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1.0 INTRODUCTION: OBJECTIVES AND PROBLEM APPROACH 

This research is strucured into two distincly different sections. The first section (Chapter 3) aims to 
improve current gully assessment procedures which have been established to meet the standards set by 
the Forest Practices Code of British Columbia. The objective ofthe second section (Chapter 4) is to link 
the occurrence of naturally occurring and documented debris flows with storm events. 

The first task was addressed by identifying 82 sidewall failures in gullies in logged areas of most 
accessible watersheds in the Kalum Forest District. The objective was to record geotechnical and 
morphometric variables that lead to those sidewall failures that initiated a debris flow. An analysis of 
these was then designed to identify the variables responsible for debris flow initiation versus non- 
initiation. None ofthe observed sidewall failures initiated debris flows, which precluded the application 
of the projected statistical methods. It also showed that the current gully assessment guidelines may 
be too conservative for this region. Accordingly, the research design was changed with the effect that 
high ratings of debris flow initiation potential were moderated by adjusting the variable(s) responsible 
for this high rating. The outcome of this analysis was an improved, region-specific gully assessment 
procedure. In addition, several recommendations were given to direct further research in this field and 
further improve the gully assessment procedures. 

The second task was approached by selecting gullies in unlogged watersheds with a recent history of 
debris flow events, and apply dendrochronological methods to date debris flows and determine their 
frequency. Historical data on landslide and flood damage as well as data from weather stations in and 
around Terrace were used to link the most probable storm date to the dendrochronologically derived year 
of debris flow occurrence. The objective was then to develop a landslide initiation index based on 
various hydroclimatic data that are thought to be superior in predictive capabilities compared to 
currently used indices that rely primarily on precipitation intensity. The reason for this assumtion is that 
additional hydroclimatic data such as factors quantifying snowmelt will provide a more realistic 
representation of the existing soil water conditions. A review of available data showed that a landslide 
initiation index based on snow depth, freezing level, wind velocity and precipitation is not feasible. This 
was due to the fact that snow depth is not measured during the critical periods of landslide occurrence 
in late fall, and wind velocity and freezing level are measured at few locations only, which are unlikely 
to be representative for this study. Historical stream flow data was then used to match landslide dates 
with high discharge events to investigate whether peak discharge may be a more appropriate measure 
of the impact of rainstorms. The rational for this analysis was based on the fact that storm impacts 
directly represent the combined effects of the hydrologic factors listed above without the necessity of 
measuring them individually. 

The extent of this research and the data available do not allow complete answers to the objectives stated 
above, and therefore some of this paper focuses on the identification of further research. 

2.0 STUDY SITES 

2.1 Physiographic Overview 

This research has been carried out in the Kalum Forest District (Figure 2.1). The town of 
Terrace is located approximately in the geographic centre of the study sites. It serves as the 
main business and administrative centre of the area. The area is characterized by a coastal 
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climate with a pronounced precipitation maximum in the fall and winter months. Climate is 
strongly dependent on elevation. The lower valleys can be described after Koppen (1923) as 
"marine west coast" with warm, temperate, rainy climates. Elevations from 800 metres to 900 
metres are classified as humid continental with cool summers. Between 900 and 1500 metres 
the climate is humid continental with short cool summers, and above 1500 metres climate is 
classified as "polar" by Koppen. The most abundant tree species in the lower valleys are 
western red cedar, western hemlock, amabilis fir, and Sitka spruce. Less common are yellow 
cedar, and lodgepole pine. On slopes below approximately 1000 metres western hemlock, 
lodgepole pine, and Sitka spruce are the dominant species. 

Most of the present valley alignments developed from prolonged Cenozoic fluvial erosion 
exploiting zones of weakness in the bedrock created by earlier tectonic events. Substantial re- 
elevation of the Canadian Cordillera occurred in late Cenozoic time, leading to a cycle of fluvial 
canyon-cutting that further accentuated earlier erosional alignments. Quaternary glaciation has 
strongly influenced geomorphic processes in the study area. Extensive blankets of basal and 
ablation till mantle slopes at many research sites. The erosional legacy of glaciation was an 
extensive system of steep, undercut slopes, many of which are cut through by discontinuities 
created by much earlier tectonic events. Many of these joints, foliations and faults are favorably 
oriented for slope movement, and thus exert an important control on modern-day mass 
movement (Ryder, 1981b, Muhs et al. 1987, Jakob, 1996). At higher elevations, a spectacular 
suite of alpine glacial landforms developed including cirques, horns, argtes, and over-steepened 
valley heads. Below about 2000 metres, glacial erosion developed round ridges and roche 
moutonCe features. 

The area is drained by the Skeena River and Kitimat River. Major tributaries to the Skeena are 
the Zymoetz and Kitsumkalurn River. 

2.2 General Geology 

The Kalum-Kitimat Valley probably represents the surface expression of a major fault (Duffell 
and Souther, 1964). The valley is a wide, fairly straight lineament with different rock types on 
each side (Figure 1.1). The main contacts are offset across the valley. The geology of the 
Terrace map area is part of the eastern contact of the Coast Range batholith, and the flanking 
metamorphosed sedimentary and volcanic rocks ranging in age from late Paleozoic to early 
Cretaceous. Fossiliferous Palaeozoic limestone and associated greenstones occur as small 
pendants in the batholithic rocks or as narrow lenses along the flanks of eastward extending 
tongues of the batholith (Duffell and Souther, 1964). Another major rock formation is the 
Hazelton Group which can be encountered to the far east of the research area. These rocks 
consists of coarse andesitic breccia, green andesite, greywacke and argillite as well as red, green 
and purple, porphyritic and amygdoidal andesitic flows with minor basalt, rhyolite, and dacite. 

The area is dominated by the Coast intrusions, which occupy most of the western and 
southwestern parts of the area and intrude all the sedimentary and volcanic formations described 
above. The main contact of the intrusions trends northwesterly across the area in an extremely 
irregular manner. Granodiorite and adamellite are dominant rocks of the main batholith. Dykes 
are abundant and commonly cut bedded and batholithic rocks. Regional metamorphism is low 
grade and characterized by minerals such as chlorite, muscovite, and minor epidote. Apart from 
rocks near igneous contacts and faults, the texture and mineral composition of the original rocks 
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have not been greatly altered. Contact metamorphism has been varied and falls within the 
highest grades of contact and dynamic metamorphism. Crystalline schists and gneisses are more 
commonly developed along contacts with the main batholith than along contacts with apophyses 
and stocks (Duffel1 and Souther, 1964). 

