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ABSTRACT g
v Thls thes1s studles two major natural events which

occurred on Mount Cayley in 1963 and 1984 L '
It is found that the 1963 event was a rock sllde,bandd
the dep051ts of the 1963 rock avalanche have dlstlnct
dep051t10nal un1ts which can be traced back to the bedrock
1n the ‘'source area, The accumulatlon zone: of the 1963 rock‘
Sllde is naturally d1v1ded 1nto three separate blocks by
lthelr d1fferent dep051t1onal un1ts and*dlfferent topograph1c
characterlstlcs
" The - 1984 event contalned.two stages, rock avalanche and
debrls flow In the flrst stage, a rock mass approx1mately
200x300x150 m. detached from the slope, travelled 1 6 km.and
. came to rest around the confluence of Avalanche and Turbld :
Creeks. In the second stage, debrls flow surges were formed
| by the. burst of the debrls dam. In: the mlddle stream of
Turbld Creek the debrls@flow shlfted 1ts d1rect10n q17

x e

‘”nd;even overtopped the top of the escarpment
vconsiétlng of the 1963 r?ck avalanche depos1ts and rushed
‘1nto Dusty Creek The veloc1ty of the rock avalanche was 32 m
”m/s, and the veloc1ty of the debrrs flow was .28- 32 m/s

) determlned from superelevations. As the debr1s flow. moved at
such a hlgh veloclty, a series of spec1al phenomena were ;

f created The most 51gn1f1cant ones are hlgh superelevat1on

uprooted trees, hlgh frud’ spatters and wood pleces and rock

' blocks hurled through a1r The debr1s flow removed the

logglng,road brldge and road approaches completely near the ?ff.i"

o . o




.‘bmouth of 'I;‘urbid,Cirme"ek-.l'falmost ‘bl'ociced“the squamish River
' fdur1ng each surge, swept 3 km of loggnng road and 1ntroduced
hhuge quant1t1es of sedlments to the charnnel of the Squamlsh
' Rlver. As testlng shows that the unlaxlal compre551ve
strength of wet. tuff spec1mens is 3 2 4.0 MPa about 2/3 of
.gthe strength of dry spec1mens, the frlctlon angle of wet

tuff.spec1mens 1s 30°, and the slake durablllty 1ndex of

vtuff is. very low, 26% tuff layers areinot only 1mportant in
}the formlng of rock avalanches but also ‘impo tant in .the 7
Itform1ng of debrls flows an Mount Cayleyw
' ' To prevent and predlct rock avalanches and debr1s

flows, further research should be cons1dered
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1. INTRODUCTION

i;1 dbjectiues
* " This thesis‘studies two major natural'events which
occurred on Mount Cayley, Brltlsh tolumbla Canada in 1963 .
and 1984.:The objectlves of th:s research are to determine:
( 1) what slope movements occurred, thefr localities and ~*
dime ~ions, and what kind of materials were ingolved;
:( 2 ) the“major characteristics of these two‘evgnts;
( 3 ) how the rock mass detached from the slope what was
the path of transportatlon ‘of rock debris and how these
debrls dep051ted
( 4 ) special phenomenavcreated by these events and their
meanings: |
(5 ).Why.the deposits of these events'haVe,differentﬂ
- features; and - o ‘ ' A
:( 6 ) the velocities of the r ck avalanches and the debris
~ flow. ) 2 | | |
~ In addition, the geotechanical propertles of volcanlcv
tuff were "examined, the relatlonshlp between them and slope.
movement are dlscussed Theélmpacts of these events on. the
.env1ronment logging and recreatlon 1n‘thls area need to be
assessed. And suggestions o; further research to prevent or
predict those disasters should be made.

For these purposes, I carrled out two months field

1nvest1gat10n 1n July- August 1986 and a laboratory°test1ng

programme May-November 1987. Finally, I spent six months on

i




conclusions and suggestions.

S S o
data analysis and thesis preparation.
/ '

r

In this thesis, Chapter 1 describes the objectives,
iocation and accéssibility of the study area, research
history and geological setting. Chapters 21andh3 document
the 1963 rock avalanche and the 1984 rock .avalanche and
deoris flow respectively. Chapter 4 briefly lists the
1aboratory testing‘results; Chapterls‘discusses the
relationship between the geotechnical"properrieeﬁof volcanic

tuff- and slope movements. Finally, Chapter 6 gives‘the main

.‘&‘
1.2 Location and Accessibility of the Stud& Area

Mount Cayley is one of the major Quaternary volcanié .
complexes in British Columbia. It is 90'km“north—west of -
Vancouver ( Fig. 1.1 ) and 40 km north west of the town ofb
Squamish Prehistorlc rock avalanche and debris flow
deposits are common around the margins of Mount Cayley (
Clague and Souther 1982 ). Attention was focused on the two
large, young rock avalanches in the vaileys of Dusty and
Avalanche'Creeks, two small’tributaries of Turbid‘Creek.
Turbid Creek is one of the major creeks draining Mount
Cayley and a tributary of the Squamish River. The study area
is narrowed in the valley of Turbld Creek ( Flg.‘ .2 ).

Vancouver and Squamish are linked by Highway 99. A
logging road starts from Squamish passes the mouth of Tuebid

Creek.
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»Figure‘1.2 Geologic Map §f Study Area
i*Main scarp; 2-Jdoint ﬁeaSUremen;.site; 3-Location o% Fig.
5.1 a, 4—Loéétion of Fig. 5.1'b;'Sgrficial Deposits: 5—1984
debris flow deposits, 6-1984 rock avalénche @éposifs, 7-1963
rock aValanche,depésits, 8-01d rock avalanchgiaébosits}
Béd;oék{ 9-Unit 6 porphjritic dacite, 10—Unit 5 purple |
lapilli-and white tuff; 117Unit 4 dark bréwn dacite and.grey'
tuff, 12¥Unitv3'gfey tuff breccia and dacite;'13;Uhit 2 |
' ¢

-coluynar*ioihted,dacitb and tuff, 14~Unit 1 basement’rock, '

granodiorite, qﬁartz diorite and gneiss.

- -
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It ig/qﬁTte\difj{/hlt to get’into the upper.and middle

streams of Turbid Creek. A part of an abandoned logglng road T

‘was acce551ble to trucks and vans. In addition, a small
trall,leads into the middle part of Turbid Creek, the major
dep051t10nal area, and the lower part of the upstream of
Turbld Creek. No access to the head- of Turbld Creek was
found It was very dlfflcult to find a safe spot for

3
hellcopter landing in the upstream of Turbld Creek.

1.3 Research History

‘Because of its remote location in the sQuthern Coast
Mountalns and the difficult access, Mount Cayley and slope
movements on it have not been examined in detail until
recently However geological mapplng was carried out in 1979
as a part of a geothermal enegy assessment program ( Souther
'1980 0. Souther ( 1980 ) also reported landslide deposits-:
that both predate and postdate -the present forest. The v
landslide dep051ts in the Turbid Creek valley on the west
51de of Mount Cayley, empha5121ng the 1963 event, Qé)
1nvest1gated in detall in 1980 by Clague and Souther (1982
). After 1963, rock avalanches .and debrls flows have »
occﬁrred resultlng in dama;e_to the logging road brldge at
p'the mouth of Turbld Creek 5 times and the wash out of a
:logglng road. Among those debris flows, the 1984 event is

vthe largest and most significant one. ThlS event hlghllghts

the need for caution in the development of Mount Cayley.
. \,

.-
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1;4'Geologic Setting
\Mount Cayley is onavof about 12 Quaternary volcanoes
formlng the Mount Garibaldi Volcanic Belt, . ¥Which extends -

about 120 km from Mount Garibaldi at the head of Howe Sound

LIS

to Meage: Mountaln near(ihe head of Lillooet River ( Clague
and Souther 1982 ). The ge of volcanic activity in this;
belt ranges from Pliocene to Holocene, tne‘most recent major
eruption having occurred-at'Meager‘Mountain‘about 2400 years
ago ( Nasmith et al. 1967; Read 1979l). Accoréinq tc Green -
et al. ( 1988 ), the ages of the volcanlc rocks on Mount
Cayley are approx1mately determlned as 0.31 to 3.8 Ma.

- The present edifice of thejMount Cayley volcanic
complex rises to-a'oroup of three ptecipitous pyramidal - : ¢
peak5° Mount Cayley: w1th an elevatlon of almost 2400 m and ’
the sllghtly lower but equally rugged summits of Wizard Peak
and Pyroclastic Peak. The complex,rests on a hlghly
irregulargpasenent surface of plétonic_and.metamorphic tocks
belonging to the Mesozoic to eerly Tertiery‘Coast‘Plutonic
Complex. The topography prior to eruption was similar to
tnat of the present Cdast Mounta1ns. Thus, the basal members
of the Mount Cayley pile-rest on a variety of materials,
ranging»from'giéciallyscoured basement rocks to buried
colluvium up to 25 m thiek-( Ciaéue and Souther 1982 ),
| ‘The Mount Cayley complex fotmed during at least three
distin:t eruptive‘pe:iods: tHe>Mount-Cayley, Vulcan's Thumb,
and Sthelnose stages. The earliest, or Mount Cayley, -stage

produced a composite pile of dacite flows, tuffs, and



breccia. During’the subsequent Vulcan's Thumb stage of

activity, an extensive tephra cone wastsuperimposed on the -
_southvestern flank of the Mount Cayley edifice. Vulqan's-

Thumb, the largest in a cluster of. slender plﬁfacles,

represents a remnant of vent breccia deposited in the upper‘

part of thlS volcano. The base of the Vulcan s Thumb ‘
succession rests on a steep westerly dxpglng Surface that

truncates older dep051ts of\&he Mount Cayley stage and laps

onto the basement surface. a majorlty of the Vulcan's Thumb

rocks- are extensively weathered. The third, or Shovelnose,

stage of act1v1ty produced two domes and related flows of ‘ \
hypersthene, biotite dacite in the valley of Shovelnose . _ (:ji:/

Creeki(,Green et al. 1988 ). .

e

ﬁ,4.1 Bedrock G;Zlogy

“According to Souther ( 1980 ), the bedrock in tne‘studyv
area consists of Six units,

Unit 1 consists of basement rock, granodiorite, q -rtz
diorite, and gneiss. ’

Unit 2 is the rocks.of the Mount Cayley stage which are
mainly porphyritic hornblende'dacite flows and rhyodacite
pyroclastics. The basal unit isfa complex of overlapping
-flows, dykes, and pyroclastlc deposits, all of which have
undergone moderate to 1ntense hydrothermal alteratlon. In
the Dusty Creek valley,,thls unit con51sts of up 150 m of ! ';g.

_columnar jointed dacite flows, which overlle a basement

surface. A layer of pale green, bedded lap1111 tuff, 2-3 m

'
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thiek, is present locally between these flows and the

basement surface.
Unit 3 overlies the basal un1t of the Mount Cayley .+«
J))ptage. This unit is a complex‘Bf coarse breccia, flows and
domes._In the source areas; of Dusty and Avalanche Creeks,
this unit comprises up to 250 m of pyroclastic rocksyanu
subordinate discontinuous’ flows, all of rhyodacitic
composition. The pyroclastlcs range from loosely aggregated
tuff breccia conta1n1ng angular blocks about 1 m acros  to
laminated green and white lapilli tuff. Although the | _ | !
internal structure of this unit is complicated by lateral
variations in the thlckness of pyroclastlc wegges most beds
<4 dip steeply off the mountaln towards the southwest. The {
related flows\:hd intrusiens areicharacterized by very
irregular; sinuous to radiating, small columns} which were
formed by joints." o ' | 4 o
Unit 4 consists of porphyritic biotite rhyodacite
flows. In Dusty Creek, a single massive rhyodacite‘flow,
& which dips and thickens towards the southeast fron 50 to 200
m, dispdnformahyéioverlies the Meunt Cayley sequence. The

w5y
base of this flow is aphyric to v1treous, and its- central

part is complexly jointed; a blocky brecc1a caps the flow.
Unit 5 con51sts of porphyritic dac1te tuff breccia and
tuff. In the source area of the 1963 rock avalanche, these

pyrocJastlc ‘rocks con51st of up to 150 m of steeply
—
/ southwestdlpplng tuff breccia containing angular blocks up

to about 3 m across.
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Unit 6 is the rocks. of’ the youngest, or Shovelnose,
stage cons1st1ng mainly of porphyr1t1c 6ac1te flows, domes;

and cupolas.

1;4.2 §tructures
I mapped planar, nearly vertical, southwest}tren'dingJ b

joints ahd north-northwest trending joints. Shear joints

_‘paréllellpo slope, dipping towards.the villey, induced by N

the gravitational stresses in the4slope are common in this

area. Joints were méasured at two spots ( ‘Fig, 1.2 ) énd

presented in Fig. 1.3. These measurements. are insuffiéiént

‘to reach conclusions of the joint pPattern in this area, but

these data do reveal the major sets of joints. - .
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Figure 1.3 P\Qt of Poles of Joints
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2. THE 1963 ROCK AVALANCHE

2.1 Introductior

The 1963 ‘rock avalanche was investigated in detail in
1980 by Clague and Souther ( 1982 ) to assess the risk of
future slides from Mount Cayley and the impact they might
‘have on possible geothermal ‘installations, roads, ‘md other
Structures in the adjacent Squamish River valley. As the
rock avalanche begins in the valley of Dusty Creek, a-small
tributary of Turbid Creek, Clague and Souther named it the
_ Dusty Creek landslide. V

T»=» main conclusions of Clague and Souther ( 1982 )

N i 1
were: o

The 1963 rock avalanche 1n1t1ated on a west- fac1ng
slope at the ‘head of Dusty Creek. Its size was about 5x10°¢

July, 1963. The average velocity

6 m/s,., The maximum thickness
of moving debris was about 70 m. ;n‘most acoumulation areas,
the deposits could not be subdivided into distinct .
depos1tlona1 un1ts except. one. location-the upper end of the

area, where three units of slide debris were recognized.

\

2.2 Source Area

The‘source area of the 1963 rock avalanche is a huge‘
bowl ( 500x250x110 m ) on the north side slope of Dusty
Creek, next to the source of the creek ( Flg 2.1,). As the

fscarp area is 1naccessible, the'rock sequences and the weak

11
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zones could just be observed at a distance from the opposite.

side of the scarp in the creek.

272.1 Rock Sequences -
fhe rock exposed in the source area can be briefly
described as following.( from bottom to top ) ( Fig. 2.2
shows a schematic composite sectioﬁ ).
Unit 1 Basement rock, granodiorite, quartz diorite.
Unit 2, Brown columnér—jointed dacite, 80 ﬁ. At the bottom
‘there may'be pale green,‘bedded lapilli tuff, 2-3 m.
Unit 3, Brown columnar-jointed dacite at the top and
grey-white lapilli tuff and tuff breccia at the bbttom, 80
m.
Unit 4, Dark brown columnar-jointed dacite 50-100 m at top
. and grey tuff 40 m at the bottom.
Unit 5, Purple tuff lapilli 30-50 m and white tuff 20 m.
It is interesting to hote that even though the
displaéed'rock mass was broken, these sequences can still be
traced in the deposits.

«

2.2.2 Weak Zones

.

The main weak zones were

1. The'boundary between the volcanic rock and the basement

rock. a pre-eruption ground surface dipping south-west at
about 22°., o ' o ‘

2. Joirts.

3. Weak tuff layers.



THE QUALITY OF THIS MICROFICHE
IS HEAVILY DPEPENDENT UPON. 'THE
'QUALITY OF THE THESIS SUBMITTED
FOR MICROFILMING.

