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lweek Ieyer is frequently voIqenuclestuc matenel The effect of geologlcel structure is PEEN

. evudent in letel'el end heedscerp geometnes end movement is frequently ln a durectuon at

| ,, ’l_ ecennlng electron mlcroecopee in lddltl;: r
S deecrlbed uelng e hlererchy of mloroeructu'el domelna The cley msnerelogy wqound to
o be domlneted bv montmonllonlte whuch occurs et grmn end metrcx eltee ln eech domem as
e en elteretnon product of volcenlc gleee pertlcleund feldeper cryetels The mlorofebric |s _ .': e
- cherectemed by en open poroue etrucm et the nnter- lntre- end trene-eeeemblege o

o LT _ Abetrect = - A ‘ L
‘The results of # literature rewew mdlcated that slopes developed in layered \_/\_\\ .

' volcemc.successmns are pertlculerly susceptnble to slope movements Lendslldlpg s '

o
‘ _ releted to the. presence of & weak. layer beneeth arigid capping of javas and breccres The >

®

"some engle to the direction of true dip. Movement dlrectnon is governed by the

oruentetuOn of releese surfeces in the cap, rather than by the onentetuon of the weak layer

. or dls%ontmuntnes within it Initisl elope movements are generelly of the block type and are

successwe in neture The morphology of the lendslrdes is &uggestlve of two types of

4

v slope movement vuz slldmg or spreedmg

To mvestlgete the nature of geological controle on: lendslsdes and the kmematlcs of

9

-slope movements 2 regnonel lendshde study wes cemed outin elopes developed in — (

. Peleogene end Neogene volcemc successlone lo two erees of the Interior Plateau, British L

- Commble

‘The dustnbut.lon of lendslldes was mepped usung eeml photogrephe and lendelldes

'were classified on the besls of morphology. The morphology end geological eettlng of
the landslide sites were duscussed in detail. Detailed geologlcel mappping and field

Dbl.fVlthhS were cemed out on four mewve lendelldes in the Selmon RlVer velley,

- eothweet of Westwold The volumes of these movements ere in excees of 10'm’ X ‘
B Movement hee teken plece v{here week volcenucleetlc leyers were expoeed at the bese of
’pre-movement elopes,«end the reletronshlp between geoloqrcel etructure was exsmined V

The mtcroetructure of the volcenlclutlc leyere wee enelyeed by polermng end
r to X—rey dlffrectlon The mlcroetructure was

)renge of geotedmscel propertlee wee embliehed for eelecte%volomlcleetoo

o j; meterlele They are oherecterleed by low dry deneitv n 3 se-z 182 KN/m’) mamgh
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porosity (3.0-43.3%): low umaxial compressive strength, q;" <135 MPa. low angles of
ultimate shear resistance, <20° which are found to be higher in the presesnce of
significant amounts of authigenic Sr pyroclastic silica

- An evaluatiic‘:n of sliding and spreading models was carried out. The shding
mechanism was analysed usnr'\g a’simple wedge analyéis under a variety of geometries é.ﬁtx‘
groundw'ater conditions The analysis indicates that conditions for siiding could have
existed in the slopes analysed .

In the spreadmg mod’el the stabnluty of the |oadmg produced by the weight of the
cap was analysed as an analogue to a bearing capacity problem, and is-estimated from’ the
theory of Mandel and Salengon  The analysis shows that only undrained spreading is .
possible in the slbges analysed. Itis unlikelf that undrained conditions resulted directly
from cap Ioadnhg. but undrained cqndition‘s may have existed as a result of th'e.structgral
breakdown of the porous rock mass in the subjacent layer. Although this is suggested by
microstructural observations , detailed laboratory test relsults are not availabte to confirm
this possibility. <. . | - '

C ltis prgbable that the siope movements resulted from a general progressive failure
‘ ir;itiate.d by local étruc’:tural breakdown in Fhe spreading layer. |
" Although no absolute dat‘e‘s were obtained for the siope movements exami'hed.
fnrst-ttme slopa movemenets are thought to have occurred in the early | posgglac:al period
prnor to the onset of the Altithermal at approximately 8200 years B. P.  Evidence does

-exist at some Iandshde sites, hdwever for subsequent movement havmg taken place since



Acknowledgements

Many people and orgamsataons have contnbuted t%he completlon of this work.

in all stages of the work | have had the support and encowagement of r&
supervisor, Professor DM. Cruden. , N S : ‘

| would flke to acknowledge the-assistande of the Geologncal Survey of Canada,
~ who funded much of the field work in 1979 and 1980 through’b‘ﬁeﬁearch Agreemant
with Professor Cruden The British Columbia Ministry of nghways and Transportation
provided aerial photographs for the regional landslide study. the reeults of diamond drill
holes in the Salmon and Deadrnan'Rive'r valleys. and the results bf a seismic refraction ’
survey of the Shell Creek Iandshde | am also grateful to the British Columbua Ministry of
Mines and Petroleum Resources for supplymg chemical analyses and K- Ar dates on lava

rocks from the Saimon Valley,

.- «

Several ‘members of the Departement of Geology. have provided important
'technlcal assistance. Dr. Fred Longstaffe carried out the X-ray dlffractlon analyses. All
{interpretations of the dn‘fractograms however, are my own.. Dr. HAK Charlesworth
assgeted in the data processing whuch produced the structural dnagrams in Chapter 4. Dr.
Chris Scarte gave me the uge of equspmdht which produced the photomncrographs of thin
sectlons in Chapter 5 In addition he assisted in the mterpretataon of the chemical data
mentnoned above. Peter Black. produced the excellent thin sectlons and my fellow

graduate student Norm Catto, identified the Mazama Ash from ;he Salmon Valley. o

. 1]
Y
Fellowshnps held in 1978-79 and 1979-80. The Department of Geology has prdv;ded

‘l am grateful to the Province of Alberta and the University of Alberta for

assistance in the form of Teaching Assnstantshlps ‘and computer funds. g

“Ihave en,oyed excellent co-operatlon from the Department of Civil Engmeenng in | N
the use of geotechnlcal facnlltetes in perthular, the esslstance of Gerry Cyre and Steve
Gamble is acknowledged. '

. ~ Discussions wrth Professor NR, Morgenstern have been very helpful at various

~ stages in the work. ' ‘ L

George Breybrook was mveluable in his esslstence inthe use of the Scenmng
Electron Mlcroscope in the Department of Entomology 1 am elso griteful to the
: uDepartment of Mmerel Engmeermg for the uSe of the Sleke Durabllnty epparetus



‘Richard Milier land Linda N»alsen

N huldren Sarah and Matthew. Without them the whole pro ;ect would have been

-

ﬁw field wark 1. was assisted by Dave Balutis (1979) and Pat Van T§ghem {1880}, who
both braved tp_e southern Interior hgat without excessive complaint. Raymond Crook and
Daphne Browsmagcompanied me in the field at various times in 1978. | am also grateful to
the‘f‘armer.s in"t::\sudy areas who freelyb allowed me access to their land. In parti!ular, !
would like to thank Mr. and Mrs. K jelistrup for nurr‘w‘rous cups,of tea and Norwegian
hospitality. " _ ‘ » - | “;

The ord processmg of trﬁs thesns using TEXTFORM, has almost bean as exactmg
as the wrmng of it In this connectcon | am gratefulfor the onvaluable assistance of
Personal thanks go to Joyce Griffiths for support at critical times m,the work

+ Inthe final stages of thesis preparation the active encouragement of Dr. John

Scott Director, Terrain, Scuences Dwnsaon Geolog:cal Survey of Canada. is acknowledgad

st Avenue. - o S e

¢
» Completing this work has meant long hour;\awa'y from my wife, Dale, and my

‘'

mpossable}a'rld the completnon of this work is as much their tnumph asitis mme
7

F v . - ' . o



St 223 lntra-Vo|camc Volcamclisuq Assembim

23 Structural Gaology of xha Paleogbne Successmn | '

.24 The Nadgena Successron

B

‘.'23‘ e

'
. " Taﬁle of Conténts ,
Chapter ) . > ‘ ~ Page.
Dedication ... — % ...... et 4 ....................................... iV
Abs:tract _ ........ E—— I R
‘Acknowledgements ... ‘ S - S R . N . ................ vii
1, LANDSLIDES IN VOLCANIC sfbccessnows BTA——— ET— 1
‘ 1.1 |ntroduct:on e o - R
1 2 Landslides and Geologmal Enwronments in VOICANIC SUCCOSSIONS oovmorvrrre 2
1. 2 1 Type 1 - Landshdhs in InterlaVered Volcahlc SucceSS|6ns e L 2
1.2 2 Type 2 - Landslides in Waak Volcamc Successnons in the Absence -
‘Qf aCap - S
1.2.3 Type 3~ La;ndsludes in Volcantc Successmns Conswtung of a Cap
Only vy R e R A AR RS o 8
1.2.4 Type 4 —Landslides Assoc:ated wuth Constructuon Activity in’
Volcamc Successions .. : A 8
13 Developmant of Landslides in Layered Volcamc Successnons .10
1.31 Phases in Landslude Development : ) — .10'
* 132 Lsndsllde types ' .13 |
1.3 3 The Role of Structural Relations . : 14
| f 1.34 The Role of Groundwater Flow Systems S e 17
14 A Regional Landslide Framework for the Study of Landslides in Volcanic |
/ Successions in South Central British COIUMDIA ... .18
1.4.1 Ragional Landslide Studies ‘ 18
L4 2 Backgr"oﬁnd'Tib- the Present Work ... [ LR
1.430b 1ect|\les of the Present Work . : et .21
' 2 THEGEOLOGY OF TERTIARY VOLCANIC successuons N SOUTH ~CENTRAL
Ly BRITISH COLUMBIA ..... e v e —
2.1 Introductlon " ' — aa —— 23
g . , 2 2 The Paleogene Succosslon et . ' 25
) o \ 2, 2,1 The Basal Sedifentary and Vblcamclasttc Assemblage , .25
y» ; 2 22 The Volcamc Rock Assemblage : ° S é o | " 27



’

3

~ ; ¥
o ' ‘ ; . 7 -
_Q.a 1-The Neogene Basal Sedimentary—_VolcanicIa‘stic Assemblage ... . 32
242 "I_'he"Neoge’ne Volcanic Rock Assemblage .......... e -.{..4,34 |
2.4.3 Structural Geology of the Neogene guccession_ e 34 -
25 Hlstory of Slope DeveIOpment N . 1 ..... i 38

LANDSLIDES IN THE TERTIA'RY VOLCANIC SUCCESSIONS OF SOUTH-CENTRAL
BRITISH COLUMBIA oo sses s messsssisbe s ossss st oo sas s e s s

3.1 “Introduction .... : . o — 7 =38,
AN Previous Work ..... . o e e 38
31.2 Objeé:tives and Technique_s of Investigation , T - B
.32 The Landshde Inven?ory ..... N e — » 39_
3 2.1 Uncertamty in the Recognmon and Delum|tat|on of Landshdes ............ R 39
3.2.2 The Problem of Landslide Classification : : o 40
3.2.3 The Results of the Landslide Inventory | ' 42
3.3 Detailed Description of Landslnde Sites in the Paleogene Volcanic | . .
Successnons : , 46
3.3.1.Bouleau Lake and Tahaetkun Mountam : e 46
332Psn;usLake . s . - - . '52'
{\ 333 Estekwalan Mountam : » i 52
3.3.4 Landslides between Falkland and Saimon Arm W ; O .57
/3.35 Enderby Cliffs ... \ — 57
“ | 3.36 Slides at Pemberton Hill and Laveau Creek o : . 70 |
" = 3:3.7 Buse Hill ".... : i R 73
33 8 Monte Lake - Ducks Meadow . _ | j A -
' 339 Deadman River (Criss Creek to Gorge Creek) " t‘ o : ' : .78

3 4 Deta:led Descrnptlon@f Landshde Sttes in Neogene Volcamc Successnons 93

34 1 Deadman RlVBI’(MOWItCh Lake - Vldette Lake g - SR
842ChasmCreek i RS it i - 85
343Leon Creek —— _- : i " . . .99
‘ , R g————— ,
344Landshdes in the Chilcotin Area‘ i PR . ’ i V0B
35 Relatlonsh s between Geologlcal Factors and Regnonal Patterns of \ L ‘
~ Landslide. ccurrence : e ity — 08
35 1 Geomprphologtcal Factors . i ‘ i RS, y 109
N L b ’ F ;
‘ - .



| ‘ ol
' . ‘ ’ ‘ 3 . L,
* 382 Stratigraphical Factors .. U I S 112
3543 Strudtural Faotors ‘ : i e 113
354 Groundwater and Se|sm|cuty - : - e
LANDSLIDES IN THE PALEQGENE ROCKS OF THE SALVON VALLEY ... i 120
4.1 Introduction .... - . | 120

42 Previomjs Geological Observations | S ( K 122
43 Field Characterisatian of Rock Masoes - AT S % 122 -
44 The Matertals and Characterlstlcs of the Basal Paleogene SL:rface i 124

441 Materlals ‘ '124‘

e 442 Characterlstrcssf the sub- Paleogepe ‘Surface 126 °
45 The Paleogene Succession I s ST &29
4.6  Structure of the Pa’leog‘en_o ngck MaSs .3 | o ... 136

461 Lineaments and Faults" » S ‘ - ‘ . .136
© 46.2 Discontinuities e i i " 138
4.6.3 Attitudes i Lo 138
4.6.4 Structural Dlsturbance in the Twig Creek and Sa|mon Rlver Tuffs ........... 141 ¢
4.7 Landslide Morphology, Kirlernatics and Relgtlons to Stratngraphy and: .‘,; '
o _-Structure : | 144
© 4.7.1 The Jupiter Cree}& Land'slide\ : 'V i : ,' _— 4144 -
4.7.2 The Shell Creek. Lan;lshde i, ‘ S 161
473Adelph1Creek Landslvde AT T A W X o 176
" 474 Adelph Creek Bluffs .. e e 180
475 s‘tephen s Lake Road Landslide 182 ¢
. AT6 Duscussnon on Salmon aner Landslldis o — " ,1"9_0
: MICROSTRUCTURE OF VOLCANICLASTIC MATERIALS e 197
B 1 Introductlon : ': : - '197 _ »‘
52 Matérlals Exammed B, LT 19,‘7 f'
. .54 Mlcrostructural Doméins in Volcamclastlc Rocks 1 206 S
,,..-‘,-55 Clay Mmeralogy i R 209
55 1 Paleogene Volcamclastncs Saﬂ'non Rwer o i '/209



-«

\

552 Paleogene Volcaniclastics ~ Deadman River .. ... . oot 209
5.5.3 Neogene SEMPIES ... e 214

.56 Microstructure of Undisturbed Paleogene Volcaniclastics — Salmon River ..214

56 1 SR1 — Twig Creek TUFF L R i 222
5 6.2 SR2 = REA TUFF - oo oo e 225
5 6.3 SR3. SRA Salmon River TUff ..o e 228

57 Microstructure of Undisturbed Paleodege Volcaniclastics - Deadman

RIvVer ... e SO SR et 231

57 1 DR1. Yellow Clay — Cache Creek ROAd ... 231

5 7.2 DRS : Bat Clay ..o ' ............................................. 233

" 573 DR6E Grey Clay oo e e 233
5.8 Microstructure of Undisturbed Neogfne Volcaniclastic Materials ... ..233
5.8 1 NGT Chasm TUFf C oo oo 236
582 NG2: Chasm Tuff B . e e e 236
5.8.3 NG3. Gorge Creek TUFf s Jrr o o 239
5.8.4 NGS: Redstone ClAay B ... . it s 244
5.8.5 NG5 Redstone Clay C .. oo R 244

59 Microstrutture of Sheared and Remolded Volcaniclastic Materials .................244

J
- 5.9.1 SR8 Hummingbird Tuff. Adelphi Creek Landside ..o 287

5.9.2 S‘R5: Salmop River Tuff, Shell Creek Landshide ...« 247
5.9.3 SR6, SR7: Salmon River Tuff, Jupiter Creek Landslide ... —2 v
5 9.4 DR4: Brown ClaY s L 251
5.9.5 DR2" Hi—Hium CgY o ..................... 251
5.96 DR3: Yellow Clay * LanGSlid 1 oo oo 25 1
597 NGB: Bull CANYON CIaY o 251
\ '5 10 Discussion and Conclusmns on the MICFOStFUCture of Volcaniclastic Rocks ..256
GEOTECHNICAL PROPERTIES OF VOLCANICLASTIC ROCKS ... 258
6.1 Introduction ,}A .......... e -
6.2 Dry Bulk Density, Po‘rosit;; and Absorption index ... 261
6.3 - Slake Durability ............ ' ¢ R 266
6.4 Point Load Str%_ngth and Estimated Uniaxial Compressive Strength (Q) ........... 269
il



1Yy

/
.

65 Diract Shear Tests o TR 274
66 Relationship between Microstructure and Geotechnical Properties ... 279
7 ANALYSIS OF MOVEMENT MECHANISMS . oo 282
Z 1 IVEPOTUCTION oo B 282
72 Analysis Of Translational SUGING MOTEI ...t 283
7 2.1 MEthOAS AN ASSUMPTIONS .oocritrinr s i 283
722 RESUIS oo 285
T 2.3 DHSCUSSION oot i 290
7.3 E\)aluation Of the SPreading MOGB! ... s e 295
PR R =T Te Lo 0o Vol BT ——————E ........................ 295
7 3.2 MEthOdS @Nd ASSUMPLIONS o.oooroeersnossos oot 298
7.3.3 Results and Discussion .............................................................. ...298
7.4 Evaluation of Movement IMBCRANESITY oo esen s s ssenss s ~. 304
75 The Timing of Slope Movements and Present Hazard Criteria ... 306‘
76 1 The Occurrence of First TiMe SHABS . R 306
7 5.2 Reactivation and Secondary MOVEMENTS ... 308
7.5.3 KAZAND CFIEIIA ..o T 309
8  LANDSLIDES IN VOLCANIC SUCCESSIONS:SUMMARY AND CONCLUSIONS. T 311
81 Results of ReVIeW ... T i S .
8.2 Frame;vork and Objectives Of the Present Study ...
873 Landslide Distribution and Landslide Types in the Study Areas
8.4 Factors Affecting the Spatial Variability qf Regional Landslide Response .....314
85 -Microstructure of Volcaniclastic Merials ... 315
8.6 Geotechnical Properties of Volcaniclastic MBEEIIEIS .o 316
.87 Evaluation of Sliding and Spreading Models . : 316
88 Timing, Present Movements, Hazard Criteria. " 317
BIBLIOGRAPHY ... . . oy 319
! K

xiti



Table
31
32

33

41

51
52

53

54
55
56
57

6.1
6.2
6.3
6.4

65
6.6

7.1
7.2
7.3

List of Tables

Page

Deécnphons of landslhides In Paleogene roCks ... o WO 44
Climatic summaries for locations within the study areas. {(supplied . &‘;‘7
by the BC Ministry of Agriculture). e 11D
Return periods of various seismic acceleratuoﬁs for the study ,
areas, (supplied by Energy. Mines and Resources Canadal. .% ... . . 118
Summary of landsiifle geometry for Salmon River landslides ... ... . ... 146
Sample descriptions and microstructural investigations carried
out - Paleogene material from Salmon River I0CAUONS. oo s 202
Sample descriptions and microstructural investigations carried
out - Paleogene material from Deadman Valley FOCAtIONS. . oo e 203
Sample descriptions and rmicrostructural investigations carried
out - Neogene material from Gorge Creek, Chasm Creek. and the
CRIICON VBHY. - e e 204
Semi—quantitative method of computing clay mineral percentage
using the Peak Height Method (after Alberta Research Council) ... 207
Relative amounts of major clay minerals in clay fraction of the |
SalmonRiver samples ... e DTS i 213
Relative amounts of‘major clay minerals in the clay fraction of the
DIEAAMAN RIVET SAIMIDIES . .. oo 8 217
Relative amounts of major clay minerals in the clay fraction of
NEOGENE VOICANICIBSTIC MBTEIIAIS . 220
Laboratory tests carried out on volcaniclastic materials...... At e e .260
Dry bulk density and estimated porosity of intact volcaniclastic rocks. ... 262
Data on comparable Tertiary rock types from literature sources. ... e 263
Values of the Absorption Index (Al) obtained in the quick .
absorption test........... e 265~
Results of Slake DUrability TESTS. ... e 268
Results of Point L'c:’gd Tests and estimates of uniaxial
compressive strerfgth (Q) ... e e 272
RESUIS OF WEAGE BNAIYSES et s 287
Undrained extrusion criteria for clays and roCKS. ... e 297
Results of the undrained SPreading @NalYSIS. ...t s 300

R xiv .



List of Figures

Figure ‘ v Page
11 Types of volcanic successions, (for details see t%m ........................................................................... 3
12 Phases in the development of landslides in layered volcanic -
successtons Phase I-erosion and slope formation, Phase lI-cap
separation; Phase lli- cap loading: Phase IV = FRIUI . oo IR
1.3 Effectof éteep faults in controlling landslide geometry and OCCUrrencCe.......... \ .16
14 Location of study areas within the southern Canadian Cordillera
Physiographic divisions are after Holland ({1964) . 19
15 Location of study areas in central British Columbia (AC=Alexis
Creek; K=KamloOps, WEWESIWOI) ...ttt 20
21 Distribution of Paleogene and Neogenre volcanic rocks in the
southern Interior of British Columbia. AC=Alexis Creek. -
-K=Kamloops. (Based on Tipper et a/. TOB T et e 24
22  Structural framework of Paleogene rocks in the southern
interior. Scale on bars is iN KHOMBITES. .. ... s s 29
23 Schematic block diagram of vallgy side slope developed within
the Paleogene succession illustrating lithological and structural
features which determing its 1andslide FESPONSE. ... e 33.
54 Schematic block diagram of valley side slope developed within
the Neogene succession illustrating lithological and structural
features which determing its 1aNdslide re@SPONSE. ...t 35
31 Location of landslides in Tertiary volcanic rocks in the Thompson
SRUDY @O 43
32 Location of landslides in Neogene rocks in the Chilcotin study area. ... 4%
33 Morphology of Bouleau Lake landsiide complex {from an
interpretation of BC. Air Photograph BC B 187=259) it o a8
34 Profiles of the Bouleau Lake landslides. Drawn with no-vertical exaggeration.......... 43
35 Landslides at Bouleau Lake and Tahaqikun Mountain. Geology
after ChUrch (18790 ..o srssssssss st U 50
36 Landslides in the vicinity of Pinaus Lake. ‘A = Falkland flow slide :
photographed in Plate 3.2. ... T 53
37 Estekwalan Mountain landsiide. AZB is line of section in Fig X - 55,
3.8~ Approximate geological cross section through Estekwalan B /
Mountain landslide. ... . /66
39 Landslides at China Valley and Chase Creek (Traced from an . /
- interpretation of B.C. Government air photograph BC 5377-127). i e D9
3.10 Mount Ida landslide, near Salmon Arm. L 2 R 60
an

Location and geological setting of Enderby landslide. Geology
after Mathews (1981)......

- XV



Figure . ] R Page
312 Map of Logan Gulch—-Enderby landslide Area (Traced from B.C air,
photographs BC 5190~ 157, 1568, 159). . e 65
313 Approximate geological cross section of Enderby landslide »
Geology partly based on Mathews (1881)....... e e oo e 68"
A ‘ N
3 14 Hypothetical sequence of block movement at Enderby 1andslide. ... N\....69
315 Location map of the Pemberton Hill and Laveau Creek 1andslides.........ones 71
. ( S~ 3
3 16 Morphological map of Pemberton Hill landslide complex {based
on B.C. Air Photograph BC B 18715 1) RSN R 72
" 317 Location of Buse Hill landslide complex. A = Exposure of
sheared tuff photographed iN Plate 3.7 ..o R 74
318 Landslides in the Monte Lake ~ Ducks Meadow Area (Based on ) -
"~ BC. aerial photograph BC 5377049 exposed September 1. 1876). ... 77
319 Approximate geological cross section fr 'the Split Rock area v
10 the Baf Clay eXpOSUres. ... e B oot e s 82
3.20 Morphology of Landslide in the Deadman River Valley between
Criss Creek and Gorge Creek (Based on interpretation of aerial
photographs BC 5740-048 and 57421 16) et 87
321 Geological cross section of Chasm Creek landslides. Geology '
after Campbell and Tipper, 197 17 Drawn with no vertical exaggeration............... 97
3.22 Morphology of Chasm Creek landslides (Based on interpretation
of B.C.gair photograph BC 5255 = 183). .ot s 98
323 Geological cross section of Leon Creek landslides. Geology
‘ after Trettin (1861). Drawn with no vertical Xaggeration. ..., 104
324 Mor;ﬁﬁology‘of Leon Creek landslides (Based on interpretation of
~____ BCar photograph BC 5742 =98). .o TR .. 107
3.2% Cross section of Chilcotin River valley at Redstone landslide site. .
Drawn With NO vertical @Xaggeration.........hu st et 108
326 Cross section of Anahim's Flat landslide. Drawn with no vertical exaggeration..... 1 10
327 Location of epicentres of earthquake events that were felt (i.e. '
Mercalli Intensity > Il) in the study area between 1898 and 1977
inclusive..Data supplied by Earth Physics Branch, Energy. Mines
BNA RESOUPCES CANATA. ..ot 117
4.1 Geological setting of the Salmon Valley landslidés (modified after .
Okulitch, 1979 ' - - 123
42 Exposures of Pre-Tertiary rocks in the vicinity of the Saimon
River landslides. Schmidt nets (lower hemisphere) show pole .
concentrations of discontinuities. ~ SRS 125
4.3 Geological map of the eastern margin of Adelphi Creek Landslide.
Adelphi Creek is located in Fig. 4.5: ... : 127.
- L N
- Tre— XML o~
N
- *\\\




. ‘Figure ’.
¥

Page
44, . Composite stratigraphical section of. Paleo?ene rocks (Kamloops. ,
Group) in the Salmon Valley, south-west 0 WESTWOIL. ..o e 132
.45 Expoﬁsures of Paleogene volcaniclastics in relation to the
1andslides in the SAIMON Vall@Y. ...t st 135
. "4.6 - Structural ligeaments evident on air photograph BC 5377-33 and
pole concentrations from’discontinuity surveys in the vicinity of -
the Salmon River landslides............o TSSO RS URTUOUUR PO RRSOtooY 137
47 A=Attitude measurements in Paleogene rocks in the vicinity of
the Salmon River landslides. B=Dispersion of poles to bedding
and unit surfaces (Wulff Net ~ lower hemispherel. ....... U ————— 140
- 48 Mép and slope profiles of Jupiter Creek landslidef:,.._..............: ..... [ B 148
49 Morphology of Jupiter Creek landslide interpreted from air
photographs and field traverses. Inset map shows morphoiogical ’
20nes discussed iN tOXL ... b R 150
410 Inferred stratigraphical relations across the pre-movement ‘ ' ‘
- slope. Jupiter Creek landslide..............cco- e e e 1585

4 11-Relationship of Jupiter Creek and Shelt Creek landslides to
macrostructural elements in Paleogene rocks, Saimon Valley. as .
observed on B.C. air photograph BC 5187~ 137 and field traverses..........c.u 156
4. 12 Relationship of Jupiter Creek and Shell creek landslides to
mesostructural eilements (Schmidt nets-lower hemisphere) in
Paleogene rocks, Salmon Vallsy. ........... -

......................... 157
4.13 Sketch of structural elements of sﬁear zone, Jupiter Creek landslide.........n 162
4.14 Contour map and slope profiles of the Shell Creek landslide and >
- ,30JACEN SIOPES. . e et 164
4.1% Profile of the Shell Creek landslide based on an altimeter travérée | ,
of the debris. Lines beneath the profile line suggest attitudes of
Strata ENCOUNTEIEU M TFAVEISE. ........c.ocoeeaccrserrsrrs st e et s s s o0 165
4.16 Morphology of Shell Creek landslide based on interpretation of
air photograph BC 4409-134. A=slump blocks on east lateral
scarp, B=spring. Inset shows morphologic zones. ' . 166
417 :lnfervred geological' cross sections of the pre-movement slope,
; Shell Creek landslide. A=Transverse to movement, B=Parallel to movement......... 174
4.18 Inferred movement direction within the Shell Creek Iandslide |
debris. A and'B are lineaments within the debris discussed in-the text. .......... S 175
4.19 Contour map and slope profiles of Adelphi Creek Bluffs and © ’
Adelphi Crigek Landslide..... — S . - 178 -
420 Morpho‘lo" W of Adelphi Creek (A) and Stephen'sLake Road (B) .
landslides based on B.C. Air Photograph BC 13562-112 : . e 179

X Vi



Figure

421 Stratigraphy of Adeiphi Creek Bluffs obtained by telescopic
alidade and plane table from opposite side of valley. Drawrl with

- K=Kaolinite, F=Feldspar.

xviii o -

no vertical exaggeration. .............. b
422 Map of Adelphi Creek Bluffs area, shpwing inferred exte;ﬂ of
rock mass involved in movement Note fracture traces. %ased
on ar photograph BC 5187-168. .. 186
4.23 Contour map and slope profile of Stephen’s Lake Road lanlslide ......................................... 189
4;24" Reconstruction of the kinematics of the Jupiter Creek and Shell
CraK 18NASHARS. ..o ST 192
4.25 Field slope stabilty chart for slopes in the Salmon Valley.
between Twig and Adelphi Creeks........ , 183
\ 4.25_Schematic block diagram of geological controls on slope {
movement in the Salmon \@Ney..._ N R— 195
427 Model of. post-glacial slope development in the SaIrhon V@Y. oorcerieerersesecocrinessnons 196
51 Microstructure sample locations in the Saimon Valley. Landslides
are Stephen's Lake Road (A), Adelphi Creek (B, Jupiter Creek (C).
Shell Creek (D). - .. 199
52 MicreStructure sample locations in the Deadman Valley... 200
5.3 Neogene microstructure sample locations in the Chiicotin Study _
Area (A) and Chasm Creek area (B) .201
54 H‘rera‘rchicil‘,fnulti—grain systems in air—fall pyroclastic rocks.
Size classification and nomenclature are those proposed by
‘Schmid {1980) — : 208
5.5 Hierarchical microstructure model of graihv_matrii relations in
Twig Creek Tuff. : ; 210
856 Diffractog_rams for clay fraction of intact Paleogene | ¢
volcaniclastic material from the Saimon Valley (Glycolated).
“S=Smaectite, I=lllite, K=Kaolinite, F=Feldspar - 21
5.7 Diffractograms’fOr clay fraction of sheared Paisogene
- volcaniclastic material from the Seimon Valiey (Glycolated).
~ §=Smectite, |=lllite, K=Kaolinite, F=Feldspar 212
58 D,iff’ra\ct,OQr'ams for the clay fraction of intact Paleogene
volcaniclastic material from the Deadman Valley (Glycolated). .
~ S=Smectite, I=lllite, K=Kaolinite, F=Feldspar 215
- 59 Diffractograms for the clay fraction of sheared and remoulded
‘Paleogene material from the Deadman Valley (Glycolated).
S=Smectite, I=lllite, K=Kaolinite, F=Feldspar..... T 216
510 Diffractogmms5for the clay fraction of intact Noogeha '
volcaniclastic material (Glycolated). ;,;S=S(r§actito, I=lllig§,

218



W

Figure Page
5.11 Diffractogram for the clay fraction of sheared Neo?ene
volcaniclastic material (Glycolated). S=Smectite, I=lllite.
K=Kaolinite, F=Feldspar. T —— 219
512 Triangular diagram' showi%g estimated clay mineral ratios for the
voicaniclastic materials examined. Percehtages based on:
semi—quantitative method discussed in text ’. e 221
6.1 Relationship between porosity and ABSOFPHON KITBX. ... S 267
6.2 Reiationshi.p between estimateq porosity and Slake Durability
Index (SDI). e : 270
~ 6.3 Interrelationships between qestimated from the-poinbf’load test
and other geotechnical parameters. q.is the abcissa in each of the diagrams......... 273
6.4 Ultimate shear strength envelope for she Twig Creek Tuff (SR1). 275
6.5 .Ultimate shear strength envelope for the Red Tuff (SR2). 276
6.6 Ultimate shear strength envelope for Neogene tuff (NG 1), Chasm Creek.............277
6.7 Ultimate shear strength envelope for Neogene tuff (NG2), Chasm Creek.....cocene 278
68 Residual shear strength envelopes for Salmon River Tuff. '
..A=Disaggregated Salmon River Tuff (SR4), B=Saiman River Tuff
“from the Jupiter Creek shear zone (SR6).... 280
7.1 Diagram of forces used in the wedge analysis: ‘ 284
7.2 Generaliggd slope geometries, groundwater surfaces, and shear
: surfaces analysed in the translational sliding modei...... 286
23 Results of wedge analysis of the Jupiter Creek landslide. 289
7.4 _ Results of wedge analysis of the Shell Creek landslide....... : 291
. e i

76 Results of wedge analysis of idelphiv Creek Bluffs

27 “Summary of all Salmon Valley Wedge Analyses. |

78 Results of the undrained spreading

76 Results of the wedge analysis for the, Chasm Creek West 1andshide. ...
- ; .

analysis using the method of

Mandel and Salencon (1972). ...

-

79 Relstionshiepat?etweeh overburden pressura at the siope crest (P)

andq, -R

7.10 Schematic repre‘se“nuti‘on‘ of the translational sliding in&i f

. spreading modas of movement in the Saimon Valley and Chasm .

~ Creek slopes. ...

~7.11" Chronology of Post-Glacial processes and climate in the

Thompson study area, based on Aliey (1978), Fuiton (1975),

i

Ryder (197 1) and Clague (1981)....

[a% A8

L4

XiX

{92
293
294

301

303

305

307



Fig
7.1

o

ure ¢ . .

2 Landslide geometries for slope mavements in the Thompson and

Page

310

Chilcotin study ageas.

X%



3.7

Plate

21

31
32
33

34

35

36

38

39

310
311
312
313

’3‘15

_'5316

_ ' Page
Low angle fault exposed in volicaniclastic rocks at Teakettie: B »
Creek near Monte Lok - ~31
Aenal photogr h of Bouleau Lake landslide complex B.C. Air )
Photograph 5187-259-exposed 28 May, °1966) A = Bouleau LaKe.......oumewsr 47
The Falkland landslide which occurred betwesn 1974 and 1976
The movement appears to ‘be of the flow type involving aitered
Paleogene volcanlc breccia Note figure for scale. : 54
View to the north of the Estekwalan Mountem landslide from the
~ summit of Tuktakamin Mountain. 58
Aerial photograph of Enderby Cliffs. B C. air photograph BC .
5190-158., A =North Block; B = Active Flow LODE. .mocne e 61
Oblique eenal photograph of the Enderby landsllde N=No#ith Block 62
Vertical: ;onntlng observed in the scarp of Enderby landshde at the o :
North Block . : ‘ , 67
- Disturbed Peleogene tuffs at Buse Hill Note small normal. feults . .
~ and filled discontinuities. The exposure, located in Fig. 3.17,is e _
mterpreted to be the sheer zone of the Buse Hill lsndslide complex 75
: Aerlel photograph of landslides in Paleogene rocks in th
Deadman River v %lleg between Criss Creek and Gor?e Creek B8C
air photograph 574 ~049 exposed September 1 g76). A=
recent scerp failure photographed in Plete 3.15. .79
Aerial photograph of landslndes in the vicinity of Gor e F#gl(>3
Deadman River valley (BC air photograph 5742 0116 : _
September 8, 1976). 80
Pyroclasttc/voIcanlélastlc rocke in tgplcal C|Iff ex’osure on west
~ side of Deadman Valley. Partly dedreded block in lendslnde
~ complex #4 visible.in foreground : 83
Landsllcles north of Cruss Creek on east slde of Deed?hen Rlver valley........,...' .................... 84
Outcrop’ of weathered gyroclastnc rocks at Bet Clay exposures .
‘hpproxlmgtely 150 mabove the base of the. Tertiery gt .85
View to the south of lendslnde on west side of Deedmen Rlvpr R -
valiey showmg exemple of degreded block front {A).c. DI .88
Morphology of lobe-—llke terrmnus of. secondery flow on" * Coa “'7 o }
lendshde complex 1, west side of Deedmen Rwer velley IR TSRO o a0
CLTelE T e
Recent scarp failure on Iandshde complex 2 west slde of R SR o
Deedmen River velley - - UL _-'} e 81
Air photog‘:kph of lendslldes in Neo rocks in the vuclmty of’ | oen
.- Skookum . Desdman River (BC A Photogreph BC: . ) R
-5187-004 exposed Mey 18 1966) A-DeldmmLeke S 94

B=Skookum Lske..

A

_ List of Piates o, -

BRSO



Piate

317

318

319

320

321

322

323

4.1

4.2

4.3

45
46

47
48

49

44

" Shear breccia in Chapperon Schist at Tertiary unconformity, Twig

Page
Arr Photograph of landslides at Chasm Creek (BC air photograph

BC 5255- 183 exposed July 10. 1967) A =ChasmEast. B =
Chasm West, C = Chasm North; D = Block currently undergoing

movement. E = Fraser Plateau SUPF @O, e e 96

Evidence of movement on north block of Chasm East landslide. -

Note trees out of vertical and slight backward rotation on block surface. ... ... 100

View north of Chasm East landshide Note debris-crest ridge and

graben behind it NB = North block (see Fig 3.22) Vertical

jointing 1n plateau lava seen in FOP@QIOUND. ...ccrsco oot 101
. N [

View to southwest of Chasm West landslide. Note biock

tboundaries and ridges in debris. ... OSSR ——— 102

Air photog?aph of Leon Creek landsdiides on eastern margih of
Camelsfoot Range (B.C. Air Photograph BC 5742-98 exposed
SEPIEMBEr 8. 197 6). oo e e e ... 103

Basal shear zone of Leoh Creek landslides exposed in logging
road cut Figure is standing at level of yellow tuffaceous
sandstone. Note seepage from base of landslide debris. ... 105

Air Photograph of Hedstone area. Chiléotin River valley. Note
Redstone landslide (A) and spreading movement (Bl. Other '
yandslides are also marked. (Canada Air Photograph A22415=158). oo AR

Air Photograph of Salmon Valley landslides-B.C. Air Photograph
BC 5377-033). B ‘ e S— 121

Cieek, A=Chapperon Schist, B=Pa|eogene Twig Creek Tutf sl 128

View to the.east toward Adelphi Creek landslide (A) and Adelphi
Creek Bluffs (B). Note slopes between Adeiphi Creek Bluffs and

Cain Creek (C) are not affected by SIOP8 MOVEMENT. ... e 130
Typical exposure of Twig Creek Tuff at Twig Creek. Note T N
spheroidal-type weathering or alteration. ...... 1 33
Salmbn River Tuff-Tuff Breccia exposed at the west margin of ‘ v '
the  Jupitér Creek landslide. Note filled discontinuities. ’
spheroidal—type alteration or weathering and basaltic blocks (B). - 134

Exposures of lava flows and breccias (Upper Red Beds) in the
scarp of the Jupiter Creek landslide., Note irregular nature of unit

. boundaries and predominance of vertical jointing. ... _ 139

Smalllscale normal faulting with gouge @ri Salmon River Tuff at .
waestern margin of Jupiter Creek landslide. ............ - 142

rreqularities in attitude in the Salmon River Tuff at the'base of .
the Shell Creek landslide.... o : S 143

" Bedding plane shear zone in Saimon River Tutf at west margirt of

the Jupiter Creek landslide........ : X ] ~ e _ _,1.45

XXii



Piate

410
411
412

413

414
415
416
417

- 418
4.19
420

421

422

-

423

424
425

4.26

427
51
52
53

standing in centre OFf traNSVErse GEPrESSION. .o e o 2 153
= A “

Juﬁit‘er Creek landslide debris overlying gra\éels at base of Zone 3. .. 159

Rupture zone of Jupiter Creek P ¥ Te 11 [T = U RS E R .. 160

Adrial photograph of Shel Creek laridslide (BC 4409~ 134] ..o v - 163

Blocks and graben feature #t headscarp. Shell Creek landslide. |

View to the east. 168

West lateral s of Shell Creek landslide. Note high wall-like

nature of-scafp and persistent vertical joints. View 10 the West ... 169

View westward, from east.la.ter.al scarp, into Zone 2, Shell Creek

landslide. J= The Jumbles, K=The KNOD. ..t e 170

Scarp facing surface. suggesting underthrusting, at The Jumbles, ‘

Shell Creek landslide. ... : oot e 171

Shell Creek landslide from the scarp of Jupiter Creek landslide. ‘ '

Note Jupiter Creek landslide in foreground and transmission

towers circled for scale..........mns e e R 172

Aerial Photograph of Adelphi Creek Landslide (A) arid Adelphi ! ,

Creek Bluffs (B) (B.C. Air Photograph BCTE75 =17 1) s 177 -

Exposed shear zone of Adelphi Creek landslide. Note

Hummingbird Tuff which contains Chapperon Schist fragments

(H) and flUVIOGIBTIAl DOUIIEIS (F). vttt 0 S 181

Tension crack at the crest of Adelphi Creek Bluffs........... JE R —— 183

Downslope displacement (arrowed) along discontinuity at Adelphi ’

Creek Biuffs e ' AT 184

Air photograph of Adélphi Creek landslide (A) and Stephen's Lake

Road landslide (S: Note also Woods Lake (W) and Jupiter Creek .

" landslide (J). (BC5187-168,...... , e L 187
View to the north of Stephen‘s Lak‘é Roa'd‘ landslide. SEA— . 188
Photomicrographs of intact Twig Creek Tuff (SR1). - B 223
SE_M micrqgfép’hs of intact Twig Creek Tuff (SR1).... e 228

Page
i
Aerial photograph of Jupiter Creek landslide4BC 5187-137)
Note also the Shell Creek 1andsiide (Sh ... e L P ¥
Jupiter Creek landshde from the Shell Creek landslide scarp (view
to the north). A=Stephen’s Lake Road Landslide. B=Adelphi Creek Landshde ... 148
Features of the graben, Jupiter Creek 1anASHAe. .. 152

Disturbance of tree cover by slope movement in Zone 3 of
Jupiter, Creek landslide 240m above the valley floor Figureis

Photomicrographs of intact Red Tuff (SR2). : e 226 -

X Xiii



A ;
Plate y ' . Page
. :54 SEM micrographs of’intact Red TUFF ASRR). oot oo [ 227
5.5 Photomncrographs of Unweathered Salmon River Tuff (SR3,SRA).... .o .229
- 56 'SEM micrographs‘of unweathered S_almon River Tuff (SR4) ... e 230
57 - SEM micrographs Of DR .o e _ Y. JC V.
58 SEM mlcrograph Lol 210 2 1Y —— O R S p ~234
"~ 59 SEM micrographs of 52 TU—— ; ,,,,,, .. 235
5.10 Photomicrograph,of intact Neogene tuff, Chasm Creek ING1).... ‘ 237
511 SEM micrographs of intact Neogene tuff. Chasm Creek (NG 1) e ....238 -
5.12 Photc‘)mic‘ro'graphs ofintact Neogene ,fuff, Chasm Creek _(NGZ) ..240
) 513 Photomicrograph of grain-matrix relatnonshnp in intact Neogene : _
tuff, Chasm Creek (NG2).... — - O 241
5.14 SEM mncrographs of intact Neogene tuff, Chasm Creek (NGZ) — 242
5.15 SEM mlcrographs of intact Neogene tuff Gorge Creek (N\IGS) . - 24213
5.16 SEM'micrograph of NG4 e v . 245
6.17 SEM micrograph of NG5. - S U A — 246
518 SEM micrographs of sheared Hummmgburd Tuff (SR8) ' ‘ 248
519 SEM mtcrographs of sheared Salmon River Tuff, Shell Creek landshde ......................... 249
5.20 SEM mncrographs of sheared Salmon River Tuff, Jupiter Creek :
- ' landslide .. — : 250
521 gEgl micrographs of sheared clay from shear zone o§ landslide |
‘ eadman River valley (DR4) 252
5.22 SEM mncrographg of DR2...... , | ' R 253
523 SEM mncrographs of DR3 o - . 254
'5.24 SEM micrographs of sheared Neogeﬁe clay (NG6) ' o 255
: : . . | \
- | ' o
: R
; | L © A

XXV ]



1. LANDSLIDES IN VOLCANIC SUCCESSIONS

1 1 Introduction

The observation that slopes developed in volcanic successions are partICularly
susceptlble to landslides has been made in many parts of the world. The puyose of this
mtroductory chapter is to review this observation, to evaluate the geologlcal fdctors
contributing to this susceptlblllty and to broadly review the range of rnovement
mechanisms Which may be operatrve in these slopes. lt-also serves as an introduction to
the regional landslide study of volcanlc successions in south-.central British Columbia
which makes up the remainder of this.work. .

