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VENUE

The workshop will be held in the Hotel Hermitage, Via Ginepraia 11z, Poggio a Caiano,
phones: {055) 877040-877244-8777085-8777045.

How to reach Poggio a Ca_iarko:u _
oboTend cklj .

From 13:00 to 22:00?\7Vorkshop Reception Point will be specially set up in the
Florence main station (Firenze Santa Maria Novelia). On your arrival, please, look for it.
During the same hours a shutile service between Santa Maria Novella Station and the
workshop hotel will be held by minibus; please, meet at the reception point. The
organizers invite the attending people to take this chance as it is not easy to reach the
conference site by public bus services.

Alternatively the workshop hotel can be reach privately by taxi at an approximate
rate of Lit. 50,000.

Florence has cnly c small aiipui, wiiiie wigre are good train links from Rome (2
hours of travel), Milan (3 hours), and Pisa (1 hour) to Florence Santa Maria Novella.

However, for any problem please contact the workshop secretariat at the
conference hotel (see above) which will be working from 9:00 am of Sunday 23rd.

USEFULL INFORMATIONS

- Obviously bank offices are closed on sunday 23rd. Currency can be changed at the
hotel reception desk.

- The weather in september is commonly mild, but recent years experiences suggest to
consider a wide range of conditions from rather hot and bright to relatively cool and
rainy.

- No programme for accompanying persons is scheduled

- A registration desk will operate at Hermitage Hotel (Poggio a Caiano) on Sunday 23
from 9:00 am to 9:00 pm and on Monday 24 from 8:00 am to 9:00 am.

- A minibus shuttle service will operate from the conference hotel arriving to Firenze
Santa Maria Novella Station on the evening of Friday 28 at 8:00 pm and on the morning
of Saturday 29 at 9:00 am.

- The field trip on Tuesday 25 will start from the conference hotel at 3:00 pm. The return
to the hotel is forecast at about 11:00 pm. Accompanying persons are mostly welcomed
(a sweater could be usefull!l).

- The field trip on Saturday 29 will start from the conference hotel at 7:00 am and will
end at the conference hotel at about 9:00. On the way back, a stop at Firenze Santa
Maria Novella station can be scheduled on request (again don't forget your sweater!).

RESPONSABILITY

The organizing committe takes no responsability for any damage to attending

people, baggage and properties. | Aocesston Por
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TECHNICAL PROGRAMME

Scientific sessicns will usually start 41 9.00 a.m and will end at 5:50 p.m. _

In the conference room a 5X3 slide projector and a overhead projector wilt be
aveileble.

Those naving produced scientific videos on gravel-bed rivers and related aspects
are kindky invited to present them on the evening of Wednesday 26 using the standard
european VHS and the Video 8 systems.

Monday 24 September
Morning
INTRODUCTION AND KEYNOTE ADDRESSES

1. G. Wolman: Gravel-bed rivers Some possit!e keynotes
2. M. Newson: Gravel-bed rivers. floods and thresholds

It SEDIMENT YIELD DYNAMICS

3. J. Bathurst. S. White: Modelling sediment yield

4. S.Moretti. F. Brunori, L. Chiarantini: Modelling sediment supply

5. G. Leers: Fiuvial sediment transport and plantation forestry: monitoring
and application - Case studies from upland Mid-Wales, UK

Afternoon
il DEBRIS FLOW DYNAMICS

6. F. Iseya. K. Ikeda, H. Maita: Fluvial deposits in a torrential gravel-bed stream by
extreme sediment supply: sedimentary structure and aepositional mechanism

7. P. Canuti, C. Garzonio. G. Rodolfi: The historical and catastrophic debris flow
phenomena of Mt. Falterona (Tuscany. ltaly)

8. D. Rickenmann: Analysis of massive sediment transport processes in torrents

'V ALLUVIAL FAN AND STEEP STREAM SEDIMENT PROCESSES

9. A. Harvey  Sediment transport processes on alluvial fans: influence on fan
morphology

10. A. Schick, J. Lekach: Bed material conveyance In a flash-flood system: magnitude,
frequency, mechanics

11. P. Carling, A. Kelsey, M.S. Glaister: Effect of bed roughness, particle shape and
orientation on initial motion criteria




Tuesday 25 September
Morning
V CHANNFEL MORPHOLOGY DYNAMICS

12. C.R. Thorne: Flow processes in gravel-bed bends
13. M. Colombini, M. Tubino, P. Whiting: Topographic expression of tars in meandering

channels
14. L.B. Leopold: The sediement size that determines channel morphology

Vi BRAIDED CHANNEL DYNAMICS

15. R.l. Ferguson, P.J. Ashworth: Spatial pattern of bedload transport and channel
change in braided and near-traided rivers

16. J. Laronne, M.J. Duncan: Bedload transport path and gravel bar formation

17. P. Ashworth, M. Powell: The mode of medial bar formation or the sorting processes
N braided rivers.

Afternoon
VI DOWNSTREAM FINING

18. A Werritty: Downstream fining :n a gravel-bed river in S. Poland: lithologic controls
and the role of abrasion

19, A, Armanini: Variation of bed and transport mean diameters in erosion-deposition
Processes

- Field trip to Virginio stream

Wednesday 26 September
Morning
Vili GRAIN-SIZE DISTRIBUTION

20. H. ibbeken: The mystery of bimodality: falsification of current concepts, proposal of a
new one

21.1.Becchi. P. Billi, A. Moro: Grain-size distribution characteristics: an advanced
problem for statistical tocls

22. K. Bunte: Counting instead of weighing: grain-size composition of coarse material
bedload in a mountain stream expressed in particle number transport rate

IX ENTRAINMENT AND MOVEMENT AT LOW TRANSPORT RATES

23. E. Andrews: Marginal bedload transport rates

24. P. Diplas, G. Parker: Deposition and removal of fines in gravel-bed streams

25. M. Kondolf: Salmonid spawning gravels: size distribution and modification by
spawning fish




Afternoon
X ARMOURING

26. B.B. Willetts. S.J. Tait, J.K. Maizels' Lakbcratory cbservation of bed armouring and
changes in bed load composition
27. E. Paris, A. Lamberti: Analysis of armouring processes through laboratory

experiments ‘
28. T.Lisle. M A. Madej: Spatial variation in armouring in a channel with high sediment

supply
X! MOVEMENT OF MIXED-SIZED SEDIMENT

29. P.D. Kumar, Shyuer-Ming Shih: Equal grain mobility versus changing bedioad grain
size in gravel-bed streams

30. P.R. Wilcock: Bed-load transport of mixed-size sediment

31 R.A. Kuhnle: Fractional transport rates of bed load on Goodwin Creek

Evening

- Video session: informal projection of videos on gravel-bed rivers

Thursday 27 Septemter
Morning
X1 MONITORING OF PARTICLE MOVEMENT: NEW TECHNIQUES

32. P. Tacconi. M. Rinaldi, S. Moretti, M. Matteini: Monitoring of particle movement on
Virginio gravel-bed stream.

33. M.A. Hassan. M. Church: The rmovement of individual grains on the stream bed

34. W. Emmett: Movement of coarse particles monitored by micro radio transmitters

X MODELLUING SEDIMENT TRANSPORT

35. G. Di Silvio: Modelling sediment transport: dominant features to be simulated in
different hydrolog:cal and morphological circumstances

36. R.R. Copeland, W.A. Thomas: Numerical modelling of gravel mavement in concrete
channeis

37. A. Lamberti, L. Montefusco: Sediment transport in steep plane beds: a general
model.

Afternoon

XIV BED DYNAMICS

38. | Reid, L Frostick, A.C. Brayshaw: Microform roughness elements and the selective
entrainment and enirapment of particles in gravel-bed rivers

39. P. Ergenzinger: River bed adjustments in a step-pool system (Lainbach, Upper
Bavaria).




40. R. Hey, D.J. Needham: Dynamic modelling of bed waves

Evening

- Workshop banguet

Friday 28 September

Morning

XV ANALYSIS OF HISTORICAL CHANGES

41. C. Fritz, G. Giada, V. Villi (iT): Long term sediment budget in an alpire catchment

42. J. Hooke, C.E. Redmona: Causes and nature of river planform changes

43. M.G. Macklin, B.T. Rumsby, M.D. Newson: Historic floods and vertical accretion of
fine-grained alluvium in the lower Tvne valley, North East England

XVi
HUMAN IMPACTS

44 M. Jaegg Effect of engineering solutions on sediment transport

45. D. Sear: The effect of river regulation for hydro-electric power on sediments

and sediment transport within riffle-pool sequences

46. B.R. Hall, W.A. Thomas, M.L. Pearson: Computing bed-load discharge and channel
adjustment in a cocble bed river for flood controf channel design

CONCLUDING REMARKS

47. L. Lecpold: Overview of gravei-bed river dynamics.

Afternoon

- Departure for people not going or the field trip

Saturday 29 September

- Field trip: Gravel-Bed River Dvnamics in Southern Tuscany
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Gravel-Bed Rivers
Some Possible Keynortes
M. Gordon Wolman
The Johns Hopkins University
June, 1990

Everyone knows what a gravel-bed river 1s, yet describing the particle
size distribution on the bed of a river tells only a small part of the storv.
The patterns of gravel-bed rivers range from braided channels with many
branches to straight flumes or canal-like natural rivers. The banks of
gravel-bed rivers may be composed of gravel or a wide variety of materials and
particle sizes ranging frcm clay and clay sizes to mosses and sedges. The
gradients of gravel-bed rivers may be very steep or quite gentle as in manv
trout streams treasured by local fly fishermen.

Not only do gravel-bed rivers range in size, plan, profile, and cross
section, but our interest in them spans a simllar range. AT one extreme huzan
concern for gravel bed rivers focuses upon attempts to maintain the "natural”
r:ver and riparian svstem in a world dominated by human activity. At the
cpposite extreme, the concept of control is evoked to fix the position and
form of an unruly natural stream to prevent it from behaving in a "natural”
fashion, to preserve the adjacent lands from erosion, or to assure a fixed
:nannel o speed the passage of floods or to assure navigabilicy.

Given the variety of gravel-bed rivers and the range of objectives
inspiring interest in such rivers, few specific topics clearly warrant
priority of inquiry over others. In the preface to the remarkable volume
representing the deliberations of the Second International Workshop on gravel-
bed rivers 1t is noted that at the First International Workshop in 198C, "the
major obstacle to achieving geals [of better management guidelines] was
rdentified as a lack of knowledpe concerning sediment transport processes...
Sorh understanding of process and its application to management require
conztinuing work refining the understanding of transport processes which
control the behavior of gravel-bed rivers. The second conference made major
contributions to this understanding. Despite such progress, uncertainties
remain about sediment transport even when "gravel" alone 1is transported in the
bed of the river channel. As the papers in the 1987 volume made clear, the
full range of hydrologic and hydraulic complexities i5 also reflected in the
behavior of gravel-bed rivers.

n

Papers in the second workshop contain careful evaluations of transport
models along with cautions about the variety of materials in gravel-bed
rivers, possible effects of ranges in particle size including suspended load,
and the relative confidence in the application of transport equations to
conditions where the channel geometry is assumed and water flow and sediment
movement calculated, as opposed to those conditions estimates of channel
features are to be derived from principles of hydrology and hydraulics in
channels with mobile boundaries. Has a consensus emerged on the present




state-of-rhie-art of sediment transport estimation and observation? Is .t
prematu.e to provide confidence intervals for the estimation of sediment
mover ent in gravel-bed rivers, qualified or structured according to a rough
¢. Lsification of the variecy of gravel-bed rivers?

Equilibriuws concepts applied channel form and plan have assumed stezd,
state and uniform flow in characterizing the relationship between geometry and
flow in specific reaches. From the outset, it has been known that these
assumptions are simplifications of the natural world. Analogies between
regime canal systems and natural rivers have recognized the disparity in
nvdrologic regimen between the two while marveling at the apparent similaricy
of the resulting river features. Design criteria for river control mimicking
anal design have sought to minimize problems associated with the variabilicy
Zlow and transport in natural rivers. "Dominant” and "channel-forming”
‘iccharge are surrogates for a more complex rcality, and recognized as such.
ufficient information now available to do without the single flow concept
implied in dominant, channel-forming or bankfull discharge in the hydroiogy

erating to river form or patternm? The literature on flow and transpor:
variabilicy grows, but the association of flow variability and channel
ehavior is more weakly supported. The time history of channel behavior
)
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shange are hard to verifv. Perhaps it is time for a structured inquiry
cesigned at an international level to monitor carefully both flow and channel
zeraviar in a well chosen sample of gravel-bed rivers.

one moves {iou Interest in the geomorphic characteristics and
2f gravel-bed rivers to a focus upon society's demands and interest
i uuch rivers, the scope of inquiry expands. A simple classificartion of che
range of interest can be shown based on an artificial dichotomy between cthe
ratural and the controiled river (Table). The dichotomy is artificial beca
~vwen the co-called natursl channel 1Is beginning To require management either
~wcause human beings reallvy do not like the "natural”, or because the natura
mannel system 1s belng markedly altered by human acrivities on must areas o
the drainage basin which control the downstream fluvial system. In addition,
ore cannot separate the channel itself from the riparian margin. The channel
ore, however, has received the lion's share of attention in research and
cment. Moreover, in each domain, the aquatic and terresctrial, there are
ants and animals whose habitat and behavior are essential features of the
management of both natural and controlled river systems.

crim

The spatial and temporal characteristics of fish habitats are receiving
increasing attention. Riparian terrestrial vegetation, particularly trees,
have been the subject of intense study; first from the standpoint of evapo-
transpiration and water loss, and more recently because of the relationship
between water loss and instream flow requirements. Aquatic plants, rooted
and lotic are vital to the habitat and to the quality of the river waters
themgselves and, of course, vegetation has long been recognized as an important
cmponent of boundary wmaterial confining the channel cross-section.
clatively few observations, however, quantify these effects. While not new,
mphasis upon the riparizn scene as a whole, including the biora as well as
upon the channel, appears to bhe critical for understanding and hence,
manapement of pravel-bed rivers. The humorist Robert Benchley discussed
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international fisheries agreement from the standpoint of the fish. Ferhaps a
view of the gravel-bed river from the standpoint of a fish, a bird, or a tree
plant might be useful in suggesting hypotheses to be tosted of observations to
be made of different parameters in different ways. What are the interactions
of biota, channel, and riparian margin?

