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Abstract 

This study examines the fluvial geomorphology of stream channels on pristine, old-growth alluvial fans in the 

wet temperate old-growth environment of the Queen Charlotte Islands (Haida Gwaii), British Columbia. The 

research provides baseline data to inform decisions regarding development and rehabilitation or restoration 

on disturbed fans. The morphology and hydraulic geometry of the channel, as it leaves the confined or 

semi-confined environment of the upland valley and issues onto the unconfined fan environment, is the 

focus of this study. A secondary objective is to describe the processes of sediment movement in the fan 

channels. 

Seven alluvial fans around Yakoun Lake, located in an undisturbed, coastal forest drainage basin on 

southern Graham Island, were selected for study. The contributing basins upstream of the study fans range 

in size from 0.33 km2 to 13.7 km2, yielding fans with surface areas ranging from 0.07 km2 to 0.27 km2. The 

fans likely formed immediately following Wisconsinan deglaciation and can be described as having a 

paraglacial history. Measurements of morphological characteristics such as planform, fan radial gradient, 

and cross-profile form lie within the accepted range for alluvial fans proposed by Blair and McPherson 

(1 994). 

The distributary-channel systems developed on the study fans consist of a single, main channel carrying 

most of the flow, and a series of secondary and abandoned channels that are periodically wetted. The 

morphology of the distributary system is scaled to the size of the drainage basin. At all scales, a repeating 

pattern of depositional and incised reach-units exists, with the depositional reach-units forming the 

connectors between the various components. 

The sediment-sampling procedure followed for this study was an effective method for determining the 

average and range in grain size in the fan channels but does not capture in detail the complex longitudinal 

pattern of changing grain-size. There does not appear to be a strong inter-fan difference in grain size. 

Variations in sediment size appear to be more strongly related to channel processes such as bankfull 

discharge and stream power. 
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The  primary mle of the geologist is to recognize the existence of phenomena before 
trying to explain them. 

B.M. Keilhau, 1828 

Believe me, my young friend, there is nothing absolutely nothing-half so much worth 
doing as simply messing about in boats ... Look here! If you've really nothing else on hand 
this morning, supposing we drop down the river together, and have a long day of it? 

Kenneth Grahame, 1969 
The Wind in the Willows 

Don1 be afraid of acting a bit insane. Like we said, a little toxin to make the antitoxin. 
Sanity is maintained only by healthy and regular promenades around its border. 

James West Davidson & John Rugge, 1976 
The Complete Wilderness Paddler 

T o  the multitude whether city or country bred, the bare idea of faring alone in the wilds for 
days or weeks at a time is eerie and fantastic: it makes the flesh creep. He who does so 
is certainly an eccentric, probably a misanthrope, possibly a fugitive from justice, or likely 
some moonstruck fellow whom the authorities would do well to follow up and watch. 

Horace Kephart, 1916 
Camping and Woodcraft 

... I think that the river 
Is a strong brown god - sullen, untamed and intractable ... 
Then only a problem confronting the builders of bridges. 
The river is within us, the sea is all about us ... 

T. S. Eliot, 1941 
The Dry Salvages 
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Chapter 1 

Introduction 

1 .I The Question 

Alluvial fans and fan deltas are depositional features commonly found at the base of mountain fronts. They 

form between the confined upland valley and the unconfined environment of open valleys or standing bodies 

of water such as a lake or the ocean (Figure 1 .I). 

Although there is an extensive body of literature devoted to the study of alluvial fans in arid and semi-arid 

regions, we do not have a similar understanding of geomorphic processes on fans in wet temperate regions 

such as the coast mountains of British Columbia. 

This study examines the fluvial geomorphology of stream channels on undisturbed alluvial fans in the wet 

temperate old-growth forest environment of the Queen Charlotte Islands, British Columbia. Recent fluvial 

history is interpreted from evidence in the landscape obtained from air photographs, and in the field. 

Alluvial fans are a prominent feature in the Coast Mountains of British Columbia and constitute some of the 

only low-slope features in this steep landscape. As such, understanding alluvial-fan processes in the Coast 

Mountains is vital to safe and effective management of human activities such as habitation, transportation 

corridors, oil and gas pipelines and forest harvesting activities. Management of alluvial-fan channels also 

has important consequences for aquatic resources, such as spawning and rearing habitat for fish. 
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Figure 1 .I. Schematic of a typical alluvial fan. 

The overall objective of this study is to comprehensively characterise the nature of stream channels on 

undisturbed, forested, alluvial fans in the Queen Charlotte Islands. The research provides baseline data to 

inform decisions regarding resource development and rehabilitation or restoration on disturbed fans. The 

morphology and hydraulic geometry of the channel, as it leaves the confined or semi-confined environment 

of the upland valley and issues onto the unconfined fan environment, is the focus of this study. A secondary 

objective is to describe the processes of sediment movement in the fan channels. 

The following specific questions will be addressed: 

1. What are the morphological characteristics of the alluvial fans (areal shape, radial slope, relief and 

area)? 

2. What are the morphological characteristics of the distributary channels, (channel style (continuous 

or discontinuous, single or multiple channels), length, slope, width, and depth), and how do these 

vary from the fan head to the confluence? 
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3. What is the calibre of the boundary materials (D50) and how does it vary within the distributary 

channel from fan head to confluence? , 

4. Are there fan and channel geometries that scale with the size (drainage area) of the system? 

5. How have these morphological characteristics (in 2) varied over time? 

The questions posed for this study are generic in nature due to the lack of available data to guide a more 

specific investigation into fan distributary systems in the old growth environment of coastal British Columbia. 

For example, the important role that vegetation plays in modifying and controlling the fan and channel 

processes was not considered until field work had begun. 

1.2 Physical Setting of the Study Area 

The field sites for this study are located around Yakoun Lake in the southwestern corner of Graham Island 

in the Queen Charlotte Islands. The Queen Charlotte Islands are located approximately 125 km off the 

West Coast mainland of British Columbia, extending approximately 275 km between latitudes 52" and 54"N 

(Figure 1.2). The Queen Charlottes are composed of about 150 islands, forming a roughly triangular shape. 

With the exception of seasonal logging camps, the population of about 4000 is concentrated on the northern 

end of Moresby Island and in scattered settlements stretching from north to south along the eastern part of 

Graham Island. The small population means that most of the land base is unpopulated and remote. 

1.2.1 Physiography and Geology 

The islands are divided into three physiographic zones: the Queen Charlotte Range, the Skidegate Plateau, 

and the Queen Charlotte Lowlands (Sutherland Brown and Nasmith, 1962). 

The Queen Charlotte Range, which forms the west coast of the island chain is composed primarily of 

Triassic and early Jurassic volcanics. It was heavily glaciated by local glaciers during the Pleistocene and is 

indented by fjords. The maximum relief is about 1250 m, with steep and often unstable slopes (Holland, 

1964). 

The Skidegate Plateau immediately to the east of the Queen Charlotte Ranges, in the central and northern 

sections of the Queen Charlotte Islands, has a maximum relief of 300 to 6QO m and a width of 20 to 25 km. 
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is comprised of generally flat- or round-topped ridges. The Plateau grades northeastward into the Queen 

Charlotte Lowlands, a 10 to 40 km wide coasts[ plain with elevations generally below 150 m (Sutherland 

Brown, 1960; Holland, 1964; Sutherland Brown, 1968). The field study sites span the boundary between 

the Skidegate Plateau and the Queen Charlotte Ranges physiographic zones. 

1.2.2 Glaciation and Local Sea Level Change 

~ o s t  of the Queen Charlotte Islands was glaciated during the Wisconsinan Period (Sutherland Brown and 

Nasmith, 1962). Ice formed in the mountainous regions of the islands and flowed outward to join glaciers 

flowing from the coastal mountains on the mainland. Maximum elevation of the ice was approximately 900 

m, leaving only the highest peaks on the Charlottes exposed above the ice as nunataks, along with portions 

of the Queen Charlotte Lowlands (Warner et a/., 1982). The islands became ice-free about the same time 

as the general retreat of glaciers throughout the rest of British Columbia (Sutherland Brown and Nasmith, 

1962). 

Relative sea-level reached a maximum of 15 m above the present sea-level in the Queen Charlottes 

approximately 8000 years BP after experiencing a rise from late Pleistocene time. Falling sea level since 

8000 years BP has exposed a series of wave-cut scarps, benches underlain by littoral sand and gravel, bars 

and spits, and beach and dune ridges parallel to the modern shoreline (Clague eta/., 1982). 

1.2.3 Climate 

The Queen Charlotte Islands have a temperate coastal climate with mild winters and cool summers 

(Williams, 1968); 70 to 80% of precipitation falls between the autumn and winter months of October to April 

(Karanka, 1986). The mid-latitude zone of Canada's west coast is characterised by a zone of prevailing 

westerly winds, with migratory high and low pressure systems moving generally west to east. Severe winter 

cyclonic storms tracking along the prevailing easterly path are a relatively common occurrence in areas 

adjacent to and north of the Queen Charlotte Islands during October, November and December (Hogan and 

Schwab, 1990). 

Annual precipitation at the east coast climate stations varies from 1200 to 1400 mm. Precipitation gradients 

are strongly influenced by orographic uplift across the Queen Charlotte Range (Williams, 1968). This 

orographic effect is thought to produce annual precipitation of 4500 mm on the windward side of the outer 

west coast although there are few climate stations to confirm this conjecture (Hogan and Schwab, 1990). 
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The heavier precipitation due to the orographic effect is most evident in the wettest months of the year 

(Williams, 1968). Figure 1.3 shows regions of silnilar mean annual precipitation (after Hogan and Schwab, 

1990). 

The fans described in this study are formed by rivers draining into Yakoun Lake. Yakoun Lake lies on the 

boundary between the Queen Charlotte Range and the Skidegate Plateau physiographic regions, 

corresponding to the boundary between Precipitation Zones 3 and 4 in Figure 1.3. The sub-watersheds 

draining into the southwestern end of the lake likely experience higher precipitation than those draining into 

the northern and northeastern end due to the proximity to the west coast mountains. 

Mean monthly temperature ranges from a low in January of 1.2 to 3.8"C to a high in July of 13.2 to 145•‹C. 

Snowfall is infrequent and does not generally persist for more than a few weeks except at elevations above 

500-700 m where a snowpack of several metres may develop in winter (Karanka, 1986). 

Karanka (1986) analysed data from all available climate stations in the Queen Charlottes for the purpose of 

determining the extent of climatic influence on increases in slope failure and channel enlargement. 

Although there is a lack of homogeneity and a very low regional coherence between data sets, several 

consistent climatic fluctuations are evident. Higher than average winter precipitation and temperatures 

occurred in the years 1923 to 1946, 1957 to 1964, and 1974 to 1984 with the intervening periods having 

generally below-average winter precipitation and temperature. The fluctuations since 1946 can be related to 

general changes in synoptic-scale weather patterns across the northeastern Pacific Ocean. His conclusions 

illustrate the difficulty of extrapolating climate data from a station in one area to an area with no climate data. 

For instance, above-average rainfall from 1976 to 1983 did not correspond to higher runoff data in the 

Yakoun River. 

I. 2.4 Hydrology 

The Water Survey of Canada (WSC) lists seven gauges on the Queen Charlotte Islands, six of which are 

presently active (Table 1.1). Of these, three have been in operation since 1962 (Yakoun River, Pallant 

Creek and Mathers River) and one has been in operation since 1971 (Premier Creek). Mean monthly 

discharge hydrographs indicate that the greatest discharges occur between October and February (see 

Figure 1.4 for example). The peak flows are due to rain and rain-on-snow storm events (Hogan and 

Schwab, 1990). Hogan and Schwab (1990) also note that Pallant Creek exhibits a secondary peak in April 

and May due to snowmelt in the higher elevation, upper watershed. This secondary peak is not present in 
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the Yakoun River record, presumably because the high elevation portions of the watershed occupy a small 

area relative to the total watershed area. I 

Table 1.1. Water Survey of Canada river gauges in the Queen Charlotte Islands. 

Gauge Name Period of Operation 
Tn 

I I . .-.... - - 
Pallant Creek near Queen Charlotte I 080B002 I 1962 1 present 

present 
1963 

present 
present 
present 
present 

Mathers Creek near Sandspit 
Ain River near Port Clements 
Yakoun River near Port Clements 
Premier Creek near Queen Charlotte 
Honna River near the Mouth 
Tarundl Creek near Queen Charlotte 

Due to the basin size and gauge location, these four long- and medium-term gauges probably do not 

accurately reflect the discharge patterns of the study sub-watersheds. Hogan and Schwab (1990) analysed 

the Pallant River, Yakoun River and Premier Creek gauges as part of a precipitation and runoff study for the 

Queen Charlotte Islands. Their analysis indicates that, because of high climatic variability, regionally 

averaged values of precipitation are a better basis for estimating runoff than are values for individual 

hydrometeorological stations. 

080B003 
080A001 
080A002 
080A003 
080A004 
080A005 

Figure 1.4. Mean maximum daily flow for WSC Gauge Yakoun River near Port Clements (080A002) for the 
period 1962 to 2000. 

1962 
1962 
1962 
1971 
1985 
1993 
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1.2.5 Forest Cover 

Tsuga heferophylla (western hemlock), Thuja plicata (western red cedar) and Picea sitchensis (sitka spruce) 

are the dominant species of the lower-elevation forests of the Queen Charlotte Islands (Calder and Taylor, 

1968). Alnus rubra (red alder) is the dominant early successional species in disturbed areas such as slide 

tracks, blow-down clearings and alluvial channel banks. The coniferous species can persist as woody 

debris on the forest floor for several hundreds of years after blowdown. These long-term roughness 

elements play a crucial role in controlling alluvial fan-channel pattern in the Queen Charlotte Islands. 

The forest-cover structure is characterised by large-diameter (up to 1.5 m) coniferous stems reaching 

heights of 30 m and greater. The root plates of these large trees can extend up to 10 m in diameter across 

the fan surface. The forest floor under the upper canopy consists of large tree stems at varying stages of 

decomposition and with varying degrees of contact with the fan surface. Understory seedlings grow on the 

fallen tree stems and on the fan surface directly. In areas of recent disturbance from large tree blow down, 

the understory vegetation can be thick. 

Considerable variation in the age structure and species composition characterises the forest cover of the 

seven fans studied at Yakoun Lake. Although a detailed stand survey was not conducted as part of this 

study, general observations of the forest structure were made in the field. 

1.3 Yakoun Lake Study Sites 

Yakoun Lake is located in the southwestern comer of Graham Island approximately 20 km west of Queen 

Charlotte City (Figure 1.2). Because the entire basin draining to the outlet of the lake is designated a Haida 

Protected Area, there are no commercial logging or mining activities. This drainage basin is an intact, 

pristine, old growth environment. 

The basin draining to the mouth of the lake is approximately 82 km2 in area and straddles the boundary 

between the Queen Charlotte Range and the Skidegate Plateau physiographic zones. The lake elevation is 

controlled by a gravel bar at the outlet formed by material deposited from Etheline Creek. Based on the 

height of beach deposits, lake-surface elevations appear to fluctuate by up to 1.5 m seasonally due to 

precipitation. Long-term fluctuation due to growth or decay of the outlet bar was not investigated. 
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Maximum elevations are highest (rising to approximately 1060 m) in the southwestern part of the watershed 

in the Queen Charlotte Range. Elevations alorlg the northwestern and northeastern boundaries of the 

watershed, along the boundary with the Skidegate Plateau physiographic region, are significantly lower at 

approximately 670 m and 430 m respectively. Differences in precipitation among sub-basins may be 

because of differences in elevation and proximity to the west coast of the island. 

Yakoun Lake is a banana-shaped lake approximately 7 km long and 1 km wide at the widest section. 

Roches moutonees and glacial striae occur on several of the islands and a terminal moraine dams the 

northern end of the lake, formed at a late valley-glacier stage (Sutherland Brown and Nasmith, 1962). 

Alluvial fans terminating at the lake were formed during or immediately after glacier retreat. 

Local sea-level rise following deglaciation was 15 m at most (Clague ef a/., 1982). The approximate 

elevation of Yakoun Lake is 100 m (from 1:20,000 scale TRlM Maps), therefore it is unlikely that sea level 

changes had any effect on the local formation of fans at Yakoun Lake. 

On the seventeen creeks draining to the lake mapped on the 1:20,000 scale TRIM maps, seven alluvial fans 

were identified and included in the study. The basins draining to these fans range in size from 0.3 km* to 

13.7 km2. The fans are heavily vegetated with an old growth coniferous forest. 
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Chapter 2 

Background Literature 

Although the research focus of this thesis is the description of the channel pattern and surface processes on 

alluvial fans in the Queen Charlotte Islands, BC, it is useful to consider the wider literature on alluvial fans to 

provide context for the present study. The alluvial-fan literature is large and it is not the intention here to 

provide an exhaustive review; the interested reader is directed to Lecce's (1990) paper for a historical 

treatment of the theoretical approach to the study of alluvial fans. Blair and McPherson (1994) provide a 

critical review of alluvial fan studies to 1994, including the numerous discussions (ie. Kim, 1995; McCarthy 

and Cadle, 1995) and replies (Blair and McPherson, 1995a; 1995b) to this paper. 

2.1 Definition 

The term 'alluvial fan' describes a depositional feature, generally at the base of a mountain front, where a 

river draining a mountainous basin issues onto an unconfined valley flat to form a cone-shaped deposit of 

sediment (Figure 1.1) (Denny, 1965; Hooke, 1967; Denny, 1967; Hooke, 1968). An alluvial fan prograding 

into a standing body of water is termed an alluvial fan-delta (Holmes, 1965). Blair and McPherson (1994) 

argue that there have been some inconsistencies in the scientific literature arising from a tendency for 

researchers to classify a broad range of depositional features as alluvial fans. These include braided rivers 

and their deltas and fine-grained bed rivers and their deltas. They argue that an alluvial fan is defined on 

the basis of morphology in terms of a radial length that rarely exceeds 10 km, a plano-convex cross-profile 

and radial slope that lies between 1.5" and 25" but ranges most commonly between 2" and 12". Lecce 
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(1990) includes in his definition a concave longitudinal profile; however, this may be a common 

characteristic but not a defining feature. , 

An extensive terminology has developed to describe alluvial-fan features and deposits. The fan 'apex1 

develops at the point where the stream emerges from the confined valley, the 'fanhead' is the area on the 

alluvial fan close to the apex, and the fan 'base' or 'margin' describes the outermost portion of the fan 

(Blissenbach, 1954). By convention, various locations on the fan are described on the basis of flow 

direction, with the mouth of the confined valley as the point of reference so that the proximal and distal 

portions of the fan refer to the fan apex and the fan margin respectively. Rachocki (1981, p. 10) provides an 

extensive glossary of alluvial-fan terminology. 

