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ABSTRACT

   Two  heavy rainfalls in August of  1982 caused  about  two  thousand  failed slopes  that seriously  damaged
to transportation netw'orks  on  the  Izu Peninsula in central  Japan. Abeut half of  the failed slopes  took

place in hydrothermal alteration areas.  Details of  the mode,  volume,  and  firequency of  slope  failure
differed among  the  alteration  zones.  In general, slope  failure was  more  frequent in Iow  grade zones  such

as those made  up  of  smectite  and  halloysite, probably  because of  the extreme  decrease of the strength  of

the  parent rock  in the course  of  alteration. The change  inrock strength  seems  to be related  to the amount,

mode  of  occurrence  and  mineralogical  properties of  the authigenic  miiierals.

1. INTRODUCTION

    In the past several  decades, the Izu Peninsula in central  Japan has suffered major  damage
from slope  failures related  to heavy rainfall  and  to earthquakes  that have taken place at intervals
of  up  to ten years. The  Izu-Hanto-Oki Earthquake in 1974, for instance, rtiggered  a  number  of

slepe  failures in the southern  part of  the peninsula. Otsuka and  Kim{ya  [1] reported  that most

of  the slope  failures were  concentrated  in "intensely
 altered areas".  In paticuler, a iarge sca]e

slope  failure Qccurred  in halloysitized tuffg and  struck  the fishifig pert of  Nakagi. It killed 27

peoples  and  demolished more  than  90 buildings. Heavy  rainfall  in the summer  of  1976 caused

serious  damage  to humans, domestic animals,  farm products, buildings and  transportation  net-

works.  The  total number  of  slope  failures was  about  500 aud  most  concentrated  in "hydro-

thermal  alteration areas"  [2]. The  Iargest slope  faiture took  p!ace a!ong  a  coastal  eliff near

Shirata where  the rocks  had been srnectitized  [3]; it struck  a  hamlet and  killed 6 persons.

    Rock  alteration,  especially  hydrothermal alteration,  has been speculated  to be closely  related

to slope  failure in this peninsula. Hydrothermally altered  rocks  are  distributed oyer  fairly wide

areas  throughout  Japan Archipelago and  many  reports  haye pointed  out  that large scale  slope

failures have been frequent, for these types of  rocks;  but, the genetic relation  between rock  alter-

ation  aAd  slope  failure has yet to be clarified.

    Twice in August of  1982, heayy rainfa11  caused  a  1arge number  of  slope  failures on  the Izu

Peninsula, The  writer  made  field survey  of  nearly  two thousands of  these failed slopes,  and

mineralogical  and  rock  strength  analyses  of  rock  samples  gathered  from  these failed slopes  and

the surrounding  areas.

    The  writer  here describes the distribution, occurrence,  amd  frequency of  failed slopes  in hydro-

thermal!y  altered  areas  and  on  the  Izu Peninsula  and  discuss the genetic relation  between slope

failure and  hydrothermal alteration.

KEY  WORDS:  Slope failure, Rock  alteration, Rock  strength,  Hydrothermal alteration, Rainfa11.

Note: Discussion open  until  1 September, 1990
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2. GEOMORPHOLOGY,  GEOLOGY  AND  ROCK

                IN  THE  IZU  PENINSULA

ALTERATION

2.1, GeomorphotQgyandSlope

   The  Izu Peninsula, located on  the Pacific Coast of  central  Honshu  (Fig. 1), is a  narrow  moun-

taineus peninsula that extends  about  50 km  in the N-S  direction. Its maximum  width  is 30 km

east  to west.  The  peninsulais  diyided into two  areas  by the  Amagi-Mountains  that run  the NEE-

SWW,  the highest point in this range  being more  than  1,400 m  above  sea  leve]. The  central  part
of  the northern  area  is dissected by the Kano  River along  which  there are  an  alluvial  piain and

terraces, Volcanic ranges  stretch  north  and  south  on  beth coasts  of  the Peninsula, Many  parts

of  the coastline  are  surmounted  by steep  cliffs, the southeni  atea  being wholly  mountainous  except

O 10km
-

Fig.J Map  of the area  surveyed  on  the Izu Peninsula.
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for some  very  narrow  coastal  plains. Although  all the rivers  are  small,  they  have intensely

dissected the mountain  slopes,  producing many  riverside  cliffs,

   On  the whole,  the morphology  of  the peninsula is very  steep,  there being many  mountain,

riyerside,  and  coastal  slepes  throughout  the peninsula. Many  artificial slopes  also  have  been

created  along  roads  that  cut  through  mountains.

