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EXECUTIVE SUMMARY 

This report summarizes analyses conducted to determine frequency – magnitude 
relationships of debris flows on the Cheekeye River fan complex.   
 
Frequency – magnitude analysis is based on two independent lines of research.  The first 
relies on physical evidence of previous debris flows deciphered from the stratigraphy of the 
Cheekeye River fan complex.  The second examines physical limitations of rock avalanches 
evolution into debris flows by water and sediment entrainment or by triggering a landslide 
outbreak flood, thus trying to identify an upper bound of possible debris flow volume. 
 
This report strongly capitalizes from a number of previous studies that have been conducted 
by various scientists and consulting firms.  Relevant findings from these studies are 
integrated into this report, though some assumptions and conclusions were revisited, 
updated or refined. 
 
BGC’s analyses indicate that debris flows from Cheekeye River can likely be separated into 
two quasi homogenous populations.  The first population combines those flows that are 
typically triggered by relatively small (thousands to tens of thousands cubic metres) debris 
avalanches, slumps or rock falls, while the second are debris flows that are thought to result 
from transformation of large (>1 million cubic metres) rock avalanches.   
 
Uniting all analyses conducted to date, BGC presents the following frequency – magnitude 
relationships. 
 

Return Period 
(yrs) 

Annual Probability 
(1/yrs) 

Size Class* Volume 
(Mm3) 

Peak Discharge 
(m3/s) 

20 0.04 5 0.2 700 

50 0.02 5 0.4 1500 

100 0.01 5 0.6 2500 

200 0.005 5 0.8 3400 

500 0.002 6 1.4 6700 

2500 0.0004 6 2.4 12,600 

10,000 0.00001 6 2.8 15,000 

* after Jakob (2005) 

 
BGC concludes that debris flows exceeding some 3 million cubic metres in volume are 
unlikely to affect Cheekeye fan due to limitations in the available water to fluidize rock 
avalanches. 
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LIMITATIONS OF REPORT 

BGC Engineering Inc. (BGC) prepared this memorandum for the account of Kerr Wood 
Leidal (KWL) and MacDonald Development Corporation (MDC).  It presents the results of a 
frequency-magnitude analysis for debris flows on Cheekeye River.  Other hydrologic and 
geomorphic processes, such as flooding, debris floods and bank erosion are not explicitly 
included in this study.   
 
The material in this memorandum reflects the judgment of BGC staff in light of the 
information available to BGC at the time of report preparation.  Any use which a Third Party 
makes of this memorandum or any reliance on decisions to be based on it is the 
responsibility of such Third Parties.  BGC accepts no responsibility for damages, if any, 
suffered by any Third Party as a result of decisions made or actions based on this report.  In 
particular, BGC accepts no responsibility for changes in real estate values that may occur as 
a consequence of this memorandum. 
 
As a mutual protection to our client, the public, and ourselves, this memorandum is submitted 
for the confidential information of KWL and MDC, but can be used reasonably by MDC for 
the purpose of subdivision approval.  Authorization outside of this use for publication of data, 
statements, conclusions or abstracts from or regarding this report and drawings is reserved 
pending our written approval. 
 
Anyone outside KWL and MDC receiving a copy of this memorandum ought to recognize that 
these documents represent an interim step in the risk management process as defined by 
Canadian Standards Association Guidelines.   
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1.0 INTRODUCTION 

BGC Engineering Inc. (BGC) has been retained by Kerr Wood Leidal Associates (KWL) to 
conduct a detailed study on frequency-magnitude relationships of debris flows on Cheekeye 
fan.  The objectives of this report are: 

• to summarize scientific and engineering studies that have been conducted on 
Cheekeye fan; 

• determine frequency and magnitude of debris flows originating from the upper 
Cheekeye River basin and travelling past the fan apex; and 

• provide suitable input parameters for debris flow modelling. 
 
This report was written by BGC with input from Cordilleran Geoscience.  It has been 
reviewed by Kerr Wood Leidal Associates (KWL) as well as the Peer Review Group 
consisting of Drs. Robertson, Morgenstern and Hungr. 
 
This report forms the scientific basis for debris flow modelling and risk analyses that are 
integrated in the overall risk management program. 
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2.0 BACKGROUND 

Cheekeye River has been the subject of two comprehensive consulting reports as well as 
some ten academic studies focusing on aspects of the fan stratigraphy, Quaternary history of 
fan development, debris flow hazard and risk.  The fan’s sedimentary architecture and 
Holocene geomorphic evolution are reasonably well understood, and numerous debris flows 
have been dated by a combination of radiometric and dendrochronological methods.  Debris 
flow volume and peak discharge estimates have thus far been hampered by incomplete or 
missing evidence or indirect back-calculations that would allow more reliable determinations 
of these variables.  As with most geomorphic studies, some uncertainty will also remain.  In 
the case of the Cheekeye River fan, debris flow deposits in the most distant past are less 
well understood with regard to their magnitude than near-surface deposits. 
 
This study has closed some gaps in the understanding of frequency-magnitude relationships 
on Cheekeye fan, and has now produced the most complete record of debris flows produced 
to date. 
 
2.1 The Scientific Basis 

The long-term geomorphic evolution of the fan as well as stability characteristics of the 
potential source areas in the upper Cheekeye River watershed need to be understood to 
arrive at frequency – magnitude relationships for debris flows on Cheekeye River.  This 
information can then provide input parameters for quantitative risk analysis.   

With regard to characterizing fan stratigraphy and debris flow history, the work completed 
prior to the present study included test trenching and radiocarbon dating, ground penetrating 
radar, dendrochronology and compilation of historical data.  The studies dating back to the 
early 1950s conducted on Cheekeye River relevant to its hazard and risk aspects are 
summarized herein as they build the foundation on which this report is based. 

2.1.1 Mathews (1952, 1958) 

The first scientific study of the Cheekeye fan dates back to the late 1940s and 1950s.  
William H. Mathews, while a Ph.D. student at the University of California, conducted 
pioneering work on the volcanic rocks and glaciers in Garibaldi Provincial Park and showed 
that Mount Garibaldi erupted repeatedly during the waning stages of the Fraser Glaciation 
(Mathews 1952, 1958).  He demonstrated that part of the volcano had formed on and against 
the late Pleistocene glacier in the adjacent Squamish valley.  As the glacier retreated, the 
west flank of the volcano collapsed to form ice-contact terraces and kettled terrain underlying 
the area now encompassed by Alice Lake Park and the Garibaldi Highlands neighbourhood 
(Drawing 1). The collapsed debris was subsequently incised, reworked and redeposited, with 
additional material eroded from the Cheekeye basin, to form the “lower Cheekeye fan” that 
the subject of the present study. 
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2.1.2 Jones (1959) 

A debris flow swept down Cheekeye River to Squamish River in August 1958, alerting the 
British Columbia Government to the potential landslide hazard in the area. Jones (1959) 
described the event as a single surge of debris up to 3 m deep travelling at 8 m/s at the 
confluence with Cheakamus River.  It was a confined debris flow and did not overtop the 
channel at the main northerly bend, or “dogleg”. It crossed Cheakamus River and formed a  
5 m thick dam of logs and boulders.  Eisbacher (1983) estimated a volume of 100,000 m3 for 
this event, although it is very difficult to estimate an event that looses much of its material 
due to fluvial erosion during the early stages of the event.  Anecdotal evidence of a similar 
debris flow occurrence in the early 1920’s was also mentioned. 
 
2.1.3 Crippen Engineering (1974, 1975, 1981) 

A hazard analysis of the fan was conducted in the early 1970s in response to the proposed 
development the “Tantalus Project”. This was completed by Crippen Engineering who 
produced three reports, in 1974, 1975, 1981: The 1974 report was the background study and 
hazard evaluation; the 1975 report was the design for the proposed protective works; and 
finally, the 1981 report was a review of their previous findings to address concerns raised by 
local geologist Frank Baumann, P.Eng. who wrote several letters suggesting the potential for 
a 30 million m3 landslide from the Cheekeye linears, with a frequency of hazard of perhaps 
one in 3700 years, which would present an unacceptable hazard.  
 
Crippen Engineering (1974) concluded on the basis of an analysis of the Cheekeye basin, 
inspection of available exposures, soil development on the fan, and direct appeal to the 
recently published paraglacial model of Church and Ryder (1972) that: 
 
“In essence therefore we believe that the fan is a creation of the geologic past, and that the 
conditions for its further large scale development [of the fan] no longer exist.  There is little 
doubt that no catastrophic events have occurred on the fan for several centuries.  
Furthermore the possibility of a major natural catastrophe occurring on the fan is low.” 
 
Crippen Engineering (1975) developed a land-use plan for a design debris flow of about 
5x105 m3, their estimate of the largest probable rainfall-generated debris flow in the basin.  
Their highest hazard area, considered unsuited for development, was located near the apex 
of the fan above the 90 m contour and along the lower Cheekeye River at the Cheekeye 
subdivision (Drawing 1).  Development down fan to about the 30 m contour on the southern 
sector was considered feasible only with mitigation.  The most distal part of the southern 
sector, below about 30 m elevation was considered developable under existing conditions.   
 
Crippen’s 1981 review concluded: 
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“It is, therefore, our considered opinion that the enormous slide postulated by Frank 
Baumann, P.Eng. has a very low probability of occurrence, much lower than the 1 in 3700 
years quoted by him.  Moreover, if it should occur it would not reach the fan. Occurrences 
that reach the fan require sufficient amounts of water so that they progress as mudflows.  
Since the available amounts of water are limited by the topography and hydrology of the 
basin, the size of catastrophic flow events remains limited as discussed in 1974 and 1975.” 
 
2.1.4 Baumann (1981, 1991) 

In 1981, local geologist Frank Baumann, P.Eng. discovered fossil wood in an exposure at the 
eroded margin of the lower Cheekeye fan along Squamish River (Drawing 1). The wood was 
collected from a sand layer 13 m below the fan surface and yielded a radiocarbon age of 
5890 ± 100 14C yr BP (6600-6900 cal yr BP), (GSC-3256) that demonstrated that significant 
aggradation has occurred on parts of the fan since that time (Eisbacher 1983).  This 
indicated that the fan surface could still be vulnerable to debris flows. 
 
In 1990, excavations at the municipal landfill, in the centre of the fan, exposed numerous 
logs buried beneath 5 m of debris flow diamicton.  Two wood samples from buried logs 
yielded radiocarbon ages between 1100-1200 14C yr BP (1000-1300 cal yr BP).  Based on 
surface expression, Baumann (1991) mapped the unit and concluded it avulsed from the 
dogleg north of the Municipal landfill, covering an area of 84 ha on the lower fan. This 
discovery confirmed the continuing vulnerability of the fan to debris flows. 
 
2.1.5 Thurber-Golder (1993) 

The discovery of the Garbage Dump event, and continued development pressure led to the 
commissioning of a hazard study by Thurber Engineering - Golder Associates, completed in 
1993 (T&G 1993).  This was the single largest and most comprehensive hazard study 
conducted in British Columbia up to that time. It included a frequency-magnitude assessment 
of all hazard types (seismic, volcanic, avalanche, debris flow, flooding) combined with a 
detailed risk assessment. 
 
