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Abstract

Dendroglaciological and lichenometric techniques were used to establish the
Little Ice Age glacial history of two glaciers (Septimus and Colonel Foster) in Strathcona
Provincial Park, Vancouver Island, British Columbia. This record was placed in the
context of the regional Little Ice Age record of the Pacific North American Cordillera,
and evaluated in the context of proxy mass balance and climatic records from 1600 to
1994 AD.

The Strathcona Little Ice Age chronology compares well with regional moraine
records from coastal British Columbia, Washington, Alaska, and the Canadian Rocky
Mountains. Three generally synchronous episodes of glacier activity are noted: late
1600’s to early 1700s, and late 1800s, and mid 1930’s. Dating results suggest two levels
of glacier response: (i) asynchronous responses to local factors such as microclimate,
topography, and glacier geometry, and (ii) synchronous responses to larger-scale climatic
forcing.

Dendroclimatological analysis indicates that ice-proximal mountain hemlock are
also responding synchronously, albeit inversely with mass balance, to regional climate
variability. A proxy glacier mass balance (MB) record was constructed from a mountain
hemlock ring-width chronology derived from climate-sensitive trees growing adjacent to
each site. A good comparison between the proxy and regional mass balance records for
Pacific Northwest glaciers (1966-1994: R* = 50%) allowed for the reconstruction of MB
anomalies from 1600 — 1994 AD. In addition, a significant relationship was revealed
between the mass balance history of glaciers on Vancouver Island and large-scale

climatic variability shown to be associated with the Pacific Decadal Oscillation.
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CHAPTER 1. INTRODUCTION

Rapidly changing global climates have fostered renewed interest in understanding
the nature of climatic change within the last millennium. In order to increase our
understanding of present and future climate change we require a better knowledge of past
climatic fluctuations; one that can be best achieved through a multi-proxy approach to
paleoenvironmental reconstruction.

It is widely recognised that mountainous regions are highly sensitive to climate
changes that alter the fundamental character of the ecological, geomorphological, and
glacial processes in this environment (Slaymaker 1990; Haeberli 1998; Luckman 1998).
Previous research has shown that climatic change indices can be developed through the
study of variations in both the growth characteristics of high-elevation climatically
sensitive trees, and the historical mass balance variations of alpine glaciers (LaMarche
and Fritts 1971; Matthews 1977; Graumlich and Brubaker 1986; Villalba ef al. 1990;
Luckman et al. 1993; Smith et al. 1995).

Although long-term meteorological data are scarce for most alpine settings,
particularly coastal British Columbia, effective proxy climate records can be
reconstructed through dendroclimatological interpretations of annual tree-ring
chronologies (Fritts 1976; Schweingruber 1996). Similarly, geomorphic evidence of
historical periods of glacial advance and retreat has proven a useful indicator of local and
regional climate change, as these glacier responses are a function of changes in glacier
mass balance (McClung and Armstrong 1993). Comparison of glacier mass balance
changes with the well-dated terminal positions of previous glacial extent can place
restraints on the timing and magnitude of glacial response to specific climate change

(Burbank 1982).



Climate conditions during the Holocene (ca. last 10 000 years) were originally
thought to include two general phases, an earlier warm interval (Hypsithermal) followed
by an extended cooling period (Little Ice Age). The term ‘Little Ice Age’ (LIA) was
initially used to describe an extended cool period of renewed but moderate glaciation
following the climatic optimum of the early Holocene (Matthes 1939). The timing of the
LIA was originally thought to have encompassed the last ca. 3500 years (Matthes 1939),
an interval now termed the Neoglacial (Denton and Karlén 1973; Luckman 2000).
However, more recent studies of Holocene environments have revealed a greater degree
of climate variability, particularly during the late Neoglacial (Denton and Karlén 1973,
Haeberli and Beniston 1998; Ogilvie and Jonsson 2001). The latter stage of the Holocene,
therefore, did not constitute a lengthy, uninterrupted cool period, but consisted of a far
more complex climate of relatively long warm periods marked by several intervals of
glacial expansion (Bradley and Jones 1993; Barlow 2001; Ogilvie and Jénsson 2001).
Subsequently, the term ‘Little Ice Age’ has been primarily used to describe two main
phases of Late Neoglacial glacier advances. The ‘early’ phase occurred between ca. 1100
AD to 1300 AD, followed by a relatively inactive glacial period until the later ‘classic’
LIA advances between ca. 1700 AD and the early 1900’s AD (Luckman and Villalba
2001). During the latter phase of the LIA, glaciers in many parts of the world expanded
and fluctuated around more advanced positions, reaching their maximum extent during
the 18" and 19" centuries (Grove 1988, 2001). Consequently, many glacial forefields in
western Canada and the Pacific Northwest contain a series of well-developed moraines
representing pronounced LIA fluctuations (Luckman 1993; Smith ez al. 1995).

Research has shown that episodes of glacial activity can be determined from
lateral and terminal moraine sequences, where datable material has been preserved, or

where tree and lichen colonisation rates can be established (Porter 1981a; Smith et al.



1995). However, a single site may not represent a complete LIA record, as extensive
glacial advances in the latter stages of the LIA tended to override, rework, and erase
evidence of pre-existing LIA glacial deposits. Such a condition presents difficulties for
reconstructing glacial histories prior to the 1700’s (Smith 1994; 1995; Pelfini 1999).

In conjunction with moraine chronologies, tree-ring series of temperature-
sensitive trees often reveal synchronous declines in ring-width during, or prior to moraine
building intervals (LaMarche and Fritts 1971; Matthews 1977; Luckman et al. 1993;
Nicolussi and Patzelt 1996). In maritime locations in Pacific North America, a
combination of cool (warm) summers and wet (dry) winters favours glacial expansion
(recession) yet limits (enhances) radial growth in mountain hemlock, resulting in below
(above) average ring-widths (Graumlich and Brubaker 1986; Smith and Laroque 1998b;
Peterson and Peterson in press). The congruence between these two natural archives
suggests similar but inverse responses to climatic inputs, thereby providing
corresponding evidence for the reconstruction of LIA related climatic change (LaMarche
and Fritts 1971; Luckman et al. 1993; Smith ef al. 1995; Nicolussi and Patzelt 1996).