2.2, Geology

   The  Izu Peninsula is rnade  up  of  four stratigraphic  units  that are  Miocene to Quaternary in
age.  The  lowest unit, the Yugashima  Group, is composed  mainly  of  felsic to interrnediate laya

flows, yolcaniclastics,  dikes and  small  amounts  of  clastic sediments  ; the age  of  its rocks  may  t'ange

firom early  to late Miocene,  The  second  unit, the  Shirahama Group, overlies  the forrner un-

confbrmably.  It is composed  mainly  of  andesitic  Iava fiows, volcanic  breccias, lelsic tuffs, and

tuthceous  sediments.  It eccasionally  intercalates thin layers of  limestone containing  MiogJ{psina-

opaculina fauna. Its strata  are  intruded  by comparatively  large felsic to intermediate intrusive

masses  of  the same  age,  The  age  of  the rocks  in this group may  range  from  the latest Miecene

to Pliocene [4]. The  Shirahama Group  is uncoi)formably  covered  by a third unit  of  Pleistocene

strativolcanoes  and  monogenic  yolcanoes.
                                                                          '
   This unit  is composed  mainry  of  andesitic  lava flows, volcaniclastics,  debris, loam and  lacustrine

sediments.  The  fourth and  uppermost,  unit  is made  up  of  the Alluvium and  the Quaternary
terrace deposits.
   All the  strata  dip gently. The  fault system  also  is relatively  simple,  and  a  number  of  faults

have been active  [51.
   In general, the Yugashima  Group  is exposed  in thelower  altitudes  of  the central  area;  whereas,

the Pleistocene volcanoes  occupy  the higher altitudes  of  the central  to northern  area.  The

Shirahama Group is widely  distributed over  the entire  peninsula.

2,3, RockAlteration

   The rock  alteration  appearing  jn the Izu Peninsula can  be classified  genetically into weathering,

diagenesis+contact metamorphism,  and  hydrothermal alteration.

   A  weathering  zone  often  is present near  the top of  down  hills composed  mainly  of  yolcanic

debris, !oam  and  terrace deposits. It is also  found near  the ridges  of  Pleistocene volcanoes.  The

alteration  minera!s,  halloysite and  smectite,  are  pervasive jn the weathering  zone.  Gibbsite
occasionally  is associated  with  them  in adyanced  weathered  parts.
   Diagenesis÷, contact  metamorphism  commonly  appears  in the volcaniclastic  and  reworked

tuffaceous sediments  of  the Yugashima  and  Shirahama Groups.  Clinoptilolite and  merdenite

occur  regionally  as  replacing  vitric materials.  Analcime and  laumontite ai'e rather  rare.  The

mode  of  occurrence  of  these zeolites  is of  typical diagenetic+contact metamorphism  origin  [6, 7].
The  propylite and  the smectite  zones  are  distributed regionally  in both volcaniclastic  and  volcanic

rocks,  parts of  them  probably having  the  same  origin,  Petrographically, it is diMcult to digcrimi-
nate  between  them  and  rocks  haying the same  mineral  assemblage  of  hydrothermal origin.

   The  most  pervasive type  of  alteration  is hydrothermal. A  ]arge numer  of  rocks  in the Izu
Peninsula  have undergone  various  kinds of  hydrothermal alteration,  regardless  of  the original

rock  type, The Tertiary and  Cretaeeous recks  of  Japan have been classified  by Utada  [8]
into eighteen  alteration  zones  based on  the assemblage  of  authigenic  silicate  minerals  presents.
These zones  can  be arranged  in three  large groups  (Table 1). In  this  study,  each  of  the  mineral

zone  fbrmed hy hydrothermal  alteration  has been definited according  to mineral  assemblage  as

shown  in Table 2.

   Each  zone  of  the acidic  zone  gr'oup are  defined by the presence  of  such  
"acidic

 minera]s"  as

alunite,  and  pyrophyllite, or  by kaolin minerals;  that of  the alkaline  zone  group by the presence
of  zeolites  or  authigenic  albite;  that of  the intermediate  zone  group as  iacking these minerals,
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Table 1Division  of  hydrothermal alteration  zones  after  Utada  (1980).
Mineral constituents  of  each  zone  are  listed in Table  2.
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Table  2MineTal  constituents  ef  the hydrothermal alteration  zones.

Zone

Almite-quartz

Alunite-opal

Pyrophyllite

DickiteKaolinite

Halloysite

K-feIdspar

SericitePropylite

Mixed  layer

SmectiteWairakite

Laumontite

Heu]andite

StilbiteAlbiteAnalcime

Mordenite

'Index

 Mineral

'

Alunite &  quartz

Alunite &  opal

Pyrophyllite
Dickite or  nacrite

Kaolinite

Halloysite
K-feIdspar

SericiteChlorite
 &  sericite

Sertsmec &  chlfsmec

SmectiteWairakite

Laumontite

Heulandite or
    chabazite

StilbiteAlbiteAnalcime

Mordenite

Associated Mineral

 Pyrophyllite, kaolinite

 Halloysite

 QuaTtz, kaolinite, dickite, sericite

 Quartz, kaolinite

 Quartz, (opal), halloysite

 (quartz), opal,  smectite

'
 Quartz, chlorite, sericite, serfsmec

 Quartz, serfsmec

 Quartz, serfsmec,  chlfsmec,  (epidote) (prehnite)
 Quartz, (opal), smectite

 (quartz), opal

 Quartz, chlorite,  (sericite)
 Quartz, chlorite,  (sericite), ser,tsmec  chl/smec,  (yugawaralite),
 (scolecite)
 Quartz, chlorite, (sericite), serlsmec  chlfsmec,  (smectite)

(quartz), opal,  smectite

Quartz, Chlorite, (sericite)
Quartz, chlorite, (sericite), ser/smec

Quartz, opal,  (cblorite), serlsmec,  smectite,  (ferrierite)

Parentheses denote rare  occurrences.
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Chlorite-smectite and  sericite-smectite  series  are  the main  constituents  of  this group. K-fe]dspar
is a  characteristic  mineral  of  the highest grade zone  of  a subgroup.  Prehnite  andfor  epidote  are

characteristic  of  another  subgroup.