Wldespread mstablllty in volcanic successions was first reported by geologists of
the United States Geologlcal Survey working in‘the Amerlcan Cordiliera - Observations on
| landslides on the Columbia River Plateau ang the Snake River Plains webre made, for
example, bY 1.C. Bussel (1893; 1898; 1899; 1901; 1802). He described what he;_called
"unusually favorable conditions” in the volcanic successions oftthis region including
stratlgraphlcal controls structural relatlons and slope geometry. in addition to Russell
Lindgren (180 1) in Oregon and Howe (1909) in Colorado contributed other observatlons
on landslides |n volcamc successions. Itis remarkable that their contemporarles working
- in Canada, in _similar terram made no comment on the wndespread instability assocuated '
with volcanic successsons in the lnterlor Plateau of British Columbla which is described in
the following chapters of this work for the first time. ’

- A volcanic, successlon can conslst of lava flows, pyroclastlc flows alrfall
vpyroclastlcs and mudflow unlts as well as thohse deposoted by’ normal sedlmentary
- processes The heterogenelty exhlbuted in such successwns reflects the eplsodlc nature

| : of volcamc processes the varlablllty of eruptnve products and the spatlal vanabnluty of
processes in the volcanlc envnronment well documented in the volcanologlcal l|terature
‘ lMacdonaId 1972; Wllllams and McBirney, 1979 Parsons, 1974) ln addltlon to Varnabullty
| between umts the propertles of lndlvndual unlts |n the successnon can also vary both in.
}vertlcal and horizontal dnrectlons ThlS may mclude varlatuons in lnthology, &;eratlon or
//}agenesm all of Wthh sigmflcantly affect the geotechnucal propertles of a given umt

Volcamc successwns are good examples therefore of a geotechmcal complexxty Wthh

¥



"arises when the properties that govern the geotechnical behaviour of the

project vary rapidly across a wide range within a site!” (Morgenstern and

Cruden, 1977 . p 3!
Heterogeneity in geotechmical properties in volcanic successions has led to severe
problems in the design, construction and maintenance of engineering projects (e.g, Rands,

1915: Bﬁ\}an, 1929 Banks and Saucier, 1965, Niccum, 1967. Dreyer, 1926. Tryggvason.

1957 Rocha et a/.. 1974, Flyngenring et a/.. 1976, Lutton et a/.. 13979

1.2 Landslides and Geological Environments in Volcanic Successions
A review of nstability In volcanic successions has led to the conclusion that
landslides occur in four geological environments, or types of successions, which are

illustrated in Frg 11

1.2.1 Type 1 - Landslides in Iinterlayered Volcanic Successions

The most common geological conditions for instability are on slopes where
massive resistant flow rocks. which may be interstratified with other types of rock, '\
overlie a soft layer. or zone, of weak ﬁ*y'?oclastic rocks, or tuffaceous or poorly lithifled

_sediments The upper resistant rock unit (or units) 1s an essential componer@of this

environment and is termed the cap (Fig 1 1)

These geological conditions are reported in the Cenozoic rogks of the éordlllera
of the United States by Liang and Belcher (1958),‘Baker and Chieruzzi (1959). Ray (1960),
Rib and Liang (1978) and Radbruch-Hall et a/. {(1976)

In the Intermontane area of the United States, Russell (1898) noted that where soft

rocks consisting of lapilli, tephra, clays or lacustrine sediments. occurred béneath
cliff-forming layers of basalt, widespread instability waﬂved He also noted that
where these soft Iay’%rs were absent, noievidence for Iand;iding was observed (cf.
Chapter 3)). In commenting on landslides in Nez Perce Co. Idaho, he noted that,

"..s0 constant is the rblétion between landslides and the presence of (soft
interbeds) .. that the fandslides furnish an indication of the exgent and thickness
of softlayers.” (Russell, 1801, p. 79)

_Stearns et a/. (1938) point to the importance of lacustrine sediments and tuffs in

IA site is meant to embrace extended routes for projects such as tunnels, highways or
pipelines, as well as the more{ocal situations such as those which arise with dam and
building foundations (Morgenstern and Cruden, 1977).



.

1"1'
7| TUFF
[£7) snecc

;J‘jf.' PRE—VOLCANIC ROCK

o

\



landshdes in the Snake River Plain and mentuog recent movements and falures resulting
from irngation Griggs (1976) noted wndesprtfad landshdes where claystones and
siltstongsof the Tertiary Latah Formation underlay Columbia River Basalts in the Spokane
quadfa—ngle,’and noted their re-activation by stream erosion Hogensen (1964) describes
the shidig of basalt on tuffaceous san.dy shale in the Umatilla River basin, and landshdes in
the vicimity of The Dalles along the Columbia River have been noted by Piper (1832) More
detailed work by Anderson and Schuster (1870). Waters (1973) and Palmer (1977)
describe large landshdes in the Lower Columbia River  Whilst Anderson and Schuster
{1970) were concerned with the engineering properties of altered clay—rich pyrocléstrc
units, Waters (197 3) followed by Patmer (1977) identified a clay-rich saprohte horizon
developed in Lower Tertiary volcaniclastic rocks which have undergone hydrothermal
alteratron as a major zone of weakness on the northern slopes of the Columbia River
Gorge in the vicinity of the Bonneville Dam

This type of succession and associated jandshding has bee;'\ described i the
vicinity of Portland, Oregon. by Teimble (1964), who nqted that landslides composed the
entire slopes of the tuffaceous sediments of the Scappoose Formation. Also in Oregon.
Lawrence {1979 describes massive block shding of the basalts of the Columbia River
Group. resting on top of the tuf faceous John Day Formation. down the dip slope of the
Ochoco Mountains

In Wyoming. Pierce {1968) described the Carter Mountain landslide complex in
which the Eocene Cody Shale, as Pierce notes. "gave way" under the load of 91 5 m of
cliff~forming volicanic flows and sediments. Shroder (197 1) in his regional landslide study
of Utah found that the lithological combination of Tertiary basalt over limestone qor
tuffaceous sediments accounted for 16% of the landslide areas in the state.

In Colorado, Howe (1809), Attwood (1918), Attwood and Mather (1932), Hinds
{1938) and Yeend (1969, 1973) have reported on instability of steep slopes in horizontal
to sub—horizontal bedded volcénics where shales, tuffs and pyroclastic beds occur
beneath caps composed mainly of lava‘. Van Horn (1972) repoRted on the failure of the
tuffaceous Eocene Denver Formation beneath latite flows on Table Mountain at Golden. In
New Mexico, Kelley (1979) reported instability along the Rio\Grande where basalt flows

overlie the tuffaceous shales and sandstones of the Mio—Pliocene Santa Fe Formationin  »

L
e



L

1\\\

=

tf)e Espanola Basin

———Atthough conditions for similar nstability appear to exist in parts of Gentral and
South America, the writer is not aware of their report Excellent documentation of the
engineering geology of damsites in volcanic successions in Mexico (UNAM, 1876) and
Brazil (e.9. Nieble et a/.. 1979) mention local instability associated with con'structnon, but
no mention is made of natural inst:]gﬁity on the scale that would be anticipated Similar

remarks apply to slopes developed in voicanic successions in the Patagonia pldteau of

<
Argentina

-
-

Landslides occurring in this type of volcanic succession have been reported from
the Tertiary volcanic successions of the Brito—-Arctic {Thulean) volcanic province in the
North AtIarch Thorarinssen et a/. (1959), Asai (1968), and Ollier (1969) report extensive
landsliding along sedimentary interbeds in the plateau basalts of Iceland. In the Faeroe
Islands. Jorgensen (1978) reports detailed observations on landslides, first noted by Geikie
(1880). wh?ch involve the movement of a basalt cap on altered pyrocilastic bfeccias and
tuffs.

In Eastern Europe, landslides in this type of geological environment have been

. L4 .
studied in Czechoslovakia (e.g., Nemcok, 1964, Zaruba and Mencl, 1969; Pasek and

‘Kostak, 1977; Malgot and Otepka. 1977). The prablem is marked around the Handlova

depression where a cap of andesite overlies soft Tertiary tuf fs and claystones {Malgot and

Otepka, 1977). ‘ -

Pérhaps one of the better documented failures in this type of succession is the
1956 failure of Gradot Ridge in Yugoslavia (Sukije and Vidmar, 1961). Arib of a tableland
catastrophicall\y failed through clayey lacustrine sediment and bedded silt which were part
of a Cenozoic volcanic succession. The cap was composéd of more indurated rocks

consisting of tuffs, sediments and lava flows. The landslide involved 2¢ x 10* m* and

occurred in the Vatasha valley where older and similar landslides had occurred with their

basal failure plane locateq in the same clay layer as it was successively exposed by

4

erosion.
Slope movements in similar'geological environments are also repBI'ted from Japan.
, ' . ‘ oy
Large scale slope movements are reported around the Tertiary basalt plateau in western

Kyushu by the Japan Society of Landslide (1972). A recent example involving an area of

-~
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64 ha 1s described where movement of a basalt cap took place along tuff seams within
Neogene coal-bearing sediments dipping 4¢ downslope Miyag (1979) describes large
landshdes in north=east Honshu where lava cappings overlying pyroclastic rocks have
undergone movement Sharma (1875) reports the occurrence of large scale landshdes in
the Deccan Plateau. india. .
A related environment which is ighly susceptible to slope movement exists where
a capping of massive volcanic rocks overhes weak material . below the base of the |
volcanic,succession in pre- volcanic rocks The weak material may consist of (al the

weathered unconformity between underlying resistant rocks and an overlymg volcanic

" succession or (b) of a greater thickness of weak material i the form of older sediments.

In the former category, Smith (i903) noted that landslides were common where Columbia
River Basalt overlies pre-Tertiary schist or granite in Central Washington. Griggs (1976)
also noted that some landslides inve|ving the Colubia River Basalt have moved on the
surface of the Pre-Cambrian Belt Supergrc;up in the S;;okane area

In the latter category, instability,also arises where older. weak, pre-volcanic
sediments underly lava caps. |nstabi|itt»¥these circumstances has been described in the
vicinity of Yellowstone Natuonal Park by Keefer and Love (1956) Hall (1966) and Waldrop
and Hyden (1963). and in Colorado by Howe (1909). Along the Snake River, south of
Ye|lox;vstone Park, Bailey (197 1) observes _that the entire area where Tert»ary volcanics rest
upon Mesozoic mudrocks which contain bentonitic seams, is characterised by numerous
and extensive slope movements. In Colorado, Howe (1909) and Attwood and Mather
(1932) noted similar slope movements in the San Juan Mountains where the enderlying
weak rock is the Mancos Shale. Koons (1945) has described instability in the Uinkaret
Plateau of northerh Ar:zona where ‘basalt capplngs overlay soft Triassic shales and marls,
and Wright (1946} has a spectacular aerial photograph of an unstable mesa margin where
basalt overli\es similar Triassic shale in the Lower Rio Puerco area of New Mexico.

Large landslides have occurred in the Tertiary volcanic rocks of the Waestern Isles

of Scotland and the Antrim Plateau of Northern ireland. - in coastal slopes on the Western

Isles, where basalt flows overlie weaker Mesozoic mudrocks, large slumps have

commonly occurred (Sissons, 1967) On Skye the geolo'gical environment of 'Iarge

. landslides was first reported by Geikie.(1904) and is described in detanl by Anderson and

5



Iandslides in the Snake River Plain and mention recent movements and failures resulting
from irrigation. Griggs (1976) noted wudespread landslides where claystones and ‘
siltstones of the Tertiary Latah Formation underlay Columbia River Basalts in the Spdkane
quadrangle, and noted their re-activation by stream erosion. Hogensen {1964) describes
the sliding of basalt on tuffaceous sandy shale in the Umatilla River tgasin, and landslides in
the vicinity of The Dalles along the Columbia River have been noted by Piper (1932). More
detailed work by Anderson_. and Schuster (1970), Waters (1973) and Palmer (1977)
describe lerge landslides in the Lower Columbia River. Whilst Anderson and Schuster
(1970) were concerned with the engineering properties of altered ‘clay‘Jrich pyroclastic
units, Waters (1973) followed by Palmer (1977) identified a clay-rich saprolite horizon
developed in Lower Tertiary.volcaniclastic rocks which have undergone hydrothermal
alteragon as a major zone of weakrless orl the northern slopes of the Columbia River
Gorge in the vicinity of the Bonneville Darr\. '

This type of succession and associated landsliding has been described in the -
vicinity of Portland, Orego:, by Trimble (1964), who noted that iandslides composed the
entire slopes of the tuffaceous sediments of the Scappoase Formation.  Algo in Oregon,
Lawrence (1979) describes massive block sliding of the basalts of the Columbia River -
Group. resting on top of the tuffaceous John Day Formatiott down the dip slope of the
Ochoco Modntains. : : : | , )

In Wyoming, Pierce (1968) described the Carter Mountairl landslide complex in
which the Eocene Cody Shale, as Pierce notes, "gaveWay" under the load of 915 m of
clif f-forming volcanic flows and sediments. Shroder (1’9.7 1) in his regional landslide study
of Utah found that the Iithqlogical combination of Tertiary basalt over limestone or
tuffaceous sediments accounted for 16% of tr\e landsilde areas in the state.

ln Colorado Howe (1808), Attwood (1919), Attwood and Mather (1832), Hinds
l1938) and Yeend (1968, 1973) have reported on instability of steep slopes in horazontal
to sub- horlzontal bedded volcanics where shales tuffs and pyroclastic beds occur
beneath caps composed mannly of lava :./an Horn (1972) reported on the. fanlure of the -
tuffaceous Eocene Denver Formation beneath latite flows on Table Mountain at Golden in

' New Mexico, Kelley {1879) reported mstablllty along the RIO Grande where basalt flows

.overlie the tuffaceous shales and sandstones of the Muo-Pllocene Santa Fe Formation in
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the Espanole Besin

Although conditions for similar instability appe'ar to exist in parts of Central and
South America, the writer is not aware of their report\ Excellent documentation of the

" engineering geology of damsites in volcanic success:ons in Mexico (UNAM, 1976) and

Brazil (e.g. Nieble &t a/., 1979) mention local instability associated with construction, but '
no mention is made of natural instability on the scale that would be anticipated. Similar
remarks apply to slopés developed in volcanicl euccessions in the Patagonia plateau of
Argentina , ‘ . |

Landslides occurring in this type of volcanic succession have been reported from

/the Tertiary volcanic successions of the Brito—-Arctic (Thulean) volcanic province in the l

North Atlantic. Thorarinssen et a/. (1959}, Asai (1968), and "Ollier (1969) report extensive
landsliding along sedimentary interbeds in the plateau basalts of iceland. In the Faeroe -
islands, Jorgensen (1 978) reports detailed observations on landslides, first noted by Geikie .
{1880), which involve the movement of a basalt cap on altered pyroclastic breccias and
tuffs. |

In Eastern Europe, landsiides in this type of geological environment have been
studied in Czechoslovakia (e.g.. Nemcok, 1964 Zaruba and Mencl, 1969; Pasek and
Kostak, 1977; Malgot and Otepka, 1977). The problem is marked. around the Handlova
depressnon where a cap of andesite overlies soft Tertiary tuffs and claystones (Malgot and
Otepka 1977)

Perhaps one of the better documented failures in this typeﬁof succession is the |
1956 tailure of Gradot Rldge in Yugoslavia (Suklje and Vidmar, 1961). A nb of a tableland
catastrophlcally failed through clayey lacustrine sediment and bedded silt which were part
of 8 Cenozorc volcanic successuon The cap was composed of more indurated rocks
consisting of ‘tuffs, sediments and lava flows. “The landslide involved 20 x 10¢ m® and
occurred in the Vatasha valiey where older and similar landslides had occurred with their
basal failure plane located in the same clay layer as it vuae succeseively exposed by

rs

erosion.

Slope movements in ‘similar geological environments are also reported from Japan.
Large scale slope movements are reported around the Tertiary basalt plateau in western

Kyushu by the Japan Soc1ety of Landshde (1972) A recent example mvolvmg an area of



64 ha. is described where movement of a basalt cap took place along tuff seams within
Neogene coal-bearing sedimer;ts dipping 4° downslope Miyagi {1979) describes large
landslides in north-east Honshu where lava cappings overlying pyrociastic rocks have
undergone‘ movement Sharma (1975) reports the occurrence of large scale landslides in
the Deccan Plateau, India '

A related environment which is highly susceptible to clogbe movement exists where -
a capping of massuve volcanic rocks overlies weak material . below the base of the
volcamc successnon in pre-volcanic rocks. The weak material may consist of (a) the

weathered u'nconformity between underlying resnstant rocks and an overlymg volcanic

" succession or (b) of a greater thickness of weak material in the form of older sediments.

In the former c‘ajtegory, Smith (1903) noted that landslides were common where Columbia
River Basalt overlies pre-Te'rIiary' schist or granite in Central Washington. Griggs (1976)
also noted that some landslides involving the Columbia River Basalt have moved on the
surface of the Pre—Cambrian Belt Su'pergrOup in the Spokane area.

In the latter category. instability ailso arises where older, weak, pre-volcanic
sediments undﬁly lava caps. In‘stability in these circumstances has been described in the

viciniiy of Yeliowstone National Park by Keefer and Love (1956); Hall (1960) and Waldrop

" and Hyden (1963), and in Colorado by Howe ( 1909 'Along the Snake River, south of

Yellowstone Park, Bailey (187 1) observes that the entire area where Tertiary volcanics rest

upon Mesozoic mudrocks which contain bentonitic seams, is characterised by numerous

~ and extensive slope movements. In Colorado, Howe (1809) and Attwood and Mather

(1832) noted'similar slope movements in the San Juan Mountains where the underlying

weak rock is the Mancos Shale Koons {1945) has described instability in the Uinkaret

_ Plateau of northern Arnzona where basalt cappings overlay soft Triassic shales and marls,

and Wright (1946) has a spectacular aenal photograph of an unstable mesa margin where
basalt overlnes similar Trnassw shale in the Lower Rio Puerco area of New Mexico.

Large landslides have occurred in the Tartlary volcanic rocks of the Western Isles
of Scotland and the Antrim Plateau of Northern‘ Ireland. In coastal slopes on the Western
Isles, where basalt flcws cveflie weaker Mesoi‘cic mudrocks Ia;ge slU‘mps ha\)e |
commonly occurred (Sissons, 1967) On Skye. the geologncal en\uronment of Iarge

Iandslldes was first reported by Geikie (1904) and is descnbed in detail by Anderson and
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Durham {1966) Similar movements are common on Mull (Bailey et a/., 1924), Raasay and

Eigg (Sissons, 1967)

In Northern Ireland large landslides have occurred along the rim of-Antrim Plateau

(Charlesworth, 1953: Manning et a/. 1970) where the Tertiary basalts are underlain by

weaker Jurassic mudrocks and Triassic marls. Stephens (1858) and Prior et a/. (1968)

describe block movements in which rotation has taken place in a zone which is between 1

and 4 km in width |
G.Jorgensen (pers comm) reports similar movements in the Tertiary Province of

West Greeniand which are also mapped by the Geological Survey of Greenland (1976

1.2.2 Type 2 - Laridslides in Weak Volcanic Successions in the Absence of a Cap
A second, less common, unstable environment exists where weak volcanic rocks

exist in slopes without a substantial cap of more resistant material. These rocks may be

rich in clay as a result of alteration (weathering, diagenesis, hydrothermal activity}, or they

may be loose pyroclastic material or soft sediments. Landslides occurring in such
environments are frequently flows. defined after Varnes (1978), and do not exhibit the
block morphology of the groups previously described. Examples are described by
Waters (1973) and Palmer {1877) in the vicinity of the Bonnevilie Dam in the Columbla
River Gorge where the debris from one such failure constitutes the foundation of the dam
itself. Photographs of classical flows in the same region are shown by Anderson and

Schuster (1970) and Varnes (1978), both movements involving altered volcanic rock.

- Debris flows in the western Cascade Range in Oregon have occurred in altered clay rich

"\onls developed on Tert|ary volcaniclastic rock. These SOIIS have a high concentration of

'i

N

expandable clay minerals and have been the subject of much investigation by Dyrness

(1967), Paeth et a/. (197 1), Swanson and James {1975). Swanston and Swanson (1976}

and Swanson and Swanston (1977). Patton (1876), and Mokievsky-Zubok (1877) have

discussed a massive mobile sllde of clay-rich hydfoihermally altered acidic flows and tuff

‘brecc:a from the slopes of the Meager Creek Complex in British Columbia.  The slide

occurred in 1975 and involved 29 x 10t m?. In the. Yellowstone National Park, Hall (1960)

. and Witkind (1969) have described large Iandshdes in altered rhyolite and rhyolitic welded

tuffs, and Attwood and Mather (1832) have glven a full descnpt:on of two large siope



movements in altered acidic lavas and tuffs at the SIumgLHuon arld Cimarron fiow shdes in
the San Juan Mountains of Colorado

Slides of poorly lithified material from the slopes of volcanoes should aiso be

mentioned in this category of failures (Kuenen, 1935 Dishaw. 1967; Voight et a/.. 1981)

These may contrubute to lahars as discussed by Crandell (1871} o

Glbb (1979) has an excellent description of a fiow slide on the coast of the Bay of
Plenty, New Zealand, in porous volcanic ash  This type of landslide 1s also common In
pyroclastic debris in Japan and examples of these landslides are described by Yatsu
(1966), Watari (1967). N'iiyagi (1979), Nakamura (1976} and the Japan Soc§ety of Landshide
Hy972). Harp et a/. (1981) document extensive Iandsi'i‘ding resulting from the 1é76
Guatemala Earthquake, lh Pleistocene pyroclastic deposits

These types of slope movements are transitional to those occurring in. residual

soils le.g.. Slmonett 1967 and it is not the intent to pursue this class of Iandsllde further

1.2.3 Type 3 - Landslides in Volcanic Successions Consisting of a Cap Only

The third type of unstable geological environment involves-the collapse of a slope
consisting of cap matertal only. due to shear along existing discontinuities within
comparatively resistant rock mass. This category of failure is transitional to rock stope
movements in other rock types. Slope movement originates in oversteepened slopes
which result f.rom erosion or ice—contact process suchas those described by Mathews
(1952). The resultant landslide is usually highly mobile and initial failure may be triggered
by seismic forces. Examples 7(8 descfibed by Mathews (1952), Crandell and Fahnestock

(1965), Moore ahd Mathews (1977), and Clague and Souther { 1982) from volcanic

' complexes in the coastal ranges of the North American Cordillera.

1.2.4 Type 4 - Landslides Associated with Construction Activity in Volcanic
Succassions | ’
Construction— related failureas a result of rapid geometry changes associated with
excavation comprise the fourth category or environment of slope movement in volcanic

successions since the special conditions imposed by construction make it difficult to treat

" them in other environments. Itis with reference to these failures that a lérge body of

4

!



detailed geological and geotechnical work has been undertaken in highway and dam

construction Many of the %cumented construction failures have occurred within oid

slide masses assoctated with a Type 1 geological environment

Pope and Anderson (1360) have given detailed engineering data on the behaviour

of montmorilionite~rich sous derived from pyroclastic sedirﬁents encou‘ntered in dam
construction in the Willamette Basin_Oregon. and Stéples (1957) described an abutment
fallure at the Point Lookout Dam in the same project Anderson (197 1) has described the

. engineering behévmur of altered pyroclastic rocks in the Columbia River Valley where’
construction failufés occurred in old landslide masses during a highway relocation project
Squier and 'Vesteeg (197 1) describe the well-known OMSi~Zoo slide in Portland. Oregon.
where movement involved decomposed basalt within-an old landshide mass. In the same
city. Clarke (1908, 1918) has described a slide in weathered. volcanic rock triggered by
reservoir construction. Bryan (1929) described an abutment failure at the Zuni Dam in
New Mexico, and Nobles (1973) has described a failure in a highway cut in Colorado.

An extensive body of data exists for construction projec'ts in Central and South
America UNAM (1976) includes several case histories of the engineering geology of
dams in Mexico developed mostly in acid volcanic successions, and Lutton et al. (1879
have summarised the landsiide experiences; in the Gaillard Cut of the Panama Canal Much
info?mation exists on the engineering'behaviour of the Plateau Basalts of the Parana Basin
in Brazil which has been extensively deVeloped for hydro—e.lectricity (Nieble and Cruz,

197 1- Nieble et a/., 1974; Ruiz et al., 1968; Kanji et al., 1977 Ruiz et al., 1979; Rocha et
al., 1974; Kanji, 1979). B |

This work is concerned with evaluating the landslide reponse of interlayered
volcanic successions such as those described in the discussion of Type 1 environments
above. As a result, attention will now be focussed on the development of this type of

siope movement. .



1.3 Development of Landslides in LZyered Volcanic Successions

The development of landslides in layered vélcamc successions is not well
understood. The role of the weak layers in the mechanics of mbvement is also complex
and will be examined in detail in Chapter 7. However, from the observations recorded in
the literature, it is possible to |dentify phases in landslde development. the tYpes of
landslides. the role of structural relations and the rofe of conductivity contrasts in

developing groundwater flow systems conducive to slope movement
]

1.3.1 Phases in Landslide Development
Based on a literature review, there are several phases:in the development.of these )
landslides which appear to be cogmon 10 all types of movement encountered In this

environment, (Fig. 1.2).

phase |- Erosion and Slope Formation in the Volcanic Succession.

This phase consists of erosion (which may be joint controlled, e.g.. Lawrence,
1879; Pasek and Kostak\1977) through the cap into the underlying weak sediments.
Frequently this erosion is rapu( e.g» meltwater channel development from dramage of

g|acnal lake : whnch produces oversteepened slopes in both the cap and the weak layers.

* :s less rapid, slope develgament is more gradual and other processes (e g.

P pe wash) may be active in modifying slope geometry to the extent that

not as hlgh The speed of initial erosion may also be important in

_.from its parent sheet. Movement of this type is well documented in ar tificial )
Fations in other rock types where a rigid cap overlies a softer layer (eg., Underwood,

} anz and Zonana 1969; Stimpson and Walton, 11970) and in excavations in

olcamc 5uwessmns leg. Nnccum 1967). Crackmg and ap separation paraliels existing

slopes and an exc‘ellentv example is given by Stearns et a/ (1938) from the Snake Ruver N
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Plains, Idaho.

Movements during the separation phase involve vertical as Well as horizontal
movements (Suklje and Vidmar, 1961; Yeend, 1969, 1973). Yeend (1969) reported that
verticar movements exceeded horizontal movements, "as would be expected with this type

of vertical fissure" Waldrop and Hyden (1963) reported that vertical slickensides were
present on tension crack surfaces on Sepulchre Mountaln in Yellowstone National Park,
sugge‘stmg that vertical sliding movements occurred before separation took‘place ds a
result of displacement in the underlying soft material. The separation.phase is vitalin the
development of the failure mechanism since it creates a discrete block Which is free to
" load the subja@.nt strata in the slope. In addition, the separa_tion and cracking‘ behind it may
adllow the ingress of water deep into the slope, allowing softening processes to be
activated in the weak layer. |
Phase I11: Cap Loading. ¢
" Documented landslides of this type indicate a considerable time gap between ‘
_separation and mass movement of the slope (Suklje and Vidmar, 196 1; Yeend, 1873). The
process is probably analogous to softening—rela‘ted,’ dela;led failure in cuttings of
everconsolida_ted clay (Vaughan and Walbancke, 1973; Lutton et al., 1979). Failure resuits
from the termination of creep initiated by the loading of the weak layer by the separated
cap block. During this phase some movement of the subjacent weak mater‘ial nwight take
place by being squeezed (e.g., Lee and Lo, 1976) out from under tne cap as aresponse to
block foading. This process has been postulated by Waters (1973) to account for heaves.
and mud boils which have appeared beneath high (and, as yet, Unfailed) cliffs in the - |
Columbla River Basalt on the south side of the Columbia River. These heaves conslst of
soft clayey materlal from the underlying Ohanapecosh Formation . Indeed many geologusts
have alluded to this type of Ioadmg mechanlsm to account for landslides in |ayered volcanic
' "successmns (Attwood and Mather 1932; Koons, 1945; Trrmble 1963; Pierce, 1968) and
the process has been extensnvely studled by workers in Czechoslovakua (Nemcok 1968

3

Pasek and Kostak, 1977).

»

"~ Phase IV: Fajlure.



- initial general fallure of the slepe may occur catastrophically (Russell. 1898
Stearns ef a/.. 1932, Suklje and Vidmar. 1961 Japan Society of Landshide. 1872)
However. as mentioned above. the precise mechanismis in doubt
X In this work two possible mechantsms for such movement are examined
(al movement along a discrete shear surface or na well- defined shear zone (shding) or

(b) movement by load-induced plastic flow {spreading)

1.3.2 Landslide types
ThE classification of these movements 1s made difficult both by their complexity
and the vagaries of existing classification systems (e g Pasek et a/., 1973) However
using the terminology of Varnes | 1978) a landslhide developed in slopes in volcamc
successuohs may exhibtt the five primary modes of movement, viz falls. topples. shdes
lateral spreads and flows Taken as a whole. they acelglassed under the term complex
w_her‘e “movement I1s by a combination of one or more of the five principal types of
movement described above” (Varnes 1978
% A Under certain conditions, the cap 1s preserved as a block or strip after movement
4 occurs Successive blocks or strips can be traced upslope n a landslide complex of this
type If the rotated blocks or strips are preserved and have not undergone advanced
degradatlo‘n, the slide may be termed a rotational shde or rock slump (Varnes. 1978) The
lateral contmulty'of unbroken strips of rotated blocks along the rims of some mesa
landforms in the United States, for example. is striking  Wright {1946) reproduces a
remarkable aerial pho'tograph of such strips and records therr unbroken continuity over
‘ 48km Similarly. Yeend {1969) reports unbroken strips over 3.2 kmin width. Although
| these landslides have occurred in horizontal bedrock, this continuity umplnes)& great
uniformity in movement condmons and time of movement
The behaviour of the failed cap I1s determined by the character of the cap itself and
thé thickness of the weak layer. The charac_ter of the cap determines whether the cap is
preserved or fragments on failure If the cap is resistant, block landslides (Pasek and
Kostak, 1877) are the result If the cap disintegrates, as “at Gradot Ridge, then blocks are
g -not preserved If the subjacent weak layer is thin, translation takes place along a basal

shear surface which results in the formation ofa graben beneath the scarp. or separation

-~
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surface This type of landshde has been de‘scribed by Attwood and Mather (1932). Pasek
and Kostak (1977). Trollope {1980), and with reference 1o a sandstone cap. by Wright and
Watson {(1965) In cases where the weak layer is thicker, slope movement may be of the
lateral spread type although 1t may be difficult to distinguish the two movement types The
geologtcal and geotechmca| factors controlling the shding-spreading threshold are not
well bunderstood and are addressed in later parts of this work

The result of successive slope movements in this environment is the development
of alandshde complex that at the head conststs of well-defined blocks (which may be the
result of toppling. translational or rotational siding. or lateral spread movements)'and
degraded slump blocks at the toe whtch may grade into flows (e g, Pierce, 1968. Mahr and

Malgot, 1977)

1.3.3 The Role of Structural Relations

With respect to the basal shear surface (or zone). many block landshdes appear to
occur independently of what Attwood and Mather (1932) refer to as “larger structural
relations” They observed in therr study of landshides in volcanic rocks in the San Juan
Mountains of Colorado that only two landshdes had moved along bedding planes. the
remamnder rnoving n dnre'ctlons’not related to the attltude of a basal weak layer. These
observations were also made by later workers (e g. Suklje and Vidmar, 1961) This,
suggests that existing discontinuities tn the weak zone (e.g. bedding planes or bedding
plane ships) are not important in determlnmg the attitude of the basal shear, or that
discontinuities existed prior to movement_ that were not detected afterwards Jountrng and .
fault patterns do, however, appear to control the plan geometry of the cap block *

Where mterlayered volcamc succesmons have been tilted or folded so that the
strike of such deformation is parallel to an eroded valley slope simple translation along
weak layers is the domlnant mode of initial movement. The best documented cases exist
for landslides in the Columbia River Group. Russell (1893 reported shdtng of Columbia
River Basalt on the tuffaceous rocks of the John Day Formation. The rélation between
structure and sliding in the Lower Columbia River has also been examined by Andersonp

(197 1), Waters (1973) and Paimer (1977).



During folding or tilting. strain s preferentially taken up in weak strata between
more reststant units (€g. Anderson. 197 1) and leads to the development of flexural shp
structures These may consist of rubbly mylonite zones or discrete planar §hear surfaces
along existing bedding planes within units. or unit boundaries ‘In the Columbia River
Basalts, Waters (1955) notes the "local smearing out and shickénsiding of thin sedimentary
beds and intercalated residual soils” (p 676) and Newcomb (1969 notes the development
of a mylonite breccia between basalt units in Central Washington Corns and Nesbit (1967)
encountered extensive interbed shearing at the Green Peter Dam Site in the Willamette
Basin, Oregon. where shearing in tutfaceous interbeds was sO intense in some cases thal
the sheared material had to be mined out and replaced by concrete to provide adequate
foundations and abutments for the dam structure Anderson {197 1) has also looked at the
relationship between structure and mass failure in the Columbia River Valley and reported
on the nature of bedding plane slips |n\tuffaceous nterbeds

In addition to these structures associated with tectonic activity, shear zones may
also be caused by valley formation in volcanic successions Features which may be
attributable to stress relief have been reported from the Green Peter Dam (Corns and
Nesbit 1967) and the McNary Dam (Gullixson, 1958) Thes[e features include vertical
shear zones parallel to the valley walls and complex fault patterns in V;Hey bottoms. and
compare to simuar features encountered in dam sites In the Plains. e.g. Underwood et a/.
(1964), Matheson and Thomson (1973)

In the North American Cordillera the area of exposure of Cenozoic volcanic
successions is typified by Basin and Range structure (Stewart, 1879) and associated
normal block faulting The generally steep faults control the plan geometry of iandslides In
providing planes of low shear strength in the separation phase and also con.trol the
- stratigraphical continuity of the wéak layers at the base of slopes (Fig.1.3) Low-angle
faults,‘ such as antithetic faults accompanying normal faulting, or thrust faulting '
accompanying strike slip along normal fault planes. may be important locally in slope

stability but their role 1s not wetl documented.



Figur

HEADSCARP DEFINED BY
STRIKE-SLIP FAULT PLANE

LATERAL MARGINS OEFINED
BY FAULT PLANES

FAULT DISPLACEMENT ASSURES
CONTINUITY OF WEAK MATERIAL
AT SLOPE BASE

WEAK LAYER

e 1.3 Effect of steep faults in controlling landslide geometry and occwrence.'
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1.3.4 The Role of Groundwater Flow Systems
The grouﬁdwater conditions éttending the occurrence of large landslides in
interlayered volcanic sequences is largely unknown for several reasons:

(a) Initial slope movements, with the few exceptions noted above, have taken place at
various times in post-Pleistocené time. The landslides in the Intermontane region of the
United States, for example, are thought to have resulted from much wetter climates which‘
have occurred in Pleistocene and Holocene times

{b) Landslide complexes frequently result from deveral movement phases over time and
the role of groundwater in these different phases is difficult to assess.

ic) Groundwater flow patterns are highly complex because of the r;eterogeneity of
conductivity within a volcanic succession (cf. Davis, 1969: Atlantic Richfield Hanford Co.,
1976) Hence the estimation of groundwater preswreé on potent.ial failure planes is very

difficult

The various structural features that produce permeability and porosity in volcanic
successions are well documented by Davis and de Wiest (1966), and Davis (1969). The
nature of grbundwater flow systems and Iarge—scale features are less well known,
however‘. Newcomb (1959 1966, 1969) has investigated groundwater in the Columbia
River Basalt and recent observations were made by Atlantic Richfield Hanford Co (1876).
The control by tectonic structures and the occurrence of artesian horizons are streﬁsed
by these workers. Artesian horizons in rubbly interbed material are reported from dam
sites by Thompson (1850) and Chandier (1966) in the northwest United States. Whilst
Hodge (1977) did not hodel groundwater flow systems in volicanic successions
specifiéally, his mode! of interstratified sandstones and shales exhibiting stress relief
features is worthy of note. He concluded that because of cdnduétivity contrasts in the
interlayered beds and the occurrence of horizontal gouge zones due to interbed slip that

‘the resultant flow regime was detrimental to the stability of the valley wall.
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1.4 A Regional Landslide Framework for the Study of Landslides in Volcanic

Successions in South Central British Columbia

1.4.1 Regional Landsllde Studies

This work has been conducted as a regional landslide study. As Morgenstern etal.
{1977) have pointed out, the results of the regional landslide study "are particularly useful
in providing insight into the geological (and climatic) factors cohtrollir\g instability and, by
comparing various cases, into the likely mechanisms fhat contribute to instability” (p. 569).
Examples are the studies of slope stability in the London Clay (Hutchinson, 1967), Lias Clay
(Chandler, 197 1), Leda Clay (LaRochelle et a/. 1870), the Cretaceous argillaceous bedrock
of the North American Plai.ns {e.g., Thomson and Morgenstern, 1977, 1979; Scott and
. Brooker, 1968; Erskine, 1973). These have been V_aiuable in revealing many common
~ features of landslides and ar'e therefore suggestive of the factors that influence the style
of instability (Morgenstern et al. 1977). They may be seen as the vital precursors to the
engineering phase of slope étability investigations undertaken for major construction

projects. Many of the regional landslide studies referred to in previous sections have

" concentrated on the variety of landslide types in various materials within a specific region

or map area and, therefore, have lacked the depth which is required of an integrated

regional landslide study of a defined geological environment. '

1.4.2 Background to the Present Work-

From the preceding review of instability in layered volcanic successions, it is
evident that an integrated regional landslide study, which examines the reglonal occurrence
of mstablhty in relation to a set of geological factors, and also investigates a number of
selected landslides with reference to landslide mechanics, has not been carried out This
work was decignec to fill that gap and was begun in the f'all_cof '1 977 with the intent vof
investigating massive landslides in Tertiary volcanic succérssions in the southern l?terior
Plateau of British Columbia, Fig. 1.4. "

Two areas within the Interior Plateau defined in Fig. 1.5, were investigated. The
investigation was concentrated in the Thompson Study Area (16,565 km?) which mcluded B

northern parts of the Thompson Plat_eau and the southern fringe of the Fraser Plateau. A
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reconnaissance was also made into the Chilcotin River basin, within the Fraser Plateau. and
landslides in an area of 6500 km? were mapped.
Two Tertuary successions are examined in this work: '
a  The Paleogene $uccession; the Kamloops Group of Dawson (1899) which is of
Eocene-0ligocene age, consisting of a structurally disturbed succession of
lava flows, breccias and volcaniclastic rocks.
b.  The Neogene Succession: consisting of a basal series of volcaniclastic rocks
overlain by a series of basaltic lava flows known as the plateau lavas (e.g.
Campbell and Tipper, 1871), which are mainly of Mio—Pliocene age and

structurally undisturbed. o, 1

o 543 Landslides in both successions were investigated in the Thompson study area but

<" - work in the Chilcotin was limited to slope movements in Neogene rocks.

In the Thompson study area no indication of the landslide suseeptibility of slopes
developed in these successions had been given by previous workers in the region before
Fulton (1975) and Ryder (1976} mepped a number of Iandslides in their investigations of
susficial geology in the Vernon, Kamloops Merritt, and Ashcroft areas. In the Ch:lcotm

* area the existence aof large landslides has been previously reported by Hegmbottom
(1972). The writer became aware of the extent of massive mstabnhty in these successions
whilst in the.employ of the Government of British Columbie, and this work represents the

first detailed examination of these features in the Southern Interior.
& Extensive landsliding in Tertiary volcanic recks in other parts of British Columbia
has been noted by Alleyr and Thomson (.1 978) on Graham Island, Queen Gharlotte Islands
| and by the writer in the Princeton Basin. | |
1.4.3 Objectives of the Present Work -
The present work has the following objectives; '
(a) To estabhsh the regional distribution of landslides, the variation in landslide types and
the geomorphnc and geologncal envuronments of landslides in Paleogene and Neogene |
volcanic successions m selected areas of the southern Interior Plateau of Brmsh Columbia
b) To |solate the geolcg:cal factors contnbutmg to slope movements wnthm a smaller_,

study area (lncludmg geomorphology geologucal history,-stratigraphy, hthology and

%
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structure) with particular emphasts on the characteristics of weak volcaniclastic strata, and
to describe landslide morphology, kinematics and movement history.

(c) To investigate the microstructure and geotechnical properties of weak volcaniclastic
rocks which are associated with landsliding. |

(d) To evaluate sliding and spreading models of §lope movement with respect to

selected landslides.

{e) To develop a geotechnical basis for the assessment of existing natural slope stability

for use in natural hazard evaluations.

3\



2. THE GEOLQGY OF TERTIARY VOLCANIC SUCCESSIONS IN SOUTH-CENTRAL
BRITISH COLUMBIA

i nces df Tertiary volcani.c rocks and associated volcaniclastic rocks
oughout the Interior of British Columbia As mentioned in Chapter
A_ssions,of different ages are distinguished and are termed the

Qéne SuUCCBsSions. ]

_’o'.gene succession consists of a wide variety of lava types. pyroclastic

padiments. In contrast to the Neogene succession, it is structurally disturbed

1967 Ewing, 1981a)

» eogene" succession contrasts lithologically with the Paleogene rocks by

lava flows Wi_th associated intra-volcanic and basal sediments which are frequently

Iy a limited amount of coarse grained pyroclastic material is present in the

kith the éXception of minor warping, the Neogene succession is structurally
undistur istribution of Neogene rocks in th Interior Plateau is given in
chure Z K As will be seen in Chapter 3, the dlfferences between the two successloﬁs
have an tmportant effect in determining their landslide response

S ltis rio'ted in this work that the term 'volcaniclastic’ is used in the sense of Pettijohn
(1975, P 299), i.e, those materials with a preponderance of fragments of volcanic origin.
Volcaniclastic materials mclude pyroclastuc debris but also include deposits derived from

volcanic source rocks by ordinary processes of weathering and redeposited pyroclastic

" materials. S \
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2.2 The Paleogene Succession

The stratigraphy of the Palepgene rocks 1s only well known at a imited number of
locations, and to date no formal regional correlatlon\has been established. In the
Thompson study area. Ewing (198 1a) has suggested that the rocks contained in the
Paleogene succession be named the Kamloops Group. The long history of thenr e
description and the evolutlon of their stratlgraphlcal nomenclature has been discussed by
Campbell and Tipper (197 1), Graham and Long (1979) and Ewung (1981a). ltis lntended
here to discuss the geology of the Kamloops Group only with reference to its engnneermg
significance. Therefore, in this context, a three—fold division of the succession is made
on the basis of material types, viz. a basal sedimentary and volcaniclastic assemblage. a

volcanic rock assemblage and an intra-volcanic volcaniclastic assemblage.