Researchers in western Canada, Alaska, and northwestern Washington State have
used direct glacial and geomorphological evidence, in conjunction with proxy climate
records, to document and reconstruct decade- to century-scale climate fluctuations over
the last millennium (Porter and Denton 1967; Burbank 1981; Porter 1981b; Burbank
1982; Ryder and Thomson 1986; Ryder 1987; Desloges and Ryder 1990; Wiles and
Calkin 1990; Clague and Mathewes 1996; Smith and Laroque 1996; Wiles et al. 1999b;
Smith and Desloges 2000). Absolute and relative age dating methods, such as
dendroglaciology and lichenometry, have been used in conjunction with
dendroclimatology and glacial mass balance studies to provide independent corroboration

of the magnitude, timing, and direction of climate fluctuations associated with the LIA



(LaMarche and Fritts 1971; Matthews 1977; Porter 1981a; Burbank 1982; Villalba e al.
1990; Bhattacharyya and Yadav 1996; Nicolussi and Patzelt 1996).
The primary objectives of this thesis are to:

(1)  Establish the glacial history of two glaciers in Strathcona Provincial Park,

Vancouver Island, British Columbia,

(2)  Place LIA glacier activity on Vancouver Island in the context of the larger

LIA record from the North American Cordillera, and

(3)  Evaluate this behaviour in the context of proxy climatic and mass balance
records, and determine the feasibility of using mountain hemlock (7suga
mertensiana [Bong.] Carr.) ring-width chronologies as proxy mass balance

indicators.

This thesis consists of 8 chapters and 2 appendices. Following the Introduction,
Chapter 2 provides an overview of LIA glacier studies in Pacific North America. Chapter
3 describes the general study area of Strathcona Provincial Park and the individual study
sites; Chapter 4 describes the field and laboratory methodologies. Chapters 5 and 6
present preliminary dating controls used in dating moraines, and results of the fieldwork
undertaken at Colonel Foster and Septimus glaciers, respectively. Chapter 7 provides an
overview of glacier-climate relationships and presents the results of reconstructed mass
balance anomalies from annual growth rings of mountain hemlock. Finally, Chapter 8

presents a summary and conclusion of the research.



CHAPTER 2. LITTLE ICE AGE IN PACIFIC NORTH AMERICA

2.1 Glaciers and Climate Change

The global climate signal of the last 100 years as recorded by alpine glaciers is
manifested as an extensive retreat of terminal positions from maximum LIA extents
(Oerlemans 1994b). This marked response is linked to atmospheric conditions through
internal glacial filters, such as pronounced memory and climate signal enhancement, thus
providing one of the more unmistakable signals of global climate trends in the last
century (Haeberli 1998).

Alpine glaciers are dynamic, thermal bodies that depend on interactions between
regional climate, local accumulation and ablation, and ice deformation for their existence
(Porter 1981a; Paterson 1995). As they are a product of regional climate, and their
persistence is a function of specific combinations of climatic variables, glaciers have
historically been used as proxy indicators of past climate conditions (Meier 1965; Porter

1981a; Haeberli and Beniston 1998; Oerlemans 1998).

2.2 Glacial Response to Climate Change

Glacier mass balance records are considered to be an undelayed and unfiltered
climate signal (Haeberli 1998; Reichert et al. 2001). Adequate mass balance records,
however, are limited to less than 40 glaciers worldwide (Dyurgerov and Meier 1997).
The brevity of these records, along with the fact that mass balance studies are expensive,
time consuming and labour intensive, limits their use in studying glacier-climate

interactions prior to the mid 1900s. As a result, other glacier parameters such as changes



in volume, area, and length, have been used in place of mass balance measurements to
determine climate change (Oerlemans 1994b).

Although volumetric measurements provide the most accurate information
regarding glacial change, they require an in-depth knowledge of ice thickness and
underlying topography, and are thereby limited to the few glaciers that have been
intensively monitored (Oerlemans 1994b, 1998). Variations in glacier area are, therefore,
often substituted for volume-based measurements. Changes in glacier length are the most
common area-based measurements and often provide the longest records (Oerlemans
1994b). Glacier length is one of the easiest glacier parameters to measure, as it can be
derived through inexpensive and less labour intensive methods such as photogrammetry
and historical records. In addition, this method can be applied to remote glaciers and
those that have not previously been monitored, therefore, adding much-needed climate-
glacier data to the global glacier database (Haeberli 1998; Oerlemans 1998).

The influence of climate change is particularly obvious at the glacier snout, where
the advance and retreat of the ice front and corresponding moraine formation represents
significant mass balance variations (Letréguilly and Reynaud 1989; McClung and
Armstrong 1993). Although fluctuations in snout position have been linked to interannual
climate variability, the most significant changes are the result of longer-term (decade to
century) climate events (Oerlemans 1986, 1994b). In contrast to mass balance, the
position of the glacier front is considered a filtered and delayed, although enhanced,
response to changing climate (Haeberli 1998; Reichert ef al. 2001). Although glacial
chronologies derived from areal fluctuations can provide information on the time and

relative extent of glacial advances, they do not provide data that can be directly translated



into quantitative records of temperature and precipitation (Porter 1981a; Luckman 2000).
Glacier fluctuations integrate the response of several climatic inputs over a period of time
and, therefore, are ideally suited for inferring general climate conditions (i.e., decadal to
interdecadal trends) such as cool/wet or warm/dry conditions (Porter 1981a; Luckman
2000). As moraines mark the maximum extent of glacial advance, they reflect the shift
from an interval of climate conditions related to a positive mass balance (+MB) regime
(i.e., cool/wet) to conditions favouring a negative mass balance (-MB) regime (i.e.,
warm/dry) (Porter 1981a). Therefore, if the age of moraines can be accurately
determined, the dates can be used to infer the chronology of climate transitions from
cooler, wetter climates associated with possible +MB, to warmer, drier climate conditions
associated with a —MB regime.

Unfortunately, reconstructions derived from glacial deposits provide evidence of
only select, large magnitude climatic events, resulting in a discontinuous low-resolution
record (Luckman and Villalba 2001). This problem is further complicated by additional
discontinuities in the glacial record that arise from glacial activity associated with the
latter stages of the LIA. These advances were often the most extensive, and in some cases
have obliterated or reworked deposits associated with earlier advances (Pelfini 1999). For
example, through the analysis of tree-ring chronologies developed from trees growing
adjacent to the glacial forefield, both Matthews (1977) and Karlén (1984) were able to
reconstruct ‘missing’ moraines that had been reworked by subsequent advances and were
not preserved in the present moraine chronosequence.