2.2 Historical Evolution of the Concept 

Drew (1873) is credited with first coining the term 'alluvial fan' although Surrell (1841) (referenced in Bull, 

1977) was likely the first to discuss the feature. The study of alluvial fans has undergone significant 

evolution since the feature was first recognised. Lecce (1990) identified three phases in this evolution. A 

pre-paradigm period of description and classification was dominated by Davisian concepts of 

geomorphology. The period from 1960 focused on the paradigm of fan dynamics, divided between the 

Evolutionary Hypothesis and the Equilibrium Hypothesis. The final phase, which began in the early 70s and 

is ongoing, attempts an integrated approach to the paradigm of fan dynamics. 

Much effort has been devoted to the development of a new paradigm of fan formation following 

disillusionment with the Davisian concepts of cyclic time (Lecce, 1990). Research since the early 1960s has 

generally focused on the Equilibrium Hypothesis as an explanation of alluvial-fan formation. Steady-state 

equilibrium and dynamic equilibrium are characterised by short-term variations about a mean condition that 

remains steady over the long term (steady state), or changes very slowly over the long term (dynamic) 

(Schumm, 1977). Thus early researchers focused, in part, on rates of sediment produced in the contributing 

basin versus rates of sedimentation on the fan in an attempt to resolve this issue (i.e. Denny, 1965; Hooke, 

1967; Denny, 1967; Hooke, 1968). 

While the issue of equilibrium was dominating research into alluvial fans in arid and semiarid regions, Ryder 

(1971a; 1971b) introduced the concept of 'paraglacial' fan history. This concept was used to explain the 

apparent inconsistencies in the fan-basin morphometric relationships noted in areas that have experienced 
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recent glaciation. The temporary abundance of glacially-related debris and water in the early post-glacial 

period resulted in rapid fan formation which sloyved significantly as vegetation established and glaciers 

melted, reducing available runoff (Ryder, 1971a; 1971b; Church and Ryder, 1972; Jackson et a/., 1982). 

The short duration of fan aggradation is insufficient for the effect of basin characteristics to be transmitted to 

the fans, resulting in a weak fan-basin morphometric relationship. Equilibrium, dynamic or otherwise, in 

these cases must be discounted because of the obvious lack of long-term continuity in the fan building 

processes. 

2.3 The Influence of the Alluvial Environment 

Alluvial fans first gained recognition as a feature of interest during the early exploration of the arid and 

semiarid regions of the American southwest. Partly as a result of the prominence of these features in this 

type of environment, early researchers such as Blissenbach (1954), Bluck (1964), Bull (1962; 1964), Denny 

(1965; 1967)) and Hooke (1967; 1968) tended to focus their investigative efforts in arid and semiarid 

regions. Despite Blissenbach's (1954) assertion that "the occurrence of alluvial fans have been reported 

from all continents", the idea that alluvial fans were somehow more numerous, or at least more prominent in 

arid and semiarid environments, persisted in the early literature. Blair and McPherson (1994) have 

attempted to dispel this myth by listing dozens of alluvial fan studies that have focused on non-desert 

environments. Lecce (1990) argues that spatial bias continues to affect the development of alluvial fan 

theory because the majority of studies, including the seminal work on alluvial fan processes, have emanated 

from a single region. 

One avenue that has been explored in an attempt to resolve the disparity between the theory derived from 

desert-region fans and the need to describe non-desert fan processes, is a classification of fans based on 

environment. These fan types include humid-temperate fans (Kochel and Johnson, 1984; Kochel, 1990), 

tropical fans (Kesel, 1985; Kesel and Lowe, 1987) and glacial outwash fans (Kochel and Johnson, 1984). 

Blair and McPherson (1994) dispute that there is any climatic basis for the classification of alluvial fans and 

point to morphology as the sole classification criteria. Ryder (l97la, b) developed the idea of a paraglacial 

genesis of fan formation and the term has since been used to describe any fan that has formed in a recently 

glaciated region (ie. Jackson et a/., 1982). 
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2.4 The Role of Riparian Vegetation and LWD in Modifying Channel 

Form and Process 
I 

The physical setting of a river channel comprises geologic factors such as rock and sediment type, 

landforms, and the biophysical environment of the riparian and in-stream vegetation communities, and the 

by-products of riparian vegetation in the form of in-stream large woody debris (LWD). Riparian vegetation is 

not only controlled in both form and species distribution by fluvial-geomorphic forms and processes (Hupp, 

1999), but can, in turn, have a significant influence on the forms and processes of associated watercourses 

(Hogan eta/., 1998). Since the late 1980s there has been a significant increase in the number of studies 

that relate riparian vegetation patterns to fluvial-geomorphic form and process (Hupp, 1999). At the same 

time, fluvial geomorphologists, who once considered vegetation to be a dependent variable over short 

scales of time and space (Schumm and Lichty, 1965) have been giving more attention to ecologically driven 

variables on fluvial forms and processes (Jeffries et a/., 2003). Hickin (1984) lists five ways in which 

vegetation affects fluvial geomorphology: 

1. by creating flow resistance on most fluvial surfaces; 

2. by increasing bank strength through root mass development; 

3. by increasing sedimentation on channel bars; 

4. by providing LWD that may affect numerous hydraulic processes, including debris jams, flow 

deflection, and bank armouring; and 

5. by increasing sediment deposition and stability on banks and other low fluvial surfaces. 

The above list encompasses the two main roles that riparian vegetation plays in modifying channel form and 

process: 1) the immediate presence of standing vegetation and root structure that provide both stability and 

resistance to flow, and 2) the residual presence of LWD recruited from riparian forest communities that 

contribute to both channel and floodplain roughness, and create sites for temporary and longer-term 

sediment storage. Ultimately, as LWD is derived directly from vegetation communities adjacent to the 

channel, or from upslope landslides, any large-scale investigation of channel processes must consider the 

two together. 
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The physical effects of LWD on fluvial form and process did not receive significant consideration in the 

scientific literature until the late 1970s. Keller and Tally (1979) describe processes of LWD recruitment as 

well as the relation of LWD to channel longitudinal profile, sediment storage, and to energy loss in the 

coastal redwood forest of California. They found that the smaller channels in their study area tended to 

have higher rates of LWD loading than the larger channels because the smaller channels' inability to 

transport LWD pieces tipped the balance between rates of debris entering and leaving the reach. Up to 

60% of the total gradient drop in a second-order study reach was associated with LWD, corresponding to a 

temporary sediment storage of up to 40% of the active channel area. 

Numerous researchers have investigated the mechanics of how instream LWD modifies the channel form. 

Hogan et a/. (1998) describe the evolution of LWD jams in several small creeks in the Queen Charlotte 

Islands. They describe a 50-year cycle that includes an early stage of infilling by sediment, development of 

multiple channels, widening of the channel, gradual deterioration of the jam, and eventual return to a pre- 

jam channel condition. This pattern is displayed in both the channel planform and the longitudinal profile. 

The role of instream LWD in creating diverse fish-habitat features (channel complexity) is outlined in Hogan 

and Church (1989). Channel complexity in a reach is partly defined as a variable width, depth and sediment 

texture. Montgomery et a/. (2003) have demonstrated the link between log jams and the location of pools 

and alluvial channel reaches in Oregon Coast Range watersheds. 

Wallerstein et a/. (1997, referenced in Hupp, 1999) developed a debris-jam classification scheme to predict 

the type of jam that will form depending on whether the length of the debris is greater than, equal to, or less 

than, the channel width. For channel widths that are less than the typical debris length, they predict 

undertlow jams characterised by spanning or partially spanning LWD pieces that force flow to accelerate 

underneath them. For channels with widths approximately equal to the length of debris, they predict dam 

jams, which are channel-wide jams that cause significant upstream backwatering and deposition of 

sediment. Deflector jams, parallel and bar-head jams are typical in channels that are wider than the length 

of debris. Jams in this last group occupy only a portion of the channel and tend to split flow in the channel 

(in the case of bar-head jams) or protect one bank while deflecting flow against the opposite bank (parallel 

and deflector jams). 

Several studies have sought to relate alluvial channel patterns to the presence or absence of riparian 

forests. Beeson and Doyle (1995) compared the rates of erosion at channel bends with varying amounts of 

vegetation with unvegetated bends showing greater lateral instability. Millar (2000) showed that the 
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planform style (meandering versus braided) of some rivers can be quite sensitive to the removal of the 

riparian forest, while others are less so. He presents Slesse Creek, in southwestern British Columbia, as a 

case study to demonstrate this sensitivity. The transiti~n from a meandering to a braided planform at Slesse 

Creek was initiated in the 1950s following streamside logging and was complete by the early 1990s. 

Removal of riparian forests generally results in channel widening and increased lateral instability. The 

contribution of riparian vegetation to increased bank stability proposed by Millar (2000) includes: 

1. reducing the near-bank velocity and effective bank shear stress; 

2, increasing the bank strength through binding of the sediment by root masses; and 

3. enhancing interstitial deposition of fine washload sediment. 

Using an empirical regime analysis, Hey and Thorne (1 986) demonstrated that rivers with densely vegetated 

channel banks were, on average, half the width of rivers with weakly vegetated banks. In contrast, Trimble 

(1997) reported an increase in channel width and decrease in channel depth in forested reaches versus 

grassland reaches of a sand and silt bed river in Wisconsin. In order to describe the stability that is provided 

to a river channel by riparian forest, Brooks and Brierley (2002) have introduced the concept of 'mediated 

equilibrium'. Mediated equilibrium encompasses the combined effects of vegetation and LWD that modify 

the flow and sediment discharge regime of a stable channel. The organic components that mediate the 

equilibrium channel condition include: 

1. mechanisms that physically resist change (such as the presence of LWD in the bed and banks that 

resist channel incision and widening); 

2. mechanisms that reduce the impetus for change (such as the presence of floodplain vegetation 

that reduces the shear stress and increases surface roughness); and 

3. mechanisms that enable channel recovery following deviation from an equilibrium condition (such 

as colonisation of abandoned channel surfaces by vegetation). 

Recently, several studies have expanded the research into LWD and channel interactions to include the 

investigation of the interactions between LWD and river floodplains. Jeffries et a/. (2003) demonstrate that 

forested floodplains that include LWD on their surface have higher rates of sediment accretion than non- 
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forested floodplains. Furthermore, instream and floodplain LWD influence the routing of overbank flows 

across the floodplain. The rate and spatial pattern of sediment deposition on the floodplain is strongly 

associated with accumulated LWD. QIConnor et a/. (2003) report marked differences in channel planform, 

rates and patterns of channel migration, and floodplain erosion associated with differences in instream and 

floodplain LWD loading for three reaches of Queets and Quinault Rivers, Washington State, USA, despite 

the overall similar physiographic settings of the three study reaches. 
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Chapter 3 

Field Sites and Methodology 

To characterise stream channels on undisturbed forested alluvial fans, several fans of varying size located 

in a physiographically homogenous region were chosen for study. Seven alluvial fans or fan deltas suitable 

for study were identified around Yakoun Lake in the Queen Charlotte Islands. These fans range in size from 

a small, steep, debris-flow fan to a large, low-gradient fan delta. By including a wide range of fans and 

channel sizes, this study captures a range of fan processes that act across a continuum of scales. 

3.1 Description of Fan Study Sites 

The location of these fans and their respective drainage basins is shown in Figure 3.1. The fans can be 

divided into three categories based on relative drainage-basin size and geomorphic attributes listed in Table 

3.1. North, Spruce and Small Creek fans have small drainage areas, and are relatively small and steep. 

South Delta Creek drains a medium-sized basin with a medium-sized fan and moderate slope. Sandstone, 

South End and Baddeck Creeks drain the largest basins and have relatively large, low-gradient fans. 
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Figure 3.1. Yakoun Lake basin showing the location of sub-drainages. The map is based on 
1:20 000 scale TRlM (Terrain Resource Information Management Program) map data 
with a 100 m contour ~nterval. 
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Table 3.1. Selected geomorphic attributes of fan study sites. 

I Sandstone 12.6 0.274 24.21 
South End 1 13.7 1 0.259 1 : 1 14.32 

I Spruce 

A brief description of each fan study site is included below. 

3.1.1 Spruce Creek 

Average Fan 
Gradient 

' 

Fan Area Drainage Name 

Spruce Creek fan (Figure 3.2) is a small, steep feature measuring 300 m across at the margin and has an 

average gradient of 0.221 from the head to the margin. The area draining to the fan is 0.33 km2. 

Average Channel 
Bankfull Width 

Drainage 
Area 

(km2) 
0.33 

The vegetation on the fan displays a strongly bimodal age-distribution with large, mature coniferous trees 

and very young saplings present. Due to the high gradient, this fan is likely dominated by debris-flow 

processes. Although no debris flows on the fan were observed directly during the study, a recent debris- 

flow deposit terminates at the head of the fan. Debris-flow processes would explain the bimodal age 

distribution of trees, as there would be a size threshold below which smaller trees would be destroyed by 

debris-flow events. 

Despite the apparent importance of debris-flow processes on Spruce Creek fan, the channel was included 

as its hydraulic geometry is similar to that observed in the larger channels. 

(km2) 
0.072 

3.1.2 Small Creek 

Small Creek fan (Figure 3.3) is a small, moderately steep feature measuring 283 m across the widest point. 

It has an average gradient of 0.089 and the basin draining to the fan is 0.91 km2 in area. 

(m/m) 
0.221 

Small Creek fan has prograded into Yakoun Lake and incorporated a bedrock outcrop at its outer edge near 

(m) 
3.21 

the fan centre. A small tributary to the lake, which runs along the right margin of the fan to the south, may 
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flow on a remnant of another fan which once coalesced with Small Creek fan. The tributary has dissected 

its own fan material and is deeply entrenched. Tbe very low gradient of this channel and small bed-material 

size suggests that it lacks the competence to deliver large amounts of coarse sediment to its mouth. 

The fan head lies at the mouth of a very steep bedrock canyon reach. Small Creek Study Reach 2 is a low 

gradient (approximately 0.056) alluvial channel located upstream of the canyon reach. It cuts across a 

bench on the hillslope providing an excellent opportunity to compare the channel characteristics of this 

confined alluvial reach with that of the unconfined reach on the fan. 

3.1.3 Norfh Creek 

North Creek fan (Figure 3.4) is a small, moderately steep feature measuring 300 m across at its widest 

dimension with an average gradient of 0.098. The basin draining to the fan has an area of 1.29 km2. A 

valley, that is relatively wide compared to the channel width, forms a gradual transition between the 

entrenched canyon reach upstream of the fan and the fan head. A small tributary enters the left side of the 

fan from the hillslope above and delivers small amounts of gravel to the fan surface. 

3.1.4 South Delta Creek 

South Delta Creek fan (Figure 3.5) is a moderately-sized fan measuring 382 m across and has an average 

gradient of 0.031. The basin draining to the fan covers 3.78 km*. As with North Creek fan, instead of a 

distinct fan head there is a transitional valley between the top of the fan and the confined canyonised reach 

upstream. 

3.1.5 Baddeck Creek 

Baddeck Creek fan (Figure 3.6) is a large feature measuring 530 m across at the widest point and has an 

average gradient of 0.024. The basin draining to the fan encloses 12.3 km2. Baddeck fan has developed 

asymmetrically as the river valley, which runs roughly south to north, opens up to the west and forms the 

fan. The left side of the fan is smaller and quite steep (gradient of approximately 0.047) while the right side 

is more extensive and has a lower gradient (approximately 0.023). Because of the long, low-gradient valley 

upstream of the fan, there is no definite fan head; the relatively wide valley grades into the fan delta area. 
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Most of the low-gradient fan surface receives frequent overflow and is covered in sandy deposits. The 

forest cover on the fan is dominated by ~ l n u s  Rubra (red alder) which is generally an early successional 

species in the Queen Charlotte Islands and may reflect a period of forest disturbance. Very large coniferous 

snags (standing dead trees) provide evidence that Baddeck fan was once covered by coniferous forest 

similar to that on the other fans at Yakoun Lake. 

3.1.6 Sandstone Creek 

Sandstone Creek fan (Figure 3.7), the largest of the fans studied, measures 750 m across and has an 

average gradient of 0.025. The basin draining to the fan covers 12.6 km2. Sandstone fan displays the 

classic alluvial-fan delta form, with an oblate planform that has prograded into the lake, unconstrained by 

close valley walls. The head of the fan lies at the mouth of a canyon linked by a short (approximately 100 m 

long) alluvial reach in the canyon itself. Upstream the channel bed rises steeply as a series of bedrock falls. 

Thus Sandstone Creek allows a comparison of the channel geometry in a confined setting (the canyon) with 
I 

that in an unconfined setting (the fan surface). 

3.1.7 South End Creek 

South End Creek fan (Figure 3.8) displays the most complex form of all the fans in the study sites. It 

measures 470 m across and has an average gradient of 0.019. The basin draining to the fan covers 13.7 

km2. South End Creek fan has formed in a wide glacial valley at the south end of the lake. As the fan 

prograded into the lake it incorporated a low bedrock hill in the centre of the fan which splits flows to either 

side. The main channel enters the top of the fan at the right side of the valley from a bedrock controlled 

canyon. A large tributary entering from the valley centre also supplies a significant amount of gravel to the 

fan. Although most of South End Creek is a gravel bed channel, there are large portions of the fan at a very 

low elevation and are covered in fine gravel and sand. 

3.2 Field Data 

Field data were collected during two summer seasons in June, July and August of 2001 and 2002 for a total 

of 60 field days. 
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boundary, cross profiles and most recent channel. 
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In order to characterise the channel geometry and fan shape, the main channel on each fan was surveyed 

using an engineering level. The surveys included a longitudinal profile of the channel and a series of cross 

sections that are representative of the general channel conditions. Cross profiles were surveyed across the 

fan in a direction perpendicular to the main axis of fan growth. 

Pebble-count surveys of channel sediments were made at various locations along the channel to 

characterise the sediment grain-size. Sites were chosen to be representative of the sediment stored in the 

channel for each section and are intended to show the grain-size distribution patterns from the fan head to 

the fan margin. 

Surveys and pebble counts were conducted at each study site except for Spruce Creek. Because of its 

small size and high gradient, only a short longitudinal profile was surveyed with representative channel 

cross sections for Spruce Creek. Cross profiles were not surveyed because the shape of the fan was 

adequately represented on the 1:5000 Forest Cover Maps (described in Section 3.3). Again, because of the 

small channel size, there were very few representative channel deposits (material was coarse gravel to 

large cobbles) and pebble counts were not conducted. Table 3.2 summarises the field data inventory by 

fan. 