 UNFORTUNATELY THE COLOURED
ILLUSTRATIONS OF THIS THESIS
CAN ONLY YIELD DIFFERENT TONES
OF GREY.

LA QUALITE DE CETTE MICROFICHE
DEPEND GRANDEMENT DE LA QUALITE DE LA
THESE SOUMISE AU MICROFILMAGE.

MALHEUREUSEMENT, LES DIFFERENTES
ILLUSTRATIONS EN COULEURS DE T "TE
THESE NE PEUVENT DONNER QUE s
TEINTES DE GRIS. ‘
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Figure 2.1 Source Area of the 1963 Rock Avalanche
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.
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« Flgure 2 2 Rock Sequences in Source Area

1,2,3,4, and 5,-Units 1 2 3, 4 and 5; a- Basement rock'
b-Bedded lapilli tuff' c~Columnar- jointed dacite; d- Lap1111
tuff and tuff dreccia; e- Brown columnar- jOlgted dacite;

f—Grey tuff; g-Dark br%wn columnar-jointed dacite; h-White
tuff; i-Purple tuff lapilli. |
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The diéplaced mass of the 1963 rock avalanche moved
along thése weak zones. For example,the main scang/aeveloped
.along a éet of planar southwest—trénding, nearly vertical
joints ( Fig. 2.3 and P, Fig. 2.4 ). The gently curving
northwest lateral margin follows severa} north-northwesf
trending .faults. And the rupture surface developed along a
tuff layer ( b, Fig. 2.2 ). | \

, : .a . B
2.3 Accumulation Area

The.debrfg of the 1963 rock avalanche mainly
accumulated in an elongate area between the pre-slide (
Point 16, Fig. 2.4 ) and present moufhs of Dusty Creekv(
Fig. 2.4 5. The debris extends abéut 1100 m along the valley
of Turbid Cfeek, and has an average width of 170 m and an
‘averagé thic&yess of 25 m. The total accumulation volume is
about 4.67x16§,m°.ﬁThe acéﬁmulation consists of three major
blocks which are bounded by obvious éullys.‘Also these three
majof blocks are recognized byﬁtheir different depdsitional

materials and structures ( Figs. 2.5 and 2.6 ).

2.3.1 Three Major Depositional Bioéks

Block 1 is'located between the present confluence of
Dusty and Turbid Creeké‘aﬁd.thé significant depréésion _
betweeh blocks 1Vand‘3. It looks like an'élongate platform (b
'Fig. 2.7 ) which is 400 m in_le%gth by 90 m in widtﬁ and an
average thickness of 15 m. The total volume of block 1 is

approximately 0.54x10¢ m?,
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Figure 2.4 Depositionai Area.of the 1963 Rock Avalanche‘
.B1, B2, and B3-biocks ', 2 and 3; 1, 2, 6,...~-points 1, 2,
6,...; D-Remnant of debris dam; P-Location of Fig. 2.3; ST
and S2-Superelevation sitesﬁ1 and 2; A-A', C-C'...-Section

lines.



Figure 2.5 Boundary bétween,Blocks 1 and 3, Photo Taken at hd

.

Point 15 on Fig. 2.4 ' I



. Figure 2.6 Boundary between Blocks 2 and 3,-Photo Taken at
 Point 11 on Fig. 2.4

e
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‘The centre of block 2 is located at the pre-slide mouth
of Dusty Creek. Block 2 extends to- two ends, one of which
‘reaches the r1ght ( north west ) bank slope’ of Turbid Creek,

-

another end heads into Dusty Creek along 1ts right ( north )
bank slope ( F1g 2.8 ). Blopk 2 looks like an arcuate
platform. Turbid Creek was blocked by block 2, but has cut
through the block already. The profile that Clague and
Souther ( P 532 1982 ) described is at the west end of
block 2, on the left bank of No Name Creek, a small
tributary of Turbid Creek. The dlmen51ons of blgck 2 are 390
m in length, 200 m in width and 35 m of an avefage thlckness
resultlng a total volume of about 2. 73x10‘ m?, ®

The boundary between blocks 2 and 3 is a gully-like
depression. Flg 2.6 .shows that the top surface of block 2
is 5 m higher, than that of block 3. ' s

Block 3.is located between blocks 1 and ‘2, and bounded
by the two obv1ous depre551ons. Block 3 looks 11ke a dome
with 'a trail elongate downstream. Block 3 ( Fig. 2.9) is
310 m in length 170 m in width and 25 m th1ck. The volume
of block 3 is 1.32x10‘.m?.'The boundary between blocks 3
»and1 shown'on Fig. 2.5, It looks like a saddle. Obv1ously,

it was formed durlng the dep051tlon process.

2;3;2vTypical'Depositional Profile
Several typical depositional profiles have =-ecen
recognlzed and descrlbed These proflles show that most of

the 1963 rock avalanche dep051ts could, be subd1v1ded into
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Figure 2.7 Block 1, Looking NE from Point. 1 on Fig. 2.4
" . . {‘/x' . . ]
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Figure 2.8 Block 2, Looking NE from Point 14 on Fig. 2.4
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Figure 2.9 Block 3, Looking NEE at Point 15 on Fig. 2.4

L 53

(1) Turbid .eex; (2) Block 2; (3) Block 3; (4) Position of
Fig. 2.20; (5) Dusty Creek; (6)-(8) 1963 déposits: (6)

Purple unit; (7) Dark brown unit; (8) Greeh—grey.unit;

P
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b
distinct deposltiohal units and the three major blocks have -
‘d1fferent depositional units, But in every major block, the
stratigraphic units could be compared especially the
”exposed proflles on the right ( northwest ) bank slope of
'Dusty Creek have almost the same stratlgraphlc structure as
that on the left ( southeast ) bank slope of Turbid Creek.

¥

It is also interesting tovnote that the depositional units

in each block are 51m11ar to the depositional units of the
.rocks exposed in the source area.-'
Three sequences of deposits are described’below
Sequence 1( represent1ng proflles exposed at points 3,
5and6) '
Descrlptlons ( from,base to top ):ﬁ
(KJ ) Basement rock-granodiorite-( .in place )
(2) Grey or bluelsh ~grey unit: 7 m, 40-50% Of
columnar- 301nted blocks ( general 0.2-0.4 m across, largest ’
block 1 m across ), unconformable on basement'rock
( 3 ) Red unit- 5 -8 m, 10- 20% of large columnar ]01ntedf\
dac1te boulders (1.5-2.0 m across ), 80 % matrlx. A
There is a buried tree layer ( O.2-m‘thick l between the red
unit and the‘following unit, It indicates that the red unit

was deposited before the 1963- rock;ayﬁﬁanche dep051ts.

(4 ) Greenish-grey unit: 6- 17 mh‘mostly small tuff breccia

fragments, no boulders.

(.5 ) Brown unit: 3-13 m, mafﬁly columnar-jointed dacite

blocks ( 0.2-1.0 m across ) mlth matrix of greenish tuff
. | - .

breccia.



25
( 6 ) Grey unit: 2-6 m, mainly small fragments and powder of

’

grey tuff breccia. ' _ o _
( 7) 1984 debrls flow dep051ts- 0.5-2.0 m, light_§ellow
tuff brecc1a and purple lapilli.

As shown in Figures.2.10, 11 and 12, at poinQ\B ( Fig.
2.10 ) the 1963 rock avalanche deposits directly overlie'thé
basement rock( wi£hout older deposits‘( the red and grey
units ) in between, at point 5 ( Fig. 2.11 ) the 1963 ;6ck
'avalanChe’deposits overlie thefréd unit, and at point 6, all
deposits units cén bg sagp except the basement rock.

In this type of thé?ﬁ963 rock avalanche deposits, 'it
seems -likely that the gréenish—grgy unit came from Unit 2 of
the voléaniC'rbck in the source area:; the brown unit and the
grey unitvcahavfrom Unit 3 of the volcanic roékfin the
source area. Thesé?aepositionai units are dnly seen in block
N o | , .

Sequénce.z ( represeqtihg profiles exposed at points 12
and 16 ) | - '

Descriptions ( from base to top )

o j ) Lower grey unit: 6:8 m, grey in colour, 70-80%,mattiif;
.malnly small fragments ( 0.02-0.05 m across -), some dacite
bculders ( 0.6-0.8 m across )

(:2 ) Brown unit: 14-18 m, brown_in colouf, 70% of bbulders
and plocks consisting mainly of columnar—jdinted dacite (
‘0.8—2t0 m across ).

( 3) Uoper grey unit: 5?6 m,'mainly small fra%pents and

peowder of g?ey tuff breccia
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'Figure 2.10 The 1963 Degosits Directly Overlie Basement Rock
(1) 1984 debris flow deposits; (2)-(4) 1963 rock avalanche
deposits: (2) Grey unit; (3) Brown unit; (4) Gieen-grey

unit; (5) Basement rock. '7
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Figure 2.11 The 1963 Deposits Overlie Old Rock Avalanche
Deposits, A |

(1) 1984 debris flow dep051ts, (2)-(a) 1963 rock avalanche

dep051ts (2) Grey un1t- (3) Brown un1t (4) Green grey

Hunit; (U )-(6) 01d rock avalanche’ dep051ts' (5) Red un1t (6)

Blueish-grev units (7) Basement rock.

/
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- . Figure 2.12 The 1963 Depoéifs Overlie 01d RockAAvalanche

| ' Deposits, B '
(1) 1984 debris flow deposits; (2)-(4) 1963 deposits: (2)
Grey unit; (3) Brown unit; (4) Green-grgy un;t}'(S)—(B): old

P

rock avalanche deposits: (5) Red unit;” (6) blueish grey

unit; Basement rock; (8) Turbid Creek.
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(4 ) 1984 deposits: 1-5 m, light-yellow and purple blocks
and powder of tuff breccia and lapilli.

As showa-in Figs. 2.13 and 2.14, this‘sequehce of the
;963 rock avalanche deposits seeﬁ to have come from Unit 3
of the volcanic rock in the source area.

A Seéuenee 3 ( representing profiizs around point 10 )
Descriptions ( from base to top ):

(1) Green-grey 'unit: 15 m, mainly green-grey in colour,
’occasionally blue-grey or reddish, mostly small fregmenté’
consistiqg of tuff breccia, few small blocks ( 0.1- 0.2 m
across ). . |

( 2 ) Dark brown unit: 20 m, dominantlyy dark brown, overl
50% of blocks and boulders ( mainly 0.8-1.0 m across )
consisting méinly of dark brown columnar-jointed dacite.

( 3 )Purple-grey unit: 15 m , mainly small fragments of ﬁhff
bfeccia and purple lapilli, 60-80% of matrix, blocks only
seen on the top of the unit ( 0.2-0.4 m aeross ).

This sequence of the 1963 rock avalanche deposits, as
shown in Figures 2.15 and~2.9, seems to have come from Units
4 and 5 of the volcanic rock in the source area ( Fig. 2.16
). | :

The following characteristics are recognized:

'1 One block has the same type of stratigraphic units -
at.different locations. For example, in block 1, almost a
centiruous profile of 400 yis exposed on the left ( o
SOUth4east ) bank ofvTurbid‘Creek. Sequence 1 of the

depositional units can be traced throughout the entirely
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(3) 5)

(6)

Figure 2.13 1963 Deposits in Block 2, A

(1) 1984 deposits; (2)-(4): 1963 ‘deposits: (2) Upper grey

unity (3) Brown unit; (4) Lower grey unit; (5) Basement

rock; (6) Turbid Creek.
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Figure 2.14 1963 Deposits in Block 2. B
(1) 1984 deposits; (2)-(4) 1963 deposits: (2) Upper grey
._unit;,(3) Brown uhit; (4) Lower grey unit; (5) o0l1d rocg

p——
avalanche deposits.
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Figure 2.15 1963 Deposits in Block 3

(1) Block 2; (2) Boundary between blocks 2 and 3; (3) Block

3; (4)-(6) 1963 deposits: (4) Purple. unit; (5) Dark brown

unit; (6) Green-grey unit. b
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Figure 2,16 Rock Sequences in Source Area, Compare withv_Fig.

2.9 e
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continuous profile. The same depos1t10na1 units and
"structure vere observed at the other 51de of the block
the right ( north- west) ) bank of Dusty Creek. These
phenomena ére-clearly revealed on Fig. 2.17,

The same characteristics were also observed in blocks 2
and 3 (Flgs 2.18, 19, and 20 ).

2. For different blocks1 the depositional~units are
different, and could not be compared with eacl. other. ThlS
characterlstlc is revealed by the profile along Turbld Creek
( Fig. 2.21 ), .

3. The depositional unlts in dlfferent dep051t10nal
blocks correspond to different rock units .- For example,
block 1 corresponds to Units 2 and 3, block 2, Unit 3‘and
block 3,'Units 4 and 5,

Some new understandlng about theqaccumulatlon area of -
the 1963 rock avalanche have been reached: |

A. The -whole accumulation area consists mainly of three
. major blocks which are shown on Fig., 2.4. i x ¢

B. The three major blocks are recognized not'only by
the topographic configurations but also by the different
stratlgraph1c units which make up the- dlfferent blocks.

C. From the dep051t1onal units and topograph1c
conf1gurat1ons of these major blocks, a reasonable

1nferencels that the rock avalanche more or less kept the

~order of the rock sequences in its scarp

34
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Fighre'é;iB Seme Depoéitional Units-en Both Sides of Block
| g -2, Along Llne C C on Fig. 2’4

(1) Turbid Creek (2) Dusty Creek (3) 1984 dep051ts'n

(4) (6) 1963 dep051tS° (4) Jpper grey unit; (5) Brown unit;

(6) Lower grey unlt' (7) Basement rock
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Figure 2.19 Same Depositional Units on Both Sides of Block3, -.

) Along Line D-D' ‘on Fig. 2.4 .‘ _
(?) Turbid Creek;. (2) Dﬁsty Creek; (3) 1984'deposi£s;' S
(4)-(6) 1963 deposits: (4) Purple uﬁit; (5) Dark brown unit:

(6) Green-grey unit; (7) Basement rock.
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*ffogure 2 20 Depos1t10nal Umlts .on

(PR

Locat;om_lndlcated

| o .
the other Side of Block .3,

on rfig. 2.4

unit; (2) Dark broizg;kit;

‘rock; (5) Dusty Creek.
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2.4 Movement Pattern andvReSults of the 1963 Rock Avalanche
5x10¢ m*® volcanic rockgwgs involved in the rock

avalanche and traveiled 2.4 km. It should be 1nterest1ng to

trace the trajectory of the movement of the rock mass and to

determ;ne the results that the rock avalanche caused.

2.4.1 Trajectory of the 1963 Rock Avalahche

1. The general movement path

From. the phenomena shown on the aerial photographs
-taken in August 1964, espec1ally the forest tr1m11ne,‘and
the field investigation conducted in the Summer of 1986, the
general movement path of the 1963 rock\avalanche has been
briefly fiqured out as following.