Despite such limitations, reconstructions based on glacial deposits remain a
widely accepted method of inferring paleoclimatic/paleoenvironmental conditions in

alpine environments (Porter 1981a; Smith et al. 1995; Wiles et al. 1996a; Luckman



2000). Although they do not allow for the reconstruction of a detailed climate history,
well-dated glacier chronologies can be used to verify and calibrate reconstructions based
on other proxy indicators. Glacial chronosequences, if carefully and accurately dated, can
also provide information about the direction and magnitude of climate change (Porter

1981a; Luckman 2000).

Temperate alpine glaciers are highly sensitive indicators of paleoclimatic changes
(Yarnal 1984; Brugman 1992; Haeberli and Beniston 1998), and small cirque glaciers in
particular have been shown to respond quickly to historical climate change (Porter 1981a;
Burbank 1982; Luckman 1986; Smith et al. 1995; Haeberli and Beniston 1998;
Oerlemans 1998). Such relatively quick response times can be attributed to the following
characteristics: (i) the low basal shear stress of small cirque glaciers allows for a rapid
response to both high and low frequency climate forcing; (ii) a warm thermal regime and
close proximity to melting conditions requires only a small change in climate parameters
to induce a marked change in glacier characteristics; and (ii7) as a result of their small
size, climate induced mass balance perturbations can travel through the glacier relatively
quickly resulting in more noticeable changes in volume and area (Oerlemans 1994a;
Paterson 1995; Haeberli and Beniston 1998; Oerlemans 1998). Unlike large valley
glaciers and icefields that respond to climatic change in a delayed and ‘smoothed’
manner, smaller cirque glaciers, which respond almost immediately to present climate
and mass balance changes, can provide a reasonable high-resolution climate signal

(Haeberli and Beniston 1998).



2.3 LIA Glacial Activity in the northwestern Cordillera

Glacial activity during the LIA left a distinct footprint in the mountains of western
North America. Moraines associated with the LIA are found down valley from many
contemporary glaciers and, if accurately dated, can provide evidence of the timing and
extent of the LIA. Lichenometry, radiocarbon dating and the dendrochronological
crossdating of glacially sheared stumps and detrital logs have been the primary sources
for dating early LIA (ca. 2% 130 century) events, whereas dendrochronological and
lichenometric methods are the most applicable for dating LIA deposits of the last 500-
600 years.

A composite record of dated glacier advances and moraines from 320 glaciers
throughout the coastal mountains of Alaska, British Columbia, and Washington State
(Figure 2.1), is compared to data compiled by Luckman (2000) for the interior glaciers of

the Canadian Rocky Mountains.
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2.3.1 Alaska

Tree-ring, lichen, and radiocarbon data from 167 glaciers (375 moraines)
throughout Alaska provide one of the most comprehensive data sets for reconstructing the
chronology of LIA glacier events in the northwestern Cordillera. Alaskan LIA glacier
studies are grouped into the following four general regions: Northern Alaska, Central
Alaska, Southwest Maritime Alaska, and Southeast Maritime Alaska (Figure 2.1).

The LIA moraine chronology from northern Alaska is based on moraine dates
from 100 glaciers, primarily in the Brooks Range. Lichen dates provide evidence for
seven episodes of LIA moraine stabilisation within the LIA time frame (Haworth 1988, in
Calkin and Wiles 1992; Calkin et al. 1998). The moraine histogram in Figure 2.2a
suggests three major, or extensive, moraine building events centred around the early 16",
17"‘, and 19" centuries, and four minor, or less extensive episodes, centred around the
late 12", mid 13", late 14", and early to mid 18" centuries.

In Central Alaska, radiocarbon dates provide evidence of advancing glaciers as
early as the 13" century (Denton and Stuiver 1967; Denton and Karlén 1977; Calkin and
Wiles 1992). Lichenometric dates from the central Alaska Ranges, Wrangell, and
Northeast St. Elias Mountains indicate maximum extent in this area was reached in the
mid 16" century (Figure 2.2b). Subsequent moraines were deposited in the mid and late
17", early 19" centuries, and most extensively in the late 19" and early 20" centuries
(Reger and Péw¢ unpublished, in Viereck 1967; Denton and Karlén 1977; Calkin 1988;
Calkin and Wiles 1992). There is a marked disparity in timing of LIA events in the

southwestern and southeastern Maritime regions (Figures 2.2¢ and 2.2d).
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Figure 2.2. Moraine frequency histograms for the four Alaska regions outlined in the
text: (a) Northern, (b) Central, (c) southwest Maritime, (d) southeast Maritime.
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Although overrun forests in both the Southwest and Southeast Maritime regions indicate
a generally synchronous early LIA advance centred on the mid 13™ century, the timing of
moraine deposition during the mid and late LIA was asynchronous. The main period of
LIA moraine formation in the Southwest Maritime region occurred in the mid to late 19"
century (Viereck 1967; Wiles and Calkin 1990; Wiles et al. 1999a). Within the
Southwest Maritime region, however, there was greater temporal variability in the timing
of LIA glacier activity. Tree-ring dates reveal a difference in the timing of glacier retreat
on the western and eastern sides of the Kenai Peninsula (Wiles and Calkin 1994).
Although the onset of the LIA in this region appears to have been synchronous, glaciers
began retreating from their LIA maximum on the western side of the mountains by the
early 18" century, whereas glaciers on the eastern slopes began retreating almost 200
years later, in the late 19" to early 20" century (Wiles and Calkin 1994) (Figure 2.2¢ and
2.2d).

Although moraines from the Southwestern Maritime region are predominantly
mid to late 19" century in origin, moraines from the Southeastern Maritime region were
deposited almost a century earlier (Figure 2.2d). A widely synchronous advance, which is
also the LTA maximum extent, was dated to the mid to late o century for glaciers
descending from the Juneau Icefield. A subsequent readvance culminated with the
deposition of mid 19™ century moraines (Lawrence 1950b, 1958; Egan 1971, in Calkin

and Wiles 1992).

2.3.2 British Columbia Coast Range

LIA glacier research in the British Columbia (B.C.) Coast Mountains is divided

into three general regions: North Coast, Central Coast, and South Coast (Figure 2.1).
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In the Stikine-Iskut area of the northern B.C. Coast Ranges, dendrochronology
and '*C dating provide three general episodes of glacial activity (Ryder 1987).
Radiocarbon dates from overridden trees and till samples indicate that glaciers were
expanding in this region by the 14™ century (Ryder 1987). The maximum LIA extent was
dated to the late 17" to early 18" centuries, with subsequent readvances dated to the late
19" century (Figure 2.3a).