2.3 Site Specific Geology 

Most sites are located within the Cretaceous rocks of the Coast Mountain Plutonic Complex 
consisting mostly of undifferentiated granodiorite, diorite, quartz diorite, quartz monzonite, 
adamellite, granite and gabbro (Figure 2.1). Some watersheds have a more diverse geology (e.g. 
Chist Creek, Hardscrabble Creek, Shannon Creek, Cindemash Creek). These basins display two 
or more lithological groups (Table 2.1). 

Table 2.1 
Dominant lithological groups in studied watersheds 

rgilleceous 
:stone 

Number mder: 

I= reenstone, shale, a 
Z=white c stalline lime 
3=limestone-bouider con lomerate, 

wacke, ar illite 
4=andesite, breccia. tuff, re acke 
5=andesite, basalt, rh olite, dacite 
6= re acke. con lomerate. ar illite 

minor tuff 
7=~ndifferentiated ranodiorite, 

quartz diorite, uartz rnonzonite. 
adamelite, ranite, abbro 

8=sand ravel cia alluvium 
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3.0 DEBRIS FLOW INITIATION POTENTIAL AND GULLY ASSESSMENT 
PROCEDURES 

3.1 Methodology 

Present Gully Assessment Procedures are based on expert judgment. Although this is 
undoubtedly a valid approach if little or no data are available to apply a more quantitative 
analysis, research is needed to verify or change existing procedures. A re-assessment of the 
currently employed GAP is the objective ofthis study. 

According to the objective stated above data on sidewall slope failures were collected. The 
dataset included primarily gullies in logged terrain that were accessible by a reasonable hike. 
In all cases the upper watershed was still vegetated. The underlying assumption was that 
sidewall failures are the primary debris flow initiation mechanism in gullied terrain (e.g. Bovis 
et al., 1997). Other failure mechanisms such as headwall failures are much more uncommon in 
the research area. Headwalls, if existent at all, are located in the unlogged reaches of the channel 
and were thus excluded from the analysis. 

Sites were chosen if they had experienced a sidewall failure irrespective whether this failure 
initiated a debris flow or not. The collected data included sidewall slope angle, sidewall slope 
distance, channel gradient, sidewall material and channel gradient as specified in the current 
Gully Assessment Procedures Guidebooks. The objective was then to classify sidewall failures 
into those that triggered debris flows and those that did not based on field evidence. Debris 
flows are triggered by a sidewall failure if there are unambiguous signs that the debris flow 
started exactly at, or slightly below the impact of the slide mass with the main channel. These 
signs include deep scour of sediments and organic matter in the channel, erosional trimlines 
andlor levees along the channel sidewalls, as well as depositional lobes in the debris flow runout. 
Having classified all sidewall failures accordingly, a set of variables could then be extracted via 
discriminant analysis to provide a numerical working method for apriori classification of gully 
sidewalls with regard to their potential to produce debris flow initiating failures. None of the 82 
sidewall failures initiated debris flows which called for a different treatment of the available 
field evidence. 

Gully assessment cards were filled out at each failure site to produce a rating of debris flow 
initiation potential to which the results obtained in this study would be compared. Those sites 
that resulted in a high rating were investigated further because high is defined as a high 
probability of debris flow initiation. It was assumed for the purpose of this study, that if an 
initiating event occurred in gullies rated as having a high probability of debris flow initiation, 
a significant number of these gullies should experience a debris flow. 

Since none of the 82 sidewall failures had triggered a debris flows the gully assessment 
procedures were adjusted to lower current ratings for a significant number of those cases that 
were overrated. These adjustments are primarily concerned with the gully gradient (Table D, 
p.22, GAP) as this variable is considered the most important one in determining whether a 
sidewall failure will transform into a debris flow or not. Other factors such as sidewall angle 
and slope distance as well as sidewall materials are important to determine whether a sidewall 
failure initiates, but not in triggering a debris flow. Further adjustments were made in Table C 
(P 10, GAP). 
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3.2 Gully Assessment Procedure - Rational, Definitions And Outline 

Guidebooks such as the Gully Assessment Procedure guidebooks were prepared to help forest 
resource managers plan, prescribe, and implement forest practices that meet the intent of the 
Forest Practices Code and identify when to call in a specialist. 

According to the Gully Assessment Procedures Guidebook (3d edition, 1995), the gully 
procedure provides a framework for site prescriptions in coastal watersheds. The essential task 
is to focus attention on the most critical terrain components and stability criteria which will 
ultimately facilitate the evaluation of gullies for harvesting prescription and post-harvest 
rehabilitation. The gully assessment procedure (GAP), is thought to be able to identify 
situations of substantial hazard in which case either specific management recommendations are 
given, or a geoscientist must be consulted before work can proceed. 

The GAP consists of three parts, namely office assessment, field assessment and management 
strategies. In this research, only the field assessment was addressed since it identifies potential 
problems to which management strategies must respond accordingly. 

3.2.1 Gully definition 

According to the GAP (1995), gullies are defined by the following channel dimensions: 

25% overall stream gradient within the entire length of the gully which includes 
the area between the fan apex to the top of the headwall, at least one channel 
reach needs to be greater than 100 m long and show the following criteria: 
50% sidewall slope 
20% channel slope (defined as the angle between the fan apex and the top of the 
headwall) 
3 m high sidewalls (measured along the fall line) 

Although these numbers are somewhat arbitrary, they allow a quick assessment as to 
whether an incised stream channel can be classified as a gully or not. This is 
particularly valid for those gullies that have dimensions on the lower end of the size 
spectrum. 

Gully systems can roughly be stratified into three different sections: the fan or primary 
depositional area below the fan apex, the transport zone in which little or no deposition 
occurs, and the headwalls that form the initiation zone of debris flows. For 
completeness the formal definitions are added here (GAP, 1995): 

Fans are the sediment and debris deposit zones including gently sloping fans or 
cones, with single or multiple channels ranging from deeply incised to fully 
unconfined (which may or may not be present in the narrow valleys of the study 
area). 
Transport zones are those reaches with steep gully sidewalls, confined channels 
with perennial or intermittent streams, unstable or partly unstable banks, and 
temporarily stored woody debris and sediment. The transport zone is often a 
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confined, V-notch ravine. 
Headwalls include source areas that commonly have very steep headwalls and 
sidewalls, are susceptible to extensive erosion and landsliding, and often are the 
zone where debris flows start (but which are not always present in the benched 
terrain of the study area). 