At the very beginning of the rock avalanche, a huge
block of tuff breccia and columnar- ]Olnted dac1te detached
from the north- west slope of Dusty Creek and slid towards
the southeast ( left bank of Dusty Creek ) to the course of
Dusty Creek. It slid across Dusty Creek and impacted against

the southeast side of Dusty Creek - lley. During the impact,

the slide mass mlght be partly broken, and the movement - 4%;i
directed towards the opposlte side of the creek valley. Then
“the mass moved in a curve along'the right bank of Dusty
Creek, and swung back to the opposite ( southeast ) side of
the valley again at the end of the curve. The broken mass
impacted the southeast slope again and shifted movement
d1rectlon. Flnally the rock mass rushed into the course of

Turbid Creek ‘and came to rest in the gentle valley
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2. Movehent trajectofy of blocks

As mgntioned previously, the accumulation area consists
of three separated hdge blocks wﬁich were recpgnized by
“their different topographic confighraﬁions and depositional
units. The rock avalanche qgétained three sepé%%%ed blocks, °
and these blocks moved one/after anogher;.From the
characteristics of the deposits and their boundaries ( Figs.

2.5 and 6 ),. block 3 was the last one which came to rest in

the space between blocks 1 and 2.

confluence of Dusty and Turbid Creeks and the downstream
edge of block 3 ( Fig. 2.22 a ) in Turbid Creek valley. Then
block 2 came to rest in Turbid Creek valley. A part of the
debris travelled upstream in Turbid Creék. So the deposits
forhed an arc-like shape in plane ( Fig. 2.22 b ). Finally
block 3‘came and filled in the open space between blocks 1
and 2, leaving two'unﬁilled up gully-like debressions at its

two ends ( Fig. 2.22 ¢ ).

2.4.2 The Results of tﬁe 1963 Rock Avalanche o 3
Evidence of the main results of the 1963 rock avalanche
comes from: pre- and post—sliae aerial photo comparison,
field investigation and in{erviewihgnloggeré.
If is obvious that the debris of the 1963 foCk
avalanche‘did not reach the logging rbad, as the loggers (

Charlie Deminger, John Thompson and Peter Thomson ) who were
B
3
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/1nterv1ewed by the author p01nted out that‘no damage to the
road or the brldge occurred in the Summers of 1963 and 1964.
It seems likely that the debris of the 1963 rock avalanche
terminated at the downstream end of block 1, as no
51;§1f1cant dep051ts of this rock avalanche have been found
after this point.

| The main‘results of the 1963 rock avalanghe are the
obstruction of Turbid and Dusty Creeks and the ehange of the
course of Dusty Creek. : 2 .

1. The obstrdﬁtion of Turbid and Dusty Creeks

It is still ev1dent that blocks 1 and 2 blocked Turbid
Creek when ‘they came to rest in the course of the creek.

Block 1 occupied part of the pre-slide coursefof Turbid
Creek ( from the comparison of the pre- and post-slide
aerial pﬁotos.) and totally blocked Turbid Creek. Later,
Turbid Creek cut through the deposits near the edge of block
1 and formed its present course. Fig. 2;23 shows -the remnant*®
-of block 1 on the present rightrbank of Turbid Creek. As a
result , Turbid Creek has moved.200 m westwards.

Block 2 consists of two parts, the major'part on the
left bank of Turbid Creek extends upstream into Dusty Creek
( Fig. 2.8 ), the smaller part is between th. present course
of Turbid Creek and No Name Creek ( Fig. 2.24 ). Turbid
Creek was bloeked by block 2 but cut through the deposits
and formed its present course. |

Block 3 blocked Dusty Creek and caused the shift of the

confluence of Dusty Creek and Turbld Creek



Figure 2.23 Remnant of Elock

1 on the Right Bank of Turbid

' Creek

4

, Looking NNE at the Point in Tufbid Creek between
Points 1 and 2 on Fig. %;4

(1) 1984‘deposits; (2) 1963 deposits; (3)-Basement rock; (4)

Turbid Creek. |
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Figure 2.24 Small Part of Block 2,
\

)

Looking. NNE at Point 13

’ .on Fig. 2.4
(1) Turbiad Creek;'(Z) No N;ﬁe Creek; (3) Main par£ of’block k
2; (4) small part of block 2. | |
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The pre sllde aerlal photographs ( photos BC 424 30, 31

) show the confluence of Dusty .and Turbld Creeks located at’

the boundary of blocks 2 and 3 where there is now'.i
? d
51gn1f1cant seepage ( Flg 2. 25 ). : :
It is eV1dent that present confluence of Dusty and
4

Turbld Creeks 1s about T km downstream from. the pre sllde -

'confluence of these two Creeks ( Fig. 2. 26 )

In summary, a large rock avalanbhe 0ccurred 1n the héad

:1nc1uded three separated blocks whlch detached from the

so:;je area and travelled downstream one- after another. :

These blocks were partly broken but kept the essentlal

“ﬁarea of Dusty Creek most llkely in July 1963. The event:.

[}

v%’rder of. the rock sequences. As a result the accumulatlon

% a2r
2

‘i? .l

ﬁlfferent stratlgraph1c units and obv1ous boundaries between

G

vghea ma1nly con51sts of three separated blocks which havel'

+ them, -Turbid and Dusty Creeks were blocked and the1r stream

v ‘o Ly
? h

courses were shlfted the confluence of these two creeks was

moved about 1 km downstream. The debrls d1d not reach the

logging ‘road, and m1ght termlnate at the downstream edge of

_'block 1. ‘The 1963 rock - avalanche travelled as a sl1de

d1ffer1ng from the 1984 event downstream in the ma1n_stream -

o ®

course of Turbld Creek

T NIRRT Ty



Figure 2.25 Seepage Reveaiing the Pre-slide Confluencé;?
| Taken at Point 14, Looking NEE
(1) Source area of 1982‘rock_avélanche; (2) Turbid Creek:

(3) Pre-slide confluence of Dusty and %urbid Creeks.

-~
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Figure 2.26 Shifting of Confluence and Diversion of Dusty

Crée; Révealbd by Air\Photos ( BC424-31, and BC5103-131
Taken in 1947 and 1564 Respectfvelyv)

U-Tu:gid Creek, 2-Dusty Creek, 3jAvalanche.Creek” 4-No Name

C;éek,'S-Soufce Area of the 1963 Roék fvalanche, 6-Source

Area of the 1984 Rock Avalanche, 74Pre;$1ide‘Coﬁfluence of

4

Turbidvana‘DUSty Creeks, 8-Present Confluence:
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3. ROCK AVALANCHE AND DEBRIS FLd& \ 1984 s

}

3.1 Introduction o

Another rock-avalanche‘took place on Mount Ca}iey Eﬁiw
1982.,This,event is very di€ferent from the 1963 rock
~avalanche. The 1984 event was studied in detail in the

tsYjsummer of 1986. Six block samples of volcanlc tuff were
collected from the rupture surface and tested in laboratory
The.results are presented in this chapter and the next.

The rock avalanche was initiated about 4 PM. local time
on‘June 28, 1984 on the north side slépe above Avalanche
Creek, a small tributary of Turbid Creek ( Fig. 3.1 ). A
block of tuff breccia, lapilli and jointedldacite 200 m in
length, 300 m in width, and up to 150 m in depth detatched
frbm the ruoture surface and slid sonthwards. The rock mass
impacted the south-east side of Avalanche Creek and broke
up. Then, the slide debris was confined to the Qalley of
Avalanche‘Creek till it overtopped the small dividing ridge
at the qonfluence of Avalanche and Turbid- Creeks. Turbid
Creek was dammed by the rock avalanche debris at the
confluence. Mud and debrls surges were'generated by the A
breaching of temporary dams. The surges travelled and dammed
Turbid Creek downstream and entered the Squamlsh River after

.furthqr dams created by mud and debrls flows burst. The are;
1nflnenced by the avalanche is 6.2 km in length, 25" m in~

width and slopes at 12 ° from the crown at 1350 m to the tip
at 140 m. |

49
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Figure 3.1 Location of the 1984 Rock Avalanche

(1) Dusty Creek; (2) 1963 rock avalanche scarp; (3)

Avalanche Creek; (4) 1984 rock avalanche scarp4and location

of Fig. 3.2; (5) Locatioqvof Fig. 5.2,
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The tvo types oﬁgs%?pe movements in the 1984 event on
Mount Cayley prcégﬁed tvcldifferent.deposits, slide
deposits, and dehris flow deposits. The former occur at the
confluence of Avalanche and Turbid Creeks, the latter along
the'valley of Turbid Creek 300 m after the confluence. These
deposits and special phenohena created by debris flow have
recorded the main characteristics of the. 1984 eveht¢~

This chapter is devoted to the desCriptiohs of the

special phenomena with brief interpretations. : ,
3.2 Source Area

3.2.1 Introduction __~':‘ . ~jfej“'

The soirce.grea of the 1984 rock avalanche 'is on the

4

vnorth side of Avalanche Creék at the crest of the creek
valley Avalanche Creek 1s a small trlbutary of Turbld
Creek located between Dusty Creek to the south and Turbid

Creek to the north. As'the scarp 1s 1nacce551ble the rock

n

L N
sequences and the weak zones were observed at a distance

from the opposite side of the Creek |

3.2.2 Rock Sequences : B N

The rock succession exposed in the source area is

., briefly described as following ( from bottom to tcg_) ( Fig.

. X
3-2 )o , v,@‘ v »
1. Unit 1, Basement rock, granodlorlte, quartz dlorlte.

hd
2. Unit 2, Browncolumnar jointed dacite, 60 m.
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37 Unit 3, Brown columnar-jointed dacite and grey-white
lapilli- tuff an¥ tuff breccia, 80 m. |
4. Unit 4, Dark brown columnar—jointed dacite, 100 m and
_grey tuff 40 m, | ‘ |
5. Unit 5" Purple tuff lapillf 80 m, light yellow tuff

"~ breccia. 3ﬁf% %nd grey tuff 20 m.
’ m v B ‘.y -‘

3.2.3 Weak zones’

The main{weak zones are "

1. The boundary between the basement rock and éhé volcanic
rock. It is a pre- eruptlon ground surface dipping south east
at about 22° '

2. Joints. | | | *

3. Tuff layers. l,a ' ' l (

The boundariesuof the 1984 rock avalanche developed °
”?alongrthese&%eak%%ones For example, the main scarp
developed along aset of planar south- west trendlng, nearly
vertlcal ]01nts The rupture surface is located at a weak

A

tuff layer ( Fig. 3.3 ).

3.3‘Characteristfcs of Displaced Masses

o .

3.3.1 Introdugtion . . E

-

The depos1ts of the 1984 event can be d1v1ded 1nto rock

5

~avalanche deposits and debrls flow deposits. The former
occur at the confluence of Avalanch@:and Turbid Creeks. The

latter line the valley of Turbid Creek 300 m downstream from
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(1) Pre-erhption ground surface; (2) Nearly.fertical joints;

{3 ) Weak tuff layer. o
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the confluence of Avalanche and,Tutbid Creeks.

The rock avalanche deposits are different from the 1963
rock avalanche deposits, without distinct~§epositional
units. The debris flow deposits are totally different from

the 1963 rock avalanche deposits. . ‘ S

3.3.2 Map offDeposits

On a map of the 1984 deposits ( Fig. 3.4 ) three areas

have been recognized, the upper stream area, middle stream

v, ) .
~area and lower stream area. The upper stream area, at the

iconfluence of Avalanche and Turbid Creeks, 350 m long and

100 m wide contains rock avalanche deposits. The middle

;stfeam-area from the end of the upper stream area to the

present confluence of Dusty and Turbid Creeks contains

present coﬁfluence of Dusty and Turbid Creeks to the
confluence of Turbld Creek and the Squamlsh Rlver shows
dep051ts from a moblle debrls flow.

Thus- the dep051ts in the upper stream area are thlck

‘and r1ch in blocks and huge boulders The deposits in the
‘m;ddle-area.are a th1n, stlcky blanket over the whole

valley,iThe depogits in the lower stream area are very

similar to the deposits_created by a flood which carries

lots of debris.. .

- viscous debris flow deposits. The lower stream area from the -
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3.3.3 Depo <i%,1“ the Upper Stream Area

The 198 :ock avalanche deposits are at two sites, the
right ( northtwest ) bank and the centre of Turbid Creek 50
m upstream from the confluence of Avalanche and Turbid
Creeks, and the left ( south-east ) bank of Turbid Creek
30~300 m downstream from the confluence of Avalanche and
Turbid Creeks.

The deposits on the first site formed a part of the
natural dam ( Fig. 3.5 ).vThe present thickness of the
deposits is 5-20 m. The deposits are light yellow breccia
and purple lapilli up to 4 m across. Theyremainder.of the
-dam in the centre of the creek is light yellow breccia. The
deposits on the north-west bank are light yellow breccia and
purple lapil?i. These rock avalanche deposits could ﬁof be
subdivided into distinct depasitional units.

The terrace-like south-east bank of Turbld Creek 30-300
. downstream from the confluence consists of 15 to 30 m of
the 1984 rock avalanche deposits ( Fig. 3.6 ). No distinct
depositional units were.seen in these deposita.

Obviously, the 1984 rock avalanche deposits mainly
consist of the special rocks, light yellow breccia and
purple lapilli, which camévfrom Unit 5 of volcanic rock in
the source area, with lots of}dacite blocks and bouldars.
3;3.4 Deposits in the yiddle Stream Area

Deposits of the 1984 évent in the middle stream area

are wide-spread on both sideé;of Turbid Creek ( Figs. 3.7,



Figure 3.5 Remnant of Debris Dam, Along Line ﬁ—A' on Figq.
3.4 -
’ &

ey

(2) Remnant of debris dam; (5%

(1) Turbid Creek; Inferred

tép of the dam.
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k8, 9, 10, and 11 ). They consist of grey tuft, light yellow®

breccia, purple lapilli and brown dacite. Light yellow
breccia and purple lapilli on the top of the deposits ( Fig.
3.12 ) d15t1ngu1sh 1984 debris flow deposits from the 1963
rock avalanche deposits ( brown dacite and grey or
green-grey tuff ),

Upstream the thickness of the deposits reaches‘5—8 mv(
Figs. 3.7 and 3.8 ) but the average thickness is 4 m.
Downstream the thickness of the 1984 debris rarely reaches 4
m, and often the thickness of the deposits in thlS area 1s
only 0.5-2 m o

The deposits of the 1984 event reached a large range of
altitudes. In Figs. 3.9, 10 and 11, the lowest deposit is on
the stream bed of the éreek and- the hlghest depusit is on
the top of the escarpment of the 1963 rock avalanche
dep051ts. The altltude difference is 43 m (Fig. 2.10 ), 34 m
( Fig. 3.10 ) and 45 m (¢ Fig. 3.9 ). Thin dep051ts ( 0.1~ 0.2
m ) can be seen on the slopes between the bottom and the top
of these escarpments Vlth elevation dlfferences of 40 m,

The blocks and the boulders in the dep051ts are
supported byufragments or powder of grey tuff. Hnge_boulders
on the upper Surface of the deposit ( Figs. 3.12 and 13 )
are surrounded b all blocks and particles. Many small
particles are still stuck on the boulders. .