Managing the controlled or regulated natural channel whether for
navigation, ¢crosion contrel, gravel extraction or recreation faces the same
issues as those encountered in a natural scene. Further, multiple use, while
sometimes a euphemism glossing over conflicting objectives, dominates in many
gravel-bed rivers. Such multiple objectives can be seen where groins are used
in pank control and the habitat for birds within the slack water bectween the
groins becomes a major environmental objective issue. A habit of visualizing
the controlled or matural river from the standpoint of the fish, the birds,
and the trees might mitigate the likely regret associated with failure to
satisty a variety of social values exprecsed by society as such values change
over the vears. The relationship between bank erosion control, floodway
design, and habitat for biota might provide a framework for review and summar
in a more sophisticated handbook for the management of some gravel-bed rivers
than currently exists.

As noted earlier, the words gravel-bed rivers encompass an enormous
range of channel znd riparian characteristics. The continuum represented by
both the Jownstream channel svstem within a drainage basin and by the variety
forms and patterns is well known. At the same time, the challenge
«s:“ication based on quantitative measures remains. We are hard
cressed to quantify the description of bank mat_rial in the natural scene, let
L

oae rciate the full range of hvdrologic behavior, geologic setting, and
Temporal wariations to one another as determinants of chanrel form and
catrern Yet, in the absence of guantitative classification, it is difficulc

o transfar information derived from experience and observation in one place
o that :n another. In theory, it is correctly assumed that underscanding and
ence mocelling based upon first principles is the basis for transferability

3ut, we aiso recognize the nearly infinite variability of the natural scene
wnich recuires reasoning by analogy as well as by the application of
principies. Any classification of a continuum will require arbitrary

t:ng or lumping™, as the paleontclogists reccgnize, but diagrammatic
representation of channel forms would be much improved if the axes were
quantitative rather than qualitative. Can this be achieved trday for gravel-

bed rivers?




SOCIETY'S INTEREST IN GPAVEL-BED RIVERS

Chiective Maincaining the Natural Scene Controlling the River
Specific Preservation of Ecosystem Navigation
Usas Recreation Erosion Control
Fishing Floodway
Hunting Gravel Mining
Hiking Recreation
Walking Fishing
Viewing Hiking
Biking
Walking
ccaTion Channel Channel
Riparian Margin Riparian Margin
Tizta Agquacic Aquatic

Terrestrial Terrestrizl




GEOMORPHIC THRESHOLDS
IN GRAVEL BED RIVERS-
REFINEMENTS FOR AN ERA OF ENVIRONMENTAL CHANGE

by
Malcolm Newson
Professor of Physical Geography
University of Newcastle upon Tyne
NE1 TRU. (U.K)
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1. Introduction

In 1973 Schumm introduced geomorphologists to the concept of
thresholds in the fluvial sediment system. The concept has
spread to all facets of the subject, often without question
as to its true applicability; those who work with gravel-
bed rivers, with flood effectiveness and with engineering
applications of geomorphology are prone to unquestioning
acceptance. The present author is therefore particularly
vulnerable to "threshold spotting”, and at the outset it is
essential to list the qualitative appeals of the concept to
the geomorphologist:

a. Threshold concepts work best at the basin scale.
lntrinsic "geomorphic" thresholds establish

the value of geomorphological study as a valid, even
crucial, contribution to the multidisciplinary field
cf fluvial systems,

b. Thresholds are paradigmatic, representing a useful
rhilosophical template for observations, located
between castastrophic and uniformitarian explanations
of the landscape. Thresholds normalize the role and
relations of fluvial studies with other sciences which
have emploved the concept with great success.

The prospect of an impending era of marked changes in
extrinsic climatic variables and of a determined
anthropogenic response makes this is a good time to evaluate
the validity and utility of threshold concepts in gravel-bed

systems (these two values are not perfectly correlated!)
River systems appear to have caught the imagination of
politicians and planners concerned with environmental
management; possibly the river basin outline represents a
helpful circumscription to "the problem". The balance
between anthropogenic and climatic influences in river
bhasins is highly debated (Newson & Lewin, in press); if the
former already dominate, there is less apparent need to
"prepare" for global warming and, if the latter dominate, we
need tc decide urgently whether and how to increase the
anthropogenic imprint in order to conserve human resource
systems. A new alternative has also emerged: that of a
sustainable, mainly natural response in which we largely
withdraw from some or all of the hazardous locations in
river basins in favour of the conservation of nature
{Newson, in press). To all of these scenarios there attends
the need for predictions of the "where and when" of river
responses.

The threshold concept has impinged on the public debate
on climate change, notably through the spectacular example
of the potentially threshold-like behaviour of the West




Antarctic Icesheet and the results of its melting (Grove,
1987). However, in the decade since the highly
enthusiastic Binghampton Symposium devoted tc the subject,
{Coates & Vitek, 1980) thresholds in geomorphology have been
increasingly guestioned (e.g. Carlson, 1984; Ferguson,
1987), either because threshold behaviour at one scale
becomes progressive at another or because the abruptness of
change implied by the concept itself becomes gquestionable
after the arrival of observations of intermediate conditions
and forms.

The dust-jacket of the volume containing papers from
the 9th Annual Geomorphology Symposium at Binghampton
(Coates & Vitek, 1980) proclaims that "critical limits,
boundary conditions, and vield points - indeed thresholds"
are important in many fields of science and technology.
Although a stricter definition was offered at least once
inside the covers ("within the natural system boundary
conditions exist that when exceeded can cause sudden and
vast changes") such definitions have been little refined,
and even less adhered to. Table 1 lists the alternative
definitions of thresholds found in the Binghampton volume;
it is not offered as supercilious criticism, but instead to
demonstrate that the threshold concept is very compelling -
indeed those criticising it often fall to using it within
their critical writing (e.g. Ferguson, 1986). Coates and
Vitek {(1980) themselves tacitly admit to a lack of rigidity
in definition when they say that "'the judgment criteria
that are adopted may determine whether to label an event on
landform change as a true threshold" (p 11). Nevertheless,
they are in optimistic mood, finding that "thresholds are
present in all geomorphic processes" and that, in an era of
increasing application for geomorphology "ignoring
thresholds invites tragedies in every aspect of human
utilization of the surface" (p 21). It is the latter remark
which now needs some substantiation in this review.




TABLE 1: Definitions of thresholds offered at the
..1980 Binghampton Symposium

"The point at which a stimulus begins to produce a
response" McKerchar (1980) p 171

"a threshold is a turning point or boundary condition
that separates two distinct phases of interconnected
processes, a dynamic system that is powered by the
same energy source' Fairbridge (1980) p 48

"That critical distance from equilibrium at which
unstability may occur therefore represents a thermo-
dvnamic threshold bevond which a perturbation
introduced to the system does not decay to the
steady state ..." Karcz (1980) p 220

"Although thresholds are generally defined as an
abrupt temporal change in morphology or dynamics
of landforms, similar abrupt spatial transitions
are common ({(stream banks, escarpment brinks, riffles
and pools, stream junctions etc.).

Howard (1980) p 227

"A threshold may be regarded as a balance betweeen
opposing tendencies" Bull (1980) p 260

"'Threshold' or 'threshold concept' are employed
as self-explanatory terms to denote existence of
zones or critical conditions at which change in
topographic form or process occurs"
Ford (1980) p 345
gquoting Frederking & Vilek.

"The Nile seems to be a classic example of a
hydrologic threshold" Fairbridge (1980) p 45




2. Thresholds: original scales and definitions

Schumm (1973) began his influential paper on the
threshold phenomena of river basins with the words, "The
alluvial and morphologic details of drainage systems are
much too complex to be explained by progressive erosion
alone.” (p 299). He wrote as a geologist and gemorphologist
~ about alluvium and landform. At our last gathering in
Pingree Park (Thorne, Bathurst & Hey, 1987) the present
author made a plea that each contribution be accompanied by
a time- and space-scale cartoon locating its disciplinary
origins in space and time - to avoid fruitless debate
between the "zones" of Schumm and Lichty's (1963) table of
dependent and independent river basin variables. Such
attention to detail is also a requirement of any review of
the origins and subsequent critiques of the threshold
concept. To place this (geomorphological) contribution on
the working diagram we need to refer to Schumm's original
definition of geomorphic thresholds:

"A geomorphic threshold is one that is inherent in the
manner of landform change; it is a threshold that is
developed within the geomorphic system by changes in the
system itself through time" {Schumm, 1873, p301)

In Schumm's treatment the external variables change
progressively (much of the work having been done
experimentally in the CSU basin-scale "facility"), but a
complex response is evoked by the interaction of sediment
supply and transport processes within the fluvial system.
Refining the concept, Schumm (1977) is quick to point out
that the alternating phases of erosion and deposition he
defines as conmprising complex response do not simply
represent the system hunting for an equilibrium: "the
complexity is not simply negative feedback that restores a

former condition: rather it involves the crossing of a
threshold to a new equilibrium state" (p 77). Schumm tends

to restrict the utility of geomorphic thresholds and complex
response to areas of high sediment production or of "rugged,

youthful topography".

In view of these apparent restrictions the main task of
the present review becomes one of investigating whether the
original constraints placed on the applicability of
threshold concepts have been validly breached or not and, if
not, whether it is important that we now localise genuine
threshold phenomena further in time and space because of
their practical potential in interpreting and responding to
environmental change.

The main extensions to the threshold concept appear to
have been largely away from the fluvial system itself;
thresholds are applied particularly to processes which
include mechanical failures or overflow of storages (or a




mixture of both). Graf (1982) examining the potential of
catastrophe theory in geomorphology concluded that, with the
possible exception of arroyo formation, rapid system changes
were much more likely in mass movement, aeolian processes,
glacial surges and breaking waves: in other words, where the
mechanical action of failure is critical. Thresholds have

also been associated with the magnitude/frequency spectrum
of extrinsic variables (and we may include anthropogenic
activity as well as storms and floods). More i1n-keeping
with Schumm's geomorphic thresholds has been the extension
of threshold concepts to the interface between processes
leading to sediment production/supply and those producing
sediment transport Intrinsic thresholds, in particular,
may be associated with many of the multitude of storages

associated with cascading natural systems such as those of
river basins: "Where catchment processes incorporate
storages a new mode of operation commences, Or a new process
is included when a storage is filled" (McKerchar, 1980, p
172). Kirkby (1980) writes of "domains of dominancz" for
particular proce with the changeover from one to

another commonly progressive, but which "in several
important cases involves an instability which sharpens the
transition" (p 53). Even if the processes operate in a
linear fashion, says Kirkby, the change of domain produces a
non-linearity and this is especially true of storage/release

processes.

To the present author's knowledge there has been but
one attempt in geomorphology to refine a working definition
of threshold behaviour in termsz of generic attention to
process behaviour (one of Graf's obstructions to the
application of catastrophe theory in the subject was our
ignorance of control processes). At our last Workshop Hey
(1987) suggested that the normal interaction of load and
transport in rivers could produce threshold effects whilst
Pitlick in his discussion of Hey's paper concluded that a
reach downstream from a catastrophic dam burst had not shown
threshold responses! However, Chappell (1983) draws
attention to an important divergence in the nature of
thresholds; defining a threshold as the boundary between
different states of a system, he goes on to define them as
transitive or intransitive according to whether the new

state represents a persistent or short-lived change of
external boundary conditions. Chappell implies that the
"perturbation of boundary conditions" which occurs over an
intransitive threshold is one "within the normal magnitude -
frequency spectrum”. "Bistable behaviour" can occur in some
systems containing intransitive thresholds, as defined by
the process-resultant curve. The crossing of transitive
thresholds is, however, more akin to Karcz's (1980)
thermodeynamically-defined perturbation which does not decay
to steady state.




Chappell stresses the need to identify thresholds at
the process level because apparent boundaries in
geomorphological systems can masquerade as thresholds.
Concluding, he =avs that any study of geomorphological
change must involve

a) the boundary magnitude -~ frequency distribution

b) the range of sensitivity of the threshold process

c) the system lag and feedbacks

3. Thresholds: developing doubts and criticisms

Threshold interpretations may now be said to have come
to occupy a number of niches in the fluvial system, as shown
by Table 2:

Table 2 Summary table of threshold interpretations
within the time and space scales of the
fluvial system

PARTICLES SEDIMENT YIELDS PATTERNS FORMS

Initiation/cessation of transport
sedimentation features/zones
channel pattern/metamorphosis
climatic geomorphology

One may consider three factors which have helped extend
the popularity of the concept:

a. In hydraulics there are thresholds between sub-
and supercritical flow regimes; thresholds
also said to describe the entrainment, transport
and deposition of sediment grains, indeed there are
"threshold channels" designed to throughput
sediment whilst retaining form. Hydrologists
have produced more evidence for non-progressive
behaviour of runoff processes and the "rare, great"
flood event has been a major focus of
geomorphological study.

b. The methods available to those studying the
fluvial system may have influenced the adoption of
threshold concepts; geomorphology is rooted in
descriptive classifications and "classic" forms
dominate over intermediate states. "Snapshot"
historical evidence of fluvial change from maps,
air photos etc.is an essential methodlogical
component. In process studies, trapping of
sediments has necessarily discretized what may be
continuous properties.




c. There has been something of a cultural proclivity
in late 20th century science to interpret rapid
change - for example catastrophe theory (Woodcock
and Davis, 1980), Chaos (Gleick, 1988) and mass
extinction (Albritton, 1989).

By the mid 1980's, however, doubts were growing over
the application of threshold concepts, especially to the
transformation of channel planform.