3.2.2 Gully hazards 

The main hazards occurring in gullies are debris floods and debris flows. Debris floods 
are characterized by substantial bedload of sediment and organic material that are 
transported primarily by the tractive forces of water. Debris floods do not require a 
discrete initiating event and are usually a consequence of high precipitation, often in 
association with snowmelt. The exceedance of critical water power thresholds is 
responsible for the transportation of larger sediments. Similar to debris flows, debris 
floods may be highly erosive in unconsolidated and poorly consolidated material. 

Debris flow is the rapid movement of a saturated, poorly sorted mixture of clastic and 
organic materials in a steep channel. Similar terms are mudflow (containing mostly 
sand, silt, and clay-sized particles), lahar (volcanic mudflows), and debris torrent (debris 
flows in steep confined channels with a high amount of organic material, and high water 
content). Recent research has shown that the majority of debris flows in gullied terrain 
on steep forested slopes are initiated by sidewall failures (Bovis et al., 1997). Other 
relevant studies are listed by Sidle (1985). 

In terms of their mechanical flow behaviour, debris flows can be stratified into two 
types: One type is the bouldery, flow characterized by pronounced levees, depositional 
lobes, inverse grading, and steep depositional angles. The second type is the visco- 
plastic type characterized by a higher clay content, lower angles of the deposit, poorly 
developed debris lobes and levees, as well as deposits with uniform thickness. 

Debris flow peak discharge is usually several orders of magnitude higher than the 200- 
year flood discharge. The extreme discharge in combination with typical velocities 
between 3 and 10 mls are responsible for very high impact forces, and make this form 
of mass movement one of the most hazardous geomorphic processes acting in 
mountainous terrain. 

Debris flow and debris flood initiation is usually a function of an extreme hydroclimatic 
event combined with unfavourable terrain attributes such as steep overall stream channel 
gradient, a high degree of gully dissection, steep headwalls, ample amounts of erodible 
materials, a large portion of actively contributing basin area and a high basin relief. 
Forest harvesting factors leading to the initiation of debris flows and floods may include 
the amount of soil disturbance during yarding, volumes of debris left in the gully, 
removal of stabilizing trees, unstable road crossings and poor drainage control. 

Both, debris flows and debris floods are, hazardous processes. However, the gully 
assessment procedure is primarily concerned with debris flows since they are higher in 
magnitude and destructive force and are frequently a direct consequence of forest 
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harvesting. Accordingly, the focus in the following sections will be on the process of 
debris flows. 

3.2.3 The gully assessment procedure field data sheet 

The field data sheet is structured in six sections with five tables (Appendix A). The first 
four sections will not be discussed in detail here since they do not pertain directly to the 
main objective of this study. These sections include the downstream impact potential, 
the upslope debris flow potential, the water transport potential, and the fan 
destabilization potential, which are important variables in developing management 
strategies, but are not related to the potential for a debris flow to occur. Four variables 
are depicted on the field data sheet that result in a qualitative assessment of the potential 
for debris flows to be initiated in the specific reach. The variables are: 

Gully wall slope angle 
Gully wall slope distance 
Surficial materials 
Channel gradient 

3.2.3.1 Gully wall slope angle 

Past research has shown that the gully wall slope angle is the single most 
important and easily measured factor in determining sidewall failures, because 
shear strength of surficial materials decreases as gully sidewalls become steeper. 
Other factors such as pore water pressures, the angle of internal friction, 
cohesion and normal stress are usually unknown and can only be determined by 
a network of instruments, a procedure that is too costly and time consuming in 
most cases. In terms of soil mechanics, the influence of steeper side walls on 
slope stability can easily be confirmed by examining the well known factor-of- 
safety formula derived from the Mohr-Coulomb equation. 

FS = c' (vzcos2B-u)tan@' [Equation 3.11 
yzsinpcosp 

where: 

FS is the factor of safety 
c '  is the effective cohesion, as reduced by loss of surface tension; 
o is the normal stress imposed by weight of solids and water above the point 
in the soil; 
u is the pore water pressure derived from the unit weight of water y and the 
piezometric head; 
I$' is the angle of friction with respect to effective stresses; 
z is the soil depth; 
p is the slope angle 

It is evident from Equation 3 that an increase in slope angle will decrease the 
factor of safety. 
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Gully side wall slope angle is used in Table C (GAP) in conjunction with the 
type of surficial material to determine a preliminary rating, referred to as the 
Gully Wall Failure Potential (GWFP). The fifth column of this table indicates 
whether a gully wall failure has occurred in the particular reach. Since only 
those reaches were investigated that showed gully wall failures, a quantitative 
assessment ofthe susceptibility of failures at various slope angles could not be 
attempted. 

3.2.3.2 Surficial materials 

The surficial geology in the area is characterized by extensive blankets of glacial 
deposits including ablation till, basal till, glaciofluvial terraces, glaciolacustrine 
terraces as well as colluvial veneers below bedrock outcrops and marine 
deposits at lower elevations between Terrace and Kitimat. Some of the creeks 
and rivers in the area are characterized by floodplains covered with fine-grained 
fluvial sediments and fluvial terraces. In the headwaters of creeks, erosion has 
denuded slopes of surficial materials which are now prone to subaearial 
weathering processes. The dominant weathering process at higher elevation is 
frost weathering, which is caused by frequent changes in freeze and thaw cycles. 
In a few cases, where limestone is exposed, chemical weathering prevails. 
Carbonate rock is particularly susceptible to precipitation with pH values below 
neutral. This will lead to a slow dissolving of the carbonate rock, expressed by 
rillenkarren (elongated depression separated by small, sharp ridges) at the 
surface, and sometimes large conduits, caves and sinkholes below the ground. 

Most surficial materials are more susceptible to erosion than bedrock materials. 
Table 3.1, which is based on field experience attempts to stratify surficial 
materials by their susceptibility to erosion. This table will be used in this study 
to adjust the GAP towards a more realistic standards. Ablation till, glaciofluvial 
materials and fluvial materials may change order of susceptibility depending on 
site conditions, and grain size distribution. Colluvium may range considerably 
with respect to erodibility, depending on the texture and angularity of the 
deposit. More research on the varying erodibility of colluvium is needed before 
a more detailed classification of colluvium can be included in this table. 

