some cases a decrease in
roundness has been observed downstream of a high energy channel reach (Pittman and
Overnshine, 1968). Downstream decreases in roundness have also been attributed to the
breakup of boulders along intersecting sets of fracture planes (Dawson, 1982).

Downstream changes in sediment composition occur because of the variation in
resistance to breakup of the different lithologies. Gregory and Walling (1973, p. 281)
present a table of the resistance of pebbles of different rock types. Length of transpori
before complete disaggregation varies from virtually zero for a poorly consolidated
sandstone, to hundreds of kilometers for granites or quartzites. Because of the downstream
changes, bedload lithology may be a poor indicator of basin lithology. For instance,
Dietrich and Dunne (1978) found that in a basin which was for approximately 80 per cent
underlain by —orphyritic basalt, 50 per cent of the gravel in the fourth order channel
consisted of hard aphanitic kasailt.

A number of other effects of increased travel distances within a geomorphic system
can be grouped under the heading 'dispersion’. This term is uged here to describe an effect
analogous to the dispersion occurring during the flow of water carrying a irace. through a
soil. Within the soil, spatial variations in pore size occur which, because of rhe relationship

between pore diameter and flow velocity, translate into variations in flow velocity.
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Consequently, when a stepwise change in the tracer concentration occurs at the input, the

differences in flow velocity in pores of different diameter cause the change in tracer
concentration to become less sharp at the outlet. This effect becomes more pronounced
with distance travelled. Dispersion hence has a smoothing effect. Variations in the input
characteristics are smoothed out in the output, and the larger the system, the larger the
degree of smoothing. Bennett and Chorley (1978, p. 363) describe a similar situation
known as a 'confined spatial cascade’, in which an impulse cascading through a series of
first-order, linear systems results in progressively dampened outputs for each of these
systems.

There are two factors which affect the relationship between dispersion and spatial
scale in a geomorphic system: first, a larger system generally possesses a larger varety of
possible pathways between the input and output, so that dispersion is increased; second,
path length through a larger geomorphic system is longer, which also enhances the effect
of dispersion.

Dispersion occurs in geomorphologic systems because travel times from the input
to the output vary from very short, for matter (e.g. water or suspended sediment)
experiencing no delay, to very long or even inf initely long, for matier undergoing storage
within the system for a certain period of time. For example, a portion of rainfall may
cause direct-runoff or storm flow, but another portion will infiltrate, contribute to
throughflow, and leave the basin during subsequent storms (e.g. Sklash et al., 1986).
Suspended sediment may be exported from the basin during a storm, but alternatively can
be stored in bars, debris fans, and floodplains for a longer or shorter period of time (e.g.
Dietrich and Dunne, 1978). For small systems there is a close relationship between input
and output. The relationship becomes more and more vague with increasing system size.
This has been illustrated in a number of studies, a few of which will be discussed in the

following paragraphs.
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McGuinness et al. {1971) provide an example of the dispersion effect from the

perspective of sediment dynamics. They compared the annual sediment vield regime of
small-scale (0.5-1 ha) basins at the North Appalachian Experimental Watershed research
station with the regime of the large-scale (15 500 km?) basin of the Muskingum River. The
former represented the pattern of sediment movement from the fields to the first-order
channels, and ciosely reflected the annual distribution of the product of rainfall energy and
cover factor terms in the USLE; the latter mirrored the annual runoff regime (Fig. 1.8)
which shows a peak during the spring snowmelt causing sediment stored in the channels
earlier to be flushed out of the basin.

Another example of the dispersion effect may be found in the work of Trimble
(1981, 1983), who studied culturally accelerated erosion in the 360 km? Coon Creek basin
in Wisconsin. Trimble demonstrated that most sediment eroded during a period of severe
soil erosion in the latter part of the nineteenth century and the early twentieth century
accumnulated as alluvium in the valley system. The introduction of improved land-use
practices did not reduce sediment yield to the extent that might have been expected because
of the remobilization of these alluvial deposits and the subsequent export of sediment from
the basin. Erosion in, and sediment yield of the Coon Creek basin are thus out of phase
due to the dispersion occurring in the system. Dickinson and Wall (1978) refer to this
temporal attenuation within the sediment delivery process resulting from storage and
remobilization as the temporal paradox.

An example from a slightly different field is provided by the routing of flood
waves through a river channel. Temporary storage in the channel causes a downstream
attenuation of the hydrograph (Leopold and Maddock, 1954; Wilson, 1974; Linsley et al.,
1982) (Fig. 1.9). The degree of attenuation depends on channel characteristics.

A similar effect, called longitudinal dispersion, occurs during the downstream
transport of solutes and pollutants in river channels (Fig. 1.10). The effect of longitudinal

dispersion is that a step-wise change in solute concentration becomes progressively less
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a large-scale (15 500 km?) basin. See text for explanation. (Modified after McGuinness et al.,
1971).
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pronounced in a downstrearn direction (e.g. Day, 1975). Longitudinal dispersion is
primarilv caused by velocity gradients across the channel (Brady and Johnson, 1981).
These gradients are largest when so-called 'dead-zones' are present along the channel bed
and banks. These zones of stationary and slowly moving water may entrap and slowlv
release the substance of interest, and strongly affect the magnitude of longitudinal
dispersion (Day, 1975). A secondary cause is Fickian diffusion under the influence of a
concentration gradient (Beer and Young, 1983). Longitudinal dispersion is strongly
affected by channel characteristics. Brady and Johnson (1981) found that longitudinal
dispersion was most pronounced in shallow and fast flowing reaches, where significant
velocity variations in the stream cross-section occurred.

The following proposition concerns the effects of dispersion in geomorphic

systems:

X - Differences between the temporal patterns of input and output of a geomorphic

system increase with spatial scale, due to the increased possibilities for temporary, internal

storage of matter and energy.

As illustrated in the previous paragraphs, these differences range from a simple
attenuation in the case of a flood wave, to the more complex changes involving long-term
storage in the case of sediment.

A direct consequence of this proposition is that for larger geomorphi systems, the
temporal and spatial resolution of input observations can be lower than for smaller
geomorphic systems. This has also been suggested by Hamlin (1983) who proposed that the
spatial scale of a precipitation measurement network should be adjusted to that of the

drainage basin so that the same number of raingauges would suffice in both small and

large basins (Section 1.4.3).
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1.4 OVERVIEW

Figure 1.11 depicts a synthesis of th= propositions derived from a survey of the
geomorphological literature concerning the problems of scale transference. The
propositions are arranged so as to indicate how they relate to each other, not to suggest a
logical progression in which they could be logically deduced from a few premises. For the
majority of propositions one or more references having special relevance have been given.
However, in a number of cases, many relevant references exist.

Central to the problem of scale transference in geomorphology is that geomorphic
systems are hierarchically structured. Every geomorphic system consists of a hierarchy of
lower-level geomorphic systems, and is in its turn part of higher-level systems. Every
geomorphic system should therefore be viewed in its complex, spatiotemporal context.

Geomorphic systems consist of a cascading component, concerning the aspects of
process, and a morphologic component, concerning the aspects of form. Generally, in a
geomorphic system there exists a similarity between the scales of process and form, so that
both aspects should be investigated at close, compatible scales. Furthermore, within a
geomorphic system there is a similarity between spatial and temporal scale so that the
timespan relevant to present system behaviour and morphology increases with system size.

In a geomorphic system, differences occur in sensitivity of morphology to changing
process conditions. Depending on the time elapsed since a change in process conditions,
morphology in a geomorphic system may be either polygenetic, when only partial
adjustment of the morphology has occurred, or characteristic of the process domain, when
all aspects of morphology are adjusted to present process conditions. In the latter case,
dominance of landscape evolution by high-frequency, low-magnitude processes results a a
smooth landscape having small-scale irregularities, whereas dominance by low-frequency,

high -magnitude processes produces an irregular landscape having large-scale irregularities.
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Fig. 1.11 Overview of propositions concerning the problem of spatial scale transference,

derived from a survey of the geomorphological literature.
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Severing the linkage between spatial and temporal scales, either intentionally or,

more often, unintentionally. produces the following results. When spatial scale is held
constant, the model of evolution of a geomorphic system varies with the timescale of
interest. Conversely, when temporal scale is held constant, the model of evolution varies
with the spatial scale of interest. In both cases, the canon and options of a geomorphic
system vary with scale, temporal or spatial. of interest. This implies that a factor which
varies when viewed at a large scale becomes part of the constant background when the
scale of interest decreases. In addition, systems at very much lower hierarchical levels
fluctuate oo rapidly to affect the level of interest. Thus, there exist both upper and lower
limits for scales relevant to explaining system behaviour.

The linkages between the spatial and temporal scales and between the scales of
form and process of geomorphic systems lead to four additional points. First, whether or
not an event is catastrophic depends on the hierarchical level of the geomorphic system.
An event which is catastrophic at a low level will have little impact on a higher levél.
Second, because of increased travel time and a larger variety of possible pathways,
differences between the temporal patterns of input and output increase with the
hierarchical level and scale of a geomorphic system. Third, frequent, small-scale processes
may causc infrequent, large-scale evenls when viewed at the same hierarchical level. This
point illustrates that frequent, small-scale processes at a low hierarchical level can be
aggregated to interact as a system with other systems at the higher level. Fourtn and last,
differences between geomorphic systems at the same level are controlled by variables
varying over distances equal to or smaller than the Jistance between the systems, but equal
to or larger than the spatial dimensions of the systems. This last point concerns the factors
determining differences between geomorphic systems, and the observed variations in
dominance of these factors with spatial scale.

An awareness of a geomorphi ¢ . s specific spatial and ternporal scale, and of

the principles of scale transference estas, _ued here, allows evaluating which levels should
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be taken into account to explain sysiem behaviour. Propositions VII, V1II, and X derived

in this chaper will be applied in the foilowing chapters to the results of the field studv, and
the effect of spatial scale on the rainfall-runoff relationship and solute and sediment
dynamics in semi-arid badland drainage basins will be shown. The remaining propositions,
however, cannot be illustrated with the field study, and support for these propositions will

have 1o awai* future research.



CHAPTER 2

2.1 GENERAL DESCRIPTION OF THE STUDY AREA

Dinosaur Provinciai Park is an area of extensive badland development along the
Red Deer River in the semi-arid prairie region of southern Alberta (Fig. 2.1). The
initiation of badland development is associated with the incision of spillways during
Wisconsin deglaciation (ca. 12.5 ka BP), which exposed the highly erodible Upper
Cretaceous Judith River Formation (Bryan et al., 1987). This formation consists of a
variety of often highly montmorillonitic shales, muddy sandstones, and coarse channel
sandstones, interspersed with thin coal seams and resistant ironstone bands. The generic
term shale is used here to describe all fine-grained argillaceous rocks (Potter et al., 1980).
Aeolian sands and silts deposited ca. 5.5 ka BP (Bryan et al., 1987) and alluvium are also
presens.

Badland development has reached its greatest extent to the south of the Deadlodge
Canyon section of the Red Deer River, where the distance between the river and the edge
of tne rriirie surface is up to 4 km (Fig. 2.2). The study area is located in this portion of
the badlands. Figure 2.3 shows an example of the morphology in the study area, consisting
of straight, densely-rilled sandstone slopes, and convex, gentle shale slopes. Ironstone
bands form prominent ledges and, locally, ironstone debris covers large portions of the
slopes. Vegetation occupies much of the low-lying aeolian and alluvial surfaces. The study
area lies ca. 1 km south f the Red Deer River, and is close to the 3.2 km ioop road which
originates at the Dinosaur Provincial Park campground along the Little Sandhill Creek
(Fig. 2.2).

Research on the geomorphological processes in Dinosaur Provincial Park has been
carried out since the late 1960's, and has yielded insight into erosion rates and response to

rainfall of the different surface units. In 1981, a 336,810 m? research basin was

by
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Fig. 2.2 Typical badland morphoingy in Dinosaur Provincial Park. consisting of straight,
densily-rilled sanidstone slopes, and convex, gentle shale slopes. Ironstone ba-ds cause
prominent ledges. Locally, ironstone debris covers large poriions of the slopes. Vegetation

occupies much of the low-lying alluvial and aeolian surface units.
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instrumented. In thic <haprer an overview of previous research in the Dinosaur Provincial

Park badlaud. {s presented.

2.2 CLIMATE AND RAINFALL CHARACTERISTICS

Mean annual precipitation for the general area is between 300 and 360 mm
(Longley, 1972a), approximately one-third of which falls as snow. About 40 per cent of
the annual precipitation falls during the summer months (June, July, and August), and the
maximum value of the mean monthly precipitation generally occurs in June. Daily
temperatures may exceed 40°C during the summer. .digh winds and, during the summer,
high temperatures give rise to an average annual poteatial evapotranspiration of 560 1o 610
mm (Longley, 1972a).

Spring and early summer rainstorms are usually e-.ensive in nature, of low
intensity, and associated with the passage of frontal disturbances. Midsummer rainstorms,
on the other hand, are often localized, of higher intensity, and associated with convectional
disturbances caused by the high surface temperatures (Longley, 1972a, 1972b). This latter
type of rainstorm may move for a considerable distance along a narrow track. These storm
tracks tend to follow the dominantly westerly winds in the area. This dominant wind
direction also coincides with the trend of the major river valleys (e.g. Red Deer River) in
an easterly direction.

Figure 2.1 also st s the location of the Atmospheric Environment Service
weather stations of Brooks AHRC (Alberta Horticuitural Research Center), Brooks North,
Brooks One Tree, Cessford, and Iddesleigh relative to Dinosaur Provincial Park. Table 2.1
gives the latitude, longitude, elevation, and the year observations started for each station.
Table 2.2 displays long-term precipitation and temperature data for Brooks AHRC, the

station with the longest record in the area (39 to 50 years, depending on the variable). All



Table 2.1 Information on Atmospheric Environment Service weather stations

station name

latitude

longitude elevation vear observations started
(m)
Brooks AHRC 50°33' 111°5Y 758 1915
Brooks North 50°37 111°53 759 1970
Brooks One Tree 50°38’ 111747 737 1960
Cessford 51°01 111°33 701 1982
Iddesleigh 50°45’ 111714 770 1982

L9
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five stations in Table 2.1 are situated on the prairie surface. A comparison of the monthly

precipitation for May, June, July, and August, 1986 and 1987, for all stations indicates
that even on the topographically uniform prairie surface considerable differeiices occur in
monthly rainfall (Fig. 2.4). Even the three stations close together in and around Brooks
show large differences in their monthly rainfall. For example, in June 1986 the monthly
rainfall at Brooks North was 34.2 mm, whereas at Brooks One Tree it was only 18.6 mm,
or 54 per cent of the monthly rainfall at Brooks North.

High variability in rainfall over the Canadian prairies has also been reported by
Longley (1972b). Semi-arid and arid areas characteristically display high spatial and
temporal variability of rainfall (e.g. Berndisson and Niemczynowicz, 1986). Yair and
Lavee (1985) attribute the high variability of rainfall in the Negev Desert to convective cell
motion (at rates of 500 to 1600 m min-!) and rapid variations in cell properties in the case
of convective storms, and to non-uniform synoptic conditions, independent of the
topography, in the case of frontal rainstorms. Typically, the diameter of convective cells
varies from 3 to 10 km (Yair and Lavee, 1985).

Included in Fig. 2.4 are the monthly rainfall data in Dinosaur Provincial Park for
June and July 1986, and for May, June, and July 1987, obtained by averaging the values
for all the raingauges in the experimental basins. In most cases, monthly rainfall in
Dinosaur Provincial Park is 30 to 70 per cent of that of the surrounding stations located on
the prairie surface. Similar findings were reported by Longley (1973, 1975), who compared
precipitation records of neighboring stations and found that the average precipitation in a
valley cut into a widespread plain is 10 to 20 per cent below that on the surrounding plain.
One of stations used in Longley's study was Drumheller, Alberta, located ca. 120 km
eastnortheast of Dinosaur Provincial Park. The town is situated on the banks of the Red
Deer River which has cut a narrow valley 120 to 150 m below the level of the surrc .nding
plain. A comparison of the mean precipitation values for Drumheller and neighboring

stations indicates that precipitation on the valley bottom is ca. 20 per cent below that on
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the plain on either side of the valley.

A similar situation occurs in Dinosaur Provincial Park. where in the Dezdlodge
Canyon the present floodplain of the Red Deer River iies ca. 100 m below the nrairie
surface. Precipitation can therefore be expacted to be significantly lower than at
neighboring stations on the plain. Only in June 1537 did the monthly rainfall in Dinosaur
Provincial Park approach or even exceed that of <ome of the surrcunding prairie stations.
In this particular month rainfall in Dinosaur Prcvin«i.i Park was 116 and 98 per cent of
the monthly rainfall at Brooks AHRC and Brooks Nor:h, respectively. However, during
that same month rainfall in Dinosaur Provincial Park was ounly 37 per cent of thart in
Iddesleigh. These differences emphasize the extreme variability of rainfall over the prairies.

Figures 2.5 and 2.6 show the daily preciziration data for the studly period for
Dinosaur Provincial Park and the five statiois on ihe prairie surface. A minor part of the
discrepancy between the data for Dinosaur Frovincial Park and those for the other five
stations occurs because rainfall in Dinosaur Provincial Park was recorded on an event
basis. To translate these amounts to a daily basis is not always possible in the case of the
standari. . on - 2cording raingauges, so that the daily record for Dinosaur Provincial Park
must be viewed as a. ipozinmation.

The high variability of rainfall summarized by the monthlv record is also present in
the daily data. For example, on July 25, 1987, daily rainfall was 3.5 mm in Dincsaur
Provincial Park, 9.0 mm at Brooks AHRC, 3.4 mm at Rrooks Nerth, 7.6 :nm at Brooks
One Tree, 0.3 mm in Cessford, and 23.2 mm at Iddesleigh. The large variability of rainfall
for the stations on the prairie surface indicates a rainstorm of limited areal extent, lik=iy
of convectional origin. In Dinosaur Provincial Park during that day, observations were
made of extensive thunderclouds and lightning in southerly to easterly directions.
Maximum intensity in Dinosaur Provincial Park for this rainstorm was 25 mmbh-! for a six
mi.ute period, so that 70 per cent of the daily rainfall fell during this period.

Superimposed on the variability of rainfall on the prairie surface is the effect of the valley
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of the Red Deer River, causing rainfall in Dinosaur Provincial Park to be lower than on
the surrounding prairies.

An example of a more extensive rainstorm occurred over the three day period of
May 25 to 27, 1987. Tot1al rainfall was 13.0 rnm for Dinosaur Provincial Park, 19.9 mm
for Brooks AHRC, 15.2 mm for Brooks North, 15.9 mm for Brooks One Tree, 19.2 mm
for Cessford, and 17.4 mm for Iddesleigh. In Dinosaur Provincia) Park three separate
runoff events occurred in the research basin, and the maximum intensity for a six minute
period was 18 mm h-!, which accounted for 14 per cent of the total rainfall during this

three day period. The areal uniformity and the spatial extent of the rainfall, the long

period of rainfall, and the relat’ =ly low intensities indicate that the rainfall was associated

with the passage of a frontal disturbance.

2.3 LITHOLOGY

The Upper Cretaceous Judith River Formation consists of lagnonal, deltaic, or
shallow water deposits (Koster, 1983). The formation shows considerable iatera! and
vertical variation, but two principal lithologic groups can be distingviished: (%) sandstone

channel sequences; and (2) shale overbank sequences.

2.3.1 SANDSTONES

The sandstones are mostly fine-grained, and may contain u p to 30 per cent clay
(<2um). Bryan et al (1984) report a particle size analysis of a sandstone and found no
particles >250,m. The main cementing agent is calcium carbonate. The clays are

dominantly montmorillonitic (Hodges and Bryan, 1982), but illite and small amounts of
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kaolinite are also present (Campbell, 1987). Sandstone surfaces are covered with a

weathering rind, varying in thickness from 2 to 3 mm on interrill areas, to 15 mm orn rill
bottoms (Hodges and Brvan, 1982). This weathering rind appears to form by ..issolution
ar 7 dispersion caused by wetting (Hodges and Brvan, 1982). Thickness of the weathering
tind is greater in iills because rills often exploit fractures in the bedrock, which may
increase infiltration. Furthermore, snow tends to accumulate in rills, so that during
snowmelt rills receive more runoff than interrill areas {Harty, 1984).

Slopes developed in sandstone are typically densely rilied (Fig. 2.3). Bowver-Bower
and Bryan (1986} propose that the rills form when flow concentration of runoff occurs,
for instance in overlying shale units. Such rills continue to exist even when the overlying
shale is removed. Bowyer-Bower and Bryan's (1986) results suggest that rills will not
develop in the absence of flow concentrations, as on a smooth sandstone slope l>cking an
overlying shale. Field observations indicate that runoff concentration by cracks in the

sandstone may also cause rill formation.

(3]

3.

5]

SHALES

Clay contents of the shales vary considerably, and reported values range from 30 to
90 per cent {Bryan et al., 1984; Campbell. 1987). A significant portion of the clay fraction
is very fine. Bryan et al. {1984) report that ca. 35 per cent of the clay fraction is finer
than 0.3 um. The dominant clay mineral is montmorillonite, although some samples have
been shown to contain up to 75 per cent illite and significant amounts of kaolinite
(Campbell, 1987).

On gentle slopes the regolith profile on the shale typically consists of several
distinct layers. The surface layer consists of a 4 to 5 cm thick 'popcorn’ crust, made up of

loose, puffy, popcorn-like aggregates. Underlying this is a 5 to 8 cm thick, dense, compact
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subcrust, typically breaking up in large (up to 15 cm in cross-section) flat aggregates,

which are usually oriented parallel to the local slope. Finally, there is a laver of shards
(with a longest diameter of a few mm) consisting of shale which has not undergone anv
visible alteration due to subaerial weathering. The size of the shards rapidly increases with
depth. The boundary between the dense subcrust and the shards sometimes has the
character of a transitional zone, consisting of shards which are partiaﬂy altered by
hydration and are fused together in larger aggregates. On steeper slopes the layers are
usuaily thinner, and the dense subcrust may be absent.

The morphology of the pepcorn crust shows considerable variation cver time.
Observations of the changes in popcorn crust morphology over the sumr of 1987
indicate that it is destroyed by large rainstorms, resulting in a platy crust morphology.
Regeneration of the popcorn crust is caused by small, low-intensity rainstorms, a few of
which suffice to eliminate z~ .ruces of the - ~rust. The popcorn crust has the capacity
to absorb large amounts of watier, in so- .1 ¢xcess of 200 per cent by weight.
Hence, the presence of a popcorn crust greatiy impedes runoff generation.

On certain shale units, especially on steeper slopes, popcorn crusts never form.
Instead, a thin platy surface crust develops. The diameter of the thin. platy aggregates is
usually less than 3 cm. At present the factors determining whether a popcorn crust or a
piaty crust develops on a shale are unknown. Analyses of grain size, clay mineraiogy, and
exchangeable sodium percentage (ESP) have not indicated specific differences t.'ween

shales showing different crusts (Hodges and Bryan, 1982).

2.4 REGOLITH CHEMISTRY

Chemical analysis of the shale and sandstone regolith has indicated strong

similarities between these two lithologic groups. Hodges and Bryan's (1982) reports of a
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cation adsorption analysis suggest that Ca and Na are dominant, while small amounts of

Mg and K are present. However, in view of the difficulties of an accurate exchangeable Na
determination (Bresler et al., 1982) these results should be viewed with some caution.
Analyses of water-soluble salts in saturated extracts (U.S. Salinity Laboratory Staff, 1954)
by Bryan et al. (1984) show that Na accounts for 80 to 95 per cent of the total cations in
the saturated extract, while values of the Sodium Adsorption Ratio (SAR) range from 9 to
19. The dominance of Na creates conditions conducive to swelling and dispersion of the
montmrillonitic clays, and is an important factor in explaining the morphology of the
popcorn crust and the high erosion rates in the badlands.

The dominant anion is SO e with smaller amounts of NO3 and traces of Cl present

(Bryan et al., 1984;. pH values of the saturated extract range irom 6.59 to $.47 (Bryan et

al., 1984), indicating that HCO3 {bicarbonarte} and small quantitiesof C.. ¢~ =z
are jresent. The EC of a solution is a measure of the ability of that selut- » . ©in
electric current, and in a function ¢f the totial dissolved solids in the soiuir. - The gC s

often used as an indicator of water quality be~ 1. of its simplicity of measurement. The
EC of the saturated extract was 1,643 .S cm! for sandsione, and ranged from 2,938 to
6,280 uS crz! for shale. Similar differences in EC were reported by Sutherland an< Bryan
(1988) who, in a 1:5 regolith-water paste, found an EC of 480 S cm! for a sandstone
weathering rind, and of 636 to 1,040 4S cm™ for a shale. Both studies indicate the
importance of the shales as a solu ¢ source in Dinosaur Provincial Park. The analyses of
Sutherland and Bryan (1988) also suggest that the solute content of the dense subcrust is
significantly higher than that of the overlying popcorn crust and of the underlying shards.
Gypsum (CaSO 4-2H20) is present in considerable quantities in the Judi.h River
Formation. It occurs in several forms, ranging from powdery or fibrous on fracture planes

in the sandstone and between shale shards, to imperfect crystais lying on the surface of the

popcorn Crust.
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2.5 PIPING AND TUNNEL EROSION

Piping and tunnel erosion are ubiquitous in semi-arid areas (e.g. Barendregt and
Ongley, 1977; Yair et al., 1980; Drew, 1982; Harvey, 1982). Both pipes and tunnels are
subsurface erosion features. A number of classification schemes based on morphology and
genesis have been proposed (Jones, 1981). The terminology used here will follow Bryan
and Harvey (1985) who reserve the term pipes for subsurface erosion features caused by
steep hydraulic gradients in homogeneous materials, such as those present in earth-fill
dams. Tunnels, on the other hand, result from the enlargement by flowing water cf
existing cavities, €.g. dessication cracks and root channels (Bryan and Harvey, 1985). This
may involve a steep hydraulic gradient, but this is not a prerequisite.

In Dinosaur Provincial Park tunnel erosion is widespréad. Tunnel diameters vary
from a few mm for microtunnels on the shales, to several meters for large collapse
features. Bryan and Harvey (1985) distinguish two kinds of tunnel systems in Dinosaur
Provincial Park. The first occurs on the shales. and is caused by swelling and shrinking of
the montmorillonite-rich material (Hodges and Bryan, 1982). Runoff alternates between
rills and the shallow micro-tunnels on its route downslope, and no hydrologic distinction
can be made between tunnel flow and rill flow (Bryan et al., 1978). These micro-tunnels
often develop at the top of the shard layer, directly beneath the dense subcrust which acts
as a caprock. Rapid slaking and dispersion of the shards on wetting creates an impermeable
surface causing lateral diversion of the infiltrating water (Bryan et al., 1978).

The second kind of tunnel system, consisting of larger features, may penetrate
several meters below the surface and is not exclusively associated with the shales. Tunnels
like these may transcct basin divides. The genesis of the deep tunnel systems is uncertain,
but may reflect wetter climatic conditions duriig vagicas phases of the Holocene.
Observations indicate that roof and wall collapse due to unloading control development to

a considerable extent and are often responsible for valley forms. Two deep tunnel systems
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were monitored by Bryan and Harvey (1985) who showed that flow through these larger

features may contribute up to 10 per cent of the total basin discharge. Solute and sediment
concentrations of tunnel flow are typically three to four times higher than normally found
in channel flow, as runoff passing through the tunnels picks up solutes and sediment
(Bryan and Harvey, 1985). This makes tunnel flow an important factor in uie denucation
budget. The deep tunnel systems form an integral and vital part of the drainage network,

and may transfer runoff that wa. generated on sandstones and pediment surfaces.

2.6 EROSION AND DENUDATION RATES

Measurement of the changes in elevatior: on nine 1 m? plots over a period of 10
years have indicated an average erosion rate of 4 mm yr! (Campbell, 1981) for shale,
sandstone, and pediment plots combined. This average conceals considerzble vanation,
both temporal and spatial, within and between plots. However, no evident correlation
between erosion rate and slope angle or lithology was found (Campbell, 1982). Two plots
iocated on pediment surraces actually show=d net aggradation at a rate of 1.8 and 4.3 mm
yr'! over the ten years of measurement. Based on the sediment yield of 202,260 and
336,810 m* drainage basins, Bryan and Campbell (1986) give an estimate of the erosion
rate of 3 mm yr-*, which is remarkably close to Campbell's (1982) value.

The regional erosion rate for the 43 000 km? Red Deer River basin has been
estimated 1o be of the order of 0.021-0.040 mm yr~! (Slaymaker and McPherson, 1973)
which is considerably lower than the estimate for the Dinosaur Provincial Park badlands.
Campbell (1977a, 1977b}) has shown that 80 to 90 per cent of the sediment load of the Red
Deer River originates in the 800 km? of badlands fringing the river on the last 300 km of
its course before it joins the South Saskatchewan River. The magnitude of this localized

sediment input, derived from less than 2 per cent of the basin area, is sufficiently large to
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produce a distinctive high point in the long profile of the Red Deer River. Campbell's

(1977a, 1977b) results indicate that the concept of a regional erosion rate ignores the
considerable variability within a basin, so that using this concept can produce misleading

results.

2.7 THRESHOLDS OF RUNOFF GENERATION AND SOLUTE AND SEDIMENT

ENTRAINMENT

The four major surface units in the Dinosaur Provincial Park badlands are
vegetated surfaces, pediment surfaces, sandstone surfaces, and shale surfaces, each
showing a distinct response to rainfall. The terms 'sandstone' and 'shale' are here not
merely used in their lithological sense, but refer to areas with a distinct morphology,

lithology, and response to rainfall.