Table 3.2. Summary of field data inventory. 

Drainage Name 

Small reach 1 
Small reach 2 

South Delta 
Baddeck 
Sandstone 
South End 

Long 
Profile 

J 
J 
J 
J 
J 
J 
J 
J 

Number of 
Sections 

The small contour interval (10 m) of the 1:5000 Forest Cover Maps show that there is a low-gradient valley 

segment upstream of the canyon reach at Small Creek. Longitudinal profile and cross section surveys and 

pebble counts were conducted in this Study Reach 2 to allow a comparison of channel geometry between 

the fan environment and the semi-confined environment of a river valley for the same creek. Small Creek 

Study Reach 2 is located directly upstream of the canyon reach at the head of the Small Creek fan and has 

Number of 
Cross Profiles 
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Number of 
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Sites 



no tributaries. It can therefore be assumed that the flow regime of Study Reach 2 is the same as the 

channel on the fan. , 

In addition to surveys and pebble counts, extensive notes were made and photographs taken of channel 

patterns and patterns of sediment deposition. 

The following sections describe the particular methodology employed in the topographic surveys and the 

sediment sampling. 

3.2.1 Topographic Surveys 

A Nikon automatic level was used to survey channel profiles, cross sections and fan cross-profiles. A hip 

chain was used to measure distance for the channel profiles and fan cross-profiles, and a nylon tape was 

used to measure distance for the channel cross-sections. Longitudinal profile surveys followed the channel 

thalweg and LWD steps or jams were surveyed to capture the abrupt change in bed elevation. 

Hip chains have a spool of cotton thread wound around a wheel and tied off at the starting point of 

measurement. The hip-chain box is usually worn on a belt and the thread is pulled around the wheel and 

out of the box as the wearer walks along the route to be measured. Distance is displayed in metres to one 

decimal place on the top of the hip-chain box. Although the cotton thread is bio-degradable, it was collected 

whenever possible. 

Vertical control was established during the 2001 field season. A nominal lake elevation of 103 m was 

assumed on July 10, 2001. The lake elevation was used to establish the elevation of a benchmark at 

Sandstone Creek fan. Because the lake level fluctuated over short periods of time due to precipitation 

events, vertical control was established for each subsequent site by re-calculating the lake level relative to 

the benchmark at Sandstone Creek and establishing benchmarks based on the current lake-elevation. The 

elevation of the survey at North Creek Study Reach 2 was established approximately from the Forest Cover 

Map by interpolating the elevation of the bed from contour lines. 

3.2.2 Sediment Sampling 

In order to characterise the sediment grain-size in the channel, a series of pebble counts was performed on 

alluvial deposits in the channel. Only pebble-count sites that were representative of the reach were selected 
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for sampling. Spacing and number of sites per fan were dependent on the size of the fan and on the 

existence of suitable sites. The objective was to paximise the number of sampling sites while avoiding sites 

where local sorting was obviously dominant. 

The distance upstream from the mouth was noted and a photograph was taken of each site to allow a visual 

reference when interpreting the results. A nylon tape measure was stretched out on the bar along the 

waterline and then zig-zagged back and forth until a sufficient length was achieved that would permit 

sampling of 101 independent pebbles. The sample procedure is based on Wolman's (1954) method, 

summarised by Brierley and Hickin (1985). Pebbles were picked from the bar at even intervals on the tape, 

the distance determined by the average grain-size present. When individual grains were large enough to be 

touching the grain at the next sampling station, sampling would skip that station and move to the next one. 

Grain diameter was measured on the b-axis using a plastic calliper or nylon tape graded in centimetres, and 

was estimated to the nearest millimetre. Sample size was generally 101 pebbles at each site. Pebble-count 

data are included in Appendix B. 

The pebble-count data were entered into a spreadsheet and sorted according to the length of the b-axis. 

When sand-sized material was sampled, it was entered into the spreadsheet as such so that the sample 

was not truncated. D50, DB~, and D90 pebble sizes were calculated according to the ranking in the 

spreadsheet column. 

3.3 Non-Field Based lnformation Sources 

Non-field based information sources include aerial photographs, 1:5000 Forest Cover maps (Weyerhaeuser) 

and 1:20 000 TRIM (Terrain Resource Information Management Program) maps. The air photograph record 

available through the British Columbia government consists mostly of high-elevation photos with many years 

of flight lines skipping Yakoun Lake and other Haida Protected Areas, presumably because the future of 

forest harvesting is undecided in these areas. Weyerhaeuser (formerly MacMillan Bloedel), the forest 

company that holds tenure to the lands containing Yakoun Lake has an excellent record of clear, high 

quality air photographs. Table 3.3 lists all available air photographs of the study sites. 

The air photographs were used to determine the fan boundaries but because of the dense forest canopy, 

the fan channels are generally not visible on even the largest scale photos. 
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Table 3.3. Available aerial photographs for Yakoun Lake study sites. 

Source I Year I Flight No. 

Province .,,, Nominal I Scale 
Colour I BW 

BNV 
BNV 

Colour 

Colour 

Colour 

Colour 

Copies of Forest Cover Maps at a scale of 1:5000 were acquired for the entire area of the Yakoun Lake 

basin. These maps are produced for forest harvesting activities and have contours mapped at 10 m 

intervals. These maps were used to navigate in the field, fix the starting and ending points of the cross 

profiles, and were used to calculate fan areas and gradients. Table 3.4 lists the Forest Cover Maps 

available for Yakoun Lake that were used in this study. 

Table 3.4. TRlM and Forest Cover map sources for Yakoun Lake study sites. 

1 :5 000 Forest 
Cover Map 
Sheet #s 

103F.029.3.4 
103F.029.4.3 
103F.039.1.2 
103F.039.1.4 
103F.039.2.1 
103F.039.2.2 
103F.039.2.3 
103F.039.2.4 
103F.039.4.1 

1 :20 000 TRlM 
Map 

Sheet #s 
103F.028 
103F.029 
103F.030 
103F.038 
103F.039 
103F.040 

Digital format provincial TRlM maps at a scale of 1.20 000 were imported into ArcView 3.0, a GIs program. 

Drainage basin areas were calculated from these data. Table 3.4 lists the TRlM maps covering the study 

area. 
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3.5 Error 

3.5.1 Sediment Sampling 

Sources of error in the sediment-size analysis include errors in choosing the b-axis and a non-systematic 

error of interpolating to the nearest millimetre on the nylon tape. The large number of samples minimises 

the impact of measurement error. 

3.5.2 Topographic Surveys 

Sources of error in a level survey include imprecise measuring instruments, inaccurate use of the 

instruments by the operator and systematic errors introduced by poorly calibrated instruments. The greatest 

source of vertical error in the survey results from inaccurate reading of the stadia rod. Inaccuracy of stadia 

rod reading through the level occurs when the rod is not held level and increases with distance and with 

thickness of vegetation. As vertical errors are propagated through the survey only when the instrument is 

moved (a turning point), the number of turning points may affect the overall vertical accuracy. 

Table 3.5. Error analysis of level survey from cross-profile surveys using the lake level at either end of the 
survey as a closing datum. 

Cross 
Profile 
Name 

South Delta 2 
Sandstone 1 
South Delta 1 
Baddeck 3 
North 1 
Baddeck 1 
Small 1 
Average 

Profile 
Length 

(m) 
387 
576 
259 
534 

I 233 
206 
303 
357 

- 
Turning 
Points 

12 
19 
8 
14 
10 
8 
13 
12 - 

(m) I Prof. Length 
-0.016 I 0.0000 

Lake Elevation Difference in 
Start I End Lake Elev. 

Ratio of Elev. 
Difference to 

Ratio of Elev. 
Difference to 

rurning Points 
0.0013 

It is possible to assess the vertical component of error in a level survey by 'closing' the survey, or in other 

words, by comparing the difference in the measured elevation of the survey datum at the beginning and end 

of the survey. For the short duration of each cross-profile survey (typically 5 to 6 hours), the lake elevation 

represents a stable datum. Of the 13 cross-profiles that were completed, 7 began and terminated at the 

lake level. Table 3.5 shows the distance and vertical difference in measured lake level for these cross- 

profiles. The results show that the average absolute vertical error is 0.36 m. When compared with the 
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horizontal distance of the survey, however, this error is just over 1 cm per metre, or 1% of the horizontal 

distance on average. This sample of cross profile surveys is representative of the surveys conducted for 

this study. The error inherent in the level surveys extends to calculation of vertical control, but since actual 

elevation between fan sites was not used in the analysis, this source of error does not affect results. 

Although hip chains are not highly accurate instruments, they are a fast and simple way to measure 

distance over difficult terrain. Errors occur due to stretch and breakage of the thread and calibration of the 

measuring wheel inside the device. Because it measures a straight line from where the thread is tied off, it 

does not measure along a curve accurately unless the thread is tied off frequently along the path of travel 

which is not always possible. The level of accuracy (+ 5%) is appropriate to the level of detail required for 

this study. 
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Chapter 4 

Observations 

The distributary channel systems described in this thesis have formed in an unconfined, forested, alluvial 

fan-delta environment. The geomorphology of the fans is described in terms of planform shape, radial 

profile and cross profile to describe the physical environment in which the channel systems have developed. 

Fan-surface and in-channel processes are strongly modified by the presence of a dense, mature coniferous 

forest that contributes large woody debris, in the form of tree stems, to the system. 

4.1 Fan Geomorphology 

4. I. I Plan form Shape 

The planform of the alluvial fans at Yakoun Lake is determined in part by the presence or absence of 

partially confining valley walls and by the open, unconfined environment of the lake which acts as the base 

level. Figure 4.1 shows the planform shapes of the fans included in this study. 

The fans on the western shore of the lake have prograded, uninterrupted by surrounding valley walls. 

These include North, Small and Sandstone fans. In contrast, the fans on the eastern and southern shores 

of the lake have been somewhat confined in their growth by valley walls. This confinement has resulted in a 
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North Creek Fan 
(see Fig. 3.4) 

Small Creek Fan 
(see Fig. 3.3) 

Sandstone Creek Fan 
(see Fig. 3.7) 

Shoreline ---- 
Fan Boundary / 

Valley Wall 

South End Creek Fan 

South Delta Creek Fan 
(see Fig. 3.5) 

Baddeck Creek Fan 
(see Fig. 3.6) 

Spruce Creek Fan 
(see Fig. 3.2) 

I I 
0 500 1000 

Distance in Metres 
B 

Figure 4.1. Planform shape of the study fans at Yakoun Lake. 
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fan shape that is longer along the radial axis than across the width in the case of South End and South 

Delta fans. Baddeck fan has responded to the v&ey confinement by developing an asymmetrical planform 

as it maintains contact with the east valley wall while the west valley wall terminates near the fan head. 

Spruce Creek fan is the exception to this pattern. The high fan-gradient and small drainage-basin area 

result in a planform shape that is roughly triangular, corresponding to a debris cone rather than a fully 

developed alluvial fan. 

4.1.2 Radial Profile 

The radial profile of the fan's surface (profile from the fan head to the margin) was not measured directly in 

the field, but the channel longitudinal profile provides a reasonable proxy. Figure 4.2 shows the longitudinal 

profile of the main channel on each of the fans in the study area. The fan gradient ranges from 0.019 to 

0.221. With the exception of South End Creek, the radial profile on the fan does not change significantly 

from the fan head to the fan margin. South End fan, which has the longest channel, shows a very slight 

flattening of the channel gradient from the fan head to the fan margin that results in the slightly concave-up 

longitudinal profile. The longitudinal channel profiles show only very minor changes in channel gradient 

between the fan and the upstream valley. 

With the exception of South End and Baddeck fans, which have extensive shallow water deposits near the 

margins, all fans exhibit a steep wave-cut edge that likely develops during intense winter storms when lake- 

levels are the highest of the year. This wave-cut edge forms in part because of the presence of the 

extensive root system of the mature trees growing on the fan. It is not visible on the channel longitudinal 

profiles of South Delta and Sandstone Creeks because the channel is large enough to erode a channel 

between or through the trees. The three smallest channels, North, Small and Spruce Creek cannot erode 

through the layer of roots at the channel margin and the profile is raised slightly at the channel margin 

before falling off to the beach portion of the fan margin. 

4.1.3 Cross Profile 

The fan cross-profile, the location of which is shown for each fan (except Spruce Creek fan) in Figures 3.3 to 

3.8, was surveyed in the field by following a compass bearing from one side of the fan margin to the other. 

Figure 4.3, which contains a representative cross-profile of each fan, shows that the fan shape is strongly 
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convex-up along the cross profile. South End fan is not symmetrical, having one edge of the fan at a higher 

elevation than the other. This asymmety occur; because the cross profile was surveyed between the 

valley walls rather than between lake margins (Figure 3.8). 

The cross profiles show the position of the main channel as well as the location of many of the secondary 

channels which are shown as depressions on the cross-profiles in Figure 4.3. They illustrate how the 

unconfined environment of the fan creates the condition where, at any point on the fan, the main channel is 

perched above the surrounding area on either one side or on both sides. 

4.2 Fan Vegetation 

As described in Section 1.2.5, the old growth forest of the Queen Charlotte Islands, as with much of the 

coastal regions of BC and the Pacific Northwest of the US, is dominated by an assemblage of large 

coniferous trees. The vegetation on the study fans is characterised as old-growth coastal rainforest. There 

is considerable within-stand and between-stand variation in this forest. Specific species assemblages, 

stand-age distribution and relative tree-size between stands vary, even within a small region, reflecting 

variations in elevation, aspect, moisture, nutrient availability and disturbance history. The small-scale 

variability within an old growth forest stand is high due to gap dynamics, even though that stand appears to 

be homogenous at a larger scale (Kimmins, 1997). Although there is notable variation in the stand 

characteristics among the seven fan sites studied, a general description of the structure is possible. 

4.2.1 Moss and Lichens 

Various species of moss, lichen and liverwort grow as a thick blanket (up to 15 cm thick) over much of the 

fan surface. In addition to covering the soil and sediments deposited on the forest floor, most woody debris 

lying on the ground is under their thick blanket (Figure 4.4a). This blanket is further strengthened by roots of 

small understory plants and shrubs whose growth is dependent on the stability initially provided by moss. 

The presence of the moss blanket provides considerable initial strength to unconsolidated alluvial sediments 

on the fan surface and initial channel formation involves the stripping of the protective moss blanket (Section 

4.3.2). From field observations, moss, lichen, liverwort and plant roots span individual clasts, binding them 

together. Evidence of this is that in the early stage of channel formation, the binding of the fan surface 

sediments creates steep, near-vertical banks that occasionally overhang (Figure 4.4b). In the absence of 
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the moss layer, the unconsolidated deposits would not maintain the steep banks and the bank tops would 

erode backward to reduce the bank slope. While in the field the author made attempts at several sites to dig 

a hole into moss-covered deposits with the heel of a boot. In all attempts the sound of tearing vegetation 

indicated that the resistance to these attempts was from the moss layer. 

4.2.2 Large Woody Debris: Roots and Stems 

Large woody debris (LWD), loosely defined as wood pieces that are over 0.2 m in diameter and greater than 

a few metres in length, is derived from the thick stands of large trees growing at the study sites (Figure 4.9, 

or from upstream and upslope sources. It contributes a significant amount of roughness, either from the 

root structure while it is still standing, or from the stem after the tree (or portions of it) has fallen to the 

ground. The impact of LWD differs between the channel zone and the fan surface and will be described 

separately in the following sections. 

Woody debris tends to be large (ranging from 0.2 m to over 1 m in diameter) and is persistent in time and 

space. Once they have been delivered to the channel or fan surface, tree stems appear to remain in place, 

as they are too large to be moved except by very large flows. Persistence in time depends not only on the 

size of the stem but the tree species. Keller and Tally (1979) showed that a residence time of 100 years 

was quite common for LWD in the coastal redwood environment in California, and that 200 years was not 

uncommon. Hogan et a/. (1998) report residence times of log jams of over 300 years in similar sized 

channels in the Queen Charlotte Islands. After the tree has died, standing stumps and pieces on the ground 

act as nurse logs which are important sites for the growth of seedlings (Calder and Taylor, 1968). 

Tree stems and portions of stems fall to the ground, either as whole trees, or as broken pieces after the tree 

has died. Trees blown over by strong winds or knocked down by other trees, often fall to rest on their roots 

or on other trees and remain suspended over the ground or channel for some time. Although decay 

processes are complex, height above ground is likely a factor. This delayed delivery of pieces to the ground 

may further increase the residence time of wood in the system by allowing the wood to stay drier than it 

would if it were resting on the ground. 

Because of contrasting impacts, LWD in the channel-zone is described separately from LWD on the fan 

surface. 
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LWD in the channel zone of coastal rivers has been documented and studied by many authors in the last 

few decades (see Section 2.4). This study focuses on the role of LWD in controlling the transport and 

deposition of sediment in the channel and its role in the formation of new and secondary channels (see 

Section 4.3 below for a description of channel hierarchy). 

LWD in the channel zone functions in three ways to control the channel form and pattern: a) reducing 

channel flow capacity; b) limiting lateral channel movement; and c) causing the temporary storage of coarse 

sediment. These three functions can operate independently but most often are interrelated. 

4.2.3.l Channel Flow Capacity 

The presence of LWD in the channel limits the flow capacity by occupying space in the channel or by 

increasing flow resistance (or both). LWD may be present as single pieces, but often forms log jams as 

smaller pieces are floated onto a more stable large piece. Figure 4.6 shows pieces of wood partially 

blocking flow in Sandstone Creek. These pieces add considerable roughness to the channel while at the 

same time occupying space in the channel cross section. 

Channel capacity is not significantly affected during low flows. As flow increases, however, elevated LWD 

begins to affect the flow of water through the channel. LWD may be on top of the banks or may completely 

span the channel, in which case they will not affect the channel except at very high flows. 

4.2.3.2 Lateral Channel Movement 

A secondary effect of LWD in the channel zone is to limit the lateral movement of the channel by providing a 

hard point to prevent erosion of the channel banks. This function is performed by single pieces of wood, log 

jams along the channel margin, and by the root structure of trees growing along the banks. The root 

structure especially contributes significantly to the resistance of the bank to erosion. Although the tree stem 

may reach up to 1 m in diameter, at the ground level, the root structure flares from the trunk and can reach a 

diameter of 3 m or greater. 

Because lateral erosion is constrained in this environment, channels do not migrate across the fan surface. 

