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Abstract

A variety of mass movement landforms occur in the southern Drakensberg,
South Africa, and whilst a number of studies on individual landforms have been
conducted, regional scale assessments of the Ukhahlamba Drakensberg
Transfrontier Park have been relatively limited. Mass movement has been
defined as the downward and outward movement of slope-forming material
under the influence of a transporting agent such as water, air, ice or snow
(Goudie, 2004). This includes landforms such as landslides, debris flows,
terracettes, solifluction lobes and rockfall. Although two landslide risk
assessments have been conducted in the region, one was site specific and
focussed on shallow, translational slides (Bijker, 2001), whilst the other was at
a much larger regional scale and focused on large palaeo-mass movements
(Singh, 2008).

Numerous international mass movement classifications have been developed
over the years, and one of the primary aims of this research is to develop a
classification for mass movement landforms within a southern African context.
A number of mass movement landforms were identified, measured and mapped
in the field to acquire a better understanding of how the landforms originate.
This classification was then further adapted to facilitate the identification of
mass movement landforms from orthophotos. Aerial photo interpretation
techniques were used to map three terrace-type mass movement landforms and
four shear-type mass movement landforms in the Garden Castle State Forest of

the Ukhahlamba Drakensberg Transfrontier Park.

A further level of detail was added to the classification by ascribing
environmental conditions to the different landform types. A Geographic
Information System was used to collate and generate spatial information which

could be added to the landforms in the mass movement inventory. These were



then analysed wusing univariate and multivariate statistical modelling.
Histograms, as well as an area-weighted frequency distribution, were used to
describe the landforms and then hierarchical partitioning was used to identify
the environmental variables associated with each type of landform. One main
environmental variable was identified for each type of mass movement.
Logistic regression was then used to create probability maps for each type of
landform. An average of 30% of the study area has a medium to very high
likelihood of developing mass movements, although this percentage varies for
each type, whilst rock movement deposits are predicted to occupy more than
80% of the study area. Gradient, altitude and lithology were selected most
frequently by the statistical models as influencing landform distribution, whilst
distance to a rock exposure had the strongest influence on the location of rock
movement deposits. Aspect was selected least frequently by hierarchical
partitioning which raises questions about the influence of aspect on valley
asymmetry. Various models have been developed which describe slope
development in the Drakensberg with reference to slope aspect, however the
results of this study suggest that other environmental factors may be more
important and that slope development is a complex process.



Acknowledgements

This has been a very long time in the making and | would like to say thank you
to all the people who have helped me along the way. Special thanks go to my
supervisor, Prof. Stefan Grab for giving me the intellectual freedom and support
to pursue this topic, as well as for providing funds to visit the site. Thanks also
to my little girl for understanding when mommy was busy. The biggest thank
you possible has to go to my parents for all the love and support a person could
ever wish for and more. And to my husband, for cheering me on when I almost

gave up.

Acknowledgement for the provision of funds which made this research possible
is made to the University of the Witwatersrand, the Council for Scientific and

Industrial Research and the National Research Foundation.



Contents

A MASS MOVEMENT CLASSIFICATION FOR THE SOUTHERN DRAKENSBERG,

SOUTH AFRICA ..ottt ettt e e et e s st e s s ettt e e s et e e e s sibb e e s sertaeessabes 1
(D] (O I AN = 7 AN I (O] TR 2
A B ST R A C T ettt ettt e e et e e e bt e e s et e e e e s bt e e e e b bt e e s bt e e e e e bbeeeaaea e e s i baeesartaeeian 3
ACKNOWLEDGEMENTS. ...ttt ettt e st e e s st e e s st e e e s sbbeeessbaneeeans 5
(OO T\ I =\ S TR 6
[ 101 i T 9
QLI = I T 15
1 INTRODUCGTION ...ttt st e s st e s st e e e st a e e s saba e e s sabaee e s sares 18
1.1 MASS MOVEMENT: RELEVANCE WITHIN A SOUTHERN AFRICAN CONTEXT........ccovvvvene. 18
1.2 AIMS AND OBUIECTIVES ..uttiiiiiiiiiiititietieeeeiiiaibreteesesssisbasseessssssbbbatesssesssabbaresesesssssssssesss 26
1.3 PROJECT SUMMARY ... oitttiiiiieiiiiiitiieie e e e s iiibbe e e e s e s s s ibb et e e s e s s s sb bbb e e e s e s s saabbbb e e e e e s s saabbbeee s 28
2 MASS MOVEMENT CLASSIFICATIONS AND CHARACTERIZATIONS......... 29
2 R 1 N =10 0 10 Lo o] N TR 29
2.2 CLASSIFICATION THEORY .etttiiiiieiiiiititiiieeessiiitbtetiessssssssssssessssssssssssssssesssssssssssssessssssnes 29
2.3 DEFINING MASS MOVEMENT ..ttiiiiiiiitttttieeeeesssttttteeesesssstssssessessssssssasessesssssssssesssesssssssnes 33
2.4  TECHNIQUES FOR THE CLASSIFICATION AND CHARACTERIZATION OF MASS MOVEMENTS
36
2.4.1  Climate as a conditioning faCtor..........ccccovveciiiiiic s 36
2.4.2  ClIMALIC FEUIMES ...oveevieiieie et ste e ste e et te e sbe e e e e e sreenneeneeenes 38
2.4.3  Triggering MeChaNISMS ........cccveiiiiie e cte ettt sre e 39
2.4.4  Age, state and rate of mass movement activity..........c.cccceevveveiieiie e 41
245 1Y (oY= 01T RO 45
248 MOFPROMELIY ..ottt et 48
2.4.7  Geographic, geologic and spatial hOMOgENEItY ..........coovvreriienenciiieneiee 51
2.4.8  Nature of the displaced material ............cccovereiininiiii e 54
e I C1=T0) (=1o] 1] (o5 TR 58
2.4.10 SUMIMATY ..t bbbt nnes 60
2.5 MASS MOVEMENT TYPES ..uutttiiieeiiiiititiiieesssiiistteteesessssssssstessssssssssssesssesssssssssesssessssssnes 60
b T8 R - | SRR 61
A Vo] o o] L= PSS 63
S TR T Y T [T 65
S Y S w011 TR 68
2.6 CONDITIONING AND TRIGGERING FACTORS OF MASS MOVEMENTS ...ccccciiiiiiiiieeeeeeeinnns 73
2.6.1 Factors that INCrease SNEAr SIIESS.........cocviiiiiviieeieiiee e 73
2.6.2  Factors that reduce shear Strength ..o 74
2.6.3  TrIQUEriNg BVENES ....cveiuiieiiiieiieie sttt ettt sttt st e sbe e 75
2.7 DEVELOPING A CLASSIFICATION FOR MASS MOVEMENTS IN THE SOUTHERN
DRAKENSBERG .....vveietitetessetttsesaseeessesseessastsesaesseessesseessassesessesssessssseessassesesssssseesssreeesssseessans 77
3 MASS MOVEMENT MODELING WITH GIS ... 81
T A 1 N = (0] 0 100 [0 ] N OSSR 81
3.2  APPROACHES TOWARDS MODELING MASS MOVEMENTS ...vviiiiiiiiiiiiiieeeeseiiiniieneeeesssinnnes 82
3.2.1  Mass movement inventories and the heuristic approach...........cccceceveicncnene. 82
3.2.2  StAtiStICAl MOUEIS ....vviiieeie e s 84



3.23 DeterminNiStIC MOUEIS......cocveiee ittt e e s erbee s 86

3.2.4  The importance of MapPiNg UNItS........ccoeiiiireiinineiseneese e 88
3.3 GEOGRAPHIC INFORMATION SYSTEMS FOR HAZARD ZONATION .....ccvtrveriiaiiaieienieneeees 91
3.3.1  Application and derivation of digital elevation models ............ccccceveveiernrnnnne. 96
3.3.2  Aerial Photograph INterpretation ...........ccocoeevveereieeie s 98
4 ENVIRONMENTAL SETTING OF THE UDP ......cccotiiiiiiiiinee e 104
4.1 INTRODUCTION ...ctititeatiateasteste sttt stessesseestaseesesbesbesbesbeebeese e s et e ab e b e abeabesbeeseeseenbenbenneas 104
4.2  GEOLOGY AND GEOMORPHOLOGY ..c.vtiiiiuiereerentestestesseaseaseasesessessessessessesssessessessessens 107
4.2.1  The Drakensherg GrOUD ....c.cooeoeiierieeneniee ettt 108
4.2.2  The Clarens FOrmation .........ccccocveiieii ettt 109
4.2.3  The EHiot FOrmMation.........ccooiiiiiiicece ettt 110
4.2.4  The MoIteN0 FOrMAation .........ccccoieiiieiiee et 111
4.25  The Tarkastad SUDGIOUP .......ccoereiiirieinienee et 111
4.2.6  Strength properties of the Karoo SUPErgroup .......cccocvevveieiieveeniesee e sieeeees 112
4.2.7  Geomorphological eVOIULION...........ccccveiiiiie i 114
e O I 11V 1.y =TT SUPRUPPUPRTPR 118
A4 VEGETATION 1ittiiititeiite it site e s et e site e ssteestb e e st b e e sabe e st e e ssb e e sbb e e sbb e e sbbeesbbe e s tbeensbeeanbeennbeeans 119
45 SOILS ittt bbb b bRttt h bbbt R et ee b b nae s 121
4.6 ANTHROPOGENIC ACTIVITIES 1..tvtiiuveeiiriesireesireesiteessseesssesssasesssesssseesssessssnssssesssessssessns 122
B.8.1  FTES ettt e e h e b e e be e ste e re e naeas 122
4.6.2  FOOIPALNS ...ttt 122
5 METHODOLOGY ..ottt sttt st sttt sa et st sbesseeneeseense e e 124
5.1 INTRODUCTION . titiittiteiittitesitteeesstteeesssteeessssseesassteeesasseeassssseeessaeessanseeessssseessnssnsessnnees 124
5.2 FIELDWORK METHODS.....cccttiiititiiteeiteeastesastteasteeassssassesassssassesassssasssssssssessessssssensensssns 124
B.2. 1 FIEl SUNVEY ..ot 125
5.2.2  Geomorphological field MapsS.......ccecveiiiieiie e 127
5.3 DESKTOP METHODS ...ceititiiueitieasiessieesssessstessssesssssssssessssessssesssssssssssssssssssesssssssssesssns 127
5.3.1  Generating a digital elevation model............cccccveviiiiiiiiii i 128
5.3.2  Comparison of the KZN DEM and TTR DEM .........ccccoceiiiiiiieece e 129
5.3.3  Photogrammetric techniques for DEM generation ..........c.ccccoevvevveveiieiiennnns 132
5.4  ENVIRONMENTAL VARIABLES ....ccuutiititiiteesitieesieessiesasieesstsssssesssessssessssssssesssssssssessnens 133
5.5  THE MASS MOVEMENT INVENTORY ...eeittitiiieerieeeiesteseeseesseaseasesssessessnssessessessessseseessens 146
5.6 STATISTICAL ANALYSES ....uietieiiesieesieesteesteaeeaneeaseesteesteesteeseesseessesssessseesseansesssessesssenns 149