2.7.1 VEGETATED SURFACES

The vegetation on the vegetated surfaces consists of different species of grasses,
prickly pear (Opuntia polycantha) and barrel cactus ( Mammilaria vivipara), and sage brush
(Artemisia spp.) and greasewood (Sarcobatus vermiculatus). These surfaces can be fairly
extensive in certain parts of the badlands, and are associated with aeolian and, locally,
alluvial deposits with generally high infiltration capacities. No runoff was generated during
rainfall simulations in which ca. 16 mm of rainfall was delivered to a vegetated plot at
intensities of 38.0 and 43.5 mm h-! (Hodges and Bryan, 1982). Thus, except possibly
during profonged, high-intensity rainstorms or during rapid snowmelt when the subsurface

is still frozen, the vegetated surfaces do not produce runoff or sediment.
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2.7.2 PEDIMENT SURFACES

Pediments are gently sloping planation surfaces developed in bedrock, and are
covered by a thinly laminated deposit of sheet-wash derived silts and sands of varying
thickness (Fig. 2.7). The pediments are separated by a sharp break in slope from the much
steeper, overlying sandstone and shale slopes. Hodges (1982) calls these badland features
'pseudo-pediments’ to distinguish them from the large-scale pediments commonly found in
arid regions.

The depth of wetting on the pediments is typically only 3 to 5 mm. Infiltration is
impeded by thin vesicular layers in the sheetwash deposit. Such vesicular lavers are quite
common in arid and semi-arid soils (e.g. McFadden et al., 1986), and are also frequently
found under irrigation furrows on highly silty soils (Miller, 1971). Formation of the
vesicles appears to be caused by the entrapment of air by infiltrating water (Springer,
1958; Miller, 1971), aided by diurnal temperature fluctuations (Evenari et al., 1974) and,
possibiy, by the release of CO2 during drying of a soil solution containing bicarbonate
(Paletskgya et al., 1958). Campbell (1987) attributes the lim.ited infiltration on the
pedimen£s to the presence of thin clay skins deposited during the falling flowstages of
earlier events.

Because of their limited infiltration capacity, the pediments display rapid
generation of infiltration-excess overland flow, and possess high runoff coefficients.
During rainfall simulations at an average intensity of 29 mm h-!, Hodges and Bryan
(1982) and Bryan and Hodges (1984) found rapid runoff generation, often in less than one
minute. Bryan et al. (1984) found 2 ime to runoff of 6 min at an intensity of 13.6 mm
h-1, suggesting a threshold of runoff generation (mm of rainfall needed to produce runoff)
of 1.4 mm. Bryan and Campbell (1980) report virtually instantaneous runoff generation
from natural rainfall on a 1 m? pediment plot. Campbell (1987) uses 3 mm as an estimate

of the maximum infiiiration depth in an infiltration storage compensated model of runoff
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generation.

Compared to the sandstones and the shales, sediment and solute concentrations in
runoff from the pediments are generally low. Bryan et al. (1984) report that EC's declined
gradually during the tests to the level of the water used for the rainfall simulations.
Evidence of initial flushing of solute-rich runoff seemed to be associated with the presence
on the pediments of sediment derived from overlying shale slopes. In the absence of such
deposits no clear evidence of initial flushing was found. Sediment concentrations varied

irregularly, and appeared to be roughly, though not always significantly, correlated with

discharge (Bryan et al., 1984).

2.7.3 SANDSTONE SURFACES

The depth of wetting on the sandstones coincides with the thickness of the -
weathering ri- * of a few mm (Bryan et al., 1978; Hodges and Bryan, 1982).
Weakly-crystalline gels released by weathering of the dominantly montmorillonitic clay
minerals act as a sealant reducing infiltration (Bryan et al., 1984). This leads to the rapid
generation of infiltration-excess overland flow, and induces high runoff coefficients. Bryan
2t al. (1978) reported that runoff started 1 min after the start of simulated rainfali with
an average intensity of 22 mm h'. Hodges and Bryan (1982), Bryan and Hodges (1984),
and Bryan et al. (1984) found similarly rapid response. Campbell (1987) uses a value of 5
mm for the maximum infiltration depth on sandstones in an
infiltration-storage-compensated model of runoff generation.

During rainfall simulations the average value of the EC on the sand. =nes is
slightly higher than on the pediments, indicating a greater potential for scluv: i :se
(Bryan et al., 1984). During the tests the EC quickly decreased to a more - ..: constant

level. Sediment concentrations displayed a generally similar pattern, alth«ugh the initial
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peak concentration occurred after the initial peak of the EC (Brvan et al. 1984).

2.7.4 SHALE SURFACES

Considerabie variability in material properties, surface microrelief, and antecedent
moisture conditions on the shales causc a large variability in the response to rainfall.
Additional complexity arises from the fact that runoff on the shales occurs as crack flow,
rill flow, microtunnel flow, and as interflow at the top of the dense subcrust and at the
dense subcrust/shards interface (Hodges and Bryan, 1982).

Hodges and Bryan (1982) distinguish six stages in the runoff generation on the
shales, starting from the dry initial conditions of stage A. During stage B swelling of the
clays partially seals off the surface. Locally, runoff generation may occur on silt pockets
and silt stringers, which are lower areas, in some cases compacted (e.g. animal tracks), in
which a thin, often discontinuous silt layer has been deposited. This leads to incipient rili
flow, part of which may be diverted into microtunnels. During stage C the wetting front
penetrates 10 the popcorn/dense subcrust interface, where local saturation may occur. Rill
and tunnel flow are sustained, while secondary cracks start to disappear and primary
cracks start to close from the base. During stage D effective crack flow in primary cracks
starts, and popcorn interri!l areas start to contribute runoff. By stage E primary cracks
have closed, and true sheet flow begins. The wetting front now has penetrated through the
dense subcrust, and at the top of the shards layer slaking and dispersion cause tunnel
formation. Continuing rainfall leads to stage F, during which the complete surface
contributes runoff while tunnel flow is at a maximum, both in the microtunnels in the
popcorn crust and in the tunnels at the dense subcrust/shards interface. During the
majority of rainstorms the higher stages will not be reached, and runoff will be confined

to rills and cracks, especially to those in which a silt stringer has been deposited.
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A number of experiments have illusiraied the compieaity of runoff generation on
the shales. and have led to estimates of the total rainfail associated with the different
stages. For instance, during a rainfall simulation at an average intensity of 28.5 mm h-* on
a 30 ﬁlz shale plot, Bryan et al. (1978) found that under dry antecedent moisture
conditions rill flow on the upper shale unit started after 10 to 12 min. During the test the
rill flow rate continued to increase, and 1ill flow on .the uppe: shale unit became
continuous after 15 min. In contrast, on the lower shale unit no runoff generation was
observed. Runoff from the upper shale unit infiltrated at the boundary of the two units
and reappeared downslope as tunnel flow. Although this example illustrates the
mechanisms of runoff generation on the shales and indicates the order of magnitude of the
total rainfall causing different types of runoff, the large spatial variability in rainfall
intensity (from 12 to 42 mm h-!) during the test precludes calculating thresholds of runoff
generation, a problem plaguéing all rainfall simulations on large plots (Bryan et al., 1978;
Hodges and Bryan, 1982; Bryan and Hodges, 1584; Bryan et al., 1984).

Bryan and Campbeil (1980), using natural rainfall on 1 m? runoff plots, found on
some shale pin"< a threshold of runoff generation and sediment entrainment of close to O
mm, indicating that even sriall rainfails could cause some erosion. On these plots,
however, secondary thresholds were observed, exceedance of which sharply increased
erosion rates. The secondary thresholds may indicate runoff generation in plot areas other
than the rills (e.g. a contribution from the interrill popcorn areas) or may be associated
with a change in the characteristics of the overland flow at high discharges, causing
localized scour. The value of the secondary thresholds ranged from 21 to 42 mm. Data
from two of the shale plots did not indicate a secondary threshold, and the threshold
rainfall of runoff generation and sediment entrainment on these plots was 11 and 44 mm.
Campbell (1987) uses a value of 10 mm for the maximum infiltration depth on shales in
an infiltration-storage-compensated model of runoff generation for the badlands. In

general, runoff genera..cu on the shales lags behind that on pediments and sandstones by a



sizeabie margin.

EC's and sediment concenirations of runoff are considerably higher on the shales
than on the pediments and sandstones, and the delaved contribution of solute- and
sediment-rich runoff from the shales has been observed during a number of rainfall
simulations. Bryan et al. (1984) found that EC's and sediment concentrations increased on
some plots, whereas on other plots the EC's and sediment concentrations remairned
relatively constant or decreased. The latter sitnation is believed to be caused by the flushing
out of fine sands and silts deposited in rills and cracks as silt stringers during flow
recessions of earlier runoff events, and hence shows the effect of microtopography. The
collapse of microtunnels and the occurrence of small-scaie slumping and mudflows serve to
sustain or increase EC's and sediment concentrations during the later stages of tests.
Variations in properties and microtopography within shale areas affect sediment dynamics
to a considerable extent. Generally, runoff generation ¢n the s*ales occurs most rapidly in
rills also serving as supply-limited sediment sources. The contribution from interrill
popcorn areas occurs much later, but these areas are transport-limited sediment sources,

thus causing sediment concentrations to remain relatively constant or increase during

rainfall.

2.8 MESOSCALE DRAINAGE BASINS

In 1981 the 336,810 m? Aquatot Basin was instrumented to investigate how
information obtained on microscale plots could be spatially extrapoiated to help understand
the behaviour of a typical mesoscale badlands drainage basin. Details of the
instrumentation are given in Honsaker et al. (1984) and, for the Rimco Basin, in Section
5.1. Several factors influenced the decision to instrument this particular basin. First, the

basin is located in the restricted access area of Dinosaur Provincial Park. This means that
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disturbance of the basin is minimal, enabling <*udy of the basin in its natural state.

Second, because of the restricted access, damage to expensive and delicate equipment by
vandalism is avoided. Third, the basin is easily accessible. Sampling sites are located at a
ten minutes walking distance from the nearest road, allowing rapid access so that when
rainfall occurs observations and sampling can be carried out during even the earliest stages
of flow.

Sir the start of the project, observations have been made of the discharge and
sediment and solute concentratio. : « the outlets of the Aquatot Basin and of the Rimco
Basin, a 202,260 m? subbasin, and research on various geomorphological and hydrological
subjects has been carried out in the basin. A review of the most important results is
provided by Bryan and Campbell (1986).

Basin response was shown to be strongly controiled by rainstorm characteristics
such as rainfall intensitv and amount, storm duration, direction of travel of the storm cell,
and distribution of rainfall relative to the location of the different snrface units within the
basin. For the Dinosaur Provincial Park badlands, a partial area model of runoff
generation seems appropriate in which, in contrast to humid areas, the location of partial
areas is not determined by antecedent moisture conditions, but instead by surface
properties and rainfall characteristics. Basin hydrographs do not indicate a distinct
contribution of channel flow, indicating that lag times of tunnel systems and channel
systems are similar.

The runoff coefficients of the basins ranged between 17 and 68 per cent (Bryan
and Campbell, 1986; Sutherland, 1983). This makes the basins highly efficient runoff
generators, even more so because 31.7 per cent of the Aquatot Basin, and 35 per cent of
the Rimco Basin, consists of vegetated, aeolian surfaces which even under extreme rainfall
have not been observed to yield runoff.

The largest component of the stream load was found to be suspended sediment.

During four storms in 1982 bedload accounted for 0.2 ta 2.7 ner rent af the taral



streamload (Brvan and Campbell, 1986). These values are, because of the problems of
estimating bedload transport rates, believed to be too low. In view of the lack of sources of
abundant coarse material in the basin, however, the estimates are thought to give a good
indication of the order of magnitude of bedload transport.

From data from 12 storms in 1982, Sutherland and Bryan (1588) estimated that
1.4 per cent of the streamload was transported as solutes. Sutherland (1983) derived the
following regression equation for the relationship between total dissolved solids and the

electrical conductivity of channel and tunnel flow in Dinosaur Provincial Park:
TDS = 19.51 + 0.68 £L [2.1]

(n=20, 1’=0.92, P<0.05) where TDS is the total concentration of disscived solids (mg

1-1), and EC is the electrical conductivity (xS cm!).

2.9 DESIGN OF THE PRESENT STUDY

Detailed information on the geomorphic processes in the Dinosaur Provincial Park
badlands obtained since the late 1960's was an important factor in choosing the field area.
Badlands are an ideal environment in which to conduct spatial scale studies as even at the
smallest scale, drainage basins are readily defined. The lack of a soil and vegetation cover
greatly facilitates investigating the relationship between, for instance, rainfall, lithology,
and basin response at all levels of scale.

The three follqwing chapters present the results from the field study at three
spatial scale levels: (1) the microscale (Chapter 3); (2) the subbasin scale (Chapter 4);
and (3) the mesoscale (Chapter 5). The basins were nested, so that each mesoscale basin

contained one subbasin which, in turn, contained a number of microscale basins. The

T2



timescale of interest for the field study concerned basin response to a single rainstorm. The
timescale was kept constant for all three spatial scale levels to avoid confusion arising from
the interaction of temporal and spatial scales. An additional reason for the choice of
timescale is that in semi-arid regions the considerable variability in rainfall from year to
year limits the validity of estimating long-term geomorphic conditions from short-term
observations. Hence, extrapolating data from short-term experiments to longer periods

chould be avoided.
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CHAPTER 3

3.1 MICROSCALE PLOT STUDIES

Teo investigate the release of solutes and sediment rom the different surfaces at the
microscale of the experimental plot, two types of runoff tests were carried out. The first
involved direct application of runoff to the upslepe end of the plot; the second, generation
of runoff using a small rainfall simulator. The =" '=sts also yielded data on the

infiltration characteristics of the surfaces.

3.2 DIRECT-RUNOFF TESTS

3.2.1 EXPERIMENTAL DESIGN

Water was applied to the plot using a 1 m long section of PVC gutier, incial’ed
with the longitudinal axis perfectly horizontal and paralle] to the slope surface (Fig. 3.1).
The gutter was tilted slightly downslope, allowing water to flow over the downslope edge
of the gutter onto the plot. To avoid non-uniform wetting of the edge, caused by the high
adhesive forces between the PVC and the water molecules, a narrow strip of aluminum foil
was folded tightly over this edge. This ensured that water was applied uniformly across the
plot. To dissipate the energy of the fall and to avoid excessive erosion at the upstream end
of the plot, a thin sheet of plastic was spread out directly under the gutter, folded to
follow the plot topography. The water flowed from this sheet onto the plot. Water was
applied to the gutter using a constant head device to ensure a constant rate of application.
Once the water reached the plot surface it concentrated rapidly into distinct flow paths. In

the major flow path a funnel made of thin aluminum was installed to enable sampling of
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Fig. 3.1 Experimental set-up during direct-runoff test on plot A3. Runoff rapidly
concentrates in distinct flowpaths, precluding conversion of the data to areal values.
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the runoff. The shape of the funnel was adjusted ¢ the microtopography of each plot, sc
that representative samples of the runoff could be taken. On smooth plots a broad (15
cm), flat funnel was used. On rough, steep plots the funnel was bent to conform with the
cross- section of the rill or channel to be sampled.

A similar set-up was employed by Laronne, Shen, and co-workers who investigated
solute release on the Mancos Shale in the Upper Colorado Basin (Shen et al., 1981;
Laronne, 1982; Laronne and Shen, 1982). Inherent in the experimental technique are some
limitations. For instance, the rapid concentration of runoff in flow paths precludes the
estimation of areal values from the data. In addition, the concentration of runoff causes
data on solute and sediment dynamics to refer to channel and rill flow rather than to sheet
flow. Despite the limitations, the results indicated that direct-runoff tests are a simple way
to rapidly compare sediment and solute release characteristics of contrasting areas
(Laronne, 1982).

During the tests, discharge was estimated bv measuring the volume of runoff
collected in a sample bottle over a known period of time. The sediment concentration of
the sampie was determined in the laboratory by taking a known volume of sample and
weighing the sediment remaining after evaporation of the water. Weakly crystalline gels in
the water (Bryan et al., 1984) precluded separating solutes and suspended sediment by
filtration. It was therefore decided to report sediment concentrations, which thus refer to
the concentrations of solutes and suspended sediment combined. Sutherland and Bryan
(1988) found that solutes accounted for approximately 1.4 per cent of the total streamload
in the badlands. It can therefore be assumed that suspended sediment accounts for close to
100 per cent of the material exported from the plots.

Separate samples were taken to measure the EC (electrical conductivity‘) of the
runoff. The first runoff sampled was always used to measure the EC. The EC was
measured in the field directly after sampling, using a temperature compensating Lectro

Mho-Meter {Lab-Line Inetzuin<ii 2 with an accuracy, reported by the manufacturer, of 1

7€



to 3% in the scale range used "or this study. All reported EC's are corrected to 25°C. The
sampling interval varied from 2 to 3 minutes. The water used for the test was taken from
the Red Deer River, and had an ECO varying from 550 »S cm-! at the beginning, to 465 »S
cm-! at the end of the test period. To allow comparison between the plots, EC o is
subtracted from the EC's measured in the plot runoff. In the following sections, EC, ggp.
and E_CS represent the corrected EC's and the corrected peak and steady value of the EC.
respectively, whereas EC, EC P’ and ECs indicate the uncorrected values.

On each plot the test was carried out at least twice. Firstly under dry antecedent
moisture conditions ('dry run'), and, usually immediately following the dry run, under
wet antecedent ﬁwisture conditions ('wet run'). Before the dry run and after the wet run,
samples of the crust and the underlying materials were taken on each plot to determine the
gravimetric moisture content. Table 3.1 gives the characteristics of each plot, Table 3.2

provides an overview of the results of each test.

3.2.2 RESULTS
3.2.2.1 PEDIMENT SURFACES

Values of EC p ranged from 40 to 110 xS cm-! during the dry run, and from 25 to
45 uS cm™ during the wet run. In all cases the peak value of the EC occurred during the
first stages of flow, indicating a flushing away of solutes accumulated on the surface (Fig.
3.4, Appendix A). On some plots, this also caused a decrease of ggp for the wet run.
Based on tests of a Mancos Shale-derived soil, Jurinak et al. (1977) speculate that the
initial rapid dissolution is caused by the presence of f inely divided, highly soluble salts
(e.g. NaCl, Na2$O 4). This phase is followed by a period of slower solute release

controlled by the dissolution of CaSO 4-2H20 (gypsum) and CaC03. On all plots the EC
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Table 3.1 Characteristics of direct-runoff piots

plot no. surface unit{ slopet plot length

") (m)
Bl sst 42 0.70
B2 sst 38 0.90
B3 sst 34 2.00
B4 sst 32 2.30
B5 sst 28 1.60
B6 sh 29.,59,39 1.90
B7 sh 21,45 3.10
B8 sh 15,29.43 3.00
B9 “sh 12.45 2.70
Al af 2 3.60
A2 ped/sh 5 2.20
A3 ped/sh 7 1.60
A4 ped/sst 4 1.80
AS ped/sh 4 2.20
A6 sh 14,31,47 2.50
A7 sh 50 1.60
A8 sh 22,48 2.10
A9 sh 20,34 2.60
Al0 sst 14,39,3 2.50
All sst 17.35 . 2.10
Al2 sst 32,49.8 2.15
Al3 sst 25 1.50

T sst - sandstone
sh - shale
af - alluvial fil
ped/sst - pediment in sandstone
ped/sh - pediment in shale
+ multiple values indicate downslope changes in slope angle
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decreased and reached a relatively steady value EC_, varying from 8 to 19 »S cm-! for the

dry run, and from 0 (indicating no solute export) to 11 xS cm™* for the wet run. For all
plots, the change of ECS from the dry to the wet run was within the precision of the EC
meter, but still indicative of a diminishing solute supply during the tests.

Contrary to expectations, the bedrock material in which the pediment had been
developed appeared to have no effect on the EC as plot A4 (sandstone) showed similar
EC's as plots A2, A3, and A5 (shale). On plots A2, A3, and AS shale was exposed in both
channel and interchannel areas. The regolith profile on these shale outcrops consisted of a
thin platy crust /less than S mm), underlain by a dense subcrust which rapidly graded into
platy shards at a maximum depth of 10 cm. Thickness of the sediment deposit varied from
0 to 4 mm in interchannel areas, ana reached values of uj to 35 mm in the channel areas.
Vesicular layers were present in the sediment. On plot A4 the sandstone was relatively
resistant. Some dessication cracks had developed, but most were faint and narrow. The
cracks had noi developed into an integrated network. Thickness of the sediment deposit
reached up to 3 mm in the channel at the downstream end of the plot, but was negligible
on most of the plot surface. Differences in solute release characteristics between sandstone
and shale surfaces (Bryan et al., 1984) led to the expectation that this would also affect
solute release on pediment surfaces. The reason this was not observed is likely that due to
rapid flow concentration during the direct-runoff tests, sediment and solute release
characteristics reflect conditions in channels and rills where deposition of sediment has
occurred, rather than conditions in the interrill areas.

The sediment concentrations displayed a much more irregular behaviour (Fig. 3.4).
Plots A3 and A5 show evidence of initial flushing of sediment-rich runoff, whereas plots
A2 and A4 do not (Fig. 3.5). This can possibly be explained by the fact that the first
runcff sample was always used for the determination of the EC, and was discarded
afterwards. In this manner, the high sediment concentrations associated with the initial

flushing may have been missed. Except for plot A5, peak sediment concentrations are
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lower for the wet run than for the dry run, indicating decreasing sediment supply. The

irregular sediment concentrations generally precluded estimating a steady sediment
concentration SCS. Variations in sediment concentration generally did not follow variations
in discharge. A possible reason for the irregularly varying sediment concentrations is the
collapse of microfeatures or the episodic migration of microscale headcuts on the plot. As
with the EC, differences in material underlying the plot appeared to have no effect on the
characteristics of sediment removal.

The. start of runoff ranged from 27 to 723 s for the dry run, and decreased
strongly for the wet run, ranging from 9 to 22 s (Fig. 3.4). After the start of runoff
discharge rapidly increased to a relatively steady level of 16.4 to 20.5 ml s for the dry
run, and 17.3 to 22.6 ml s°! for the wet run. Steady discharge was generally attained 160 to
524 s after the start of runoff for the drv run, and 20 to 150 s after the start of runoff for
the wet run. Comparison of the moisture profiles (variation of gravimetric moisture
content with depth) before the dry run and after the wet run shows that the depth of

moisture penetration was limited (Fig. 3.6).

3.2.2.2 SANDSTONE SURFACES

gc_:p occurred during the first stages of flow, and varied ‘rom 100 to 490 4S cm™!
for the dry run, and from 65 to 240 xS cm™! for the wet run. On all plots, the EC
decreased during the test and reached a relatively steady value gg:_s , varying from 0
(indicating no solute export) to 67 uS cm! for the dry run, and from 5 to 80 S cm™' for
the wet run. Ep always occurred at the beginning of the test, and during the wet run,
_E_gp was lower than during the dry run, both facts indicating exhaustion of the sediment
supply (Fig. 3.7, Appendix A). On most plots the EC increased in the final stages of the

test (Fig. 3.7). In some cases this can be attributed to a decreasing discharge causing a
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Fig. 3.6 Moisture profiles before the dry, and after the wet run on a representative pediment
plot (A4). The stepped curve reflects the sampling of the regolith in layers.
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decrease in dilution. In other cases the connection with decreasing discharge is not evident,
and the increase in EC is likely caused by slugs of sediment becoming mobile because of
the wetness, and the hence reduced strength, of the material (Fig. 3.7). Some plots showed
that the increasing EC is accompanied by an increasing discharge and sediment
concentration, so that increased flow capacity is likely to be an additional factor.

The sediment concentrations showed a more irregular behaviour than the EC. SC
varied from 3.6 to 29.8 g 1! for the dry run, and from 1.4 to 22.0 g I-* for the wet run. In
a few cases, SC D did not occur during the initial runoff, but instead later during the test.
The variability of the sediment concentrations precluded calculating SCs on a number of
plots. SCS ranged from 0.7 to 6.2 g 1! for the dry run, and from 0.8 to 2.8 g 1-! for the
wet run.

Plot A12 differed from the other sandstone lots in that it did not consist of a
simple, slightly convex or concave slope. Instead. plot A12 was formed by a convex, rilled
slope with a slope angle of 32° (top) increasing to 49° (bottom), drairing into a large rill
with a bottomslope of 8-9°. The sampling point was located at the outlet of this rill. The
rill did not contain a significant deposit of sediment. The thickness of the weatliering rind
in rills can be up to 5 times that on interrill areas, where thickness is usually around 3 mm
(Hodges and Bryan, 1982). This makes the weathering rind within rills an additional and
important source of sediment. This extra sediment did not cause an increase of SC_. SCS,
however, during the dry run was 1.3 to 8.9 times larger, and during the wet run 1.4 to 3.5
times larger than on other sandstone plots. On plc -ncreases in discharge in the later
stages of the test caused increases in sediment concentration. On other plots, however,
similar increases in discharge had little or no effect on the sediment concentration (Fig.
3.8). It appears that the sediment stored in the thicker weathering rind in rills on the
sandstone can become mobile under extremely wet conditions such as during later stages of

a rainstorm. This, however, does not affect the EC.
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al
The start of runoff during the dry run varied from 7 to 194 s. For the wet run, tiie

start of runoff decreased significantly, and varied from 6 to 20 s (Fig. 3.7). Discharge
showed a varied behaviour from plot to plot. In some cases (e.g plot B3, dry rurn.)
discharge increased slowly but steadily. Other plots showed a slow increase and a
levelling-off at a relatively low discharge (Fig. 3.7, dry run, QS=7.5 ml s°'), or a rapid
increase and level off at a relatively high discharge (Table 3.2, plot Al3, dry run, QS=28.3
ml s°!). In general, the wet run showed a steeper increase in discharge than the dry run. It
should be kept in mind, however, that a direct-runoff test is not suitable for determining
infiltration characteristics of the plots. Figure 3.9 shows the moisture profiles before the
dry run and after the wet run in the central rill on plot Al0. Field observations indicated

that the depth of moisture penetration is in excess of that observed on interrill areas, but

nevertheless limited to a few cm.

3.2.2.3 SHALE SURFACES

E_C_p ranged from 345 to 865 xS cm! for the dry run, and from 220 to 530 uS cm!
for the wet run (Table 3.2). During most tests the EC decreased exponentially, although
not as smoothly as on the sandsione and pediment surfaces (Fig. 3.10, Appendix A).
During the wet run on plots A6 and A8, _E__Qp did not occur during the initial phase of
runoff, but instead 180 s (plot A6) and 120 s (plot A8) after the start of runoff. These
peak values were not clearly associateq with variations in discharge or sediment
concentration. Because of the irregular variations in the EC a steady value was not attained
during the dry run on all plots. On those plots on which the EC did become steady, _E_CS
ranged from 95 to 282 xS cm! for the dry run, and from 66 to 216 uS cm™* for the wet
run. On some plots, increases in the EC were caused by runoff from a section of the plots

that had not previously contributed runoff to the outlet.
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Fig. 3.9 Moisturc profiles before the dry, and after the wet run on a representative sandstone
plot (Al0). Samples were taken within the central rill.
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Variations in the sediment concentration were more irregular than on the sandstone
and pediment surfaces. SCp ranged from 24.6 to 136.8 g I} for the dry run, and from 20.0
10 56.0 g I"* for the wet -un. Six of the eight shale plots had the peak value of the
sediment concentration at the beginning of runoff {v the dry run, whereas this was the
case on only one plot during the wet run. During the dry run, most plots displayed initial
flushing of sediment, followed by an overall decline in sediment concentrations. Dunng the
wet Tun, sediment concentrations behaved much more irregularly (Fig. 3.10). The wet runs
on plots A6 and A9 showed a gradual increase in sediment concentrations, with the peak
vzlue occurring in the final stages of the test. The wet run on other plots showed a sudden
increase in sediment concentrations caused by a sharp increase in discharge (e.g. plot B6).

Two factors appeared 1o control sediment concentration on shale surfaces. First,
- wetting of the regolith reduced its strength, and caused microscale slumps and mudflows
and the collapse of micropipes. This was especially important during the wet conditions of
the wet run, and it caused variations in sediment concentration which were independent of
discharge (Figs. 3.10, 3.11, 3.12). Second, variations in discharge, and therefore in flow
capacity, caused variauons in sediment concentration (Fig. 3.10). During the dry run, piot
B7 showed evidence of initial flushing, followed by an exponential decline. This pattern
was somewhat disturbed by a sudden decrease in discharge causing a drop in sediment
concentration to 13.6 g 17!, followed by an increase in discharge causing a rise in sediment
concentration to 28.4 g 1-!. The sediment concentration/discharge relationship of the dry
run on plot B7, however, is indicative of a decreasing availability of sediment (Fig. 3.12).
During the wet run, the sediment concentration was relatively steady, and varied from 15.0
to 22.6 g It (Fig. 3.12). Variations in discharge did not cause variations in sediment
concentration, and it appeared that sediment concentrations were controlied by a facto:
other than discharge. This factor could be the rate of slaking and dispersion of the surface

aggregates, the latter being controlled by the solute concentration of the runoff.
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The start of runoff varied from 120 10 158 s for the dry run, and from 15> to 47 s

for the wet run. Transmission losses were considerable dusing the dry run. as runoff
flowed into cracks in the crust and subcrust. During the drv run, the acvance of tne
leading edge of the flow was visible by the wetting of the popcorn aggregates from telow.
Overland flow on the shales occurred only over limited distances. A significant portion of
the runoff took place over the dense subcrust as subsurface flow. Thus, sclute and
sediment levels in runoff from the shales may be controlled by the properties of the dense
subcrust, rather than by those of the popcorn crust. The rills on plot B8 were lined with a
silt deposit. Because of their limited permeability, these silt stringers acted as zones of
rapid runoff generation during rainfall. The presence of silt stringers caused a significant
lowering of the solute and sediment concentrations (Table 3.2), as the silt deposit has lost
most of its solutes and is, because of its compactness, not as easily eroded as the shale
itself .

As the shale swells on wetting the cracks seal, so that during the wet run
transmission losses were strongly reduced. Qs varied from 1.3to 19.8 ml s*! for the drv
run, and from 11.8 to 27.1 ml s-! for the wet run. During several tests, a steady value of
the discharge was not attained. Figure 3.13 shows the moisture profiles for piot A8 before
the dry run and after the wet run. Moisture penetration is deeper than on the sandstone

and pediment surfaces.