Table 3.1 
Surficial materials, stratified from top to bottom 

by their susceptibility to erosion 

As mentioned previously, surficial materials exert considerable influence on 

14Feb9n0806-96-87193 8 EBA Engineering Consultants Ltd. 



Ministry of Forests, Smithers, B.C. Debris Flow Research in the Kalum Forest District 

slope stability. The finer grained materials - clay, silt and sand - usually erode 
quickly due to their lack of resistance to even small tractive forces. An 
exception are compact unweathered basal tills, in which clay and silt-size 
materials have consolidated by the weight of the compacting ice to a degree 
where only firm blows with rock hammers can chip off parts of the material. 
Accordingly, unweathered basal tills behave more like competent rock masses 
and are stable on steeper slopes than ablation till. Their impermeability, 
however, causes drainage along inclined basal till surfaces which creates 
favourable slide surfaces for overlying material. This is visible as seepage 
between the two stratigraphic units at natural or artificially created outcrops. 
Since morainal material (till) displays largely different strength characteristics, 
till, classified as M in the field data card, should be specified by assigning 
qualifiers such as loose or dense (see Table 3.3, p.12). 

From 82 side wall failures investigated in this study, 32 (39%) occurred in 
materials where bedrock was a minor constituent of the sidewall failure. In 3 
cases (4%), bedrock was the only material involved in the side wall failure. 
This observation implies that bedrock materials are of minor importance for 
gully side wall failures in the research area, and did not warrant a quantitative 
analysis of the influence of bedrock on slide frequency or magnitude. Suffice 
to say that bedrock characteristics are of little importance in lower reaches of 
valleys that are typically covered by a thick layer of surficial materials. 
However, as logging approaches the higher and steeper slopes along the main 
valleys, emphasis on the geotechnical characteristics of bedrock should increase. 
With increased steepness, and excluding locally important talus slopes, the 
thickness of the coverage of surficial materials generally decreases. Bedrock 
outcrops and bedrock control of channels become increasingly important in the 
determination of the type of failure with distance from the debris fan. 

Bedrock, expressed as R on the Field Data Card is known to show extremely 
variable strength characteristics. Figures 3.1 and 3.2 are examples of unstable 
volcanic and granitic rock. These are due primarily to the degree ofjointing and 
rock orientation that determine susceptibility to erosion and failure along those 
discontinuities as well as the mineralogical composition of the rock that 
determines the strength of the intact rock. Weak rocks may lead to sidewall 
failures that initiate debris flows as they impact the channel. Weak rocks are 
also responsible for chronic instabilities that continuously add sediment to the 
channel that may increase debris flow frequency and magnitude. 

Rock mass classifications such as the one produced by the International Society 
of Rock Mechanics (ISRM, 1985) have determined criteria that can be applied 
to categorize rock according to their strength characteristics. The application 
of these criteria, however, is too labour intensive and detailed to be warranted 
for gully assessments. The following simplified criteria are recommended for 
classifying rock slopes into stable (RS) and unstable (RU): 
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Table 3.2 
Classification criteria for rock slope evaluation 

UNSTABLEROCK i STABLE ROCK 
-sign of raveling, rockfall, slumping i - no signs of mass movements .......................................................................................................................................................................... 
-steeply dipping subparallel to slope gradient i - rock dip into the slope .......................................................................................................................................................................... 
-highly jointed in dip direction j - l ink or no jointing .......................................................................................................................................................................... 
- existence of fault gauge along joints i -joints irregular; well interlocked .......................................................................................................................................................................... - intersecting joints indicative of wedge failures j ..................................................................................................................................................................... 
-weak rocks, will disintegrate at firm 1"- overall rock competence tested by firm 

hammer blow i hammer blow that chips off small 

These criteria are incorporated into Table C, p.22, GAP, and in section 3.3.1 of 
this study. 

3.2.3.3 Gully side wall slope distance 

Longer gully side wall slopes not only increase the likelihood that a slope failure 
will occur along the sidewall, but will also account for larger side wall failures 
since more material can be mobilized. It is conceivable that longer sideslopes 
are less steep than shorter sideslopes since they are more likely to have failed 
and hence adjusted their slope angle. Figure 3.3 shows that there is no 
relationship between these two variables. Similarly, there is no relationship 
between gully sidewall slope distance and channel slope (Figure 3.4). This 
shows that none of these variables can be predicted from another, and that each 
variable must therefore be determined individually in the field. 

3.2.3.4 Channel gradient 

Channel gradient is the most important variable determining whether a side 
slope failure will stall in the channel at impact or continue its path by initiating 
a debris flow. There is no common threshold that determines the angle of 
deposition of debris since the sediment textural composition of the flow will 
dictate the flow behaviour. It is now known that fine-rich debris flows, 
particularly those with a clay content in excess of 4% weight can deposit on 
slopes of less than 5", whereas bouldery flows with a sandy matrix usually start 
depositing on angles as steep as 15" (e.g. Jordan, 1994). Particularly in areas 
with volcanic rocks, bedrock lithology can influence the debris flow behaviour, 
causing very mobile flows at low angles (Jordan, 1994). As was stated earlier, 
bedrock lithology is only then important where bedrock crops out along the 
channel reaches investigated. However, glacial till and fine-rich colluvium that 
can show clay contents ranging from 1 to 10 % may also add to the mobility of 
debris flows (Jakob et al., 1997). A high fine content of the failed mass, 
however, is no guarantee that a debris flow will develop from the slide mass. 
Sufficient water content in the channel is a prerequisite for the fluidization of 
the slide mass, and to replenish any water dissipated from the debris mass during 
downstream transport. In most cases, the maximum water discharge in a debris 
flow channel is very difficult to assess, which precludes an incorporation of this 
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variable in the debris flow initiation potential. 

3.2.3.5 GAP Field Data Card rating 

In Table D of the field data card, gully wall slope distance is used in conjunction 
with channel gradient to develop a rating for what is called the Gully Geometry 
Potential for Debris Flow Initiation. The main criticism in this section focuses 
on the separation of channel gradient classes and their respective rating for 
debris flow initiation potential. At a gully wall slope distance of>20 m, and a 
channel gradient of 30%, the debris flow initiation potential is low. If the 
channel is steepened by only one degree, the debris flow initiation potential 
would increase from low to high. This abrupt jump from low to high while 
disregarding moderate is unrealistic, and may lead to confusion among 
geomorphologists and geotechnical engineers confronted with this situation in 
the field. For this reason, a moderate class should be incorporated in Table C 
of the Gully Assessment Data Card. 