D. Ray - Fluvial Geomorphology of Channels on Alluvial Fans 45 





Local widening of the channel is common, especially in areas where large log jams have significantly 

restricted the flow. But change in channel position on the fan occurs through avulsion of the channel rather 

than migration. Section 4.3.3 describes the channel distributary system in more detail. 

4.2,3.3 Coarse Sediment Storage 

Although sediment is stored in channel bars, as in most other rivers, other mechanisms are also involved. 

Coarse sediment is stored temporarily in the channel by two separate mechanisms: a) logs and roots on the 

bed physically interrupt bedload movement; and b) sediment is deposited upstream of blockages to the flow 

because of a drop in transport competence induced by lowered flow-velocity. The presence of LWD, 

temporary storage of sediment, and local scour immediately downstream of LWD leads to a stepped 

channel profile (Figure 4.7) which is described in more detail below in Section 4.3.3. 

Logs lying across the channel, and roots in the channel bed, provide grade control that causes downstream 

gravel movement to be interrupted. Figure 4.8a shows an example of a thick deposit of coarse gravel 

trapped behind a log lying flat on the bed. Figure 4.8b illustrates how sediment is stored upstream of 

channel grade control imposed by the roots of trees that interrupt downcutting of the bed. 

Gravel deposition in the channel is also caused indirectly by the presence of log jams that influence flow 

velocity. Gravel bars form in the slack water upstream of these partial obstructions and then migrate 

downstream until they are in contact with the obstruction itself. Once the space upstream has filled with 

gravel, downstream sediment movement continues as flows overtop the log jam. 

The distribution of woody debris and trees on the fan surface follows a complex pattern typical of old-growth 

coastal forests in BC. High age-variability in the stand means that areas of relatively open ground with 

large-diameter trees are interspersed between younger densely-treed areas. The distribution of large 

pieces of wood on the fan surface follows a similar, highly variable pattern. 

Standing trees, whether live or dead, contribute structure and roughness to the fan surface. Measurement 

of trees that were blown down, exposing the roots, showed that the extent of tree roots under the ground 

surface can often exceed 6 m in diameter. 
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Tree stems lying across the fan surface typically remain where they have fallen and become sites for the 

growth of seedling trees. The stem itself effectivdy blocks the flow of overbank water and sediment. Figure 

4.9 shows two logs on the surface of Small Creek fan, which have trapped gravel on their upstream sides 

and have sizeable trees growing on them. 

4.3 Fan Channel System 

The channel system developed on the alluvial fans at Yakoun Lake is a complex distributary system with 

channels organised hierarchically according to the magnitude and frequency of flows they conduct. The fan 

channel-system consists of a main channel and a series of secondary and abandoned channels. 

4.3.1 Main Channel 

The main channel on the fan is typically a single-thread channel that is strongly influenced by the fan 

vegetation, mainly in the form of LWD in the bed and banks and log jams in the channel (see also Section 

4.2.3 above). Due to the influence of LWD, the main channel tends to have a high variability in cross- 

sectional area and shape, a high variability in bank height, a stepped longitudinal profile and a highly 

complex pattern of erosion and deposition of gravel sediments. 

The main channel, defined as that containing most of the flow in a given time period, is described below in 

terms of a) the planform shape, b) longitudinal profile; and c) the channel cross section. 

4.3.7.7 Plan form Shape 

The planform shape of the main channel is similar at all of the study sites. This pattern is expressed in both 

the longitudinal profile and the cross-sectional shape of the channel and varies with the channel size. The 

channel pattern consists of two unique channel units that are hierarchically above the pool-riffle scale but 

below the reach scale: incised reach-units and depositional reach-units. The rationale for introducing the 

term "reach unit' is discussed in detail in Section 5.2.2. 

The incised reach-unit is characterised by a relatively narrow, well-defined channel with high banks. There 

is some sediment storage in these reach units, however, in balance they are zones of sediment transport 

and bed degradation. Figure 4.10a shows an example of an incised reach-unit at North Creek. 
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The depositional reach-unit is characterised by a relatively wide channel with low bank height. Depositional 

reach-units are areas of the channel with significant sediment storage and bed aggradation. They are often 

associated with log jams or significant accumulations of LWD at their downstream extent. Figure 4.10b 

shows an example of the depositional reach-unit in the form of a gravel sheet spreading out over Small 

Creek fan. 

The transition between the incised and the depositional reach-unit is typically gradual with the upstream 

edge of the sediment wedge in the depositional area reaching upstream into the incised reach. The 

transition from the depositional reach-unit to the incised reach, by contrast, tends to be abrupt. Figure 4.1 1 

shows this transition which is partly controlled by the presence of tree roots in the bed. 

4.3.1.2 Longitudinal Profile 

The longitudinal profile of each study creek was measured from the fan margin, upstream above the fan 

head, except for Spruce Creek, which was surveyed for only a portion of its length. Figure 4.2 shows the 

longitudinal profile for each creek at a vertical exaggeration of 5:l. More detailed profiles are included in 

Appendix A. The longitudinal profiles display two main features of interest: a) an alternating pattern of 

incised and depositional reach-units, and b) a channel gradient that exhibits very little change from the fan 

head to the fan margin. 

The alternating sequence of incised and depositional reach-units is expressed on the longitudinal profiles in 

the locally flatter (depositional) and steeper (incised) portions of the profile. This sequence occurs despite 

the fact that the survey followed the channel thalweg and would tend to have smoothed out the local effects 

of aggradation and degradation. 

Except for South End Creek, the channel longitudinal profiles display a constant grade from the fan head to 

the fan margin. There is no abrupt change in gradient between the channel upstream of the fan and the fan 

itself. 

4.3.1.3 Channel Cross-Section 

Channel cross-sections were surveyed at various locations along the longitudinal profile between the fan 

margin and the fan head. A plot of all surveyed sections is provided in Appendix A. Table 4.1 summarises 
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the hydraulic geometry calculated from the surveyed sections, assuming bankfull discharge. The 

summarised hydraulic geometry combines chanqel sections on the fan as well as sections upstream of the 

fan except for Small Creek Study Reach 2, which is located entirely upstream of the fan. The results in 

Table 4.1 show that there is a high degree of variability in the channel hydraulic geometry. For example the 

average bankfull width of North Creek is 6.97 m but the range in measured widths is from 4.51 m to 11.51 

m, or up to 65% of variation from the average. 

Table 4.1. Summary of cross section hydraulic geometry for all study sites. 

I Bankfull 
Drainage Name I Area 

(m2) 
Spruce Average 1.29 

(N = 7) Range 0.38 - 2.00 

Small Reach I Average 2.97 
(N = 8) Range 0.53 - 5.22 

Small Reach 2 - Average 2.72 
(N = 4) Range 1.93 - 3.24 

North Average 2.91 
(N = 8) Range 1.48 - 5.17 

South Delta Average 7.40 
(N = 8) - Range 2.73 - 10.83 

Baddeck Average 9.09 
(N = 5) Range 6.07 - 12.08 

Sandstone Average 22.81 
(N = 10) Range 10.60 - 36.47 

(N = 9) Range 3.88 - 1 I .91 

The channel form ratio (wld) ratio, also shown in Table 4.1, is 4 0  for all study creeks other than Spruce 

Creek. Small Creek Study Reach 1 has a somewhat higher form ratio than Study Reach 2, however the 

range is much higher in the fan channel (Study Reach 1). Although the location of surveyed cross-sections 

do not correspond exactly to those of the identified depositional and incised reach-units, the plotted cross- 

sections in Appendix A show several clear examples of the difference in cross-section shape between the 

different reach units. 

Table 4.2 shows the same data as Table 4.1 but divides the measured sections between those on the fan 

portion of the creek and those above it. In all cases the non-fan portion of the channel cross-sections has a 
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higher depth than the fan-channel cross-sections, although no strong trend is exhibited by the other 

parameters. Bankfull width is lower in the fan pittion of Small, North and Baddeck Creeks but higher in the 

fan portion of South Delta, Sandstone and South End Creeks. The form ratio is higher in the fan portion of 

all creeks except North and Baddeck Creeks. 

Table 4.2. Summary of cross section hydraulic geometry for fan versus non-fan channel cross sections. 

Drainage Name 

Spruce Fan 
(N = 7,0)* Non-fan 

I 

Bankfull 
Depth 

(m) ' 

0.60 
n/a 

Small Fan 
(N = 5,6)* Non-fan 

FormRatio 
(wid) 
(mlm) 

6.4 
n/a 

Bankfull 
Area 

(m2) 
1.29 
n/a 

Fan 
(N = 5,3)* 

Fan 
(N = 5,3)* 

I South Delta Non-fan 

2.37 
3.30 

6.37 
9.18 

2.38 

I Baddeck Fan 
(N = 3,2)* Non-fan 

Wetted 
Perimeter 

(m) 
3.75 
n/a 

6.81 
8.38 

I Sandstone Fan 
(N = 7,3)* Non-fan 

I I I I I I 

* Number of sections on the fan and above the fan respectively. 

Bankfull 
Width 

(m) 
3.21 
n/a 

6.71 
7.53 

5.87 
8.80 I 

13.01 1 12.18 ( 1.01 ( 12.1 
12.83 1 11.89 1 - 1.16 1 10.3 

9.10 
9.08 

I South End Fan 
(N = 7,2)* Non-fan 

4.3.1.4 Switching Between Incised and Depositional Reach-Unit Types 

Non-fan 

23.07 
22.22 

That gravel is deposited and reworked on a cyclic basis within the channel zone is evident at several sites in 

the form of channel-margin terraces and stranded bars. Terraces are interpreted as the remnants of in- 

channel deposits upstream of extensive LWD jams that have been abandoned by downcutting of the 

channel following the partial failure of the LWD jam. Stranded bars are interpreted as remnant portions of 

the channel that were active when the downstream LWD jam caused the initial accumulation of sediment. 

The existence of these features at sites within incised reach-units suggests a past history of depositional 

activity with subsequent downcutting that has left remnants of the former channel at a higher elevation. The 

implication is that the status of a reach unit can change over time. 

6.20 
7.07 

0.65 
0.78 3.79 

13.05 
13.68 

6.94 
13.32 

Channel margin terraces at the head of Sandstone fan (Figure 4.12a) show a drop in bed elevation of 

9.1 
11.3 

28.06 
20.83 
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0.62 
0.73 

1 1.97 
12.93 

15.58 
14.61 

10.1 
9.7 

26.17 
19.63 

1.15 
1.22 

14.85 
13.96 

10.4 
10.6 

1.76 
1.79 

14.9 
11.0 

0.95 
11.39~ 

15.7 
10.0 







approximately 2 m while downstream (Figure 2.12b) the channel has dropped approximately 4 m since 

deposition of the bar visible in the right side of the photo. Figure 4.13a shows another set of channel-margin 

terraces at a mid-fan location in Sandstone Creek that record a bed elevation-drop of approximately 2 m. 

Figure 4.13b shows an old bar that has been stranded above the high-flow level with a thin layer of moss 

and small trees growing on its surface because the adjacent channel has downcut into the accumulated 

gravel by approximately 1.5 m. 

4.3.2 Secondary Channels 

Secondary channels are those that contain a portion of the flow, typically only during periods of high 

discharge. These channels are active during high-flow periods of the year, or on a less frequent basis 

depending on the conditions in the main channel that lead to their formation. Secondary channels range 

from well-defined continuous, to discontinuous, channels that spread out and lose definition when they 

encounter obstacles such as buried logs and roots. They may reform again as the flow coalesces 

downstream of the obstacle or the flow may diverge completely and form two or more channels. At low 

flows secondary channels are dry except near the fan margin where they may intercept groundwater or 

hyporheic flow. Figure 4.14 shows examples of recently active secondary channels on Sandstone and 

Baddeck fans. 

Water flowing over the fan surface collects in existing depressions until it has achieved enough erosive 

power to overcome the initial surface strength of the moss blanket and erode a defined channel. Overflow 

collector areas, which are eroded depressions in the fan surface, become a point of convergence for 

overbank flow (Figure 4.15). They appear to represent the initial point of secondary channel formation for 

channels not directly connected to the main channel. Two separate examples of overflow collector areas on 

Sandstone fan are shown in Figure 4.15. 

A second mechanism of secondary channel formation occurs when flow in the main channel breaks through 

a weak point in the bank to form a small channel. These directly connected channels generally form from 

flow breaking through the bank in several areas and coalescing into one channel. Figure 4.16a shows an 

example of a secondary channel forming from several overbank sources, while Figure 4.16b shows gravel 

deposited on the fan surface immediately adjacent to the channel where flow is initiating a new secondary 

channel. Figure 4.17 shows an active secondary channel that has formed adjacent to the crest of a bar in 
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South End Creek that has nearly filled the main channel. Fresh gravel deposits can be seen in the 

background of Figure 4.17b where flow has left t i e  main channel through the breach in the bank. 

There is a very strong spatial association of secondary channels with the depositional reach-units of the 

main channel. This association is either direct or indirect, defined on the basis of connectivity to the main 

channel. Directly connected channels can be physically traced upstream to the main channel. Indirectly 

connected channels, however, are more difficult to trace. Often the association is made merely by the 

proximity of the collector area to the main channel. 

The largest fans tend to have the most well-defined secondary channels on the fan surface while on the 

smaller fans, the secondary channels are poorly developed and laterally discontinuous. On Spruce fan, 

which is the smallest, secondary channels are not observed at all. Although there is evidence of localised 

overland flow on the smaller fans, the flow is not sufficient to overcome the initial strength of the surface 

vegetation and form a channel. 

4.3.3 Abandoned Channels 

Abandoned channels visible on the fan surface represent a) abandoned secondary channels, or b) an 

abandoned main channel. In either case they are defined somewhat equivocally by the lack of recent flow 

that has permitted the growth of vegetation such as moss and trees. The looseness of the definition arises 

because it is not clear over what time span the channel must be inactive to be considered abandoned. It is 

possible that so-called abandoned channels are reactivated after long periods of inactivity, though it is 

equally possible that these channels gradually fill with detrital material and return to the same state as the 

rest of the fan surface. Interpretation of very old abandoned channels is difficult because growth of 

vegetation and deposition of detrital material over time obliterates virtually all evidence of the channel's 

presence. 

Abandoned main channels represent a channel avulsion and generally connect to the newer channel at a 

depositional reach-unit. On Sandstone and South End fans, avulsions occurred near the fan apex, creating 

abandoned main channels that are traceable all the way to the fan margin. These abandoned channels 

carry a portion of the flow on an annual basis though not enough to maintain the full channel dimensions 

because infilling with fine sediment occurs over time. Figure 5.1 illustrates the relationship between the 
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main channel and abandoned and secondary channels, and shows that depositional reach-units form the 

connectors between these components of the distrjbutary system. 

The only recent evidence of an abandoned main channel on Baddeck or South Delta fans is near the fan 

margin. Since avulsion occurred so close to the fan margin it is difficult to gain a sense of the channel 

pattern. On the smaller fans the distinction between abandoned main channels and secondary channels is 

difficult to make because the original relative size difference between the two is small. 

Abandoned secondary channels on the fan provide evidence of past overflow events. It is not possible to 

determine with certainty if the overflow event occurred because of a single large flow event or because of a 

prolonged period when flow capacity in the adjacent main channel was reduced, forcing a portion of the 

near-bankfull flow to leave the channel. Figure 4.18 shows secondary channels on the surface of 

Sandstone fan that have been abandoned relatively recently. These channels are overgrown with moss but 

not trees, and likely represent overflow from the old log jam in the middle background of Figure 4.18b. 

4.4 Sediments 

Alluvial fans represent areas of net sediment deposition while the upstream drainage basin is an area of net 

erosion and transport of sediment. On the fan, however, there exists areas of erosion as well as areas of 

deposition. Likewise, the fan distributary system is composed of sediment deposition as well as 

transportation reach-units. The size of sediment in the gravel to cobble size range in the channel system is 

measured by pebble-count surveys while long-term sediment deposition and erosion patterns are 

characterised by qualitative field observations. 

4.4.1 Average Size and Variability 

Pebble-count surveys of in-channel gravel and cobble deposits were conducted at irregular intervals along 

the main channel from the mouth at the fan margin to upstream of the fan head. The sites were chosen to 

be representative of the reach and as much as possible not be overly affected by local factors such as the 

presence of LWD in the channel. Table 4.3 shows the average as well as the range in grain size for the 

calculated D~o,  D84 and DXI for all of the sample sites by creek. The average bedload size ranges between 4 

cm and 6 cm (b-axis) but there is considerable variation. Minimum D50 at a sample site in North Creek is 

only 2.5 cm while the maximum D50 at a sample site is 8.8 cm at Sandstone Creek. Figure 4.19 shows in- 
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channel gravel deposits at two locations. Figure 4.19a shows cobbles on the bar surface at the head of 

Sandstone fan while Figure 4.19b shows a graveideposit in North Creek that has filled the channel to near 

bankfull level. 

4.4.2 Downstream Sorting 

Downstream sorting in the main channel sediment deposits is assessed by plotting the calculated D50 from 

each pebble-count site against the distance upstream from the mouth for each sampled creek (Figure 4.20). 

Table 4.3. Summary of pebble-count data for all sample sites in each creek. Clasts are measured on the b- 
axis in cm. N refers to the number of sample sites on each fan; typically, each sample site 
involves 101 sampled pebbles. 

Small Creek North Creek South Delta Creek 
(N = 6) (N = 7) (N = 7) 

Baddeck Creek Sandstone Creek South End Creek 
(N = 6) (N = 6) (N = 5) 

Avg 
Max 

The expected downstream-fining trend is seen clearly in the three largest creeks (Baddeck, Sandstone and 

South End) and also in Small Creek. North Creek and South Delta Creek, in contrast, show no strong 

downstream sorting. Rather, these creeks display a chaotic pattern of grain size distribution. 

5.0 8.5 9.8 Avg 
7.3 12.0 15.4 Max 

Avg 
Max 

4.4.3 Sediment Storage 

4.2 8.1 9.3 A V ~ ~  5.8 10.7 12.8 
6.1 12.2 14.2 Max 7.0 11.8 14.6 

Sediment storage in the fan zone occurs within the channel and on the fan surface, often in association with 

secondary channels. Residence time for deposits appears to depend largely on the mechanism of initial 

deposition. Short-term storage occurs in transient bars within the channel while near-permanent deposits 

4.1 7.5 8.3 Avg 5.8 12.5 14.7 I Avg 
5.3 12.3 12.7 Max 8.8 19.2 22.9 Max 
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Figure 4.20. Pebble count plots of D50 measured on the b-axis (cm) against horizontal distance upstream 
from the mouth (m) for a) Small Creek, b) North Creek, c) South Delta Creek, d) Baddeck 
Creek, e) Sandstone Creek, and 9 South End Creek. The heavy line is a calculated best fit 
linear regression with the slope indicated on each graph. 
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are found on the fan surface. Periodic reworking of old deposits by the main channel or secondary channels 

occurs, but most of the fan surface provides v&y long-term storage of deposited sediments. 