3.2.3 DISCUSSION

During the direct-runoff tests, the three major surface units in the basin each
showed a distinctive behaviour with regard to the release of solutes and sediment. Table 3.3

summarizes the more detailed data from Table 3.2. Pediments released the smallest amount

nf cnintac Thic ic harnca tha chaaturantk Aneivrad dacamnion bmcen oVoeo o Vo os o u _ £ .1 .
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Fig. 3.13 Moisture profiles before the dry, and after the wet run on a representative shale plot
(A8).
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Table 3.3 Summary of results of direct-runoff tests

surface unit g(_:_p EC SC P SCS SC m
uS cm! uS cm™ (el"!) (gl'") (gl'*)
+ + b # T 3

ped 74/ 38 13/ 4 16.47 9.5 —/— 7.9/ 4.2

sst 2527136 23/ 32 16.4/ 6.9 3.3/ 1.7 6.7/ 2.8

sh 601/347 1907139 75.7/32.9 30.5/20.0 43.6/23.0

data are given as: dry run/wet run
1 ped - pediment
sh - shale
sst - sandstone
T average peak value of EC in runoff minus EC of water used for the test
b average steady value of EC in runoff minus EC of water used for the test
# average peak value of sediment concentration
t1 average steady value of sediment concentration
It average sediment concentration
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readily soluble material during transport. Data on the variation in specific conductance

through the regolith profile (Sutherland and Bryan, 1988) indicate that the surface silt
layer of pediment surfaces has a limited capacity for solute release. It appears that the
underlying bedrock, sandstone or shale, did not affect solute concentrations. The reason
for this is unclear. E_(;p was lower during the wet run than during the dry run, indicating
exhaustion of the solute suppiy. _EQS waé similar for the wet and dry run. During the tests
the EC fell exponentially and reached a steady leve! slightly higher or equal to the EC of
the water used for the test.

The moisture profiles before and after the tests indicate that on that part of
pediment surfaces covered with stable sheetwash deposits in which vesicular layers have
developed water did not infiltrate deeper than ca. S mm. This is supported by visual
observations of the typical depth of wetting. On areas with a thin or negligible cover of
sheetwash deposits the infiltration of water increased significantly. The moisture profile on
such a pediment underlain by shale was comparable to t42* on shale plots. However, EC's
on these plots were similar to those cn plots with a sheetwash deposit. Sediment
concentrations on pediment plots were slightly higher or comparable to those on sandstone
plots (Table 3.3). The lowest sediment concentrations were found on plot Al, which was
located in a small channel where deposits had reached a thickness of 2.5 to 10 cm. The
upper 2 snm of the deposit was compacted, reducing infiltration and, probably, erosion
rates.

The rate of solute release on sandstone surfaces was initially higher than on the
pediment surfaces, as the values of E_(;p indicate. However, _Ii_(_:,5 for the pediment and
sandstone surfaces were similar. Thus, the initial solute supply on sandstone surfaces
appears to be rapidly exhausted, and the rate of solute release becomes very low thereafter.
Sediment concentrations on the sandstone surfaces were slightly lower or similar to those
on pediment surfaces (Fig. 3.14), and for the majority of tests the sediment

concentration/discharge relationship was indicative of an exhaustion of the sediment
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supply. Under wet conditions, the weathering rind acted as an additional sediment source,

especially in rills where the thickness of the weathering rind is much greater than on the
interrill areas. The sediment contributed by the weathering rind, howewer, did not affect
solute concentrations. Sutherland and Bryan (1988) found that the £C of a 1:5
regolith/distilled water paste was 480 xS cm™*, which indicates that the weathering rind has
a considerable potential for solute release. In the rills, the weathering rind likely loses most
of its solutes during the early phases of a test, thus contributing to the initial high EC. In
addition, the weathering rind in a rill may be supplemented by silty deposits derived from
the interrill areas, which have lost most solutes during tzransport. Thus, when the deposit
in the rills is eroﬁed, solute levels are not affected.

In the riils on the plots, water infiltrated to depths in excess of 2 cm. Typically,
the depth of water infiltration on the sandstones equals the thickness of the weathering
rind (Bryan and Hodges, 1982). The greater depth of infiltration in the rills is associated
with a greater thickness of the weathering rind. In addition, rills tend to exploit fractures
in the bedrock which may serve as pathways for runoff and thus augment infiltration.
Clay bands deposited along such planes support this idea.

The highest solute concentrations occurred on the shale surfaces, with both gg:_p
and EQS being considerably higher than on the sandstone and pedim=nt surfaces (Table
3.3). Generally, the EC decreased exponentially during the test, indicating a decrease in the
supply of solutes. Values of E_C_S were quite high, indicating that shale surfaces can serve
as an important source of solutes in the badlands. Sediment concentrations in runoff from
the shale surfaces were also considerably higher than in that from the sandstone and
pediment surfaces, especially under wet conditions, when the strength of the material was
low.

Included in Fig. 3.14 are rating curves for the relationship between sediment

concentration and discharge of the different surface units. The equation of the regression

line is
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sC = 0.18 Q1-%? [3.1]

(n=37, 1*=0.178, P<0.01) for the pediments, and

SC = 53.6 Q021 [3.2]

(n=56, 1?=0.521, P<<0.001) for the sandstones. For the shales, the correlation of
sediment concentration and discharge is non-significant. Although the equations show
general trends and testify to the differences between the surface units, the values of r?
indicate that the scatter of the data around the rating curves is considerable.

Laronne (1982) and Laronne and Shen (1982) investigated the effect of slope
length during direct-runoff tests, and found that sediment and solute concentrations
increased downslope. This effect was most pronounced, however, with slope lengths
exceeding those used in the present study by a considerable margin. Over shorter distances
of up to 5 m the increases in sediment and solute concentrations were much smaller, if
present at all. Data from the present study give no conclusive evidence for increasing
sediment and solute concentrations with slope length, likely because of the small range of
slope lengths used (Table 3.1), so that its effect was overshadowed by that of differences
in plot characteristics.

Figure 3.15 shows the variables measured during the direct-runoff tests, and
indicates how they interact. Discharge is the independent variable, externally controlled by
application rate, that determines sediment concentration. Increasing the discharge results in
increasing flow capacity, causing higher erosion rates and sediment concentrations.
Increasing discharge may also result in more dilution, so that EC's decrease. On the other
hand, increasing erosion rates and sediment concentrations may be accompanied by the
exposure of fresh, readily soluble material, so that in this case an increasing discharge

would cause a rise in EC. In addition. EC and sediment concentration interact hecance law
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rill/interrill erosion SEDIMENT
DISCHARGE >~ CONCENTRATION
dilution dissolution,

dispersion

EC

Fig. 3.15 Variables measured during direct-runoff tests, and the processes whereby they
interact.
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EC's and high Na concentrations are conducive to dispersion, which would cause an

increase in sediment concentrations. Not included in Fig. 3.15 are the two outside factors
of, first, supply-limited conditions controlling soluie and seaiment concenirations in the
later stages of tests; second, microscale slumps and mudflows occurring independently of

discharge.

3.3 RAINFALL SIMULATION TESTS

3.3.1. EXPERIMENTAL DESIGN

Artificial rainfall was applied to experimental plots with a portable rainfall
simulator built following the design of Riezebos and Seyhan (1977) (Fig. 3.16 and 3.17).
For practical reasons. this design was modified on several minor points. The dimensions of
the plexiglas box were increased so that the wetted area measured ca. 80 X 80 cm. The
drop-forming devices were made of Tygon tubing with an internal diameter of 0.79 mm
(1732 inch). In order to improve the capillary action and to lower the rainfall intensity, a
section of monofilament nylon 18.0 kg (40 LB) fishing line with a diameter of 0.6 mm was
inserted into each drop-forming tube. Water was supplied to the box from a jerrycan
modified to function as a constant-head device according to the Mariotte principle. The
rainfall intensity was controlled by varying the flowrate to the box. The hydrostatic
pressure in the box, visible by the height of rise of a column of water open to the
atmosphere, served as an indicator of rainfall intensity (Fig. 3.17). Rainfzll intensities
ranged from 15 to 40 mm h-}, with the majority of tests falling in the 20 to 25 mm h-!
range. A 1 mm mesh was supported 15 cm below the drop-formers. This mesh broke down
the drops to a much finer spray. It also increased the spatial uniformity of the rainfall, as

the fine drops falling from the mesh were randomly spread out over a certain area. A



110

Fig. 3.16 Experimental set-up during rainfall simulation on piot BR3. The sample is taken at
the plot outlet, where a funnel made of thin aluminum is installed. The windscreen wrapped
around the frame minimizes disturbance of the rainfall by wind.



Fig. 3.17 Detailed view of the rainfall simulator. The plexiglas box is fed from the blue
jerrycans acting as constant-head devices. The vertical tubes are open to the atmosphere, and
allow expulsion of air from the box during fiiling. The water level in these tubes provides an
indication of the water pressure in the box, and hence of the rainfall intensity. Suspended
below the drop-formers in the botiom of the box is a mesh for breaking up the drops into
smaller sizes.
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transparant plastic windscreen was wrapped around the frame of the simulator to minimize

disturbance of the rainfall pattern by wind.

Experimental plots were selected on the basis of surface topography. To eliminate
disturbance from the installation of artificial plot boundaries, only plots were used on
which the microtopography of the plot provided a natural drainage divide. Because of the
absence of plot boundaries, under the wet conditions of the final stages of tests minor
lateral subsurface flow iosses may have occurred. The disadvantage of such losses is likely
more than offset by the elimination of proportionally large edge effects caused by
boundary conditions on small plots. Under dry conditions, during the early stages of tests,
lateral losses can be expected to be minimal. Thresholds of runoff generation are hence
unlikely to be affected.

At the plot outlet a funnel made of thin aluminum was installed to facilitate taking
representative samples of the runoff. Because the expulsion of air from the box and the

rop-formers caused unpredictable variations in rainfall intensity at the beginning of each
test, the plot surface was initially covered by a sheet of plastic. This sheet was removed
when the desired rainfall intensity was attained. Frequent intensity measurements were
carried out with a hand-held standard raingauge to establish the variation during each test.
Causes of this variation were differences in temperature of the water supply causing
variations in viscosity, development of air bubbles in the drop-formers and in the hoses
feeding the water into the box, and clogging of the drop-formers by remobilization of
deposits which built up inside the rainfall simulator.

During the tests, discharge was estimated by measuring the volume of runoff
collected in a sample bottle over a known period of time. The sediment concentration of
this sample was subsequently determined in the laboratory. Additional samples were taken
to measure the EC of the runoff. The EC was measured in the field, directly after

sampling. Sampling intervals generally varied from 3 to 9 minutes.
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The water used for the test was from the locc!ly pumped supply at the Dinosaur

Provincial Park campsite, and had an ECO of 1135 to 1160 »S cm-'. Despite its high EC,
this water was more suitable for the rainfall simulations than the Red Deer River water
used in the direct-runoff tests, as it was feared that the small amount of fine sediment
present in the Red Deer River water would clog the drop-formers. As with the
direct-runoff tests, EC > is subtracted from the EC's measured in the plot runoff, and in
the following secticns, EC, Ep and Es represent the corrected EC's and peak and
steady value of the EC, respectively, whereas EC, ECp, and ECS indicate uncorrected
values. This procedure allows comparison between the plots, and between the rainfall
simulations and direct-runoff tests.

On sandstone and pediment plots, the test was carried out at least twice. First
under dry antecedent moisture conditions ('dry run'), and, usually immediately following
the dry run, under wet antecedent moisture conditions ('wet run’). Because of adverse
wind conditions, the test on plot BR7 was twice discontinued after the dry run, so that for
this piot data from three dry runs and one complete wet run are available. Before the dry
run and after the wet run, samples of the crust and the underlying materials were taken on
each plot to determine the gravimetric moisture content. Runoff generation on the shale
plots required a very long dry run. To save water and time, a wet Tun was not carried out
on the shale plots. Previous rainfall simulations have indicated that under wet conditions
runoff generation on the shales is rapid (e.g. Bryan et al., 1978). Table 3.4 gives the
characteristics of each plot, and Fig. 3.2 and 3.3 show the locations of the plots within
Subbasins A and B. Table 3.5 provides an overview of the test resuits. On the sandstone
and pediment plots, the duration of the test was 3600 to 4800 s for the dry run. During the
wet run the duration of the test was decreased to ca. 2400 s because a steady discharge was
attained rapidly. On the shale plots the test duration ranged from 6800 to 9700 s for the

dry run.



Table 3.4 Characteristics of rainfall simulation plots

plot no. surface unity slope

")
BR1 ped/sst 7
BR2 ped/sst 9
BR3 ped/sst 5
BR4 ped/sst 2
BR5 sst 32
BR6 Sst 32
BR7 sst 31
BRS8 sst 32
BR9 sh 8
BR10 sh 23
BR11 sh 20
BR12 sh 9
AR1 ped/sh S
AR2 ped/sh 6

1 sst - sandstone
sh - shale
af - alluvial fill
ped/sst - pediment in sandstone
ped/sh - pediment in shale
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3.3.2 RESULTS

3.3.2.1 PEDIMENT SURFACES

Ep ranged from 120 to 280 »S cm! for the dry run, and from 70 to 185 xS cm™!
for the wet run. In general, E;(;p was lower for the wet run than for the dry run,
indicating a diminishing solute supply. However, in most cases the difference in _E_Cp for
the dry and wet run was outside the precision of the EC meter. During all runs the EC
decreased linearly or exponentially with time, although not as regularly as during the
direct-runoff tests. In some cases, variations in EC appeared to be associated with
variations in sediment concentration. This suggests that an increase in EC can be caused by
an increasing erosion rate on the plot, causing fresh material with a high solute content to
be eroded. In other cases, the EC varied independently of the sediment concentration, and
variations in EC were associated with discharge variations in the opposite direction. This
behaviour indicates a dilution effect analogous to thar often observed in streams when an
increased proportion of water possessing a lowe: solute content than the baseflow causes
solute concentrations to decrease with increasing flow (Gregory and Walling, 1973). In the
case of the rainfall simulations it appearer that the plot could cnly release solutes to the
runoff at a limited rate. When discharge increased, this rate-limited release caused solute
concentrations to decrease.

E_C_S varied from 45 to 128 xS cm™! for the dry run, and from 57 to 160 4S cm™!
for the wet run. Generally, ggs increased from the dry to the wet run, although in the
majority of cases this increase is outside the range of precision of the EC meter. The most
likely cause for the increase in E_(_ZS is the dissolution of sediment, which compared to the
dry run, can progress to a further stage under the conditions of the wet run. The values of
SCs and SCrn for the dry and the wet run indicate that higher erosion rates and sediment

concentrations cannot be a factor here. The time to reach EC_varied from ca. 230 to 1860



s for the dry run, and from O to 1800 s for the wet run.

SCp varied from 4.6 to 18.6 g 1! for the dry run, and from 3.2 t0 19.0 g 1! for
the wet run. Only once did SCp occur during the initial stages of runoff (Table 3.5).
During most tests, sediment concentrations varied, seemingly independent of discharge,
around a relatively constant level (Figs. 3.18, 3.19, and Appendix A). In a few cases,
however, the variations in sediment concentration followed variations in discharge. On
most plots, sediment concentrations during the wet run were similar or slightly higher than
during the dry run, probably reflecting the reduced strength of the wet regolith, and the
hence increased effectiveness of overland flow and splash detachment. Variations in
sediment concentrations precluded calculating SCs for most plots. Values of SC S showed
considerable variation. On three out of four plots, SCS remained equal or increased from
the dry to the wet run. The exception on plot BR3 may be explained by the lower average
rainfall intensity during the wet run on ple: BR3, causing discharge and flow capacity to
be low.

On the pediments, the underlying bedrock type affected the export of solutes and
suspended sediment. Plots on pediment surfaces could be divided into those developed in
sandstone (plots BR1 up to BR4), and those develeped in shale (plots ARl and AR2).
g(;p for both the dry and the wet run were considerably higher on the shale pediments
than on the sandstone pediments, with the exception of plot BR1. Similarly, _Iigs was
slightly higher for the dry run on the shale pediments than on the sandstone pediments
(with the exception of plot BR1), although in some cases the difference was outside the
range of precision of the EC meter. For the wet run, E_(_Is for the sandstone and shale
pediments became more similar. SC p and SC m appeared not to be influenced by the
underlying bedrock.

The four pediment plots on sandstone could be divided into two groups on the
basis of solute and sediment export and characteristics of runoff generation. The first

group consisted of plots BR1 and BR2. Compared to the second group, consisting of plots
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BR3 and BR4, these plots showed lower thresholds of runoff generation, higher EC, and

higher SCp and SC. In addition, there is some indication that in the first group EC
increased from the dry to the wet run. The difference between the two groups was most
likely caused by the thickness of the sheetwash deposit on the plot. On plots BR1 and BR2
this thickness was only 1 to 2 mm, whereas on plots BR3 and BR4 the sediment thickness
reached up to 10 mm. Because the hydraulic conductivity and storage capacity is much
higher for the sheetwash deposit than for the sandstone, the increased thickness of the
deposit delayed the start 6f runoff and increased the threshold of runoff generation. The
amount of sandstone in contact with runoff was, due to the limited accumulation of
sediment on plots BR1 and BR2, much larger there than on plots BR3 and BR4. The
sheetwash deposits and the sandstone respond differently when brought into contact with
water. The sheetwash deposit has lost most of its clays and solutes during transport, and
consists mainly of very fine sand and silt (Hodges, 1982; Bryan et al., 1984). Sutherland
and Bryan (1988) report a pediment surface silt layer with an EC of 159 uS cm™?,
measured on a 1:5 regolith/water paste. Because of its composition, dispersion of the
sheetwash depbsit is limited. The main mechanism of sediment entrainment and transport
is by lift and drag exterted by flowing water. On sandstone plots, dispersion is an
important additional mechanism of sediment entrainment due to the presence of highly
montmorillonitic clays and large amounts of Na, both adsorbed and as soluble salts, in the
regolith. This causes erosion rates to be high so that sediment concentrations in runoff
from the sandstone parts of the pediments are much higher than in runoff from the
sheetwash deposits.

The subdivision of the pediments in distinctively different areas based on the
response to simulated rainfall is at odds with the results from the direct-runoff tests,
during which bedrock did not appear to affect response. This contrast likely arises because
data from the direct-runoff tests reflect sediment and solute release characteristics in rills

and channels, whereas rainfall simulation data also include the response of interrill areas
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(Section 3.2.2.1).

The start of runoif on the pediment plots varied from 80 to 973 s for the drv run.
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was instantaneous on all plots. The threshoid rainfall of runoff generation of course
behaved similarly, varying from 0.6 to 4.2 mm for the dry run, and becoming 0 mm for
the wat ru 1. Runoff coefficients (total discharge/total rainfall X 100 per cent) were high,
and ranged from 31 to 65 per cent for the dry run, and from 46 to 64 per cent for the wet
run. The sizady state infiltration rate f ranged from ca. 8§ to 11 mm h-?! on most plots,
although values as low as ca. 3 10 4 mm h-! (plot BK3, wet run) occurred. The
surprisingly high value of fc was caused by lateral subsurface flow from the wet plot to the
surrounding dry area. To minimize surface disturbance on the plots, no boundaries to halt
lateral subsurface flow were used, resulting in an overestimation of f. During natural
rainfall, when the whole surface would be wetted, f would be sigrniflicantly lower. The
moisture profiles (Fig. 3.20) indicate that, on the shale pediments, the depth of moisture
penetration was considerably higher than on the sandstone pediments, and comparable to

that on shale piots.

3.3.2.2 SANDSTONE SURFACES

The range of E_Cp was from 220 to 630 4S cm-! for the dry run, and from 160 to
360 uS cm™! for the wet run. During the majority of tests, the EC decreased exponentially
with time. Towards the end of the test on some plots the EC increased again. On some
plots, this increase could be attributed to a uecreasing discharge, as described for the
rainfall simulations on the pediment plots (Fig. 3.21, Appendix A). On other plots, the
increase of the EC coincided with an increase in sediment concentration. During most of

the dry runs and a few wet runs the variation of the EC precluded estimating EC .
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SCp tanged from 18.8 to 46.6 g 1! for the dry run, and from 23.8 to 31.8 g I for

the wet run. In all instances, SCp did not occur during the initial stages of runoff. The
sediment concentration varied with discharge (Fig. 3.21, dry run, at ca. 3000 s), but was
also affected by small slumps and mudflows occurring independently from the discharge
(Fig. 3.21, dry run, at ca. 1500 s). During all tests, variations in sediment concentration
precluded calculating SCS.

The majority of sediment concentration/discharge relationships for the dry runs on
sandstone plots indicate exhaustion of the sediment supply (Fig. 3.22). This pattern,
however, is complicated by increasing sediment concentrations independently of the
discharge, especially during the later stages of tests. As an exception, piot BR8 exhibited an
increase in sediment concentrations at a relatively constant discharge during the dry run.
This is likely caused by the reduced strength of the wet regolith. During the wet run, this
factor also strongly affects the sediment concentration discharge relationship, and most
plots show a relatively steep increase in sediment concentrations at slowly rising discharges.

Because of the variability of the sediment concentration, the average value SCm
may provide further insight into the characteristics of sediment export from sandstone
plots. SCm ranged from 14.1 to 36.6 g 1! for the dry run, and from 17.1 to 26.8 gl!for
the wet run. The lowest valie of SCm occurred during the third dry run on plot BR7
(Table 3.5). SC m decreased from the first to the third dry run on plot BR7. This decrease
reflects the decrease in average rainfall intensity, rather than exhaustion of the sediment
supply. If the data frem the second and third dry run on plot BR7 are left out, SCm is
higher for the sandstone plots than for the pediment. plots, both during the dry and wet
run.

The start of runoff varied from 100 to 413 s for the dry run. For the wet run a
considerable decrecase occurred, and the start of runoff varied from 0 to 56 s. Similarly, the
threshold of runoff varied from 0.7 to 2.3 mm for the dry run, and from 0 to 0.3 mm for

the wet run. Runoff coefficients were very high, and ranged from 47 to 88 per cent for the
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dry run, and from 52 to 94 per cent for the wet run. The steady state infiltration rate fc

varied from ca. 4 to 9 mm h ! with most values iving in the range of 8.5 t0 9 mm h!. As
stated earlier, the unexpectedly high values of f o were likely caused by lateral subsurface
flow from the wet plot to the surrounding dry area. The moisture profile indicates that
wetting occurred to depths in excess of 10 mm (Fig. 3.23). The rise of moisture content at
this depth, however, is in the range of only 2 te 4%, and most of the water does not
infiltrate more than a few mm.

On the whole, the test results did not indicate significant differences in response

between the four sandstone plots.

3.3.2.3 SHALE SURFACES

On the shale plots, ECp ranged from 370 to 860 uS cm™. ECp did not occur at the
beginning of runoff on plot BR9, but instead at the end of the test. The rise in EC at the
end of this test can be attributed to a decreasing discharge. On two plots, the EC decreased
exponentially, and reached a relatively steady level of 563 and 443 »S cm™! on plots BR11
and BR12, respectively (Fig. 3.24, Appendix A). On plot BR10, the EC decreased
exponentiaily but did not reach an equilibrium level. On plot BR9, the EC remained
relatively steady during the test, except for the slight increase at the end. During alil tests
the EC showed some variability which could be attributed to variations in discharge and
sediment concentration.

Sediment concentration varied considerably during the tests. SCp ranged from 28.4
10 85.0 g I'!, and did not occur during the initial stages of runoff (Table 3.5). A similar
range of values was shown by SCm, which varied from 25.8 to 73.6 g I-!. During none of
the tests did the sediment concentration reach a steady level. Instead, sediment

concentrations generally tended to increase towards the end of the tests (Figs. 3.24, 3.25).
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Because discharge also increased during the tests, part of the increase in sediment

concentration may be attributed to increasing flow capacity. Another important factor is
the progressively reduced strength of the material during wetting and dispersion of the
regolith, causing increased erosion rates on the plot. On plot BR10, for example, a steady
increase in sediment concentration from 50.4 to 68.4 g 1-! occurred over a period of 20 min
while discharge remained constant at 2.1 ml s°!, ruling out increasing flow capacity as a
factor (Fig 3.25). In addition, microscale slumps and mudflows often occurred under the
wet conditions of the later stages of tests, causing seemingly random variations in sediment
concentration (Fig. 3.25).

The start of runoff on the shale plots varied from 1815 s (ca. 30 min) to 4430 s
(ca. 74 min). The threshold of runoff reached similar high values, and varied from 11.0 1o
24.9 mm. The steady state infiltration rate fc was ca. 10 mm h-!. As on the pediment and
sandstone plots, the high value of fc was likely caused by lateral subsurface flow from the
wet plot to the surrounding dry area. Both the start of runoff and the threshold of runoff
reached their highest value on plot BR9. On this plot the aluminum funnel for samgling
the flow was located at the surface of the popcorn crust. During the test a considerable
amount of subsurface flow occurred on top of the dense subcrust, and runoff on the dense
subcrust preceded runoff on the popcorn crust by ca. 20 minutes. Runoff from the
popcorn crust only started after the extensive crack system of this crust was sealed to a
considerable extent. Prior to this, flow on the plot surface was intercepted by the cracks,
so that flow was limited to localized patches. The penetration into the subsurface of runoff
intercepted by the cracks was impeded by the dense subcrust. The crack density of the
subcrust was far less than that of the popcorn crust, so that the subcrust acted as a barrier
to infiltrating water, which was diverted laterally downslope. The result was that runoff on
top of the dense subcrust preceded runoff on top of the popcorn crust by a significant
amount of time. Data from plot BR9 therefore pertain to processes of the popcomn crust.

On plots BR10, BR11, and BR12 the funnel was located at the top of the dense subcrust,
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and data from these plots therefore concern processes occurring both in the popcorn crust

and on the subsurface crust. When the start of runoff from plot BR9 is taken as the
moment that subsurface flow starts, the start of runoff and the threshold of runoff of this
plot become much more similar to those of the other shale plots. The difference between
plots BR9 and the other shale plots is also visible in the runoff coefficient, whichk was only
20 per cent on plot BR9, but ranged from 30 to 31 pef cent on the remaining shzle plots.

The differences between plot BR9 on one hand, and plots BR10, BR11, and BR12
on the other hand, were also visible in the EC and sediment concentrations. The EC on
plot BR9 remained relatively steady during the test, and only rose slightly towards the end,
whereas on the other shale plots the EC decreased exponentially. In addition, the EC on
plot BR9 was overall significantly lower than on the other plots. Sediment concentrations
were also much lower on plot BR9 than on the other shale plots, as the values of SC_ and
SC m indicate. A similar difference between the popcorn and the subsurface crust was
found by Sutherland and Bryan (1988), who, on a 1:5 regolith/water paste of vellow
shale, measured an EC of 636 and 860 .S cm™! for the popcorn and subsurface crust,
respectively. On grey shale, the value of the EC was 743 and 1040 xS cm™! for the popcorn
and subsurface crust, respectively (Sutherland and Bryan, 1988).

The moisture profile illustrates the high water-holding capacity of the shale
regolith (Fig. 3.26). Samples were taken from rill and interrill areas, and consisted of the
popcorn crust for the interrill sample, and of the popcorn crust or silty deposit, and
subsurface crust for the rill samples. The moisture content of the surface layer reflects the
differences in material between these areas. Interrill areas, where the surface material
consists of popcorn crust, showed moisture contents ranging from 97.7 to 173.8 per cent,
whereas the moisture content on rill bottoms ranged from 58.8 to 108.6 per cent. The
material in the rills usually is more silty because of the deposition of material in the
depressions. Prolonged deposition may lead to the formation of silt stringers, acting as

zones of rapid runoff generation, and strongly influencing patterns of runoff generation
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and erosion on the shale surfac~s. Because of the lower clav content, the material in the

rills does not absorb as much water as the interrill popcorn crust. The moisture profile also
indicates that, compared to the sandstone and pediment plots, water infiltrated to greater
depths on the shales. Because of the structure of the popcorn and subsurface crust, large
differences over short distances in moisture content will occur on the shale plots. The
moisture profile in Fig 3.26 therefore represents an average moisture content for a

situation in which dry and saturated zones are closely intermingled.

3.3.3 DISCUSSION

Results from the simulated rainfall tests on the whole support findings from the
direct-runoff tests. On pediments, runoff generation was rapid compared to the sandstones
and shaies, but only minor amounts of solutes and sediment were released (Fig. 3.27,
Table 3.6). The response to rainfall of the pediment plots was affected by the underlying
bedrock and by the thickness of the sheetwash deposit. Treating the pediment surfaces as
homogeneous may therefore not always be justified. Pediments could be divided into three
types: (1) underlain by sandstone (plots BR1 and BR2), (2) underlain by shale (plots
ARl and AR2), and (3) covered with a silty sheetwash deposit (plots BR3 and BR4).
Runoff generation occurred fastest on the sections of pediment underlain by sandstone,
followed by the sections underlain by shale and those covered with a sheetwash deposit.
The differences with regard to runoff generation z:e likely most pronoun-=: during very
small storms, and will become less important with increasing storm size. Differences in the
characteristics of solute and sediment release of the different parts of the pediment are
probably not affected by storm size. On all pediments, the release of solutes followed the
same pattern of exponential decrease to a steady value. The initial peak and the steady

values of the EC were highest on pediment plots underlain by shale. On pediment plots



Table 3.6 Summary of results of rainfall simulations

surface unit _E_(;p K‘-s SC P
uS cm! uS cm!? (gl-1)

1 1 b #
ped 1807138 93/111 11.9/11.7
sst 3147272 —/156 28.1/27.6
sh 618 — 64.9

data are given as: dry rur’wet run
T ped - pediment

sh - shale

sst - sandstone

} average peak value of EC in runoff minus EC of water used for the test
P average steady value of EC in runoff minus EC of water used for the test
# average peak value of sediment concentration

11 average sediment concentration

136
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RAINFALL INTENSITY
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raindrop impact
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diution dissolution,
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fig. 3.28 Variables measured during rainfall simulations, and the processes whereby they
interact.



underlain by sandstone and on those covered with a sheetwash deposit the initial peak and
steady values of the EC were similar, and lower than on the pediment plots underiain by
shale. Pediment plots coverad with a sheetwash deposit showed very low sediment
concentrations. On pediment piots underlain by sandstone and shale, sediment
concentrations were similar, and three to four times higher than on the plots covered by
sheetwash depensit (Table 3.5).