In the central B.C. Coast Mountains, radiocarbon dates indicate glacier expansion
was underway by the 13" and 15" centuries, with little activity recorded again until early
15® century advances (Desloges 1987; Desloges and Ryder 1990; Smith and Desloges
2000). Lichen and tree data indicate that most terminal moraines from this region were
deposited between 1860 and 1900 AD (Desloges and Ryder 1990); however, recent
findings by Smith and Desloges (2000) indicate the maximum LIA down-valley extent in
this region was reached 200 years earlier, in the early 1700’s (Figure 2.3b).

There are four general periods of glacier activity in the southern B.C. Coast
Mountains centred on the 13‘h, 15'h, 18"‘, and late 19" centuries (Mathews 1951; Ryder
and Thomson 1986; Ryder unpublished, in Desloges and Ryder 1990). Radiocarbon
dates suggest early LIA advances were underway by the 12" century (Ryder and
Thomson 1986), and a widely synchronous 18" century advance was recorded at glaciers
in Garibaldi Provincial Park (Mathews 1951; Ricker and Tupper 1979). Terminal
moraine dates collected from over 30 glaciers in the southern Coast Ranges suggests the
maximum LIA extent was reached by the mid 18" century, with a subsequent advance
dated to the mid to late 19" century (Munday 1936, in Mathews 1951; Ryder

unpublished, in Desloges and Ryder 1990).



15

15T ) Northern British Columbia (n = 8 glaciers) 1

104

0 L lll.Ill LI B | LI L

15— b) Central British Columbia (n = 17 glaciers)

Number of Dated Moraines

e I .

0 LI LI LI B | LI L LELEL! LI T L} L] III

IST  ¢) Southern British Columbia (1 = 40 glaciers)

10 =
5 o
o | g & :
| 1 T 1 L 1 I 1 1 T Ll | L] | 1 1 1 1 T 1 | 1 I
1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

Year

Figure 2.3. Moraine frequency histograms for British Columbia Coast Mountain regions
outlined in the text: (a) North Coast, (b) Central Coast, and (c) South Coast.

Until this study, the only dated LIA advance from the Insular Mountains of
Vancouver Island was from Smith and Laroque (1996) at Moving Glacier in Strathcona
Provincial Park. Glacially sheared stumps and detrital logs suggest the glacier was
advancing in the early 1700’s AD, and reached its maximum LIA extent sometime after

1818 AD.



16

Evidence of pre-1 8" century moraines in the Coast Mountains is rare. Although
the 19™ century moraines are more extensive and often larger, at sites where both 18™ and
19" century moraines were found, the 18" century moraines marked the LIA maximum
downvalley extent.

Culmination of the 18" century advance occurred earlier in the southern Coast
Mountains (early 1700’s AD), whereas 18" century moraines in the central and north
Coast Mountains were deposited ca. 2-3 decades later. A more extensive ‘second-phase’
or late LIA episode of moraine deposition, however, was generally synchronous in all

three regions of the B.C. Coast Mountains (Figure 2.3).

2.3.3 Washington State

The moraine record from Washington State is comprised primarily of tree-ring
data collected from four areas: Mount Baker, Dome Peak and Mount Rainier in the North
Cascade Mountains, and Mount Olympus on the Olympic Peninsula (Figure 2.1).

Tree-ring data from forested moraines on Mount Baker suggests five general
periods of moraine deposition (Figure 2.4a). The maximum LIA position is dated to the
early 16™ century, with subsequent readvances occurring in the mid 17", mid 18", early
19" and early 20" centuries (Long 1953, 1955, Easterbrook and Burke 1972; Fuller ef al.
1983; Fuller 1980, in Heikkinen 1984).

In the Dome Peak area of the northern Cascades, two main intervals of moraine
deposition (1600’s and late 1800 to early 1900’s) are interspersed with a scattering of
moraine dates (Figure 2.4b)(Miller 1969). Tree-ring dates indicate that at least one glacier
reached its LIA maximum extent in the 13" century, whereas most other glaciers reached

their LIA maxima in the 16" century (Figure 2.4b). Late LIA activity, however, was
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widely synchronous, as all glaciers studied had subsequent advances culminate in the mid
to late 19" century, and early 20™ century (Miller 1969; Beget 1984). Research in the
nearby Entiat Mountains indicates that glaciers there had also reached their LIA
maximum in the 16™ century, followed by episodes of moraine deposition in the mid . i
and late 19" centuries (Long 1953).

Tree-ring dated moraines from Mount Rainier provide evidence of a varied early
LIA moraine chronology with two generally synchronous late LIA events (Figure 2.4c)
(Sigafoos and Hendricks 1961; Crandell and Miller 1964; 1969; 1972; 1974).

The two synchronous late LIA advances occur in the early 18" and mid 19"
centuries, and are recognised at all but one glacier (Figure 2.4). The maximum LIA
downvalley extent, however, was much more variable, as the timing of the maximum
extent was different for seven of the twelve glaciers studied. Maximum LIA moraines
were dated to the 13", 14™, 16™, 17", 18" and 19" centuries (Figure 2.4c).

The moraine chronology from Mt. Olympus is limited to only four glaciers, but
shows two generally synchronous advances dated to the early 19" and early 20" centuries
(Figure 2.4d). A 13% century moraine marks the maximum downvalley extent at one
glacier, whereas the others appear to have reached their LIA maxima during the 18"

century (Heusser 1957; Spicer 1989).
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Figure 2.4. Moraine frequency histograms for Washington State regions outlined in the
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2.3.4 Summary of Maritime LIA Record

Moraine records from 260 glaciers in the Pacific Northwest provide sufficient
data to reconstruct a regional history of maritime glacier activity from Alaska to
Washington State for the last 800 years. The Alaskan record itself provides the longest
and most complete LIA record within this region, providing moraine dates back to the
12" century AD (Figure 2.5a).

Moraine histograms in Figure 2.5 show the maritime moraine records from
Alaska, British Columbia, and Washington State are generally synchronous at longer
timescales (50-100 yrs), but lack synchroneity at shorter time scales (10-25 yrs). All three
regions show a widely synchronous pattern, with peak moraine formation dated to the
late 1800’s to early 1900’s. Alaska and Washington State also show a second 19" century
peak between 1825 and 1850 (Figure 2.5). A secondary peak in the early g™ century is
also recorded in all three regions. Moraine data prior to the 1700’s is rare in British
Columbia, yet is evident in the regions to the north and south. Although the early LIA
moraine record from Washington State is limited, there is a degree of synchroneity
between these moraines and the early LIA moraines from the much deeper Alaskan
record.

