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Abstract

This thesis examines flood hazard in Lillooet River valley in the southern Coast
Mountains of British Columbia, Canada. My research is multi-disciplinary: | used earth
science methods to estimate pre-historical flood frequency and sediment yield, as well
social science theory to study the process of knowledge transfer between the scientific
community and local stakeholders. The results from this thesis contribute to and
complement previous earth science and natural hazard studies in Lillooet River valley,
while furthermore providing knowledge for river and floodplain management. The results
also shed a light on the communication of scientific knowledge to local emergency
managers and the use of such information at the local level.

My thesis comprises three studies. First, | compiled a varve chronology spanning
825 years (AD 1179-2004) from annually layered sediments (varves) recovered from
Lillooet Lake. | compared twentieth-century discharge records of Lillooet River to the
contemporary part of the varve chronology to determine the relation between river
discharge and varve thickness. Based on this relation, | examined the entire 825-year
varve chronology for the floods it might record. Second, | made annual sediment yield
estimates for the period AD 1629-1997 and compared them to estimates derived from
Lillooet Lake cores by previous researchers. | compared times of anomalously high
sediment yield to ages of large landslides and floods in the watershed, and to times of
marked glacier advance and retreat in order to understand controls on sediment
delivery. | assessed the persistence of high sediment input episodes using statistical
methods. Third, | assessed the history and current flood management policy landscape
at the federal, provincial, and local levels. In the context of the transfer of flood
management responsibility from the British Columbia Government to municipalities in
2003, | interviewed local floodplain and emergency managers on their use of scientific

knowledge in preparing for flooding in Lillooet River valley.

Keywords: varves; sediment yield; flooding; natural hazards; Lillooet River valley;
British Columbia; knowledge transfer; society-science relationships; flood
management
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To Pieter, Noor and Yula



The point is not for flood scientists to dictate what people

are supposed to do about flood hazards,
but for a science of floods that so compels peoples’ perceptions about floods

that they actually take the actions necessary
to mitigate hazardous consequences.
(Baker et al., 2002, p. 9)
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1. Introduction

1.1. Flood hazard

Natural hazards are omnipresent in our world and always have been. However,
the number of disasters reported and the number of people affected have rapidly
increased in recent decades (Figure 1.1), despite improved knowledge and awareness
of natural hazards (White et al., 2001).

Natural hazards are typically grouped in hydrometeorological, geological, and
biological categories (UN/ISDR, 2004, p. 39). Many geological hazards, including
earthquakes, volcanic eruptions, and most tsunamis, are related to internal Earth forces;
their occurrence probably does not change over long periods. In contrast, the frequency
and intensity of hydrometeorological hazards, for example floods and windstorms, may
change as Earth’s climate warms (UN/ISDR, 2004). The Intergovernmental Panel on
Climate Change (IPCC) has published four assessments of scientific knowledge about
global climate change and its effects on society (the fifth assessment will be released in
the spring of 2014). Changes in climate may, in turn, alter exposure to biological
hazards, such as epidemics. Any change in the frequency or intensity of
hydrometeorological hazards is of interest, especially considering a growing (global)
population (EM-DAT, 2009). Flooding is the most reported and injurious natural hazard
(EM-DAT, 2009; Figure 1.2).

The focus of this thesis is river flooding, which can be seasonal, as in the case of
spring floods caused by snow melt, or the result of sudden downpours (flash floods).
Another type of flooding results from storm surges accompanying cyclones (e.g.,
flooding of New Orleans during Hurricane Katrina in 2005). Each of these types of floods
can result in large economic losses, especially in densely populated areas. Secondary

hazards that either accompany or follow a flood can exacerbate damage. For example,



epidemics can occur when large flat areas are inundated for long periods, and heavy
rains can trigger landslides (UN/ISDR, 2004).
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Figure 1.1. Reported natural disasters, 1900-2011 (number of people reported
killed, number of disasters reported, number of people reported
affected). (Modified from EM-DAT: The OFDA/CRED International
Disasters Database, 2009).

Flooding is a natural characteristic of river systems, and is governed by
hydrometeorological conditions within the watershed (Wohl, 2000). Natural changes in
the watershed, such as reduced glacier cover, may alter the discharge pattern of a river
and the incidence of flooding. Human interference with the river and its floodplain (e.g.

agricultural activities or river engineering) similarly may alter the flow regime of a river.

Many towns and cities are located on floodplains, and people have adjusted to
flooding for over 2000 years (Wohl, 2000). Floodplains originally provided access to
rivers and thus a means of transporting goods; they now are also corridors for railroads,
highways, utility lines, and other linear infrastructure, and also support much larger
populations. Increased development of floodplains over time has thus been

accompanied by an increase in risk (Wohl, 2000).
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Figure 1.2.  Number of reported natural disasters, 1900-2011. (Modified from EM-
DAT: The OFDA/CRED International Disasters Database, 2009).

The history of flooding in a region underpins an appropriate mitigation strategy.
Where the oral or written history of floods is brief or lacking, paleohydrological
observations can be used to reconstruct the flood history of a watershed (Baker et al.,
2002). Similar to flood marks on buildings, evidence of past floods can be found in trees,
for example scars and changes in ring width (Stoffel & Bollschweiller, 2008). Floods also
deposit sediments and erode channels, thus providing information on maximum water
levels of prehistorical floods (Baker et al., 2002). Paleoflood hydrology is a relatively new
discipline, having developed primarily in the past 40 years (Baker et al., 1979, 2002).
The discipline can provide floodplain managers insights into flood hazards that are not
available from historical accounts and river gauging. Nevertheless, paleoflood analysis

is, in most instances, not yet integrated into flood management.



1.2. Scientific knowledge and natural hazards

1.2.1. Natural hazards research

Natural hazards research is pursued in both the applied natural and social
sciences, and several schools of thought have emerged based on principles and
expertise in geology, other physical sciences, geography, anthropology, sociology,
development studies, disaster medicine, and epidemiology (Alexander, 1991). Two of
the most influential early researchers grounded in the geographical school of thought are
Harlan H. Barrows and Gilbert F. White. Barrows was a pioneer in interdisciplinary
research and “saw geography as human ecology or the study of adjustment of man to
his environment” (White et al., 1968, p. 5). White was a renowned geographer, whose
thoughts were shaped by John Dewey’s philosophy on human ecology (Mileti, 1999). He
is recognised and praised for his work in natural hazards, in particular flooding and flood
management (White, 1945, 1973). White has “maintained that natural hazards are the
result of interacting natural and social forces and that hazards and their impacts can be
reduced through individual and social adjustment” (Mileti, 1999, p. 19). His PhD
dissertation on human adjustments to floods (White, 1945) still influences hazards
research (Mileti, 1999). In this dissertation, White (1945) discussed adjustments to
floods, including, for example, land elevation, flood protection (i.e. structural solutions),
emergency measures, land-use changes, public relief, and insurance. White concludes
“that a comprehensive [flood] policy using a wide variety of adjustments is required”
(Macdonald et al., 2011, p. 128).

Since the early work of White, much research has been done on different
aspects of flooding and other natural hazards. In addition to natural science research on
the mechanisms of hazardous processes, many studies have assessed the social
impacts and consequences of natural hazards. Most current natural hazards research
performed within the social science school of thought assumes that human adjustment
to hazards is cyclical and comprises four stages: preparedness, response, recovery, and
mitigation (Mileti, 1999). Each of the four stages refers to processes that take place prior
to (preparedness), during (response and recovery), and after (mitigation) a natural

disaster.



In recent decades, natural hazards research has grown at an explosive pace,
accompanied by a parallel growth in the related literature (Alexander, 1997; White et al.,
2001). However, White et al. (2001, p. 1) postulate that, in spite of the much greater
knowledge of hazards, losses from natural disasters are increasing. The authors offer

four possible explanations for “why more is lost while more is known”:

“Knowledge continues to be flawed by areas of ignorance;
Knowledge is available but not used effectively;

Knowledge is used effectively but takes a long time to have effect,
and;

4. Knowledge is used effectively in some respects but is overwhelmed
by increases in vulnerability and in population, wealth, and poverty.”

The Intergovenmental Panel on Climate Change (2007, 2013) concluded that,
global climate change, coupled with population growth, will increase the number and
severity of natural disasters. Of relevance to this thesis, winter flooding is expected to
increase in North America. To reduce damage and injury from floods, relevant scientific
information must be current and, more importantly, must be effectively transferred and

used by responsible government agencies.

1.2.2.  Scientific knowledge available for flood management

Two kinds of data provided by geography and physical sciences can contribute to
flood management: real-time data and data provided by ‘traditional’ scientific studies.
Both types of data can be used to estimate flood hazard and risk (e.g.,

Intergovernmental Panel on Climate Change, 2007, 2013; Lemmen et al., 2008).

Real-time data, such as discharge measurements and high water marks, have
been collected around the world for centuries (e.g. Naulet et al., 2005; Neppel et al.,
2011) and used in flood frequency analysis. Technological advances during the past
century have greatly increased the availability and quality of real-time data, even in
many remote localities. In addition, advances in meteorology and monitoring of weather
systems, for example with satellites, have increased our understanding of the relations
between climate and hydrology, and have improved our ability to forecast storms and

subsequent floods.



Scientific studies have also contributed knowledge required for flood
management. Paleoflood hydrological studies, for example, have supported
assessments of flood hazard and risk (Baker et al., 2002). The data that these studies
provide include ages of prehistoric floods, their peak discharges, and their frequency.
Benito et al. (2004) discuss the use of paleoflood data in combination with historical data
to improve flood risk analysis for several European watersheds. They comment that
improved flood estimates enable more informed decisions about floodplain use, the
design of hydraulic structures, management of critical water resources, and

environmental conservation.

Paleoflood studies also provide insights into the relations between past climate
and flooding. Several researchers have used varves (annually laminated sediments) in
paleoclimatic reconstructions. Lamoureux (2000), for example, describes a 487-year
sequence of varved sediment from Nicolay Lake in Nunavut. He interpreted anomalous
rainfall events from the thickness and lithology of the varves. Leonard (1997) retrieved a
4450-year varve record from Hector Lake in Alberta, from which he inferred changes in
glacier extent within the watershed. Sander et al. (2002) analysed a 2000-year varve
record from the river Angermanélven in central Sweden to establish a history of
paleofloods. Brooks et al. (2002) identified and dated past floods in the Red River valley,
from scarring of old trees on the floodplain. Medioli & Brooks (2003) found that deposits
the 1997 and 1999 Red River floods have unique diatom and thecamoebian
assemblages and suggested that these assemblages could be used to reconstruct a

history of prehistoric floods.

1.3. Knowledge transfers between science and society

An influential report by Bush (1945) on the importance of science for society led
to a popular post-Second World War linear model of the relation between science and
society that still shapes science policies today. Bush (1945) argued that scientific
knowledge is the basis for technological progress and in many cases eventually leads to
important social contributions and practical applications. As an example, he stated that

new knowledge of diseases would enable us to find medicines to cure them.



Bush’s model, in which society is stipulated as the receiving member in the
process of knowledge transfer, is an inaccurate portrayal of the actual relationship
between science and society (Wise, 1985). Many scientists have criticized Bush’s
unidirectional model of knowledge transfer (e.g. Wise, 1985; Tatum, 1995; Stokes, 1997;
Pielke, 2010) and proposed different views. For example, Stokes (1997) classified

scientific knowledge based on its use and the quest for fundamental understanding.

Since Bush'’s report on scientific knowledge and its use and applications, many
authors have assessed aspects of the science-society relationship. In Chapter 4 of this
dissertation, | explore the transfer of scientific knowledge from the science community to
local governments, and the use of that knowledge by the latter groups to reduce flood

hazard in Lillooet River valley.

Much knowledge about natural hazards is publically available (White et al.,
2001), but several studies have concluded that this knowledge is poorly communicated
to, and not effectively used by, decision-makers and practitioners (White et al., 2001,
Holmes & Clark, 2008). Lack of collaboration and communication, and differences in
perspectives and priorities have been cited as the main barriers to effective knowledge
transfer (Morss et al., 2005; Holmes & Clark, 2008).

The Intergovernmental Panel on Climate Change (2007, 2013) provides an
exhaustive review of scientific advances in our understanding of climate change and its
relation to hydro-meteorological hazards (Intergovernmental Panel on Climate Change,
2007, 2013). Yet it does not provide an assessment of the efficacy of the transfer and
use of this information by society. UN/ISDR (2004) concludes in its ‘Living with Risk’
report that, although scientific information is widely available, it does not necessarily
meet the needs of potential users. The wealth of available information makes it difficult

for users to extract or distill knowledge of value to them.

UN/ISDR (2004) suggests that national audits of risk-related information needs,
availability, and limitations would be beneficial to users. An example of such a national
audit in Canada is the report ‘From Impacts to Adaptation: Canada in a Changing
Climate 2007’ (Lemmen et al., 2008), the preface of which summarizes the scientific

advances made in “understanding Canada’s vulnerability to climate change during the



past decade.” The report provides a summary, by province, of the current state of
knowledge about climate change, as well as knowledge gaps. Decision-makers require a
better understanding of this information and the risks that climate change pose to
society. The report stresses the importance of “periodic science assessments and the
effective transfer of knowledge to decision-makers” (Lemmen et al., 2008, p. 440). The
value of national scientific assessments to local or regional decision-makers, however,

may be limited; local or regional assessments would be more useful.

A report published by the Columbia Basin Trust (2012) is an excellent example of
a regional scientific assessment, and is an attempt to translate and transfer scientific
knowledge to decision-makers and the public. The main objective of the report is to
provide Canadian communities in the Columbia River basin with a summary of current
scientific understanding of climate change and historical climate trends. The report also
presents possible impacts of climate change for communities in the basin and
suggestions for adapting to a changing climate. In his book on sustainable behavior,
McKenzie-Mohr (2011) argues that, even when information on climate change is
effectively conveyed to society, people will not necessarily act in a sustainable manner.

In Lillooet River valley much research on natural hazards has been done in
recent decades and has provided the scientific community with a better understanding of
the geological, geomorphological, and climatological forces that shaped the region.
Whether or how the availability of this scientific information has assisted local
communities in Lillooet River valley in adapting to flood hazard is the question I try to

answer in Chapter 4 of this thesis.

1.4. Study area

My study area is Lillooet River valley in the southern Coast Mountains of British
Columbia (Figure 1.3). | chose this area for my research for two reasons. First, the valley
has been flooded several times in recent history, and floods seem to have increased
with time. Second, the sedimentary record in Lillooet Lake has annual resolution and

may provide a proxy for Lillooet River floods (Desloges & Gilbert, 1994).
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Figure 1.3. Location of the study area (square) in British Columbia.

The flat valley floor is bordered by steep slopes and glacier-clad mountains and
is prone to several hazardous natural processes. Floods, landslides, and wildfires pose
threats to residents in the valley, most of whom live in the villages of Pemberton and
Mount Currie. These processes are also hazardous to the highway, railroad, and other
infrastructure. In addition, a dormant volcano, which last erupted about 2400 years ago,
is situated in the upper part of the watershed (Clague et al., 1995).

Lillooet Lake, located just southeast of the community of Mount Currie, is 22 km
long and has a maximum width of about 2 km. The lake is fed by Lillooet River, which
has a source at Lillooet Glacier, approximately 95 km to the northwest. The main
tributaries of Lillooet River are Meager Creek, Ryan River, Green River, and Birkenhead
River (Desloges & Gilbert, 1994). Meager Creek drains the highly unstable Plio-
Pleistocene volcanic rocks of the Mount Meager massif and joins Lillooet River
approximately 65 km north of Lillooet Lake. Varved sediments in Lillooet Lake are

thought to record differences in discharge of Lillooet River (Desloges & Gilbert, 1994)



and to provide insight into changing climatologic conditions within the watershed (Gilbert
et al., 2006).

1.4.1. Floods and flood management in Lillooet River valley

This dissertation deals with several aspects of flooding in Lillooet River valley.
Although it has only two small population centers (Pemberton and Mount Currie), Lillooet
River valley is an important agricultural area and transportation route. The most recent
flood in 2003 was the largest flood of record; it claimed five lives and isolated residents
of the valley from the rest of the province for almost a week. Damage was estimated at
CDN $20-30 million (Blais-Stevens & Septer, 2008). More recently, in 2010, a landslide
blocked Meager Creek and Lillooet River, prompting an evacuation of residents of
Pemberton. The landslide dams were overtopped and breached slowly enough that the
communities were not flooded. These recent events have spurred scientific research in
the valley and increased public awareness of the flood hazard (Gilbert et al., 2006;
Simpson et al., 2006; Roche et al., 2011; Guthrie et al., 2012).

Lillooet River discharge has been recorded since 1914 by Environment Canada.
There have at least nine large floods (with a maximum daily discharge greater than 750
m?® s™) in the valley over this 100-year period. The magnitudes of the floods appear to
have increased over time (Figure 1.4). Because the population in the valley is rapidly
growing (BCStats, 2012a, b, and c), vulnerability and losses from floods have increased.
In response to the flood hazard, both structural (dyking and straightening of Lillooet
River) and non-structural strategies (floodplain mapping, raising buildings above Flood

Construction Level) have been undertaken.

In 2003, the Province of British Columbia devolved responsibility for flood
management to local governments (Ministry of Environment, Water Stewardship
Division, 2011). The four local and regional authorities that presently have responsibility
for flood planning, preparedness, response, and recovery in Lillooet River valley are the
Village of Pemberton, Lil'wat First Nation, Pemberton Valley Dyking District, and

Squamish-Lillooet Regional District.
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Figure 1.4.  Annual maximum daily discharge of Lillooet River, AD 1914-2004.

1.4.2. Current state of scientific knowledge in Lillooet River valley

One of the early scientific publications on the Lillooet River watershed was that of
Carter (1932), who described a large landslide in the valley of Meager Creek. Scientific
interest in the geology and geological processes in the valley increased in the late
twentieth century. Sedimentary processes in Lillooet River valley and lacustrine
sedimentation in Lillooet Lake have been well studied (Gilbert, 1972, 1973, 1975; Jordan
& Slaymaker, 1991; Desloges & Gilbert, 1994, Friele et al., 2005; Gilbert et al., 2006).
During the past decade scientific research has shifted to hazard analysis and
descriptions of hazardous events, with emphasis on recurring landslides in the valley of
Meager Creek (Friele & Clague, 2004; Simpson et al., 2006; Blais-Stevens & Septer,
2008; Roche et al., 2011; Guthrie et al., 2012).

Aside from scientific publications several government reports were published
regarding flooding and flood protection in the Lillooet River watershed (e.g. Wester,
1967; Nesbitt-Porter, 1985; Province of British Columbia, 1990). A number of more

detailed reports on various aspects river management were published by a consultancy
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agency since the start of the twenty-first century (Kerr Wood Leidal Associates Ltd.,
2002, 2007, 2009, 2010, 2011).

1.5. Thesis objectives

My thesis examines flood hazard and risk in Lillooet River valley using a multi-
disciplinary perspective. | use the record of sediments in Lillooet Lake to assess Lillooet
River flood frequency and sediment yield in the Lillooet River watershed. | also report the
experience of local and regional hazard managers in the use of available scientific
knowledge in the context of recent flood events. My research has three objectives, each

of which is addressed in a separate chapter:

1. Determine whether the historic flood record in Lillooet River valley can be
extended using varved sediments recovered from Lillooet Lake.

2. Utilize the varve record from Lillooet Lake to gain a better understanding of
long-term suspended sediment yield from the Lillooet River watershed and to
identify times and causes of exceptionally high yield both for the entire record
and, more specifically, the twentieth century portion of the record. Changes in
sediment supply to the river may impact river aggradation, which in turn could
affect the occurrence of floods.

3. Examine the process of knowledge utilization in relation to natural hazards,
and identify concerns, obstacles, and opportunities for improving this
process, by focussing on the experience of local government decision-
makers in Lillooet River valley and their use of scientific information for public
policy and planning purposes.

1.6. Thesis outline

My thesis comprises an introductory chapter and three research chapters written

in the style of journal manuscripts.

Chapter 2 describes an 825-year varve record retrieved from Lillooet Lake. |
examine the relation between twentieth-century discharge measurements and varve
thickness, and then discuss whether the prehistoric varve record can be used as a proxy
for Lillooet River flood discharge.

12



Chapter 3 reports suspended sediment yield estimates for the period AD 1629-
1997 based on the varve record from Lillooet Lake. | investigate the relation between
high sediment yield years and historical landslides and floods in the watershed, and the
persistence of high sediment yield events. | intend to submit both Chapters 2 and 3 for
publication in a peer-reviewed journal after completing the requirements for the PhD

degree.

Chapter 4 begins with a general introduction into the literature on knowledge
transfer between science and society, followed by a more detailed consideration of such
knowledge transfer in natural hazard science. The chapter includes overviews of the
history of settlement in Lillooet River valley, historical flooding in the valley, and federal,
regional, and local flood policy developments. | summarize interviews with local
government representatives to provide insights into the use of scientific information in
local flood management. The interview manuscript was approved by the Office of
Research Ethics of Simon Fraser University (File no. 2012s0677).

Chapter 5 includes a general discussion of developments in flood management
and the value of paleoflood research. Chapter 6 summarizes the main findings of my
research and provides recommendations for future research. This chapter is followed by
a bibliography and several appendices.
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2. A late Holocene varve record from Lillooet
Lake, British Columbia, and its use as a
flood proxy

2.1. Abstract

Lillooet River in southwest British Columbia flooded many times during the past
century and caused considerable damage to the communities in the watershed. The
floods are recorded in Lillooet Lake, at the mouth of the river, as anomalously thick
varves. | compare river discharge records dating back to 1914 to the contemporaneous
record of varve thickness obtained from 12 percussion and vibracores to determine
whether an 825-year varve record can be used as a proxy for discharge. Correlations
between varve thickness and a variety of historical discharge measures are low to
moderate for the period 1914-2004 (r* = 0.37) and 1914-1945 (r* = 0.40), but higher for
the period 1946-2004 (r* = 0.55). Landslides, glacier fluctuations, river dyking, an
artificial lowering of Lillooet Lake level, and lag effects of storms are responsible for the
considerable unexplained variance in the relation between peak annual discharge and
varve thickness in historic time. The cores contain many extremely thick varves, some of
which can possibly be attributed to previously dated prehistoric landslides in the
watershed or to local landslides into the lake. The varve record suggests that the
average recurrence of large floods (annual maximum daily discharge >900 m® s™),
ranges from 30-48 years between AD 1586 and 1825 to 20 years between AD 1906 and
2004.

2.2. Introduction

Paleoflood studies are valuable to assess flood hazard and risk (Baker et al.,
2002; Medioli & Brooks, 2003). These studies strive to provide ages and peak

discharges of prehistoric floods, which are useful in extending the historical instrumented
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record of flooding. They also provide insights into the relation between past climate and

flooding over suitable long time scales.

Many researchers use varves for paleoclimatic reconstructions. Leonard (1997),
for example, obtained a 4450-year varve record from Hector Lake, Alberta, from which
he inferred variations in glacier extent within the watershed. Lamoureux (2000)
described a 487-year sequence of varved sediments from Nicolay Lake, Nunavut,
Canada, and postulated anomalous rainfall events based on the thickness and lithology

of the varves.

Fewer authors examine the relation between river discharge and varve thickness.
Kaufman et al. (2011) assessed the relations between varve thickness and multiple
climate variables at a site in southwest Alaska. They found that varve thickness strongly
correlates with total annual discharge (r*= 0.75, n = 43, p < 0.0001), but not with other
annual climate variables and the Pacific Decadal Oscillation (PDO). Sander et al. (2002)
documented two exceptionally thick varves in their 2000-year record from an estuary in
central Sweden and concluded that varve thickness significantly correlates with
maximum annual daily discharge (r* = 0.76).

Much research has been done on the Holocene history and sedimentary
environments of the Lillooet River watershed in the southern Coast Mountains of British
Columbia (Figure 2.1), with a particular focus on Lillooet Lake and Mount Meager
(Gilbert, 1972, 1973, 1975; Jordan & Slaymaker, 1991; Desloges & Gilbert, 1994; Friele
et al., 2005; Gilbert et al., 2006; Simpson et al., 2006). Gilbert (1973, 1975) documented
sedimentary processes operating at the Lillooet River delta and on the adjacent floor of
Lillooet Lake. He described sediment delivery to the lake and the processes that
distribute sediment from the delta to more distal lacustrine environments (Appendix A).
He was the first to show that the bottom sediments in the lake are varved. Varve
formation typically requires thermal stratification within a lake, heterogeneous sediment
influx and the presence of suspended matter in the water column (Sturm, 1979). Gilbert

(1975) also showed that varve thickness is related to Lillooet River discharge.