Leopold and Wolman's (1957) location of planform
domains for channel patterns on a slope/discharge piliot
attracted Schumm's attention as a candidate for the
threshold concept; however, his 1973 paper does not

expressly classify the transition from meandering to braided
planforms as representing a process threshold. Clearly the
importance of slope attracted him to the potential for a
true geomorphic threshold but he did this only at a valley
scale, not at a single site through time. The temporal
rererence in the paper is to valley metamorphosis such as

that which occurred in the Cimmaron River (Schumm and
Lichty, 1963); it therefore implies a change in sediment
load calibre as the result of crossing the threshold.

Ferguson (1987) says of the Leopold and Wolman paper:
"Despite its authors' emphasis that natural channel patterns
form a continuum..... the paper is remembered mainly for its
graphical discrimination between braided and meandering
channels in terms of just two controlling variables,
discharge and slope” (p 129). Ferguson also writes,
"Surprisingly, few fluvial scientists have paused to ask
whether Leopold & Wolman's threshold between meandering and
braiding is quantitatively, conceptually or even

morphologically correct. Ferguson is firmly of the view
that "we should think in terms of transitions in channel
pattern rather than sharp thresholds". The evolution of

bar forms, leading eventually to channel change, is also
sald to involve transitions rather than thresholds, although
the shift in chute location acress point cr lateral bars
might well be considered by Chappell to be worthy of the
"intransitive threshold" classification. Furthermore, any
channel observed in the field, says Ferguson, is likely to
be recovering from the last major flood during which an
essentially equilibrium channel form resulted. Again, the
Chappell terminology would label the flood channel and
recovering low flow channel as existing either side of an
intransitive threshold unless the flood had set up entirely
new catchment or reach dynamics (e.g. by creating a new

river cliff source of sediments). A similar point was made
by Harvey, Hitchcock and Hughes (1982) - see Section 4
below.




Carson and Griffiths' (1987) impressively practical
review {(from the perspective of the management of New
Zealand's extensive gravel-bed systems) incorporates a
criticism of two threshold concepts - the initiation (and
cessation) of gravel movement and meandering/braiding
channel planforms. They vindicate Ferguson's view that a
more complete field survey of channel types would vyield
considerable evidence of intermediate forms, for example the
"wandering" channels classified by Neill (1973). Carson and
Griffiths stess (p 119), "in attempts to differentiate
meandering and braided channels in terms of some
'threshold', care is needed not to include such channels
misclassified as one of the two end-members".

Turning to the mechanisms of the "wandering" channel,.
Carsen and Griff.ths report that the locus and pattern of
secondary flows in the asymmetric bends of many gravel-bed
meandering reaches produce both upvalley migration between
bends and local shoaling of the thalweg in the bend-entry
zone. BAs is demonstrated below for northern England, such
"fill and cut" behaviour, producing a new thalweg is an
important aspect of channel change both laterzlly and
vertically. The lateral activity is far less likely to cross
a transitive threshold than the vertical activity if it
occurs.

Carson and Griffiths restate Carson's (1984)
conclusions that channel classification into threshold types
is illusory, that the conventional discharge/slope threshold
is one of particle size and that there is weak support for
an association between braiding and high slope-discharge
values.

In terms of the initiation of movement the New Zealand

review supports the view that "the critical mean velocity
for the onset of bed material movement is significantly
higher than that needed to maintain movement once particles
have been entrained by the flow". (p 10). There are now
significant proofs from the field that bed condition
(overloose/underloose - Church, 1978), bedforms (Reid &
Frostick, 1986) and particle exposure (Andrews, 1983) all
produce this (intransitive) threshold-like effect. However,
particularly in the wider channels reviewed by Carson and
Griffiths, it is clear that whilst there is theoretical
support for grain transport thresholds, the inter-
relationships between mean and convective stresses and
variability of particle size on the bed mean that bed
movement may in reality be progressive.

There is clearly a dire need to measure the specific
location of bed material entrainment and routes taken during

bed material transport so as to confirm or refute the

hypothesis that the apparent thresholds observed by trapping
do no%t result from spatial variability of a bed material
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source and of the trajectory of movement. Thus the bed
material discharge may be more or less progressive but the
vield from a reach may be represented by apparent
thresholds. Meigh (1987) pointed out that channel storage
and confinement of transport routes within the cross-section
of a "near threshold" gravel-bed channel produced a temporal
record of irregular throughput. Of equal relevance to the
argument is the role of the supply-limited "throughput"
material (Carson & Griffiths' term); because it is supply-
limited and because kank collapses are a key mode of supply,
its transport will appear quasi-threshold. If we have erred
in applying threshold concepts to channel patterns because
of classification problems we may have made errors in
assigning sediment transport phenomena on the basis ot
observations which must be highly dependent upon sampler
design and sampling position within a reach.

4. Field evidence of basin-scale threshold behaviour
~during extreme floods: Northern England

At the outset of this review we considered the
importance of the threshold concept to an era in which
climatic change scenarios seem destined to force river basin
managers into a greater familiarity with equilibrium and
instability concepts. It seems reasonable, therefore, for
the case of Northern Britain (in which both average rainfall
and "storminess" are likely to increase) to examine the
recent flood record for gemorphological changes which might
fit the more rigorous of the threshold definitions presented
above. It is cf particular interest in the two field areas
discussed below to consider the additional problems of
anthropogenic effects, especially via biogenic controls on
the important feedback loops which may control the
transitive or intransitive nature of a threshold event. The
relationship between lateral and vertical responses is also
of interest.

The "Hurricane Charley" floods in Northern England in
August 1986 were remarkable for their geomorphological
effectiveness throughout major drainage basins (Newson,
1989), with vertical channel adjustments dominating over
planform change (by incision in the headwaters and
floodpiain accretion down-river). Geomorphological studies
of the affected headwater areas were made to investigate the
process thresholds which might have resulted in incision
during the event. Schumm, Harvey and Watson {1984) have
referred to the fact that "when geomorphic¢ tlresholds are
exceeded incision will occur”" (p 11/12).

The conclusions reached by Newson and Macklin (1990)
are that, although the Charley event may have been
relatively common in the hydrological record !estimated 50-
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vear return period) it produced very high rates of coarse
sediment transport, partly because of the availability of
mining wastes in some valleys. Although large fan-1like
depositional zones were created where headwaters joined
larger valleys, incision through valley fill and bedrock
predominated. Bedrock incision appears to have been
lithologically-controlled and intrinsic thresholds were
crossed as alternating sandstone and shale strata were
breached in the narrower, confined reaches of the affected
valleys. A basic process leading to incision in boader
valley reaches appears to be the "fill and cut" sequence
which occurs at minor depositional storage sites, for
example in the short meandering reaches. At the upstream end
of such reaches flood deposition causes afflux which causes
incision across the valley floor; if the incision(s) headcut
successfully within the duration of the peak flow there is
positive feedback to further incision and this proceeds to
the upstream reach. Coxon, Coxon and Thorn (1989) describe
an idential sequence of channel blocking, chute cutting in
the Yellow River (Ireland) floods of 1986 (return period
several hundred vyears). After the event, the sediment
supply to the flood-torn channels in such valleys is
entirely changed; in the bedrock reaches it may be reduced
because the weathering profile has been stripped, but
elsewhere the incised stream flows between unconsolidatea
banks and there are fresh bluffs and slope failures to form
additional point sources of glacial material. A transitive
threshold has clearly been crossed in respect of the
"normal" magnitude/frequency relationship.

The rapidity of the incicion by these northern Pennine
streams is confirmed by small terraces which have been dated
by lichenometry performed on the flood boulders which mantle
them. Both this positioning of boulders and the concordance
of lichenometric dates with large floods from the
documentary record lead to the conclusion that phases of
incision represent transitive threshold changes in processes
operating 1n these systems. These are non-engineered
fluvial environments and the prime human influence appears
to be on the intrinsic threshold behaviour of the basins
where mining waste has been redistributed by fluvial action.
Mining has had another influence in that much of the waste
is polluted with metals and this prevents the biogenic
stabilization of near-channel sediment storages between
threshold-crossing events.

The Forest of Bowland study by Newson and Bathurst
{1990) was prompted by severe, costly management problems
resulting from both erosion and deposition within two
Victorian water supply schemes - the Brennand and Whitendale
catchments. The North West Water Authority was alerted to
the possible impact of land-use and land-management factors
on the catchments by the fact that sedimentation rates to
the nearby Abbeystead Reservoir had almost doubled since
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approximately 1932; drainage, roading, vegetation control
and afforestation seemed to be the most likely factors.
They needed a remedial explanation for thc¢ damaging
instability, particularly in the Brennand catchment, and
Newson & Bathurst (1990) conclude that the explanation may
be the crossing of a sediment transfer threshold by a
spectacular flood in August 1967.

The flood-producing rainfall of August 8th totalled 109
mm. in the Brennand catchment and 89 mm. in the Whitendale,
with a duration of approximately 90 minutes. The estimated
discharge peak in the Brennand was 15-16 times the mean
annual flood, equivalent in this region to a return period

in excess of 10,000 vyears! Accounts written at the time
speak of mudslides, landslides, boulder dams, channel
diversions, severe erosion, "phenomenal" movement of bed

material and, significantly, heavily-scoured channels of
enlarged dimensions. Aerial photographs for 1945, 1948 and
1968 confirm almost complete valley-floor adjustment by
channel switching or overbank deposition. New exposures of
sediment include a large number of river cliffs created by
mass movement and Incision (but maintained by the latter
process) and extensive moorland gullies stripped of their
peat cover.

The present-day channel network of the Brennand
catchment has, therefore, as a result of the one event, much
larger sources of sediment supply than at any time since the
growth of the present vegetation cover. A transitive
process threshold was apparently crossed in that both supply
and transfer of gravel material became adjusted to new
conditions through a number of feedback processes.

Without more detailed study, however, particularly of
catchment conditions prior to the 1967 flood, it would be
difficult to judge the significance of the estimated 10,000-
vear+ return-pericd of the event. In the neighbouring
Whitendale catchment the morphological legacy of the flood
1s minimal (flood peak approx. 7 times the mean annual
flood). The evidence of incision in the Brennand
headwaters and of the "wandering" channel which now occupies
the transfer-zone is that lesser events would not cross the
threshold. Indeed, in the neighbouring Langden Brook
catchment Thompson (1987) concluded thzt channel planform
fluctuations could be accommodated within a dynamic
equllibrium framework despite the repeated crossing of
(intransitive) channel thresholds. Valley-floor widths are
important to this discussion - in the "Charley" flood areas
it was the alternation of severe confinement and storage
zones which set up the threshold conditions; in Bowland the
wider valley floors are influenced only by a much higher
magnitude event.
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It is interesting to note in this respect that, in
writing of a number of similar upland British catchments,
Harvey, Hitchcock and Hughes (1982} see no evidence of
recent approach to a major system threshold. They identify
process thresholds and quote time intervals for events
controlling overall channel morphology (2 - 4 per year) and
adjustment of channel forms (14 - 30 peir vyear). They
observe that "there is no evidence that any past events
larger than those occurring during the study period have had
any lasting influence on the contemporary morphology of the
active landforms" (p165).

However, in one of their study areas a 100yr + storm in
June 1982 crossed major slope stability thresholds as well
as those for a range of processes of fluvial transport
(especially debris flows) to produce profound landscape and,.
on the resulting fan features a potential instability during
subsequent fluvial action (Harvey, 1987; Wells and Harvey,
1887). There was on this occasion a "semi-permanent" change
to braided channels sustained by a large number of new
sediment sources. Channel slopes were also influenced by
the calibre of the new inputs and presumably, therefore, an
almost entirely new set of process-response relationships
now exists.

At the slightly longer timescale there is considerable
overlap between the catchments on which "rare, great”" floods
have been documented in Britain (Acreman, 1989) and the
regions in which channel instability is pronounced in
downstream, piedmont reaches (Hooke and Redmond, 1989)

One further conclusion by Newson and Bathurst is
relevant; that is the contribution of land management
practices to restricting biogenic recovery mechanisms in the
Forest of Bowland catchments. The use of all-terrain
vehicles, bracken control, heather burning and failure to
control an infestation of burrowing animals (rabbits) has
helped keep the process system in its current state of
relative instability.

From these field studies we may conclude that, from the
standpoint of long-lasting process switches induced by
flood events there are a number of regularities:

a. If the extrinsic signal is a "rare, great" flood
initiating slope changes (note the channel/slope
flood demarcation of Newson, 1980), there are likely
to be transitive threshold changes, during recovery

b. Seciment storage in headwater valley floors
permits the development of intrinsic thresholds

c. When they are crossed the processes of incision
represents the transitive threshold change,
involving positive feedbacks to sediment supply and
stream power during lesser events




d. Biogenic and land-use influences are important if
they influence recovery by colonisation of deposits,
maintain sediment supply sources or impinge directly
on valley floor sediment stores.

5. _Threshold behaviour and the spatial and temporal
patterns of sediment throughput in river basin systems

Lewin (1989) has described the backgrcound to the
domination of the "fluvial vrocesses" school in the 1960's
in terms of the availability of a spatially-restricted
fluvial database, i.e. one derived largely from gauged
alluvial channels in large basins. "Belief in systems that
equilibriated in the short term allowed students to loock at
functional inter-relationships between discharge and other
environmental variables such as slope, soil and drainage
network parameters" (p 266). The origins and emphasis of
data widely used in the subject are also considered by Lewin
as of significance in forming what he describes as the
"unorthodox challenges" to the process school. "There
appears to be a growing impression that scme environments

are more prone to long-lasting landforming effects of
exceptional events than others" (p 273): Lewin quotes semi-
ar:1d environments and small headwater catchments as
susceptible; in both of these environments sediment supply
processes are significantly altered by "rare great" floods
and the growth curve of flood frequency is steep.

It is important to remember that Schumm's treatment of
threshold phenomena in "The Fluvial System" (1977) was also
spatially limited; he restricts thresholds to those parts of
the system dominated by highly stratified climate,
proclivity to large flood events, steep relief and
neotectonics. These are the regions of high sediment
production and storage, i.e. "The drainage basin", "valleys
and valley fills" and "the piedmont”" (largely ailuvial
fans).