2.2.1 The Basal Sedimentary and Volcaniclastic Assemblage

The form and characteristics of the sub—-Paleogene unconformity are included in
the basal sedimentary assemblage since it is a potential zone of weakness associated with
the assemblage. I
(a) The sedimentary and volcaniclastic rocks:

. The sedimentary and volcaniclastic rocks are occastonally interbedded with lava
flows and accumulated on a sub aerial surface developed in pre- Tertlary rocks They |
include conglomerates fanglomerates breccias, sandstones, siltstones, mudrocks and
coal, which vary in their contents of pyroclastic material as well as tuffs and tuff breccias.
Variatlons in facies show a variability consistent with the variability of deposmonal
‘processes ona sub-aerial surface. Beds are thinly bedded and show rapid vertical
varlatlons in lithology (Long, 19811

ln the Bonaparte Lake aréa, the basal assemblage is called the Chu Chua Formation
(Campbell and Tipper, 187 1) and: eon5|sts of a series oﬂconglomerates ‘arkosic

k]

sandstones and sandy shales. contamlng the occasuonal coal ﬂ’s‘,eam In the Ashcroft and

‘ NICO|a map-shest areas it is known as the Coldwater Beds (Dawson 1896; Cockfleld
1948 Duffel and McTaggart 1951), and again consnsts of contm&tal sandstones,
conglomerates shales qnd clays. Extensrve coal seams occur within the basal assemblage

in the Hat Creek, Merritt and Qunlchena basins. At Hat Creek, Church (1977) has mformally
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subdivided the basal assemblage into the Coldwater Beds {sandstones conglomer ates
claystones and coall the Hat Creek coal measures (thick seams of coal containing
bentonitic seams. siltstone and sandstone lenses) and the Medicine Creek Formation {an
" alternating sequence of lacustrine siltstone and claystone) Bentonitic seams are also
reported from the McAbee focality by H||I€s and Baadsgaard (1967) In the Vernon
map - area the basal assemblage varies m thickness from a few centimetres to over one
hundred metres and consists of lacustrine fluvial and colluvial deposits and weathered
detritus (Jones 1959)

Church {1979) mapped basal beds in the Terrace Mountain area In the vicinity of
Bouleau Lake as the Shorts Creek Formation consisting of sandstones. shales and
conglo;'nerate Ewing {198 1a) apphed this tormation name to similar sediments found in
the Falkland area

The thick basal assemblage 1n the kamloops area. the Tranquille Formation. has
been studied In detaill by Ewing (1979 1981a It consists of 450 m of lacustrine
sediments and bedded tufts andesitic lava .flows and mudflow Ereccnas as well as other
Iandshde deposits Ewings reconstruction of the filling of the Tranguille Basin 1s thought
to be typical for the Paleogene sedimentary basins In the interior  Graham and Long (1379
have described lacustrine sedments and coal in the Tranquille beds n the vicinity of the
Afton mine, west of Kamloops

The basal assemblage thus reflects the variability of sedimentary processes acting
on an uplifted E-:-arly Tertiary landscape Localised fault-bounded sedimentary basins were
the foci of depos:ntnon of fluvial lacustrine, organic. accumulation and alluvial fan

this process pattern. the assemblage 1s chaila:fé?tlernsed by rapid vertical and lateral facies
changes which ére manifested in marked ch;ges of thickness and lithology over short
distances (Loné, 1981) Geotechnical properties and the engineering behaviour of the
assemblage are expected to reflect this heterogeneity which is further complicated by
varying airfaﬂ pyroclastic contribution to the deposits

{b) The basal Jeft/‘ary unconformity: o

In assessing the role of the basal assemblage as a zone of weakness within the

Paleogene succession, consideration must be given to the configuration and nature of the



basal Tertiary unconformity Exposures of the uncorwfdrmlt\r are not plentiful however
and detaited subsurface investigations have not been carried out |

With reference to the configuration of the surface Fulton {1975) referring 1o
evidence at Enderby and at Shorts Creek. suggests that relief on the basal Tertiary surface
was as great as 915 m Bostock (194 1) and Campbell and Tipper (197 1) comment on the
surface being a rock surface of steep rehef The cause of this configuration is not clear
re whether it was due to primary topography or to contemporaneous or later taulting

The nature of the unconformity appears 10 vary with location and ts not related to
the hthology of the pre- Tertiary rocks Some-workers have observed a depositionai
transttion between pre-Tertiary and Tertiary rocks without a dramatic change mn material
properties feg Uglow 1922 Mathews 1981 whilst others report a weathered or thghly
altered boundary For example Ross (1975) reports from the Vaseux Lake area thg:t the
basal Tertiary rocks are unaltered in contrast to the underlying metamorphic mater1al
which within 15 m of the Tertiary contact. is tighly altered Righn (1976} reported the
contact to be weathered near Summerland. where it forms a saprohte and weathered rock
zone 1n granodiorite  She suggests that this forms the zone of weaknesé on which the
Crater Mountamn landshide moved The basal Tertary uncénformnty 15 exposed in the
Salmon Valley and. as described in Chapter 4 basal Tertiary volcaniclastics were found to

rest on a friction breccia of unknown orngin developed in Palaeozoic Chapperon schists

2.2.2 The Volcanic chk Assembl'age

The volcanic rocks of the Paleogene succession vary throughout the study ares
and also vary markedly within a seqdence at a given location  They include. for the
purpose of this discusston. lava flows and associated flow-top breccias The petrology
and geochemistry of lava flow rocks from the study area have recently been examined by
Ewing (1981b) Church and Evans (1983) have recently reported on the petrology and
geochemnstry of lavas from the S§1mon River valley, near Westwold Lava types ranging
from basalt to rhyolite occur and scoriaceous horizons and vesicular lavas are common
Columnar jointing is rare but. in general. the rocks are dominated by persistent vertical
joints  Accumulation of the volcénic rock assemblage was episodic and spatially variable

between about 53 Ma and 45 Ma. The sequence contains unconformities which separate

<



phases of deformation and indicate periods of continental erosion and deposition during
which intra- volcanic volcaniclastic rocks accumutated
The thickness of the volcanic rock assemblage varies considerably according 10
the vagaries ot original accumulation patterns and subsequent erosion indwidual flows
may be up to 16 m in thickness Basaltic lavas are predominant in the Thompson study
. area with andesites being of secondary importance. whilst flow ~banded siiceous lavas are

. trequently found near the base of the assemblage

2.2.3 Intra~Volcanic Volcaniclastic Assemblage

Rocks ncluded i this assémblag‘e are agglomerates pyroclastic breccia and tuffs
fragmental-rocks (such as lahartc breccias) resulting from mass movement processes. and
localised interbeds of sedimentary material Where present. these beds form an important
zone of weakness in slopes developed in the volcanic rock assemblage As discussed in
Chapter 5. alteration processes are important in the development of smectite clays in
these materials resulting in further degradation of mechanical properties Accumulation of
these deposits varies locally. giving rise to rapid changes in horizontal and vertical facies

Ewing {198 1a) has described in detail the intra- volcanic assemblage within the

-~

Tranquille Basin near Kamloops where 1t consists mainly of breccia and tuffs

2.3 Structural Geology of the Paleogene Succession

The structural complexity of the Paleogene successton in the study area was not
realised by earhe)n workers In geological maps by Duffel and McTaggart (195 1), Cockfreld
(1948) and Jones (1959). no faults are indicated within the Kamioops Group Campbell and
Tipper (187 1). Church (197 3) and Ewing (1980 198 1a) have discussed structural features
within the succession in some detail Paleogene tectonic events were dominated by
dextral strike—shp faulting forming a wide transcurrent shear zone through the Cordillera
(Ewing, 1980 Long. 1981) Within this shear zone we may defirie the Interior strike=slip
shear zone situated between two very marked verﬂcal to steeply-dipping converging
principal displacement shears. 1.€. the Pinchi Lake — Louts Creek Fault and the Fraser River
Fault zone (Fig 2.2) The structure of the Interior Shear Zone has a marked similarity to the

structure of shear zones of various magnitudes reported by Skempton (1966) and
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Tchalenke 118972) The result of these shearnr’wg processes was to cut the rocks into shear '
lenses and slices of varying shapes and sizes and a twerarchical series of structural
“

features s evident Deformation is also seen within the blocks as shown in Figure 22C
from Ewing (198 1a and lineament patterns from the Salmon River study area (Fig 2.2D)
suggest even smaller scale features pechaps indicative of strike-slip movement along
closely -spaced steeply-dipping shear surfaces

Locally complex variations mn structural pattern exist due 10 a number of factors
Strike- shp movement on buried normal taults can produce reverse faults (Church, 1979
Brown 19281 Further normal dip-shp movement can take place transverse to the
direction of strike shp (Lensen. 1958 Ewing 198 1afgiving rise to horst and graben
structures Grabens formed in this way became loci for the deposition of the basal
assemblage The margins of the grabens are not simple dip-shp structures but may be a
jumble of taults and slump‘blocks eg. at the south?‘rn margin of the Tranquille Basin at the
Afton mine (Preto 1973 Carr and Reid. 1976, E\f\/lﬂQ 1981al

Low angle normal faults occur within the succession  One such feature was
examined at Teakettle Creek. southwest of Monte Lake. and is seen in Plate 2 1 It1s not
related to any present surface nstability and i1s interpreted as the shear surface of alarge
landshde which occurred contemporaneously with the accumulation of the sequence The
presence of such shear surfaces within the succession would have considerable
sigmficance in slope stability considerations

Further mention must be made of the presence of contemporaneous Tertiary )
landshides within the succession Their presence 1s important since they provudé “\
pre-sheared surfaces within the successton, and they also complicate the mterpretanok\w of
exposures :hjthe vicinity of present day landslides During the accumulation of a \
sub-aerial volcamic succession. slopes frequently become unstable due to erosion.
sezsmic:ty, the growth of fault scarps and volcanic loading Large contemporaneous
landslides are characteristic of the Kamloops Group and its equivalents throughout the
Cordillera (Pearson and Obradovich. 1977). and may involve pre—Tertiary rocks as well as
rocks of the volcanic succession Slump blocks are described by Preto (1973) at Afton
. mine near Kamloops. and Chufch (1973} describes rock avalanche deposits within the

Skaha Formation in the White Lake Basin near Penticton



\

Piate 2.1 Low angle fault exposed in volcaniclastic rocks at Teakettle Creek, near Monte

Lake.
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The operation of these various shearing processes has resulted in a complex
structural pattern in which the Paleogene rocks are frequently broken up into small blocks
or panels of varying orientation (Ewing. 1979) Campbeli and Tipper {197 1) reported that
around Bridge Lake the Skull Hill Formation has no consistent dip direction and is cut by
closely spaced faults that have produced disoriented, tilted fault block; Similar structural
features were f0uhd in the Salmon River valley as discussed in Chapter 4 and are
. important controls on the plan geometry of landsiides
s A scherﬁanc duagram of ablock of valley side slope developed within the
?a!eogene succession which illustrates the lithological and structural features that
determine its landshde response 1S shown in Figure 2.3 The role of these féatures n

controlling slope movements will be discussed on a regional scale in Chapter 3 and with

specific reference to the Salmon Valley landslides in Chapter 4
- & .

«

2.4 The Neogene Succession
As mentioned above. the Neogene succession in the study area differs from the
Paleogene succession in many respects and is less complex in lithology and structure

Two distinct assemblages are identified and consist of a basal sedimentary assemblage and

a volcanic rock assemblage

2.4.1 The Neogene Basal Sedimentary-Volcaniclastic Assemblage

The basal sedimentary—volcaniclastic assemblage was deposited on the eroded
surface of older rocks which includes for the most part eroded Paleogene rocks. Their
deposition was preceded by a period of erosion lasting approximately 32 Ma, during
‘which time a marked erosion surface developed in the interior P’Iateau‘(Mathews, 1968..

C ~ . . .
The Neogene basal sedimentary-volcaniclastic assemblage represents the initiation of the

o
!

Miocene sedimentary—volcanic cycle. j

The basal sedimentary—volcaniclastic ass,‘émbtage has been examined in mo‘st detail
by Campbell and Tipper (187 1) in the upper Deadman River valley and they have named
these rocks the Deadman River Formation. Equivalent strata are fbuﬁd at Chasm Creek and
throughout the Chilcotin River valley (Tipper, 1959;1963). Some sediments interfinger

with the overlying plateau lavas near Big Bar Creek (Trettin, 196 1) and alorg the Chilcotin



33

o

KEY TO GEQLOGICAL FEATURES.

A. LAYERED VOLCANICLASTIC MATERIAL AT BASE OF SUCCESSION
B. LAVA FLOW UNITS
C. VOLCANIC BRECCIA WITHIN SEQUENCE
D. PRE-TERTIARY ROCK
E. STRIKE-SLIP FAULT
e F. NORMAL FAULT

G. TENSION CRACKS AT SLOPE CREST OUE TO VALLEY STRESS RELIEF
1. INTER-FLOW BRECCIA ’

) 2. SHEAR ZONE ALONG STRIKE-SLIP FAULT
3. [INTER-BED SLIP BETWEEN UNITS DUE TO TILTING
4. WEATHERED ZONE OR SHEAR ZONE AT UNCONFORMITY
5. SHEAR ZONE ASSOCIATED WITH REBOUND STRUCTURES
6. WEAK ZONE WITHIM VOLCANICLASTIC STRATA

Figure 2.3 Schematic block diagram of valley side siope developed within the Paleogene

succession illustrating lithological and structural features which determine its landslide

response.

/l
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River (Tipper. 1963) .The assemblage consists of laminated lacustrine clays and silts.
diatomite fluwvial silts and sands and gravels which vary in pyroclastc content. as well as
fanglomerates tuffs and tuff breccias Generally the rocks are &orly indurated Marked
variations in lithology and thickness occur within the assemblage Campbell and Tipper
(197 1) suggest that the sub-Miocene unconformity had a relief of at least 150 min the

L

vicinity of the upper Deadman River valley

2.4.2 The Neogene Volcanic Rock Assemblage
| This assemblage s dominated by a monotonous series of basalt flows Most :

flows are thin being between 1.5 m and 15 m thick (Campbell and Tlp'ger, 187 1) with thin
flow top breccias Locally breccia and pillow lavas are present proximal to major river
channels and minor silicic ash layers within the assemblage may be the product of Coast
Range volcanoes to the east (Bevier, 1981)

K-Ar age determinations reported by Bevier (1981) range n age from 0 6-19.8 Ma
with most dates being in the range of 6- 10 Ma (Miocene)

' o N
243 Strugtrur/al Geology ofl‘i‘he Neogene Succession

For the most part the Neogene succession is flat=lying or very gently tilted. as
noted at the Chasm near Clinton There 1s an absence of folding or faulting, and. in further
contrast to the Paleogene succession, there are nd marked unconformities within the
succeséion. Some dips in the Deadman River Formation may be due to slumping of
differential compaction from the weight of the overlying plateau lavas (Campbell and
Tipper,-1971) Columnar joi.ntmg 1s common n the lavas and cooling joints are pervasive
Local structural disturbance in the vicinity of valley sides may arise from stress relief, as

has been encountered in the Miocene basalts of the Columbja\River Plateau (Corns and

TN
— - ~ o

-

A schematic diagram of a block of valley side developed in the Neogene

succession is seen in Figure 2.4 (cf Fig 2.3) The regional landslide study in Chapter 3 will

evaluate the role of these features.

~
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XEY TO GEQOLOGICAL FEATURES.

LAYERED VOLCANICLASTIC MATEPIAL AT BASE 7F SUCCESSION
BASALT LAVA FLOW UNITS

PRE-NEOGENE ROCKS

TENSION CRACKS AT SLOPE CREST JUE 70 VALLEY STRESS RELIEF

O ML I

INTER-FLOW 8RECCIA

SHEAR ZONE ASSOCIATED WITH REBOUND STRUCTURES
JEATHERED ZONE TR SHEAR ZONE AT UNCONFORMITY
AEAK ZONE WITHIN JOLCANTCLAST!C 37472

£ a iy =

.

Figure 2.4 Schematic block diagram of valley side slope developed within the Neogene
£

succession illustrating lithological and structural features which determine its landslide
~ .

response.
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2.5 History of Slope l\)e\velopmehx

The land Surfaoe of the Southern Interior of British Columbia has been subject to
slope development processes since the early Tertiary As aresult certain features %f the
landscape are inherited from that era. having persisted in the landscape to the preseot In
‘addition. because of a succession of deposition. uplift and erosion stages. the stress
history of materials making up the slopes in.the area 1s complex ?

Although unconformities within the Paleogene succession reflect periods of
erosion during accumulation. the oldest inherited feature 1s thought to be the Paleogene
erosion surface or the upland erosion surface” which s found in the northern Thompson
Plateau and southern Fraser Plateau It resulted from the uplift and dissection of the
Paleogene succession the structure of which 11 truncates In the 30 Ma of its formation
ah unknown depth of Paleogene rocks was eroded

_ Dissection of this surface had already begun before the deposition of the Neogene
basa! assemblage in the Miocene At the cessation of Neogene vulcamism, another erosion
surface was formed the Neogene surface. during which an indeterminate thickness of
Neogene volcanics was éroded The Neogene surface was then dissected byy Phwocene
uplift during which the current main valley system was excavated (Mathews, 1968) Some
" of these valleys were exhumed from the pre-Miocene surface since many present river
valleys appear to follow old Tertary drainages. particularly in major fault zones

At the onset of glaciation. therefore, slopes in the study area had already been
subject to a complex seruos of geomorphic events over an interval of approximately
50 Ma .

The glacial history of the study area has been reported in detail in a number of
papers by Fulton (1965. 1967, 1969, 1975, 1976), Ryder (1976, 1978) and Tipper
(1971) Several glaciations affected the Interior which was covered by a continentat—-type
ice—sheet The ice shoets covered the summits of the Interior P‘Iateau,, and although they
did not follow the valleys during their maximum extent. they appear to have been valley
controlled in their stagnating phase. The Fraser glaciation and its retreat is the best
documented {Fulton, 1969, 1975) and perhaps the most important effect was the
formation and drainage of pro—glacial lakes during deglaciation. This gave rise to

oversteepened meltwater channels which are prefe}red sites for many of the large scale



37

" "h
#slope movefents as discussed in Chapter 3

The tustory of slope development s further complicated by stream capture and
glacial drainage derangement which has led to the formation of high level water gaps and
steep gorges n several plaées in the Thompson Plateau

The post-glacial geomorphic history of parts of the study area has been examined

in detail by Ryder (1971, 18761978} and will be discussed in Chapter 7

= ‘



3 LANDSLIDES IN THE TERTIARY VOLCANIC SUCCESSIONS OF SOUTH—CENTRAL

BRITISH COLUMBIA

3.1 Introduction

\
\ .

3.1.1 Previous Work

~

Prior to the work of Fulton (18795) and Ryder {1976), only Cockfield (1948) and
Duffel and McTaggart (195 1) briefly mention landshdes in the Ashcroft and Kamloops
areas

Eulton (1975) treated landshides as post-Fraser glaciation deposits and noted that
they 'consist of piles of shattered bedrock lying below escarpments” (p 30) He observed
the linkage between large andslndes and Tertiary bedrock and noted that "‘most occur |
where soft. clay rich sediments underlie competént volcanic rofk” (p 30) The surficial
geology maps produced by Fulton {1975) were the first to locate many of the large
.. landshides in the Nicola-Vernon area "

‘Ryder {1976). n the Ashcroft area. treated landslides as a terrain mapping unit and
describes large-scale slumping in the Camelsfoot Range in Neogene rocks at Leon Creek
‘as "huge crescentic blocks . breaking away from the margins of a plateau of Tertiary
volcanic rocks” (p 11 The cause was ascribed té the presence of clay-rich sediments
underlying the volcanics

in the Taseko Lakes map—area, Heginbottom (1972) mapped large landslides in
Neogene rocks along the Chilcotin River. Big Creek. and in the vicinity of Alkali Lake.

The large landshdes dlscuésed in this work nvolve the valley side slbpe unit. /.e.,
the top of the scarp s usually the top of the valley side siope and the toe of the slide is
usually at the base of the valley: As such. smalier scale movements, as discussed in detail
" by Riglin (1977) at Trout Creek. Summerland, and mentioned by Ewing (1979) on the south

side of Kamioops Lake, are excluded. Further, mass movements in Lower Pale'ogene
. © o

sedimentary and volcaniclastic rocks in Hat Creek currently being‘investigated by British

Columbia Hydro and Power Authority are also excluded
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3.1.2 Objectives and Techniques of Investigation

The objectives of this part of the investigation are three—fold

1 to report the results of a detailled landshde inventory in bdth Paleogene and Neogene
rocks within the study areas, This adds to the inventory already in existence in the
form of the maps of Fulton (1975) and Ryder (1876} in the Thompson study area and
Heginbottom (1972) in the Chilcotin

2 to establish the geological factors responsible for each landslide. |

3 to map the morphology of the landslides in order‘ t.o.classify movement type and
mechanism ‘

In establishing the landshide invenfory, aerial pr]otographs ‘were obtained of the
areas of outcrop of the Tertiary volicanic rocks in the atudy areas. These photographs
‘'were interpreted and landslide sites detecfed. The majority of the sites were then
inspected in the field during the 1978, 1979 and 1'980 field seasons Observations were
made on local geology, characteristics of:(he Iandshde.debrls and shear zones. This
chapter reports the regional aspects of this work whulst the detalled observations made in -
the Salmon Valiey are reported in the next chapter

The south- central part of British Columbia is amenable to extensive field work due
to the presence of a network of public and private roads and trails, as well as the open '

nature of the forest cover
3.2 The Landslide Inventory

3.2.1 Uncertainty in the Recbgnition and Delimitation of Landslides

A majorv prpblem in establishing the landslide inventory was one of recognition,
both on aerial photographs and on the ground. A secondary problem was the preciée '
delimitatron of the extent of slide debris. |

The problem of landslide recognition is com'rnonly encpuntered in regional studies
of landslide processee and surficial deposits (Flint an.d benny, ] 958; Bailey, 197 1; Rib and A
Liang, 1978). In the context of this investigation uncer'rainty was generated by the - |
following: |

{a) Strike ridges in tilted fault blocks sometimes give the impression of being back—tilted

P



shide blocks leg north end of Enderby Chfts!

b Erosion of a slope on one side of a prominent joint of tault which gives the impression
ot alandshde block or scarp  This s particularly a problem because some ot the landshidey
encountered have undergone limited movement  Thus slope disturbance i« mlm‘mal e g
between Buse Hill and Ducks Meadow)

(c) Some meander scars along valleys in flat -lying Neogene rocks can be interpreted as
landshde scars (e g between Hanceville and Alexis Creek:

(& Post fallure modification ot the scarp region ot several landshdes by erosion makes i
dif ficult In some cases to precisely delimit the boundaries of the sltde e g Buse Hill:

(e) Post—tailure channeling and i1: some cases deposition can also make 1t dit ficult to
delimit the precise boundaries ot certain shde debris

(t) Confusion can occur due 1o the similarity between hummocky landshde debris and
certain types of hummocky glacial debrts (e g east ot Siwash Rock Mountain R

(g) Lateral meltwater channels close to the valley rim can give the impression of being the
product of block separation (e g along the Chilcotin Rl‘ver) .

(1 Also i the Chilcotin study area valley side steps in the horizontal Neogene rocks can
give the impression of landshde blocks )

1) Erratic dips within and between fault blocks can give the impression of aslopeteg in

the Salmo™River Valley) having been subject to a partally developed slope movement

3.2.2 The Problem of Landslide Classification

Dit ficulty ts encountered when attempts are made to classify slope movements in
volcanic successions As described in detai below many of the landshde sites represent
the outcome of several slope movement events which occurred in complex successton
each event possibly exhibiting a dif ferent mode of n\wovement It 1s important to 1dentify a
primary slope movement event which constitutes the initial movement ot a siope and
which results in the production of primary landslide debris Successtve movements
involving additional failure in the scarp. or re-mobilisation of debris. are terrned secondary
movements Part of the dif ficulty associated with classifying landslide sites in the volcamc

successtions under study is‘the importance of secondary flows which dre a response 10

the changing properties of volcaniclastic and pyroclastic debris through tme during which



tigh strength loss associated with alteration and remolding takes place

There are two aspects to the problem of classification viz the type of movement
involved in the primary falure and the classification of alandshde site that has been subject
to successive movement events

It 1s thought that in the landslides described betow intial movement involves some
type of block failure wheren the cap begins its movement as'a rigid body This precedes
disintegration and later degradation The question remains as to whether or not these
mtial block movements are. according to Varnes .( 1978) shdes (involving displacemen:
along one or several surfaces) or spreads (where the dominant movement s later a!
extension owing to the iquefaction or plastic flow of sub;acem\ h)'lateruali The'boundar .
conditions controlling the two modes of movement will be dlSCuStéd in detall in Chaote

lr; the Varnes (1978 classificaion displaced material which has been subject 1o
successive moverments which exhlblt different modes would be termed compiex
movements This writer feels however that thekferm 1s unsuitable for the present study
since it 15 too insensitive to the wide variation in morphology exhibited by landshde sites
which have been subject to secondary flows and other types of movement

For the purpose of this study the following morphological classification will be
used
al Simple Block Movements
Discrete landslides with well- defined lateral margins It may be mnterpreted 1o Be the
result of one event Landslhide blocks are preserved and well defined D.egradatxon ot
debris 1s minimal and secondary movements are restricted to block moveménts within the
debris Longitudinal grooving and low amplitude transverse ridges are absent The
movement can be a shde or a spread Usually field criteria are absent for distinguishing
these types of movementi (e g. Ducks Meadow In Fig 318
(b) Multi ple Juxtaposed Block Movements
A contiguous area of interlocking blocks running for some distance along a valley side
slope resulting from a succession of block movemeﬁts through tme Age differences
may be apparent in the blocks which are well defined Degradation of older blocks may
have taken place and secondary movements are restricted to block r.novements within the

dehris. The movements can be either spreads or shdes (e.g. Chasm Creek inFig 322!

1



Lo Complex Blocks Moverments
Individual discrete tandshdes with well defined lateral margmns which may be interpreted as
the result ot one event Bioéks are preserved near the scarp but down slope
o

tragmentation has resulted in debris tiowage Longitudnal éroovmg and transver se ridges
may be present in the disintegrated zone which exhibits lobate toe areas Initial block
failure may be a shde or spread te g Deadman River Complex 3 kg 320
a1 Successive Block Movements
drscrete or continuous block movements in which blocks involved in inihial movement
(either block movement or disintegrated block movementi undergo degradation due to the
alteration of debris as a result of secondary flow processes teg Enderby Fig 312

Thus two types of complex movements are distinguished one in which the

complexity arises from one event and one where the complexity arises from a suctession

of events over time consequent upon the changing mechanical properties of the debris

3.2.3 The Results of the Landslide inventory

(@} Paleogene Rocks
| Approximately 50 landshde sites were identified in Paleogene rocks m ths Thompson
study area As can be seenin Figure 31 they are concentrated in an extensive Paleogene
6uther centred on Westwold Other local concentrations occur in outhers in the Shuswap
Highland at China Valley Fly Hill Mount ida and Enderby To the west of the Westwold
outher scattered slides occur on Paleogene outcrops as far west as Hat Creek. but a large
concentration of shdes s found near the northern margins of the Thompson Plateau in the
Deadman River Valley Some landslide geometries. types and other prbpernes are given in
Table 3 1

(b) Neogene Rocks
Figure 3 1 also shows the results of the inventory of shdes in Neogene rocks in the Fraser
Piateau and the Camelsfoot Range Concéntratuons are found along north-south trending
valleys in the upper Deadman Valley and Chasm Creek Concentrations are also found
along the west side &f the Fraser River near Leon Creek (in the Camelsfoot Range! In the
Chilcotin study area (Fig 3.2) landslides occur east of Riske Creek in the vicinity of Doc

Enghish Guich Along the Chilcotin River large landshdes occur at Big Creek. near Beaumont

|
|
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Tabie 3 ' Desér:ptions of landshdes i Paleogene "OCks

LANDSLIDE 1 2 3
e
BOULEAU LAKE COMPLEX VB H/U | Figs. 3.3,3.4,3.5. Plate 3.}
BOULEAU LAKE 4 VB H Figs. Jos, 305,
TAHAETKUN MOUNTAIN VB H Fig. 3.5
PINALS LAKE | SB Fig. 3.6
PINAUS LAKE : SB v Fig. J.6.
PINAUS LAKE 3 SB C Fig. 3.6
PINAUS LAKE 4 SB ¢ Fig. 3.6.
PINAUS LAKE 5 SB U Flg. 3.6.
PIRAUS LAKE 6 SB t Fig. 3.6.
ESTEXWALAR MOUNTAIN o] N Figs. 3.7,3.8. Plate J}.J.
CHASE CREEK uJ U Flg. 3.9.
CHARCOAL CREEK (CHINA VALLEY)Y MJ C Fig. 3.9.
FLAG HILL SB N Flg. 3.1.
MOUNT IDA vB N Fig. 3.10.
ENDERBY CLIFFS VB N Figs. 3.11-3.14, Plates 3.~-3.b.
PEMBERTON HILL COMPLEX VB N Figs. 3.15,3.16.
LAVEAU CREEK SB v Fig. 3.15.
BUSE HILL COMPLEX 2] N Fig. 3.17, ?late J./.
DUCKS MEADOW SB M Fig. 3.18. = A
GEORGE CREEK NORTH SB U Fig. 3.18.
GEORGE CREEK . SOUTH SB U Fig. 3.18
TEAKETTLE CREEK ! SB v F1g. 3.18.
TEAKETTLE CREEK 2 SB v Fig. 3.18.
TEAKETTLE CREFK 3 SB U Fig. 3.18.
MONTE LAKE SB M Fig. 3.18.
DEADMAN | CB/ VB M
DEADMAN 2 ) B/ VB .-1 -
DEADMAN 3 B/ VB M
- DEADMAN & CB/ VB M
. DEADMAN 5 B/ VB M Figs. 3.19,3.20.
T DEADMAR 6 B/ VB M Plates 3.8-3.15.
* DEADMAN 7 CB/ VB M
DEADMAN 8 B/ VB M .
DEADMAN 9 CB/ VB M
DEADMAN 10 3/ VB N
DEADMAN 11 B/ VB |
KEX IO COLIDMNS :
1 -MORPHOLOGICAL CLASSLFICATION; SB=SIMPLE BLOCK MOVEMENT, MJ=MULTIPLE JUXTA-
POSED BLOCK MOVEMENT, (B=COMPLEX BLOCK MOVEMENT, VB=SUCCESSIVE BLOCK MOVEMENT.
2-GEOMORPHIC SETTING; H=HIGH LEVEL PASS, U~UNDERCUT BY FLUVIAL PROCESSES, ™=
MELTWATER CHANNEL, N=NO EVIDENCE OF RAPID SLOPE GEOMETRY CHANGE.
3-ILLUSTRATIONS.
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Creek and sporadically for about 48 km along the north side of the Chilcoun between
. ee s Corner and Redstone Anisolated landshde area was dentified east of Alkali Lake

e -~ A
=g oo L

3.3 Detailed Descrip)foﬁ of Landslide Sites in the Paleogene Volcanic Successions
3.3.1 Bouleau Lake and Tahaetkun Mountain N

The landghdes at BOuIéau Lake (Plate 3 1 were first noted by Fulton {1875 and
were visited by the writer in the summer of 1979 A landshde complex exists south of
Bouleau Lake which together with Little Bouleau Lake 1s shide-dammed in origin  Slope
movements within the slide complex involved slopes varying in height between 215 and
450 m The landshde varies in length between 1650 and 2100 m !t consists of 3 shide
masses (Fig 3 31 which have an overall width of 4 9 km Profiles of the landsiides are seen
n Figure 34 Bouleau 4 1s located 10 the west of the Bouleau Lake landslide complex
(Fig 35 . .

The clustering of shdes of such large magnitude m the vicinity of Bouleau Lake
suggests strong geological control of fallure occurrence since other siopes developed n
the Paleogene rocks of the area of similar geometies show no recognisable signs of
instability The geology of the Bouleau Lake area is reported in @ preliminary map by
Church (19791 From this map (Fig 3 5) it 1s evident that the rocks have been cut up into
rregularly shaped fault blocks by vertical faulting. and that the blocks have rregular dips

.The fautting has resulted in differential vertical displacement between the blocks and this
seems to have resulted in weaker beds, probabiy the Shorts Creek Formation. being
exposed at the base of siopes which underwent slope movement Sediments. including a
sheared black clay shale, and clay-rich debris. were found in road cuts along the base of
the siide complex The complex occurs within a triangular shaped fault block and the
lateral margins of the complex are defined by persistent discontinuities which trend 324°
and 054¢ giving a set of fractures which are conducive to northerly movement Other
fractures appear to cross the complex (Piate 3 1)

Much of the shide debris along the Bouleau Lake road s rich in a gritty Clay which

varies in colour from yellow through brown tored Much of the clay 1s randomly



500m
SO L 4

Plate 3.1 Aenal photograph of Bouleau Lake landslide complex (B.C. Air Photograph

- 5187-259-exposed 28 Méy, 1966) A = Bouleau Lake

A
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slickensided and probably originated from the alteration of the slide mass Heavy s€€Page
was noted m the shde mass which contributes to this alteration The debrts within the
complex can be divided into two zones (Fig 3 3) Zone 1 1s directly beneath an i-defined
irregular scarp in which degraded shde blocks are still perceptible Y({he debris
Downslope of this zone the debris is disaggregated. either by iitial failure or secondary
movements Several smalltakes within Zone 2 reflect the heavy seepage conditions Within
this part of the debris ﬁummocky topography 1s also observed and longitudinal |
ineaments indicate the sense of movement within Zone 2 Transverse topographic
features mark the site of secondary failure within these zones. »

Based upon Churchs (1979) succession established in the Bouleau Lake ared the
faled slopes consist of andesttic lava and volcanic breccia from the lower part of e
Kitley Member of the Marron Formation underlain by the Attenborough Creek ForrﬂatIOn
consisting of thinly bedded andesite and dacite lavas with breccuas Field observathﬂs of
the attitude of beds within the scarps suggest a dip of 060¢/5° The tandshides haveé .
moved in a direction rangmgﬁrom 000 to 020¢ suggestnsng movement down an apparent
dip of between 3° and 4°

Uncertamty surrounds the mterpretanoﬁ of certain geomorphological features on
the south flank of Tahaetkun Mountain A combination of features mter;ﬁreted trom aeria!
photographs suggests the existence of a very large landshde However the debris 'S
difficult Jo delimit and features such as the scarp and a hummocky portruberance 3t the
foot of the slope coufd be explained by erosion and glacial deposition The various Ndges
and transverse featufes on the slépe b‘eneath Tahaetkun Mountain may also have resulted
from faulung |If the feature represents a landslhde. then it s one of the largestin the study
area being 760 m high. 2440 m wide and 4420 min Iengiﬁg '337??

The shdes described above occur in igh-level gaps in the Tahaetkun upland with
summit elevations of about 1370 m ' Accordmg to Fulton (1975). these were the paths of
glacial eltwater draining eTast from pro—glacial lakes known to have existed erst ot these
gapé'at various stages n deglaciation. Whilst Bouleau 4 appears to have moved without
slope geometry change by basal erosion by contempdrary streams, slope movements in
the Bouleau Lake Complex and on Tahaetkun Mountain occurredbas arasult of downcutting’

and headward erosion by the eastward flowing Bouleau and Whiteman Creeks.



3.3.2 Pinaus Lake

Five major landshdes have occurred in the vicinity of Pinaus Lake {Fig 3 61 in simiar
geomorphological circumstances to the Bouleau Lake movements Some of the shdes
were first recognised by Fulton 11975) Pinaus Lake and Little Pinaus Lake are also shde
dammed The area was traversed in 1978 but no detailed observations Were made due to
heavy vegetatve cover

The geology of the Pinaus Lake area has not been mapped in detall  Small scale
maps produced by Jones (1959 and Okuhitch (18979) lndlcate that weak rocks of the basal
sedimentary assemblage occur towards the base of slopes in the vicinity of the landshdes
between 915 and 1070 m a s |. overlain with breccias and flow rocks which appear to be
horizontally bedded Therefore. itis probable that the landslides occ‘urred in response to
tﬁe presei\ce of weak Iayeré at the base of the valley side slopes during }he headward
erosion oF Equesis Creek The plan geometry of the shdes appears to have been
controlled by steeply dipping dnscomnﬁuntaes which are evident in the ineament battern near
the scarp The shides on the south side of Pinaus Lake and Little Pinaus Lake form a very
large shde complex in which the topography 1s characterised by irregular hummocky
terrain - Large flow movements also occur in this vicinity Several are noted in the vicinity
of Siwash Rock Mountain (Fig 36)'and a large flow occurred between 1974 and 1876 in
the Salmon Valley 2 7% km to the northeast of the eastern end of Pinaus Lake Itinvolveda

heavily altered volcanic breccia and cut a swath through forest cover about 1525 mlong

“and 120 m wide (Fig 36, Plate 32}

3.3.3 Estekwalan Mountain

" A major complex landslide has occurred on the south side of Estekwalan Mountain
(Fig 3 7) which appears to form part of the remnants of alarge valcanic edifice which is
thought to have been located near the present site of Falkland in Paleégene time (Ewing.
1981a) The landslide was first noted by Fulton (1875), and is inaccessible. Because of
this. it was only iInspected from the summit of Tuktakamin Mountain by the present writer.
Moverent is agéin related to the base of the Paleogene succession, i.e., the presence of

weak sediments at about 915 m. about 300 m above the valley floor (Fig. 3.8) However,

the slide does not appear to have moved down into the Salmon Valley Fulton (1975,
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Figure 3.6 Landslides in the vicinity of Pinaus Lake. A Falkland ﬂov/< slide photographed

in Plate 3.2.



Plata 3.2 The Falkland landshde which ?ccurre’d between 1974 and 1976 The movement
* D

appears to be of the flow type involving altered.]Paleogene volcanic breccia Note figure

for scale.
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Figure 3.7 Estekwalan Mom@n landslide A-B s line of section in Fig 3.8.
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¢ 30" suggested that the shde has pr oduced a large bog by parth gamming the Satmon
River This writer suggests that the blockage is due to the development of an altuvia’ tan
(fig 371

The debris of the shde though heavily vegetated extibits very marked transverse

ridges (Plate 3 3

3.3.4 Landslides between Falkliand and Salmon Arm

Large landslides have also occurred on tsolated outhers between Falkland anc
Salmon Arm i the Shuswap Highland  These landslides have not been examined n detail
Only the general features are recorded here
tal North of Falkland
North of Falkland block type landshdes have occurrgd where westward flowing streams
have eroded through the Paleogene outher at Charcoal Creek {locally called China Valley:
and possibly at Chase Creek just to the south China Valley 1s a flat-bottomed valiey which
appears to have been a.n ok? lak e bed which may have formed by landshde damming
{(Fig 39" A minor slide also occurs on the east flank of Flag Hill to the west of Salmon
Arm Again 1t occurs on the boundary ot the Paleogene volcaniCcs .
by Mt. Ide
A large landslide has taken place on the north face of Mt Ida 4 8 km south of Salmon Arm
over a slope width of 1770 m_ the scarb corresponding 1o the summit of Mount Ida at the
head of Rumball Creek (Fig 3 10) The landshde was first noted by Fulton (1975) occurs

near the base of the Paleogene and exhibits secondary flow features within the debris

3.3.5 Enderby Cliffs

- The landslide at Enderpy Cliffs (Plates 3 4 and 35) was discovered by the writer in
1975 and occurs on the east flank of a Paleogene outlier about 4 8 Km north east of
Enderby (Fig. 3.11). 1t was inspected in the field in 1979 and 1980 A traverse was made
along the Iandslnde scarp and the debris examined. The landslide debris is heavily
vegetated and mfested with black bears, factors which limited the extent of traverses in '
N the debris. According to Mathews (1881) the outlier is a fault block tilted to the east

within which the dips of the various strata are erratic. Mathews (1981) distinguishes three
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Plate 3.4 Aerial photograph of Enderby Cliffs.

=North Block; B = Active Flow Lobe.

B.C. air photograph BC 5190-158. A
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Plate 3.5 Oblique aerial pﬁotograph of the Enderby landslide. N=North Block.
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UNIT 1:

UNIT 2:

UNIT 3:

KEY TO TERTIARY UNITS (DESCRIPTION AFTER MATHEHS, ]981i£

BASAL UNIT CONSISTING OF THINLY BEDDED SHALES, SANDSTONES AND
CONGLOMERATES WITH LOCAL DEVELOPMENTSOF COAL SEAMS.
COARSE INTERMEDIATE UNIT CONSISTING OF CONGLOMERATE AND
FANGLOMERATE-CLASTIC BRECCIA WHICH IN PART APPEARS TO 'BE
An EQCENE LANDSLIDE DEPOSIT.

UPPER UNIT CONSISTING OF LAVA ELONS AND VOLCANIC BRECCIA.

. =
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Figure 3.11 Location and geologiéal setting of Enderby landslide. Geology after Mathews

(1881).
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Paleogene units 0 the vicinity o Enderby Citffs  The basal unit Uit 1 consists of thinly
bedded shales sandstones and conglomerates with local development ot coal seams
Carnes 1 1932) noted that some of these sediments exhibited clay -hke seams along which
1t appeared that some movement had occurred (p 104A) in Coal Guich to the north ot
Logan GulctH The middie unit (Unit 2} consists ot coarse conglomérate and fanglomerate
with large clasts up to 10 m inlength Most clasts are of pre- Teruiary rocks and‘
according 1o Mathews (138 1) may be in part a large landshde deposit similar to the Skaha
Fofmation in the White Lake area (Chur?ch 1973) Together with the observations of
Carrnes (1932) on exposures n Logan and Coal Guich. 1t appear s that contemporaneous
fandshding may have been‘urhporlam in determining the properties of rocks m Unit-2
Unit 3 (B In Figure 3 131 consists of flow rocks and large thicknesses of voicanic breccia

As noted above although the fault biock 1s tited generally to the southeast dips

~and dip directions wnh|r¥t are erratic North of Coal Gulch the dips are 20" to the

. A
southwest (Mathews 1981; whilstin the landshde area they are 5¢ 10" to the east and

southeast (Fig 3 12} This appears to be typical of cbservations on fault blocks elsewhere
in the Paleogene succession studied (e g. in the Salmon River) The Brash Creek Fault
which forms the eastern bogndarypf the outlier i1s segmented in zig-zag fashion and the
segments have orientations of 006 010" and 04 1- 045" according to Figure 2 in
Mathews (1981} The structure of the Enderby Chffs area in the vicimty of the landshde
was inferred from lineament patterns evident on |arge~scate aerial photographs (Fig 3 12)
As éan be seen the face of the chffs south of the landshde and the south scarp of the
landshde itself have deyelopec; along a vertical discontinuity w%ch has a direction of 041
then doglegs to 006¢ This mirrors precisely the inferred trace of the Brash Creek Fault
(Fig 3.11) to the east noted by Mathews (1981) and it1s probable thatitis a smaller scale
fault, or at least a persistent set of discontinuities related to the fault

Other hneaments were observed Asetis oriented at abo;Jt 165° and appears to
correspond to the north scarp of the Iandslnde itself ‘and the eastern boundary of the north
block. This set of lineaments i1s thought to correspond to joints observed at the back of
the north block and forms another block east of the landslide scarp Another set, ‘which 1S
limited in extent to the junction of the north and south scarps, is oriented at 075° and is

a'ssociated with closely spaced fractures (Fig. 3.12). While some of these lineaments

A
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could correspond to stress relief tractures formed b\‘! the movement itself. it would
appear that they form part of alarger scale fracture system resulting from tectonic
activily

The morphology of the landshde debris appears 1o reflecf a sertes of landshde
events The scarp Is almost vertical and prommernly disptays the near vertical jonting
mentioned above (Plate 3-6) Beneath the scar;J 1s a zone of irregular blocks which are
currently undergoing degradation by weathering and secondary tiow The centre of the
landshde debris is the site of an active flow. the lobe of which s encroaching on farmiand
and a house (Fig 3 12, Plate 3 4) The remainder of the debris appeara to be rregular and
blocky in nature and possibly results from the initial falure The so-called north block 1s
separated from the north scarp at present An open discontinuity with an aperture ot 1 m

-t

was observed from the scarp to run from its top to the lowest part exposed (Plate 3 6
9

However very httle if any vertical d«splacemem has occurred More debris would

presumably have to be displaced from the upper part of the debris for movement 10

/
occur . N

o . T
L Y

The structural control on the plan geometry of the failure has already been r%
mentioned In terms of stratigraphic units an approximate reconstruction of the untaled
slope 1o the north and a geological section (Fig 3 13) indicate that the failure was located in
the upper part of Unit 2. the clastic brecma a breccnated landshde debris unit Note s |
made of the fact that movement is to the west whjlst theﬁgnp 1s to the southeast This lack e
of correspondence between true structural dip and the direction of slide movement is '
common in landshdes n the Palgogene ror:ks (cf. Chapter 1)

A proposed chronology of block release from the Enderby Chiffsis givenin - o~
Figdré 314 fhe importance-of str&u—ctural control can be seen in determlnir\g block shape K
and sequence of block supply

In view of this reconstruction of events at Enderby Slide. questions may be raised
about the stability of the rock mass between the landshide and Logan Guich It appears to
exhibit similar stratlgraphy to thglandshde site. Indeed, minor landshdes in Logan Guich |
(Fig. 3.13) would seem to confirm this. Further, diverging lineaments appear to constitute
a release set of dlscontlnumes -This slope constitutes a problem in dlstmgwshmg the
dlfference between backward ttlted slide blocks and strike ridges. Just below, the top of

b ‘ﬁ

\ o |



| | I l
Plate 3.6 Vertical jointing observed in the scarp of. Ehdéi:by landslide at the North Block, ‘
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the slope. an embayment and a marked reverse slope downslope strongly suggest that
limited movement has already taken place |
' . !
3.3.6 Slides at Pemberton Hill and Laveau Creek
The |andshde complex, which is Iocate\d on the south flank of Pemberton Hitl
(Flg 3.15) . was first noted by Fulton (%975). It@vas inspected briefly by the writer in
1978 The movements have occurred in a slope approxumately 300min heught and the
toe of the more mohile part of the landslide debris extends 3000 m downslope from the
s;carp\ Itis with respeet to this run-outdistance thet the Pemberton Hili Iandtlides are
‘ atypical of shdes in the Kamloops Group Further. accordmg to Jones {1959) and Okulitch
Tme landslide did not orlgmate in the basal part of the Paleogene but within it The '
searp ¢ conswts of nearly horizontal basalt flows, yet the debris appears to be highly
fragmented. Further geological mapping might indicate the’ presence of weaker strata
beneath the flow rogks in the scarp. Where topography limited the travel of tpe debris,
biocks from the initial movement are preserved intac't The surface of the Iov;/er part of
the landslide comglex is hummocky with small Iakes and seep\ge common over its surface .
(Fag 3 16) Two zones are apparent in the debns An upper zone which contains degraded
biocks and the lower 20ne whuch contains the hummocky disintegrated fiow matenal '
lﬁote in Figure 3.16 the central part of the complex does not have a flow zone downslope
3 A

|

i

A second landehde i5 found south of the South Thompson River on the eastern side

l

of the Lois Creek Faylt Zone at Laveau Creek (Fig. 3. 15) this shde was first reported by

of the b|ock zone.