4.4.3.1 In-Channel Storage 

The largest amount of in-channel sediment storage occurs in close association with LWD. As described in 

Section 4.2.3.3, a variety of mechanisms cause sediment deposition upstream of areas with accumulations 

of LWD in the form of debris jams or as single pieces in the bed. Figure 4.21 shows two examples of in- 

channel sediment storage upstream of an LWD jam (Figure 4.21a) and upstream of logs lying across the 

bed (Figure 4.21 b). 

Smaller amounts of sediment are stored as lateral or point bars in the channel and are more or less 

independent of accumulations of LWD. Figure 4.22a shows relatively small amounts of gravel accumulating 

along the channel margins in Small Creek, while Figure 4.22b shows an example of the large lateral bars in 

Baddeck Creek. In-channel storage seems to be most important in the larger channels (Sandstone, South 

End, and Baddeck Creeks), because the larger pieces of wood fit within the channel and can form much 

longer lasting debris jams. 

4.4.3.2 Gravel Sheets 

On the smaller fans, where the channel tends to be smaller, gravel sheets appear to be a more important 

mechanism of gravel deposition (Figure 4.23). Gravel sheet formation describes the occurrence of channel 

widening in areas of deposition that leads to widespread gravel deposition with a poorly defined channel 

spreading out on the fan surface. The volume of gravel appears to overwhelm the established channel 

geometry and spreads out, burying fallen logs and vegetation on the fan. Although gravel sheets were 

observed on South Delta Creek, North Creek and Small Creek, the largest gravel sheets in areal extent are 

on Small Creek where the average tree size is noticeably smaller, particularly at the site shown in Figure 

4.23b. 

4.4.3.3 Long-term Fan Surface Storage 

Section 4.2.4 illustrates the deposition of sediment on the fan in association with LWD on the fan surface. 

Gravel accumulation on the fan surface occurs as lobe-shaped deposits upstream of logs and in low areas 
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on the fan such as abandoned channels. For example, Figure 4.16a shows gravel migrating into a low area 

adjacent to the main channel and Figure 4.24 shows gravel infilling a depression on the fan formed by a 

secondary channel. Once gravel has been deposited on the fan surface and significant flows have ceased 

to disturb the surface, colonisation by mosses and understory plants will stabilise the deposit and allow 

growth of trees. This process of vegetation succession ensures the long-term storage of the gravel deposit 

since remobilisation of the sediment is unlikely once it is covered by the root systems of large, long-living 

trees. 
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Chapter 5 

Discussion 

In the previous chapter results from data collected in the field are presented to provide a detailed description 

of the geomorphology of the channels developed on the alluvial fans and to provide a detailed description of 

the physical setting in which these channels have developed. This chapter generalises the measurements 

and observations from seven alluvial fan sites of various sizes and makes inferences regarding the 

processes at work at these sites while placing the results in the context of the pertinent geomorphic 

literature. 

5.1 The Physical Setting 

The fan sites constitute the physical setting for channel development. A theme of the discussion in this 

section is that, based on the data presented in Chapter 4, the alluvial fans at Yakoun Lake operate under a 

very different regime of process and environment to the majority of alluvial fans previously reported in the 

literature. Comparison of key features such as fan vegetation and presence of large woody debris, and 

regional factors such as climate and sediment supply, reveal that the distributary channel system on these 

fans has developed in a unique environment not previously examined in the literature on alluvial fans. 
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5.1. 1 Fan Geomorphology 

The planform shape, radial profile, and cross profile of the study fans described in Chapter 4 indicate that 

these fans display the key characteristics of an alluvial fan as defined by Blair and McPherson (1994). 

These characteristics include semiconical shape, restricted radial slope (1.5" to 25" range with 2" to 12" 

most typical) and convex-up cross profile. There is a range in the fan geometries of the study fans; while 

South End and Baddeck fans display atypical fan planform (Figure 4.1) and could be interpreted as 

prograding deltas or former outwash plains, Figure 4.3 shows that all the study fans display the classic 

convex-up cross profile. Regardless of the particular geometry of the fans, however, the channels at each 

site share an unconfined environment. 

The overlain contours (10 m contour interval) in Figures 3.2 to 3.8 from the 1:5000 Forest Cover Maps show 

that the study fans have not maintained the classic smooth, semi-parallel contours characteristic of arid- 

region alluvial fans (see for example Flippin and French, 1994). This is not surprising given the very 

different histories of fan formation in the two regions. Fans formed in arid environments have undergone 

periods of undisturbed fan building for up to fifty thousand years or longer (Bull, 1977). Hence relative 

absence of vegetation and very long time periods over which fan building processes have been operating 

have produced features which now have near-uniform distribution of fan-building processes over the entire 

surface (refer to Section 5.2). The processes forming the arid or semi-arid fan are ongoing in the modern 

setting which has lead to the idea that alluvial fans represent steady-state features in these environments 

(Denny, 1965; 1967). 

The relatively recent glacial history at Yakoun Lake suggests that the study sites presented here represent 

paraglacial fan features that date to no more than 10,000 years BP (Sutherland Brown and Nasmith, 1962). 

Contemporary water and sediment delivery to the fans at Yakoun Lake therefore do not necessarily reflect 

the past levels that were responsible for the bulk of the fan building. This time model of fan evolution is 

supported by morphometric analysis showing weak fan to basin relationships for fans in southwestern 

British Columbia (Church and Ryder, 1972). On the other hand, Kostaschuk et a/. (1986) report strong 

morphometric fan to basin relationships for 30 fans studied in the Canadian Rockies near Banff, Alberta, 

suggesting that perhaps other mitigating factors can improve morphometric relationships in a recently 

glaciated setting. 
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Evidence of direct debris-flow activity (such as old debris-flow deposits on the fan surface) is lacking at all of 

the fan sites except Spruce fan. The generally Jow valley gradients upstream of the fan apices means that 

there is a very long runout zone preventing all but very large and infrequent debris flows from reaching the 

fan. Although debris flows may periodically reach the fan, evidence of these deposits is obscured by the 

heavy vegetation. Debris flows, and other mass movements, terminating upstream of the fan would 

generate a temporarily higher sediment delivery rate to the fan. The strong vegetative control imposed on 

channel development and the short period of time available for fan building to occur may account for the 

irregular surface shape of the study fans compared to those found in other, less recently glaciated, 

environments. 

5.1.2 Fan Surface Vegetation and Roughness 

The mature coniferous forest with its accompanying thick undergrowth and abundance of LWD provides a 

very high level of roughness in the alluvial fan environment, and precludes fan-building processes such as 

sheetwash, and diminishes the effects of debris flows, while providing a strong control on channel 

development. In contrast to the fan features presented here, the majority of alluvial fans described in the 

literature are found in arid and semi-arid regions (Section 2.4) and these fans, by virtue of their environment, 

lack thick vegetation cover, and in some cases are almost devoid of vegetation altogether. 

Because surface vegetation is rarely described in detail in most alluvial fan studies, it is difficult to make 

direct comparisons to the surface roughness of the fans included here. However, most studies focus on 

alluvial fans in arid and semi-arid regions, suggesting that these fans are only sparsely vegetated with scrub 

and small trees. For example Bull (1964) does not specifically describe vegetation cover but includes clear 

photographs of dessert scrub growing on the fan surface. Bull (1977) describes the relation of the main 

channel on the fan to the incidence of moisture-dependent vegetation such as small trees and shrubs, while 

the rest of the fan is not vegetated, suggesting a positive feedback mechanism. The alluvial fans of 

southwestern British Columbia studied by Ryder (1971a; 1971 b) generally are vegetated with grasses and 

sparse trees. Although so called humid fans in the Appalachian Mountains of eastern United States (Kochel 

and Johnson, 1984; Kochel, 1990) are forested, photographs indicate that the forest is much more open and 

the trees do not have the large stem size that is typical of the Queen Charlotte Islands. Forested fans 

studied by Kostaschuk etal. (1986) in the Canadian Rockies near Banff, Alberta, are described as having a 

cover of sub-alpine forest. Fans in arctic environments (for example Legget etal., 1966; Webb and Fielding, 

1990) typically are devoid of vegetation because of the harsh climate and short growing season. A brief 
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description of the thick tropical vegetation on the Rio Torro Amarrillo fan in Costa Rica (Kesel, 1985; Kesel 

and Lowe, 1987) may represent a vegetative cpntrol that is the most similar to that described here. Aside 

from the fans of Costa Rica, the forest cover described here easily represents the highest level of surface 

roughness and stability imposed on a fan of any previously reported. 

Treatments of non-vegetation controls on surface roughness are likewise nearly absent from the literature. 

Although roughness was not specifically investigated, Wells and Rapp's (2000) study of the orientation of 

pieces of wood on a very small fan in northeastern Utah, USA, may represent the only examination of wood 

on a fan surface. Elsewhere in the literature, the function of LWD on river floodplains has only recently 

received attention; for example Brooks and Brierley (2002), Brooks et a/. (2003), Jeffries et a/. (2003), 

O'Connor et a/. (2003), and Webb and Erskine (2003). Though none of these studies addresses the role of 

LWD on alluvial fans, Jeffries et a/. (2003) specifically examine the effects that LWD has on the pattern of 

floodplain sedimentation. Advances in this area of research may eventually provide further insights into the 

processes controlling channel development on heavily forested alluvial fans. 

Despite the lack of attention paid to differences in surface vegetation among fans, Bull (1977) recognised 

the importance of on-fan vegetation differences. He describes a self-enhancing feedback mechanism 

between vegetation and streamflow on arid region alluvial fans. Areas of prolonged sheefflow allow 

abundant water to soak into the fan surface that supports grass, shrubs, and trees. The vegetation tends to 

disperse flow and maintain the sheefflow mode of streamflow. In areas where the flow becomes 

channelised, there is insufficient moisture retention to support vegetation and, in the absence of vegetation, 

the channelised flow pattern persists unchecked. In contrast to this idea that vegetation disperses flow on 

arid region alluvial fans, the heavy vegetation cover of the alluvial fans at Yakoun Lake tends to promote 

stable, channelised flow by inhibiting the spread of flow across the fan surface. 

The high roughness values and surface stability on the fan contributed by the combination of thick 

vegetation and LWD counteracts the destabilising effects of high flows and large sediment supply delivered 

to the fan head, and controls channel development. The result is a relatively stable environment in which 

the distributary-channel network has evolved. The formation and evolution of a secondary channel is 

controlled by, and interacts with, the various roughness elements on the fan surface as it enlarges and 

captures more flow. The moss blanket initially provides considerable stability and resistance to channel 

development from overland flow. Water flowing across the fan surface must be concentrated by topography 

until it reaches a critical point where it can overcome the initial binding strength provided by the moss 
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blanket. Once this mossy layer is broken, the relatively weakly held alluvial sediments and soil underneath 

are more easily eroded as water is concentrate$ in the deepening surface channel. In many cases early 

channel formation is characterised by steep banks in unconsolidated sands and gravel with a layer of moss 

preventing the tops of the banks from retreating. As multiple small routes of overland flow coalesce, 

overflow collector areas are formed (Figure 4.14) and the channel downstream is enlarged to a size that 

begins to interact with other roughness elements such as roots and tree stems. Field evidence suggests 

that overflow collector areas can migrate towards the main channel through the process of head cutting if 

sufficient flow is captured by the depression. 

5.2 The Distributary Channel System 

5.2.1 Organisation of the Distributary Channel System 

The interplay between the basin hydrology and the stochastic supply of sediment delivered to the fan head, 

and the heavily vegetated, unconfined fan environment has lead to the development of a complex 

distributary channel system. An idealised distributary channel system for the small, medium and large fans 

in this study is shown in Figure 5.1. The system is composed of a hierarchical network of channels that 

have been active or abandoned over a range of time scales. 

The main channel is continuous from the fan head to the fan magin, has the largest cross-section and 

therefore conducts most of the flow. A series of smaller secondary channels are active in the short term 

(time scale measured in years), periodically receiving some portion of the flow delivered to the fan head. 

Abandoned channels are considered inactive but may receive flow during low frequency, high-magnitude 

flow events. The main channel and secondary channels form a hierarchy of channel size, with the main 

channel at the top of the hierarchy and the secondary channels declining in importance, reflecting the 

magnitude and frequency of flows that these channels receive. Abandoned channels and inactive 

secondary channels persist in the system but because they are inactive over the short-term, they are 

organised hierarchically according to their proximity to active areas of the fan, and on the time interval at 

which they receive flow. Depositional reach units form the connectors between the various components of 

the distributary system. The major depositional reach units are represented in Figure 5.1 as areas of 

widening in the channel. 
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Figure 5.1. ldealised Yakoun Lake fan distributary system for a) small fans, b) medium fans, and 
c) large fans. 
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As Figure 5.1 shows, scale differences in the size of the main channel produce differences in the style of the 
I 

resulting distributary system. Spruce fan is the smallest fan studied and the channel has an average bankfull 

width of just over 3 m and there is no evidence of secondary channel development. LWD interaction with 

the channel is generally limited to the roots sf trees growing on the banks and to the accumulation of small 

pieces of wood such as branches and broken tree limbs. The medium and smaller fans include South 

Delta, Small and North fans. They have channel widths ranging from 6 to 12 m and have poorly defined 

secondary channels that are only rarely active. LWD in the channel zone is rarely accommodated entirely 

within the active channel and is often left resting on the banks, suspended above the channel. The largest 

fans studied have channels with bankfull widths ranging from 12 to 24 m. They are Sandstone, South End 

and Baddeck fans. These fans have well-developed distributary systems with well-defined secondary 

channels and distinct abandoned channels. The LWD in the channel zone is often accommodated 

completely within the active channel and the largest depositional reach units can incorporate small, 

vegetated islands. 

Scale differences in the distributary system can be explained by flow loss from the main channel. Most of 

the flow is contained within the main channel and secondary channels are formed by a percentage of high 

flows that escape the channel because of insufficient channel capacity and the elevated position of the 

channel with respect to the surrounding fan surface. On the smallest fan, the flow escaping the channel has 

insufficient erosive power to overcome the strength of the surface vegetation and flows over the fan surface 

without forming a visible channel, or travels to the fan margin as subsurface flow. On medium sized fans, 

the portion of flow leaving the channel has enough erosive power to overcome the initial surface strength of 

the mossy layer but is easily diverted by tree roots and topographic high spots. This results in the less 

distinct and partially discontinuous nature of many of the secondary channels on the medium to smaller 

fans. On the largest fans, flow escapes the main channel on a more regular basis and in large enough 

quantities that distinct secondary channels evolve. The average width of secondary channels on the large 

fans (approximately 5 m) is comparable to that of the main channel on the smaller fans (6.49 m for Small 

Creek). 

Figure 5.2 shows a plot of the minimum measured channel width against drainage basin area for each of the 

study fans. A best fit regression line was calculated using a standard power function with the indicated R2 

value of 0.943 showing that there is a very high correlation between the two variables. Minimum measured 

channel width refers to the smallest width of all measured cross-sections along each channel and was 

chosen to reflect the channel width least affected by local obstructions and sediment deposits. The power 
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function provides a better fit than a straight regression line, indicating that although there is a strong scaling 

between drainage basin area and channel width, the channel width increases more slowly as drainage basin 

area increases. 

The relationship shown in Figure 5.2 also shows that flow routing on the fan is dominated by one main 

channel regardless of the size of the drainage basin. The distributary system is scaled according to the 

main channel (Figure 5.1), and there does not appear to be a point at which flow is divided between two or 

more channels of similar size. Instead, the increase in the width of the main channel arriving at the fan head 

results in a more extensively developed distributary system that includes one main channel. 

1 Minimum Channel Width vs Drainage Area 

Drainage Area (km2) 

Figure 5.2. Channel width versus contributing drainage basin area for each of the seven study fans. The 
R2 value refers to the best-fit power-function regression. 

5.2.2 Depositional and Incised Reach Units 

The term 'reach unit' is introduced to describe segments of the channel that comprise several pool-riffle 

units, but that are not long enough, nor have morphologies sufficiently different, to classify them as 

individual reaches. The term 'reach' is used widely in the fluvial geomorphic literature, but often with no 

clear or common meaning. The term is used most frequently to describe a segment of channel in either a 

casual manner, or in a conceptually descriptive manner. The casual use occurs most often as 'study reach' 

which describes a segment of intensively measured river channel for the purposes of study or illustration. A 
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casual survey of several studies of the morphology of small streams (ie. Hogan and Church, 1989; 

Zimmermann and Church, 2001; Halwas and church, 2002) showed that the boundaries of the study 

reaches do not necessarily correspond to a morphological change in the channel, but merely represent a 

conveniently discrete segment of river for the purpose of study. The conceptually descriptive use of the 

term 'reach' is most often used to divide a river broadly into segments that have homogeneous 

morphological features such as planform or gradient, or in which the "controlling factors do not change 

appreciably" (Church, 1994). Grant ef a/. (1990) provide a working definition of river reaches in the context 

of a scale-based hierarchical framework of channel components. They describe reaches as being between 

l o 2  and 103 channel widths in length, while channel units (referring to pools, rapids and cascades, for 

example) are from 100 to 10' channel widths in length. The term channel unit has been adopted widely by 

researchers investigating processes in small and headwater channels (ie. Hawkins et a/., 1993; Montgomery 

and Buffington, 1997; Chartrand and Whiting, 2000; Zimmermann and Church, 2001; Halwas and Church, 

2002). 

The average widths for the second narrowest and widest of the study creeks results in reach lengths of 

between 649 m to 6490 m for Small Creek and 2421 m to 24210 m for Sandstone Creek according to 

guidelines from Grant et a1.(1990) (widths reported in Table 4.1). The incised and depositional segments of 

channel, for Small and Sandstone Creeks, are on the order of 50 m and 250 m respectively, while the length 

of channel occupying the alluvial fan is on the order of 250 m and 650 m. Given the near-constant gradient 

of the fan-channels (see Section 4.3.1.2) and similar unconfined environment, it is appropriate according to 

Grant et a/. (1990) to describe the channel on the fan as a single reach. The justification for the use of the 

term 'reach unit' arises from the need to hierarchically describe sub-units of the fan reach that are either 

incised or depositional, but that consist of many channel units. 