[zanAlunite Zenes

FKrropyllite Z, &  Kaolinite Z,

[ll[IiZ]

 Fig, 2

M  K-feldspar  Z. &  Sericite Z,

pm  Other lntermediate  Zones

Ca-leotite  Zones

Na-zeotite  Zones

Simplified maps  of  the Izu Peuinsula showing  the distributions of  the  acidic

(A), intermediate (B), and  arkaline  (C) alteration  zones,  and  the active  faults

(D) (after Murai  and  Kaneko,  l974).
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   Hydrothermally altered  rocks  commonly  are  distributed zonally  around  the probable paths
of  hydrothermal solutions,  Therefore, this zoning  is arranged  from the highest grade"  zone  at

the center  to the lowest grade" zone  at the periphery. AIthough  various  types can  be shown  by
combining  alteration  zones,  the predominant  zonings  are  rather  simple  constituting  zones  of  the

same  alteration  zone  group.  An  example  of  zoning  made  up  of  acidic  zones  enly  is, from the
center  to the periphery; silicagpyrophyllite.dickite-kaolinite.halloysite.  Zoning that sur-

rounds  metalliferous  veins,  usually  is composed  only  of  such  intermediate zones  as, K-feldspar->

(sericite) or  propylite->mixed layer.smectite. Ca-zeolites occurring  as  yeins,  networks,  or

fracture-fiIling also  are  distributed in a zonal  arrangement,  wairakite.laumontite.heulandite

andlor  chabazite-Fstilbite.  Commonly,  various  kinds Qf  hydrothermal alteration  have been
superimposed  on  each  other  in specific  areas.

   It is notable  that these hydrothermal alterations  have been predominantly controlled  by

regional  tectonics, as  clearjy  seen  when  the simp!ified  maps  that show  tbe distribution of  these

hydrothermal alterations  (Figs. 2-A, -B and  -C) are  compared  with  the distribution of  active  faults

(Fig. 2-D).

3. SLOPE  FAILURES  CAUSED  BY  HEAVY  RAINFALL

                 IN  AUGUST  1982

3.1. 0utline of the Raimbll Disaster

   Central Japan twice was  struck  by severe  typhoons  in early  August 1982. 0n  the Izu
Peninsula, rainfaII  was  concentrated  in the central  mountain  area  where  the estimated  total amount
of  rainfaII exceeded  4oomm  for each  typhoon. Fortunately, no  fata]ities occured.  Serious
damage maanly  was  confined  to such  constructions  as  buildings, bridges, and  roads.  A  large

number  of  slopes  failures were  concentrated  along  roadsides  and  intencely damaged  to transpor-

tation networks.

3.2. Distrthution ofthiled SIQpes by Area

   This survey  of  the failed slopes  began the week  after  the second  heavy rainfall  in August in
1982, and  finished in December  of  1985. AIthough the survey  was  restricted  only  to failed slopes

of  1m2 or  more,  a  total of 1,986 was  found,
   The  distribution of  these fajled slopes  by area  is $hown  in Fig. 3 which  shows  that slope

failure occurred  throughout  the peninsula. The  number  of  failed slopes  were  greater in the

central  mountainous  area  than  on  either  coast,  These distribution characteristics  differ markedly

from  these for the Izu-Hanto-Oki Earthquake in which  most  failed slopes  were  concentrated

around  active  faults [5],

3.3. P'blume of the lhiled Slopes

   The  yolume  of  each  failed slope  was  calculated  as  those of  a rectangular  prism whose  area  and

depth were  roughly  measured  in the field. The  failed slopes  were  ranked  froin 1 to 6, based on
their calculated  volumes  (Table 3). Although the total number  of  failed slopes  was  yery  large,

about  85 YC had  a  volume  of  less than  n  × 10S mB.

3.4. LocationsoflkiledStopes

   The  locations of  the failed slopes  are  listed in Table 4. Conspicuously more  than  three-

fourths of  the slope  failures are  concentrated  around  roads.  Whereas, they  are  very  rare  for

mountain  slopes  and  riverside  cliffg. This js not  due to a  difTerence in the frequency of  slopes  in

these locations, because the number  of  mountain  slopes  is far larger than  for other  slope  types

#
 
"High

 grade"  is here used  for "high  temperature", and  
"low

 grade" for t`low  temperature".
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Table  3Nurnber  and  frequency of  failed slopes  classified

by  Rank  based on  the  velume  of  a  failed slope.

Rank1Volume  (m3)

123456o
!

lt

 nxl04

 n × 1ge

 n × 102

 n × 10i
 n × 10o

 nxlO-1

unknown

Number

ii

 518l20352333l52182
1Frequency

 (%)

O.5

 1.812235.934,O15.5

which  include a  large number  of  artificial slopes.