LI

Fulton (1975) The debrls shows no transverse ridges or longitudinal features and has
bee}) eroded through by Laveau Creek This has resulted in some re-activation of the slide
biocks in the debris a|ong the creek. The scarp is well marked The debrls is about

2745 min length and extends down from the scarp at 1400 m to about 520 min Laveau
Creek. The base of the Paleogene is at anapproximate elevation of 1060 1130 m (Based
on Okulitch, 1979) and it was exposure of these weaker materials by headward erosion

which probably led to the landslide.
< .

]
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_ Figure 3.15 Location map of the Pemberton Hill and Laveau Creek landslides. _
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I The Buse Hull landshde complex (Flg 3 17) was flrst ldentlfled by Fulton (1975l

The site was vlslted m 1979 and a traverse made along the scarp. The geology of the slte

is not known in deta‘l but a serles of lava flpws and volcaﬂc brecclas appears to be . A
mterlayered wnth a conslderable thlckness of tuffaceous sednments end tuffs. The

_ | sedlments mclude flne and coarse sandstone and shale and the successlon appears to

o f; have a 5° southerly dlp Ewmg (1981a) has&called these volcanlclastuc sedlments the Buse

- Hl" Beds Early observatuons were made by Daly (19 1 5)in the Buse Hlll area and i ln his

' descnptlons of the Tertlary rocks which weré charactensed by sudden changes of dlp

R caused by consnderable faultlng and sharp upturnmg (p 128). lt is f ly that he was

R referrmg to Iandsllde-—dlsturbed rocks : 1

),. e " S The Paleogene roc}cs rest on a surface of unkpown conflguratlon developed on

e Trlasslc Nlcola Group hmestones in whuch a quarry has been developed at the base of the .
landsllde debrls Thls ewdence suggests that@e base of the Paleogenecorresponds to o

h the base of the slope Exposures ln the Paleodene are Ilmlted to the maccessukgscarps :
and overgrown Iandslnde debrls However basal tuffs and sedlments are exposed along a

o road cut at the foot of the debrls The rocks conslst of stratnfled slltstones and tuffs that

have undergone consnderable dlsturbance They are cut by fllled dlscontlnultles between
2 mm ehd 50 mm 'in thlckness whlch appear to be small normal faults (Plate 3. 8) Another

L v e i set of fllled dlSCOﬂtanltles ls found parallel to or at small angles to the beddmg plane

Both fulllngs are hlghly calcareOus ln some pleces steeply dlppmg calclte Vems occur

: '”ln the Atterberg' lelts test these fllllngs were found to be non—plastlc Slmllar frlled

| _'_dlscontmultles eeeoclated wnth calcltp veuﬁng ware found ln undlsturbed tuffs north of
Monte Lake and ln the vrcmlty of the Juplter Creek landslide m the Selmon Valley

- The scerp of the complex |s steep and breccua exposed near |ts top exhlblts

“ ;fperslstent vertlcal ;omtlng wnh apertures up to 1 m The surface of the debrls is

| ‘lxxnmocky and ls more subdued then most debns exammed There ls an absence of

, exhlbltmg well—developed sllckensldes along thelr lnterfaces perellel to the dlp of the veln: : L
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338 Monte Lake - Ducks Meadow ' .
1n the vrcmrty of Monte Lake, sevenal landshdes have been ldentrfled lFlg 3 18) The
| block type fallure at Ducks Meadow was th(e only slide exammed in the fleld Sediments -
and tuffs, whrch &Fe well exposed in road cuts along nghw% waere also exammed
The landslides were first ldentlfled on aerial photographs In this phase of thd
h study of the area, uncertamty was encountered in the mterpratatlon of certain slopes along
: the main Monte Creek valley.. These slopes gave the lmpresslon of -having undergone
‘ |rm|ted movement Whilst showmg the trace of block outlmes a marked 'scarp andreverse
slopes within the slopes. they lack the well deflned dlsplat:ed mass scarp and debrrs
conflguratuon typrcal of other landsludes in' Paleogene rocks of the area Itis suggested
that these it defined zones represent areds: of stress relief. One such area at Monte Lakev
is outlined in Frg 3 18 and was lnspected at road level in the field. The exposed rock was
‘a weathered tuff breccra wuth steeply dipping calcrte vemmg Slrckensldes were :
' “developed in punk—red clay along the lnterfaces Whether these, features were due to

Q ' .
tectonic actuvrty or to slope moveme‘fytts is not clear. RV b

2

Structural lineaments |dent|f|ed on aerial photographs are shown in Fig. 3 lB and it
s seen that they control the plan geometry of many of the landslldes mapped. . a '

' Traverses were made of the Ducks Meadow landsllde whrch rs characterlsed by

: well deflned headwall and north lateral scarps which appear'to be controlled by two sets |

of dlscontlnurtres trendmg 298¢ and 017° respectlvely (Flg 3.18) Movement Was a result o

- of the exlstence of these release sets and facllltated by the erosuon of the spur whrch the.

e ,mass‘coheslon and thus well-preserved blocks - o

- f-"’landsllde affects The scarp conslsts of Iava flows whrch has resulted in the debrrs being \

i . Amade up of well defmed blocks separated by steep—slded transverse depressaons Dlps

_~ of flow unlts in the scarp were esttmated to be in. the order of 035'/ 14° The drractlon of . 'E =

’ movement of the slrde is also 035° and ) trenslatronal movement down dlp is strongly “
”sucoested S e s

o o All of the landsludes |dentrf|ed in thls area are of the block-type varlety Thrs :

i :reflects the dommance of flow rocks throughcut the succession wfnch has led to hlgh cap' |
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| Figwrs 318 Lawisides i the Monte Lsks - Ducks Mesdow Ares Based onBC.sersl - "
| photogriph BC5377-049 wxposad Septemoer 1, 19761 T
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339 Deadman Rlver (Cnss Creek to Gorge Creek) - e
N
‘ 4 As can- be seen in Flgure 3. l .only scattered landslides- occur in Paleogene rocks
.west of Kamloops The exceptlon is the hlgh concentratlon of Iarge slope movelnents -

along both sndes of the Deadman Rlver valley between Gorge Creek and Crrss'Creek

(Plates 38 and 3.9) which was first reported by Fulton (1 975) The valley is a steep sndedl

trench trendlng almost due ndrth whlch varies in depth from 300 m at Criss Creek to .
600 m at Gorge Creek ;l’he s‘tratlgrapf\y and structur% of this past 'of the valley are not
completely known largely becaese of the burial of exposures by landsllde debr
. dlsturbangb of exposures by lan |de processes and the IMCCBSSIblllty of undls rbed
exposures If\thﬁ high: vertlcal scarps formed by the. slope rnovements General
observatlons on the geofogy of the Deadman Valiey were reported by Dawson (1896) and |
Cockfueld (1 948) wuthout mentlonlng the extenslve degree of lnsteblhty in the valley The
wrlter carrled out geologucal reconna:ssance in the valiey in the summer of 1980 and data
- froma shallow dlamond dnll hole were provnded by the Brltlsh Columbna Mlnlstry of .
| Transportatnon/ And Commtl_n_a__cftlons ‘ ' ' |
B In analysung the stratlgraphlcal factors whlch are lmportant in slope movement in -
the Deadman Valley several come to hght Flrst the nature and conflguratlon of the
surf ce ;;feveloped in TrlaSSIC Nlcola Group rocks on whlch the' Paleggene rocks rest ‘.
unconf/ormably second the nature\of the Paleogene successnon ltself and thll’d the nature

- f the boundary between the Paleogene rocks and the Neogene successuon whlch overhes

i and forms the headwall scarps of the lands!rdes on the north slde of Gorge Creek and

/

: /landslldes on the eastern side of the valley Because of the lncomplete knowledge _

i /f'/ surroundmg the complex geologlcal framework in whlch these movements have taken -

place the followlng is lntended as a flrst approxlmatlon only to that framework
Accordmg to Dawson l1896) and Cockfleld (;ael the Nlcola Group rocks in the

valley conslst of llmestones altered chlorlte-nch flow rocks (greenstonesl and volcamc s

\ breccuas 3 o data exlst on thelr attltude in the valley but the surface of the Nlcola Group

Y

SN was examtned ln a road cut near Spllt Rock lat about 760 m elgatlon) and ln the dlamond

o ':.?"‘&nll-hole (at 562 m elevatlonl At bo‘th tlocatnons it conmsted of heavnly fractured

tte to green fragmehtal plastlc clay Based on the

o locattons noted above and the character of the rocks along the rlver channel between

7

’\,'\

s



s vPIato 3 8 Aoﬂal photograph of Iandshoos in Paleogene rocks in the Deadman aner valley

o f-lbotwun Cnss Creok amf Gorge Creek (BC air photograph 5742 049 exposed September ', S
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valley (BC afr photograph 5742 01 16 exposed September 8, 1976)
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Plate 3 9 Aerlal photograph of landshdes m tha wcmnty of GOrge Creek Deadman Rwer |




them, a rough cross section may be drawn (F:lg 319

Thus the surface of the Nicola Group ts irregular and appears to sfope into the
valle\; from both sides The configuration of the surface may be dué to pre-Paleogene
topography or\hleter fautting | '

: The‘Paleogene succession in the De‘admar?lls donfinated by silicic volcaniclastic
sediments. tuffs and breccias Flow rocks were observed in the scarps but are
subordinate in the succession as awhole. An estimated 640 m of Paleo‘gene rocks are
present in slopes on the west side of the vallmof which the upper 300 m are the buff to
white, dominantly pyroclastic and volcaniciastic materials exposed in the high scarps
betwsen Silverspring Creek and Gor'ge Creek All these rock types display prominent
vertical jointing which is persrstent across stratigraphical units (Plate 3.10). The rocks are
susceptible to piping erosion and joint systems exposed on vertical faces are commonly
enlarged by this process Rocks exposed north of Criss Creek on the east side of the
valley are unlike the rocks on the west side. No high scarps are form.ed and therr oolours,
texlures and weathering patterns are quite dissimilar (Rlate 3110

\ The basal part of the Paleogene was examined near Split Rock ahd in the vicinity of
the diamond drill hole south of Slide 1.- Near Split Rock, fossiliferous shales and
tuffaceous sandstones were found at an elevation of about 762m. Onan apparently ‘
undlsturbed slope in the vicinity of the drill hole stratified black plastlc shales and cloddy

. yellow smectite—rich clays were found 45 m above the Paleogene base. Both these units

were observed to have pervaswe slickensides throughout The cloddy, unstratified yellow

clay has formed from the alteratlon {or weatherlngl of pyroclastic rocks. FOSSIllferOUS

and pyroclastic rocks were encountered bp to an elevation of 714 m where a

‘s/;;ring issued from beneath a resistant flow unit, Thus on the basis of these observations, \
we may suggest that the basal 150 m of the Paleogene succession consists’of black
plastic shales and pyrrZCIastic rocks which are susceptible to alteration to a cloddy clay. (it
may be added that these rocks were not encbuntéred in the drill hole). This alteration:

-appears to be most marked angﬁextensiye in seepage areas. Atthe so-called Bat Clay
exposures beneath the sprmg mentloned above, slopes could only be traversed with

| extreme difficulty due to their slippery nature (Plate 3 l2) Where tuffaceous sediments

or pyroclastlc rocks are exposed on slopes thin soil cover of clay- develops and some
et

-
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Figure 3.19 Approximate geological cross section from the Spjit Rock area to the Bat Clay

exposures.
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Plate 3.10 Pyroclastic/volcaniclastic rocks in typical cliff exposure on west side of

" Deadman V‘alley.” Partly degraded block in landslide Qomplex, #4 visible in for‘.eground.
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‘Plét_e 3.12 Outcrop of weathered pyroclastic rocks at Bat Clay exposures approkimately- ,

T

150 m_'_ébdveuth'e base of'the"Tértiary,' T
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of the erosional patterns are similar to those found in badiands. Above the regional 3
groundwafer table (or perched groundwater tables) the rocks do not appear to experlence
thns loss in strength due to water mduced alteratlon\ as evidenced by the fact that they :"
stand up in high vertical cliffs lPIate 3 10) The yellow smectite—rich clay lsee Chapter Blis
a dlstmctlve product of the breakdown of landslide debrls on slopes on the wast side of
the valley andis found in all the Iandsllde debrls on the west side of the valley. -

North of Gorge Creek the slopes are capped by Neogene plateau lavas Whlch form
the headwall scarp of landslides 8 and 9 Beneath the basalt cap brown varved silts and
yellow weathered brecclas and tuffs were exposed Some doubt appears to exlst
concernmg the precuse age. of these rocks Field relatlons are confused due to slope
movemefits Mathews (1964l reports aK/Ar date froma pmk ash layer” at Gorge Creek
asNeogenel10+2 Ma). - I e

On the east side of the valley the successwn is domlnated by purple redand .
brown toarse volcamc breccias and sedamentary lnterbeds s

There are eleven ma]or landslide complexes in Paleogene rocks in the Deadman ‘
Valley Their morphology has been mapped from aerlal photographs and is’ seen in
_ Figure 3.20. Three distinctive groups are dlstmgunshed belng landshdes 1-7 between |
_Clemes Creek and Gorge Creek on, the west stde of the valley, 8-8 on the north sude of
Gorge Creek and 10 11on the east side of the Deadman River. , “ - o ;"" ,.-.

Accordmg to Varnes (1978l landslides 1-7 are properly desmbed as complex !
h'\ovements since the debns is the broduct both of multlple slope movement events and
‘multiple modes of movement Three major stages are envisaged for these movements
based upon an exammatlon of the morphology of the compler}eIWI stage is one of
block failure whereby large blocks moved out from the slope. The plan geometry of -
these blocks is belleved to be related to dlscontnnmty patterns as dlscussed in detanl below ’
These mmal movements appear o be responslble for the hlgh steep headwall and lateral

scarps Due to the lack of a hrgh strength cap le g flow rock) durlng thns movement the

blocks partnally dlsmtegrate and contmue to move downslope where the matenal comes to -
_' rest Remnants of parttally dnsmtegrated blooks can be seen as hlgh rellef ndged areas of

" landshde debrls whnch form a degraded block front inthe’ landshde complexes lPIate 3 13) .

A second stage is marked by. further degradatloh of the debns and mvolves further _—
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breakdown of the initial debris. Largely through the alteration of pyroclastic material -
icontained in the debr‘;,s in contact with rainfall and seepage,the p.roduction of |
smectite—rich clayslleads to localised reduction of shear strength and subsequent
-re-activation of debris by secondary flowage (Fig 3.20). Flow movements exhibit
longitudinal flow lines, marginal levees and lobe-like termini on rany of the complexes
(Plate 3.14). The head of theLesecondary flow failures appears to be related to a seepage
zone w:thm the debris at about 760 m, at the base of the degraded block front Siope
angles measured on these flows average 8°-9° ~A thlrd stage WhICh is not necessarily
pre—dated by the second stage lnvolves locglised headwall scarp fallure best classified as
large rockfalls. A fresh example Wthh iS. escrlbed below is noted at the north end of
slide 2. A large .rockfall»avalanche emanating directly from the scarp is thought to have
taken place on complex 4 - '
The recen't scarp failure in complex 2 was examined in the field and traverses were
made along and behlnd the scarp. The rock making up the scarp is a red brown volcanic

' breccia with elongate slab—like masses of flow rock whlch lens out wlthm the breccia

- Closely spaced vertlcal joints’ are pervasuve on the face WhICh was estlmated tobe 106 m

high. Apertures of up to 05 were hoted on the face (Plate 3 15l and there is an abs‘énce
"~ of horizontal discontinuities, although the breccia is-crudely layered. As seenin Plate, 3. /l 5,
. the rockfall r'nass completely disintegrated upon failure, and no large | blocks were
: preseirved T he failure occurred at the head of marked. actlve f low and appears tobe a
‘ .mechanlsm for its movement by Ioadmg the head of the flow.
‘ Behind th_e scarp on complex 2, a series of intersecting depre_ssions \Aras noted.

_'lh,elr pattern suggested the outlin'e of blocksﬁv’vhich have alreadyundergone som'e
movement {Fig. 3. 20) and is probably determined by two sets of dlsconti"nuities .»similar'to .
. those thought to be responsxble for scarp plan geometry as dnscussed below
' 3 Landslldes north of Gorge Creek have not undergone the same sequence of
B _ ;movement processes, whlch reflects the dlfferent geology of the slope Initial failure :

’ does not appear to have been of. the. block varlety but degradatlon of the debns is taklng :
= 'place Fallure on the east slde of the valley appears to be the product of a different

- v-_“sequence of processes whlle agam bemg affected by multlple re—actlvatlon or secondary

" _"?‘flow fallures (Flg 3.20). -
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The effectsof stratigraphical and structural tactors on the morphology ant
locatlon of failures werre examined with respect to the first group of slldes ie, 1-7. The
trace of the Deadman Valley between its mouth and Gorge Creek is hotuceably straight,

‘ suggestmg some degree of structural control. The orientation of the trend of the valley,
neglectmg the action of slope movements in pushing the river to the east side of the
valley, is about 350°. The geometry of the landsllde scarps also reflects some degree of
structural control since both headwall and north lateral scarps are staggered en echelon

| from sllde 1 through to slide 7 (Flg 3.20). The orientations of the headwall scarps vary in

a narrow range from 330° to 338°. Similarly t%\e north lateral scarps are orlented between

045°’and 065", almost at rlght angles to. the headwall scarps. This suggests an initial block

movement in a north—easterly dlrectlon (ie., between 045° and 065°), controlied by a

N reglonal set: of dlscontmurtres along a basal shear surface. However‘once free of the

constralnmg effects of the block walls or due to block dlslntegratlon the material

‘ mvolved in the movement shn‘ted in movement dlrectlon towards 090°. This indicates the

effect of the conflguratnon of-the valley side slope beneath the failure plane |e ‘the role

of the plane of separatnon (Varnes 1 g878..

The locatnon and’ characterlstlcs of the basal shear surface m the Iandslldes is not

s

known snnce nowhere 1s it exposed ln the absence of a Sub-surface mvestngatlon

however it is possmle to mfer the location of the surface and to hypothesnze on its nature :

An. effort was made tp locate the foot Ime (Varnes 1958) of the fallures by a

e~constructlon of pre fallure contours and by Iocatmg the pomt where debris emerges
~ from the scar and turns Thls exercnse indicates that the initial basal falure plane was

: located in the lnterval between the elevatlons of 600'm and 700 m. This interval is close

" to the elevatloh of: the seepage line noted above and wrthm 120m of the. estnmated base
of the Paleogene T o hypotheses arise from these observatlons regardmg the nature of -
' the basal shear zone: L B AR

"(al That basal farlure could have taken place in smectute-rlch umts wsthln the basal 120 m of

“the. sequence Thus could have been produced by the alteratlon of pyroclastnc matenal by

g reac‘tlon wuth groundwater wuthln the “slope to form a dnagenetlc assemblage zone (cf
. " Walton 1975) lndependent of stratlgraphy or could have been Iocahsed wnthm a

: stratlgraphlc mterval R En o ST |

2 R . . N I

/
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(bl That basal failure could, h;ve taken plage along the altered-sub—Paleogene unconformity
which may have dayllghted above the vallew floor but which is now covered by slide debrls
"+ However, since the estimate of the posmon of the sub— Paleogene unconformity
puts it about 182 m below the inferred foot fine, and very few fragments of Nicola Group
rocks are found.in debris,. it is thought that hypothesis (a) is a more l-ikely orie, although
neither is verifiable on the '.basis of present exposures. \ -

o

3.4 Detanled Descnptnon of Landslide Sltes in Neogene Voleanic Successlons
, Large landslides in the Neogene rocks of the Interlor Plateau were aﬁmlned at
four localities. Reconnalssance wark was conducted at Chasm. Creek in 1979 and 1980.

o In 1980, sites in the Upper Deadman River, Leon Creek and the Chilcotin’ area were

V\\ i\ : ’

The valley sndes of the Deadman River between Mowutch Lake and Vndette Lake

~ examined. -These areas ar_e located in Figures 3.1 and 32

v

3.4.1 Deadman Rlver {(Mowitch Lake - Vldette Lake

constitute a major, aimost contlnuous zpne of landsliding. Weak volcamclastlc sedlments
.' _b of the Deadman R:ver Formation underlymg flow unlts of plateau basalt have been subject
to fallure resultlng in block— type fallures Landslldlng has resulted in the formation of
several Iandsllde-dammed Iakes (Plate 3 16) | )
The sedtments of the Deadman RIVBI’ Formatlon are buff to yellomsh occurring as

a horlzontally bedded sérles of tuffs breccias, sultstones and pebbly sandstones and
conglomerates whlch are generally poorly mdurated The depth of the valley varles
between 245 m and 305 m and at the type sectnon of the Deadman River Formation at

: Snohoosh Lake descrlbed by Campbell and Tlpper (197 1, there is at Ieast 130 m

: exposed although thls sectlon is'in landslnde debrls However as Campbell and Tlpper
: '-( 197 1) pomt out, the deposltnon of the formation took place on n lrregular surface in
which d/ep valleys were cut, and its thlckness may vary from a few centnmetres to 150 m

: -throughout the Bonaparte Lake area Varlatlon noted in the retrogresslvnty of the Iandsllde

N

"

o complexes may rifledt thls varlatlon in’ the thlckness of the Deadman Rlver Formatuon tis E

. | -v'noted that landades are absent in those parts of the Valley where accordmg to Campbell

: and Tnpper (197 l) the plateau: lavas dlrectly overlle the Nlcola Group ThlS observatlon -

,'t. I : X )

|

: L : ' - . )



Plate 3 16 Aur photograph of Iandshdes in Neogene rocks in the vncmlty of Skookum Lake R A

’ Deadman Ruver (BC Aur Photogr‘aph BC 5 1 87 004 exposed May 18 1966) A Deadrr\\a}

i

'T';,LakeB SkookumLake Ty U c U
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strongiy suggests that the sub-Neogene unconformity 1s not the location of the basal
failure zone Re-activation has taken place at several locations in the debris. particularly
downstream of the highest landslide dam at the outlet of Snohoosh Lake

Glacial meltwater may have contributed to the development of slope geometry in
this straight, steep-sided valley

n

3.4.2 Chasm Creek

Three landslide'complexes of the block type were identified along Chasm Creek,
‘ southeast of Clnton (Fig 3.1 Plate 3 17) The valley of Chasm Creek 1s a steep-walled
notch-like valley cut into the Fraser Plateau and 1s about 290 m deep Aspects of 1ts
geometry may.be the result of the passage of glacial meltwater through the valley during
deglaciation, but the very marked kl'_\ick-ponnt at the head of the Chasm also suggests that
its origin may be simply related to headward erosion by Chasm Creek

The geological circumstances of these landslides are similar to those described
above lh the upper Deadman River wherein basalt flow units and'inter flow breccias overlie
ihe relatively weak rock of the Deadman River Formation (Campbell and Tipper, 1971)
(Fig 3.21) Dips measured along thedrims of the valley indicate that the plateau lavas are
not horizontal but dip at about 33073 Exposures in the Deadman River were examined
north of the junction between Chasm Creek and the Bonaparte River A thick deposit of
buff-coloured. weakly stratified bre;:CIa appears to underhe tuffs and volcaniclastic
sediments Campbell and Tipper (197 1) suggest that the breccia i1s a fan deposit. about
g0 m in thickness. Although the configuration and extent of the Deadman River sediments
in the vicinity of Chasm Creek are uncertain, they do appear to underlie the landslide sites
where the total thickness can only be estimated

The geometry of the landslide scarps (Fig. 3. 2%&5 to be controlled by closely
spaced vertical cooling and stress relief joints. Thereis a marked Iack of preferred
orientation in the few lineaments obser\{ed on aerial photographs. Thus there is an
abserf'ce of control by major regional dis?oﬁi?ﬁuity patterns which was seen to be

important in the Paleogene landslides. This arises from the fact that the Neogene

successions are structurally undisturbed.
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Plate 3.17 Air Photograph of landslides at Chasm Creek (BC air photdgraph BC 5255-183
ekposed July 10, 1967 A = Chasm East B = Chgsm West; C % Chasm North; D = Block

\
\

currently undergoing movement; E = Fraser Plateau surface. = | Y
/' ;
’ -
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anure 322 Morphology of Chasm Creek landslides (Based on mtarpretatnon of B c ayr
' ‘photograph BC 5255-—1 83). : R



a9
~ . . :
Ehch site of instability is thé product of multiple failure events. This is best
~illustrated\in the Chasm West .c,omplex where each block is well defined. The difference .
in the apgarent freshness of the blocks gives the impression that»the most recent block to
_move is at the north end of the complex At the north end of Chasm East, block
movement is currently taking place. Slight rotatlon is accompanying extension crackmg
and trees on the rotated surface are tilted from the vertical (Plate 3.18). This movement is
‘not taking place in response to basal erosiOn since Chasm Creek at this point is.flo‘wing
underground some other mechanlsm is thus responsible for movement
The blocks in the debris are well defined wuth some exhibiting a well developed
‘graben behind a debris crest ridge and steep fronted siope (Plates 3.19, 3.20). Itis also .

noted that movement is taking place across the dip.

3.4.3 Leon Creek ‘ 3
The landslides on eastern slopes of the Camelsfoot Range (Plate 3.2 1) in the vicinity
ofiLeon Creek were first reported by Ryder (1976). They occur m an outlier of Neogene
rocks on the west side of the Fraser River at 820 m above sea level. They were inspected
® the summer of 1980 . |
The geology of the area has been described by Dawson (1896) and Trettin (196 1)
At the Iandshde sites, basalt flows of the plateau lavas are honzontal and overlie sediments.
The basaI-Neogene unconformity of unknown confnguratnon is developed in rocks of the
Spencer Bridge Group Cache Creek Group and Mt Lytton Batholith (Fig. 3.22)..
Dawson (1896) descrlbed a soft yellowush pebbly sandstone which he found in-
*some places Thns led hnm to suggest that it was locally developed. Later, Trettin (1961)
found poorly consolidated sednments in the same area and he mcluded the yellowush
' sandstone arglllmc sandgtone, arenites and conglomerates which contamed shaley beds..
Trettm reported them to be exposed at an elevation of 1070 m and suggested that less
than 30 m of sediments are exposed Excavations associated with Ioggmg road
: constructaon (Plate 3, 22) have exposed sediments _along the base of the Iandshde areas at
an approxlmate elevation of 1070 m An inspection of these exposures mducates that -
faulure has taken place in the upper part of these sediments whuch are overlaun by .

approxlmately 150 m of plateau’ Iavas Seepage was also noted at this horizon.

A



Plate 3. 18 Evndence of movement on north block of Chasm East Iandshde Note trees out
of vertical arfd slnght backward rotatlon on block surface o '
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Plate 3 19 Vuew north of Chasm East landshde Note debns—crest ndge and graben behmd
n. NB North block (see Fig 3 22) Vertucal jomtlng in plateau Iava seen in foreground
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o .r;lilate 3 20 View to southwest of Chasm West landslide." Note block }téodn@a;i_e_s’,;and '_'iégés

‘indebris. -
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‘o ,Plate 3 21 Anr photograph of Leaon Creek landshdes on eastern margm of. Camelsfoot

R R.ngg (B C. Air, Photograph BC. 5742 a8 exposed September 8, 1976)
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Plate 3. 22 Bésal shear zone of Leon Creek landslides exposed in loggmg road cut Fugure

' o is standlng at level of yellow tuffaceous sandstone Note seepage from base of landshde

debns‘

- COLOURED PICTURES -
* Images en couleur !
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The landslides exhibit mtact blocks in some cases, but generally the blocks have
broken up to form debris that resembles a boulder field in which- -‘boundaries between
former slide blocks remain discernible. The scars of individual slides are arcuate in plan
Fig 3.24), This may be due to very close joint spacing. Tension crackmg behind existing
scarps and along unfailed slopes suggests that failure is contmumg ie., actNe block

- separation and supply is takmg place at present

s

v

3.4.4 Landslldes in the Chllcotln Area
A reconnaissance study of slopes developed in Neogene rocks along the Chilcotin
River was undertaken in the’ summer of 1980. Aerial photographs were exammed
covering a broad band betwegn Puntzi Lake and Alkali Lake {Fig. 3.2). Landsl;de sites were
“identified and a number were inspected in the field. ' ‘
Only very. general bedrock geology maps exist of the Taseko Lakes and Quéesnel
.map ~-gheets (Tipper, 1959, 1963), and no landslides are marked on the surﬂcnal geology o
~ maps (Tipper, 197 1a, 197 1b). Heglnbottom (1972l has, however mapped landslides in
- Neogene rocks on tl% Tasel}o Lakes map sheet The stratngraphlcal framework of slopes

in the area is similar to those in other areas exammed in Neogene successions, viz. plateau

It is thought that the sclttered distribution of failures ev:dent in Figure 3 2

local accumulatnon of these weaker strata beneath the lava cap Aspects of

The geomorphologlcal condltlons ‘for fanlure however whilst being slmllar to other
along narrow, steep snded trlbutarles of the Chilcotin and the Fraser (at Blg Creek
ngllsh Guich, Sword Creek and near Alkali Lake) appear different along the maln S
_,y of the Chllcotm River. These landslldes have occurred in slopes that are not sub ject
basal erosion but are buttressed at thelr toes by: benches of glamo-lacustrnne depos:ts
7. e Redstone landsllde for example a shear zone was found exposed inanew. road cut

( the valley floor and debrls was found deposute on the surface of 2.

glacno—lawsmne bench (an 3. 25) Heaw seepage in. the r ad cut SUQQests that pore

[ 4

pressures were |mportant in determmmg fallure and’ that b sal erosron was not operatlve

)
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as a contributing féctor A further example 1s the Anahim s Flat tandslide. a cross section
of which i1s seen in Fig 326
An alternative mechanism of movement could be that of local spreading in

response to cap loading An examble of what is interpreted to be a partially developed
spreading movement nAs seen opposite the Redstone landshde (Plate 323). Two linear,
steep-sided depressions are seen. indicative of vertical and horizontal deformation, and
toe bulging ts evident Lateral shear planes are absent. or at least are not obvious on the
aerial photograph

| The morphology of most of the landshdes indicates that they are
bldck—complexes In most cases shde blocks are preserved in interlocking ridges. but in
other cases the cap has dléuntegrated to give a deposit similar in morphology to that of
block fields - Because of the disintegrated cap. some features are difficult to identify with
certainty on aerial photographs, as discussed at the beglnnmg of this chapter Secondary

failures do not seem to be important. Transverse ﬁldges are common in both types of

"block failures The absence of structural control s again made evident by the presence of

arcuate scars and the absence of lineaments behind the scarps

3.5 Relationships between Geological Factors and Regional Patterns of Landslide

Occurrence

3.5.1 Geomorphological Factor.s / , .

The majority of landslides examined, both in the Paleogene and Neogene

successions, occur on-slopes which have been oversteepened by river erosion (meander

belt and/or knick—point migration) or by the actlon of glacial meltwater3The precise role

¢ \_'

of glacial meltwater in modifying slope geometry during de—glaciation is éomplex and
unknown in detail. It is sufficient to note that most valleys in the Interior Plateau have, at
some time during the complex events associated with de—glaciation, acted as conduits for
glacial meltwater, so the associati.on may be spu{gious. The erosion has also resulted in the
exposure of mechanically weak pyroclastic and volcaniclastic rocks at\the base of slopes

where they are present \

“)

e
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Figure 3.26 Cross section of Anahim’s Flat landslide. Drawn with no vertical exaggeration. -
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Plate 3.23 Air Photograph of Redstone area, Chiicotin River valley. Note Redstone

landslide (A) and spreading movement (B). Other landslides are also.marked (Canada Air-

Photograph A22415-158) 5
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The location of the basal rupture surface. however, does not always seem to
‘coincide with the slope toe, i.e.. the point of erosion or maximum oversteepening, even
along valleys identified as oversteepened meltwater channels Thwvas apparent at
Enderby, Deadman River (Criss Creek to Gorge Creek} and in Neogene rocks along the
Chilcotin River. In othér cases oversteepening does not seem to have been important at
any time in slope development (e.g., Buse Hill and Pebmberton Hil). ~|n these circumstances a
‘delay between the formation of the slope and movement is inferred, and slope geometry
modification may not be considered a factor in landslide occurrence.

The location of the basal rupture sﬁrface in relation to the slope toe may also be
important in determining the extent of fragmentation experienced by the moving mass O
steep slopes where the basa! failure zone is located some way up the siope. the initia.I
block movement moves out and then down. fragmenting in its travel along the plane of
| separatnon (cf. Harpetal. 1981). This factor must therefbre be considered in addition to
stratngraphy and lithology when consndermg cap behaviour.

The preservation of. well defined blocks in the Iandslude may also resuit from
topdgraphic constraints on the distaan moved by the failing mass. For example,

" landslides along narrow valleys (e.g. Gorge Creek) show well-defined blocks because
travel is impeded by the opposite valley side. In a wider valley (€g. Pemberton Hill}, travel

distance is unlimited and thus fragmentation takes place .

3.5.2 Stratigraphical Factors

Not all slopes of similar geometry have been subject to movement Landslides are
found to be localised where mechanically weak layer§ underlie a competent cap. In all of
thé landslides examined, in both the Paleogene and Neoge;xe successions. with the
exception of the Pemberton Hill complex, the basal part of the rupture zone is located in
the sedimentary—-pyroclastic assemblage in basal parts of the volcanic succession at a
guven site. This is based on field examination and the inspection of avanlable geolog;cal
maps. In certain cases (e.g. Deadman River) a possibility exists that the basal rupture zone
was located in the weathered or altered sub-Tertiary surféce. However, the surface was
only observedin a heavily altered state at one location; and in slopes in which lava flows

overlie pre—Tertiary rocks directly, i.e., where the basal sedimentary assemblage is absent,
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large landslides do not occur. Landslide shear zones in basal sedimentery—pyroclastic
assemblages were noted in the Salmon River (described in detail in the next chapter), Buse
Hill, Deadman River, Ducks Meadow Redstone and Bull Canyon

Where the basal sedlmentary pyroclastic assemblage is not exposed in high steep
slopes, landslides are absent. |

Stratigraphical factors-are also important in. determining the type of landslide
occurring at a given si_te. Complexity in the range of movement events and types appears
to,_(be a function of the extent to which the initial failure volume is made up of _easily |
weathered material. For example, slopes involviFmg block movements are made up of
dominantly lava flow units with a relatively smallethickness of weaker ma{erial at its base.
This is contrasted with the'multip'licity of events which have resulted in.a degrading block ’

failure complex where the original slope was mainly made up of ‘volcaniclastic and/or

‘sedimentary material (e.9. Deadman River).

3.5.3 Structural Factors

As noted in Chapter 2, the Paleogene rocks of south central Brit_ieh Columbia have
been extensively faulted and slightly folded, whilst the Neogene rocks have been sub ject
to mild warping only and the effect of r'egiona! tectonic processes is absent, at least in the
study; area |

The effect of structural factors is seen with respect to.
(a) Scarp P) an Geofnetry
Structural contfol on the plan geometry of scarps in Peleogene rocks was well illustrated
ata number of landslide sntes le.g., Ducks Meadow, Deadman River and Enderby) where the
| scarp consssts of several Imear segments giving nse to a marked headwall and lateral
scarps. Based on the interpretation of lineaments on aerial photographs, this was thought
- to be aresuit of the e'xi'stence of persistent systematic discontinuities Which‘ rhay be fauits |
or steeply dipping joint sets that paralle! them. In contrast, the plan geometry of N_eogene
scarps is curved with mtersecnng linear segments absent. At Leon Creek (Plate 3.21), for
example, extensuon fractures above the exlstnng scarp are markadly curved, mdocatmg the
absence of perststent systematlc dlscontmuuty patterns Thrs mferred structural ’

i homogenelty possnbly reflé&s the random dnsposmon of. coohng )ourfts
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(b) B/ock Shape and Size

“The Bxistence of regional discontinuity systems arising from tectonic proces'ses in the ’

Paleogene successnon gives rise to welli-defined Iarge blocks being involved in initial

movements in the Neogene the average block size is very much smaller, and they are
more irregular in shape because of the dommance of tmpersustent non- systematic cooling
joints. |

{c) D/rect/on of / nmal Movement

in the absence of regional discontinuity patterns in the Neogene successions, thereisno .

control on the initial movement direction apart from theslope of the failing slope.
However in Paleogene rocks the orientation of release sets of dlscontinuities determines
the direction of initial movement of landslide blocks. When the blocks begin to move. they
are initially contained by the discontinuity sets which corre_spond to the lateral scarps. '
(d) Faulting Effects in Loca//s/ng Fa//ures | _

In the faulted Paleogene succession, failures end abruptly against faults because of the
faulting out of the weak materials at the base of the slope. In addition some Paleogene i
landslides are contiguous block movements because of the effect of faulting in repeatmg

the weak layer at the base of a slope. Neogene landslides are determmed only by the

. geometry and.extent of the basal assemblage.

1e) Presence of Tectanic Shears

As discussed in Chapter 4, some weak layers have been further weakened by shear zones §

developed as a result of tectonic processes. Although tectonic shear zones are not

“expected to be found in Neogene rocks similar structures due to stress-relief may be

. : &
present.

5 4 Groundw:ter and Seismicity .

(a) Groundwater o ‘ B .'

studied cannot be accurately estimated This lS primarily because the present climatic and

hydrologic regimes in the area may not reﬂect those extant at the time of slope movement
. The climate of the study areas is dry to semi-arid due to theur location in the rain-shadow

. ’of the Coast Ranges Cllmatic data are given in Table 32

k4
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Seepage horlzons appear to correspond to the footiine of some landslides (e.g.
Deadman River) and seem to be lmportant in deteérmining the location of some secondary
flows (e.g.. Bouleau Lake) Further the role of groundwater systems in developmg water
pressures and contributing to the formatlon of dlagenetlc assemblage zones in the slopes

- studied has not been evaluated.
= (b} Seismicity: ' ‘ A
' Selsmlc triggers have been important in causmg large slope movements in the
North Amerlcan Cordillera (eg Hadley. 1978: Mathews and McTaggart, 1978; Mathews
1979l and seismic forces are also lrnportant in causmg accelerated pre- landslide - E
movements ina slope

Data on earthquakes that were felt i in the study areas (i.e. witha Mercalli lntenslty >
Il) between 1899 and 1977 inclusive, were prowded by the Earth Physics Branch Energy.
Mines and Resources Canada Durlng this penod 1841 earthquakes were recorded for
the Cordulleran region of Wthh 86 could have been felt in the Thompson study area and
91inthe Chilcotin. Epicentres for these events are seen in Fag 328 -

e ~Inthe Thompson study ‘area the maximum acceleration expenenced durmg the 79
. years of recordis 0,01 g (Maximum Mercalll Intensity = V). Calculations of the return
period of various acceleratlons are given in Table 3.3. A 0.03 g acceleratlon may be
expected to act on slopes in the reguon wcth a 200 year return interval.

in the same peruod the Chllcotm study area experienced a maxlmum acceleratlon of

0. 02 g lMaxnmum Meroalll lntensnty Vl and a 0.04 g acceleration may be expected to act
on the slopes of the region with a 200 year return interval (T able 3.3)

The effect of seismic processes on slope stability 1s complex There is no simple

correlatuon between slope movements and eplcentral dnstance (Mathews 1979) between

earthquake magnltude and magmtude of slope movement lMathews and McTaggart 1978)
or between lntenslty ahd the occurrence of slope movement (Harp et a/., 198 ll
' However the present seismicity of the study areas is charactensed by low acceleratlons

Wthh emanate from three sources hlgh magmtude events along the Pactfnc margin,.

intermediate magnntude events along the Brmsh Columbna coast and low magmtude events '

in close proxumlty to the study areas themselves '
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Three epicéhtr'es are located within the Thompson study area and are associated
with low magnitude’ events {M varies between 3.20 and 4.50) in the vieinity.of the Lou'is |
‘.Creek Fault zone, south of Kamloops Lake. , Maximum accelerations were in the ord.er of -
0.01 g and Intensity varied between IV and V. These evénts, however, are not known to "

be correlated with any siope movements. .

