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Squamish River has been impounded temporarily by debris avalanches from Mount Cayley on numerous occasions.
Evidence of these impoundments comes from backwater deposits and also from a cluster of in situ stumps protruding from
a bar along Squamish River. Backwater deposits consist of both lacustrine and fluvial deposits that have formed within the
low-energy depositional environment created by a river impoundment. Three main backwater deposits occur in the study area.
The fan toe deposit is - 14 m thick and represents a single impoundment of Squamish River that likely formed behind a large
-4800 BP debris avalanche. In situ -3200 BP stumps along Squamish River probably were killed by a river impoundment
due to a debris avalanche. The upper terrace backwater deposit is -6 m thick and forms an aggradational terrace along
Squamish River which probably accumulated behind an -1 100 BP debris avalanche. The lower terrace deposit also forms
an aggradational terrace along Squamish River but represents four or possibly five separate impoundments. These occurred
between -1 100 BP and 1955 AD, and it seems likely that one of the deposits relates to an -500 BP debris avalanche. Seven
or eight Holocene impoundments of Squamish River have been identified in the study area.
La rivibre Squamish fut, B plusieurs occasions, barree temporairement par des avalanches de debris issues du mont Cayley.
La preuve des endiguements dans le passe est fournie par les stdiments des eaux de retenue et par un groupe de souches in
situ tmergeant dans un banc le long de la rivibre Squamish. Les dtp6ts des eaux de retenue representent des stdiments lacustre
et fluviatile, accumulCs dans un milieu sedimentaire de basse tnergie crtC par le barrage de la rivibre. On observe dans la
rtgion ttudite trois dtp6ts principaux formts dans les eaux de retenue. Le dCp6t du front de I'tventail est d'une tpaisseur
de -14 m et correspond B un endiguement unique de la rivibre Squamish qui s'est form6 vraisemblablement en amont du lieu
d'une importante avalanche de dtbris datte de -4800 Av.P. Les souches in situ, datees de -3200 Av.P. le long de la rivibre
Squamish, proviennent d'arbres dont la mort fut provoqute probablement par une avalanche de debris. Le dtp6t de la terrasse
suptrieure est d'une tpaisseur de -6 m et reprtsente une terrasse d'accumulation le long de la rivibre Squamish, dtvelopp6e
en amont d'une avalanche de debris datte de -1100 Av.P. Le dtp6t de la terrasse inftrieure forme aussi une terrasse
d'accumulation le long de la rivibre Squamish, mais il reprtsente quatre ou peut-&trecinq endiguements stpares, survenus entre
-1 100 Av.P. et 1955 A.D., cependant, un parmi ces dtp6ts pourrait correspondre i une avalanche de dtbris datte de -500
Av.P. Dans la region ttudite on a reconnu sept ou huit endiguements de la rivibre Squamish survenus durant 1'Holocbne.
[Traduit par la rtdaction]
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Introduction
Many areas of the Canadian Cordillera are prone to slope
failure and mass movements because of the combined effects
of geological weakness, glacial oversteepening of slopes, high
precipitation, and seismic activity (Eisbacher 1979). The
occurrence of numerous historic landslides and debris flows.
and the recognition of an increasing number of prehistoric
deposits, clearly attests to this intense geomorphic activity (for
example, in southwestern British Columbia: Eisbacher 1983;
VanDine 1985; Jordan 1987).
Mass movement of debris is obviously a direct hazard, but
it can also cause a secondary disturbance where streams are
impounded behind debris dams. Initially, such damming results
in flooding of the area immediately upstream as water ponds
behind the landslide debris. Once the obstruction is overtopped,
fluvial erosion often is so rapid it causes an outburst flood kith
catastrophic effects downvalley (Costa and Schuster 1988). A
number of historic examples of landslide damming within the
Canadian Cordillera have been identified (Evans 1986).
The purpose of this paper is to document the repeated
impoundment of Squarnish River by prehistoric debris avalanches from Mount Cayley, southwestern British Columbia
(Fig. 1 ) . The impoundment history of Squamish River is
recorded by a series of backwater deposits and a cluster of tree
stumps protruding through the surface of a river bar.
-