3.5, Sus:face Flaatttres oflhiledSlopes

   TITe surface  features of  the failed stopes  are  listed in Table 5. Most  had been covered  by
grass, bushes, trees, or  artjficial  fencing. Slope fai]ure was  frequent for outcrops,  fi11ed-in ground,
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Tab]e  4 Number  and  frequency of  failed slopes  classified by location.

x---...--...-.--

Location....t..
Rank.-...t..-.-...-x.---12 3 4 5 6 oNumberli/Frequency(%)

Artificial cutting  by road

Naturat slope  along  road

Slope below road

Slope between  two  roads

Slope between  road  and  river

Artificial cutting

Mountain  slope

Artificial slope  along  rice or
corn  field
Natural  slope  along  river

l1lt4loooooo

o

5341o12o

3

4628143o3112

14

1529435

 15
 8

 312

 6

19

143
 95

 34
 12

 6

 1
 9

 15

4

77451341oo7

11

776729o231

  /11

  i

435273167

 37

 24

 8

 36
 33

42/.1.

41.225.815.8

 3.S

 2.3

 O.8
 3.4

 3.1

4.0

Table 5 Number  and  frequency of  failed slopes  classified by surface  fettture.
NL"----..

 Rank

 Surface feature 
"""""-----..z.

OutcropGrass-covered

 surface

bush- or  tree-covered surface

cement-  or  mortar-plastered

surfaceNet-fenced

 surface

Stone- or  block-fenced sur-
facefilled

 in ground

1 2 3 4 5 6 o

1211

oo

o

o2103

o2

1

1454392

13

7

6616785

 1

24

14

41194

 58
 :

16

17

349715o

o1

1

356171

oo

21

Number

l59580225

 10

416

61

Frequency
  (%)l5.154.921.3

 O.9

O.41.5

5.8

and  for grass- and!or  bush-covered slopes,  but rare  for net-  and  stone-fenced,  and  for cement-

and  mortar-plastered  slopes.

4. LITHOLOGIES  OF  THE  FAILED  SLOPES

4,1. 77ie Origrinal Rock 7)pes ofthe ftziled Slopes

   The  original  rock  types of  the failed slopes  vary  as  shown  in Table 6. Slope failures oc-

curred  in all the stratigraphic  units  found on  the Izu Peninsula. About  haif of  the failures took

place in soft  rocks  of  Quaternary age  that made  up  soil, volcanic  debris, talus and  fi11ed-in ground.

The  remainder  mainly  were  found in volcanic,  volcanicrastic  and  intrusive rocks  of  the other  three

units,  But, about  20%  of  the original  rocks  could  not  be identified because of  the extreme  alter-

ations  that had  taken  place.

4.2. Alteration Zone  ofdeiledSktpes

   All the rock  samples  gathered from the failed slopes  excluding  soil, volcanic  debris, talus and

fi11ed-in ground  were  analyzed  by X-ray diffractometry. About  four thousand  samples  that

were  gathered  as  evenly  as  possible from  the surrounding  areas  also  were  analyzed  by the same

technique, Each  of  the  analyzed  samples  were  classified  in one  of  eighteen  alteration  zones  ac-

cording  to  the mineral  assemblage  given in Table 2. The results  ofthis  classification  are  presented

in Table 7.

   On  the assumption  that  the  percentage  of  samples  from the whole  area  (D) is roughly

NII-Electronic  Mbrary  
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Table  6Number  and  Frequency  of  failed slopes  classified  by rock-type.

----x..........
 Ran

 Rock:ty.pe. 
""""""'-----

  i--.111
2 3 4 5 6 o

SoilTalusLoam

 and  volcanic  debris

Sedimentary rock
Volcaniclastic roek

Brecciated volcanic  reck

Massive vo]canic  rock

Instrusive rock

Extremely  a]tered  rock

Filled in ground, etc.

'

/

1ooooooo4o262141314218209109910241977713712275837277246046251120335455S3534286232022

 12511

oo11311ooo

Number

192l71

 80

 37

 63122127

 11206

 81

Frequency
  (%)

:

I

/l111il11

i

17.615,8

 7.3

 3,4

 5.81121l.6

 1.0]92

 7.4

Table  7Number  and  frequency of  failed slepes  in the alteration  zones.

Alteration ZoneilI

Failed slope
111

All sarnples

Number
  (A)

Frequency(%)

    (B)
:/1Number

  (C)/
... .1Frequency(%)

    (D)

Alunite zone
Pyrophyllite zone

Dickite zone
Kaolinite zone

Hal]oysite zone

K-feIdspar zone

Sericite zone

Propylite zone

Mixed  layer zone

Smectite zone
Wairakite zone

Laumontite zene
Heulandite zone

Stilbite zone

Analcime  zone

Mordenite zone
Clinoptilolite-mordenite
zoneFresh

 glass zone

Silica rocks

Others

/

i

  6

  7
 2

 30

 80
 14

 9
 S4

 68182

 4

 12
 2

 o

 4

 10

  g

22582

!

1/

 1.05

 1,49

 O.35

 5.2614.e4

 2.44

 1.57

 9,43ll.9331.93

 O.70

 2.11

 O.35

 o,oo

 O.70

 l,75

 1.40

 3,8610.l6

 O.35

i1/

1

:i1

/!//

131

 97
 32141252238l28641519828

 37I09

 21

  8

 45

 55

 67

:/

 323

 2,39

 O.79

 3.48
 6.22

 5.87

 3.1615,8112,8020.42

 O,91

 2.69

 O.52

 O.20
 L11.