.
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‘4. LANDSLIDES IN THE PALEOGENE ROCKS OF THE SALMON VALLEY

: ;dslldes have occurred in Paleogene rocks along a 9 km lengthof the
approxlrnately 32 km s‘outh—east of Kamloops (Fig. 3 1) The area
A_‘A’lled mvestlgatlons smce several condmons exist in the valley whlch
._ conduclve to a. detalled evaluatlon of the role of-geologlcal factors in
. Ye movements in Paleogene rocks. These conditions were;

J’- od accessibility to landslnde debris and unfanled slopes by publlc roads,
nvate access roads and tranls ' '

fthe open nature of the forest stands that cover the slopes of the valley

B good bedrock exposures. o ,
the exlstence of several well- defmed landslides in a small area

| '. r of the five landslides (Plate 4.1) were selected for detalled study Wthh had
the f ‘: ._‘ng objectlves ' '

2 " ' to determme the nature and charactenstlcs of the Paleogene succession within

an area of approxumately 28 km? wuth emthSIS on the locatlon and

1o determme the structure and attltude of Paleogene rocks in the area wnth
emphasls on those features unfavourable for slope stabnluty v
c to determme the morphology klnematncs and movement history of each
 landslide. - | : | | o , | |
) d : :to determlne the relatuonshlp between stratugraphlcal and structural factors and
slope movement - o R o |
The mam fleld work was carned 0ut in the summer of 1979 and consusted of

traverses through landsllde debns and around landshde scarps Ground control was

o effected usmg enlargements of aenal photographs and an altumeter Altlmeter readlngs -

were corrected uslng atmospherlo pressure readlngs from a barograph (Ioaned by the
) Brmsh Columbla Mlmstry of Agrnculture Kamloopsl located ina shed on. the K 1ellstrup
Farm (Plate 4 1) The fleld work concentrated on the Juprter Creek and Shell Creek

. (S

_» '.1:"2'0 :
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‘KEY :A= STEPHEN' LAKE ROAD LANDSLIDE -B= ADELPHI CREEK 'LANDSLIDE |
~ C=JUPITER CREEK LANDSLIDE, D= SHELL CREEK LANDSLIDE, E= WOODS '
ALAKE ROAD LANDSLIDE F=%QDS LAKE, G-JIMMY LAKE '

Cu Plate 4 1 Air Photograph of Salmon)éaﬂey Iandshdes 8. C Air Photograph BC 5377- 033)
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: _q as descrlbed by Barton and Choubey (1977) and ISRM (1978l
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landslides which were traversed severa! times in the summer of 1979.

4.2 Previous Geologlcal Observations

‘The geology of the Upper Salmon Valley within the area studled has been examlned .
by several workers since Dawson 1 879) noted the narrow, steep—sided nature of the
valley which was bounded occasuor@y by high cliffs formed by volcanic breccias” (p. 62).
He described basaltic flow units with zeollte amygdales and’ mterbedded grey ash or

mudrock units” (p. 128), noting that the Tertiary rocks rest unconformably on schistose

rocks. Dawson made no mention of landslides. _

Jones (1959) first mapped the area as part of the Vernon sheet at a scale of
l 253, 440 Jones main concern in the valley shared by subsequent workers was the
so-called Salmon River unconformlty which exlsts in the vicinity of the power line
crossing 2.75 .km south*west of Twig Creek, between the Palaeozmc Chapperon Group
and the Triassic Nicola Group lnvestlgatlons of the unconformlty are summarlsed by Read

and Okulitch (1977) ‘Okulitch {1979 updated Jones' map with addltlonal detail in the

’ Salmon Valley ata scale of 1: 250 000 (Fig 4.1) There is therefore a lack of detailed work

on Tertlary rocks wnthm the area studied.

First note of the landslldes in the Salmon Valley was made by Fulton (1975)

4.3 Field Charactensatlon of Rock Masses
- The ‘field characterisation of the rock masses making up the slopes of the Salmon .

Valley involved an evaluatlon of the mechanlcal propertles of intact rock and an anaIysns of

the dlscontumultles which occurred within them

. In order to quantlfy the mechamcal propertles of lntact rock in field exposures, the
classification scheme outlmed by Hoek and Bray (19;7 p. 99 and ISRM (1978 p.348) was.

used The classnflcatlon |s based on the response of the rock to hammer blows and

, scratchlng with a knlfe blade inthe so— called Manual lnda Test ThlS response is

‘ 'correlated wath an approx1mate range of unlaxlal compress:ve fngth Qu )

In addltlon the Schmldt Rebound Hammer (T ype L) was used to obtaln estlmates of
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Figure 4.1 Geological setting of the Saimon Valley landslides (modified after Okulitch,

1979).
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Discontinuities were described and measured usmg'terms and methods suggested
by ISRM (1878) The orientations of discontinuities at each location are represented on
the lower hemisphere of a Schmidt Equal Area Net Pole densities, expressed as 3
percentage of n pomts in 1% of the area of the hemisphere. were computed using a
program supplied by Professor HAK Charlesworth The pole densiies were contoured

by hand -
4.4 The Materials and Characteristics of the Basal Paleogene Surface

4.4.1 Materials

’ Since the nature of the basal Paleogene surface may be important as 3 factor in
slope movements in the study area. materials making up this surface were examined Tpey
include |
(a) Chapperon Group:

The rocks of the Chapperon Group are of Palaeozoic age (Mississippian or otder)
and consist mainly of chloritic phyliites and schists They are exposed at several locations
in the Salmon Valley (Fig 4 2) The Chapperon Group has been affected by two phases of
metamorphism and the schist and phyllites have well- marked, steeply dipping fohation
cleavage. as described by Read and Okulitch {1977)

At exposures of the Chapperon Schist near Adelphi Creek and Twig Creek (Fig
472) Schmidt Hammer Rebound number's (R) had mean values of 47.0 and 51.2
respectively Assuming a ‘rock density of 27 KPa. these values correspond to a value of g,

of about 150 MPa (Deere and Miller. 1966) According to the Qualitative Rock
Description {Hoek and Bray. 1977), the Chapperon Schist s Strong Rock {R4)

Discontinuity measuremerits were made at the two locations noted n Fig 4.2 Jont
and cleavage surfaces were clean except for the occasional unweathered mineralised
shear. No fohatnon shears were found. At the Adelphi Creek exposure pole
concentrations representing planes dipping 060/70 and 250/60 were observed Fig 4.2)
in the exposure near Twig Creek, a small sample size restricts the interpretation of the

discontmui“ty data but suggests a discontinuity set dipping 170/80.

(b) Valhalla Granite:
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Figure 4.2 Exposures of Pre-Tertiary rocks in the vicinity of the Salmon River landslides.

Schmidt nets (léwer hemisphere) show pole concentrations of discontinuities.
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This 1s of Jurassm-Cretaceobs age and part of the iarge granite plutons which surround
the Salmon River area It 1s-exposed near the Woods Lake Road just north of Dry Creek
(Fig 4.3} An exposure of Valhalla Granite was reported by Okulitch {1979) between Twig
Creek and Shell Creek but this could not be located in the field

(c) Nicola Group:

These Triassic rocks. consisting of conglomerate overlain by argillite, tuff. feldspathic
greywacke and sandstone, is separated from the Chapperon Group by the Salmon River
unconformity It has been affected by one phase of metamorphism and dips generally

between 20° and 40° to the northwest in the vicinity of its only known exposure i the

study area. at the unconformity

4.4.2 Characteristics of the sub-Paleogene Surface

Since borehole information is absent in the study area, the configuration of the
sub-Paleogene surface throughout the immediate area of the landslides remains unknown,
However, its location has been established at the surface at several places. Near the
mouth of Adelphi Creek. it is located at an elevation of 700 m, 46 m)above the valley floor.
Along the Woods Lake Road, however, 600 m to the northeast. the elevation of the
surface is at 1016 m. Detailed mapping (Fig. 4.3) indicates that this configuration is due to
normal faulting along the Woods Lake Fault

East of Adelphi Creek the Chapperon Schist was found to be altered in the vicRity
of the Valhalla Granite exposure near Dry Creek. It is probable that the schistris similarly
affected wherever it is in contact with the Valhalla Pluton |

The actual contéct is exposed only at Twig Creek at an elevation of 775 m, in a
steep notch eroded by the creek. The Chapperon schist is overlain directly by basal
Tertiary volcaniclastic rocks. The contact forms a brecciated zone about 2 min thickness
and consists of a green micaceous shear matrix enclosing slickensided, rounded, schist
fragments (Plate 4.2). Slickensided shear surfaces are present throughout the shear
matrix and it appears that movement has been toward the south. The shear breccia is not
weathered or altered and appears to be of high shear strength in its present condition. No
soft gouge—like seams w.are observed. Since only a very small exposure of the contact

exists. it is not known how extensive this phenomenon at the contact may be. It appears

-~
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Plate'4.2 Shear breccia in Chapperon Schist at Tertiary unconfo?mity, Twig Creek.

A=Chapperon Schist, B=Paleogene Twig Creek Tuff. |
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unrelated to any present landsliding and the attitude of the overWing Tertiary rocks |
suggests one of three origins. “

a localised penecénfempbraneous landsliding during accumulation of Tertiary
volcaniclastic rocks, known to be a common pro‘cess in the filling of Tertiary
basins in the Thompson Plateau (cf. Chapter 2.

b.  local low—-angle normal faulting;

c part of a decollement surface assocuated with a metamorphic core complex
such as that described by Davis et a/. (1980) in south—east Cahforma and
western Arizona. and by Read {1880} in the Frenchman's Cap area

it may be noted that the.Twig Creék Shear Zone is one of several low-angle
structural features observed in the basal 195m of the Tertiary rocks in the study area. .
wr;ich are discu_ssed in detail below. . |

" Within the immediate area of the |apd§lidés no pre-Tertiary rocks have been

located, with the exception of the exposure at the foot of the Adelphi Creek landslide (Fig.

4.3)

4.5 The Paleogene Succession

An initial step in evaluating the relat:onshup between geologlcal factors and slope
" movement was to establlsh a stratigraphical sequence in the study area. The Paleogene
succession is a complex series of interbedded lava flows with associated flow top.
bre;’:cias. massively bedded yolcanic breccias of various origins, pyroclastic rocks and
tuffacéous sediments. |

A composite succession was established from scattered exposures. Whilst good
exposures occur in steep wall-like slopes at Adelphi Creek Bluffs (Plate 4.3) and in the
scarps of Iar»(;dslides, these are inaccessible. Other slopes contain goc&d exposures of lava
flows and breccias but many covered intervals are presént particularly in the Iower part of |
the succession. Thus only a composute generahsed success;on was established.

550 m of the succession is exposed at Adelphi Craek Bluffs This was mapped by
plane table and telescopic alidade from a station on the opposite side of the valley in a
manner similar to that described by Compton (1962, p. 172). The method was considered

accurate for the purpose of establishing a general succession, although des"é‘“i"ipt‘ior'\s of
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Plate 4. 3 V|ew to the east toward Adelphn Creek landslide (A) and Adelph: Creek Bluffs {B).

Note slopes between Adelphn Creek Bluffs and Cain Creek (C) are not affected to slope

movement. /
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the mdlvndual units were hmited to gross iithology and colour

Data on rock mass properties were obtained by traverses of slopes contammg
rocks at various levels in the succession * )

On this basis a fourfold subdivision of the succession was possible (Fig 4 4),
conS|stmg of the Basal Beds, BrowniBeds. Red Beds and Saimon Beds

The Basal Beds constitute the lower 195 m of the succession. They exhibit wide
lithological variation within the study area. At the base of the Basal Beds there occurs a
series of interbedded fragmental volcaniclastic rocks collectively termed the Twig Creek
Tuff (Prlate 4 4) They overly the shear breccia described above an%contam angular clasts
of the Chapperon Schist  Similar materials outcrop in a limited expdsure between Adelphi
Creek and Dry Creek and are found in the rupture zone of the Adelphu‘Creek landslide
described below (Plate 423! These are overlain by a series of basalt flows interlayered
with grey andesitic lavas. which are in turn overlain by bassltic flows interlayered with
volcanic breccias. Above these beds is a brown tuff- tuff breccia termed the Salmon
River Tuff (Plate 4.5), which appears to be limited in distribution and variable in thickness
It is exposed in the aré\a of Shell Creek, and at the base of the Shell Creek and Jupiter
Creek landslides. This unit was not found exposed west or east of Shell Creek but may be
concealed beneath covered intervals. The Salmon River Tuff s underlain by a brick red
tuff (the Red Tuff) which is up to 3m. thick. The distribution of Paleogene volcaniclastics
in the‘SaImon Valley 1s given in relationship to thé landslides in Fig 45

Whole-rock K-Ar dating was carried out by the British Columbia Ministry of Mines
and Petroleum Resources on two basélt_ flows. The basalt above the Twig Creek Tuff (the
Basal Basait) gavve an age of 49 3+ 1.7 Ma. while a basalt just below the tuff breccia at a
road cut at the margin of Jupiter Creek landslide gave an age of 48. 6+ 1.7 Ma (Fig 4.4).

As seen in Plates 4.4 and 4.5, the Twig Creek and Salmon River Tuffs have

;

undergone a form of alteratic/m similar to spheroidal weathering. The rocks are crumbly.in- -

exposure'ancj are generally brown in colour., Fresh unweatherec; tuff is generally blue.
F-res'h, unweathered tuff 4 m above the Chapperon schist at Twig Creek gave a mean
Schmidt Hammer R"ebound number of 27.4 and rated R2 in rock quality The Rebound
number suggests avalue of q, = 22 Mpa for the intact Twig Creek Tuff. According to

Hoek and Bray (1977), itis classified as very weak rock. Generally, exposures were too
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Composite Stratigraphical Section of Kamioops Group
Volcanic Rocks in the Salmon River Valley, SW.of Westwold

-

~
"’M | i
9004 fr-a%b7-7-7- |
Thick, massive breccia beds with occasional lava flows ! .
] é andd minor interbeds of tuffaceous material. Vertical joints : .9
) T ® | morked inplaces form sieep upper scarps of Adeiphi
| Z | Croek and Shel Creek Slides. Dykesnoted n Adelph,
: 5 Creek bluff rocks are salmon-pink in color. i
s 2 :
- & v i‘
< .2 !
o < + .
=~ 600¢ v_~ ! \ . :
5 L i Upper red beds; thick massive breccio beds with some .
2 @ | lava figws, - brown-red n color.
o -+ ::"“ @ | Lower red beds; lava flows with minor l:roccuomnrbodsl
a aai] O | brown-red in color. |
] e T~ Thick tuffaceous sediments occur at base in ploces,
- | it pink-yellow n color. !
= L") v ¢ i
3 = 8 |
2
o 3004 Loyl ) Dominantly massive brown breccia beds with occasonal i
P 0 g Z° i lava flows and minor tuffaceous sediments and arkosi !
he PR g sondstones. 1]
[ ]
E x b i
g | o
- Andesitic and basaltic lava flows with
< SRT | occosional breccias.
1
< :
@ -
Ic : usC
PRE—TERTIARY /see Text) '
i

*NOTE: LOCATION OF K-Ar DATES ARE AT A (49.'3 t 1.7 Ma) and
B (48.6 £ 1.7 Ma)

TC = TWIG CREEK TUFF SRT = SALMON RIVER TUFF

)
Figure 4.4 Composite stratigraphical section of Paleogene rocks {Kamioops Group) in the

Salmon Valley, south-west of Westwold
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Piate 4.4 Typical exposure of Twig Creek Tuff at Twig Creek. Note spheroidai-type

Weathermg or alteration. - * , S



Plate 4.5 Salmon River Tuf f-Tuff Brecci_a exposed at the west margin of the Jubiter Creek

landslide. Note filled discontinuities, spheroidal-type alteration "or.weatherir'\g and basaltic

o 4 .
- COLOURED PICTURES
Images en couleur



‘Agjje A uowiies

ay) ut sapIspue| ay) 01 uoneds ul mu:mm_.o_.cmo_o\, suabosiey ;0 sainscdx3y gp mSm.u

135

SOILSVIOINVOIOA INIDOI TV
40 s3aunsodx3 B




136

soft for the Schmidt Hammer to rebound. No Rebound Numbers were obtained for the

Salmon River Tuff because of thls factor which suggests values ot g, less than 15.0 MPa
Basalts and brecmas within the Basal Beds are resistant materials and commonly
form prominent topographic features Rebound numbers for basalt vary from 33.6 for
highly amygdalondal basait to 51.2 for hard vesncmar basalt Rebound numbers of between
26 and 30 were obtained for volcanic breccias. These rebound numbers indicate values _
of g, equal to 35 MPa (Moderately Weak Rock) for the breccias and > 100 MPa for the
basalts (Strong Rock) | \
| - The overlying Brown, Red and Salmo"n Beds arera‘ series of ftows and volcanic

" breccias and do not contain mechanically weak rock except for a thin tuffaceous unit at
~ the top of Brown Beds (Fig. 4.4) o |
In summary, therefore, the Paleogene succession in the Salmon Rlve'r Valley 1s

characterised by a complex series of interlayered lava flows and volcanic breccias and the

occurrence of two mechanically weak volcaniclastic zones within 120 fn of its base.
4.6 Structure of the Paleogene Rock Mass

~ 4.6.1Lineaments and Faults

Persistent sub—parallel linear features are very marked on aerial photographs of
the study area (Plate 4.1) These are interpreted as structural lineaments and arg common
in other parts of"the Thompson Plateau le.g.. Schau, 1968; Ewing, 1981al Some are =
known to be faults, whilst others are thought to be persistent joint systems related to
faults (cf.Fookes, 1966). As discusse’d in detail below, these gross structural features a{ré ‘
important in defining the lateral margins of the landslides in the Salmon Valley and- - |
morphologioal zones within them The trend of these features is generally bétween 015° -
and 050° and their linear traces suggest vertical to steeply dlpplng planar stru%ures

* Field observatnons indicate that the vertical separatlon on some faults are in the
order of 320 m. Ewmg (1981a) has commented on the complexnty of faultmg processes
and fault zone morphology in the Paleogene rocks of the Thompson Plateau Splaying and

»

' secondary shearing can be observed in the linearhent patterns in Figure 4.6.
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4 STEPHEN'S LAKE ROAD LANDSLIDE
Figure 4.6 Structural lineaments evident on ar photograph BC 5377-33 and pole

concentrations from discontinuity surveys in the vicinity of the Salmon River landsiides



Very few fault zones are exposed in the siopes of the area Generally inferred
fault zones are gulties filled with regolith

Curvilinear ineament traces are observed around the scarps of some of the
landslides Whilst initially they were thought to be stress-relief features. they appear 10

form part of the regional structural framework (Fig 4.6 v

4.6.2 Discontinuities

Joint surveys were carrted out around the rﬁargms of the landshdes where
accessible outcrop allowed The volcanic breccias tend to be massively bedded and
exhibit vertical to near ~vertical persistent curved joints with épértures up to Tm Joint
spacing is in excess of 10 m The jonts may be related to étre§~reluef Flow rocks are
also massively bedded and exhibit dominantly vertical joints  Columnar jointing 1s not
observed in any of the flows Both lava and breccia unit boundaries are irregular (Plate 4 6)
Joint spacing was observed to vary from 10 cm to é‘hmlt of 1'm The aperture of ocpen
joints varied from.0.5 cm to 20 cm  In bedded volcaniclastic rocks, joints and thin shear
zones are closely spaced (<1 m) and are often filled by gouge or calcite vemns as discussed
below

In Figure 4 6 the pole concentrations of discontinuities in Paleogene rocks are
presented in relation to the lineaments discussed above Itis s;en’tﬁat, in most cases, the
coficentrations represent discontinuities parallel to the ineaments in the vncinif'y of the field

survey location, suggesting that the meso—fabric of the rock mass is related to the

regional macro-fabric

4.6.3 Attitudes

The effect of faulting is to divide the Paleogene rocks into fault blocks which have
varied orientations. Similar structural patterns in Paleogene rocks of the Southern interior
have been noted by Campbell ané Tipper (197 1) and Ewing (1879). Figure 4.7A gives
attitude measurements obtained both by direct rheasurerﬁent of bedding planes in
volcaniclastic rocks and lava flow surfaces, and indirect measurements of general dips in
inaccessible scarps and cliffs by a method outlined by Wallace (1950) and Phillips (1971,

p. 15-17) The indirect method was checked several times by direct measurement and the

<



|
Plate 4.6 Exposures of lava flows and brecc:

as (Upper Red Beds) in the scarp of the

Jupiter Creek landslide f‘ Note irregular nature of unit boundaries and predominance of

vertical jointing |
“ |

‘ : COLOURED PICTURES
/ - Images en couleur
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dif ferences .were found to be insignificant

With reference to Figure 4 7A the dips of units within the study area show an
erratic areal pattern with abrupt changes of attitude over small distances [eg i the vicimity
of Camn Creek and the western margin of Sheli Creek landslide! There also appears to be a
variation in a.tmude with stratigraphical position within the succession (e g. at Adelphi
Creek Bluffs) The range of dips measured ts between 30¢ and 2° and Figure 4 7B shows
the dispersion of poles to bedding agt unit boundaries in the study area

The variation in attitudes may be partly explained by vafuatuom in originat
depositional attitudes but may also reflect the irregular * jostiing experienced during the

tautting process Folding was not observed in outcrops

4.6.4 Structural Disturbance in the Twig Creek and Salmon River Tuffs
Exposures in the tuffs of the Basal Beds commonly show the effects of st}pctural
disturbance both within siope movement areas and outside them Whiist Holocene
landslide movement accounts for some of the examples of structural disturbance others
may be the result of processes such as those discussed above with respect to the Twig
Creek shear zone. Viz tectonic processes or landshding during accumuiation in the Tertiary
These features consist of
a small-scale normal faulting with calcareous gouge infilling along the shear
e planes (Plate 4 7) In other cases these have been filled by calcite veins
Displacement on these faults vames up to 20 cm .and spacing varies.between
05and 075 m Slckensides are common n the thin gouge and along the
margins of calcite veins
b irregularities in attitude and abrupt changes of dip across low-angie
discontinuities  This is observed at exposures along the Salmon River in the
vicimity of Shell Creek and is interpreted to be the result of the Shell Creek
landshde movement (Plate 4.8)
c bedding plane shears consisting of thin calcareous gouge up to 20 cm wi&e,
with gouge boundaries showing well-marked slickensides parallel to the dip

direction. These were observed at the margins of the Jupiter,Creek landsiide

(Plate 4.9).



Plate 4.7 Small scale normal faulting with gouge in Salmon River Tuff at western margin of

Jupiter Creek landslide.



Plate 4.8 Irregularities in attitude in the Salmon River Tutt at the base of the Shell Creek

jandslide.

COLOURED PICTURES
Images en couleur
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4.7 Landslide Morphology, Kinematics and Relations to Stratigraphy and Structure
Four of the landshides in the Salmon Valley were selected for detailed study

Morphological data on these movements are provided in Table 4 1

4.7.1 The Jupiter Creek Landslide
The Jupiter Creek landslide 1s a complex slope movement of the contiguous block
movement type. involving an area of 2 km’ along a valiey length of 2 85 km (Plate 4 10 and
4 11} The estimated volume of the slope movement-s in the order of 20 X 10°'m-
12 Morphology
A contour map and slope profiles of the landslide and adjacent slopes are found in

Fig 4 8 Il;\cluded\m Fig 4,8 1s a reconstucted pre—movement slope profile This was
based on extending the contours from the slope adjacent to the contours into the siope
area affected by movement The morphology of the Jupiter Creek laﬁdshde as mterpreté’d
from aerial photographs and fieid traversesAls seen in Figure 49 Four morphological
zones have been distinguished in the landslide debrts |
(i) Zorre 1: |
This marginal aréa has been tentatively interpreted as part of thé landslide on the basis of
the presence of transverse depressions on the prbnéunced rib that marks the western
boundary of the main movement {Plate 4.10) " These depressmns continue laterally into the

main movement zone to the east and across the zone to its western boundary Exposures
of the Salmon River Tuff at the base of the zone do not show evidence of brecciation due
to slope movement, which is inferred to be.limited in scale
(i) Zone 2: |
This zone has undergone the greatest-amount of movement and 1s also termed the main

movement zone within the landslide complex. Movement has -'- en mainly by lateral .

extens»on and vertlcal dusplacemem resulting in an almost verucal head scarp about 150 m
in height The scarp is made up of easterly dipping volcanic breccnas and lava fiows whnch
exhibit persnstent vertical open joints wuth apertures varying from 0.5 mto 2 Om (Plate
4.6). These joints are persistent through beds gvarymg lithologies and are thOught to
‘control the geometry of biocks within'the graben below._ The graben is well marked and

the debris within it consist§ of interlocking almond—-shaped rock masses defined by an



¢
N

Plate 4.9 Bedding plane shear zone in Salmon River Tuff at west margin of the Jupiter

Creek landslide.

COLOURED PICTURES
Images en couleur .
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Plate 4.10 Aerial photograph of Jupiter Creek landslide (BC 5187-137) Note afso the

Shell Creek landslide (S).
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Interconnecting network of steep -sided depressions (Plate\a 12A) In traverses through
the graben the maximum relative relief observed was 60 m The crest of each block 1s
sharply defined and exposwes’along these ridges indicate that ﬂ?e strata within them are
horizontal suggesting that no rotation has taken place in the movement {(Plate 4 12B)

The graben s termmnated by a very steep reverse élope with @ maximum relative
rehef of 113 m which marks the boundary of tﬁe debris crest ridge and the main body ofﬂ
the debris  This consists of a large unfragmented block about 200 m long {parallel to
movement) and 600 m wide (transverse to movement) the summit c;f which 1s at an
elevation of 1033 m and the base at 717 m The mamn block has undergone a lateral
movement in the order of 250 m to form the graben. whilst undergoing an unknown
vertical displacement The front of the block 1s marked by'a 35 debris slope at the foot
of which occurs an exposure of the shear zone described below A cross section of
Zone 2 1s given in Figure 4 B together with an approximate reconstruction of the

pre—-movement slope profile

\

This zone Is separated from the man movement zone by a diffuse area n which the grai)en

) Zone 3.

and debris crest ridge die out. (Plate 4 10 and Figure 49) It1s bounded by two lineaments,

thought to be fault traces. which trend 3¢ and 327° respectively (Figure 4.9) The faults

‘converge into the slope. thus forming a release set ot disconunuities along which

movement I1s currently taking place. Evidence for present movement was observed at
glevation 850 m. 240 m above the valley floor. and consisted of a transverse depression
about 45 min depth Trees on both sides of the depression showed evidence of
movement during their growth, being tilted out Jf the vertical (Plate 4.13) It s thought that
a block, outhined in Figure 4 8, is gradually moving outwards and forming a graben behind it,
since other transverse depressions are noted upslope beneath a vertical scarp A cross

section of Zone 3 1s found in Fig 4 8 _ _ .

(i) Movement Zone 4.

The east marginal zone has undergone less lateral movement than Zone 3. Linear

transverse depressions do exist, however, but are not as well marked. The boundary of

the #one and the eastérn mafgin of land%hd? area is marked by a possible fault

(bl Relationship to Stratigraphy and Structure
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Plate 4.13 Disturbance of tree cover by slope movement in Zone 3 of Jupiter Creek
landslide 240m above the valley floor. Figure is standing in centre of transverse

depression.
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On the basis of field exposures. 1tis concluded that the basal rupturé zone Is located In the
Salmon River Tuff Exposures of these rocks are found at the base of Zone 1 and are cut
by the main movement In addition. highly disturbed exposures of the tuff are found at the
base of Zong 2 A diamond drill hole at the base of Zone 2 penetrated highly fractured
basalt for a depth of 29.5 m below river level

The attitude of the beds forming the rock slopes which experienced movement IS
variable (Fig 4.7). Overal! true dip 1S 089/6 The main movement direction is 145" which
if the overall true dip 1s appiled to the basal rubture zone, mphes that movement s taking
place obliquely across the bedding on a plane, or zon‘e, dipping out of the glope at an
apparent dip of 2° Given the variability of dip measufements around the landshide site, the
apparent dip of this surface could vary between 0¢ and 5¢

In the absence of normal faulting. the tuf f breccta would dip beneath the valley
floor and would not dayhight in the slope east of Zone 2 Tentative reconstruction of the
geology of the Jupiter Creek slope suggests that the effect of normal faulting 1s to ensure
that the tuff is continuously exposed along the foot of the slope. resulting in'slope
movement along a substantial length of slope (Fig. 410

In Figure 4 11, the Jupiter Creek landslide can be seen in rélatnon to the ineament
pattern discussed above tis seen that the western and eastern margins are coincident
with persistent linear features which correspond to faults. The boundaries of the
movement zones are also determined by faults (Fig 4.9

The relationship between mesgﬁstructural fabric and the morphology of the
landslide is less clear (Fig 4 12). Analysis of discontinuities measured in the Salmon RnQer
Tuff at the foot of Zone 2 yields three pole concentrations. Two are steeply—dipping
joints and normal faults (090/90 and 060/270) related to the regional structural trend,
while the third is a group of glay-filled shear planes dipping out of the”élope at
120-140/20. . |

| The western margin of the landslide and the eastern boundary of Zoné 2 paralléls

joint sets 1 and 2, which parallel the |inéaments néted in Figure 4.11. '

Joint su}veys"of unfailed stopes at the eastern margin of the Jupiter Creek
" |andslide exhibit a more complex pattern of pole concentrations. In addition to the

"north-trending joint set, stress—relief joints that parallel the valley side are also evident as
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well gs are other minor concentrations Movements n Zones 3 and 4. are parallet to the',
main ineaments and joints evident n Figs 4 11 and 4 12
(c) Kinematics m Movement History

Based on the mtérpretahon of debris morphology. the Jupiter Creek landshde has
nvolved dif ferential extensional and vertical movements along a basal shear zone located
in the Salmon River Tuff Movement direction within the morphologlc zones has been
controlled in large part by the orientation of near vertical discontinuities Dur_:ng
movement In zone 2. a slight easterly rotatiori of the debris has taken place i pian which
may reflect the effect of the true dip of the rupture surface (089,6) to the east Rotation
toward the true dip direction is seen in the other: landshdes of the Salmon River Valiey
. The presence of landshde debris on top of fluvial or fluvioglacial gravels_ at several
locations at the foot of the movement (Fig 4 9 and Plate 4 14) indicates that the slope

"

movement took placeé some time after the valley was formed The main movement within
the landslide appears to be related to the effect of renewed erosion resumng from the
Shell Creek landshde which displaced the Salmon River to the northyest side of the Valley
thus undercutting the Jupiter Creek slope

It is evident that movement has taken place at dif ferent time throughout the
history of the Juplter C*ek landshide ~ Within the frontal debris slopg. pod-iike
accumulations of white silt deposits are found These were first thought to be volcanic
ash deposnt‘s However, only two locations yielded sufficignt shards for ana|y3|s and these
were located in debris at the foot of Zone 3 (Fig 4.9) Analysis by N. Catto showed them
to be reworked Mazama Ash deposited approximately 6640 years BP .(Clague. 1981
The disposition of the deposits indicates that the ash layer was disrupted by movementin
this Zone, suggesting that movement has taken place since 6640 years BP
{d) The Macrostructure of the Jupiter Creek Shear Zone

~ The rupture zone of the Jupiter Creek landslide is exposed along the base of Zone

2 in several roadside exposures (Plate 4. 15A) The exposure con3|sts of hughly fragmented
calcareous shear matrix of brecciated Salmon River: Tuff wuth dnsornented inclusions of

pyroclasts and Iarger fragments of unbroken rock up to 1m in dtameter. These larger

fragments appear to have-been rounded by the movement
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fPlate 4.14 Jupiter Creek landslide debris overlying gravels at &e of Zone 3.



Al - DEGRADED' SALMON RIVER TUFF. NOTE LARGER FRAGMENT
- OF MATERIAL ENCLOSED IN SHEAR MATRIX. VERTICAL .
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Plate 4.15 Rupture zone of Jupiter Creek Iandsliie.' S , V
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Steeply dipping dtscontmuous closely spaced non-planar surfaces up 10 20 cm
long occur throughout the shear matrix and dip into the slope. oppos:te to the direction of
movement Some are curved around the inclusions (Fig 4 13) suggestive of flowage but
also may reflect the presence of nod—umform shear strength within the shear zone (cf
Lupini et a/. 1981) Superimposed on this fabric are sub—horizontal, persistent shear
surfaces. (Plate 4 158) mdlcatnve of a later phase of movement In detail. these consist of
a hlghly friable shear matrix approxlmately?l cm i thickness bounded by slickensided clay
surfaces oriented parallel to the direction of movement

A comparison of the undisturbed tuff with the sheared tuff under the reflected
light microscope indicates that there has been a general disturbance of the fabric of the
intact material 1t1s evident from the thickness and charactérlstlcs of the shear breccia
that movement has not taken place along structural elements such as bedding planes and
Jo;nts, butmthat within tr'p height of tr)e exposure it has involved the shearing of intact

Salmon River Tuff

4.7.2 The 'Shell Creek Landslide
" The Shell Creek andslide is a massive slg;pe movement of great complexity.
located opposite the Jupiter Creek landshde (Plalte 4 16). The landslide is 2050 m wide at
its widest point and approximately ZOOd m long fror‘n' headscarp to foot affecting a slope
with a maximum height of ‘7‘30 m The movement oovers an area of 4 1 km® and the
volume of the debris may approach 1 x 10°m
@ Morphology - - 3 | ‘
. A contour map and slope profiles of the landshde and adjacent—aopes are found in
Fig. 4.14. Pre-movement slopes were reconstructed as explained in section 4.7.1. A
profile baséd on an altimeter traversé of the landslide debris‘ IS shown inFig. 415. As
shown in Figufe 4 16. the landslide can be divided into three distinct areas on the basis of

aerial photograph interpretation and field observation. .

-

 Zone 1-Head and Lateral scarps:,

-

~Zone 1 consists of the head and lateral scarps, associated debr‘is slopes and the lateral
margms consisting of linear segments (Flg 4.18). The headscarp is a high wall-like rock

slope trendlng 251, along parts of which several detached slide blocks are found They

[ ]
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Figure 4.13 Sketch of structural elements of shear zone, Jupiter Creek landslide.
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, Pla‘te 4.16 Aerial photograph of Shell Creek landslide (BC 4409-134).
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cur map and slope profiles of the Shell Creek landshde and-adjacent .
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\ F:gure 4.16 Morphology of Shell Creek landslide based on unterpfetatnon of air photograph
BC 4409-134. A-slump blocks on east lateral scarp, B=spnng inset shows ‘

orphoI09cc zones.
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are separated from the headscarp by a graben feature (Plate 4 17). The east Iateral scarp
is also linear and well- defmed although not steep and wall-like. Secondary movement has
taken place (Fig. 4.16) on the east lateral scarp where a marked rotational slide block is
noted Below an elevation of 1180.m, the easfteral margin trends 145°. The west
lateral scarp is a nearly vertical pr_éeipitoos wall trending 139° {Plate 4.18 ), but below.
‘elevation\loeo m the west lateral nga‘as diffuse, possibly reflecting a pre—movement

L

gully or small velley

- Zone 2~ Debrls behind Debr/s Crest R/dge

S

Zone 2 consists of the landselide debris behind.the debrls crest rndge and exhibits rugged
irregular tqgjraphy (Plate 4:19). The sharp ridge and hollow topography reflect the
presence of lnterlockmg almond- shaped ridges and steep—suded flat-topped blogks in '
which the beds generally show little or no rotation. Ridge spacing is m the order of 90 m

and the intervening hollows are up to 35 m deep. At what was termed "The Jumbles

- steep scarp facung smooth surfaces where found, which may indicate under-thrustmg in

the debrls (Plate 4.20), and backward rotation was also observed due to "bunching’ behmd

' "The Knob" {Fig. 4.15 and 4.16, Plate 4.19).

- Zone 3- Debr/s /n ‘front of the Debris<Crest Ridge:

The area conslsts of much larger blocks (Flg 4.16) with much deeper and wider intervening
hollows indicative\of greater distension (Plate 4.2 1). Ridge spacmg isin the order of

200 miand only local rotatuon or piling up is observed. Blocks are less common in the
waestern part of Zone 3 Someof the block boundarles are preClputous and eppear to be
structurally controlled Locally rockfall and topplmg take place on these boundanee The
l&wer\nergm of Zone 3 is a steep, heavily vegetated debris slope that siopes at 35° down

N

to the Salrnon River, (Fig. 4.-1 5)..

»

, mmmmmmmmmm

An attempt was made to reconstruct the geology of the pre—movement slope by traverse
around the landsllds The reconstructrOn is comphcated by two fectors Flrst normal
faults traverse the slade end have resulted in uncertain vertlcel dlsplecements of beds
\thnm the slope. Second an anomalous exposure of Saimon River Tuff between the |
elevations.o of g84m and 760 m was found along Shell Creek. Thls thackness ls not

exposed elsewﬁere Sheared Salmon River Tuff was found near the weaern mergln of

N
N
N

2
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Plate 4.17 Blocks and graben feature at headscarp, Shell Creek landslide. Vie
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KEY A*SLUMP BLOCK ON EAST LATERAL SCARP. B=EAST LATERAL
SBARP. NOTE .ABSENCE OF HIGH WALL-LIKE ROCK SLOPES.
C=HIGH WALL-LIKE ROCK SLOPE OF WEST LATERAL SCARP.. \
‘D=HEAD SCARP WITH BLOCKS . SEPARATED FROM HEAD OF .
SLIDE BY GRABEN AND TENSION CRACKING. :
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the Shell Creek landslnde along the Salmon River (Plate 4. 8) Faultlng has displaced rocks in

the eastern part of the pre movement slope upward, and in thls p’t of the Iandshde the

T

rupture zone may involve the Twng Lreek volcamclastlcs or the’ sub Paleogene surface In

the absence of suntable exposure lpowever the r\elatnon between the rupture zone location

B L

and stratlgrephy remains uncertain. The inferred ,séqangraphucal relatnons presented in 4
Figure 4.17.are, therefore, tentative only. ..
The overall true dip of the beds around the margins of the landslnde was calculated
S | to be 092/9 Giveri that the initial movement direction in the landslnde was 350°, shearing
took place in beds with an average apparent dtp of 1°into the slope Given the variability
" of dips around the scarp this apparent dlp could vary between 0° and 5° into the slope ina
durectnon opposite to. movement
in Flgure 4. 1 1 the locatnon of the Sheli Creek landsllde can be seén in relatuon to the
" lineaments dcscussed in Sectnon 4.6. “The landslide occurs between two well defined
hneaments whlch are lnferred to be faults ang which define the east lateral scarp and part

of the west lateral margin, .

T, Lo
A lack of accessnblggexposure has llrmted the amount of pmt survpy work

undertaken but in Figure 4. 12, pole concentratnons sre given for an outcrop behind the -

B Py T TR € N e D e T g et e e (e e

headscarp. ‘Two joint sets are represented by these concentratuons the fzrst being a
3
A ~ Series of near vertlcal joints duppmg between 85" and 80° with a stnke of 144a and the

S S second dipping at 70° with a sthke of 248" The ?stnke of th;ese joint sets approxlmates

the orlentetuon of the west lateral scarp and mam headscarp respecttvely lFug 412, .. .~

) vj_ - o The dlrectlon of movement Wlthln the: debrls wes mferred from the orlentatron of%ock

boundarles lFug 4. 18) lnmal movements were perpendncular to the headscarp followed by

secondary movements along the lateral scerps ' (Fig. 4. 18) S[lght rotatnon of shde blocks in

- . the horizontal plene took place towards the dnrectaon othrue regnonal dlp A complex and -

multlple movement therefore took plece The western part of zone 3 dad not. undergo as '
much dustenslon 2s the eest slde As can be seen m Flg 4 14, profules down eech snde of

| the Iendsllde are dnsslmuler Greeter movement occurred on the eest srde whlch probably f

'resulted m the secondary scerp movement noted in Fug 4 16 Th:s mcreased movement |

'_may have resulted from an mntlal movement phese ora later re-actnvatlon o .

5\,‘6
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Lineaments within the debris (A and B in Fig. 4.18) are suggestive of preserved fault -

. ) . t W
lines within the debris or lateral shear'pl!nes related to recent movement. However. no

movement has been detected ori the B.C. -'H'ydro transmission line\w’hi}ch traverses the
debris since its construction ip the early 1’9705 The debris is heavily vegetated and |
extensnve orgamc soul devetopment in parts of the debris suggests a substantial age for

. the Shell Creek landslude . o ) o -

. . .
[ 20N - « *
®

4.7.3 Adelphi Creek Landslide

The Ad‘T’phl Creek landslide (Plate 422 isa s:mple massive movement located 85
km soouthwest of Westwold The landshde mvolves an area of 2 62 km? along a valley :
k Iength of 2 km. The volume of the landsllde which affects a slope wuth a maxlmum height
of 550 m, lS appr.ommately 96x100m* -
{al Morphology - o

A contour map and a cross sectlon of the Iandsllde are shown in Fig. 4.19. As can be seen -
in Flgure 4.20, the landsllde can be dnvnded into three morphologlcal zones. *
. . Zone 1- Head and /atera/ scarps and associated debris s/opes
i\ ' -As can be ‘seen in Plate 4. 22 and Figure 4 20 the scarp is co&tpﬁund in nature The west
lateral scarp is wall like, trendlng 320°. The headscarp is segmented -and embayed by
' eroslon along dlSCOﬂthltleS The east lateral scarp is not well deflnid and exhibits few

-

exposures Below elevation 800.m it becomes indistinct and merges with surflclal

el

deposrts which results in the north eastern boundary bemg dlfflcult to dlstmguush both on
aenal photographs and-inthe field. The linear nature of the east IateraLscarp suggests

X structural control

oo v
Area 2 Area behmd the Debr/s Crest R/dge ' ,
Thls i samllar in morphology to the graben in the Shell Creek and Jupnter Creek lar\dslldes '

R 2 conSlstmg of mterlockmg almond—shaped ndges and biocks; anl:l the beds w:thm the

B blocks show no rotatlon Although steep—walled Block boundarles were traversed -the

topography of tlms par.t of the landsl}_de is much more subdued when. compared to the '~ |
r other landslldes dlscussed due to mf:llmg of hollows by organlc sonl and pebbly surfuclal

materlals The debrls crest rldge is promment and a marked llnear reverse slope is noted -

lPIate422) e T G ” .







. Figure 4.18 Contour mag'and slope profiles of Adelphi Creek Biuffs and Adelphi Creek

-

Landslide. - " <
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Figure 4.20 Morphology of Adelphi Creek (A) and Stephen's Lake Road (B) landslides based

onB.C. Air Photograph BC 1352-112
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Zone 3: Area beyqnd the Debris Crest Ridge

This cor\susts of subdued. ridged topography The cover of surficial materials becomes
important below an elevation of 861 m. These include pebbly diam.n'%tons and varved
glacio-lacustrine silt At the southwest extremity of the landshdé,low fluvial terraces abut

S
R

against the foot of the debris

[1o)] B.Q.IALQDED@S.Q. SILQISJQDM and Structure
The lower ,pal‘t of this landslide has an extensive road network wuth road—cut exposures
Highly disturbed. sheared Twig Creek Tuff equivalents. named the Hummingbird Tuff,
containing Chapperon schist fragments are found at various locations throughout the N
debris in these exposures and it is concluded that this represents the exposed rupture -
zone (Plate 4.23)

Remote dlp measurements on scarp exposures give an overali true dip of rocks in
the landslide area of 277/5 which resuits in the apparent Qip of 2°-4° in the direction of
movement (312°. Discontinuity surveys were only possible in Palaeozoic Chapperon
schists exposed at the base of the landsiide (Fig.4.3). and an absence of discontinuity sets
unfavourable for slope stability is noted in these rocks
(c) Kinematics and Movement History
The well preserved linear debris crest ridge indicates that thé slide mass had unusual
coherence, and perhaps indicates one phase of movement along a basal shear plane. This
is also reflected in the smaller nurnber of slide blocks and ridges within the-debris.
Movement was dominantly extensional and gave rise to the weli-marked graben noted in
Plates 4.22 and 4.26.

The exfensive cover of surficial deposits in the lower part of the landslide and the
presence of river terraces at its foot indicate that movement may have taken place prior to

the depositigmr of these late glacial - early post-glacial deposits.