5.6.1  Multivariate techniques: logistic regression, hierarchical partitioning and CLT

149

5.6.2  Univariate statistics: histograms and the InfoVal...........c.ccccociiniiniiiiinnn, 152
5.6.3  Probability Mapping.......ccccoeiieiiieii ettt 155
5.6.4  Spatial Point pattern analysis ..........cccveviiieiiieiieii e 155

6 FIELD-BASED ASSESSMENT OF MASS MOVEMENT LANDFORMS IN THE
SOUTHERN DRAKENSBERG ......coiiiiiiii e 160
6.1 INTRODUCTION ....tttitieititeiesetteastesastreasteesteeessesastseaseeasteessseessteeaseessteesnseessteeensenssens 160
6.2  SITE A: SLIDE, NGWANGWANE RIVER......cciiiiiiiiiitiiiiiesitie e ssieessieessiaesieesieesnnee s 163
6.3  SITE B: SLIDE, NGWANGWANE RIVER ......ccottiiiiittieeectiee e ettee et e e e evaeeeenveee e ennes 168
6.4  SITE C: SLIDE, NGWANGWANE RIVER ......ccctiiiiictieeecteee e ettee e et eevee e evaeeeenaaee e ennes 171
6.5 SITE D: INCISED FLOW, NGWANGWANE RIVER........ccicvririerierieiesieseesesnesaeseenseseeseens 174
Lo IS 1 =3 = [ )OSR 178
Lo A 1 = i T T TSR 179
6.8 SITE G: SURFICIAL FLOW......cutieiiiiieesieesieeseeaneeaneeaseesseesseesseeseessesssesssessseesseensesssesseessenns 182
6.9 SITE H: SURFICIAL FLOWS ...ciitiiiiieeiiessieesieeesieessteessteestaessteesstaessnesstseenseessssasnsnnssens 186
6.10 SITE I: SLIDE, BUSHMAN’S RIVER.....cuutiititiiiisiiie it sies sttt e 188



6.11 SITE J: SLIDE, BUSHMAN’S RIVER ...uviiiiiiiiiiiiiiicce ettt ettt sbbbna e 190

6.12 SITE K: LANDSLIDE COMPLEX, BUSHMAN’S RIVER ....cvviiiiiiiiiiiiiiiicee e 193
6.13 SITE L: SLIDE, BUSHMAN’S RIVER ....oiiiitiiii ittt 197
6.14 SITE M: INCISED FLOW OR COLLAPSED SOIL PIPE? .....ciivvieeiettiee et 199
6.15 SECONDARY MASS MOVEMENT FEATURES .....cvviiiiteieeiiteeeeeettee e s ereeesssveeesssaeeessnneas 202
6.16 (O70] N[0 I 1< Lo ] N IR 202
7 GIS-BASED ASSESSMENT OF MASS MOVEMENT LANDFORMS IN THE
SOUTHERN DRAKENSBERG ...ttt ettt sttt eaaee s 204
% R N = 10] 0 10 ot [0 ] N PR 204
7.2 TERRACE-TYPE 1: TERRACETTES...cuttiiiiieiiiitiiiitieessisiisiieseessssssssssssessssssssssssssesssssssnns 204
7.3 TERRACE-TYPE 2: SOLIFLUCTION LOBES ......cuutiiiieeiiiiiiiiiiieeesseiitiireeessssssssssseesssssannns 221
7.4 TERRACE-TYPE 3: TERRACES .....oitttttiiiieeiiiittttiit e e e s s s sitbtee s s e s s sebbbaes s e s s s s ssabbbaaseasssssasens 239
7.5 SHEAR-TYPE 1: SHEAR SCARS......oiitttiiiiieiiiitiiit e e s s esiabier s e s s s sebbbres s e s s s s s sbbbeaseaessssasees 256
7.6 SHEAR-TYPE 2: INCISED FLOWS ....ccciutiiiiieiiiiitiiieeeeessssisstiessssssssssssesesssssssssssssssssssssnnnes 272
7.7  SHEAR-TYPE 3. SURFICIAL FLOWS ...uttiiiiiiiiiiititieneeeesiiisiriessesssssissssessesssssssssssssssssssinnnns 286
7.8  SHEAR-TYPE 4: SHEET SLIDES ....coiiituttiiieeiiiiiitiieteeessssiibbiessesssssssbaesessssssssssasssssssssnnnns 302
7.9 COMPARISON OF THE MASS MOVEMENT LANDFORMS OBSERVED IN THE GCSF.......... 314
7.10 ROCK MOVEMENT DEPOSITS wuvttiiiieiiiiiitiieieeeesiiiirrssesessssiisssssessessssssssssesssessssssssseses 322
8 CONGCLUSION ...ttt s e e s e s st a e s s st e e e s s ebrae s s sareas 346
8.1 METHODOLOGICAL CONSIDERATIONS ....cceiiitttiiiieeeiiiirtiireeessssisstseeeesssssssssessessssssisnns 346
8.2 GEOMORPHOLOGICAL CONSIDERATIONS .....uuvvtiiiieeeiieiiiiiieeeesssistieeeeessssssssesssesssssisnns 349
8.3 CONTRIBUTION TO INTERNATIONAL AND LOCAL MASS MOVEMENT STUDIES.............. 350
9 REFERENCES : ...t e st e e e e s s s e bbb baee s 353



Figures

FIGURE 1.1 MAP OF LANDSLIDE SUSCEPTIBLE ZONES (AFTER PAIGE-GREEN AND LEYLAND,

2009). ..ttt bbb bR R bR bbbt bbbt bbb 24
FIGURE 2.1 METHOD FOR ALLOCATING ELEMENTS TO CLASSES.....cuceittiierieesieesieasiesiesnesieesieens 32
FIGURE 2.2 CLIMATIC INFLUENCE ON MASS MOVEMENT FORM (SHARPE, 1938). ........c.cccvvvnene. 38

FIGURE 2.3 SHARPE’S CLASSIFICATION OF MASS MOVEMENT PHENOMENA (SHARPE, 1938)....... 57

FIGURE 2.4 CROSS-SECTION SHOWING INTERNAL DEFORMATION DUE TO TENSIONAL FISSURING.
COLLUVIAL MATERIAL IS DEPOSITED IN THE CRACKS AND MAY REDUCE THE STRENGTH
PROPERTIES OF THE SURROUNDING ROCK BY CHEMICAL AND MECHANICAL WEATHERING.62

FIGURE 2.5 AN EXAMPLE OF A FALL CAUSED BY BASAL UNDERCUTTING ALONG A CLIFF FACE.
BASAL UNDERCUTTING IS DUE TO WAVE ACTION ALTHOUGH A SIMILAR PROCESS MAY BE
EXPECTED ALONG STREAMS AND ABOVE SOIL PIPES (AFTER FLAGEOLLET AND WEBBER,

FIGURE 2.6 DIFFERENT MECHANISMS OF TOPPLING ACTION. FIGURE A SHOWS THE FORWARD
ROTATION OF A ROCK MASS THAT HAS BECOME SEPARATED ALONG A JOINT. FIGURE B
SHOWS THE BACKWARD ROTATION OF A ROCK MASS THAT HAS TILTED DUE TO A DEEP-

SEATED ROTATIONAL SLIDE AT ITS BASE (AFTER CRUDEN AND VARNES, 1996)................ 64
FIGURE 2.7 EXAMPLE OF A ROTATIONAL SLIDE. ..vveieiittiieeiitreeeiitteeeeeteeeeeteeeesisreeessnteeeessnesessnnens 67
FIGURE 2.8 EXAMPLE OF A TRANSLATIONAL SLIDE. ...uvviiiiiteeeeiitreeeeerieeeeenreeesesreeeeesreeesesseeesennens 68
FIGURE 2.9 AN EXAMPLE OF A SURFICIAL FLOW. MATERIAL BEGINS DEPOSITING WITHIN THE

TRANSPORT ZONE. .. .uttteeittieee ettt e s itteeessteeeeastteeeassseeeesssseeeantssesasssssesasseeesanssssessssesasssseeeeanns 70

FIGURE 2.10 AN EXAMPLE OF AN INCISED FLOW, WITH MATERIAL BEING REMOVED FROM THE
SLOPE IN THE TRANSPORT ZONE. ROOT DEPTH IS USUALLY UP TO TENS OF CENTIMETRES. 71

FIGURE 2.11 SOME HYPOTHETICAL MECHANISMS OF TERRACETTE FORMATION. (A) AN EXAMPLE
OF CREEP FLOW ASSOCIATED WITH SOLIFLUCTION. THE SOIL BECOMES SATURATED, LOSES
COHESION AND FLOWS DOWNSLOPE. (B) AN EXAMPLE OF TERRACETTE FORMATION AS A
RESULT OF TRANSLATIONAL SLIDING. (C) AN EXAMPLE OF TERRACETTE FORMATION
WHERE EACH STEP REPRESENTS A SMALL ROTATIONAL SLIDE (AFTER BIELECKI AND
MUELLER, 2002). ...ecueerieitesieseeteeeeeee et ste st se e e e saestesaestesseeseesaessessesenssesseaneessensessnssens 72

FIGURE 3.1 FLOW DIAGRAM SHOWING HOW A TRAINING SITE IS DEVELOPED AND REFINED USING
NEURAL NETWORKS TO DETERMINE MASS MOVEMENT SUSCEPTIBILITY (LEE ET AL., 2003).
.......................................................................................................................................... 85

FIGURE 3.2 AN EXAMPLE OF A HYDROLOGICAL-SLOPE STABILITY MODEL. WATER TABLE HEIGHT
IS TRANSLATED INTO PORE-PRESSURE IN THE INFINITE SLOPE EQUATION (CASADEIET AL.,

2003)... et E et r et r et r s 88
FIGURE 3.3 AN EXAMPLE OF HOW SOIL MECHANICAL RESPONSE UNITS ARE CREATED AND USED
TO COMPUTE THE SUSCEPTIBILITY MAP (MOLLER ET AL., 2001). ...ocoviiiiiniiiciiieieeieniees 90
FIGURE 3.4 A GIS-BASED CONCEPTUAL SYSTEM INTEGRATED WITH DATA MINING FOR MASS
MOVEMENT HAZARD ASSESSMENT (HUABIN ET AL., 2005).......ccceeiirieiienieiieneniee e 92
FIGURE 3.5 THE MASKING EFFECTS OF RELIEF AND VEGETATION ON AERIAL PHOTOGRAPHS
(BRARDINONIET AL., 2003). ...eeueitirieieetirieeeieste ettt 102

FIGURE 4.1 THE UKHAHLAMBA DRAKENSBERG TRANSFRONTIER PARK IS LOCATED ALONG THE
EASTERN BORDER OF LESOTHO. THE GARDEN CASTLE STATE FOREST IS HIGHLIGHTED IN

FIGURE 4.2 THE GARDEN CASTLE STATE FOREST. THE AREA IN FULL COLOUR REPRESENTS THE
CATCHMENTS SURVEYED IN THE FIELD, WHILST THE MASKED AREA REPRESENTS THAT

SURVEYED USING AP ..ottt 106
FIGURE 4.3 THE TOPOGRAPHIC AND GEOLOGICAL ZONES OF THE DRAKENSBERG (AFTER

HUMPHREYS, 1971 (BIKER, 2001)). ..c.eeiriereitirieieeierieeste ettt 107
FIGURE 4.4 SCHEMATIC PROFILE OF THE DRAKENSBERG SHOWING THE APPROXIMATE ALTITUDE

FOR EACH LITHOLOGICAL UNIT (AFTER BIJKER, 2001). ....cooiiiiiiirieieirieieesie e 108
FIGURE 4.5 FAILURE IN ROCKS AND SOILS OF INTERCALCATED LAYERS. .....cooviiiieierienreniennens 113


file:///C:/Users/Devlyn/Desktop/Studies/PHD2012/Document/Final2012/9911566J_291212_DHardwick_A%20Mass%20Movement%20Classification%20for%20the%20southern%20Drakensberg.docx%23_Toc344542396

FIGURE 5.1 FLOW DIAGRAM ILLUSTRATING THE DESKTOP METHOD. ....cccieiiriiiniiesieesieesieeeeenne 128
FIGURE 5.2 A) SPOT HEIGHTS (M A.S.L.) SHOWING NO OUTLIERS. B) CONTOUR HEIGHTS (M A.S.L.)