These deposits are contributed by debris flow from the

‘breaching of debris dams. They haJe the typlcal

characterlstlcs of debris flow deposits, small rock
- ,
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Figure B.12 Typical 1984 Debris Flow Deposits at Point 4,
Fig: 2.4 _ | ' -
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Fige‘e 3.13 Huge Boulder on Top Surface at Point 4, Figq. 2‘.4 
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3

fragments and powder st1ck on the blocks and boulders, no

layerlng, and huge boulders were carried and dep051ted on
the top of the flows ( Pierson and Costa 1987 ). These
deposits mainly consist of,light'yellqv breccia and purple

“ta

lapilli,

3.3.5 Depos1ts in the Lower Stream Area

The dep051ts are confined to the valley of*the creek up
to 10 m above thezBe? of the stream ( Figs. 3.14 and 3.15 ).
The light-yellow breoc1a and purple ‘lapilli Stlll

distinguish them from the older rock avalanche and debris

flow deposats. Some differences have been observed between

4

the deposits_in the middle and the lower stream areas. The

deposits in the middle stream area can reach 40 m above the

Stream bed, and their thickneSS'can reach 2.0 m. The

deposits in the lower stream area- ‘are confined to the valley
of the creek They are thln and not so viscous as the
deposits in the middle stream area.

All the deposits of the 1934 event mainly consist of

1lght yellow breccia and purple lap1111 distingishing the

'1984 event depos1ts from_ older dep051t§* even the 1963 event

- . B

dep051ts. - ,(ﬁ ' , , k\

-

3. 4 Special Phenomena Created by 1984 Event . ¢

Special phenomena have been observed in the fleld,.hlgh.

sUperelevatlons,buprooted trees, hlgh mud spatters, airborne

wood pieces, deposits on the south-east (left) bank slope of
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Dusty Creek, damaged vegetatron, huge boulders supportegﬁhy
small particles carried on: theatop>surface of flows and
deposited on the top oﬁ the escarpment, and<light yellow
rock belts. All theseﬁphenomena indicate'the features of the
event, the path of debris movements or velocities of the
rock avalanche and the debrls flow. These phenomena are

described in detail in thlS section, 1nterpreted in sect1on

3.5., and finally velocity evaluat&ons made in section 3.6.

3.4.1 Superelevation
Superelevation is crgated by flow around a bend, the
flow reaches higher on the outside than on the inside.
When the 1984 rock avalanche debris entered the
confluence of Avalanche and Turbid Creeks 1t passed a

&

oentle bend. On the outer ( north ) side of the bend, the

debris reached 113 ‘m above the stream bed, destroyed many ‘ | %?
trees and left debris ( llght yellow breccia )  on the slope ' :
On the inner ( south ).’side.of the bend- the debris just By o
ireached S50 m above the stream bed and left debrls dep051ts ﬁzi%%?
ithere (~Figs. 3. 16 and 3.5 ). R S - Sk

. A

?he d1££§rence of the altltudes, the superelevatlon is %ﬁ%
+ 63 . The width of'the bend is 236 m. The radius of the A .

curvature of the bend is 400 m

3.4;2,Uprooted’Trees
Trees have been- uprooted on both s1des of the creek at

hlgh altltudes with no or very th1n debris depos1ts. The



/
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Figure 3.15 1984 Tieposits in Lower Stream Area B, as I on N

Fig. 3.4 ( Photo ?5ﬁJaﬁgeiis )
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Figure 3.16 Superelevation Site/ 1
ﬂ_'_,‘,fl‘(_1)‘°‘.urbid Creek; (2) Deposits on the riAdge; (3)
. »

Superelevation mark;-‘;g(.‘l) ,Avalanche Creek.
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trees still have the‘tbp soil layer around their roots.

At point 1, on the north-west ( right ) bank of Tufbid
_Creek 38-34 m above the stream bed and 80 m from the %entre
of the stream horlzontally ( Fig. 2.4 ), eleven trees were
upfboted and laid on the slope parallel to the direction of
the valley ( Fig. 3.17 ). The diameters of these fallen |
tre@a range from 0.5 to 1.5 m. Except for some mud spatters v
on the trunks and some small llght yellow breccia and purple
laplll1 partlcles lodged in the fallen trees, no evidence ,/
that these trees were kmgg&ad down by the debris flow has e
been found. No huge'bduldegs, or thick deposits around the
trees account for the falls. On the contfary, the top soil
layers with numerons small'rock Blocks which were deposited

there many years ago were upset along w1th the fallen trees((

Flgs 3.18 and 19 ). _

Small branches and leaves had been stripped from the
trunks of the uprooted trees for up 'to 10m from their bases.
Above this point, branches and leaves remained on the trunks
still green ( Fig. 3.20°) and alive. So these trees have
fallen only a few yearsvago.

n

3.4.3 Mud Spatters on Trees

As shbwn on Figs. 3.21 and‘22 mud spatters on ttees
located on the edge of the valley may reach up to 16 m above
the ground. All mud spatters are found on the. upstream 51de
of the trees. As shown on Fig. 3.22, the upstream side of

the trees are fully spattered by mud, but the downstream
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Figure 3,17 Uprooted Trees,
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at Point |1 on Fig. 2.4
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Figure 3.19 Top Soil Layer Upset along Trees, at Point 1, |
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Figure 3. 20 Green- Branches and Leaves on.Uprooted - Trees,

P01nt 1 on Flg. 2. %4 N B e
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‘side of these/trees“are mud free. The mud fis malnly fine
|

fuff and purple lap1111 particles. The spattered trees are..

20 m. -away from. 1984 deposits.

It is ev1dent that these mud spatters were generated by.

debrls flow mov1ng fast and, 1n waves so that the mud

spatters could reach 16 m above the ground. . ' 'x

3;4.4_Airborne Wood Pieces ' - -

% »
In Fig., 3.23, two small pleces ‘of wood stick in the

'trunk ofa fallen tree. Thelr d1men51ons 35 cm long by 15

cm wide and 10 cm th1ck and 25 cm long by 5 cm wide and 5

_cm tthk glve welghts of 5 kg’and 0. 6 kg respect1vely No

huge boulders, nor thick- dep051ts are found around this

fp01nt 200 m downstream from the uprooted trees 6n p01nt 3.

There are, however, ‘impressions made on the trunk by small&r"
flylng stones. A reasonﬁble znterpretatlon would be these ;i
small pieces of wood were carried by strong winds 1ntoqthe
trunk. - - | f”

r

3 4. 5 Deposxts on Both S1des of Dusty Creek

The debrls flow travelled gyer the escarpment located:

‘."‘.bon the south- east§51de of the -valley of. Turb1d Creek g nd .

" “some debris reacKed the,opp051te ( south east )gélde of the

valley of Dusty Creek and rested on the slope ( Fig 3 24‘)_”

The fact that some 1984 debrls came to rest on thefv

’“fﬁsouth east. side of the valley of Dusty Creek: 1mpl1es that o

"-gd*the veloc1ty of the debrls flow was h1gh after the flow
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Flgure 3.24 Debrls Flow Dep051ts on- Both S1des of Dusty
" Creek at P01nt 9 on Fig. 2.4
(1) Ddsty'Creek (2) 1963 dep051t5° (3) 1984 @ebris flow

o g b S Byt
. depasits;-ﬁé) B@sement romk .- ;53?¥~m1 R
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passed over the rldge between Turb1d and Duzty Creeks.,

e
.. The horlzontal d1stance between ‘the di

tal point of
debr1s dep051t on the south east 51de of Turbld Creek and
the rldge is 100 m./mhe altltude difference between these‘
A two points is 6 m. And the h1ghest depos1ts on the \
~ south- east—s1de are 40 m above the stream bed of Dusty
Creek I'These 1 measurements w111 be used to calculate the
veloc1ty of the,mud and debris’ flow in section 3.6.
3.4.6 Damaged and Undamaged Ve;etation
’ " The 1963 rock avalanche deposits were covered by bushes
up to 2.5 m high. As most of the 1963 dep051ts has been
blanketed by the 1984 debris flow deposits, th\\bushes were :
burled ( Flgs. 2, 5 and 3.25 ). But the bushes on the top
surface of block 3 of 1963 deposits escaped from the

F e

- catastrophe ( Flg 2.9 ).. . . . )

‘ -As the thickness of .the 1984 debrls flow dep051ts on

X thegtop of the escarpment is ;n the range 0.5-2.0 m and
generally less than 1T m ; and the heights of thethShes are
up‘to 2. 5 m, 1t 1s reasonable to assume that the mud and

. debris flow was mOV1ng 1n1§aves with a h1gh veloc1ty and the
bushes had been pushed down before they were burled |

The damaged vegetatlon 1nd1cates the 1984 debr1s flow

path. As the bushes on block 3 of 1963 dep051ts survzved the
1984 . debrls flow the maln path of the debrls flow came down

block 2 to 1ts end then 1t tUrned north westwards and - -

; crossed the valley of TurbldtCreek As ‘a result the

s

B

Bt \ N .y ’ .\‘5




et CA ¥ A\ -
NN v
. T a
/ ‘ s
L ~ 5
.
e 1 E > ki
- N ’
. +
, .
- , R K\' -
) / 9 .
.
- . .
s ’ ” -
. : i
™ 4 B

- ' '

4

ck Belt, At Point 12.0n Fig. 2.4 -

Figufe>3.257Light Yellow Ro

P



norzh-west part of block 2 ( the, small 'hill between Turbld
‘and No Name Creeks ) was blanketed by 1984 debrab flow
ivdepos1ts, and the bUShes on the top of block 37 escaped' -\1/
After the debr1s flow reached thevedge of the. va}ley of
Turb1d Creek \1t éurned south eastwards and crossed Turbld

Creek aga1n. So the bushes on’ block 1 were buried and some

_debris entered ‘the. valley of Dusty Creek

s

¥ '

¢

3.4.7 Huge Boulders Deposxted on the Top Surface [ { - .
| "Fig. 3, 14 shows a huge bodlder on’ the 1984 debris flow
depos1ts ‘which covered the escarpment of the 1963 rock
avalanche dep051ts at po1nt 4 The huge boulder was carrled
on the surface of the debrls flow and supported by flne‘/
partlcles and small blbcks. ‘The- dlmen51ons of the . huge ‘
boulder are%3 2 m long by 1.6 m w1de and 1.5 m hlgh, g1v1ng
a volume of 1.7 m“’and a mass. of approxlmately 15 t Some
Mflne particles stick: on the surface of the boulder and .
-blocks up to 0.3 m in 51ze rest on the top of thd boulder.
1»The deposit beneath the boulder~1s jUSt 2'm in thlckness. '
This boulder is an ample of at least 619ht similar ﬂ"
boulders on the top of 1984-depo51ts whuch‘cover block'1 of“

v

_the/l963 deposits,-.

3.4.8 Light-Yellow Rock Belts _
'As shown in Fig\ 3.25, a belt of small l1ght yellow

brecc1a blocks 1s on the top of the debr1s flow, These small

llght yellow brecc1a blocks were not mlxed w1th other rock
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debr1s 1nd1cat1ng that the debrls flow was mov1ng in a

11am1nar flow w1th materlals in layers or belts whlchrarely

A}
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3.5 Information from Eyewitnesses
Nobody w1tnessed\the 1984 event 1n the upstream area,

but at least e1ght people w1tnessed the movement of the

N

debrls flow downstream near the mouth of Turbid Creek. Six

- e}

employees of Empire Logglng were 1nterv1ewed by the author. .~
A detalled descrlptlon of the phenomenon has been received
from. the hydrometlc survey technlclan Ruta O. Jaugelis. A ‘

'newspaper report about the event has also been recelved from

s

Jaugelis. =«

3,571 Newspaper Report‘ o V : | -
The>SquamiSh Times ( 1984 ).reported, " About 4:30 on
‘}-Thursday afternoon after a few .days of heavy rain, a wall
. of mud and débris’ came down the bed of Mud Creek taking out -

1

. the bridge. which was at least 30 fee!'above the .stream bed.

e Woodsjsuperlntendent Pat O'Brennan said the mud came .

down in uaves; blocklng the Squamlsh Rlver and then breaklng
J‘loose, only to be followed by succe551ve anes of mud, which

‘agaln blocked the river, «e++.. These waves were st111

comlng down early on Friday mornlng, o’ Brennan sa1d a | E

portlon of the road was e@gulfed in the mud from ‘the creek

The follow1ng points need to be clarlfled
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The report appeared 1n the newspaper on July 10, 1234.
\  The: event was reported to be on Thursday. The Thursday‘fs o
~ not the previous Thursday but, from the loggers and |
.Jaugelis, the mud and debris flow they witnesSedlhappened'on
June 28, 1984, N\ ‘
| The report mentioned Mud Creek the name the logglng -
company and the loggers prefer to use. Mud Creek is the |
"creek denoted by Turbld Creek on the publlshed maps.
The road mentloned in the report is the logglng road
along the Squamish R1ver. The brldge was on. Turbld Creek
hnear 1tsgmouth. o |
3. 5.2 Informat1on from Jauge11s~‘ S .
Jaugells wrote ( 1987 ), o 1 w1tnessed the actual event -
. on. June 28 brlefly from both 51des ( before and after the .
hellcopter r1de across the gap Dy for perhaps a halfrhour to
. arn hour. The magnltude of the event. was awe 1nsp1r1ng,
:7terms of the oise rumbllng from the dlstance and the volume'
of mud . and debrls com1ng down in- succe551ve.waves, large
enough to flow above the road level as the p1cture shows (
~ Fig, 3.26 ). 1 would say the p1cture was taken 4t not qu1te
v{'the peak of a typlcal 1 wave. ... When I arrlved a/number of
vehlcles were‘parked stranded on the nortH 51de of the ,;
creek Shortly afterwards another ‘wave of mud and debris-
came down _The rumble could be heard from a. dlst:nce,-andpahlyﬁ
“‘t tongue of mud could be seen flowlng downstream from a .

distance as well. The momentum'was enough that'thewflow”

i
.
N
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;crossed the Squamlsh Rlver and travel‘ “d up - the rlght bank |

-against. the rock face, then back down 1nto the r1ver Enough '

-mud and debr1s was carr1ed ,down 1n succe551ve waves to back
J .
up the Squamlsh Rlver upstream for a dlstance.

Fig. 3.26 shows the debrls flow mov1ng on the logglng
road brldge.‘L | e
3 5.3 Informatxon from the Logg1ng Company Employees
Three employees ( Charlle Demlnger, John Thompson and.
*tPeter Thomson ) of Emplre £ogglng have been 1nterv1ewed
:They have empha51zed that there were a lot of ice blocks
accumulated in the stream'bed of the creek near the“logging N

o~ ) B ~

- road. ~
From:this information, some'major points.about the
"debria-flow emerge: o |

1. The mud .and debrls flow happened on June 28,

1984, N

"2. The Flow was moving in wéﬁﬁs;

é. The mud and debrls flow crossed the Squamish
. ,,River and travelled up the rlght bank.
. .. The. Squamlsh R1ver was blocked by the mud and

debrls flow.

i

5. “The major event lasted at least 2 hours ( ‘at 4: 3013

'vjr a PM a wall of mud and debrlé\came down Jaugejls

arrlved about” 6:00 PM and watched for perhaps a
‘ \

half hour to an hour ) o vf*“ lhxjffz} ‘qu ;(

. . » e . B .
i R . [P T - . PR . oL
: N . Sy 3 .- . - . 4 .
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Flgure 3.26 Debrls Flow Mov1ng cn the Bridge ( Photo by : |

Jaugells )



3.6 Interpretatidn

. The general movement path of the debris, the mechanism
of the debris flovw and the special characteristics of the
 debris flow have been inferred from the characteristics of
‘theHEeposits and the special phenomena created by the rock
avalanche and the debris flow. '

As the deposits show two differeni types, two stagels of
the 1984 event can be inferred,_a rock avalanche stage and a
debris flow stage. |

5

3.6.1 Rock Avalanche Stage

A huge rock mass ( 200x300x150 m ) detached from the
scarp and slid towards the opposite ( south ) bank. Then the
‘rock mass broke up and travelled downstream along the creek
valley. The debris came to rest around the confluence of
AValanehe and Turbid Creeks. The creeks were dammed.