Warner (1987) has confirmed a predictable spatial
variability in channel response to the pronounced climatic

variabiiity of New South Wales. "Gorge", "armoured" and
"backwater" zones react little and slowly to the alternation
of flood- and drought-dominated regimes; "transition'" and

"mobile" zones react profoundly and rapidly (zones after
Pickup, 1984). Because the mobile zone is composed of sand-
bed rivers we restrict ourselves here largely to the
transition zone, where-ever it may occur (as with many zonal
schemes the individual units of this one may repeat
throughout the fluvial system; this is a point further
confirmed by Maizels (1985) for a major Scottish river.

14
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It mavy be preferable to remain less specific about
labelling zones of the river long-profile in relation to
thelr susceptibility to threshold response and instead to
refer to those parts of any drainage basin where
considerable sediment storage occurs either on slopes or in
channels, the result of either current, or as Church,
Kellerhals and Day (1989) have shown, long-past, processes.
Clearly, therefore, we can include both the apparently
different valley fills of the narrow British upland
headwaters and Warner's gorge zone - see Nanson's (1986)
"floodplain stripping”" mechanisms.

It may well be that the proper definition of geomorphic
thresholds needs to reconcile the spatial ditribution,
volume and erodibility of basin storages with the
magnitude/frequency concept. Not only is the perturbing
event of importance here, but also the recovervy process.
Pitlick (1988) has a "zone-free" classification of the
recovery process from the impact of large floods; the reach
factors which control recovery (if it is to occur) include:

magnitude of the initial perturbation

sediment storage potential of the reach
continuity of sediment supply from upstream
frequency of flows subsegueut to the big event

The storages, too, need a formal classification.
Kelsev, Lamberson and Madej (1986) describe the movement of
a "slug" of sediments introduced by a flood to the 720 km
Redwood Creek basin; it traversed the active storages of
the basin in 18 vears but the important contribution made by
this study is that of a model which simulates the role of
active, semi-active, inactive and stable sediment stores in
the basin. Not all valley-floor storages will respond in
the classsic threshold fashion. Macklin and Lewin (1989)
describe the 115-year fluctuations of five "sedimentation
zones" in a 22 km reach of the South Tyne. These zones,
which average 1.69 km long appear to be largely a glacial
inheritance; the more stable zones which link them are
controlled by bedrock or by confining Quaternary fills and
have much steeper channel gradient. Key controls are
operated by the ability of the intervening "stable" (i.e.
laterally stable - Lewin & Macklin's study is primarily from
maps) reaches to temporarily store coarse sediments and by
the ability of major floods to transfer such sediments (in-
channel) to the downstrream sedimentation zone. Once again
the relationship between storage location, volume and flood
frequency is confirmed.

Obviously the emerging hypothesis that vulnerability to
transitive threshold behaviour during the extreme events
which may typify climate change can be localised and
predicted in drainage basin syst2ms can be partially tested
by reference to past climate changes, such as those of the
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Holocene. From this perspective Rose and Boardman (1983),
comparing the sedimentological response of two contrasting
rivers of the same order to the same climatic deterioration
{the lowland, alluvial, Gipping and the upland, boulder-bed,
Mosedale Beck), conclude that gradient-controlled valley
floor energy conditions explain why upland basins exhibit
continuing complex response following a perturbation.
Nevertheless, in both river systems there are alternating
phases of incision and aggradation at first because of the
delay between climate change and the sediment supply
response. Richards et al (1987) review the major phases of
anthropogenic sediment-supply changes in the British
environment; they too contrast the sediment size and supply
cycles of the lowland and upland headwater sites which have
been reported and dated. The upland catchments are notable
for the additional influence of localized meteorological
events and for their episodic use and abandonment by
agriculture.

Green and McGregor (1987) describe the significance of
the thresholds implicit in dynamic metastable equilibrium
for the formation of Holocene valley floors. Thus
"relatively shortlived conditions of environmental change"
can produce a terrace whose detail is then added by longer
spells of quiescence and "morphostasis" Thanks to the
temporal and spatial variability of threshold conditions,
they claim that geomorphological response, even to global
change is unlikely to be synchronous.

6. Conclusions and implications for managed fluvial
environments.

Acceptance or rejection of the threshold concept by
those disciplines and environments represented at this
Workshop may either confirm the paradigmatic nature of
thresholds or support the contention that thresholds are
poorly defined. However, we might also consider that their
proper investigation refers us to an new emphasis on
sediment storage in river basins.

Geomorphologists are beginning to lay doan guidance on the
techniques for properly locating and evaluating basin
storage, for example Laronne and Duncan (1989) have measured
the storage potential and duration for braided river
sections; channel sediment delivery ratios (Phillips, 1989)
are also a conceptual advance and can be modelled. One of
the most influential recent workshops on the topic of
fluvial sediment storage concluded (Kelsey, 1982) that there
was considerable potential in the division of drainage
basins on the basis of supply- and transport-limited
sediment fluxes and the appropriate magnitude/frequency
growth curve. At the same meeting Reid formalised an
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approach to sediment routing through drainage basins on a
"from", "to" and "process" matrix. Swanson, Janda and Dunne
(1882) concluded that "geomorphic recovery from a sediment-
routing standpoint could be viewed as the refilling of
storage sites and their readiness to fail again".

Knox (1989) suggests that the tendency for net storage in
modern drainage systems implies a degree of disequilibrium
in the erosional and depositional system. Furthermore, "the
effectiveness to erode, transport and store sediment in
watersheds is subject to considerable spatial variation
within drainage hierarchies and the zone of maxium
effectiveness may shift with changing processes over time"
(p158). 1t required a complete change of climatic
conditions to remove the colluvial deposits of the Late
Pleistocene in the Upper Mississippi; this was then followed
by a disjointed sequence of anthropogenic sedimentation from
agriculture and removal of these storages once conservation
treatments were applied to the headwaters. Humid
environments can exhibit significant volumes of sediment
storage within small basins, for example 90% of the material
excavated by modern gullying is stored within the 13.8km
Fernances Creek basin in south-east Australia (Melville and
Erskine, 1986).

In terms of management of fluvial systems it is significant
to note that certain characteristics of human manipulation
of both land and water resource systems set up transitive or
intransitive geomorphic thresholds. For instance, in the
release of large volumes of Quaternary sediments by
ploughing steep land for afforestation in Britain, or by
closing off an impoundment to remove sediment from the
downstream reaches we produce a hiatus which may or not
recover (see Petts, 1979, 1987). Urbanisation can produce a
discontinuity between the release of large amounts of
sediment (during building) and the release of increased
flood flows (after completion) - see Roberts, 1989.

However, management should now be concentrating on the
sensitive zones of each major basin and the current
condition of the anthropogenic/ biogenic controls on
sediment stores in relation to the effect of climate change
in either filling or emptying those stcores. Brown (1987)
writes of the importance of storage zones in middle and
lower basins and suggests that up to 3,000 years' volume of
stored sediments may be removed from the Severn basin (UK)
were it not for extensive flood- and erosion-protection
works on the river. Burrin (1985), writing about rivers in
Sussex (UK) concludes that their valley floors have been
artificially separated from formative fluvial action for up
to 500 vears as a result of engineering. If the response to
climate change is further structural protection we further
delay the time during which these sediments will be
remobilised. Because of the popularity of sustainable
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design and accounting timescales nowadays these are
considerations which are politically and, through
geomorphology, practically relevant.

Clearly the threshold concept has already had some practical
utility; even the now discredited threshold of channel
planform has encouraged a more sympathetic engineering
treatment of channels in the field (Newson, 1986; Leeks,
Lewin and Newson, 1988). However geomorphologists are now
contemplating the benefits of thirty vears of process
measurements designed to elucidate the controlling variables
in river dynamics. Richards (1990) has concluded that we
should now judge results on the basis of their ability to

explain the development of landforms. "Real" geomorphology,

writes Richards, is emerging in which "criteria for
acceptance of a theory are not based on predictive success
but on explanatory power".

The critical phase now entered "must involve the emergence
of new structures and relationships emploving the identified
mechanisms"”. Richards advocates the most likely line of
progress as "the development of iteratively and spatially-
distributed form-process-form feedback models".

A properly-defined, spatially-discrete threshold approach to
the fluvial landforms created by sediment storage in river
basins would conform to Richards' wishes. "Threshold
spotting” now has to enter a new era and the signals for its
methodlogies have come from those working with both
historical and contemporary storages in a variety of
climatic zones.
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Abstract

As a result of a laboratory study, new formulae are proposed to
calculate bed load transport rates and velocities of torrent flows with
high suspended fine material concentrations. Using the bedload transport
equation in a case study, sediment volumes of floocd events are deter-
mined and compared with independent estimates. In a second part, several
empirical equations are compared which were developed to estimate the
total sediment volume that may be mobilized in a torrent catchment
during an extreme rainstorm event by either a debris flow or by fluvial

sediment transport.

1 INTRODUCTION

With increasing population densities and with increased tourist ac-
tivities in mountain areas, the problem of sediment hazards from
mountain torrents has to be given more attention. A flood event invol-
ving massive sediment transport can endanger human life, property and
traffic routes particularly on the fan area. If a lot of material is
deposited at the mouth of the torrent, the main stream in the valley may
be dammed which will cause trouble for the next village downstream. In
order to plan countermeasures against such disasters, it is therefore
important to know more about massive sediment transport processes in
torrents and to develop methods to estimate sediment volumes resulting
from flood events.




Torrent catchments are characterized by steep gradients, and thus the
sediment transport capacity in the channels can be very large. During
periods with no major flood events, however, a lot of debris and sedi-
ment may be stored in and along the channel. In addition, there are
often steep side slopes composed of loose material (e.g. moraines). If
an intense rainstorm occurs over such a catchment, the resulting flood
may mcbilize major parts of these sediment resources, and under certain
conditions the transpcrt can also be in form of a debris flow. Accompa-
nying landslides enhance both the sediment supply into the torrent and
the probability that a dangerous debris flow will form.

2 FLUVIAL SEDIMENT TRANSPORT

Bed load transport experiments

During a flood event a lot of fine material may enter the channel
from the side slopes. If this material is suspended in large quantities
by the water flow, a slurry of fine material will result which can
eventually form the fluid matrix of a debris flow. In order to examine
the transition region between "normal™ (fluvial) sediment transport and
debris flows, an experimental study was performed (Rickenmann, 1990). A
clay suspension of increasing concentrations was used to simulate the
tine material slurry. In a steep flume with slopes between 5 and 20 &,
the bked 1load transpcrt capacity (qB) and the flow behaviour ¢f the
slurry were determined, locoking at the effect of the 1increasing fluid

density and viscesity with increasing clay zoncentration of the flow.

The main results of this study can be summarised as follows: As long
as viscous effects remained negligible (particle Reynolds numbers above
approximately 10) the bed load transport rates increased with increasing
fluid density. As compared to the corresponding clear water flow (having
the same flow rate and the same slope), the increase in the experiments
reached up to 300 %. Once the flow around the grains became laminar
(particle Reynolds numbers below 10), however, a marked decrease of Qg
with further increasing cliay concentration could be observed. All the
experiments were performed with steady uniform flow. The fact that the
transport capacity of debris flows is still much greater than in these
slurry flows, is probably associated with the wunsteady flow behaviour
and the different rheologic behavicur of such grain-water mixtures.




The majority of the experiments were performed under flow conditions
with negligible wviscous effects. The analysis showed that this experi-
mental data can be described by a similar bed load transport formula as
proposed by Smart and Jaggi (1983), only the density factor had to be
adjusted. Since these authors had performed similar experiments in the
same steep flume facilities, using clear water as transporting fluid,
both data sets were analysed together (totalling 115 tests). The
resulting calculation procedure is shown in Fig. 1.

At steep slopes (>~ 10%) the bed load transport capacity becomes so
large that the concentration of moving grains increases the flow depth.
Therefore a distinction is necessary between the mixture flow depth hm
and the fictitious fluid depth hf (fictitious depth in the case of no
transport). For the same reason two different calculation procedures
were proposed, depending on whether the flow rate (q) or the £flow depth
(hm) is given or assumed. In the following case studies we gstart from
the flow rate, therefore only the first procedure (labelled "design
case™) 13 presented here. The second calculation procedure can be found

in Rickenmann (1990).

As mentionned, equ. (2) is the result of a regression analysis of
beth the clay suspension experiments of the author and the tests of
Smart and Jaggi (1983). Equ. (1) represents a slight modification of a
formula proposed by Bathurst et al. (1987), to include also density
effects. This equation is partly based on steep flume experiments (up to
20% slope) and it applies essentially to beds with more or less uniform
grain size distribution. From the flow resistance analysis of the steep
flume tests, a formula very similar to equ. (3) had been developed.
Interestingly, the measured velocities fitted even better to equ. (3)
which was adapted from Takahashi (1978): his formula is based on theore-
tical considerations, and a “calibration™ with his experimental debris
flows results 1in the constant 1.3. Equ. (4) is a purely empirical
relation that was dcveloped from the steep flume data of the author and
of Smart and Jaggi (1983).

The channel bed of a torrent is often composed of an armour layer
containing very coarse pebbles and boulders. The main difficulty in
assessing the sediment transport is to determine the critical discharge
above which substantial transport will occur. For rivers with flat
slcpes, full sediment transport (close to the calculated transport
capacity) may be assumed after the armour layer is destroyed. In a
torrent, however, the coarsest boulders (grains sizes above about 1 m)

may not be moved even at higher flow rates. Since transport formulae




were developeli with comparatively unifcrm grain sizes,

ment transport

calculated values.

rates

effective sedi-

in torrents might only make up for a part of the

(A) "Design case": given q, S, (s-1), d90' dSO' d30
unknown Qg hm, hf, v
Calculation scheme:

_ _4,1.67 0.5 1.5 .-1.12

Ao, = 0.065 (s-1) o d50 S (1)
y

o 12.6 (d9o)o.2 (@ - q ) §2-0 2 )

B -1 F dyg cr

V=1.3 s0.2 q0.6 g0.2 / d864 (3)

h, = q/V

h =h./ (1-1.64359-42 (0B0.63 (4 )

m £ ' q

Fig. 1: Calculation procedure for the "design case". Recommended range

of application: 5 % <=

S <= 20 %, g >= S-qcr, hm/d90 <= 20.