Depositional and incised reach-units describe the alternating down-channel pattern of channel widening and 

shallowing followed by channel narrowing and deepening that occurs in the fan channels. These reach 

units occur at a larger scale than pool and riffle channel units and are largely independent of them. The 

depositional reach-units often occur in conjunction with accumulations of LWD, and are very strongly 

associated with bed aggradation and flow loss. 

Figure 5.1 shows that depositional reach-units are the connectors between the main channel and the 

secondary channel. A positive feedback mechanism exists in depositional reach-units between flow loss 

and sediment aggradation. Sediment accumulation raises the elevation of the bed, forces widening of the 
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channel and encourages flow loss from the channel which in turn promotes further deposition of sediment 

because of reduced competence. This prop~sed positive feedback mechanism is corroborated by 

observations made by Kellerhals and Church (1990) in alluvial fan channels in other areas of British 

Columbia. They noted that, in the early stages of flow loss, water is 'skimmed' from the top of the flow while 

bedload moves along in the original channel. Only after the local bed has aggraded to near the tops of the 

banks does coarse sediment move out onto the fan surface. 

The expression of depositional and incised reach-units is strongly tied to the local sediment budget in the 

channel. Downstream of a zone of deposition, supply of sediment to the channel is limited and thus erosion 

of the channel occurs, leading to incision. Material removed from the incised reach unit is in turn deposited 

in a depositional reach unit further downstream. During high-magnitude flow events, sediment delivered to 

the fan head may be routed or deposited in the system independently of the depositional reach-units, but 

waning flows or subsequent flow events will rework the sediment to restore the system to balance. Field 

(2001) makes a similar point by noting that both small and large floods are effective agents of landscape 

change with respect to channel modification on semiarid fans because even smaller flows can lead to 

incision of the channel into sediment deposited by the higher flows. 

What is not evident in Figure 5.1 is that the repeating sequence of depositional and incised reach-units 

exists to a certain extent in nearly every channel found on the alluvial fans included in this study. The 

expression of the pattern varies with the scale of the channel but the mechanism that leads to their 

formation is likely the same. Figure 5.3 shows an idealised pattern of depositional and incised reach-units 

for small, medium and large fans based on the study sites at Yakoun Lake. 

Spruce Creek is an example of the smallest-scale repetition of depositional and incised reach units. The 

pattern displayed by the main channel of Spruce Creek is very similar to that occurring in the secondary 

channels on the larger fans. A regular series of reach units alternate between incised and depositional 

styles that is very similar to the stepped-bed morphology of steeper, bouldery channels. In this case, 

however, gradient is less and there is no control exerted by large boulders. Rather, in secondary channels, 

it is often the case that tree roots seem to initiate the creation of a depositional area which appears as a 

small lobe of sediment on the fan. 
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Figure 5.3. ldealised fan-channel pattern showing repeating pattern of depositional and incised 

reach-units in both plan and profile view on a) small fans, b) medium fans, and c) large 
fans. 
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On the medium sized fans such as North and Small, the depositional reach-units are characterised by 

gravel sheets or lobes spreading out over the fa; surface. Localised braided or sheefflow style of channel 

flow occurs for short distances (20 to 30 m) over the gravel sheets at higher flows, but low flows are 

contained within a single channel. The lobes observed on North Creek show evidence of braided channels 

on their surface but a single channel exists at the present time because of downcutting through the deposit. 

On the largest fans, such as Baddeck, South End and Sandstone, depositional reach-units form in close 

association with accumulations of LWD and the extent of depositional zones varies. The large-scale 

depositional reaches have channel widths of up to three times that of incised reaches, have an extensive 

LWD jam extending around the downstream perimeter of the channel zone, and incorporate small vegetated 

islands which are themselves portions of old LWD jams. Small-scale depositional reach-units have channel 

widths on the order of one and a half times that of incised reaches, and have small LWD jams or 

disconnected accumulations of in-channel LWD. The positive feedback mechanism discussed above is 

most strongly evident in the large-scale depositional reach-units of the large channels. 

Accumulation of sediment causes widening of the channel, forcing flow along the banks of the channel and 

undercutting the roots of bank-side trees. Undercut trees falling into the channel in the depositional reach- 

units contribute to the system of LWD jams along the downstream perimeter and encourage further 

sediment deposition. 

The occurrence of depositional and incised reach-units has been described elsewhere in the literature but 

the nomenclature has not been developed nor has the process of their formation been described. Bull 

(1977) describes 'mini fans' on the fan surface analogous to large-scale fan building processes. These mini 

fans are part of the channel system and represent zones of local deposition on the fan. Field (2001) also 

identified a repeating pattern of depositional and erosional zones in the channel systems of five arid zone 

fans in southern Arizona that is very similar to the repeating pattern of depositional and incised reach units 

identified at Yakoun Lake. Figure 5.4 shows his conceptual model showing channel planform and 

longitudinal profile that was derived from Bull (1997) and Schumm and Hadley (1957). Identification of this 

process on the fans at Yakoun Lake may provide an indication of the relative importance of the unconfined 

environment versus the control exerted by vegetation cover. 
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Figure 5.4. ;onceptual model of channel planforrn and longitudinal profile of channels on arid-region 
alluvial fans showing alternating depositional and erosional reaches (from Field 2001, by 
permission of the author). 

5.2.3 Channel Avulsion 

Channel shifting constitutes the largest hazard to development on alluvial fans aside from debris torrents 

(Kellerhals and Church, 1990). Since the fan environment is unconfined, inundation does not occur as it 

does on a floodplain because water can flow laterally away from the channel as well as parallel to it. 

Destruction of buildings and other infrastructure on alluvial fans occurs not from inundation by flood flows, 

but by direct impact and erosion from newly formed channelised flow. Hazard management is concerned 

with developing methods to predict the likelihood of channels shifting onto a given location on the fan and 

this involves making fundamental assumptions about the continuity between the processes that originally 

formed the fan feature with those that are ongoing at present. 

Dawdy (1979) developed a method for determining the probability of flooding on alluvial fans for the US 

Federal Emergency Management Agency (FEMA) to aid in setting flood insurance rates. His stochastic 

methodology describes the position of the flood path on the fan surface using a uniform probability 

distribution along an alluvial fan contour and incorporates a probability calculation for the delivery of a peak 
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flow to the fan head from the contributing basin (Flippin and French, 1994). Inherent in this methodology is 

the idea that channels must migrate over the entire surface in the long-term for fan aggradation to establish 

and maintain the fan form (Price Jr., 1974; Hooke and Rohrer, 1979). Thus the exact location of channels in 

the long-term is considered indeterminate and channel migration must be modelled as a stochastic process 

(Field, 2001). 

An alternative conceptual model to unpredictable channel migration in the long-term is suggested by Field 

(2001). He demonstrates that the likelihood of channel avulsion on five study fans in southern Arizona in 

the short term is much greater at bends in the channel and in areas of the channel where sediments have 

accumulated, lowering the banks. Successive years of airphotos support the correlation of zones of 

sediment accumulation with the location of channel avulsion. 

Kellerhals and Church's (1990) model of channel avulsion describes a cycle of continued aggradation of the 

active channel to the point where a high-flow event initiates channel avulsion by breaking through the banks. 

They consider the location and timing of the avulsion to be unpredictable and abandonment of the avulsed 

channel to be permanent. There is no consideration in their model of temporary reactivation of abandoned 

channels during high-flow events. 

It is unlikely that the assumption of a completely random channel position over time (ie. Dawdy, 1979), nor 

the assumption that the location of channel avulsion is completely unpredictable (ie. Kellerhals and Church, 

1990), are applicable to the channels included in this study. The degree of stability derived from the mature 

forest cover means that the potential course of a new channel is severely restricted, and the existence of 

depositional reach-units and secondary channels means that there is an existing pathway for a potential 

avulsion to follow. Because there is no fresh evidence of channel avulsion, it is difficult to determine with 

certainty, the specific mechanism that leads to a complete avulsion of the main channel. Two models are 

proposed here. 

Channel Avulsion Model A 

Channel avulsion on the fans occurs through a combination of enlargement of pre-existing secondary 

channels and a reduced or total loss of flow capacity in the main channel through formation of LWD jams 

and subsequent aggradation of the bed. The gradual loss of channel flow capacity eventually leads to 

enlargement of one of the secondary channels until most of the flow is captured. Avulsion is permanent (in 
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that the channel will not switch back to its former position) because the aggraded channel is now at a higher 

elevation on the fan than any other potential floyv path. 

Channel Avulsion Model B 

Depositional reach-units aggrade and degrade on a cyclical basis (see Section 5.2.4 for discussion). When 

a portion of the main channel reaches a critical level of aggradation, flow is forced into a secondary channel 

which is enlarged to accommodate the flow. Over time the new channel also aggrades and periodically high 

flows reactivate the abandoned main channel. These high flows carry very little coarse sediment (as 

discussed in Section 5.2.2 above) and therefore begin to cut a small channel through the deposits in the 

aggraded depositional reach-units while pieces of the LWD jams that originally contributed to the deposition 

have begun to decompose. Eventually the channel shifts back to the original main channel. 

Channel Avulsion Model A is well supported in the scientific literature but there is sufficient contrary field 

evidence presented in the previous chapter to question whether it applies on the fans at Yakoun Lake. In 

contrast to the channels on arid and semi-arid fans, which can migrate during every flood event (Field, 

2001), it is obvious that the position of the main channel on the fans described here is much more stable. 

The thick forested fan surface limits the available paths that a new channel can follow which leaves existing 

channel paths as routes of flow with less resistance. The movement of gravel out of the main channel and 

onto the fan surface into the secondary channels is a fan-building process that is not dependent on the main 

channel eventually occupying the entire fan surface. Furthermore, if fan building occurred chiefly during a 

paraglacial phase, then there is no need to show that current fan surface processes are in equilibrium with 

the original fan forming processes. Furthermore, the shape of the fan shown by the contours in Figures 3.2 

to 3.8 indicates that modem processes (see Section 5.1.1 for description) have not maintained the fan 

shape. Finally, the existence of erosional terraces and abandoned lateral bars indicates the capacity for the 

channel to reoccupy channel reaches that were previously heavily aggraded. The wider implications of this 

last phenomenon are discussed in more detail below. 

5.2.4 Aggradation and Degradation of Depositional Areas 

The presence of terraces and abandoned lateral bars in some depositional reach-units raises an interesting 

question about the formation and maintenance of secondary channels. Abandoned secondary channels 

were observed at many locations on the fans (Figure 5.1), indicating that water had flowed over these areas 
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of the fan for at least long enough to form the channels. The reason for their abandonment is not clear but it 

is likely a combination of two factors: 1) high magoitude events that would wet these channels are rare, and 

2) periodic aggradation and degradation sequences in depositional reach-units, 

A channel formed on a more elevated area of the fan, as opposed to a lower area, will receive flows only 

during high-magnitude events. The longer recurrence interval of the higher-flow events means that the 

channel is not maintained by regular flows and vegetation will colonise the channel. Erosional terraces and 

abandoned lateral bars indicate that the channel-bed elevation in these areas was once much higher but 

has now been lowered. Secondary channels connected to downcut depositional reach-units have been 

abandoned by being left perched on the fan. Aggradation leading to increased bed-elevation would 

decrease the recurrence interval of the flood flow required to reactivate the channel. Evidence of 

downcutting through formerly aggraded areas of the channel is preserved as erosional terraces and 

abandoned bars. Evidence that these areas subsequently refill with sediment is not accessible because the 

channel features are buried under sediment. 

Terraces and abandoned bars were identified along the margins of the main channel on several of the fan 

sites (Figures 4.12 and 4.13). Channel-margin terraces indicate that the present channel incised into the 

gravel deposit has a width that is less than that of the former channel that formed the gravel deposit. 

Removal of the downstream control (such as decay of the controlling log jam) has increased the local slope 

and initiated downcutting. As the channel downcuts through the gravel deposit, a series of terraces are left 

on the channel margins that mark the highest and intermediate elevations of the prior channel. In all of the 

examples cited, remnants of the LWD jam that caused the gravel accumulation are still visible around the 

downstream margins of the deposit. Stranded bars indicate that the channel was operating at a higher 

elevation on the fan at the time of their formation. Subsequent downcutting has left the adjacent channel at 

a lower elevation stranding the portions of the channel that remain above the new high-flow level. As with 

terraces, there is a requirement that the downcut channel have a lower width than the aggraded channel. 

Both terraces and stranded bars become colonised by vegetation once the site is no longer disturbed by 

flood flows. 

It is not possible to assess whether the pattern of sediment accumulation and downcutting is repeated at 

these sites because only the most recent terraces are preserved. It seems likely, that the partial restriction 

from the remnants of the downstream LWD will favour future LWD jam formation and subsequent channel 
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infilling. If so, these sites represent areas with a long-term potential to switch between depositional and 

incised reach-units, and to form and re-activate secondary channels or full avulsions. 

5.3 Sediment 

Mechanisms of sediment transport and storage, discussed in the sections above, include those relating to 

depositional and incised reach-units within the main channel, secondary and abandoned channels and LWD 

within the channel and on the fan surface. The following sections discuss the patterns of sediment sorting in 

terms of inter-fan sediment-size variations, down-fan sorting, and in-channel sorting. 

5.3.1 Inter-fan Sediment Variation 

The quantity and characteristics of the sediment supplied to the fan-head is dependent on various features 

of the contributing basin including lithology, glacial history, hillslope processes, stream channel to hillslope 

coupling, and climate. These features operate dependently and result in the particular characteristics of the 

in-channel sediment measured during field sampling. 

The geology of the basin draining to Yakoun Lake can be generalised to delineate three equal-area 

homogenous regions in the basin. The Yakoun Formation in the western and northwestern portions of the 

basin is composed of volcanics dominated by pyroclastics, the Honna and Longarm formations in the 

southern and southwestern portions of the basin are composed of conglomerate and coarse arkosic 

sandstone, and massive dark calcareous siltstone respectively, and the Masset and Haida formations in the 

western and northwestern portions of the basin are characterised by thick accumulations of volcanic basalts, 

and sandstone respectively (Sutherland Brown, 1968). The highly fractured volcanics and sedimentary 

rocks weather readily and are prone to landslides and the formation of gullies (Alley and Thornson, 1978). 

The combination of glacially steepened mountains, and a wet and windy climate result in frequent mass 

wasting events and high total sediment production from basins draining the Queen Charlotte Ranges and 

Skidegate Plateau physiographic regions (Martin et a/., 2002). 

Table 5.1 shows the average D ~ o  and D90 for all sample sites in each study creek except Spruce Creek. 

Most sample sites correspond to a measurement of 101 pebbles and the D50 and DgO of all sample sites on 

each study fan were averaged. The sediment sampled in the fan channels shows only minor differences in 

the average D50 among the study fans. This apparent homogeneity in the median sediment-size is 
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surprising given the differences in basin lithology and size. The average D90 on the other hand shows 

slightly greater variation among the study fans. , 

Table 5.1. Average D50 and D90 (in cm) for each study creek calculated by taking the average of all sample 
sites in each study creek. 

Average D,, Average D,, 
Study Creek (cm) (cm ) 

Small Creek 5.0 9.8 
North Creek 4.2 9.3 
South Delta Creek 5.8 12.8 
Baddeck Creek 4.1 8.3 
Sandstone Creek 5.8 14.7 
South End Creek 3.9 7.5 

The lack of an appreciable sediment-size difference (reflected in the D50) among the study fans implies that 

the D50 is independent of variables such as basin drainage area, fan area, or fan gradient. The greater 

difference in the D90 of the sampled sediment in Table 5.1, on the other hand, suggests that there could be a 

relation between the largest clasts in the channel and the drainage basin, or fan-building processes. Figure 

5.5 shows linear regressions of average D ~ o  and average D90 against basin drainage area, fan area, and fan 

gradient. As expected, neither basin drainage area, fan area, nor fan gradient account for any greater than 

4% of the variation in the D50 of the sampled sediment, and only slightly more than 4% of the variation in the 

D90. 

It is not clear why D50 is sensibly constant across all fan sites. Differences in the D90 of the sediment may be 

due to the paraglacial fan history and the presence of lag deposits. A more complete discussion is included 

below in Section 5.3.3. 
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Figure 5.5. Average D50 and D90 plotted against a) and b) basin drainage area, c) and d) fan area, and e) 
and f) fan gradient. The trendline shown is a best fit linear regression. 
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5.3.2 In-channel Sediment Size Relationship 
I 

Despite the fact that sampled grain-size does not scale with basin size, fan size or fan gradient, there is a 

clearly defined relationship between grain size and channel processes. Figure 5.6 shows plots of DgO 

against channel width raised to the second power and channel gradient multiplied by bankfull channel area. 

Channel width raised to the second power may be considered proportional to bankfull discharge, and 

multiplying channel gradient by bankfull channel area can be taken as a surrogate measure of stream 

power. D90 is chosen for comparison because of the higher sensitivity of the largest clasts to channel 

forming-flows; the median-sized clasts are mobile at a range of flows. 

Average DW vs (Channel widthf 

(Chan Width)' (m2) 

Average Dgovs (Gradient x Channel Area) 

.- 

6 
5 4 
4 2 

0 ii 0 0.1 Gradient 0.2 x Chan 0.3 Area 0.4 (m2) 0.5 0.6 

Figure 5.6. Average D90 plotted against a) channel width to the second power (an approximation of relative 
bankfull discharge), and b) stream gradient x channel area (an approximation of relative stream 
power). The trendline describes the best fit linear regression. Sandstone Creek is the outlier in 
both plots. 

Figure 5.6a demonstrates that the bankfull discharge proxy function accounts for over 60% of the variance 

in the D ~ o  of the sampled channels. The stream power proxy function (Figure 5.6b) accounts for a similar, 

though slightly higher, amount of the D90 variance. Although the heavily skewed distribution of points in 

Figure 5.6a and the low number of points in either plot reduces confidence in the relationship, the two plots 

point to a certain sensitivity between the size of the largest clasts in the channel and the magnitude of the 

channel forming flows. This observation is consistent with physical reasoning. 
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5.3.3 Down-channel Sediment Sorting 

Particle-size sorting of sediment in an alluvial channel is expected to follow a smooth downstream gradation 

according to Sternberg's (1875) abrasion law (referenced in Brierley, 1984). Interruptions to the expected 

smooth gradation in a basin are caused in part by inputs from tributaries, lithologic contacts and sediment 

sources in areas other than the headwater region (Knighton, 1980; 1982). Furthermore, Church and 

Kellerhals (1978) noted that within-site variation of particle size can obscure the secondary patterns 

between sites by introducing excessive scatter to the data. 