A remna;t of the debrie dam hasbbeeﬁ found ( Fig. 3.5 )
50 m upStream from the confluence with Turbid Creek. The
debris travelled over the water;dividing ridge between
Avalanche and Turbid Creeks, rushed into Turbid Creek
upstreaﬁ of the confluence and dammed Turbid'Creek The base
of the remnant o° the debris dam is at 904 m.and its top is
at 910 m in t-= stream. The top of the remnant of the debrls‘
dam on the north-west bank of Turbid Creek is at 930 ' at
which point the debris deposits are’ 20 m~thick; The width of

the dehris dam on the north-west bank is 30 m. The remnant

of the debris dam in the stream and on the both sides



'consists’ofhlight‘yellow_preccia and purple lapilli, whlch
came from qhit’s of the volcanlc rock(;n the source area,

- From the confluence te 300 m downstream, typ1cal.rock
avalanche dep051ts are on the south-east. 51de of the valley.
So the rock avalanche debris travelled 1. 6 km downstream to

the confluence of Avalanche and Turbid Creeks.

I
=4

3.6.2 Debris Flow Stage

Avalanche and Turbid Creeks‘were damaed. Water was
'continuously accuriulated behind the dam from two different
sources ice melted by the friction with the travelling
debrls and the valley wall and the water flowing down the

two creeks, espec1ally from Turbid Creek.

It is reasonable to assume that there were ice blocks

~ .

in the creek in late June 1984. Two facts strongly support
that assumption. First, the employees of Emp1re Logging saw
. ice blocks accumulated in the stream bed of Turbid Creek
around the logging road on June 28, 1984. The_lce blocks
wereycarrled by the debrls'flow and came to’rest there.
Seébndly, there was lots of ice in the source area and the ™
valley og Avalanche Creek on August 19, 1986 when I
'collected tuff samples there. Presumably, ice was dug out
from the ‘bottom ef the creek by the rock avalanche and
carried downstream, As' the_debr1s was }ravelllng at a high
‘velocity, heat. was released by the friction hetween the

valley walls and the travelling debrls. Ice blocks were

melted durlng the debrls movement. Water also came from the
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'7f15£ Of Turhid Creek, after two days of heavy ra1n ( 50 mm )
!K Jordan 1987 ) So, water accumulated behlnd the debris

dam.“ \ | | L | ‘\hv" |

The water pressure 1ncreased whlle the water
‘accumulated cont1nuously when the dam was breached water

’vcarr}ed mud and debris downstream rapldly Debrls flow

deposits and a serles of special phenomena are seen

downstream from the debrls dam._‘

.‘_\ )

" 3.6.3 Path of the "bebf'ié Flow i o |
The path of the @ebrhs flow is shown on’ Flg 3 27 fromih-:

the ‘indications of the debrls flow dep051ts and ‘the. damaged

and undamaged ;egeta ion. The debrls flow formed around the

confluence of Avalanche and Turbld Creeks. Then it moved

towards .the south bank of Turbid. Creek where the debris

.flow 1mpacted the cr:ek wall at p01nt 36 and.turned to the

north side and crossed .the creek. When the debrls flow

1mpacted the north wall of the creek at point 25 it changed

direction towards the south side and crossed the creek. At

point 24 the debris flow was divided by a small ridge. The

main branch moved along the creek/ﬁed but a small branch

moved along a\gully near the south wall of the creek. The

top of the rldge was untouched by the debris flow, no

depcsits rest there and the vegetatlon is preserved( Fig.

3.28 ). After passing the ridge, .the debrls flow moved along

the craek valley towards its south 51de. At the former

I\

-confluence of DustXAand Tutbid Creeks ( point 10), the
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.  Rigure-3.28 Uhtogéhea Ridge, Location Shown as A on Fig.
o - 3.27 |
(1) Soﬁrce‘area of 1984 rock a%alanche;‘(Z) Avalanéhe Creek;
(3) 1984 depqs?; mark;.(4) Turbid Creek} (5) Supetélévation
ma{y;'(G) Untétched ridgé. : ' ‘ o
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debprs flow turned towards the north 51de of the creek When
it 1mpacted on the steep walls at the north s1de of Turbld -
'Creek 1t turned back towards the south side again, the - \ ?/
debrls oscillated. So it created two special phenomena: ~\\~
first, the bushes on the maln part of block 3 of the 1963
rock avalanche deposits escaped from the dlsaster, and.
secondly a superelevatlon on the north side of the creek.
After %hrs bend, the debrls~}low moved along the south side
of the creek valley to cover the downstream part of block 3
and the/wholevblock 1 of the 1963 rock avalanche deposits
‘ wlth 1984 debrlé flow dep051ts and bury the bushes. At the
downstream of-block 1 ( point 4 ), the debris flow travelled
over the top of the escarpment and rushed 1nto Dusty Creek
.Part of the debris flow was airborne so that some dep051ts
occur on the south side of Dusty Creek
After passing block 1, the debrls flow was conflned to -

]

the creek valley till enterlng the Squamish Rlver.

.-3.6.4 Secondary Temporary Dam \ '
) . The deposits of the debris flow are generally 0.5-2.0 m
thick and reached 30-40 m‘above the stream bed These
deposits covered the stream bed, the slopes and the top |
| surface of the escarpment to a similar depth 0. 5 2.0 m (
 Figgg 3.7, [» %h/’10 and 11 ). So it’is reasonable to assume
that the debrls flow reached about 2-3 m above the top

surface of the escarpment and the valley of the creek was

’,.f
fllled by debrls. But later on, most of the materials weére



m thick was left on the flatter spots. -

5 | S 96.

'Earniedfawayrdownstream.‘As a result; only a layer, 0.5-2.0

The debris flow was triggered by the burst of a debr{s

s

dam caused by the rock avalanche. But when the debrls flow

travelled,downstéeam, the creek was blocked at several spots

A}

)
by the debris because the valley was so narrow and the flow

was so viscous. Follow1ng debris was stopped by the

-~

blockages ‘and the debris accumulated behind and over the

secondary temporary dam until the dam reached about 2—3 m

wD

higher than theTtop surface of the escarpment At that tlme,

the. whole valley was fllled with debris, and follow1ng

¥:,

debris was osc1llat1ng in the debrls fllled valley.
The secondary temporary dam was located at the end of block
1 of the 1963 rock avalanche deposits near point 1.

r

When the we1ght of the accumulated debrls and the

follow1ng debrls/exceeded the strength of the debrls, the'

dam was broken. A new debrls flow travelled downstream. Most

debrls was carried away by the following debris flows from

hupstream The deposits on the. stream bed sides mlght be the

remalnder of the valley- -£i11 debrls or the new debris.

' The dammlng and breakrng processesirepeated several
times, each lasting'for about 30 minutes, as the debris flow
waves were observed for about 2 hours or more near the mouth

>

of Turbld Creek . - L S
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3.6.5 Windblast

\d . Uprooted trees and alrborne wood p1eces vere created by

strong dlnd or windblast. near-~the end of tha!secondary

temporary dam ( poiﬁfs 1, é, 3, 4'and'$ ). Presumably the

\\air wasﬁsgrongly combressed'by the quickly mouing mud and
debris flow. Then strong w1nds formed and uprooted treesg,
spattered mud on trees up to 16 m above the’ ground and blew

5 -

wood gleces{and rock blocks into trees.

| 3.6.6 Rock‘Blocks Hurled‘Throu;h A¥r : : .
: It is evident that the debris deposits on the south
- side of Dusty Creek valley‘were hurled through the air,
because no continuous 1984 deposits have been found in Dusty
Creek valley and these deposlts are distinctive light yellow
breccias. ThlS 1nd1cates the high velocity of the. debris”
flow and results in w1ndblast
~ : | \
3.7 Velocity Evaluation .
The velocities of rock_avalanchevdebris, and the debnfs
flow can be estimatedvffom the special phenomena., - O
'Huge boulders on'the'top of the debris flow indicate
that the debris flow was g{scous and.with a high.velocity.
Airborne- wood p1eces are small and llght so the wind
.that brought them should be strong enough to drlve these
wood paeces into the- t;unk In add1t1on the veloc1ty of the

debris flow should be h1gh enough to compress the air to

create the strong w1nd which caused the frees' uprooted.
o \
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Rock blocks hurled through the a1r from the 1984 debrls
rest on the south bank of Dusty Creek Certalnly, this
phenomenon rwould help to evaluate the velocity of the debrla
flow. T ' ‘ vae

Superelevation has been found at two sites. One, at <he
confluence. of Aualanche’andkéurbid Creeks represents the
superelevation of the rock avalanche debris, the other at

the former confluence of Dusty and. Turbid Creeks represents

the superelevation of the debris flow.

3.7.1 Velocity Evaluation from Sugerelevation

As méntioned above, superelevation-site 1 at the
confluence of hvalanche and Turbia Creeks can be used to
calculate the‘velociti of the rock avalanche.

\ Superelevatlon site 2 at ‘the former confluence of Dusty , o
and.Turbid Creeks created by the debris flow can be used to
calculate the velocity of the debris flow.

Johnson gnd Hampton ( 1969 ) have derived a
quantitative relation between the mean Velocity; vV , of a
debris flow, tilt, P , of the flow surface at a bend and the
“radlus of the curvature of the bend, | as N -

V=( RgtanP )°-* (3.1 .
| Where g is the acceleratlon of grav1ty

For the 1984 rock avalanche debris at superelevatlon
_ site 1, R=400 m, and tanP=0.2669, so V=32 m/s.
o For the debris flow at supehelevation site 2, §=700 m,,

and tanP=0.15, so V=32 m/s. ' . : )




3.7.2 Veletity Evalﬁation'from Debris Hurled Thrdhgh Air
 As data on projectile size and ahape, launch and 1mpact
- angles, and a1r den51ty along the flight path are not known '
the debris on the south bank of Dusty Creek could not be
used for accurate velocity caLgulatlon However, @% the
debrls rest 40.m ab0ve the stream bed of Dusty Creek,

v -~

assumlng that all the kinetic energy was converted to

potential energy, the relation .
' V=(2gh)° . N ( 3.2)
Where h is the height at where the debris cemes to rest
.and , i |
V.is the veloc1ty of debrls flow.

g1ves for h=40 m, so v=28 m/s. o
~ Ve

i

-

3.7.3 Veloéity Estimation from Uprooted Trees
4 As mentloned Previously, the uprooted trees imply that

there was a very strong w1nd which created by the debris

f}ow. According to the Beaufort Scale of Winds, trees would

~be "uprooted by the wind of B@aufhrt number 10. Its velocity

above ‘ground should be 88.5-101.4 km/hour ( Strahler 1975, - °

p 147 ), equivalent to 24. 628.2 m/s. As we know that the -

. wind velocity should not be higher than the- debrls flow

O

which caused the wind, it is concluted that the veloc1t;es
. of the debris flow calculated from the superelevqtlon and
evaluated from the debrls hurled through air are? very well

matched by this estimat. o S
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\\poss1bly due to’ the kind of debrls befng carrled

100

3.7.4 DiscusSion s : . o

. ]
b

From the calculat1ons above, the veloc1ty of the 1984 .

3 a

rock avalanche debris is 32 m%F the velocity of the debris ~ “

flow is. 28-32 m/s. Compared. with the mean veloc1ty of the

"19§§ rock avalanche, 16m/s ( Clague and Souther 1982 ) the

velocigy of the 1984 roc&;avalanche debris is much higher. <
It is clear that the tilt of the flow surface of the 1984
event ( tan15° ) was much larger than that of the 1963

event, ( tan3.5° ), giving a much higher superelevation.'

3.8 Damage to the Logging Road and Influence on the.Squamish

Rlver ' '» | - ' ' \

- The 1984/ event did not cause any loss of life, but the
rock avalanche and ghe debrls flow did cause damage to the
logging road and influence the Squamish River.

Erom"the newspaper report and the\letter from'Jaugelés,
the damage on the logging road caused by 1984 event was loss
of the bridge on the logging road and a-portion of lcgging
road ( 0.5 km ) was engulfed injthe'mud from the creek.

The road on the left bank of the Squam1sh River was -

washed out for 3 kllometﬁes, as a result of the Squamish

River baking up at Turbid Creek and then relea51ng, and

Huge quantltles of mud -and debrls were brought into the

Squamlsh River by the 1984 event As ‘a result of these rOc&/

avalanctes and debris flows, the Squamlsh River is fully

filled with debrls./The 1984 event caused 51gn1f1cant ' /

A
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channel change'in this part of the river,»so the Squamish )
R1ver Has been serlously barricaded by the dep051ts of mud
and debris ( Figqg. 3.29 ). If a large rock avalanche took

pPlace on Mount Cayley whlle the river 1s fhlly f1lled with

water, debr'is flows may occur in the Squamlsh R1ver They

'may cause serlous damgge to the communltles along the r1ver

-

“even the town of Squamish,
A ; _

3.9 Summary , ' . / \

The main conclu51ons about t§5 1984 event on Mount
Cayley are as folIOW1ng |
The 1984 event -on Mount Cayley includes two stages,
rock avalanche, and debris flow. -~ . , .,
In ﬁhe first stage, a mass of llght yellow breéccia, ’ /)
purple lap1111 and jointed dacite 200 m in length, 300 m in

width and up to 150 m in depth ‘detatched from the scarp The .

‘mass sl1d south, plcked up ice blocks from the creek valley,

1mpacted\the south east wall of the valley and ‘broke® up.

‘Then the rock avalanche debrls travelled downstream largely
conflngd to the valley of the creek lhe rock avalanche |
debrls overtopped the small rldge between Avalanche and

,-and. came- to rest around the ¢onfluence and

‘ ‘
dammed thes tyo creeks.-

In the s nd stage) the water com1ng ffom the upstream'

of Tur§1d Creek and the melted ice b10cks accumulated

*

continupusly beh%nd the—dam the debris dam burst, and a

- »

debrls flow formed ﬁ?ﬂ?ng w1th‘a high velocaty.



Figure 3.29 Righly

Alluviated Squamish River

~——
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These two stages created dif-erent dep051ts. The rock
avalanche directly influenced only .6 km of the valley from
the source area to 300 m downstream from the confluence of
Avalanche and Turbid Creeks. The debris flow 1nfluenced
about 4.6 km, from the confluence of Avalanche and Turbid
Creeks‘to the Squamlsh R1ver. Typlcal rock avalanche
deposits occur around the confluence and typlcal debr1s flow

deposits .along Turbid Creek down to the mouth of the creek.

The rock avalanche depositSy 20-40 m thick con51st of

‘ huge boulders and blocks of light- yellow breccia and purple

lapllll. The debris flow dep051ts are generally 0%5-2. 0 m

thick the max1mum thickness is 6 m, and consist of small

. blocks and partlcles of light- yellow brecc1a and purple

lapilli w.th very few boulders. ’
~ Some secondary temporary debrls dams were formed by the

viscous debris flow. As the debris from the following debris

flow acCumulated,‘the top of the debris dam reached 2-3 m

above the top of che escarpment, about 45 m above the stream

bed. So the debrls flow left 0 5-2. 0 m thick depos1ts on the'

top of the escarpment Even though the valley was filled.

with mud and debris the accumulatlon of debris and the push

from succe551ve debris flow burst these secondary temporary
dams one after another. The breachlng carried. debr1s
downstream, and Created secondary debris flows mov1ng 1n
waves wh1ch were w1tnessed from the logglng road.