In Fig. 1, the following notation is used:

q fluid flow rate per unit width [m?/(s.m)]

S slope

8 = p_/p.: ratio of sediment to fluid density

d90 :schgracteristic grain size than which 90 weight percent is finer
dSO characteristic grain size than which 50 weight percent is finer
d30 characteristic grain size than which 30 weight percent is finer
dg bed load tran:s-ort rate per unit width [m?/(s-'m)]

q critical flow rate at initiation of motion

h;r: mixture flow depth (including part occupied by moving grains)

he (fictitious) fluid flow depth (= g/V)

Vv®: mean fluid velocity

Gliinter (1971) performed experiments to study the effect of a wide
grain size distribution on the critical dimensionless shear stress to

break up the armour layer, ®.r D’ which can be expressed as follows:
14

d
_ 90,0.67
acr,D = by ‘an ) (5 )

where ocr is the critical dimensicnless shear stress at initiation of

motion for a uniform sediment 0.05), and dm is the mean grain

(o ~
cr
size., If equ. (5) is combined with the formula of Manning-Strickler, a

critical discharge for the destruction of the armour layer, g can

cr,D’
te determined. Comparing this relation with equ. (1, the following first

approximation results {(putting dSO - dm):

d
. 90 (6 )
qcr,D Hm qcr

For the bed material of the examples in the following case studies
the ratio (d90/dm) varies between 2 and 2.6. In this case it may be
concluded that the critical discharge to destroy the armour layer is
about 2 to 3 times larger than the one for initiation of motion with a

relatively uniform sediment (with the same mean grain size dm).

In the bed load transport equ. {2), the effect of a wide grain gize
distribution is accounted for by the factor (d90/d30), and the density
effect by the factor (s-1). These influences may be replaced by a single
factor F. Putting F = 1 for clear water with (s-1) = 1.65 and for a
uniform sediment with (dgo/d3o)0'2= 1.05 (Smart and Jaggi, 1983), equ.
(2) can be simplified to:

_ _ 2.0
g = 5.9 F (q qcr) S (7))

The respective influence of these two effects is as follows (if both
effects are to be taken into account, the two factors have to be
multiplied)




T T

-6 -
d90/d30 = 5 ---=> increase of gy by factor F = 1.3
10 1.5
pe = 1.15 t/m?® ----> increase of qg by factor F = 1.5
1.28 2.0
Case Study

During the summer of 1987 two heavy rainstorm events occurred in July
and August, resulting in large floocds and widespread debris flow ac-
tivity. These natural events killed one car driver and caused a 1lot of
damage to traffic routes, buildings and cultivated land. In order to
study the causes and the processes associated with these events, a
national research program was initiated by the Swiss Federal Board of
Water Resources Management. In one subproject, the debris flow and flood
events in torrent catchments were studied (Haeberli et al., 1990).

Four flood events in torrent catchments were studied in more detail.
The sediment volumes transgsported to the mouth of the catchment were
between 307000 m® and 250’000 m®. In all these torrent catchments there
was both a flood event and debris flow activity during long-lasting
precipitation of about 1 1/2 to 3 days. Based on field observation and
eyewitness accounts, an attempt was made to distinguish between the
sediment volumes resulting from fluvial transport and those volumes
associated with the debris flows.

The following Table 1 gives the main characteristics of the catchment

and the transported sediment volumes:

name date catchment mean creek fluvial sed. debris flow
area gradient volume sed. volume
[m?] {m?]
Varuna 18.7.87 6.6 km? 37 % max. 2070001 20070002’
Plaunca  18.7.87 3.8 km® 34 % ? 24070002
zavragia 18.7.87 13.0 km! 26 % ? 3070003’
Miinster  24.8.87 15.3 km? 16 % max. 207000%  307000%

Table 1: Observed sediment volumes resulting from fluvial transport or
debris flows, for four flcod events in torrent catchments.




In Table 1, the sediment volume estimates are based on:

1) sediment retention capacity of channels in the fan area, with no
deposition outside channels according to eyewitnesses

2) analysis of aerial photographs before and after the event

3) damming of the main stream within about 15 to 45 minutes

4) debris flow occurred clearly before flood event; photographic docu-
mentation of deposition in the village area before and after the
flood

In all four creeks, information on the characteristic grain sizes of
the bed material was obtained from several frequency-by-number transect
samples of the armour layer. Subsequent transformation into a sieve-by-
weight distribution of the whole grain mixture was performed according
to a procedure given by Fehr (1987). The following values represent the
bed material characteristics near the head of the fan; also 1listed are
the bed slope of the fan head and the mean width B of the channel there:

name d90 dm d30 dgo/d30 slope of B
[m] (m] (m] fan head {m]

Varuna 0.46 0.18 0.05 9.2 0.24 5
Plaunca 6.29 0.14 0.025 11.6 0.11 4
Zavragia 0.52 0.21 0.04 13.0 0.083 10
Minster 0.42 0.16 0.04 10.5 0.13 7

Table 2: Grain size and channel characteristics.

Since no discﬁarge measurements (during the flood events) exist for
any of the four creeks, flood hydrographs were constructed from rainfall
intensity data for three hour intervalls (based or interpolation from
nearby raingauge stations). Runoff coefficients were varied between 0.25
and 0.7, depending on catchment characteristics and preceeding rainfall
conditions. The combination of the flood hydrograph with the bed load
transport equation (7) yielded fluvial sediment volumes,

Preliminary calculations showed that these volumes depend to a great
extent on both the value of the critical discharge for initiation of
motion and the time during which substantial sediment transport is




assumed to have occurred. A breaking up of the armour layer can be
expected with increasing discharge, but what is the effect of the
.argest boulders not moved by the flow ? And the armour layer will
probably be rebuilt during the receding part of the hydrograph.
Calculations of the flow depth at peak discharge according to the
procedure in Fig. 1 resulted in values less than 1 m at the time of the
flood peak. In view of the uncertaincies related to the beginning and
ceasing of transport, it was decided to neglect any correction for
sidewall friction effects, and a rectangular flow c¢ross section was

assumed. Thus, discharge values over the whole width were obtained as: Q
= B.q, ch = B.qcr' QB = Bqu.

In a first case (A), the critical discharge S . (and ch) was
determined with dm. A comparison of the resulting sediment volumes with
the observed ones (Varuna and Minster creek) showed a clear
overestimation (although with dm a larger grain size was already used
than with d50
discharge for the breaking up of the armour layer is obtained by equ.

according to equ. 1). A considerable higher critical

(6), the increase is a factor d90/dm‘ For a second set of calculations
(case B), it was decided to choose an even larger upper extreme value:
Using d90 instead of dm in equ. (1), there is an increase in Ay by a

1.5
factor (dgo/dm) .

The combined effects of an increased fluid density and of a wide
grain size distribution are taken into account by the factor F. For the
Varuna, Zavragia and Miinster creek this factor was varied between 1.0
and 1.5. Extremely high fine material concentrations were indicated for
the flood event in the Plaunca creek, muddy and humid deposits could be
observed even some days after the event. In this case the factor F was
varied between 1.5 and 2.0. Several combinations between the cases A or
B and different values of F were introduced in the bed 1load transport
calculations. Case 1 refers to the greater, case 2 to the smaller F
value. Here, only the two extreme combinations are considered. The
results are given in Table 3 and in the Figures 2(a)-(d) showing the
constructed hydrographs and the calculated sediment graphs.

A further assumption concerns the onset of substantial sediment
transport during the event. For three creeks (Varuna, Zavragia, and
Miinster) this time 1is mainly based on eyewitness accounts. The flood
event in the Plaunca creek was not observed by anybody. There it was
assumed that substantial transport began either at the flood peak
(linear increase from 14°9%h to 157%h) or after the presumed time of
debris flow occurrence (213°h)., For the Varuna creek, no substantial bed
load transport was reported for the time before 17°°h. In the 2avragia
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Fig. 2: Flood hydrographs constructed £rcm rainfall data and sediment
graphs calculated by equ. (7), for four torrent catchments: (a)
Varuna, (b) Plaunca, (¢) Zavragia, and (d) Minster. The arrow
with D.F. marks the time of the (first) debris flow occurrence.
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case, bed load transport is said to have started in the afternoon. With
Miinster, the debris flow (13°%h) occurred clearly before the flood peak.
It may be assumed that the armour layer was destroyed afterwards, and
that some bed load transport occurred in the afternocn, although the
eyewitnesses reported substantial transport during the evening {(of
August 24) and overnight.

name case d ch F Fluvial sed.
[m] [m?/3} volume [m?]
Varuna Al 0.18 0.9 1.5 457000
B2 0.46 3.6 1.0 117000
Plaunca Al 0.14 0.8 2.0 377000
B2 0.29 2.3 1.5 5000
Zavragia Al 0.21 7.4 1.5 487000
B2 0.40" 19.3 1.0 67000
Minster Al 0.16 2.1 1.5 577000
B2 0.40 8.2 1.0 10’000

*
With d90 = 0.52 m the critical discharge becomes larger than the peak
flow rate, and no bed load transport would result. Therefore a smaller
characteristic grain size is assumed in case B.

Table 3: Range of calculated fluvial sediment volumes.

The figures for the Varuna and Miinster creeks can be compared with
the observed sediment volumes given in Table 1. It is seen that the
predicted volumes based on d90 (to determine ch, case B) are closer to
the observations (s. Table 1) than those based on dm {case A). This is
in general agreement with equ. (6) which indicates that a larger
critical discharge is required to break up the armour layer than the one
for initiation of motion of a relatively uniform sediment (equ. 1).

A torrent bed i3 characterised by a very wide grain size distribu-
tion. A complete destruction of the armour layer is probably very rare
and might not even be reached after the passage of a debris flow. During
a flood event, sediment enters the channel also from undercutting and
failure of side slcpes:; however, it cannot ke expected that this supply




is sufficient to satisfy the (calculated) transport capacity of the
flow. It may therefore be concluded that direct application of bed load
trangport formulae, developed under idealized 1laboratory conditions,

tend to ovecestimate affective tzansport rat=s in « tczront.

3 DEBRIS FLOW OR TOTAL SEDIMENT VOLUMES

During flood events, enormous masses of sediment can be delivered to
the mouth of a torrent catchment. In many cases, only minor parts of all
the material is transported in fluvial form (as bed and suspended load)
and large portions are moved in the form of a debris flow which may
consist of one or several waves or pulses. Then it is no longer
sufficient to estimate the sediment volumes transported £from the
catchment by using a bedlocad transport formula and a hydrograph (as done
in the previous section). Instantaneous peak discharges of debris flow
pulses can be one or two orders of magnitude higher than the peak water
discharge during the same flood event (Haeberli et al., 1990}). In such
cases, the approach discussed above could clearly underestimate

resulting sediment volumes.

Therefore numerous debris flow events of the summer 1987 in
Switzerland were analysed on a statistical basis. As a result, a new
empirical formula was developed to estimate the debris potential
associated with such events. This relation is compared with similar
equations which were developed in Austria and in Japan.

Analysis of Swiss debris flow events

The two major rainstorm events (July 18/19 and August 24/25) of the
summer 1987 caused flooding (s. also case study of previous section) and
debris flcws in several regions in the Swiss alps. A large concentration
of debris flows could be observed in the scree and moraine slopes of the
periglacial belt, because warm temperatures resulted in rain- instead of
snowfall at high altitudes. Most of the debris flows analysed in this
study deposited between 1000 m® and several 10’000 m? of material on the
fan. However, there was also a number of events in which up to several
100’000 &' of sediment were eroded in and along torrent channels and
transported down to the main valley (3. also Table 1).
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A detailed analysis was performed with 82 of these debris flow events
(Haeberli et al., 1990). It was examined whether any general relation-
ships exist between simple parameters such as total debris volume,
aveéiage Jdeliis yield rate per unit channel length, catchment area, mean
zhannel slope and fan slope. The most clear dependency was found on a
diagram of channel debris yield rate versus fan slope. From this
diagram, an upper ‘imit defining the maximum debris yield rate, EL
[m3/m], could be determined as a function of the fan slope in percent,
JK%

L = 110 - 2.5 JK% (8 )

For the examined cases, the fan slope varied between 8 and 45%, and the
largest value of the average debris yield rate was about 100 m*/m. (It
may be noted that negative values of EL result, if JK is greater than
45%). Since the debris yield rate w. is defined as the ratio of the
total debris volume, M [m®], to the channel length, L [m], equ. (8) can

k= transormed into:

M= (110 - 2.5 JK%)-L (9)

These equations express an upper limit of erosion to be expected in
the case of a debris flow event. To illustrate the degree of overestima-
tion, the ratios of calculated to observed debris volumes (Mcal/Mobs'
termed Testimation error"™) are plotted in Fig. 3 as a function of the
cbserved volumes. Also included are some Austrian events (taken from
Hampel, 1977, 1980) ¢to enhance the number of debris flows with large
volumes. It is seen from Fig. 3 that very large estimation errors can
result for events with smaller observed volumes, while for large events

{(with Mps " 1007000 m?) the error is less than a factor of 2.

Comparison with similar formulae

In Austria and in Japan, similar formulae were proposed to estimate
the maximum debris potential that can be moved during extreme flood and
debris flow events. Also with these equations, the maximum debri s volume
is estimated as a function of simple parameters characterising certain
elements of the torrent catchment.
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Debris flow volumes
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Fig. 3: Performance of Equ. (9) in comparison to 82 Swiss debris flow
and some Austrian events, showing the ratio of calculated to

observed debris volumes (M /Mobs) as a function of the (ob-

cal

served) event magnitude (Mobs)'

Hampel (1977) developed an eguation to estimate the debris volume M
in [m?)] as a function of the parameters catchment area, EG in (km?], and

fan slope JK%

M = 150 EG (JK% - 3)2'3 (10)

The exponent of the slope term is partly based on laboratory
experiments, and the constant 150 was "calibrated” with 15 debris flow
events with volumes between 4000 and 500000 m’; the corresponding fan

slopes vary between 6 and 14%.