In 1991 and 1992 about 50 test pits were excavated and logged on the lower fan, consisting 
of about 43 shallow (<3 m deep) pits in 1991 and a further 6 deep (<10 m deep) pits in 1992.  
They also reviewed 16 water well logs, and produced a detailed log of the Squamish River 
exposure, a 15 m tall river cutbank along the distal margin of the fan, and first described by 
Eisbacher (1983).  Using this approach, they produced a stratigraphic model for the surface 
fan deposits (Figure 3.24 in T&G 1993).  They calculated that 3.5 x 107 m3 of sediment had 
been deposited on the lower fan over about the last 7000 years.  They suggested that about 
fifty percent of this sediment was matrix-supported debris flow deposits containing 10-30% 
silt and clay by volume. 
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Based on the test pitting results, they defined (in T&G 1993 Section 3.4.3 Lower fan) two 
large debris flows that affected the lower fan in the Holocene: 1) the Surface Unit, and 2) the 
Squamish River unit.  They correlated the Surface Unit with the GD event of Baumann 
(1991), while the Squamish river unit was correlated with a diamicton exposed in the 
Squamish River section and first dated by Baumann (Eisbacher 1983). 
 
The surface unit, or GD debris flow, was drawn (Figure 3.25 in T&G 1993) as a very large 
composite unit, far exceeding the area mapped for the GD by Baumann (1991): north of 
Squamish Valley Road this outline looks similar to the GD event mapped by Baumann 
(1991); however, on the southern fan sector a lobe was extended from the apex to the 70 m 
contour. The lower fan geology map (Figure 3.4 in T&G 1993,) indicates a larger surface 
area covered by Holocene debris flow than shown for the Surface Unit on Figure 3.25 in the 
same report.  The geology map also shows a smaller polygon described as “approximate 
outline of topographic lobate forms”. It is not explained in the report how the mapped geology 
(Figure 3.4) was translated into the Surface unit (Figure 3.25).  Baumann, who was retained 
by T&G to log test pits, related to Friele in 1998 that he did not agree with the final 
delineation of the GD event on the basis that surface debris on the south sector of the fan 
had a much different colour and must represent a distinct event.  T&G (1993) used an area 
of 3.76 km2 and an average thickness of 1.9 m to yield a volume of 7 million m3, which 
subsequently was regarded as the largest credible event. 
 
The Squamish River unit was only directly dated at one site, the Squamish River exposure 
(Figure 3.23 in T&G 1993), where a sample from a diamicton 15-m below surface yielded an 
age on 6595±90 14C (7400-7700 cal yr BP; GX-17894) (Table 1).  This diamicton was 
correlated in Figure 3.24 (T&G 1993) to diamictons in two other pits on the basis of minimum 
bracketing ages from alluvium overlying diamicton.  Based on its assumed areal extent and 
thickness in section they estimated a volume of about 3 million m3.  
 
However, examination of stratigraphic relations indicates that the Squamish River unit may 
be an artefact of inference, since the correlated diamictons are not directly dated with 
statistically similar ages, nor are they closely bracketed.  For example, in TP92-3 (Figure 
3.19 in T&G 1993) a date of 5975 14C  from 6 m depth was taken from charcoal in a sand unit 
(unit 5) overlying an undated 1.5 m thick diamicton (unit 6).  Similarly, in test Pit 92-1 (Figure 
3.17 in T&G 1993), sand and gravel dated to 5660 14C BP overlies an undated diamicton.  In 
both cases the underlying diamicton was correlated to the Squamish River unit, indirectly and 
with no bracketing maximum age. Thus, the occurrence of Squamish River event should be 
regarded as speculative.  
 
Thurber Engineering - Golder Associates (1993) produced a probability-of-exceedence plot 
(Figure 11 in T&G 1993) based on knowledge of the volume of sediment deposited in the last 
7500 years, the proportion of debris flow material in the near-surface fan, and the estimated 
magnitudes of the two largest events.  They assumed that the largest event, the Surface 
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Unit, had a volume of 7 x 106 m3 (Thurber Engineering - Golder Associates 1993; Sobkowitcz 
et al. 1995), and this became the design event.  Several hazard zones were established 
(Figure 9.2 in T&G 1993,), similar in layout to Crippen (1974, 1975). 
 
2.1.6 Friele and Ekes (1999) 

Ground penetrating radar profiles along the strike of the lower fan achieved penetration up to 
50 m below surface, revealing clearly defined foreset beds beneath the alluvial topset beds 
(Friele and Ekes 1999).  Based on the elevation of the foreset/topset contact it was possible 
to correlate the early progradation of the fan to raised marine deltas in Howe Sound dated to 
10,200±100 14C yr BP (11,600-12,400 cal yr BP; GSC-6236).  Thus establishing a 
chronology for growth of the lower fan from 12,000 years ago to present.  Based on this work 
a Holocene sediment budget was developed for the lower fan. This exercise demonstrated 
that the sediment yield followed an exponential decline typical of post-glacial fans in British 
Columbia (i.e., the paraglacial model; Church and Ryder 1972).  At this point in time, both the 
view that the fan was a product of the geologic past (Crippen 1974) and that a serious debris 
flow hazard remains (Baumann 1991, T&G 1993) were tenable. 
 
2.1.7 Ekes and Hickin (2001), Ekes and Friele (2003) 

Ekes and Hickin (2001) collected over 27 km of ground penetrating radar from lower 
Cheekeye fan.  From this a suite of 10 radar facies were developed, representing subfan 
bedrock and till, subaqueous deltaic (foresets), subaerial alluvial fan (sheetflood and debris 
flow), and Squamish River floodplain depositional settings. 
 
An architectural model for the lower Cheekeye fan was developed from GPR surveys (Ekes 
and Friele 2003).  Over much of the fan, steeply dipping, linear reflectors are truncated by a 
sequence of reflectors dipping parallel to the surface.  The contact between the two radar 
units is interpreted as separating subaqueous deltaic sediments from subaerial fan 
sediments.  The contact is diachronous and slopes down-fan, indicating that relative sea 
level fell as the fan grew (Friele et al. 1999). 
 
The subaerial package is divisible into two radar facies: one unit is characterized by 
undulating to hummocky reflectors and is found at depth and near the fan apex.  The second 
unit has mainly planar reflectors and is found near the surface and at the margins of the fan.  
Surface exposures suggest that the first unit is composed of matrix-rich debris flow deposits 
and the second unit consists of clast-rich debris flow, hyper-concentrated flow, and channel 
lag deposits.  
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2.1.8 Friele and Clague (2002a, b) 

Friele and Clague (2002a, b) documented and described the late Pleistocene geology of 
lower Squamish Valley and Howe Sound.  Based on exposures and radiometric techniques 
not available to Mathews in the 1950s, they were able to provide a chronology for the events 
he described in his pioneering work.  Friele and Clague (2002a) established that the Sumas 
glacial stade was responsible for the formation of the Porteau end moraine in Howe Sound, 
and that a Younger Dryas ice advance occurred just prior to complete withdrawal of 
Pleistocene glaciers from Squamish Valley.  Friele and Clague (2002b) demonstrated that 
the collapse of Mount Garibaldi and formation of the upper fan deposits was intimately 
associated with the Younger Dryas ice margin, 12,800 years ago. 
 
2.1.9 Clague, Friele and Hutchinson (2003) 

Cores recovered from Stump Lake, located just upstream of the fan apex, were used to 
constrain the maximum size of debris flow affecting the lower fan during the Holocene 
(Clague et al. 2003).  Stump Lake is fed by ground water and has no inlet streams, thus the 
sediment that normally accumulates in the lake is fine organic matter, or gyttja.  However, its 
outlet sill is less than 10 m above the base of the modern channel, and only 50 m from the 
lake edge.  Thus, it was postulated that the lake could receive sediment from very large 
debris flows travelling down Cheekeye River. 
 
Four cores retrieved from the lake provided similar records. Diatom assemblages recorded 
an early debris flow that deepened the basin before 10,000 14C yr BP (ca. 11,600 cal yr BP; 
Table 2) and established the sill elevation of the modern lake. A second debris flow entered 
the lake between 6500 and 6200 14C yr BP (7500 and 7100 cal yr BP; Table 2).  No other 
debris flows affected the lake. Using two surveyed cross-sections extending north from the 
lake across Cheekeye River, a Newtonian flow model (Hungr et al. 1984) was applied to 
estimate velocity and peak discharge of the second debris flow.  The analysis yielded a 
velocity of 15-30 m/s and a peak discharge of 15,000 - 30,000 m3/s.  By applying an empirical 
relation between peak discharge (Q) and total debris volume (V) obtained from a global data 
set of non-granitic debris flows, 
 
V = 794.6Q0.849 (1) 
 
(Mizuyama et al. 1992; Jakob and Bovis 1996), the average volume of the debris flow was 
estimated to be 3-5 x 106 m3 (Clague et al. 2003). 
 
A number of refinements and revisions to the T&G (1993) report resulted from Clague et al 
(2003): 
 

1. The Stump Lake event was correlated with the Squamish River unit postulated by 
T&G (1993). 
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2. Contrary to T&G (1993), they concluded that the Stump Lake event was larger than 
the Garbage Dump event, which did not register in the lake. The volume estimate for 
the Stump lake event was 3-5 million m3. Thus the Garbage Dump event had to be 
smaller. 

3. A new minimum age of 810±60 14C yr BP (700-800 cal yr BP; GSC-6639) was 
reported for the Garbage Dump event. 

4. A 1998 exposure at the Garbage Dump was described revealing a 10 m thick 
sequence of four distinct diamictons separated by paleosols, the base of the 
sequence resting on gravel that yielded an age of 4810 ± 80 14C yr BP (5500-5700 cal 
yr BP; GSC-6293). The upper unit being the 5-6 m thick Garbage Dump deposit and 
the three underlying being 1-1.5 m thick, intermediate sized debris flows, as classed 
by T&G (1993). 

5. They demonstrated that the mapping of widespread Holocene debris flow deposits in 
Alice Lake Park (Figure 3.4 in T&G 1993,) was in error, and that the earlier mapping 
by Ryder (1981) was correct. 

 
2.1.10 Kerr Wood Leidal (2003) 

In 2003 the British Columbia Ministry of Water, Lands and Air Protection provided a 
mitigation option, consisting of a series of protective dykes on the lower fan, that they wanted 
evaluated by computer modelling.  The design debris flow was designated as the 1/10,000 
year event with a volume of 7 million m3, after T&G (1993).  
 
Kerr Wood Leidal (2003) reviewed the recent results of Clague et al (2003).  They argued 
that since the Cheekeye River feeder channel is 5 km long and has a relatively low gradient 
(4.7°), the lower bounding velocity and peak discha rge were more appropriate.  Using the 
95% confidence limit of the relation for volcanic debris flows (Equation 1 above); a 15,000 m3 

s-1 discharge yielded a maximum total debris volume of 5.4 x 106 m3.  They concluded that 
the record from Stump Lake indicated that the largest event to affect the lower fan during the 
Holocene was no larger than 5.5 x 106 m3.  
 