 1,36

 1.65

Relative
frequency

  (E)

251477

  9

l::

:

i'1

 6,l911.77

 O.22

i1

/111

 4.58

 7.21

 7.2121,2831.75

 5.88

 7.03
 S.4213,1021.9810.8111.01

 9.52
 o.oo

 &8918.181194

 8.7612.1522.22

correlated  to the percentage  for the distribution area,  the relative  firequency index (E) in each
zone  can  be shown  by the ratio  of  the number  of  iailed slopes  to the number  of  slopes  in the  entire

area;  (A)/(C).
    As shown  in figure (D>, the intermediate zone  group appears  to be distributed over  about

60 % of  the entire  area,  and  the number  ef  failed slopes  (B) is nearly  the same.  The  value  for the
acidic  zone  group  exceeds  that for the estimated  distribution area.  These results  are  consistent

with  the  writer'g  field observations  that slope  failure appears  to have occurred  selectively  in
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   Of all  the alteration  zones,  the relative  frequency index of  slope  failure. (E), is largest in the
ha{loysite, even  though  this zone  probably  was  fbrmed by both weathering  and  hydretherrnal
alteration.  The  index for the smectite  zone  also  is very  large, and  this zone,  of  weathering  and

hydrothermal origin,  may  be the most  widely  distributed zone  in the Izu Peninsula, as  judged
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by index (D). Furthermore, slope  failure most  commonly  occurred  in this zone  as  indicated in

indices (A) and  (B). Index (E) fbr the kaolin zone  is large, about  five times that of  the alunite

zone  belonging to the same  acidic  zone  group. Within the alkaline  zone  group,  the merdenite

zone  has the largest index (E), and  the clinoptilolite-mordenite  zone  of  diagenetic origin  has a

very  small  index.

    In general, index  (E) is smaller  in the high grade  than  in Iow grade  zones.  For instance,

this index regularly  increases from the propylite to the smectite  zone  through  the mixed  layer zone.

The  exception  is the laumontite zone  which  bas the largest index (E) of  the Ca-zeolite zones.

4,3, Dagrees of Alteration of the Fbiled Siopes

    As  described in the previous  section,  the relative  frequency varies  with  the alteration  zone.

It also  varies  within  a  particular alteration  zone,  according  to the degree of  alteration.  The

degree of  alteration  is indicated by the amount  of  authigenic  minerals  present or  the  amount  of

primary minerals  that remain.  Fortunate}y, the original  rocks  seem  to have contajned  a  relatively

censtant  ameunt  of  plagioclase ; therefore, the relative  intensity (I.II.) of  the plagioclase peaks in

each  X-ray  dith'action pattern can  be used  as  an  indicator of  the degree of  alteration.

    Eight hundred twenty  eight  samples  from the smectite  zone  were  elassified  in six degree of  al-

teration  groups according  to the average  relative  intensity (I.!I.) of  the 3.2A, 4.0A  and  6.2A peaks

of  their plagioclases. A  typical X-ray  diffraction pattern for each  degree is shown  in Fig. 4; the

classification  list is given  in Tabie 8, As shown  in this table, the relative  flrequency index, (E), of
the highest degree of  alteration  (I.fl,<O.9) attains  75%;  whereas  the lowest value  <J./I.<O,1)
is less than  5%.  All the  large scale  failed slopes  of  Ranks  1 and2  were  found in the rock  that

registered  the highest degree of  alteration.

Table 8 Number  and  frequency of  failed slopes  in the smectite  zone  classified  by the degree
       ofalteration.

Failedslope Allsamples
" Relative

frequency(Q/.)

/t

RfiEr,:e,,,O.fi/iol
iNumberFrequency(O/.)

i

NLunber1Frequency(O/.)

123456

/

9070-9050-7030

 - 5010-3010

34945393624i  l,626.324,221.114.012.9 71340189136

 60

 32

 8,641.122.816,4

 7.2

 3.9

!
 4.214.423.828.743.375.0

5. THE  MODE  OF  OCCURRENCE  OF  SLOPE  FAILURE
        IN  RELATION  TO  ROCK  AL[[liRATION

5.l. Mode  ofOccurrence ofLarge Slqpe Flaiinres

    The  largest slope  failure took  place south  of  the fishing port of  Kumomi  where  the ameunt

of  rainfa11  was  relatively  small.  The  mode  of  this failure was  a  block slide  which  oecurred  in

extremly  altered  rocks.  It started  at  a  large cut  at  a  U-shaped corner  of  a  toll road  and  struck  the

fishing village.  Several tens  ofbuildings  were  destroyed and  thetoll road  had  to be closed  fbr one

year. The  volume  of  the failed slope  was  estimated  to be 10  ̀to 105 ma,  as  judged from  the amount

of  dumped  material,  As shown  in Fig. 5-A, the failed slope  is situated  at about  the oenter  of  the

propylite zone,  This slope  encompasses  three visibie  hydrothermal yeins  near  the boundary  of

volcaniclastic  rocks  of  the Shirahama  Group  and  an  intrusive mass  (Fig. 5-B). The  center  of
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(a) Distribution of the alteration  zones  around  the failed slope  at  Kumomi.

(b) Geologic  formations present in the failed slope  at Kurnomi,
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each  vein is composed  of  sericite  and  quartz associated  with  a  small  amount  of  pyrite. Sericitel

smectites  and  smectite  are  present between the sericite  vein  and  the propylite. The  presence of

these authigenic  minerals  suggests  that  the hydrothermal veins  of  the sericite-smectite  series  were

superimposed  on  propylite which  had been fbrmed in an  earlier  stage.  Propylitization probably

was  related  te the intrusion of  a  dacite mass.  A  halloysite zone  formed by weathering  is located

near  the top of  the slope  which  mainly  is composed  of  talus deposits. The  center  of  the slope

failure probably was  near  the sericite  veins  which  have been most  deeply scooped  out.