Table E in the gully field data cards is a composite of tables C and D whereby 
the qualitative ratings in each table are combined to yield the final debris flow 
initiation potential (DFIP). 

In the following section, the results obtained in this study will be compared with 
ratings obtained by the current GAP. 

3.3 Results - Adjustment of Current Gully Assessment Procedures 

Of the 82 gullies investigated in this study, five gullies had clearly experienced a debris flow 
prior to harvesting over a period at which physical evidence of this process may still be 
recognizable (-20 years). In 66 cases, available evidence was insufficient to unambiguously 
determine whether there had been a debris flow in a given channel or not. 11 gullies had clearly 
not experienced a debris flow over the past 20 years or so. The high number of cases where the 
debris flow occurrence could not be determined with certainty is due to the fact that debris flows 
in these gullies usually would have been relatively small and would have occurred before 
logging. Now, substantial amounts of logging debris and channel disturbance have removed or 
obliterated physical evidence such as trimlines, and signs of scour or debris levees. In many 
cases, a debris flow would have directly discharged into a higher order stream thus effectively 
removing physical evidence in the zone of deposition. In other cases, the fans had been logged, 
the slash had been burnt and trees had been replanted, which only occasionally allowed a clear 
identification of debris flow activity. Although only few gullies showed clear signs of past 
debris flow activity, the possibility of debris flows in the other gullies cannot be discarded. 

None of the 82 sidewall failures investigated in the field had initiated a debris flow. 31 failures 
(38%) were rated as high, 43 (52%) failures were rated as low and only 8 failures (10%) were 
rated as moderate with regard to their potential to initiate debris flows (Appendix A). A high 
debris flow initiation potential was interpreted in this study as meaning that there is a high 
probability that any sidewall failure in the reach classified as high will initiate a debris flow. 
This does not mean that 100% of all sidewall failures initiate a debris flow, but that at least the 
majority of failures will trigger a debris flow. Since none of 31 sidewall failures rated as high 
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initiated a debris flow, the conclusion made was that the GAP is too conservative for the region 
studied. 

To account for this discrepancy and to lower at least some of the high ratings, the GAP was 
adjusted. Two factors, the surficial materials and channel gradient, are primarily responsible 
for the overrating of the debris flow initiation potential. 

3.3.1 Surficial Materials 

Surficial materials were adjusted to account for a larger variability, and to make the 
table more site specific. Table 3.3 shows the revised table for gully wall failure 
potential. The changes are that bedrock is now classified into stable and unstable, and 
morainal material is classified into dense basal till and loose ablation till. 

3.3.2 Gully Geometry 

Table 3.4 is the revised table for gully geometry potential for debris flow initiation. The 
changes pertain to a lowering of the high rating to moderate of channel gradients 
between 31% and 40% at a gully wall slope distance of >20 m, and a lowering of the 
high to moderate ratings of channel gradients between 41% and 50% at gully wall 
slopes between >15 metres to >20 metres (changes printed in bold face). 

Table 3.3 
Gully Wall Failure Potential 

RS = stable bedrock 
RU =unstable bedrock 
C = colluvium 
BT = basal till 

AT = ablation till 
W,L =marine and lacustrine sediments 
FS = failure scar 

I 
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Table 3.4 
Gully Geometry Potential for Debris Flow Initiation 

Of the 31 sidewall failures classified as high, the adjustments made in Table 3.3 did not account 
for any reclassifications. The lowering of ratings applies only for compacted basal tills (BT) that 
were reclassified from their original rating for till (M) as high (>70% gully wall slope angle), 
high (61-70%), moderate (50-60%) and low (<50%) to moderate (>70%), moderate (61-70%), 
low (50-60%) and low (50-60%). 

These changes result in a reclassification of 18 sidewall failures to moderate, which were 
originally classified as high. Appendix A shows which ones of the gullies were reclassified. The 
remaining 13 sidewall failures classified as high debris flow initiation potential did not 
experience debris flows following side wall failures either. However, an additional lowering 
of high to moderate ratings and moderate to low ratings of the Gully Assessment Card seems 
to be premature, and further research on topics listed below should be conducted before further 
changes are applied. The main concerns can be classified into two groups. One is related to the 
long-term consequences of sidewall failures unrelated to debris flow initiation that may be 
initiated by logging activities (point 1 and 2). The other deals with the initiation of debris flows 
(point 3). 

1) Sidewall failures have delivered substantial amounts of sediment to the main channel 
where it is now stored in the form of sediment wedges together with organic material. 
Some of this sediment will undoubtedly be remobilized during high discharge events, 
but the majority will cause a significant increase in debris flow and debris flood volume 
should debris flows occur. In this scenario it is irrelevant whether the debris flow 
initiated in the same reach where the original side slope failure had deposited, or 
whether the debris flow initiated near the channel headscarp above any harvesting 
activity. 

2) Even if sidewall failures do rarely initiate debris flows in gullies with characteristics as 
described above, they have adverse effects on site productivity along channel sidewalls. 
Furthermore, sidewall failures in deep unconsolidated material or brittle bedrock may 
become a chronic problem, if continuing ravelling supplies sediment to the debris flow 
channel. Examples for this type of behaviour are given in Figure 3.5 and 3.6. 

3) The most important factor that must be considered for the evaluation of debris flow 
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initiation potential is the channel gradient. Channel gradient was below 40% in 55 cases 
(67%) and below 50% in 66 cases (80%). 

According to Bovis et al. (1997) debris flows are triggered from sidewall failures on the 
Queen Charlottes Islands in channels with gradients ranging from 36% to 73 %. 
Although a much larger area was researched in the Kalum Forest District, no debris 
flows were recorded. It is interesting to note that the distribution of sidewall slope 
angles at which failures occur is similar between the Queen Charlotte Islands and the 
Kalum Forest District. Rood (Figure 7 B, 1990; Figure 3.7) shows that the largest 
number of sidewall failures occurs in the range from 70% to 120%, which is roughly 
equivalent to sidewall slope angles investigated in this study (Figure 3.8). These 
observations suggest that it is not the sidewall slope angles that need to be corrected for 
the GAP in the Kalum Forest District, but the channel gradient. 