Kerr Wood Leidal modelled scenarios for the 3, 5.4, and 7 million m3 events, under existing 
conditions and with mitigation for the 7 million m3 event. Under existing conditions all events 
inundate the neighbourhood of Cheekeye along lower Cheekeye River near the confluence 
with Cheakamus River, but only the 5.4 and 7 million m3 events impact residential areas of 
Brackendale on the southern sector of the fan.  The Highway 99 corridor was proven to be a 
conduit for debris. 
 
2.1.11 Jakob and Friele (2004) 

Jakob and Friele (2004) traversed both the north and south banks of modern Cheekeye 
River channel between Alice Lake Park and Cheakamus River, to identify and sample trees 
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scarred by debris flow activity.  Where scarred trees existed along bedrock confined reaches, 
channel cross sections were measured to estimate peak velocity, discharge, and volume by 
the methods used by Clague et al (2003).  A sample of 45 tree stem disks and 4-mm-
diameter cores, some with several scars of different ages, recorded nine channelized debris 
flows over the last 200 years, with return intervals of 10-20 years. Velocity estimates, based 
on surveyed cross-sections, were 7-8 m s-1.  Estimates of peak discharge ranged from 800-
2800 m3 s-1, corresponding to volumes for channelized debris flows of 200,000-700,000 m3.  
Of the nine events in the last 200 years, seven were recorded on the right bank of 
Cheakamus River across from the mouth of Cheekeye River, demonstrating that temporary 
damming of Cheakamus River by Cheekeye River debris flows, as occurred in 1958 (Jones 
1959) is a frequent occurrence. 
 
2.1.12 Friele and Clague (2005) 

Friele and Clague (2005) compiled and summarised all previous research on Cheekeye fan, 
providing an example of multifaceted approach to debris flow hazard assessment.  In they 
presented a detailed model describing the Holocene evolution of lower Cheekeye fan 
(Drawing 2). 
 
2.1.13 Friele and Clague (2008) 

Discovery of wood within recent excavations in the ice-contact deposits of the upper fan at 
the Garibaldi Springs development allowed the first direct dating of the late-Pleistocene 
upper fan deposits. This allowed calculation of a sediment budget extending from the onset 
of deglaciation, some 13,000 years ago, to present (Friele and Clague 2008), building on the 
work of Friele et al (1999).  They conclude that although long-term sediment yield follows the 
primary exhaustion model (Church and Ryder 1972), characteristic of the paraglacial 
response for small catchments (Ballantyne 2002), at Quaternary volcanoes stochastic debris 
flows will punctuate the pattern of sediment yield. Such events clearly present both direct and 
indirect, downstream hazards. 
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3.0 QUATERNARY HISTORY OF CHEEKEYE FAN 

Cheekeye basin terminates on the steep (>45º) slopes of the west flank of Mount Garibaldi.  
It has an area of 26 km2, relief of 2200 m, and an average basin slope of 25o.  The basin is 
extensively gullied and supports a fourth-order channel network. Sediment eroded from 
Cheekeye basin has formed the Cheekeye fan, a complex feature consisting of late 
Pleistocene ice-contact rock avalanche and debris flow deposits, and Holocene debris flow 
and fluvial deposits (Drawing 1). 
 
3.1 Growth of the Garibaldi Volcanic Complex 

Mathews (1952) showed that the summit of Mount Garibaldi formed after the last glacial 
maximum, which locally dates to about 17,000 years ago (Clague, 1981; Porter and 
Swanson, 1998).  He suggested, on the basis of alteration characteristics of basement rocks 
in Cheekeye basin, that the surface of the downwasting Cordilleran ice sheet stood at or 
below 1300 m asl when an explosive eruption built Mount Garibaldi.  Pyroclastic flows from 
this eruption covered ice filling Cheekeye basin.  Soon thereafter, the trunk glacier in 
Squamish valley readvanced and deposited granitic erratics up to 1660 m asl on the 
volcano’s west flank. 
 
Friele and Clague (2002a) documented a readvance of the Squamish valley glacier 13,500-
12,900 years ago to the Porteau Cove end moraine, 35 km south of Mount Garibaldi 
(Table 1).  A line extending from the uppermost granitic erratics noted by Mathews to the 
Porteau end moraine has a slope of 3-4o, similar to large valley glaciers in the Coast 
Mountains today.  On that basis, Friele and Clague (2008) inferred that the summit cone of 
Mount Garibaldi formed shortly before 13,500 years ago. 
 
3.2 Deglaciation 

Retreat of the Squamish Valley glacier from the Porteau end moraine debuttressed the west 
flank of Mount Garibaldi, causing it to collapse (Mathews 1952). By 12,800-12,500 years 
ago, ice had thinned considerably, and the ice surface in Cheekeye basin stood at about 500 
m asl (Drawing 2, Table 1; Friele and Clague 2002b).  Debris derived from the collapse of the 
west flank of Mount Garibaldi was carried down Cheekeye River, but was deflected south 
down Mashiter and Hop Ranch creeks along the decaying ice margin and into an ice-
marginal lake.  The lake overflowed to the south into Stawamus River valley and, from there, 
into Howe Sound (Mathews 1952; Friele and Clague 2002a).  Radiocarbon ages from raised 
marine deltaic sediments at the mouth of Stawamus River (Friele et al. 1999) and from ice-
contact sediments exposed at the Garibaldi Springs section (Friele and Clague 2008) 
indicate ice persisted in lower Squamish Valley until 11,300 years ago (Table 1). 
 
Continuing decay and final stagnation of the valley glacier are documented by a series of 
successively lower terraces and kettle lakes north and south of Cheekeye River (Mathews 
1952).  A basal radiocarbon age of 10,020 ± 80 14C yr BP (12,000-11,300 cal yr BP) from 
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Stump Lake (Table 1; Clague et al. 2003) is a minimum age for deglaciation of middle 
Cheekeye fan.  Deglaciation of the Cheekeye basin thus lasted from about 13,000 to 11,300 
years ago. 
 
3.3 Postglacial Phase 

At the close of the Pleistocene, Howe Sound extended several tens of kilometres north of its 
present head, and lower Cheekeye fan prograded into the sea (Hickin 1989).  Ground 
penetrating radar (GPR) data (Friele et al 1999) indicate that most of lower Cheekeye fan 
was deposited when sea level was falling due to local isostatic rebound between 12,000 and 
10,000 years ago. 
 
Sometime after 10,000 years ago, the fan extended across, and blocked, the fjord, 
impounding a lake in Squamish valley to the northwest. Squamish and Cheakamus rivers 
then crossed the toe of the fan, ultimately incising it and lowering local base level.  The depth 
and distribution of radiocarbon ages from fan sediments indicate that incision of the 
paleochannel in the central sector of the fan was complete by 7500 years ago (Friele and 
Clague 2005).  Thus, most sediment transfer to lower Cheekeye fan took no more than 4000 
years following complete deglaciation of Howe Sound (Table 1).  A series of a least five 
debris flows exceeding about one million m3 avulsed from the dogleg north of the Municipal 
landfill and plugged this paleochannel (Friele and Clague 2005).  The largest of the events is 
believed to be the Stump Lake event (Squamish River unit), with a volume of 3-5.5 million m3 
(Clague et al 2003; Kerr Wood Leidal 2003).  The last large debris flow occurred 800 years 
ago, the so-called Garbage dump debris flow (Surface unit) with a volume of less than 3 
million m3 (Friele and Clague 2005). 
 
3.4 Sediment Budget 

To determine a paraglacial sediment budget, Friele and Clague (2008) assumed that Mount 
Garibaldi volcano erupted onto ice filling the Cheekeye basin below 1300 m asl, as 
suggested by Mathews (1952). Comparison of the inferred form of the original volcano and 
the present topography above 1300 m asl on its west side suggested that about 7.3 km3 of 
debris, or roughly half the original cone, were transferred to Cheekeye fan.  Friele et al. 
(1999) estimated that lower Cheekeye fan contains 1.6 km3 of debris, all but 0.2 km3 of which 
was deposited before 7500 years ago.  Accordingly, as much as 5.9 km3, or 80% of the 
available debris was deposited in ice-marginal positions on the upper fan during the late-
glacial phase from 13,000 to 11,500 years ago. 
 
Using the chronology of events established for the area (Table 2), volumes were converted 
to sediment to unit yield rates.  Sediment yield decreased by two orders of magnitude, from 
150,000 m3 yr-1 km-2 in the late-glacial period to 1000 m3 yr-1 km-2 after 7500 cal yr BP. The 
data from Cheekeye River basin support what has been termed the primary exhaustion 
model (Ballantyne 2002). 
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Table 1.  Selected radiocarbon ages relevant to the evolution of the Cheekeye Fan  

Age 
(14C yr BP) 

Calibrated age 
(cal yr before 
AD 2000)a 

Laboratory 
Number b 

Dated 
Material 

Latitude ( oN), 
Longitude ( oW) 

Comment Reference 

810±60 700-800 GSC-6639 Log 49o47.3’ 

123o08.8’ 

Lower fan. Sanitary landfill. Age of surface 
debris-flow (2-3X106 m3) unit. 

Clague et al. (2003) 

4810±80 5500-5700 GSC-6293 Sticks 49o47.1’ 

123o08.4’ 

Lower fan. Sanitary landfill, 10 m below surface. 
Maximum age for four overlying debris-flow units 

Clague et al. (2003) 

6210±60 7000-7300 TO-9228 Gyttja 49o47.1’ 

123o08.4’ 

Stump Lake. Minimum age for largest debris flow 
(3-5X106 m3) during Holocene. 

Clague et al. (2003) 

6590±130 7300-7700 TO-8275 Plant 

detritus 

49o46.2’ 

123o07.2’ 

Stump lake. Maximum age for largest debris flow 
(3-5X106 m3) during Holocene. 

Clague et al. (2003) 

6595±90 7400-7700 GX-17894 Charcoal 49o46.2’ 

123o10.0’ 

Lower fan. Minimum age for incision of 
paleochannel in central sector. 

Thurber-Golder (1993) 

7820 ± 95g 8500-9000 GX-17397 Charcoal 49o46.0’, 

123o08.3’ 

Lower fan. Pit, 0.8 m below surface. Minimum 
age for cessation of fan growth on southern 
sector. 

Thurber-Golder (1993) 

10,020±80 11,300-12,000 TO-9682 Twig 49o41.7’ 

123o08.4’ 

Basal sediments from Stump Lake. Minimum 
age for complete deglaciation of Howe Sound. 

Clague et al. (2003) 

10,090 ±70  12,130-11,280 Beta-203639 Wood 
fragment 

49o45.4’ 

123o07.8’ 

Garibaldi Springs section. Maximum age on ice-
contact edifice collapse deposits. 