-

Study area
Mount Cayley (Figs. 1 , 2) is the largest volcano in the
central portion of the Garibaldi Volcanic Belt (Souther 1980).
It is believed to be extinct, with the last major eruptive stage
dated at about 310 000 K-Ar years BP (Green et al. 1988).
The rugged composite cone consists of severely eroded lavas
and pyroclastic materials (Souther 1980; Clague and Souther
1982) and is the source of extensive debris avalanche deposits
that occur along the western base of the volcano (Fig. 2a).
Most of the debris appears to have originated from a large
amphitheatre-shaped basin excavated into the western side of
the cone and now drained by Turbid Creek (Fig. 2b).
The deposits at the base of Mount Cayley primarily are the
result of three large prehistoric debris avalanches (Evans and
Brooks 1991). They determined that the oldest, and by far the
largest, failure occurred -4800 BP. It forms an extensive
debris avalanche deposit in the valley bottom that spreads
radially outwards from the mouth of Turbid Creek basin and
through which Squamish River is incised (Fig. 2a). The deposit
is deeply incised by tributaries and is locally buried at the
valley sides where Terminal Creek and two unnamed creeks
have built alluvial fans upon it. These fans are shown but not
shaded separately in Fig. 2a; the map depicts the extent of the
debris avalanche deposit where locally buried.
A second large debris avalanche occurred -1100 BP. Its
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created by a temporary river impoundment. They may provide
evidence of river blockage where the original landslide debris
has been considerably reworked or otherwise obscured (for
example, Ryder and Church 1986). In this paper, the key
criterion used for identifying backwater deposits is the presence of lacustrine sediments within river terraces. These may
be overlain by fluvial sediments. The radiocarbon age of
organic materials either buried beneath or contained within a
backwater deposit provides a means of dating the impoundment.
Three separate backwater deposits are preserved near
Terminal Creek confluence with Squamish River (Fig. 2a). The
"fan toe" deposit (IT) is the oldest and rests upon the
upstream end of the -4800 BP debris avalanche deposit
(Fig. 2a). The "upper terrace" (UT) and "lower terrace" (LT)
deposits form successively lower terraces along Squamish
River (Fig. 2a). Other backwater deposits (21-24 in Fig. 2a)
occur upstream and are likely erosional remnants of their more
extensive counterparts downstream.

FIG. 1. Location map of the study area and Mount Cayley within
Squarnish River drainage basin. Inset map illustrates the location of
the drainage basin within British Columbia.

deposit accumulated in the valley bottom within the incised
of squamish ~i~~~ and bid creek ( ~ i za)
~ .
beneath the surface of the -4800 BP deposit. hi^ deposit, in
turn, was incised by squamish ~i~~~ and bid creek,
forming a paired terrace, aithough only remnants of this terrace
remain preserved (Fig. 2a).
A third large debris avalanche occurred -500 BP. Its
deposits accumulated within the incised channels of Squamish
River and the lower reach of Turbid Creek (Fig. 2a), forming
an aggradational surface below the -4800 and -1 100 BP
deposits. The -500 BP deposit later was incised by both
Squamish River and Turbid Creek, forming a second set of
paired terraces. An additional debris avalanche deposit on the
west side of Squamish River downstream of Shovelnose Creek
confluence (Fig. 2a) is undated but may be associated with
either the -500 or 1100 BP debris avalanches.
Historic debris avalanches from Mount Cayley have
occurred in 1963 and 1984, but these have not descended from
the amphitheatre-shaped basin. Nevertheless, they did trigger
debris flows that travelled down Turbid Creek to Squamish
River (Clague and Souther 1982; Evans 1986; Jordan 1987; Lu
1988; Cruden and Lu 1989).

-

Backwater deposits: stratigraphy
Backwater deposits are sediments that have accumulated
within a low-energy depositional environment such as that