4.7.4 Adelphi Creek Bluffs’

The high steep face at the southwest margin of the Adelphi Creek landslide (Plate
4.22) was termed Adelphi Creek Bleffs. During traverses around the Bluffs and on the
upland surface behmd indications that the slope has undergone limited movement were

observed These mdlcatlons included the ex:stence of tension cracks over 3 m wide at the
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. Plate 423 E)I(pos'ed shear zone of'fAdeIphi Creek landslide. Note Huﬁh\ingbird Tuff'wh_ic:h

contains Chapperon Schist fragments (H) and fluvioglacial boulders (F). -
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\
crest of the Biuffs (Plate 4.;?4) . the existence of a seriés of steps down from the plateau
level to the edge of the Bluffs, indicating that differential vgrtiéal movement had taken
place (Plate 4.22). and limited downstope displacement of less than 10 m along
discontinuities between blocks on the Bluffs (Plate 4.25). Based on this evidence, the
slope was considered to be in limiting equilibrium,

As mentioned in Section 4.5, the stratngraphy of the Bluffs was e\Stabhshed by
indirect means from the opposnte s?ede of the valley, using a plane table and telescopic
alidade. The stratigraphy (Fig. 4.2 1) indicates that both the Twig Creekeand Salmon River

| Tuffs are exposed near the base of the slope. A basal shear surface (or zone‘) within
either-of the tuffs dipping toward the valley at between 2° and 4° is suggested

The moved mass has an area of approximately 0.94 km? and appaars to be defined
by linear fracture traces, evident on ;erual photographs , that trend 025 and 320 (Fig 4.22).
The limited movém'ent in the rocﬁ mavﬁs'is due in part to the}erm effect of the Adelphi
Creek landslide debris in the northeast part of the rock mass (Fig. 4. 22)' |

It is concluded that thus berm effect, together W|th the lateral forces at the

" southwest margm of the rock rass, accounts for the limited-movement exhlbned in the

Bluffs. Itis probable that the movement was-a response to the Adelphi Creek landslide

dvent.’

G4.7.5 Stephen’s Lake Road Landslide
This is the smallest of the Salmon River Iandslldes (Plates 4.26 and 4.27)
" investigated, having an area of 1. 25 km? along a valley length of 1.75 km. The landslide

mvolves a volume of approxlmately 2 x 10t me 1t is Iocated opposne the Adelpha Creek‘ »

Iandshde

iaanmb.Qlw
A contour map and cross section of. the Iandshde can be found in Fig. 423’ As shown in
Figure 4.21 the landslide can be dnvnded into three morphologncal zones.

Zone 1: Headscarp and Landslide. Marg/ns
The headscarp of this slide is bu—hnear the two segments trending 0 15° and 050°. Itis

_breached_by a srhall craek. Behind the headscarp several linear depressions have been

observed; these represent tensi.on.crac\ks; (Rlate‘4.26). “There is an absence of laﬁ'eral

\ ,
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“ .. Plate 4.25 Downslope displacement (arrowed) along,discontinuity at Adelphi Creek Bluffs. - - -
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G ADELPHI CR (
‘ LANDSLIDE

e

Figure 4.'2’.3 Wp_of Adelphi Creak Biuffs area, showing inferred ékteht of rock mass

inv_ol'\_;red in rhovaménﬁ Note fracture 'trac_es.’ Based on air pho"td_g_faph BC5187-168.

K
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‘ ' 1KM -
Plate 4. 26 Anr photograph of Adelphl Creek IZﬁdshde (A) and Stepr\ens Lake Road hndshde

" (S). Note also- Woods Lake (W) and Jup»ter Creek landshde (). (BCB1 87 168
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seen in the debris.
_early postj-glaclal date for‘,the landslide. o . ' ' | -

4.7.6 Discussnon n Salmon River Landslldes
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e —_—

-4
scarps. The northeast margin ot the landslide is diffuse but the southwest margin is

~ clearly distinguishable. It is linear and corresponds to the southwest margin of the Adelphi

Creek landslide. trending 320"

Zone 2: Behind the Debris Crest Ridge
This resembles Zone 2 in the Adelphi Creek slide and exhibits similar interlomcking‘slide
blocks and ridges separated by an mterconnected system of hollows and depressions.
Agaln as COmpared to the Jupiter Creek and Shell Creek landslldes the topography is
subdued due to an extenswe cover of organic son and pebbly dlawton

Zone 3: Beyond the Debris Crest R/dge
:_Similar subdued ridges and hollows merge wuth surfucnal deposits at lower elevatlons lPlate

4200 . S - |
bl Relationship to Stratigraphy and SI_HQI!LQ . ‘ J
‘Movement is thought to have taken place in the basal tuffs as at rhe Adelphi. Creek
landsllde This conclusuon is based on the exposure of Chapperon schist and basal basalt | -
at the northeast marglns of the landslide debns
’ The mean true dlp of beds in thefandsllde areais 135°/8° yleldmg an apparent dip
into the valley of 6° ‘along a dlrectlon of movement of 092°
- Lack of accessuble exposures precluded detailed structural mapping.

lsllsmematmsandmmmemulsm

The movement appears tobe domlnantly translatlonal along a basal surface No rotation is

Slide debris overlies fluv:oglamal gravels at the foot of the S|Ide suggestmg an

N

Four. large lock type landslldes have’ been examlned ina y truoturally complex - ' o .
Paleogene/ olcamc successron in ghe Salmon Valley The succesZ ion is domlnated by | |
mter bedded basalfuc lava flows and thick volcamc breccuas Two weak volcamclastlc
layersgccur wnthln 120 m of the base of the successuon and- landslldmg has occurred

where these strata were exposed at the base of the pre movementzap\es The

estlmated volume of each of the Iandslldes exceeds 2 0 x 10' ms : ' & '

*
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o movement mechanism.
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The landslides show a similarity in morphology c‘haract‘erised by :v

a high, near vertical head and. lateral scarps; .

b. the presence of a graben in the debris at the foot of the scarp conSisting of
interlocking ridges and blocks separated by ,steep sw,(ed( depressions up to 60
mdeep. . - | . .

c.  adebris crestridge which marked the downslope boundary. of the graben

d.  afrontal zone -of distended blocks downslope _of the debris crest ridge which
is either terminated by a steep debris slope, as in the case of the Shell (Ereek
and Jupiter Creek landslides ‘or a gentler slope which blends into surficial
deposits at the foot of the debris as at the Adelphi Creek and. Stephen s Lake
Road landslides

Nl

A reconstruction of the kinematics of the Jupite°r Creek and Shell\C’reek landslides,

' based on observations of debris morphology and reconstructed profiles is given in Fig.

4.24. ltis noted that the frontal blocks were sub iect to dominantly horizontal movement
and that the debris crest ridge was located on the face of the pre—movement slopes.

< :
Results of geological mapping indicate that the basal shear surface or rupture zone

is located in one of two weak volcarficlastic layers (the Twig Creek and Salmon River

Tuffs), which as mentioned above, occur near the base of the: succession These rocks

| show a high degree of alteration and structural disturbance and contain filled

discontinuities and pre-sheared surfaces. The steep back surfaCe is located in the
overlying cap of lavas and breccuas o - | |

The effect of stratigraphy on slope stability is seen-in the- field slope stability chart
in Fig 4 25. Inthe absence of a tuff layer at the slope base high steep slopes may exist _

that show no eVidence of slope movement whereas landslides have only taken place

where tuff layers have been present The position of the Adelphi Creek Bluffs slope

where evndence of movement has been observed is noted.

The morphology of the block movements and the fact that they exhibit little or no

- .- -<i

® .
rotation suggests a strongiy bi- linear rupture surface conSisting of a sub horizontal basal o

: shear surface, or rupture zone, and a steep back surface The, morphologies of the

landslides are therefore. compatible With either a translational sliding or spreading slopé
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E

. A - APPROXIMATE .RECONSTRUCTED PRE-MOYEMENT PROFILE ALONG PROFILE 8 IN FIG. 4.8 AND PROFILE 3 IN F16. 4.8
INTTIAL SLOPE MOVEMENT [M SHELL CREEK LANDSLIDE TAKES PLACE.

& - SHELL CREEX LMDSUI!‘ TAKES PLACE. NOTE POSITION OF DEBRIS CREST RIDGE. '
C

- EROSION OF NATCHED AREA TAKES PLACE,UNDERCUTTING JUPITER CREEX SLOPE . AND RESULTING IN INITIAL

|
|
I* MOYEMENT OF JUPITER CREEX LANOSLIDE.

0 - JUPITER CREEX LANOSLIOE TAKES PLACE. WOTE POSITION OF DEBRIS CREST RIDGE.
€ - ERQSION OF HATCHED AREA RESULTING {N EXISTING PROFILE

&

Figure 4.24 Reconstruction of the kinematics of the Jupiter Creek and Shell Creek

landsiides.
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Figure 4.25 Fisld siope stabilty chart for slopes in the Salmon Valley, between Twig and

Adelphi Creeks. \
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I t{anslatnonal shding has taken placé, movement has taken place obliquely across
bedding planes‘ at some angle to tife direction of true dip on surfaces which have an
apparent dip varying between 6° dut of the slope and 1° into the slope The surfaces were
assumed to vary within 5¢ of the horizontal

The evidence for spreading is seen in the exposed rupture zone of the Jupiter
Creek landshde where the Salmon River Tuff is highly fragmented and structurally
degraded (Plate 4 15, Figure 4 13) This evidence indicates that movement has not taken
place along discontinuities in the tuff and that movement has involved the rupture of Stact
rock material

The direction of initial movemeﬁt and landsiide plan geometry are controlled by the
orientation of structural elements within the cap. vi“z_ near vertical faults and associated
joints Both the Shell Ceek and Jupiter Creek landslidés show that slight rotation in the
debris toward the direction of true dip accompanied slope movement

The geological controls on slope movement in the Salmon Valley are shown in
schematic fashion in Fig 4.26, (cf.. Fig 2.3}

The history of 'slope development in the Salmon Véiley remains unknown. The
relationship between surficial deposits and debris at the Adelphi Creek and Stephen’s Lake ,
Road landslides indicates a iate glacial age for these sioﬂg movements  Shell Creek and
Jupiter Creek !andslide debris overlies surficial deposits and a later age is suggested. The
occurrence of’ first-time slope movement in the Salmon Valiey shows. therefore, a wide
. distribution in post—glacial time and it would appear that some of the slope movements
were not an immediate respbnse to slope geometry changes in late—glacial or early
post-glacial time but were delayed failures related to the operation of an unidentified
time~dependent process subsequent to final valley formation. A tentative model of
post-glacial slope development in the valley is given in Fig. 4.27.

Evidence of current movement was observed in Zone 3 of the Jupiter Creek-
I_andslide. At Adelphi Creek Bluffs a rock mass, approximatetly 0.894 km? in area, has
undergone limited slope movement in the pést without developing into a full scale landslide.

The question of future movement at Adelphi Creek Bluffs together with the
possible re—aétivation of undercut landslide debris (cf. Fig. 4.24) at the Shell Creek and

o

Jupiter Creek landslides deseryes further attention. -
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INITIAL POST-GLACIAL OVER- -
DEEPENING. POSSIBLE OCCURRENCE OF
ADELPHI CREEK AND STEPHEN'S LAKE

ROAD LANDSLIDES.

INITIAL POST-GLACIAL
AGGRADATION.

2 OCCURRENCE OF SHELL CREEK AND
JUPITER CREEK LANDSLIDES.

T \ < -
SECOND. POST-GLACIAL OVERDEEPENING
TO CURRENT THALWEG. EXPOSURE OF
DEBRIS-GRAVEL CONTACTS.. .

Figure 4.27 Model of post-glacial siope development in the Saimon Villsy.

]



5. MICROSTRUCTURE OF VOLCANICLASTIC MATERl%l_-S _y
5.1 Introduction | |
’ lnvestrgatlons revrewed in chapter 1, summarised ona regnonal basis in Chapter 3
- and detailed for the Salmon Rlver in- Chapter 4, indicated that in Iayered volcamc
successions slope movements were generally localised where a weak pyroclastlc or
sedimentary layer underlles a resrstant cap consrstlng of lava flows and breccias. Further
all three levels of mvestngatlon suggested that. slope movements frequently occurred
» independently of larger structural relations, i.e., through or agross weak beds andrarely
~ down dip or along other dnscontmuutles known to exlst in basal weak Iayers Observations
in Chapter 4 on exposed rupture zones also mdlcated that wrth respect to the landslldes ‘
studied in the Saimon Valley, movement has involved the degradatnon of- mtactorock
~material and the productlon of thick shear breccras it was on this basis that a study was
undertaken of the microstructure of mtact rock material, from undusturbed ground '
ad jacent to landslndes, materlal from landshde rupture Zones, and from landslrde debrrs in
order to ascertam those elements of mrcrostructure that might contrlbute to wegknesses -
in the intact rock. In the following chapter these fmdlngs are related to the engmeerlng
behavror of selected samples of volcamclastlc rock - '
. Mrcrostructure lS deflned by Mltchell l1976) as the fabruc composmon and
,mter partlcle forces that contribute to the behavnour of a so|l lor rock that cannot be seen \ ‘
by the naked eye. Fabrlc is defined as the arrangement of particles partlcle groups and -

1 pore spaces ina sonl whnlst composutuon is defmed as the nature an mlneralogy of the

: constltueht partrcles (Mltchell 1976)
Thls chapter presents the results of an analysls of the micro

' volcamclastlc rocks assocuated wrth selected Iandshdes descrlbed it

e
i

5.2 Meterlels Examined . : S
. Twenty samples were(selected for rnlcrostructural mvestrgatlon, these consrsted .( :
of Paleogene volcanlclastlc rocks from the Salmon and Deadman Rlvers and Neogene o
o volcanlclastlc matenals trom exposures along Gorge Creek Chasm Cre and the Chllcotln

. Rlver

C ey
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The volcaniclastic material was_grouped with respect to fabric disturbance as
follows; o , o
1. Fabric undisturbed and intact (I}, in which the material is taken from blocks that are
undisturbed directly adjacent to a landshde or from a stratigraphic umt mterpreted to
be an important weak layer. In some cases blocks were taken from landslide shear
zones but the disposition of slickensides along dlscontmumes mdncated that the *
fabric was intact and Undisturbed by movement (e.g. Redstone)
2. Fabric Sheared (), in which the material is taken from the shear breccia of abasal
rupture zone (e.g., Bull Canyon, Jupiter Creek). | * |
‘3. Fabric Remolded (R), in which the material was taken from flow debrls {e.g. Deadman
- River). '
Sarmple locations in relatlon to Iandsllde sites are glven in Fug 5.1 for the Salmon
Valley Fig 5.2 for the Deadman Valley and Fig. 5.3 for Chasm Creek -and the Chllcotm Rlver

Sample descnptlons fabric group and the mlcrostructural mvestlgatlon carrled out are

~ foundin Tables 5.1,5.2 and 5.3

5.3 Mathods |

Themlcrostructure of the volcaniclastic materials was examined by low powered -
A reflected light mlcroscope polarising f'nlCl'OSCOpe and by the Scanning Electron '
| _ | Mucroscope (SEM} (see Tables 5 1, 5. 2 and 5.3.. Samples. for the' SEM conslsted ‘of freshly «
broken‘chlps of maternal which were freeze drled before bemg cemented onto stubs. In
the case of slnckensldes from shear zone exposures ‘the surface was not freshly broken
$oas to allow dnrect observatlon of the shear surfaces Samples were sputter coated .
.Wlth gold prior to examlnatlon o . | o

The detalled ob;ectlves of this phase of the mvestlgatlon were as follows:
| 1. To establish graln-matnx relatnonshlps and ldentufy their components at various

| SOCthﬂS wuthm the material. - \
2. To locate and ldentlfy clay partlcles and assemblages “
. Te descnbe the characternstncs and Iocatlon of voids w:thm mtact fBbl’lCS

\ 4 ) To ascertam the effect of slope movement on mlcrostructure as deduced from R

vsamples collected from exposed rupture zones and landshde debns ' u
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The microfabric observed in the SEM was described according to the scheme of 4
Collins and McGown (1973) where possible: This scheme is in general use)'in the field (e.g.
Mitchell, 1976)4 Clay particles were generally identified on the basis of morphology and
onh some occasions by an X-ray energy - dispersive analyser attached to the SEM. The
morphology of clays is well tllustrated in Borst and t(eller {1969), Boher and Hughes (197 1)
and Wilson and Pittman {1977), sources which were used to aid in the morphological *
identification of clay particles. . |

Discussions and SEM photographs of the microstructure of volcannclast:c materials
are<found in Almon et. a/. (1976}, Surdam and Boles (1979, Stanley and Benson (1879,
Davies et a/. (1979), Khoury and Eber! (1979), Ratterman and Surdam (198 1) and Walton,
et a‘/. (1981). Descriptions of volcanic ash morphology with SEM photographs, are-
reviewed by Walker and Croasdale (197 1), Heiken {1972, 1974). These sources aided
substantially in the interpretation of SEM images.

x—ray diffraction {(XRD) analysis was carried out on clay fractions (< 2p) from the .
20 samples. Initial disaggregatidn was carried out'by hammer blows. Successive -
disaggreéation and dispersion was then carried out by ultrasonicmethods, and the
: 'suspensmn centrifuged to separate out the clay particles, which were freeze dried. An
oriented mount was produced by sucking the clay particles onto a porous ceramic dlSC
The sample was saturated with Ca? cations and subjected to XRD analysis using Co K alpha
radiation at a scan speed of 10 2-theta per minute. The same disc was then glycolated

using ethylene glycol and sub jected to a second XRD analysis.
‘ " The resultant diffractograms were analysed for the major Slay mlneral groups and
were lnterpreted usmg the methods suggested by Carroll (1970) Thorez (1976) and
Brindley and Brown (1980). The criteria for the major clay mineral groups were as .
follows: | ) ‘ '
1.~ Smectite: |n Ca- saturated samples, a peak at 15 A (001) which swells to one at
vapproxmately 17 A on glycolatlon ngher order reflectnons after glycolatlon are
very marked. ' o ) '

2 Kaolinite: A reﬂecﬂon at approxumately 7A (001) unaffected by glycolatuon

o3 ///te A (001 reflectuon at 10 A unaffected by glycolation.

s

4 Chlor/te A(OOt)reflectton at 14Aunaffected by glycolatron : : S
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Some uncertémty may exist with a mixture of kaolinite and iron-rich chlorites In
this case the (00 1) and (003) reflectuons of the chlor’xte may be weak or absent (Thorez.
19761 The 7 A peak may therefore be the (00 1) reflection of kaohinite or the (002)
reflection of chlorite This was thought to be significant only in the case of SR1, the Twig
Creek sample, as discussed below

A semi-quantitative method of estimating the proportions of clay minerals based
on relative peak heights was used to estimate the relative amounts of each clay mineral in
the clay fraction of each sample. Thismethod s to be interpreted as an index only. and 1t
is in use at the Alberta Research Council A similar method was used by Locker (1973) and
s outlined in Table 54 It 1s emphasised that estimates of clay mineral proportions using
this semi—quantitative method may be in error by up to 5-10%.

Attention was also given to the presence of non-clay minerals in the clay fraction

~ with emphasis on quartz, feldspar. calcite and zeohtes Identification of these minerals on

the diffractogram was made on the basis &t ériteria outlined in Brindley and Brown (1980).

5.4 Microstructural Domains in Volcaniclastic Rocks

In discussing microstructural observations it 1s important to establish the relative
scale dealt with, for example, when examining a thin section beneath a polarising
microscope. This is particularly the case when a;walysing the microstructure of a complex
fragmental system such as is found in volcaniclastic rocks The structure of this group of
rocks is a reépdnse to the primary. pyroclastic and epiclastic processes active in nitial
deposition, secondary proces§es such as diagenetic or hydrothermal alteration, and a
tertiary group of processes which might consist of shearing. weathering or
post alteration solution. The macro—structure of such rocks may)be viewed as a
hierarchical multi-grain system, which contains dif ferent gralr'1 at(d rNatrnx relationships at
different sc,ales. In this discussion we may define the matrix as those particles smaller

than the dominant grain size. Further, fabrics are classified as matrix supported or grain

supported, a factor which-strongly influences geotechnical behavior {Marsa!, 1965 ; Lupini

x

et al. 1981). &

Initially, a macrostructural multi-grain system may. be defined in which the

macrofabric domains correspond to air-fall pyroclasti’c rock types (Fig. 5.4). It is within
"5

4
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Table 5 4 Semi-quantitative method of computing clay mineral percentage using the Peak

Height Method (after Alberta Research Council)

Calculate the form factors:

The 108 mineral (illite) is the internal standard and has a form
factor value of 1.000. ‘

For the other minerals:

0
17A

0
14A

(0]

A

1}

0]
height of 17A{peak

4 U
4 x height of 10A peak

height of ]4K peék

-0 R
3 x height of 10A peak

o
height of 7A peak

[¢)
2.5 x height of 10A peak

Sum the form factor values and calculate percentages:

Example

Peak

[¢]
10A
178
148

7A

Form Factor

1.000
.250

.750

.500

2.500

% of Total Clay-

' 40
10

30

20

100
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. i\
these macrofabric domains that investigations of microfabric take place With respect to
tuffs. which are the most numerous volcaniclastic rock studied in this investigation,
additional microfabric domains may be distinguished corresponding roughly to the scales
investigated when using the polarising microscope and the Scanning Electron Microscope.
An example of a microstructural model of grain—-matrix relations is given in Fig 5.5 for an
analysis of the Twig Creek tuff discussed in the followiné section InFig 55 Domain A
corresponds to the smallest macro-structural domain in #ng 54 at a scale of 11

The three domains identified in Fig 5.5 are used as a framework 1o describe the

microstructure of volcaniclastic materials discussed below
5.5 Clay Mineralogy

5.5.1 Paleogene Volcaniclastics-Salmon River

The glycolated diffractograms for the intact and sheared Salmon River samples are

_seeninFigs. 56and5.7. respectively. The relative amounts of major clay minerals in the

clay fraction calculated by the semi—quantitative method are seen in Table 5.5.

The clay mineraiogy in all samples is seen to be dominated by smectite clays asis -
evident in the intense, sharp peaks at 17 R and the well marked higher order refle_ctions.
The estimated proportion of smectites varies between 78% and 98% (Table 5.5). No other
clay mineral is significant. with the exception of kaolinite in sample SR1. The only
non-clay mineral to give significant reflections is potassic feldspar. No distinction can be
made between the fabric groups on the basis of the results of the XRD analysis. Itis also |
noted that weathered and unweathered samples of Salmon River Tuff show essentially the

same diffraction pattern

5.5.2 Paleogene Volcaniclastics - Deadman River

The diffractograms of 6 glycolated samples are shown in Figs. 5.8 and 5.9 and the
relative amounts of major clay minerais in the clay fraction in Table 5.6.

As in the Salmon River materials all the diffractograms are. dominated by an
inteﬁse sharp peak at 17 A and very well marked higher order reflections ind.icative of

smectite. Ina grey 'sample of clay. (DR6), from the debris of landslide 1, a significant
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Figure 5.6 Diffractograms for clay fraction of intact Paleogene volcaniclastic material

from the Saimon Valley (Glycolated). S=Smectite, |=lliite, K=Kaolinite, F=Feldspar.
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Figure 5.7 Diffractograms for clay fraction of sheared Paleoghe volcaniclastic material

- fromthe Saimon Vaifey (Glyc':olat_ed), S=Sr'r;ecr‘tite, I=lllite, K=Kaolinite, F=Feldspar.



Table 5.5 Relative amounts of major clay minerals in clay fraction of the Saimon River

samples

SR1
SR2
SR3
SR4
SRS
SR6

SR7
SR8-

% SMECTITE %CHﬁORITE % ILLITE %KAOLINITE

78.0
94.0
1 96.0
92.0
98.0
91.0
, 9'7.0
91.0

5.0

4.0
1.0
4.0

1.0
3.0 -

1.0
3.0

16.0
1.0
2.0
3.0
1.0
6.0
2.0

6.0

213
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amount of ilite 1s present. SEM obse?vatnons\detailed below indicate this was mica (Plate
59

= The amount of smectite varied between 88% and 99% (Table 5.6). The only
S|gr‘16fican't reflections obtained for non—clay minerals were those of potassic feldspar
which was present in all samples. No diétinctnon can be made between the three fabric

groups on the basis of the diffractOQrams

5.5.3 Neogene Samples 2

A more diverse clay mineralogy is indicated in the 6 dif fractograms in the
glycolgted Neogene éar’pples in Figs. 5.10 and 5.11 and in the relative amounts of clay
minerals present in Table 5.7. |

Tuff from beneath the plateau lavas at Gorge Creek (NG3) has a diffractogram’ .
similar to older pyroclastic material in the main Deadman Valley. The diffractogram is
dominated by intense, sharp smectite peaks at 17 A and feldspar reflections’are also
present Intuffs from Chasm Creek (NG 1. NG2), whilst the smectite peak is sharp and well
defined higher order peaks are not as well defined. as those observed on the Paieogene
diffractograms. Small amounts of illite and kaolinite are also present in the Chasm Creek
samp}es.

Volcaniclastic materials from beneath piateau lavas along the Chiicotin River (NG4,
NG5) show a more heterogeneous asserﬁblage of clay minerals and this is thought to
reflect the detrital origin of these materials. Diatomaceous clay frorﬁ the Redstone
landslide (NG4), for example shows a dominance of illite whilst NG5 shows a Significant
prese.nce of kaolinite. ' \

The results of the X~ray diffraction analy;is are summarised in the triangular

diagram in Fig. 5.12.

5.6 Microstructure of Undisturbed Paleogene Volcaniclastics - Salmon River
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‘Figure 5.8 Diffractograms for the clay fraction of intact Palsogene volcanic!gsﬁﬁsmtef ial
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Figure 5.9 Diffr#ctograms for the clay fraction of shéared and remoulided Paleogene

mate_ria'i from the Deadman Valley (Gl'ycolated),. ‘S,=$;ﬁectite, I=lllite, K=Kaolinits,

F=Feldspar.
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Table 5.6 Relative amounts of major clay minerals in the clay fraction of the Deadman River

moies -

$SMECTITE #CHLORITE % I>LLITE %KAOLINITE

DRI 98.0 ———~ 2.0
OR2 89.0 10.0 2.0
DRI 99.0 e
DR4 91.0 - 6.0 3.0
RS 96.0  --e- 3.0 1.0
*DR6 88.0 - | ]2;0 ——-
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Fugure 5.10 lefractograms for the clay fractlon of mtact Neogene volcamclastnc material

(Glycolated) S= Smectlte I=illite, K-Kaolmlte, F'Feldspar
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‘ thure 5.11 Duffractogram ?or the clay fraction of sheared Neogene volcamclastlc matenal.ﬁ B

(Glycolated) S= Smectltel lite, K= Kaohmte F= Feldspar
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Table 5 7 Relative amounts of major clay minerals in the clay fraction of Neogene

volcaniclastic materials

% SMECTITE #%CHLORITE % ILLITE #KAOLINITE

NG1 81.0 15.0 4.0
NG2 81.0 7.0 11.0
v
NG3 99.0 S ! 1.0
NG4 37.0 55.0 8.0
NG5 34.0 12.0 30.0 24.0

NG6 73.0 . ~--- 6.0 21.0
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5.6.1 SR1 - Twig Creek Tuff

The grain system in the Twig Creek Tuff contains a number of components and
includes angular clasts of Palaeozoic chloritic schist as well as angular quartz fragments up
to 30 mm long Grans smaller than 20 mm appear to be angular black pyroclast;c -
fragments of basalt The grains occur in a matrix which has two’major components 3
brown amorphous material with a resinous lustre, which s so soft that it can be eastly
indented with the point of a steel needle. and scattered patches of a white microcrystalline
mineral which can eastly be scraped with a needle and does not react with HCl It occurs
as a voud filing and as cement around larger gfams Calcium carbonate is present,
however m small amounts It1s noted that the brown resinous méternal formed clay films
on prepared shear surfaces during direct shear tests on the Twig Creek Tuff Atthe
natural scale the tuff 1s matrix supported

In thin section (Plate 5 1) grains are noted up to 600 micrometres in size. These
consist of vesicular, embayed volcanic rock fragments and crystal euhedra Euhedraare
partially corroded and fractured The grains occur ina matrix that contains smaller rock
fragments between 100 and 200 micrometres in iength, fragments of broken euhedra and
microlites However. the matrix is dominated by an amorphous microcrystaliine
groundmass which is isotropic to fantly anisotropic under crossed nicols. This is
interpreted to be volcanic glass dust which jg mostly altered to clay. There is evidence of
ghosts of particles within the matrix making the dehmitation of grain matrix borders very
difficult (Plate 5 1) At the scale of the thin sections, the tuff is matrix supported )

In the SEM. as seen in Plate 5.2, the matrix is dominated by clay particles showing
edge-tc;-edge (EE) and edge-to-face (EF) contacts. Matrix components also include
euhedral particles between 5 micrometres and 10 micrometres in length.
intra-assemblage arid inter—assemblage pore space appears to bé considegable and some
trans—assemblageﬁpores are seen. Larger voids resemble irregular cavities. Into some of
these cavities elongate needle-shaped crystals up to 40 micrometres Jong have grown.
Sand size grains up to 200 micrometres in diameter clearly show clay coatings in which
the clay platslets are attached perpendicularly to the grain surface (Plate 5.2). A chemical
precipitate, probably calcuum carbonate. also coats some grains. ‘Unidentified tabular

-

fibrous particles up to 20 micrometres thick are also observed. Clay particles are thought '
I~
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A. PLANE POLARISED LIGHT. NOTE CORRODED CRYSTAL EUHEDRA (C) AND
ANGULAR FRAGMENTS OF VOLCANIC ROCK (V) SOME OF WHICH EXHIBIT
PRONOUNCED EMBAYMENTS AND VESICLES. MATRIX CONSISTS OF SMALLER
LITHIC FRAGMENTS, GLASS, AND CLAY (MAINLY MONTMORILLONITE).

8. CROSS-POLARS. BLUE GREY -AREA OF MATRIX CORRESPONDS TO
DISTRIBUTION OF AMORPHOUS GLASS AND CLAY.

‘ L - —4500 u ‘

Plate 51 Photomicrographs of intact Twig Creek Tuff (SR1)

\,COLOURED PICTURES
Images en couleur:
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to be dominantly montmorillohite both on the basis of XRD results and theirr morphotogy.
They occur as an important element in the matrix and as grain coatings in an open fabric

which is matrix supported.
O

5.6.2 SR2 - Red Tuff

The Red Tuff consnsts of pumlceous fragments up to 5 mm in size. These grams
tend to be irregular in shape with many vesicles Large euhedra which mclude plagioclase
feldspar up to 2 mm long are also a component in the grain system in Domain A. The
grains are set in a soft red mucrocrystalllne matrix which has a resinous lustre. In this
respect it is similar in appearance to the matrix of the Salmon River Tuff and the Twig
Creek Tuff, and it is the same red clayey material that forms the shckensmed films on
sheared pre—cut surfaces during shear tests described in the following chapter. A hard
white mineral, a form of silica, fills solne embayments and vesicles and also occurs as
irregular pods and cement throughout lhe rock. In Domain A the tuff 1s matrix suppar_ted
and individual grains are easily dislodged from the matrix with a steel needle. |

Under the polarising microscope. the fabric in Domain B is dominated by large
pyroclastic fragments of volcanid rock containing laths and other crystal shapes (Plate 5 3)
The large grains are up to 1 mm long and show irregular outlines and many vesicles. The
grains appear to be cemented lzy a clear mineral which is th0ught to be obal since it s
isotropic and white (Plate 5.3). The materjal appears to have replaced the matrix where it
.occurs. The same white isotroplc silica occurs as vesicle filings. Some grains are
euhedra, many of which are broken and corroded.  The matrix congists of anisotropic
microcrystalline amorphous material which is brown-orange under plane-polarised light
and dark grey under crossed nlcols ) It also contains smaller rock fragments, fragments of-
euhedra and microlites. In Domain B the material is grain supported and the grains are
partnally cemented by lsotroplc silica’ ‘

in Domain C (Plate 5.4) the matrix is dominated by montmérillonite particles and a
fibrous mineral thought to be a zeolite.- E'uhedral cr-ystals of secondary minerals up to 100
_mlcrometres long are elements in the grain system together with both rounded and highfy
fragmented grains up to 500 micrometres in diameter. Some of these grains are quartz. -

" Frothy montmorillonite coatings occur on some grains and are smeared in places. A
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PLANE POLARISED LIGHT. NOTE FRAGMENTS OF
VOLCANIC ROCK (V), GLASS AT MATRIX SITES (G),
AND PRESENCE OF ISOTROPIC DIAGENETIC SILICA AS
CEMENT AND VESICLE FILLINGS (S). FOR FURTHER
DESCRIPTION SEE TEXT. S

p— : —~500 1

I

Plate 5.3 Photomicrographs of intact Red Tuff (SR2).
. : \

COLOURED PICTURES

Tommrmme vy 011l a1
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Contorted aggregates of montmor:llpnite indicate the growth of secondary fibrous .
minerals following the formation of the clay Montmoriljpnite appears 1o be the result of
replacement of pyroélastic fragments. Inter—assemblage pores are‘not so marked as in ' .
SR1 and;nduvndual assemblages are not so well defined within the matrix. The tuffs T

. . T
matrix supported in Domain C*

5.6.3 SR3, SR4: Salmon River Tuff

In domaun A the Salmon River Tuff i1s very similar to the Twig Creék Tuff with the
excéptnon that fragments of Palaeozoic chloritic schist are wsgnt The gra'ms are of 2
types. angular black aphanitic basaltic fragments and angular reddish—brown scoriaceous
pyroclastic fragments Grains vary is size from 1 mmto 10 mmbut are generally n the
range 1 mm — 3 mm_ In field exposures large blocks of basaltic lava about 35 cm long
were observed. Grains are set in a soft brown resinous matrix from which the grains are
easily dislodged by the point of a steel needle. This is the case even for the freshest
sample examingd. Local disaggregation re5ultsbfrom applying dilute HCI indicating that the
matrix 1S locally rich in carbonates. As reported in the previOué"chapter calcareous clays
are common as discontinuity fillings in outcrops of the Salmon River Tuff

As can be seen in Plate 5.5, the microfabric in Domain B 1s very complex as a result
of undergoing alteration probably by deut(eric fluids. Grains are domina_ted by
. much—embayed, vesicular pyroclastic fragments some of which appear to have undergone
almost complete alteration giving rise to ghost textures. Reticulate veins of calcite
‘traverse the material. Calcite is also present as a grain replacement and void filling in
charactéristic cauliflower-like masses. Zeolites are also present as void fillings. The
fabric in Domaun B is matrix supported. The matrix consists of submicroscopic masses of
amorphous material much of which is clay Some zeolitic component is also present (Plate
5. 5) as well as microlites and eu/hedra fragments. N -

In the SEM microphotograph in Plate 5.6, perClaStIC partlcles of all shapes with
vesicles and tubes are noted. These particles make up the grain component of Domain C
in the Salmon River Tuff and are up to 400 u in diameter. Bubble replacement textures are
" comrﬁon and are illustrated in Fig. 5.17. Most clay particles are montmorillonite and are in

edge—to-edge and edge-to—face contact Montmorilionite also occurs as grain.coatings.



A. PLANE POLARISED LIGHT. NOTE EMBAYED, VESICULAR LITHIC
PYROCLASTIC FRAGMENTS. GLASS SHARDS AND DUST IN ADDITION
TO CLAY MAKE UP MATRIX.

A ~..
B. CROSS-POLARS. NOTE RETICULATE VEINS OF CALCITE (V), AMORPHOUS
AREAS OF ‘CLAY {C), FRAGMENTAL MATRIX (M), 8ND IRREGULAR QUTLINE
OF LITHIC PYROCLASTIC FRAGMENTS. » ' 4
o C =500
Plate 5.5 Photomicrographs of unweatnerea Saimon River Tutf (SR3.SR4)

COLOURED PICTURES
Images en couleur
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Some gramns ére opalescent and are probably isotroptc silica Several euhedral crystals of
a fibrous mineral are noted.  Silt-size glass bubbles up to about 50 micrometres 1in
dblameter are observed throughout the fabric and the shells are replaced by
montmorillonite. Some are also filled by montmorillonite. Montmorillonite is therefore

3

present in matrix sites. and grain replacements and as grain coatings.

lntergfam and inter —assemblage pores are variable in size. Large trans—-assemblage

pores up to 30 1 in diameter also ogcur in a matrix—supported fabric

5.7 Microstructure of Undisturbed Paleogene Volcaniclastics - Deadman River
Remoulded smectite—rich clays ar.e commonly found in tite landslide debris of the
Deadman River Valley between Clemes Creek and Gorge Creek. Undisturbed clays, ie.

' clays not having been remoulded by slope movement. are found in slope exposures south
.of the main Iandslide area and a|sp as large blocks within landshde debris exposed in road
cuts througr; the toe areas/\orﬁ;é landslide. In both cases, surface exposures were
samples and the extent to which these clays have been altered, or perhaps produced, by
weathering processes is not known. As mentioned in Chapter 3, the precipitous walls of
the head and lateral scarps of the Ia”ndslidevs did not permit in-situ rock samples to be
collected Because of the extremely friable nature of the clays, thin sections were not

prepared.

5.7.1 DR1: Yellow Clay - Cache Creek Road ‘

' DR1 is an extremely slick gritty, yellow, cloddy, clay dommated by smectite clay
minerals. In the SEM grains in the initial fabric appear to have been mterﬁoéi&ng euhedra of
feldspar varying between 20 and 40 micrometres in length (Plate 5.7) These have -

. underg)e'pfrtlm replacement by m’ontmorlllomte The matrix is compOsed only of £
montmorlllomte particles. This clay is mterpreted to be an altered crystal tuff.

Voids are not extensuve and assemblages are not well defined. Although the clay is
gram supported much of the grains have undergone the replacement by montmorillonite,

effectively producinga matrix supported microfabric.. This illustrates the effect of

- alteration processess in highly alterable volcaniclastic materials in changing grain—matrix

alionships.

©

AN
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NOTE; INTERLOCKING EUHEDRA OF FELDSPAR.UNDER-
_ GOING REPLACEMENT BY MONTMORILLONITE.

o

_ Plate 5.7 SEM micrographs of ‘DR 1.
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5.7.2 DR5 : Bat Clay - )

The fabric of the Bat Clay (Plate 5.8) collected from a hillslope exposure-is
dominated by montmorillonite clay particles which occur at matrix sites and as gran
replacements. Grains consist of partially replaced euhedra énd amorphous particles which
are probably quartz. The shape of the amorphous particles varies from angular to
rounded; tnese particles average about 10 u in size. Irregular voids occur throughout the
sample. Void spaces are notegd at the trans—assemblage scale and may be up to 200 in
width. Intra—assemblage pores are also marked Inter—particle voids, up to 5
micrometres in width, are common througnout the fabric and appear io have been

enlarged by solution processes. Montmorillonite also acts as a grain coating in the

microfabric which is matrix supported. ‘

5.7.3 DRG:. Grey Clay ;- .
The sample of grey cla; was collected from a fresh undisturbed block contained
within the debris of Iandslide 1 exposed in a road cut at its toe, .itis grey in colour and
appeared to have a high mica content. This is reflected in the results of the XRD analysis
dxscussed below In the SEM (Plate 5.9) mica particles up ‘to 100 mlcrometres wide were
observed to be an important element in the grain component of the microfabric in Domain
C. Other grains consist of angular amorphous pyroclastic particles up.to 200
micrometres in length. The matrix is dominated by montmorillonite but grain fragments are
aleo present. As'seen in Plate 5.9, the clay is matrix-supportecg3 “Voids are not as
pervasive as wae feund to be the case in the Bat Clay Interparticle voids up to 5

micrometres in width occurred, some inter —assemblage voids are also noted. Grains do

not appear to be replaced by montmorillonite. , ‘

5.8 Microstructure of Undisturbed Neogene Volqeniclastic Mat?eriails

Undisturbed samples of a variety of Neogene volcaniclastic materials were
collected from exposures at Gorge Creek, Chasm Creek and the Chilcotin River. The
materials are from the basal volcaniclastic assemb|age of the Neogene volcamc succession

as dnscussed in Chapter 2
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A. NOTE NATURE OF TRANS-ASSEMBLAGE PORES.
GRAINS CONSIST OF PARTIALLY REPLACED
'EUHEDRA (E) AND MATRIX DOMINATED BY
MONTMORILLONITE .

B. AMORPHOUS GRAIN (A) IN A MONTMORILLONITE
MATRIX (M). NOTE CHARACTERISTICS OF INTRA-
ASSEMBLAGE PORE SPACE.

Plate 58 SEM mucrograph of ORD
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5.8 1.NGY. Chasm Tuff CO\

The sample was collected trom the same location in Chasm Creek as Tuft B
described above It 1s white fine graned tuff in which the matrix in Domain A s
submicroscopic  Grans scattered throughout the \f‘m\ate‘rial consist of crystal fragments
mainly quartz less than 1 mmn diameter The occasional lithic fragment less than 1 mm n
diameter Is also seen The matrix 1s soft being eésuly indented with a steel needle and the
grains can be picked out of the ;naxrnx with Iittle effort  Specks of magnette are aiso
seen throughout the mat . The material 1s matrix - supported in Domamn A

In thin section (Plate & 10! the gran compoﬁent of the matrix -supported
microfabric 1s seen to consist of several elements It includes 1solated iittuc fragments up
to 200 micrometres i size. fragments of opaque minerals crystal fragments of feldsp;r
and quartz up to 300 mucrgmetres in size and 1sotropic glass particies up to 500
micrometres in length  The glass particles are shard-hke in shape and also include frothy
vesicular particles (Plate & 10} The matrix consists of amorphous glass dust which s
partially altered to clav as weli as smailer fragments of rock and minerals

The microfabric in Domarin C 1s shown in SEM photographs :ﬁ Plate 5 11 Gramns
observed in this domain are mainly glass shards and bubbles some of which show the
egg-shell characteristics noted n the Gorge Creek Tuff (NG3) deScribed below Many of
the glass particies have been replaced totally or partially by montmorilionite The matrix
consists of montmorilionite The microfabric 1s characterised by extensive pores at all
scales Large trans-assemblage voids 6CCur up to 20 micrometres in diameter and

tubular mteg—assemblage pores up to 4 micrometres in diameter give the montmoritionite

matrix a swiss-cheese texture

5.8.2 NG2: Chasm Tuff B .
The tuff 15 white to buff in colour and in Domarn A fragments up to 2 mm in
diameter make up the grain component The fragments are dominantly clear angular
particles of quartz which are in the 05 mm to 2 mm size range Other grains are angular
lithic fragments up to 2 mn"\ in length and crystal euhedra The matrix 1s submicroscopic
but is speckled by fragme“r";ts of mafic materials and magnetite The matrix s swbnsmgly
resistant to the point of af steel needle and the quartz fragments could not be pried from

]

!
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A. PLANE POLARISED LIGHT. GRAIN COMPONENTS DOMINATED BY GLASS
SHARDS (S) SOME OF WHICH ARE FROTHY (F).

— 500 W

—

. V“‘ b
LARS. NOTE FROTHY VESICULAR GLASS PARTICLES (G),

8. CROSS POLA
FRAGMENTS OF FELDSPAR (F) AND QUARTZ (Q). "MATRIX IS

AMORPHOUS AND IS DOMINANTLY GLASS DUST PARTIALLY ALTERED
TO CLAY. .
Plate 5 10 PhotomiCro

graph of intact Neogene wff Chasm Creek (NG

COLOURED PICTURES
Images en couleur
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the matrix with ease .

In thin section (Plate 5 12) the gran component is domnated by angulér crystat
fragments up to 400 micrometres in length These are dominantly quartz but feidspar s
also present The grains are setn a submicroscop!c matrni\’v)vh:ch 1s a mottied brown n
plane polarised iight and 1s mainly isotropic under crossed nicols The matrix 1s thought to
be altered glass dust with small lithic and crystal fragments, including much quartz. In Piate
5 13 an enlargement 1s shown of the matrix between a vesicular glass particle and a
felspar gran. Both particles have undergone considerable alteration to clay The nature of
the matrix 15 also shown and 1t 1s noted that the alteration to clay 1s spatially discontinuous
in Domain B the tuff 1s matrix supported

In Domain C. SEM micrographs (Plate 5 14) show a matrix—supported microfabric
in which the grains consist of vesicular glass fragments with considerable intra—particle
pore space Glass particles show the effect of airbourne transport surface (Plate 5 14)
and show partiat replacement by montmorillonite  The matrix 1s dominated by
montmorillonite which also occurs as grain coatings The microfabric is typuf;ed by
extensive inter— and intra-assemblage pores.

p,
5.8.3 NG3: Gorge Creek Tuff

A yellow tuff-clay was collected from é road cut above Gorge Creek in the
Deadman River valley A Neogene age was assigned to the material because of its
proximity to the base ot the pla!teéu lavas at the site and also o‘n the basts of a K/Ar date

reported from the vicinity by Mathews (1964} which indicated a Mio~Pliocene age

It is a fine graned material although occasional quartz fragments and brown red

AR

vesncular pyroclasts are noted in the mlcrofabnc in Domain A

in Domain C the grain component of the microfabric is dominated by oddly shaped
glass fragments (Plate 5.1 5) up to 60 micrometres in length and partially broken or altered
euhedra up to 100 u in length. Some glass particles resemble egg ghells and are hollow |
Others show classic bubble-wall replacement and infilling by montmorilionite. The
microfabric is dominated by inter—particle pore space and is grain supported only in the
sense that former grains are in contact As can be seen.in Plate 5:15 the ma jority of the

grains have been replaced by montmorillonite effectively changing the fabric to a
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A. PLANE POLARISED LIGHT. GRAIN COMPONENT DOMINATED BY ANGULAR
CRYSTAL FRAGMENTS INCLUDING QUARTZ (Q) AND FELDSPAR (F).