Three general types of varves are deposited in Lillooet Lake and include simple

two-layered varves and varves with multiple sub-annual laminae, which record runoff
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dominated by spring (i.e. freshet) and summer (i.e. glacial melt) discharge. In contrast,
anomalously thick varves result from extreme flows (in excess of 600-800 m®s™), mostly
generated by autumn rain-on-snow storms (Desloges & Gilbert, 1994). Desloges &
Gilbert (1994) noted that extreme flood events are uncommon in the early part (1865-
1914) of their Lillooet Lake varve record, which they attributed to a lower frequency of
autumn storms and fewer large snowmelt events in spring. The frequency of floods
increases after 1965, coinciding with to a wetter and colder climate in southwest British
Columbia (Desloges & Gilbert, 1994). Menounos et al. (2005) found a positive
correlation between varve thickness and annual maximum mean daily discharge in
several watersheds in the southern Coast Mountains, including the Lillooet River
watershed. They attributed the increase in the frequency and magnitude of floods in the
past several decades to a reorganization of the North Pacific climate system (Mantua &
Hare, 2002), with a consequent increase in autumn flooding.

Gilbert et al. (2006) documented the characteristics of sediment delivered to
Lillooet Lake during the last large flood in October 2003. They found that 8-12 times
more sediment was deposited in the central part of the lake in 2003 than during years
without significant autumn flooding. They were able to trace the 2003 varve throughout
all but the most distal part of the lake based on its thickness, colour, stratigraphy,

magnetic properties, and organic content.

The villages of Pemberton and Mount Currie (Figure 2.1), the main population
centres in the Lillooet River valley, are rapidly growing, increasing the need for a flood
hazard assessment and a flood mitigation plan. In response, | initiated a project to
extend the historic flood record in the valley using the varved sediments in Lillooet Lake
as a flood proxy. To extend the flood record, | compared the nearly 100-year hydrometric
record for Lillooet River to varves deposited over the same period (1914-2004). |
summarize the varve record in this paper and discuss factors that confound
interpretation of the record. Furthermore, | compare the results of my study to those of

other related paleoenvironmental studies in northwest America.
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Figure 2.1.  Map of Lillooet Lake watershed. Inset left: bathymetry of Lillooet
Lake and core locations.

2.3. Study site

Lillooet Lake is situated in the southern Coast Mountains of British Columbia,
approximately 160 km north of Vancouver (Figure 2.1). The Lillooet River watershed
upstream of the lake has an area of 3850 km?, of which 14% is permanent snow and
glacier ice. The lake and the inhabited parts of the broad, flat Lillooet River valley are
approximately 200 m above sea level (asl); the highest peaks in the watershed are about
2700 m asl.

Lillooet Lake is 22 km long and has an area of about 20.5 km?; its maximum
depth is 137 m (Desloges & Gilbert, 1994). The lake is dimictic and oligotrophic; it is
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thermally stratified in summer and does not freeze over in winter (Menounos et al.,
2005). It has two basins separated by a sill (Desloges & Gilbert, 1994). The lake is an
efficient sediment trap, capturing up to 90% of the sediment delivered to it by Lillooet
River (Gilbert, 1973).

Lillooet River extends about 95 km from its headwaters at Lillooet Glacier to
Lillooet Lake, approximately 15 km southeast of Pemberton (Figure 2.1). Approximately
35% of the river’s discharge at the lake head comes from Green River and Birkenhead
River. Joffre, Ure, and Lizzie creeks flow directly into Lillooet Lake; the latter two have
built large sediment fans into the lake from its sides during the postglacial period
(Desloges & Gilbert, 1994).

The flat Lillooet River valley floor ranges from 1.5 to 2.5 km wide and is bordered
by steep valley walls that are locally unstable and subject to landslides and debris flows
(Desloges & Gilbert, 1994; Friele & Clague, 2004). Most of the watershed is underlain by
granitic and metamorphic rocks. A Plio-Pleistocene volcanic complex, centered at Mount
Meager where Meager Creek flows into Lillooet River, makes up only about 2% of
watershed, but is thought to dominate the sediment load of the river (Jordan &
Slaymaker, 1991; Friele et al., 2005). Large (> 1 million m®) landslides occurred on the
flanks of the volcanic massif in 1931, 1947, 1975, 1998, and 2010. The 2010 landslide
had a volume of about 48.5 million m* and is one of the two largest historic landslides in
western Canada (Guthrie et al., 2012). Even larger landslides, best described as flank
collapses, occurred about 8700 and 4400 years ago (Friele et al., 2005, 2008), and
another large landslide occurred when the volcano last erupted about 2350 years ago
(Clague et al., 1995).

The Lillooet River watershed is located within the Pacific coastal climate region,
which is characterized by high annual precipitation and predominantly falls in autumn
and winter. Extreme floods triggered by heavy rainfall on snow in fall or early winter are
generally larger than those caused by snowmelt in late spring or summer (Melone,
1985).
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The mean annual discharge of Lillooet River is 126 m®s™. The river typically
experiences a peak nival discharge of 400-600 m®s™ in June and a comparable peak

discharge related to snow and glacier ice melt in July (Gilbert et al., 2006).

Seven hydrometric stations have operated in Lillooet River valley; the oldest of
these dates back to 1911. The present station has the longest record (08MGO005; Figure
2.1), and has been in operation since 1914 except for the period 1918-1923
(Environment Canada, 2010). Eight of the ten largest floods at this station — 1940, 1957,
1968, 1975, 1980, 1981, 1984, 1991, 1992, and 2003 — occurred in fall or early winter,

and seven of the ten floods have happened since 1975 (Figure 2.2).
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Figure 2.2.  Annual maximum mean daily discharge (m®s™) of Lillooet River,
1914-2004. Insets show annual hydrographs for 1931 and 2003,
years in which thick varves were deposited in Lillooet Lake.

The reach of Lillooet River between Pemberton Meadows and Pemberton was
first dyked in 1946 to protect residential areas from recurrent floods. Dyking shortened
the river channel by 5.5 km (Kerr Wood Leidal Associates Ltd., 2002). Tenas Narrows

and Lillooet Narrows were dredged in 1946 to lower the level of Lillooet Lake by 2.5 m
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and thus increased the gradient of Lillooet River and maintain channel depth between
Pemberton and the delta front (Kerr Wood Leidal Associates Ltd., 2002).

2.4. Methods

| collected three percussion cores and nine vibracores from Lillooet Lake during
the summers of 2005 and 2006 (Figure 2.1). The cores were collected in water depths
ranging from 78 to 128 m and have lengths ranging from 1.76 m to 11.06 m (Appendix

B). | cut the cores into sections for transport to the laboratory.

Some sediment was lost from the tops of cores and at the coupling point
between adjacent sections of core pipe. Loose, water-rich sediment at the tops of cores
was disturbed during coring, transport, and splitting. Cores closest to the Lillooet River
delta showed the most disturbances. The uppermost 60 varves in core C, which is
closest to the delta, are difficult to distinguish and thus were not included in the

chronology of that core.

| analyzed the cores in the Northern Sedimentary Archives and Environmental
Change Laboratory at the University of Northern British Columbia (UNBC) in Prince
George, and in Paleoecology Laboratory at Simon Fraser University (SFU) in Burnaby.
The same methods were used in both laboratories. | cleaned, photographed and logged
the cores after splitting them lengthwise. | sampled the cores for density and water
content every 10 cm, using a 2 mL plastic syringe and measured magnetic susceptibility

with a Bartington MS2 meter.

| determined the particle-size distributions of samples taken at 10-cm intervals
from core A from the distal basin and core 5 from the proximal basin in order to
characterize the full range in lithology of the varves. Additionally, | analyzed samples
from varves associated with known twentieth-century floods in all cores to assess
particle-size differences of specific flood events at different locations in the lake. All
samples were pre-treated with 30-35% hydrogen peroxide (H,O,) and dispersed in a
sodium hexametaphosphate (NasP¢O1g), solution before analysis. | determined particle-
size distributions of the treated samples with a Malvern Mastersizer Hydro 2000G and
calculated particle-size statistics using GRADISTAT software (Blott & Pye, 2001). A twig
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and unidentified terrestrial plant tissue recovered from core A, at depths of 930 cm and
1017.5 cm respectively, were radiocarbon-dated at the Keck Carbon Cycle AMS Facility
at the University of California at Irvine. Radiocarbon ages were calibrated using CALIB
6.0 (Stuiver & Reimer, 2011).

| identified varves and marker beds on digital images of the fresh wet core halves
and measured their thicknesses using Gimp2 (2012) software. After initial photographs
were taken and the core halves were sub-sampled, several core sections were partially
dried and re-photographed during the drying process to facilitate recognition and

measurement of varves (Gilbert, 1975; Lamoureux, 2001).

| established a varve chronology using marker beds and varve thickness
measurements using standard techniques (Lamoureux, 2001). Before compiling the
varve chronology, | log-transformed the varve thickness to normalize the data. | then
calculated a z-score to standardize systematic varve thickness differences among core
sites. Z-scores of log-transformed data in each core were computed as follows:

Vz, = (G0)

Yy~ T (eq. 2.1)

where Vz, is standardized varve thickness for year y, V,, is log-transformed varve
thickness, and SD and I7y are the standard deviation and average log-transformed varve
thickness for a specific core.

| then compiled the chronology as the average z-score thickness for a given year across
all 12 cores (Menounos et al., 2005). | regressed transformed varve thicknesses against

a variety of river discharge measurements using the statistical software package R.

| estimated possible varve errors in two ways. First, | tabulated missing and extra
varves in each core. Second, | compared the difference in calibrated radiocarbon ages
on two samples from core A to the number of varves counted between the two dated

levels in the core.

| identified six types of varves and their associated river discharge and
disturbance regimes: (1) simple varves with no distinct sub-annual laminae, deposited in
years with typical freshet and glacial ice melt peaks (category S); (2) simple varves with

a late-season or upper graded lamina, deposited in years with a late summer or fall high-
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discharge event (SB); (3) complex or micro-laminated varves with (CO) or without (C)
visible organic material, deposited during years with multiple high inflow events; (4)
anomalously thick varves containing one or more sub-annual laminae with or without
organic material, associated with major floods (AT); (5) anomalously thick varves
resulting from a local slump or other local disturbance in the lake (AL); and (6) other

varves (O) that have none of the above characteristics.

| calculated average sedimentation rates within the proximal and distal basins of
Lillooet Lake by determining the depth of several dated marker beds in each core.
Sediment density did not significantly change down core (Appendix C), therefore | did
not adjust varve thickness for compaction. | calculated sedimentation rates at each core
site by dividing the depth of a particular marker bed by the elapsed time since its
deposition (i.e. the number of varves).

2.4.1. Statistical calculations between varve thickness and
discharge

| calculated Pearson’s correlation coefficients for relations between transformed
varve thickness and a variety of discharge measures. | also calculated correlation
coefficients between thicknesses of event beds (i.e. sub-annual laminae) and discharge

in two cores, one from the proximal basin (core 5) and one from the distal basin (core 3).

| performed five sets of calculations to assess correlations between varve
thickness and discharge. Two sets of calculations are relatively simple and assume that
one peak discharge event controls sediment input and thus varve thickness. The other
three sets of calculations are composites and assume that more than one peak

discharge event in a year controls varve thickness.

First, | determined correlations between annual maximum mean daily discharge
(m* s™) and varve thickness (Max_D) using data published by the Water Survey of
Environment Canada (2010). | then regressed varve thickness against maximum mean
daily discharge data between August 1 and December 31 (Max_F). Years with missing
data were excluded from this analysis. | also assessed the relation between varve
thickness and the nival melt peak, using peak discharge during the period April 1 — July

31 as a proxy, and during the period of glacier melt, represented by peak discharge
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during the period July 15 — September 15. Correlation coefficients for these two
relationships, however, are not significant (p>0.05) and therefore are not reported. The
third (A) and fourth (F) sets of calculations are based, respectively, on annual and
fall/winter discharge thresholds. Thresholds were established by summing, respectively,
the ten days of greatest discharge for each year and for the period August 1 — December
31. Increased high flows usually occur only on a few days each year (usually less than
10) during the freshet and glacial melt periods, as well as due to rain or rain-on-snow
storms. The fifth set of calculations was done by regressing varve thickness against the
sum of the maximum fall peak discharge, and/ or the maximum nival melt peak, and/ or
the maximum glacial melt peak (FNG, FN, or FG). To avoid overlap between the
discharge periods and double-counting of peak flows, | assumed that the nival melt
period is April 1 to July 14, the glacial melt period is July 15 to September 14, and fall
extends from September 15 to December 31.

2.5. Results

2.5.1. Sedimentology

Lillooet Lake sediments primarily consist of rhythmically laminated silt and clay
couplets. Previous research confirmed that these couplets represent clastic varves
(Gilbert, 1975; Desloges & Gilbert, 1994). Each couplet comprises a silty lower layer that
grades into a thinner capping clay layer. The contact between the top of one couplet and
the base of the next higher couplet is sharp and, in most cases, clearly distinguishable

from contacts of inter-annual laminae within couplets.

Recovered varves range in thickness from 3.9 mm to 394.9 mm. Average varve
thickness decreases away from the Lillooet River delta front, from 32.6 mm in the most

proximal core to 13.8 mm in the most distal core (Table 2.1).

Almost 70% of the varves in my cores are simple varves (S or SB). There are
more S-type varves than SB-type varves in the distal part of Lillooet Lake. As might be
expected from the bathymetry of the lake and the reduction in suspended sediment with

distance from the delta front, the proximal cores have the largest variability in varve
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types. All six varve types are recorded in core 5 (Figure 2.3), but complex (or micro-
laminated) varves are only found in this core between the mid-1920s and the late-1950s.

Table 2.1. Minimum, maximum, and average thickness (in mm) of varves in
Lillooet Lake cores.

Core c 7 D 5 4 1 2 A B 3 6 E
Min 8.5 10.7 87 9.4 101 5.2 5.3 3.9 43 5.6 4.3 44
Max 1095 3949 200 1012 928 324 354 998 1911 465 607 339

Average 326 321 304 277 251 141 138 119 137 154 134 138

Note: Cores are listed, left to right, from north to south, i.e. most proximal to most distal in relation to the Lillooet River
delta.
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Figure 2.3  Varve typesin core 5.

Deposits of known twentieth-century floods (Appendix D) are easily recognized
and can be tracked throughout the lake. Varves relating to these floods are thick,
commonly have distinctive colour and texture, and commonly contain organic matter.
Sub-annual laminae, which are mostly darker grey-brown, fine to coarse silt or very fine
sand, within a varve indicate the onset of these twentieth-century flood events; which
grade upward into an over-thickened clay cap. For example, the 1940 varve has a
characteristic sub-annual lamina and an over-thickened clay cap, which can be easily
tracked throughout the lake (Figure 2.4). Similarly, the 1931 varve deposited in response

to a landslide off Mount Meager and a minor autumn flood, is easily identified by two
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darker grey sub-annual layers and the yellowish colour of the clay cap (Figure 2.4). The

deposit of the most recent flood (2003) was recovered in only one of the 12 cores.
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Figure 2.4. Examples of thick varves in Lillooet Lake. a. 1931 (landslide at
Mount Meager and a minor autumn flood). b. 1940 (autumn flood). c.
1980 (winter flood). From left to right, proximal core (C), mid-lake
core (2), and distal core (E). Vertical black bar at lower left of each
photograph is 1 cm. Colours have been enhanced for contrast.
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Flood deposit thicknesses identified in this study are spatially similar to those
described by Gilbert et al. (2006) for the 2003 flood. In the most proximal cores, the flood
layers are difficult to distinguish from deposits emplaced by local slumps and turbidity
currents. The varves of all twentieth-century floods in the mid-lake cores (cores 1, 2, and
A) and core 3, which is farther south near the Lizzy Creek fan contain subannual
laminae. Sediment deposition at the latter site may be influenced by the discharge of
Lizzy Creek, for which there are no discharge data. Only the deposits of the largest

twentieth-century floods are recorded in the two most distal cores (6 and E).

2.5.2. Varve chronology

The number of cores that contributed to the chronology (Figure 2.5) between AD
1883 and 1940 is 11. Other intervals contain missing or disturbed varves, and comprise
fewer contributing cores. Only two cores (A and B) form the chronology prior to 1615,
and prior to AD 1432, the chronology is represented by a single core (core A). The
period AD 1179-1432 in core A contains an unknown number of missing varves between
the fourth and fifth core sections at 845 cm depth. The fourth section dates back to AD
1376. The cut between the core sections is clean and no sediment was lost in the field
during retrieval, therefore it is unlikely that many varves are missing. The maximum
number of missing years at the boundary between the fourth and fifth sections was
estimated by averaging the missing years in younger clean breaks in the same core.

Varve ages below the break in core A may be in error by up to five years.

I made an estimate of varve counting error in core A from the two AMS
radiocarbon ages at 930 cm and 1017.5 cm depth (Tables 2.2 and 2.3). Considering the
uncertainty in the upper radiocarbon age, the total estimated counting error for the
uppermost 930 cm of the core is 0.15-1.25% (10 range) or 0.55-2.42% (20 range). The
total error to 1017.5 cm depth is 1.34-2.68% (10 range) or 2.18-3.36% (20 range). The
20 age range of the calibrated radiocarbon age for the sample at 930 cm depth is AD
1251-1289, corresponding to the varve age of AD 1295. The radiocarbon sample at
1017.5 cm depth has a 20 calibrated age range of AD 1152-1218, which is consistent
with the varve age of AD 1192. The radiocarbon ages from core A confirm that, within

reported age ranges, counting errors have not accumulated downcore.
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Figure 2.5. a. Varve chronology for Lillooet Lake, AD 1170-2004. b. Varve
thickness and maximum daily discharge, 1914-2004. Noted years are
mentioned in the text.

I made a second estimate of varve counting error by tracking missing and extra
varves in each core (Table 2.4). | found more missing varves than false varves. Based

on correlations across the 12 cores, varve error (the sum of missing and extra varves)
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ranges from 0% to 1.61%. This error is slightly lower than the error estimate based on

the radiocarbon ages.

Table 2.2. Radiocarbon ages of two samples recovered in core A.

Sample Material 14C age (BP) CALIB 6.0 age (AD)" Varve year
06-LILL(A) 930 Twig 740+ 20 1266-1280 1282
06-LILL(A) 1017.5 Plant tissue 875+ 20 1160-1208 1192

" Reported CALIB ages are at 1 sigma.

Table 2.3. Varve error based on radiocarbon ages.

ampls Vi WCose  Coendwrage  JET Calndarage (a0
range) range)

A-930 1282 740 £ 20 AD1266-1280 0.15-1.25 AD1251-1289  0.55-2.42

A-1017.5 1192 875+ 20 AD1160-1208 1.34-2.68 AD1152-1218  2.18-3.36

' Calendar ages were calculated using CALIB 6.0.

Table 2.4. Varve error based on varve counts and cross-correlation.

Core c 7 D 5 4 1 2 A B 3 6 E

Total number of varves 248 158 331 165 52 239 379 753 493 109 231 322

Missing varves 4 - 4 1 - 2 2 1 - - 2

False varves - - - - - - 2 2 - - -

Varve error (%) 161 - 121 061 - 084 106 040 - - 087

Missing years (section gaps) 12 3 25 3 - - - 65" 29 - 2 4

 Minimum estimate; section gap is not covered by other cores.

2.5.3. Sedimentation rates

Sedimentation rates for cores in the north basin range from 2.98 to 3.55 cm a™.
Average sedimentation rates are much lower in the south basin, ranging from 1.40 to
1.64 cm a. Because sedimentation rates in the north and south basins differ, |
constructed separate age-depth curves for each basin. | determined the average depth
of each marker bed in the proximal and distal cores (Figure 2.6) and plotted those values
against varve year (Figure 2.7). Because varve errors are relatively small (Tables 2.3

and 2.4), 1 did not include error bars in Figure 2.7. Examination of these age-depth

28



curves indicates that sedimentation rates in the north basin are more variable through

time than those in the south basin.
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2.5.4. Particle-size characteristics

Table 2.5 summarizes particle-size statistics (D10, Dso, Dgo) for samples from cores

5 and A. The median (Ds) particle size in both cores is medium silt, but sediment in the

proximal basin is coarser than that in the distal basin.

Table 2.5. Particle-size statistics for proximal core 5 and distal core A.
Core 5 Core A
Particle size (pm)
D1o Dso Do D1o Dso Dgo
Minimum 1.4 44 14.1 1.6 48 12.4
Maximum 7.2 317 195.9 6.7 43.3 104.1
Average 29 11.0 39.3 24 8.0 24.8
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The median particle size of sediment in core 5 in the proximal basin is 11.0 um,
whereas that in core A in the distal basin is 8.0 um. The proximal core is more variable in
texture than the distal core (Figure 2.8), likely due to the greater range in energy near
the Lillooet delta front. The proximal core shows several particle-size peaks that are
labelled in Figure 2.8 with their respective varve years. All of the samples corresponding
to these peaks, except for that dating to 1900, are from fining-upward laminae, and 10 of
these 13 laminae can also be found in other cores. Except for the sample from 1936, all
twentieth-century particle-size peaks are associated with years during which the
maximum discharge was in the fall. The sample dating to 1900 is possibly related to a
slump or local landslide in the lake —the bed is deformed, shows no obvious grading, and
the event is not recorded in other cores. Core A shows one distinctive particle-size
anomaly, corresponding to varve year 1611 (Figure 2.8). The sample is from a massive,
bed that is also recorded in distal core B. Cores A and B are approximately 1.5 km apart,
but are both located near an unnamed sediment fan that has been built out into the lake.
Several smaller particle-size peaks date to AD 1300, 1493, 1511, 1645, 1655, 1661,
1731, 1776, 1917, 1980, and 1984 (Figure 2.8), and all come from varves with darker
grey to brown sub-laminae overlain by an over-thickened clay cap.

| also analysed samples of varves associated with the four largest floods on
record, excluding the 2003 flood. Table 2.6 presents the median particle-size (Dsp)
results of samples of these varves from all cores. The data show the same general fining
of sediment from north to south, away from the Lillooet River delta. Core A, however, is
an exception in that it has an average median patrticle size similar to that of the most
proximal core (C). Core A was collected close to the sediment fan of an unnamed creek,

which may have contributed coarser sediment to the core site.

2.5.5. Varve thickness and twentieth-century Lillooet River
discharge

The lower panel in Figure 2.5 displays the relation between the varve thickness
and maximum daily discharge of Lillooet River over the period AD 1914-2004. Discharge
correlates well with varve thickness between about 1946 and 2004, but the relation is
poorer for the earlier part of the record. Average varve thickness for the period AD 1946-
2004 is also lower (19.31 mm) than for 1914-1945 (27.56 mm).
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Figure 2.8.  Particle-size distribution in (a) core 5 (proximal basin) and (b) core A
(distal basin). Noted years are mentioned in the text.
Table 2.6. Ds particle-size (in um) for the four largest historic floods in all
cores (listed from north to south).
Core c 7 D 5 4 1 2 A B 3 6 E
1940 19.2 16.7 18.9 15.0 - 8.7 55 - 8.5 15.6 - -
1980 43.5 - 25.6 18.4 - 6.7 - 19.1 - 71 8.7 -
1984 30.1 245 26.1 220 - 8.3 - 41.8 - 6.5 6.5 -
1991 - 241 - 19.0 - 7.2 - - - 6.7 - -
Average 30.9 21.8 23.6 18.6 - 7.7 55 30.5 8.5 9.0 7.6 -

Notes: Samples were collected from the event bed. Data are not available for all floods in some cores because the
varves were not recovered or identified, sediment was lost during coring, or the recovered sediments were too
disturbed to positively identify the flood varve.

Tables 2.7-2.9 show the results of correlations between standardized varve

thickness and the five different sets of discharge calculations mentioned earlier. | initially



calculated correlations for 1914-2004, which is the entire period for which discharge data
are available, but then split the record in two sub-periods, 1914-1945 and 1946-2004,

because of the differences notes above.

Correlations between varve thickness and the five sets of discharge parameters
are generally low for the period 1914-2004 (Table 2.7). Correlations between varve
thickness and annual maximum mean daily discharge are highest (r* = 0.59) for core 4
for this period, but | could only confidently identify and measure varves in this core for
the most recent part of the historic period (1953-2004). The r® values for the other cores
range from 0.14 to 0.38. Cores in the proximal basin (D, 4, and 5), as well as core 3 in
the distal basin, have the highest correlations. The best results for seven out of twelve
cores and the composite core were obtained when varve thickness was regressed
against the sum of the fall peak and/or nival melt, and/or glacial melt (i.e. the fifth set of
calculations; FNG, FN, or FG; Table 2.7). For core 7, maximum fall discharge combined
with the two highest glacier melt days (FG2; Table 2.7) yielded the best correlation (r?
=0.14). Low correlations (r* = 0.08) between discharge and varve thickness exist for core
B, whereas core C revealed no correlations with any of the discharge parameters.