Fan toe deposit
The fan toe deposit is shown in section I T 1 (Fig. 3). The
deposit is divided into six stratigraphic units, each of which is
described and interpreted in Appendix 1.
At the bottom of section FT1, the diamicton of unit A1 is a
debris avalanche deposit. Two logs buried within unit A1 that
were found about 50 m downstream of section I T 1 produced
radiocarbon ages of 4860 + 70 and 5310 -+ 70 BP (Table 1).
Unit A2 occurs only locally and is indicative of subaerial
fluvial and debris flow activity. The gradational contacts
between the lacustrine and fluvials sediments of units A3a to
A4 indicate a continuous sequence of sedimentation attributable
to a single impoundment. The lacustrine units (Fig. 3) represent shallow-proximal (unit -43a), distal (unit A3b), and
proximal (unit A3c) depositional environments related to a
transgression and regression. From unit A3a, a wood sample
obtained from a discontinuous layer of charcoal and partially
b ~ m e dwood fragments produced a radiocarbon age of 6380 2
90 BP (Table 1). The sequence of fluvial structures of unit A4
(Fig. 3) reflects the increasing depositional energy associated
with the restoration of a fluvial environment.
Upper terrace deposit
The upper terrace deposit is shown in section UTl (Fig. 4).
The deposit is divided into four stratigraphic units (Fig. 4),
each of which is described and interpreted in Appendix 2.
At the bottom of section UT1, the fluvial sands and gravels
of unit B1 are channel deposits (Fig. 4). Within unit B1, a
wood sample that was waterlogged and devoid of bark yielded
a modem radiocarbon age (Table 1). The gradational contacts
between the overlying units B2a, B2b, and B3 indicate a
continuous sequence of lacustrine sedimentation followed by
fluvial sedimentation (Fig. 4). This aggradational sequence is
attributable to a single impoundment. Although it is not clear
if the sharp contact between units B1 and B2a represents a
hiatus, it does indicate major shift in the depositional environment. This contact is within 2 m of an active contemporary bar
surface, indicating that the water surface of Squamish River
was close to its present elevation prior the deposition of units
B2-B4.
Lower terrace deposits
The lower terrace deposits form paired terraces along a
1.5 km reach of Squamish River (Fig. 2u). Deposits from the
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FIG. 2. (a)Map of study area, showing the locations of backwater and debris avalanche deposits. Also shown are the locations of stumps
along Squarnish River and sections FT, UT, and LT, referring to the fan toe, upper terrace, and lower terrace backwater deposits, respectively.
(6) 1980 aerial photograph of the study area. Note Mount Cayley and the prominent basin drained by Turbid Creek that has been the source
of the debris avalanches (British Columbia Surveys and Resource Mapping Branch BC 80136 108).
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FIG.3. Diagrams showing the stratigraphy and sedimentology of the fan toe (FT)and Z1 backwater deposits; refer to Fig. 2a for section
locations.

downstream end of this reach are shown in section LT1
(Figs. 4, 5). This section is divided into six stratigraphic units
(Fig. 4), each of which is described and interpreted in Appendix 3.
At the bottom of section LT1, the fluvial sands and gravels
of unit C1 are channel deposits. In the overlying units C2-C6,
the basal contacts are each marked by organic layers, indicating that hiatuses have occurred in the aggradation. Within this
depositional sequence, unit C3 consists entirely of lacustrine
deposits, whereas in units C2 and C5, lacustrine deposits are
overlain by fluvial deposits. All three units are interpreted as
backwater deposits. The lacustrine sediments of these units
represent the actual ponding of waters, whereas the fluvial
sediments reflect the resumption of fluvial conditions.
Units C4 and C6 contain only fluvial sediments. The coarse
texture (fine to coarse sands) and thickness (40 cm) of unit 4
(Fig. 4) far exceeds that of typical Squamish River flood-cycle
deposits (Brierley 1989, Table 4.5). Flood-cycle deposits are
dominated by massive, wavy bedded, and current ripple beds
having a very fine to fine sand texture and ranging in thickness
from -15 to 22 cm (Brierley 1989, Tables 9.1 and 9.2). Unit

C4, therefore, is also interpreted as a backwater deposit but
was likely deposited in a proximal setting.
Unit C6 is thin (15 cm) relative to the other units, and its
coarseness and pronounced upward coarsening suggest a
backwater origin, possibly by proximal sedimentation in a
relatively small impoundment. It is conceivable, however, that
unit C6 represents a flood-cycle accumulation attributable to an
extreme discharge. Overall, section LT1 is interpreted as the
result of four or possibly five separate backwater deposits,
each representing separate Squamish River impoundments.
Section LT2
Near Terminal Creek (Fig. 2a), an upstream exposure of the
lower terrace deposit (section LT2 in Fig. 4) exhibits four
buried organic layers stratigraphically similar to, and we
suspect correlating with, the upper four units of section LT1.
The deposits of LT2 also occur above channel sands and
gravels, but an equivalent to backwater unit C2 is absent.
The upstream location of section LT2 and its composition of
fluvial sands is consistent with a more proximal depositional
environment than that for section LT1. A wood sample ex-
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TABLE1. Summary of radiocarbon ages
Locationa
Age
(years BP)

Material

Section

Lat. N

Long. W

Elevation
(m asQb

CollectorC

Comments

SFU-690d
GSC-4906'
GSC-4867'
TO-1749~
SFU-710d

6380590
53 10570
4860270
5260k70
3180280

Wood
Wood
Wood
Wood
Wood

50°05.9'
50°05.9'
50°05.9'
50°06.4'
50°05.6'

123'22.2'
123'22.2'
123O22.2'
123'25.6'
123O21.8'

154
151
153
186
149

GRB
SGE
SGE
GRB
GRB

SFU-713~

Modem

Wood

lT1
FT1
FT1
Zla
Between
UT 1 and LT2
UT 1

50°05.6'

123"21.8'

146

GRB

SFU-712~

750565

Wood

LT2

50°05.5'

123O21.8'