Friele and Clague (2008) 

10,200±100 11,600-12,400 GSC-6236 Wood 
fragment 

49o41.7’ 

123o08.4’ 

Stawamus River raised marine delta. Minimum 
age for partial deglaciation of Howe Sound. 

Friele et al (1999) 

10,650±70 12,400-13,000 Beta-43865 Stump, 

insitu 

49o43.9’ 

123o05.3’ 

Ring Creek Section. Maximum age Younger 
Dryas ice margin. 

Friele and Clague 
(2002a, b) 

a Determined from dendrocalibrated data of Stuiver et al. (1998) using the program CALIB 4.2. The range represents the 95% confidence interval (±2σ) calculated 
with an error multiplier of 1.0. 

b Beta, Beta Analytic Inc; GSC, Geological Survey of Canada Radiocarbon Laboratory; GX, Geochron Laboratory; TO, Isotrace Laboratory. 
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4.0 GARBAGE DUMP DEBRIS FLOW VOLUME ESTIMATE 

In 2006, BGC carried out an investigation program on the Cheekeye Fan that involved: 

• excavation of 95 test pits to depths ranging from 2 m to 6 m (Drawing 3); 

• bulk sampling of the deposit assumed to be the Garbage Dump (GD) debris flow and 
underlying or overlying deposits for grain size analysis and petrographic analysis; and 

• radiometric dating of organic material found within, above and below the Garbage 
Dump debris flow deposit. 

 
The objective of this investigation was to trace the areal extent of the GD debris flow, 
determine its thickness at various locations and confirm by radiometric dating that the deposit 
originated as a single event.  Of approximately 45 organic samples collected, 16 were 
selected for dating.  The radiocarbon dates and locations of the select group of samples are 
shown on Drawing 3.  For clarity of presentation not all sample ages are plotted. 
 
This work was assisted by a LIDAR – generated topographic map and shaded relief image 
with a resolution of 0.5 m (Drawings 3, 5 and 6 base).  Debris flow volume for the GD event 
is defined as the total volume of debris deposited downstream of the fan apex.  The fan apex 
is located 200 m upstream of the Highway 99 crossing as indicated in Drawing 1. 
 
As part of this study it was decided that an accurate volume estimate for the Garbage Dump 
debris flow was critically important to the formulation of the probability of exceedance plot 
used in the risk assessment.  Based on previous work, estimates for the volume of the 
Garbage Dump event ranged from <3x106 m3 to 7x106 m3.  The largest estimates were 
based on the assumption that the event covered much of the southern fan sector (T&G 
1993), although Frank Baumann who was involved in the 1991 test pit excavations, 
disagreed with this assertion. Based on Baumann’s (1991) mapping the Garbage Dump 
event covered 84 ha and had a maximum thickness at the landfill excavation of 5-6 m. 
Therefore, according to Baumann, the event had a maximum volume of 5x106 m3.  The 
minimum estimates were indirect, based on the lack of Garbage Dump debris in Stump Lake 
(Clague et al 2003). 
 
4.1 Mapping 

To resolve this controversy a test-pitting program was executed. A series of 95 test pits, 
ranging in depth from 2-6 m were dug using a tracked excavator (for the sites where thickest 
depths were expected) or a rubber-tired backhoe (along the margins of the deposit where the 
thinnest depths occur).  The 2006 program differed from the 1991/92 program in a 
fundamental way: in 1991/92 the work was exploratory, with 50 pits distributed widely across 
the fan, with more sites around the margins and on the southern sector near Brackendale, 
than in the centre of the fan in the area of the main GD lobe. In fact, only the Municipal 
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Landfill excavation was dug in the area mapped by Baumann as the GD lobe.  In contrast, 
the 2006 program targeted the GD lobe, and observations from 96 pits and fan surface 
texture from high resolution LIDAR survey were employed in its delineation. 
 
In 2006, test-pitting started in the vicinity of the Garbage Dump, near the centre of the main 
lobe, and worked outward toward the margins.  In this way the typical matrix colour and 
texture, and degree of surface soil development became familiar and contrasts along the 
margins were readily detected.  Sampling followed existing trails through the Horth Woodlot, 
hydro right-of-ways and public roads.  In many cases the exact edge of the GD deposit was 
identified, such as between pit pairs 06-15/06-16, 06-20/06-45, 06-28/06-29, 06-33/06-34, 
06-41/06-42, 06-48/06-49, 06-56/06-58, 06-66/06-68, 06-62/06-87, and 06-69/06-70.  The 
Garbage Dump debris flow is grey, massive, matrix-supported, extremely poorly-sorted clay-
rich deposit containing 25-50% gravel.  The deposit rests on various materials, including 
gritty, muddy sands, gravels, and older diamicton deposits.  These materials typically support 
a soil horizon containing charcoal.  The lower 1 m of the deposit typically contains large 
wood fragments and logs.  The surface of the deposit lacks a well developed eluviated A 
horizon and an oxidized B horizon. 
 
To evaluate whether or not the GD event avulsed at the fan apex and travelled down toward 
the southern fan sector, six pits were dug in the vicinity of the Alice Lake Park/Highway 99 
interchange above the 120 m contour, eight pits were dug in a transect across the southern 
sector at about the 110 m contour, and five pits were dug south of Squamish Valley Road 
along the hydro right of way.  On the basis of deeply oxidized podzolic soil development, 
typically supporting a 3-5 cm thick leached Ae horizon, and several supporting radiocarbon 
ages (Pits 06-75 & 06-77; Table 2) yielding ages of 4550±50 14C yr BP (5040-5440 cal yr BP; 
Beta-222836) and 6840±50 14C yr BP (7590-7750 cal yr BP; Beta-222835), these transects 
clearly established that only a veneer of debris (<1 m) overtopped the channel near the apex 
and did not overtop the fan south of Squamish Valley Road. 
 
The main or primary lobe avulsed at the dogleg north of the Municipal landfill, covering an 
area of about 15 ha. in up to 6 m of debris.  This plug was then breached and a more fluid, 
secondary lobe, up to 500 m wide and 3 m thick, travelled south 2 km from the avulsion 
point, spilling in to the Cheakamus River just upstream of its confluence with the Squamish 
River. At the margin of the fan, the downstream 500 m of the deposit is less than 1 m thick. 
The best volume estimate is 2x106 m3, but a conservative maximum estimate, allowing for 
loss into Cheakamus River and some minor uncertainty in delineation of its margins is 
2.6x106 m3.  This result is consistent with the arguments presented by Clague et al (2003) 
and Friele and Clague (2005). 
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4.2 Dating 

A total of nine samples collected from wood fragments within or charcoal from paleosols 
beneath the Garbage Dump deposit were submitted for radiometric dating (Table 2).  These 
yielded maximum limiting ages ranging from 950±40 14C yr BP (760-940 cal yr BP; Beta-
220250) to 1930±40 14C yr BP (1810-1960 cal yr BP; Beta-220233), suggesting a best 
maximum age of 760-940 cal yr BP.  This is in agreement with the previous best maximum 
age of 810±60 14C yr BP (700-800 cal yr BP; GSC-6639) (Table 1) reported by Clague et al 
(2003).  The Clague et al (2003) sample consisted of the outer five rings of a log collected by 
Baumann (1991) and archived.  These best maximum limiting ages are believed to be close-
limiting; therefore the Garbage Dump event occurred about 750-800 years ago. 
 
South of Squamish Valley Road debris surfaces support strong soil development (Drawing 
3).  Charcoal samples from paleosols beneath hyper-concentrated flow units in Pits 06-77 
and 06-75 yielded ages of 4550±50 14C yr BP (5040-5440 cal yr BP; Beta-222836) and 
6840±50 14C yr BP (7590-7750 cal yr BP; Beta-222835), respectively, indicating no debris 
flow activity has affected this area in at least 5000 years.  This supports data from Pit 91-64 
(T&G 1993) that indicates debris flow activity ceased on the southern sector by 7820 ± 
95 14C yr BP (8500-9000 cal yr BP; GX-17397)(Table 1).  Similarly, in Pit 06-23 just south of 
the bedrock knoll near the Cheekeye substation, a sample of charcoal from a paleosol at 
120 cm depth beneath an diamicton with an oxidized surface yielded an age of 4970±40 14C 
yr BP (5610-5860 cal yr BP; Beta-220229), again suggesting several millennia for soil 
development to take place. 
 
No dates have previously been available for the north sector of the fan, north of Cheekeye 
River. Pits 06-17 and 06-18, excavated to about 5 m depth both revealed a stratified 
sequence of interbedded pebble/cobble gravel and gritty muddy sand, interpreted as channel 
gravel and hyper-concentrated flow units, respectively. In Pit 06-18, charcoal from 310 cm 
depth within the 6th hyper-concentrated flow unit from the surface yielded an age of 
3310±70 14C yr BP (3380-3700 cal yr BP; Beta-220245); while charcoal from the surface of 
the 3rd hyper-concentrated yielded an age of 2480±50 14C yr BP (2360-2740 cal yr BP; Beta-
220244).  This indicates that, at least in the last 4000 years, alluvial fan hazards on the 
northern fan sector have been dominated by channel avulsion, flooding and hyper-
concentrated flow activity, with less viscous matrix-supported debris flows avulsing north of 
the Garbage Dump and not travelling around the dogleg. 
 
4.3 Texture 

34 samples were submitted for texture analysis.  Samples were truncated at 16 mm and 
analysed by a combination of dry sieve, wet sieve and pipette, by Golder Associates in 
Vancouver.  Of these 22 were derived from the Garbage Dump debris flow, 13 from the 
primary lobe, and 9 from the secondary lobe; 6 were from other diamictons; and six were 
from hyper-concentrated flow units.  Grain size percentiles, sorting and textural class 
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(Table 2) of the diamictons was based on the lower and upper bounds of the envelope 
containing the diamictons (Drawing 4), and followed Blair and McPherson (1999).  On the 
basis of texture alone, with one exception, the Garbage Dump debris flow is not 
distinguishable from other matrix-supported diamictons sampled on Cheekeye fan.  All are 
extremely poorly-sorted (EPS); gravelly muddy sands (gmS) to muddy sandy gravels (msG). 
The exception was a diamicton with a yellow altered matrix sampled from the base of Pit 06-
16, and also noted at the base of Pits 06-12 and 06-15.  Clay contents in the diamictons 
range from 2-9%.  There was a slight difference between the primary and secondary lobes: 
the primary lobe was more widely graded and contained less gravel (gmS), whereas the 
secondary lobe was more narrowly graded, contained more gravel (msG) and had a finer tail 
with a slightly higher clay content.  Debris flows with matrix clay contents greater than 3% by 
weight are considered clay-rich, and are typically very mobile (Vallance and Scott 1997).  
The Garbage Dump and other matrix-supported debris flow deposits on Cheekeye fan 
generally fit this description. 
 
Table 2.  Parameters derived from Drawing 4 used to textural descriptors: graphic 
mean, sorting and class. 