Maximum daily discharge (Max_D) and maximum fall discharge (Max_F) are
more poorly correlated with varve thickness for the period 1914-1945 than for 1946-2004
(Tables 2.8 and 2.9). The correlations for the period before 1946 are also lower than
those for the full period, 1914-2004, except in the case of core D. Again, for many cores
the correlations improve significantly when discharge is taken as some function of nival
melt, glacial melt, and fall discharge (FNG, FN, or FG ; r*= 0.23-0.48; Table 2.8).

For the period 1946-2004, maximum daily discharge and maximum annual
discharge yield the best correlations with varve thickness for most cores (Table 2.9).
Correlations are higher (r? = 0.18-0.59) for this period than for the earlier historic period
and for the entire discharge record. Slightly better results for the period 1946-2004 are
reported for three cores when varve thickness is regressed against maximum (cores 6
and D) or two-day (core 7) fall discharge (F1 and F2, respectively; Table 2.9). Varve
thickness of the composite core is most highly correlated to maximum fall discharge for
the period 1946-2004 (r* = 0.55); the correlation for fall discharge is poorer (r* = 0.37) for
the other two time periods (1914-1945 and 1914-2004). The correlation in all of these
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periods improves for a discharge variable that is the sum of the highest glacier melt and
the highest fall peak discharge.

I examined the residuals for the period AD 1914-2004 for the composite core with
the highest correlation between varve thickness and discharge (= 0.37; a discharge
variable comprising maximum fall peak discharge and maximum glacial melt peak
discharge) to analyse which years have varve thicknesses that cannot be explained by
discharge. A scatter plot and regression line show that the relation between discharge
and thick varves of 1931 and 1936 is poor (Figure 2.9, panel a). The 1931 varve has two
clear subannual laminae, possibly related to a landslide and a flood in the basin, and a
distinct yellow clay cap. The 1936 varve has possibly some faint subannual laminae,
followed by one obvious subannual lamina at the base of the clay cap. Also, the 1974
varve is exceptionally thin for the discharge recorded that year and thus plots as an
outlier in the graphs. This varve, like the varves of 1972 and 1973, is characterised by a
very thin clay cap. The weak relation is also evident in the residual plot (Figure 2.9,
panel c), which shows that the residuals are not constant when plotted against fitted
values, and are somewhat scattered. | also plotted the residuals through time (Figure
2.9, panel d) to assess any temporal trends. Outliers in this plot date to 1915, 1931,
1936, 1941, 1948, 1953, 1973, and 1974. Most residuals are positive until 1951 (i.e.
observed varve thicknesses are greater than predicted thicknesses); since then, most
years have negative residuals (i.e. observed varve thicknesses are smaller than

predicted thicknesses; Figure 2.9, panel d).

2.5.6. Long-term varve chronology

The upper graph in Figure 2.5 shows the varve chronology for the entire period of
the record (AD 1179-2004). Table 2.10 summarizes the number of varve years in each
century that have transformed varve thicknesses more than two standard deviations
larger or than the mean, as well as the number of varves that are above the 9" decile.
The periods AD 1600-1699 and AD 1900-2004 have the largest number of varves that
are thicker than the specified values. The earliest centuries of the record have the lowest
numbers of unusually thick varves, although the composite core prior to AD 1615
comprises only one or two distal cores and some larger events may not be registered

well in the distal varve record during that period. It is also evident from Figure 2.5 that
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average transformed varve thickness is lower prior to about AD 1600 than after that

date. | applied a linear filter (31-year moving average) to the varve chronology (red curve

in Figure 2.5) to illustrate long-term trends in the varve thickness signal. Periods with
thicker-than-average varves date to approximately AD 1425-1455, 1480-1512, 1566-
1626, 1677-1827, and 1858-1944. Periods of lower-than-average varve thickness are
before AD 1422, 1513-1566, and 1944-1967.

Table 2.7. Correlation between varve thickness (log-transformed and z-score)
and discharge for each core for the period 1914-2004.

Core n . Max_D Max_FW A1 A2 F1 F2 FNG FN FN2 FG FG2
C 28 - - - - - - -
7 71 0.08 0.13 008 010 012 014 007 - - 0.13 0.14
D 67 0.21 0.30 020 018 031 031 025 022 014 0.34 0.27
5 75 0.27 0.28 025 024 026 025 026 021 015 035 0.27
4 48 0.59 0.55 059 058 055 053 050 030 028 049 0.46
1 86 0.1 0.12 012 011 014 014 018 013 011 0418 0.16
2 83 0.20 0.22 019 020 018 018 020 014 012 0.28 0.26
A 75 0.16 0.22 016 015 022 021 024 014 011 0.29 0.28
B 54 - - 0.08 0.08 - - - -
3 81 0.38 0.35 037 035 034 031 032 020 016 0.38 0.35
6 73 007 0.12 006 006 010 010 012 0.08 0.06 0.18 0.20
E 35 - - 017 018 0.20 0.14 - - -
Comp 91 0.27 0.32 026 027 031 032 031 020 016 0.37 0.36
ET3 59 0.35 0.31 031 030 029 029 027 023 018 0.27 0.21
ETS 57 0.22 0.34 021 018 034 035 021 0.0 - 0.35 0.31

Notes: Highest correlation for each core is in bold. Reported r2 values are significant at p < 0.05. n - Number of varves

counted; Max_D - Maximum daily discharge (m3 s-'); Max_F - Maximum fall/winter discharge (Aug. 1 — Dec. 31),

corrected for missing data; A1, A2, A3 - Annual threshold with 1, 2, or 3 days included; F1, F2, F3 - Fall threshold with
1, 2, or 3 days included; FNG- sum of maximum fall, nival, and glacial peak; FN or F-G - sum of fall and nival or fall and

glacial peaks (number denotes number of peaks included).
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Table 2.8. Correlation between varve thickness (log-transformed and z-score)
and discharge for each core for the period 1914-1945.

Core n MaxD Max FW A1 A2 A3 F1 F2 F3 FNG FN FN2 FG FG2 FG3

C 25 - - 020 019 - 026 026 023 031 026 023

7 22

D 25 028 0.45 027 025 023 042 042 038 029 027 - 041 036 028
5 30 - 0.18 - - - - - - 018 028 016 0.28

4 0

1 32 032 0.30 035 037 038 040 041 038 048 041 040 032 028 022
2 32 - - - 017 . 020 - - - 020 018 024 020 024 0.25
A 32 - - - - 018 018 019 020 030 028 030 021 021 018
B 32 - - - - - - - - 1023 016 0.14

3 32 018 - 018 016 015 - - - 020 015 - 018 017 0.14
6 32

E 32 - - - - - 022 022 021,029 021 023 014 015 0.14

Comp 132 0.22 0.18 024 023 023 026 025 022 040 034 028 035 029 023

ET3 21 034 0.35 024 025 024 027 029 027, 036 030 027 034 034 031

ETS 21 - - - - oo ... 025

Notes: Highest correlation for each core is in bold. Reported r2 values are significant at p < 0.05. n - Number of varves
counted; Max_D - Maximum daily discharge (m3 s-'); Max_F - Maximum fall/winter discharge (Aug. 1 — Dec. 31),
corrected for missing data; A1, A2, A3 - Annual threshold with 1, 2, or 3 days included; F1, F2, F3 - Fall threshold with
1, 2, or 3 days included; FNG- sum of maximum fall, nival, and glacial peak; FN or F-G - sum of fall and nival or fall and
glacial peaks (number denotes number of peaks included).

Table 2.9. Correlation between varve thickness (log-transformed and z-score)
and discharge for each core for the period 1946-2004.

Core n MaxD Max FW A1 A2 A3 F F2 F3 FNG FN FN2 FG FG2

C 3 - - - - - - - - - - - -

7 49 023 0.26 023 025 023 027 029 028 014 - - 018 0.18
D 42 026 0.32 026 022 018 034 031 026 027 024 018 031 024
5 45  0.58 0.52 058 053 048 050 048 044 048 032 029 048 040
4 48  0.59 0.55 059 058 053 055 053 050 050 030 028 049 046
1 54 0418 0.16 018 016 014 017 012 010 018 012 012 018 0.13
2 51 0.42 0.40 042 040 035 040 036 030 034 024 020 038 029
A 43 030 0.34 030 027 024 034 029 025 031 017 012 036 034
B 22 - - - - - - - - - - - -

3 49  0.59 0.56 059 055 050 056 052 048 048 028 024 050 045

36



Core n MaxD Max FW A1 A2 A3 F1 F2 F3 FNG FN FN2 FG FG2
6 41 0.20 0.31 020 017 014 032 027 025 027 020 016 031 030
E 3 - - - - - -

Comp 59  0.53 0.55 053 050 046 055 050 046 046 031 028 049 045
ET3 38 037 0.31 037 035 028 031 031 027 024 021 016 026 0.18
ET5 36 038 0.52 038 034 029 052 050 046 032 - - 048 046

Notes: Highest correlation for each core is in bold. Reported r2 values are significant at p < 0.05. n - Number of varves

counted; Max_D - Maximum daily discharge (m3 s-); Max_F - Maximum fall/winter discharge (Aug. 1 — Dec. 31),

corrected for missing data; A1, A2, A3 - Annual threshold with 1, 2, or 3 days included; F1, F2, F3 - Fall threshold with
1, 2, or 3 days included; FNG- sum of maximum fall, nival, and glacial peak; FN or F-G - sum of fall and nival or fall and
glacial peaks (number denotes number of peaks included).
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Table 2.10. Number of varve years with a transformed varve thickness larger
than two times the standard deviation (2 o) and larger than the 9"
decile (corresponding to peaks in Figure 2.7).

Transformed varve thickness

Century
>28D > 9th decile
2000-2004 1 1
1900-1999 6 16
1800-1899 2 14
1700-1799 4 14
1600-1699 5 16
1500-1599 3 5
1400-1499 2 12
1300-1399 - 2
1200-1299 2 2
1170-1199 - 2

2.6. Discussion

In this study, | analysed the relation between varve thickness and discharge for
the period 1914-2004 to determine whether varve thickness can be used as a proxy for
discharge for the longer period of the sediment record. The results indicate that,
although varve thickness is moderately correlated with indices of inflow to Lillooet Lake
for the period 1946-2004, a substantial fraction of variance remains unexplained.

Table 2.11 provides a summary of the different Earth processes and systems
that contribute to the formation of varves. These processes and systems interact with
one another on different time scales. The linkages between these systems and
processes and varve formation have been discussed by Hodder et al. (2007). Jordan &
Slaymaker (1991) provide a conceptual model for Holocene sediment transport in the
Lillooet River watershed that illustrates the complex relations between sediment sources
and sinks. It is evident from Table 2.11 that annual discharge is not the only factor
influencing the thickness and other physical characteristics formation of varves in Lillooet
Lake.
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Table 2.11.

Systems and processes that contribute to the formation of varves in
a proglacial environment (adapted from Hodder et al., 2007).

System Annual Decadal Century > Century
Fluvial
- Water Freshet
Glacier melt
Autumn flood
- Sediment Rare events (e.g. landslides) :Memory
Memory (e.g. previous year
landslide)
Lacustrine Density of inflowing water Coriolis effect
Lake stratification Basin geometry
Local events (e.g. slumping) Trap efficiency
Wind direction
Flocculation
Glacier Meltwater amount Retreat/advance Retreat/advance Retreat/advance
Entrainment of sediment Paraglacial slug migration  Paraglacial slug Paraglacial slug
migration formation
Mass balance Mass balance
Climate Local climate Regional climate Regional climate Regional climate
- temperature -e.g. SST and SSP -e.0.SSTand SSP - e.g. SST and SSP
- precipitation

Terrestrial and

Vegetation and slope stability

Engineering

Engineering (?)

biological (e.g. forest fires and Vegetation and slope Land-use changes
deforestation) stability (e.g. forest fires and
deforestation)
Land-use changes (e.g.
logging and agriculture)
Geologic and Slope processes (e.g. Longer term slope Longer term slope
geomorphic landslides) processes (e.g. weathering) processes

Note: SST = Sea surface temperature, SSP = Sea surface pressure.

2.6.1.

Twentieth-century trends

The Lillooet River discharge record for the period 1914-2004 shows that annual

mean maximum daily discharges increased after 1946 (Figure 2.2). Of the ten highest

maximum daily discharges, nine occurred in the period 1946-2004 and seven happened

after 1974. Discharge peaks in the period 1946-2004 show an increasing trend: 790 m®
stin 1980, 1110 m® s in 1984, 1260 m* s™ in 1991, and 1370 m® s™ in 2003 (Table

2.12). However, in the nine years since 2003, the highest maximum daily discharges
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recorded were 674 m® s™ in 2010 and 758 m® s™ in 2011 (Environment Canada, 2010).
Discharge data used in this study are from the same hydrometric station (08MGO005;
Figure 2.1), but there are no data for the earliest part of the twentieth century (Appendix
E). The gauge was manually operated between 1914 and 1947 (Environment Canada,
2010); an automatic recorder has been used since 1947, except between 1956 and

1959 when discharge was measured manually.

It is possible that, because of gaps in the discharge record and the two different
types of recording, floods on Lillooet River have not been properly recorded or have
been missed altogether. Historical reports and data (Decker et al., 1977; Blais-Stevens &
Septer, 2008), however, appear to confirm the floods recorded by the hydrometric
station. I identified only one year, 1921, for which there are no discharge records that
probably had a high maximum daily discharge peak and possibly a flood. A massive,
thick (395 mm) bed of fine silt constitutes the 1921 varve in core 7, which may be the
result of a local slump. Other cores also record a distinct, albeit distinctly thinner sub-
annual event during that year. Heavy precipitation occurred on October 1921 in south-
coastal British Columbia and caused flooding at Britannia Creek on October 28 (Blais-
Stevens & Septer, 2008). It is likely that the same storm affected the Lillooet River
watershed and increased the discharge of the river considerably.

The difference in average varve thickness before and after AD 1946 may stem
from major engineering works (i.e. channelling and dyking) that were undertaken on
Lillooet River beginning in 1946 (Kerr Wood Leidal Associates Ltd., 2002). In addition,
retreat of glaciers in the southern Coast Mountains began to slow at about this time
(Menounos & Clague, 2008). Changes in glacier cover in the watershed probably
affected discharge of Lillooet River, sediment availability, and sediment discharge to

Lillooet Lake.

In summary, correlations between discharge and varve thickness are low to
moderate, leaving a large part of the variance in varve thickness unexplained.
Correlations are higher for the more recent period (1946-2004), likely because these
years are dominated by a single discharge peak. For the earlier part of the record, varve
thickness is best explained by a discharge variable consisting of nival melt, glacial melt,

and fall discharge.
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Table 2.12. Ten highest maximum annual daily discharges during the period
1914-2004 (Environment Canada, 2010).

Flood number Peak discharge (m? s*) Year
1 1370 2003
2 1260 1991
3 1110 1984
4 900 1940
5 823 1981
6 808 1992
7 790 1980
8 790 1968
9 782 1975
10 716 1957

Here | discuss and interpret, in terms of probable causative events, the residuals
in the composite core for the period 1914-2004 (Figure 2.9). Outliers in this plot date to
1915, 1931, 1936, 1941, 1948, 1953, 1973, and 1974. Maximum daily discharge in these
years occurred in May, June, or July, except in 1931 when the maximum daily discharge

was on October 1 (Appendix E).

Two strikingly positive outliers date to 1931 and 1936 (Figure 2.9, panels a and
d). The outlier corresponding to 1931 can be attributed to a large landslide (3 x 10° m?®)
near Mount Meager (Friele et al., 2008). The landslide released a large amount of
sediment into Meager Creek and Lillooet River. Even though maximum daily discharge
that year was relatively low (462 m® s™), the 1931 varve in Lillooet Lake is thick (23-
105.9 mm). The varve has two grey sub-annual laminae in most cores (Figure 2.4),
which possibly correspond to the initial sediment input after the landslide and to a later
mobilization of sediment during a rainstorm in October of the same year. The 1931 varve
has a distinctive thick, yellow clay cap, unlike the other varves of the historic period. The
landslide was reported to have discoloured the river and transported many newly

uprooted trees (Carter, 1932).

Menounos et al. (2005) found above average varve thicknesses in Cheakamus,
Glacier, Green, Lillooet, and Duffey lakes for the period 1934-1946, which they attributed
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to increased glacier retreat due to warm and dry summers. They found that micro-
laminated varves were common during this period, and are probably related to the
melting of dirty ice and the exposure of fine-grained sediments in glacier forefields,
despite the fact that summer discharge in these basins did not change significantly in
response to increased glacial retreat. Varve thicknesses are above average for some
years (e.g. 1931, 1936, 1941) in my Lillooet Lake cores, and some micro-laminated
varves are found in proximal core 5 and distal cores 1 and 2, however simple varves are

most common in distal cores during this period.

Other than a response to rapid glacier retreat in the basin, the thick varve in 1936
and other thicker than average varves during the period 1934-1946, could possibly be
the result of remobilization of sediment produced by the 1931 landslide. In August 2010,
a similar, although much larger landslide (48.5 x 10° m*; Roche et al., 2011; Guthrie et
al., 2012) happened near the site of the 1931 landslide. A field study a year after the
event documented large amounts of sediment still being reworked and transported
downstream (Hancock, 2011). Photos taken by Jeff Westlake (former employee of the
Pemberton Valley Dyking District) in the winter of 2011 show that Lillooet Lake was
exceptionally muddy, a consequence of the huge amount of sediment released by the
landslide. Research by others (e.g. James, 1999; Kirchner et al., 2001; Korup, 2004) has
shown that large landslides control the long-term sediment yield in mountainous areas,
with river response times of the order of decades. As in the case of the 1936 varve, the
thick varve of 1941 may be a delayed response to remobilization of sediment during the
flood of 1940. The 1941 varve is thick compared to the annual maximum daily discharge
of that year (564 m* s™*on July 19; Figures 2.5 and 2.9d).

Another striking, yet negative, residual dates to 1974. Maximum daily discharge
(504 m® s™*) was recorded on June 9 and is close to average maximum daily discharge
between 1914-2004 (546 m® s™), and summer discharge (June-September) is higher
than average, but the corresponding varve is the thinnest of the hydrometric period
(Figure 2.5 and Figure 2.9, panel d). Climate records (Pemberton BCFS station;
Environment Canada, 2011) show average summer temperatures in 1974, but
September 1974 has highest average maximum daily temperature of the decade 1970-
1980, and only one day of precipitation (total of 12.4 mm). Similarly, the varves of 1972

and 1973 are relatively thin, and like the 1974 varve, these varves all have clay caps of
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only a couple of millimetres each. The 1971 varve on the other hand, is relatively thick,
maximum daily discharge (530 m® s™) is near average, slightly higher than in 1974 (504
m® s™). The thin varves of 1972, 1973, and 1974 are possibly the result of lower than
average discharge of Lillooet River during those years and subsequent lower than
average rates of sediment remobilization, and/ or a depletion of sediment in the river
system since 1971. The positive residual dating to 1948 may be the result of increased
sediment availability after the start of engineering works on the river in 1946, as this

varve is relatively thick compared to the discharge of that year.

Complex (or micro-laminated) varves were found only between the mid 1920s
and the late 1950s (Figure 2.3). Changes in glacier cover during this period or
engineering works starting in 1946 may have contributed to larger, more sediment-laden
river inflows at these times. Anomalous sedimentation following river training has also
been reported for Squamish River (Hickin, 1989). Micro-laminated varves are also
common in Green, Duffey, and Cheakamus lakes during the period AD 1934-1946 and
attributed to changes in glacier runoff (Menounos et al., 2005; Menounos & Clague,
2008).

AT-type varves (anomalously thick varves containing one or more sub-annual
laminae) are scattered throughout the cored sediment record, although only one such
varve, dating to 1957, occurs in the period between 1941 and 1974. With one exception,
maximum daily discharge during these years was in June, July, or August. The
exception is 1957, when maximum discharge occurred on September 26 (Appendix E).
Maximum discharges in the periods before 1941 and after 1974 are in October,
November, or December. These periods approximately coincide with warm phases of
the Pacific Decadal Oscillation (PDO) climate system, whereas the period 1947-1976
was a cool phase of the PDO (Mantua & Hare, 2002).

Thick varves related to major floods, such as those deposited in 1940, 1984,
1991, and 2003, may result from entrainment and transport of sediment stored in
channels, along channel margins, the floodplain or elsewhere in the river basin during
extreme flows. James (1999) describes transport of large amounts of sediment during
floods on the Bear River and the American River in northern California after two periods

of hydraulic gold mining in the watersheds. Hancock (2011) documented large
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adjustments in Lillooet River in the year following the 2010 Mount Meager landslide,
which included bank erosion, channel avulsion, and deposition of large amounts of
sediment. Once the river establishes a new stable channel pattern, large amounts of
sediments will be available within the channels and along its banks for remobilization

during extreme discharge events.

Without documentary information on floods and landslides, it is difficult to
discriminate between thick varves caused by landslides somewhere in the basin and
thick varves produced by floods. For example, the 1931 and 1940 varves are equally
thick. Maximum daily discharge in 1931, however, was low (462 m®s™); the greater-than-
average thickness of the 1931 varve is probably due to the landslide near Mount Meager
that occurred that year (Carter, 1932). In contrast, maximum daily discharge in 1940 was
900 m®*s™ and maximum instantaneous discharge may have been as high as 1640 m*s™
(Blais-Stevens & Septer, 2008). The high flows probably entrained and transported large
amounts of sediment without a large landslide in the watershed. This example illustrates
the difficulty in interpreting thick varves in the absence of hydrometric and

meteorological data during the prehistoric period.

2.6.2. Regional varve records and climate proxies for the twentieth
century

Varve thickness mirrors annual maximum daily discharge moderately well (r* =
0.55) for the period 1946-2004, but less so for the period before 1914-1946 (r* = 0.40)
(Figure 2.5; Table 2.8 and 2.9). Menounos (2006) examined the relation between Lillooet
River discharge and varve thickness in Green Lake, 19 km south of Pemberton, and
found similar results. He attributed the stronger correlation with discharge since 1945 to

less extensive glacier cover during the second half of the twentieth century.

My Pearson’s correlation coefficients correlations are, in general, lower than
those reported by Gilbert (1975) for what he refers to as distal and proximal cores (r* =
0.6-0.9), but they are similar to or higher than those derived from his mid-lake cores in
the vicinity of and just south of the Ure Creek fan (r* < 0.4). It should be noted, however,
that all of Gilbert’s cores are from the north basin of the lake, which in my study are

considered proximal sites. Additionally, Gilbert’s (1975) calculations were based on a
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shorter varve chronology. My values are comparable to those of Desloges & Gilbert
(1994) (r*= 0.41) for Lillooet Lake varved sediments.

Menounos et al. (2005) report correlations between varve thickness and annual
maximum mean daily discharge of Lillooet River (1930-1999) for several lakes in the
southern Coast Mountains. The highest correlation coefficients come from Lillooet Lake
(r* = 0.38), followed by Green Lake (r* = 0.31), Cheakamus Lake (r* = 0.18), and Glacier
Lake (r2 = 0.12). Differences in watershed location, elevation, glacier cover, and
seasonal timing of floods influence the sediment yield in each of these basins and thus
the relation between varve thickness and maximum discharge (Menounos et al., 2005).
Menounos & Clague (2008) correlated varve thickness in Cheakamus Lake with
streamflow records for Cheakamus River, for the period 1923-1948 and after 1983, and
2

found that varve thickness is reasonably correlated to the annual maximum daily flood (r
= 0.56).

As previously discussed, the 1931 and 2010 landslides at Mount Meager were
important sources of sediment to Lillooet Lake. Other large landslides in the Mount
Meager volcanic massif occurred in 1947, 1972, 1975, 1984, 1986, and 1998 (Friele et
al., 2008), but their signals are not obvious in the Lillooet Lake varve record. For
example, a large (estimated 26 x 10° m®) landslide occurred near Pylon Peak in the
volcanic massif in July 1975 (Mokievsky-Zubok, 1977). On November 5, 1975, a rain-on-
snow storm produced the ninth highest discharge recorded on Lillooet River (Table
2.12). Both events contributed to the thick 1975 varve (Figure 2.5).