It is not recommended that ratings of debris flow initiation potential in the GAP be lowered in 
slope classes >50% unless research into other physical variables that could be locally significant 
is carried out. The following research recommendations are given to assess any further 
adjustments of the gully assessment procedures. 

3.4 Research Recommendations 

It is necessary to record sidewall failures that did initiate debris flows to develop a 
discriminant function or some other statistical means to separate the two groups 
(sidewall failures that did initiate debris flows versus those that did not) based on 
measurable data and to assess the contribution of each variable. For this to be 
accomplished, more watersheds need to be researched. One problem associated with 
field work completed during the summer of 1996 was the inaccessibility of many sites 
because roads had been deactivated or washed out. Therefore, it is recommended to use 
helicopters to access these remote sites. 

Further variables should be sampled at each failure site to account for a larger variability 
of conditions. These variables, that are not included on the Gully Assessment Card are: 
failure volume, a more detailed documentation of failure materials, as well as slide 
impact angle and channel confinement, which might have some influence on debris flow 
initiation. Bovis and Dagg (1992) showed that the impact angle of slides entering the 
main channel is important in transferring momentum. Their case studies, however, 
focussed on well developed side channels that may not be comparable to gully sidewalls, 
where slides follow the fall line, and the impact angle is a function of channel slope 
gradient. Confinement may determine whether a sidewall failure may temporarily dam 
the main channel which could lead to a sudden rupture of this dam with subsequent 
debris flow initiation. Although this behaviour has not been observed in the field, cases 
were observed where this mechanism is conceivable. 

Sites should be re-visited after landslide triggering, high intensity rainstorms to acquire 
more data, which will continuously update the statistical model developed for a more 
effective management of debris flow prone gullies. 

Chronosequences of air photographs at large scales should be used to determine the age 
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of sidewall failures and link those events to hydroclimatic events, following similar 
procedures as employed in the second part of this study. 

3.5 Summary 

Data pertaining to landslides in gullies were sampled at 82 locations in the Kalum Forest 
District. None of these failures initiated debris flows, which did not allow the application of 
statistical methods that were originally projected for this study. These statistics were aimed to 
identify and weigh the factors responsible for debris flow initiation from sidewall failures. 

The results showed that the current GAP tends to overrate the debris flow initiation potential in 
logged gullies. Accordingly Tables C and D were adjusted to lower the ratings. This procedure 
resulted in a reclassification of 19 out of 31 cases into the next lower class. 

The question whether ratings can be further lowered cannot be conclusively answered. It is 
highly recommended to increase the sample size by including data from more remote locations 
that can presently only be accessed by helicopter. The most important variable that needs to be 
measured during subsequent fieldwork is gully gradient. In the Kalum District, the majority of 
logging has been carried out on moderately steep slopes below 50 %, which is considerably 
lower than slopes at comparable watersheds on the Queen Charlotte Islands or Vancouver 
Island. As steeper slopes are being logged in the Kalum Forest District, more failures and debris 
flows are likely to occur. For this reason, an adjustment of the GAP beyond what has been 
proposed in this study seems premature. 

Further data is also needed on sidewall failures that actually initiated debris flows. Sites 
investigated in this study should be re-visited after landslide triggering storms to obtain a sample 
that allows one to proceed with the original objective. It is reasonable to expect that eventually 
sidewall failures will initiate debris flows which will then allow the development of a 
discriminant function to identify and weigh the factors responsible for debris flow initiation. 

Several changes to the Field Data Cards are proposed that are thought to improve current 
procedures by accounting for additional variability and make the cards more site specific. These 
changes focus on a more detailed examination of surficial materials, as well as a change in the 
rating of gully gradients. Bedrock was classified into unstable and stable bedrock by applying 
a set of easily recognizable criteria. Glacial till was classified into loose ablation till and dense 
basal till based on the fact that these morainal deposits show large differences in their 
susceptibility to failure. 

An exact prediction of the location of debris flows initiation is presently not possible given our 
insufficient understanding ofthe intrinsic and extrinsic mechanisms that lead to slope failure and 
to debris flow. This goal is unlikely to be reached in the near future, because only detailed 
monitoring of hillslope hydrology at a large number of sites may yield relations that will lead 
to better prediction. This type of monitoring is presently not economically viable. The 
application of spatial statistics that use parameters that are easily measured in the field seems 
to be the most promising tool to generate better operational procedures. The data set developed 
in this study has made the GAP more robust against severe under -or over estimations of debris 
flow initiation potential in the Kalum Forest District, which will guarantee a more efficient and 
more environmentally sound approach to forest management in mountainous terrain. 
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4.0 HYDROCLIMATIC EVENTS AND T H E  OCCURRENCE O F  DEBRIS FLOWS 

4.1 Introduction 

Climatological and meteorological conditions are often investigated as important parameters in 
the context of debris flow frequency, since it is clear that hydro-climatic events that are in excess 
of some threshold are often able to trigger debris flows, and ultimately exert an important 
control on their frequency. Long-term climatic fluctuations are also important because of their 
indirect regulation of debris flow frequency. In this section, some of the more recent work on 
these issues will be discussed to document present understanding of the relation between 
climatic factors and debris flow occurrence. 

A number of researchers have investigated the correlation between various aspects of 
precipitation and debris flow frequency: Campbell (1975), Nielson et al. (1976), Wolman and 
Gerson (1978), Suzuki (1979), Caine (1980), Govi and Sorzana (1980), Suzuki and Kobashi 
(1981), Larson (1982), Hungr et al. (1984), Jackson et al. (1985), Nyberg (1985), Schaefer 
(1983), Van Dine (1985), Cannon and Ellen (1985), Keefer et al. (1987), Kobashi and Suzuki 
(1987), Wieczorek (1987), Church and Miles (1987), Cannon and Ellen (1988), Mark and 
Newman (1988), Wieczorek and Sarmiento (l988), Lips and Wieczorek (l990), Strunk (l991), 
and Wilson and Wieczorek (1995). In many of these studies, the lack of rain gauges close to 
debris flow starting areas poses a major limitation. In addition, most debris flows occur at 
unknown times during rain storms, which increases the difficulty in tying them to precipitation 
intensity and precipitation summations. However, precipitation intensities measured at distant 
gauges may not be representative of precipitation intensities at the study sites due to differences 
in slope aspect and elevation. To calibrate the rainfall in the study basin, rain gauges should be 
installed for some time period at representative locations within the basin, then correlated with 
a station having a much longer record. These correlations have the potential to overcome some 
of the uncertainties related to localized climatic effects. Using this method, Buchanan et al. 
(1990) measured precipitation intensities at the research site that were 1.9 times greater than 
those registered at the nearest recording rain gauge, located 21 km from their study site in 
northwestern Washington. 