Tho sandstone surfaces showed a rapid response to rainfall, and threshoids of
runoff generation were similar to those on pediment plots. Solute release followed = similar
pattern as on the pediment surfaces, although the initiai peak and final steady value of the
EC were higher than on the pediments. The average sediment concentration for the
sandstone plots was ca. twe times that of the pediment plots {Table 3.6). Bryan et al.
(1984) found that on the sanistones and pediments, solute and sediment concentrations
gradu~lly decreased during simulated rainfall experiments, and concluded that solute and
sediment concentrations were supply-controlled. The experimental conditions of Bryan et
al. (1984) differ in some important aspects from the present study. The averag: rainfall
intensity durir.: ;' .- tests was 29 mm h-’, and plot size ranged from 21.8 to 48.0 m?.
Consequen:; - :.charges were much higher than during the present study. In addition, the
higher rainfall intensity and the different design of the rainfall simulator iesulted in a
higher rainfall erosivity, and thus, in higher erosion rates. Under the experimental
conditions of the present study evidence from the rainfall simulation tests that sediment
concentrations are .2 ply-controlled is less clear. In many cases, the decrease in readily
available sediment appears to be counterbalanced by the reduced strength of the surface
layer under wet conditions This would suggest that during the low intensity rainstorms
often occurring in the area, sediment concentrations in runoff from the sandstones and
pediments are likely to be sustained at low, constant levels.

On the st:ales, runoff generation only occurred after considerable rainfall, so that

during most rainstorms the shales will not be a runoff source. Once the threshold of
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runoff generation is exceeded, however, the shales become an important source of solutes

and sediment. Solute concentrations, as indicated by the EC, generally showed an
cxponential decrease with tme. Peak and equilibrium vaiues of the EC were in excess of
those on sandstones and pediments (Table 3.6). Sediment concentrations were high, and
tended to increase during the tests, due to the reduced strength of the regolith under wet
conditions.

The pattern: of runoff generation on the shales emphasizes the importance of
changes in characteristics within the regolith profile. it was observed (plot BR9) that
runoff on top of the dense subcrust preceded surface runoff on the popcorn crust by ca.
20 minutes. The average rainfall intensity during this period was 20.3 mm h-!. Initially,
rainfall is absorbed by the popcorn aggregates. Swelling of the clay-rich material causes the
extensive crack system to slowly close. When parts of the surface of the popcorn crust
become saturated the excess rainfall will run off into the still open cracks. The pattern of
wetting of the underlying material will thus be controlied by the microtopography of the
popcorn crust, and especially by the dynamics of the closing crack system. This will lead 1~
the formation of preferential flow paths within the popcorn c<rust. Because the crack
density of the subsurface crust is much lower than that of the popcorn crust, part of the
downward flow will be laterally diverted over the top of the subsurface crust, while the
remaining part will fiow into cracks in the subsurface crust. The latter part of flow may
penetrate to the shard layer, and cause the formation of microtunnels at the subsurface
crust-shard contact by slaking and dispersion (Hodges and Bryan, 1982). In this model,
the concentration of flow along preferential flow paths is an important controlling factor
in microtunnel formation.

Figure 3.25 includes rating curves indicating the relationship between sediment

concentration and discharge. The equation of the regression line is



SC=3543Q [3.3]
(n=71, r*=0.119, P<0.01) for the pediments, and
sc = 49.5 Q%17 [3.4]

(n=39, r*=0.107, P<0.05) for the shales. For the sandstones, the correlation of sediment
concentration and discharge is non-sig_nif icant. The rating curves are indicative of the
differences between the surface units. Nevertheless, the considerable scatter (Fig. 3.27)
and the values of r? indicate that factors other than discharge control sediment
concentrations to a large extent.

Figure 3.28 shows the variables measured during the rainfall simulations, and
indicates the manner of interaction. Rainfall intensity, externally controlled by the rainfall
simulator, is the independent variable. Rainfall intensity and infiltration rate determine the
discharge, and discharge in turn affects the sediment concentration. However, rainfall
intensity also has an effect on sediment concentration, as raindrop impact on the flowing
water increases the turbulence and hence erosion rates. In addition, the impacting
raindrops may directly disturb the slope surface, which will have the same resuit. Because
on shales most runoff occurs as subsurface flow, rainfall characteristics can be expected to
affect sedimeut concentrations to a lesser extent than on the pediments and sandstones.
The interaction between discharge, sediment concentration, and EC is similar to that
occurring during the direct-runoff tests, and has been described in Section 3.2.3. Not
included in Fig. 3.28 are the two outside factors of : first, supply-limited conditions,
limiting solute and sediment concentrations in the later stages of tests: and second,

microscale slumps and mudflows occurring indepedently of discharge.



3.4 RELATING DIRECT-RUNOFF TESTS AND RAINFALL SIMULATIONS

The two experimental techniques used at the microscale differ significantly in the
manner of runoff production. Test results should therefore be viewed as complimentary
but not directly comparable (Laronne, 1982). Because of the rapid flow concentration, the
direct-runof{ data mainly concern rill and channel flow. Conversely, the rainfall
simulation data incorporate the effects of raindrop impact, albeit of drops which have not
reached their terminal velocity.

The water used for the direct-runoff tests came from the Red Deer River, and had
an ECO varying from 465 to 550 4S cm. The water used for the rainfall simulations,
however, was from the locally pumped supply at the Dinosaur Provincial Park campsite
with an ECO of 1135 to 1160 xS cm™!. Bryan et al. (1984) investigated the effect of initial
water chemistry on solute release using pumped water and distilled water, and found that
using distilled water for rainfall simulations resulted in a considerably higher rate of solute
release. For instance. during rainfall simulation with distilled water the increase in Na
concentrations in mnoff from a shale plot was 1.3 times that during simulations using
pumped water. Even larger differences were found on the sandstones and pediments. The
inverse relationship between solute concentration and rate of solute release has been
described in a number of studies (e.g. Kemper et al., 1975; Jurinak et al., 1977; Keren and
O'Connor, 1982).

Comparison of Tables 3.3 and 3.6 shows that on the sandstones and pediments,
_E_C_p and E_CS were higher during the rainfall simulations than during the direct-runoff
tests. It appears that the effect of the higher ECO during the rainfall simulations is more
than compensated for by that of raindrop impact and contributions from interrill areas.
The effectiveness of rainfall in increasing solute release rates was demonstrated by Ingram
and Woolhiser (1980) and Ahuja et al. (1982). On the shales, EC D was similar for the

direct-runoff tests and the rainfall simulations, which is to be expected as runoff on the
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shales occurs mainly as subsurface flow so that raindrop impact will not greatly affect

solute release.

3.5 SUMMARY

The m-~r~<raie studies indicate strong contrasts in the response to rainfall of the
three major ru-- f-- ‘iding surface units in the badlands. Under dry antecedent moisture
conditions, pedim. 13y be expected to produce runoff after 0.6 to 4.2 mm of rainfall,
depending on the underlying bedrock and on variations in thickness of the
sheetwash -derived deposits of fine sands and silts. Sandstones surfaces will produce rainfall
after 0.7 to 2.3 mm of rainfall, whereas runoff from shale surfaces will start after a total
rainfzll varying from 11.0 to 24.9 mm. On average, sediment and solute concentrations on
the sandstones were two times, and on the shales up to six times those on the pediments.
The following chapter shows how the various surface units control the response of the two

subbasins.
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CHAPTER 4

4.1 INTERMEDIATE SCALE DRAINAGE BASINS

To investigate drainage basin response at a spatial scale between that of the
microscale plots and the mesoscale Rimco Basin and New Basin, two small basins were
instrumented. The first of these, Subbasin A, is located in the New Basin and has an area
of 1882 m?. The second, Subbasin B, with an area of 2104 m?, is located in the Rimco

Basin (Fig. 4.1).

4.2 GENERAL DESCRIPTION OF SUBBA¢'NS

Subbasins A and B have a similar topography. Gently sloping pediments account
for a considerable portion, more than 40 per cent, of the basin surface area (Table 4.1)
and are located close to the outlet (Fig. 4.2 and 4.3). The upper part of both basins is
formed by steeper slopes, consisting of sandstone and shale (Fig. 3.2 and 3.3). Runoff
dominantly occurs as rill flow on the sandstones; as rill flow and microtunnel flow on the
shales; and as a combination of sheet flow and braided flow on the pediments.

Tabl~ 4.1 shows that Subbasin A has a larger percentage of sandstone and shale,
whereas Subbasin B has a larger percentage of vegetated surface. More important than the
differences in percentage of area, however, are the differences in how the surface units are
arranged within each basin. In Subbasin A the highest portion of the basin consists of
shale. The extent of this shale is nevertheless limited, and a conside;able portion of the
upper slopes consists of sandstone (Fig. 4.4). The lower two-thirds of the slope, between
sandstcne and pediment, consists of shale again. The arrangement of the sandstones and

shaies cnuses runoff generated on the rapidly-yielding sandstones to flow downslope onto

1hre
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Subbasin

Fig. 4.1 Locations of Subbasins A and B in the Rimco Basin and the New Basin.
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Table 4.1 Percentage of basin area taken up by different surface units.

surface unit Subbasin A  Subbasin B
(%) (%)
sandstone 15 8
pediment + alluvial 42 49
vegetated 2 22
shale 35 16
ironstone 3 2

disturbed 3 4
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the shale. This has resulted in the formation of tunnel erosion features in the shale,
iransmitting runoff gencrated on the overlving sandstones.

In Subbasin B the highest portion of th« "asin also consists of shale, in this case
extending downwards for one-third of the slope (Fig. 4.5). The remainder of the slop:
down to the pediment consists of sandstone. Because of the arrangement of the surface
units tunnel erosion in Subbasin B is limited to microscale features on the shale. Sediment

export {rom the basins can be expecled 1o be affected by the surfa.e unit arrangement.

4.2 INSTRUMENTATION

In each of the basins five tilted Tru-Check raingauges were installed with the
opening parallel to the local slope. Table 4.2 gives the aspect and tilt of each gauge, and
Fig. 4.2 and 4.3 show the locations of the gauges. information on the temporal
Characlenst.cs 0« rainfail couia be derived from the Rimco recording raingauge, located
just outside Subbasin B.

At the outlet of Subbasin A a metal funnel was installed to enable collecting total
runoff for discharge measurements, aud to facilitate sampling. During runoff, grab
samples were takeu manually for determination of EC's and sediment concentrations.
Problems arose because occasionally the high siage in the channel to which Subbasin A
contributes caused reversal of the flow direction into Subbasin A .

At the outlet of Subbasin B a resistant bank of ironstone caused the formation of a
waterfall during runoff. This situation allowed installing a plastic barrel with a total
capacity of 651 (Fig. 4.6). Because this capacity was too small to hold the total runoff
from all but the smallest storms, a small 115° V-shaped opening was cut just below the
upper rim of the barrel. Stage in the barrel was measured with a type F Stevens stage

recorder (Leupold * Stevens, Inc.) with a temporal tesolution of ca. 8 min per mm. A
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Table 4.2 Characteristics of tilted raingauges in Subbasins A and B.

raingauge  aspect tilt effective horizonial arez ¥

") ")
Al 15§ 84 0.10
A2 196 58 0.58
A3 209 53 0.60
Ad 295 39 0.78
A> 307 37 0.80
Bl 93 42 0.74
B2 56 42 0.74
B3 122 36 0.56
B4 169 54 0.59
BS 214 25 0.82

1 the vertical rainfall that would be caught by a tilted raingauge, expressed as a fraction of
that caught by a similar, horizontallv -installed raingauge.
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Fig. 4.6 Instrumentation at the outlet of Subbasin B. Runoff is collected in a 651 barrel into
which a V-shaped opening is cut to allow controlled overflow. Stage in the barre! is measured
with a Stevens stage recorder. The inlet for the ISCO water sampler is suspended from the
length of lumber across the channel.
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Table 4.3 Overview of data collected in Subbasin A and B during 1986 and 1987.

Subbasin AT Subbasin Bt

date average Eimco  APIZ

rainfallp rainfall Q SC EC G SC EC

(mm) (mm) (mm)
1987
May 26 (1) 6.0 7.6 0.0 X X X X X X
May 26 (11) 4.5 4.3 6.0 X
May 27 (1) 2.5(1-1In — 8.4 X
May 27 (il) — X
June 16 3.0 2.0 0.1 X X
June 19 (I) Eo 28# 1.6 X X X X X X
June 19 (I1) 12.6 05# 5.8 X X X X X
June 20 3.9 — 14.7 X
June 30 2.0 — 2.0 R
July 3 (I) 3.9(1+1I) 3.6 2.0 X
July 3 (II) 1.0 X
July 5 2.6 3.3 3.8 X X X
July 6-7 1.0 1.0 5.1 —
July 16 2.0 2.3 0.7 X
July 18 (1) 10.2(1+1I) 8.6 1.7 X X X X X X
July 18 (1I) 1.8 X
July 25 3.5 3.8 2.5 X
July 28 1.3 1.3 3.1 —_
August 4 2.1 3.0 8.9 X
August 10 4.6 5.6 0.8 X X X
August 11 2.8 2.8 4.3 X
August 13 0.5 0.5 4.6 —
August 14 17.6 22.4 4.0 X X h4 X X X
August 16-17 4.1 4.3 13.9 X
August 18-19 6.3 6.9 11.5 X
1 — - no runoff
X - data were collected
R - (only for Subbasin B) runoff occurred, but no 4~ ‘vere collected

} Antecedent Precipitation Index for the Rimco Bas ¢ New Basin
b average total rainfall for the Rimco Basin and the ,asin

# incomplete data



stage/ discharge relationship for the V-shaped opening was obt..ined under controlled
conditions. The maximum outflow trough the V was found tc 1200 mi s-'. Higher
discharges, however, did occur during a number of storms, and caused uncontrolled
overflow across the rim of the barrel.

An ISCO Model 1680 water sampler was used to sample runoff at the outlet of
Subbasin B. The ISCO sampler was triggered by runoff, and was programmed to take up
to 28 separate sequential samples of ca. 350 ml at a sampling interval of 3 min. A 10 s
interval elapsed between triggering the ISCO, and the start of sampling. Because the
sampler inlet was not totally submerged during very low flow stages, the sample was
usually less than the programmed amount during the last phase of 2 flow event. The
sampling interval was programmed to be 3 minutes. After a flow event, the EC of the
samples was measured in the field, and the samples were transported to the laboratory to
determine sediment concentrations.

Although both basins were located relatively ciose to the outlets of the Rimico
Basin and the New Basin, difficult terrain conditions ¢uring rains:..rms prevented frequent
observations of the basins during runoff events. In addition, direct observations were
limited by a shortage of manpower during runoff events so that observations on Basin A
were only made on five occasions (Table 4.3). The automatic instrumentation of Subbasin
B, however, provided ample discharge, EC, and sediment concentration data. The dataset
from Subbasin B suffers somewhat from timing problems during some storms. These
problems were caused by the mechanical clock chart recorders in the Rimco raingauge ana
the Stevens stage recorder which did not allow accurate synchronization, and by

uncertainties about the exact time the ISCO was triggered.



4.4 RAINFALL CHARACTERISTICS

As a rule, rainfall is measured with a rzingauge having a horizontal orifice. Data
obtained with such a raingauge indicate how much rainfall would be received by a
herizontal plane. In some drainage basins, however, the terrain has considerable siope
angles which, in combination with rain falling at a (usually sizeable) inclination, results in
significant differences between rainfall received by a horizontal plane - meteorological
rainfall - and that received by an inclined slope - hydro: .-:al rainfall (Yair et al., 1978;
Sharon, 1980; Yair and Lavee, 1985). From the viewpoint of process geomorphology,
hydrological rainfall is the most relevant of the two types, as it concerns the rainfall
actually intevpied by the ¢ wrface, and thus pertains to the amount of water
involved in infiiiration, r '« crosion. The deviation of hydrological from
meteorological rainfall is controlied by terrain slope, wind sreed, wind direction, and
raindrop size disiribution (Sharon, 1580). Over a given topography the last three factors
usually vary considerably in time and in space. Models have been developed to derive
hydrological rainfall from detailed observations of rainfall and wind, but the easiest
method to acquire_ accurate results, especially in areas with an irregular topography, is by
employing tilted raingauges with orifices parallelling the local slo, : (Sharon, 1980} .

In each of the basins five tilted raingauges were installed (Fig. 4.2 and 4.3). Tilt
and aspect of the gauges are given in Table 4.2. The rectangular orifice of the raingauges
measured 58.5 by 64.0 mm, and the gauges were nositioned with the longest dimension of
the orifice in a horizontal direction. The location of the raj -auges was chosen such that
while providing a representative sample of the slopes in the basin, they would be accessible
after rainfall without extensive disturbance of the slope surface.

Each tilted raingauge can be characterized by its effective horizontal area, which
can oe interpreted as the vertical rainfall that would be caught by a tilted raingauge

expressed as a fraction of that caught by a similar, horizontally -installed gauge (Table



4.2). Comparison of this characteristic for the raingauges shows that the SW-SSW to

NW -facing raingauges receive more rainfall than can be explained by their effective
horizontal area (Table 4.4). For instance, during the entire observation period (June 26 -
August 8, 1986, and May 26 - August 18, 1987) gauge BS received 142.2 mm. On the basis
of the ratio of their effective horizontal areas, gauge B3 should, when ali rainfall would
have fallen verticaily, have intercepted 0.56/0.82*142.2=97.1 mmun. Gauge B3 did, however,
teceive only 75.7 mm, or 22 per cent less than can be explained by the difference in tilt

between the two gauges.

. 'he effect of differing tilt of the raingauges may be eliminated by dividing the

rainfali for each gauge bty the cosine of its tilt. Table 4.4 gi* -~ . :  'ue oxpressed as a
fraction of the total average rainfall (=146 mm) for the ri _ . ~ ! *he New Basin
during the sarme period. Figurs 4.7 clearly shows that rai..o. . =nc aence slopes, facing

in westerly directions receive 1.2 *o 1.2 times more rainfall than horizontal surfaces,
whereas east-iacing raingauges and slopes receive only ca. 0.95 times the rainfall
intercepted by horizontal surfaces.

An exception to this general rule is gauge Al, receiving five times more rainfall
than a horizontal plane. This anomaly may be explained by local, small-scale effects of the
topography on wind direction and speed. Gauge Al was in a relatively sheltered position at
the base of a high, steep slope (Fig. 4.2). Such locations are conducive to carry-over
effects, caused hy high wind speeds at the upper portions of slopes promoting the
downwind drift of raindrops and higher rainfall in sheltered, leewsrd locations (Sharon,
1980). The data from gauge B2 also show evidence of the carry-over effect, although not
to the extent of gauge Al. All other gauges are =ither facing in more westerly directions or
are located much closer to the slope crest so that cairy-over does not occur or is not as
pronounced.

During some storms the pattern of hydrological rainfall differed c~~siderably from

the general pattern described in the previous paragraphs. For instance, ¢+ fuly 18-19,
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Total observation period
® Subbasin A 4
O Subbasin B

Fig. 4.7 Total hydrological rainfall for tilted raingauges during the entire observation period,
corrected for differing :ilts, and expressed as a fraction of the total average rainfall for the
Rimco Basin and the New Basin during the same period. The thickened circle indicates a
fraction of 1.
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1987, rainfalls corrected for differing tilts and expressed as a fraction of average total
rainfall in the Rimco Basin and the New Basin indicate that gauges Bl, B2, and B3
received considerably more rainfall than the data for the ertire observation period would
suggest, whereas gauges B4 and BS received considerably less (Table 4.4). In Subbasin A
all gauges excer. Al received less than their normal fraction of rainfall, emphasizing the
high spatial variability of the meteorological conditions controlling hydrological rainfall.
Similarly, on June 25, 1987, gauges A4 ani AS received, after correction for tilt and as a
fraction of the average total rainfall, coi:siderably less rainfall than all the other raingauges
(Table 4.4). The data indicate that the :ilted raingauges facing in southeasterly directions
(NE to SW) received much more rainfall than would be expected. Raingauge B3, which
during the entire observation period received only 0.93 times the average total rainfal!, on
this date intercepted 1.84 times the average total rainfall in the Rir :0 Basin and the New
Basin. Both examples indicate that large deviations from the long-term average patiern of
hydrological rainfall may occur during individual storms.

Because the duration of :ainfall is equal for all tilted raingauges within a basin, the
differences in hydrological rainfali also imply differences in rainfall intensity. Runoff
generation can thus be expected to be non-uniform due to rainfall characteristics alone,
even within relatively small areas such as Subbasins A and B. It should be emphasized that
due to temporal and spatial variations in wind speed and direction and in raindrop size
distribution, rainfali intensity variations may vary in magnitude and direction over very
short distances. Yair and Lavee's (1985) method of calculating the spatial variability in
rainfall intensity over an arid slope by using the ratio of rainfall intercepted by tilted
raingauges to that collected in one horizontally -installed recording raingauge may hence

provide inaccurate results, and so defeat the purpose of the exercise.
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Table 4.4 Hydrological rainfalls in Subtasins A and B for entire observation period and for
selected storms.

entire
observation July 18-19 July 25, August 14,
raingauge periodt 1987 1987 1987

mm o mm s min I mm ¥
Al 57.7 3.95 3.6 3.53 3.2 9.14 6.0 3.41
A2 74.6 0.88 2.2 0.37 3.6 1.77 5.8 0.57
A3l 87.7 1.00 4.2 0.69 3.6 1.71 8.4 0.80
Ad 139.7 1.23 8.2 1.03 2.4 0.88 17.0 1.24
AS 156.0 1.34 10.0 1.23 2.4 0.86 20.0 1.42
Bl 104.3 0.97 12.5 1.66 3.4 1.31 12.0 0.92
B2 116.4 1.08 12.0 1.59 3.0 1.16 14.2 1.09
B3 - 757 0.93 10.0 1.75 3.6 1.84 6.0 0.61
B4 79.2 0.92 1.6 0.27 2.9 1.40 8.2 0.79
B5 142.2 1.19 6.4 0.77 3.8 1.32 15.0 1.04

T June 26 - August 8, 1986, and May 26 - August 18, 1987.
¥ corrected for differing tilts, and expressed as a fraction of the average rainfall in the
Rimco Basin and the New Basin.
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4.5 SUBBASIN A

Because no automated instrumentation was employed in Subbasin A only limited
data are available, and no complete dataset for ary storm is available. Hence it was not
possible to calculate runoff coefficients and sediment yields. During both storms of June
19 ,1987, no discharge measurements were made because due to the high discharge the
metal funnel at the outlet was washed out, allowing water to flow around the funnel.

Nevertheless, on this date samples were taken for determining sediment concentrations and

EC's (Table 4.3).

4.5.1 RUNOFF CHARACTERISTICS

Response to rainfall of Subbasin A was very rapid, and the onset of flow preceded
that of the Rimco Basin and New Basin by a substantial period of time. For instance, on
May 26, 1987 (1), upon arrival at Subbasin A at 1024 h flow had already started whereas
runoff from the Rimco Basin and the New Basin began at 1031 h, so that runoff from
Subbasin A preceded thai from the mesoscale basins b}; at least 7 min. Similar leads were
observed during other storms.

Because of the data collection problems all available data for Subbasin A are from
long-duration, low-intensity, frontal storms. Consequently, measured discharges tended to
be very low, and ranged from 20 to 160 mli s-*. The variability of the discharge indicates
that the hydrograph was extremely sensitive to the rainfall intensity pattern (Fig. 4.8}. The
Rimco recording raingauge is located ca. 230 m WNW of Subbasin A so that, in view of
the spatial variability of rainfall characteristics, the Rimco raingauge data shown in Fig.
4.8 and in the figures following should be regarded as only an approximation of rainfall

characteristics in Subbasin A.
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4.5.2 SEDIMENT AND SOLUTE DYNAMICS

Sediment concentratior.s in Subbasin A ranged from 12.2 10 44.6 g 1. Evidence of
initial flushing was shown by sediment concentration data for the runoff event of July 19,
1987 (11). During this event observers were at the site when rainfall and runoff started,
and the lack of evidence for initial flushing for other storms must be attributed to missing
data for the initial phases of runoff.

In general, sediment concentrations increase with discharge (Fig. 4.8 and 4.9).
Figure 4.10 displays the relationship between discharge and sediment concentration in

Subbasin A. The equation of the regression line is
sC = 5.27Q 933 [4.1]

(a=61, r*=0.301, P<0.001). In Eq. 4.1, SC is the sediment concentration (g 1"!) and Q is
the discharge (ml s-*). The value of the exponent usually lies between 1 and 2 (Gregory
and Walling, 1973; Graf, 1988). The low value found for Subbasin A implies a slow rise in
sediment concentration with discharge, indicating that sediment concentration in the basin
is almost entirely controlled by supply conditions, i.e. the response of the surface units.
Scatter around the regression line is considerable, and reflects variations in basin
response under differing rainfall conditions caused by exhaustion of the =¢diment supply
on the sandstones and pediments, and sediment-rich runoff coits'hutions from tunnel
systems and shales. Figure ~.11 shows the contrast between tii «c:diment
concentration/discharge relationships of the runoff events of £. -, 1987 (1), and
August 14, 1987. On May 26, 1987 (I), average total raintal . Rimco Basin and the
New Basin was 6.0 mm. This amount is less than the thre<lic.cs of both pnoff generation
on the shales and of tunnel flow initiation (Section 5.5.7; i_.onsequently, sediment sources

in Subbasin A were confined to the sandstones and pediments. These surface units act as
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SEDIMENT CONCENTRATION ( g I™")

100 -
Subbasin A

10 . 100
DISCHARGE ( mis™ )

Fig. 4.10 Sedimen: concentration/discharge relationship for Subbasin A.
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SEDIMENT CONCENTRATION ( g 1™")

SEDIMENT CONCENTRATION (g 1™")
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Subbasin A, May 26, 1987 (1)
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100
| Subbasin A, August - , 1987
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supply -limited sediment sources and hence, during the event. exhaustion occurred resulting
in clockwise hysteresis of the sediment concentration/discharge relationship. On August 14,
1987, average total rainfail in the Rimco Basin and the New Basin was 7.6 mra, which is
‘n excess of the thresholds of both runoff generation on the shales and initiation of tunnel
flow. The sediment concentration/discharge relationship during this runof f event shows
that sediment concentrations increased due to the sediment-rich runoff from the shales and
the tunnel systems (Fig. 4.11)

Observed EC's ranged from 190 to 750 xS c¢m™*. During none of the runoff events
did the EC indicate initial flushing. The EC generally increased with time due to increasing
solute release by the surface units under wet conditions, and due to the dissolution of
suspended sediment in transit. Superimposed on this rising trend were the effects of
dilution, causing the EC to vary inversely with discharge. Figure 4.12 shows the

EC/discharge relationship for Subbasin A. The equation of the regressinu line is
EC = 564.2Q 00 (4.2]

(n=61, r2=0.111, P<0.01).The negative slope of the regression line is caused by dilution
during high discharges.

4.6 SUBBASIN B
4.6.1 RUNOFF CHARACTERISTICS

Figure 4.13 shows the relationship between total rainfall and antecedent moisture

condition expressed as the Antecedent Precipitation Index (API). The API is calculated as
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I =1k [4.3]

where lo is the initial value of the API; It' the reduced value after a perind of t days: and
k, a recession factor usually ranging from 0.85 to 0.98 (Linsley et al., 1982). In this
model. the rate at which the basin loses moisture through evapotranspiration is assumed to
be roughly proportional to the amount present, resulting in a logarithmic decline between
rainstorms. Since evapotranspiration varies with the meteorological (e.g. wind speed) and
surface conditions (e.g. microtopography. stage of plant growth), k should also vary to
reflect such changes. Because the API is used here to compare the antecedent moisture
conditions for each storm, rather than as a tool to estimate the amount of runoff yielded,
a constant value of & for both summers wzs assumed. To reflect the high
evapotranspiration rates in Dinosaur Provincial Park due to the usually high winds and
temperatures, k was given a value of 0.8, indicating a rapid loss of soil moisture.

Because data for the Rimco raingauge, the recording raingauge nearest to Subbasin
B. were incomplete diie 10 battery problems, the variables refer to the Rimco Basin and the
New Basin but are thewsht to represenyr the situation in Subbasin B adegnately. Figure 4.13
shows whether or not runoff was generated in Subbasin B. The available data indicate that
runof f generation occurred whenever rainfall exceeded a threshold value of 1.5 to 2 mm.
The data do not suggest a dependence of the threshold of runoff generation on antecedent
moisture conditions. This can be explained by the fact that, because transmission losses are
slight because of the absence of significant accumulations of alluvial deposits, the onset of
runof f from Subbasin B is controlled by runoff generation on the pediments and
sandstones. This process is affected by conditions in the upper few mm of material on
each surface unit. The usually high winds and temperatures cause antecedent maoisture
conditions in these upper layers to be dry most of the time. The initial situation of the
surface units with regard to runoff generation is hence similar for the majority of storms,

and the onset of runoff from Subbasin B is not noticeably affected by antecedent moisture
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conditions.

4.6.1.1 RUNOFF COEFFICIENTS

Table 4.5 gives total discharge and runoff coefficients for 21 runoff events in
Subbasin B. As mentioned in Section 4.3, during a number of runoff events discharge
exceeded the maximum discharge through the V-shaped opening causing uncontrolled
overflow over the rim of the barrel. Consequently, for these events total discharge was
computed using the maximum discharge of 1200 m! s-! for the unknown, but larger, actual
discharge, so that the total discharges and runoff coeff icients for these events represent a
minimum value. Data from the Rimco recording raingauge, located just north of Subbasin
B, were used to calculate runoff coefficients.

Runoff coefficients for storms for which total runoff is not a minimum estimate
varied from 0.5 to 34.9 per cent, and were dependent on total rainfall and antecedent
moisture conditions (Fig. 4.14). Not surprisingly. runoff coeff icients tended to increase
with total rainfall and, for similar values of total rainfall, with higher antecedent moisture
conditions. as losses account for a smaller portion of the total rainfall.