—4500 w

T

B. CROSS POLARS. NOTE FELDSPAR FRAGMENTS (F) AND MOTTLED NATURE

OF MATRIX OF GLASS DUST PARTIALLY ALTERED TO CLAY. LITHIC
- AND CRYSTAL FRAGMENTS ARE ALSO SEEN.

e e L T e T e
i Gt et B B T

Plate 512 Photomicrographs of .intact Neogene tuff. Chasm Creek (NGZ)
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N W

A. PLANE POLARISED LIGHT. GRAINS ARE VESICULAR FROTHY GLASS
FRAGMENTS (G) AND FELSPAR (F). NOTE MOTTLED APPEARANCE OF

MATRIX.

F——‘-'——f‘]OO Al

B. CROSS POLARS. NOTE FELDSPAR FRAGMENT ENCLOSED IN GLASS PAK
ALTERED AREAS OF GLASS DUG# MATRIX ARE DARK BROWN. GREY
COLLOFORM TEXTURE APPEARS TO BE GLASS.

Plate 513 Photomicrograph of grain—niatrix relationship mn intact Neogene tuff.

Chasm Creek (NG2).

COLOURED PICTURES
Imaggs en couleéur
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matrix  supported one Many grains have montmorilionite Coatings
5.8.4 NG4: Redstone Clay B

This pbrown finely laminated clay wvith slickensided jJoint surfaces was collected.
from the shear zone of the Redstone landsiide discussed in Chapte‘r 3 tislacustrine I
origin and in SEM photographs (Plate 5 16} a more typical detrital clay microstructure 1s
observed (cf Barden 19721 Although the sediment |_;, of detrital orgin there is @
significant proporuion of pyroclastic grans in the microtfabric

The grain component of the microtabric in Domain 3 consists of angular
amorphous fragments up to 20 micrometres in length which are probably pyroclastic in
origin In addition euhedra of pyroclastic orlgm'can be seen The matrix consists of a
variety of clay minera! particles including kaolinite montmorillonite and ilite  Pore space at
all scales 1s common throughout the matrix~supported microfabric as seen in Plate 5 16

It 1s noted that indications of the operation of secondary processes (€g. corroded or

replaced gramsbAare not present in the material

5.8.5 NG5: Redstone Clay C

A hght brown to buff clay was collected from above Clay B at the Redstone
landshide The grains are the skeletal remains ot diatoms which occur up to 40
micrometres in diameter The siliceous shell of the diatom has considerable intraparticle
pore space (Plate 5 17) The diatoms are preserved in a matrix of smaller diatom
fragments and clay %arncles which include montmorilionite, kaolmlte and ilite  The
dnétomace0us clay has a lacustrine origin and 1s matrix supported Pore characterisucs in

the microfabric of Domain 3 1s seen in Plate 5 17

5.9 Microstructure of Sheared and Remplded Volcaniclastic Materials

. Samples with a disturbed microfabric were collected from shear zones of
landslided and debris of flow-type landslides which had undergone r'emoulding during
flow movements  The objective of the exerciée was to examine the effect of shearing
and remoulding on fabric particularly {vith respect to void characteristics and grain-matrix

“

relationships.
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A. NOTE GRAINS (G) IN CLAY MATRIX AND FRAGMENTS OF -
 EUHEDRAL CRYSTALS (E). INTER-ASSEMBLAGE AND
TRANS-ASSEMBLAGE PORE SPAqES LESS WELL
DEFINED. ’

B. INTER-PARTICLE PORE SPACE NELL MARKED AT P.
NOTE - ARRANGEMENT OF CLAY AND SILT SIZE PARTICLES.‘

Plate 516 SEM micrograph of NG4
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e

A. DIATOM DEBRIS AND CLAY PARTICLES IN MATRIX. NOTE
LARGE INTER-ASSEMBLAGE PORE SPACES (I).

B. DIATOM SHOWING INTRA-PARTICLE PORE SPACE. NOTE
INTERPARTICLE (P) PORE SPACE IN MATRIX.

@
-l l:

' Plate 517 SEM micrograph of -NG5
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A

-

The effect of shearing remoulding and flowage on the microfabric of soils has
been mvestngated n detanl by a number of workers. Usmg the polarising microscope,
Weymouth and Williamson (1953) Mitchell (1956), and Morgenstern and Tchalenko (1967
examined the change in microfabru;xvhlch resulted from flowage remoulding and shearing
respectively. In work which utilised the Transmission and Scanmng Electron Microscope:
the effect of"remoulding and shearing on microfabric has been analysed by Pusch (1970),

Foster and De (197 1) McKeyes and Young (197 1), Bennettet. a/. (1981) and Lupini et. al.

(1881)

5.9.1 SR8: Hummingbird Tuff, Adelphi Creek Landslide .

Planar shickensided surfaces and wispy aggregates are found throughout the
material (Plate  18) which was collected from the basal shear zone of the Adelphi Creek
landslide' Shear surfaces consist of montmd%lomte and involved the matrix of Domain C.
A result of the shearing is that more particles in the matrix have face—~to—face contacts

/and inter—particle and inter—assemblage pore spaces are reduced.

5.9.2 SR5: Saimon River Tuf'f}Shell Creek Landslide

Slnckensaded surfaces consisting of matrix montmorlllomte are observed *
throughout the microfabric (Plate 5 19)
5.9.3 SR6, SK7: Salmon Riv@i Tuff, Jupiter Creek Landslide

\ded surfaces developed in matrix montmorillonite are observed in the .

SEM mlcrographs in Plate 5.20. T@fabrlc shows a lack of aggregatlon when compared
{ZT{O the undisturbed sem les. Face-to-face contﬁ‘ in the montmorillonite matrix is more ‘
\' ‘eommon and bpn‘didg of clay particles och:curs‘ Plate 5.20 illustrates angular grains up to ’

15 micrometres in diameter which are coated with montmorilionite. These grains appear

to be fragmented pyroclasts. |

O
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B. WISPS OF CLAY INDICATING MICROSTRUCTURE
DISTURBANCE IN DOMAIN C. -

-

Plate 518 SEM micrographs of shea(eé Hummingbird Tuff (SR8)
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B. SLICKENSIDED SHEAR SURFACE.

Plateﬁ %19 SEM micrographs of sheared Salmon River TJuff. Shell Creek landslide.



A. SHEAR SURFACE SHOWING SLICKENSIDES AND
FLATTENED CLAY PARTICLES.

S e S

B. MONTMORILLONITE MATRIX SHOWING FACE-TO-FACE
BANDING. o .

Plate 5.20 SEM micrographs of sheéred Salmon River Tuff -Jupiter Creek

landslide

N



5.9.4 DR4: Brown Clay

SEM photographs (Plate 5 21! of clay coliected from a shear zone at the toe of
landshde 3 show concentration of clay particies into wavy tightly packed se‘ams about 30
micrometres thick Plate 5 2 1B 1s a view perpendicular to a shckensided shear surfacé and
very fine multidirectional striations are seen Deeper grooves indicative of uneven
ploughing are noted in Plate 521C In Plate 5 2 1D umidentified thin rectangular partcles
about 20 micrometres long are oriented paralle! to the direction of shding and give the
impression of bemg(stacked up This is interpreted as being the result of re-orientation

during shding s

5.9.5 DR2: Hi-Hium Clay

in both remolded Deadman Valiey clays there are no marked shckensides indicative
of movement (Plate 5.22) A disruption of the fabric 1s suggested. however. and pore
spaces are more extensive than intact materials The pyroclastic grains sitina
montmorillonite matrix in which no obvious re-orientation has taken place
5.9.6 DR3: Yeliow Clay - Landslide 1 3

This sample is a yellow clay taken from landshde debris and had been subject to
remoulding during flow As with DR2, an absence of slickensides i1s noted The
microfabric s grain supported in places, as can be seen in Plate 5.23. suggesting that .

microfabric disturbance has taken place

5.9.7 NG6: Bull Canyon Clay

A yellow-buff clay was taken from the-eprsed shear zone of the Bull Canyon
landslide along the Crl)'lcgtin River. Highly orie\nted planar slickehéides at a variety of scales
are observed in SEM photographs (Plate 5.24). There are indications of directional
changes at dif ferent scales and uneven ploughing (Plate 5.24). Definite layering and

face—to~face alignment can be observed in bands of clay particles.
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A. MONTMORILLONITE MATRIX. NOTE INTER-ASSEMBLAGE
PORE SPACE (I). ' )

’ . y T
B. EUHEDRAL GRAIN (E) SET IN MORILLONITE
MATRIX. .

»

» ' . r

Plate 522 SEM micrographs of DR2

ot
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A. REGION OF GRAIN SUPPORT PROBABLY RESULTING
FROM REMOULDING PROCESSES. NOTE FRAGMENTS
OF EUHEDRAL GRAINS (E), INTER-PARTICLE (I),

AND INTER-ASSEMBLAGE PORE SPACE (A).

B. MONTMORILLONITE MATRIX.

RN

-~

Plate 523 SEM micrographs' ‘of DR3
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5.10 Discussion and Conclusions on the Microstrgcture of Volcaniclastic Rocks

The microstructure of the Tertiary volcaniclastic rocks examined here 1s a complex
response to the nitial processes of deposition secondary processes of alteration and
tertiary processes of weathering remolding and shearing With respect to the
microstructure of undisturbed materials. a hierarchical mutti-gramn system was established
in which 3 microstructural domains were established (Fig 5 5)

Grain-matrix relationships were established for e(ach domain and the microfabric
was generally found to be matrix-supported at all scales An important exceplion was the”
Paleogene Red Tuff from the Saimon Valley which was found to be grain-supported in
Domamn B (‘Plate 53

_In Domain A the grains are in excess of 500 micrometres in size (ash or medium to
coarse sand) and consisted of lithic pyroclastic fragments These fragments were
: e

generally vesicular but some were aphanitic Agan. important exceptions were noted le g

.Chasm B-NG2) in which quartz particles made up a substantial portion of the gramns in thys

domain The matrix appeared to be a soft amorphous resinous materidlfin Paleogene

pyroclastic rocks whilst in the Neogene samples examined it tended to be powder ~hke

Gramns in Domain §are definedn the size range 500 micrometres t0 75
mncromet;‘e's, ie n the medium to fine sand/fine ash range As in Domain A grains tend 1o
be lithic fragments many of which are vesicular or amygdaloidal (Plates 5 1.55). In
Neogene rocks they also include frothy glass fragments (Plates 5 10, 5. 13) Animportant
element in the grain comp&went of the microstructure in Domarn B is the occurrence of .
euhedra olf feldspar (Plates 5.5, 5.13) and fragments of quartz (Plate 5.12) and other silicon

oxides. The matrix is a microcrystaliine amorphous material which varies in colour in plane

polarised light from white to orange to prbwn to dark brown. Within this material which

" contains pyroclastic dust much of which is altered to clay, are smaller lithic and crystsl

D
fragments.

In Domain C grams consist of silt size volcamc dust (< 75 micrometres > 2
micrometres) which are fragments of minerals (e.g., mica), euhedra (Plate 5.7) and lithic

materials. .In Paleogene rocks no glass fragments were directly observed, all having been

‘replaced by montmorilionite (e.g. Plate®.6). However, in Neogene material glass

. fragments make up a substantial proportion of the graidh this domain (e.g. Plates 5.11,

' |
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5 15) The matrix in both types of materials 1s dominated by clay minerals

X-rgy diffraction and analysis of the < 2 micrometre portion of these
volcaniclastic mgtenals e matrix materials in Domain Ci showed the clay mineralogy to be
dominated by smectite clays (Fig S 12) Other clays were importantn the Neogene
volcaniclastic sediment collected from the Redstone landslide Feldspar was the only
non-clay mineral to give significant reflections on the d:ffractograrhs

Based on SEM observations. the smectite is in the form of montmorilionite which
appears to result from ciagenests The evidence for the diagenetic ongin as opposed to
an allogenic origin nCludes the delicate form of the clay particles, their location with
respect to replacement sites, and their presence as grain coatings In }he Salmon River
Tuff (SR3. SR4) it Is also possible that deuteric alteration may have contributed to the
formation of the clays icf Plate 5.5)

Thesmontmorilionmte originates from the alterat}on of volcanic glass and feldspar
crystals as well és being premp_atatgd from groundwater Plates 56,5 11and5 15 show
volcanic glass repolacement structures whilst in Plates 5.7 and 5 8 feldspar crystals are
shown partially replaced by montmorillonite. Lace-like trails of montmorilloni'te {Plate
5. .1'5) and grain coatings (Plate 5.2) are evidence of direct prec:p:tétion fro.m groundwaiea
Diagenetic silica has contributed to intergranular cement in the case of the Red Tuft as
mentioned above. E ‘. ¢

| ‘The formatnon of diagenetic montmorullonlte has xmportant geotechnical ,
consequences. Montmorilionite has formed at granngs well as matrnx sites. The cohesn‘on '
‘and fructlonal components of matrix shear strength v:/0uld be expeCted to be reduced in all
domains in material which has undergone diagenesis. In addition the cohesuon of the
grém—matrix contact is also reduced. Grain coatings and limited repiacement of glass and
feldSpar within lithic fra%mentg’@vndent from embayed and etched grain boundarues would

be expecte jggredt cerﬂfe frnctuogal resistance and compressive strength of the grams

ALY ‘-6

? 4

respectlvely B i

(N
x . '

The mncrostructtfre of volcamclastlc materlals 1S also characterised by a very open,
porous microfabric characterised by large inter—assemblage pores. This aspect of the

. . . e )
microstructure is evident in most of the SEM micrographs.-
. ;1 0 &

b
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Two volcamclastic sediments from the Redstone landshde area show significant
dif ferences in microstructure when compared to the pyroclastic materials 'In the clay
mineralogy the percemage of non-smectite clays in the clay fractlonycalculated by the
semi~ quantitative method referred to n Section 5 3.1 S|gﬁ|f|camly tigher than other
materials studied (Fig 5 10) reflecting the contribution of clay from other sources These
materials are detrital in origin having been deposited in a lacustrine environment  The
remainder of the samples studied were of airfall pyroclastc origin

Differences in microfabric were noted in disturbed samples The formation of
slickehsides in the matrix of Domain C (Plates 5 20. 5 24), banding of clay partueles (Plates
521 524) and the disturbance of the microstructure (Plate 5.20) were noted in samples
from shear zones whilst remolded landshde debris exhibited an increase in pore sizes

(Plate 523) \ o,

[ g

“ .
Differences between the Paleogene and Neogenefnaterials have been referred to

in the discussion above Diagenetic alteration appears mqgre comT)Iete in the Paleogene

materials and 1s manifested by the absence of volcanic glass pasticles which have been

completely replaced by montmorilionite
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‘manuals frequently ortiit reference tg this group of materials.

6. GEOTECHNICAL PROPERTIES OF VOLCANICLASTIC ROCKS

6.1 Introduction

A laboratory programme was carried out on selected volcaniclastic materials  The
basts of sample selection was the role of these materials in slope movements’in the
Salmon Valley and at Chasm Creek .Wthh are analysed in the following chapter The
geotechnical behaviour of selected samples was ¢haracterised by a variety of engineering

classification tests estimates of the uniaxial compressive strength of the intact rock

material (q,) together with the ulimate shear streng‘fhs of artificially prepared surfaces

~.

The objectives of the laboratory programme were to nvestigate the relationship between
microstructure and the geotechmcal behaviour of those eamples selected. and to provide
parameters for the analysis of movement mechanisms in Ch.apter 7 The laboratory work
carried out ts summarised in Table 6 1 1t may be noted that attempts to disaggregate
sufficient of the selected volcaniclastic materials for grain-size analyses proved
unsuccessful " »

The laboratory programme was carried out under several constraints which
resulted from the character of the materials under examingtion As discussed in the

previous chapter, the material was either disturbed or undisturbed. Both types of materlal

are friable due to surface weathering processes or alteration. and it was difficult to \
I

"collect block samples that did not exhibit cracking of some magnltude An effort was

\l

made to collect fresh samples by taking blocks from as deep within the slope as was
possible but even thgse were found to crack during transport by backpack and vehicle. '

This aspect of the intact material involved considerable waste in sample prepar_atloh ahd

.

Ilmlted the range of tests that could be carrled out.

.

It is noted that the geotechnical propertles of pyroclastic and volcamclastlc rocks

P

are not widely reported in"the literature and lists of rock properties in textbooks and

\
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Table 6 1 Laboratory tests carried out on voicaniclastic materials
9 > O N Vi, O
1] Q. c —j0O o=
>3 w - o KD
[V (@] o xjla 3| 0
- 3 o ®f 0
o+ © —- s
< -+ -
s 2
. > <
SR1_ iwig Creek Tuff X '; X X X
SR2 Red Tuff e . X X X X X
SR3 Weathered Salmon River Tuff ’ X
SR4 Unweathered Salmon River Tuff oo X X X X X
SR10 Purple‘Volcanic'Breccia < X X X
SR11 Red Volcanic Breccia X X X
O’ . ‘
NG1 Chasm C Tuff L x | x| x [x
NG2 Chasm B Tuff B X X X X
NG3 Gorge Creek Tuff ' X X X X
NG4 Redstone C clay : X X
NG5 Redstone B clay X X :

R
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6. 2 Dry Bulk Denslty, Porosity and Absorptlon Index T

*

The dry butk dens:ty %4 . was established by the water dlsplacement method.
outlined in Gyenge (1977) and ISRM (1979). In this method a fragment of rock 1s
oven-dried, weighed, coated with wax, weighed again and immersed in a measuring

cyknder = The volume of water dlsplaced is measured and corrected for the volume of the

" wax coatmg and Y is- calculated by dlwdnng the oven- dry weight by the corrected volume

L] - 9

of water displaced. _ o
The results are given in Table 6.2 and it 1s seen that the Palg)gene pyroclastics are
approximatety 20% denser than Neogene materlals ‘Table 6.3 shows the values of for -
other Tertiary pyroclastlc and volcaniclastic rocks reported in the llterature and
comparable values for Y% are seen. . .
No porosity measure:ments were made directly but an estimate of porosity, n. was

made from Equation 6 1 1n which 4. is the density of water and Gjis the specific gravity of

the particles making up the material
%=G-ny, x5 5 6.1

In this estimate G was assumed to be 2.5 (cf Keller's (1960) estimate of G,for tuff at the
Nevada Test Slte) since it reflects the vesiculated nature ofﬁsom.e constltuent partlcles
The void ratios 'were also calculated from this estlmate df n and the results are found in )
Table 6.2. Estimated porosities vary between 10.7% ancll 432% refrectmg the values of .Y
‘being intermediate between soils and the more common rocks.

The dry density and porosity measurements reported here result fr/om, the complex

, -mteractlon of initial depositional density, diagenetic processes and loadin hlstory ‘\/alues

of lnmal deposmonal densmes for airfall tuff from Hekla (Thorarisson, 1 67) and Mount

St Helens (Sarna- Woijicki.et. a/ 1981) range from 9 KN/m3 to 17.8 KN/m?: These nvalues

are estlmated- for tuffs that have undergone
since depostnon, and the range in these values @ J laps the range of the Tertlary rocks
examirted, here Low valus of § reflect the loose structure produo/ed by rapnd anrfall
deposmon from a dense ash cloud and are comparable to those /of loess. . o [
Pore— space reductlon is expected Lo have taken place Wlthln a short tlme o]
depostlon by the chemical precnpltatlon of clay mlnerals (Almon et. a/. 1976; Dawes et. a/

. l/
Ve ‘

%

N qQyer perlods of up to 100(?jyears

">
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Table 6.2 Dry bulk dens:t}f and estimated porosity of intact volcaniclastic rocks.

*

-

-
-

SAMPLE  DRY DENSITY (KN/m) -¥, POROSITY (%) - n  VOID RATIO'- e

| SR1 21.47 12.3 0.14
2 . 21.86 10.7 0.12
 SR3 - 21.92 . 9.2 0.12
. SRIG . 17.85 27.0 0.%7
SR11 20.71 ,« 15.3 0.18
NGT 18.63 2042 0.32 -
NG2 v 14.90- 39.1 0.64
NG3 © 14.90 13901 0.64
NG4 13.98 43.2 £ 0.76
NG5 ¢ 15.98 348 0.53

'ASSUMES Gg OF PARTICLES = 2.5 gms./cc
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T . :} ‘

Table 6 3 Dataon comparabie Tertiary rocK types from literature sources

\ ' . . . -
- N . .
: .

&g
S,

’ [

SOURCE | ROCK TYPE (KN/nt) Coe n’
a Bedded Tuff . 14.70 . .634 38.8 -]
a Bpdded Tuff - 13.43 .690 40.2 :
a Friable Tuff 14.70 .633 35.5 LA
a Welded Tuff ©21.37 .164 14.1 /
b Tuffs and Tuffites 17.00 - -
c Welded Tuff 14,37 - -
d Decomposed Tuff 12.75 1.235 55.2
d Decomposed Tuff 17,44 .639 38.9 .
e Basalt - 26.7-28.12 - -

Sources ; a-Keller (1960), b-Heitfeld et al. (1980),
~ - c-Morland and Hastings (1973), .
d-Corns and Nesbitt, (1967), e-Deere and
Miller (1966). :
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1979). Davies et. a/. (1979) show a 20% decrease in poro.‘sity' in Tertiary voicaniclastic ‘

- compared to equivalent contemporary deoosits due o the production of authigenic
montmorillonite and other minerals. Comparison with data from the Hekla and Mount St
Helens deposit suggests a pore space reductlon of the same magnitude for the Paleogene
and Neogene rocks studied here. Thasporosaty may also be modified by the dassolutnon of
pyroclastic matcnal or the dlssolutnon of authigenic materials as drscussed in Chapter 5.

\ The fact that pores may be of hybrid origin (Séhmidt and McDonald, 1979) was noted in

scanning electron micrographs in the | prevuous chapter.

The effect of loading hi8tory is also of :mportance since both Paleogene and

. Nsogene rocks come from basal Iocatnons in their respectwe volcamc succesSaons The

presence of such highly porous materials at the base of volcanic successions does
suggest that the effect of consolidation of these deposits has been reversed in relatlvely
recent geological time and that this process may have tontributed to the Iandslldes that

mark their location.

For selaected samples, an estimate of porosity was also made by the quick

absorption test (ISRM, 1979) based upon the Weathering Index of Hamrol (196 1). The test

1 measures the Absorption Index (Al which is defined as the mass of water contained in a
rock sample after a 1 hr. pernod of immersion as a percentage of its oragmal oven- dry
f . mass. The index has been found to be correlated with porosnty and such propertnes as

degree of alteration (Harnrol, 196 1), where porasity is a product of weathering or
?Iterati'on processes. It also can be correlated with shear strength (Rooha -1964) and
unconfmed compreSsuve strength (Serafim, 1964) due to porosity and mmereloglcal
changes thatare a response to alteration processes Values of the absorptron index (Al)
determined on a number of rocks are seen in Table 6.4.

Difficulty is found in applying this test to pyroclastnc rocks because some samples
slake completely when immersed in water for opp h/oﬁr (e.g. NG3) In addition, pbrosutles
in pyroclastic rocks are high due to factors other than weathermg or alteratnon (i.e., mutnal
depositional densuty veslcular particles). For example a Paleogene vesucular welded
breccia from the Salmon River yrelded Al = 18, a value in exc':ess of the value of Al= 15,

@ which, according to Rocha (196& corresponds toa resudual soil state in whrch the rock is

[

‘completely drseggregated

’ ) 264
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Table 6.4 Values of the Absorption Index (Al obtained in the quick absorption test .. « |

»

45R1'..‘..,.,.,.“|2’.o'
. M2 00 .
SR3.i....020 Y
T SRI0.......l 180 |
C RIMe.als
NGT..ovvnnni 145

NG dX
NG3.........SLAKED

265 -
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R /‘dmmctaon of mtorparticle bonds) and the resistance of the m'mm to this ructlon B

; ',: wuthorm ptrfommc& lt wu nmicapltod thlt tho SDI would roﬂect tbo prosonco cf SRR
- | swclhng clay pamcm nd m. u.gm to whtch intorcomomd voids transmittad water to ) R

?"Wfofmfmwmwm«" ,Wltorunsmvoeohwon)e‘fr-r,__""md







. Table 85 Resuits of Siake Durability Tests. L

N S : R

—.‘. ] B

| ',*sa1,~’f7f95;4f';*sxTaentLv HIGH
e o7 SR | 9211 VERY HIGH.

loonel | 72.7 | MEDtmM -
TN | 8Y0 | VERY: HIGH
© . NG3 641 | MEDIUM
SNG4 ], 79,8 ¢ - HIGH
_'v_-nssgs 1781 -:-~MEDIUM

[ smu SO - smxme cussmcmou‘ e

oske | 98.0 | EXTREMELY HIGH ;

sm - SLAKE DURABILITY mosx
'Acconome 10 FRANKLIN AND CHANDRA (1972)



s Goodr!an 19791 Due to the lack of avallablllty of samples the
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deterloratlon characterlstlcs of the group of maternals under examination.

The relatnonshlp between porosnty and SD! is seen in Figg6.2 A norhaldusly hlgh
slake durablllty ln relation to porosny is exhibited by NGZ and NG4 probably reflectlng the
o problem of occluded pores as well as the fact that both of these materlals have a hlgh ,

v

degree of intra-particle pore Space in the form of vescculated glass partuclesaﬁd*dnatom :

skeletons, respectlvely o .
e \/-‘.t‘»a - . L - L
6 4 Polot, Load Strength ahd Eatimated Uniaxial Compraaaiva Strangth (q.))
Point load tests were conducted on matenals involved ih slope movements in the
: Salmon Valley and Chasm Creek In addmon pyroclastlc brecclas and tuff frdl'n the
Salmon Valley and Gorge Creek were tested to' prov:de comparatlve data Detalls of the
_'test may be found in'Broch and Franklin (1972) and Blenuawskl (1974) As discussed by
) these authors an approxlmatlon to the Uniaxial compresslve strength (q) may be obtalned '
by the test. It is particylarly useful in estlmatmg the q,of hlghly weathered altered or
frlable rock as are the rocks consldered here (cf. Fookes ot. a 197 1; Raphael and »
_ /\fects of water content
J ] on the value ol‘ the Pomt Load Strength could not be evaluated | . | |
lrregular lumps of rock were obtelned from large blocks wbch had been air drled
|rregular lump tests were then camed out accordlng to the procedures followed by/Broch -

“and. Franklin (1 972). The followmg exceptlons however were made to the procedure due

el to the avallabnluty of materials and their frisble nature

(a) Values of the Shape Factor {S) deflned as the ratlos of the largest dlameter to the

.shortest dlameter ranged from 1.18t0 33in the tests carrled Out. Broch and Franklm

: ' .fl 1972) recommend a maxlmum shape factor of 14 for the lrregular lump test However

,- i the fanlbre load (Pl was found to be |nsens|twe to the value of S over the range
e fencountered ln thls study and l$ not thought to affect the value of P obtamed

Bro h and Franklm (1972) also recommend 20 as the mmtmum number of lrr\gular

e lumps that should be tasted However durlng the preparatuon of the lrregular Iumps from N

7 the larger blocks usmg a hammer and chlsel much of the block was reduced to a hlghly

e fragmented crumbly mass mltlgatlng agamst the testmg of the recommended mnmmum =
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‘ o The lumps were plaeéd between the comcal platenszof the point load apparatus and
; "the sep{a?a‘t\gn of the platens lD) measured ‘The platens were then dnven toward each
~other by hydraulnc j3Ck and the load at whlch the rock lump fanled (P) was m‘lasured on a

t

L ‘-_dnalgauge Lo o e, :
RETE “The values of P were corrected for size effects (Broch and Franklm 1972) in

-' _ ; - .»ﬂcases where the correcteé value was below 300 KN/m? the corrected value was -
. estimated. - - - o ‘
o " To obtain the Point Load Str_ength of the rock (i), following 9’9¢“ and Fr ankin |
" uera, | R D

"+
-

The Pomt Load Strength lndex of the rock is the medlan value of Land‘e results <

©

“are presented in Table B. 6 An approxnmatlon to the unconfmed compressnv@‘strength lq.l

A I

(] Y

) ’ loftherock may be obtalned by
_ q‘=24u,),,' S 83

o

4

| T Vallgs of % obta:ned by Equatlon 6.3 are shown in Table 6. 6 these estrmates are tﬁbught
: .:tobe ‘within 15% of the’ q_ of the intact rock substance in the air dry state Values of q.. ‘h
i : vaned between 4, 70 MPa and 1 3 48 Nl‘a Under \Gé?mechhmcs Classlfncatnon Scheme

- -_of Bsenaweskl l1978) they are consldered to be very l strength (l-—5 Wa) or low

" 5 : ;f?‘- :-’,' o : strength (5 25 MPal o . . : T v
o i lnterrelatlonshsps between the estlmated q. and the othef geotechmcal par ameters-
o f:are tllustrated m an 6 4 The dependeel:e of =9 on pOrosnv 'ls seen Elg &4A and reflects Lo

' smlar results by Fookes ot al (197 1) The process by Wthh poroslty changes take L

. place after valley excavatP'l’"d the'deveiopment of groundwater flow systoms,

_ v"":.;';therefore becomes lrnportant m controllmg the threshold velue of g_ q_ ns elso seen to | -
E be related to the Absorptlon lndex lElg e 3Al The ummng Value of Al suggested by Roche
- 0964) 1s not applnceble to volcamclastlc rocks smce a value of Al > 15 would lmply g“ : |
o =0 whlch is not found to be the case The relatnonshlp wnth SDl is not clear reflectmg the v'_ e o

Tprqblem m the mterpretatlon of the SDl results At values of g, below 7MF‘e, there ls e 8

steep declne in SDl wnth g(.. but ebove thls value there is no reletuonshup

S ( S
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"th.n 6.3 lntarrolahonshtps botw}on qpstlmltod from the pomt Ioad.test and°other :

parm: qu the abcusu in olch of the dugums
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- _'the shear surface was wet When sheared Test data were recorde? dlrec’tly on a.
5 Hewlett—Packard XYY recorder ln all of the tests a thln sllckensnded fllm of c gy

L -tdeveloped on the shear surface

da AL

s

‘GBDirectShearTests R A " ,’ T ey |
Dlrect shear tests were carrled out on four pyroclastlc rocks and on materlal from R o

the shear zone of the ,J)Jpltel' Creek landsllde The samples were selected because .they v

| .shear strength data for the analysls of the translatnonal shd:n\movement mechanlsm m

Whlch it ts assumed that slldlng takes place alohg pre—sheared Surfaces in ~the

: v,r

,volcamclastlc rocks These data are in the form of ultlmate anglas of shear resnstance of

-flat saw-cut surfaces which were found by Krahn and Morgenstern ( 1979) to gwe the

best approxnmatlon to the ultrmate shear reslstance of a flex ml sllp surface |n materlal

' “from the Frank Shde Resudual shear strength data were for disaggregated Salmon Ruver

L Tuff and fragmented materlal from the Juplter Creek landsllde shear zorr

Four rocks were tested in a 5. 1 cm x 5. 1 cm hlgh capac:ty shear box Samples

-+ were cut by sawand sanded to fut the box Prlor‘ to placement an artlflcél shear surface

was prepared by dlamond saw cut Before sheahng the shear box was f.looded for 24

B hOurs with dustnlled water Exammatlon of the rock blocks after the test conflrmed that

Several dlfflcultles were ericountered in sample preparaﬂon and tes‘tmg ln cuttmg

o _f;the samples to fut the shear box much of the rock fractured makmg |t nmposslble to

In the testmg process samples m the shear box were\

S - vvfrequently rumed by degradatlon around the edges durlng the movement of the shear box :

R were assomated wuth the lands.hdes analysed in Chapter 7 The tests provnde 10wer bound o

N
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Wykeham-Farrance apparatus. Material from the Jupiter Creek shear zone was prepared
and placed in the a same way. Data from the tests were recorded through a Datalogger.
Residual shear strength envelopes are found in Fig 6.8. |

6.6 Relationship between Microstructure and Geetechnﬂical Propertles \ ¥

The low dryy densitie’s and associated high porosities obtained in this part of the

investigation reflect the observations détailed in the previous chapter on the nature of

extensive pore space in microstructural Domain 3. The porosities indicate a material
~ex} : p P

transitional between soil (e.g. loess, glacio—lacustrine/stftl and the more common igneous,

sedimentary and metamorphic rock types in this respect the materials examined here are

sumllar to Chalk.’
The probiem in the interpretation of the Slake Durability riésults reflects the -

h

axtensive presence of montrnorlllomte at grain and matrix sites.

Voicaniclastic matenals are characterised by low umgal compressrve strength 9. -

). This is aresponse to the presence of montmornllomte W|th|n the matrlx and at grain

replacement sites and the h:gh porosrty of intact samples. - In the case of the Salmon River

. Tuff (SR4). a contnbutory factor in reducmg q isthe presence of calcite-filled

: R
mlcrocracks Plate 5. 5) The Red Tuff (SRZ) exhlblted a comparatrvely hrgh value of q, due

to the patchy occurrence of authngemc sllnca at matrix sités. The presence of swelhng

“clafs in these matenals would result inq, bemg partlcularly sensmve to water content

The uitimate angles of shear resistance measured on artrfnclally prepared shear |
surfaces were more difficult to mterpret in relation to mnocrostr\ture The low angles

obtamed for the Twag Creek Tuff (189 and NGl {199 reflected the prese\ce of

‘_montmonllomte at grain and matrux replacement sutes As mentioned above, clay\frlms
- forimed on the shear surfaces during the tests; The hrgher values of ;6_* found in the Red
"'l'uff (29’) and NG2 (291 were a response to the presence of silica in matnx sites in the. ‘

former and humerous quartz grams in the lattef lPlate 5. 12) although clay films formed on

the shear surfaces durmg the tests

The volcaniclastic: materlals exammed here are thought to constltute the basah

'.'Z : -rupture zones of the Salmon RIVQI’ and Chasm Creek landslldes ‘They are charactensed by
i low dry densrty (1 3 98 2182 KN/m?), hlghf;oromty 9- 43 3%) low compresslve >

. o " . . B . B . ’ \
B

A%

c
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SALMON RIVER TUFF— 7 ‘
|SR4 = - R

‘ ‘_U;i.(KP;) S

| sprTeR, CREEK SHEAR .
‘zous-sne | : .

. romm
| O mevense .

| 0.. (KPa)

: ‘F'W . 5 9 R“'d\l" shur stfenqth cnvelopes for Salmon chr Tuff A=Dluggragat.¢ . |
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strength (< 1 3 5 MPa) and dependent on the prQsance of authigemc cr pyroclastlc silica,

they exhub:t I0w angles of ultimate shear reslsu*uce (<20°)




7. ANALYSIS OF MOVEMENT MECHANISMS ~

) 71lntroduotlon ‘ . N , . TR

i o A flrst-order e\)leluatlon qf movement mechanlsms was carrled out wuth respect to
o : the Juplter Creek and Shell Creek lendshdes ln Paleogene rocks end the Chssm West "

. landsllde m Neogene rocks Adelphl Creek BLuffs wss enalysed as. en exsmple of 2 slope '
- ‘whlch on the besls of fleld e\\ndence. is in llmltlng equlllbnum The ob;ectlve wes to .
Ll ieveluate two models of movern’ent mechemsms gwen the knowledge of: geology SR
) | . varphology of lendshdes end sheer zones end lhe propertles of metemls dlscussed in
) ' prewous chepters ; f i \ e _ _ '; '_ ' ‘: _' ‘, o PR B

o Constreints VllhICh hmlt the eveluetlon of ler&:lsllde mechamsms lncluds leck of :

) L «knowledge on the sub-surfece mecrostructure of the rock messes mvolve_ ln movement SR
L | ln-sltu stresses, end uncertemty concerning the groundweter condltlons etther et the tlme e
) }’ | Q- | of slope movement or ln the present envnronment A turther constremt lles ln the effect ,}

SR & of secondery movements un modlfylng landsllde morphology end the greet scele and

complexlty of the movements exemmed The enelyses presented here ere those of imtm '
movemintcondmons7 L T
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of the intact rock substance, and fake place independently ofegxisting discontinuities in the

spreading Iaye'r.(' f

7.2 Analysis of Translational Sliding Model
7.2.1 Methods and Assumptions

The translational sliding model was examined.by a lirpit equilibrium method through

dwnded lnto a number of wedges and th '
satusfymg the condltlons of horlzontal and vertical equilibrium only It was. performed by
: graphlcal means and the forces used in the analysls are noted in Fig. 7. ‘l

»  The analysas i sensltlve to the dlrectlon of the force transmitted across the
‘boundary of the two wedges, as seen in Fig. 71 (cf. Seed and Suitan, 1967; Sultan and

| . Seed, 1967) In this analysls, $ is assumed equal to zero and thus conservatwe values of

the factor of safety (F) are to be expected (Morgenstern and Sangrey 1978l Accordmg

. tolLutton and Banks l1970l the assumption of § =0i in the wedge analysis produced

- values of F whnch are 10- 20% lower than those produced by more refindd slope stabllrty
- methods. . Wedge analyses by the same authors on trial slopes in limiting equuhbrlum at the
:"."Panama Canal showed the value of F to be 5-6% lower\when more rlgorousrsolutlons
) mdlcated F=1.0. Thus" in the analyses below the strength parameters obtamed for F=1

o may be hlgh by 5-B% whnch is conSldered adequate fora flrst order approxrmatuén to

ER f‘.j';movement mechanrsms

= ; A further conservatuve assumptlon mvolves the use of a horlzontal phreatrc

_-surface wuthm the slopes Thls assumptlon was made for slmpllclty but it may also reflect

R more .ccuntely the geometry of the surface in'a slope consustlng of sub-horlzontal

o _'"layors of varymg permeablllty

R

The flrst part of the analysls was conducted to establlsh the ultrmate angle of shear
res:stance requured { ﬂ.., ) for the slopes to be in llﬂ‘\ltlng equnllbrlum |e F—1 0 where F
ls deflned as the Factor of Safety lFlg 7 ll The analysls consldered 8 varlety of shear )

g surfece and water table conflguratnons
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L]

The second part conslsted of a comparison between Pu,. and the results of the
shear testlng dlSCUSSEd in the prevnous chapter. The analysas assumes the existence of
pre—existing shear surfaces parjllel to beddmg planes in the volcamclastlc Iayers which
may fhave resulted from tectonic or stress relief processes. Based on field observations
in Chapter 4, this assumptlon 1S consndered reasonable. |

Fxgure 7. 2 shows the slope geometrnes groundwater conditions, and. failure

—surfaces whsch were analysed: The generalnsed pre—movement slope geometr:es in an
t 7.2 were based on the detalled reconstructed siope’ proflles in Chapters 3and4.
~ Thé geometries of the failure 5urfaces in Fig. 7.2 were best estlmates based on”
- landslide morphology estlmated retrogressnon and fleld observations of dlscontlnultles
and block boundarles However in some cases, e.g.. Jupiter Creek 2, observations on
‘ biock boundaries and the implied dlp of the back surface are-not consistent with the
| dlscontmunty patterns observed in the cap. The precn/se\nature of the surfaces must

. remain unknown wuthout detalled subsurface exploratlon '(cf. Chapter 4). The back

surface was assumed to be determlned by pre- exlstmg dlscontmumes within the cap and . .

. ¢,“ was: assumed to equal 35° Wthh is considered a reallstlc value for hasalt and breccla, o

' lﬂ Barton and Choubey 1977) “The basal shear surface was assumed to be located in

-the volcanlclastlc layers which exist at the slppe base. _The volcaniclastic layer was mmally
assumed to be horuzontal but, where fleld evndence had indicated a drp 5 to the _‘ ‘

horlzontal a second analysns wnth a dlpplng basal surface was carned o t As would be
~expected the results of the analysis were found to be sensmve to the tensmn crack

: ,Iassumptlons used A mld—slope locatuon is favoured for the boundary of the two wedges -

‘ EEa - o ?slnce. as discussed in Chapter 4,the boundary is preserved in the debris in the form of the
O debriscrestridge 7 | -
T 7 2.2 Results

The results of the wedge analyses are summansed in Table 7. l ln evaluatnng the
results the value of the rescdual frlctnon angle of the Salmon Fluver Tuff may be 5
’ -constdered The dlfference between the restdual angle of ~'ftear reslstance of -

R coheslonless matenal ( ¢..‘ and the ultlmate angle of shear reslstance of rock

L dnscontmuatles (,75,,,t l has been dtSCUSSBd by Krahn and Morgenstern l1979l lt is thought -
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that the values of Pres. obtalned for- dLsaggregated Salmon River Tuff overestlmate the
value of ¢.x. which may pertain for a pre- sheared surface in the same materlal In the
shear tests on disaggregated material no smooth shear surface was formed and the

sample behaved like a granular mass. Itis assumed in the dlscussmh"éelow in the absence

" of avalue of Bl ~ for the Salmon aner Tuff that its value is comparable to the Twig Creek

Tuff.
It may aIso ‘be noted that in Flgures 7.3. 7 4,75, and 7. 6 Wthh summarise the

results of the stabnhty analysis below the average shear and normal effective stresses

representéd are those calculated for the passnve wedge only.

«A(a) ,Lum_te_ QLe_ek _:_Q_f_es_]_uﬁ_‘l_l a_d_z_u(;Zl_ JCl was drawn through Zone 2 and JGl

: through Zone 3 which, as noted in Chapter 4, exhlblts evudence of current movement The

Ults ar.e summarised in Fig. 7.3. Both analyses give comparable results
With respect to proflle JCI with £= 0, values of ?9"7 varied from 9° for adry
slope to 29° for a horlzontal phreatlc surface 335 m above the present valley floor (WL 3.

in Flg 7.2). For =5° ¢,..’ varled between 12. 50 and 27.0° for the same phreatlc

' condltlons approachlng the estumated value of @ - at a water level approxlmately 2 1 3 m

above the valley floor (WL 2 in Fig. 7.2). JC2 ylelds 525,,1' = 11°for adry slope wuth L= =0

and 29° for the maxnmum elevation of the phreatnc surface considered. These values

L

increase to 14.5° and 300 respectlvely for A= 5

o 93"‘1( is very sensitive to the assymption of water-filled ten5|on cracks exnstmg in
the slope face. This is gé‘neral fBr all the slopes analysed and it will SUfflce to ||lustrate thls
sensmwty with reference to proflle JCl (F|g 7 3). Inan otherwise dry slope wuth a water

filled tension crack at a locatlon marked in Flg 7 3 and o( =0; d’ ., mcreases from 9° to :

18" Wlth the. phreatlc surface at 91m (WLl) <;l,¢.y mcreases from 12° to 20°, (Flg 3)

As seen ln Flg 7. 3 the average shear stresses at the base of the passnveblock : v' .

exceeds the exrstmg shear strength in the Salmon Rlver Tuff either: at a water Ievel

Y

; approxnmately 2 1 3m above the valley floor or at lower water levels with water fllllng a L :

0

tension crac&abova the phreat|c surface The possnble comblnatlons of both tenslon o

crack and phreatlc surface assumptlons are too numerous to evaluate o

- ’-\
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NOTE:
). RESULTS 0F WEDGE ANALYSIS ARE PRESENTED AS POINTS .
REPRESENTING THE AVERAGE EFFECTIVE NORMAL STRESS
AND THE AVERAGE SHEAR STRESS NN THE BASE NF THE
PASSIVE WEDGE. . .
&
2. SR AND SR6 REPRESENT STRENGTH ENVELOPES FOR TWIG ) .
. CREEKTUFF AHD SALMON RIVER TUFF FROM THE JUPITER .