Results of sediment sampling presented in Section 4.4 reveal a complex pattern of sediment sorting in the 

fan channel system (Figure 4.20). The three largest channels show strong down-fan fining trends and tight 

grouping of sample points along the trendline relative to the three smallest channels. Plotted D50 values for 

sampling sites in the three smallest fans show a much more chaotic pattern of sediment grain-size 

distribution, and except for Small Creek, a net downstream coarsening trend. Since there are no inputs of 

sediment to the main channel on the fan from tributaries, the variation in sediment sorting must have other 

causes. 

Transportation of clasts can be divided into two scalar components: local and progressive downstream 

sorting (Rana et a/., 1973). Local sorting occurs over short distances (between pools and riffles) whereas 

progressive downstream sorting occurs over greater distances due to changes in flow competence along 

the stream length (Knighton, 1980). Although it has not been demonstrated here, the relative importance of 

the two processes should be strongly influenced by the relative length of the channel in question. Over 

short distances local changes in the channel may dominate the overall size-distribution of clasts, while over 

longer channel distances the effect of progressive downstream sorting become more important. 

In addition to the in-stream controls on particle size, downstream sorting of clasts in the fan channel is 

further complicated by the supply of poorly-sorted sediment. There are two mechanisms that might result in 

the sediment entering the channel being more poorly sorted or of a different calibre to that already in the 

channel. First, paraglacial sedimentation is likely responsible for most of the fan building at the study sites. 

Thus, some of the sediment on the fan surface has been deposited under a different fluvial regime than 

presently exists. Reworking of these deposits would have the effect of introducing sediment that is not in 

equilibrium with that supplied from immediately upstream. Second, intermittent sediment sources in the 

contributing basin, such as landslides or other slope failures would affect the sediment balance over an 
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intermediate timescale (Brierley, 1984). Ryder (1981) described intermittent sediment inputs (from 

neoglacial moraines) as 'waves' of downstream qediment movement. Waves of sediment moving through 

the contributing basin would have the effect of supplying the channel at the head of the fan with a varying 

amount and calibre of sediment. The variation over time would tend to be strongest in smaller basins where 

basin length is too short to allow diffusion of the sediment pulse. 

A detailed representation of the distribution of grain size in the fan channels is further confounded by the 

relatively low number of sediment sampling sites in each study stream. The difficulty of choosing sediment 

sampling sites not controlled purely by localised channel conditions such as LWD, combined with the time- 

intensive sampling procedure and the broad nature of this investigation, has resulted in a small number of 

samples in each creek given the degree of between-site variation. For the three largest creeks, downstream 

trends are clearly evident and the number of sampling sites adequately describes the pattern. In the three 

smallest channels, however, the downstream distribution in sediment size is much more chaotic and a 

higher number of sample sites may have aided in the interpretation. 

5.4 Temporal Component 

Of the five research questions posed, the most difficult to address is the temporal component. The location 

of the main channel on the fan and the morphological characteristics of the distributary channel system are 

evolving. Changes over one or more decades are the most useful to study, since shorter-term changes are 

difficult to evaluate and evidence of longer-term changes is obscured by the heavy vegetation. Since long- 

term direct measurements are not possible, a method combining analysis of revegetation patterns along the 

disturbed channel areas and airphoto interpretation was used to evaluate the frequency with which channel 

switching on the fan occurs and the time scale over which the distributary system evolves. 

Regeneration of vegetation along abandoned channels and inactive secondary channels is indicative only of 

the relative age of the most recent significant flow in that channel. Over time, the indicators of relative age, 

such as accumulation of leaf litter, growth of moss and understory plants, and age of colonising trees, are 

complicated by site-specific factors. These factors include differences in growing conditions between sites, 

trees that may have been growing in the channel prior to abandonment, and the occurrence of low- 

frequency, high-magnitude flow events in the drainage basin. An attempt was made to determine the age of 

abandonment of a bar deposit adjacent to North Creek by removing a core from the trunks of colonising 
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trees and counting growth rings. The very low number of trees growing at the site and the high variation in 

tree age there indicate that this technique is no! well suited to this purpose. 

The other method used to evaluate the frequency at which channels change on the fan is the analysis of a 

series of historical airphotos. Airphotos for the study sites are available at a suitable scale (1:20 000 or 

greater) for the years 1979, 1989, 1994, and 1997. Unfortunately the combination of thick vegetation, dense 

forest canopy and relatively small channel width means that, except for some of the larger areas of 

disturbance on Sandstone and South End Creek fans, the channel is not visible on the available airphotos. 

At many of the fan sites subaqueous deposits are visible on the airphotos near the fan margin (Figure 3.7, 

for example showing Sandstone Fan). Field investigation confirmed that these subaqueous deposits 

correspond to past points of sediment discharge from secondary, and now abandoned, channels. 

Examination of the available airphotos for Sandstone, South End, Small and Baddeck Fans showed no 

change in the size or location of these subaqueous deposits. Hogan et a/. (1998) identified two episodes of 

widespread LWD jam formation in the Queen Charlotte Islands that are associated with large storms in 1891 

and 1917, and in 1964, 1974, and 1978. Disturbance from storms of the most recent episode predates the 

earliest available airphotos by one year. Therefore if major channel changes and deposition of the 

subaqueous deposits were related to these large storms, they would not be captured in the photo record. 

In summary, the time-span over which changes to the position of the main channel take place appears to be 

on the order of several decades at the very least. Analysis of the relative age of vegetation along 

abandoned main and secondary channels is inconclusive and interpretation of historical airphotos to 

determine the former position of the channels is not possible. Evidence of the existence of subaqueous 

deposits confirms that coarse sediment has been delivered to the fan margin at discrete points along 

secondary channels but the 18 year time-span of the available historical airphotos is too short to bracket the 

event that formed these deposits. 

Resolution of the time period over which channel shifting occurs on the fans at Yakoun Lake is not possible 

within the scope of this thesis, using the techniques outlined above. This question may be more thoroughly 

investigated with other, more suitable, techniques, or by using analysis of vegetation patterns in a directed, 

intensive study, for instance by using the methods outlined by Wilford (2003). 
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Chapter 6 

Conclusion 

This thesis provides an overview description and analysis of the fluvial geomorphology of channels on old 

growth alluvial fan deltas in the Queen Charlotte Islands, British Columbia. Since the nature of the 

distributary channels and the distributary channel system is dependent on the physical setting of their 

formation, a comprehensive description is also made of the geomorphology of the alluvial fans themselves, 

including planform shape, gradient, and vegetation cover. This description is placed in the context of the 

wider body of literature on alluvial fans 

This research was directed by the five research questions introduced in Section 1 .I. These questions are: 

1. What are the morphological characteristics of the alluvial fans (areal shape, radial slope, relief and 

area)? 

2. What are the morphological characteristics of the distributary channels, (channel style (continuous 

or discontinuous, single or multiple channels), length, slope, width, and depth), and how do these 

vary from the fan head to the confluence? 

3. What is the calibre of the boundary materials (D50) and how does it vary within the distributary 

channel from fan head to confluence? 

B. Ray - Fluvial Geomorphology of Channels on Alluvial Fans 99 



4. Are there fan and channel geometries that scale with the size (drainage area) of the system? 

5. How have these morphological characteristics (in 2) varied over time? 

6.1 Fan Morphology 

An in-depth investigation of fan morphology was not the main focus of this research. However, a thorough 

description of the environment controlling the development of the distributary system is necessary to provide 

the context for the results of this study. 

Although many of the fans included in this study do not fit the 'textbook' model of alluvial fan form, the 

planform, fan radial gradient and cross-profile shape lie within the accepted range proposed by Blair and 

McPherson (1994). These fan characteristics were measured from maps, airphotos and ground surveys. 

For the purposes of this investigation, it is sufficient that the alluvial fans included in this study display the 

common characteristic of an unconfined environment. This unconfined environment dictates that portions of 

flood flows leave the main channel which in turn creates the necessary conditions for the development of 

the distributary-channel system. 

Distributary-channel systems exist on alluvial fans in a variety of climatic and physiographic settings. The 

history of recent glacial activity in the Queen Charlotte Islands has produced alluvial-fan features that may 

not be in equilibrium with the current basin processes. The wet temperate climate has lead to the growth of 

stands of large, stable, coniferous forests that contribute considerable roughness to the fan surface and the 

fan channels through the presence of standing trees and the contribution of large woody debris (LWD). Fan 

surface roughness has controlled, and in certain cases, limited, channel development in a high-energy 

environment driven by steep, rugged relief, and high precipitation. 

6.2 Morphological Character of the Distributary Channels 

The distributary system is comprised of a main channel that carries most of the flow, and a system of 

secondary and abandoned channels that are periodically wetted during high-magnitude flow events. The 

main channel is strongly influenced by the presence of live trees on the banks and LWD in the channel. The 

secondary and abandoned channels have developed in response to the absence of a floodplain to 

accommodate flood flows that are not contained within the main channel. 
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A pattern of recurring depositional and incised channel-reach units exists to a greater or lesser extent in all 

of the channels on the fan. The depositional reach-units are zones in the fan channel that have a greater 

width and lower depth than the average channel dimensions, and represent areas of sediment deposition. 

Incised reach-units exist immediately downstream of depositional reach units and represent areas of net 

sediment erosion, with narrower width and greater depth than the average. There is a very strong 

association between depositional reach-units and both the presence of LWD accumulations in the channel, 

and the connection of secondary channels to the main channel. 

For the majority of the fan channels, overall longitudinal gradients do not vary significantly from the fan head 

to the fan margin. Given the loss of flow from the main channel during channel-forming discharges, channel 

bankfull area would be expected to decrease from the fan head to the fan margin. The magnitude of 

variability in the channel dimensions, due to changes in local slope and the controlling presence of LWD, 

obscures the expected downstream trend. 

6.3 Boundary Materials 

Boundary materials are characterised by sampling the grain size of discrete gravel deposits within the main 

channel at various locations between the fan head and the fan margin. In addition, an attempt was made to 

sample in alluvial reaches upstream of the fan. 

The pattern of sediment routing in the distributary system is partly controlled by the pattern of depositional 

and incised reach-units and further complicated by the presence of LWD in the channel zone. The sampling 

procedure followed for this study was an effective method for determining the average and range in grain 

size in the fan channels but doesn't capture in detail the complex longitudinal pattern of changing grain size. 

The rate of sediment supply to the fan head is assumed to be stochastic, following an intermittent cyclical 

pattern of episodic natural disturbances such as slope failure and debris-dam failure in the contributing 

basin. This pattern is inferred partially from evidence of periodic downcutting in some depositional reach- 

units that leave terraces and abandoned bars stranded above the currently active channel. 

Despite the apparent variation in the lithology of the rock in the contributing basins, there does not appear to 

be a strong difference in the grain size of sediment being deposited in the channels of the study fans. Nor 

are there strong relationships between average grain-size and basin area, fan size, and fan gradient. 
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Variations in sediment size appear to be more strongly related to channel processes such as bankfull 

discharge and stream power. , 

6.4 Drainage Basin Scaling 

In general, the area of the fan at the basin outlet increases with the drainage basin area. The paraglacial 

history of fan development at Yakoun Lake has likely distorted the morphometric relationships between the 

alluvial fans and their contributing basins but an in-depth investigation into fan-basin morphometric 

relationships was outside the scope of this thesis. Because fan size impacts the behaviour of the channels 

on the fan, it is important to demonstrate that there is a relation between channel and fan size. 

The width of the main channel is related, through a power function, to the area of the drainage basin. The 

significance of the power function is that channel width does not increase as rapidly as basin area, but that 

larger main channels are expected to be produced from larger drainage basins. There may be a threshold 

at which the channel flowing to the fan head is of a size to form more than one continuously wetted channel, 

but this threshold is not reached on the fans at Yakoun Lake. 

As the size of the main channel increases, so does the extent of the distributary system, as well as the size 

of its component parts. On the largest fans, the size of the secondary channels (cross-sectional area for 

example) is comparable to the main channels on the smaller and medium sized fans. Flow escaping from 

the main channel on the smallest fan has insufficient power to form defined channels, while on the largest 

fans, flow escaping the secondary channels has enough energy to form small, discontinuous channels. 

6.5 Temporal Variation 

Several techniques were explored in an effort to evaluate the timescale over which changes to the 

distributary system occur. These techniques include interpretation of the colonising vegetation in 

abandoned channels to determine the time since abandonment, examination of historical airphotos to 

determine previous fluvial activity on the fans, and examination of historical airphotos to determine the time 

at which sediments were deposited at the margins of the fan. These techniques were inadequate to 

evaluate the temporal component in the system. Complex revegetation patterns at the sites defy 

interpretation at the scale of investigation that was employed, dense vegetation obscured the main channel, 

and there were no historic airphotos that predated the emplacement of channel margin deposits. 
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The conclusions that may be drawn from this analysis of fan-channel change are that 1) some of the fan 

channels are active on an annual to biennual basis, 2) many channels visible on the fan have likely not 

received significant flow in a decade or longer, 3) greater proximity to the main channel increases the 

likelihood of flow reaching a secondary channel, and 4) the last major change in the distributary systems 

predates the oldest airphoto available (1979). 

6.6 Directions for Further Research 

Although the geomorphic features introduced in this thesis are uncommon and therefore not well 

represented in the literature, they are by no means unique in the coastal environment. High rainfall, steep 

mountains and dense coniferous forest are features common to most of the coastal zones of British 

Columbia, Washington and Oregon. A greater understanding of the processes that control patterns of 

channel formation, evolution and abandonment in the Queen Charlotte Islands may eventually lead to better 

management practices at alluvial-fan sites in other parts of the coastal environment. 

The main objective of this study is to characterise the nature of stream channels on pristine, old-growth, 

forested alluvial fans in the Queen Charlotte Islands. The exploratory nature of this central question 

requires that the response be highly descriptive and inevitably leads to more questions than were originally 

posed. Many of these questions relate to the differences in environment between the study fans at Yakoun 

Lake and the majority of fans reported in the literature. Other questions have arisen from the attempt to 

relate the observations from the Yakoun Lake fans to other heavily forested fans in humid environments. 

Of chief concern to resource planners and managers, aside from the occurrence of debris flows, is the 

question of the stability of the main channel position on the fan and the time scale over which secondary 

channels and abandoned channels become active. It is likely that abandoned channels remain the 

preferred flow paths for high flows escaping the main channel for an extended period of time after 

abandonment. Growth of large trees and partial infilling with detritus may give the false impression that 

abandoned channels no longer present a risk to developments from flooding and sedimentation when in fact 

these channels may simply be dormant. Further investigation is required to evaluate the time scale over 

which non-active channels remain inactive and to convince managers of the real risks involved if these 

potential flow paths are ignored. Techniques using high resolution air photographs may prove useful in 

such a study if the forest canopy is not so thick as to obscure the channels. However, it is likely that 
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detailed vegetation surveys would be required to accurately assess the past history of active flow phases in 

abandoned channels. , 

Description of the vegetation cover on the study fans and its contribution to surface roughness as well as 

being a source of LWD to the channel zone has been a major component of the description of the fan 

environment. Vegetation and LWD play a key role in the development of the distributary channel system. 

Some researchers have started to demonstrate the changes that occur in fluvial systems when forest cover 

is removed from the fan surface or floodplain (for example Millar, 2000). Unfortunately no method has been 

developed to objectively quantify roughness and stability provided by the forest cover that would allow 

comparisons to be made between sites on a fan and between different fans. 

Clearly the amount and character of sediment supplied to the channel at the fan head plays a key role in 

determining the character of the distributary system. Sediments deposited within the channel act in a 

positive feedback loop to force a portion of flow from the channel during high-magnitude flow events. Basin 

steepness, nature of source materials and climate are among the most important factors that control the 

supply of sediment to the fan head. Further detailed study is required to more comprehensively evaluate 

the role that sediment supply has on fan channel form. 

Field (2001) has proposed what may be the most useful model of channel avulsion processes on alluvial 

fans. Channel areas that have accumulated sediment and thus have low banks are proposed to have 

higher risk of avulsion than the incised zones of the channel. With this in mind, the location of the channel 

in time is no longer indeterminate over shorter time spans. This is an important step in reducing the 

uncertainty of predicting the location of channel avulsions in the short-term. Identification of depositional 

and incised reach-units would allow planners and resource managers to better assess the risk of flooding 

during high flow events. 

In conjunction with the question of channel avulsion is the problem of calculating the magnitude of the 

bankfull discharge contained in each channel at different locations on the fan. Flow delivered to the fan 

head is distributed into a system of channels and this distribution reduces the peak flow in the main channel 

at the fan margin. In theory, the hydraulic geometry should reflect the downstream reduction in peak flow in 

a given channel. Calculation of channel bankfull capacity using the hydraulic geometry data extracted from 

the surveyed cross sections was not sufficiently precise to demonstrate the expected longitudinal trend of 

reduction in bankfull discharge. More careful and detailed use of this technique could be employed to gain a 

clearer picture of the hydraulics of fan channels and the distribution of flow in the fan distributary system. 
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Appendix A 

The figures included in this appendix represent a complete record of the topographic surveys completed 

during the course of this study. Surveys were conducted using an automatic level and hip chain or tape 

measure. Elevations in the drawings are based on an assumed lake-surface elevation of 103 m ASL on 

July 10, 2001. Elevation control was transferred between fan sites by resurveying the lake surface based 

on benchmarks established on July 10. Please see Section 3.2.1 for a complete explanation of the survey 

methods employed. 
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Figure A,?. North Creek cross sections 5 to 8. View is looking 
downstream. Vertical exaggeration in the sections is 
2H:lV. 

L Bank ; 
i Bankfull Cha' nel j R Bank 

.i ............. .. ...........I...... ; ................. i ................... 
.................... :... ....................... 

................... ~i. . .  ............. i ................... 

~ e r t i = a l  €xagqerbtion 2H:lV 
I I I I I 

D. Ray - Fluvial Geomorphology of Channels on Alluvial Fans 1 12 

0 5 1 0  1 5  2 0  2 5  3 0  
Distance (m) 

Cross Section 6 

1 1 6 - L B a n k  j 

0 5 1 0  15  2 0  2 5  
Distance (m) 

Cross Section 8 

n 

E 115 - w 

c 
0 1 1 4  
7 
0 

113  - - 

B 'nkfull ~hanne i  i R Bonk 
................. , .................. 1-ti ................... .................... i .................... 

i~bandoned B& 
..................... : ........ 