L

As most of debris accumulated in ‘the valley was carried

downstream, 0.5-2.0 m thick deposits were left on the gehtle
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slopes and the stream gbed. _
The loéal velocity of the rock .avalanche was 32 m/s.
; o . ;
The velocity of the debris flow was 28-32 m/s.
As the velocity was high, special ﬁhenémena were

observed: high superelevations, uprobted trees, high mud

' 'spatters, and wood pieces and rock blocks hurled through

cair,
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4. GEOTECHNICAL PROPERTIES.OFvVOLCQNIC TUFF

¥
4.1 Introduction

.

SThe volcanic tuff examined in this research is-thought

to constitute'the\basal rupture zone of the 1984 rock

avalanche on Mount Cayley, and be one of the m important
factors in the formatior of the viscous debris flow. To

understand the behavior of volcanic tuff and the mechanism

of .andslides on Mount Cayley, a laboratory programme was

pot]

carried out on volcanic tuff collected in the'Sugmer 1986
e
from the head scarp area of 1984 rock avalanche. Sampling

-

location is "indicated in Figure 3-2. As most of tuff layers
outcrop on very steep slopes which are inaccessible, fotfir
block samples were collected from the lower pa;t (
white-grey tuff f of Unit 5 of the volcanic rockion'Mount.
Cayley. As there was little exposure on the head scarp of
the 1984 rock avalanche, these sampleé were collecied frgm
the same lay®r but at different elevation ( 1480-1482 m ).
These samples are’grey—white fi~- tuff, Lithic 
fragments up to 4 mmﬂin length make up the grain'component.,
The matrix'iﬁ submicroscopic. The matrix is surprisingly.
fesistant to the point of a steel needle and the lithic. N

.

fragments could not be pried from the matrix with ease.
3 » I

The particle size distribution was determined from the
disintegrated specimens after slake durability testing (

Fig. 4.1 ). ‘ \

105 v
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The testing sbecimens were prepared in the following order.’

1. Columnar specimens first. The diameters of these »
Specimens are almost the same ( 5.83-3.90 cm ),but the
lengths vary from 5.98 to 38 cm. Compressional wave
-velocity and dry poro$ity were measured from these
Specimens. They are now preserved for‘triaxial testing for
further research. .

2. Direct shear test and free swelling test speciméns>
second. The diameters of thgse specimens are>the same, 5.1 -
cm, the heights vary from 1.27 to 2.56 cm accordingly.
Before direct shear and free swelling testing, the specimens
were used, for tilting table testing.

| 3. Finally, thé remainders of the four block samples
2re prepared for dfy bulg density determination, point load
.esting, water absorption testﬁng and slake durability
t’:‘"ﬁgting. |

The geotechnical behavior of these tuff samples Q;s
characteri§ed by engineering classificat}zﬁ’tests; estimates
of the uniaxial compressive strength of the intécf,rock
material; q, together ﬁith the ultimate shear strength of
arfificially'prebared surfaces. The objéctige-of the
laboratory programmé was to invéstigateithe relationsﬁip
between the geotedhnical behavior ?f voicanic tuff_ahd the
fock avalanche and.debriS‘flowL
The laboratory work carried oﬁt,iS‘sqmmarised in Tab%e' _

4.1,
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' Table 4.1 Summary of*ﬁéborétory Work ,
' No Type of Test Material  Number of specimens

j‘ Elastic Wave Velocity Tuf £\ , 9 e

2 Dry Density - Tuffa | 12

3 . Wet Porosity | Tuff . 15

4 Dry Porosity Tuf £ ‘ 9

5 . Slake Durability =~  puff | !

6 Point Load - Tuff . 20 \
7. Free Swelling Tuff . ‘ 4

8 Direct Shear - Tuff ( 4

9 Tilting T4ble Tuff 8



- 4.2.2 Dry Bulk Density

109
~ The laboratory programme was carrzed out under several )
constraints which resulted from the d1ff1cult1es of sample
collection and the~character of the volcanic tuff. First,
most of volcanic tuff layers outcrop on very steep slopes
wh1ch are 1nacce551ble. So available samples are limited.
Second, the volcanic tuff was ‘friable due to surface
weatherlng processes or alterat1on and it was difficult to
collect block samples that did not e it cracklng ThlS
aspect of the intact material 1nvolved con51derable‘\ﬁste in
spec1men preparation and limfted the range/of/tests that

P

could be carr1ed out.
4.2 Dry Bulk Density And Porosity i

4.2.1 Homogeneity and Isotropy
First, the specimens were checked for homogeneity and
isotropy by measuring the compressional wave velocity in -
orthogonal directions. The results are listed in Table 4.2,
No significant differences were found for any of the

~

spec1mens investigated.

The dry bult density, L3 r was established'by the water
displacenent method outlined in Gyenge ( 1977 ) and ISRM (
1979 ). In this method a fragment of tuff is oven- drled
weighed, coated with wax, weighed again and immersed in a

measuringrcylinder The volume of water dlsplaced is



Table 4.2 Results of Comprpséibnal Wave Velocity

Measurements
No .L(cm)‘
-1 8.94>
1-2 8.92
A-3.  7.82
1-4 7.42

S 2-1 8.‘73
2-2 8.69
3-1 9.37‘
3~2°  7.06
3-3 5.98

Ts(10¢s)
107
101

94
93;
98
91
115
g9
82

Tp(iO‘s)
69
66
58
55
62
62
70
50

32

/

vp(10°m/s)
©1.29

1.35
1.35
1.35
1.41
1.38
1.34
1.41

1.25

214

L R TR R R T M ST A
- i i R Sl T T e

'E(Mpa)

237
252 " .,
228-

246

271 |

2%

2137

206
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measured and corrected: for the volume of wax coating and g
is calculated by dividing the oven- dry we1ghé by the
corrected VOIUme of water displaced.

~

The results are glwen in Table 4.3.

4.2.3 Porosity

Por051ty was measured by two dlfferent methods.

3

1. Water absorptlon method

| At first, the volume of tuff specimen was determined by
the same‘methoa for eStablishment of dry bulk density. Then
the wax removed specimen was immersed in dlStllled water for
a period of one hour and 48 hours respectlvely. The specimen
was removed and surface dried using a moist cloth, care

being taken to remove only surface water and to ensure that

b

no fragments are lost. Its saturated surface-dry weights
Wsat1 and Wsat48 were measured. So the alteratlon index ( 1
hour absorption ) and 48 hour absorptlon porosity were
determined ( ISRM 1979 ). These results are listed in Table

4.4,

¥ 2N
Cmin
¥

' A
2. Dry porosity determination . '

The porosity of dry specimens was determined uSihg the
apparatus shown diagrammatically in Fig. 4.2 following
Morgenstern and Phukan ( 1968 ). The specimen of total
- volume V, was connected to a mercur& manometer - Initially,

the_pressures in the void space ( Vs ) of the spec1men and

»
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Table 4.3 Results of Dry Bulk Density Measureme‘nts

No,

W S g )

68.02

- 59.05 -

20,17
22.54
57.50
71.72
67.50
39,94

38.59 °

28.69

21.89 -

20.84

”

/

~——

V ( cm?

49.64
41,70
\14;56
16.09
39,62
48.68
46.23
28.13
28.44
21.35
16.03
16.28

N

e

)

rg ( g/cm® )
1.37 '
"1.42
1.38
1.40
1.45

1.47

.
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Table 4.4l1 Hour and 48 Hours Absorptions -
Noo Wl g) V(em®) Wi(g) was( g )p1( %) pas( g )
1-1° 52.89 37.78 63.17 64,20 27.2 29.9
1-2 60.47  42.90 72.26 V73143 .27.5  30.2 .
1-3 23.82  17.01  28.67  29.20 28.5 31.6
1-4 122.55 80,62  145.25 147.44 28.2 30.9 ¢
1-5 98.49.  66.71  117.26  118.90 28.1 30.6
2=1  44.48 32,00  51.97  53.22 23.4 27.3
2-2 V7.8 50.17  89.32  91.45 22.5 | 27. 1
2-3 72.25  60.91  85.73  86.67 22.1 23.7
2-4 75.71° 57.54  87.05  89.00 19.7 23. 1
2-5 75.31 <41.39 . 83.88  85.03 20.7 23.5
3=1 © ©.30.50 21.94  37.40  37.82 . 31.a 33.4
3-2 17.32 12,37 20.80 21.21  28.1 31.4
3-3 71.29  49.32  87.12  88.67  32.1 35.2
3-4 101.06 67.21  120.69 - 122.43 29.2 31.8
35 7 118.24 72.96  142.83  144.62 33.7  36.2
© Mean ‘ o . : 26.8 29.7
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in the void space ( Vo )"over the left-hand side of
mahometer were both atmospheric. The left and’ rlght hand
limbs %of the manometer were at B and A respectively. The
specimen was then surrounded by a rubber membrane and sealed
between top and bottom caps with 0 rings so that no air
could flow into the specimén. The right hend limb of the
Manometer was lowered to C. The left hand limb droped to D
so that there was a pressure decrease in the closed off pore
space with an associated volume increase both which were
readily measured. From Boyle's Law the volume of void sp
in the specimen is ) ?ee
™. Vs=Pade/dP—Vc—dV : ( 4)ksl

where

~

Y . .
Vs is the volume of air in the Specimen,

Vo is the‘initial volume of eir between the specimeh
and @gnometer, ‘
dv is the change'in volume of air due to the
decrease,in pressure P, ‘
éa denotes'atmospheric pressure and
dP is the decrease in pressure in the sealed void
space. ‘
In the determlnatlons of this study, dap was usually
equal to Pa/2 and then ' Vs is g1ven by’ ’ |
Vs=dv-Vo o (4.2
" The results from'th{s method are.listed in Table 4.5.
A,comparison'or.the ccrosities given by the two methods

is shown in Fig. 4.3. - N
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4.3 Slake Durability

The water deter1orat10n characterlstlcs of 4 intact™
specimens were establlshed using the Slake Durab111ty Test
As estlmatlon of the water deterloratlon characterlst1cs of
the materlal is 1mportant 1n estimating the role for long -
term strength changes ( softenlng ) and changes of slope
stablllty with time ( Morgenstern and-Elgenbrod,,1974 ). The
standard apparatus and method, recommended by Franklin and
Chandra ( 1972 )‘and ISRM ( 1979 ) were used. In this test,
_ten lumps of material we1gh1ng approx1matel; 500 g were
subjected to two cycles of 6 hdurs drylng and 10 m1nutes of
tumb}ing and’ wett1ng DlStllled water was used in the test.

The Slake Durability Index ( sDI ) 1s the ratio of the

oven- dry werght of rock remalnlng in the drum after the 2

*.

-cycles of slaking to the 1n1t1al oven-dry weight expressed
"as a percentage. - 0

_The Slake Durablllty Test is a measure of the ease w1th
wh1ch water can enter the rock the reaction of the'fabric
to the ingress of water ( e.qg. solution of cement,
| hydratlon, destructlon of 1nterpartlcle bonds )} and the | ‘
re51stance of the’ rock materlal to thlS reactlon in the form
of 1ntergranular strength ( i.e. water sen51t1ve cohe51on ).
The test results are seen in Table 4. 6 'The indexes are very

' low.\
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Table 4.5 Dry Porosity and Comparison with Absorption

Indexes

No P1 (%) P48 (%)  Pd ( % )
-1 27.2 29,9 32,35
1-2 | 27.5 30.2 . 34.69
1-3 | 28.5 31.6 38.49
- 1-4 ' 28.2 ' °30.9 34.88
2-1 23.4 27.3 30.56
2-2 . 22.8 27.1 29,98
3-1 - 31.4 . 33.4 40.27
3-2 BT 35.2 43,11
3-3 2801 31.4  37.79
Mean C21 30.8  35.76

s.D. 2.9 2.5 4.19



Table 4.6 Slake Durability Index

No
1-1

2-1

Wa (g)
| 2424
2418
2410
2448

Wb (g)
2113,
2108
‘2119
2130

We (g)
2043

2046

- 2036

2044

39.7

39.2
42.0

41,01

40.5

1.11

26.

27.
.25.
25,
26.

0.

119

SDI1(%)  SDI(%)

2
0
5
2
0
7 .
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4.4 Point Load Strength And Estimated Uniaxial Compressive
Strength ( q )

Point load test was conducted on the volcanic tuff
collected from Mount Cayley. Details of the test may be
found in Broch and Franklin ( 1972 ) and Bieniawski ( 1974
). As discussed by these authors, an approximation to the
uniaxial compressive strength ( dy ) may be obtained by the
test.

Irregular lumps of rock were obtained from large blocks
which had been air dried. Irregular lump tests'wefe then
carried out according to the procedures followed by Broch
rand Franklin ( 1972 ). | |

The lumps were.placed between the conical platens of
the poiﬁt load apparatus and the separation oi the blatens (
D ) measured. The platens were then driven toﬁard each ofher
by hydrauvlic jack and the load at which the rock lump fec led
( P ) was measured on a dial gauge.

To obtain the Point'ﬁoad Strength;of the rock ( Is ),
following Broch énd Franklin ( 1972 )

\

' Is=p/D* - (4.3 )

The Point Load Strenhth inaex of tne rock is.the edian
value of Is and the results are presented in fable 4.7. An
approximation to the uncdnfgned,compressive strength (’qU )
of the rock may be obtained by |

| q,=241s - . (4.4 )

Vaiues of qﬁjobtained<by Equation 4.4 are shown in
. ‘ LT -

Table 6.7. Values of qu'varied between 4.8 MPa and.SEB'MPa
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Under the Geomechanlcs Cla551f1cat1on Scheme of B1en1awask1
( 1979 ) they are considered to be very low strength ( 1-5
MPa ) or low strength ( 5-25 MPa ).

For comparison, an un1ax1a1vcompre551ve testlng was
carried out on one dry and one saturated columnar spec1mens.
~ The un1ax1al compressive strength of the dry spec1men was
5.1 MPa and the saturated sSpecimen was 3. 3 MPa respectively.
The saturated spe01men collapsed rapldly when it failed.

4.5 Free-Swelling Pressure

The  volcanic tuff on Mount Cayley, notably with.high
clay content, is*prone to swelling, weakening or nﬁ
disintegration when exposed to short term weathering
processes of a wetting and drylng nature. Special tests are
necessary to predlct this aspect of mechanical performance.

The ability of tuff to swell when water is introduced
to 1t was estimated by free swelling pressure measurement
measurement of swelling pressure when the spec1men is
conflned radlally and is subjected to a known ax1al stress.
So an oedometer was used to prevent volume change. Free
sWeiling pressure was determined by the axial strength.
| Free~swelling pressures of 6 tuff specimens range from

2-5 KPa.
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Table 4.7 Point Load Strength Index

No . D - P © Is (MPa) q, (MPa)
1-1 079 20 0.221 5.31
1-2 0.99—. 32 0.225 5.41
-3 0.87 23 0.210  5.03
1-4 0.82 22 0.226 5.42
-5” 0.75. 18 .. 0.221 5.30
1-6 0.88 25 ~ 0.223 | 5. 35
1-7 0.é9 26 - 0.226 _ 5.43
2-1 0.85 25 0.239 5.73
2-2 _0.86 26 0.243 5.82
2-3 0.85 24 0.229 5.50
2-4 0.79 21 0.232 ~ 5.57
2-5 0.83 Co2e 0.240 : 5.77
2-6 0.80 22 0.237 | 5.69
3-1 0.87 22 0.201 4.81
3-2 0.92 27 0.220 5.28
3-3 . 0.85 23 0.220 " 5.28
C3ep 1 0.83 22 0.220 5.28
3-5 0.79 20 0.221 ,  5.31
3-6 0.94 26 0.203 | 4.87
3-7 | 0.94 28 0.219 5.25
Mearn \ « 0.224 5.37

- §.D. : 0.011 0.26
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4.6 Direct Shéar Tests
Direct shear tests were carried out on the tuff samples
collected from Mount Cayley.