   Another large scale  slope  failure occurred  within  the Ugusu  Silica Mine. The  Ugusu  silica

deposit is a  huge  network  deposit which  made  up  of  many  coniugated  yeins  of  various  definite

djrections (Fig. 6). Each  vein  is arranged  zonally  fi:om the center  to the periphery  as  follows:
silica.alunite  zones  or  silica->pyrophyllite-}kaolin  zones.  The  silica zone  at the center  is sub-

divisible into leached and  precipitated silica subzones.

   This silica deposit is surrounded  by a  clay  zone  that contains  among  other  minerals;  smectite,

sericitelsmectites,  rectorite,  and  chlorite!smectites.  The  slope  failure took  place ln part of  this

clay  zone.  The  volume  of  failed slepe  appears  to be more  than  104 m3,  but the slepe  failure

damaged  only  the private road  to the mille.  Three other  slope  failures of  Rank  1 occurred  along

the sides  of  tbe road  from Funabara  to Toi which  passes through  the western  ridge.  This road

was  greatly damaged  by these slope  failures and  by other slope failures. For example,  the toll

road  was  closed  for ten months,  because a  bridge near  Hiraishi had been struck  and  destroyed

by a  stope  failure. All the slepe  failures characterjstically  occurred  in the peripheral smectite  zone

that surrounds  the acidic  alteration  zones  (Figs, 7-A  and  7-B).

    The  mode  of  occurrence  for slope  failures of  Rallk  2 is much  like that of  Rank  l. Most

occurred  iR acidic  clay  zones  or  the surreunding  smectite  zone;  but, some  took  place in

the halloysite zone  of  weathered  origin.  All the failures were  in rocks  in all the alteration  zones

that had  undergone  the highest degree of  alteration.

5.2. Mode  ofOceurrence ofModerate SizedSIQpe thitures

   Slope failures of  Ranks  3 and  4 were  fbund in various  kinds of  rocks  that had been altered
to various  degrees. The  largest number  of  them  were  concentrated  in the halloysite zone  of

weathered  origin,  The  mode  ofslope  failure is somewhat  similar  to block slide  and  somewhat

similar  to rock  slide. Among  the hydrothermal alteration  zones,  failures were  most  concentrated

in zones  of  the sericite-smectite  series, and  the mode  of occurrence  was  similar  to rock  slide. In

general, both the number  and  volume  of  failed slopes  increase gradully  from the sericite  to the

smectite  zone  through the mixed  layer zone,  Slope failures of  the ranks  also  were  comrnon  in

the acidic  alteration  zones  that  constitute  networks  or  parallel veins,  Each  vein  is surrounded

by acidic  clay  zones  arranged  zonally.  Slope failure occurred  in both the veins  and  the surround-

ing clay. A  fairly large number  of  failed slopes  were  concetttrated  near  the boundary between

an  acidic  clay  zone  and  the peripheral 
"propylite

 zone",

5,3, Motie  ofOccurrence ofSmall Skrpe Ilailures

   Small slope  failures of  Ranks  5 and  6 in Table  3 took  place in all kinds of  altered  rocks;  the

mode  of  occurrence  mostly  being rock  slide. In general, small  scale  failed slopes  were  very  com-

mon  for outcrops  and  grass-planted artificial slopes  ; whereas,  they were  rare  fbr fenced or  p]astered
artificial slopes.  Slope failure in the laumontite zone  is notable.  The  relative  frequency index

(E) for this zone  is higher than  for the other  Ca-zeolite zones  (Table 7), When  compared  with

propylites, laumontite rocks  did not  differ in the rnode  of  slope  failures; but laumontite  rocks

showed  more  firequent rock  slide  than  did propyljtes. The  reason  will be discussed in the sub-
section  7.4.
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6. THE  STRENGTH  OF  ALTIERED  ROCKS

6.1. Method

   Rock  strength  was  rneasured  with  a  unconfined  tensile test equipment  developed by Hiramatsu
et  al,  [10]. Kimiyu's  inethod  [15] was  used  for the measurements  and  corrections. The rock

strength  index, (T), was  calculated  firom T==logio  S,, in which  S, is the corrected  unconfined  tensile

strength  (kgfcm2). A  total of  715 untreated  samples  were  tested. Of  ihese, 437 were  probable
andesitic  or  dacitic and  the remainder  volcaniclastic  rocks.

6.2. Strengtlt of tke Altered Rocks in Ebch  Alteration Zbne

   There is a  clear  difference in the distribution pattern for the roclc  strength  index (T) for un-
altered  volcanic  rocks  and  unaltered  volcaniclastic  rocks  (Fig. 8), which  may  indicate the  difTer-
ence  in rock  strength  between  the  originals  ef  both rocks.  Here, C[unaltered"

 means  that no

altered  mineral  could  be identified by X-ray difllractometry. The fairly wide  range  ofrock  strength

as  seen  in Fig. 8 suggests  that they  may  be rocks  that mechanically  have been  slightly  altered  or

those that origina!ly  have been various  in texture and  fabric.