Envelope 

Bounds 

D5 

(mm) 

D16 

(mm) 

D50 

(mm) 

D84 

(mm) 

D95 

(mm) 

Graphic 
mean 

(mm) Sorting 

Gravel 

(%) 

Sand 

(%) 

Mud 

(%) Class  

Upper/Finer 0.0013 0.014 0.31 3.3 7 0.243 EPS 24 46 30 gmS 

Lower/Coarser 0.016 0.118 1.8 12 17 1.36 EPS 49 41 10 msG 

 
To achieve a realistic estimate of the GD debris flow volume, two approaches were chosen.  
The first follows the most exact outline of the known deposit as confirmed by test pitting and 
mapping of topographic features from field observation and LIDAR imagery.  This estimate is 
subsequently called the “best estimate” and is shown in Drawing 5 (Table 4).  In addition, 
conservative assumptions were made to determine the maximum possible volume of the GD 
debris flow (Drawing 6, Table 5).  The key assumptions underlying the maximum volume 
estimate for the GD debris flow are: 

• Discharge of 100,000 m3 of debris following the principal paleochannel into Squamish 
River and 100,000 m3 of debris following the current Cheekeye River channel into 
Cheakamus River.  These estimates are speculative as they have not left a record in 
the stratigraphic column of the fan.  It is unlikely that the amounts were much larger 
as the deposit of the main debris flow tongue thins to less than 30 cm along the distal 
fan margin.  Although the current Cheekeye River channel may have existed prior to 
the GD debris flow, it is clear that because of the sharp Dogleg to the north, the vast 
majority of debris followed the previous channel down the centreline of the fan. 

• A 2 m thick deposit of debris flow materials in the channel section downstream of the 
Dogleg is shown in Drawing 6.  The 2 m deposition depth roughly corresponds to the 
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channel bank height in this section.  Most debris flows travel as pulses, and once a 
pulse has passed a given confined reach, little material is actually deposited unless 
the flow is highly viscous and water is allowed to drain abruptly.  The calculated 
deposition volume is therefore again speculative as these materials would have 
eroded in the 800 years since the event, but it constitutes a maximum upper limit. 

• A 2 m thick deposit of debris flow material in the channel upstream of the Dogleg.  
This area includes sections which we believe were occupied by the active channel 
that existed at the time of the GD event and which was significantly wider between 
the fan apex and Highway 99 compared to now.  Remnants of its former banks can 
be identified on the LIDAR-generated image.  The channel is deeper in various 
sections upstream of the Dogleg, but we believe it would be overly conservative to 
assume that the channel was completely filled during the event.  This assumption is 
strengthened by the observation that little material avulsed near the channel apex 
during the GD debris flow event. 

 
The assumptions leading to a maximum volume estimate were complemented by slightly 
changing the contour outlines outward in areas where the GD deposit was not defined 
exactly.  The contouring of the thickness measurements and interpolation routines executed 
through three different algorithms yielded a total best estimate volume of 2.1 Mm3, and a 
maximum total volume of 2.7 Mm3. 
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Table 3. Radiocarbon ages from samples collected during 2006 test-pitting, lower Cheekeye fan 

Pit Depth (cm) Dated Material Context 

Conventional 
radiocarbon age 

(14C yr BP) 

2-sigma 
calibrated age 

(Cal yr BP) Lab Number 

4 500 Wood fragment Log near base of GD unit 980±40 790-960 Beta-220238 

18 170 Charcoal Paleosol on 3rd HF from surface. 2480±50 2360-2740 Beta-220244 

18 310 Charcoal Within 6th HF from surface. 3310±70 3380-3700 Beta-220245 

23 120 Charcoal Base of 30 cm thick silt sand unit beneath 
oxidized surface diamicton. 

4970±40 5610-5860 Beta-220229 

25 450 Wood fragment Outer rings of sapling killed by GD event.* 950±40 760-940 Beta220250 

37 260 Charcoal Paleosol beneath GD unit  1300±40 1160-1290 Beta-220252 

38 190 Charcoal Paleosol beneath HF underlying GD unit. 1510±40 1310-1510 Beta-220253 

43 230 Charcoal Paleosol beneath GD unit  1930±40 1810-1960 Beta-220233 

51 270 Charcoal Paleosol beneath GD unit  1180±40 980-1180 Beta-220234 

57 190 Charcoal Paleosol beneath GD unit  1320±40 1170-1300 Beta-220254 

67 90 Charcoal Paleosol beneath GD unit  1090±50 930-1080 Beta-220255 

68 45 Charcoal Paleosol beneath GD unit  1120±40 950-1100 Beta-222831 

71 60 Charcoal Paleosol beneath HF 1510±40 1310-1510 Beta-222834 

71 100 Charcoal Paleosol beneath HF 1530±30 1310-1530 Beta-222832 

77 110 Charcoal Paleosol beneath HF 4550±50 5040-5440 Beta-222836 

75 70 Charcoal Paleosol beneath HF 6840±50 7590-7750 Beta-222835 



Kerr Wood Leidal Associates January 10, 2008 
Cheekeye River Debris Flow Frequency and Magnitude – FINAL Project No. 0464-001 
 
 

N:\BGC\Projects\0464 MDC\001 Cheekye Fan\Report\Full Report Series\Report 1 Frequency Magnitude FINAL.doc Page 19 

BGC ENGINEERING INC. 

Table 4. Debris Flow Volumes for Best Estimate of the GD Debris Flow 

Deposition Area Description Volume 
(m3) 

Main Lobe 2,000,000 

Sediment Loss into Squamish River 50,000 

Sediment Loss into Cheakamus River 50,000 

In channel deposition downstream of the Dogleg negligible 

Total volume  2,100,000 

 

Table 5. Debris Flow Volumes for Maximum Estimate of the GD Debris Flow 

Deposition Area Description Volume 
(m3) 

Main Lobe 2,030,000 

Sediment Loss into Squamish River 100,000 

Sediment Loss into Cheakamus River 100,000 

In-channel deposition downstream of the Dogleg 250,000 

In-channel deposition between fan apex and the Dogleg 200,000 

Total volume  2,680,000 

 
BGC has refined the GD (Surface Unit) outline previously drawn by Thurber-Golder and the 
associated volume estimate of 7 Mm3 based on: 

• well developed podzolic soil horizons that have developed over the southern surface 
diamicton deposits identified by Thurber-Golder, which are absent in the areas 
identified by BGC as those covered by the GD event; 

• radiocarbon dates that confirm that no significant avulsion occurred at the fan apex 
during the GD debris flow and that the surface unit identified by Thurber-Golder pre-
dates the GD event by several thousand years; and 

• considerations of fan topography, specifically the confined flow of the GD event down 
a pre-existing channel to the mid fan channel Dogleg where it avulsed, which 
precludes significant avulsions toward the northern fan sectors. 

 
Grain size analyses of a large number of samples from the Garbage Dump debris flow 
deposits and other underlying debris flow and hyper-concentrated flow deposits did not yield 
sufficient evidence to separate the Garbage Dump debris flow from other matrix-supported 
flows on the fan, and could thus not be used as a discriminating variable.   
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5.0 FREQUENCY-MAGNITUDE 

5.1 Frequency – Magnitude Relationship of Known Events 

Drawing 7 summarizes known events and associated error bars which are a function of the 
methods used to estimate debris flow volume.  Mitigative design for the upper end of the 
error estimate may be overly conservative and thus perhaps unnecessarily costly mitigation 
design. 
 
Based on previous and recent data (Table 6), frequency – magnitude graphs were plotted 
using the Weibull formula [pm = m/N+1)] (N = years of record and m = rank), which is 
mathematically almost identical to the application of cumulative annual frequencies  
[pm = m/N)] (Drawings 8 and 9).  The data homogeneity assumption, which dictates that all 
events were triggered by the same process and underlying causes, is likely violated.  We 
believe that there are two distinct data populations that are separated by different initiation 
processes.  We hypothesize that smaller debris flows are created by rainfall-generated 
localized landsliding (debris avalanches, sloughs, slumps), while large, rare debris flows are 
a consequence of rock avalanches evolving into debris flows through entrainment of 
saturated channel fill and overrunning of channel flow.  Therefore, events 1, 3 and 7 (Table 
7) were analysed separately.  Drawings 8 and 9 assume data stationarity (implying no long 
term trend in the time series); although it could be argued that the probability of rock 
avalanches has been declining during the Holocene (see discussion below).  The 
assumption of data stationarity is therefore considered conservative. 

 
Table 6. Available F/M Data for Debris Flows on the Cheekeye River 

 
V is debris flow volume 
Q is debris flow peak discharge 
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5.2 Magnitude Estimates of Past Rock Slope Failures in the Cheekeye Watershed 

The analyses in Section 5.1 summarize flows from physical evidence found in the 
depositional area on the Cheekeye fan.  To compare and verify those findings, BGC 
conducted further analyses to identify potential past and potential failure volumes in the 
Cheekeye River headwaters.  This was conducted by determining the volumes of past slope 
failures, modelling these using a three dimensional rock avalanche runout model (DAN3D) 
and assessing the likelihood for their transformation into debris flows.  In combination the 
analyses conducted in Section 5.1 and this section should provide a complete consideration 
of the process cascade from failure initiation to final deposition, and minimize conceptual 
errors in either analysis. 
 
Polygons delineating the approximate source areas for large hillslope failures were 
delineated on air photographs and digitized into ArcGIS.  Polygons were then converted to 
digital elevation models.  The DEM approximates the rockslope surface prior to failure by 
extending a surface uniformly across the polygon, based on elevations around the perimeter. 
This approximation is based on the assumption that bedrock material approximately filled the 
embayment prior to failure; an assumption that is conservative as the embayment has likely 
enlarged since the original detachment through rockfall.  Elevations based on the current 
TRIM DEM were subtracted from the failure DEMs to obtain a raster layer corresponding to 
material thickness within the initiation zone.  Due to uneven topography within the initiation 
zone, certain areas (e.g. ridges) in the existing topography extended higher than the failure 
DEM.  Consequently, subtraction of the two DEM’s gives negative values in these locations.  
These locations were manually re-assigned zero thickness values.   
 