Figure 4.14 also indicates that rainfall characteristics such as distribution and
intensity affected runoff coefficients. For instance, on July 18-19, 1987, the runoff
coefficient was 32.7 per cent for the two runoff events combined. On August 14, 1987,
when both total rainfall and antecedent moisture conditions were twice as high as on July
18-19, the runoff coefficient reached only 26.3 per cent. Both rainstorms were
long-duration, low-intensity, frontal rainstorms. Total rainfall at the Rimco raingauge was
11 mm on July 18-19, and 23 mm on August 14. Rainfall intensities during both storms
were quite similar. Intensity for a six-minute period reached a peak value of only 7.6 mm

h-! for one six-minute period on July 18-19, and for three periods on August 14. During
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Table 4.5 Rainfall and runoff of Subbasin B.

total total runoff
date discharge rainfallt coefficient

L TIM) (mm) (%)
1987
May 26 (1) 1.8% 7.6 23.7%
May 26 (II) 1.2% 4.3 27.9%
May 27 (1) 0.5% — —
May 27 (11) 0.5% — -
June 16 0.04 2.0 2.0
June 19 (I) 0.5% 2.8b 17.9%
June 19 (1) 2.4% 0.5pb —_
June 20 0.4% — —
July 3 (I) 0.4 3.6 11.1
July 3 (II) 0.2 1.0 20.0
July § 0.4 3.3 12.1
July 15 0.01 2.0 0.5
July 18 (I) 3.0 8.6 34.9
July 12 (1I) 0.4 1.8 22.2
July 25 0.2% 3.8 5.3%
August & 0.2% 3.0 6.7%
August 10 2.4% 5.6 42.9%
August 11 0.3 2.8 10.7
August 14 5.9 22.4 26.3
August 17 0.8 4.3 18.6
August 18 2.0 6.9 29.0

tRainfall at the Rimco recording raingauge
¥ indicates a minimum estimate
b incomplete data
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the remainder of the storm rainfall intensity generally was only 2.5 mm h-! on both days,
with occasional six-minute periods of 5.1 mm h-!,

Importan- differences, however, occurred between the hydrological rainfalls of the
two storms. On July 18-19 gauges Bl, B2, and B3 received large amounts of rainfall,
whereas gauges B4 and B5 received relatively little (Table 4.4, Fig. 4.15). This indicates
that on this date gauges, and hence slopes, facing NE to SE in Subbasin B received much
more rainfall than those facing SW. The hydrological rainfalls for Subbasin B also indicate
a large angle of incidence (angle between the in...ming rainfall and the vertical) of
rainfall. 0;1 August 14, hydrological rainfall displayed a totally different pattern (Table
4.4, Fig. 4.16). Gauges B2 and BS received most hydrological rainfall, aithough in the case
of B5 less than the average for the total observation period would indicate, whereas the
remaining gauges in Subbasin B received slightly to considerably less rainfall, and always
less than the average for the total observation period indicated. The hydrological rainfalls
for August 14 imply that raingauges and slopes facing in northwesterly directions (NE to
SW) received slightly more rainfall than those facing the opposite side, although the angle
of incidence was relatively small on this date. The hydrological rainfalls for Subbasin A on
August 14 confirm this pattern (Fig. 4.16). On July 18-19, hydrological rainfalls in
Subbasin A are for all gauges slightiy to considerably less than their average for the entire
observation period would indicate. Nevertheless, gauges Al, A4, and A5 received most
hydrological rainfall, whereas gauges A2 and A3 received least (Fig. 4.15). In contrast to
Subbasin B, the overall pattern of hydrological rainfall in Subbasin A on July 18-19 does
not deviate to any great extent from that for the total observation period, showing that
trends in the spatial pattern of hydrological rainfall can differ greatly between nearby
locations, and emphasizing that hydrological rainfall is controlled not only by
meteorological factors operating at a macroscale (e.g a prevalent wind direction), but also

by smaller-scale effects (e.g. the airflow pattern as affected by topography).
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July 1819, 1987 N
® Subbasin A

o SubbasinB

Fig. 4.15 Hydrological rainfall on July 18-19, 1987, corrected for differing tilts, and expressed
as a fraction of the average rainfall for the Rimco Basin and the New Basin on the same day.
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August 14, 1987 N
© Subbasin A 4

o Subbasin B S \

Fig. 4.16 Hvdrc'~gical rainfall on August 14, 1987, corrected for differing tilts, and expressed
as a fraction of the average rainfall for the Rimco Basin and the New Basin on the same dav.



Comparison of the rainfall characteristics for both days must lead to the
conclusion that the difference in runoff coefficients between July 18-19 and August 14 was
caused by differences in hydrological rainfall. On August 14, rainfall car « from the NW,
and the angle of incidence was slight. On July 18-19, rainfall came from the NE to SE,
and the angle of incidence was larger than on August 14. Hence, on July 18-19 the NE to
SE-facing steep sandstone slopes in the NW to N portion of Subbasin B contributed a
larger portion of the total runoff than on August 14, resulting in a higher runoff
coefficient. It would be expected that the higher angle of incidence on July 18-19 would
also result in a reduced contribution to the total runoff by the gently sloping pediments,

but this >ffect seems to be counterbalanced by the increased contribution of the

sandstones.

4.€.1.2 HYDROGRAPH CHARACTERISTICS

Because of the small basin size, hydrographs of Subbasin B were extremely
sensitive 10 (ne rainfail patiern. Typically, the hydrograph showed a very steep rise, 2
sharp, short peak, and a very steep falling stage (Fig. 4.17). Periods of rainfall separated
by dry periods frequently resuit in isolated runoff events, separated by short (a few
minutes) periods of no flow (Fig. 4.18). Low-intensi:+ rs.:fall during the falling stage
resuited in a much broader hydrograph shape (Fig. 4..%,. ri’ v . 1.20 shows a typical

hydrograph during a long-duration, low-intensity, frontal storm. Flow during such a

storm was continuous, but discharge varied greatly in response to rainfall intensity.

179



180

*a8e)s Buyjjey uiuidop £1dazls & pue yead dieys ‘joys e *asi dadls £19a B £q pazissdeIRyd
ydei8oipAy [eard£) e Buimoys ‘1861 ' 1sndny uo g uiseqqng 10j (a30edues 3uipiodas odwny) ydeidorody pue yderdoipAH (1'p 314

(861 ‘v {snbny

400i0 oore 00t¢ 1144 ooty QO
y T N T v 0 7
0
1 I
{oor %
(")
1 m
4 008 \w/
g uisoqgng =
g “
oo !
N
\ T v T v -l|1||11|" 0

(-4 ww ) LHSNIANI



181

jo spouad paie|ost 3uimoys ‘1861 ‘p-€ AInf uo ¢ uiseq

usico 1111

‘sjealaiuy K1p “11oys 4q poresedas moy)
qng 10J (a3nedures uipivdal odwry) ydesdordy pue ydes3oIphH 81'p 311

86l ‘—¢ Ainr

6ii0 ¢100 11124

1 M 1

- oo¥

1 008
g uis0qans -

ootl

(.S 1w ) 394VHISIA

(,.4 ww ) ALISNILNI




182

*ofers 3uypej oYy upnp Ajdieys sasearout pue ‘moij yead 3uunp ydnon

B SOUDEA] ‘3UIysnyj {eIIul JO JDUIPIAD AWOS SMOYS Dif YL “TUOAY JJouns 3y) Inoy3nolyl JueISUCD A{iiej pue moj si pue ‘3ulysnij
[ENIU] JO 22UIPIAI MOYS JOU SIOP UOINEIIUIIU0I Juawpas Y] "ydesdoipAy oy) jo aders Buljjey ay) uwinp [jejules A)isusjul- mof
J0 12333 Y1 Bupmoys ‘£86] ‘S AInf uo g wiseqqng 10 (98neduies Buiprodar odwry) ydeidorsky pue ydesdoiphH 61y 814

861 ‘G Ainp
4o0!) 0001 0060 0080 0020 o)
v T v — < ¥ v 0 w.)u
1 I
) <= 00Y Wu
(9]
h m
4 oos m/
g uisoqqns 4 o
oo !
o/
0 . . . : . T . R
w et S PP TR Y T T | O
O o r ~
— ]

o | .m.
—o0zt IS === 1 w
~ I 23 — ] -
of + 0oy -

Zz

. . - T R S g ° m

in

=

Jor <

~~

3

3

40 ¥y

:

S’






— 1

1930 2030 2130 2230n 2330

July 18, 1987 (J)

.20 Hydrograph and hyetograph (Rimco recording raingauge) for Subbasin B on July 18, 1987 (1), showing the hydrograph
intensity. long-d:ration, frontal rainstorm. Also shown is the hydrograph of Subbasin A. The smaller discharges in the latt
iin are caused by a greater thickness and extent of sheetwash deposits, and by the fact that a portion of the pedimeat is
ain by shale instead of by sandstone as in Subbasin B.
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4.6.2 SEDIMENT AND SOLUTE DYNAMICS

As stated in Section 4.2, during runoff 28 samples at most could be taken at 6 min
intervals to determine sediment concentrations and EC's. Data are available for eight
storms. During most storms less than the maximum of 28 samples were collected due to
various problems with the ISCO sampler. A complete EC record is available for only one
storm, while there are no storms with a complete sediment concentration record. Thus, it
was not possible to calculate sediment yields.

Observed sediment concentrations ranged from 3.4 t¢ 34.4 g 1'*. During most
runoff events sediment concentrations did not display any evidence of initial flushing, and
were relatively constant with time (Fig. 4.19). On July 5, 1987, sediment concentrations
were fairly constant and low, ranging from 3.8 to 5.6 g 1!, while peak discharge was only
960 ml s!. Considerably higher sediment concentrations occurred on May 26, 1987 (I)
(Fig. 4.21) and on July 19, 1987 (II). On these dates, the peak discharge exceeded the
maximum discharge from the plastic barrel of 1200 ml s-! (Section 4.2) by a substantial
amount, and uncontrolled overflow occurred. Sediment concentrations during peak flow
ranged from 30 to 34.4 g 1-'. The only event with sediment concentrations showing
evidence of initial flushing is that of May 26, 1987 (1) (Fig. 4.21). This event was the first
runoff event after a period of a month during which no runoff occurred allowing time for
extensive accumulation of readily available sediment. During the second flow peak,
sediment concentrations again reached a high value of 30 g 1-!. During the third flow peak,
however, sediment concentrations did not increase (Fig. 4.21). This may reflect exhaustion
of the sediment supply, but may also have been caused by a too large sampling interval
causing the peak sediment concentration to be missed. Together with the 10 s lag between
triggering the ISCO and the start cf sampling this latter cause may also be a factor in

explaining the absence of evidence of initial flushing in the sediment concentration data.
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Observed EC's ranged from 160 to 390 4S cm-'. For three runoff events the EC
showed evidence of initial flushing, reached a low during peak flow, and increased again
during the falling stage (Fig. 4.19 and 4.21). During other events evidence of initial
flushing was absent, likely because the ISCO sampler missed the first runoff from the
basin. For August 14, 1987, EC's are available for the entire length of the runoff event.
During this long-duration, low-intensity, frontal sterm the EC varied inversely with
discharge, reaching troughs during peak flows (Fig 4.22). Towards the end of runoff the

EC increased steadily to very high values.

4.7 CONTRASTS BETWEEN SUBBASINS A AND B

A comparison of the response of Subbasins A and B shows distinct differences

between the two basins. These differences are characterized by the following points:

(1) In Subbasin A, discharges are considerably lower than in Subbasin B (Fig. 4.20). The
dif ferences in discharge are considerably larger than can be explained by the differences in
area and in the areas of the various surface units between the two basins (Table 4.1). A
factor that could possibly explain the differences in discharge is the dissimilar character of
the pediment in the basins. In Subbasin A, portions of pediment are underlain by shale,
whereas in Subbasin B the entire pediment is underlain by sandstone. The threshold of
runoff generation on pediments developed in shale is larger than on those developed in
sandstone (Section 3.3.2.1). In addition, the thickness of sheetwash deposit is larger in
Subbasin A than in Subbasin B. In the channel at the outlet of Subbasin A a stratified
alluvial/sheetwash deposit containing a thin gravel band was present. Thickness of this
deposit was in 2xcess of 11 cm. During the microscale plot studies in Subbasin A (Chapter

3) sheetwash deposits with thicknesses of up to 3.5 cm were observed, whereas in Subbasin
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B the maximum thickness noted was only 1.0 cm. Both factors, a large portion of the
pediment underlain by shale, and a greater thickness of the sheetwash deposit, would serve
to delay runoff generation (Section 3.3.2.1) and to increase transmission losses, and hence
may explain the lower discharges in Subbasin A..

(2) Sediment concentrations and EC's in runoff from Subbasin A are higher than in
runoff from Subbasin B. The high EC's can be explained by the fact that part of the
pediment in Subbasin A is underlain by shale. Rainfall simulations showed that runoff
from pediments underlain by shale possessed higher EC's than runoff from pediment
underiain by sandstone (Section 3.3.2.1). The underlying bedrock, however, did not affect
sediment concentrations. A factor that would cause higher EC's and could alsc explain the
higher sediment concentrations in Subbasin A is the arrangement of the surface units
within the basin. As stated in Section 4.2, in Subbasin A runoff from sandstones flows
downslope onto shales. This has caused tunnel erosion features which can act as important
sources of sediment. In Subbasin B such features are absent. This contrast between the two
basins has resulted in considerable differences between sediment concentrations in runoff
from the basins. For instance, on July 18, 1987 (1), sediment concentrations ranged from
12.2 to 25.8 g 1! in Subbasin A, and from 5.6t0 6.8 g1 in Subbasin B. Similarly large

differences were observed during other events.

4.8 SUMMARY

At the subbasin scale, hydrological rainfall (the rainfall received by a tilted
raingauge with its orifice parallel to the local slope) and its distribution is more important
for explaining the rainfall-runoff relationship than meteorological rainfall (the rainfall

received by a standard, horizontally installed raingauge).
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The microscale experiments, described in Chapter 3, indicated strong contrasts

between the major runoff-producing surface units in the badlands. At the subbasin scale,
differences in percentage of the surface units cause contrasts in the magnitudes of
discharge, sediment concentration, and EC between Subbesin A and B. Differences in the
arrangement of the surface units have resulted in the presence of deei tunnel systems in
Subbasin A, and in their absence in Subbasin B, and enhznce the contrast between the

subbasins. In the following chapter, basin response at the next higher scale level, the

mesoscale, will be examined.



CHAPTER 5

5.1 MESOSCALE DRAINAGE BASIN STUDIES

Two drainage basins, the 202,260 m? Rimce Basin and the 79,230 m*® New Basin,
were instrumented to establish the relationship between rainfall characteristics and the
output of water, solutes, and suspended sediment at the mesoscale. Both basins are part of
the 336,810 m? Aquatot Basin. The Rimco Basin and the Aquatot Basin have been
monitored since 1981 (Brvan and Campbell, 1982, 1986), whereas observation of the New
Basin was commenced in 1986. Figure 5.1 shows the configuraticn and instrumentation of
the Rimco Basin and the New Basin. The surface units in both basins are shown in Fig.
5.2. Table 5.1 gives the percentage of the area of each basin taken up by each different
surface unit. The percentage of the basin area consisting of rapidly responding surface
units (sandstones and pediments) is about equal in both basins (43 per cent in the New
Basin, 42 per cent in the Rimco Basin). Differences in area, however, occur in the other
surface units. Compared to the New Basin, the Rimco Basin has a larger percentage of
vegetated surfaces, whereas shales form a emaller percentage. These differences between

the basins are reflected in their response.

5.2 BASIN INSTRUMENTATION

Rainfall was measured by two Belfort weighing rainfall recorders; a Lambrecht
automatic siphoning, Hellman-type, recording raingauge; a CSIRO Rimco tipping bucket
raingauge with a rainfall resolution of 0.01 inch (0.25 mm) and a temporal resolution of 6
min; and nine Taylor Clear-Vu standard raingauges (Fig. 5.1). Two bulk rainfall collectors

were installed near the basin outlets to obtain rainfall samples for chemical analysis. The
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F Basin outlets and flumes

A Rimco recording raingauge , ®

A& Recording raingauge (other)
@ Standard raingauge

' .
200m . _ Rimco
—

A

Fig. 5.1 Mesoscale basin configuration and instrumentation.

191



(9861 ‘11oqdwey pue uek1g 191Je PAJIPO ) uIseqg MIN 3Y) pue iseq 0dwry 3y Jo suun deng g'¢ m_,m

r T
wQoc oot 0

-

7
O

o ol
TITrT

P 8 I % / -\t
1 X ca \/.\(/\14 .
R ) - s
- -
- 4 w H - 3 l%l

- YHHNYS - )
Z <SHITH @ P Rt -,

- > A fw - - -

- ? tH -
- =7 . 2 Mﬁ‘«mrﬁh 1] Z

1@l 8))

(sivewBoyy puo ¥0ipaq) euoisuoi)

Qur, :puDs

0, ARLY ) R ) @ 2 A
. - “ -| 7 - - T @ @ -
— - - >4
- - . . A ) i g /ﬂ\l\
Lt - g T\ i - \
=~ \ T “ m “mh AW > FM ) - .' - @
- 1 m; a1 "n: ' g K > \ 2
A - ! R ) P - Aiopunoquisoq ——
N “ |ﬁ un mﬁ 7~ !m 3 ' N
K RS , \ i ) 9UOJSUCII PUD BUOISPUDS'a|OYs pappagq el NN
a———) T SRS KT R eunyjsuosi puo auoispuos pappaqsaiut FHH
Il ) 4 )\ 11 1 nlx y ol
> 1B HHNHE T g auojsuoyl puo ajoys pappequaiur SRS
4 1 17 .
S Hiry y = G v mw it auojspuos puo ajpys pappequajul
) g > g
H > N m - 219400 $50)8) umouyun
N ] 1" (3 . Aﬂv V J D
, F mﬁ = .4 (uoj /1wawpad)suosspuos [[[[]]]
" T }
|4 YA A : 3 = y uoj/uawiped B
b §
wrnyo ]
(vawanow ssow) paqusip 77

(auoisio)y ) ejoys

ASOIOHIN



193
Table 5.1 Percentage of basin area taken up by different surface units.

surface unit New Basin Rimco Basin
(%) (%)
sandstonet 13 18
pediment 30 24
segetated 24 35
shalep 25 18
miscellaneous# 7 5

Each group consists of the iollowing units (Fig. 5.2):

+ sandstone; interbedded sandstone and ironstone.

i alluvial; pediment/fan; sandstone (pediment/fan).

b shale: interbedded shale and ironstone.

# ironstone; disturbed; interbedded shale and sandstone; interbedded shale, sandstone, and
ironstone.



collectors were only opened during rainfall, and extreme care was taken to avoid
contamination of the sample. Because the collector had to be opened manually, the first
part of rainfall was usually not sampled.

Discharge from the New Basin was measured using a 1.5 feet Parshall flume,
combined with a runoff-triggered Aquatot FMS 2280 sonic-echo flow gauge (Fig. 5.3).
Discharge from the Rimco Basin was measured using a CSIRO MK.IIT Rimco streamgauge
and a rated flume. Visual stage recordings supplemented the charts of the automatic stage
recorders. |

During flow, runoff samples were taken manually a few meters upstream from the
flumes. The sampling interval was 3 to 4 minutes during the rising stages and the
hydrograph peak and was increased, in some cases up to 20 minutes, during the falling
stage. Samples for determining solute and sediment concentrations were transported to the
laboratory. In 1987, EC data were collected. EC's were measured in the field, directly after

sampling.

5.3 LABORATORY PROCEDURES

As with the direct-runoff tests and the rainfall simulations, weakly crystalline gels
in the runoff samples (Bryan et al., 1984) precluded separating solutes and suspended
sediment by filtration. The sediment concentration was therefore determined by pipetting a
known volume of sample into a cup, and measuring the weight of the residue remaining
after evaporation of the water. The sediment concentration thus obtained refers to the
concentrations of solutes and suspended sediment combined. An analysis of data for twelve
storms by Sutherland and Bryan (1988) indicates that solutes accounted for only 1.4 per
cent of the totul load of solutes and suspended sediment. Sediment concentrations found

by the evaporation method will therefore closely approximate suspended sediment
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Fig. 5.3 Upstream view of the outlets of the New Basin (left) and the Rimco Basin (right)
with the associated instrumentation. The Aguatot sonic-echo flowgduge can be seen suspended
above the 1.5 foot wide Parshall flume of the New Basin. The instrument stand between the
channels contains batteries, a solar panel for recharging, and the chart recorder for the
Aquatot flow gauge. Note the typical light brown colour of the runoff, indicative of the high
sediment concentrations.
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concentrations.

Because of the probleras with filtration, solutes and suspended sediment were
separated by centrifuging part of selected samples. About 120 1nl of the supernatant liquid
was poured into 125 m! polyethylene bottles and stored in a refrigerator for further
analysis of the major cations and 30 4- Concentrations o Na, K. Ca, Mg, and Al were
determined by atomic absorption spectrometry on & P=rkin-Elmer specirometer. Sulphate

concentrations were determined with a Technicon Autoanaiyzer II.

5.4 THE RAINFALL-RUNOFF RELATIONSHIP

During the summers of 1986 and 1987 data for the falling and rising stage of 15
runoff events were collected in the Rimco Basin and the New Basin (Table 5.2). Data were
collected for an additional 4 minor runoff events, but because the rising stage was missed,
these data are incomplete, and are not used. No runoff data were collected for 7 minor
runoff events, either because rainfall was so localized that rainfall characteristics at the
campsite did not suggest runoff would occur in the research basins, or because all sample
bottles were full. In Table 5.2, rainfall for each storm is calculated by taking the average
of the rainfall for each raingauge. The density of the gauge network in relation to the
spatial variability of the rainfall does not warrant applying more sophisticated methods of
calculating total rainfall over the basin. Certain standard raingauges (no.'s 3 2nd 7)
consistently received less rainfall than the others. These deviations are caused by the local
topography in relaiion to the prevailing wind directions during a storm. Extrapolation of
the rainfall data to obtain accurate areal values would need to take these two factors into
account, and is beyond the scope of this study.

Table 5.2 also shows the API (Antecedent Precipitation Index) for each storm

(Section 4.6.1). A plot of the API against total rainfall for each storm shows that the
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Table 5.2 Overview of rainfall and runoff data collected during 1986 and 1987.

date average rainfall API{ Rimco Basini New Basini
(mm)

1986

June 8 3.8 0.0 — —
June 14 3.0 1.0 — —
June 18 1.0 1.6 — —
June 29 2.6 0.2 F F
June 30 4.9 2.3 F F
July 5 (I 7.3 2.3 X X
July 5 (I1) 34 9.6 X R
July 9 7.0 5.3 X X
July 11 3.1 7.9 F F
July 19 2.4 1.8 R R
July 26 8.0 0.9 X X
August 5 43 1.0 X X
August 8 1.8 2.7 X X
1987

May 26 (1) 6.0 0.0 X X
May 26 (1I) 4.5 6.0 X X
May 27 2.5 8.4 X R
June 16 3.0 0.1 -— —
June 19 (I) 4.2 1.6 X X
June 19 (II) 12.6 5.8 X X
June 20 3.9 14.7 X X
June 30 2.0 2.0 — —
July 3-4 3.9 2.0 R R
July 5 2.6 3.8 F F
July 6-7 1.0 5.1 — —_
Juiy 16 2.0 0.7 — —
July 18-19 10.2 1.7 X X
July 25 3.5 2.5 R R
July 28 1.3 3.1 — —
August 4 2.1 0.9 R R
August 10 4.6 0.8 X X
August 11 2.8 43 R R
August 13 0.5 4.6 — —
August 14 17.6 4.0 X X
August 16-17 4.1 13.9 R R
August 18-19 6.3 11.5 R R

+ Antecedent Precipitation Index
% — - no runoff
X - complete data (rising and falling stage)
F - data for falling stage only
R - runoff occurred, but no data were collected
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rainfall necessary to cause runoff tends to increase under di.er antecedent moisture

conditions (Fig. 5.4). However, this tendency does not always occur. A few storms
indicate that runoff generation is also controlled by factors other than total rainfall and
antecedent maisture conditions, such as rainfall intensity and spatial distribution of
rainfall. Although the larger Aquatot Basin shows a larger response time (Bryan and
Campbell, 1986), in the <ize range of the Rimco Basin and the New Basin this effect of
increasing size is not evident, and is overshadowed by the effect of the rainfall distribution.
The effect of basin size on response times would probably be more apparent if the New

Basin and the Rimco Basin were nested.

5.4.1 RUNOFF COEFFICIENTS

Data on the total rainfall, total discharge, runoff coefficients, and antecedent
moisture conditions are presented in Tables 5.3 and 5.4, for the Rimco Basin and the New
Basin, respectively. Table 5.5 contains previously published data for the Rimco Basin for
1981 from Sutherland (1983), and for 1982 from Bryan and Campbell (1986).

Part of the total discharge data for 1986 and 1987 are minimum estimates because
the start of the flow was missed so that reliable estimates of discharge in the early stages
of runoff could not be made. Consequently, runoff coefficients calculated for these events
are minimum estimates also. Runoff coefficients and total discharges for 1981 and 1982 in
Table 5.5 may suffer from the same problem, and should be interpreted with cau:ion.

The relationship between total rainfall (mm) and total discharge (mm) for the
Rimco Basin and the New Basin in 1986 and 1987 is shown in Fig. 5.5 for those storms for
which total discharge is not a minimum estimate. Also shown in Fig. 5.5 are the antecedent
moisture conditions for each storm, and lines indicating the value of the runoff

coefficient. As expected, runoff coefficients tended to increase with higher antecedent
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Fig. 5.4 Antecedent Precipitation Index plotted against total rainfall for each storm for the
Rimco Basin and the New Basin.
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Table 5.3 Rainfail, runoff, and sediment yields of the Rimco Basin for 1986 and 1987.

total total runoff sediment yield
date rainfall  discharge coefficient per unit area

(mm) (mm) (%) (kg ha'')
1986
July 5§ (1) 7.3 0.3% 4% 4671
July 5 (II) 3.4 0.5 14 144
Julv 9 7.0 1.3% 19% 495t
July 26 8.1 1.5% 18% 5461
August 5 4.3 0.4% 9t 92%
August 8 1.8 0.1 4 10
1987
May 26 (I) 6.0 0.5 8 84
May 26 (II) 4.5 0.37 8t 651
May 27 2.5 0.2% 9t 61t
June 19 (1) 4.2 0.2 4 26
June 19 (II) 12.6 31 25 1042¢
June 20 3.9 0.6 15 149
July 18 10.2 0.6 6 58
August 10 4.6 0.3¢% 7% 53%
August 14 17.6 2.5% 141 592+

T indicates a minimum estimate
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Table 5.4 Rainfall, runoff, and sediment yields of the New Basin [or 1986 and 1987.

total total runoff sediment vield
date rainfall  discharge coefficient  per unit area

(mm) (mm) (%) (kg ha'')
1986
July 5 (D) 7.3 0.4% 5% 80+
July 9 7.0 1.1t 16% 454+t
July 26 5.2 1.7¢ 32% 7281
August 5 4.3 0.6F 14% 198¢
August 8 1.8 0.04 2 7
1987
May 26 (I) 6.0 0.4 7 109
May 26 (II) 4.5 0.3% 61 60t
June 19 (1) 4.2 0.1 3 14
June 19 (II) 12.6 4.4 35 1719%
June 20 39 0.9 22 299
July 18 10.2 1.0 10 134
August 10 4.6 0.5% 11% 107¢
August 14 17.6 6.4% 36t 2296

T indicates a minimum estimate
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Table 5.5 Rainfall, runoff, and sediment vields of the Rimco Basin for 1981 and 1982.

total total runoff sediment vield
date rainfall  discharge coefficient per unit area

(mm) (mm) (%) (kg ha"')
1981
May 6 11.0 2.1 20 —
May 7 8.5 4.5 54 —
May 15-16 25.1 10.6 43 —
May 22 3.5 1.0 29 —
June 3 4.2 1.3 32 —
June 10 7.4 1.7 23 —
June 13 20.5 6.7 33 —
June 23 2.5 0.7 29 —_
June 27 3.6 0.9 26 —
June 28 5.0 2.2 45 —
July 1 30.2 5.0 17 —
July 13 7.6 2.0 27 —
1982
June 5 24.1 10.1 42 —
June 27 21.0 5.2 25% 1340
July 1 10.0 3.9 39 1040
July 9 17.9 8.4 47 1870
July 25 8.0 2.0 24 190

+ indicates a minimum estimate

(Source: Sutherland, 1983; Bryan and Campbell, 1986)
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O New Basin
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Fig. 5.5 Relationship between total rainfall and total discharge for the Rimco Basin and the
New Basin.
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moisture conditions. Equaliy expected, for similar moisture conditions, runoff coefficients

increased with rainfall, as losses constituted a smaller percentage of the total rainfall.

Compared to the runoff coefficients for the Rimco Basin reported by Sutheriand
(1983) and Bryan and Campbell {1986) (Table 5.5). runoff coefficients found during the
present study are generally lower. This may parily be explained by antecedent moisture
conditions. Overall, 1981 and 1982 were much wetter. For instance, total rainfall for June
and July combined was 81.0 mm in 1981 (Sutherland, 1983), 115.3 mm in 1982 {Bryan and
Campbell, 1986), but oniy 4-5.2 mm and 50.2 mm in 1986 and 1987, respectively. The
Rimco Basin was generally much drier in 1986 and 1987, and infiltration and transmission
losses were higher than during 1981 and 1982.