SHOWING OUTLIERS. 1. .tttttteteatteste st st stesseeseeseense b sbesbesbe bt s seensenesseabesbeabesbeaneeseenennesneas 130
FIGURE 5.3 A) EXAMPLES OF ERROR CREATED DURING THE SCAN DIGITIZING BETWEEN MAP
SHEETS AND B) THE CORRECTED CONTOURS. ...vvtverieritenienestestenessestenessessenessessensesesseneene 131
FIGURE 5.4 VECTOR DATA OF DRAINAGE LINES AND THE BUFFERED RASTER USED FOR THE
STATISTICAL ANALYSES ....tttiutettetistestestesseastessessestestessessesbesseessenesbesbesbeabesseaneennennennesnens 135
FIGURE 5.5 VECTOR DATA OF FOOTPATHS AND THE BUFFERED RASTER USED FOR THE
STATISTICAL ANALYSES. ©1eiiittiteiittetessirieeessttteesssteesssssessssssseessssesssssssessssssessssseessssssesssnns 136
FIGURE 5.6 VECTOR DATA OF ROCK EXPOSURES AND THE BUFFERED RASTER USED FOR THE
STATISTICAL ANALYSES. 11eiiittiteittrtessitieesssttreesssteesssstsessssssseessssesssssssesssssssssssseesssnssesssnns 137
FIGURE 5.7 LITHOLOGY OF THE SOUTHERN DRAKENSBERG AND ALTITUDINAL CLASSES FROM THE
TTRIDEM. ..ot b e bbb e sb e be e nbe e be e eneas 139
FIGURE 5.8 ALTITUDE RASTER IN THE BACKGROUND AND CLASSED ALTITUDINAL VALUES IN THE
FOREGROUND. ..ttttuttesutteisteessteesteessbeessbeessbasssbesssbeesabeessbeessbeeasbeessbeessbeeasbeessbeeanbeesnbeesnbeeans 140
FIGURE 5.9 ASPECT ACCORDING TO CARDINAL DIRECTIONS. THE TWO VALUES FOR NORTH (0-
22.5 AND 337.5-360) ARE EQUIVALENT ...cttiitteteetresteesteesteesteeeesaesseesseesseessesnsessssssnsssenss 142
FIGURE 5.10 GRADIENT IN DEGREES. ... uvtiittteiitiesiteesitiesneessseesssesssessssesssessssessssessnsesssssssnsessnens 143
FIGURE 5.11 THE HYPOTHETICAL LANDSCAPE MODEL (AFTER AYALEW AND YAMAGISHI, 2004).
........................................................................................................................................ 144

FIGURE 5.12 A COMPOSITE RASTER OF THE FOUR LANDSCAPE UNITS PRESENT IN THE SOUTHERN
DRAKENSBERG, DERIVED AFTER AYALEW AND YAMAGISHI’S (2004) NINE-UNIT

LANDSCAPE IMODEL. ......uuttteiiieeesiiittttiestessssssstsessesssssssbsessessssssbbasssassssssssbrsssssesssssssrssesss 145
FIGURE 5.13 FLOW DIAGRAM OF THE PROCESS USED FOR GENERATING THE STRATIFIED SAMPLES
OF THE ROCK MOVEMENT POINT DATA ¢.uutttiiiieeeiiiitittiieeessssebttieesesssssssasesseesssssssssesssssessns 159
FIGURE 6.1 IDEALISED BLOCK DIAGRAM OF A LANDSLIDE SHOWING THE TERMINOLOGY USED TO
DESCRIBE THE COMPONENTS OF THE SLIDE (AFTER VARNES, 1978). ....ccccocviieiicvrci 160
FIGURE 6.2 LOCATIONS OF SITES WHICH WERE MEASURED IN THE FIELD IN RELATION TO THE
(O8] SRR 161
FIGURE 6.3 OBLIQUE PHOTOGRAPH OF SITE A SHOWING MAIN SCARP AND THE TRANSPORT AND
DEPOSITIONAL ZONES. ....cciiiittttietteesiiitttieteesssesibbarteesesssiibbaasseseesssabbsbseesesssssbrbeseeesssessees 164

FIGURE 6.4 (A) THE CONTACT BETWEEN THE COLLUVIUM AND MUDSTONE AND (B) A TENSION
CRACK AT THE CROWN OF THE SLIDE SCAR WHICH HAS DEVELOPED INTO A SOIL PILLAR. 165
FIGURE 6.5 GEOMORPHOLOGICAL MAP OF THE COMPLEX MASS MOVEMENT FEATURE AT SITE A.

FIGURE 6.6 OBLIQUE VIEW OF SITE A USING GOOGLE EARTH (2009). TWO POSSIBLE PALAEO-
MASS MOVEMENT FEATURES CAN BE OBSERVED. NOTE THE HUMMOCKY TERRAIN ON THE

SURROUNDING SLOPES. ..eiiiiiiiititriitieeiieiiittieteeee st siitbbateesssssssssasaessesssssistbesssessssssssbssesssessns 167
FIGURE 6.7 OBLIQUE PHOTOGRAPH OF SITE B SHOWING THE MAIN SCARP AND ZONES OF
Yo 1 VA 1 P OPPPRR 169

FIGURE 6.8 PHOTOGRAPH OF THE DEPLETION ZONE SHOWING THE TWO LITHOLOGICAL UNITS AND
SEEPAGE ZONES. THE SCRUB VEGETATION CONSISTS MOSTLY OF LYCOPODIUM CLAVATUM.

........................................................................................................................................ 169
FIGURE 6.9 GEOMORPHOLOGICAL MAP OF THE ROCKFALL AND TRANSLATIONAL SLIDE AT SITE B.

........................................................................................................................................ 171
FIGURE 6.10 OBLIQUE PHOTOGRAPH OF SITE C SHOWING THE SHEAR SCAR AND ZONES OF

LY L@ Y4 =31, N N 172
FIGURE 6.11 GEOMORPHOLOGICAL MAP OF THE TRANSLATIONAL SLIDE SITE C...ovvvevvvreirvnnn. 173

FIGURE 6.12 GOOGLE EARTH (2009) IMAGE OF SITE B AND C SHOWING PLANATION SURFACES
ABOVE EACH SITE AND THE POSITION OF THE NGWANGWANE RIVER. RIVER TERRACES
WHICH MAY INDICATE PREVIOUS POSITIONS OF THE RIVER ARE REPRESENTED BY THE

DASHED BLUE LINE. .....utiiiieittieeiitteeeeittee e e ettt e e setteeeassteeseansaesessteeesasasessasseseesnseeeesassseessnsens 174
FIGURE 6.13 OBLIQUE PHOTOGRAPH OF THE SLIDE AT SITE B. THE SLIDE IS CHARACTERISED BY A
FLOW TRACK WHICH 1S TRANSPORTING SEDIMENT DOWNSTREAM TO THE RIVER. ........... 175

10


file:///C:/Users/Devlyn/Desktop/Studies/PHD2012/Document/Final2012/9911566J_291212_DHardwick_A%20Mass%20Movement%20Classification%20for%20the%20southern%20Drakensberg.docx%23_Toc344542417

FIGURE 6.14 GEOMORPHOLOGICAL MAP OF THE INCISED FLOW AT SITED. ..coccoiiiiiiiiiiic 176
FIGURE 6.15 (A) PROFILE OF THE MAIN SCARP. (B) ANGULAR MATERIAL THAT IS BEING

TRANSPORTED IN THE FLOW CHANNEL. .....ccvtiiiiiiiiii s 177
FIGURE 6.16 TRANSLATIONAL SLIDE OCCURRING AT SITE E. SITES F,G AND H CAN BE SEEN IN

THE BACKGROUND. ...iiiiiiiiiiiii e eaan e 178
FIGURE 6.17 GEOMORPHOLOGICAL MAP OF THE TRANSLATIONAL SLIDE AT SITEE. .......cc...... 179

FIGURE 6.18 OBLIQUE PHOTOGRAPH OF SITE F SHOWING THE MAIN SCARP AND ZONE OF
DEPOSITION. DASHED WHITE LINES INDICATE WHERE SLOPE GRADIENT DECREASES TO
CREATE LOCAL TOPOGRAPHIC TERRACES. .....ciiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeeee e 180

FIGURE 6.19 GEOMORPHOLOGICAL MAP OF THE TRANSLATIONAL SLIDE ATSITEF. .....ccvvvvee. 181

FIGURE 6.20 OBLIQUE PHOTOGRAPH OF SITE G SHOWING THE SHEAR SURFACE AND THE MAIN
FLOW PATH. THE LEVEES ARE SHOWN AS DASHED LINES. THE FOOT OF THE DEPOSITIONAL
Lo N ST L V4 5] ] = 0 =N 183

FIGURE 6.21 GEOMORPHOLOGICAL MAP OF THE SURFICIAL FLOW AT SITE G..ovveevvieeeeevee e 184

FIGURE 6.22 THE FLOW DEPOSIT AT SITE G INDICATING (A), HOW THE FLOW SPREAD AROUND
GRASS TUSSOCKS AND (B), HOW VEGETATION CREATED A CAST THAT MOULDED THE SHAPE
(o] Sl =l ] =1 =10 1] [ PO 185

FIGURE 6.23 VEGETATION WAS FLATTENED AS THE DISPLACED MATERIAL FLOWED OVER IT. (B)
DRAINAGE LINES DEVELOPED IN THE MASS AS THE SEDIMENT SETTLED AND THE FLUID
DRAINED AWAY . 1..ttttututttutttutasssssasssssasasasssssasssssasssasa.asasasasasas...saaasasasasasssasssasssssssnsssssssssnns 185