Glaciers are another important sediment source for the formation of varves in a
proglacial environment (Table 2.11; Hodder et al., 2007; Menounos & Clague, 2008).
Koch et al. (2009) provide an overview of glacier change in nearby Garibaldi Provincial
Park since the Little Ice Age. This period which ended in the late nineteenth century, is
characterized by highly variable, but generally cooler climate, during which glaciers
around the world were more extensive than today (Grove, 1988). At the beginning of the
twentieth century, glaciers in Garibaldi Park terminated near their maximum Little Ice
Age positions. Glaciers retreated slowly during the first two decades of the twentieth
century and then more rapidly between the 1920s and 1960s. From the 1960s to the

early 1980s, most glaciers in the southern Coast Mountains advanced, some by up to
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300 m. Since the early 1980s, glaciers have retreated and are now up-valley of their
1960s limits. Comparison of this activity to temperature and precipitation data from a
climate station in Agassiz, east of Vancouver, revealed that periods of glacier retreat
were driven by warm climate and lower winter precipitation (Koch et al., 2009). The
frontal response of glaciers in the park lagged about 5-10 years to changes in climate.
Glacier change in Garibaldi Park is also linked to the cold and warm phases of the PDO.
During cold, or negative, PDO phases (1890-1924 and 1947-1976), glaciers in the park
were stable or advancing, whereas during a warm, or positive, PDO phase (1925-1946,

and since 1977), glaciers retreated (Koch et al., 2009).

Average varve thickness in Lillooet Lake is higher before 1946 than after. Osborn
et al. (2007) found that historic varves in nearby Green Lake are thickest between 1920
and 1945. Menounos & Clague (2008) report thick varves for the same period in
Cheakamus Lake, which they attribute to a warmer and drier period during which
glaciers retreated quickly. Green Lake, Cheakamus Lake, and Lillooet Lake are within
30-40 km of each other, thus it is likely that the glaciers in their headwaters responded
similarly to changes in climate. The thicker varves in Lillooet Lake between 1914 and
1945 are thus attributed to accelerated glacier retreat during that period. Menounos et al.
(2005) reported that discharge changes in response to glacier retreat were minor, but
proglacial streams were carrying high concentrations of sediment, as a result of melting

of dirty ice and the availability of large sediment supply from the glacier forefields.

Unlike Cheakamus River and Fitzsimmons Creek, which flows into Green Lake,
Lillooet River has been impacted by engineered works. Meander cut-offs, dyking, and
lowering of Lillooet Lake by 2.5 m have increased the gradient of Lillooet River (Kerr
Wood Leidal Associates Ltd., 2002). These changes led to an initial rapid incision of the
river channel, increased bank erosion, and an increase in the rate of delta advance
compared to the period 1948-1953 (Jordan & Slaymaker, 1991). Jordan & Slaymaker
(1991) attribute the greater sediment delivery to the lake during this period mainly to
engineering, but did not exclude glacier retreat or large landslides as causative factors.
Interestingly, varves in Lillooet Lake do not increase in thickness between 1948 and
1953. However, the 1948-1953 varves in cores 4, 5, 7, and D in the proximal basin and
cores 3 and 6 in the distal basin show multiple sub-annual laminae, some with visible

plant detritus. Some of these varves have vague varve boundaries or lack clear clay
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caps, engineering works likely carried out during periods of low flow (i.e. early spring or
fall), possibly released additional sediment and organic matter into Lillooet Lake

preventing the formation of distinct varve boundaries or clay caps.

Average varve thickness decreases after 1946. A similar trend has been reported
in Cheakamus Lake by Menounos & Clague (2008) and ascribed to a period of cold, wet
climate. Menounos & Clague (2008) suggest that glaciers during this period were stable
and that less sediment was available from reduced subglacial discharge and melt of
debris-rich ice. However, Cheakamus River is unregulated and has no engineering
works, in contrast to Lillooet River. Studies of the response of rivers to regulation or
training for flood mitigation or generation of hydro-electricity suggest that sediment loads
decrease after completion of the works (Church, 1995; Dominik, 2000; Yang et al.,
2002). Though engineering works have initially increased the channel gradient and
flushed sediments to Lillooet Lake (Jordan & Slaymaker, 1991), less sediment is how
available in a typical year as the dyked and straightened river cannot access sediment
stored on the pre-engineering floodplain.

The Lillooet River watershed has also experienced significant land-use changes
over the past century. Logging and agriculture likely altered sediment supply. In addition,
sediment discharged from the terminus of Lillooet Glacier at the head of the watershed is
now being trapped in Silt Lake (Figure 2.1; Schiefer & Gilbert, 2008). Silt Lake did not
exist prior to 1947. It formed due to retreat of Lillooet Glacier. The formation of the lake
coincides with a decrease in varve thickness in Lillooet Lake. Limited suspended
sediment sampling at the inflow and outflow of Silt Lake by Schiefer & Gilbert (2008)
suggests a lake trap efficiency of about 70%. Annual catchment yield is likely more than
10% Mg km™ a*, which Schiefer & Gilbert (2008) estimate to be at least 12% of the

sediment mass delivered to Lillooet Lake on an annual basis.

In conclusion, thinner varves in Lillooet Lake from 1946 to 2004 are a complex
response to a reduction in glacier cover, changes in river planform due to engineering

works, changes in land use, and the recent formation of Silt Lake due to glacier retreat.
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2.6.3. Comparison to other streamflow proxies

Kaufman et al. (2011) found a relatively low correlation between varve thickness
in Shadow Bay, Alaska, and maximum mean daily discharge of Nuyakuk River for the
period 1953-2007 (r*= 0.28). However, the correlation between varve thickness and total
annual discharge is much higher (r*= 0.75). As in the case of Lillooet River, large-scale
sediment transport by Nuyakuk River is not limited to a single annual discharge peak
(i.e. nival snowmelt in spring), but also occurs during autumn storms (Kaufman et al.,
2011).

Sander et al. (2002) found a strong correlation (r* = 0.76) between varve
thickness in the estuary of the river Angermanélven in mid-central Sweden and
maximum daily annual discharge of the same river for the period 1909-1971. In contrast
to Lillooet River, however, most of the sediment is transported by the river
Angermanalven during the one to two month snowmelt season, making maximum daily

annual discharge a good proxy for sediment discharge (Sander et al., 2002).

2.6.4. Anomalous varves in the period AD 1179-2004

Without independent information on prehistoric floods, landslides, and other
processes operating in the Lillooet River watershed, varve thickness cannot reliably be
used to infer and date floods and thus to estimate flood frequency in the future. | am
able, however, to draw some inferences from the prehistoric record and comparisons

with other, regional studies.

Three anomalously thick varves in two distal cores (A and B) date to AD 1493 +
24,1511 + 24, and 1611 + 26 (Figures 2.5 and 2.10). The AD 1493 varve in core B
consists of massive silt > 100 mm thick, capped by a thick clay layer. The corresponding
AD 1493 varve in core A, although not as thick, shows a distinct peak in particle size
(Figure 2.8). The AD 1511 varve in core B is also dominated by a massive silt bed (ca.
20 mm thick) capped by a thick clay layer. The AD 1511 varve in core A is only slightly
coarser than other sediments in the core. The lower ca. 50 mm of the AD 1611 varve in
core A consists of massive silt, 57 mm thick, which is capped by an over-thickened clay
layer. In core B the silt layer is only about 10 mm thick. The particle size sample of this

varve is coarser than other samples from core A (Figure 2.8). In view of the thickness of
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the silt beds, the particle size of the AD 1493 and 1611 varves in core A, and the
locations of the cores in the distal basin, it is unlikely that these varves are the result of
extreme discharge events. | attribute them to local events in Lillooet Lake, such as
slumping of lake floor sediments or landslides from adjacent steep mountain slopes. The
floods of 1940, 1980, 1984, and 1991 are recorded in cores A and B in the distal basin
as distinct, darker grey to brown, sub-annual laminae several millimetres thick. These
differ from the thick silt beds of the AD 1493, 1511, and 1611 varves.

Other varves with thicknesses more than 2 standard deviations above the mean
date to AD 1295 + 21, 1300 + 21, 1455 + 23, 1560 + 25, 1586 + 26, 1619 + 26, 1635 +
26,1661 + 27,1681 + 27, 1700 + 27, 1713 + 28, 1776 + 29, and 1825 + 29 (Figure 2.5).
With the exception of the AD 1295, 1300, 1455, 1560, and 1619 varves, all of them can
be confidently traced throughout the proximal and distal basins, suggesting that they
record basin-wide events, possibly floods. The AD 1295, 1300, and 1560 varves were
only recovered in distal core A (Figure 2.11). The AD 1300 varve includes a sub-annual
lamina and an over-thickened clay cap similar to sediments in the AD 1940, 1957, and
1984 flood varves in core A. The thickness and mean particle size (Figure 2.8) of the AD
1300 varve, however, are greater than those of the 1940, 1957, and 1984 varves in core
A. The causative event for the AD 1300 varve thus remains uncertain. The AD 1295
varve consists of a ca. 2-cm-thick silt base, a thin organic layer from which one of the
radiocarbon ages came, and a slightly over-thickened clay cap (Figure 2.11). Given the
presence of organic matter in sediments at this distal location in the lake, | attribute this
varve to a local event such as a subaqueous slump or a landslide off the mountain slope
near the location of core A. The AD 1560 varve has no distinct sub-annual laminae.
Similarly, the AD 1455 and 1619 varves, although thicker than average and recorded in

more than one core, have no marked sub-annual laminae.

2.6.5. Implications for flood frequency

Seven varves between AD 1825 and 2004 — 1906, 1931, 1936, 1940, 1984,
1991, and 2003 — have thicknesses greater than two standard deviations above the
mean (Figure 2.5). Five of these varves correspond to floods on Lillooet River — 1906
(Menounos et al., 2005), 1940, 1984, 1991, and 2003.
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a. core A

b. core B

Figure 2.10. Anomalously thick prehistoric varves. a. core A. b. core B. From left
to right, varve years AD 1493, 1511, and 1611. Vertical black bar at
bottom left of each varve is 1 cm. Dotted lines denote varve
boundaries. Colours have been enhanced for contrast.
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Figure 2.11. The AD 1295 and 1300 varves in core A. Vertical black bar at lower
left of photograph is 1 cm.

The landslide in 1931 accounts for the thick varve of 1931 and probably that of
1936. Varves for these flood years are either the AT or SB type, and all show a sub-
lamina that is traceable across the lake. Assuming that varves representing floods are
thicker than two standard deviations from the mean, and have a sub-lamina that is
traceable through the lake, the average annual frequency of floods during the period AD
1825-2004 is 0.028. However, all five of these floods happened after 1905, giving an
average annual frequency of 0.05. Furthermore, three of them happened since 1984,
suggesting that the frequency of flooding is increasing. The minimum peak discharge
associated with these floods is 900 m® s™ (i.e. 1940 flood; Table 2.12).

Eight varves in the period AD 1586-1825 have a varve thickness greater than two
standard deviations from the mean (Figure 2.5) and a traceable sub-annual lamina —
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1586, 1635, 1661, 1681, 1700, 1713, 1776, and 1825. Based on these criteria, floods
with discharges comparable or larger than in 1940, have an average annual recurrence
of 0.033 during this period. If the varves dating to AD 1825, 1776, and 1586 are the
result of landslides, the average flood frequency drops to 0.021, which is close to the
estimate for the period AD 1825-2004, but much lower than the twentieth-century
frequency. Interestingly, no varves dating to the period AD 1825-1906 meet the criteria
for flooding in the Lillooet River watershed. The increase in floods in the twentieth
century is consistent with the forecast by the Intergovernmental Panel on Climate
Change (2007, 2013) that winter flooding in North America is increasing due to climate

change.

2.6.6. Prehistoric climate proxies

Varves in Lillooet Lake during the prehistoric period may also contain information
on advances of glaciers in the Lillooet River watershed. A consistent picture of late
Holocene glacier activity (Figure 2.12) has emerged from studies in the southern Coast
Mountains (Larocque & Smith, 2003; Reyes & Clague, 2004; Allen & Smith, 2007; Koch
et al., 2007; Clague et al., 2009). In Garibaldi Provincial Park, the Little Ice Age began
sometime around AD 1030-1170 (Koch et al., 2007). An early Little Ice Age advance in
the twelfth century was followed by glacier recession in the thirteenth century. Glaciers in
Garibaldi Park advanced several times in the fourteenth and fifteenth centuries and
achieved their maximum Holocene extent between AD 1690 and 1720 (Koch et al.,
2007). A similar glacial history has been proposed at Bridge Glacier, approximately 85
km northwest of Pemberton (Allen & Smith, 2007): an early Little Ice Age advance about
700 years ago, followed by moraine stabilization during the late thirteenth to early
fourteenth century, and several intervals of advance and retreat from the fifteenth
century through the twentieth century. In the Mount Waddington area, farther north,
glaciers advanced between AD 1203 and 1226 (Larocque & Smith, 2003), retreated in
the fourteenth century, and advanced again. Since the fourteenth century, moraines date
to AD 1443-1458, 1506-1524, 1562-1575, 1597-1621, 1657-1660, 1767-1784, 1821-
1837, 1871-1900, 1915-1928, and 1942-1946 (Larocque & Smith, 2003). Reyes &
Clague (2004) found stratigraphic evidence for Little Ice Age advances of Lillooet
Glacier, but were unable to precisely date them. They argued however, that the first

advance of the glacier in the Little Ice Age was well underway by 450 **C years BP (AD
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1330-1630). Reyes & Clague (2004) showed that the earlier Neoglacial record of activity

of Lillooet Glacier is similar to that of other glaciers in the Coast Mountains.

Research at Green Lake (Menounos, 2006; Osborn et al., 2007) and Cheakamus
Lake (Menounos & Clague, 2008) indicate that thick varves were deposited from the late
sixteenth century to about AD 1925. My results are in agreement with these conclusions,
showing thicker-than-average varves dating to AD 1425-1455, 1480-1512, 1566-1626,
1677-1827, and 1858-1944. These periods coincide with episodes of glacier advance in
the Mount Waddington area (Larocque & Smith, 2003), Bridge River (Allen & Smith,
2007) and Garibaldi Provincial Park (Koch et al., 2007). As at Green and Cheakamus
lakes, sedimentation rates were higher in Lillooet Lake in the period 1920-1945 than at

any other time in the varve record, but in contrast mark a period of rapid glacier retreat.

The period prior to approximately AD 1425 is characterized by varves that are
thinner than average. However, the period prior to AD 1432 in Lillooet Lake is
represented by only a single distal core, and varve thickness trends at that time should
be considered with caution. Nevertheless, Menounos & Clague (2008) suggest that thin

varves were deposited at times when glaciers were relatively stable.

The second half of the twentieth century is also characterized by varves that are
thinner than average. However, average varve thickness for the period 1977-2004 is
higher than for 1946-1976 (22.0 + 9.8 and 16.1 + 6.1 mm respectively). This increase in
varve thickness corresponds to rapid glacier recession in the last two decades of the
twentieth century in Garibaldi Park (Koch et al., 2009), which coincides with a positive
(or warm) phase of the PDO. Glaciers in Garibaldi Park were more stable and even
advanced in the period 1946-1976 (Koch et al., 2009), coincident with the negative (or
cool) phase of the PDO.

2.6.7. Implications for pre-historic flood reconstruction

My results indicate that after 1945, discharge of Lillooet River was less
influenced by glacier runoff and that varve thickness correlates better with autumn
floods. An implication of this is that the Lillooet Lake varve chronology (i.e. sediment load
of Lillooet River) is influenced or ‘tainted’ by glacier fluctuations in the past. To obtain a

reliable proxy flood record, one would have to find a way to objectively correct the varve
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record for the glacier influence on sediment load or use another proxy other than varve

thickness.
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Figure 2.12. Varve thickness in the Lillooet Lake and glacier fluctuations in
western Canada (modified from Clague et al., 2009) and Garibaldi
Provincial Park (modified from Koch et al., 2007).

It might be possible, for example, to apply absolute age dating techniques to
exposures of sequential flood deposits to derive a flood chronology that pre-dates the
historic period. However, these techniques would only be applicable to floods larger than
the 2003 flood, as deposits from smaller floods would generally be eroded by

subsequent larger floods. Dendrochronologic evidence, such as scars and abnormal ring
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growth (St. George & Nielsen, 2002; Yanosky & Jarrett, 2002) and other paleostage
indicators (Jarrett & England, 2002) could be used to accurately date floods. By
combining two or more proxy records, for example varves and tree rings, with
stratigraphic evidence from the Lillooet River floodplain, one could better estimate years

or periods with floods and thus determine more accurately long-term flood frequency.

2.7. Conclusions and recommendations

In this study, | explored the use of varve thickness as a proxy for discharge of
Lillooet River. | found that correlations between varve thickness and several measures of
peak discharge are low to moderate. The best correlation is between maximum fall
discharge and varve thickness during the period 1946-2004. Varve thickness for the
earlier period of hydrometric data (1914-1946), a period of rapid glacier retreat and
warmer temperatures in British Columbia, is best explained with a discharge proxy
combining nival melt, glacier melt, and maximum fall discharge. Fall and early winter
floods on Lillooet River occur mostly in two periods, 1914-1941 and 1975-2004, both of
which are warm phases of the PDO. More anomalously thick varves are associated with
the latter period than the former and can be related to autumn or early winter rainstorms.
Between 1947 and 1976, during a cold phase of the PDO, annual maximum daily
discharge on Lillooet River occurred in June, July, or August; this period has only one

anomalously thick varve.

Thick varves in the non-instrumented period of the varve chronology (AD 1179-
1914) may have several explanations. Four thick varves, dating to AD 1295 + 21, 1493 +
24,1511 + 24, and 1611 + 26 may have been caused by local landslides in the lake.
Eight other prehistoric, anomalously thick varves show sub-annual laminae that are
traceable through the lake and possibly represent floods. Some of these thick varves,
however, may be associated with large landslides at Mount Meager (Friele et al., 2008).
Given the uncertainties in the ages of these landslides, varve count errors, and the
absence of hydrometric records for these events, | cannot positively attribute a thick
varve to a specific landslide. However, based on the effects of the 1931, 1975, and 2010
landslides at Mount Meager, it is likely that large prehistoric landslides are recorded in

the varve record and can affect varve thicknesses for several years to perhaps a
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decade. Following the landslides of 1931 and 1975, varves are thicker in the years after
each event. One year after the 2010 landslide Lillooet River was still reported to be
reworking and carrying large amounts of sediment to the lake. Similarly, a large flood in
the watershed can affect sedimentation and varve thickness for years after the event, as

for example happened after the flood of 1940.

The varve chronology for Lillooet Lake and the environmental inferences that can
be drawn from it are consistent with those of other regional studies in British Columbia
(e.g. Menounos, 2006, Osborn et al., 2007, Menounos & Clague, 2008). Thicker varves
deposited from approximately AD 1550 until the early twentieth century are attributable
to an increase in glacier cover in the region and a greater abundance of sediment in
glacierized watersheds during that time. Rapid glacial retreat from approximately 1920
until 1945 is responsible for thick varves in the early twentieth century.

Although the relation between varve thickness and the twentieth-century flood
discharge record is moderate at best, it may be possible to detect sub-annual high
discharge events in the thick varves in Lillooet Lake. In view of the low to moderate
correlations | have found between varve thickness and discharge, however, | believe
that any proxy flood record inferred from this chronology will not be representative of the
real record of river discharge. Notwithstanding this caveat, it is possible to make first-
order estimates of flood frequency based solely on abnormal thickness and
sedimentological characteristics of varves. Estimates of annual flood probability for
Lillooet River are 0.05 for the period AD 1906-2004, 0.028 for AD 1825-2004, and 0.021
for AD 1586-1824. Using the twentieth-century discharge records for Lillooet River and
their signatures in the varve record, the minimum peak discharge of these floods is
about 900 m® s™. Stratigraphic information from the Lillooet River floodplain and the use
of tree rings or other paleoflood indicators could provide additional information on the

dates and magnitudes of extreme floods on Lillooet River.

My varve chronology dates back to about AD 1179 in core A in the distal basin.
In order to extend this chronology with sufficiently thick varves to discern sub-annual
inflow patterns, | recommend coring in the northern part of the distal basin, no farther

south than my core 3. However, the entire postglacial sequence of sediments in Lillooet
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Lake, which is more than 100 m thick, can only be recovered by drilling from a barge

anchored on the lake.
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3. A 369-year record of suspended sediment
yield, Lillooet Lake, Coast Mountains, Canada

3.1. Abstract

Cores of annually laminated sediment recovered from Lillooet Lake and spanning
the period AD 1179-2004, were used to calculate suspended sediment yield for the
watershed and to investigate the origin and persistence of years of anomalously high
yield. Here, | report sediment yields for the period AD 1629-1997, which is the part of the
varve record supported by cores throughout the lake. Average sediment yield during the
369-year period is 213 * 38 tonnes km™ a’*; this yield increases to 285 * 50 tonnes km™
a! during the first half of the twentieth century. The frequency of high-yield events during
the 369-year period is irregular: 11 of the 34 events are in the early part of the twentieth
century, a time when glaciers in the watershed underwent major retreat. | fitted a
Generalized Extreme Value (GEV) model to estimate quantiles of the sediment yield
distribution, and | used epoch analysis to examine persistence of the 34 years with the
largest yields, examining 10 years prior to and 30 years following each of the 34 events.
Persistence is greatest for the most extreme events (i.e. sediment yield with a
recurrence interval greater than once every 100 years; or >Yq), three out of five of
these maost extreme events occur in the twentieth century. Persistence is similarly high
for events with recurrence intervals between 10 and 25 years (or Yio.5). Sediment yield
for other events (i.e. those with recurrence intervals between 25 and 50 years, and 50
and 100 years, respectively; or Y550 and Ysg.100) remain above average for 15 to 17
years. Persistence in all groups, however, is variable and consistent above average
yields are only found up to five years after the event year. This result may indicate that
sediment yield is linked to multi-annual climate cycles that deliver increased amounts of
sediments to the lake. Late twentieth-century events demonstrate that sediment yield is
closely related to the discharge regime of Lillooet River. The results of this study extend

earlier sediment yield estimates and improve understanding of long-term sediment yield
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processes and linkages to the geomorphology and climate of the Lillooet River

watershed.

3.2. Introduction

Sediment yield is the amount of sediment that leaves a watershed during a
specified period, typically years or days (or mass per unit area per unit time; Onstad,
1984; Schiefer et al., 2010). The total sediment load of a river consists of bedload,
suspended load, and dissolved load. Church et al. (1989) asserted that bed load
constitutes a minor fraction (around 1%) of the total clastic sediment load of many rivers
in the Canadian Cordillera. In such cases, measurements of suspended load would
reflect total clastic sediment yield in the region. However, bedload is a much larger
component, perhaps up to 50%, of the total sediment load of proglacial streams in steep
catchments in western Canada (Schiefer et al., 2010). Similarly, suspended load has
been found to constitute less than 20% of total load in an Alaskan proglacial lake (Loso
et al., 1994).

Sediment yield studies are performed to assess sediment sources, production,
and transport within watersheds. They provide valuable information on the influences of
glacier cover (Desloges, 1994), hydrology and climate (Lamoureux, 2002; Menounos et
al., 2006), land-use changes (O'Hara et al., 1993; Zolitschka, 1998), landslides (Koi et
al., 2008), and other landscape disturbances (Major et al., 2000).

Suspended sediment yield can be estimated from measurements of sediment
discharge made at river gauging stations or by studying sediment fills in reservoirs or
lakes. The former method yields real-time data that are useful for river management and
sediment dredging (Slaymaker, 1972; Walling & Collins, 2008), but the data are
generally limited both in space and time. The latter method provides information on a
longer time scale (hundreds to thousands of years) that can be used to understand the
impacts of changes in climate or land use in a watershed (Walling & Webb, 1996;
Zolitschka, 1998; Lamoureux, 2000).

Lacustrine sediment records are ideal for studying fluctuations in long-term

sediment yield, because lakes trap clastic sediments derived from the upstream
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watershed (e.g., Zolitschka, 1998). Varved lacustrine records offer an additional
advantage, because these records provide insight into hydroclimatic and depositional
conditions in the basin with annual to sub-annual resolution (Desloges & Gilbert, 1994;
Lamoureux, 2000). Several studies in the Canadian Cordillera have used varved
sediments to estimate sediment yield in proglacial lakes (Desloges, 1994; Menounos et
al., 2006; Schiefer et al., 2010).

Much research documents sedimentation and sediment yield in the Lillooet River
watershed. Gilbert (1972, 1973, 1975) inferred sedimentary and lacustrine processes
responsible for the distribution and character of sediments in Lillooet Lake (Appendix A).
He estimated average total clastic sediment yield in the Lillooet River watershed to be
334 tonnes km™ a™. Gilbert (1975) further showed that the lake sediments are annually
laminated (varved) and that varve thickness is related to Lillooet River discharge. Jordan
& Slaymaker (1991) used a sediment budget approach to determine sources, storage,
and yield of sediment in the Lillooet River watershed. They found that sediment input is
highly episodic (Figure 3.1) and that estimated yields from sediment sources they
identified account for only about half of the estimated total yield based on delta advance
and valley aggradation. They attribute the difference to storage of coarser material in the

Lillooet River delta and an underestimation of colluvial and glacial sediment sources.