A somewhat different approach was followed by Caine (1980), who compiled data from 
different studies and plotted a rainfall intensity-duration envelope, above which debris flows 
were most likely to occur. Church and Miles (1987) analyzed debris flows along Howe Sound 
and the lower Fraser Valley between 1980 and 1984, some ofwhich fell below Caine's envelope; 
from this they concluded that Caine's precipitation thresholds held little promise for predicting 
the occurrence of debris flows in their region. Another conclusion drawn by Church and Miles 
is that debris flows do not always occur during periods of remarkable rainfall, rain-on-snow, or 
snowmelt, although snowmelt and rain-on-snow as a trigger for debris flows has been suggested 
by Sharp and Nobles (1953), Gontscharov (1962), Broscoe and Thompson (1969), Sulebak 
(1969), Azimi and Desvarreux (1974), Morton and Campbell (1974), Owens (1974), Niyazov 
and Degovets (1975), Kemmerikh (1978), and Rapp and Stromquist (1979). 

Innes (1983) refined Caine's (1980) work by restricting the data to debris flows only. His 
precipitation envelope is roughly parallel to Caine's, but represents a significantly lower 
threshold value. Neither author included antecedent moisture, which is the issue in the 
following paragraph. 
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An important factor that is thought to contribute to debris flow initiation is antecedent 
meteorological conditions, which can cause soil or snow saturation prior to a relatively small 
triggering storm. Sidle et al. (1985) showed that antecedent weather conditions are critical in 
the relationship between precipitation and landslides. Cannon and Ellen (1985), as well as 
Wieczorek (1987), included antecedent rainfall with existing intensity-duration data, arguing 
that the degree of saturation of the soil preceding the triggering storm will influence the timing 
of failures. Wieczorek's threshold plots below Caine's envelope, whereas Cannon and Ellen's 
threshold for "abundant" debris flows lies above Caine's worldwide curve. 

Hogan and Schwab (1991) documented meteorological conditions that lead to landslide events 
in the Queen Charlotte Islands. They also determined a threshold for occurrence of mass 
movements by determining the relationship between meteorological conditions and the timing 
of slope failures. Hogan and Schwab (1991) concluded that precipitation levels sufficient to 
trigger hillslope failures occur frequently on the Queen Charlotte Islands. Stratifying their data 
into storms with dry antecedent conditions versus storms with wet antecedent conditions, they 
developed two thresholds that were plotted together with Caine's (1980) and Innes' (1983) 
envelopes (Figure 4.1). Hogan and Schwab (1991) found that antecedent moisture conditions 
are particularly important during low magnitude-high frequency storms. The comparison of 
these three data sets illustrates the extreme spatial variability and the contingency of control 
mechanisms for debris flow initiation, indicating the difficulty of identifying a common 
precipitation threshold. 

In summary, many studies have demonstrated a correlation between precipitation factors and 
the occurrence of debris flows, but the majority of investigations were unable to explain or 
predict observed debris flow occurrence based on precipitation only. The principal problems 
arising from these studies are (i) the inadequacy of the available monitoring networks; (ii) the 
lack of data on mobilizable sediment within a basin, which must exert a strong control on the 
potential for debris flow occurrence; (iii) the heterogeneity of surficial materials, and (iv) the 
variety of debris flow triggering mechanisms, which may depend on different precipitation 
thresholds, which themselves are highly variable over time. Neither the available monitoring 
network could be improved, nor were data on sediment availability or extensive data on surficial 
materials available for modeling in this study. Caine's (1984) research and other studies have 
shown that there seems to be some potential in correlating climatic data with the occurrence of 
debris flows. However, Caine's envelope included precipitation intensity only which is 
probably insufficient for predictive purposes in mountainous environment where snowmelt can 
contribute considerably to runoff. For this reason, other variables were included in this study. 

4.2 Research Objectives 

The objective of this section is threefold: First, to correlate dendrochronologically dated debris 
flows with historically documented rainstorms. The goal of this correlation is to link each debris 
flow event with one distinct hydroclimatic event. Only undisturbed watersheds were sampled 
to eliminate possible confounding factors introduced by logging and road building in the 
watersheds. 

Second, to identify the impact a given storm had with regard to the initiation of debris flows 
over a larger area. This will allow a spatial assessment of the severity of a storm with respect 
to debris flow initiation. 
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Third, to use runoff as a surrogate variable for rainfall and snowmelt to determine a critical 
threshold of peak discharge retum intervals that, if surpassed, initiates debris flows. Rather than 
using this threshold as a means for real-time prediction of landslides, it identifies return intervals 
that may be critical for debris flow initiation. 

4.3 Research Design And Methodology 

According to the research objectives, the first step was to establish a comprehensive data set on 
debris flow occurrence in largely undisturbed watersheds. Obtaining accurate dates is rarely 
possible given the fact that documentation of mass movements are usually too imprecise to 
assign a specific mechanism to the event. Debris flows, earthflows, rockfalls are often referred 
to as "slides". For this reason, only debris flows were considered. 

Debris flow sites were identified by geomorphic criteria such as the presence of marginal levees 
bordering channels and steep fronted terminal lobes consisting of unstratified coarse, poorly 
sorted to unsorted clasts. These criteria are usually well suited to distinguish between debris 
flow deposits and those deposits created by water floods and hyperconcentrated flows (Costa, 
1988). 

Debris flows were then dated by dendrochronology. This method is based on the seasonal 
formation of cambium. The formation of dense, dark latewood and less dense light colored 
earlywood, particularly in coniferous wood, allows the counting back to the event which 
damaged the wood. These impact scar are easily distinguishable by asymmetrical callous-like 
overgrowth. 