A compilation of the Maritime moraine record (Figure 2.6b) suggests seven
general episodes of glacial activity in the Northwestern Cordillera during the last
millenium. Broadly synchronous early LIA events are dated to the 12™, 13™ and 14™
centuries; with mid LIA events in the early 16" and mid 17" centuries followed by two
extensive “classic” late LIA advances, which culminated in early 18" and late 19™

centuries (Figure 2.6b).
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Figure 2.5. Moraine frequency histograms for maritime glaciers of the Pacific Northwest.
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scale change for Alaska histograms.
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In comparing the Maritime moraine record with the record from the Canadian
Rocky Mountains, four broadly synchronous episodes of glacier activity emerge (Figure
2.6). The congruence between the maritime and interior glacier records indicates that,
although there may be a lack of synchroneity at shorter time scales, LIA glacier activity

in western North America was synchronous at longer time scales.
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Figure 2.6. Moraine frequency histograms for maritime glaciers of the Pacific Northwest
and the interior glaciers of the central and southern Canadian Rockies: (a) Canadian
Rockies, and (b) Coastal Mountains. Vertical grey bars illustrate episodes of general
synchroneity between regions.
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CHAPTER 3. RESEARCH SETTING

3.1 Introduction and location

Field research was conducted in Strathcona Provincial Park (hereafter Strathcona
Park) on central Vancouver Island (49° 40’ N, 125° 40’ W). The park extends over a
predominantly mountainous area of approximately 2090 km’. Entrance to the park is 48
km west of the Campbell River townsite along Highway 28 (Figure 3.1). Strathcona Park
straddles the Vancouver Island Ranges and contains the tallest mountains on Vancouver
Island. This includes peaks such as the Golden Hinde (2228 m), Elkhorn Mountain (2195
m), Mount Colonel Foster (2134 m), and Mount Septimus (1962 m) (Hnytka 1990).

Glaciers are not uncommon at higher elevations in the park, with more than 200
alpine glaciers have been documented among the peaks of Vancouver Island (Ommaney
1972). Although Strathcona Park contains the largest glaciers on Vancouver Island, most

are relatively small and have experienced significant retreat within the last century.

3.1.1 Physiography

The mountains within Strathcona Park belong to a much larger, discontinuous
mountain belt that reaches from the St. Elias Mountains in the extreme northwest of the
province, southwards to the North Cascades near the Canadian — U.S. border. Included in
this belt are the Insular Mountains of the Queen Charlotte Islands and Vancouver Island,

and the western-most reaches of the Coast Mountains of British Columbia (Holland

1964).
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The predominant mountain-building activity in Strathcona Park was a result of
extensive volcanic activity during the early Devonian, the Middle Triassic, and the Lower
Jurassic Periods, followed by considerable erosion and dissection during the Cretaceous
(Surdam 1968; Grant and Logan 1995). Pre-Pleistocene uplift and dissection produced
the rugged topography of the central and northern parts of the Island that exists today

(Surdam 1968).

3.1.2 Glacial History

Strathcona Park experienced at least three major glacial events during the
Pleistocene. Glaciation in the park was topographically controlled and followed the
classical model of alpine glaciation (see Sugden and John 1982; Hicock 1986). Cirque
glaciers spilled over their sills and into valleys to form tributary lobes that advanced
downvalley to coalesce and form main trunk glaciers such as the Buttle lobe (Hicock
1986). Eventually the accumulating valley ice built up and overtopped the inter-valley
ridges. During the maximum extent of the Fraser glaciation (ca.15 000 BP), Coast
Mountain ice coalesced and overrode the entire area, covering all but the highest peaks
(Hicock 1986). The elevation of the ice surface during this time was at least 2000 m asl,
as evidenced by both the glacial striae preserved on mountainsides and drumlinoid
features found on glacially rounded ridges (Hicock 1986; Grant and Logan 1995).
Deglaciation occurred primarily through differential downwasting in response to an
ameliorating climate that commenced prior to ca. 13 000 BP. By 9500 BP, most of the

land was free from ice (Howes, 1981).
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Little is known about the Holocene glacial history of the park, with limited data
for Moving Glacier provided by Smith and Laroque (1996). Their study shows that

Moving Glacier has retreated ca. 950 m since its LIA maximum extent, and has lost over
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95 percent of its surface area. Aerial photographic analysis indicates that other glaciers in

the park have also retreated or downwasted substantially over the last 65 years.

3.1.3 Vegetation

The vegetation of Strathcona Park is predominantly evergreen coniferous forest.
Distinct vegetation zones within the park reflect the biogeoclimatic influences of
topography and a climate dominated by the Pacific Ocean (Kojima and Krajina 1975).
Most of the vegetation at lower elevations in the park (< 900 m) falls within the Coastal
Western Hemlock (CWH) Zone. This zone is characterized by dense, continuous forest
cover dominated by western hemlock (7suga heterophylla [Raf.] Sarg.). Douglas-fir
(Pseudotsuga menziesii [Mirb.] Franco) and western red-cedar (7huja plicata) are found
throughout the zone, whereas yellow-cedar (Chamaecyparis nootkatensis [D. Donn. ]
Spach.) and amabilis fir (4bies amabilis [Dougl.] Forbes) are found in the wetter CWH
subzones (Hnytka 1990).

The vegetation above 900 m asl is almost entirely within the Mountain Hemlock
(MH) Zone, dominated by the climax species mountain hemlock (Kojima and Krajina
1975). The MH Zone in Strathcona Park occurs between 900 m and 1500 m asl on the
windward side of the mountains, and between 1100 m and 1800 m on the leeward side
(Brett and Klinka 1997; Egan 1997).

At its lower limits, the MH Zone is characterized by continuous forest cover of
the Mountain Hemlock Maritime Forested subzone; mixed stands of old growth
subalpine forest composed largely of mountain hemlock, yellow-cedar and amabilis fir.
The Maritime Forested MH subzone is further subdivided into an East and West

Vancouver Island Variant based on local climatic variables. The West Vancouver Island
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Variant is slightly wetter and milder, whereas the East Vancouver Island Variant has a
drier, slightly subcontinental climate (Hnytka 1990). The MH Forested subzones are
characterized by abundant tree regeneration and dense shrub growth under the canopy.
White-flowered rhododendron (Rhododendron albiflorum), false azalea (Menziesia
ferruginea) and Vaccinium sp. are the most common shrubs associated with these
subzones (Egan 1997).

At its upper limits, the MH Zone is characterized by the discontinuous forest
cover, tree islands and supalpine meadows of the Mountain Hemlock Parkland subzone.
Undergrowth in the MH Parkland subzone is typically sparse due to poor soil
development, increased slope angles and exposed bedrock outcrops, and is often limited

to dwarf evergreen shrubs, heathers, clubmosses, and lichen (Egan 1997).