Four pairs of tuff spec1mens were tested 1n a D=5, 1 cm

'hlgh capacity shear box. Specimens were cut by saw and

sanded to fit the box. Prior to placement an artificial
shear surfaee was prepared by saw cut. The key point is ko
arrange’the pre-cut surface to.coincide with‘the real shear
surface in testing.

Several difficulties were encountered in specimen

‘preparation and testing. In cutting the specimens to fit the

shear box, much of the rock fractured, making it'impossible

»

.
to prepare a ‘large number of specimens. In the testing

process, specimens in the shear box were frequently ruined

by degradation around the edges during the movement of the

t

- shear box, especially when the specimens were wet. To avoid

excessive cracking around the edges of the specimens, the

travel distance of shear box was restricted.

Direct shear testlng was carried out on dry specimens
first. Then the shear box was flooded for 48 hours with
distilled water, and the spec1mens were sheared again. In
all of the tests on saturated tﬁfffka thin slickensided fllm
of clay developed on the shear surfaces. This film probably
accounts for the drop of the frlctlon/angle.

' The shear strength. envelopes are presented in Figs 4.4,

4.5, 4.6 and 4.7.
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It may be concluded that the shear strength of dry tuff

[}

ranges 34°-37°, with an average of 35°, and for wet tuff

ranges 29°-31°, with an average of 30°,

4.7 Tilting Table Testing

The friction angle of dry Huff specimen was also
measured by tilting table follo&ing Bruce et al. ( 1988 ). A
pair of specimens with pre-cut surfaces were loaded on the

: o i

tilting table. The friction angle was measured by a fixed
protractor and LVDT respectively. The results'are presented
in Table 4.8. They are very well matched with the results

from direct shear ‘testing. The peak value of friction angle

ranges 36°-39°,

4.8 Summary

The main ;esults from the laboratory programme are:

'f; The tutf has a low dry density‘( range of 1.28—1.47.
g/cm?®, and average of 1.39 g/cm?® ).‘ _

2. The tuff has a high éorosity (range of
29.98%-43.11%, and.average of 35.76% 5. The porosities
indicate a material ttensitional between soil and the more
ccmmon igneous, sedimentary and metamprphic rock tybes.

3., The tuff has very low Slake Durablllty Index ( 26% .

). It reflects the exten51ve presence of clay partlcles.

4, The tuff is characterised by low uniaxial - o

/

compresulve strength ( q, =5.4 MPa, when .it is dry, and .

q,=3.3 MPa, when it is wet. ).




Table 4.8 Results of Tilting Table Testing

" No

11

>

1-2
1-3
2-1
2-2

3-1

@p
38°
36°
37°
37°

39°

37°
37°
37°

.~y

Pu

31°

31°
31°

32°

32°
32°
31°

29°

129



5. The tuff.has hiaﬁ shear sfren@th when dry ( frgctioﬁ
angle: 34°-37° ). But the frictidn angle drops to 30° when

it is saturated.

6. The volcanlc tuff examlned in this research is
/,

fﬁought to constitute the basal rupture zone of the 1984

‘ rock aVQ}anche on -Mount Cayley. The low un1ax1al compressive ’
strength «ad low fr1ct10n angle' when it is wet seem

<:Eeepon51ble for the formlng of rupture surface.



>. MECHANISMS OF ROCK AVALANCHES AND DEBRIS FLOWS' ON MOUNT.

3 CAYLEY -
)

s
/

5.1 Introduction

As dlscussed prev1ously, the 1963 rock avalanche and
the 1984 event on Mount Cayley ‘show different
characterlst1cs. From the deposits. of the 1963 rock.'
avalanche, it is inferred that the event was a sllde Three
rock blocks were detached from the scarp one after another.
These blocks slid down the creek valley and came to rest at
the confluece of Dusty and Turbid Creeks one after ariother,
These three blocks keep the1r orlglnal stratlgraphlc order N
and structures. The 1984 event showed dlfferent processes
and characteristics. The rock mass was detached from the
scarp; slid down Avalanche Creek and came: to rest around the:
rconfluece of Avalanche and Turbid Creeks. lhe deposits
dammed these two creeks, As water accumulated beh1nd 1t the
dam burst cau51ng a large debrls flow wh1ch travelled down

Turbid Creek and eventually entered the Squamlsh River,

Obv1ously, the 1984 event 1ncluded two stages"a rock

avalanche and a debrqs flow, but the 1963 event had only one‘“

51ngle stage: a rock avalanche. The dlstances the rock
debris travelled in these two events are dlfferent' the rock
debrls of the 1963 event slid 2.4 -km downstream and the
debr1s of the 1984 event slid km downstream first and

then ‘its deposits flowed 4.€ kr
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Comparlng the 1963 rock avalanche dep051ts with the
1984 rock avalanche depos1ts ( the first stage dep051ts ),
it is found that the former‘z?ous distinct depositional
units indicating that slldln}Dprocess wacs dominant, and the
latter shows massive characteristics ( Figs. 3.5 and 3.6 )'
ihdicatihg that avalanche process was dominaht.'Needless to
say the second stage deposits of ‘the 1984 event have totally
different structures, thin, no depositional units, boulders
deposited on the top and fine particies sticking on the
surfaces of these boulders. Obviously, these two events have .
different mechanisms. The follo%ing sections will

concentrate on the siope failure mechanism and the s.ope

- movement transformation mechanism.

5.2 Slope Failure Mechanism
From the deposits along %he valle¥~of Turbid Creek and

the east bank of the Squamish River it is inferred that rock

aValanches and debris flowsvhave taken place”on Mount Cayley *

after the deposition of the Quaternary volcanic rocks.,

Almost all rock avalanche deposits came from volcanlc rocks.

It is reasonable to assume that the characteristics and the

structure of the volcanic rocks make them prone to-slide. - s
The pre-existing joints, faults and the weak tuff iayer

and its geotechnical propertles deeply 1nfluence slope - ?Qﬁ

stabi? 1ty on Mount Cayley
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'5.2.1‘Margins of Rock Avalanche

N

It is ev1dent that the main scarps and lateral margins

l of these rock avalanches developed along a set of planar,

L

b néarly vertlcal 301nts. For example, the main scarp of the

1963 rock avalanche developed along a set of planar, nearly
vertical southwest trending 3p1nts ( Flg 2. 3 ). The gently
curving, northwest lateral margin follows several |

north- northwest trendlng joints. Slmllarly, the main scarp
of the 1984 rock avalanche developed along the planar,
nearly vert1cal southwest trending joints ('Eig. 3.3 ). And
the lateral margin follows a set of.nearly vertical |
northwest trending'ﬁoints. As shown\in Figs. 5.1 and 3.3,
these joints mlght be ‘open before the rock avalanches took

pPlace. So snow melt and rainfalls can readily penetrate the

~slope and reach the potential rupture surface through these

open cracks. Open cracks follow1ng those planar, nearly

vertical 301@65 have been observed on Mount Cayley, but

4these slopes have not failed yet .~ For example, these open

-a..«

cracks are seen on the slope next to the 1984 rock avalanche

-scarp downstreamwards, and the slope at the opp051te side of ~

the 1984 rock avalanche scarp So open cracks may form some

time before Slope fallure It is ‘reasonable to assur= hat

the openlng of theSe vertlcal faults and joints m1ght ‘be
caused by the rembvgng of the front part of the slope by -

creek down- cuttlng So- these nearly vertlcal cracks are not
‘3 3

‘only the maln .cause of slope fallure but also good

’1nd1cators for predlctlon of slope fa1lure. As shown in Figqg.
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5.2, these rock blocks isolated by those_nearlj yertical

cracks are free to move. - : -

5.2:2 Rupture Surface and Tuff Layer

It is evident that the tuff layers are the weakest
zones in the volcanic piles compéred to the columnar-jointed
dacite and greccia. As shown’ in Fig. 5.3, ground water is
seéping out élong the top surface of the tuff layer
Endicating that the tuff layer has a low permeability
‘Ebmpafing to other rock léye:s in the vdlcanic pile. In most
cases, tuff layers fofm>relatively inpervious units. S it
is reasonabie to assume that sufficient water may accumulate
on the top of ‘the tuff ‘layer which would be fully saturated;
Also, as shown in Fig. 5.3, the tﬁff layer dips towards the
~valley at 30°. Most tuff layers on Mount Cayley dip tqwardé
the valley qtl15°—35°. |

A shear zone parallel to the slopé,‘dipping towards the
valley developed in the»éolumnar-jointed dacite is clearly
shown‘?ﬁ Fig. 5.4, Shear wduld{be induced by the
'gravitafional stresses in the slope, caused by the rapidly
down-cutting. That kind'oﬁ shear zone should also develop in
tuff iayers when théy outcrop on the steep valley walls
after rapid'down-cutting. These'shear zones would reduce the
Strength of tuff layers.

| As indfcated by the test reSuits.( in sections 4.3 and

4.4 ), the volCéniC'tuff'has a low uniaxial‘compressive

strength and very low slake durability. And the uniaxial

a

2.7t



\

Figure 5.2 Isolated Blocks by Joints, Location Shown on Fig.
| 3.1 |

(1) Joints; (2) Isolated blocks.
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Figure 5.

3 Ground Water Seépage along Top of T
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utf Layer
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Figure 5.4 Shear Zones Parallel to Slope Dipping towards to
'Valley
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;



PR

. | ~ ‘_ ' 139

compressf;e strength pf vet tuff spec1mens 1s(on1y about 65%

oﬂ»the dry ones (s 1on 4 4 ), The»d1r€c hear test

?et!ff spec1mens have i;%@
b \)‘_/r‘ _ it/

lower frlctlonMangle { 30° ) than theu=‘y?§pecl

N L

37° ). So full saturat1d% may cause strength reﬁnﬁtion. In

results ( sectlon 4. 6'& showathau

addition, the top of the tuff layer may collapse and
dls1ntegrate into small partlcles resultlng in further
-reduction of its strength ( sections 4.3 and 4. 4 ) )
As a part of slope is isolated by those nearly vertical
open cracks and the saturated tuff layer is a block freed
from the slope, it may slide down along the weak tuff layer
~in the form of rock avalanche.
As mentloned 1n Chapters 2 ang 3, the rupture surface
of the 1963 rock avalanche developed malnly along a tuff
layer, and the rupture surface of the 1984 rock avalanche

developed along a weak tuff'layer. These facts strongly

support the analysis made above.

5.2.3 Slope Fallure Mechanism

Rock avalanche events have been/recogn1sed on Mount
Cayley, . it seems that these $lope failures may obey some
similar mechanism. The special rock types-hard,
columnartjointed dacite an weak tuffs, the planar nearly
vertical ]OlntS are two essential causes leading slopes to
fail. After the dep051t10n of Quaternary volcanic rock, the4

creeks on Mount Cayley have cut through the volcanic rock

already and developed new channels on basement-rock. It
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indicates that neotectonlc movement in this area is strong
and it is another act1ve cause leading slope to fail because
it evokes rapld_down-cuttlng. As a result, excessive stress -
difference developsAatvthe toe of the slope; causing “planar
nearly'yertical joints to become open. So isolated rock
blocks formed- ( Thomson and Mc?genstern 1977 and 1979 ).

Rainfall and snow melt water play an important role in
slope failures on Mount'Cayley also. The 1963 and the 1984
events tcok place in July and June 28 respectively, both in
the summer. It is reasonable to assume that sufﬁ1c1ent water
accumulated on the top'%f tuff layer is a necessary n
cond1t10nwfor slope failure to take place on Mount Cayley.

As the failed slopes in 1963 and 1984 were 110 m and

150 m in height respectively( the self weights of these .
s.pre—sliczie slopes were approximately 3.3 MPa and 4.5 MPa
respectively. The uniaxial compressive strength of dry tuff
is 4.8-5.8 MPa. So the tuff layer would: be able to sustain
the slope when it is dry. Also as the dip anéles of tuff
layers vary from 15° to 35°, and the triction angle of dry
tuff is about 35°, the slope could be'stable when the tuff
layer is dry. After water reached the top surface of tuff
layer, the top of the tuff layen}would gradually be
saturated. Following the saturation;process, the strength of
tuff layer would be reduced, and flnally drop to the point (
f_3 2-4.0 MPa )whlch is below the self weight of these slopes.

‘At that time, collapse would take place ( section 4.4 ) and

the friction angle would drop to the level of 30° or lower

®
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(section 4 6 ) .This process wc:1d continue until the whole
or, at least, most of the potential rupture surface wvas
fully saturated and the strength of the total rupture
surface was reduced. TKén the block overlyiné it would slide
down rapidly.
. N ¢

5.3 Transformation of Rock Avalanche into Debris Flow

The 1963 rock avalanche terminates at about 500 m (
Chapter 2 ) the presen9 confluence of Dusty and Turbid
Creeks. Three blocks of deposits show distinct depositional
units. S6 it is clea? that the 1963 event contained one
single stage, a rock slide or rock avalanche. |

The 1984 event contained two separate processes a rock

-

avalanche and consequential debris flows. These two'

1

different slope movements are revealed by evidence such as

the main scarp, slide dam remnant, typical rock avalanche

deposits at th of Avalanche and Turbid Creeks,

‘tream of Turbid Creek. ' N -

.3.1 Evidence -
As the debris flow stage can be easily determined by
its deposits and a ser1es of special phenomena the main

effort in th1s sectlon will be concentrated on the flrst

W

'stage*rock avalanche to clearly exclude a'possibility ‘thats,

}
the 1984 event mlght be a single process- debrrs flow, and no
A\ .
rock avalanche was 1nvolved

I4
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The following evidence reveals the rock avalanche stage:
of the 1984 event.

5.3.1.1 Rock Avalanche Dam Remnant

e

As shown in Fig. 3.5, the dam remnant consists of
large boulders of light ye}low breccia and purple
lapilii. There is no evidence showing that there was
enough water involyedlin the movement and the
deposition. No fine particles of purplevcuff from the
disintegration of purple lappili tuff when-it
encountered water can be seen in the remnant of the
slide aam. Thisldam remnant observed in'the_édmmers of
1985 and 1986 and seen in the air photos taken in 1987
can not- be seen in the air photos taken in 1982. So it

.