149

GRB

Small wood fragment
Log buried in diamicton
Log buried in diamicton
Sapling stalk, partially burned
In situ tree stump along Squarnish
River
Wood fragment buried in channel
sands
Large wood fragment, no bark, not
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Laboratory
no.

in situ
"These coordinates fall upon NTS map 92 J/3, entitled Brandywine Falls.
bMeasured with Thommen altimeter, accurate to 2 4 m.
'GRB, G . R. Brooks; SGE, S . G. Evans.
dSimon Fraser University radiocarbon laboratory.
'Geological Survey of Canada radiocarbon laboratory.
*Isotrace Laboratory, University of Toronto.
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FIG. 4. Diagrams showing the stratigraphy and sedimentology of the upper toe (UT) and lower terrace (LT) backwater deposits; refer to Fig.
2a for section locations.
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FIG. 5. Photograph of section LTl, showing backwater deposits of
units C3-C6. Only the upper two buried organic layers are readily
visible; the locations of the other two are marked by broken lines.

tracted from the LT2 channel deposits produced a radiocarbon
age of 750 ? 65 BP (Table I).
Other backwater deposits
In Elaho Valley, excavations upon a terrace (Z1 in Fig. 2a)
reveal 2.5-3 m deposits consisting of clast-supported boulders covered with a discontinuous matte of organic materials
(1-3 mm in thickness) overlain by laminated silts grading
vertically to sands exhibiting massive current ripples or largescale planar cross-bedding structures (sections Z l a and Z l b in
Fig. 3). The laminated sediments and overlying sands suggest
lacustrine and fluvial sedimentation, respectively, have
occurred in an environment of increasing depositional energy.
The large-scale planar cross-bedding in section Z l a probably
indicates deltaic sedimentation. A small sapling stalk located
within the organic layer immediately beneath lacustrine
sediments in section Z l b (Fig. 3) produced an age of 5260 ?
70 BP (Table I), fixing a maximum date for the Z1 backwater
deposits.
Isolated sand and gravel terraces occur elsewhere in the
study area which lack well-developed soils, perhaps indicating
that they are mid to late Holocene deposits. Although these
deposits are undated and lack exposed lacustrine sediments,
they are well above the contemporary floodplains of Squamish

FIG. 6. One of the in situ stumps protruding through contemporary
bar of Squamish River between sections LT2 and UT1. This stump
yielded the date of 3180 2 80 BP.

and Elaho rivers and therefore may also be backwater deposits
(marked 22, 23, and 24 in Fig. 2a).

Stumps along Squamish River
Along the river bank between sections UT1 and LT2 are at
least seven in situ stumps protruding through the water surface
of Squamish River and an adjacent contemporary channel bar
(Figs. 2a, 6). It is believed that these trees were killed by
drowning and burial associated with an impoundment of
Squamish River. The bases of the stumps imply a palaeosurface occurring an unknown depth beneath the modem
surface of Squamish River. The outer trunk of one of the
stumps yielded a radiocarbon age of 3180 ? 80 BP (Table I),
which represents a maximum age for the death of the trees and
a minimum date for the palaeosurface.
Elevations
Elevations above sea level (asl) of the stumps, backwater,
and debris avalanche deposits along Squamish River were
obtained with a Thommen altimeter and are accurate to ?4 m.
These elevations aid in correlating the various deposits and are
plotted against distance measured along Squamish or Elaho
rivers in Fig. 7. Since the bases of the stumps are unexposed,
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FIG.7. Graph showing elevations of stumps, backwater, and debris avalanche deposits.

their maximum elevation is estimated from the water surface
of Squamish River. The elevations of the fan toe, upper
terrace, and lower terrace backwater deposits were measured
at sections FT1, UT1, and LT1, respectively. The elevations of
the Z1, 22, 23, and 2 4 backwater deposits and the -4800,
-1100, and -500 BP debris avalanche deposits were
measured at their highest locations along the river.