Two sites were identified that could have yielded significant failures, only one of which would 
have been large enough to produce a Class 6 debris flow (see Table 7).  The larger of the 
two failure (Source 1) sites yields a volume of 3.7 Mm3 (rounded to 4 Mm3) the smaller 
(Source 2) 70,000 m3.  The latter source is unlikely to be considered a rock avalanche and 
would likely result in a debris flow of higher return period (i.e. 20-200 years) and will therefore 
not be pursued further.  The 4 Mm3 failure was simulated in DAN3D as discussed in the 
following section. 
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Table 7. Debris flow size classification (Jakob, 2005) 

Size  

class 

V, range  

(m3) 

Qb, range  

(m3/s) 

Qv, range  

(m3/s) 

Bb  

(m2) 

Bv 

(m2) 

1 < 102 < 5 < 1 < 4 x 102 < 4 x 103 

2 102 - 103 5 - 30 1 – 3 4 x 102 - 2 x 103 4 x 103 - 2 x 104 

3 103 - 104 30 - 200 3 – 30 2 x 103 - 9 x 103 2 x 104 - 9 x 104 

4 104 - 105 200 - 1500 30 – 300 9 x 103 - 4 x 104 9 x 104 - 4 x 105 

5 105 - 106 1500 - 12,000 300 - 3 x 103 4 x 104 - 2 x 105 4 x 105 - 2 x 106 

6 106 – 107 N/A 3 x 103 - 3 x 104 > 2 x 105 2 x 106 – 3 x 107 

7 107 – 108 N/A 3 x 104 - 3 x 105 N/A 3 x 107 – 3 x 108 

8 108 – 109 N/A 3 x 105 -3 x 106 N/A 3 x 108 – 3 x 109 

9 109 – 1010 N/A 3 x 106 -3 x 107 N/A 3 x 109 – 3 x 1010 

10 > 1010 N/A 3 x 107 - 3 x 108 N/A > 3 x 1010 

V is the total volume, Qb and Qv are the peak discharge for bouldery and volcanic debris flows, respectively, Bb is 
the area inundated by Bv is the area inundated by volcanic debris flows.  N/A signifies that bouldery debris flows 
of this magnitude have not been observed.  

 
The main assumption (that the located embayment is a remnant of a single catastrophic 
detachment) is very conservative as ongoing ravelling, rockfall and rockslides will have 
altered the source zone in the course of many centuries or millennia.  From a technical point 
of view, the principal sources of uncertainty are: 

• errors associated with modelling the original surface topography based on elevations 
around the perimeter of the embayment; and 

• DEM resolution limitations – the best DEM for this area has a resolution of 25 m. 
 
This analysis is associated with many additional uncertainties and does not lend itself to 
frequency–magnitude analysis as it is impossible to assign dates to individual failure scarps 
or to establish a continuous record of large failures.  We therefore believe that the frequency-
magnitude analysis conducted from datable fan deposits provides a much higher reliability in 
estimating debris flow volumes.   
 
5.3 Potential Rock Slope Failures 

Rock avalanche runout analyses have been carried out using the numerical model DAN3D 
(McDougall and Hungr 2004), which is a 3D extension of the 2D landslide runout model DAN 
(Hungr 1995).  Four different cases were analyzed within the Cheekeye basin using input 
parameters derived from previous back-analyses of large rock avalanches from around the 
world.  Back-analyses of the nearby historical Rubble Creek rock avalanche were undertaken 
to help assess the suitability of these input parameters on a local scale. 
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5.3.1 Rubble Creek Back-Analyses 

5.3.1.1 Introduction 

Back-analyses of the nearby historical Rubble Creek rock avalanche have also been 
performed to help assess the suitability of the input parameters used in the preceding 
Cheekeye River analyses. 
 
Rubble Creek is located approximately 20 km north of the Cheekeye River.  The creek 
emerges as a series of springs that discharge from the face of The Barrier, a Quaternary 
volcanic feature which dams Garibaldi Lake, Lesser Garibaldi Lake and Barrier Lake at the 
northern end of the Garibaldi massif.  In the winter of 1855-1856, an approximately 25 Mm3 
section of The Barrier collapsed, generating a long-runout rock avalanche-debris flow that 
travelled more than 5 km down the Rubble Creek valley to the Cheakamus River (Moore 
1976; Moore and Matthews 1978).  Snow in the basin at the time of the event may have 
contributed to its mobility.   
 
5.3.1.2 Method 

Input sliding surfaces were created using digital elevation data based on 1:50,000 scale 
government topographic maps (obtained from the Canadian Council on Geomatics’ GeoBase 
portal).  The data was provided at 10 m grid spacing. 
 
Input files were prepared using the program Surfer (Golden Software), following the same 
general procedures described in the preceding section.  The given topographic data was re-
sampled at 30 m grid spacing and smoothed to reduce irregularities.  No attempt was made 
to remove the 1855-1856 deposit from the path; as such modifications would not significantly 
alter the mean channel gradient and therefore would have a very limited influence on the 
results at the scale of these analyses. 
Source depths were estimated through a reconstruction of the pre-slide topography based on 
descriptions and figures presented in Moore (1976) and Moore and Matthews (1978).  Some 
trial-and-error was required to produce a bulked source volume of 25 Mm3.  The assumed 
initial conditions are shown in Drawing 10. 
 
Back-analyses were carried out using the Voellmy resistance model with two different pairs 

of input parameters: a) f = 0.1 and ξ = 500 m/s2, corresponding to the preceding Cheekeye 
River Voellmy analyses and the overall best-fit parameters recommended by Hungr and 

Evans (1996); and b) f = 0.07 and ξ = 100 m/s2, corresponding to the calibrated values used 
in Hungr and Evans’ (1996) 2D DAN back-analysis of the Rubble Creek event. 
 
Volume changes due to entrainment of path material were neglected, as the volume of 
material available in the Rubble Creek valley was likely small relative to the source volume.  
Rheology changes associated with entrainment were accounted for implicitly using the 
Voellmy model. 
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5.3.1.3 Results 

The final simulated deposit depths are shown in Drawing 11.  The corresponding maximum 
simulated flow velocities are shown in Drawing 12.  Both analyses produced runout distances 
and deposit distributions with the flows reaching the Cheakamus River and partially splitting 
around the area referred to by Moore and Matthews (1978) as Sector II.  Case (b) produced 
relatively more spreading on the fan, due to the lower specified friction coefficient.  Simulated 
flow durations of approximately ten minutes in each case were also comparable to the five to 
ten minutes range estimated by Moore and Matthews (1978).  However, both analyses 
appear to have overestimated the flow width.  This discrepancy may be attributed to 
smoothing of the input topography within the steep and narrow Rubble Creek valley. 
 
The simulated flow width was significantly higher in case (a), due to higher flow velocities 
and superelevations in channel bends resulting from the use of a higher Voellmy turbulence 
parameter.  Simulated flow velocities in case (a) ranged up to 90 m/s immediately downslope 
of the source area, while those in case (b) ranged up to only 62 m/s.  In both cases, the 
simulated velocities decreased with distance down the channel.  Downslope of the first major 
bend, case (b) produced velocities in the range of 20 to 40 m/s, comparable to velocities of 
22 to 30 m/s estimated by Moore and Matthews (1978) on the basis of superelevation 
measurements.  However, it is possible, as McClung (2001) has suggested in a detailed 
review of superelevation-based velocity estimation methods, that Moore and Matthews’ 
(1978) velocities were underestimated. 
 
In general, case (b) produced results more comparable to observations.  However, it is likely 

that any combination of input parameters in the range of f = 0.07 to 0.1 and ξ = 100 to 
500 m/s2 would produce reasonably good simulations of the event in terms of runout distance 
and the distribution of deposits. 
 
5.3.1.4 Discussion 

There are several reasons for possible differences in behaviour between rock avalanches 
occurring in Rubble Creek and the Cheekeye River.  First, it is unlikely that source material in 
the Cheekeye basin would be as saturated as source material in Rubble Creek, considering 
the amount of seepage observed through the Barrier.  Second, failures from the near-vertical 
face of the Barrier likely undergo intense fragmentation upon impact with the valley floor, but 
none of the source areas considered in the Cheekeye basin are as steep as the Barrier.  At 
the same time, such an impact would result in significant energy and momentum losses, 
reducing subsequent flow velocities.  Third, a large volume of talus is present at the foot of 
The Barrier.  With abundant pore water, substantial fragmentation and loose surficial material 
available for entrainment in the proximal path, rock avalanches in Rubble Creek could 
transform into large, highly mobile debris flows early in their course of motion.  This type of 
behaviour can be modelled using the Voellmy model with a relatively low friction coefficient 
and turbulence parameter, as in case (b) in the preceding section. 
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Considering these differences, Voellmy input parameters of f = 0.1 and ξ = 500 m/s2 appear 
to be reasonable for simulating the long-runout scenario in the Cheekeye River cases.  
Significant uncertainty is inherent when determining the suitability of input parameters for 
forward-analysis.  Rock avalanche source locations, volumes and rheologies are very difficult 
to predict, and the actual behaviour of events in the Cheekeye basin may differ significantly 
from those modelled. 
 
5.3.2 Cheekeye Watershed Potential Rock Avalanche Simulations 

The following rock avalanche sources were analyzed: a) a 4 Mm3 failure from the southwest 
face of Atwell Peak, which was assumed to have occurred sometime during the Holocene; b) 
a potential 57 Mm3 failure from the southwest ridge of Dalton Dome; c) a potential 25 Mm3 
failure from the top of Cheekeye Ridge, corresponding with the location of the Cheekeye 
Linears; and d) a potential 32 Mm3 failure from the top of Brohm Ridge, corresponding with 
the location of the Brohm Ridge Linears.  The first case represents a possible past rock 
avalanche source identified through recent air photograph interpretation.  The latter three 
cases represent potential large rock avalanche sources identified and volumetrically 
quantified by Thurber-Golder (1993). 
 
In each case, the assumed total volume accounts for approximately 25% bulking of the initial 
source volume due to particle fragmentation.  Volume changes due to entrainment of path 
material were neglected.  In case (a), a uniform source depth was assumed.  In cases (b), (c) 
and (d), planar failure surfaces were assumed based on possible failure geometries 
described in Thurber-Golder (1993). 
 
Input sliding surfaces were created using digital elevation data based on 1:50,000 scale 
government topographic maps and recent 1 m resolution LIDAR mapping of the Cheekeye 
fan area.  Some smoothing of the surfaces was required to reduce irregularities and ensure 
numerical stability. 
 
5.3.2.1 Method 

Input sliding surfaces were created using digital elevation data based on 1:50,000 scale 
government topographic maps (obtained from the Canadian Council on Geomatics’ GeoBase 
portal) and recent 1 m resolution LIDAR mapping of the Cheekeye fan area.  Both data sets 
were provided at 10 m grid spacing.  Where the two data sets overlapped, precedence was 
given to the LIDAR data. 
 
Input files were prepared using the program Surfer (Golden Software).  The given 
topographic data was re-sampled at 30 m grid spacing and smoothed to reduce irregularities 
and produce a 3D surface with roughness comparable to that of a typical 2D analysis.  This 
is standard procedure when using DAN3D, as the input resistance parameters are typically 
based on previous back-analyses using the 2D model DAN.  With adequate smoothing of the 
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DAN3D input sliding surface, correspondence between the two models using the same set of 
input parameters is typically good (e.g., McDougall and Hungr 2005). 
 
In case (a), an approximately uniform 15 m source depth was assumed to cover the source 
area identified during air photograph interpretation, producing a source volume of 
approximately 4 Mm3.  In cases (b), (c) and (d), source depths were based on possible failure 
geometries described in Thurber-Golder (1993).  In each of these cases, a planar failure 
surface was assumed.  Source depths were obtained by subtracting these planar surfaces 
from the given topographic data.  Some trial-and-error was required to position the plane in 
order to produce the requisite unbulked source volume in each case.  The source depths 
were then increased by 25% to account for bulking due to fragmentation, producing source 
volumes of approximately (b) 57 Mm3, (c) 25 Mm3 and (d) 32 Mm3.  The assumed initial 
conditions are shown in Drawing 13. 
 