   The  distribution pattern for the strength  of  the volcanic  rocks  in each  alteration  zone  in given
in Fig, 9. The  white  bars show  the distribution patterns of  all  the samples,  and  black ones  those

of  samptes  from failed slopes,  The  distribution pattern for the alunite-quartz  zone  is almost  the

same  as  that of  the unaltered  volcanic  rocks;  whereas,  the pattetn for the alunite-opal  zone  differs
markedly.  The  difference in the  distributien patterns for these  zones  may  be due to the difference
in the species  ef  silica  minerals  (opal and  quartz) that are  present.

   The  distribution pattern of  the halloysite zone  is unimodal  and  similar  to that of  the alunite-
opal  zene.  The  pattern for the pyrophyllite, dickite, and  kaolinite zones,  however, is bimodal,
as  seen  from their contents;  massive  clay-quartz  rocks  of  high strength  and  mono-clay  veins  of

low strength. The same  pattern is present for the sericite, mixed-layer,  and  smectite  zones.  The
distribution patterns for the K-feldspar  and  prophylite zones  are  almost  same  as  the pattern for
the alunite-quartz  zone,  and  the patterns for the Ca-zeolite zones  are  nearly  bimodal. The  dis-
tribution patterns for the alteration  zones  thus can  be classified  into one  of  three groups:
1) Unimodal  (high rock  strength)-High  grade zones
2) Bimodal  (high and  low rock  strength)-Intermediate  grade zones
3) Unimodal  (low rock  strength)-Low  grade  zones

   On  the whole,  the strength  of  volcanic  rocks  appears  to have decreased in the course  of  hydro-
thermal  alteration.

   In contrast,  the strength  of  the volcaniclastic  rocks  appears  to have increased during hydro-
thermal  alteration  or  diagenesis+contaet metamorphism.  Although based on  a  similar  total of

ho"-=e--k

%

50
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Unaltered volcanic  rock

      N=38

Unalteredyo]caniclasticroco/o

50

N=53

            -3 -2 -1 OT  -3 -2 -1 oT

            Roek  Stregt.h lndex Rock Strength lndex

Fig.8 Distribution of  the frequency of  the  roek  strength  index (T); (a) Unaltered
      volcanic  rocks,  (b) unaltered  volcaniclastic  rocks.
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INDEX

strength  index (T) for rocks  in

tested sarnples,  Fig. 10 indicates that rock  strength  increases from the smectite  to the propylite
zone  through  the mixed  layer zone.  This same  tendancy  is present in the series  of  Na-zeolites and

albite  zones  that are  probably  of  diagenetic+contact metamorphism  origin.

   The  finding that the slope  failures took place mostly  in the rocks  of  low strength  in every

alteration  zone  (as seen  in Figs. 9 and  10) is very  important.

6.3. Relation between Rock Strength and  the Dagree ofz{lteration

   The  distribution of  the strength  of  smectitzed  volcanic  rocks  for the various  degrees of  al-

teration is shown  in Fig. 1i. This figure also  indicates that most  slope  fai!ures took p]ace in rocks

of  low  strength.  The  genetic relation  of  slope  failure to rock  strength  is discussed next.

7. GENETICRELATIONOF  SLOPE  FAILURE  TO  ROCK  ALTERATION

7.1. Summary  ofrveld Survey andLaborator:y  Studies

   The  results  of  the writer's  field suryeys  of  failed slopes  and  the results  of  mineralogica],  and

rock  strength  analyses  of  failed material  done in the laboratery can  be sunimarized  as  follows:

(1) For the heavy rainfa11s  of  1982, about  half of  the slope  failures took  place in hydrothermally

altered  rocks.  This  accounts  for all the large scale  failed slopes.

(2) In general, stope  failures was  more  frequent in low grade  than  in high grade  rock  zones,

(3) All the large slope  failures took place in the acidic  clay  or  srnectite  zones,  and  the mode  of
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failure was  block slide, In contrast,  small  scale  failures occurred  in all  the alteration  zones,  the

mode  ef  failure being rock  slide.

<4) Slope failure was  more  frequent in rocks  that showed  high degrees ofalteration.

(5) Rock  strength  had  a roughly  inverse relation  to the degree of  alteration;  slope  failure taking

place mainly  in rocks  of  lew stremgth.

(6) The strength  of  the volcanic  rocks  appears  to have decreased owing  to the formation of  clay

minerals  and  the  decomposition of  plagioclase; whereas,  it appears  to have been increased by
silicification, especially  quartz. The  stremgth  of  volcaniclastic  recks,  however, appears  to have
been increased by the fbrmation of  zeolites  and  silica minerals.