Schiefer & Gilbert (2008) assessed sedimentation in Silt Lake in the upper
Lillooet River watershed. Since its formation between 1947 and 1962, Silt Lake has
trapped sediment from upper watershed sources that would otherwise have been
transported to Lillooet Lake. Schiefer & Gilbert (2008) postulate that this amount,
together with mass movements in the Mount Meager volcanic complex, could explain the
imbalance that Jordan & Slaymaker (1991) found in their sediment budget. Building on
the earlier work of Gilbert (1973, 1975), Desloges & Gilbert (1994) documented the
distribution of sediment in Lillooet Lake, temporal variations in sediment flux, and
sediment sources; they also inferred causes of extreme sediment delivery events. They
based their estimate of sediment yield on a 125-year varve chronology and showed a

higher frequency of extreme sediment yield events since about AD 1940.

My study builds on and extends previous work. It utilizes an 825-year varve

record to better understand long-term suspended sediment yield in the Lillooet River

60



watershed. | identify years with exceptionally high yields and offer explanations for the
causative events, and as such provide a better understanding of sediment production
and delivery in the watershed. Such information is valuable to flood managers, as the
input of large volumes of sediment can cause rapid aggradation of the river bed, raise

the river bed, and as such aggravate potential flood hazard.
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Figure 3.1. Holocene sedimentation in Lillooet River valley (figure not to scale).
Red box indicates the period of this study. Adapted from Jordan &
Slaymaker (1991).

3.3. Study area

Lillooet Lake is an oligotrophic, dimictic lake in the southern Coast Mountains of
British Columbia (Figure 3.2). The lake is 22 km long, up to 2 km wide, and has a
maximum depth of 137 m (Desloges & Gilbert, 1994). The watershed north of Lillooet
Lake has an area of 3850 km?, 14% of which is glacier ice and persistent snow. Peaks in
the watershed reach as high as 2700 m above sea level (asl), whereas the broad, flat

floor of Lillooet River valley is approximately 200 m asl.

Lillooet River drains a mountainous landscape of mainly Mesozoic granitic and
metamorphic rocks (Read, 1979). The Mount Meager Volcanic Complex, located in the
upper part of the watershed north of Meager Creek, is a late Cenozoic eruptive centre

comprising mainly andesitic and dacitic lavas and pyroclastic rocks, some of which have
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been hydrothermally altered and are susceptible to landslides (Read, 1990). The most
recent eruption in the volcanic complex occurred about 2400 years ago (Clague et al.,
1995) and left a layer of pumice in nearby areas and ash as far east as Alberta (Nasmith
et al., 1967). Landslides are common on the flanks of the volcanic massif and range
from rare flank collapses with volumes of hundreds of million cubic metres (Friele &
Clague, 2004) to much smaller, annual debris flows during hot weather or rain. The most
recent large landslide happened in 2010 in the headwaters of Capricorn Creek, a
tributary of Meager Creek (Roche et al., 2011; Guthrie et al., 2012). It delivered about
48.5 x 10° m® of debris to the valleys of Meager Creek and Lillooet River and stemmed
the flow of both streams for a short time. Sediment eroded from the deposit of the 2010
landslide is being transported down-valley by Lillooet River into Lillooet Lake (Hancock,
2011). In their study of mass movements from the Mount Meager massif, Friele &
Clague (2008) report eight large historic landslides (prior to the 2010 event) and 18 large
prehistoric landslides, but they posit that a much larger number of unrecorded landslides
occurred in the Holocene.

Lillooet River is the dominant source of water and sediment to Lillooet Lake. The
river's source is Lillooet Glacier about 95 km northwest of Lillooet Lake. Silt Lake lies
about 2 km from the terminus of Lillooet Glacier (Schiefer and Gilbert, 2008). The
principle tributaries of Lillooet River are Meager Creek, Ryan River, Birkenhead River,
and Green River (Figure 3.2; Desloges & Gilbert, 1994). Ure, Lizzie, and Joffre creeks
discharge directly into Lillooet Lake, but contribute only a small amount of the total

discharge.

The mountainous part of the Lillooet River watershed receives in excess of 890
mm of water-equivalent precipitation annually, mainly in autumn and winter
(Environment Canada, 2011). The mean annual discharge of Lillooet River is 126 m*® s™;
in a typical year, the river experiences a nival melt peak of 400-600 m® s in June and a
similar-size peak related to snow and glacier ice melt in July (Environment Canada,
2010). Floods with peak discharge up to 1370 m®s™ (in 2003) occur in the fall during

intense rain or rain-on-snow storms.

Concentrations of suspended sediment of Lillooet River at its mouth vary

throughout the year. In winter, when discharge is lowest, suspended sediment
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concentrations are as low as 5 mg I. In contrast, during the nival and glacier melt
periods in late spring and summer, suspended sediment concentrations are typically
600-800 mg I* and may exceed 1200 mg I"* during floods (Gilbert, 1975).

Most of the sediment deposited in Lillooet Lake is delivered by Lillooet River
(Desloges & Gilbert, 1994). Major sediment sources in the watershed are cirque and
valley glaciers, and landslides at the Mount Meager Volcanic Complex. Smaller amounts
of sediment are produced by logging and agricultural activities, wildfires, and local bank

erosion along tributary channels (Jordan & Slaymaker, 1991).

Figure 3.2. Map of the Lillooet Lake watershed. Inset left: bathymetry of Lillooet
Lake and core locations.
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3.4. Methods

| collected three percussion cores and nine vibracores from Lillooet Lake during
the summers of 2005 and 2006 (Figure 3.2). The cores were collected in water depths
ranging from 78 to 128 m and have lengths ranging from 1.8 m to 11.1 m (Appendix B). |
cut the cores into sections in the field to allow for easier transport to the laboratory.

| processed the cores in the Northern Sedimentary Archives and Environmental
Change Laboratory at the University of Northern British Columbia (UNBC) in Prince
George and in Paleoecology Laboratory at Simon Fraser University (SFU) in Burnaby. |
split the cores lengthwise, and logged, photographed, and sampled them at a 10-cm
interval. To calculate sediment yield, | determined dry density by oven-drying at 100°C or
by freeze-drying the samples for 24 hours. Desloges & Gilbert (1994) found low (<1%)
concentrations of organic matter in their cores. | did not measure the organic matter
content of my samples, but to be conservative, | assumed 5% organic matter content in
all cores. | counted varves and digitally measured their thickness, with a resolution of 0.1

mm using Gimp2 (2012) software to determine the sedimentation rate (SR).

To estimate sediment yield, | first calculated sediment accumulation (SAR;) in

each core i, by multiplying the sedimentation rate (SR;) and dry density (DD;):
SAR; (kg m™2a™1) = SR;(ma™1) x DD; (kg m™3) (eq. 3.1)

Thiessen, or Voronoi, polygons have the “unique property that any location within
that polygon is closer to the polygon’s source point [i.e. core location] than to any other
point” (Verbyla, 2002, p. 28). | determined Thiessen polygons in ArcMap for each core,
and subsequently computed sediment mass (M;) by multiplying sediment accumulation

rates by core polygon area (Area):
M; (kg a™') = SAR; (kgm™2a™1) x Area; (m?) (eq. 3.2)

| then calculated total sediment mass for each year by summing the masses of
contributing cores for that year. Finally, | calculated suspended sediment yield (Yy) for

each year (y) by dividing the total sediment mass (M) by the catchment area (CA):
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2 _ Mo (kg a™)
Yy(kg km za 1) = thl(Tz) (eq 33)
Sediment yields were converted to metric tonnes (km? a™) and are reported in
this form in this chapter. Absolute sediment yield estimates are indicated by 'Y’, and
recurrence intervals of specified sediment yields are reported, for example, as Yo, or
Y1025, denoting sediment yields with, respectively, a recurrence interval of once every

ten years and between once every ten to 25 years.

Errors in sediment yield values arise from each of the above-mentioned steps in
the procedure: varve thickness measurements, dry density estimates, and Thiessen
polygons that assume an area of equal sediment accumulation around each core. Error
is also introduced from organic matter, which was ignored, and the limited number of
cores contributing to the chronology. Each of these variables is measured, or estimated,
with some uncertainty. As sediment yield is a product of the aforementioned variables,
error in sediment yield can be calculated as follows (Taylor, 1982, p. 57):

X X..XZ

q= (eq. 3.4)

U X..Xw

where q is the result (e.g. sediment yield), and x, z, u, and w are the measured variables
(e.g. dry density, organic matter, varve thickness). The uncertainty of g (g.) is the

guadratic sum of the error terms of each variable, x, z¢, ue, and w:

e ) e () () e ()

or:

emtx G e @ G e () eass
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3.5. Results

3.5.1. Sedimentology

The sediments recovered from Lillooet Lake are clastic varves. Typically, each year is
represented by a couplet comprising a silt base that grades upward into a clay cap.

Couplets may have inter-annual laminae that reflect diurnal or weekly variability in

the discharge of Lillooet River (Desloges & Gilbert, 1994), flood events (Desloges
& Gilbert, 1994; Gilbert et al., 2006), or landslides (Chapter 2) in the watershed. Inter-
annual laminae are generally readily distinguished from varve boundaries. About 70% of
the recovered varves are simple varves (c.f. Desloges & Gilbert, 1994) that contain no
distinct sub-annual laminae. The other 30% have one or more sub-annual laminae, are
anomalously thick, or show micro-laminations. Varves range in thickness from 3.9 mm to
394.9 mm. The average varve thickness decreases from 32.8 mm at the front of the
Lillooet River delta in the north to 13.8 mm at the south end of the lake.

The varve chronology extends from AD 1179 to 2004, but several varves were
excluded from sediment yield calculations. The sediment yield estimate for AD 1921
does not include the anomalously thick (>395 mm), 1921 varve from proximal core 7,
because that varve likely has a local origin (Chapter 2). Similarly, the AD 1946 varve in
core 7 seems to be disturbed and is thicker than the AD 1946 varve in other cores. The
sediment yield estimate for AD 1946 therefore does not include the varve of that year in
core 7. In proximal core C a massive silt bed (>100 mm) marks the start of the AD 1798
varve. As other cores contain only a small, thin, sub-annual lamina in AD 1798, |
attribute this massive silt bed to a local mass flow from the delta and exclude it from the
AD 1798 sediment yield estimate. For these years, as well as other years for which
varves are missing due to core section boundaries or disturbances, | estimated sediment
yield by merging the Thiessen polygon with its closest neighbour(s) and assuming that
sediment accumulation rates in neighbouring cores are representative of that of the

excluded core.
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3.5.2.  Errorin sediment yield and estimation of total basin yield

| measured varve thickness with a resolution of about 0.1 mm. To estimate for
the varve thickness error, | re-measured five to eight varves in each core. The average

difference in measurements is 6.1%, which | took to be the varve thickness error.

| estimated the error stemming from missing and false varves in each core. This
error ranges from 0 to 1.61% (Chapter 2). | assume a maximum varve error of 1.61% in
estimating the total error in the sediment yield estimates.

Dry density measurements were not duplicated, thus | calculated mean dry
density and standard deviation for each core to derive an error estimate for this variable.
| divided the average standard deviation dry density for the whole suite of cores by the
average mean dry density for the suite of cores to express deviation around the average
mean as a percentage of the average mean instead of an absolute value. The resulting
estimate of error in dry density measurements is 11.2%.

As mentioned previously, | assumed a maximum organic content of 5% in all
cores. | therefore multiplied measured sediment accumulation rates by 0.95 to correct for
unaccounted organic matter and expressed the difference with measured sediment
accumulation rates as a percentage of the measured accumulation rate. The average

error related to the organic content of the varves is 10.9%.

| estimated error related to the number of cores contributing to the calculation of
total sediment yield for the period AD 1629-1997 by comparing the difference in yield
between estimates based on 10 or 11 cores (i.e. the maximum number of cores
contributing to the chronology in a given year) and estimates based on the five cores

that make up the chronology up to AD 1629. This error is estimated to be 5.5%.

The use of Thiessen polygons assumes that sediment deposition is spatially
uniform throughout each polygon. The polygons, however, likely underestimate
sedimentation in places like the delta front, the lake shoreline, and steep slopes on the
lake bottom. Schiefer (2006) estimated that deltaic sediments in nearby Green Lake are

approximately 10% of the total lake-bottom area and that massive and weakly laminated
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deposits constitute about 13 and 19%, respectively, of the lake bottom. Varved
sediments in Green Lake are thus present on only 58% of the total lake floor. While
Green Lake and Lillooet Lake differ considerably in size (2.0 km?vs. 35 km?) and depth
(44 mvs. 137 m), both have similar bathymetries (Schiefer & Klinkenberg, 2004). Gilbert
(1973, 1975) described three morphometric zones, each with different sedimentary
characteristics, in the north basin of Lillooet Lake, and Gilbert and Desloges (1994)
mapped the bathymetry of the south basin. These studies offer useful information on
bottom sediments in Lillooet Lake, but do not provide a lake-wide quantitative spatial
inventory. | speculate that a zone of weakly laminated sediments is recorded near the
areas around proximal cores C and D in Lillooet Lake (Figure 3.2), based on the fact that
varves in these cores are the most difficult to count and trace. Sedimentation in the area
north of cores C and D, therefore, is likely underestimated. This area alone constitutes
nearly 25% of the lake bottom, and together with other places in the lake where
sedimentation might be underestimated, my estimate of the total area of the lake subject
to possible underestimates is 35%. Because the number of cores used in this study is
limited and no cores were taken on the delta front, it is impossible to quantify the error
related to spatial differences in sedimentation.

Applying equation 5, | estimate the total error in suspended sediment yield from
errors in dry density, varve thickness, organic content, varve counting error, and the
number of cores contributing to the yield estimate to be 17.7%. Average suspended
sediment yield thus is 213 + 38 tonnes km™ a™ for the period AD 1629-1997 and 235 +

41 tonnes km™ a™* for the twentieth century.

3.5.3.  Characteristics of the long-term sediment yield record

| calculated general statistics for the sediment yield data for the period AD 1629-
1997 (Tables 3.1 and 3.2). The statistics imply a strongly non-normal distribution of
sediment yield estimates, with the maximum sediment yield estimate exceeding the
mean over three times. Extreme value distributions, such as Gumbel, Fréchet, and
Weibull, are typically used in paleoflood hydrology studies (e.g. Hosking & Wallis, 1986)
to estimate the upper quantiles of a probability distribution. | therefore fitted a
generalized extreme value model (Jenkinson, 1955) — a flexible model that estimates

the three parameters determining the Gumbel, Fréchet, and Weibull distributions — to
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estimate yield quantiles and return intervals for outliers in the AD 1629-1997 sediment
yield chronology. The resulting GEV model had a resulting shape parameter of k >0, and
can thus be classified as a GEV type Il or Fréchet-type distribution.

Yield is below the long-term average from the beginning of the record to around
AD 1629 (Figure 3.3). Sediment yield prior to AD 1629 is likely underestimated because
it is based on only two distal cores (cores A and B) and sedimentation rates are much
lower in the distal basin than in the proximal basin (Chapter 2). To test whether this
inference is correct, | correlated the average sediment mass accumulation in cores A
and B with the total basin yield for the period AD 1629-2004. The correlation is poor (r* =
0.044, p<0.05), which indicates that sedimentation at the two distal cores sites is not
representative of total sediment yield in the basin. | therefore excluded the period prior to
AD 1629 from further analysis. Likewise, the sediment yield record for the period 1998-
2004 is based on one to three cores and was similarly excluded from further analysis.
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Figure 3.3. Sediment yield record derived from Lillooet Lake sediments for the
period AD 1179-2004.

Sediment yield for the period AD 1629-1997 ranges from 74 to 672 tonnes km™
a’!; the long-term average value is 213 + 38 tonnes km™ a™ (Table 3.1, Figure 3.4).
Minimum and maximum values for the twentieth century are similar to the long-term
values, 77 tonnes km? a™ (AD 1916) and 659 tonnes km? a™ (AD 1906), but the
average for this period is 11% greater (234 + 42 tonnes km™ a™) than the long-term

average and is the highest centennial average for the period of record (Table 3.2). In
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addition, the average for the first half of the twentieth century (AD 1900-1945) is much
higher than the average for the second half of the century (AD 1946-1997): 285 + 50 vs.

183 + 32 tonnes km? a™.

Table 3.1. Sediment yield estimates for the entire period of record, AD 1179-
1629, and 1629-1997.

Period AD 1179-2004 AD 1179-1628 AD 1629-1997
Sediment yield (tonnes km2 a1)
Mean 158.9 + 28 111420 213.1+38
Minimum 35.5 355 74.3
Maximum 1184.1 1184.1 672.3
Standard deviation 103.4 77.0 102.4
Table 3.2. Mean sediment yield per century.
Century Sediment yield

(tonnes km2 a')
1900-1997 2346+415
1800-1899 219.3+38.8
1700-1799 2122+375
1629-1699 1752+ 31.0

The sediment yield plot for the period 1629-1997 (Figure 3.4) has two interesting
features. First, peaks in sediment yield are unevenly distributed over the 369-year period
of record. | determined recurrence times of peaks in the sediment yield record using a
generalized extreme value model (GEV type Il). Peaks in sediment yield with an average
return period of more than 25 years (>Ys) cluster around AD 1776-1825 and AD 1906-
1931, the intervening period lacks such extremes and includes only five peaks with an
average return period ranging from 10 to 25 years (Y10.25). Second, sediment yield is

above average from around AD 1920 to 1946, but is much lower after AD 1946.

Sediment yield peaks with an average return period greater than once every 10
years exceed the AD 1629-1997 mean yield 1.6 to 3.1 times (Figure 3.5). The 369-year

record has five peaks with average return periods greater than 100 years (>Y 140), four
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peaks with return periods between 50 and 100 years (Yso.100), five peaks with return
periods between 25 to 50 years (Y2s550), and 20 peaks with return periods between 10 to
25 years (Yi0.25). Years of high sediment yield (>Y0) are unevenly distributed in the 369-
year record (Figures 3.4 and 3.5): 13 of the 34 peaks are in the twentieth century

(Table 3.3), whereas only seven are in the nineteenth century and nine and five are,
respectively, in the eighteenth and seventeenth centuries.
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Figure 3.4. Sediment yield record derived from Lillooet Lake sediments for the
period AD 1629-1997.

3.5.4. Long-term sediment-yield departures

Cumulative sediment-yield departures for the period AD 1629-1997 demonstrate
the effect of high-yield years on sediment delivery to Lillooet Lake in subsequent years
(Lamoureux, 2002). The sediment yield record for Lillooet Lake shows five periods with
negative trends: AD 1629-1696, 1729-1768, 1777-1792, 1826-1881, and 1945-1997
(Figure 3.6). The onset of each of four subsequent positive-trending periods (AD 1697-
1728, 1769-1776, 1793-1825, 1882-1944), however, is not a high-yield (>Y,) year.
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Figure 3.5. Estimated return periods for sediment yield estimates, AD 1629-
1997, based on a generalized extreme value (GEV) distribution
(numbers in black are years with return periods greater than once
every 25 years).

Table 3.3. Number of years with sediment yields greater than specified
estimated return periods.

Return period

Century (AD) >Y100 Ys0-100 Yas-50 Y1025 Total
1900-1997 3 1 3 6 13
1800-1899 1 1 - 5 7
1700-1799 1 1 1 6 9
1629-1699 - 1 1 3 5
Total 5 4 5 20 34

Note: >Y100 = sediment yield (Y) with an estimated return period greater than once every 100 years; Yso-100 = sediment
yields with estimated return periods between 50 and 100 years; etc.

Instead, high-yield years (>Y 1) typically occur three to five years following the
start of a positive-trending period. Furthermore, 11 high-yield years (>Y) are within

negative-trending periods, which constitute 234 of the 369 years of the record. In
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contrast, 23 such events happen during positive-trending periods (135 years). Sediment
yields with return periods greater than 50 years only occur during positive-trending

periods.

In many instances, high-yield years are ‘stand-alone’ events. Some of these
stand-alone years are immediately followed by a negative trend in cumulative sediment
yield, for example after AD 1647, 1661, and 1991. In other cases, a high-yield year is
followed by a positive trend for two decades, for instance after AD 1712 and 1713, and
after AD 1921.

Two of the highest yield years, both with estimated return periods greater than
100 years (AD 1776, 1825), are separated by only 49 years, but are not associated with
a period of positive-trending years. Remarkably, the 46-year period preceding these two
high-yield years (AD 1729-1775), does not contain any events with average return
periods greater than 10 years, except a smaller (Y5) event in AD 1774, and there are no
such events in the period AD 1776-1825. After AD 1825, cumulative sediment yield has
a negative trend that persists until AD 1881, followed by a 63-year period with a positive
trend until AD 1946. Twelve high-yield events (>Y,,) occur during the period AD 1881-
1946, of which three have a return periods greater than 100 years.

These results show that the highest yield years are not necessarily followed by
long periods (e.g. more than a decade) of above-average yields. Only two smaller yield
years (i.e. AD 1712 and 1713) seem to initiate a period of above-average sediment yield

spanning about three decades (Figure 3.6).

3.5.5. Sediment yield trends following high-yield years

The Lillooet Lake sediment yield record includes 34 years with estimated return
periods greater than 10 years (Table 3.3). Examination of cumulative departures in the
30 years immediately after each high-yield year (>Y0) reveals highly variable

sedimentation patterns (Figs. 3.7 and 3.8).

Two years with the highest yields (>Y100; AD 1921 and 1931) are followed by

prolonged periods of above-average yield (Figure 3.7, upper left). The strong positive
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trend after AD 1921 is attributed to the high yield in AD 1931 and is further influenced by
high yields in 1936 and 1940.
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Figure 3.6. Cumulative departure of sediment yield for the period AD 1629-1997.

The average trend in the Yso.100 and Y550 groups (Figure 3.7, upper right and
lower left) is positive for the first 12 and 10 years, respectively. Individual signals of
years AD 1823 (Yso.100), 1774 (Y 2550), and 1936 (Yas.50) are influenced by much larger
events two to four years later (i.e. AD 1825, 1776, and 1940, respectively).

The common pattern in the Y0.05 group is above-average sediment yield
immediately after event years (Figure 3.8), but there are many exceptions. The events in
the seventeenth century are noteworthy: all show a negative trend following the high-
yield year. Some events in the eighteenth, nineteenth, and twentieth centuries are
followed by positive-trend periods, whereas others are followed by periods with negative

trends.

3.5.6. Persistence of high-yield years

To further assess the impact of high-yield years on subsequent sedimentation in

Lillooet Lake, | superposed the years in each quantile group. For each high-yield year, |
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calculated the deviation from the 40-year mean for 10 years prior to and 30 years after
each event (Figure 3.9; Panofsky & Brier, 1958; Lamoureux, 2002). The significance of
high-yield years (>Y10) was tested using the ‘sea’ command in the dpIR package of
statistical program R, in which randomly selected years were bootstrap resampled to

determine the significance of departures from the mean.
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Figure 3.7. Cumulative departure from AD 1629-1997 mean sediment yield for
each group of recurrence interval group (lower left: Yasso; upper
right: Yso100; Upper left: >Yqq).

All high-yield years (>Y 1) have highly significant (p < 0.05) departures from the
mean. Persistence is evident in two of the first five years immediately after all 34 events
(Figure 3.9, lower left panel), although deviations from the mean are small (<50 tonnes

km? a™). For years with a return period greater than 100 years (Figure 3.9, upper left),
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the first year after the event has above-average sediment yield, but that year is followed

by four years with below-average vyields.

500 - 1635  =—a== Y1025 mean Y 10250 1629-1699
1671
1681
h=)
.2
>
= 0 | ot e e
[
E
E
g
£ 500
£
[v]
o
[
[s]
-1000 —
I I 1 I I 1 1
0 5 10 15 20 25 30
Lag (years)
1000 Y 10.05: 1800-1899
o 1816 1025
—=— 1848
- ——1869
K] —e— 1875
> 500 4—=— 1885
& —Yi2s
o
£
£
E 0l Y
e
3
£
©
Qo
o
O -500

I
0 5 10 15 20 25 30
Lag (years)

1000 1700 1728 Y0260 1700-17899
1712 1777
1727 1788
% 10,25 MEEN
> 500 H
c
@
o)
E
£
g
E
=1
£
5]
oy
O -500
T T T T T T T
0 5 10 15 20 25 30
Lag (years)
Ypos: 1900-1987
—=— 1900 —e— 1927
3000 4 —+— 1908 —&— 1937
- —&— 1917 —+— 1975
© Y 025 MEAN
>
52000 o
o
E
E
£1000 |
e
3
b=
2
o 04
[s]
-1000

Lag (years)

Figure 3.8. Cumulative departure from AD 1629-1997 mean sediment yield for
events with arecurrence interval between 10 and 25 years (Y1o.25;
orange: seventeenth century; green: eighteenth century; blue:
nineteenth century; red: twentieth century; black: average

cumulative departure of all Q10-25 events).