Correlation of backwater sediments, stumps,
and debris avalanches
Fan toe deposit
In section FT1, the sequence of fluvial - debris flow, lacustrine, and fluvial sediments of units A2-A4, and the gradational contacts between them, is taken to imply a single backwater
deposit where there have been no major pauses in sedimentation. Although the fluvial - debris flow sediments of unit A2
erosively overlie the debris avalanche diarnicton of unit A1 at
section FT1, elsewhere unit A1 is overlain by lacustrine
sediments of unit A3a. Since the lacustrine sediments of unit
A3a were deposited in a low-energy depositional environment
conducive to the preservation of the original surface of unit
Al, and there is no evidence of palaeosols or organic horizons
along the contact of unit A l with either units A2 or A3a, it is
suggested that no major gap in time has occurred between the
debris avalanche and the overlying backwater deposit. It is
concluded, therefore, that accumulation of the debris avalanche
deposit of unit A1 in the valley bottom likely caused the
impoundment of Squamish River and the formation of the
associated fan toe backwater deposit.
A maximum age of the fan toe backwater deposit is indicated by the 4860 + 70 and 5310 ? 70 BP and 6380 t 90 BP
radiocarbon ages obtained from wood in units A1 and A3a,
90 BP wood, however, clearly is
respectively. The 6380
anomalous, as it is contained within the younger stratigraphic
unit and almost certainly has been reworked. All three dates
represent the maximum age for the fan toe aggradation, but the
best estimate of the time of sedimentation is indicated by the
4860 + 70 BP age. Because the diarnicton of unit Al is the
upstream extension of the -4800 BP debris avalanche (Evans
and Brooks 1991), the fan toe backwater deposit correlates
with the impoundment of Squarnish River by the large -4800
BP debris avalanche. The occurrence of this debris avalanche
deposit along both sides of Squarnish River clearly suggests

+

that it obstructed the river. The recording of a single backwater
deposit in the fan toe deposit indicates that none of the post
4800 BP impoundments have inundated the surface of section FT1 and therefore have not exceeded 165 m in elevation
(Fig. 7).
Stumps
The 3180 ?I 80 BP radiocarbon age from stumps along
Squamish River between sections UT1 and LT2 (Fig. 2a)
suggests that a river impoundment occurred -3200 BP. As the
stumps are located -7 km upstream of Turbid Creek, the most
likely cause of this impoundment is a debris avalanche from
Mount Cayley. Although no debris avalanche deposits of this
age have been identified in the study area, it is possible that
such deposits have been reworked or are buried.
Clague and Souther (1982) identified a debris avalanche
deposit in Turbid Creek basin with a maximum age of -3700
BP. This debris avalanche does not appear to have a correlating backwater deposit, perhaps because it was relatively small
and never impounded Squamish River to any great extent, or
because the related backwater deposits have not been preserved
or exposed. Although it clearly is not known if this debris
avalanche is related to the burial of the -3200 BP old stumps
along Squamish River, the hypothesis of correlation cannot be
rejected on the basis of the available radiocarbon dates.
The bases of the -3200 BP stumps represent a palaeosurface that occurs an unknown depth beneath the present-day
water surface of Squamish River. Allowing for a sufficient
period for the trees to become established, the river likely
reached this palaeosurface at least several hundred years before
-3200 BP. The river was, thus, deeply incised into the -4800
BP debris avalanche, and sedimentation had ceased upon the
fan toe backwater deposit sometime prior to -3200 BP.
Upper terrace deposit
The exact age of the upper terrace deposit is not known. The
sharp contact between the channel deposits of units B 1 and B2
of section LT1 occurs above, and therefore postdates, the
palaeosurface represented by the -3200 BP stumps located
nearby. An absolute maximum date for the upper terrace
deposit is -3200 BP.
The modem radiocarbon age obtained from a wood sample
from unit B 1 is anomalous. The upper terrace surface supports
mature trees that grow amongst equally large burned stumps
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and were dendrochronologically dated at roughly 150-160
years old. This provides a minimum age for the upper terrace
deposit of -300 years. An additional minimum age for the
upper terrace sediments comes from the maximum age of
section LT2 of the lower terrace backwater deposits (located
65 BP (Table 1) was
nearby) where wood aged 750
contained within channel sediments. We must acknowledge,
however, that since this wood was not in growth position, it is
possible that it could have been reworked, implying that the
upper terrace backwater deposit could be younger than -750
BP.
The 6.2 m thickness of the upper terrace backwater deposit
indicates that it formed during a major impoundment of
Squamish River, most likely of debris avalanche origin. The
elevation of section UT1 (152 m) is well below the maximum
elevation of the -1 100 BP debris avalanche deposit (172 m)
and is essentially equal to that of the -500 BP debris avalanche deposit (151 m). Both deposits occur as paired terraces
along Squamish River and almost certainly would have caused
impoundments. Conceivably, the upper terrace backwater
deposit could correlate with either debris avalanche.
It should be noted, however, that the maximum elevation of
a debris avalanche deposit along Squamish River does not
necessarily represent the actual water surface obtained by an
impoundment, since the (lower) controlling part of the deposit
would have eroded once the debris dam was overtopped. For
example, it was earlier stated that none of the post- -4800 BP
impoundments appears to have exceeded the 165 m elevation
of the fan toe backwater deposit (attributed by us to the -4800
BP debris avalanche), therefore an impoundment caused by the
1100 BP debris avalanche (172 m) did not reach this level.
It is suggested that an impoundment caused by the -500 BP
debris ~valanchemay not have been high enough to have
formed the upper terrace deposits that occur at approximately
the same level.
The upper terrace deposit does not appear to predate the
-1100 BP debris avalanche. The lacustrine and fluvial
sediments of units B2-B4 record only a single backwater
deposit, whereas two would be expected if it were older, as the
terrace was likely inundated by the impoundment caused by
the -1100 BP debris avalanche. Since the upper terrace
deposit appears to be older than -750 BP, it may relate to the
1100 BP debris avalanche because there is no clear evidence
for an alternative candidate event.
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Lower terrace deposits