.................... ........ : 
W 

1 1 2  
~ e r t i = a l  Exagger~t ion 2H:lV 

I I 1 

0 5 1 0  1 5  2 0  2 5  3 0  





Distance (m) 

Cross Section 0 

Cross Section 1 

Io7-L n 

E 10,. w 

c 
0 105 .- 
C 
0 
5 104 - 
w 

103 

Bank : . I 

&nkfull channel i R Bank 
.................. .i ................... .i ................ I.i .L, i ................... .................. .............................................................. 

..................... :.. 

..................... i .................... .................. 1 + ................... .................... 
~er t i=a l  ~xagger&ion 2H:lV 

t I 1 

Distance (m) 
Cross Section 2 

0 5 10 15 20 25 30 35 40 

log- L Bank : 

n Bank i R Bank 
................... E 11,. .................... i .................. : ................... : ................... : .................... : ; ........................................ 

w I Bankfull dhannel 

C 
0 109 ..................... : ................... + .- 
C 
0 : i ..................... .................... 

A 

E lo ,. w 

Distance (m) 

i Bankfull channel i R Bank 
.................... i ................... i ............... I... i : i j ................... .................... ................... .................... ...-.....-.......... 

Cross Section 3 

, 14$L Bank i i Bankfull ~han"el ! Abandoned ihannel 
........... .................... E 113 ................... i ...... I.. : ; ................. 1.; ...... L ............. .................... > ......................... i ............. 

w 

C 

- 
W 

110 , I 

0 5 10 15 20 25 30 35 40 
Distance (m) 

C 
0 107 .- 
C 
0 
5 106 . - 
W 

105-i 

Figure A.9. South Delta Creek cross sections 0 to 3. View is looking 
downstream. Vertical exaggeration in the sections is 
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Figure A.14. Sandstone Creek cross sections 1 to 4. View is looking 
downstream. Vertical exaggeration in the sections is 
2H:lV. Water level in the figure represents a low summer flow. 

D. Ray - Fluvial Geomorphology of Channels on Alluvial Fans 1 19 



Cross Section 4b , 
i R Bank 

........................ : ............... 

......... : .............. :.. ............. 
............... .............. 7 108 ................ .............. ............... i .............. ! .............. i ............... { .............. i. .............. 

0 )   tical ~;aggerati& 2H:lV 
6 107-r 

0 5 10 15 20 25 30 35 40 45 50 
Distance (m) 

Cross Section 5 

Distance (m) 
Cross Section 6 

i R Bank 
............................. ................ .............. 

C ............... .............. 0 115 ................ .............. : L : ............... 
7 9 114 ................ i .............. 
Q )  ~&ticol ~ *a~gera t i&  2H: 1V 
6 1137 

0 5 10 15 20 25 30 35 40 45 50 
Distance (m) 

Cross Section 7 
i R Bank 

......................................................... 

.......... :. .............. 1 .............. :.. ............. 

.......... : ............... L .............. : ............... 
v&rtical ~*aggerati& 2H: 1V 

0 5 10 15 20 25 30 35 40 45 50 
Distance (m) 

Figure A.15. Sandstone Creek cross sections 4b to 8. View is looking 
downstream. Vertical exaggeration in the sections is 
2H:lV. Water level in the figure represents a low summer Row. 

Cross Section 8 
l l 8 - L  Bank i R Bank 

D. Ray - Fluvial Geomorphology of Channels on Alluvial Fans 120 

- t "' 
0 116 - .- 
4 

11, 
8 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ............... ............... ; .............. ................ 

............... ........................................ ............... .............. : :. ........ .- : : .............. .'. : ............... 
: - . ;  - : - - .  .............. ..................... ................ i : ............... i : ............... i .............. i ............... i .............. : ............... 

6 1141 
~$rt ical  ~iaqgerat i in 2H:lV 

0 5 10 15 20 25 30 35 40 45 50 
Distance (m) 





104- Vertikal Exaggeration 2H: 1 V 
I 4 I I I I I 

0 5 10 15 20 25 30 35 40 

Distance (m) 
Cross Section 2b 

110 
- L Bank i j R Bank 

.................... ........ ................... ...... .................... ................... ................... ................... 1 09 - : i i Ba&fulI.&,mneL i 
I I 

.................... ............ .................... 1 08 - : : 

.................... ............ ...............--.... ...... 107 - : : 

106 I a I Verti=al Exaggeration I 2H:lV, 
0 5 10 15 20 25 30 35 40 

Distance (m) 
Cross Section 2c 

Cross Section l a  

Distance (m) 
Cross Section I b 

1 1 4 : ~  Bank / ~ahkfull Channel i i R Bank 
.................... ....................................... ........................................ 113 - : .......................................... : 

.................... ... ; .................... : 

.................... ... ; .................... : 

110 ~erti=al Exagger&tion 2H:lV 
4 I I I I , 

0 5 10 15 20 25 30 35 40 

Distance (m) 

1 O8- 
- A 

E - 107 - 
C 
0 106- z 
0 
5 105 - - 

W 

104 

Figure A. 17. South End Creek cross sections I a to 2c. View is looking 
downstream. Vertical exaggeration in the sections is 
2H:lV. 
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Figure A.18. South End Creek cross sections 4 to 7. View is looking 
downstream. Vertical exaggeration in the sections is 
2H:IV. 
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Appendix B 

The pebble-count data included in this appendix represent unsorted b-axis values for all pebbles sampled 

during this study. The data are grouped by fan and the distance upstream from the fan margin is indicated 

for each individual sampling site. 
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Small Creek 
June 1 112002 

Site 1 b-axis b-axis b-axis b-axis Site 3 
@ 37 m Count (cm) Count (cm) Count (cm) Count (cm) @ 75 m 

38 1.7 82 1.0 15 1.2 59 2.6 

b-axis 
Count (cm) 

1 6.1 

5.1 101 4.7 
4.4 
0.4 Site 2 

3.1 b-axis 
7.4 Count (cm) 
5.2 1 6.4 

b-axis 
4.7 Count (cm) 

1 4.6 
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Small Creek (continued) 
b-axis b-axis b-axis b-axis b-axis b-axis 

Count (cm) Count (cm) Count ( c m ) ~  Count (cm) Count (cm) Count (cm) 
38 10.5 84 1.3 19 7.8 47 

Site 4 
@ 105m 

b-axis 
Count (cm) 

1 3.4 

10.0 
5.0 Site 5 
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Small Creek (continued) 
b-axis b-axis b-axis 

Count (cm) Count (cm) Count (cm) 
93 6.0 28 4.8 74 6.0 
94 
95 
96 

97 
98 
99 

100 
101 

Site 6 

b-axis 
Count (cm) 

1 14.5 

7.6 91 15.5 
3.3 92 25.0 
7.8 93 10.2 
7.5 94 9.5 

10.5 95 23.5 
4.9 96 11.3 
5.5 97 16.4 

14.3 98 5.8 
6.4 99 8.2 
4.9 100 8.6 

10.0 101 7.5 
12.5 
1.7 Small Creek 
8.6 Reach 2 
8.6 June 1112002 

10.7 
8.0 Site 7 
3.6 @75m 
5.6 

4.8 b-axis 
8.0 Count k m l  

b-axis b-axis b-axis 
Count (cm) Count (cm) Count (cm) 

5 9.3 51 7.5 39 6.2 
6 2.2 40 1.2 
7 1.8 Site 8 41 24.0 
8 8.6 @ 98 m 42 2.5 

9 12.0 43 5.0 

44 7.0 
11 lo 12.2pp!q 8.0 45 2.1 
12 8.0 14.0 46 2.8 
13 8.1 1 5.4 47 13.3 
14 10.3 2 5.0 48 16.5 
15 3.8 3 11.5 49 5.3 
16 8.1 4 4.8 50 5.2 
17 18.5 5 8.1 51 14.0 
18 2.9 6 18.0 
19 4.3 7 2.3 
20 2.0 8 13.0 
21 1.0 9 2.3 
22 10.5 10 2.7 
23 2.8 11 5.3 
24 2.5 12 2.2 
25 5.0 13 7.1 
26 2.0 14 11.3 
27 2.4 15 1.2 
28 4.5 16 13.7 
29 14.0 17 10.6 
30 7.5 18 12.5 
31 3.9 19 13.7 
32 3.8 20 13.5 
33 6.1 21 5.2 
34 14.5 22 13.6 
35 7.6 23 9.0 
36 1.6 24 12.7 
37 3.4 25 13.1 
38 1.8 26 2.8 
39 2.4 27 5.1 
40 4.2 28 5.0 
41 5.0 29 2.8 
42 2.5 30 19.1 
43 3.7 31 14.3 
44 3.9 32 10.6 
45 2.7 33 8.0 
46 4.9 34 6.5 
47 3.8 35 2.8 
48 3.5 36 9.0 
49 3.2 37 7.3 
50 20.5 38 2.8 
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North Creek 
June 2012002 

, 
Site 1 b-axis b-axis b-axis b-axis b-axis 
@ 32 m Count (cm) Count (cm) Count (cm) Count (cm) Count (cm) 

39 21.0 84 5.0 18 8.7 63 3.1 Site 3 

b-axis 
Count (cm) 

5.0 Site 2 
5.7 @ 46 m 

6.0 
3.9 b-axis 
8.4 Count (cm) 
3.2 1 4.5 

L. I 

2.6 b-axis 
6.8 Count (cm) 
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North Creek (continued) 
b-axis b-axis b-axis b-axis b-axis b-axis 

Count (cm) Count (cm) Count (cm), Count (cm) Count (cm) Count (cm) 
37 5.3 84 3.5 20 6.5 67 6.3 3 6.9 4.8 

11.2 Site 4 
8.2 @105m 
2 4 

3.6 b-axis 
3.5 Count (cm) 
2.8 1 6.5 

4.0 101 7.2 
3.9 
9.9 Site 5 
5.5 @158m 

15.6 

6.6 b-axis 
2.4 Count (cm) 
2.7 1 8.2 
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North Creek (continued) 
b-axis b-axis b-axis b-axis b-axis 

Count (cm) Count (cm) Count ( c m ) ~  Count (cm) Count (cm) 
97 12.6 33 2.5 80 2.8 16 8.1 63 4.2 
98 6.8 
99 7.3 

100 4.5 

101 2.1 

Site 6 
@ 242 m 

MI 
Don 

b-axis 
Count (cm) 

1 3.7 

5.5 101 1.3 
9.9 

8.4 Site 7 
5.1 @ 311 m 

3.5 

1.5 
4.8 b-axis 
3.3 Count (cm) 
2.3 1 5.1 
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South Delta Creek 
July 0512002 

Site 1 
@ 47 m 

b-axis 
Count (cm) 

1 2.3 

b-axis b-axis 
Count (cm) Count (cm) 

39 6.9 84 6.1 
40 6.2 85 3.0 
41 4.1 86 7.1 
42 6.3 87 3.3 
43 4.4 88 9.3 
44 5.2 89 13.8 
45 7.1 90 12.1 
46 1.3 91 7.8 
47 3.6 92 6.5 
48 4.1 93 3.1 
49 12.6 94 5.9 
50 3.1 95 8.2 
51 6.2 96 7.2 
52 2.9 97 6.3 
53 7.4 98 4.0 
54 3.2 99 9.0 
55 6.3 100 11.8 
56 3.9 101 6.5 
57 4.1 
58 9.7 Site 2 
59 4.6 @ 97 m 

60 1.3 

b-axis 
Count (crn) 

18.0 8.4 
19.0 15.5 
20.0 5.7 
21.0 2.1 
22.0 14.4 
23.0 6.8 
24.0 6.7 
25.0 8.6 
26.0 1.6 
27.0 5.1 
28.0 10.1 
29.0 3.2 
30.0 7.3 
31.0 2.5 
32.0 2.1 
33.0 5.6 
34.0 4.8 
35.0 6.4 
36.0 4.7 
37.0 2.9 
38.0 4.9 

39.0 6.9 

b-axis Site 3 
Count (cm) @ 165 m 

63 12.3 

68 5.8 b-axis 
69 1.9 Count (cm) 
70 15.5 1 22.4 
71 4.6 2 18.8 
72 4.1 3 15.7 
73 7.3 4 10.6 
74 14.4 5 12.7 
75 8.0 6 14.3 
76 5.1 7 9.4 
77 11.2 8 11.0 
78 4.3 9 14.2 
79 4.5 10 11.1 
80 3.8 11 4.6 
81 13.0 12 6.9 
82 10.9 13 4.5 
83 1.9 14 3.2 

84 2.2 15 2.8 

b-axis 
Count (cm) 

1 7.1 
2 22.2 
3 3.8 

4.0 5.8 
5.0 12.4 
6.0 4.5 
7.0 1.5 
8.0 1.8 
9.0 9.0 

10.0 5.6 
11.0 5.8 
12.0 9.4 
13.0 2.4 
14.0 19.2 
15.0 13.4 
16.0 12.2 
17.0 3.6 
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South Delta Creek (continued) 
b-axis b-axis b-axis b-axis b-axis b-axis 

Count (cm) Count (cm) Count (cm)$ Count (cm) Count (cm) Count (cm) 
39 4.6 86 3.8 20 7.5 67 3.8 3 20.3 50 5.1 

Site 4 
@ 236 m 

4.6 b-axis 
8.6 Count (cm) 
6.5 1 2.4 

16.2 101 7.9 
4.6 
3.0 Site 5 

11.5 @336m 
9.0 

4.0 

10.1 
2.4 b-axis 

11.3 Count (cm) - 
4.6 1 3.4 

13.7 2 1.8 
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South Delta Creek (continued) 
b-axis b-axis b-axis b-axis b-axis 

Count (cm) Count (cm) Count (cm) Count (cm) Count (cm) 
97 3.8 29 6.0 76 2.0 12 8.0 59 7.9 
98 5.8 
99 5.9 

100 7.4 
101 6.9 
102 10.3 
103 9.4 
104 4.6 
105 9.9 

Site 6 
@ 373 m 

b-axis 
Count (cm) 

1 4.6 

Site 7 

20.3 b-axis 
3.2 Count (cm) 
3.9 1 16.2 
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Baddeck Creek 
July 3012002 

1 

Site 1 b-axis b-axis b-axis b-axis b-axis 
@ 65 m Count (cm) Count (cm) Count (cm) Count (cm) Count (cm) 

3.1 98 2.4 

b-axis 
Count (cm) 

3.0 101 2.3 
3.1 
1.4 Site 2 
1.5 @120m 
2.6 

1 .I 
3.1 b-axis 
2.7 Count (cm) 
4.2 1 1.2 

4.5 
2.7 Site 3 
6.4 @158m 

6.0 

5.2 
3.7 b-axis 
3.4 Count (cm) 

4.5 
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Baddeck Creek (continued 
b-axis b-axis b-axis b-axis b-axis b-axis 

Count (cm) Count (cm) Count (cmf Count (cm) Count (cm) Count (cm) 
75 2.5 9 7.8 54 4.1 99 1.8 33 5.3 
76 1.1 10 3.0 55 1.6 100 2.7 
77 1.4 11 2.6 56 1.5 101 4.0 
78 3.9 12 2.2 57 1.5 
79 1.5 13 7.4 58 1.9 Site 5 
80 7.5 14 5.7 59 1.0 @541m 

81 3.6 15 6.1 60 5.1 

b-axis 
Count (cm) 

1 8.8 

3.3 
2.7 Site 4 
2.6 @ 330 m 

6.0 

b-axis 
Count (cm) 

1 3.1 
2 2.8 
3 14.3 
4 2.5 
5 4.3 
6 13.0 
7 5.6 
8 9.7 
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Baddeck Creek (continued 
b-axis b-axis 

Count (cm) Count (cm) 
78 2.3 12 2.8 

Site 6 
@ 639 m 

b-axis 44 13.7 
Count (cm) 45 19.5 
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Sandstone Creek 
August 2712001 

Site 1 b-axis b-axis b-axis b-axis Site 3 
@ 5 m  Count (cm) Count (cm) Count (cm) Count (cm) @ 325 m 

39 4.5 84 1.3 2.1 63 2.4 

Don 6.8 

b-axis 
Count (cm) 

2.2 

4.8 Site 2 

6.8 
1.6 b-axis 
2.1 Count (cm) 
2.2 I 3.8 

6.8 b-axis 
4.2 Count Icm) 
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Sandstone Creek (continued) 
b-axis b-axis b-axis b-axis b-axis b-axis 

Count (cm) Count (cm) Count (cm) Count (cm) Count (cm) Count (cm) 
39 3.7 86 10.0 22 5.2 69 8.7 5 13.2 52 11.6 

2.4 87 11.1 
8.5 88 6.6 
2.2 89 12.8 
4.1 90 13.6 
2.0 91 10.1 
7.3 92 5.8 
3.1 93 2.6 
2.1 94 7.8 
7.8 95 6.6 
3.8 96 7.7 
2.6 97 3.0 
5.4 98 7.6 
2.0 99 4.9 
5.3 100 4.5 
4.5 101 3.6 

10.2 
2.2 Site 4 
5.0 @415m 
4.1 
3.5 D50 6.3 
1.2 DB4 14.1 
8.0 Dso 17.0 

5.6 
2.3 b-axis 
2.8 Count (cm) 

5.9 

7.3 101 4.7 
10.0 
15.4 Site 5 
13.2 @519m 
3.8 

17.0 DSo 8.8 
7.6 DB4 19.2 

13.4 DSo 22.9 
7.8 
3.5 b-axis 
9.0 Count (cm) 
5.8 1 1.9 
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Sandstone Creek (continued) 
b-axis b-axis b-axis 

Count (cm) Count (em) Count (cm) 
99 2.3 35 30.2 82 25.4 

Site 6 
@ 629 m 

b-axis 
Count (cm) 

5.8 

South End Creek 
August 2912001 

Site 1 b-axis 
@ 1 0 m  Count (cm) 

39 1.2 

b-axis 
Count (cm) 
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South End Creek (continued) 
b-axis b-axis b-axis b-axis b-axis b-axis 

Count (cm) Count (cm) Count (cm) Count (cm) Count (cm) Count (crn) 
84 2.7 65 4.3 2.8 48 3.7 95 7.6 

Site 2 
@ 300 m 

b-axis 
Count (crn) 

Site 3 
@ 450 m 

3.2 Site 4 

3.0 Dsn 8.5 
3.1 
3.5 b-axis 
5.2 Count (cm) 

1 4.2 
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South End Creek (continued) 
b-axis b-axis b-axis b-axis 

Count (cm) Count (cm) Count (cm) Count (cm) 
3 1 1 78 2.0 16 5.7 63 13.8 

8.5 Site 5 
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