FIGURE 6.24 GEOMORPHOLOGICAL MAP OF THE SURFICIAL FLOWS AT SITEH

FIGURE 6.25 OBLIQUE PHOTOGRAPH OF THE TWO FLOWS AT SITE H SHOWING THE MAIN SCARP

AND ZONES OF ACTIVITY . 1tittttiiiiiiiieieteietetetestteteseteseteteteteteteteteteteteteteteee.. 188
FIGURE 6.26 OBLIQUE PHOTOGRAPH OF THE TRANSLATIONAL SLIDE AT SITE | ON THE
BUSHMAN’S RIVER. .etttiiiiiiiiiiieititietsieestesssesesesssesssesssesssssesssssssssssesessrsssretere .. 189

FIGURE 6.27 GEOMORPHOLOGICAL MAP OF THE TRANSLATIONAL SLIDE AT SITE . ...
FIGURE 6.28 SITE J DISPLAYING THE MAIN SCARP. NOTE THE EXPOSED BEDROCK JUST BELOW THE
SHEAR SURFACE. ...ciittttieiie et iiiitiies e e e s s e siabbbat e e s s s s s ibb bbb e e e e s e s e bbb b b e e s e e e s s abbbbeeeeesssssabbbabeeeeesian 191
FIGURE 6.29 (A) VEGETATED ‘ISLANDS’ ON THE SHEAR SURFACE AND (B) THE GRADUAL
TRANSITION OF THE CONTACT BETWEEN THE MOBILE SOIL AND WEATHERED SAPROLITE.
FIGURE 6.30 GEOMORPHOLOGICAL MAP OF THE TRANSLATIONAL SLIDE AT SITE J
FIGURE 6.31 OBLIQUE PHOTOGRAPH OF SITE K INDICATING A NUMBER OF PRIMARY AND
SECONDARY FEATURES. ...eeeettttteiettetesstttessesstsessssesessessesssasatsesassesesssssesssassesesssresessseesssnns 194
FIGURE 6.32 OBLIQUE PHOTO OF SITE K1 SHOWING THE MAIN SCARP AND TRANSPORT CHANNEL,
SLIDE SCARS IN THE IMMEDIATE VICINITY AND THE LOCATION OF THE BUSHMAN’S RIVER IN

RELATION TO THE FOOT OF THE FLOW. 11vttiiiiiiiiitiiiieeeeeiiittreieeseessssibasseessesssssnssssssesssssnnnns 195
FIGURE 6.33 AERIAL PHOTO OF THE SLIDE/FLOW AT SITE K3 SHOWING SHEAR SCARS, FLOW
TRACK AND DEPOSITS OF THE FLOW. ..coiiitttiiieeieeiitiieie e e e e s siibbree s s s e s ssabbaaseeesssssssbanesssessan 196

FIGURE 6.34 AERIAL PHOTO OF SITE K SHOWING THE HYPOTHETICAL RECONSTRUCTION OF MASS
MOVEMENTS EVENTS AND THEIR EFFECT ON THE DRAINAGE PATTERN OF THE BUSHMAN’S

LR LYZ= = SRR 197
FIGURE 6.35 SLIDE/FLOW AT SITE L SHOWING THE MAIN SCARP, FLOW TRACKS AND

(91103 [ 0] I = N N 198
FIGURE 6.36 GEOMORPHOLOGICAL MAP OF THE SLIDE AT SITE L. covvevvviiieee e 199
FIGURE 6.37 OBLIQUE PHOTOGRAPH OF THE MAIN SCARP, FLOW CHANNEL AND DEPOSITIONAL

FAN AT SITE Mo bbb b ab s b asabssssssasssasnsasnsssnnnnnnn 200
FIGURE 6.38 GEOMORPHOLOGICAL MAP OF THE LANDFORM AT SITE M. ..ooooiviiiiiiiieee i 201

FIGURE 7.1 DISTRIBUTION OF TERRACETTES DIGITIZED FROM THE 1: 50 000 ORTHOPHOTOS. .. 205
FIGURE 7.2 FRONT VIEW OF SEVERAL GROUPS OF TERRACETTES (1 —4) TAKEN IN AUGUST 2005.
A-B ARE REFERENCE POINTS SHOWING THE LOCATION OF THE TERRACETTES IN FIGURE 7.3.

FIGURE 7.3 PLAN VIEW (A — B) OF THE TERRACETTE GROUPS SHOWN IN FIGURE 6.2 (1 —4)
(GOOGLE EARTH, 2008). ....ccvitereitirieestenieeeteste ettt sttt sbe st sne e neenes 208



FIGURE 7.4 HISTOGRAMS OF THE INDEPENDENT VARIABLES FOR TERRACETTES.......cccovvivvvrnnn.. 211
FIGURE 7.5 GRAPH REPRESENTING THE PERCENTAGE CONTRIBUTION OF EACH VARIABLE TO THE
LOGIT MODEL. THE TABLE SHOWS THE MEAN AND STANDARD DEVIATIONS FOR EACH

(of0] NI 1 21110 1 o (] N TR 215
FIGURE 7.6 PROBABILITY MAPS FOR TERRACETTES USING THE RP1 AND RP2 DATASETS......... 217
FIGURE 7.7 PROBABILITY MAPS FOR TERRACETTES USING THE RP3 AND RP4 DATASETS......... 218
FIGURE 7.8 PROBABILITY MAPS FOR TERRACETTES USING THE RP5 DATASETS. ...cvvveieveeeeeee. 219
FIGURE 7.9 SUMMARIZED AND PRUNED CLASSIFICATION TREE FOR TERRACETTE TYPE MASS

MOVEMENT FEATURES (F: FREQUENCY,G: GINI COEFFICIENT). c..cuvvvivieirieeeienieieiesieneenns 220
FIGURE 7.10 FRONT VIEW OF SEVERAL FIELDS OF SOLIFLUCTION LOBES. A — LARGE SHEET SLIDE,

B — SMALLER SHEET SLIDE, C — TRANSLATIONAL SLIDE ALONG A DRAINAGE LINE.......... 223

FIGURE 7.11 PLAN VIEW OF THE SOLIFLUCTION FIELDS AS SHOWN IN FIGURE 7.10 (A — LARGE
SHEET SLIDE, B — SMALLER SHEET SLIDE, C — TRANSLATIONAL SLIDE ALONG DRAINAGE

LINE) (GOOGLE EARTH, 2009).......cceiiiiiiitesiestieeeieesie st ste sttt saesne e s 224
FIGURE 7.12 DISTRIBUTION OF SOLIFLUCTION LOBES DIGITIZED FROM THE 1: 50 000

ORTHOPHOTOS. ..iiiiuttteeittreeeatteeesstteeaestreeeasteeeesassaseeassreeeassseeaasseeeaasseeeeanseeeesansenessseeeesnes 225
FIGURE 7.13 HISTOGRAM OF THE INDEPENDENT VARIABLES FOR SOLIFLUCTION LOBES........... 227

FIGURE 7.14 GRAPH REPRESENTING THE PERCENTAGE CONTRIBUTION OF EACH VARIABLE TO THE
LOGIT MODEL. THE TABLE SHOWS THE MEAN AND STANDARD DEVIATIONS FOR EACH

CONTRIBUTION. .t 230
FIGURE 7.15: PROBABILITY MAPS FOR SOLIFLUCTION LOBES USING THE RP1 AND RP2 DATASETS.
........................................................................................................................................ 235
FIGURE 7.16: PROBABILITY MAPS FOR SOLIFLUCTION LOBES USING THE RP3 AND RP4 DATASETS.
........................................................................................................................................ 236
FIGURE 7.17: PROBABILITY MAPS FOR SOLIFLUCTION LOBES USING THE RP5 DATASET. .......... 237
FIGURE 7.18: SUMMARIZED AND PRUNED CLASSIFICATION TREE FOR SOLIFLUCTION LOBE FIELDS
(F: FREQUENCY,G: GINI COEFFICIENT). 11eittetesiesieesteesteeseeesesssesssesseesseessesssessesssesssesnseenes 238
FIGURE 7.19 VIEW OF A TERRACE ON A NORTHEAST-FACING SLOPE ALONG THE BUSHMAN’S
LY== SO 241
FIGURE 7.20 GROUP OF TERRACES LONG THE BUSHMAN’S RIVER. MEASURING TAPE (50 CM)
SHOWS THE HEIGHT OF THE STEP. 1eiiiiiiiiittiiieeeeessiitttrie e e e e s s ssibtttee s e s s s ssaabaesseesssssnbbanssesessas 241
FIGURE 7.21 AERIAL VIEW OF SEVERAL FIELDS OF TERRACES THAT OCCUR IN THE STUDY AREA.
LOCATIONS OF PHOTOS 1-4 ARE PROVIDED IN FIGURE 7.22......ccvvviieeeeiiiciieieeee e 242
FIGURE 7.22 DISTRIBUTION OF TERRACES DIGITIZED FROM THE 1: 50 000 ORTHOPHOTOS. 1-4
REFERS TO IMAGES IN FIGURE 7.21.....uuiiiiiii ittt ettt e s e iatvae e e e e s e nannns 243
FIGURE 7.23 HISTOGRAMS OF THE INDEPENDENT VARIABLES FOR TERRACE-TYPE MASS
MOVEMENT FEATURES. ....cititttititi et iiiittiet e e e s s e sibbarte e e e s s s ibbbateeseesssabbbbeeesesssasabbbeseeesssessees 245

FIGURE 7.24 GRAPH REPRESENTING THE PERCENTAGE CONTRIBUTION OF EACH VARIABLE TO THE
LOGIT MODEL. THE TABLE SHOWS THE MEAN AND STANDARD DEVIATIONS FOR EACH

(010 N 23111 i (0] TP 248
FIGURE 7.25 PROBABILITY MAPS FOR TERRACES USING THE RP1 AND RP2 DATASETS............. 251
FIGURE 7.26 PROBABILITY MAPS FOR TERRACES USING THE RP3 AND RP4 DATASETS............. 252
FIGURE 7.27 PROBABILITY MAPS FOR TERRACES USING THE RP5 DATASET.....veeeviiieeeevee e 253
FIGURE 7.28 SUMMARIZED AND PRUNED CLASSIFICATION TREE FOR TERRACE MASS MOVEMENT

FEATURES (F: FREQUENCY,G: GINI COEFFICIENT). 1.veuvitirtireriiniesesresieseesesieseesessessenesseneenes 255
FIGURE 7.29 PHOTOGRAPHS OF SLIDE SCARS ON THE ORTHOPHOTOS AND IN SATELLITE IMAGES

(GOOGLE EARTH, 2008). EXAMPLES (IN YELLOW) ARE SIMILAR TO SITE J....ocvvrviviiennne, 257