Runoff coefficients of the Rimco Basin and the New Basin were generally similar
(Tables 5.3 and 5.4). Figure 5.6 shows the ratio of the runoff coefficients of both basins
(runoff coefficient Rimco Basin divided by runcff coefficient New Basin) plotted against
total rainfall. For those events for which the runoff coefficient is a minimum estimate, it
has been assumed that the true value of the runoff coefficient has been underestimated by
the samv: percentage for both basins, so that the ratio of the true runoff coefficients is
equal to that of the minimum estimates. Figure 5.6 suggests that with increasing total
rainfall, the runoff coefficient of the New Basin increases more rapidly than that of the
Rimco Basin. This can be explained by the higher proportion of vegetated, aeolian surfaces
in the Rimco Basin (Table 5.1). Infiltration capacities on these surfaces are very high.
Bryan and Hodges (1984) found that no runoff was generated during rainfall simulations
in which ca. 16 mm of rainfall were delivered to a vegetated plot at intensities of ca. 40
mm h-'. Thus, except possibly during exceptionally prolonged, severe storms, vegetated
surfaces will not produce runoff. The presence of vegetated surfaces will limit the runoff
coefficient to a greater extent in the Rimco Basin than in the New Basin. This effect will
be most pronounced under conditions of high antecedent rainfall and, possibly, of high

antecedent moisture. The influence of the latter factor, however, was not evident from the
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data, probably because the spatial distribution of the rainfall in relation to the location of
the runoff sources also affects runéf f coefficients. For five runoff events the ratio of the
runoif coefficients of the two basins is greater than one, indicating a higher runoff
coefficient for the Rimco Basin than for the New basin. For certain storms (e.g. July 9,
1986) this is attributed to the spatial distribution of rainfall (Fig. 5.7). For other storms,
evidence of the effect of rainfall distribution is less clear. Nevertheless, for all storms
during which the ratio of the runoff coefficients is larger than one, rainfall intensities
reach moderate to high values characteristic of spotty, convectional rainfall.

An example of a storm of reasonably high total rainfall and high antecedent
moisture conditions, but with a higher runoff coefficient for the Rimco Basin than for the
New Basin, occurred on July 9, 1986. The standard raingauges show a total rainfall of 10
to 13.5 mm in the upper part of the Rimco Basin, which was considerably more than in
the New Basin and the remainder of the Rimco Basin (Fig. 5.7). This extra rainfall caused
a second peak in the hydrograph of the Rimco Basin, while hardly affecting the
hyetograph at the Rimco raingauge and the hydrograph of the New Basin (Fig. 5.8). If the
average rainfall in the Rimco Basin is calculated on the basis of only the raingauges in the
basin, the total rainfall becomes 8.9 mm, the runoff coefficient decreases to 16 per cent (a
minimum estimate), and the ratio of tlie runoff coefficients becomes 1. This example
shows that in addition to antecedent moisture and total rainfall, the spatial distribution of

rainfall strongly affect runoff generation in the badlands.

5.4.2 HYDROGRAPH CHARACTERISTICS

The shape of the hydrograph is controlled by the spatial and temporal distribution
of rainfall, and by drainage basin characteristics such as the drainage network pattern and

the location of partial areas (Gregory and Walling, 1973). Variations in these factors cause
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Fig. 5.7 Total rainfall distribution on July 9, 1986.
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a large variety in hydrograph shapes for the Rimco Basin and the New Basin. Rainfall and
runoff data from two storms, on July 26, 1986, and July 18, 1987, of similar total rainfall
and antecedent moisture conditions show the effect of rainfall characteristics on
hydrograph shape.

The storm of July 26, 1986, was a typical early evening, convectional
thunderstorm. Total rainfall on this day was 23.7 mm for Brooks AHRC, 6.8 mm for
Brooks North, 11.0 mm for Brooks One Tree, 4.4 mm for Cessford, and 7.8 mm for
Iddesleigh (Figs. 2.1 and 2.3). Average total rainfalls for the Rimco Basin and the New
Basin were 8.1 and 5.2 mm, respectively. Total rainfall for the Rimco tipping bucket
raingauge was 8.3 mm, and peak intensity for a six minute period was 26 mm h-! so that
31 per cent of the total rainfall occurred during this period (Fig. 5.9). The large
differences in total rainfall, both between the stations on the prairie surface and between
the Rimco and the New Basin, and the relatively high peak intensity, are characteristic of a
convectional thunderstorm. The hydrographs of both basins are characterized by a steep
rise, a high, narrow peak, and a sharp decline (Fig. 5.10). Peak discharge for the Rimco
Basin was 270 1 s'*, which occurred at 2122 h, ca. 7 min after the rainfall intensity peak.
For the New Basin, the peak discharge of 125 1s-! occurred at 2126 h, ca. 11 min after the
peak of the rainfall intensity. Because the Rimco tipping bucket raingauge is located in the
Rimco Basin, ca. 170 m outside the New Basin, the temporal pattern of the rainfall
intensity for the Rimco raingauge may not be representative of rainfall characteristics in
the New Basin. When compared to the Rimco Basin, the larger lagtime between peak
discharge and peak rainfall intensity for the New Bz:in iS most likely caused by this effect.

In contrast to the previously described event, the storm of July 18, 1987,
exemplifies a rainstorm associated with the passage of a frontal disturbance. The daily
rainfall was 18.8 mm for Brooks AHRC, 20.4 mm for Brooks North, 19.4 mm for Brooks
One Tree, 0 mm for Cessford, and 13.4 mm for Iddesleigh (Figs. 2.1 and 2.4). Average

total rainfall for the Rimco and the New Basin was 10.2 mm. Total rainfall for the Rimco
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Fig. 5.9 Total rainfall distribution on July 26, 1986.
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tipping bucket raingauge was 9.1 mm, and peak intensity for a six minute period was 7.6

mm h! so that only 8 per cent of the total rainfall occurred during this period (Fig. 5.11).
The total rainfalls for the three stations in Brooks were very similar. In contrast to this, on
July 26, 1986, Brooks North received only 29 per cent of the total rainfall at Brooks
AHRC. This indicates that even though differences in total rainfall between the three
stations in Brooks and those in Cessford and Iddesleigh are sizeable, the variability of
rainfall was considerably less on July 18, 1987, than on July 26, 1986. Combined with the
long duration and the low intensity of the rainfall, thfs points to a frontal storm.

Because of the temporal pattern of rainfall, the hydrograph differs strongly from
the hydrograph caused by a convectional storm. The hydrograph of July 18, 1987, is
characterized by a very slow and gradual rise, a flat, rounded peak, and a gradual fall
sustained by low intensity (less than 2.5 mm h-!) rainfall (Fig. 5.12). Peak discharge for
the Rimco Basin was 21 1 s°!, which occurred at 2124 h, ca. 7 min after the peak rainfall
intensity. For the New Basin, peak discharge was 23 1 s, and occurred between 2123 and
2127 h. The similarity of the peak discharges of the two greatly different in size basins,
illustrates the differences in rainfall and drainage basin characteristics between the Rimco
and the New Basin.

The differences in rainstorm characteristics between the storms of July 26, 1986,
and July 18, 1987, are also reflected in the runoff coefficients of the basins. On July 26,
1986, the runoff coefficient of the Rimco basin was minimally 18.4 per cent, whereas on
July 18, 1987, the runoff coefficient was 5.9 per cent. Similarly, the runoff coefficient of
the New Basin was minimally 31.8 per cent on July 26, 1986, and 9.5 per cent on July 18,
1987. A small portion of the difference between the runoff coefficients for both storms
may be explained by the long duration of rninfall or July 18, 1987, allowing increased
evaporation during the event. More importantly, however, the low rainfall intensities on
July 18, 1987, allowed a considerable portion of rainfall to infiltrate, even though two of

the three major surface units in the basins (pediments and sandstones) have limited
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Fig. 5.11 Tota! rainfall distribution on July 18, 1987.
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infiltration capacities. The higher rainfall rates on July 26, 1986, exceeded the infiltration

capacity of most surface units, resulting in a considerably higher runoff coefficient.

5.5 SEDIMENT DYNAMICS

5.5.1 SEDIMENT YIELDS

Included in Tables 5.3 and 5.4 are the sediment yields per unit area for the Rimco
and the New Basin. As with the runoff coefficients, certain sediment yields represent a
minimum estimate because of missing data for the rising limb of the hydrograph. On one
occasion, the runoff event of June 19, 1987 (II), the sediment yields represent a minimum
estimate because of missing sediment concentration data during the event.

A plot of total rainfall against sediment yield shows that for those events for
which the sediment yield is not a minimum estimate, sediment yield in general sharply
increases with total rainfall (Fig. 5.13). Also shown in Fig. 5.13 is the effect of antecedent
moisture conditions on the sediment yield. As expected, higher antecedent moisture
conditions are accompanied by higher sediment yields. This patiern is not disturbed by
adding the minimum estimates (Tables 5.3 and 5.4). Because of the difference in size
between the Rimco Basin and the New Basin, runoff coefficients and sediment yields
would be expected to be lower in the Rimco Basin than in the New Basin due to larger
transmission losses and increased possibilities for storage of sediment. Both Fig. 5.6 and
5.14, however, show that additional factors have to be taken into account. Figure 5.14
shows the ratio of the sediment yields per unit area for the Rimco Basin and the New
Basin (sediment yield Rimco Basin divided by sediment yield New Basin) plotted against
total rainfall. For those events for which the sediment yield is a minimum estimate, it has

been assumed that the true value of the sediment yield has been underestimated by the
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same percentage for both basins, so that the ratio of th: true sediment yields is equal to

that of the minimum estimates. The pattern displayed in Fig. 5.14 is similar to that of Fig.
5.6, so that with increasing total rainfall, the sediment yield of the New Basin increases
more rapidiy than that of the Rimco Basin, 1esuliing in a iower ratio of the sediment
yields. As in the case of the runoff coefficients, this may be explained by the higher
proportion of vegetated surfaces in the Rimco Basin, vielding neither runoff nor sediment,
which thus limits the sediment vield under conditions of high total rainfall.

There is no clear effect of antecedent moisture conditions on the relationship
between the ratio of the sediment yieids and the total rainfall in Fig. 5.14. It would be
expected that under high antecedent moisture conditions, the secdiment yield of the New
Basin would exceed thai of the Rimco Basin but, like the runoff coefficients, sediment
yields are strongly affected by the additional factor of rainfall characteristics.
Furthermore, under high total rainfall the shales become an additional source of runoff
and sediment. Because shales account for a larger portion of the New Basin than of the
Rimco Basin (Table 5.1), under such conditions the ratio of the sediment yields of the two
basins may be expected to decrease (Fig. 5.14). For four runoff events the ratio of the
sediment vields of the two basins is larger than one, indicating that sediment yield is higher
in the Rimco Basin than in the New Basin. For all of these events the ratio of the runoff
coefficients is also larger than one. The connection between runoff coefficients and
sediment yields indicat. that the higher sediment vields in the Rimco Basin are caused by
the san.~ factor, spatial distribution of rainfall, as the higher runoff coefficients.

The sediment yields per unit area from Tables 5.3 and 5.4 were converied into
erosion rates using an average bulk density of 1826 kg m-* (Campbell, 1977a). For the
Rimco basin, the erosion during the fieldwork period was 0.07 mm in 1986, and 0.12 mm
in 1987, whereas in the New Basin, the values were 0.08 mm in 1986, and 0.26 mm in
1987. The differences in erosion rates between the two basins, although small in 1986,

again reflect the different percentages of vegetated surfaces and shales in the basins, in



addition to differences in rainfall characteristics between the basins.

If it were assumed that the average annual rainfall in Dinosaur Provincial Park was
250 mm (Bryan and Campbell, 1986), erosion rates based on the data from 1986 and 1987
would For these two veats be onlv 0.6 and 0.5 mm for the Rimco Basin, and 0.8 and 1 mm
for the New Basin. Even when taking into account the effect of missing data causing
underestimation, erosion rates in 1986 and 1987 are very much lower than the value of 3
mmuyr-! reported by Bryvan and Campbell (1986). The low values likely reflect the small
rainstorms of 1986 and 1987, which mainly generated runoff and sediment on the rapidly
yielding sandstones and pediments, whereas on the shales, which are important
contributors of sediment under high rainfalls, runoff generation and sediment entrainment

was limited to a few high-magnitude storms.

5.5.2 EFFECT OF STORM TYPE

The sediment vield patterns of the basins also reflect the contrast between the
convectional storm of July 26, 1986, and the frontal storm of Jjuly 18, 1987. ror the
Rimco Basin, the sediment yield per unit area (solutes and suspended sediment combined)
was minimally 546 kgha-* on July 26, 1986, and 58 kgha-! on July 18, 1987. For the New
Basin, the sediment yield was minimaily 728 kgha™* on Jjuly 26, 1986, and 134 kgha* on
July 18, 1987. On July 26, 1986, therefore, the sediment yield was more than 9.4 times
larger than on July 18, 1987, in the Rimco Basin, whereas in the New Basin the sediment
yield on July 26, 1986, was more than 5.4 times ihe sediment yield on July 18, 1987.

Only part of the difference between the sediment yields can be explained by the
difference in the total discharge for the two storms. On July 26, 1986, the total discharge
was more than 2.5 times, and more than 1.7 times the total discharge of July 18, 1987, for

the Rimco and the New Basin, respectively. Another factor causing higher sediment yields
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on July 26, 1986, is that discharges, and hence flow velocities, were significantly higher
than on July 18, 1987. The increased transport capacity of the runoff on July 26, 1986,
caused a higher sediment yield than on July 18, 1987. Sediment yields for both days also
differ because of differences in the response of runoff and sediment sources, and because
of differences in rainfall erosivity. Although no direct measurements of the energy
characteristics of the rainfall were made, rainfali intensities allow a comparison between
the erosivities of the storms. On July 26, 1986, the average intensity for the 36 min storm
was 13.8 mm h-!, with a peak intensity of 26 mm h-! for a six minute period. On July 18,
1987, the average intensity for the 6 h 18 min storm was only 1.4 mm h"!, with a peak
intensity of 7.6 mm h! for a six minute period. Generally, a higher rainfall intensity will
cause an increase :n1 the detachment and transport rates of sediment on hillslopes (Meyer
and Wischmeier, 1969; Foster and Meyer, 1975; Kirkby, 1980). However, the effect of the
increased rainfall intensity on the sediment yield and sediment concentrations is hard to
separate from the effects of higher flow competence and the response variations of the
sediment sources. Differences between the sediment concentrations for the two storms
would be most evident during the rising stage of the hydrograph, when the effect of
rainfall intensity on ihe sediment concentrations would be most pronounced. Discharges on
the rising stage of both events, however, differ greatly in magnitude, precluding separation

of the effects of rainfall intensity and flow competence on sediment concentrations.

5.5.3 THE SEDIMENT CONCENTRATION/DISCHARGE RELATIONSHIP

The relationship between sediment concentration and discharge is usually
established by combining data for several runoff events and fitting a straight regression
line on logarithmic ccurdinates to the data. For the Rimco Basin the equation of the

regression line is
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sc = 10.9 Q96 [5.1]

(n=105, r*=0.504, P<0.001) (Fig. 5.15), whereas for the New Basin it is

sC = 14.5 Q" [5.2]

(n=140, r*=0.576, P<0.001) (Fig. 5.16). In both equations, SC is the sediment
concentration (g 1-!), and Q is the discharge (1 s'). The value of the exponent usually lies
between 1 and 2 (Gregory and Walling, 1973; Graf, 1988), although values as low as 0.159
have been found in arid, ephemeral streams (see Reid and Frostick, 1987, for a review).
The low values found in the present study imply a slow rise of sediment concentration with
discharge. This indicates that sediment concentrations in the Rimco basin and the New
Basin are almost entirely controlled by the supply conditions, i.e. the response of the
surface units. Flow capacity, the other variable controlling sediment concentration, appears
to be of lesser importance. Most of the sediment exported from the two basins has the
grain size of silt/fine sand and finer. This material can be transported even at very low
flows so that sediment concentrations remain high (>10 g 1'') even during the final stages
of flow.

A rating curve as given by Eq. [5.1] and [5.2] conceals an often considerable scatter
of the data points. This scatter is caused by variations in the response of sediment and
~unoff source areas and in flow conditions on the rising and falling stages (Gregory and
Wailing, 1973). The scatter may be eliminated by using data from individual runoff events.

A plot of the sediment concentration/discharge relationship for an individual
runoff event generally displays hysteresis, which may be either clockwise or
counterclockwise. Clockwise hysteresis has been associated with a decrease in the
availability of suspended sediment during the runoff event, and with an increase in the

proportion of baseflow during the falling stagz (Walling, 1974; Walling and Webb, 1982).
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Clockwise hysteresis has also been attributed to a reduction in rainfall erosivity during the
falling stage (Gregory and Walling, 1973). In two small basins in England, Klein (1984)
found that hysteresis type varied with sediment source location. In the case of clockwise
hysteresis the sediment source was the channel area, wherea. counterclockwise hysteresis
occurred when the sesdiment source was located on the upper part of the slopes (Klein,
1984). Counterclockwise hysteresis has also been related to a sustained or increased
sediment supply (Burt et al. 1983), and to the downstream increase in lag between the
sediment and flood peaks (Gregory and Walling, 1973). Analysis of sediment
concentration/ discharge relationships for individual events can be of assistance in
clarifying the response and spatial distribution of sediment sources, and in this manner
aids in the explanation of drainage basin behaviour (Grimshaw and Lewin, 1980; Loughran
et al., 1986).

The sediment concentration/discharge relationship for individual runoff events for
the Rimco Basin and the New Basin displays both clockwise and counterclockwise
hysteresis (Table 5.6). Within each of these categories-a distinction may be made as to
whether the relationship shows a single loop or a more complex pattern of loops. Single
loops occur during events for which the temporal distribution of rainfall is relatively
simple and does not lead to multiple discharge peaks at the basin outlet. Complex patterns
of loops are associated with storms during which the temporal distribution of rainfall
causes multiple discharge peaks. Combined with variations in the sediment concentration
this results in a more complex pattern of the sediment concentration/discharge
relationship. This pattern, however, is still indicative of increases or decreases in sediment
availability, and in all aspects drainage basin response during these events is similar to that
during events which display a single loop. All observed complex loop patterns are from
‘rontal storms with a relatively low intensity, long duration, and uniform rainfall.
Variations in the spatial pattern of rainfall, which may also result in complex loop

patterns, are therefore unlikely to be a factor here.
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Table 5.6 Effect of average total rainfall on the sediment concentration/discharge

relationship

average average antecedent
Rimco New total total moicture
date Basin Basin rainfall rainfall conditions
+ t £ b # Tt
1986
July 5 (1) CcC CC 7.3 4.4 7.5
July 5 (I) C — 3.4 — 4.8
July 9 C 7.0 — 7.6
July 26 CC C 8.1 (Rimco) 7.1 0.0
5.2 {(New)
August 5 C C 4.3 — 0.0
August 8 C C 1.8 — 4.3
1987
May 26 (1) . he 6.0 — 0.0
May 26 (II) C —_ 4.5 — 6.0
May 27 C — 2.5 — 10.5
June 19 (1) C C 4.2 — 3.0
June 19 (II) + + 12.6 — 7.2
June 20 C C 3.9 — 19.8
July 18 CcC CC 10.2 6.0 2.0
August 10 — + 4.6 5.0 2.1
August 14 + + 17.6 4.0 7.9

4(1) and (II) indicate multiple runoff events
1 CC - counterclockwise hysteresis
C - clockwise hysteresis
» . complex pattern of loops indicating decrease in sediment supply

+ - complex pattern of loops indicating increase in sediment supply
— - no data available

b average total rainfall during event (mm)
# average total rainfall at time of increasing sediment concentration (mm)
++ average total rainfall in week prior to event (mm)



For those events showing an increase in sediment supply, Table 5.6 gives the total
rainfall at the time when the sediment concentration/discharge relationship indicates a tise
in sediment concentration which cannot be attributed to increasing transport capacity of
the flow. Figure 5.17 shows the relationship between this value of total rainfall and
antecedent moisture conditions expressed as total rainfall in the week prior to the runoff
event. This definition of antecedent moisture condition was chosen as a first approximation
of the conditions in the tunnel systems. An alternative chioice would be an API calculated
with a value of close to 1 (Section 5.4) to reflect the slow drying rates in the tunnels,
which are sheliered from sun and wind.

The total rainfall associated with the increase in sediment concentration (Fig. 5.17)
is evidently well below the threshold rainfall for runoff generation and sediment
entrainment on the shale surfaces, ruling out these surfaces as the source of the additional
sediment. Another possible source of the additional sediment is the deep tunnel systems.
Bryan and Harvey (1985) showed that solute and sediment concentrations of tunnel flow
are typically three te four times higher than normally found in channel flow, as runoff
passing through the tunnel systems picks up solutes and sediment. Initiation of tunnel flow
would therefore cause an increase in sediment concentrations during the runoff event,
resulting in counterclockwise hysteresis (Fig. 5.18). Accordingly the total rainfall at the
time of rising sediment concentrations is interpreted as the threshold rainfall necessary to
overcome initial transmission losses within the tunnel system, and to initiate spatially
continuous flow in the tunnels.

Two factors serve to limit initial transmissior: losses within the tunnel system.
First, because of repeated flow through the tunnels the tunnel bottom may in places be
lined with a silty deposit analogoixs to the silt stringers described by Hodges . . Bryan
(1982). Second, tunnels are shielded from wind and sun so that antecedent moisture

conditions are generally higher than at the surface.
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1987, showing an increasing sediment supply as deep tunnel systems and shale surfaces
contribute sediment.
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Figure 5.17 also contains two data points on the initiation of tunnel flow from

Bryan and Harvey (1985). Under the antecedent moisture conditions of these two points
transmission losses within the tunnel system are assumed to be negligible, as the tunnel
system is still wet from the previous runoff event. Tunnel flow therefore starts when total
rainfall exceeds the threshold of runoff generation on the sandstone and pediment surfaces
feeding into the tunnel system. This causes the curve of the threshold of tunnel flow
initiation to level off under wet antecedent moisture conditions.

Data collected by Bryan and Harvey (198%5) indicate that, depending on antecedent
moisture conditions, tunnel flow starts betweer: 0 and 30 minutes after the start of flow
from the Rimco Basin. Because of this delay, tunael flow generally does not contribute to
the first part of runoff from the Rimco Basin. During these larger storms total rainfall
may also exceed the 8 to 25 mm threshold of runof f generation on the shale surfaces. The
high sediment concentrations in the runoff from the shale surfaces (Bryan et al. 1984) wiil
reinforce the counterclockwise hysteresis in the sediment concentration/ discharge
relationship. In addition, microtunnel collapse and small slumps and mudflows on the shale
surfaces may contribute to increased sediment concentrations during the later stages of the
storm (Bryan et al. 1978, Bryan and Campbell 1980).

Clockwise hysteresis generally occurs during storms for which the total rainfall
does not exceed the threshold of tunnel flow initiation, with three exceptions to be
discussed later. During these relatively small rainstorms runoff is generated only on the
rapidly responding sandstone and pediment surfaces. This restricts the sediment sources
within the basin to these two units and to the channel system. Sediment available in the
channel system is, except possibly under extreme circumstances, not supply-limited. It
consists, however, of the coarser fractions of the maiterial moving through the system, 30
that transport is more closely controlled by flow competence. On the pediments, Hodges
(1982) describes the development of chutes or ephemeral rills triggered by flow instability,

which would suggest that sediment is not supply-limited on these surfaces. It is important



to note, however, that rainfall intensity during Hodges' (1982) experiments averaged 29
mm h ! over 30 min. The actual intensity in the center of the plot may have been
considerably higher duec to the spray pattern of the rainfall simuiator (Bryan et al. 1978).
Flow instability hence occurs under conditions of prolonged rainfall of fairly high
inten-ity. During storms of a lower intensity flow instability and chute development will
not occur, and sediment concentrations on both the pediment surfaces and the sandsiones
will be supply-controlled. Thus, sediment and solutes produced and accumulated on these
surfaces during dry periods are flushed away during the initial stages of runoff (Fig.
5.19). In Table 5.6, the total rainfall for July 26, 1986, has been separately calculated for
the Rimco Basin and the New Basin because the basins showed a different kind of
hysteresis.

When the average total rainfall during each event is plotted against antecedent
moisture conditions (Fig. 5.17), the data points for the events exhibiting clockwise
hysteresis plot below the curve of the threshold of tunnel flow initiation, with the
exception of the runoff events which occurred on July 5 (II) and July 9, 1986, and on June
20. 1987. The event of July 9, 1986, shows the effect of rainfall intensity on drainage basin
response. Although the sediment concentration/discharge relationship displayed clockwise
hysteresis, total rainfall averaged 7.0 mm. This is in excess of the threshold rainfall for
tunnel flow and counterclockwise hysteresis. During this event rainfall intensity reached 43
mm h-! for a six minute period at the beginning of the storm. This short burst accounts
for a total rainfali of more than 4 mm, most of which, however, is rapidly lost through
cracks wi}hin the tinnel system. Only after the sealing of such cracks by swelling of the
material on wetting can the tunnel system contribute to drainage basin discharge. There
appears to be a maximum rate at which cracks within the tunnel system can be sealed.
When water is applied to the tunnel system at high rates at the beginning of a rainstorm
this water does not coniribute to the sealing of <racks in the tunnel system, but instead

flows into these cracks. It does then not contribute to basin discharge, but instead
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Fig. 5.19 Sediment concentration/discharge relationship for the Rimco Basin on May 27, 1987,

showing exhaustion of the sediment supply as sediment accumulated on the sandstone and
pediment surfaces is flushed away during the rising stage.



contributes to deep infiltration. The relationship between aniecedent moisture conditions
and the threshold of tunnel flow initiation in Fig. 5.17 was determined for rainstorms
which occurred during the 1986 and 1987 summer seasons. Peak intensity for a six minute
period for these rainstorms did not exceed 11 mm h™! in the majority of cases.

The runoff events of July S, 1986 (II), and June 20, 1987, both followed runoff
events during which tunnel flow and, in the case of June 20, 1987, runoff generation on
the shale surfaces occurred. During the falling stage of these preceding events a
considerable amount of sediment derived from the shale surfaces and the tunnel systems
was deposited in the form of thin clay skins on the pediment surfaces and in shallow ponds
in the channel. This sediment was flushed away during the early stages of the runoff
events of July 5, 1986 (II) and June 20, 1987 (Fig. 5.20). The exceptionally high sediment
concentrations, which reached values in excess of 60 g 1-* during the first phas. of runoff,
caused clockwise hysteresis and effectively concealed the counterclockwise hysteresis
expected during these =vents.

At the beginning of the majority of storms, the channel alluvium is still moist
from the previous runoff event. This reduces transmission losses, so that runoff from both
basins occurs when total rainfall exceeds the threshold of runoff generation on the
sandstone and pediment surfaces. When total rainfall is increased and exceeds the threshoid
of tunnel flow initiation the tunnel system starts to function as an additional sedimen?
source and sediment concentrations increase significantly, as is evidenced by the sediment
concentration/discharge relationship. A further increase of total rainfall resulting in runoff
generation on the shale surfaces will raise sediment concentrations even more. The effect
of the sediment-rich runoff from the shale surfaces is similar to that of tunnel flow, and
is therefore not separately discernible in the sediment concentration/discharge relationship
of the Rimco Basin and the New Basin.

In this model, the change from clockwise to counterclockwise hysteresis occurs

because the start of flow from the basin precedes the initiation of tunnel flow. Comparison
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Fig. 5.20 Sediment concentration/discharge relationship on June 20, 1987, compared to other
data for the New Basin. The flushing away of sediment accurnulated on the sands:one and
pediment surfaces causes exceptionally high sediment concentrations on the rising stage,
disguising the counterc'ockwise hysteresis expected during this event.
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of the starting times of flow for the Rimco Basin, the Ne. Basin, and the 336,810 m?
Agquatot Basin (Bryan and Campbell, 1986) indicates that the start of flow is delayed as
basin area increases. Since the tunnels discharge directly into the channel system, for a
sufficiently large basin the start of flow from the basin will coincide with the initiation of
tunnel flow. Thus, sediment concentrations will be high from the beginning of runoff and
tunnel flow initiation will not cause a change in hysteresis. The ratio of the response times
of the deep tunnel sysiems to that of the basin will control this scale dependent aspect of

the sediment dynamics.

5.6 SOLUTE DYNAMICS

Although solutes account for a mere 1.4 per cent of the total stream load
(Sutherland, 1983; Sutherland and Br'yan. 1988), an analysis of the solute dynamics of the

Rimco Basin and the New Basin was undertaken to clarify drainage basin response.

5.6.1 ELECTRICAL CONDUCTIVITY

Both the Rimco Basin and the New Basin showed the same general pattern of EC
variation with time and discharge. Initially, the EC dec.cased sharply to reach a low value
around the time of peak flow. During the subsequent falling stage, the EC gradually
increased to high levels in the final phases of flow. The steep decline in EC durinz the
rising stage represents flushing of solute-rich runoff, whereas the gradual increase during

~.-= Falling stage is caused by the dissolution of suspended sediment and, in some cases, by

e delayed contributions of solute-rich runoff from tunnel systems and shales (Fig. 5.21).
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Because of this mechanism. an inverse relationship between EC and discharge
would be expected. In the New Basin. the EC/discharge relationshir follows this pattern
(Fig. 5.22), and is described by

EC = s502.2 Q 008

—
w
(¥}

—

(n=134, r*=0.116, P<0.001). In the Rimco Basin, however, the regression equation is

EC = 275.2 Q"%°

[5.4]
(n=82, r*=0.061, P<0.05), indicating an increase, albeit slow, of EC with discharge (Fig.
5.23). This is caused by the higher cut-off point for the Rimco Basin; the stage below
which no reliable estimates of the discharge are available. The cut-off point for the Rimco
Basin lies at a stage of 10 cm, corresponding to a discharge of 19 1 s, whereas for the
New Basin it lies at a stage of 3 cm and a discharge of 3 1 s'. The positive slope of the
EC/discharge relationship for the Rimco Basin is caused by the exclusion of the low
discharges with high EC's, not by some fundamental difference berween the two basins.
Comparison of Figs. 5.22 and 5.23 shows that EC's are ge. "'y higher in the New Basin.
EC'’s in the New Basin ranged from 260 to 800 xS cm-?, whereas ir the Rimuo basin, EC's
ranged from 255 to 685 »S cm™. In both basins the highest EC vaiues occutres late during
the falling stage.

During the majority of storms, the initiation of tunnel flow is not discernable
from the EC/discharge relationiship, and a counterclockwise loop of the sediment
concentration/discharge curve can be accompanied by a clockwise loop of the EC/discharge
curve. This discrepancy is caused by two opposite effects found during tunnel flow
initiatior. Tunnel flow initiation generally occurs during periods of higher rainfall intensity

and peak (channel) flow. This resuits in a lowering of the EC due to the increased input
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of water with a low solute concentration. Conversely, tunnel flow initiation causes an
inflow of solute-rich water into the channel system. The amount of solutes tr 's added to
the channel flow is not sufficient to prevent the occurrence of an EC trough, but does

result in a reduction of its depth.