   These results  are  evidence  that slope  failure and  rock  alteration,  especially  hydrothermal

alteration,  are  closely  related,  Several factors related  to s]ope  failure are  discussed in the sub-
section  that fo11ow,

7.2. Relation of tke Amount  ofAuthigenic Minerals"  Relating to Slope  ]Fbuilure

   As shown,  slope  failure took  place mainly  in the  rocks  of  low strength.  Decreuse in rock

strength  may  be caused  mainly  by the fbrmation of  authigenic  minerals  and  the decomposition of

primary  enes  during alteration  as welt  as by fracturing produced  by tectonic movements.  As  all

authigenic  minerals  are  formed by interactions between the  original  rocks  and  reacting  solutions,

an  appreximation  of  the amount  of  authigenic  minerals  present can  be obtained  from the ratio  of

these factors fbr the whole  process.
   As  hydrothermal solutions  may  have dispersed from  their original  paths  into surrounding

areas,  the ameunt  of  authigenic  minerals  should  d¢ crease,  while  that of  primary minerals  increase
from the center  of  a]terat{on  to the periphery. Frequent slope  failure did not  always  occur  at

the center  of  alteration  (see section  5). In the case  of  diagenesis+contact metamorphism,  the
amount  ofauthigenic  minerals  showed  a  general increase in the higher grade  zones.  Slope failure,
however, was  rarely  in the volcaniclastic  rocks  of  these zones  CFig. 10), Thus an  increase in the
ainount  of  authigenic  minerals  is not  always  correlated  with  the frequency ef  slope  lailure.
   General]y speaking,  slope･ failure are  more  frequent where  there has been  an  increase in the

amount  of  clay  minerals  present, probably  because of  concomjtant  decrease in rock  strength,

SIope failure, however, is rare  where  quartz, K-feldspar, albite  and  sometimes  zeolites  have formed,
because  of  increased rock  strength.

7.3. 7]ee Occttrrence ofAaf'higenie Minerats and  fts Relation to Slope lhilure

   As  described in the previous  section,  the decrease or  increase in rock  strength  appears  to vary

with  the species  of  authigenic  mineral.  In particular, the rock  strength  of  quartz-bearing and
opal-bearing  rocks  markedly  diiTer. This may,  in part, be due to the difference in the mode  of

eccurrence  as  we]1  as  to the hardnesses of  these minerals,  Microscopy showed  that in high grade
zones  quartz is replaces  the phenocrysts and  fills the  voids  left by the dissolved precursors. The

groundmass also  js nearly  completely  replaced  with  other  authigenic  minerals  and,  on  the whole,

the rock  seems  very  dense and  hard, But when  it's opal  that replaces  and  partly fiIls yoids  and

veins,  the opal  rocks  retain  many  minute  voids  and  appear  very  soft,

   The  mode  of  occurrence  for K-feldspar and  albite  is almost  the  same  as that for quartz, and
they  usua]ly  are  associated  with  that mineral,  Ca-zeelites commonly  occur  as vein-  or  fracture-
fi1ling minerals  in vo]canic  rocks;  whereas,  Na-zeolites replace  vitric materials  or  fiII the  interstitial
spaces  in yolcaniclastic  rocks.  The  former mineral  probably  decrease rock  strength,  and  the latter

increase it, Thus, the mode  of  occurrence  of  authigenic  ininerals  is related  to the increase or

decrease of  rock  strength  and  the frequency of  slope  failure.

*
 The  term authigenic  mineral  here includes the  secondary  rninerals  in igneous rocks  as  well  as  the au-

 thigenic minerals  found  in sedimentary  rocks.
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    The  modes  of  occurrence  for clay  minerals  yary.  fheir formation, however, should  decrease

rock  strength,  because they  all  have very  low hardness.

7.4. Relation of the Mineralogical Properties ofAuthigenie Minerals to Slope Fkeilure

    Various kinds of  authigenic  minerals  were  found in the materials  from the failed slopes.  Of

these, smectite  and  ha]loysite are  notable  because of  their ctose  relation  to the frequency and  mode

of  slope  failures. The  roles  of  these minerals,  especially  in the swelling  phenomena  related  to the

mechanism  of  slope  sliding  have been well  discussed.
    Sericite!smectites and  other  mixed-layered  c!ay  minerals  probably  have played the same  role

as  smectite  in the Iarge scale  failed slopes  that took  place at Kunirni and  Ugusu.

    Pyrite commonly  is associated  with  hydrothermally altered  rocks,  especially  in acidic  alteration

zones.  It is easiiy  dissolved under  oxidizing  conditions  and  produce  strong  SO,2- solutions.  In
the Izu Peninsula, both artificial and  natural  slopes  often  have been chemically  attacked  by such

sulphate  solutions,  and  failures have been frcquent on  these slopes.

    Zeolites usually  function to increase rock  strength  in volcaniclastic  rocks  as  stated  previously.
Zeolitized rocks  are  used  for building stone  in many  countries  be¢ ause  mechanically  they  are

strong  while  being porous and  light. But, when  Ca-zeolites and  carbonate  minerals  are  present
in veins  or  fractures, they cause  a  decrease in rock  strength  because of  decomposition. Laumen-

tite, in particular, will easily  discharge half its zeolitic  water  under  dry conditjons  and  is apt  to be

come  a  powder. The  fact that laumontite-bearing rocks  decrease rock  strength  by this mecha-

nism,  is the basic reason  why  the relative  frequency of  slope  failure is higher  in the  laumontite

zone  than  in the other  Ca-zeolite zones  (see Section 3).

8. CONCLUSION

    Slope failures have been shown  to be apt  to occur  in hydrothermally alteled  areas,  as  well  as

in weathered  zones,  based on  the results  of  the writer's  survey  the 1982 slope  fai]ures on  the Izu

Peninsula. The  frequency, volume  and  mode  of  slepe  failure differ with  the type  of  the alteration

zone,  probably because of  the differences in rock  strength  produced by the amounts,  mode  of

occurrence  and  mineralogical  properties of  the authigenic  minerals  present.
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