In the case of the Ysq.100 group positive deviations from the mean are evident in

four of the first five years after the high-yield year, but subsequently more years show

negative deviations from the mean than positive deviations. The Y 5.5 group (Figure 3.9,

middle left panel) shows an initial positive deviation from the mean, followed by mainly

below-average yields after four years. Similarly, the Y,.,5 group (Figure 3.9, middle right

panel) has an initial positive deviation in the first year, with slightly positive and negative

deviations after that.
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The Ys0.100 @and Y550 groups display above-average yields in, respectively, five
and eight of the ten years prior to the high-yield year. The other two groups have more

negative years leading up to the high-yield year.
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Figure 3.9. Deviations from the mean over the period extending from 10 years
before to 30 years after each high-yield year for groups with
different recurrence intervals, AD 1629-1997. Red column is event
year ‘0’.

Persistence in high-sediment yields is more pronounced in the twentieth century

in the Yso.100 and Yas.50 quantile groups than in the other groups. However, 13 of the 34

high-yield years occur in the twentieth century, and 11 of those 13 years are in the

period AD 1900-1946, which is a period of above-average sedimentation (Figure 3.4). It
is therefore difficult to draw conclusions about persistence of sediment yield in the
twentieth century as a whole, because high-yield events (>Yo) occur on average every

4.2 years in the first 46 years of the century, and any persistence in the system is
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masked by subsequent, possibly unrelated, high-yield events. In comparison to the
persistence pattern for the entire 369-year record (Figure 3.9), there are a larger number
of years with positive deviations in the twentieth century (Figure 3.10), but this too can

be attributed to the frequency of high-yield years in the first half of the century.
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Figure 3.10 Deviations from the mean over the period extending from 10 years
before to 30 years after each high-yield year for groups with
different recurrence intervals; twentieth century. Red column is
event year ‘0’.

3.6. Discussion

3.6.1. Comparison to other sediment yield studies

The long-term (AD 1629-1997) average sediment yield estimate is 213 + 38
tonnes km? a™*, which is similar (Table 3.4) to the sediment yield estimates of Desloges
& Gilbert (1994), but substantially lower than earlier estimates by Slaymaker (1972) and
Gilbert (1973). Comparison of the same 125-year interval (AD 1864-1988) Desloges &
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Gilbert (1994) used, shows that my average value (230 tonnes km? a™) is about 10%

higher than their estimate.

Table 3.4. Comparison of sediment yield estimates derived from this study
(AD 1629-2004) and other published values.
Study This study Slaymaker Gilbert Desloges & Gilbert
(1972) (1973) (1994)
Sediment yield 213.1 386.3 3342 188-218
(tonnes km-2 a-1)!
Component of Average annual long- Suspended load Annual suspended Annual total basin yield,
total sediment term suspended load fine fractiond
yield sediment yield
Estimate derived Varves ? Varves + Varves
from pro-delta
accumulation
Original reported 1450 x 103 tonnes a' 1.1 x 105m?3 a! 6.2-7.2 x 105m3 a!
yield
Period AD 1629-1997 ? AD 1913-1969 AD 1864-1988

' Estimates recalculated to tonnes km-2 a-' to compare with the results of this study.

2Gilbert estimated the volume of sediment accumulating on the pro-delta to be 5.3 x 107 m3 and in the rest of the lake
6.3 x 108 m3 for the period 1913-1969, which totals to 1.1x 106 m3 a**, equivalent to 334 tons km2 a-".

3 Total basin yield of the fine fraction (< 63 um). Desloges & Gilbert estimate the total basin yield (fine and coarse
fraction) to be 15.5-16.5 x 105 m3 a-, equivalent to 471.6-500.9 tonnes km2 a1,

The varved sediment archives of many lakes in British Columbia have been
studied, notably Harrison Lake (Desloges & Gilbert, 1991), Green Lake (Menounos et
al., 2006; Schiefer et al., 2010), Chilko Lake (Desloges & Gilbert, 1998), Bowser Lake
(Gilbert et al., 1997), and Moose Lake (Desloges & Gilbert, 1995). Studies of several
other small lakes in the Canadian Cordillera have also been done (Desloges, 1994;
Schiefer et al., 2001; Schiefer and Gilbert, 2008). These studies have shown that
sediment yield increases in watersheds up to 3 x 10* km? in area, consistent with the
findings of Church & Slaymaker (1989). My sediment yield estimates fall within the
regional envelope (Figure 3.11) described by Church & Slaymaker (1989). Results
presented by Schiefer et al. (2001), however, suggest that differences in terrain and

geology lead to considerable scatter.
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Figure 3.11. Comparison of suspended sediment yield for the Lillooet River

watershed (this study; red circle with error bars) and specific
sediment yield (i.e. “the quantity of sediment passing a monitored
river cross-section per unit area drained upstream of that section”;
Church and Slaymaker, 1989, p. 452) in British Columbia. Closed
symbols are data from natural landscapes; open symbols are data
from landscapes influenced by natural or human disturbances.
Measurements for Lillooet Lake from Church et al. (1989) are derived
from a 57-year record of lake sedimentation reported by Gilbert
(1973). Modified from Church & Slaymaker (1989).

Sediment yield in the Lillooet River watershed in the twentieth century has been affected

by many events, notably landslides, floods, glacier retreat, formation of Silt Lake, river

engineering, and land-use changes in the watershed. In contrast, the watershed of

Green Lake prior to the establishment of the Whistler ski resort in the1960s was largely

undisturbed and not subject to river straightening or dyking (Menounos et al., 2006).

Sediment yield in the Green Lake watershed before the 1960s thus reflects more natural

conditions. Suspended sediment yield, as derived from varved sediments, in Green Lake

during the period 1931-1991 is 10% higher than during the past 3000 years (Menounos

et al., 2006): + 76 tonnes km? a™* vs. 69.4 tonnes km? a™. Menounos et al. (2006)
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attributed the higher sediment yield during the twentieth century to increased
sedimentation accompanying retreat of glaciers between 1935 and 1945, although
human disturbances in the watershed between about 1960 and 1991 may also have

played a role.

Schiefer et al. (2010) extended the work of Menounos et al. (2006) in Green
Lake. They studied lake sediment cores, delta progradation, and solute transport, and
concluded that the average annual total sediment yield since the mid-1900s has been
320 + 40 tonnes km? a, of which about 35% is suspended load, 50% is bedload, and
15% is dissolved load. The ratios of the three components of sediment yield however,
differ significantly on decadal time scales, which could have important consequences
when short-term sediment yield records are extrapolated and used for the projection of
long-term sediment yield estimates. If the sediment yield fractions for Green Lake are
applicable to Lillooet Lake, and assuming constant ratios through time, total clastic
sediment yield to Lillooet lake would be 671 + 119 tonnes km™ a™ during the twentieth
century and 612 + 108 tonnes km™ a™ for the period AD 1629-1997 period.

Considerable reductions in sediment yield in the second half of the twentieth
century have also been reported for ice-marginal Ape Lake in the central Coast
Mountains and proglacial Berg Lake (Desloges, 1994), as well as Hector Lake (Leonard,
1997) in the Rocky Mountains. Varve-based sediment yield records from the first two
lakes show declining sediment yields throughout the twentieth century, with a further
abrupt decrease after AD 1955. Desloges (1994, p. 139) attributed this decrease to
“reduced contributions from basin glaciers as subglacial sediment becomes exhausted
following retreat from Little Ice Age maxima around AD 1800.” He further attributed the
post-1955 decline in sediment yield to "de-coupling of the ice/sediment sources as the
glacier retreats behind terminal and recessional moraines and as small proglacial lakes
are opened” (p. 139). Together with depletion of easily eroded Neoglacial sediments, the
formation of proglacial Silt Lake in the Lillooet River watershed contributed to lower

sediment yields in the second half of the twentieth century.

Sediment-yield studies have also been conducted in the Canadian Arctic and in
paraglacial and proglacial mountain environments around the world, for example in the
European Alps (Gurnell & Warburton, 1990), New Zealand (Hicks et al., 1990), and
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Scandinavia (Elverhgi et al., 1995). Sediment yield in Canadian Arctic watersheds is
substantially lower than in the Lillooet River watershed. Lamoureux (2000, 2002)
reported an average sediment yield of 109.8 tonnes km™ a™* from Nicolai Lake, Cornwall
Island, Nunavut. Sedimentation in Nicolai Lake is largely controlled by intense summer
runoff events. Landslides in this low-relief, non-glacierized catchment are rare, in
contrast to the situation in the Lillooet River watershed. Sediment transport during
extreme runoff events is thus of a different scale than in the Coast Mountains, which
have steep terrain, glaciers at higher elevations, and frequent autumn storms. Sediment
yield in Iceberg Lake (Loso et al., 2004), an Alaskan proglacial lake with a small
watershed area (66 km?) and 52% glacier cover, has been estimated at 3.8-4.9 x 10°
tonnes km? a™. Loso et al. (2004) reported that suspended sediment is less than 20% of
the total clastic sediment discharge into Iceberg Lake. Their results indicate that
estimates of total clastic sediment yield based solely on the suspended sediment fraction

may be misleading in some environments.

3.6.2. Sediment sources and storage: persistence in the
sediment-yield record

My results indicate some persistence in the sediment yield record derived from
Lillooet Lake sediments. Cumulative sediment yields after the most extreme events
(>Y100) vary, but generally increase (Figure 3.7). Sediment yield remains higher than the
40-year average up to one year after each extreme event (Figure 3.8), but the
persistence of high yields strongly depends on hydrological conditions in the watershed.
A small fraction of the sediment that was mobilized during the extreme event may persist
in the fluvial system for several years in bars in river channels or easily eroded river
banks. Thereafter, hydrological conditions within the watershed determine whether large
amounts of sediment will continued to be mobilized. This conclusion is consistent with
Lamoureux’ (2002) observation that suspended sediment is rapidly transported, and that
suspended sediment yield after an extreme event is not as strongly affected by slower

aggradation and degradation processes that influence bedload yield.

Average cumulative sediment yield gradually increases for five years after Y559
and Yso.100 €vents (Figure 3.7), after which it steadily declines to lower-than-average

values. Average cumulative sediment yield after Y105 events (Figure 3.8) remains above
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average in the 30 post-event years. A possible explanation is that high yields (Y10.100)
occur during multi-annual periods of higher discharge of Lillooet River, coincident with
the periodicities of ENSO or Pacific Decadal Oscillation cycles. Additionally, while
twentieth-century high-yield years (Y1.100) are typically categorized as either
anomalously thick varves or simple varves with a late-season upper graded lamina
(Chapter 2, Figure 2.5), micro-laminated varves, indicative of increased glacier melt
(Menounos et al., 2005), are more common after high yield events (Y1q.100) in 1936,
1937, 1940, and 1941 (Chapter 2, Figure 2.5).

Reports and dates are available for twentieth-century events that may have
impacted sediment yield in the Lillooet River watershed. These data allowed me to better
interpret historic high-yield events. | therefore separately assessed persistence of high
sediment-yield events in the twentieth century (Figure 3.10). Persistence in the twentieth
century is however, difficult to evaluate (Figure 3.10), because high-yield events in the
first half of the century happened, on average, once every 4.2 years. The high frequency
of extreme-yield events during the first half of the twentieth century is likely due to
greater sediment availability resulting from glacier retreat from Little Ice Age maximum
positions. More leading years (i.e. years preceding the high yield event or negative lag
years in Figure 3.10) show above-average yields in the twentieth century than during the
AD 1629-1997 period as a whole, respectively seven and four out of the first ten years.
The Ys0.100 group shows the largest leading trend (i.e. most preceding years with above-
average Yields) in the twentieth century (Figure 3.10, upper right), but includes only one
extreme-yield year (AD 1940). Maximum daily discharge in AD 1940 was far less than in
AD 1991, but the sediment-yield time series for these two high-yield years have opposite
trends (Figure 3.12). This observation suggests that glacier recession contributed to the
increased sediment loads in AD 1940. Only two extreme-yield years (1975 and 1991)
occur after AD 1946, and both are followed by negative sediment-yield trends (Figs. 3.7
and 3.8, respectively).

Lamoureux (2002) documented high sediment yields for periods of 10-30 years
following the 40 largest sedimentation years in Nicolai Lake in the Canadian High Arctic.
He found that the largest annual yields (>Y199) had the most long-lived effects, whereas
smaller yields (Y10, Y25, and Yso) had more variable effects and generally were shorter-

lived. He attributed the largest high-yield events to heavy rainfall that mobilized channel

83



and bank sediments. He concluded that persistent high yields following the event year
resulted from short-term storage of sediment in the channel and erosion from unstable

faces and surfaces in the catchment (Lamoureux, 2002).

In contrast, Green Lake sediments lack notable persistence of high yields in the
years following extreme events. Menounos et al. (2006) attributed this lack of
persistence to a supply-limited sediment transport regime and the importance of rare
meteorological events in moving sediment. Erodible glaciomarine and glaciolacustrine
sediments are present in the Nicolai Lake watershed, and large amounts of sediment are
stored in the fluvial system above the lake (Lamoureux, 2002). In the Green Lake and
Lillooet River watersheds, sediments supplied to the river are mainly derived from

Neoglacial deposits and landslides which are intermittently coupled to the fluvial system.
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during the twentieth century. Historic floods and landslides are
listed in Appendices D and F.
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3.6.3. Interpretation of sediment-yield signal

Glacier changes and landslides during the period of the varve record
(AD 1629-1997)

Jordan & Slaymaker (1991) provided a conceptual model for Holocene sediment
transport in a glaciated mountainous watershed based on their study of the Lillooet River
basin. They concluded that Neoglacial deposits, debris flows, and landslides are the
main sediment sources in Lillooet River valley (Figure 3.13). Holocene glacier activity in
Western Canada has been documented using proxy records such as tree rings
(Larocque & Smith, 2003; Koch et al., 2009), lichens (Allen & Smith, 2007), and varves
(Menounos et al., 2004). A consistent picture of late Holocene glacier activity has
emerged from studies in the southern Coast Mountains (Larocque & Smith, 2003; Reyes
& Clague, 2004; Allen & Smith, 2007; Koch et al., 2007; Clague et al., 2009). In Garibaldi
Provincial Park just south and west of Lillooet Lake, an early Little Ice Age advance in
the twelfth century was followed by glacier recession in the thirteenth century (Koch et
al., 2007). Glaciers advanced several times in the fourteenth and fifteenth centuries, and
achieved their maximum Holocene extents between AD 1690 and 1720 (Figure 3.14;
Koch et al., 2007). A similar history has been documented at Bridge Glacier,
approximately 85 km northwest of Pemberton (Allen & Smith, 2007): an early Little Ice
Age advance about 700 years ago, followed by moraine stabilization during the late
thirteenth century to the early fourteenth century, and several intervals of advance and
retreat from the fifteenth through twentieth centuries. Reyes & Clague (2004)
documented a similar record of late Holocene glacier fluctuations at Lillooet Glacier.
They found stratigraphic and geomorphic evidence for several advances of Lillooet
Glacier during the Little Ice Age, the first of which was well underway by 450 **C years
BP (AD 1330-1630).

Collectively, the evidence from Garibaldi Park and Bridge and Lillooet glaciers
shows that glaciers in the Lillooet River watershed reached positions near their Little Ice
Age maxima from before AD 1629 (the most reliable part of the Lillooet Lake varve
record) until about AD 1900 (Figure 3.14). Unfortunately, | was unable to use two
recovered cores that date back an additional 450 years (AD 1179) to extend the
sediment yield record back to the onset of Little Ice Age. There are few long-term

sediment yield records in the Coast Mountains to which | can compare the Lillooet Lake
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record, thus | can only speculate about sediment yield estimates in the Lillooet River
watershed prior to AD 1629. A study in nearby Green Lake (Menounos, 2006), however,
suggested that lower sedimentation rates prior to AD 1600 corresponds to less extensive
glacier ice cover in the watershed than later during the Little Ice Age. Given the apparent
synchronous history of glaciers throughout the southern Coast Mountains, lower

sedimentation rates would be expected in Lillooet Lake prior to AD 1629.

Much research has been conducted on historic and prehistoric landslides at
Mount Meager (Mokievsky-Zubok, 1977; Evans, 1987, Friele & Clague, 2004; Guthrie et
al., 2012). The largest prehistoric landslides generated debris flows that reached as far
south as the present location of Pemberton (Friele et al., 2008) and must have affected
sedimentation in Lillooet Lake. These large landslides, however, are older than the
beginning of my varve record. At least eight landslides with volumes of 10°> m* or more
occurred at Mount Meager during the period spanned by my cores (AD 1179-2004). Two
prehistoric landslides, with calibrated radiocarbon ages of approximately AD 1800 (1740-
1860) and 1740 (1690-1790) are within the period spanned by my cores (Figure 3.14).
Two of the largest sediment yields (>Y1q0) date to AD 1776 and 1825 and thus fall within
the calibrated age range of these landslides. The year with the tenth largest sediment
yield (AD 1713; Ysq.100 Category) is also within the age range of the AD 1740 landslide.
The AD 1825 varve has no distinct sedimentological features, other than being thicker
than average, but the AD 1713 and 1776 varves contain a thick sub-annual lamina. The
AD 1776 varve also has a distinctive yellow colour in distal cores and a thick dark silt
bed in proximal cores. This event bed can be confidently correlated from core to core,
and the distinctive yellow colour, possibly indicative of fine volcanic sediment derived
from Mount Meager, is faintly visible in the most distal core (core E, Figure 3.15). The
AD 1931 varve has a similar sedimentological signature (Figure 3.15); it coincides with a
debris flow with a volume of 3 x 10° m® that descended Devastation Creek, near Mount
Meager (Friele et al., 2008). The prehistoric debris flows of AD 1800 and 1740 had
volumes of 10° -10° m® (Friele et al., 2008), and are thought to have had sources,
respectively, in the Angel Creek and Capricorn Creek basins; both of these streams are

tributaries of Meager Creek.
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Sediment yield in the Lillooet River watershed, although high throughout the

period AD 1629-1997, increases from an average of 175 + 31 tonnes km™ a™ in the

seventeenth century to 234.6 + 42 tonnes km a™ in the twentieth century (Table 3.2).

This increase coincides with the expansion of alpine glaciers which reached their Little
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Ice Age maximum positions around AD 1690-1720 in nearby Garibaldi Park (Koch et al.,

2007); those glaciers did not begin to retreat until the late nineteenth century. The start

of the twentieth century marks the beginning of the period with the highest sediment
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3.14. Sediment yield in the Lillooet River watershed, dated landslides at
Mount Meager (Friele et al., 2008), and glacier fluctuations in
western Canada (modified from Clague et al., 2009) and Garibaldi
Provincial Park (modified from Koch et al., 2007). Uncertainties in
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yields, with average yields of 285 + 50 and 183 + 32 tonnes km™ a™ for, respectively, the
AD 1900-1945 and AD 1946-1997 periods. A similar increase in sediment yield in the
early twentieth century has been documented at nearby Green Lake (Menounos et al.,
2006) and Cheakamus Lake (Menounos & Clague, 2008), and has been attributed to

increased availability of sediments following rapid retreat of glaciers from their Little Ice
Age maximum positions.

Figure 3.15. Examples of the (a) AD 1931 and (b) 1776 varves in Lillooet Lake
from cores C, 2 and E (left to right; proximal to distal core locations).
The vertical black bar at lower left of each photograph is 1 cm.
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Twentieth century

Sedimentation rates in Lillooet Lake were highest during the period 1920-1945.
Sediment yield during the second half of the twentieth century was considerably lower
than during the first half of the century (Figure 3.12). Glaciers in Garibaldi Park stabilized
and even advanced during the period 1946-1976 (Koch et al., 2009), coincident with the
negative, or cool, phase of the Pacific Decadal Oscillation (PDO). Glaciers receded
markedly during the last two decades of the twentieth century in Garibaldi Park (Koch et
al., 2009) during a positive, or warm, phase of the PDO. Average estimated sediment
yield is about 10% higher during the period AD 1977-1997, the warm phase of the PDO,
than during the period AD 1946-1976, the cold phase of the PDO (190 + 34 vs. 178 + 32
tonnes km? a). This increase in average estimated yield may be related to an increase
in autumn floods in Lillooet River valley (Menounos et al., 2005) and coincides with a

return to the warm phase of the PDO (Figure 3.12).

Proglacial Silt Lake began to form at the toe of Lillooet Glacier sometime
between AD 1947 and 1962 (Schiefer and Gilbert, 2008). It rapidly grew in size with
continued glacier retreat and trapped an increasing amount of suspended sediment
(more than 10° tonnes km™ a™) that would otherwise have been transported to Lillooet
Lake. The appearance and growth of Silt Lake may explain part of the decrease in
sedimentation in Lillooet Lake since approximately AD 1946. Schiefer & Gilbert (2008)
found, consistent with continued retreat of Lillooet Glacier, that sedimentation rates in
Silt Lake decreased from the mid-twentieth century until the early 1990s. One would
expect a similar signal in Lillooet Lake, however sediment yield in Lillooet Lake since AD
1947 shows large inter-annual variability (Figure 3.12), with no decreasing trend towards
the end of the century. These observations suggest that other sediment sources, notably

landslides from the Mount Meager massif, were important sediment sources.

Friele et al. (2008) reported at least eight landslides with volumes larger than 10°
m? in the Mount Meager Volcanic Complex during the historic period (Appendix F). Two
of largest historic landslides, in AD 1931 (3 x10°® m®) and 1975 (10" m°), coincide with
peaks in the sediment yield record. Lillooet River also had a high maximum daily
discharge in 1975 (Figure 3.12). Sediment yield in the years following the AD 1975

landslide, however, is below average, corresponding to relatively low discharges of
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Lillooet River in the late seventies. Other historic landslides in the Lillooet River
watershed did not have an immediate effect on sedimentation in Lillooet Lake, although
a series of small landslides between AD 1986 and 1990 (Figure 3.12; Appendix F) may
have pre-conditioned the watershed for the high sediment yields following the AD 1991
flood.

Major engineering works were undertaken in Lillooet River valley in AD 1946 in
response to the great 1940 flood. The river north of Pemberton to the Forestry Bridge at
the north end of Pemberton Meadows was straightened and dyked between 1946 and
1952. In addition, the level of Lillooet Lake was lowered 2.5 m to increase the
conveyance of water in the river (Jordan & Slaymaker, 1991). The geomorphological and
fluvial responses to these changes included down-cutting and bank erosion by Lillooet
River and an increase in the rate of advance of the Lillooet River delta (Jordan &
Slaymaker, 1991). Although the delta front advanced rapidly during the first five years
after the engineering works were completed, the amount of suspended sediment
deposited farther south in the lake does not appear to have increased (Figure 3.12).

Logging, agriculture, and the increase in population in Lillooet River valley in the
twentieth century have likely had only a minor effect on sedimentation in Lillooet Lake
(Jordan & Slaymaker, 1991). The coincidence of several changes in the watershed
around AD 1946 (as described above) makes it difficult to separate their possible effects

on sediment yield.

3.7. Conclusions

| established an 825-year varve chronology from cores of varved sediments
recovered from Lillooet Lake. The lack of cores spanning the entire 825-year chronology
from proximal locations near the Lillooet River delta limited sediment-yield estimates to
the period AD 1629-1997. My estimate of average suspended sediment yield for this
369-year period is 213 + 38 tonnes km™ a*, similar to a previous estimate made by
Desloges & Gilbert (1994). High sediment-yield years are unevenly distributed over the
period; 13 of 34 extreme yield years were in the twentieth century. Eleven of the

twentieth-century extreme yield years occurred prior to AD 1946.
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High sediment yields in the seventeenth, eighteenth, and nineteenth centuries
are consistent with maximum Little Ice Age glacier cover within the watershed. | attribute
increased sedimentation in Lillooet Lake in the early part of the twentieth century to
increased sediment availability due to rapid glacier recession in the region. Lower
average sediment yields in the second half of twentieth century appear to be the result of
several events that occurred almost simultaneously: 1) formation of Silt Lake near the
terminus of Lillooet Glacier, which reduced the amount of sediment reaching Lillooet

Lake; 2) river training; and 3) a shift from a warm to a cold phase of the PDO.