FIGURE 7.30 ORTHOPHOTO OF A SLIDE SCAR ALONG THE BUSHMAN’S RIVER. THE SLIDE SCAR IS
OBSCURED IN THE SATELLITE IMAGE DUE TO OROGRAPHIC SHADOW (GOOGLE EARTH,
2008). THE APPEARANCE OF THE SLIDE SCAR IN THE ORTHOPHOTOS IS SIMILAR TO THE

SLIDE SCAR AT SITE Luuutiiiiiiiiiiiiiiii ettt ettt e e b e a e e e e s e s bbb ar e e e e e e 257
FIGURE 7.31 DISTRIBUTION OF SLIDE SCARS DIGITIZED FROM THE 1: 50 000 ORTHOPHOTOS.... 259
FIGURE 7.32 HISTOGRAMS OF THE INDEPENDENT VARIABLES FOR SHEAR SCARS. ........cccuvvvene.. 262

12



FIGURE 7.33 GRAPH REPRESENTING THE PERCENTAGE CONTRIBUTION OF EACH VARIABLE TO THE
LOGIT MODEL. THE TABLE SHOWS THE MEAN AND STANDARD DEVIATIONS FOR EACH

Lof0] NI 1 211U 1 o (] N TR 266
FIGURE 7.34 PROBABILITY MAPS OF SHEAR SCARS FOR THE RP1 AND RP2 DATASETS. ............ 268
FIGURE 7.35 PROBABILITY MAPS OF SHEAR SCARS FOR THE RP3 AND RP4 DATASETS. ............ 269
FIGURE 7.36 PROBABILITY MAPS OF SHEAR SCARS FOR THE RP5 DATASET. ...vvvvevviieee i 270
FIGURE 7.37 SUMMARIZED AND PRUNED CLASSIFICATION TREE FOR SHEAR SCARS (F:

FREQUENCY,G: GINI COEFFICIENT). 1eeuvevertestesreaseeeeseeseessessesseeseaasssessessessessessesssessessessens 271
FIGURE 7.38 AERIAL VIEW OF SLIDE SCARS WITH INCISED FLOW TRACKS (LOCATIONS OF IMAGES

1-4 ARE SHOWN IN FIGURE 7.39) . ...viiiiiiiieiiiteieiest ettt 273
FIGURE 7.39 DISTRIBUTION OF SHEAR SCARS WITH INCISED FLOW TRACKS DIGITIZED FROM THE

1: 50 000 ORTHOPHOTOS. ..uuuttiiiiieeiiiittrieteeessesibbbrtseeessssbbbaasesessssssbbbbaassesssssabbbssesesssssisees 274
FIGURE 7.40 HISTOGRAMS OF THE INDEPENDENT VARIABLES FOR INCISED FLOWS............oo..... 276

FIGURE 7.41 GRAPH REPRESENTING THE PERCENTAGE CONTRIBUTION OF EACH VARIABLE TO THE
LOGIT MODEL. THE TABLE SHOWS THE MEAN AND STANDARD DEVIATIONS FOR EACH

CONTRIBUTION. 1.t tutttteeittteeeatteeeesateeeesstreeessteeeesssteseeassseeeassseesasseeeaasseeesassseesansenessseesennes 279
FIGURE 7.42 PROBABILITY MAPS FOR INCISED FLOWS FOR THE RP1 AND RP2 DATASETS. ....... 282
FIGURE 7.43 PROBABILITY MAPS FOR INCISED FLOWS FOR THE RP3 AND RP4 DATASETS. ....... 283
FIGURE 7.44 PROBABILITY MAPS FOR INCISED FLOWS FOR THE RP5 DATASET. .....cccccevvveeenee. 284

FIGURE 7.45 OVERLAY OF THE PREDICTION SURFACE PRODUCED USING RP1 ONTO THE
ORTHOPHOTOS. AREAS PREDICTED AS MEDIUM TO VERY HIGH PROBABILITY OCCUR IN
SHADOWS (BLACK AREAS) CAUSED BY HIGH RELIEF AND FLYING ANGLE. .....cceiververirnnnne 284

FIGURE 7.46 SUMMARIZED AND PRUNED CLASSIFICATION TREE FOR SLIDE SCARS WITH INCISED
FLOW TRACKS (F: FREQUENCY: GINI COEFFICIENT). ...ccuttiieiirienesiesieseeiesieseenesiesnenesieneens 285

FIGURE 7.47 DISTRIBUTION OF SLIDE SCARS WITH SURFICIAL DEPOSITS DIGITIZED FROM THE 1: 50
000 ORTHOPHOTOS. .uttttiiiieeiiiiitrtet e e s e s e iibbret e s s s s st it b e b e e e e s e s ea bbb a e e s e e s s s sbbbbeeeeesssssabbbareeeeesnan 287

FIGURE 7.48 AN EXAMPLE OF A LEVEE ASSOCIATED WITH THE SURFICIAL FLOW AT SITE G.
LARGER MATERIAL AND VEGETATION HAS BEEN PUSHED TO THE OUTER FLANK OF THE

FIGURE 7.49 AERIAL VIEW OF SLIDE SCARS WITH SURFICIAL DEPOSITS (LOCATION OF 1-2 IS
SHOWN IN FIGURE 7.47). NOTE HOW THE SLIDES GENERALLY OCCUR BELOW A ROCK
EXPOSURE (BLACK LINES) AND HOW THE DEPOSIT FLOWS ONTO THE PLANATION SURFACES
BELOW . .ttt ettt tee ettt et et s ekt e et e s sttt e h ke et e R bt e e b e R bt e e b e e R bt e enb e e e be e enbeesneeenneean 290

FIGURE 7.50 HISTOGRAMS OF THE INDEPENDENT VARIABLES FOR SURFICIAL FLOWS............... 291

FIGURE 7.51 GRAPH REPRESENTING THE PERCENTAGE CONTRIBUTION OF EACH VARIABLE TO THE
LOGIT MODEL. THE TABLE SHOWS THE MEAN AND STANDARD DEVIATIONS FOR EACH

CONTRIBUTION. 1.t utieeeitttee e ettt e estteeeestteeesateeeesssbeeeeastseeeanssseessaseeeeasseeeeanssseesanseeaessteeeeanes 295
FIGURE 7.52 PREDICTION MAPS OF SURFICIAL FLOWS FOR THE RP1 AND RP2 DATASETS......... 298
FIGURE 7.53 PREDICTION MAPS OF SURFICIAL FLOWS FOR THE RP3 AND RP4 DATASETS......... 299
FIGURE 7.54 PREDICTION MAPS OF SURFICIAL FLOWS FOR THE RP5 DATASET.......ccccceevveeenee. 300
FIGURE 7.55 SUMMARIZED AND PRUNED CLASSIFICATION TREE FOR SURFICIAL FLOWS (F:

FREQUENCY,G: GINI COEFFICIENT). cuveitteitieiteseesieesreesteesteessesssesssessaesseessesssesssessesssessseenns 301

FIGURE 7.56 AERIAL VIEWS OF SHEET SLIDES WITHIN THE SOLIFLUCTION LOBE FILEDS
(LOCATIONS OF A AND B ARE SHOWN IN FIGURE 7.57). A INSET-OBLIQUE PHOTOGRAPH OF

TWO SHEET SLIDES, ARROWS INDICTAE LOCATION IN A, w.ooiiiiiiieiiie et 303
FIGURE 7.57 DISTRIBUTION OF SHEET SLIDES DIGITIZED FROM THE 1:50 000 ORTHOPHOTOS.

DISTRIBUTION IS CONFINED TO AREAS WHERE SOLIFLUCTION OCCURS. .....ccoviveeiiienineenns 305
FIGURE 7.58 HISTOGRAMS OF THE INDEPENDENT VARIABLES FOR SHEET SLIDES. ......c.cccveunuen.. 306

FIGURE 7.59 GRAPH REPRESENTING THE PERCENTAGE CONTRIBUTION OF EACH VARIABLE TO THE
LOGIT MODEL. THE TABLE SHOWS THE MEAN AND STANDARD DEVIATIONS FOR EACH
(010 N 2312101 (0] TR O 308
FIGURE 7.60 PROBABILITY MAPS FOR THE RANDOM POINT 1 AND RANDOM POINT 2 MODELS. .. 310
FIGURE 7.61 PROBABILITY MAPS FOR THE RANDOM POINT 3 AND RANDOM POINT 4 MODELS... 311
FIGURE 7.62 PROBABILITY MAPS FOR RANDOM POINT DATASET 5. vt 312

13



FIGURE 7.63 SUMMARIZED AND PRUNED CLASSIFICATION TREE FOR SHEET SLIDES (F:

FREQUENCY,G: GINI COEFFICIENT). 1eeuttutiitestesieateeseeseeeestestessessessesnsessessessessessesseessesseseens 313
FIGURE .7.64 ROCKFALL DEPOSITS IN THE GCSF. ROCK MOVEMENT TYPES INCLUDE TOPPLING
AND FALLING. ... vtitiiittite s iteee e sette e e e ettt e e st e e s s etbeesssabeeesssbaessebbeessssbeaessabeeessbbassesabenesssbbeeeas 323
FIGURE 7.65 KERNEL DENSITY. DENSITY CLASSIFIED USING THE STANDARD DEVIATION. ........ 325
FIGURE 7.66 POINT DENSITY. DENSITY CLASSIFIED USING THE STANDARD DEVIATION. ........... 326
FIGURE 7.67: A COMPARISON OF THE AFFECT OF CELL SIZE ON THE KERNEL DENSITY FUNCTION,
SEARCH RADIUS IS 100M. A: 25M, B: 10M ...vviiiiiiiiii ittt 327
FIGURE 7.68: A COMPARISON OF THE AFFECT OF THE SIZE OF THE SEARCH RADIUS ON THE
KERNEL DENSITY FUNCTION, CELL SIZE 1S 10M. A: 100M, B: 25M .....ccoivvivviiiiieiiiiiiie. 327
FIGURE 7.69 EXPONENTIAL INCREASE IN THE NUMBER OF POINTS WHICH ARE UNIQUE TO THE
CLASS INTERVAL IN WHICH THEY OCCUR......coiiiiiiiiiiieeeceeeeeeeeeeee e 329

FIGURE 7.70 A COMPARISON OF THE POLYGONS CREATED FROM THE KERNEL DENSITY FUNCTION.
FIGURE A: CONTOUR INTERVALS OF HIGHER DENSITY, B: CONTOUR INTERVALS OF LOWER

(3] = N ] 1 2RO 330
FIGURE 7.71 COMPARISON OF THE KERNEL DENSITY (BLACK) AND THE GETIS-ORD GI* STATISTIC

........................................................................................................................................ 331
FIGURE 7.72 CLUSTER AND OUTLIER ANALYSIS (ANSELIN LOCAL MORANS I). ...ccccovveirennane, 332
FIGURE 7.73 COMPARISON OF THE KERNEL DENSITY FUNCTION FOR THE FULL DATASET, 1%, 5%

F NN I R T 334
FIGURE 7.74 HISTOGRAMS OF THE INDEPENDENT VARIABLES FOR SSO1. ..............
FIGURE 7.75 HISTOGRAMS OF THE INDEPENDENT VARIABLES FOR SSO05. ......ooocvvviiiieeeiiiriiee, 336
FIGURE 7.76 HISTOGRAMS OF THE INDEPENDENT VARIABLES FOR SS15. ......oocviiiiiiieeiirinee, 337

FIGURE 7.77 GRAPH REPRESENTING THE PERCENTAGE CONTRIBUTION OF EACH VARIABLE TO THE
LOGIT MODEL. THE TABLE SHOWS THE MEAN AND STANDARD DEVIATIONS FOR EACH
CONTRIBUTION. 1.t tutttteeittteeeatteeeesateeeesstreeessteeeesssteseeassseeeassseesasseeeaasseeesassseesansenessseesennes 343

FIGURE 7.78 PROBABILITY MAPS FOR ROCK MOVEMENT DEPOSITS USING SSO1..........cccoeenneee. 344

14



Tables

TABLE 1.1 A SUMMARY OF THE TYPES AND LOCATIONS OF MASS MOVEMENT ACTIVITIES IN
SOUTHERN AFRICA. .....etiueiiteeiteetee ettt sttt n e am e nn e n e n e e e aseesmeeare e sre e nneene s 22

TABLE 2.1 EARLY TYPES OF MASS MOVEMENT CLASSIFICATIONS (AFTER SHARPE, 1938). ......... 34

TABLE 2.2 CRITERIA USED FOR CLASSIFYING MASS MOVEMENTS ACCORDING TO PRESERVATION
OF MORPHOLOGY AND CHRONOLOGICAL SEQUENCE (AFTER GONZALEZ-DIEZ ET AL., 1999).