4.3.1 Study Prerequisites 

In order to successfully apply dendrogeomorphological methods in debris flow basins, 
several site conditions must prevail. The debris flow fan, and preferably the area 
adjacent to the channel must support trees. In most cases, coniferous trees will yield 
less ambiguous results than deciduous trees since earlywood and latewood boundaries 
are better defined for most coniferous species, which considerably facilitates dating. 
Ideally, trees should be growing close to the active channel margins or within the 
channel, because these trees are most likely to contain a good record of debris flows by 
offering datable scarred wood tissue (Figure 4.2). 

The age of the trees must considerably exceed the date of several events to provide a 
means to determine recurrence intervals. The older the trees along the channel and 
within the zone of deposition, the longer the obtainable record. In order to apply dating 
using the formation of reaction wood, trees on the debris flow fan must be injured or 
disturbed to the extent that vertical stress on roots and lateral stress on the lower stem 
favors the formation of reaction wood. Very thin layers of debris are unlikely to 
produce a growth reaction particularly in the case of mature coniferous trees with 
considerable stem diametres. 

In total, 350 wedges and discs were sampled for laboratory analysis. The samples were 
sanded to high finish and rings counted using a binocular microscope. To facilitate 
dating, only living trees were sampled, which avoids the time-consuming and difficult 
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task of cross-dating. Missing rings or false rings are uncommon in an environment 
where sufficient water is available at any time during the growth season (e.g. Jakob, 
1996). Debris flow events were then recorded as the year(s) of occurrence. In all cases 
latewood was not visibly damaged, indicating that debris flows had occurred in the 
dormant season. This information is very interesting and important for management 
purposes since it implies a very high probability that debris flows in the study area will 
occur during the fall and winter, but are very unlikely to occur during the summer 
months. It also implies that either antecedent moisture is very important in determining 
when a slope is prone to fail, orland that summer storms (either convective or synoptic) 
are of insufficient intensity to trigger debris flows in the study area. 

The debris flow date was then recorded as e.g. 1974175 implying that the debris flow 
could have occurred at any time between September (the end of the growth season) of 
1974, and approximately AprilMay 1975, which marks the onset of the growth season. 
This onset is dependent on the tree species, and the elevation at which the tree grows. 
The method leaves a large time margin in which debris flows could have occurred. The 
linkage of the year of the event with the most likely calendar date will be discussed in 
the following section. 

4.3.2 Determination Of Exact Dates Of Debris Flow Occurrence 

Two sources were used to link dendrochronologically derived dates to the most probable 
dates of debris flow occurrence. The first were climate data gathered from three 
different stations at Terrace, which is conveniently located central to the investigated 
debris flow sites. The second source of data is an extensive compilation of rainstorm 
and flood damage for northwestern British Columbia from 1891 to 1991 (Septer and 
Schwab, 1995). 

Extreme rainfall data were extracted for the 1 day, 2 day, 3 day and 7 day maxima, and 
ranked accordingly for each of the three weather stations. These dates were then 
compared to the dendrochronologically determined dates. The underlying assumption 
that allowed this date link is that dated debris flow events during a given year coincide 
with extreme precipitation events that caused significant damage in their wake. For 
example, tree-ring evidence suggests a storm which seemed to have affected a large area 
in the dormant season of 1978/79. The most significant precipitation event during this 
period is the October 29-31 rainstorm that ranks highest and second highest at the 1 ,2 ,  
3, and 7 day duration for the Terrace (2) weather station and highest for the Terrace 
Airport weather station. Therefore, it seems very likely that the 1978179 event can be 
assigned to the October 29-3 1 rainstorm. 

Evidently, not all debris flow events can be unequivocally linked to discrete storm 
events because several significant storms may have moved through the area during one 
rainy season, and because precipitation measured in Terrace is unlikely to be 
representative for the entire study area. Also, rain-on-snow events or a rapid rise in 
freezing-level that causes accelerated snowmelt, may contribute considerably to soil 
water content and ultimately runoff, but are not expressed in the precipitation data alone. 
For this reason it seems important to add further variables to narrow the choice of 
possible dates which was accomplished by making extensive use of the compilation of 
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flood and rainstorm damage by Septer and Schwab (1995). This comprehensive review 
of newspaper articles, resident interviews, technical reports, scientific publications, ship 
logs and diaries helped to determine the severity of a given storm and thus aid in the 
linkage process. Using this resource, the most significant storm defined by rainfall 
intensity, damage, runoff, and area affected was determined and listed in Appendix A. 

In many cases, the onset of the high intensity storms as determined from rainfall data 
alone, and the dates determined by examining the historical evidence often differ by 
several days. Climatic records usually suggest the same storm, and the dates only differ 
because the defined onset or major damage occurred on different days. The historical 
data are therefore listed in time brackets rather than discrete dates. As pointed out 
earlier, one might criticize that there is no absolute proof that this type of date link 
between the dendrochronolgically derived year of occurrence and the historically and 
precipitation-based date is necessarily correct. The dates determined in this way should 
therefore not be quoted as facts, but as dates that represent a high likelihood of debris 
flow occurrence. 

4.3.3 Debris Flow Frequency 

One further important outcome of this research is the establishment of debris flow 
frequencies. Frequency, F, is defined as the number of events per year, which is 
equivalent to the inverse of the return interval, R. Debris flow frequencies are important 
in several ways. 

First, the knowledge of an average return period of debris flows will allow appropriate 
management on or around the debris fan. Without this knowledge, particularly for low 
frequency systems, physical evidence of debris flows may be overgrown or weathered 
to an extent where it is no longer obvious even to people that are familiar with this 
phenomenon. This may lead to development on areas that are not suited for 
construction. The determination of debris flow frequencies will allow a hazard rating 
similar to those ratings used in flood hydrology. 

Second, although magnitude determinations where not attempted in this study, future 
debris flows can be assessed with regard to their volume or peak discharge, which over 
time, will lead to the development of frequency-magnitude relationships. These 
relationships can then also be used to improve current management practices including 
development on the fan and within the debris flow basin. 

Third, information on debris flow frequency will allow an extension of the multivariate 
regression model developed by Jakob (1996). This model correlates magnitude and 
frequency to independent variables pertaining to the geotechnical and morphologic 
characteristics of the basin. 

Frequency was determined by counting the number of debris flows in the time period 
between the most recent event and the oldest recorded event, and dividing it by the 
number of years in this time window. The oldest recorded debris flow date is not 
necessarily suitable for inclusion in frequency calculations if it is substantially older 
than the majority of sampled trees. Including this date in the frequency calculations 
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