3.1.4 Climate

The climate of the MH Zone in Strathcona Park ranges from hyper-maritime on
the west side of the mountains, to a drier sub-maritime climate on the eastern side. The
MH Zone is characterized by short, cool summers and long, cool and wet winters (Egan
1997). The growing season is often short, with only 1.7 months of the year having a mean
temperature greater than 10.0°C. Mean annual temperature for the MH Zone is 3.0°C,
with the coldest month averaging —5.1°C and the warmest month 11.1°C (Klinka et al.
1991).

The majority of precipitation falls between the beginning of October and the end
of May, with an average monthly total in the wettest months of 414 mm, and 62 mm for
the driest summer months. Annual precipitation can reach up to 5000 mm a year, with an

annual average of 2620 mm (Klinka et al. 1991; Egan 1997). With up to 70 percent of
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this precipitation falling as snow in the colder winter months, total snow accumulations
can reach as high as 900 cm (Egan 1997; British Columbia Ministry of Environment
Lands and Parks 2000). Late-lying snow cover is common into the months of July and
August. Soils within the MH Zone remain unfrozen throughout the year, as air
temperatures do not drop low enough to overcome the insulating effect of deep

snowpacks (Klinka ef al. 1991).

3.2 Strathcona Park Study Sites

3.2.1 Introduction

Although there are well constrained glacial records available from other areas in
the North American Cordillera (i.e., Canadian Rocky Mountains), comparatively little
research of this nature has been undertaken in the southern Coast Mountains of British
Columbia (i.e., Mathews 1951; Ryder and Thomson 1986), and the only LIA glacier
research on Vancouver Island is that of Smith and Laroque (1996) at Moving Glacier.
The lack of baseline glacier knowledge for southwestern Canada, and particularly
Vancouver Island, indicates that a focused research program is necessary in order to
determine the full extent of mass balance changes in response to Holocene climate
change in the Pacific Northwest.

Analysis of aerial photographs and reconnaissance trips to various glacier
forefields in Strathcona Park between 1995 and 1998 led to the discovery of nested
terminal moraine complexes at two sites: Septimus Glacier and Colonel Foster Glacier
(unofficial names). The preservation of well-defined moraines in conjunction with the
presence of tree and lichen growth on the moraine surfaces provided an opportunity to

construct a LIA moraine chronosequence for each site.
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3.2.2 Colonel Foster Glacier

Colonel Foster Glacier is located in a northeast-facing cirque at the base of a steep
headwall below the summit of Mount Colonel Foster in northern Strathcona Park (49° 46'
N, 125° 51' W; Figure 3.2). Access to the site is by the Elk River Trail, which begins at
Highway 28 and follows the Elk River Valley for ca. 12 km.

Bedrock in the Mount Colonel Foster study area is predominantly volcanic,
consisting of pillow basalts, breccias, and sheet flows of the Karmutsen Formation
(Vancouver Group) (Massey, 1994). Vegetation at the Mt. Colonel Foster site is
classified in the Western Island Variant of the Maritime Forested MH subzone (Hnytka
1990).

Colonel Foster Glacier is presently 0.35 km” in area and calves into Iceberg Lake
(unofficial name) at 980 m asl. A nested moraine complex consisting of eight terminal
and recessional moraines is located on the north side of the lake, 200 m from the present
glacier terminus (Figures 3.3 and 3.4). The moraines are breached by an outlet stream
that divides the complex into eastern and western components. The eastern moraines
have been heavily influenced by snow avalanche activity, and consequently have few
trees and lichen to assist with relative age dating. In contrast, the western moraines have a
more complete and healthy vegetation cover suitable for sampling and dating, and were
the focus of study at this site.

The western moraine complex is approximately 100 m wide and converges at an
avalanche path at ca.1200 m asl against the bedrock face of Mount Colonel Foster. From
this location, the moraines follow an arcuate path for ca. 560 m along the forest trimline

to the outlet stream that drains Iceberg Lake at 980 m asl (Figures 3.3, 3.4, and 3.5).



Figure 3.3. 1978 Aerial photograph of the Colonel Foster Glacier site (NAPL 30BC 78
076 236). The moraine complex is highlighted by a black rectangle.
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Figure 3.4. Photographs of the western moraine complex at Colonel Foster Glacier: (a)
Standing on lower eastern moraines looking across at western complex; (b) Looking
down across from high on the eastern moraine complex.
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The western moraine complex can be separated into two distinct moraine suites
based on morphology and stratigraphic position: an inner suite of five relatively young
and sparsely treed moraines (Moraines 1- 5), and an outer, older suite of three mainly

forested moraines (Moraines 6 - 8) (Figure 3.6).
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Figure 3.6. Schematic cross-section of the inner and outer eastern moraine suites at
Colonel Foster Glacier. Image is not to scale.

Tree growth on the inner ridges (Moraines 1- 5) is characterized by immature
mountain hemlock, a limited number of supalpine fir (4bies lasiocarpa), and fewer
yellow-cedar. The steepest eastern and western limits of the moraine complex are
dominated by alder (4/nus sp.) and willow (Salix sp.) thickets. With the exception of
Moraines 1 and 2, lichen thalli (Rhizocarpon sp.) are found on larger boulders throughout
the moraine complex.

Individual ridges of the inner suite (Moraines 1 —5) are well preserved with
distinct crests, and have a relatively ‘fresh” appearance compared to the moraines of the

outer suite (Moraines 6 — 8). Among the five distinct ridges of this suite are numerous
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small recessional and/or annual push moraines. The general composition of the inner
moraine suite consists of gravel, angular stones and boulders, and several large blocks
that range up to 5 m in diameter. A general change in moraine composition occurs ca.

140 m up (west) from the stream outlet. From this point up into the forested western flank
of Mount Colonel Foster a change from relatively finer materials to coarser and larger
clasts and boulders occurs as a result of the proximity to the parent material.

The innermost ridge (Moraine 1) is a small ridge, ca. 0.5 — 1 m high, 1 -1.5m
wide, composed of smaller, relatively uniform-sized angular debris (0.02-0.1 m diameter)
with only a few larger boulders. The proximal slope drops sharply to the lakeshore,
whereas the distal slope appears to ‘lap’ onto the proximal face of the larger Moraine 2.
Most of the young trees on this moraine are found on the proximal slope, and lichen
presence is sporadic, found only on the few larger clasts and boulders.