.......................................................................................................................................... 42
TABLE 2.3 A TEMPORAL CLASSIFICATION OF MASS MOVEMENT ACTIVITY (AFTER FLAGEOLLET,
LS L) TSRS 44
TABLE 2.4 SUMMARISED MASS MOVEMENT CLASSIFICATION BY HUTCHINSON (1988)............... 46
TABLE 2.5 CLASSIFICATION DEVELOPED BY VARNES (1978)......cceiiiiiiiiiicicc e 55
TABLE 2.6 THE CLASSIFICATION PROPOSED FOR MASS MOVEMENTS IN THE SOUTHERN
DRAKENSBERG. ....vvtvvttttttsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssesessserersmsr 78
TABLE 3.1 ANALYSIS TECHNIQUES IN RELATION TO MAPPING SCALES (AFTER SOETERS AND VAN
WESTEN, 1996). ....eiiiiiieiee ittt e e te et et e ane e st et e e be e teesaesraesreesneenneenes 93
TABLE 4.1 EXPECTED RANGES IN ELEVATION FOR EACH LITHOLOGICAL GROUP FOR THE GCSF.
AREA IS IN KM? AND ALL ALTITUDES ARE IN M .A.S.L. vvteeeeeeereeseeeeeeseseseeseseseesseesesseens 108
TABLE 5.1 FIELD SURVEY FORM USED TO DESCRIBE THE MASS MOVEMENT FEATURES. ITEMS IN
GREY WERE NOT ASSESSED IN THE FIELD. .uvvviiiiiiiiitrreiieeeeesiiitrieeeesssssssssesseesssssssssssssessssns 126
TABLE 5.2 TOTAL AND PERCENTAGE LENGTH OF DRAINAGE LINE BY STREAM ORDER.............. 134
TABLE 5.3 LAYERS REPRESENTING THE ENVIRONMENTAL VARIABLES USED TO COMPARE MASS
MOVEMENT TYPES. 11tttiiieiiiiitttiiteeessesatttet e e e s s s sttt aetsesessssbbaetseseessassbabaeeseessssbbrbeaseeessesirees 146
TABLE 5.4 CLASSIFICATION USED TO CREATE THE MASS MOVEMENT INVENTORY.....cccvvveeeennn. 148

TABLE 5.5 THE VARIOUS TECHNIQUES AND THEIR APPLICATIONS FOR STATISTICAL ANALYSIS.
NO* REPRESENTS THAT PREDICTIVE MODELLING CAN BE UNDERTAKEN WITH CART BUT
THIS REQUIRES FURTHER ANALYSIS. CART WAS NOT USED FOR PREDICTING MASS

MOVEMENT DISTRIBUTION FOR THIS STUDY. . cuutttiiiieeeiiiiiiirieeeeessisiirreessessseisssseseessssssnnns 154
TABLE 6.1 MORPHOMETRIC MEASUREMENTS WERE OBTAINED IN THE FIELD FOR ALL SITES
EXCEPT K. AVERAGE VALUES EXCLUDE SITE M WHICH WAS NOT CLASSIFIED. ............... 162

TABLE 7.1 COMPARISON OF THE FREQUENCY DISTRIBUTIONS AND INFOVAL WEIGHTS FOR
TERRACETTES. BOLD INDICATES HIGHEST VALUE IN CATEGORY, COLOUR INDICATES
VARIABLE WITH GREATEST FREQUENCY ...ccciiutiieeeitieeeetteeeeetteeeeeteeeestteeesenveeesenveeeesenseeeas 213

TABLE 7.2 THE AIC, BIC AND VARIABLES SELECTED FOR EACH ITERATION. NOTE THAT THE
PERCENTAGE OF CORRECTLY PREDICTED TERRACETTES IS SIMILAR FOR EACH MODEL.... 216

TABLE 7.3 TOTAL AREA (KM2 AND PERCENT) OF PROBABILITY VALUES FOR EACH ITERATION OF
RANDOM POINTS FOR TERRACETTE TYPE MASS MOVEMENTS.......ccoiuviiiieeeieiirriereeeesseiinns 220

TABLE 7.4 COMPARISON OF THE FREQUENCY DISTRIBUTIONS AND INFOVAL WEIGHTS. BOLD
INDICATES HIGHEST VALUE IN EACH CATEGORY, COLOUR INDICATES VARIABLE WITH
GREATEST FREQUENCY ...etiiiiiiiittiitee e s e eeiitbtet e e s e e s sitbbate e e s s s s stbaaaeesesessasabtbeseeesssssbbbaseeeeessan 229

TABLE 7.5 SUMMARY OF THE CONTINGENCY TABLE STATISTICS USED TO COMPARE
RELATIONSHIPS BETWEEN TOPOGRAPHIC VARIABLES. TESTS ARE SIGNIFICANT AT THE 95%
CONFIDENCE INTERVAL. .. i iiiiie ettt 230

TABLE 7.6 COMPARISON OF THE PERCENTAGE AREA OF EACH LITHOLOGICAL UNIT TO RANGES IN
GRADIENT ettt 232

TABLE 7.7 THE AIC, BIC AND VARIABLES SELECTED FOR EACH ITERATION. VARIATIONS IN
PREDICTIVE ABILITY ARE CAUSED BY DISSOLVING SOME OF THE CLASSES. ...uvvvvveeeriiinnns 233

TABLE 7.8 SUMMARY OF THE CONTINGENCY TABLE STATISTICS USED TO COMPARE
RELATIONSHIPS BETWEEN TOPOGRAPHIC VARIABLES AND DISTANCE TO A ROCK EXPOSURE.
TESTS ARE SIGNIFICANT AT THE 95% CONFIDENCE INTERVAL. ...cccooviiiviiiieeeeiiiiiiiieeeeeenn 233

15



TABLE 7.9 CROSS-TABULATION OF THE PERCENTAGE AREA OF EACH LITHOLOGICAL CLASS
COMPARED TO THE DISTANCE TO A ROCK EXPOSURE (M). HIGHEST PERCENTAGE IS IN BOLD.

........................................................................................................................................ 234
TABLE 7.10 TOTAL AREA (KM2 AND PERCENT) OF PROBABILITY VALUES FOR EACH ITERATION OF
RANDOM POINTS FOR THE SOLIFLUCTION LOBE FIELDS........cccooviiiiiiiiiiiinnneiineeennnn, 238

TABLE 7.11 COMPARISON OF THE FREQUENCY DISTRIBUTIONS AND INFOV AL WEIGHTS. BOLD
INDICATES HIGHEST VALUE IN EACH CATEGORY, COLOUR INDICATES VARIABLE WITH THE

GREATEST FREQUENCY ...vveiiittiieiitteeesitrteeesttesssestesesssbesssssessssssaessssssesssssssessssssesesssseesesnn 246
TABLE 7.12 THE AIC, BIC AND VARIABLES SELECTED FOR EACH ITERATION. VARIATIONS IN
PREDICTIVE ABILITY ARE CAUSED BY DISSOLVING SOME OF THE CLASSES. ....vvvvieeeiiiinnnns 249
TABLE 7.13 CROSS-TABULATION OF THE PERCENTAGE AREA OF EACH LITHOLOGICAL CLASS
COMPARED TO ALTITUDE (M.A.S.L). HIGHEST PERCENTAGE IS IN BOLD. ....c.ccvrviiaiieenen 249
TABLE 7.14 TOTAL AREA (KM? AND PERCENT) OF PROBABILITY VALUES FOR EACH ITERATION OF
RANDOM POINTS FOR THE TERRACE TYPE MASS MOVEMENT FEATURES. .....ccvveeivveeeeinnee. 255

TABLE 7.15 COMPARISON OF THE FREQUENCY DISTRIBUTIONS AND INFOVAL WEIGHTS. BOLD
INDICATES HIGHEST VALUE IN CATEGORY, COLOUR INDICATES VARIABLE WITH GREATEST
FREQUENCY ..eiiiiiiitttttiiee e e s isitbtttee s e e et saaabbbasseeesesabbaeeseeessseabbbabeeseessabbbbbeeeeessasbbbbaeeeessassasees 264

TABLE 7.16 THE AIC, BIC AND VARIABLES SELECTED FOR EACH ITERATION. NOTE THAT THE
PERCENTAGE OF CORRECTLY PREDICTED TERRACETTES IS SIMILAR FOR EACH MODEL.... 267

TABLE 7.17 TOTAL AREA (KM2 AND PERCENT) OF PROBABILITY VALUES FOR EACH ITERATION OF
RANDOM POINTS. ..uttttteteeetieitttteeeeessaaitttrereeeesasistassessesssasssssseeseessaatssssesesessamissrsssseeessnanees 271

TABLE 7.18 COMPARISON OF THE FREQUENCY DISTRIBUTIONS AND INFOVAL WEIGHTS. BOLD
INDICATES HIGHEST VALUE IN CATEGORY, COLOUR INDICATES VARIABLE WITH GREATEST
FREQUENCY ..ttt e tttetessttteeeestteeestteaessstaeesastaeeessteeeassteeeeantaeeesnseeeeasteeeenntaeeesnsbeeeanneeeeennnees 277

TABLE 7.19 THE AIC, BIC AND VARIABLES SELECTED FOR EACH ITERATION. NOTE THAT THE
PERCENTAGE OF CORRECTLY PREDICTED INCISED FLOWS IS SIMILAR FOR EACH MODEL.. 280