In each case, analyses were carried out using both frictional and Voellmy resistance models.  
In the frictional model, basal resistance is proportional to the effective bed-normal stress at 
the base of the flow.  Assuming a constant ratio between the basal pore fluid pressure and 

the total bed-normal stress, σ, the resisting basal shear stress, τ, is governed by a single 

parameter, the bulk basal friction angle, φb: 
 

tan bτ σ φ=  

 
The Voellmy model accounts for frictional as well as velocity-dependent resistance and is 

governed by two parameters, the friction coefficient, f (analogous to tanφb), and the 

turbulence parameter, ξ : 
 

2gv
f

ρτ σ
ξ

= +   

 

where ρ is the flow density, g is the gravity acceleration and v is the flow velocity.  The 

Voellmy model reduces to the frictional model at very high values of ξ. 
 
Based on previous back-analyses of large rock avalanches, the following parameter values 

were used: φb = 20º for the frictional scenario and f = 0.1 and ξ = 500 m/s2 for the Voellmy 
scenario.  With these values, the frictional model produces behaviour typical of coarse dry 
rock avalanches, while the Voellmy model produces behaviour typical of long-runout rock 
avalanches that may be influenced by the presence of wet surficial material in their path.  
Using the 2D numerical model DAN to back-analyze 23 rock avalanche case histories from 
around the world, Hungr and Evans (1996) found that the total runout distance in 70% of the 
cases (including the nearby Rubble Creek event) could be predicted within an error of 10% 
using this pair of Voellmy parameters. 
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Volume changes due to entrainment of path material were neglected, as the volume of 
material available in the Cheekeye Basin has not been independently estimated and, in any 
case, would likely be small relative to the assumed source volumes.  Rheology changes 
associated with entrainment, for example due to undrained loading of saturated path 
material, were accounted for implicitly in the Voellmy scenario. 
 
5.3.2.2 Results 

The final simulated deposit depths for the frictional and Voellmy cases are shown in 
Drawings 14 and 16, respectively.  The corresponding maximum simulated flow velocities 
are shown in Drawings 15 and 17.  In all four cases, the frictional model produced relatively 
deep proximal deposits and limited runout.  In contrast, the Voellmy model produced 
relatively shallow deposits spread out over a long runout zone.  In large volume cases (b), (c) 
and (d), the flow front travelled beyond the Cheekeye Gorge and deposited on the upper 
Cheekeye Fan.  The simulated inundation areas in each case are summarized in Table 8. 
 
Table 8. Summary of simulated inundation areas 

Frictional ( φφφφb = 20º) Voellmy  

(f = 0.1 and ξξξξ = 500 m/s 2) 

Case Source 
Area 

(m2) 
total 

inundation 
area 

(m2) 

inundation 
area 

downslope of 
source (m2) 

total 
inundation 
area (m2) 

inundation 
area 

downslope of 
source (m2) 

(a) Atwell 380,000 3,160,000 2,780,000 3,330,000 2,950,000 

(b) Dalton Dome 1,030,000 6,060,000 5,030,000 10,190,000 9,160,000 

(c) Cheekeye Ridge 740,000 2,220,000 1,480,000 3,980,000 3,240,000 

(d) Brohm Ridge 790,000 1,700,000 910,000 4,810,000 4,020,000 

 
The frictional results suggest the possibility that a landslide dam could be formed in the 
headwaters by a large but relatively low mobility rock avalanche.  Landslide dam formation 
was simulated in three out of four of the frictional cases, as summarized in Table 9.  The 
worst case appears to involve the failure of Cheekeye Ridge (case (c)), which could dam the 
narrow upper end of the Cheekeye Gorge.  In this particular analysis, an approximately 90 m 
deep deposit was formed at this point, which could produce one or two landslide dammed 
lakes with a total volume exceeding 1 Mm3.  If breached, such a dam could generate a large 
debris flow. 
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Table 9. Summary of simulated landslide dammed lakes for frictional cases  

Case Maximum Simulated 
Deposit Depth  

(m) 

Estimated Depth of 
Simulated 
Landslide Dammed 
Lake(s) (m) 

Estimated Volume 
of Simulated 
Landslide Dammed 
Lake(S) (m 3) 

(a) Atwell 24 n/a n/a 

(b) Dalton Dome 77 5 22,000 

1) 27 1) 750,000 (c) Cheekeye Ridge 86 

2) 18 2) 310,000 

1) 4 1) 27,000 (d) Brohm Ridge 62 

2) 7 2) 37,000 

 
In three out of four of the Voellmy cases, material reached the upper Cheekeye Fan.  The 
simulated peak depths and velocities at the current proposed location of the upper debris 
flow barrier are summarized in Table 10.  The peak depths may represent maximum deposit 
depths, rather than flow depths, at this location and that the peak depth and velocity values 
cannot be used together to estimate peak discharge, because deposit depth does not equal 
flow depth and because they may have been recorded at different times. 
 
While the Voellmy results suggest that the main mass would not reach the lower Cheekeye 
Fan, it is likely that a large debris flow would be pushed forward by the flow front and travel 
significantly farther.  Ploughing of path material generating distal mud and debris flows has 
been observed in several cases of large rock avalanches, including the 1965 Hope Slide 
(Orwin et al. 2004). 
 
Table 10.  Simulated peak depths and velocities at the proposed location of the upper 
debris flow barrier for Voellmy ( f = 0.1 and ξξξξ = 500 m/s 2) 

Case Simulated Peak Depth  

 (m) 

Simulated Peak Velocity  

(m/s) 

(a) Atwell n/a n/a 

(b) Dalton Dome 25 9.4 

(c) Cheekeye Ridge 12 5.2 

(d) Brohm Ridge 12 7.8 
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5.3.3 Summary 

Rock avalanche runout in the Cheekeye basin has been analyzed using DAN3D with input 
parameters constrained through back-analysis of previous cases using both DAN3D and the 
2D model DAN.  The results suggest that events that behave as coarse dry rock avalanches 
could form landslide dams within the upper channel.  The breach of such a dam could 
generate a large debris flow.  The results also suggest that long-runout events could reach 
the upper Cheekeye Fan.  Through ‘ploughing’ of path material by the frontal lobe, such 
events could generate debris flows that could travel well beyond the upper fan. 
 
5.3.4 Debris Flow Bulking 

BGC analysed the volume of water available in feeder channels and the main channel of 
Cheekeye River that could be entrained by the rock avalanche and form a debris flow.  The 
objective of this analysis was to determine if there are any water availability limitations in 
fluidizing the rock avalanche debris and allowing a transformation into a debris flow. 
 
This analysis was conducted for a hypothetical 1 Mm3, 3 Mm3 and 5 Mm3 rock avalanche.  
The simplifying assumption was that water in the feeder channels during high flows would be 
overrun and mix with the advancing rock avalanche.  It is considered unlikely that full mixing 
would occur due to the complex rock avalanche dynamics.  A more plausible scenario has 
been described in the preceding section, and which suggests that debris is being ploughed 
forward by the advancing rock avalanche.  The analysis conducted herein is conservative in 
that it assumes full mixing, thereby allowing theoretically for a larger debris flow volume than 
would be generated by frontal ploughing only. 
 
The analysis concluded that even during a 200-year discharge event, the percentage of 
water content by volume recruited by entrainment of streamflow calculated in the lower 
channel reaches is 23%, 8% and 5% by volume, respectively.  This implies that to achieve a 
debris flow with typical water content of 25%, additional water from snowmelt and original 
rock mass pore water would need to be 2%, 15% and 20%, respectively.  Allowing for up to 
2% original water content of the source rock, these numbers decrease to 0%, 13% and 18%, 
respectively.   
 
A further allowance can be made for entrained snow, which, depending on season, year and 
snow water equivalent could add significant amounts of water.  BGC analysed snow water 
equivalent for all four failure scenarios assuming 100% frictionally induced snow melt, a  
0.3 m average snow depth for the entire path length and a 10% snow water equivalent.  
 
Combining this scenario with the 200-year return period flow would result in percentage 
water volumes of 51%, 17% and 10% for the Dalton Dome collapse scenario (worst-case).  
Allowing for rock mass pore water of 2%, this would result in 53%, 19% and 12%, 
respectively.  These simplistic calculations suggest that under the scenario described the  
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1 Mm3 rock avalanche could easily be transformed into a debris flow, while the 3 Mm3 and  
5 Mm3 volumes are unlikely to be fully transformed into debris flows.  Back-calculating to a 
total debris flow volume based on water availability suggests a volume of approximately  
2 Mm3.  If one further assumes that the debris flow entrains an additional volume of 1 Mm3 at 
a conservative yield rate of 100 m3 per metre channel length, the total debris flow volume 
passing the fan apex could reach 3 Mm3. 
These analyses, while based on a number of simplifying assumptions demonstrates that 
irrespective of rock avalanche source volume, available water will limit the debris flow volume 
to perhaps 3 Mm3.  Given the compounding effect of conservative assumptions (200-year 
flood event coinciding with the rock avalanche, very high debris yield rates, maximum 
landslide dam height, presence of snow over the entire path length and impounded water 
volume), debris flows exceeding 3 Mm3 are likely associated with return periods exceeding 
the 10,000 year limit that has been used as the upper probability limit for analyses conducted 
as in this study.  Larger flows such as the 5.5 Mm3, determined as the upper error bar limit, 
therefore do not appear to be an appropriate basis for the design of mitigation measures.   
 
These analyses presented in this section have provided an independent check of maximum 
volume estimates for rock avalanche-generated debris flows as postulated from fan deposits 
only.  Disregarding the lack of precision inherent in the assumptions and calculations 
provided in this report, the results from both types of analyses are reasonably consistent. 
 
5.4 Discussion 

Any frequency-magnitude calculations that span time scales of millennia rely on numerous 
assumptions and inherently include various degrees of judgment.  We distinguish between 
five possible scenarios that would influence the range of debris flow magnitudes to be 
modelled and included in quantitative risk analyses of existing and proposed assets on 
Cheekeye fan.  These scenarios serve as a point of discussion in considering the frequency–
magnitude analysis presented herein, which will form the basis for future modelling and risk 
analysis. 
 