The second ridge (Moraine 2) is distinct from Moraine 1 in its morphology and
composition. It is composed of large, angular debris (rocks and boulders 0.5 to 2 m
diameter) at its westernmost extent, ca. 350 m from the outlet stream. It is broader and
taller than Moraine 1, and has a sharper crest that rises 2 m above the first moraine.
Moraine 2 is difficult to distinguish at its western limit nearest the avalanche path, but is
more prominent throughout the lower reaches, becoming a double crest in the lower 150
m near the stream, where its composition becomes markedly finer. Moraine 2 pushes up
close to, and overrides parts of the proximal slope of Moraine 3 in a number of locations.

There is a large amount of woody debris mixed in with Moraine 2, particularly at
its western limits. However, the degree of weathering and deterioration of the wood was

too extensive to preserve any distinguishable ring patterns. As with Moraine 1, most of
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the trees found on Moraine 2 were growing on the proximal face, and lichen cover was
also limited to a few larger boulders.

The third and fourth ridges (Moraine 3 and Moraine 4) are similar in morphology
and height to Moraine 1, but Moraine 3 has a generally larger rock and boulder content
(0.2 —1.0 m diameter), with several large boulders (1-3 m) along the crest line. Moraine 3
splits into a double crest approximately halfway down towards the outlet stream. A 3-4 m
diameter lichen-covered boulder embedded in the moraine marks the location where this
bifurcation occurs. Tree growth is found on all aspects of Moraine 3 (crest, distal and
proximal faces), but is limited to the proximal face of Moraine 4. Lichen cover on
Moraine 3 is more prominent than on Moraine 2, particularly the distinct large lichen-
covered block ca. 200 m up (west) from the outlet stream. Moraine 4 is discontinuous at
its easterly extent, and in places appears to override the proximal face of Moraine 5. The
region between Moraine 2 and 5 is a slight depression, approximately 1-2 m lower than
the surrounding moraines, with a greater moss cover than the other areas.

The prominent outer ridge (Moraine 5) of the inner suite is similar in morphology
to Moraine 2 in that it is broader and taller than the other moraines. However, the
morainic debris is an order of magnitude larger, consisting of mostly large clasts (1-2 m
diameter) with a few larger boulders interspersed along the crest. Moraine 5 becomes
progressively more forested towards its westerly extent, beyond which it is influenced by
avalanche activity. The distal slope of Moraine 5 spills down ca. 3 - 4 m, where it directly
overlies Moraine 6 of the outer and older moraine suite (Figure 3.6).

In contrast to the well-defined moraines of the inner suite (Moraine 1 — Moraine

5), the outer set of ridges (Moraine 6 — Moraine 8) have a heavily weathered, ‘aged’
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appearance and a well-rounded morphology lacking distinct crests. The extent of this
suite (Moraine 6 — Moraine 8) is not as great as the inner suite (Moraine 1 — Moraine 5),
as the moraines converge and are overridden by the inner suite approximately 450 m up
(west) from the outlet stream. Moraines 6, 7 and 8 also have limited soil development
(grey Podzol), and are also more heavily forested with mature mountain hemlock,

interspersed with yellow-cedar, and subalpine fir.

3.2.3 Septimus Glacier

Septimus Glacier is located 40 km southeast of Mount Colonel Foster on the
northern flank of Mount Septimus near the southern boundary of Strathcona Park (49° 29'
N, 125° 32" W). Access to the site is by the 12 km Bedwell Lake/Cream Lake trail at the
south end of Buttle Lake (Figure 3.2).

Bedrock at the Mount Septimus site is primarily Sicker Group volcanics,
consisting of andesitic and basaltic flows, as well as volcanic breccia, tuff, and volcanic
sandstone. Minor intrusions of quartz diorite, gabbro, and gneiss of the Westcoast
Complex are found throughout the study area (Surdam 1968). As a result of its higher
average elevation (ca. 300 m higher than the Colonel Foster moraines), the Mount
Septimus site falls within the Maritime Parkland MH subzone, with the higher reaches in
the Coastal Alpine Tundra Zone (Hnytka 1990).

Situated in a northwest-facing cirque at 1350 m, Septimus Glacier has a present
area of ca. 0.08 km?. A complex of four nested moraines is located directly above a
prograding delta on the southeast shore of Cream Lake at 1261 m asl (Figures 3.7, 3.8,
and 3.9). An outlet stream breaches the moraines, dividing the complex into eastern and

western components. The eastern moraines are moderately well-defined, but appear to
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have been influenced by either snow avalanche activity, or snowloading. Consequently
they lack adequate tree cover for dating. In contrast, the western moraines are much
smaller and discontinuous, yet have two small stands of trees growing on protected
bedrock outcrops. Although there is sufficient lichen growth for dating purposes, it is
more abundant on the eastern moraine complex where the larger substrate provides more
suitable surfaces for lichen growth.

Along the northeast side of the cirque there is a set of four distinct lateral
moraines (Moraine 1-Moraine 4) that extend ca. 650 — 700 m from the terminal moraine
complex at 1315 m asl up to 1500 m asl, where they converge and become a single ridge
that terminates against the bedrock wall of Mount Septimus (Figures 3.6, 3.7 and 3.8).

The innermost ridge, Moraine 1, is ca. 0.5 m tall by 75 m in length, situated near
the bottom of the proximal face of Moraine 2, and composed of smaller angular gravels
and stones (0.05 — 0.20 m diameter) in a fine matrix. There are no trees present, and
lichen growth is limited to a few large clasts near the southerly most 25 m of the moraine.

Moraine 2 descends from the main complex at 1500 m asl, and extends down
(north) towards the terminal complex for 250 m. Two sections of the crest appear to have

been disturbed or partially reworked, giving the appearance of a dual crest line.



Figure 3.7. 1980 Aerial photograph of the Septimus Glacier site (NAPL 30BC 80 095
044). The moraine complex is highlighted by a black rectangle.
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Figure 3.8. Photographs of the eastern moraine complex at Septimus Glacier: (a)
Looking north down the eastern moraines from Tree Site A to Tree Site B; (b) Looking
southeast to the eastern moraine complex.
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Moraine 2 is larger than Moraine 1, with a taller, more rounded appearance, and is
composed of larger, coarse debris (0.2 - 0.9 m diameter), which is predominantly clast-
supported. Tree growth is limited to snow damaged krummbholtz, and lichen growth is
present on the larger debris. The proximal face has a dense cover of moss and heath.