Three years with the highest sediment yields (AD 1713, 1776, and 1825) are in
the age windows of large radiocarbon-dated landslides. The AD 1776 varve resembles
the thick AD 1931 varve, which is attributed to a large landslide near Mount Meager.
Sediment yield peaks in the second half of the twentieth century are related to high
Lillooet River discharges. In contrast, a large historic landslide near Mount Meager
Complex in AD 1975, which occurred shortly before a high flow event on Lillooet River,
produced a varve that is only in the Y4.,5 category. The thick AD 1991 varve (Ys.50) iS
attributed to a series of landslides in the years leading up to the event, in combination
with the highest Lillooet River discharge on record, prior to 2003.

Cumulative sediment yield after individual extreme events is highly variable.
Increasing cumulative yields are seen up to 30 years in the case of the most extreme
(>Y100) €vents and also for many smaller (Y0.05) events. In the case of the Yoo group,
however, this is mainly due to a series of twentieth century extreme events that occurred
in rapid succession during a period of high sediment availability. In the case of the
intermediate groups (Yas.50 and Ysg.100), cumulative sediment yields are showing
increasing trends up to 17 years. Overall persistence in each yield group after an
extreme event however, was only found up to five years after the event, suggesting a

connection with multi-annual climate cycles.

The wide variety of processes that shape the landscape of the mountainous
Lillooet River watershed make it difficult to disentangle causative events. My estimates
of sediment delivery to Lillooet Lake do not include bedload, as a consequence large

uncertainties would be introduced to infer total clastic yield to the lake. Nevertheless,
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variations in the suspended sediment component of the total clastic yield are consistent

with what is known about the regional glacial and landslide history of the watershed.
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4. Role of science and technology in flood
hazard management in Lillooet River valley

4.1. Abstract

This research explores the extent to which new scientific knowledge and
technology contribute to flood hazard management in the town of Pemberton in Lillooet
River valley, British Columbia. Past studies reveal that natural hazard science is not
effectively communicated to, or used by, government and other public decision makers.
In this context, | provide overviews of scientific literature pertaining to Lillooet River
flooding and recent developments in flood management at the federal, regional, and
local government levels in order to illustrate how the flood hazard is currently managed
in Lillooet River valley. Interviews with local flood and emergency managers illuminate
how available scientific information is perceived and used, and where improvements can

be made.

4.2. Introduction

Lillooet River valley is vulnerable to a range of hazardous natural processes,
notably floods, landslides, and wildfires. The population in the valley has increased
considerably in recent years, resulting in an overall increase in the risk from these
hazards. Scientific research on natural hazards in Lillooet Valley has also increased, but
guestions remain whether that new knowledge has reached responsible local officials
and whether it is being used effectively. These questions are pertinent because, in 2003,
the responsibility for flood management in British Columbia was transferred from the
Provincial Government to local governments. What then is the relationship, if any,
between scientific researchers and local governments? What are the most important
concerns or barriers in knowledge transfer from the perspective of local authorities? And

how can this process be improved in the particular case of the Lillooet Valley?
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Much social science research has been devoted to the process of knowledge
transfer between science and society, and most authors acknowledge the need to
improve the relationship between researchers and policy makers. However, such studies
in the field of natural hazards are few and are mainly general, based, for example on
interviews of different stakeholders (e.g., Fothergill, 2000). Furthermore, Most studies
are in other disciplines, for example health sciences (Lavis et al., 2003; Ross et al.,
2003; Lavis, 2006; Mitchell et al., 2009), which have uncovered different relationships
and problems between scientists and health-care practitioners than natural hazard

studies would.

British Columbia is home to numerous remote small communities, many of which
are at risk from one or more kinds of natural hazard. Although my research is specific to
Lillooet Valley, the results reported herein may illuminate issues faced by decision
makers in other communities in the province. Additionally, the results of my study will
hopefully inform the natural hazard research community about how their work is
perceived and used by local authorities. And finally, this study identifies concerns,
obstacles, and improvements in knowledge transfer that can benefit both communities.

Forecasted changes in global climate are likely to increase the incidence of
flooding in the future (Intergovernmental Panel on Climate Change, 2007, 2013). There
has been much progress in understanding the climate processes that affect natural
hazards, but research on how humans will adapt to future change in climate and to
changes in the occurrence of natural hazards is still in its infancy. Several publications
are available that discuss the transfer of scientific knowledge to communities on global
(e.g. UN/ISDR, 2004), national (e.g. Lemmen et al., 2008), regional (e.g. Columbia Basin
Trust, 2012), and community (e.g. McKenzie-Mohr, 2011) levels.

This case study examines the transfer and utilization of scientific knowledge in
relation to natural hazards. The focus is on the experience of local government decision
makers in Lillooet River valley. The study adds to the existing body of literature by
narrowing the focus to a localized setting (though not unique in the landscape of British
Columbia) and targeting a specific group of natural hazard workers. Although the study

deals with the flood hazard in the valley, it also touches on other hazards.
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I have structured the chapter as follows. | first provide a brief literature review on
relevant science-society research. Details on the interviews and the interview questions
are presented next, followed by an overview of the study area and the causes of flooding
in Lillooet River valley. | then summarize flood policy developments in British Columbia
and Canada, which reflect increasing knowledge of flooding as a hazard. This section is
followed by an overview of the literature on floods and other natural hazards in the
Lillooet River watershed. The final sections of the chapter are the community interviews,

discussion, and a summary and conclusions.

4.2.1. Science - society relationship

Vannevar Bush’s (1945) report to U.S. President Roosevelt is acknowledged as
one of the most influential post-Second World War discussions of the relationship
between science and policy-making (Stokes, 1997; Jasanoff & Wynne, 1998; Pielke,
2010). The report marked the beginning of the era of modern science policy and led to
the creation of the U.S. National Science Foundation (Pielke, 2010).

In his report, Bush concludes that scientific knowledge and advances are the
answer to societal problems and needs: “... without scientific progress no amount of
achievement ... can insure our health, prosperity, and security as a nation in the modern
world” (Bush, 1945, p. 233). For example, he argues that increased knowledge of
diseases would enable us to find medicines to cure them and that new knowledge would
help us to build new and improved weapons for defence against aggression (Bush,
1945).

Bush coined the term ‘basic research’ and said “Basic research is performed
without thought of practical ends. It results in general knowledge and an understanding
of nature and its laws” (Bush, 1945, p. 240). Although basic research may have
important social contributions, practical applications are not the focus of the scientists
conducting this kind of research. Rather, explicitly practical applications of research are
the realm of applied research according to Bush. Nevertheless, Bush believed that
“basic research leads to new knowledge... [and] is the pacemaker of technological
progress” (Bush, 1945, p. 241).
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Pielke (1997) discusses the popular post-Second World War linear model of
science and society, shaped by Vannevar Bush’s thoughts on science and technology.
The linear model of basic research, leading to applied research and then to the
development of technologies that will benefit society, has been discussed and criticized
by many scholars (e.g. Wise, 1985; Tatum, 1995; Stokes, 1997; Pielke, 2010). The
linear model of scientific research does not capture the true relationship between
science and society. It is a unidirectional model, with society as the receiving end
member; and it isolates science from society and vice versa. Furthermore, not all
scientific advances have been beneficial to society (Pielke, 1997). In short, the linear
model is an inaccurate portrayal of the actual relationship between science and society
(Wise, 1985).

Stokes (1995, 1997) offers the Pasteur’s quadrant of scientific research as an
alternative to the linear model. He describes the relation between the quest for
fundamental understanding on one side of the quadrant and considerations of use on
the other side (Figure 4.1). The quadrant of ‘pure basic research’, for example Niels
Bohr’s quest to understand atomic structure, represents basic or pure science as
originally described by Vannevar Bush. This quadrant is opposite the ‘pure applied
research’ quadrant, which does not pursue a deeper scientific meaning, but instead
focuses on an application of science to society, akin to work done in the laboratory of, for
example, Thomas Edison. With perhaps the exception of some of his most recent work,
Gilbert F. White focused on societal relevance in his studies in geography and natural
hazards; those studies fall within the pure applied research quadrant. A ‘use-inspired
basic research’ quadrant includes work that seeks deeper scientific understanding, but
at the same time considers the use of that knowledge, and is aptly named after Louis
Pasteur’s drive to understand the science of microbiology and its importance for the food
industry. The fourth quadrant includes “research that systematically explores particular
phenomena without having in view either general explanatory objectives or any applied

use” (Stokes, 1997) or research driven by the curiosity of the investigator.

Since Bush’s report, a large body of science and technology research has
focused on the relationship between scientific knowledge and policy making. In the
paragraphs below, | provide representative examples of studies that discuss this

relationship in the context of environmental and natural hazard research.
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Basic research ———» Applied —>» Development — Production and
research operations

Considerations of use?
No Yes

Pure basic research| Use-inspired basic

(Bohr) research
(Pasteur)

Yes

Pure applied
research
(Edison)

Quest for fundamental understanding?
No

Figure 4.1. Models of knowledge transfer. a) Linear model. b) Pasteur’s
guadrant (reproduced from Stokes, 1997).

Knowledge transfer barriers in environmental and natural hazard research

Scientific information on natural hazards is readily available, but many scholars
have concluded that this information is poorly communicated to, and not effectively used
by, decision-makers or practitioners (these terms are used interchangeably in this
chapter; White et al., 2001; Holmes & Clark, 2008).

Studies in the United Kingdom (Holmes & Clark, 2008), United States (Morss et
al., 2005), and Canada (Slaymaker, 1999) mention a lack of collaboration or interaction
between scientists and practitioners as one of the main barriers to effective knowledge
transfer. Scientists and practitioners are regarded as end members in the knowledge

transfer process — researchers produce knowledge and practitioners use it. Typically,
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however, the scientist does not consult the practitioner before conducting research, and
there is little or no feedback from the practitioner to the scientist once the research has
been done (Morss et al., 2005). Additionally, the different priorities of the two groups and
a lack of clear legislation or science policy (Slaymaker, 1999) hamper this relationship.
Ideally the process of knowledge production should be an interactive, iterative process

between the two parties involved (Morss et al., 2005; Holmes & Clark, 2008).

A consequence of this lack of communication is the inefficient use of knowledge.
Research carried out without consideration of societal needs can result in knowledge
that has no practical value to policy makers. To ensure effective use of knowledge,
scientists and practitioners should, for example, foster respectable professional
relationships (Fothergill, 2000) and collaborate on research projects at an early stage
(Pielke, 1997).

Collaboration and use of scientific knowledge can be improved if scientists and
practitioners understand and appreciate each other’s role (Fothergill, 2000). Lack of
collaboration or poor use of scientific knowledge may, in part, stem from limited access
to information or lack of relevant scientific expertise (Morss et al., 2005) or cultural
differences (Fothergill, 2000). Examples of barriers include the use of scientific jargon,
lack of understanding by scientists of local policy issues, institutional barriers (e.g.
government rules and regulations), and academic pressure to publish in peer-reviewed
journals. Some scholars have suggested that these problems can be overcome by using
science translators or interpreters as intermediaries between researchers and policy
makers (Fothergill, 2000; Morss et al., 2005).

Interviews of U.S. practitioners by Fothergill (2000) reveal similar concerns. Local
practitioners stated that relevant scientific knowledge is not reaching them because it is
not transferred from the federal or state level to the local level, and because researchers
are not disseminating their findings in an appropriate manner to be of value to decision-
makers (e.g. workshops are held in large cities distant from the affected community).
Additionally, a local practitioner interviewed by Fothergill (2000) stated that “the ones
that have the authority and the resources to actually implement mitigation...” (Fothergill,
2000, p. 96) are not included in the knowledge transfer process. And finally, many

researchers do not understand the local context and the obstacles decision-makers face.
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Fostering the transfer and utilization of scientific knowledge

It is generally acknowledged that scientific knowledge about natural hazards is
widely and readily available (e.g. White et al., 2001; UN/ISDR, 2004, Intergovernmental
Panel on Climate Change 2007, 2013), but this availability has not led to more resilient
and sustainable communities. Some of the barriers to the use of scientific knowledge are
discussed above. Recently, however, several initiatives have been taken to facilitate the
transfer and use of scientific knowledge by communities trying to adapt to climate
change and altered incidences of natural hazards. | briefly discuss two Canadian

examples below.

At the federal level, Lemmen et al. (2008) summarize current scientific
understanding of the impacts of climate change on Canadian provinces and territories.
They also discuss the effects of climate change on Canadians and the degree to which
communities have adapted to the change to date. The authors conclude that some
adaptation is occurring in Canada, but that large differences exist between regions and
populations. They stress the need to implement adaptation measures now, even with

limitations in awareness and availability of knowledge.

The second initiative addresses the impacts climate change on the Canadian
Columbia River Basin (Columbia River Trust, 2012). The report highlights the
importance of continued communication between individuals, communities, businesses,
and governments. It also provides up-to-date scientific information and a range of
adaptation strategies to facilitate better decisions and thus create more resilient and

sustainable communities.

4.2.2. Interviews

| conducted semi-structured interviews with local hazard or emergency managers
in Lillooet River valley to assess the process of knowledge transfer in relation to natural
hazards and the experience of local government decision-makers with this process.
Interviewees were selected based on contacts | established in the earlier, information-
gathering phase of my research. The contacts included employees of the Pemberton
Valley Dyking District, the Squamish Lillooet Regional District, and the Village of

Pemberton.
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Only three people employed in local or regional government in Lillooet River
valley patrticipated in this study, which is attributable to the limited number of people who
have relevant government positions. Other officials in the community handle floods and
other natural disasters in a reactive manner (e.g., the local fire chief, other emergency
responders, and volunteers). In contrast, the three interviewees are concerned with
proactive natural hazard management and are involved in drafting and implementing
flood policies at the local level. | contacted two other persons to participate in this study,
including a representative of the Lil'wat First Nations community, but they did not
respond to my repeated requests. This thesis focuses on flood hazard in Lillooet River
valley, and | made no attempt to compare my results to the experience of other local
government officials in British Columbia; to my knowledge, no such data are available. It
would, nevertheless, be of interest to learn if other municipalities struggle with similar
issues as those raised by officials in Lillooet River valley. Such a comparison would, of
course, provide better insight into the consequences of the transfer of flood management
responsibility from the provincial to the local government level, but this was not the aim
of this study.

Interview questions pertain to flood hazards and risk, but, where appropriate, |
also discussed natural hazards more generally with the interviewees. Each interview
was approximately 60-90 minutes long and took place in Pemberton, or over the phone,
in September 2012. Each interviewee received a censored version of the questions prior
to the interview in order to give them a better idea of my goal and to allow him or her
time to prepare. To assure anonymity, each participant will be referred to as
‘interviewee’, ‘participant’, or ‘respondent’, followed by a number, in the results and

discussion below.

4.2.3. Research question and interview questions

My research question and the related interview questions involve the terms
‘scientific information’ and ‘scientific knowledge’, which will be used interchangeably.
Scientific information is information published in peer-reviewed scientific journals,
government publications, or commercial reports, or otherwise conveyed by scientists to
local stakeholders. In the context of this paper, scientific information pertains to flood or

hazard management in Lillooet River valley. The focus of this study is on the transfer of
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knowledge between academic researchers and local practitioners, and the use of this
information by the latter group. Several recent studies pertaining to flood management in
Lillooet River valley have been commissioned by the provincial government and
conducted by consultancy companies; these too are included in my literature review, but

| did not address them specifically during the interviews.

The research question underpinning this study is: How do new scientific
knowledge and technological developments contribute to or impede local flood
management in Lillooet River valley? To address this question, | posed interview
guestions under three subheadings. The questions arose from a literature review of
science—society studies, developments in Canadian flood policy, and publically available
earth science literature pertaining to Lillooet River valley. Below is an overview of the
three subheadings (Appendix G lists all of the questions):

1. New scientific knowledge and government flood guidelines are
available, but societal changes and demands (e.g. population and
infrastructure growth) are challenging or restricting the effective use of
this knowledge (c.f. White et al., 2001).

2. New scientific knowledge is available and the local flood manager is
aware of it, but does not have the time or resources to study or use
the information.

3. New scientific knowledge is available, but the information has no
practical value to the local flood manager. New scientific knowledge
and technological developments are essentially imposed by
researchers on local policy makers (a top-down approach), but this
new information does not reflect the needs of the local community.

4.3. Study area

4.3.1. Physical setting

Lillooet River valley is located in the southern Coast Mountains of British
Columbia approximately 160 km north of Vancouver (Figure 4.2). The village of
Pemberton and the First Nations community of Mount Currie are the major centres of
population in the valley. Both communities are located on the valley floor at
approximately 200 m above sea level (asl) and provide spectacular views of the

surrounding mountains, with peaks up to about 2500 m asl. Lillooet River valley is flat-
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floored, 1.5-2.5 km wide in its lower reaches, and is bordered by steep rock slopes. The
principal tributaries of Lillooet River are Green River, Ryan River, Birkenhead River,
Rutherford Creek, and Meager Creek. Lillooet River discharges into Lillooet Lake just
below the mouth of Birkenhead River. Lillooet Lake is 22 km long, up to 137 m deep,
and has an area of about 20.5 km? (Desloges & Gilbert, 1994).
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Figure 4.2. Map of the study area (adapted from Google Earth).

The Mount Meager Volcanic Complex, which comprises lava flows and
pyroclastic rocks of mainly Plio-Pleistocene age, is located 65 km northwest of
Pemberton, just beyond the Meager Creek — Lillooet River confluence. The volcanic

massif has been deeply eroded by streams and glaciers, and many of its slopes are
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formed of unstable, hydrothermally altered volcanic rocks. Landslides are common on
these steep slopes (Friele et al., 2008). The volcano last erupted about 2350 years ago
(Clague et al., 1995), producing a pyroclastic flow and an ash fall deposit that has been

found as far east as the Rocky Mountains of Alberta (Nasmith et al., 1967).

4.3.2. Settlement history

Mount Currie First Nations reserve

The First Nations community of Mount Currie is the centre of the Lil'wat nation.
Teit (1912) documented many stories that tell of the history and traditions of the Lil'wat
people in Lillooet River valley, dating back to long before the arrival of the first settlers of
European descent. One of these stories, ‘The flood, and distribution of people’ (Teit,
1912) describes a time when all Li'wat people were living together around Green Lake

near Whistler, when a long period of continuous rain caused the rivers to flood:

“...A'man called Ntci’'nemkin had a very large canoe, in which he took
refuge with his family. The other people ascended the mountains for
safety; but soon the water covered them too. ..... they begged
Ntci’'nemkin to save their children [...] Ntci'nemkin took one child from
each family, - a male from one, a female from the next, and so on..... The
canoe drifted about until the waters receded, and it grounded on Smimelc
Mountain. Each stage of the water’s sinking left marks on the sides of this
mountain.’ When the ground was dry again, the people settled just
opposite the present site of Pemberton. .... he made the young people
marry one another. He sent out pairs to settle at all the good food-places
through the country. Some were sent back to Green Lake and Green
River; others were sent down to Little Lillooet Lake and along the Lower
Lillooet River; some were sent up to Anderson and Seaton Lakes.”

(Teit, 1912, p. 342)

Since the first settlers of European descent arrived around 1827 (Decker et al.,
1977), the Li’'wat people have strongly opposed the use of their land by the Government
of British Columbia. In 1911 the Lil'wat nation signed the Lillooet Declaration at Spence’s
Bridge, in which they claimed the rights to their traditional lands and denied the

Government of British Columbia the title and use of the land (Lil'wat Nation, 2010a).

' “This mountain is just opposite Pemberton Meadows, to the northeast, and is rather low and

flat. It has a number of flat terraces on its sides (one above the other), which are said to be
the marks of the receding flood.” (Teit, 1912, p. 342)
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The Traditional Territory of the Lil'wat people covers approximately 780,000 ha
and extends well beyond the Lillooet River valley. Since the arrival of settlers in the area,
the Lil'wat people have been confined to reservations, in total occupying only 3000 ha,
or about 0.4% of the land they claim (Lil'wat Nation, 2010b). Mount Currie is the
administrative seat of the Lil'wat Nation (Village of Pemberton, 2010a) and has the fourth
largest Native reserve population in British Columbia (Lil'wat Nation, 2010b). At present,
918 people reside in Mount Currie (Mount Currie 6 reserve; BCStats, 2012a), and the

total population has increased by 14.9% since the last published census in 2006.

Village of Pemberton

The first European settlers were employees of Hudson’s Bay Company, looking
for routes to link the Canadian interior to the coast. In 1858, Port Pemberton was
established near the north end of Lillooet Lake to provide services to fur traders and gold
miners. Port Pemberton, which was initially one log house, was named after Joseph
Despard Pemberton, Surveyor-General of Vancouver Island (Decker et al., 1977). Soon
thereafter, farmers started to settle the flat meadows north of Lillooet Lake. By the early
1880s, most people had left Port Pemberton and moved to the present locations of
Pemberton and Pemberton Meadows (Village of Pemberton, 2010a). Forestry and
agriculture, principally potatoes, have long been the main drivers of the local economy,
but more recently tourism and its related services have become an important source of

income for residents (Village of Pemberton, 2010a).

Census records for Pemberton extend back to 1961, when the population was
181 (BCStats, 2012b). The late 1960s and early 1970s record a slight decline in
population, followed by marked increases since then, paralleling the growth of the ski
resort of Whistler, 30 km to the south (Table 4.1). In 2006, Pemberton was declared the
fastest growing community in British Columbia, with a rate of growth over the preceding
five years of 33.5% (BCStats, 2012c). By 2011, however, the growth rate had decreased
to 8.1%. Currently about 2400 people reside in the village (BCStats, 2012a).
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Table 4.1. Census statistics for Pemberton and Mount Currie (BCStats, 2012b).

Census year Pemberton Mount Currie
2011 2369 918
2006 2192 799
2001 1637 704
1996 855 -
1991 502 -
1986 346 -
1981 282 -
1976 254 -
1971 157 -
1966 172 -
1961 181 -

4.3.3. Flooding in Lillooet River valley

Causes of flooding

Climate data are available for several sites near Pemberton and extend back to
1908 (Environment Canada, 2011). At present, however, there is only one
meteorological station in the valley, at Pemberton Airport (station number 1086082); it
has been in operation since 1984. Weather in Pemberton is typical of that of the coastal
Pacific Northwest, a climatic region that extends from Oregon north to Alaska (Melone,
1985). Mean temperatures at Pemberton range from below 0°C during the winter months
to almost 20°C in July and August. Average monthly precipitation ranges from 113 to
145 mm between November and January, but is considerably lower during the summer

months, with a minimum monthly average of 33 mm in August (Figure 4.3).

Floods in mid-size and large watersheds in coastal British Columbia are of two
general types (Melone, 1985): snowmelt or freshet floods in spring or early summer; and
fall or winter floods during periods of torrential rain or rain-on-snow. Snowmelt floods
typically occur on the main stem of major rivers (Melone, 1985). An example is the
Fraser River flood in May and June 1948 (Clague & Turner, 2003), when unusually hot
weather in spring melted an extraordinarily thick mountain snowpack. Some rivers,

including Lillooet River, experience both types of floods (Melone, 1985).
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The mean annual discharge of Lillooet River is 126 m*s™. The river typically
experiences a peak discharge of 400-600 m*s™ in June during spring snow melt and a
comparable peak discharge related to snow and glacier ice melt in July or August
(Gilbert et al., 2006). During some years, peak flows in the fall due to rain-on-snow
precipitation are considerably larger than spring-summer peak discharges (Table 4.2;
see Appendix E for details). The flood in October 2003 had the highest discharge of the
period of record (1370 m®s™).
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Figure 4.3. Mean temperature and mean precipitation at Pemberton Airport,
1984-2011 (Environment Canada, 2011).

Lillooet River can also flood if a large landslide blocks one of its tributaries. For
example, the Mount Meager landslide in August 2010 created a landslide dam on
Meager Creek (Roche et al., 2011; Guthrie et al., 2012). The lake that formed behind the
dam threatened to catastrophically drain, prompting the temporarily evacuation of
Pemberton. Similarly, a debris flow at Capricorn Creek formed a landslide dam on
Meager Creek in July 1998 (Bovis & Jakob, 2000). In both cases the landslide-dammed
lakes drained sufficiently slowly that flooding was averted. Figure 4.4 shows typical
hydrographs for Lillooet River for each type of flood (torrential rain or rain-on-snow,
freshet, and dam breaching).
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Table 4.2. Summary of important historical hydrological events in Lillooet

River valley.
Year Date Discharge! Type of event Damaging flooding?
2010 September 28 674 Torrential rain No
2010 August 6 282 Secondary? No
2003 October 18 1370 Rain on snow Yes
1992 October 24 808 Torrential rain Yes
1991 August 30 1260 Torrential rain Yes
1990 November 12 591 Rain (on snow?) Yes
1984 October 8 1110 Rain on snow Yes
1981 November 1 823 Rain on Snow Probably
1980 December 27 790 Rain on snow Yes
1975 November 5 782 Rain on snow Probably
1968 June 27 790 Freshet Not sure
1957 September 6 716 Torrential rain Yes
1940 October 19 900 Rain on snow Yes
1937 October 28 510 Rain (on snow?) Not sure
1931 October 1 462 Secondary? Probably not
1921 October 28 - Rain (on snow?) Not sure
1906 September - Torrential rain Possibly

' Maximum daily discharge (m3 s).
2 Flood threat in Lillooet River valley due to landslide blockage of Meager Creek.
3 A landslide originating from Pylon Peak caused a flood on Lillooet River (Carter, 1932).