The exact ages of the lower terrace backwater deposits are
not known. Radiocarbon dating of the buried organic layers at
the base of the backwater units was not possible because they
occur as thin (1-2 mm to 10 mm) organic-rich sediments and
not as distinct organic fragments. Heavy root penetration of the
upper 2 m of section LTl made the recognition of the oldest
organic matter impossible. The backwater deposits would
appear to postdate 1100 BP, since they occur at a lower level
than the upper terrace deposit. A maximum age for backwater
units C 3 4 6 is provided by the 750 2 65 BP age from section
LT2.
The lower terrace was not inundated during the June 1984
debris flow from Turbid Creek (C. Dernminger, personal
communication, 1989), which caused only a minor channel
obstruction (see Jordan 1987; Lu 1988; Cruden and Lu 1989).
The 1963 debris avalanche triggered a debris flow down
Turbid Creek (Clague and Souther 1982), however, it likely
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had insufficient magnitude to dam Squamish River, as it did
not destroy the main logging road bridge in contrast with the
1984 debris flow (Lu 1988). The lower terrace backwater
deposits, therefore, predate the 1963 event. If the thin unit C6
is flood related, it likely predates the Squamish River discharge
record, which began in 1955, since the terrace was not covered
during the October 1984 flood of record (C. Demminger,
personal communication, 1989). Thus lower terrace backwater
sediments appear to predate 1955.
Section LTl records four or possibly five impoundments of
Squamish River. The elevation of the -500 BP debris avalanche deposit (151 m) exceeds that of the sections LT1. It
seems likely that one of the backwater units was formed by
this debris avalanche, although it is not known which one. The
origin of the remaining backwater units is conjectural, since no
known debris avalanche deposits correlate with them. It is
conceivable that they formed from impoundment mechanisms
such as possible slumps along the deeply incised (locally up to
-65 m) channel course of Squamish River through the -4800
and 1100 BP debris avalanche deposits. Only minor slumps
and slump scars occur along the river, however, and none
seems large enough to have caused an obstruction. The most
likely explanation for these other backwater deposits is a debris
avalanche origin, although unit C6 may be related to an
extreme discharge of Squamish River.

-

Other backwater deposits

The backwater deposit of terrace Z1 in Elaho Valley has a
maximum age of 5260 + 70 BP. The elevation of this terrace
is 188 m, which is between that of the -4800 BP debris avalanche deposit and section I T 1 (194 and 165 m, respectively,
see Fig. 7). This elevational relationship and the 5260
70 BP age suggest that the Z1 backwater deposit correlates
with the -4800 BP debris avalanche. It appears that the
impoundment from this debris avalanche reached a level
between 188 and 194 m prior to subsiding.
The ages of the 22, 23, and Z4 deposits are unknown. All
of these deposits occur above the elevation of section FT1
(Fig. 7), suggesting that they also may correlate with the
-4800 BP debris avalanche, but the association remains
conjectural.

+

Duration of impoundments
The duration of Squamish River impoundments depended on
the rate of inflow and the size, shape, and geotechnical
properties of the dam (Costa and Schuster 1988). The volume
of the -4800 BP impoundment is estimated to be 9 X 10' m3,
using a water surface of 194 m as defined by the debris
avalanche deposit (Fig. 7). Based on the average 1984-1988
Water Survey of Canada maximum and minimum discharges
of Elaho River (612 and 9 m3/s; upper Squamish River is
ungauged), this impoundment would fill in a few days to
several months, depending upon the time of year that damming
occurred. All subsequent impoundments have been of smaller
magnitude and hence would have filled well within this time,
some perhaps within hours.
The majority of landslide dams fail within a year of formation (Costa and Schuster 1988). The debris avalanche diamictons all have a high matrix content (40-70%), suggesting that,
once overtopped, incision would have been rapid. It seems
likely, therefore, that the fillingaaining sequence of the
largest impoundment occurred well within a year.
Sections IT1 and UT1 consist of 14.2 and 6.2 m of back-
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water deposits, respectively, implying extremely high sedimentation rates if the pondings had only lasted for less than a year.
It is more likely that both deposits may have accumulated over
a considerably longer period in a smaller residual reservoir.
For example, stream incision eventually could have been
arrested by development of outflow-channel armouring, thus
allowing ponding to persist at a reduced level, as commonly
occurs with landslide dams (Costa and Schuster 1988).
The duration of these residual dams is not known. The
number of rhythmite couplets within the fan toe and upper
terrace backwater deposits may provide a minimum indication
of this time period if we assume that they represent annual
varves. The fine-sand to silt texture of rhythmites in section
UT1, however, seems too coarse for annual varves, suggesting
that they reflect shorter sedimentation events (e.g., Smith
1978). The couplets of section FT1 (units A3a, A3b, and A3c)
are generally finer but are not rich in clay. Although the
couplets were not counted, they are numerous, which suggests
that a residual lake may have lasted perhaps several hundred
years. The residual lake could not have persisted much longer,
as Squamish River was incised to below its present level prior
to 3200 BP. Incision after the initial breaching, however, might
have occurred slowly due to the effects of channel armouring.