Another formula was proposed by Kronfellner-Krauss (1982), expressing
the debris volume, M in [m?], in terms of the catchment area EG (km?]

and the mean creek slope, Jm% in [%}:

M = K EG Jm% (11)
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where K 13 a torrential erosion coefficient which varies between 500
(large catchments, with sediments already eroded) and 1500 (steep
torrents with large sediment sources). In this study, a value K = 1500
was used. For the calibrztion of the coefficient K, Kronfellner-Krauss
(1582, 1985 Tsukuba) used a part of over 100 events with volumes between
5000 and 20000 m® and several events with more than 207000 m3. The
corresponding catchment areas vary between about 1 and 80 km?.

A third empirical equation is presented 1in Japanese planning and
design guidelines against debris flow events {Public Works Research
Institute, 1988). Using some coefficients given in this publication, the
formula can be simplified to:

M = 1100 Wo R EG (12)

24
where R24 in (mm] is the accumulated rainfall 24 hours prior to the
event, and Wo is a runoff coefficient (given 1in a diagram), which
decreases with increasing catchment area (Wo -~ 0.55 for EG = 0.1 km?,
and ¥ _ - 0.1 for EG = 10 km?); again, EG is in (km?! and M in [m?}.
There 1is no mentioning of the range of the parameters used in the

development of this equation.

For comparicon with egu. (8) and with the corresponding data set, the
three formulae (10) to (12) were applied to 82 Swiss debris flow events
of the gsummer of 1987. The results are shown again in terms of the

cal/Mobs
volume, s. Fig. 4(a)-{c). The largest ratio M

) as a function of the observed debris

/M
cal’ obs
100; even larger "estimation errors” result for small events (around

"estimation error"™ (M
shown in Fig. 4 is

1000 m?) according to equ. (10) of Hampel (up to a factor of 530).

It is seen that the three formulae (10) to (12) show a similar
pattern in the diagrams as equ. (9) in Fig. 3. Again, there is a clear
overestimation of the debris volumes for small events, while the error
becomes smaller for larger events, It is noted that *he three later
formulae also underpredict observed volumes by up to a factor of about 5
{(s. Fig. 4), whereas equ. (9) was developed on the basis of the
presented data set to give an upper limit. The range of the estimation
error 1is similar for all equations, except for the formula of Hampel
(equ. 10) which yields a somewhat larger overestimation for some cases.
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Debris flow volumes, Hampel
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Debris flow volumes, PWRI
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Fig. 4: Applicatiocn of several empirical formulae to the same debris
flow events as in Fig. 3, showing the ratioc of calculated to

cbserved debris volumes (Mcal/Mobs) as a function of the
(observed) event magnitude (Mobs)' Mcal was determined according
to (a) Hampel’s equ. (10), (b) Kronfellner-Krauss’ equ. (1l1),

and (c) the Japanese equ. (12).

For the considered debris flow events, the parameter R24 varied in a
relatively narrow range (about 50 to 250 mm), so that it may be
neglected in a first comparison of the four empirical formulae {in view
of the much larger overall estimation error). Then it is not so much
surprising that there 1is a similar estimation error for all four
equations. For there are mainly two effects that are considered: First,
a parameter characterising the catchment area (EG, L) represents the
overall debris and water potential. Second, there is a "correction"®
factor (JK, Jm, WO) which decreases with increasing catchment area. With
equ. (9), the efrect of an inreasing EG does not seem sufficiently
accounted for by the parameter L (instead of EG); this is probably the
reason why JK has a negative sign, and thus the correction works in the
opposite direction (as compared for example to Hampel’s equ. 10).




It appears that the maximum debris potential can be very roughly
estimated considering simple parameters that characterise the potential
debris and water supply. This simplified view gseems to hold approximate-
ly for larger catchment areas (>~ 1 km?!), involving still an estimation
error up to a facrtor of the onrder of 10. With smaller catchments, other
factor related to the initiation of debris flows become relatively much
more important, and thus the error increases drastically. An upper limit
of application may be given by the debris flow process as such, since
with increasing catchment area and decreasing slopes, channel yield
rates decrease markedly and furthermore a debris flow might not reach
the mouth of the catchment. In alpine regions, a catchment area of about

25 km? may be suggested as this upper limit.

4 CONCLUSIONS

Based on laboratory experiments, a new procedure 1is proposed to
determine bedload transport rates and flow resistance in steep channels.
For four torrents, fluvial sediment volumes transported to the fan were
calculated by combining the proposed bedload transport formula with an
(estimated) flood hydrograph. A comparison with observed vclumes shows
that a relatively high critical discharge at initiation of motion should
se selected, using rather d90 than dm as characteristic grain aize of
the bed material. It seems likely that in a torrent the armour layer is
very rarely completely detroyed. Thus full transport capacity (as
determined frem ic2alized experimental conditions) may be reached only
during short periods of a flood event, s3ince no continuous sediment

supply can be expected from sile slope failures.

To estimate the maximum debris potential of a tiorrent catchment,
several empirical formulae are available. They are based on parameters
characterisirg the water ani sediment to be possibly discharged during a
flood event. Such a simple approach gives a first, very rough estimate
of the maximum debris volure that can be removed from the catchment
during an extreme rainstorm event. An application to 82 debris flow
events of the summer 1987 in Switzerland showed “hat the error of
estimation decreases with .acreazing catchment area; observed debris
volumes were overe_.:mated by up to a factor 10 in catchments larger
than about 1 km?,
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Sediment Transport Processes on alluvial Fans:
Influences on Fan Morphology and Develcpment

A.M. Harvey, University of Liverpocol, England
INTRCDJCTICN

Alluvial fans are important depositional landforms compocsed
cracdceminantly of coarse sediments, laid down where stream systems
issue frcocm steep mountain catchments into zones of reduced stream
nower. They are transitional between dominantly erosional upland
or wmountain catchments, within which the transporting capacity
exc=2ds the rate of sediment generation, and valley, piedmont,
or lowland areas where transporting capacity is much closer to,
and least during the deposition of the fan 1is or has been
exceeded by the rate of sediment supply. This situation has been
descrzhed by BRull (19792) as one where effective stream power
falls below critical stream power i.e. that required to transgport

the available sediment (Figure 1). This typically occurs in
meuntain-£front 1locations but fans may zlso occur where staen
tributary streams Jjoin major valleys (Harvey 19€9a). They ar=

common in arid and semi-arid regions (2ull 1577, Harvey 198%aj,
but z2lse occur in humid environments especially in mountain areas
wrere g2diment g=2neraticen is high in relation to transport
zapacity (Rachecki arnd Church 1992).
Because the streams feeding alluvial fans are at or near the
reshold c¢f <critical stream power (RBull 1979} they are
ecially important to the gecmorphology of moupfa‘n or unland
ns for two resasoas. First, they are sensitive *o changes
off and sadiment generatizn from the mountain catchments
ce2rve in their censtituent sediments the mest complate
5£ the ercsional his=zory of the mountain catchment.
frem 2 functicnal point c¢f view, they may act as majcr
ent stores within the fluvial system, trapping wost or all
ccars2 sediment generated within the mountalin catchments
her=2fcre kuffering the system downs<tream from the effects
ances in s=2diment production. The 2ffectiveness of this
ri:g rcle will depend upon the processes on the fan itself.
2ing fan may :trap all the coarse s2diment generated
e mountain catchment and therefore effectively break the
0f the <cystem, »ut 1if the fan surface beccomes
channsl c¢ontianuity and sediment transport
mountain areas “¢ mainstieam systems may be
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influence of catrthment characsteristics on the sediment transpgaort
sharacTeriszciczs and in turn their influence on fan mcerphology
oaving special attention te progressive changes in fan morphology
vezulTing from environmental change It draws cn =2xamzles from
= wids range 2f c¢limatic environments from the arid Mcjave
Cesert California, te semi-arid Med1-er*ane=n region fans in
Spain and Sreecs, to humid region fans in northwest England, over
a rangs of timescales from the mid Quaternary to the present day.

tn
1

DIMENT TPRANSPCRT PROCESSES ON ALLUVIAL FANS

Classically sedimen*t transport processes on alluvial fans

hava bazn grouped into three (Blissenbach 1954); debris flow,
strzam flow and shest flow process=2s. More recent work by Wells
znd Barvsy {19¢7), on the basis of the characteristics of
cs2diments produced by a major storm on small alluvial fans in the
Eowgilll F2l11s, northwest England, has identified fcur types of
depositional envircnment and therefore four types of sediment
transpert mechanism. These are: (i) true debris flow deposits,
cheracterised by & matrix supported fabric showin push
structures, Including vertical clasts, aligned parallel with lobe
Ironts, and surface pressure ridges: (1ii) transitional deposits,
charactaris=2d by clas<c-supported, structureless dgravels wit!l
matrix OSnly in the lower part of the deposit. These deposits
have been  intarpreted ac transperted and deposited Ly
ayparccncertratad  flews  (Pierson and  Scott 1985) whereby
tranzport takss place as a very wet mass flow but on deposition
“ha wet b-J-A matrix drains, or at least partially drains.

Secd1iment concentraticn in the £1luid gives the material sufficient
strength for mass transport but on deposition is suffiziently
dilute &2 razn, causing the clasts %o settle and giving the
depeosit i:s almost structureless clast-supported fabric. (ii:i)
fluvial kar depcsits, showing a well developed fluviatile
mnbrzcatoon and a clearly developed nose to tail sorting. These
deposits show clear 2vidence of f£luvial transport, of<en with a
ztrongly develsped 'kar and swale! rel:ef. They inciude featwures
similzr to thos:z Zescribed 2s sieve deposits (Hcoke 1967). {iv)
£luvzial shest deposits: thess are well sor*ﬂd thin sheets of
filuvizatile graveils l1lccallv shoewing a weak bar and swale
tcpegrazhy on the surface

Matrix parti:cls size varies bhetween these four tvpes of
Th2 matrix >f the =zrue debris flows has an abundance

'J
n
v
ot

dznc

f silt and clay, whareas <he matrix in the £luvial deposits is
almost wholly ¢£ sarnd. Wherz prasent, <hat in the transcitional
deposits has particle size characteristics mid-way ketween those
2% rhe true debrisz fleows and of the fluvial deposits (wWells and
Harvyey 1927

In that s*tudy a general model was proposed relating the
Trangport and <Za2pesiticonal processes to the relative Flu1d*ty of
Tie water sediment mix f£ed 1n £rom the catchment, and identifying
cae zZoHntrolling catciment charac-teristiczs., (Fig.2) Although
Zazsc on thne resgonse Hf <he Howg:ill fans o one major storm, the
3212 gensr:l principles chould apply to zhe dominant mode cf
d2pos2ticn over a 2ericd of *tim=2 on any group >f fans. The
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ans were then grouped irnto two groups; fans dominazed
flcw/transitionai deposits and fluviatile fans, and the
s were successfully discriminated on the basis 2f a
varwety >f catchment characteristics relating, on one axis, tc

23, and on <he other =¢ various measures of catchment
steeprness (Wells and Harvey 1937). The results acceord in a
sareral sar.se with the trends identified by Kostachuk et al.

(128¢ "' working in the Canadian Rockies, and with those identified
hyv Harvey {[1984a) working in Spain. In all cases debris flow
fans with Trollhein-type sedimentary sequences (Miall, 1277) are
associated with small steep catchments, whereas fluvial fans with
Scott-type sedimentary sequences {Miall 1977) are associatad w.th
larger zand less steep catchments.

n this paper the catchment characteristics discriminating
n dekrze flow and fluvial fans are examined for fans in a

variety cf climatic environments and over a range of timescales.
STUDY ARPEAS

Zzvz fans, California.

The Tzycx fzns (Fig.3) issue from the eastern flank of the Scda
Mcourtains in the M»sjava Desert, California. an arid region with
£.120mm mean annual 2recipitation. Geology ©of the source area
cemprisss Masozoic ¢granites and metamorphic rocks. The fans

2ccur along a faulted, but long since stabilised, mountain front
and ba:kfill into the mountain catchments. They toe out at the
margins >f Pleiztocena Lake Mojave, now a dry playa, Soda Lake.
Th= far surfaces have bheen mepred and segments assigned to late
Pleistocene and late Holocene ages on the basis of desert varnisnt
ard scil development {Wells et al., in preparation), and their
relations %o dazed late Pleistocene and Holocene lake sherelines
‘Wwells e+ 3l. 1987:%, The fans {F°1.4) range from debris flow
7 issuing from small steep basii +to fluvial fans issuing from
ger and lesgs deep basins, kut there 1is an cverall trend
warcds incrs=asging fluvial activity and deceasing debris flow
Zivitv from Pleistocene to Holocene “imes. On the larger fans
is hes zesn associated with the develcopment of fanhead -renches
4 the prcgradaticr of the distal far area (Wells et al., in
preparation; Harvey and Wells, 1n preparat:on).
Sousth=23ct 3pain
Numercus £an groups occur in south =ast Spain {Fig. 2)
issuing from mountains 2f the Retic Cordillera into adjoining
icwland areas or zt the margins of adioining Neogene sedimentary
Lasins. The regio>n has a semi-arid climate with mean annual
precizitation rangng from ¢.3%0mm in the northern part of the
in Ali-ante Prevince to legcs than 200mm in the south in
ri1a. The £fan surfaces range in age £from mid-Pleistocene to
cenes 313 most zre dissected by dsep fanhead trenches, some
v mid-fan <crenching, and scme are dissected throughout
s, 1e37z, 192349 1960).
tha purpcse:z of zhis paper the fan groups are divided
M S Ao e in southern Alicante and northern Murcia
1e from catchments on Mesozoic limestones and
tamorphiz rocks. They include beth debris
13l fans. These areas have had a more
L and dissection his<ory during the Plsistocene
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than z2rezs Zurther soutih {Harvey, 1984b>), !(ii) fans in southern
Murcia and Alicante provinces issuing from schist catchments,
masrly simple fars (Fig £4) which zre decminated by fluv1a1
deposits [(Harvey 193413), (111 other fans in southern Murcia
snd A_meria provvinc=2s issuing from non-schist <atchments which
include debkris flew £ans but have a less complex Ple¢suocene
hiztory than thos2 in the area <o the nerth (Harvey 1984a;.
Methani, Graece

Arcuncd the margins of the Methana peninsula {(Fig. 3} fans
tesue frem catchments >n =2arly to mid-Quaternary Dacite/Ancdesite
volecanic rocks. They 1i.aclucde boeth debris flow and fluvially
Zopinztad fans 9Z late Quaternary age. The larger fans have
hean dissected by deep fanhead trenches (Tig. 73 and in scne
r2ses Hclerens fan sagments prograde in the distal areas. The
climats 1s a dry Mediterranean c¢limate, with mean annual total
~f s3trongly zeazsonal rainfall cf ¢.40%mm.