TABLE 7.20 TOTAL AREA (KM? AND PERCENT) OF PROBABILITY VALUES FOR EACH ITERATION OF

RANDOM POINTS. 1utttttitieeiiiittttieteeessissbtaeseessssaibbartsesesssiibbbsssessessaabbsssesesssasssbressesesssssssnes 285
TABLE 7.21 COMPARISON OF THE NUMBER OF SURFICIAL SCARS IN RELATION TO ROCK
EXPOSURES. .....iiiiittttieee e et ieibtttee e e e st estabb et e e e e s e tab b e et eeeessssabbbabeeseessabbabbeeseessessbbbbaseeeeseesasees 292

TABLE 7.22 COMPARISON OF THE FREQUENCY DISTRIBUTIONS AND INFOVAL WEIGHTS. BOLD
INDICATES HIGHEST VALUE IN CATEGORY, COLOUR INDICATES VARIABLE WITH GREATEST
FREQUENCY ..ttt e ttteteesttteeeesttaeesateeeessteeeesstaeaessteeeassteeeeansaeeesnsaeeeasteeeeanseeeesnsseeesnneeeeennnens 293

TABLE 7.23 THE AIC, BIC AND VARIABLES SELECTED FOR EACH ITERATION. NOTE THAT THE
PERCENTAGE OF CORRECTLY PREDICTED SURFICIAL SLIDES IS RELATIVELY SIMILAR FOR

EACH IMODEL. ..ttt ettt ettt sttt ettt sttt et e st e st e e es bt e st e e ssb e e esbeesnbeeenbeesnbeennnee e 296
TABLE 7.24 TOTAL AREA (KM? AND PERCENT) OF PROBABILITY VALUES FOR EACH ITERATION OF
RANDOM POINTS. 1. .ttetteteesteete st ateesteesbeesbe e besseesseesbeesbe e bt asseasseabe e bt e b e e s beaseesbeesbeesbeenneanne 301

TABLE 7.25 COMPARISON OF THE FREQUENCY DISTRIBUTIONS AND INFOVAL WEIGHTS. BOLD
INDICATES HIGHEST VALUE IN CATEGORY, COLOUR INDICATES VARIABLE WITH GREATEST

FREQUENCY ..eiiiiiittttieee e e s seitbttie e e e e e s eatabbae e e e e e s e st b b ea e e s e e et aab b bbb e eseessabbbbbeeseessasbbbbaseeeessesasees 307
TABLE 7.26 THE AIC, BIC AND VARIABLES SELECTED FOR EACH ITERATION. ...c.coovvvvvviieeeenn. 309
TABLE 7.27 TOTAL AREA (KM2 AND PERCENT) OF PROBABILITY VALUES FOR EACH ITERATION OF

RANDOM POINTS. 1.uuututttututiissasssasasssssasasssssssasssasasasasasasasasasasasasasasasasssasasssssssasssssssasssssnsssnns 313
TABLE 7.28 COMPARISON OF THE FREQUENCY DISTRIBUTIONS, INFOVAL AND HIERARCHICAL

PARTITIONING FOR THE TERRACE-TYPE MASS MOVEMENT FEATURES.........ccvvvvivieeeeriiinnne 315

TABLE 7.29 LENGTH (KM) AND AREA STATISTICS (KMZ) FOR EACH OF THE MASS MOVEMENT
TYPES. SHAX IS THE SHORTEST AXIS OF A BOUNDING RECTANGLE REPRESENTING THE
POLYGON OF THE SHAPE AND LOAX IS THE LONGEST AXIS OF THE SAME RECTANGLE. ... 318

TABLE 7.30 FREQUENCY OF LANDFORMS WITH CR IN RANGE INTERVALS OF 0.2. THE AVERAGE

CIRCULARITY RATIO IS ALSO GIVEN. .....eeiiiiiiiieeitieeeeeitieeeeetteeeeetteeeesteeeesnsseeesssaeeaesteeeeanns 319
TABLE 7.31 COMPARISON OF THE FREQUENCY DISTRIBUTIONS, INFOVAL AND HIERARCHICAL
PARTITIONING FOR THE SHEAR-TYPE MASS MOVEMENT FEATURES.......ccccoovieiiveeiireeeneens 320

16



TABLE 7.32 A COMPARISON OF THE NUMBER OF SHEAR SCARS FOR EACH TYPE WHICH ARE
WITHIN 5M OF A DRAINAGE LINE AND THE PERCENTAGE OF THOSE SCARS ACCORDING TO

STREAM ORDER. ...ttt 321
TABLE 7.33 DESCRIPTIVE STATISTICS OF THE QUADRATS .....eiuviiieesreenreanearesneessee e sneesne e sneas 324
TABLE 7.34: SUMMARY STATISTICS FOR THE DENSITY VALUES PRODUCED USING THE KERNEL

AND POINT DENSITY FUNCTIONS (NUMBER OF EVENTS PER SQUARE KM) ...c..covvvenierinienan. 325
TABLE 7.35: DESCRIPTIVE STATISTICS OF THE AREA AND NUMBER OF POINTS ASSOCIATED WITH

THE HIGHEST DENSITY CLASS CREATED USING TWO DIFFERENT SEARCH RADII ............... 328

TABLE 7.36 COMPARISON OF THE FREQUENCY DISTRIBUTIONS AND INFOV AL WEIGHTS FOR SSO1.
BOLD INDICATES HIGHEST VALUE IN CATEGORY, COLOUR INDICATES VARIABLE WITH
GREATEST FREQUENCY ...ciiiiiiiittitietee e e e e ettt et e e e e e s etttat e e e e e e s e taabaeeeeaessssnntbaseeaeeessntbaneaeaeesan 339

TABLE 7.37 COMPARISON OF THE FREQUENCY DISTRIBUTIONS AND INFOV AL WEIGHTS FOR SS05.
BOLD INDICATES HIGHEST VALUE IN CATEGORY, COLOUR INDICATES VARIABLE WITH
GREATEST FREQUENCY .....utiiitieeitie e ittt estteestreestteestaeesstesstseesseesstaeesssesssaeessseesssessssesssnesssnes 340

TABLE 7.38 COMPARISON OF THE FREQUENCY DISTRIBUTIONS AND INFOVAL WEIGHTS FOR SS15.
BOLD INDICATES HIGHEST VALUE IN CATEGORY, COLOUR INDICATES VARIABLE WITH
GREATEST FREQUENCY ...eiiiiiiiiitttiitie e i s eiitbret e e s s e s sibbbate e s s s s s satbabaeesesessssabbbaseeesssssbbbaaeeeeesnan 341

TABLE 7.39 TOTAL AREA (KM? AND PERCENT) OF PROBABILITY VALUES FOR SS1. .....coevenne. 345

17



1 Introduction

1.1 Mass movement: relevance within a southern

African context

Whilst many studies have been undertaken on mass movement over the last
century, catastrophic large mass movement events continue to cause human
fatalities. In 2007, 395 fatal landslides occurred worldwide resulting in the
deaths of more than 3 000 people, whilst in 2003-2006, 4 399 fatal landslides
caused an estimated 10 976 deaths (Petley, 2008). In 2008, 67 countries
reported landslide events, with an average of four fatalities per event
(Kirschbaum et al., 2010). The socio-economic impacts of mass movements are
also usually severe; remediation and infrastructure replacement in the United
States and Japan was thought to cost between US$1 and US$5 billion a year
(Schuster, 1996). The most recent estimate of costs for prevention and
rehabilitation of mass movements in southern Africa are about US$ 20 million
a year (Paige-Green, 1989), however this is probably an underestimate given

that no new approximations have been made (Paige-Green and Leyland, 2009).

Almost 90% of the fatal landslides recorded during 2007 were triggered by
intense and prolonged precipitation (Petley, 2008; Kirschbaum et al., 2010) and
it is expected that global environmental change will indirectly result in an
increasing number of catastrophic mass movements (Trauth et al., 2003;
Geertsema et al., 2006; Petley, 2010). Disastrous rainfall-triggered mass
movement in southern Africa has been recorded in the Western Cape (Blight et
al., 1970) and KwaZulu Natal (Thomas and van Schalkwyk, 1993). If climate
change causes an increase in the intensity and frequency of El Nifio and ENSO
events, more mass movement activity may be expected in such areas in years to

come (Dore, 2005). It is therefore important that South African earth scientists
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increase their understanding of mass movements, particularly for improving

spatial and temporal predictions of their likely future occurrences.

Mass movement has been defined as the downward and outward movement of
slope-forming material under the influence of a transporting agent such as
water, air, ice or snow (Goudie, 2004). Many definitions and classifications of
mass movement have been produced during the last century (see chapter 2) but
there is general recognition amongst Scientists that the term ‘mass movement’
includes topples, falls, slides, flows and spreads and that the rate of movement
can be very slow to very rapid. Accurately classifying mass movement has
become increasingly important as communities and insurance companies
require precise definitions to reduce risk and prevent disasters (Shroder and
Cverckova, 2005).

Mass movements are the result of the combined effect of environmental
conditions which reduce the stability of slope material, and trigger mechanisms
which initiate movement. Examples of conditioning factors include
fluvial/wave incision (Fiorillo, 2003; Ng, 2006; Ouimet et al., 2007),
excavation (Gocktirkler et al., 2008), increased load (Glade, 2000), soil erosion
(Pradhan et al., 2012), deforestation (Garcia-Ruiz et al., 2010), land-use change
(Coelho-Netto et al., 2007; Jakob and Lambert, 2009; Mugagga et al., 2012),
and increased pore pressures in weakly structured or clay rich soils (Hurliman
et al.,, 2001; Basile et al., 2003), amongst others. Trigger mechanisms
associated with mass movement development include prolonged and/or intense
rainfall (Hungr et al., 2001; Wieczorek et al., 2004), snowmelt (Naudet et al.,
2008; Kawagoe et al., 2009), changes in water-level associated with increasing
or decreasing groundwater depth (Brien and Reid, 2008), volcanic eruptions
(Devoli et al., 2007; Harris et al., 2011) and earthquake vibrations (Garcia-
Rodriguez et al., 2008; Ayalew et al., 2011).
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The impacts of mass movement vary depending on the magnitude of the mass
movement event, however impacts are usually described in terms of the effects
of mass movement on the urban environment. Risk has been defined in terms of
the number of human lives lost, the damage to property and the disruption to
economic activities that a particular mass movement causes (Varnes, 1984).
Yet, mass movement may strongly affect the natural environment as well.
Sediments that are mobilised by mass movement may significantly contribute
towards the sediment budget of a drainage system (Korup, 2004; Schwab et al.,
2008; Chen, 2009). Other impacts include the damming of rivers by landslides
and rock avalanches (Dai et al., 2005; Parvaiz et al., 2012), vegetation removal
and land-use change (Restrepo and Alvarez, 2006), altering channel
morphology and longitudinal river profiles (Ouimet et al., 2007; Molnar et al.,
2010), and changing slope topography (Dunning et al., 2009). In addition, the
impacts of a catastrophic mass movement may have a morphogenetic influence
for millennia or tens of millennia through the disturbance of other geomorphic

processes (Hewitt et al., 2008).