Conclusions
(1) Backwater deposits in this study occur as lacustrine and
fluvial deposits, the two commonly grading one into the other,
reflecting the impoundment and recession of river waters.
~nconformities between stacked backwater deposits are
delineated by buried organic layers.
(2) The main backwater deposits occur in three locations in
the study area. The fan toe deposit records a single impoundment of Squamish River that likely correlates to an -4800 BP
debris avalanche. The upper terrace deposit records a single
river impoundment that may correspond to an -1100 BP
debris avalanche. In the lower terrace deposit, four or five
impoundments are recorded, all of which probably relate to
debris avalanches that occurred between 1100 BP and 1955
AD. One of these impoundments probably correlates with an
-500 BP debris avalanche, and it is possible that another
relates to an extreme discharge of Squamish River rather than
a river impoundment.
(3) In situ tree stumps along Squamish River died -3200
BP as a probable result of impoundment of Squamish River by
a debris avalanche.
(4) Residual pondings likely existed after failure of the
-4800 and -1 100 BP impoundments, allowing thick backwater sediments to accumulate.

-
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Appendix 1: description and interpretation of fan toe units
Unit A1 (debris avalanche diamicton)
Unit A1 is at least 5 m thick (the base of the unit is unexposed) and consists of a massive, matrix-supported
diamicton. Clasts are mostly of volcanic provenance; angular to subangular in shape, and range up to several
metres in size. The matrix is a sandy silt. The upper boundary of the deposit gently undulates. The unit is typical
of the local debris avalanche deposits (see Evans and Brooks 1991).
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Unit A2 (fluvial and debris flow sediments)
Unit A2 is 3.3 m thick and consists of beds of upward-fining stratified sands and gravels. Large-scale trough
cross-bedding is visible within some beds, indicating a fluvial origin. An -1 m thick bed of massive,
matrix-supported diamicton occurs between the fluvial beds and is interpreted as debris flow in origin. In unit A2,
a high proportion of the clasts have a volcanic provenance; rip-up diamicton clasts and wood fragments also are
present. The contact with unit A1 is erosional. Unit A2 is absent at other exposures in the fan toe area, suggesting
that it is a product of localized fluvial reworking of the debris avalanche deposits (unit A l ) and minor channelized
debris flow activity.
Unit A3a (lacustrine sediments)
Unit A3a is 20 cm thick and consists of -2 cm thick beds of very fine to fine sand. The fine texture and
layered structure of unit A3a suggest deposition in a lacustrine environment, perhaps by proximal deposition of
sediment settling from suspension in shallow water. The lower boundary is outlined by a discontinuous layer of
charcoal and partially burned wood fragments. In section FT1, unit A3a is in conformable basal contact with unit
A2 but elsewhere conformably overlies unit Al.
Unit A3b (lacustrine sediments)
Unit A3b is -6 m thick and consists of -1-3 cm thick rhythmites that each fine upwards from silt or very
fine sand to clay or silt. They likely represent the settling of sediment from suspension in a distal lacustrine
depositional environment. Unit A3b gradationally overlies unit A3a.
Unit A3c (lacustrine sediments)
Unit A3c is -2.2 m thick and consists of 10-20 cm thick rhythmites that each coarsen upwards from silt or
very fine sand to fine or medium sand. Type A current ripples (Allen 1973) with a general downvalley
palaeocurrent direction are found in the upper part of some cycles. Together the rhythmite beds and the currentripple structures suggest deposition by density currents within a lacustrine depositional environment. Unit A3c
gradationally overlies unit A3b.
Unit A3c exhibits upward coarsening, then upward fining, followed by upward coarsening, all within a general
upward-coarsening trend. The reason for the upward-fining trend may relate to either an increase in water depth
or possibly a decrease in discharge from the contributing streams. The increased particle size of unit A3a with
respect to unit A3b, together with the general upward-coarsening and density-current deposits, indicate an
increasingly more proximal depositional environment for unit A3c over time.
Unit A4 (fluvial sediments)
Unit A4 is 2.6 m thick and consists of generally upward-coarsening fine or medium to coarse or very coarse
sand with a corresponding sequence of fluvial structures grading vertically from types S, B, and A climbing
ripples (Allen 1973), to dune troughs, and finally to planar cross-bedding at the top of the sequence. Unit A4
gradationally overlies unit A3c. Unit A4 is interpreted as fluvial sediments formed in an environment of increasing
energy in which much of the sediment was being transported as bedload. The planar cross-bedding probably
indicates the migration of large-scale dunes in a restored riverine environment.