Eowgill and Ecwland Fells. Northwest England

Holccene alluvial fans have been studied in two upland areas
0% northwest England, the Hewgill ancd Bowland Fells, humid
rejicns with mean annual precipitation ranging £rem clSOOmm in
tns Howgllle <o ¢l190Cmm in Bowland (Harvey 1985). In koth areas
the fans date from the younger Holocene (Harvey et al 1981;
Harvey and Renwick 1937: Harvey 1925%), apparently resulting from
azzeleratad hillslope ercsion induced by vegetation changes in
Bowland at ¢£22008and in both areas at ¢1000BP. Source ar2a
geoleogy in the Howgills is c¢f late Pleistocene periglacial
hillslsp2 s2diments overlying tough Silurian mudrocks. In Bowland
the source area geolegy is of late Pleistocene periglacial
h2llslope sediments overlying very coarse massive sandstones of
Carbeniferous age. Bcth areas include both £fluvial fans and
cekris cines Scme composite fans occur in the Howgills (Fig. 4).
In beth 3reasz sa2dimentation on the fan surfaces has =2ffectively
ceased. apart from sa2dimentation induced Dy rare catastrophic
£iced 2vents, with a return period perhaps of ¢.100 years (Harvay
192¢, Welleg and Earvey. 19¢7).

In each s=tudy ar=sa £an surfaces have Eksen mapped and
i3ss.gnad to dominantly fluvietile ovr deminantly debris flow
crzgins, for the oclder £an surfaces on the bkasis c¢f =he
zadimerntslogy of the depesits exposed in fanhead trenches, and
fcr medern f£an surfaces on the basis »f surface sedlmentary
fzatures. Fer =2ach fan surface segment identified, the fan slcpe
has zeen neasured by profiling along the axiizl slope of the fan
Zegment For each f£an cr fan segment the drainage area has been
del:zmit2d in the fi213 onto large scalz topographic maps, then
from tassze maps catchment rorphometric data, drainage area,
asin length, basin reli=f, the latter two giving mean basin
sloze, havae bszen derived from these topograrhic maps. This
rrcsided the primary data set £or :he consideration of the
influence cf catchpent characteristics on s2diment zransport and
deposition gro:resszesz, and the -A"l*~a+;~n= or fan morphclegy
an? dzavellpnment.

NTRCLS QVEP COMINANT PROCESSES

s work, referrad to abecve, has identified that
ziven climatic and geolcocgical contaxt the water:sediment mix
T> the fan ernviroument Zrcom the mountain catchment may act
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majer c¢ontrol cver sediment transpert and depcsiticn
RS. Zf we plet drainzge area as an 1ndex o©f water
72 froem the mcuntain catchment, against some measure of
s 3g an index related to potential sediment supply,
o] ssible. c¢cn any one group cof fans, to iderntify
eshold combinations of these two variables to differentiate
n debris flow and fluvial procsesses. Two immediate
iems arise in this simple methodology. First, i+t only
23 t> conditions at the fan apex and does not take into
unt dewn- fau variations in the water:sediment mix which lead
te _he rroximal to distzl facies variations on many alluvial fans
(4arvey 1939%9a!. This may not he too great a problem in simple
mountaLn-Iront £fans. where there 1s 1little extra water or
csediment supply away from the fan apex and down-fan facies
changes may be predictable. However on back filled £ans,
drairage area increases down-fan and this must be taken into
account. Turthermore. there may be addition of proximal type
sa2diments in mid-fan from adjacent side slopes. which may
otherwise complicate simple threshcelds. This problem 1is
considerad below especially in the context of the Zzyzx fans.
Zoyzy fans
The 2zyzx fans were mapped in the field grouping the £fan
surface segments into late Pleistocene, Holocene or active modern
age categories {see above). For each segment the dominant
depositional process, debris flow or fluviatile, was inferred
elther from exposures in fanhead trenches or at the margins of
incised channels, or hy the sedimentary characteristics of the
exposad surfaces. For each fan segment, drainage area was then
rlotted against drainage bhasin slope, the 1latter being the
teepness-related variable, which when plotted against drainage
Dasin 2rea gave the clearest cseparation of plotting position.
Three separate plots were derived for the Zzyzx fans. The
first !Figure 5a), deals only with fan apex environments and is
ther2fore dirsctly comparable with true mountain front, rather
than kackfilled fans. BAlso shown on this plot are data derived
from other f£ans in the Morava and 3onoran deserts (Harvey 1987},
The fan surfaces shown all relate to late Pleistocene deposition.
The Zzyzx fans (shcewn by the solid svymbols on Figure 5%a) ars
n2arly all deminated by debris flow deposition at their apices,
and :contrast with %the othesr, dominantly fluvial fans. It is
clear that the Zzyzx debris flow fans are associated with small
steep catchments. contrasting with the much larger and less steep
catschments f£cr the fluvial fans, but because of an absence of
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datia rela*ting *to 3rainage 3areas of between 0.2 and 1 km2, the
rec-ked line sbow: on Figure 53, suggesting the approximate
“hirezsheld Lkezwesn debris flew and fluvially dominated systems,
can only Lke e-y approx.mate.

T2 eiam ine this threshcld more precisely ané specifically
in relation to the 2Z2zyzx fans, drainage area characteristics
feading *tlie mid-reoint c¢f all mapped fan segments have been
Jetarmined and plotted on Figure 5b. Here three types of fan
surfaze zrs shown, Pleistacensz, dekrisz fleow and fluviatile fan
surfaces and Holocene fluviatile fan surfaces. The pecked lirne
zn Figurs cb 3uggests a <threcshold hetween debris £low and
fluviatils Zepositional enviroaments, one about whiclh there are
velatively fav ancmalies. The plotting positions ¢f the Holccene
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fluviatile surfaces, dominantly to the lower right of the graph
veflect the tendency for Holocene fanhead trenching and distal
aggradation v fluvial processes (Wells et al. in preparation).

It has al:o been pessible to consider the controls over
mocern. active processes on the Zzyzx fans (Figure 5c¢). Five
categories >f modern processes <an be recognised. In some fan
zpex areas and locally further downfan there are recent debris
£low Zdeposits. Tw> fans show little evidence of any geomorphic
activity, and these are classified as 'passive', in contrast to
deep narrow channals actively incising into older fan surfaces.
Two styles of fluvial transpert or depositional activity are
apparent, either within wide shallow channels, identified here
as 'f-uv;,l t: sport', c¢r as sheets of fluviatile gravels
de;ositad in the dl tal zones of the modern fans, described here
is FlLV‘atlle fan depcsition'. Two thresholds can be suggested
here (shcown by peckad llnes on Figure 5c) one between debris flow
deposition and channel incision, both associated with relatively

-

f

steep catchments, hut with incision occurring only on fans
draining the larger catchments, presumably as a result of higher
stream power. The other threshold, approximately defines the
uppsr limis for fluvial trancpovt and deposition processes. Its
rosition whep cempared with that on Fig. th suggests that at the
rresent day £fluvial processes are dominant in some areas which
wers pr~dac;1g debris flows during the late Pleistocene. This
veflects a procressive =rend from the Pleistocene through the
Holocene of increasing fluvial dominance on these fans apparently
refiecting increaszed aridity, and presumably associated with a
reduced sediment supply from the nmountain slopes but an increased
stream power uring flood events typical of arid regions (Baker
19779,
Mediterranean fans, Greece ain.
Similar methodology has been used for the Mediterranean
lcn fars in an attempt to identify the catchment controls cover
fiocw and fluvial processes. For the Methana fans (Fig.
a relating only to Pleistocene fan surfaces are included.
the fans are ieeply trenched and Holocene fan segments
tricted to small distal areas. The deminant sedimentary
in each case has been identified from exposures in fan
. The fans are not simple mountain-front fans, but a
_ed fan complex at Kipseli, and ccalescent, multi-sourced
ne 1in the othev areas. (Fig. 3). Despite the problems
razrage ar23a delimitation a reasonable threshold can be
ntified cn Figure 2a with only two apparently anomalous fan
ments.
Pravicus work onrn <=he Spanish fans (Hairvey 1984a, 1987b,
has shown that different groups cf fans have had rather
Pleistocen2 aggradation and dissection histories and
hey 3d:fferent norphometric characteristics. For this
he Spanish fans are treated here as three separate
. e Z3ns issuing £rom <he limestcone Pre-Betic mountains
icants and those issuing £from the massive low grade
¢ rociis 2f the Sierra de carrascoy and the coastal
in nerthern Murcia all shew strongly calcreted
ne f£an surfaces, deep fanhead trenches and a relatively
ry of Pleistccene aggradation and dissection. Some
ountain front fans, others are back-filled fans.
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For individual fan apices (Figure 3b) a reasonably clear
chreshcld discriminates between debris flow and fluvial fans with
Zew major exceptions. One cf the exceptions relates to a small
fan in the Torre group (lcocation, Fig. 3) which producas a
s2cdiment sequence dominated by stratified fluviatile gravels
rather than the debris £lows that would be expected on the basis
of the steer mountain catchment, however, this source area is in
a2 relatively high grade fissile schist which may not be conducive
Zc the production of debris flows.

JOn the basis of previous work, fans in southern Murcia and
Almeria are sub-divided intc those issuing from high grade
fissile schis* catchments and those from non-schist areas. For
tre ncn-scazst ar=sas (Fig. s6c¢), with the exception of fans from
~he Cabc de Gata velcanics. a reasonably clear threshold can be
identified, Cdespite the wide range of bedrock geolcgies. Most
of these fans are simple mountain front fans with well developed
calcrete crusted Zfan surfaces, shallow fanhead trenches and
Holccene fluviatile distal fan deposits. Only the Pleistocene
upper fan segments are included here.

In the schist areas (Fig. 6d) only two small fans are
c¢eminated by debris flow deposits, but three others show
occasional dekris flow deposits at the base of the sedimentary
sequences. If these are grouped with the two debris flow fans
a threshold can be identified separating this group from the
majeority fluviatile fans. Some of these fans are simple mountain
front fans, wut @manv., especially issuing from the Sierra
de lcs Filabres are back-filled fan complexes. The fan segquences
are relatively =simple, with aggradation often until late
Pieistocane, often with little calcrete development, limited fan
~renching and Holocene distal aggradation. Again only proximal
fan surface s2gments are included here.

Northwest Engliand, Howgills and Bowland Fells
The secimentary style for Howgill and Bowland fans has been

rminad either from exposed sections or from fan surface
hclogy. For the Hcwgill fans there is a contrast between
is £low £ans or debris cones, composed of ill-sorted matrix-
h cdebris flow Zdeposits whose surfaces preserve lobate debris
flow morphology, and fluviatile fans composed of stratified,
be<zer sorted wmatrix-poor cobbles whose surfaces are either
smooth or lightly channelled. Some of the Howgill fans are
zemposit2 feorms with proximal debris flow deposits from which
distal £luvial £fan segmen<s have been flushed. If these are
consideresd primarily as debris flow fans a reasonably clear
“hreshold with few anomalies can b2 identified (Fig. 7a). Two
ancmalcecus f£luvial fans issue f£rom steep catchments, both in the
same vallsy, Upper Bowderdale; both are =mall fans and could be
younger than the main group of fans.

The debris cones i1in Bowland show ill-sorted larqgely
atified boulder or <cobble deposits with a sandy matrix
as thosze classified as fluvial fans show better sorting and
strat_fication. Because c¢f the coarse sandy nature of the
acial Nhillslope gparent matarials the debris cones were
7 Zdeposited by transiticonal rather than true debris flow
ion. Despite the limited number of fans in Bowland an
ate threshs>1d can be suggested (Fig. 7b).
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Catchment controls: summary

When the threshnlds suggestad on Figs. 5 to 7 ars plotted
ther {Fig. 3}, it is clear that within the various regions
2rent catchment characteristics influence +the relative
laportance c¢f fluvial and debris flow processes. The most
"fluvial" fans are those in the arid American southwest. In that
ar=a modern £f£zn precsesses are more "fluvial" than they were
during the Pleisto ,cene. Th= Mediterranean region fans are moere
dekris fleow rich, thouch it must be remembered that these fans
relate to Quaternary climates rather than present day
Mediterranean climates. Climates during Pleistocene "glacial"
phases appear to have been cold, dry, with relatively high rates
o~f weathering in the mountain catchments but higher storm-induced
seasonal run-off than today (Sabelberg 1977). It may be due to
«limatic or geclogical control that fans in the more arid south
Spain ar=2 mere "fluvial" than those further north. Not
p”lSlnj y for a humid region, the Bowland fans are the least
uvizl", but the strongly "fluvial" plotting position of the
:lz.eshoM fer tbe Howgill fans appears to be little anomalous.
Perhaps *he reason may relate to the low infiltration capacities
and steep slop2s in th= Howgills coupled with the fact that the
fans ares the product of a major phase of gully erosion, whereas
in Bowland sicpe failure appears to be more impertant in sediment
supply, anrnd with tlle sandier parent material run-off rates may
lave been lower.

A major implicaticn £ these results is that, not only do
Arainage basin characteristics, drainage area and slope
characteristics, and presumably at a 1local scale geclogy,
influence the threshold between debris flow and fluvial
processes, but climate may also be a major control. This may be
important not only in the context of ccntrasts between regions
but also in the context of geomorphic responses to climatic
changes. The major reason behind this appears to involve the
reilationship between stream power and critical stream power in
the mountain front zone, or in more general terms the
reiationship between sediment and water generated in the mountain
catchment dur-ng £lood events.