Mass movement research in southern Africa has been relatively limited, and
few studies have investigated the nature and distribution of mass movement
phenomena at a national or provincial level. The Council for Geoscience has
recognized this and is currently engaged in identifying, inventorizing and
mapping landslides in the Western Cape, KwaZulu-Natal and Limpopo
provinces (Diop et al., 2010). Recently, research has been conducted on mass
movements in the province of KwaZulu-Natal, however the types of mass
movement investigated were primarily limited to very large palaeo-landslides
(Singh, 2008). Most southern African studies have been site-specific in
approach and include the Durban area of KwaZulu-Natal (Knight et al., 1977,
Garland, 1978; van Schalkwyk and Thomas, 1991; Thomas and van
Schalkwyk, 1993; Bell and Maud, 2000), Richard’s Bay (Smedley and Nowlan,
1978), Esikhaleni, Eastern Cape (Beckedahl et al., 1988), Du Toit’s Kloof,
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Western Cape (Boelhouwers et al., 1998; Gupta 2001), the Injusuthi Valley,
Drakensberg (Bijker, 2001), the Fish River Catchment, Namibia (Stengel,
2001) and the Vunguvungu Banga Catchment and Rumphi District, Malawi
(Msilimba and Holmes, 2005; Dill et al., 2005; Msilimba and Holmes, 2010).

Studies that have mapped the distribution of mass movement types, monitored
rates of their development and established the causes of instability have been
limited (Beckedahl et al., 1988; Thomas and van Schalkwyk, 1993). The main
focus of mass movement research in southern Africa has been on the nature of
mass movement deposits, which is used to infer the palaeo-climatic conditions
under which such processes could operate (c.f. Boelhouwers, 1991, 1999, 2003,
Grab, 1996, 1999, 2000; Hanvey and Marker, 1992; Boelhouwers et al., 1998;
Boelhouwers and Sumner, 2003; Lewis, 2005; Mills and Grab, 2005; Temme et
al., 2008). Consequently, more emphasis has been placed on using mass
movement deposits to provide proxy climatic data than on understanding the
features themselves. Table 1.1 provides a summary of the publications that have
reported on the types and locations of mass movement activity in southern
Africa.

Smaller landslides, which have been active relatively recently, are documented
from the Drakensberg (Bijker, 2001) and along the eastern coast of Durban,
KwaZulu-Natal (Knight et al., 1977; van Schalkwyk and Thomas, 1991; Bell
and Maud, 1995; Bell and Maud, 2000). These shallow translational slides have
been related to periods of increased rainfall and occur in Peninsula sandstones
(Boelhouwers et al., 1998) and weathered granites in the Western Cape (Gupta,
2001), fragmented shales and mudstones of the Ecca Group in the Eastern Cape
(Beckedahl et al., 1988), in Berea red beds in Durban (Bell and Maud, 2000)
and in sandstones and mudstones of the Clarens, Elliot, and Molteno
Formations and Drakensberg Group in the Ukhahlamba-Drakensberg Park
(UDP) (Bijker, 2001).
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Author Type Location

King (1944) Terracettes, small slide scars Drakensberg

Blight et al. (1970) Slides S‘;{;,‘i‘,ﬁe&eﬁﬁg‘iﬁ‘ Cape and
Green and Bloch (1971) Rockfalls Ceres and Wolseley, Western Cape
Sparrow (1971) Solifluction Lesotho and Drakensberg
Hastenrath and Wilkinson (1973) Terracettes Lesotho

Shroder (1976) Rotational slides, earhtflows Malawi

Knight et al. (1977) Slides ﬁ(;gr Coast and Durban, KwaZulu-
Garland (1978) Rotational slide Durban, KwaZulu-Natal

Smedley and Nowlan (1978) Rotational slide Richard’s Bay, KwaZulu-Natal
Garland (1979) Shallow slope failure, terracettes Mooi River Valley, Kamberg
Garland and Humphrey (1980) Soil creep, shallow slope failures, rockfalls Drakensberg

Hanvey et al. (1986) Debris flows Rhodes, Eastern Cape

Beckedabhl et al. (1988) Mass movement complex (slides, rock falls and soil creep) Esikhaleni, Eastern Cape

Lewis (1988) Solifluction Lesotho, Drakensberg mountains
Verster and van Rooyen (1988) Terracettes kﬁsggg?;f%?é&?ggggnga and
Watson (1988) Terracettes Drakensberg

Boelhouwers (1991) Stepped microrelief (cattle steps and terracettes) Drakensberg

\(/fgg?;:halkwyk and Thomas Slides and flows KwaZulu-Natal

Hanvey and Marker (1992) Terracettes Lesotho

Meiklejohn (1992) Solifluction lobes, cryoplanation terraces Drakensberg

Cooper (1993) Landslides Mtamvuna estuary, KwaZulu-Natal
;I'lhgogn;)as and van Schalkwyk Planar slide, rotational slide, flow failure Southern Drakensberg

Grab (1996) Debris flows/slides, rock falls/slides High Drakensberg

Lewis (1996) Solifluction terraces Eastern Cape, Drakensberg
Mitchell (1996) Palaeo-rockfalls Sehonghong, Lesotho

Stengel (1997) Fossil landslides Southern Namibia

Boelhouwers (1998) Arcuate shaped slip scars and terracettes Giant’s Castle, Drakensberg
Boelhouwers et al. (1998) Shallow planar slides, deeper rotational slides, debris flows Du Toit's Kloof, Western Cape
Boelhouwers (1999) Solifluction, terraces Matroosberg, Western Cape

Grab (1999) Mini mud flows High Drakensberg

Bell and Maud (2000) Landslides Durban, KwaZulu-Natal
Boelhouwers et al. (2000) Debris flows Marion Island

Grab (2000) Stone-banked lobes, solifluction High Drakensberg

Bijker (2001) Shallow rotational and translational slides Injusuthi Valley, Drakensberg

Bye and Bell (2001) Translational slides Sandsloot, Limpopo

Gupta (2001) Debris slides, rock falls Du Toit's Kloof, Western Cape
Shaw et al. (2001) Debris flows Cape Point, Western Cape
Stengel (2001) Large palaeo-rotational landslides Fish River Catchment, Namibia
Boelhouwers et al. (2002) Solifluction Sani Pass, Lesotho

Boelhouwers (2003) g/lriisesv;zsstmg forms, shallow soil slides, creep and solifluction ;ee'scl)zt;?a?};?sleir:ds, above and below
Kiick and Lewis (2002) Solifluction, creep, terracettes Eastern Cape, Drakensberg

Mills and Grab (2005) Solifluction lobes Leqooa Valley, southern Drakensberg
Msilimba and Holmes (2005) Earth and debris flows \&L;Tgxivungu Banga Catchment,
Singh (2008) Large palaeo-rotational landslides KwaZulu-Natal

Temme et al. (2008) Solifluction Okhombe valley, KwaZulu-Natal
Mills et al. (2009) Solifluction lobes, terraces Lesotho

Msilimba and Holmes (2010) Landslides Rumphi District, Malawi

Table 1.1 A summary of the types and locations of mass movement activities in southern
Africa.

Solifluction lobes and terracettes have mostly been studied in relation to
periglacial activities in the Drakensberg and Lesotho, possibly due to the
association between temperature and altitude, as these areas experience regular

frost and snow. Solifluction lobes and terracettes have not been included in the
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landslide hazard analyses of Bijker (2001) and Singh (2008) as these represent
mass movement processes which occur at a much slower rate. Rockfalls in
South Africa are most commonly associated with mining activities, where
rockfalls and bursts are associated with blasting activities (Esterhuizen and
Streuders, 1998), although rockfall activity has been associated with
earthquakes in the Ceres Mountains of the Western Cape (Green and Bloch,
1971). Rockfalls in the Drakensberg occur as falling and toppling movements

along the horizontally-bedded rock outcrops of the Karoo Supergroup.

The first map of mass movement potential produced for southern Africa was
published by Paige-Green (1989) and this map has recently been updated. The
analysis ranks lithology, gradient, climate and seismic activity to establish
relative risk of landslide activity (Paige-Green and Leyland, 2009) (Figure 1.1).
Areas of high susceptibility have a combination of unfavourable lithological,
moisture and topographic conditions. Areas of medium to low susceptibility
have two or less conditions classified as unfavourable. This type of
susceptibility analysis represents a heuristic approach to hazard zonation,
referred to as ‘qualitative map combination’ (Soeters and van Westen, 1996).
Garland and Humphrey (1980) used a similar method for erosion susceptibility
mapping in the Kamberg area of the Drakensberg, but used variables relating to

the morphometric, hydrologic and material conditions specific to the area.

More recently, statistical and deterministic approaches have been used for mass
movement studies in the Western Cape (Gupta, 2001) and Drakensberg (Bijker,
2001). Gupta (2001) used a bivariate statistical method to compare the
frequency distribution of mass movements to selected environmental
conditions, whilst Bijker (2001) used a coupled hydrologic-slope stability
model to predict the number of unstable days experienced on north-facing
slopes during a 31 year period. Limited work has been undertaken on the

effects of mass movement activity in urban areas (Thomas and van Schalkwyk,
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1993) and it would seem that most studies have focussed on mass movements
in remote mountainous regions of southern Africa. These regions are regarded
as high water yield areas which are important for producing and managing

water resources and most are demarcated as protected areas.

Landslide Susceptibility 1
I None W$E
- Low S
Medium
I High
- Severe

E P

0 125 250 500 750 1,000
N O I s lometers

Figure 1.1 Map of landslide susceptible zones (after Paige-Green and Leyland, 2009).

Classifications developed specifically for mass movement features in southern
Africa are limited. The morphometric attributes of a number of slides, falls and
flows were used to classify a mass movement complex in the Transkei
(Beckedahl et al., 1988) using indices developed by Crozier (1973). Mass
movements that damaged roads and railways during the ‘Natal floods’ of
1987/88 were classified according to movement type, however mass
movements that did not destroy infrastructure were designated as part of the
natural erosion cycle and excluded from the classification (Thomas and van
Schalkwyk, 1993). Type of material has been used to distinguish between mass
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movement forms (Gupta, 2001), whilst the classification developed by Varnes
(1978) has also been adopted for the Drakensberg (Bijker, 2001).

The use of Geographic Information Systems (GIS) for modelling and predicting
the spatial distribution of mass movement features is widely accepted in the
international literature (e.g. Carrara et al., 1991; Guzzetti et al., 2000; Lineback
Gritzner et al., 2001; Clerici et al., 2002; Lee et al., 2003; Ayalew et al., 2004;
Ermini et al., 2005; Akgun et al, 2008; Dahal et al., 2009; Yalcin, 2008; Bai et
al., 2010; Pradhan, 2010; Yalcin et al., 2011; Xu et al., 2012). Although GIS
can be used for heuristic, statistical or deterministic modelling approaches, the
input data required by the models may be impossible to collect or prohibitively
expensive (Lineback Gritzner et al., 2001). In South Africa, the application of
GIS in mass movement studies has been limited, possibly due 