Moraine 3 is located along the ‘spine’ of the eastern complex. It is similar in
composition to Moraine 2, with the exception of several large embedded boulders (1 — 3
m diameter). This moraine extends for the entire length of the complex, but is washed out
at its lower northerly reaches. Vegetation cover is similar to that of Moraine 2, although
the lichen presence is greater as a result of the larger clasts and boulders.

The outermost ridge (Moraine 4) branches away from the main complex to the
east, and is located 10 and 20 m outside of Moraine 3. The composition of Moraine 4 is
similar to that of Moraine 3, with the addition of several very large blocks and boulders
up to 5 m in diameter. Tree growth here is also limited to snow-damaged krummbholtz.

Unlike the eastern moraines, moraines along the western perimeter of the forefield
are discontinuous, and broken by a large, steep bedrock outcrop that begins 250 m
upglacier from the terminal moraine. Fragments of Moraine 3 and Moraine 4 are
preserved on, and between, the bedrock outcrops at 1350 m and 1425 m asl, whereas
Moraines 1 and 2 are not well preserved at all.

Lichen (Rhizocarpon sp.) is present on all moraines, although sparse on Moraines
1 and 2 of the eastern suite. Tree growth on the eastern moraines is limited to young,
shrubby mountain hemlock, subalpine fir and yellow-cedar krummbholtz interspersed with
alder (A/nus sp.) seedlings and saplings. All trees on the eastern moraines show signs of

significant snow damage. However, the western moraine complex contains two isolated
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stands of trees above bedrock outcrops, 250 m and 350 m upglacier from the terminal
moraines, respectively. Stands of mature, old growth (500 to 700 years) mountain
hemlock are found on the north and west sides of Cream Lake, and along the ridge to the

east of the western moraines (Figure 3.7).
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CHAPTER 4. DATING LIA GLACIER DEPOSITS

4.1 Introduction

In mid and high-latitude mountainous regions, the most obvious evidence of
previous glaciation is the sediment and landforms remaining after glacial retreat. The
relatively ‘fresh’ appearance of LIA moraines found in the forefield of many
contemporary glaciers is often the most prominent landform in such environments
(Luckman 2000). The ultimate value of paleoenvironmental or paleoclimatic time series
derived from such deposits rests on the degree to which the deposits can be accurately
dated (Porter 1981a). Accurate dating of the surface record provides chronological
control for glacial and climatic events, information about the timing and relative extent of
glacial advances, date of the maximum advance, and recessional history of the most
recent events.

Glacial deposits can be used to reconstruct glacier histories, assess the
synchroneity of glacier advances, and to compare the glacial history with both a tree-ring
and climate record. This requires the determination of both the temporal and spatial
extent of former ice front positions, which can be determined through detailed mapping
of landforms, deposits, and vegetation that have been formed or influenced, directly or
indirectly, by previous glacial activity (Porter 1981a). Such features are best determined
from topographic maps, aerial and historical photographs, and on site field investigations
(Luckman 1988). An approach combining aerial photography with field observations
often provides the best morphologic and topographic evidence without the “cartographic
interpretation” inherent in many topographic maps (Robinson 1998). Historical and aerial
photographs can also be used to identify relatively recent (< 70 years) terminal ice

positions not recorded by moraines or glacially induced trimlines.



4.2 Landform Mapping

In this study, glacial landforms were initially identified from aerial photographs
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and verified through field investigations. Although aerial photographic coverage began in

the early 1930’s, adequate photographs were limited due to late-lying snow cover that

obscured most glacial deposits. From an initial inventory of 30 aerial photographs, five

photos were selected for producing base maps for field mapping (Table 4.1).

In addition to the aerial photographs, Terrain Resource Information

Management (TRIM) maps were used to construct individual site maps (Table 4.1).
Aerial photographs and TRIM maps were enlarged to scales of 1:10,000 to 1:5000,

digitized, and information such as moraine ridges and sampling areas were plotted.

Table 4.1. Aerial photographs and maps used in this study

1. Aerial Photographs

Flight Line Photo Number Scale Year
A4011 24 1:19,500 1931
30BC 78 076 236 1:20,000 1978
30BC 80 072 045', 111 1:20,000 1980
30BC 80 095 044! 1:20,000 1980
2. Terrain Resource Information Management (TRIM) Maps

Map Number Study Site Scale Year
92F.043' Colonel Foster Glacier 1:20,000 1993
92F.071' Septimus Glacier 1:20,000 1992
3. NTS Topographic Maps

Map Number Title Scale Year
92F/5 Bedwell River 1:50,000 1989
92F/12 Buttle Lake 1:50,000 1989
92F/13 Upper Campbell Lake 1:50,000 1974

T
Denotes map or photo used to construct base maps for study sites
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4.3 Landform Dating

Several techniques are available for dating glacial deposits, but may not be
applicable at any one particular site due to a lack of suitable dating material. Methods of
dating control that have proven widely applicable to alpine glacial deposits of the Late
Neoglacial are primarily radiocarbon dating, historical data, and geobotanical methods
such as dendrochronology and lichenometry (Fritts 1976; Shroder 1980; Schweingruber
1988; Smith er al. 1995; Luckman and Villalba 2001).

Despite the advantages of radiocarbon dating, unavoidable problems associated
with long-term fluctuations in atmospheric carbon limit the applicability of this method
for providing precise dates of deposits in the last 1000 years. Due to substantial variation
in atmospheric '“C, there is a non-linear relationship between radiocarbon years and
calendar years. Consequently, it is generally not possible to obtain a unique and
unambiguous calendar age from a '*C date for late LIA deposits (Stuiver 1978; Stuiver
and Becker 1993). Figure 4.1 illustrates how a radiocarbon date of 220 + 50 yr. B.P.

could correspond to a calendar date in the range 150 to 420 years B.P. (Porter 1981a).
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Figure 4.1. "*C dating problems for LIA deposits (from Porter 1981a).



46

When available, documentary records offer some of the most reliable information
for glacier variations during the latter stages of the LIA. In the European Alps,
documentary accounts, paintings, tax records, sketches and lithographs have provided
evidence of ice front positions as far back as the seventeenth century (Grove 1988).
However, direct observations before the 1900’s are rare for Canadian alpine glaciers. As
with most regions that have short, or poorly-recorded documentary histories of ice front
position, the age determination of LIA moraines in the Vancouver Island mountains must
rely on evidence preserved in natural archives such as trees and glacial deposits.

Where documentary sources are limited, biological techniques such as
dendrochronology and lichenometry provide the most suitable means of dating LIA
deposits. Dendrochronological techniques are preferable below treeline, as dating
materials (i.e., trees and stumps) are usually present. The growth <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>