CREEK LANDSLIDE SHEAR IONE AS OISCUSSED [N CHAPTER 6

- ' Figure 7.3 Results of wedge analysis of the Jupiter Creek landslide.




()Shell Creek Landslide: Fc;r-the reconstructed slope geometry and failure surfaces (Fig.
7.4), }ower valu.es of ¢1¢;. are required (Table 7.1). 95.‘1 ‘varied between 7°, for adry
slope, and 26° with a water lpvel 335 m (WL2) above the valley floor for £=0. Fora
.basgl surface dipping infd the slope { £ =-5) these values varied from 3° to 25.
Assumptions regarding a water filled tension crack at the slope crest (fig. 7.4) increased '
the ¢,.1 |
value decreases to 16° with oL =-5° The relationship between average shear stresses and

to 18° with a phreatic surface 213 m (WL 1) above the valley floor (A =0). This

-~

average normal effective stresses at the base of the passive block is seen in Fig 7.4.

(c)Adelphi Creek B_Iu_f_ti OnAthe‘basis of morphological evidence noted in Chapter 4, the
-slopes at Adelphi Cfeek Bluffs were assumed to be in limiting equilibrium.  This is reflected
in the results of the wedge analyses in Table 7.1 and Fig. 7.5. Limiting equilibrium is aimost
predictea with A =5° in a dry slope. Where « =0, a water level only 91 m (WL 1) above
the valley floor will résult in?noven"\ent in the absence of any berm effects. This water
level is to be c;ompared with the estimate of the existing water level in the slope of 65 m.

In both these analyses no water—filled tension cracks were assumed.

{diChasm Creek West The results of the wedge analysis are presented in Table 7-1 and
Figure 7.6. Assuming the absence of water—filled tension cracks, limiting équilibrium is
only approached when the water level is 185 m (WL2) above the valley floor.

Stratigraphic evidence indicated the value of A=0.

AN

Using a very simple wedge analysis, first order approximations to initial movement

7.2.3 Discussion )

conditions have b'ehen obtainggd in ;(he Salmon Valley and Chasm Creek landslides. The
results of all the Salmon Valley analyses are summarised in Fig. 7.7. The conditiohs were
obtained using what are thought to be reasonable assumptions concerning the existence
of pre~ sheared matenal in the volcaniclastic strata at the base of the slopes li.e., the use of
¢..;t ), shear surface geometry and elevatlons of the phreatnc surface.

' Whilst the outcome appears reasonable severai constralnts limit the interpretation

N \ : “~
of the results;
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' NOTE
RESULTS OF WEDGE ANALYSIS ARE PRESENTED AS SOTWTS .
REORESENTING THE AVERAGE SFFECTIVE WORMAL STRESS

. . o
AND THE AVERAGE SHEAR STRESS ON THE BASE OF THE
PASSIVE WEDGE." .

"

SR) AND SRE REPRfSENT STRENGTH ENVELOPES FOR TWIG
CREEK TUFF AND SALMON RIVER TUFF FROM THE JUPITER
CREEK LANDSLIDE SHEAR ZONE AS DISCUSSED IN CHAPTER 6.

. R Al
Figure 7.4 Results of wedge analysis of the Shell Creek landslide.
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NOTE: ' o i .
) RESULTS OF WEDGE ANALYSIS ARE PRESENTED AS PO[NTS

REPRESENTING THE AVERAGE EFFECTIVE NORMAL STRESS

ARD THE AVERAGE SHEAR STRESS OW THE BASE'NF THE

PASSIVE WEDGE. :
2. SR AND SRG REPRESENT STREMGTH ENVELOPES FYR THIG .

CREEK TUFF ANO SALMOM RIVER TUFF FROM THEJUPITER :
CREEK LANOSLIDE SHEAR ZOWE -AS OISCUSSED IN CHAPTER 6. «

[y 4

Figure 7.5 Results of wedge analysis of Adelphi Creek Bluffs.
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NOTE-

‘I, RESWLTS .or WEOGE ANALYSIS ARE PRESENTED AS POINTS -
REPRESENTING THE AVERAGE EFFECTIVE NORMAL STRESS
' : AND THE AVERAGE SHEAR STRESS QW THE BASE NF THE
. - .. PASSIVE WEDGE. :
7 NG AND NG2 REPRESENT STRENGTH ENVELNPES FOR -

‘ ' NEOGENE VOLCANJCLASTIC MATERIAL FROM CHASM CREEX
‘ "AS DISCUSSED 1N CHAPTER 6. :

R
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Y. .RESULTS OF WEDGE AMALYSIS ARE PRESENTED AS POINTS - .
_REPRESENTING THE AVERAGE EFFECTIVE NORMAL STRESS :
“AND THE AVERAGE SHEAR STRESS DN THE BASE OF. THE
* PASSIVE WEDGE: : - AR :

7.7 SRYNMD_SRE REPRESENT STRENGTH ENVELOPES FOR THIG -

CREEK TUFF AMD SALMON RIVER TUFF- FROM TWE JUPITER
|CREEK LANDSLIDE SHEAR IOWE AS DISCUSSED IN CHAPTER 6. .
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' Figure 7.7 Summary of all Saimon Valley Wedge Analyses. -
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T "dunng stress rehef assocuated with valley excavatuon end that the cap is- therefore f'“ to

vy Creek slopes may be evudence of thls process PR :’_'1/_'.. e
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o

1 the analyses assumed that the weakest material had been discovered during the
detailed field work in the landslide aregs. Discovery of such material was dependent
on surface exposures and the possibility exists that material of lower shear strength

is present in the slopes analysed but that such material is not exposed )

A}

2. the value of ¢,.{ obtalned m the analysus is affected by the assumed geometry ¢ oﬁ

the failure surfaces These were constructed on the basis of fleld evndence the

form of the re-constructed p‘roflle, and kinematic conmderatrons. Thus, they are

approxlmatlons only i . .

3. ' ~ the greatest uncertamty surrounds the effect of water pressures both wnthnn the

A

: basal shear zone and in tehslon cracks WhICh are seen to have an lmportant effect on

‘ stablllty In the. almost seml—arud cllmate of the areas studied, the siopes are
generally dry. Water levels were probably hlgher -at varuous periods in post glacual ‘
tlmes as discussed later in this Chapter After extensnve traverses of slopes in the

b, Salmon Valley only two sprlngs were noted in the valley side slopes in the vucnmty of
the Shell ‘Creek and Juputer Creek laridslides (Flgs 4.9 and 4.16)

a Iateral pressures exerted along the lateral margins of the landslldes were |gnored in

the analyses . .

5 the analyses do not COﬂSldel' the poss:ble effects of in—situ horlzontal stresses or

: lvselsmlc processes whuch as revnewed in Chapter 3. are active in the reglon -

Iti |s therefore concluded that glven the constramts noted above, and our

o _ knowledge of the geology and materuals in the slopes analysed that. condrtnohs for

' ‘tran.slatnonal slldm_g may have existed in the Salmon Valley and ChasmCreekk slopes.. '

v :7;3"Eveluatlon of the Spreading Model
: @ L ‘ L e A -

o ‘73lBeck9round

"v";.‘_‘”|08d the- sublacent vclcanlclastlc laver ln a manner analogous to the strnp loadlng Of 8

R ‘foundatnon 'The presence of, extenslve tensuon crackmg in the Salmon valley and Chasm
/ S : .

N o

‘ The proposed spreadmg model demands that complete cap separatlon takes place, L



296

The stability of the cap loading may be analysed as a bearing capacity problemin -
which the cap is a strip Ioadmg of the volcanitlastic foundation. This approach to the
stablhty of slopes has been attempted by Escano (1968) RS. Evans ( 198 1), and Caine
(1982.

| Spreadnng may take place in dralned or undrauned condltlons The rate of cap -

~ loading, durmg the stress rellef process is not known, but it is thought to be slow enough

tp enable drainage to take place Therefore, the process of cap loading is considered to _
\ ‘be a dramed process. Undralned condmons may occur if sudden structural breakdown of
the open tuff fabnc takes place This may result from strains mmated by cap Ioadmg or as
a result fj the decrease in structural strength due to diagenesis. Whllst mlcrostructural o
observations noted in Chapter 5 suggest that thne process. lS posslble defm:tlve laboratory
. tests have not been carned aut It lS thought useful however to explore the mechanisms
of both dramed and undrtalned spreadmg '

Attempts at establlshmg undramed extruslon crnterua have been made for soft clays
by Jurgensen (1934) Brohms and Bennermark {1968), Brown and Meyerhof l1969) Broms
‘and Bj Jege (1972) and Mtchell end Markell (1974). The extrusuon criteria proposed by
- these workers and by other workers in rock are. summarlsed in Table 7. 2 There appears

to be consensus that extrusnon takes place when
¥H.=3q, - N A

' where ’ _
f = unit weight of sorl
H = hetght of slope : '.
' q“ = umaxlal compresswe strength
o Wath regard to the bearlng capaclty of mtact rock Coetes (1 970l found that the i
: fa:lure Ioad (q; ) was approxsmately 3q“ Ladanyu (1972) examined the fanlure of rock

under concentrated loadmgs snmllar to those envnsaged under cap loadmg He found a. -

- _ 5_ crude lower bound solutnon in: whnch q; -3% where q.‘ |s the umaxual compresswe

e strength of mtact rock measured at\the same scale as the regnon beneath the loadmg

surface ln thns analysls Ladanyl l1972) assumes that the Iargest honzontal confmlng
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Table 7.2 Undrained extrusion criteria for clays and rock:;,.

SOURCE o MATERIAL FAILURE LOAD (g )
BROHMS AND BENNERMARK CLAY 3,00 q
(1968) e |

~“BROWN AND MEYERHOF CLAY | 2.57 q,
(1969) N .

 BROHMS AND BJERKE CLAY ! '3.00 q,
(1972) 1 ~ ' |
MITCHELL AND MARKELL "CLAY 3.00 .
(1974) . - |

- COATES (1970) - ROCK 3.00 q,
ESCARIO (1968) | ROCK | . 2.704qy
LADANYI (1972) ROCK 3.00 qy.

*FAILURE LOAD IS GIVEN FOR CONTINUOUS STRIP FOOTINGS

o
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pressure that Can be mobilised to support the rock Beneath the cap footing is the q, of
the weak layer. ‘ )
Based on the’ above therefore lt appears reasonable to suggest that a lower
bound approxlmatlon to the undramed extrus:on threshold is at an overburden pressure
. equwalent to 3q. of the rock mass Itis suggested here that this defmes the
sliding- spreadmg boundary for mtact rock or a jointed rock mass wath closed Jomts Wuth
"open joints, Kulhawy and Goodman (1980) suggest that failure is likely to occur by the
~ uniaxial compressron of the rock. In this case q: g. - These criteria are exammed with
reference to the Salmon Valley and Chasm Creek slopesanalysed in the translatnonal sliding

w

model above usnng the same generahsed slope geometnes
7.3.2 Methods and Assumptions
The stability of the cap loadlng may be investigated by analogy with a bearing -
‘ capacuty analysus The magnitude of the stresses requnred to initiate degradatlon of the

intact rock substance in the spreadmg layer may be estlmated from the theory of Mandel

" and Salencon (1872), who glve a solutlon for the bearing pressures requnred to cause

extrusuon of a soft Iayer compressed between two rough surfaces It has been applied to -

the stability of natural slopes by Vaughan (1976) and to the squeeze of underclays in coal
mmes by Rockaway (1977) The method is based on limit equilibrium, and plane strainis
consldered for a materlal obeylng Coulomb s yield criterion. The solutlon is sensmve to
~the thlckness of the weak layer Whlch in aII cases examlned here, was determined on |
stratlgraphlc ewdence 7 o 5 |
Dramed and undramed analyses were carried out The parameters for the analysus

were obtamed from the approplate flgures in Mandel and Salencon (1972)

733 Rosults and Dlscussion TR o | | |

| Results of the dramed s;geadmg analys:s, usmg c—O and o= 18° mducated that

S .bearmg pressures far in excess of those exlstmg in the slopes were requnred for :
jextrusuon At is, therefore, consndered Unhkely that dramed cap loadung by ntself could

have mltlated spreadmg in the slopes consndered

I
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The results of the undrained spreading analysis are shown in Table 7.3 and Fig 7.8
Three aspects of the results are discussed below:

1. thelocation of the pofnt of initial strength loss (marked by the black oot-in Fig. 7.8, ~

2. the relationship-between the laboratory—measured value of q, avnd the value of g,
required to resist extrusion (g, —REQ) as obtained in the Mandel and Salencon
analysns

. 3. therelationship between q, -REQ and the maximum ovetburden pressure at the base
of the cap.

‘As a consequence of. the slope geornetries used in the analysis, the point at which
the maximum value of q, -REQ in the basal layer is generally at'a point directly beneath the
slope crest, ie, ata loca'tionl where the cap block would be expected to separate during ’

A stress relief and rebound. If a steeper frontal slope is assumed, then this point migrates
- toward the slope face as seen in Fig. 7.8E. The interior position of the point of inltial

strength loss, which corresponds to the point of plastic zone initiation, is also predicted by

' the analysis of the Turnagain Heights 'vspreading movement by Voight (1973). This point

may mark the.location of the initiation of structural breakdown which leads to the

| progresswe failure of the slope. \

As seen in Table 7.3, the range of q, —REQ at this point varies between 845.5 kPa
and 1535.5 KPa for the slope_geometnes consndered. In column 3 the ratio of q,
| estimated from the Point Load Test (ci“ -LAB) to q, ~REQ is defined Values of this ratio
are seen to range from 3.06 to 57 This corresponds to an undrained factor of safety
for extrusion. . A ' - ‘

The ratlo of g, ~LAB to the overburden pressure (P) at the pomt of the maxlmum q“
- required in Fig: 7.8, is also given in Table 7. 3 (column 4). This ratlo corresponds to the
undrained factor of safety agalnst extrusnon for the case of, open joints in the basal

- volcamclastnc Iayer (Kulhawy and Goodman, 1980) Values of this ratlo vary between 034
B 'and 0. 62 for slopes in the Salmon Valley and between Q. 99 and 114 for the Chasm Creek

) slopes | _ S ' ' e
, ‘ . Several factors mfluence the nnterpretatson of these ratnos as meanmgful est:mates |
- of cap-loadmg stab:hty Flr$t the value of o -LAB IS uncorrected for the effect of

| water content whlch may reduce lts value by as much as 3 times. (Broch and Franklin, 1972

A . C . “ . " ‘, : A3
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Table 7.3 Results of fhe undrained spreading analysis.

Y;
SLOPE ANALYSED. | A L 1| 2. | 3] 4 | 5 |6
JUPITER CREEK 1 | SRT | 4.70 | 0.945|4.97| 7.56 | 8.00[0.62
JUPITER CREEK 2 | SRT | 4.70 | 1.008|4.66} 9.07 | 9.00]0.52 |

SHELL CREEK WG | 7.44 | 1.379}5.39[13.83 {10.02}0.54
SHELL CREEK o | SRT | 4.70 [1.379]3.40113.83 |10.02/0.34
ADELPHI CREEK” | TWG | 7.44 }1.535|4.84[13.04 | 8.49[0.54
ADELPHI CREEK | SRT | 4.70 |1.535]3.06[13.04 | 8.49{0.34 |
CHASM WEST 1 cC | 4.82 |0.84515.70| 4.22 | 5.00{1.14"}
CHASM WEST 2 cc|4.82{1.220]3.95} 4.88 4>000.99

KEY_T0 COLUMNS,

A = MATERIAL ASSUMED TO SPREAD TWG=TWIG CREEK TUFF, SRT=
~ SAAMON RIVER TUFF, CC=CHASM C TUFF. :

1 = g, -AS MEASURED. IN POINT LOAD TEST (MPa)

2 = MAXIMUM g, REQUIRED TO RESIST SPREADING OBTAINED IN

THE MANDEL-SALENGON ANALYSIS  (MPa)

a. AVAILABLE AS EASURED/q, REQUIRED

OVERBURDEN PRESBURE (P) AT POINT OF MAXIMUM g, REQUI-
RED (MPa) | | .
COLUMN 4/ COLUMN 2 | .

COLUMN 1/ COLUMN 4

L
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. v
Broch 1979); As mentioned in Chapter 6 tests were conducted in the air dr)} state and
sample availability did not allow the effects of water content to be examlned Secondly
the problem of applying a laboratory measured q, (d. "LAB) toa rock mass (q. —RM) has
not been solved (Kulhawy and Goodman, 1980). Estimates, in the literature, of the scale '
effect reduction inqg, -LABdiffer by orders of magnitude . For example, Hoek and Bray
(1977) suggest that the value q, ~RMis app‘roximately 0.25q, -LAB o'f‘Unweathered \rock,
whilst Hoel< and Brown (1980) estimate it to be 0.001q, -LAB. ' ‘ |
‘ .lh’_(the Mandel and Salencon (1972) analysis (Table 7~2l conditions for undrained _
spreading~in the bagal Iayer require the value of q, -RM to vary between 0.18 and 0. 33q‘l ‘
-LAB. An averagej; -RM = 0.22q, LAB is obtamed which compares favourably to the
estirnates of l-loek and Bray (197_7) noted above. o
- The'relationship be‘tween overburden pressure (P) and the valu‘e.‘ of q. ~REQ is also
~ explored in Tlable 7.3 (cblumn 5), with resoect to the extrusion criteria noted in Se'ction‘
7.3.1. The ratio between P, and g, 7REQ‘ohtained in the Mandel and Salencon analtlsis
. varies between 8.00 and 10.02 for the Salmon.Valley slopes (mean 9 16)and between
| 4 0 and 5.00 for Chasm Creek. These values are’ therefore in excess of the criterion for
undrained extrusnon of q; 3q, fRM It is of interest to note that these results are l
" comparable to those of Ladanyi (1972) who found from experument on intact rock, that
the vaWs of a similar ratio varled between 7 and 15.. The relationship between_P and q,
~REQ is further exptlored inFig. 7.9. Only rectilinear slopes were included in the analysis ‘

‘anda linear regression equation was fitted to the data where
v . " p

P=-2840 + 12.46 qu—REO_ o - 72

in Wthh r= 0 94 154 and is sugmflcant at the 1% Ievel The Ime for the extrusmn criterion
. af =3 Q- —RM is also. |ncluded inFig. 7. 9 For the range of slope geometnes consrdered
=therefore lt is concluded that Equatuon 7. 2 may be more appllcable as an undramed -
‘spreadlng threshold cnterlon than Equatlon 7.1, ’ o

i the: Mandel and Salencon analysns approxlmates condmons for undrained

7 _,spreadlng in the Salmon Valley spreadlng has occurred where P=2 04 qu —LAB WhICh IS N :

¢

' not corrected for mousture effects S



i

[

n

G (MPa) AT SLOPE CREST FOR RECTILINEAR SLOPES

18

16

12

F

COLLAPSE LOAD = -2.840 + 12,46 o, -(R0CK MASS)

2

N
r?=0.8864 g
«
[ J
SPREAD NO
)
SPREAD
[}
TROL% S
-
Au \'()p\Dh‘s \
oA
T T T T T T T T
02 04 06 08 10 12 14 16

g, - (ROCK MASS) REQUIRED T0 RESIST. SPREADING (MPa)

&

[

-

303

Figure 7.9 Relationship between overburden pressure at the-slope crest (P) and q, ~REQ.
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v

If is assumed that q, —RM represents a form of structural breangWn threshold.
and that the value of q-® = 0.22q, -LAB. the results presented abov’e,lndicate that
—
undrained spreadmg is a possible mechanism for the siope movements studied. Itis also
of interest to note that the total overburden pressure at the slope crest approaches the

value gf g, ~RM -

7.4 Evaluation of Movément Mechanism

The firstfapprOximation to movement mechanism presented above suggests, on
the basis-of the results of very simple analyses, which utilize what are thought to be .
reasonable assumptions, that two modes of movement viz. translational sliding and
undrained sﬁreading are possible mechanisms for slope movements in the Salmon Valley
and Chasm Creek. A}.schematic representation of these possible modes of movement in
these slopes is seen in Fig. 7.10. . |

Although lJoth the nature and number of assumptions that have tp be made in this
f“st approxmatlon yield the problem indeterminate, the evidence ponnts to a combination
“of complex movement mechanisms which results in a general progressive tailure of the
slopes in question. * It is likely that this failure is lnltlated by a local structural collapse in the
volcaniclastic layer, as predicted in the Mandel and Salen.con analysis, but that extrusion of
t‘he volcaniclastlc layar does not take place.

The discussion above illustrates the dlfficulty with'fsvhich translational sliding
movement may be distinguished from spreading movements (cf,_ Voight; 19731 Itis
concluded that the distinction.cannot be rhade on the basisvof landslide morphology atone.
Observatlons on the mor@hology of rupture zones in Chapter 4, as well as on the
microstructure of materials from those zones in Chapter 5, indicated that degradatlon of
the intact rock structure has taken place wnthm the basal weak layer. Althqugh this might
nndlcate a spreading movement rather than translation along a discrete surface, the
dnstmctlon between the two types of movement rests on the mterpretatlon of- Varnes
~ definition of a slide, ie, a movement in whnch shear strain occurs along one or several

surfaces Within a relatlvely,"narrow zone". It may be in the cases examined that the

thickness of the "narrow zone" is in excess of the 12-15 m exposed and tha{ degradation - -

- of intact rock has taken place within it If this is the case, the movement mechanism may

»

-
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be interpreted as translational sliding"

~

7.5 The Timing of Slope Movements and Present Hazard Criteria

©7.5.1 The Occﬁrrence of First Time Slides ’

The landslides analysed in this chapter, as well as all the others examined in this
work, give the impression of having occurred a substantial time ago. This impression is
bésed on the existence of a developed organic soil profile on most landslides, the
existence of well vegetated debris and scarps in a dry semi-arid climate, and the absence
of historical reports of their occurrence. In some cases drainage has been estabhshed
through the landslide debris and fluvial terraces have developed in the foot of the debrus :
The geomorphic anomalies normally associated with recent landslides are absent.

‘ Criteria for establishing the absolute age of the landslides is lacking. Suitable
exposures of Holocene volcanic ash are limited to those exposures discussed |n Chapter
4, and the occurrence of organic material within either landslide debris or associated
surficial deposits has not been located in extensive field woig."- '

Fulton (1975) has 'suggested that most of the landslides occurred in the first few
thousand ye;fs following deglaciation "as glacially oversteepened and meitwater undercut
slopes failed” (p. 30). This is also thought to be the case in other massive deep-;seated
landslides on the margins of the Thompson study‘ area (e.g. Downie slide, Piteau et a/. )
1978). Ryder (197 1) concluded that most of the material in large alluvial fans in the
Kamloops-Thompson area was deposited bef.bre 6600 yrs. BP. and that depoSition
ceased approximately 500-1000 yrs. BP. S:mllar observations were made on the rates
of talus accumulation in the Similkameen valley-to the south of the Thompson study area
(Worobey, 1972). v

The post—glacial climate of the Thompson study area has been reconsfructed by o
Alley (1976) on the basis of the palynology of a dated core of Holocene peat at Kelowna
Bog in the Okanagan Valley. This is ‘summarised in Fig. 7 11 along with an mterpretatlon of
active geomorphic processes based on Fulton (1975) Ryder (197 1) and Clague {1981).

~support of Fultor's (1975) suggest:on on the timing of landslides, the period immediately

following deglacnatnon, ie., 9500-8200 yrs. B.P., was a cool-moist period during which
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PROCESSES CLIMATE
—
10000 — DEGLAQIAT\ON LATE GLACIAL
" |eg=Compiete Degiaciatiation
Q000 —JGLACIAL LAKES . COOL, MOIST
EXTENSIVE DOWNCUTTING A
8000 - ~
~ WARM, DRY
7000 — .
= Mazama Ash —
& 6000 — | MoisTER
a §
4 5000 | NG
> 2 -
4000 — ’ § WARM, DRY
= St_Holons'Y" Ash . .
3000 — 4
NG.2
2000 — “DRY =
1000 v . )
INCISION NG3
o .

NOTE: NG DENOTES NEOGLACIAL PERIOD

-

Fugure 7.1 1 Chronology of Post-GIacnal procasses and climate in the Thompson study .
| » ‘area, based on Alley (1876), Fulton (1975). Ryder (197 1) and Clague (198 1)

@
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the draining of the pro-glacial lakes in the area took place'lFulton, ‘1 969) and which was
followed by active downcutting durmg the establlshement of the present: dralnage Durlng
this time, slope geometry changes due to the passage of rneltwater from the dramage of
the glacial lakes and stream downcutting, would.have led to stress-reluef and posslble cap
loading. These factors would favour the initiation of slope movement Wthh may have
been episodic in post—glacial tlme v
\ The possibility of first-time landslndes occurrlng in the present environment is one
that may be considered. On the basis of fleld observations and as a result of the analysis
presented in this chapter, Adelphi Creek Bluf'fls is perhaps the slope that is most likely to-
experie‘nce alarge first-time landslide. ‘In addition the poten‘tial slide masse's at Enderby |
| Cluffs and near the mouth of Gorge Creek, dlscussed in Chapter 3, are thought to have ,
high potential for fnrst-tlme slope movement '
, .

7.5.2 Reactlvatlon and Secondary Movements

Little evidence of present day-recent slope movement was observed in the
landslides examined in this: mvestlgatlon Dlsturbance in the- vegetatnon cover on landshde -
debns was noted at the BOuleau Lake landshde complex and in several of the Lower ‘.
Deadman River landslndes At Enderby a secondary flow lobe is presently moving and a |
family was forced to vacate ahouse in its path (Piate 3.4). .These movemerlts are flows
developed in the debris of disintegrated or degraded block movements and constltute the ;
- most active slope movements associated with the |andsl_rd_es in the present-day S
environment. | | | | o

Secondary scarp fallures were noted in the Lower Deadman Valley (Plates 38and
. 3.15) and a large block is movmg down from thescarp at Chasm East Iandsllde (Plate 3.18).
At the Jupnter Creek landsllde movement in zone 3 was mferred from the bent trees and
depressnon in the grol.md surface Plate 4 13). Thls is thought to be contlnued prlmary
movement or secondary block movement The potentnal exists in Zone 3 for contlnued
and perhaps large scale movement ' , o | '

The degradatlon of landshde masses by weathenng and mtef'actuon wuth seepage
results in the re.ductlon of the shear-_ str_ength of areas of landslide debrls. Secondary flovv ‘
movements are thus likely to ’continue’_.to,occu‘r. - - '

[



<~

309

7.5.3 Hazard Criteria -
~ An attempt was made to develop hazard criteria that may be used to detect
unstable slope geometries. Thus detected the siopes may then be investigated on the

ground to establish whether or not a weak basal layer exists and to see if any evidence of

.. slope movement exists. o o

The geometrles of landslides mvestlgated in thls work were plotted inFig. 7. 12, In

addntnon thq geometnes of the reconstructed proflles of the slopes analysed in this

: chapter are also plotted in Flg 7 12. Several points arise from an examination of this
,;dlagram. Flrst, the reconstructed profiles, in addition to the slopes at Adelphi Creek Bluffs

“and the incipient landslide mass at Enderby Cliffs, plot to the left of the landslide

geometries in what may be called an area of incipient landslide geometry. Block
movements plot in an area to the right of the line delineating the incipient landslide
geometry and to the right of this is an area of disintegrated and degraded block movement.

From-Fig; 7.12 it is seen that slopes over 122 "r‘n in height which have a mean slope equal to

~

~or greater thari 26.5° should be investigated for potential slope movements.
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s
S

:

HEIGHT (1)

Eo.mbo ubooz!oo 2800 sdoo as'qp,
- . LENGTH® -~ o

XEY TO unnsum,m% POIKTS (@) : 1~-PINAUS 'LAKE 4; Z-DUGS W

' © 3-REDS SPREAD; 4-59 CREEK; S-CHASM WEST; 6-STEPHEN'S LAKE ROAD;
7=-CHASM EAST; S-DEADMAN 2; 9<PINAUS LAKE 3; 10-JUPITER CREEX; ll-
SQUARE: LAKE; 12-DEADMAN 4; 13-SHELL CREEK; 14-ADELPHI CREEK; 15-
REDSTONE; 16~ANAED('S FLAT; 17~DEADMAN 1; I8-~DEADMAN 3; 19-BUSE HILL;
20~PINAUS LAKE 1; 21-BOULEAU LAKE A ; 22-BOULEAU LAKE; 23~ ESTEKWALAN:
MOUNTAIN; 24~-BOULEAU LAKE 4; 23-MT, IDA. "26-BUSE HILL; z7-ﬁmn!-
28-LAVEAD cun, 29=DEADMAN 5 w—rmm HILL; 31-Pmmou HILI..

. . KEY TO Ponrrs THIN INCIPIENT LANDSLIDE GEOMETRY FIZLD (l). ASRECONSTR-
- - UCTED PRE-MOVEMENT PROFILE JUPITER CREEX PROFILE 1; B=RECONSTRUCTED PRE-
MOVEMENT PROFILE JUPITER CREXX PROFILE 2; c-nconsnucrzn PRE-MOVEMENT
PROFILE SHELL CREXK; DwADELPRI CREEK BLUFFS; E=RECONSTRUCTED PRE-
mvm'r PROFILE ausu WEST; r-rossm.z INCIPIENT LANDSLIDE AT ENDERBY

m—m LANDSLID! DA‘H POINTS HOR! THAN ONE PROFILE IS INCLUD!D FOR
'SM LANDSLIDE COMPLEXES . : .

' Figbre 7. 1 2 Landslide gebmetrie§‘for' slope movements in the Thompson and Chilcotin
study areas. - o “
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8. LANDSLIDES IN VOLCANIC SUCCESSIONS:SUMMARY AND CONCLUSIONS.

8.1 Results of Review

-

At the outset of this work it was established that slopes'developed in layered

volcanic successions are particularly susceptible to siope movements. Reports and

descriptions of landslides .in volcanic successions that are mainly Tertiary in age. were

reviewed from numerous parts of the world. It was concluded that

a.

landsliding is commonily related te the presence of a weak layer beneath arigid

- capping of more resistant lava flows and breccias. The weak layer may consist

of weathered Pre—Tertiary material at the basal Tertiary unconformity (e.g.
Pre—Cambrian Belt Supergroup in the Spokane area), Mesozoic mudrocks (e.g.,
Jurassic mudrocks of the Antrim Plateau), or basal volcaniclastic rocks which
are frequently deposited before the placement of lava (e.g. John Day
Formetioh. Washington and Oregon)

The effect of geol'ogical'structUre on landsliding is evident in controls on both
lateral and headscarp geometries. The volc.ar?ic successsions reviewed are
charactefised by steep to vertical dip—slip and stri"k‘e—slip_ faults which provide
low strength iateral release surfaces and steep headscarps. Their pres‘e‘nce
also centrols local jointing pattefns in the cap and res’ulrts' in bloek—type slope
movements. \

movement is frequently in a direction at some angle to the direction of true dip.

This suggests that movement takes place along bedding planes (or umt

boundanes) at some d‘pgle to the trua dip. along other low angle dlscontunultles
which are not detectdd or by the rupture of intact maternal within the weak
layer. Movement durectuon is therefore seen to be governed by the orientation
of release su_rfaces in the cap rather than the onentat_non-of the weak layer or

discontinuities withinit o

initial slope movements are generally of the block type. Successive

_movements are common. Debris is usually composed of interlocking blocks:

separaied by steep sided depressioﬁs. Beneath the s_téep headscarp a graben

commonly occurs. In some slope movements the cap disintegrates during

1
311
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initlal movement and the blocks are not ores'erved Modification of the debris
¥ by secondary flow is frequently observed The morphology of the landslides
IS suggesti\{‘e of two types of slope movement viz. slfding or spreading. '
e an examination of the -phases‘ in landslide development suggest that both sliding
"~ and spreading processes are possible. Erosion and stress;relief processes
produce struoturall'y defined blocks in the cap which may be free to slide along
shear_surf‘aces or load the subjacent weak layer and cause it to extrude by

plastic flow or liquefaction.

haal

reports of current slope movements ln vPlcanic successions are generallyv
limited to limited d|Splacements in pre exnstung landslides. Few fnrst time
landslides are reported (e.g.. Gradot Rldge Yugosilavia; Kyushu Japan). Given
the prevalence of pre-existing landslide sites it is suggested that the geological
- conditions (e.g., erosion, groundwater) for the inititiation of first-time slope
movements appear to have existed at some time in the geologioal past rather

than in the present geological environment

8.2 Framework and Objectives of the Present stu‘d'y

To investigate the nature of geological controls on landslides in volcanic
Successions and the kinematics of the slope movements, a regional landslide study was
carried out on slopes developed in Paleogene and Neogene volcanic successions in two”
areas of the lnterlor Plateau. Brmsh Columbla :

The Paleogene succession is structurally disturbed exhnbltmg a wide variety of
lavas and breccias and volcamclastlc rocks which outcrop in the northern Thompson
Plateau The- younger Neogene successuon outcropping in the southern Fraser Plateau is

-structurally undnsturbed and conslsts of basaltlc lava flows overlymg a basal volcanlclastlo

"assemblage '
The study had the followmg ob ;ectlves ‘
{a To estabhsh the. reguonal distribution of landshdes the variation in landslide types and
. » the geomorph»c and geologlcal envsronment of tandslides in Paleogene and Neogene

D
volcamc sm:cessnons m selected areas of the southern Interior Plateau of Bl’ltlSh Columbla

(b} TQ lsolate the geologlcal factors (mcludlng geomorphology geological hlStOry

°
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atigraphy. lithology and structure) contributing to slope movements within a smaller

study area with particular emphasis on the characteristics of weak volcaniclastic strata,
and to describe lands?mie morphology. kinematics and movement history.
(c) To investigate the microstructure and geoteclwnical properties.of weak volcaniclastic
rocks which are associated with landsliding.
* (d) To evaluate sliding and spreading models of siope movement wi{h respect to
selected landslides. \ |
(e To develop a geotechmcal basis for the assessment of existing natural siope stablllty
for use in natural hazard evaluations.
8.3 Landsllde Distribution and Landsllde Types in the Study Areas
A systematic air photo mventory of both the Thompson (16565 kml) and the
Chilcotln l6500km1l study areas yielded approxumately 32 and 67 landslide sites
. respectively. The majority of Iandslides in th‘e study areas are block~type landslides and
have volumes in excess of 10‘ m?,
Landsllde morphology was used as a basis for landslide classnflca'tlon and four
| types wet@dlstmgunshed simple block movements, multiple juxtaposed block movements
complex block movemem$ and successlve block movements. ’
. In the Salmon valley four landslldes were analysed in detail. The landslides are
characterlsed by :

a high, near vertical head and lateral scarps;

b, the presence of a graben in'the debris at the foot of the scarp consisting of
interlocking ridges and blocks separated by steep-sided depressions up to 60

" m deep. | |

c.  adebris crest rldge which marked the downslope boundary of the graben;

d  afrontal zone of distended blocks downslop%of the debris crest ridge which
is either terminated by a steep debris slope, as in the case of the Shell Creek
and Jupit'e‘fCreek landslides, or a gentler slope wllich blends intQ sul:fbicial
deposits at the foot of the debris as at the Adelphi Creek and Stephen's Lake

* Road landslides. '

The debris shows little evadence of rotation and the movement is dommantly horizontal.

S
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 The morphology of the landslides is suggestive of translational sliding or lateral spreading

ecting the Spatial Variability of Regional Landslide Response

__.An examination of the geological environment of slope movement sites
_"landslid'es have taken place where vveak volcapiclastic layers, consisting of
F-breccias, and tuffaceous sediments, were exposed at the base of

_’:e_ment slopes. beneath a capping of lavas, breccias, or dry unaltered

l"lasti'c rocks. The properties of the cap determine initial fragmentation
rl‘teristics which result in the preservation of blocks in the debris or their

ke g’ration, Properties important in this respect_ are discontinuity density, which |

ols cap coherence, and intact rock strength.

‘ Since the Neogene succession is not structurally disturbed the effect of
macrostructure is limited to slope movement sites in Paleogene rocks Structural controt -

' to elements of the regional structural fabric which consast of steep linear’

d strlke Sllp faults of the Interior Shear Zone. The relatlonshlp between the
y of Iandslldes i.e., the orientation of laéeral release surfaces and headscarps..
" 'gional structural elements was established both on the regional scale and m detail in
the Salmon Valley Faulting is also lmportant in ensurlng the lateral contnguuty of the basal
‘ weak Iayer at the base of some pre movement slopes which accounts for the large
volume of some landslldes in Palacegene rocks. .
in numerous examples the direction of slope movement is at some angle to the
" true dup dlrectlon In some cases this was inferred to be down a surface dlppnng toward
the valley at some angle less than the true dip or on a horizontal surface parallel tothe - |
strike. Inother cases, movement durectlon |s against the d|p implying that the movement
has mvolved the rupture of lntaot materlal in the basal weak layer.  The dommant control on
' m:txal movement irection was found to be the orlentatlon of release surfaces in the cap
" and not the dlspo‘anon of the weak layer or discontinuities wuthm;tt ‘

»
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ln the absence of macro-structural control, landslides in Neogene rocks exhibit
| curved headscarps, diffuse lateral ‘boundaries and are generally contiguous block
movements due to the fact that the basal weak layer is not truncated by faulting.
a :

(o3} Gggm_ngm Landslides in the Thompson study area appear to be localised along the
'marglns of steep sided meltwater channels formed, or modified, durmg de— glacnatlon by

the drainage of pro—glacial lakes, and along oversteepened creek valley slopes. Locally, -
however, slope development has a complex history. Where the‘relationship betwe/_\
surflc:al materials and landslide debris is exposed it is evident that slope movements were

not an lmmedlate response to oversteepening by meltwater or stream actwuty Th|s

observation implies that the majority. of slope movements are delayed fallures in relation

to the slope geometry.change by erosion. This raises the problem of the timing of

first-time landslides. |

/ In the Chilcotin study area, landsiide debris is found covering benches of
glacio-lacustrine silts above the fiood plainlof the present Chilcotin River. This infers that ~

®

. N Y . ..
basal erosion was not an immediate cause of slope movement

8.5 Microstructure of Volcaniclastic Materials

Because of the association between landshdmg in the cap and the occurrence of
sub jacent volcanlclastlc material, an mvestlgatlon lnto the mlcrostructure of these materials
wa‘s carrled out Intact sheared and remoulded samples were examined.

Volcamclastlc rocks are fragmental systems consnstlng of grains that occur within

‘a matrix in a hlerarchy of mlcrostructural dore\ams which are dominantly matrlx supported

\

N
Due to the presence of chemncally unstable pyroclastlc materlal dlagenetlc changes take

place at graln and matrlx sites in each domain. Montmonllonlte was found to be the
dominant product of this alteration and orlgunates ln the dmgenesns of volcanic glass
partlcles and feldspar crystals Smce these substances make up both graln and matrix

_ .elements, the result of the. alteratlon is'to degrade the strength- of the intact rock materlal
” The mlcrofabrlc of volcéﬁ:lastlc material i is also charactensed by an open porous

,structure at the inter—,intra-, and trans—assemblage scales Due to the vesnculated nature

of some pyroclastlc partlcles intra— partlcle porosity is also marked “The. open structure

o

-
%



¥4

h . : , _ .. 316

results from a combination of‘low initial densities, due to alrfall'deposition, and
post alteration solution which has modified the distribution and volume of pore space by
an unknown amount. B
~%
8.6 Geotechnical -Properties of Volcaniclastic Materials

A range of géotechnical properties was established for selected volcaniclastic

materials. They are characterised by: ‘

1. lowdry densities (13. 98 - 21.92 KN/m?) and high porosmes (9 - 43.3%) Wthh are-
intermediate between soil (e.g., glacio— Ia,custrrne silt, loess) and the more common
types of rgef"me data reflect the porous structure noted above.

2. low uniaxial compressive strengths {q, < 13.5 MPa). The values of q, were
shown to be dependent on porosity and also reflect the extent of replacement by‘
montmorilionite within the intact microstructure |

3. . low angles of ultimate frictional resistance (<209), although these values may be
higher in the presence of sngmflcant authigenic or pyroclastlc silica. Values of ¢ull:

may be expected to decrease durmg the alteration process with the development of

diagenetic montmorillonite.

8.7 Evaluation of) Slldlng and Spreadlng Models ' -

~ Two models of movement mechanlsms were evaluated with reference to three

slopes in the Salmon Valley and tHe Chasm Creek Waest Iandsllde In the translatlonal slrdrng’

model, the failur’e surface was assumed to be -br—lmear and to consist of a steep back

surface controlled by discontinuities, in the cap and a sub horlzontal basal shear surface

_located in the subjacent volcamclastlc layer A simple wedge analysrs was performed on a

varlety of farlure geometrles under a rangevof gro%ndwater conditions.

n the spreadnng model, extrusuon of the sub jaqgnt volcanlclastlc maternal takes

place by plastuc flow or quuefactlon under cap loadlng The cap is free’ to load the

subjacent strata due to cap separation durlng the stress reh%rocess Fallure of intact

rock is requmed for spreadmg and the movement takes place mdegendent of emstmg

| drscontmurtles m the spreadmg layer. The stability of the cap |oad|ng was analysed as a

bearmg capamty problem and was estlmated from the theory of Mandel and Salencon

~



- post-diagenesis solution) broughét

(1972}, which approximates the bearing pressures redUIred to cause the extrusion of a
weak subjacent layer Draned and undrained analyses were carried out Drained
spreading r'éqmres overburden stresses far in excess of those existing in the slopes in
question Undram\ed spreading may be possibie if structural collapse of the tuff takes
place under cap Ioad?.ng Although mycrostructural observations in Chapter 5 suggests this
is possible, detailed laboratory tests are not available to confirm this

The analysis yielded first approximations to slope movement conditions in the
slopes selected for both modes of movement it was found . using reasonable
assumptions concerning failure geometry, strength of the rock mass, and groundwater
conditions, that conditions for both types of movement may have existed in the Salmon
Valley and Chasm Creek slopes prior to movement The movements have probably
resu!ted>from progresstve failure fnutnatéd by local structural degradation in the weak layer
The analysts illustrates the dif ficulty with which spreading movements may be distinguished
from translational shding movements

A&l

8.8 Timing, Present Movements, Ha;ard Criteria.

. No direct ages were obtainable for the occurrence of landshides examined in this
work. The results of the evaluation of movement mechanism noted above infer that the
initiation of slope movements occurred toward the end of the stress-relief phase initiated
upon valley modification by erosional events in late—glacial or early post—glacial time. This

. _—
may in part account for the delay in slope movement, vis—a-vis slope geometry change,

_noted at the end of Chapter 7 A second trme -dependent factor may also have been the

changes in the microstructure of the volcaniclastic materials {chagenesis and

:q;
'x_bsout by the re—establishment of groundwater flow

systems iri newly over-deepened® ;ﬁeys following de—glaciation. It is thought, in the
absence of absolute dates, that the most likely tummg for the mmatson of first-time slope
ovements in the study area is in the early post-glacial period prlor to the onset of the
Altithermal at approximately 8200 years BP. The possibility exists that seismic processes
may have induced first-time slope movements at any time in post—glacial time.
Present movements are generally secondary flows within the debrus which occur

as blocks degrade. However, the stability of deeply undercut landslide debris should be
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examined further at a number of sites Tilted trees at Jupiter Creek and Chasm Creek
indicate that small scale block movements within extsting landshdes are cu'r'refntly taking
place

An attempt was made to develop hazard criteria that may be used té detect
potentially unstable ;Iope geometries. Reconstructed pre-movement slope geometries
and possible incipient landslide masses at Adelphi Creek Bluffs, Gorge Creek, and Enderby
Cliffs fall within an incipient landside geometry field which is defined by slopes over 122

m in height and which have mean slopes equal to or greater than 265°
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