River training

Kerr Wood Leidal Associates Ltd. (2002) provide a comprehensive overview of
engineering studies and works done in Lillooet River valley north of Lillooet Lake
between 1946 and 2002. What follows is a summary of that overview. After the 1940
flood, measures were taken to reclaim and protect agricultural land in the valley.
Between 1946 and 1952, 14 km of river meanders were cut off and 38 km of dykes were
constructed, which led to a shortening of the main river channel by 5.5 km. Additionally,
the level of Lillooet Lake was lowered 2.5 m to provide a steeper gradient for Lillooet
River and greater conveyance of flood waters. After 1953, additional dykes were
constructed and banks armoured by the Pemberton Valley Dyking District and local

landowners (e.g. 1670 m of dykes along Miller Creek). These measures were taken to
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protect communities from a 1-in-50 year flood. After the December 1980 flood, dykes
were raised about 0.15 m. Dykes and rip-rap armouring have been further upgraded and

maintained during the past two decades.

The 1940, 2003, and 2010 floods
Pre-engineering: The flood of October 17-20, 1940

In 1940, the dykes in Lillooet River valley were small and inadequate for flood protection
(Decker et al., 1977). In October 1940, following early autumn snow, heavy warm rains
produced the fourth largest peak discharge of record on Lillooet River (Table 4.2;
Appendix E). Decker et al. (1977) provide a rich narrative account of the events and
personal distress in the valley during the flood. Almost the entire potato harvest, the
main crop in the valley, was lost and many homes, farms, and machinery were
destroyed. Government support after the flood was limited, consisting mainly of potato
seeds for the following year’s growing season. After the flood, the local Board of Trade
formed The Pemberton Drainage and Reclamation Committee. Supported by the
Farmer’s Institute, this committee prepared a brief recommending dyking and river

straightening to prevent a recurrence of the 1940 flood (Decker et al., 1977).

Post-engineering: The flood of October 16-22, 2003

Several floods have occurred in the valley since the engineering works were
completed in 1946. The river dykes were breached in 1984 during the third largest flood
of record (Scanlon et al., 1985) and again in 2003.

In October 2003, a warm front brought intense rainfall to coastal British Columbia
(Blais-Stevens & Septer, 2008). Four days of rain-on-snow led to the highest recorded
peak discharge of Lillooet River (1370 m*® s™*; Table 4.2; Appendix E). Gilbert et al.
(2006) provide a detailed meteorological description of the event. About 100 m of dykes
along Miller Creek and 200 m of dykes along Ryan River were breached, causing
extensive flooding in Pemberton and Mount Currie (Village of Pemberton, 2010b). The
highway bridge and rail bridge connecting Pemberton to Whistler and Vancouver were
washed out, and landslides blocked the highway between Mount Currie and Lillooet,
isolating residents in the valley from the rest of the province for several days (Blais-

Stevens & Septer, 2008). The runway at Pemberton Airport was submerged, thus
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transportation in and out of the valley was only possible by helicopter. Approximately
260 residents of Pemberton (The Vancouver Sun, 2003) and 500 people in Mount Currie
(Blais-Stevens & Septer, 2008) were evacuated. Five people were killed when their
vehicles plummeted into Rutherford Creek after the bridge washed out. The flood also
affected Whistler and Squamish. Damage estimates range from $20 to 30 million (Blais-
Stevens & Septer, 2008).

August 6, 2010, Mount Meager landslide and flood

At 03.30 am on August 6, 2010, part of the southern peak of Mount Meager
collapsed. The landslide ran down Capricorn Creek and lowermost Meager Creek into
Lillooet River valley. The landslide debris dammed Meager Creek (Roche et al., 2011;
Guthrie et al., 2012), and temporarily stemmed the flow of Lillooet River. The river
quickly cut through the blockage in Lillooet Valley, but the landslide dam remained in the
valley of Meager Creek at the mouth of Capricorn Creek, and a lake began to form
behind it. There was immediate concern in Pemberton and Mount Currie that the dam
would overtop and fail catastrophically, causing flooding in the communities. Faced with
this threat, an evacuation order was issued to residents of Pemberton and Mount Currie.
About 19 hours after the landslide, the impounded waters in Meager Creek valley
overtopped the landslide dam and the lake drained. Although the flow on Lillooet River
increased considerably (Figure 4.4), there was no damaging flood.

4.4. Policy development and scientific publications

4.4.1. Government flood management

This section provides an overview of federal, provincial, and local government
policies and responsibilities pertaining to flood management in Canada. Additional

details are provided in Appendix H.
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Figure 4.4. Typical hydrographs of Lillooet River. a. Freshet flood (1968). b.
Rain-on-snow flood (2003). c. Secondary flood in response to 2010
landslide (inset at right shows an initial drop in the hydrograph (1)
when the landslide blocked Meager Creek and Lillooet River,
followed by arecovery in flow (2) as Lillooet River incised the
landslide deposit, and finally (3) arrival of the flood wave after
Meager Creek breached the landslide dam (adapted from Guthrie et
al., 2012).
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Federal and provincial policies and responsibilities

The Federal Constitution Act of 1867 assigns the primary responsibility for
natural resources, including water, to the provinces (Environment Canada, 1993). The
Federal Government, however, has jurisdiction over matters of national importance such
as fisheries, navigation, federal lands, and international relations. An example is the
water bodies that Canada shares with the United States (Environment Canada, 2012a).
Several federal acts and programs (Figure 4.5) are significant for flood management in
British Columbia, including the Canada Water Conservation Act (1953-1970), Canada
Water Act (1990-ongoing), Flood Damage Reduction Program (1975-1999), and Federal
Water Policy (1987; see Appendix H for references and more detail on each of these

acts and programs).

Flood management has historically been the responsibility of provincial
governments, and many acts and programs have been created to facilitate flood
management in British Columbia (Figure 4.5; Appendix H). In 2003, however, the British
Columbia Government enacted changes to the Local Government Act, as well as the
Flood Hazard Amendment Act, Land Title Act, Dyke Maintenance Act and Drainage,
Ditch and Dyke Act, devolving the primary responsibility for flood management to local
governments (Ministry of Environment, Water Stewardship Division, 2011). Several
provincial ministries, however, remain involved in flood management through programs

and legislation such as the Flood Protection Program and B.C. Flood Response Plan.

Local and regional government bylaws

Three local government bodies in Lillooet River valley are responsible for flood
management: the Village of Pemberton; the Lil'wat First Nation with its government seat
in Mount Currie; and the Pemberton Valley Dyking District (PVDD). One regional
government body, the Squamish Lillooet Regional District (SLRD), also has jurisdiction.

The Village of Pemberton (‘the Village’) is the largest population centre in the
valley (2369 residents. 2011 census; Table 4.1). The Village has an Official Community
Plan (OCP), the latest version of which was adopted as a bylaw in 2011 through the
Local Government Act (Village of Pemberton, 2011). Section 5.1 of the OCP discusses
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growth of the Village; specific growth areas have been designated within village

boundaries. Section 5.10 of the OCP addresses the need to preserve and protect
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the natural environment and to balance this requirement with community development,
needs, and interests. An example of a required balance is protection of riparian
environments for fish while providing flood control and mitigation. Development Permit
Areas, outlined in Section 7 of the OCP, are designated areas for which a development
permit is required before any subdivision of land, construction, or addition of buildings or
other structures, or alterations of buildings or lands can proceed. Development Area
Permit No. 2 (DPA#2; Section 7.2) defines lands that are subject to natural hazards and

aims to:

+ “identify and protect people and buildings, structures and other development
from natural hazardous conditions, notably flooding, unstable slopes and
wildland fire”; and

* “mitigate or rehabilitate hazardous conditions where possible.”
(Village of Pemberton, 2011)

Flood Construction Levels (FCLs) have been determined for Lillooet River and
are specified in a bylaw by the Village (Village of Pemberton, 2012b). Flood Construction
Levels “are used to keep living spaces and areas used for the storage of goods
damageable by floodwaters above flood levels” (Province of British Columbia, 2008, p.
2). Typically, a designated flood level (i.e. the 1-in-200 year flood) is used to determine
the elevation of the Flood Construction Level above the natural floodplain. All
development planned on lands that are prone to flood and debris flow hazards must be
supported by professional documentation that demonstrates the proposed development
is in accordance with Flood Construction Levels for Lillooet River and Pemberton Creek.
In the case of Pemberton Creek, the proposed development cannot be at risk from

debris flows that might travel down that creek (Village of Pemberton, 2011).

The Village is currently updating its 2006 emergency plan (Bettina Falloon,
Emergency Coordinator, Village of Pemberton, personal communication, 2012). The
objective of the 2006 plan is “... to demonstrate the Village of Pemberton’s ability to
respond to and recover from an emergency while maintaining its own ‘continuity of

government’ ” (Village of Pemberton, 2006). The plan outlines the procedures to be
followed in case of an emergency, and it outlines how the Village can cooperate with the

other government bodies in the valley to deal with an emergency.
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The Lil'wat First Nation is intimately connected with the lands and waters in its
territory. The Land Use Plan of the Lil'wat Nation “... provides management direction to
sustain the plants, animals, and waters of this land, and the health of the Lil'wat
people...” (Lil'wat First Nation, 2006). The main aim of the Plan is to sustain the Lil'wat
culture and to preserve the health of Lil'wat lands by providing fundamental principles
and guidelines for cooperation with others who currently use the land (Lil'wat First
Nation, 2006). Section 6.1 of the Plan recognizes the flood hazard in the Lil'wat Nation
territory, but the Plan focuses more on the threat to the natural environment (e.g. natural
water courses, fish habitat, and water pollution) than the flood threat to the community.
Accordingly, the Plan does not provide guidelines for existing buildings or new
developments on the floodplain. The Lil'wat Nation has an Emergency Plan (Bettina
Falloon, Emergency Coordinator, Village of Pemberton, personal communication, 2012),
but | was unable to obtain a copy of it.

The Pemberton Valley Dyking District (PVDD) is a so-called “improvement
district”, “an autonomous local government body responsible for providing a service that
benefits the residents in a community” (Pemberton Valley Dyking District, 2012). It was
established by the British Columbia Government in 1947 and is responsible for
maintaining and upgrading the valley’s flood protection infrastructure within the
boundaries of the improvement district. Financing for works carried out by the PVDD
comes from taxes levied on the residents of the valley. PVDD works must comply with

the Dyke Maintenance Act, but the PVDD does not enact bylaws.

The Squamish Lillooet Regional District (SLRD), incorporated in 1968, is a
regional agency encompassing the municipalities of Squamish, Whistler, Pemberton,
and Lillooet. It offers regional, sub-regional, and local services, including land-use
planning, waste management, emergency preparedness, recreation, and transit, to
residents within its jurisdiction, in cooperation with the municipalities (Squamish Lillooet
Regional District, 2012). As a regional government, the SLRD may enact bylaws that
affect those living outside municipal boundaries, as governed by the Local Government
Act. The SLRD has the authority to act in emergencies, including floods. It issued an
Emergency Response and Recovery Plan in 2010 to establish the policies and

procedures to be followed in an emergency and to define the roles and responsibilities of
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local governments and services, including fire departments, search and rescue groups,

and the B.C. Ambulance Service (Squamish Lillooet Regional District, 2010).

The Village of Pemberton, the LilI’ Wat First Nation, and the Squamish Lillooet
Regional District are jointly working on a Hazard and Vulnerability Analysis for Lillooet
River valley to support their emergency management programs (Village of Pemberton,
2012a). A final report of this study was presented to the village Council on October 15,
2013 (Bettina Falloon, Emergency Coordinator, Village of Pemberton, personal

communication, 2013).

4.4.2. Basic and applied scientific research related to flooding

Much scientific research has been done on flooding and flood management in
Canada and is readily available to interested users. Much of this research deals with the
social, psychological, and economic aspects of flooding, but it is beyond the scope of
this study to discuss this literature. What follows are examples of different studies that
have been done on flooding and flood management in the Canadian context; they by no

means constitute a comprehensive catalogue.

Booth & Quinn (1995) discuss national flood programs and policies since 1970
when the Canada Water Act became law. They describe trends in funding of projects in
the 25 years following the passage of the Canadian Water Act. Similarly, Watt (1995)
discusses Canadian flood policy and management prior to, and leading up to, the
implementation of the Flood Damage Reduction Program (FDRP). He reviewed the
program over the period 1975-1995 and concludes that the program was successful “in
identifying urban flood risk areas across Canada and in redirecting flood-prone
development away from high-risk areas” (Watt, 1995, p. 1). However, he expresses
concern that “the federal government is in the process of abandoning the FDR Program
rather than taking its expected leadership role in the maintenance and continuance

phase of the Program” (p. 1).

De Loé (2000) and Shrubsole (2000) also describe floodplain management in
Canada. De Loé (2000) focuses on the impact of the Flood Damage Reduction Program,
which provided the national framework for floodplain management from 1975 to 1999.

Shrubsole (2000) comments that the Canadian flood management program, in general,
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has been accompanied by increasing flood damage, losses, and vulnerability. Both
authors conclude that Canadian flood policy at the turn of the century was in need of
improvement, and that all levels of government, non-governmental organizations, and
the private sector must cooperate to reduce loss and vulnerability due to flooding. It
should be noted that the aforementioned studies were all published prior to the
devolvement of flood management from the provincial to local governments in 2003. |
have been unable to locate an assessment of current flood management by local

governments.

Haque (2000) similarly recognized that flood losses are increasing in Canada,
partly due to structural interventions to reduce flood hazard and increased human
encroachment onto floodplains. He discusses risk assessment, preparedness, and
response in relation to the Red River valley flood of 1997 and concludes that, aside from
structural control measures, barriers in inter-governmental communication, unwillingness
to implement regulations, and minimal public participation in the decision-making

process contributed to the 1997 flood disaster.

The objectives of much research on river flooding are to understand the natural
system (e.g. (changing) weather systems, the connection between the meteorological,
fluvial and lacustrine system, sediment transport), and (longer-term) consequences of
floods for society. Gilbert et al. (2006), for example, studied sedimentation in Lillooet
Lake after the 2003 flood of record, to study the signature of the sediments deposited in
Lillooet Lake, and to estimate the amount of sediment mobilized by the flood. An
understanding of extreme hydroclimatic events is important, because extreme floods can
have large impacts on sedimentation (e.g. sediment accumulation in river channels and

a subsequent reduction in freeboard of dykes), which in turn can increase flood risk.

Studies by Melone (1985) and Loukas et al. (2000) provide insights into flood-
generating mechanisms in British Columbia. They identify different hydroclimatic zones
in the province, in which floods are generated by rain or rain-on-snow in the fall or
winter, or by snowmelt in the spring and summer. The geomorphic implications of a
glacier outburst flood are discussed by Clague & Evans (1994). Outburst floods from
glacier- and landslide-dammed lakes are potential threats in many places in the southern

Coast Mountains, as illustrated by the 2010 Meager Creek landslide which blocked
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Meager Creek and Lillooet River. These kinds of floods also mobilize large amounts of

sediment, which can alter river channels and inundate floodplains.

Paleoflood data are often used in flood frequency analysis, prediction, and
modeling. Hosking & Wallis (1986), for instance, assessed whether including a single
paleoflood estimate increases the accuracy of estimates of extreme floods, by using
various flood frequency distributions in computer simulations. They found that paleoflood
information is most useful when a certain kind of flood frequency distribution was used
(i.e. a three-parameter flood frequency distribution), for a single site with a short gauge

record.

The use of digital geographic data in flood prediction is illustrated by Chubey &
Hathout (2004). They used remotely sensed RADARSAT imagery within a geographical
information system (GIS) to estimate the magnitude and spatial extent of future Red
River floods in southern Manitoba.

Scientific publications

Carter (1932) was the first to comment on hazards in the Lillooet River
watershed. He described slope instability on the flank of Mount Meager and speculated
on the source of a landslide that produced a flood along Lillooet River in 1931.
Subsequent scientific research on flooding in Lillooet River valley (Table 4.3) has
focused on historic and prehistoric landslides from the Mount Meager massif (Stasiuk et
al., 1996; Friele & Clague, 2004, Holm et al., 2004; Friele et al., 2005, 2008; Simpson et
al., 2005; Hancock, 2011; Roche et al., 2011; Guthrie et al., 2012). These studies are
important because landslides into Meager Creek are responsible for the high flux of
sediment to Lillooet River and therefore channel aggradation and reduction of dyke
freeboard. Additionally, landslides from the Mount Meager massif have repeatedly
blocked Meager Creek and Lillooet River, creating the possibility that outburst floods
could inundate downstream communities. Only the more recent studies of landslides and
volcanic debris flows include a discussion of possible impacts of these hazardous events
on communities in the valley (Friele & Clague, 2004; Simpson et al., 2006; Friele et al.,
2008; Hancock, 2011; Roche et al., 2011; Guthrie et al., 2012).
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Sedimentary processes in Lillooet River valley and sedimentation in Lillooet Lake
have been well studied (Gilbert, 1973, 1975; Jordan & Slaymaker, 1991; Desloges &
Gilbert, 1994; Friele et al., 2005; Gilbert et al., 2006), leading to increased understanding

of the transport and deposition of fluvial sediment during periods of high river flow.

Scanlon (1985) report on the effects of the 1984 Lillooet River flood on Pemberton, and

Blais-Stevens & Septer (2008) provide an historical summary of landslides and floods

along the Sea-to-Sky corridor.

Table 4.3. Peer-reviewed scientific publications and reports on natural hazards
in Lillooet River valley and hazard management in British Columbia.

Category / Subject Hazard

Source implications?

Government studies and reports

Wester, 1967 Drainage problems near Pemberton

Nesbitt-Porter, 1985 Flood protection recommendations Lillooet River watershed Yes

Province of British Columbia, 1990 Floodplain designation of Lillooet River Yes

Ministry of Environment, Lands and Review floodplain designation Yes
Parks, Hydrology Branch, 1995

Scientific

Carter, 1932 Exploration Lillooet watershed

Gilbert, 1973 Sedimentation in Lillooet Lake

Gilbert, 1975 Sedimentation in Lillooet Lake

Scanlon et al., 1985 Narration of 1984 flooding event Yes

Jordan & Slaymaker, 1991 Sediment budget of Lillooet River

Desloges & Gilbert, 1994 Post-glacial sedimentary record of Lillooet Lake

Stasiuk et al., 1996 2400 BP eruption of Mount Meager

Friele & Clague, 2004 Holocene landslides of Pylon Peak Yes

Holm et al., 2004 Landslide response of alpine basins to glacial thinning and retreat Minimal

Friele et al., 2005 Impact of a Quaternary volcano on sedimentation in Lillooet Valley Yes

Gilbert et al., 2006 Sedimentary record of the 2003 flood in Lillooet Lake

Simpson et al., 2006 Catastrophic debris flows Pemberton valley Yes

Blais-Stevens & Septer, 2008 Historical overview natural hazards along Sea to Sky corridor Yes

Friele et al., 2008 Hazard analysis volcanic debris flows Yes

Roche et al., 2011 Mount Meager landslide of 2010 Yes
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Category / Subject Hazard

Source implications?
Hancock, 2011 Geomorphic changes to Lillooet River due to Mount Meager Yes
landslide

Hensold, 2011 Slope deformation, Handcar Peak Minimal

Guthrie et al., 2012 Mount Meager landslide Yes

Consultancy reports

Kerr Wood Leidal Associates Ltd., Engineering study, Lillooet River corridor Yes
2002

Kerr Wood Leidal Associates Ltd., Gravel management plan, Lillooet River Yes
2007

Kerr Wood Leidal Associates Ltd., Ryan River hydraulic study Yes
2009

Kerr Wood Leidal Associates Ltd., Lillooet Lake lowering analysis Yes
2010

Kerr Wood Leidal Associates Ltd., Cross-section and bathymetric survey, Lillooet River Yes
2011

Consultancy reports

Several consultancy reports prepared over the past decade have addressed
flood hazards in Lillooet River valley (Table 4.3). Kerr Wood Leidal Associates Ltd.
(2002) recommend a Lillooet River gravel management plan and additional flood
protection improvements. They have made several recommendations to the Pemberton
Valley Dyking District and the Lil'wat Nation to reduce flood risk. This company also
prepared several other reports that bear on the flood hazard in Lillooet Valley, including
a gravel management plan for Lillooet River (2007), an assessment of the channel
capacity and the adequacy of dyking along Ryan River (2009), an analysis of the
possible lowering of Lillooet Lake (2010), and a channel cross-section survey of Lillooet
River following the Meager Creek landslide in 2010 (2011).

Government publications

Several government reports on the flood hazard in Lillooet River valley are also
available (Table 4.3). They deal with drainage problems near Pemberton (Wester, 1967),
flood protection recommendations for Lillooet River valley in the wake of the 1984 flood

(Neshitt-Porter, 1985), floodplain designation (i.e. areas highly susceptible to flooding

120



are marked as designated floodplains) under the federal-provincial Flood Damage
Reduction Program (Province of British Columbia, 2011a), and a review of the 1990
floodplain designation (Ministry of Environment, Lands and Parks, Hydrology Branch,
1995).

4.4.3. Advances in data collection

Climate and hydrologic information for the Lillooet River watershed can help
public authorities with the responsibility for dealing with flood hazards. The discharge of
Lillooet River has been measured almost continuously since 1914 (station number
08MGO005) and is one of the longest hydrologic records in southwestern British Columbia
(Environment Canada, 2010). The gauge was operated manually from 1914 until 1947.
Since 1948, except for the period 1956-1959, discharge was automatically measured.

Climate data (precipitation and temperature) have been collected at different
sites in Lillooet Valley since 1908. The current climate station in the valley (1086082) is
located at Pemberton Airport and has been in operation since 1984 (Environment
Canada, 2011).

The River Forecast Centre of the Ministry of Forests, Lands and Natural
Resource Operations (Province of British Columbia, 2011b) collects snowpack data,
which are analysed together with meteorological and streamflow data to issue flood
warnings and forecasts for rivers in British Columbia. The thickness and distribution of
the snowpack are required to forecast the possibility of spring or ‘freshet’ flooding in
snowmelt-dominated watersheds. Flood alerts, which indicate the potential for elevated
spring runoff, are typically issued from February to May (David Campbell, River Forecast
Centre, personal communication, 2012). The River Forecast Centre has collected data
since 1935, and in the upper Lillooet River valley snowpack measurements have been
made since 1953 (Province of British Columbia, 2011b). A flood alert has never been
issued for the Lillooet River watershed, which is not a snowmelt-dominated watershed,
and even when there are large snowpacks, spring flows on Lillooet River are typically

not dangerous (David Campbell, River Forecast Centre, personal communication, 2012).
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4.5. Community interviews

Before providing detailed results of the interviews, | briefly discuss the types of
scientific information available to the respondents. | did not ask the respondents for their
definition of scientific information, nor did | provide them with a list of scientific
knowledge relevant to this study (i.e., Table 4.3), therefore the concept is broad. The
respondents mainly thought of scientific information as that found within scientific peer-
reviewed articles, although some also mentioned more applied publications, for example
floodplain designation maps published by the provincial government and reports dealing
with flood construction levels. Personal contact with experts was not specifically
mentioned as a source of scientific information by the respondents, but this method of
knowledge transfer was mentioned in response to some of the interview questions
(Appendix G). Although the interview questions were framed to discuss scientific
information, the respondents repeatedly mentioned the importance of anecdotal

information in relation to flood and natural hazard management (Section 4.4).

All respondents were asked the same questions about the role of scientific
knowledge and technology in flood management in Lillooet River valley, but their
responses reflect different perspectives on the role and use of scientific information. In
the sections that follow, | first discuss the respondents’ responsibilities and then
summarize their views on scientific information. In the discussion, | review the results in
more depth and compare my findings to previous research on knowledge transfer

between scientists and practitioners.

45.1. Respondent 1:
Capacity of local government

The first respondent has been working as the emergency program coordinator for
the Village of Pemberton one day a week for the past two years. Natural hazard-related
issues occupy about 30 to 40% of the respondent’s allocated time (about 3 hours) as the
emergency program coordinator, but she spends very little of that time gathering,

reading, analysing, or using scientific publications.

The respondent commented that scientific knowle