1s reasonable to assume that the natural dam was created

Q rby 1984 rock, avalanche. ‘

T 5.3.1 2faeposits .

hn“, Thlck dep051ts around the confluence of Avalanche
Tihvand Turbid Creeks‘( Flg 3.6 ) consist of boulders of
light yellow brecc1a and phrple lapp{li. it is evident
that theaz deposits have totally different structure
" from debris flow deposits ( see Figé. 3.12 and 3.13 ).+
In Avalanche Creek above its confluence, no. debrls

flow deposits have been found except the thick rock

avalanche deposits. o
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5.3.1.3 Detached zone
| Comparing the aar Phptos taken in 1982 and 1987, a

detached zone next to the head of Avalanche Creek can be

easily determined ( F1g 5.5 ). But as shown .in Figqg. 3 1

the detached zone is clear. The photo was taken in the

summer of 1985 from a helicopter by the author@ Also the

slide dam remnant, the massive deposits around the : -
;confluence, and the debris flow deposits in the m1ddle 4

4

and lower streams of Turbld Creek were observed in the

2
‘ae

1985 and 1986 summers. The special rock light yellow
brecc1a and purple lapilli seen in the 1984 event
deposits canu?e easily traced back to the detached’ zone.

So i,M_s concluded that the detached zone seen in

1987 ai} photo is the very place where the 1984 event
started. The ev1dence also indicated that the 1984 event
%F;i%’as @ rock avalanche at the head of Avalanche Creek
ﬁendltermlnated afound the confluence of Avalanche and
Tunbld Creeks. At that time these two creeks were dammed

-

by the rock avalanche debrls 5

, 5.3.1.4 Evidence ot:the ﬁebris.Flow
| The ev1dence of debrls flow is, as mentloned in
Chapter 3, the 1984 eVent dep051ts in the middle and
-~ lower streams of Turbld Creek show typlcal
characterlstlcs such as a thin dep051t layer covering a
large area 1nclud1ng dlfferent elevatlons and’
topographles, huge boulders dep051ted on the top of the

thin layer and lots of f1ne/part1cles stleklng on their

o
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Figure 5.5 The Détached Zoﬁe Revealed by Air Photos
( Photos BCB2010-117 and BC87098-90 )
1—Sqﬁamish River;.2—Turbid Creek, 3-Sholvenose Creek,
4-Dusty Cféek, S5-Avalanche Creek, 6-No Name Creek,>7—Source7/ 
Area of the 1963 Rock Avalanche, 8-Source Area of the 1984 :,3

Rock Avalanche, The Area Covered by 1984 Debris

~
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surfaces, and special rock belts ( light yellow brecc1a
) 1nd1cat;ng that the rock*debrls was flooding on the
top of the flow.
As also mentioned in Chapter‘3, lots’of mud was

spattered from the'moving debris and reached 16 m abo;e
, the ground ang stuck}on the ‘upstream sides of some large
trees These mud spatters 1mply that there were

suffrcent water 1nvolved in the second stage of the 1984V
event' | .

Also, some people witnessed debris flow surges moving in

the stream near the mouth of Turbid Creek. Fig. 3.26

recorded the passing debris flow.

5.3.2 Tfansformatlon ofwslope movement

It is inferred that the rock avalanche stage of the -
1984 event terminated around.the confluence of Avalancne and
Turbid Creeks, and debris flows started from this area{

because of the totally d1fferent dep051ts seen in this area

15
Vi

and below. .

" The debris flow " was caused by the outburst of the rock
avalanche dam as water accumulated continuously behind the
dam. Volcanic tuff blocks played a very important role in
debrls flow development ‘As /indicated by slake durablllty
testlng ( section 4.3 ), the ;olcanlc tuff blocks are very
easily broken and dlslntegrated 1nto f1ne particles. The
first cycle slake durability 1ndex ( Table 4.6 ) 1nd1cate¢
. that ‘more than 50% of the tuff blocks would dzslntegrate

’ .



. . . 5} f
‘into fine particles after these dry -tuff blocks encountered

b

water and moved for 10 minutes. And about 75% of:%he ‘tuff

blocks would d151ntegrate into f1ne particles aftet two

o —
cycles of drying and wetting ( Table 4.6 ). So after t@& PR

outburst of the debris dam, lots of tuff blocks would
disintegrate into fioe particles in a shor% distance.
Following that, these fine particlés would participate in
the fla: and change it into slurry flow whlch woulld be able
to carry huge boulders in suspenslon. Thusﬂthe debris flow
was promoted by theee fine particles. .

As discussed by Pierson and Coste ( P7,‘1987')

" The flow of sddiment-water mixtaresuhaving sofficient
yield strength to exhibit plastic flow behavifr in the field
(‘that is, to form \steep, lobate'fronts and lateral levees,
and to carry gravel-sized particles in suspension ) and yet
to becomejpartiallylliquefied as they are remolded, is.
‘termed here slurry flow ( efter Carter,'1975 ) N Such a
mixture will flow as alcoherent,vhomogeneous mass when the
‘yieldlétrength is exceeded.......Depending on the shear
‘strength of the mixtore‘and the dynamic particle-support
mechanisms operatiygﬁlperticles to the size of large
boulders can be‘suspendEé in slurry flow. Boulders exceeding
the suspen51on competence-of the 'slurry can be rolled along )
by the flow. When the flowing slurry comes to a stop, it
consolidates at the rate at which the pore fluid can drain

out with the exception of some of the clay and silt that

-escgpes with the pore water, fine and coarse particles

¢
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settle together without any interparticle‘movement This is

in contrast to hyperconcentrated flow, where partlcles

)

settle out of - suspen51on and are deposxted separately,

L.,

dependlng on their fall veloc1t1es ( Q1an ‘ang others, 1978
- o '
). "
The phenomena and evidence observed in the field are

Ratiia}

almost exactly what Pierson and Costa expected. After the
tuff blocks disintegrated inte fine panticles, a slurry flow
fotmed first. The slur;§ flow carried large boulders
suspended in the flow and travelled downstream. rapldly.
Consequently, typlcal debris flow deposits, fine and coarse

particles settled together without any interparticle

movemeht, formed when the debris flow Eame to .rest.

1
1

5.4 Ciassification of Slope Movement

Accordiné to Varnes ( 1978 ), the 1963 event on Mount
Cayley is classified as a rock siide, and the first stage of
the 1984 event is alsosa rock slide. The second stage of the
1984-event, following Varnes-too, is classified as, debris
flow. |

Trom the rheologic point of view ( Plerson and Costa,
1987 ), the second stage of the 1984 event is-~classified as
inertial slurry flew.‘The main characteristic of inertial |
slurry flow is the interstitial fluid which is watet and

¢

fines, clay partlcles from the dlslntegratlon of tuff. When

_ the rheolog1c cla551f1cat10n is fitted into ex1st1ng flow

nomenclature ( Pierson and Costa P9 1987 ), the‘second’stage
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of the 1984 event is élso termed a debris flow, but almost
‘reaches the highest véiocity limit-30m/s.

Now, it is clgar th&%?g%e weak tuff layers are very
important, notyonly fggponsibi; for slopé failure, but also

for the formation of an dnertial slurry flow- a high

velocity debris flby;

hY
7
I
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" ' 6. CONCLUSIONS

6.1 Conclusions

'?_ Field innestigation shows that rock slides (4a9alanchest
) and debris flows have taken}place quite _on Mount Cayley
since the dep051t10n of Quaternary volcanic rocks. The
remnants of he&ﬁhsd‘nﬁs slide dams, and typical rock sllde
deposits andﬁdebhas fl@w deposits are the records of these
events, Among'them, the 1963 rock avalanche and the 1984
rock avalanche and debris flow have been stud1ed in detail.

The 1963 rock avalanche began at 1450 m and terd@hates
at 500 m. About 5x10¢ m® of columnar jointed dacite and
poorly consolidated pyroclastic rocks on a west- facing slope
at the head of Dusty “Creek detached from the head scaer and
slid downstream approximately 2.4 km along a slope of 21°
from head to toe; It pEObaoly occurred ln Jul§ 1963. The
average velocity df debrls movement was about 16 -.m/s. The
max imum tnickness of mo;1ng debris was 70 m.

The whole accumulation zone of the 1963 rock avalanche
is naturally‘divided into three blocks by thei; different
depositional units and different topographic

‘ characteristics. Two evident gully-like depressions'which‘
can be seen on the air photos and in the field clearly {
separate these three deposit blocks. -

The dep051ts of the 1963 rock,avalanche have distifct .

. . oo
depositional units which can be traced back to the' source

area. Each deposit block has its own depositional units /%

3 1
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2

which are different from the other blocks. fhese distinct
depositional units are not only seen along the stream course .
of Turbid Cneek,lbut also seen on the other side of the
‘block along the present stream coﬁtce of Dusty Creek, both
51des of the block show the same de5051t10na1 units and
Structure. So it is inferred that the 1963 rock avalancheh
co;tained three sepatated rock blocks in the source area, *
which detached from the head scarp one after enothef and
ce?e.to rest at different localities and times, also one
aftetvanother.

As a result, Dusty and Turbid Creeks were ‘seriously
blocked by the 1963 rock avalanche deposits. Turbid Creek
was diverted by the thick debris deposits shifting about'200
m westwards, the confluence of Dusty and Turbid Creeks
shlfted 1 km downstream. Accompanylng the dep051t10n of rock
debris, Dusty Creek took over a part of pre-slide stream
course of Turbid Creek, then joins Turbid Creek at the
present-confluence again. |

As the deposits of the 1963 eveﬁt show‘distidct
sttatigraphic units, it is inferred tﬁat the 1963-event was
a sllde dlfferlng from the 1984 event |

L3

The 1984 event occurred on June*28. The slope failure

.u'\

started at 1500 m, next to“the head of Avalanche Creek..

Approximately 6x10¢ m® of volcanic rock, mainly the top

unit, light yellow breccia and purple lapilli, detached from *

the scarp and slid downstream.
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J .
The 1984 event includes two stages, rock avalanche and.
debris flow."

~In the first stage, a rock mass approx1mately

200x300x150 m detached from the slope , Slld south dug 1nto

the valley bottom and p1cked up lots of ice- blocks, 1mpacted

the south-east wall of the valley and broke up. Then the’

.z"

rock debris travelled downstream largely conflned to the B

valley of the creek. Flnally the r0ck debris overtopped the
small ridge between Avalanche and Turbrd Creeks, left a ‘
51gn1f1cant superelevatlon mark on the west ( rlghtﬂ) bank
of Turbid Creek and came\to rest around the - confluence'and

/ ’5,‘}‘

dammed ﬂg_wl,

two creeks. In the remnant of the rock ':3

avalanche dam and the deposits on the east ( left ) bank of. -

Turbid Creek, no distinct dep051tlonal units llke the 1963

depos1ts are seen,

In the second stage, the water coming from the'upstream'

of Turbid Creek and the melted ice blocks accumulated
continuously behind the dam. The 1ncreas1ng water pressure
finally. caused the'dam to burst. Debrls flow surges formed,
moving_with a high velocity In the mlddle stream of Turbld
Creek, the debris flow shlfted its moving direction quite
often, even overtopped the top of the escarpment consisting
of the 1963 rock avalanche deposits on the south- east ( left
) side of the valley of Turbld Creek, rushed into Dusty
Creek and left some depositS'onrthe both sides of Dusty'
Creek, As a result almost the whole valley 1n the middle

stream of Turb1d Creek was covered by a th1n ( generally

v
2
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0.5-2.0 m ) debris layer consisting of special rocks—light

yellow breccia and purple lapilli.

Local%velocities of the rock avalanche were determined

from the superelevations to be 32 m/s. The velocity of the

"~ debris flow was 28 32 m/s.

As the debrls flow moved at such a high veloc1ty, a

'serles of spec1al phenomena were created. The most

significant ones are hlgh superelevation, uprooted trees
h;gh mud spatters, and wood pieces and rock blocks hurled
through air. ;

'Even though the veloc1ty of the debris flow was
51gn1f1cantly reduced the debris flow still removed the
logging road brldge and road approches completely, almost
blocked the Squamlsh River during each surge, swept 3 km of
logging road and introduced huge quantltles of sedlments to
the channel of the Squamlsh R1ver leading to s1gn1f1cant
channel’ change_r@-th1s part of the river. The major debris

flow lasted for at least 2 hours.

The slope failure mechanism on Mount Cayley may be as

follows .

N

Planar\ﬂnearly vertical south-west and north-west -

.trendlng fault zones and jOlnts,are one of essent1a1 factors

cau51ng slope fallure dh Mount Cayley After significant

/

‘down—cuttlng accompanied the strong neotectonic movement in
- this area, these faults and ]Olnts become open and cracks,

"whlch not only cut the slope into blocks but also .

fac1l1tated rainfall and snow melt to penetrating the slope.

‘.
L
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As tuff-layers dip towards the valleyﬁat 15°-35°, and |
shear planes parallel to the slope and d1pp1ng towards the
valley m:} have developed in these tuff layers, so potentlal
failure surfaces may easily develop along one of tuff
layers. These dlscontlnutles separated the rock. mass from
the slope as isolated block or blocks These blocks are free.
to move, ‘ )» | |

The tuff layers are not. only the weak zones in the
volcanic pile but also the 1mperv1ous un1ts. So. ground water
would accumulate around the top surfaces of tuff layers As
testing shows that the un1ax1al.compressive strength of wet
tuff spec1mens is just 3 2-4.0 MPa, about 2/3 of the
sgrength of dry spec1mens, and the friction‘angle of wet -«
tuff specimehs is 30° ( 35°-37° for dry spec1mens ). Rock
blocks hav1ng -a height of 100-150 m, separated from the
rslope‘may fail when the tuff layerhfthe,potential slip
surface, is fully sat&rated. Thls may be the reason why both
the 1963 and the 1984 events occurred in summen time, -

because significant snow<melt penetrated the slope mainly
~through the neérly vertlcal open cracks ang accumulat;d on
the top of tuff layer at that t1me so the strength of tuff
_layer dropped to the p01nt below the gravitational stress.
Then the block or»blocks Slld down rapidly.
The mechanism of transformatlon of rock avalanche into
debrls tlow may be as follows.

After damming of Turbid Creek water from the upstream‘

of the creek ang snow-melt accumulated beh1nd the debris .



dam. When the wé’éﬁ;
\ ’ ,
debris,” the dam bdp

e

Ks indicated by’slake durability tests, the volcanic

tuff blocks easily d{s{ntegrate into’ fine particles when

they encounter water. When tﬂése fine pafticlesJ mostly élay
‘minerals, mixed with water, the flow tended to ; slﬁrry

flow. Depending on the dynamic particle-support mechanisms,
particles to the size of large boulders can be suspended in
the slurry flow. Thus, viscous debris flow surges formed and .,
travelled at a high velocity. These J%scous debris flow

surges created high mud-spatters and special deposits, fine
and coarse particies settled down together without any
interparticle movement as observed in the middle and lower

streams of ,Turbid Creek. ' <

6.2 Recommendation for Further Research
1. Numériéal model research

In this first step of study, no attempt has been made
to set up numerical models for the rock avalanches on Mount
Cayley. It should e the main part of furthe; research. For
thi§ purpose, précise profiles of the source areas of these
rock avalanches should be made, and some more précise
‘testing, such as triaxiél compressive testing should be
carried.out. Also the structure and the c&mposition of
volcanic tuff should be examined in detail.

2. Rock avalanche prediction

/




S
As logging and recreation brlng'more people :nto this

area, the catastrqphes which may be caused by roc *.
avalanches and debrls flows in the area should be arefully
estimated and predlcted In addition, attention should be
paid to the Squamish Riverh If a large rock avalanche took
place on Mount Cayley while the river was fully filled with
water, da@rls flqﬁs or floods may occur in the Squamish
River. They may cause serious damage to the communities
along the river, even the town of Squamish. To prevent these
catastrophes, rock avalanche prediction based on the

monitorjing of some open cracks should be con51dered in

. advance.

> ‘
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