MORPHCLOGICAL IMPLICATIONS

Previcus work on alluvial fan morphology (Bull 1962b, Hooke
1968, Harvey 1989%a) has 1indicated that sediment transport
srocesses on alluvial fans influence fan morphology. especially
through their influence on depositional slope. Deposition by
dzbris f£lcws takes place at greater slopes than deposition by
£lvvial processes, and within fluvial prccesses deposition by
wneonfined s
Jepositicn b

-‘hl

{

keet. flow %takes place on greatc slopes than

v channel processes. Therefore, as catchment
ch3aracrterisztics influence sediment transport processes so do they
:afluance fan merphelogy. In addition <t¢ this influence,
zontrolled by the water : sediment mix, £fed to the fan
<nvironmert, is an influence related to particle size, itself
par-ly dependent cn catchment topography and partly on catchment
72209y !(El.ssenkashh 12352, Bluck 1964, Lustig 1965, Denny 1965,
Hooke and Reohrer 1972) . Ioarser sediments will be deposited on
steepeyr 3icopes than finer se2diments. Furthermore, these
influsnces are likely to ~hange downfan from proximal to distal
znviconments with selective deposition of ccarse materzal at the
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fan apex and pcessikly dilution downfan, leading to a general
concavity in the longitudinal profile of the fan. This tendency
1s accentuited on kackfilled as opposed to mountain-~front fans,
whevrs drainage arsa increase downfan. For particular groups of
fans the simplest of these relationships can often be expressed
Ly a regression equation in the form
G = aal

where G is fan slcepe and A is drainage arei, but the strength of
the correlation can cften be improved by taking into account some
measure of catchment steepness (Harvey 1987a). In this paper
these relationships are concsidered for the several study areas,
taking into account the differences bhetween debris flow and
flaviatile fans. Feor simple mountain front fans the fan slope
is measzured for the proximal third of the fan but for backfilled
and composite fans slopes are measured and appropriate drainage
asin characteristics derived for individual fan segments in
proximal, mid-fan ard distal fan locations, thereby taking into
account the increase in drainage areas downfan.

For the Am=2rizan £fans (Fig. %a), there 1is a clear
distinction between debris flow and fluviatile fans, with the
dekris flow fans having much higher gradients per drainage area.
3iven tla moderate correlations no real difference is apparent
n the cglopes of the regression lines. When the Zzyzx fan
zarfaces are treatad separately (Fig. 9b) there is again a clear
separation betwesn the debris flow segments and the fluvial
segments. The correlation for the Pleistocene fluvial surfaces
on their own 1is not significant and only becomes so when all
£luviatile fan surfaces, Pleistocene and Holocene are considered
together.

For the Mediterranean region fans (Fig. 10), in all cases
there are again clear separations between debris flow and fluvial
fans. On Methana (Fig 10a), the slope of the regression line for
the debris Zlow fans is less than that for the fluvial fans. For
the Spanish northern greocup (Fig. 10b) the correlation for the
fluvial €fans is nct significant. This group includes a wide
range c¢f fan types from basins with a wide range of geology and
topography (Harvey 19874 and includes the tectonically disturbed
Carrascoy £ans [(Harvey 1938). However, the debris flow £fans
23rly have higher gracdiernts per drainage area than dc the
uviail fans, and when an all-fan regression is calculated for
group, although still not significant the 5% level,
for the debris flow fans are in all cases but one
v2 and for all but fcur of the fluvial fans are negative.
residuals for the debris flow and fluvial fans are
:amtly different at the 1% level on the basis of Student's

For “he two southern Spanish groups there are again
ctions between debris flow and fluvial faiis, and in
¢ s5lopes of the regression lines for the debrls flow
*han those for *the fluvial fans.

a similar picture for the two groups of English
, with higher gradients per drainage area for the

flow fans, and lower slopes to the:ir regrecsicn liaes.
gh there ars only four £1luvial fans in the Bowland group
clear that they follow a similar behaviour %o those in the
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Tonsidering these regression analysis together (Fig. 12,
Takle 1). several ratterns emerge. In scme, but nect all cases,
the correlatzone are stronger for the fluvial fans. As wculd be
axpect=d, in all cases the fan gradisent per drainage area fcr the
Zebris flow fans is greater than that for the fluvial fans. In
mcst cases the slopes of the fluvial regression lines are greater
rhhan those £2r the dz2brics £low regression lines, suggesting that
the fluvial fans are meors sensitive to selective sediment

*ransport either within the mountain source areas or within the
fan environment itself. The overall differences in plotting
position {appreximately equivalent to 'a', Table 1) do not seem
to reflect climatic differences, and are probably related to
geology and relief differences within the scurce area.

In order to examine the influence cof relief characteristics
withiin each fan group. multiple correlation and regression
analyses were carried ocut {Table 2), using drainage basin relief
znd érairage ktasin slope as measures of the basin steepness. In
almcst all cases correlation coefficiants significantly improve
ind standard ewprs <f the 2¢timate significantly decrease when
on2 or other of the two ste=pness charzcteristics are taken into
account tcgether with drainage area. In most cases basin relief
gives better regults than basin slope. For most of the major
relationships multiple correlation coefficients are at least 0.7;
ever: those relationships that had ncn-significant correlation
coeffizients for drainage area alone improve to significance and
correlation coefficients of at least 0.5. With two exponents
invelved <t 15 a little difficult to make direct comparisons
Detween the multiple regression equations, but for the all-fans
relationshirpr has <there are still major differences between the
res:duals for the debris flow and fluvial fans, reflecting the
different naturs cf the catchment controls over each process.

DISCUSSION

It is clear that drainage basin characteristics influence
tha szedimenct transpsrt processes on alluvial fans which in turn
influence £an mcrphology, especially fan slope. The most
_mzeorzant drainage basin characteristics can be divided into
tiir2e Jroups, thos2 related to topography, geology, and
climaze/vegetation. The topographic controls, dealt with in this
paper. are thae size of the drainage basin influencing the velume
2f water supplied to the alluvial fan, and the steepness of the
drainage basin relating to the potential for sediment supply.
Seslvgicozl zonIrols may account fe“ differences between fan
grouips wiTainl  any  <climatic  eavironment, and include the
avazlazil-ty <cf fine sediment, uence the propensity for debris
£low trocroeszes, and the particle size characteristics of the
ccarre szediments which influence depositional slope. The
Zlimat=/veretation controls influence the generation of watsr and
szdiment < <he hillslopes of the drainage basin, ané the
“ransport =f£ficizncy througl the drainage net o the alluvial fan
ERVEB ALl at=T00 Parcicularly impertant ara the effectivaeness cf
storm sainfall, and =<h

1 2 rate and style of sediment generation,
ailur2 cr by overlaiad £lew processas. 0Of these
the mcst likely <o change with tinme,
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st likely to cause claanges in alluvial fan

2r vegetatisnal cover were to change in such a
alzerad the effective water: sediment ratio during storm
»v~n s, the sediment transport processes on the alluvial Zfan
{ess entlal“y -1volving a lateral shift in the
irution curve on Fig.2). As the new DJrocess
3 =-n fan clopa or fan channel slope creatzd khy
a change in the aggradatlon/c1ssectlon Leglme
cccur. This would he egpecially important if
a change took place frem debris flow to fluvial processes in that
ction zould be initiated. There are three zones within
luvzal £ans that may be prone to dissection. The first zone
£ the apex o>f an undissected fan where dissection could lead
he devel opmept cf a fanhead trench (Schumm =t al. 1987). The
zone i3 1. mid-fan on a fan whose proximate areas are
ted by a fanhead trench, and where the f£an channel emerges
he fan surface at an intersection peint (Heoke 1987). Cn
ans deposition occurs here (Wasson 1274), but on some dry-
n fans, =2specially where the fan surface is cemented bv
aret2, mid-fan incisicn may occur {Harvey 13887a). The thir
1z 3% the £fan toe, rkut this 1is related to different
vols, either tc base leval changes causing incision ¢r to the
! mzgraticn ¢f a mainstream to which the fan is trikutary.
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The relatiounship between process change and morphological
zllange has twe -mpOLtan- implications for fan dynamics, first in
the context 5% the history of fan develorment, and second in the
c:ntext of the wvulrerability c¢f alluvial fans to contemporary

n-al change. Providing it can be distinguished from the

genera; lenyg  Term trend of fanhead incisien and distal
progradaticen [ Eckis 1928), sequential changes in fan dvnamics
oroduces o suits of fan pro::la types (Fig.13, and Harvey 19%&7a),
rangiag from tvype C f£or an aggrading fan, types A and E for
f€anhead =rvenchad but distally aggrading fans, type € for fan with
azZ-fan scour. tut no substant:ial incision, tyves D and E for
fars sub-ect %o mid-fan erosion, type F for a wholly dissected,
fan 3and type G for a f£an subject to fan toe incision. Harvey
£29273) 123 attributed mid-fan ercsion =¢ conditicns where unit
stream power incr2ases rvather than decreases in mid-fan, on fans
Wil2ls Taz chann=2ls are ra’a“*vely na*row and there is a major
3laze 2iZference ketwean fan surface slope and channrel slope
N B I Praofile types for the study fans (Table 3) can be
comparesd with thi= change:s 1in the dominant processes during fan
Jev2lrrment Tzabkle 4) For the American and Meciterranean groups
these trzuds ra2late to tinmescales from the Pleistocene inte ths
Holi:ozoe and for the English fans for environmental changes
during .2 Ho_zscaene. The Zzyzx fans show a trend away from

- s and a wide range of profile types. The
1v £luvzal other American fans characteristically have

z a fans show some shift from debris flow
tut the most important profile tyre

i section 1g¢ lkase-level iacduced (“ype G)
3in1larly the 323anish tortiaern group show some trend fro dekris
Slow =orard: fluvial processes and include many examples of mid-
Z3i, soeuy or diszection 'Types C, D and T), but the southern




Soanl overwielmincely f£luvial and dominated by 2/2
Tvoe 2 Howyill fans include many simple aggrading
Zans many ¢f types A/2 often associated with a
wWitr flecw “¢ fluwial processes, involving the
A2 osits towards distal fan environments. This
i3z e some fans in western Scotland, an area mors
r2carn <han the Howgills, where late Pleistocene to
zarly Ho aglacial debris cones have keen flushead out
later in : : ne to preduce distal alluvial fans (Braz:ier
2t al SEY. any of the Ecowland fans have hHeen dissected at th
T2 Dy Lazeral =2rasion by the mainstream. Putting these two data
22tTs Cogether it 1t rpossikble to see scme association betweaen
orocess trend and profile type (Mable £). Active and stabilised
Jebris cones ase largely of typs O. Fans which have seen 13
swirtch from Azkris flow to fluvial processes chow profiles
2ominated by fanhead tranching { types A/B) or mid-fan scour or
dissec=i (type <.C,E). Dominantly fluvial fans show a range
>f profile tvoes similar £o these which have switched from debris
£lov =¢ fluvial processes. No fans show a switch from deminantly
£luvial to Zdebris f£low processes and on most of those fans which
have switched Zrom Geposition, either by debris flow or fluvial
Drocescsesg, to incision, the incision has been primarily related
2 inzisicon 2t the o2 {(type G)

Intersstingly, though the Pleistccene to Holocene process
ard morpholegizal trends are similar in both the American and
Maditerranean study areas, the underlying climatic causes do
2iffer. I the Anmerican case the Holocene aridification has bheen
assoc:ated with <the c¢2sszation of debris flow activity on the
aillsicp=2sz, tae reduct-on cf sediment supply €o the fan
sanvironment, +the incrz2asing effectiveness of floed run off and
che trend towards fan dissecticn. In the Mediterranean case,
7213 arzd 'glacral' climates produced abundant sediment from the
hallzlones =us an apparent decrease in aridity during the
Hzlocens 2343, Sabelberg 1977) has been associated with
Tome Ewl lebras flow to fluvial actaivity and an overall
dissect: Thiszs 1s presumably in response to a reduction
In WNe3Ttlh thin the mountain catchments. The British
fans  we:l agparently -y human induced vegetation
changey, z guakbgagquent trend from debris flow to fluvial
preocesse £ 1lisaticn, presumably as revegetation took
zlace witliin tha rce areas.

2ecause 2alluvial fians are dynamic features susceptible teo
ervirsoinasnTal change, 1t i3 relevant to consider their potential
ragoonse to currantly postulated climatic changes resulting from
clobal warn:zny (Farvey 17829b). Climatically induced vegetation
~han~te -<ould influence hillslope ercosion rates and therefors

dinent uD2LY s the £an envircnment. In dry regions the

imatic —rend -culd ba to Lncreasing aridity and a reductien in
segetztion cover and an 1acrease in sed:iment supply, but in humid
areszs accalarated vegetation growth could lead te stakilisaticn
and 3 Ur2ducticn 1o s=2diment supply (Fig 14). In most regions
an 1ncr2azed storn freguency Tr ostorn severity could increase
e floraTes 3l tence Dtream Zowar. Thece two changes could
t3n32 3 zhnft on o the rosition of the curves <on Figure 2,
sepre change ia transpert Drocess and/or
_Y relaticnshoips. The zones  pavrticularly




o
(e8]

3usteptible =2 change are the Zan apex, especally » undissecte
fans, Zut fanlead trenche2s thiemselves could ke subject te further
dizsection, and <the intersaction point/mid-fan zone. In
aadition 3a change in mainstream behzaviour, where present, at the
fzrn toe could alter the local base level.

In conclusion, 3lluvial £ans ars critical zcnes within the
fluvial swvsten, situated between mountain source areas and main
drainajes P szes ¢n alluvial fans influence the continuity

2% zedimen*t mnmovenent through' the system. Furthermore fan
morpaolegy is beth a product of sediment transport proceSDes and
inflvences the =ffactiveness of sediment transport through, or
Jepcziticn on the £an. That these processes may change thrcugh
“:1me makeg 1c a2:zpszizally mportant that both the morphoTogy and
o=t 253523 are s+tudisd within thelr temporal contaxt
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