5.4.1 The Paraglacial Paradigm: Declining Debris Flow Activity Scenario 

A decline in sediment yield (movement of sediment downstream by fluvial and landslide 
processes) in the Holocene (10,000 years before present) has been observed at the western 
flanks of the Mount Garibaldi volcanic complex (Friele et al. 1999; Friele and Clague 2008).  
This decline is typical for formerly glaciated mountainous environments where loose, often 
oversteepened, unvegetated and abundant glacial and colluvial materials were subject to 
increased rates of erosion and landsliding following ice retreat.  With vegetation colonization 
and adjustment of slope angles through mass movement processes, sediment delivery rates 
to the fluvial system declined to a quasi equilibrium which is now mostly dominated by 
climatic fluctuations or human interference. 
Although sediment yield has declined dramatically, the contribution by fluvial and debris flow 
processes cannot be accurately resolved. GPR data suggest that debris flow deposits 
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dominate stratigraphy at depth and in the near surface at the apex.  To account for the 
dramatic decline in sediment yield, and based on the previous observation, there has likely 
been a decline in debris flow activity during the Holocene.  The key point to consider is if the 
decline occurred in both rock avalanche and rainfall-generated debris flow populations, or 
predominantly in the latter. About 50% of the volume of Cheekeye fan deposits was 
deposited by large rock avalanche and debris flow processes during the deglacial period 
when ice was still present in Howe Sound.  The lava flow clinging to the steep basin headwall 
at Dalton Dome indicates the upper watershed was already exhumed at the time of its 
eruption. The fact that only one large event overtopped the Stump Lake sill in the last 10,000 
years may indicate that the decline can be attributed, at least in part, to the debuttressing 
effects of glacial down-wasting.  However, the uncertainty estimate in the total volume of the 
6900 year BP event as well as the fact that there have only been two Class 6 events in the 
past 10,000 years does not allow a conclusive answer to this question.   
 
Short-term (decadal scale) fluctuations in mass movement rates can be caused by logging, 
forest fires, and beetle infestations.  These may result in loss of root strength, increased 
water infiltration, decreased loss through evapotransporation and changes in the timing of 
runoff.  Changes in the vegetation cover, however, are less likely to affect deep seated 
landslides but very likely can increase the frequency of shallow debris avalanches and debris 
flows.  Future volcanic activity is not considered (see below), and debris flow activity is 
thought to be declining in unison with the decline in basin sediment yield until a quasi-
equilibrium state is reached.  
 
Based on work in the Lillooet River watershed, Jordan and Slaymaker (1991) proposed an 
alternative to the paraglacial model of continuous decline in sediment yield following 
deglaciation.  Their post glacial sediment yield model modifies the paraglacial model by 
recognizing that Neoglaciation, land use and large landslides may introduce periodic pulses 
in sediment yield.  This model was tested by Friele et al. 2005, whose results supported 
Jordan and Slaymaker (1991).  Friele and Clague (2008) concluded that the classic 
paraglacial paradigm was not appropriate for watersheds containing Quaternary volcanoes.  
Thus, although sediment yield has declined, periodic sediment pulses resulting from large 
landslides, must be expected. 
 
One could question the argument of declining sediment availability by postulating that the 
steep rocky headwaters of the Cheekeye watershed are being excavated through fluvial 
erosion and thus debuttressed from talus support on its flanks.  The continuation of this 
process could result in an increasing likelihood of failure.  This assumption, however, would 
imply that sediment exhumation by fluvial processes in the upper watershed exceeds rates of 
sediment delivery by mass movement processes for which there is currently no data or other 
evidence. 
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5.4.2 Data Stationarity Hypothesis 

The data are treated as two populations: the frequency magnitude data for the rainfall 
generated population is developed from scantly dated late Holocene events and primarily 
from dendrochronology of events in the last 200 years and historical data.  Thus this 
population represents the so-called “normal” period and can be treated as a quasi-stationary 
data set for high frequency, low magnitude events.  As discussed above, there is also no 
reason to assume the frequency of rock avalanche generated debris flows has decreased in 
the Holocene, and this population can also be treated as stationary. 
 
The time series can then be approximated as stationary (random events without a long-term 
trend) and the 1:10,000 debris flow event can be approximated to 2.8 M m3 as derived from 
Drawing 9.  
 
5.4.3 Climate Change Scenario 

Debris flow activity may increase as a response to the widely predicted enhanced 
hydrological cycle in an increasingly warming troposphere.  This will likely manifest itself in 
increased annual precipitation (predicted to approximately 10%-15% per century in southern 
BC), increased monthly precipitation (predicted to reach up to 30% for some fall and winter 
months (BGC, 2007) and in increased multi-day (1-5 days) high intensity rainfall such as 
witnessed in August 1991, October 2003 and January 2005 (only the August 1991 rainfall 
event triggered a debris flow on Cheekeye River).  Increasing rainfall intensities are predicted 
empirically through correlation between monthly rainfall and rainfall intensities (BGC, 2007).  
More precipitation (increasingly in the form of rain and at higher elevation) and more 
intensive rainfall could lead to an increase in debris flow frequency, though it is unclear and 
arguable if this increase would also be manifested in an increase in debris flow magnitude.  
Although there was a sharp increase in mean annual precipitation after about 6000 years 
ago and climate mediated changes in debris flow magnitude frequency have been postulated 
(Ekes and Friele 2003; Friele and Clague 2005), we have not been able to detect a clear 
signal that would indicate a change of debris flow activity in the Cheekeye River watershed 
due to climate change effects. 
 
5.4.4 Volcanic Eruptions 

Mount Garibaldi is a dormant stratovolcano with an eruptive history that involved an initial 
period of volcanism (200,000 - 300,000 years ago) followed by a period of quiescence.  
Renewed activity in the last 50,000 years has rebuilt the edifice in a series of eruptions.  The 
most recent period of activity occurred shortly after the disappearance of the glacial ice filling 
the valley, 10,700 to 9300 years ago, and ended with the eruption of the Ring Creek lava 
flow from Opal cone, on Garibaldi's southeastern flank (Brooks and Friele 1992). 
 
Mount Garibaldi has a dacitic volcanic centre that can erupt explosively and could be prone 
to Class 6-9 lahars (syn-eruptive volcanic debris flows) in the event of volcanic unrest, 
regardless of hydrothermal alteration (see Table 5 for definitions of magnitude classes).  Any 
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number of hot-rock-snow-ice interactions can lead to sudden release of water from high on 
the volcano.  Lahars could easily entrain sediments that would likely travel to the Cheakamus 
confluence.  In this case pyroclastic flows, and lava flows damming rivers may be similarly or 
more hazardous to the population on the Cheekeye fan, adjacent Brackendale and 
Squamish. 
 
The volcanic activity in the entire Garibaldi volcanic belt (mainly Mount Garibaldi, Mount 
Cayley and Mount Meager) has been estimated by Stasiuk et al. (2003) to 1/2000 per annum 
for all types of eruptions and 1/5000 per annum for dominantly explosive eruptions.  Lacking 
better dating control, one can estimate the frequency of volcanic eruptions by multiplying the 
number of volcanoes with the frequency of explosive volcanism to arrive at an estimate of 
likelihood at Mt. Garibaldi (1/15,000).  A pyroclastic flow deposit that incorporated radically 
fractured volcanic clasts (rapid cooling of hot rock) was identified by P. Friele at the new 
Garibaldi Springs development, with a radiocarbon age of 10,000 years B.P.  It has also 
been suggested that the most recent eruption of Mount Garibaldi was associated with crustal 
adjustments (isostatic rebound) following deglaciation.  Given the large uncertainty with the 
volcanic history and the probability of explosive eruptions a return period estimate of for 
explosive eruptions of 10,000 to 30,000 years may be more appropriate than the reported 
average return period of 15,000 years.   
 
An analysis of shallow (< 6 km) volcanic activity under the Garibaldi volcanic complex over 
the past 20 years by BGC demonstrates that earthquakes are absent in the Cheekeye River 
watershed.  A cluster was observed near the lower reaches of Rubble Creek.  However, 
seismic activity as documented herein is not a signature of imminent eruption, which would 
likely be heralded by tens or hundreds of small shallow magmatic earthquakes per day.  The 
earthquakes are more likely associated with minor crustal adjustments to the load of the 
edifice mass (Scott, pers. communication, June 2006). 
 
The main difference between an explosive volcanic eruption and associated mass movement 
phenomena and debris flows not associated with eruptions is that the former are usually 
predictable and thus fatalities could be averted by evacuations.   
 
For the present study this implies that explosive volcanic eruptions may not need to be 
considered in the risk analysis for loss of life if a warning system was to be implemented.   
 
5.4.5 Glacial Effects 

The Mount Garibaldi area was fully covered by Pleistocene ice during the Fraser Glaciation, 
and has since deglaciated apart from a small remnant located between the Dalton Dome and 
Atwell Peak (Cheekeye Glacier).  Pleistocene glacial recession led to a paraglacial sediment 
pulse (Friele et al. 1999; Friele and Clague 2008), followed by an exponential decline in 
sediment delivery rates as slope angles adjusted due to mass movement activity and the 
watershed was re-occupied by vegetation.  During the Little Ice Age (about 500 to 150 years 
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ago) the Cheekeye Glacier likely extended further than today although most glacial moraines 
have since been eroded or obliterated by mass movement processes.  Neoglacial recession 
has likely debuttressed some of the steeper lava flows and pyroclastic rocks in the upper 
watershed, causing a temporary increase in mass movement activity, which may persist until 
the glacier has completely melted and all rock is subject to subaerial erosion.  In general, the 
effects of neoglacial recession are likely to result in a temporary (century scale) increase in 
mass movement rates; however this assumption cannot be substantiated by data. 
 
5.5 Summary 

In summary, the frequency-magnitude relations developed in Drawings 8 and 9 provide 
updated estimates of debris flow volume and discharge on Cheekeye River.  These values 
are summarized in Table 11 and are recommended to form the basis for debris flow 
modelling and additional risk assessments.   
 
Table 11. Debris flow volume and peak discharge for a variety of return periods 

Return Period 
(yrs) 

Annual Probability 
(1/yrs) 

Size 
Class 

Volume 
(Mm3) 

Peak Discharge 
(m3/s) 

20 0.04 5 0.2 700 

50 0.02 5 0.4 1500 

100 0.01 5 0.6 2500 

200 0.005 5 0.8 3400 

500 0.002 6 1.4 6700 

2500 0.0004 6 2.4 12,600 

10,000 0.00001 6 2.8 15,000 

 



Kerr Wood Leidal Associates January 10, 2008 
Cheekeye River Debris Flow Frequency and Magnitude – FINAL Project No. 0464-001 
 
 

N:\BGC\Projects\0464 MDC\001 Cheekye Fan\Report\Full Report Series\Report 1 Frequency Magnitude FINAL.doc Page 35 

BGC ENGINEERING INC. 

6.0 CLOSURE 

This report presents the results of the debris flow frequency magnitude relationships 
conducted on Cheekeye River.   
 
We trust the information provided will allow KWL and MDC to proceed with the next steps.  
Please do not hesitate to contact us if you have any questions or comments, or if we may be 
of further assistance. 
 
Thank you for the opportunity to undertake this assessment. 
 
BGC ENGINEERING INC. 
per:  
 
 
 
 
 
Matthias Jakob, Ph.D., P.Geo. 
Senior Geoscientist 
 
 
 
 
Reviewed by: 
Wayne Savigny, Ph.D., P.Eng., P.Geo. 
Senior Geotechnical Consultant 
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