The time of occurrence of the EC trough and its actual value (or depth) are

controlled by three factors:

(1) the amount of readily available solutes that can be flushed away during the first stages

of flow;

(2) the dissolution rate of components of the suspended sediment;

(3) the contribution of solute-rich runoff by tunnel systems and shales.

All three factors are affected by rainfall characteristics and drainage basin conditions so
that, although both basins showed the same general pattern of a steep decrease in EC,
followed by a gradual increase during the falling stage, details of this pattern differed
between the two basins. In the Rimco Basin, peak discharge always preceded. or coincided
with, the EC trough. In the New Rasin, however, during three runoff events (May 26,
1987 (1), June 19, 1987 (II), and .. ne 20, 1987) peak discharge lagged after the EC
trough, whereas during the remaining runoff events peak discharge preceded, or ceincided
with, the EC trough (Fig. 5.24). When secondary discharge peaks cccurred they preceded,
or coincided with, the EC trough in both basins. During storms with multiple discharge
peaks there generally was an inverse relationship between the magnitude of the peak
discharge and that of the EC trough.

The differences in behaviour between the basins can be explained by a more rapid

flushing of solute-rich water, causing higher EC's on the rising stage and, more
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Fig. 5.24 Contrasting EC/discharge relationships for the New Basin. On June 20, 1987, the
peak discharge lagged after the EC trough, resulting in counterclockwise hysteresis. On August
14, 1987, the peak discharge preceded the EC trough a number of times, resulting in a series

of clockwise loops. On both days, however, the highest EC's occurred during the final stages
of flow.
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importantly, by a more rapid solution of suspended sediment in the New Basin (Fig.
5.25). The latter factor can be attributed to the higher sediment concentrations in the New
Basin.

The change in the EC/discharge relationship for the New Basin, from a leading to
a lagging EC trough, may be attributed to increased solute concentrations on the rising
stage. This effect was most pronounced during the lengthy, low -intensity rainstorms of
july 18 and August 10 and 14, 1987. The Jow -intensity rainfall allowed considerable
wetting of the sandstones and pediments prior to the start of runoff, reducing the strength
of the upper layers and causing higher EC's during the rising stage and the flow peak (Fig.
5.26). The same process also caused the EC trough to lag after the peak discharge during
secondary and later peaks. In the Rimco Basin, the latter process also operated but had no

effect on the relative timing of the discharge peak and the EC trough.

5.6.2 RUNOFF CHEMISTRY

As stated in Section 5.3, a number of samples was centrifuged to separate dissolved
and suspended sediment. The time elapsed between sampling and centrifuging enabled
additional dissolution and hydrolysis of suspended sediment and a further completion of
exchange reactions, so that the runoff chemistry at the time of analysis may differ from
that at the time of sampling. It may be expected that the change in chemistry during
storage is mainly due to dissolution and hvdrolysis of suspended sediment in the sample, as
exchange reactions on kaolinite, montmorillonite, and illite are usually quite rapid. and can
be expected to be close to or at equilibrium at the time of samplirg (Sparks, 1985). It was
noted in the field that the EC of samples increased rapidly with time. It should k2
emphasized, however, that the EC's reported in Section 5.6.1 were measured directly after

sampling. Figure 5.27 compares the EC at the time of sampling (EC) to that after

241



O
ve]
o \
c
o \
w .
& \ _ EC (New Basin)
(0 4 -
< .
(I_) - EC (Rimco Basin)
2] :
a : -
: ? — Discharge
E

TIME

Fig. 5.25 Contrast between EC/discharge relationship of the Rimco Basin and the New Basin.

In the Rimco Basin, the discharge peak precedes (or coincides with) the EC trough, whereas
in the New Basin it lags after the EC trough on two occasions. The difference is possibly
caused by more rapid flushing of solute-rich water and, more importantly, by an earlier
contribution to the EC by dissolving suspended sediment in the New Basin.
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Fig. 5.26 Change in EC/discharge relationship of the New Basin during low-intensity
rainstorms. The wetness of the basin at the time of runoff generation causes higher sofute
export and increases the EC during the rising siage and the flow peak, causing the EC trough

to lag after the peak discharge. The same mechanism also operates during secondary and later
flow peaks.
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centrifuging (EC2}. The former was obtained by interpolation of EC data; the latter, by

meacuring the EC of centrifuged samples. The regression line is given by

EC2 = $6.69 + 1.0 FC [5.5]

(n=182, r?=0.935, P<C.001}. This equation indizaes thai over the range f EC's
measured, the EC increased by $7 uS cm™ between sampling and centrifuging. It is
somewhat surprising that the increase in EC would be this constant, considering that the
time ir-tervzl between sampling and centrifuging varied from a few hours to about a week
for di fer.::: samples. Sutherland (1983) found considerable variation of EC increase
durinz a period of several hours. Using Sutherland's (1983) relation of EC and TDS
(Section 2.8), Eq. [5.5] would indicate an increase in TDS of 58 mg 1"' between sampling

and c=ntrifvging. The chemical analyses shouid be interpreted with this in mind.

5.5.2.1 CATIONS

Runoff chemistry confirms the position of Na as the dominant cat:on.
Concentrations of Na varied rather irregularly with time, which is likely due to analytizal
error (Fig. 5.28). Becanse of the dominance of Na, EC and Na concentra®:-i5 may be
expecied to be closely correlated, as has been siiow.. for tunnel flow by Bryarn: s::d Harvey
(1985). This suggests that Na concentrations should vary as smoothly as the EC generally
does. Unfortunately, in 1986 tae EC meier was not z+zilable so that a direct comparison
of EC's and Na concentrations is nct possible.

The remaining major cations (K, Ca, Mg, and Al) in the runoff show little

variation with time (Fig. 5.28). In gcnerai, concentrations of the major cations rank as

follows:
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Na > Ca > K > Mg, Al

Potential sources for the cations are gypsum, calcite, and dolomite for Ca and Mg; the
cation exchange complex for Na and K; and the clay mineral lattice for Al. Evangelou et
al. (1984), working with the Mancos shale in the Upper Colorado River Basin, propose
that when water comes into contact with the regoiith, gypsum dissolves and releases Ca
and SO 4- Because it is divalent, Ca?- displaces Na- from the cation exchiange complex,
resulting in high Na concentrations of the runoff. The preferential adsorption of Ca*"
causes Ca concentrations to remain relatively constant, despite the dissolution of gypsum.
The same process will affect Ca released by the dissolution of calcite and dolomite. In
Dinosaur Provincial Park, the same processes can be expected 1o contro! cation

concentrations of runoff.

5.6.2.2 ANIONS

A check of the chemical balance of the samples (sum of the equivalent
concentrations of cations minus the sum of the anions) indicates a large deficit of anions,
suggesting a large error in one or more of the determinations or the presence on
undetermined anions. Regarding the first possibility, the irregular variations of Na suggest
an inaccuracy in the determination of Na, as variations in Na concentration should follow
the smooth variations in EC. Regarding the second possibility, determination of NO3 was
attempted but experimental difficulties, possibly caused by interference by SO 4 caused
spurious results. The pH values of saturated extracts, water-regolith suspensions, and
microplot runoff indicate that CO3 and I-ICO3 are also present. Bryan et al. (1984) found
Clin very low concentrations in saturated extracts. It can thcref ore be expected that I-ICO3

and NO3, with smaller amounts of CO3 and Cl, account for the missing equivalent
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concentrations of anions. It is, however, somewnhat surprising that SO 4 does not appear 1o

be the dominant anion. This is a contradiction of the findings of Bryan et al. (1984) who
analvzed saturated extracts derived from regolith samples. During runoff events. however,
water comes into contact with the upper few mm of sandstones and pediment only, so that
saturated extracis of bulk samples of regolith from these units may give a misleading
impression of the runoff chemistry. Runoff from shales, however, can be expected to
possess high SO 4 concentrations as runoff on these surfaces usually occurs as subsurface
flow.

In rainfall, SO 4 concentrations are low. A rainfall sample taken on May 26, 1987,
had an SO 4 concentration of 20.10 mg !¢ and an EC of 12.4 S cm!, and a sample taken
on July 18, 1987, had an SO4 concentration of 15.34 mg 1! and an EC of 7.0 uS ¢cm™*

Sulphate concentrations are strongly correlated with EC’'s (Fig. 5.29). The

ecuation of the regression line is
. SC)4 = -79.27 + 0.42 EC [3.6]

(n=184, r*=C.879, P<0.001). The pattern of the data in Fig. 5.24 suggests that an
exponential regression of the form

SO 4= exp(a + b EC) might be applicable, but it was found that this model did onlv
slight!y increase the correlation coefficient, from 0.938 for the linear model, 10 0.943 for
the exponential model. Despite the strong correlation, consistent deviations from the
regression line do occur. For both basins the data of June 20, 1987, plot above the
regression line (Fig. 5.30). This small (3.9 mm) rainstorm occurred under high antecedent
moisture conditions, and followed the two runoff events of June 19, 1987. As stated in
Section 5.5.3, during the second of these two preceding events sediment derived from the
shales and the tunnel systems was deposited in the form of thin clay skins on the pediment

surfaces and in shallow ponds in the channel. Remobilization of this material during the
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runoff event of June 20, 1987, caused high SO 4 concentrations at the beginning of runoff.

The high antecedent moisture conditions promoted tunnel flow and runoff generations on
the shales, causing SO 4 concentrations to remain high during the rest of the runoff event.

The SO 4/EC relationship for the runoff event of July 18, 1987, caused by a
long-duration, low-intensity, frontal rainstorm, displays a quite different behaviour (Fig.
5.30). For both basins the curve starts below the regression line. Near the time of peak
discharge, coinciding with the initiation of tunnel flow as determined from the sediment
concentration/discharge relationship, the SO 4/EC curve starts to approach, and uitimstely
crosses, the regression line.

The SO 4/EC curves of bath basins on June 19, 1987 (I}, show a start well above
the regression line, followed oy a steep drop to levels at and below the regression line (Fig.
5.31). The shape of the SO 4'/EC curve indicates that the solute chemistry during initial
flushing differs from that later during the runoff event, the difference being a higher
¢ onoian of SO 4 during initial flushing. This difference reflects the processes controlling

<umuiztion of solutes on the sandstones and pediments during dry periods. The

storm of June 19, 1987 (1), occurred within a few days after a small rainstorm which did
not generate runoff (Table 5.2). The infiltration and subsequent evaperation of the small
amount of rainfall may have caused the translocation of SO 4 derived from gypsum to the
surface, resulting in an efflorescence of SO 4 salts ready to be flushed away during the next
runoff event. It should be noted that in such an effiorescence, SO 4 need not be exclusively
associated with Ca as gypsum, but instead can form highly soluble salts with Ng, K, and
Mg (Evangelou et al., 1984).

Data for the runoff event of June 19, 1987 (II), for both basins are unfortunately
only available for the period before the initiation of tunnel flow. As expected, these data
plot close to the regression line. Thus, while not providing support, at least the data do not
contradict the theory that SO 4 concentrations in tunnel flow and in runoff from the shales

are higher than in runoff from other sources.



S0, (' mg )

200

100

Rimco Basin

O — Peak discharge

—_ L

- i A

400

EC( uScm™)

600

800

Fig. 5.31 SO4/EC relationsh’p for the Rimco Basin on July 19, 1987 (1). See text for
explanation.

253



254
The SO4/EC data for May 26, 1987 (1), a medium-sized (6.0 mm) storm with no

tunne! flow or runoff from shales, show initial flushing, analogous to that occurring on
June 19, 1987 (II), followed by a steep decline to levels near the regression line.

The relationship between SO 4 concentration and EC described also holds for that
between SO 4 concentration and EC2. The pattern of deviations from the regression line
generally indicates that SO 4 concentrations are proportionally higher in runoff from shales
and tunnels than from sandstones and pediments. The combination of SO a concentration
and EC can therefore be used to distinguish runoff sources and pathways, even though
each variable may have little value when used separately.

The SO 4/EC relationship is likely to be a more sensitive indicator of runoff sources
and pathways than sediment concentrations because increases in sediment concentration
can be caused by increasing discharge, as well as by tunnel flow initiation and runoff from
shales, but also by increasing discharge. The inability to separate these two effects
necessitates estimating the time of tunnel flow initiation from the sediment
concentration/discharge relationship as the time of an increase in sediment concentration
which cannot be attributed to increasing discharge (Section 5.5.3). Tunnel flow initiation,
however, may actually occur earlier. For example, the SO 4/EC relationship of July 18,
1987 (Fig. 5.30) indicates that following a decrease in SO 4 concentration and EC, after
2035h SO 4 concentrations remained constant whereas EC's continued to decrease. Analysis
of the sediment concentration/discharge relationship led to an estimate of the time of
tunnel flow initiation of 2124h (around peak discharge), which is ca. 50 min later.
Unfortunately, the runoff event of July 18, 1987, s the only event for which SO 4'/EC data
are available for a sufficiently long period, so that additional comparisons of times of

tunnel flow initiation are not possible.



CHAPTER 6
6.1 SPATIAL SCALE TRANSFERENCE IN SEMI-ARID DRAINAGE BASINS

The previous three chapters reported results of investigating the rainfall-runoff
relationship and sediment and solute dynamics at three levels of spatial scale: (1) the
microscale of experimental plots (0.6 m?); (2) the spa.ial scale of Subbasins A and B
(1882 - 2104 m?), in the following sections ;eferred to as the 'subbasin scale’; and (3) the
mesoscale of the Rimco Basin and the New Basin (79.230 - 202,260 m?). This chapter will
analyze the relationship between the results obtained at the different spatial scales, and will
discuss what in"crmation can be transferred between basins of dissimilar scale. Of key
interest will be the range of scale over which spatial scale transference may take place.
Within this range, transference does not necessitate extensive revision of the concepts
involved. Characterization of the boundaries across which spatial scale transference cannot

take place without such extensive revision is an essential part of spatial scale research in

geomorphology.

6.2 RAINFALL-RUNOFF RELATIONSHIP
6.2.1 HYDROLOGICAL RAINFALL AND COMPLEXITY OF BASIN TOPOGRAPHY

Variations in the inclination and direction of rainfall in relation to the aspect and
angle of slopes can cause large variations in hydrological rainfall (Section 4.4). In
Subbasins A and B, such variations may affect the rainfall-runoff relationship te a
considerable extent. Differences between runoff coefficients of storms in Subbasins A and

B could be explained by variations in hydrologic.. ainf all (Section 4.6.1.1). The
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hydrological rainfalls in Subbasins A and B also indicated that carry-over occurred (Scction

4.4), which adds to the effect of inclination and direction of incoming rainfall.

Basin topography in Subbasins A and B is relatively simple. Both basins have a
basic amphitheatrical shape in which a pediment forming a large portion of the basin
borders on a half-circle of steep sandstone and shale slopes. Because of this shape,
variations in inclination and direction of rainfall will affect the total input to the basin,
and hence runoff coefficients, to a considerable extent. This effect is even more
pronounced at the microscale. The topography of the Rimco Basin and the New Basin,
however, is much more complex so that variations in inclination and direction of rainfall
result in reduced rainfall in certain areas, but simultaneously, in increased rainfall in
others. The total input to the Rimco Basin and the New Basin is therefore not noticeably
affected by the inclination and direction of the incoming rainfall.

Complexity of basin topography is a function of the resolution with which it is
measured (Mandelbrot, 1967, 1983). To adequately compare topographical complexity at
different scales, topography should therefore be examined with the same spatial resolution
at all scales of interest. If the resolution were allowed to increase with decreasing spatial
scale, topography would be very complex even at the microscale of the experimental plot.
The complexity of basin topography may be quantified using techniques for describing
surface roughness such as, for example, a comparison of the distribution and orientation
of a set of triangular planes fitted to the topography (Hobson, 1972).

In Dinosaur Provincial Park, complexity of basin topography increases with spatial
scale. At “Ye microscale of the experimental plot, a basin consists of a small part of a
slope, and topography can be characterized as a straight, convex, or concave slope. At the
subbasin scale of Subbasins A and B, basin topography becomes amphitheater-shaped.
When spatial scale is increased further, basin topography becomes increasingly complex
because of the presence of ridges, hills, and other landforms inside the drainage basin.

Because sensitivity to inclination and direction of rainfall is a function of the complexity
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of basin topography, and this latter variable is in its turn a function of drainage basin

scale, there exists a direct relationship between the sensitivity to inclination and direction

of rainfall of a basin and the basin's spatial scale.

6.2.2 HYDROLOGICAL VERSUS METEOROLOGICAL RAINFALL

The rainfall-runoff relationship at the mesoscale was controlled by the distribution
of meteorological rainfall (Fig. 5.7 and 5.8). The variability of meteorological rainfall is
caused by non-uniform synoptic conditions independent of topography. It can reasonably
be assumed that at the microscale, variability of meteorological rainfall is absent to
negligible so that when spatial scale is increased from the micro- to the mesoscale,
meteorological rainfali replaces hydrological rainf all as a factor controlling basin response.
This situation exemplifies proposition VIII which states that there is a close similarity, or
balance, between the spatial and temporai dimensions of a geomorphic system, and the
characteristic dimensions of the dominant processes controlling its morphology,
functioning, and evolution (Section 1.3.3).

For hydrological rainfall, the characteristic dimension of interest is the drainage
basin size (up to ca. 2000 m?) for which differences in inclination and direction of
incoming rainfall will affect basin response. With increasing scale, the distribution of
hydrological rainfall seemingly becornes more and more random, and hydrological rainfall
loses its prominence in controlling basin response. For meteorological rainfall, the
characteristic dimension in this coatext is the basin scale at which variations in
meteorological rainfall modify basin response. In Dinosaur Provincial Park this is the case
at the mesoscale. At smaller spatial scales, i.e. at the micro- and subbasin scale, variability

of meteorological rainfall is much smaller, and its importance is overshadowed by that of

hydrological rainfall.
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The matter of hydrological in contradistinction to meteorological rainfall also

concerns proposition VII which says that differences in n.orphology, functioning, and
evolution between geomorphic systems at the same level in a hierarchy are controlled by
variables showing systematic variations over distances equal to, or shorter than, the
distance between the geomorphic systems, but equal to, or longer than, the spatial
dimensio. : of the geomorphic systems (Szction 1.3.3). Hydrological rainfall shows a
variability over distances much shorter than the dimensions of the Rimco Basin and the
New Basin, and viewed at the mesoscale the distribution of hydrological rainfall seems
random. Consequently;, differences in response between the two mesoscale basins can never
be explained by hydrological rainfall, but instead may be attributed to variability in
meteorological rainfall. On the other hand, differences in response between Subbasins A
and B may be caused by differences in meteorological rainfall as well as by differences in
nydrological rainfall.

Although hydrological rainfall shows variability within Subbasins A and B, in each
basin hydrological rainfall can b« characterized by a dominant inclination and direction of
rainfall, which may then aid in explaining differences in basin response. In this manner, a
transformed variable accounting for the differences in basin response is obtained (Section
1.3.3). Differences in hydrological rainfall between the two subbasins occur because the
effects of basin topography on wind direction and speed cause the dominant inclination
and direction of hydrological r-infall to differ between Subbasins A and B. For instance,
on July 18-19, 1987, the pattern of hydrological rainfall differed from the pattern for the
entire observation period by a subs:antial amount in Subbasin B, whereas in Subbasin A

the deviation was minor (Section 4.4).



6.2.3 THRESHOLDS OF RUNOFF GENERATION AND THRESHOLDS OF FLOW

To distinguish between the rainfall necessary to generate runoff on a surface unit,
and the rainfall necessary to cause runoff frcm a basin, the term 'threshold of flow" will
be introduced to refer to the latter. The threshold of flow may exceed ihe threshold of
runoff generation, as runoff generation in a drainage basin may not lead to basin outflow
because of transmission losses.

At the microscale, thresholds of flow equal the thresholds of runoff generation
which are controlled by surface unit properties. Runoff is generated after 0.7 1o 2.3 mm of
rainfall on the sandstones, and after 11.0 to 24.9 mm of rainfall on the shales (Table 3.5).
On the pediments, thresholds of runoff generation vary with the underlying bedrock and
with sheetwash deposit thickness. During rainfall simulations, runof f occurred after 1.7 to
4.2 mm of rainfall on shale pedimeﬁts, after 0.6 to 0.9 mm on sandstone pediments, and
after 3.0 to 3.5 mm on pediments with a sheetwash deposit of up to 10 mm (Table 3.5,
Section 3.3.2.1). l

At the subbasin scale, flow from Subbasin B occurred after 1.5 to 2 mm of rainfall
(Section 4.6.1). The .:agnitude of this threshold implies that flow from Subbasin B starts
when runoff is generated on sandstones and rapidly-yielding portions of the pediment. The
data indicate that the threshold of flow of Subbasin B is not sensitive to antecedent
moisture conditions (Fig. 4.13). This is explained by the absence of significant
accumulations of alluvial deposits, causing transmission losses to be minimal even under
dry conditions, so that the onset of flow from Subbasin B is controlled by runoff
generation on pediments and sandstones. This latter process is controlled by conditions in
the upper few mm of material on both surface units. Because these upper layers dry
rapidly and hence are dry most of ihe time, runoff gereration is not noticeably affected by

antecedent moisture conditicas (5 ~u 4.6.1).
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At the mesoscale, the threshold of flow was found to be affected by antecedent

moisture (Fig. 5.4). It was observed that under dry conditions (API=0 mm) 3.8 mm of
rainfall caused flow from neither the Rimco Basin nor the New Basin. Under wetter
conditions, flow from the mesoscale basins occurred after much smaller rainfall. For
instance, on August 8. 1986, (API=2.7 mm). flow from the mesoscale basins occurred
during a rainfall of only 1.8 mm.

An increase in basin scale is thus accompanied by 27 increase in the threshold of
flow due to the larger volume of alluvial deposits augmenting transmission losses. Up to
the mesoscale, however, this mechanism only operates under dry antecedent moisture
conditions; Under wet conditions transmission losses appear to be negligible at the basin
scales studied, as indicated by the example of the storm of August 8, 1986, quoted in the
previous paragraph. Hence, under wet antecedent moisture conditions an increase in basin

scale will not result in an increase in transmission losses, so that the threshold of flow will

not be affected by basin scale.

6.2.4 RUNOFF COEFFICIENTS

Table 6.1 allows a storm-by-storm comparison of the runoff coefficients of
Subbasin B (Table 4.5) and of the Rimco Basin and the New Basin (Tables 5.3 and 5.4).
The data indicate that runoff coefficients are higher in Subbasin B than in the Rimco
Basin and the New Basin. Storms for which the runoff coefficient is a minimum estimate
show the sa:ne result (Table 6.1), as differences between the minimum estimates for
Subbasin B and the mesoscale basins are too large to be caused by missing values on the
rising stage of the hydrographs of the mesoscale basins. A Mann-Whitney Test showed
that the difference in runoff coefficients between Subbasin B and the mesoscale basins was

significant at P<<0.01, whereas the difference between the runoff coefficients of the Rimco
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Table 6.1 Runoif coefficients of Subbasin B, the Rimco Basin, and the New Basin

rur of f coefficient

date Subbasin B Rimce Basin New Bas:in
{%) (%) (%)
1987
Mayv 26 (1) 24+ 8 7
May 26 (1) 28% 8t 61
June 19 (1) 187 4 3
July 18 33 6 10
August 10 431 7% 11
August 14 26 14+ 36t

T indicates a minimum estimate



Basin and the New Basin was non-significant.

Two factors serve to explain this difference in runoff coefficients between Subbasin
B and the mesoscale basins. The first is the smaller streamienxth and volume of
alluvial/sheetwash deposits in Subbasin B, causing transmission losses to be lower than in
the mesoscale pasins. The second factor is the difference in percentage of basin area taken
up by the varicus surface units.

With regard to the first factor, field observations of the channelbeds indicate a
considerably larger volume of alluvial deposits in the mesoscale basins, so that the
difference in streamlength between Subbasins A and B ard the mescscale basins must result
in lower runoff coefficients due to higher transmission losses in the latter, especially under
dry antecedent moisture conditions when the alluvial deposits will be driest.

Regarding the second factor, the effect of differences in properties and percentages
of surface units on runoff coefficients may overshadow that of transmission losses when
basins of dissimilar scale are compared. Although runoff coefficients are not available for
Subbasin A, the low magnitude of the discharge indicates that rurof: coefficients in this
basin will be significantly lower than in Subbasin B. Subbasin A may thus have a runoff
coefficient comparable in magnitude to, or even smaller than, that of the mesoscale basins,
solely due to the nature of its surface units and their relative proportions. The effect of
surface unit properties becomes even more pronounced at ithe microscale. On shale plots,
runoff only started after at least 30 min of rainfall at intensities ranging from 20 to 25 mm
h-!. Hence, for many, smaller storms the runoff coefficient of a microscale shale plot will
be 0 per cent. Conversely, on pediment and sandstone plots runoff started after 0.6 to 4.2
mm of rainfall of similar intensity. Runoff coefficients on pediments and sandstones
ranged from 31 to 88 per cent for the dry run with a duration of 60 to 80 min. Because in
general discharge rapidly reached equilibrium, runoff coefficients for shorter storms will be
of the same order of magnitude. Since microscale plots may consist entirely of shale,

sandstone, or pediment, the effect of any single surface unit on the runoff coefficient will
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be largest at the microscale. With increasing basin size, it becomes more likely that all

surface units will be present in the basin, so that the influence of a specific surface unit
will decrease. Thus, when runoff coefficients of basins of differing scaie are compared, the
possibility of the surface unirs controlling runoff coefficients should be taken into account,
in addition to vhe effects of differences in streamlength and transmission losses under dry
antecedent : ure conditions.

Differences in properties anc. percentages of the surface units also give rise to
differences in runoff coefficients beiween basins of similar scale. The contrast between
Subbasins A and B was atiributed to differences in sheetwash deposit thickness and in
bedrock type underlying the pediment (Section 4.7). Similarly, differences in runoff
coefficients between the Rimco Basin and the New Basin could be explained by the higher
proportion of vegetated, aeclian surfaces in the former (Section 5.4.1). As stated earlier,
differences in runoff coefficients are most pronounced at the microscale so that the effect
of differing properties and percentages of surface units causes differences in runoff
coefficients between basins of similar scale over the full range of spatial scales examined in
this study.

In adZition to the effect of the percentages of the surface units on runoff
coefficients, the spatial arrangement of the surface units should be taken into account. An
important distinction between Subbasins A and B is the relative position of the shales and
the sandstones (Section 4.7). In Subbasin A, a sizeable portion of the upper slopes consists
of sandstone. Runoff from this rapidly-yielding surface unit flows downslope onto shale,
and has caused the formation of a number of tunnel erosion features in the shale,
transimitting runoff from the higher sandstone slopes. In Subbasin B, only the lower
two-thirds of the steeper slopes consist of sandstone, whereas shale forms the upper
slopes. The shales hence do not receive runoff from sandstones, and tunnel erosion
features other than the microtunnels on shale are absent in Subbasin B. Although the main

effect of this distinction between Subbasins A and B is that sediment concentrations differ



considerably between the two basins, runoff cozfficients should be affected also. The
presence of tunnel systems in the drainage network will increase transmission losses due to
the presence of cracks in the shales in which the tunnels have formed.

In Dinosaur Provincial Park, the distribution patiern of the surface units can be
characterized by the shape, location, and lateral and vertical extent of each unit. When
basin size is increased it becomes more likely that the pattern of surface units within that
basin approaches that of the whole area, so that basin response is less likely to deviate
from the average due to a certain, dominating unit, or controlled by a specific arrangement
of its surface units. Larger basins are therefore less likely to uitfer in response due to
differing percentages of surface units or due to a certain arrangemém of the surface units.
In smaller basins, deviations from the pattern of the whole area are :... te likely, and basin
response can vary considerably with changes in percentage of area consisting of a certain
surface unit, or with a special arrangement of the surface units.

The inverse relationship between spatial scale and effectiveness in controlling basin
response of a single surface unit or of a certain arrangement of surface units, forms
another illustration of proposition VII. Even at the mesoscale, differences in basin
response may be caused by dif ferences in percentages of the surface units, although not to
the extent found at the microscale. The upper scale limit of the influence of the surface
units on basin response, assuming it exists, was hence not reached in the basins studied.
This example also indicates that the boundaries separating basins of dissimilar scale are
gradational rather than abrupt, so that transference of knowledge between basins of
dissimilar scale becomes less appropriate as the scale difference increases.

The dominance of surface unit characteristics over transmission losses in
controlling runoff coefficients reflects the 1ange of spatial scales (0.6 - 202,260 m?)
investigated here. Studies reporting a decrease in runoff coefficients with increasing basin
area are all concerned with much larger basins (up to 10'° m?) in which the larger volume

of alluvial deposits considerably increases transmission losses (Renard and Keppel, 1966;
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Pilgrim et al., 1982; Pilgrim et al., 1988).

6.2.5 HYDROGRAPH CHARACTERISTICS

Figure 6.1 shows the dimensionless hydrographs of Subbasin B and the Rimco
Basin on July 18, 1987 (I). The dimensionless hydrograph is obtained by dividing basin
discharge by the peak discharge from the basin during that storm, so that the
dimensicnless discharge ranges from 0 (no flow) to 1 (peak flow). Figure 6.1 indicates
that runoff started 30 min earlier in Subbasin B than in the Rimco Basin. This lead is
caused by the time it takes runoff to travel downstream to the outlet of the Rimco Basin,
and is strongly controlled by transmission losses occurring in the channel. A few times it
was observed that during small storms under dry antecedent moisture condijtions, runof”
from Subbasin B and similar basins travelled down the main channe! for a short distance
only with considerable losses occurring due to infiltration into the channel bed and the
filling of pools. Such losses under dry antecedent moisture conditions prevent runoff from
the Rimco Basin during small storms, and delay it during larger ones.