Appendix 2: description and interpretation of upper terrace units
Unit BI (fluvial sands and gravels)
Unit B 1 is at least 45 cm thick and consists of massive coarse sands overlying clast-supported boulders. Similar
sands overlying gravels are common on active bars within the contemporary channel of Squamish River, so unit
B1 likely represents such a deposit. The top of this sequence is strongly oxidized and contains several pieces of
wood and charcoal fragments.
Unit B2a (lacustrine sediments)
Unit B2a is 1.4 m thick and consists of rhythmites that fine upwards from fine sand to very fine sand or silt;
rhythmite thickness ranges from 1 to 10 cm. The sediments are interpreted as lacustrine deposits formed by the
settling of material from suspension. The fine sand to silt texture of the rhythmites suggests an intermediate
distal-proximal depositional environment. The contact with unit B1 is sharp.
Unit B2b (lacustrine sediments)
Unit B2b is 45 cm thick and consists entirely of poorly defined fine sand laminations (- 1 cm thick). Unit B2b
is interpreted as lacustrine deposits formed by sediment settling from suspension in a proximal depositional
environment. Unit B2b gradationally overlies unit B2a.
Unit B3 Cfluvial sediments)
Unit B3 is 3.6 m thick and consists of fine to coarse sands that coarsen upwards from a gradational basal
boundary with unit B2b. Structurally, the deposits grade from type B to type A current-ripple sets (Allen 1973)
over the bottom 50 cm. The overlying deposits are predominantly type A current-ripple sets with some thin beds
of massive sands. Palaeocurrent direction of the current ripples is approximately south (downvalley). The
sediments of unit B3 likely are fluvial deposits formed from bedload in an environment of increasing depositional
energy.
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Appendix 3: description and interpretation of lower terrace units
Unit C1 (fluvial sands and gravels)
Unit C1 is at least 80 cm thick and consists of clast-supported boulders overlain by medium to very fine sands
that are massive or horizontally stratified with current ripples and planar cross-bedding. These sediments are
typical of the contemporary channel deposits of Squamish River (Brierley 1989), and thus unit C1 is also regarded
as a channel deposit.
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Unit C2 (lacustrine and fluvial sediments)
Unit C2 is 35 cm thick and is comprised of a 25 cm thick bed of silt to very fine sand rhythmic laminations
overlain by massive very coarse sand. Contact with unit C1 is marked by an organic layer 1-3 mm in thickness.
It seems likely that the rhythmites are lacustrine in origin and the coarse sand is a fluvial deposit.
Unit C3 (lacustrine sediments)
Unit C3 is 95 cm thick and consists entirely of rhythmic laminations and beds of silts and very fine sands
which likely represent the settling of sediment in a lacustrine depositional environment. The contact with unit C2
is sharp and marked by a discontinuous organic layer.
Unit C4 (jluvial sediments)
Unit C4 is 40 cm in thickness and consists of massive fine to very coarse sands of probable fluvial origin. The
contact with unit C3 is marked by a 2-3 mm thick organic layer.
Unit C.5 (lacustrine and fluvial sediments)
Unit C5 is 45 cm thick and consists of silt to very fine sand rhythmic laminations gradationally overlain by
massive sands and gravels that coarsen upwards. The rhythmites probably represent the settling of sediment in
a lacustrine depositional environment, whereas the massive sands and gravels suggest a fluvial origin in an
environment of increasing depositional energy. The contact with unit C4 is marked by an organic layer -5 mm
in thickness.
Unit C6 (fluvial sediments)
Unit C6 is 15 cm thick and consists of massive fine to coarse sands that coarsen upwards. The deposits are
interpreted as fluvial in origin and are associated with an environment of increasing depositional energy. The
contact with unit C5 is marked by a 1 cm thick organic layer.