The shapes of the dimensionless hydrographs of Subbasin B and the Rimco Basin
are broadly similar (Fig. 6.1). Nevertheless, the hydrograph of Subbasin B is extremely
sensitive to rainfall intensity variations, and displays multiple sharp discharge peaks,
whereas the dimensionless hydrograph of the Rimco Basin is much smoother and althocugh
multiple discharge peaks do occur they are not as steep as in Subbasin B. In addition. the
timing of discharge peaks in Subbasin B is closely related to the rainfall intensity pattern.
In the Rimco Basin, discharge peaks generally occur later so that the hydrograph and the
hyetograph are sometimes out of phase. The differences in dimensionless hydrographs
described for Subbasin B and the Rimco Basin are also present in the dimensionless

hydrographs of Subbasin A and the New Basin (Fig. 6.2).
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Differences between the dimensionless hydrographs of the subbasins and the
mesoscale basins arise in part because the Rimco raingauge record is not representative of
the rainfall intensities over the entire area of the mesoscale basins. More important,
however, is the larger scale of the Rimco Basin and the New Basin, allowing temporary
storage of runoff in the drainage system. This storage and the subsequent release cause a
discrepancy between the pattern of input as seen from the hyetograph, and the pattern of
output or the hydrograph, and this discrepancy will increase with spatial scale. It should be
noted th-t storage as used here refers to in-channel siorage of water en route to the basin
outlet, such as for example wedge storage and prism storage used in hydrologic routing
(Linsley et al., 1982). In terms of overland flow, storage as used here represents surface
detention rather than depression storage (Chorley, 1978).

Because of storage and the subsequent release of runoff, flow from the Rimco
Basin continues for a considerable period after flow from Subbasin B has stopped. Rainfall
resulting in periods of flow separated by dry periods in Subbasin B may in the Rimco
Basin cause continuous, low tlow.

Comparison of the hydrographs of Subbasins A and B and the Rimco Basin and
the New Basin hence shows that with increasing spatial scale the hydrograph becomes less
sensitive to the hyetograph. At the microscale of the experimental plots this sensitivity was
most pronounced because of the extremely limited potential for storage of runoff. The
falling stage after cessation of simulated rainfall generally lasted less than 15 s. These
results hence support and illustrate proposition X, according to which differences between
the temporal patterns of input and output of a geomorphic system increase with spatial

scale due to the increased possibilities for temporary, internal storage of matter and energy

(Section 1.3.5).
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6.3 SEDIMENT DYNAMICS

6.3.1 SEDIMENT CONCENTRATION/DISCHARGE RELATIONSHIPS AND

SFDIMENT YIELDS

Rating curves were derived to describe the relationship between sediment

concentration and discharge. The equation describing the rating curve is

SC = 10.9 Q%6 [5.1]
for the Rimco Basin,

sC = 14.5 Q%7 [5.2]
for the New Basin, and

SC = 5.27 Q0-33 [4.1]

for Subbasin A. In Eq. [4.1], Q is given in ml s*. Expressing Q in | s-! transforms Eq.
[4.1] into

sC = 51.5 Q033

[6.1]
Comparison of the coefficients of Eq. [5.1], [5.2], and [6.1] indicates that sediment
concentrations tend to decrease with increasing basin size. Furthermore, the exponents of
the equations imply a faster increase of sediment concentration with discharge in smaller

basins. Several factors, however, should be taken into account in evaluating these results.



In Subbasin A, the presence of tunnel systems transmitting runoff generated on the
overlying sandstones strongly affected sediment concentrations. In Subbasin B, where such
tunnel systems are absent, sediment concentrations were considerably lower, even though
discharges in Subbasin B exceeded those in Subbasin A by a sizeable margin (Section 4.7).

At the mesoscale level, differences in sediment concentrations and yields between
the Rimco Basin and the New Basin were explained by differing proportions of shales and
vegetated surfaces between the basins. In addition, rainfall characteristics plaved an
important role in determining sediment yields, and in fact could cause sediment export
from the Rimco Basin to exceed that from the New Basin (Section 5.5.1).

Thus, over the range of spatial scales examined in this study the effect of basin
size on sediment yield is overshadowed by the effects of differing percentages of the
various surface units, and by that of the arrangement of the surface units within the basin.

Comparison of the average sediment concentrations at the micro-, subbasin, and
mesoscale may give an indication of the magnitude of sediment storage at different scales.
Average sediment concentrations for the dry run of the microscale rainfall simulations
were 10.2 g 1! for the pediments, 20.7 g 1-? for the sandstones, and 56.5 g 1*! for the
shales. At the mesoscale, the lowest observed sediment concentration was 5.2 g 1! in the
Rimco Basin and 6.6 g 1! in the New Basin. Both of these values occurred during the final
stages of flow, and the average sediment concentration in the mesoscale basins exceeded
these minimum values by a considerable margin, reaching 20.0 g I*! (n=317, SD=10.1) in
the Rimco Basin and 24.5 g 1! (n=299, SD=12.1) in the New Basin. In Subbasin A, the
average sediment concentration was 22.0 g 1! (n=126, SD=7.2), and in Subbasin B it was
9.4¢gl! (n=168, SD=6.6). The differences between the average sediment concentrations
in basins of similar scale reflect the influence of the various surface units and their
arrangement.

It is assumed that the average sediment concentrations are representative of the

magnitude of sediment export from the basin., which is reasonable since samples for
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determining sediment concentrations were taken under differing rainfall conditions during a

variety of discharges. The magnitudes of the average sediment concentrations at the
different scales indicate that over a period of several months during the summer, sediment
storage in both the subbasins and the mesoscale basins is negligible. This implies that the
sediment delivery ratios of these basins are high. The similarity of annual denudation rates
observed at the micro- and mesoscale confirms this (Bryan and Campbell, 1986; Campbell,
1981). Thus, over the range of spatial scales examined in this study, basin size was not
found to be a factor determining sedimént dynamics through the increased potential for
sediment storage in larger basins.

A factor that should be taken into account when evaluating sediment storage in
drainage basins is complex response (Schumm, 1977). At the outlet of the Aquatot Basin
considerable deposition of sediment had occurred, causing the Parshall flume at that site to
be filled in with a ca. 50 cm thick sediment deposit. This recent fill extends a distance of
tens of meters downstream and a few meters upstream, and is thought to represent
temporary deposition of sediment due to complex response of the basin rather than being
caused by the presence of the flume in the channel (Bryan and Campbell, 1986). At
present none of the instrumented basins is undergoing a similar phase of sediment
deposition, as the average sediment concentrations and the absence of aggrading channe!
sections indicate. Nevertheless, in these basins, where complex response is a potential
factor controlling sediment dynamics, system behaviour may change considerably without
external disturbance, and the effects of complex response could easily be mistaken for a

spatial scale effect.



6.3.2 TUNNEL SYSTEMS

In the Dinosaur Provincial Park badlands two types of tunnel systems have been
distinguished: the first of these are microtunnels on the shale; the second, deep tunnel
systems which may transmit runoff generated on sandstones and pediments (Section 2.5).
The presence of deep tunnel systems has been shown to affect sediment dynamics at the
subbasin and mesoscale. Deep tunnel systems in Subbasin A have been linked to higher
sediment concentrations, compared to Subbasin B where tunnel systems are limited to
microtunnels on the shales (Section 4.7). At the mesoscale, the initiation of tunnel flow
was shown to cause a change from clockwise to counterclockwise hysteresis of the sediment
concentration/discharge relationship, due to the delayed increase in sediment concentration
caused by the sediment-rich tunnel flow (Section 5.5.3).

The presence of deep tunnel systems leads to a contrast in sediment dynamics
between the microscale, and the subbasin and mesoscale. At the microscale of the rainfall
simulations, response is determined by the threshold rainfall of runoff generation.
Sediment entrainment and transport occur when total rainfall exceeds this threshold.
Further increases in total rainfall do not signify changes in the characteristics of the
processes of sediment transport, except under supply-limited conditions.

At the mesoscale of the Rimco Basin and the New Basin, however, the thresholds
of runoff generation as obtained at the microscale are not in every case associated with
significant changes in basin behaviour. At the beginning of .nany storms the channel
alluvium is still moist from previous runoff events. This causes transmission losses to be
relatively small, so that runoff from both basins occurs when total rainfall exceeds the
threshold of runoff generation on the sandstones and pediments. When total rainfall is
increased and exceeds the threshold of tunnel flow initiation the tunnel systems start to
function as an additional sediment source, as is evidenced by the sediment

concentration/discharge relationship. A further increase of total rainfall resulting in runoff
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:eneration on the shales will raise sediment concentrations even more. The effect of the
sediment -rich runoff from the shales, however, is similar to that of tunnel flow, and is
‘herefore not separately discernible in the sediment concentration/discharge relationship of
‘he Rimco Basin and the New Basin.

Comparison of micro- and mesoscale sediment dynamics hence indicates two
:ffects of an increase in spatial scale. First, thresholds defined at the microscale are not by
1eccesity associated with mesoscale thresholds, so that extrapolation from the microscale to
he mesoscale is not a straightforward process. Second, at the mesoscale, elements exist
vhich are non-existent at the microscale, e.g. a deep tunnel system. The behaviour of the
nesoscale basin is under certain circumstances controlled by such elements, rather than by
:he microscale components the basin contains.

Tunnel flow initiation leads to a change from clockwise to counterclockwise
1ysteresis because the start of flow from the basin precedes the initiation of tunnel flow.
Jnder uniform rainfall conditions, the start of flow is generally delayed as basin area
ncreases (Section 5.5.3). Thus, for a sufficiently large basin the start of flow from the
asun wili coincide with the initiation of tunnel flow, since the tunnel systems are not
imited to the upper reaches of the basins but discharge directly into the channel system.
sediment concentrations will thus be high from the beginning of runoff, and tunnel flow
nitiation will not cause a change in hysteresis. The ratio of the response times of the deep
-unnel systems to that of the basin will control this aspect of the sediment dynamics, and
.mposes an upper limit on the size of basins in which tunnel flow initiation causes a change
n hysteresis. At the same time, the absence of deep tunnel systems in small drainage
Jasins imposes a lower limit upon the basin scale for which tunnel flow initiation causes a
hange in hysteresis.

Deep tunnel systems are found in both the Rimco Basin and the New Basin. At the
subbasin scale, however, deep tunnel systems may or may not be present, depending on the

irrangement of the surface units. Thus, at the subbasin scale, contrasts in sediment

273



274
dynamics may exist between basins due to the presence of deep tunnel systems. When the

percentage of basins having a deep iunnel sysiem is piotied against spatial scale. that
percentage will range from O per cent at the microscale, 1o 100 per cent at the mesoscale.
(Fig. 6.3). The exact shape of the curve between the micro- and mesoscale is unknown.
but the curve sketched in Fig. 6.3 serves for the purpose of this discussion. Becaise none
of the microscale basins has a deep tunnel system, contrasts in sediment dvnamics at the
microscale cannot be caused by tunnel systems. Similarly, every mesoscale basin possesses
deep tunnel systems so that at the mesoscale, contrast in sediment dynamics between basins
cannot be caused by tunnel systems. At the subbasin scale, however, the possibility of the
presence of tunnei systems in one basin and of their absence in an other may lead to strong
contrasts between basins, as the example of Subbasins A and B illustrates. Because the
presence of deep tunnel systems is caused by the arrangement of the surface units this
latter factor is the basic cause fcr contrasts at the subbasin scale.

Differences in sediment dynamics between basins of similar scale thus are from the
microscale to the mesoscale controlled by the proportions and arrangements of the surface
units. In addition, over a range of scales in between the microscale and the mesoscale,
differences in sediment dynamics may occur due to the presence or absence of mnel
systems. At neither the microscale nor the mesoscale can this be a factor, since . .. O
microscale basins possesses a tunnel system, and all of the mesoscale basins do.

Differences in sediment dynamics between basins of dissimilar scale may also be
c: .d by varying propcrtions and arrangements of the surface units. In addition, the
possible presence of deep tunnel systems in larger basins causes dissimilarity between the

microscale, and the subbasin and mesoscale basins.
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6.4 MORPHOLOGICAL AND FUNCTIONAL CONSTRAINTS ON SPATIAL SCALE

TRANSFERENCE

Spatial scale transference in geomorphic systerns may be limited by morphological
as well as functional constraints. Morphological constraints concern morphological
elements present in large-scale systems, but absent in small-scale ones. Functional
constraints relate to limitations imposed by the characteristics of the matter and energy
flows in the systems of interest.

The deep tunnel systems in Dincsaur Provincial Park are an example of a
morphological element which is present in larger-scale systems only. Another example of
such an element is alluvium present along gently sloping, downstream channel reaches,
which affects baseflow characteristics and hinders tranferring results cetween small and
large basins {Klaassen and Filgrim, 1975; Pilgrim, 1983).

An examvple of a functional constraint is the upper limit of basins for which tunnel
flow initiation causes a change in hysteresis (Section 6.3.2). This limit is determined by ‘e
ratio of response times of the deep tunnel systems to that of the basin, and is hence
independent of the presence or absence of scale-dependent morphological elements.
Another example may be found in the hydrograph characteristics of basins of differing
scales (Section 6.2.5). Differences between the hydrograph and the hyetogrs ~h increase
with spatial scale, solely due to the increasad possibilities for temporary storage.

The distinction between morphological and functional constraints parallels that
between morphological and cascading systems (Chorley and Kennedy, 1971). In ecology,
O'Neill et al. (1986) distinguish hierarchies of species and hierarchies of processes,
indicating that the separation of form and process has also proved fruitful for the analysis
of systems outside of geomorphology.

Neither morphological nor functional constraints impose what could be called

'sharp’ boundaries upon spatial scale transference. In the case of deep tunnel systems,
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whether or not a change in hysteresis will be found depends on the presence of deep tunnel

systems rather than on the actual size of the basin. If the discrepancy in spatial scale is
large enough, as it is between the micro- and mesoscale, the absence of deep tunnel
systems in the former and their presence in the latter hinders transferring information
between the two, and the basins can be distinguished purely by their size. Within the
smaller range of the subbasin scale, however, deep tunnel systems rﬁay Or tay not be
present, and basins of similar size may display contrasting behaviour whereas basins of
dissimilar size may respond alike.

The fuzziness of the boundaries of spatial scale tranference is also illustrated by the
inverse relationship between spatial scale and the effect of individual surface units on basin
response. The smaller the basin, the greater the chance that its response is controlled by a
certain surface unit and deviates from that of the larger basins having average percentages
of each surface unit. Thus, a subbasin may or may not be Tepresentative of a mesoscale
basin, depending on its (the subbasin's:) percentages of surface units and their
arrangement. A microscale basin, however, can never be representative of a mesoscale
basin because response at the microscale is dominated by a single surface unit, whereas at
the mesoscale this is never the case. Thus, as in the previous example, transference
between two widely differing scales is not possible, but transference over a smaller scale
range may succeed, depending on the compatibility of the characteristics of the basins
between which transference in undertaken.

An extremely fuzzy boundary arising from a functional constraint is that created
by dispersion. The deviation of the hydrograph from the hyetograph increases with
increasing spatial scale, but this decrease is gradual over the whole range of scale, and
dispersion does not cause a sharp boundary across which spatial scale tranference cannot

take place.



CHAPTER 7

7.1 CONCLUSIONS

The effect of spatial scale on the rainfall-runoff relationship and solute and
sediment dynamics was investigated in semi-arid badland basins drained by ephemeral
streams. The field study was carried out at three scale levels: (1) the microscale of the
experimental plot, typically concerned with an area of less than 1 m?; (2) the subbasin
scale, concerned with two subbasins of ca. 2000 m?; and (3) the mesoscale, concerned with
two basins of 79,230 and 202,260 m?, respectively. The basins were nested, so that each
niesoscale basin contained one subbasin which, in turn, contained a number of microscale
basins. The timescale of interest concerned basin response to a single iainstorm.

The following points characterize the results of the field study:

(1) When spatial scale increases from the micro- to the mesoscale, meteorological rainfall
replaces hydrological rainfall as the input factor controlling the rainfall-runoff
relationship.

(2) Under wet antecedent moisture conditions, the threshoids of flow for the subbasin and
mesoscale basins equal the microscale thresholds of runoff generation on the

rapidly -yielding sandstones and pediments, as transmission losses are negligible.
Transmission losses under dry antecedent moisture conditions increase the thresholds of
flow for the mesoscale basins, but do not affect thresholds of runoff generation at the
microscale and thresholds of flow at the subbasin scale.

(3) When spatial scale increases from the subbasin scale to the mesoscale, the start of
runoff is delayed.

{4) Over the range of spatial scales examined in this study, the effect of differing

percentages of surface units and their arrangement on the runoff coefficient, on the start
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of runoff, and on the threshold of flow, may overshadow that of spatial scale.

(5) Comparison of the average sediment concentrations at the microscale, subbasin scale,
and mesoscale indicates that over a period of several months during a summer, sediment
storage in both the subbasins and the mesoscale basins is negligible.

(6) Tunnel flow initiation causes a change from clockwise to counterclockwise hysteresis in
the sediment concentration/discharge relationships of the mesoscale basins.

(7) Microscale threshoids may not be in evidence at the mesoscale. The threshold of
runoff generation on the shales, for instance, does not lead to a distinguishable mesoscale
threshold, but instead is masked by the effects of tunnel flow initiation.

(8) At the mesoscale, elements may exist which are non-existent at the microscale, e.g.a
deep tunnel system. Under certain conditions, aspects of mesoscale basin response are
controlled by such elements rather than by the microscale components the basin contains.
(9) At the subbasin scale, contrasts in the response of basins of similar scales may be
caused by the presence or absence of deep tunnei systems. Deep tunnel systems are absent
in all microscale basins and present in all mesoscale basins, so that at these two scales they
do not lead to contrasts between basins of similar scale.

(10) The response of basins of differing scales may be similar in some aspects, but
dissimilar in others. An example is the similarity of the thresholds of runoff generation on
sandstones and pediments at the microscale, and the thresholds of flow under wet
antecedent moisture conditions at the mesoscale. As far as this aspect is concerned,
response at the mesoscale can be derived from microscale experiments. Other facets of
mesoscale basin response, however, cannct be examined at the microscale, e.g. tunnel flow
initiation.

(11) In some instances the success of spatial scale transference between two basins depends
on the presence of a morphological element in both basins, rather than on the actual sizes
of the basins. For example, the initiation of tunnel flow observed at the mesoscale helps to

explain the behaviour of Subbasin A, but contributes very little to the understanding of the
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response of Subbcsin B, similar in size tc Subbasin A but lacking deep tunnel systems.

Another example may be found in the similarity in behaviour of the Rimco Basin and the
New Basin. Despite a large discrepancy in size, differences in response between the basins
are minimal and are caused by differing percentages of surface units rather than by spatial
scale effects. The reason for this similarity is that the difference in scale between the two

basins is not large enough for either morphological or functional constraints to cause

significant differences in basin response.

The following propositions generalize the findings summarized in the points given
above, and identify general aspects concerning spatial scale transference in process
geomorphology. Although these propositions are the result of investigations under a very

specific set of environmental conditions, it is likely that they have a general application.

(1) Morphological and functional constraints. Spatial scale transference between
geomorphic systems of differing scales is restricted by morphological and functional
constraints. Morphological constraints are caused by morphological elements existing in
larger -scale systems while being non-existent at smaller scaies. Functional constraints
follow from the characteristics of the matter and energy flows in the systems of interest.
(2) Fuzzy Boundaries. The boundaries imposed upon spatial scale trar:sference by
morphological and functional constraints are fuzzy rather than sharp in character. Thus,
the more two geomorphic systems differ in spatial scale, the smaller the amount of
information that can be extrapolated from the one to the other. From the viewpoint of a
geomorphic system, when a systems 'looks’ at ._stems of smaller and larger scales, the
amount of detail and information the system 'sees’ decreases with distance. Nevertheless,
certain prominent features may continue to stand out even at a considerable distance.
(3) Alike but different. Geomorphic systems of differing scales may be similar in some

aspects while being dissimilar in others. Certain facets of large-scale geomorphic systems



may hence be studied at a smaller scale, but others must be investigated at the scale of the

geomorphic system of interest.

Combined with the propositions given in Fig. 1.11, the last three propositions
contribute to a further understanding of spatial scale transference in process
geomorphology. The propositions have been deduced from information on many, diverse
geomorphic systems. It is hoped that the framework for investigating the hierarchical
structure of geornorphic systems outlined here will invite application to geomorphic

systems other than ‘he ones from which it was originally derived.
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APPENDIX A
DATA FOR RiLPRESENTATIVE MICROSCALE PLOTS

All times in Mountain Standard Time (Daylight Saving Time), using the 24 h system
(hh.mm.ss).

Table Al. Plot A4, pediment, dry run

time discharge sediment concentration
(mls?) (g 1)
10.33.23 8.6 14.8
10.35.15 15.0 15.2
10.37.14 16.8 8.8
10.39.14 16.9 9.8
10.41.29 18.3 4.0
10.43.24 19.1 8.2
10.45.44 18.7 6.6
10.48.44 18.0 7.4
10.50.14 17.5 4.0
time EC
(uS cm™)
10.32.45 630.
10.34.10 580.
10.36.10 560.
10.38.10 555.
10.40.10 550.
10.42.20 545.
10.44 .40 530.
10.47.00 540.
10.49.50 540.

Start of test: 10.28.03
Start of flow: 10.32.45
ECO: 520 uS cm!?
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Table Al. Plot A4, pediment, wet run

time discharge sediment concentration
(mls) (g1't)

11.01.04 16.0 54
11.03.04 17.9 4.4
11.05.04 15.9 4.4
11.07.39 171 3.0
11.09.49% 17.9 7.6
11.13.04 16.1 4.2
11.17.44 18.6 4.8
11.21.44 18.7 6.2

time EC

(uS cm™?)

11.00.44 570.
11.02.00 53s.
11.04.00 540.
11.06.10 540.
11.08.20 540.
11.11.00 540.
11.15.00 540.
11.20.00 540.
11.23.00 550.

Start of test: 11.00.22
Start of flow: 11.00.44
ECO: 530 S cm™?
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Table A2. Plot A10, sandstone, dry run

Lime discharge sediment concentration
(ml s°') (g1t)
13.54.06 3.3 23.0
13.56.00 6.8 29.8
13.58.09 7.5 20.2
14.01.00 6.7 11.4
14.04.09 7.6 9.0
14.06.55 7.1 5.4
14.09.58 8.4 7.2
14.12.3% 7.6 3.2
14.16.15 7.1 4.0
14.23.33 9.0 3.2
14.27.30 6.7 2.8
14.36.38 8.1 3.0
time EC
(uS cm™?)
13.53.18 725.
13.55.00 635.
13.57.00 610.
13.59.40 590.
14.02.10 565.
14.05.10 550.
14.08.00 540.
14.11.00 540.
14.14.05 535.
14.17.40 535.
14.20.40 540.
14.24.20 525.
14.28 .40 525.
14.31.20 525.

Start of test: 13.51.33
Start of flow: 13.53.18
ECO: 465 uS cm!
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Table A2. Plot A10, sandstone, wet run

time discharge sediment concentration
(ml s°!) (g 1Y)

14.45.55 5.4 3.6
14.48.00 6.4 2.2
14.50.57 10.5 4.6
14.55.10 6.7 4.0
14.58.40 6.4 2.4
15.01.41 5.7 4.4
15.05.G0 6.5 1.2
15.08.13 5.4 1.6

time EC

([.LS C‘ﬂ‘\"l)

14.45.12 630.
14.46.30 530.
14.49.05 535.
14.52.30 520.
14.56.50 520.
14.59.50 510.
15.03.00 540.
15.06.30 540.
15.09.20 540.

Start of test: 14.44.52
Start of flow: 14.45.12
ECO: 460 uS cm!
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Table A3. Plot B7, shale, dry run

lime discharge sediment concentration
(mls!) (g 1)
12.59.05 12.9 136.8
16.01.34 17.2 72.6
16.03.34 18.3 55.0
16.05.44 16.1 43.6
16.07.54 16.9 36.4
16.10.26 10.7 13.6
16.13.04 18.3 28.4
16.14.34 16.9 29.6
time EC
(ItS Cm-l;\
15.58.20 1310.
16.00.30 910.
16.02.30 770.
16.04.30 740.
16.06.40 715.
16.09.05 695.
16.11.20 680.
16.13.40 655.
16.15.15 660.

Start of test: 15.52.20
Start of flow: 15.58.20
ECO: 530 uS cm*!
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Table A3. Plot B7, shale, wet run

time discharge sediment concentration
(mlst) (g 1'1)

16.29.44 16.4 17.8
16.32.09 16.6 15.0
16.34.29 16.1 20.0
16.36.43 21.7 21.4
16.38.58 26.0 22.6
16.41.34 15.8 21.4
16.44.34 19.3 15.6
16.47.24 16.8 22.0
16.50.06 10.7 21.6

time EC

(uS cm™?)

16.29.20 850.
16.31.09 620.
16.33.10 620.
16.35.40 640.
16.37.40 655.
16.40.15 655.
16.43.00 630.
16.45.55 670.
16.48.35 650.
16.51.30 650.

Start of test: 16.28.58
Start of flow: 16.29.20
ECO: 530 uS cm™!
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Table A4. Plot AR2, pediment, dry run

time discharge sediment concentration
(ml st) (g 1Y)

16.32.13 0.4 11.5
16.41.40 1.2 11.6
16.49.50 1.6 14.0
16.56.00 2.2 11.8
17.02.10 2.1 13.3
17.08.13 2.1 10.3
17.14.45 2.1 12.0
17.21.40 2.1 11.4
17.28.13 2.4 12.0
17.34.13 2.4 12.0

time EC

(uS cm™)

16.34.25 1320.
16.42.40 1260.
16.50.40 1260.
16.56.45 1260.
17.02.55 1260.
17.08.50 1240.
17.15.35 1240,
17.22.40 1240,
17.29.05 1240.
17.35.00 1240,

time rainfall intensity

(mm h!)

16.19.50 28.5
16.23.00 24.0
16.30.00 21.0
16.34.25 18.0
16.42.40 21.0
16.50.40 22.5
16.56.45 25.5
17.02.55 21.0
17.08.50 22.5
17.15.35 19.5
17.22.10 24.0
17.29.05 21.0

17.35.00 24.0
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Table A4. Plot AR2, pediment, dry run, cont.

Start of test: 16.19.50
Start of flow: 16.30.04
ECO: 1135 xS cm™?
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Table A4. Plot AR2, pediment, wet run

time discharge sediment concentration
(ml s7) (g 1I'*)

17.54.58 2.1 12.3
18.01.10 2.2 9.7
18.07.53 2.1 13.0
18.15.45 2.2 12.2
18.22.03 1.9 11.7
18.29.25 1.8 12.9

time EC

(S cm™)

17.55.40 1305.
18.01.55 1300.
18.08.55 1280.
18.16.30 1270.
18.23.05 1260.
18.30.30 1260.

ume rainfall intensity

(mm h?)

17.53.25 24.0
17.55.40 18.0
18.01.55 25.5
18.08.55 13.5
18.16.30 21.0
18.23.05 21.0
18.30.30 21.0

Start of test: 17.53.25
Start of flow: 17.53.25

ECO: 1135 uS cm™!
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Table AS. Plot BR8, sandstone, dry run

time discharge sediment concentration
(mls?) (g 1)

16.33.03 1.4 3.6
16.39.10 1.7 13.8
16.46.20 1.6 13.4
16.54.53 1.1 25.6
17.02.10 1.6 21.2
17.10.05 1.2 18.8
17.20.23 1.4 17.8
17.28.45 1.9 25.6
17.35.55 2.0 20.8
17.42.13 1.9 24.4

time EC

(uS cm™)

16.33.40 1410.
16.40.20 1380.
16.47.20 1355.
16.56.00 1320.
17.03.10 1325.
17.11.05 1340.
17.21.35 1330.
17.29.40 1305.
17.36.50 1300.
17.43.10 1285.

time rainfall intensity

(mm h')

16.30.10 27.0
16.33.40 21.0
16.40.20 15.0
16.47.20 25.5
16.56.00 19.5
17.03.10 10.5
17.11.05 19.5
17.21.35 19.5
17.29.40 21.0
17.36.50 21.0
17.43.10 21.0

Start of test: 16.30.10
Start of flow: 16.31.50
ECO: 1125 4S cm!
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Table AS. Plot BR8, sandstone, wet run

time discharge sediment concentration
(mls?) (g I't)

18.10.27 1.4 94
18.17.55 20 27.0
18.24 45 17.2
18.31.30 2. 16.6
18.39.05 2.0 25.2
18.46.50 1.5 16.4

time EC

(uS cm™!)

18.11.25 1335.
18.19.00 1300.
18.25.40 1280.
18.32.30 1270.
18.40.20 1280.
18.47.50 1290.

time rainfall intensity

(mm h-!)

18.08.40 19.5
18.11.25 21.0
18.19.00 21.0
18.25.40 18.0
18.32.30 21.0
1€.40.20 15.0
18.47.50 12.0

Start of test: 18.08.40
Start of flow: 18.09.00

ECO: 1125 uS em?
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Table A6. Plot BR12, shale, dry run

time discharge sediment concentration
(ml s™') (g 1)

16.27.25 0.1 55.2
16.37.20 0.9 67.8
16.46.43 1.2 85.0
16.54.38 1.1 71.6
17.05.13 1.6 75.6
17.12.15 1.9 73.2
17.20.30 2.1 75.2
17.27.20 2.0 80.6
17.36.05 2.2 80.4
17.43.00 1.6 71.4

time EC

(uS cm™)

16.29.00 1700.
16.38.20 1640.
16.47.40 1570.
16.55.45 1590.
17.06.00 1610.
17.13.10 1620.
17.21.10 1570.
17.28.10 1590.
17.36.45 1550.
17.44 .09 1560.

time rainfall intensity

(mm h?)

15.51.33 24.0
15.57.00 16.5
16.02.30 24.0
16.08.30 21.0
16.18.00 24.0
16.29.00 21.0
16.38.20 16.5
16.47.40 25.5
16.55.45 21.0
17.06.00 21.0
17.13.10 21.0
17.21.10 24.0
17.28.10 12.0
17.36.45 21.0

17.44.00 12.0
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Table A6. Plot BR12, shale, dry run, cont.

Start of test: 15.51.33
Start of flow: 16.2].48
ECO: 1140 »S cm™!



