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EXECUTIVE SUMMARY 

This mass movement hazard assessment addresses harvesting of the 1962 age class of Monterey 
pine (Pin us radiata D. Don) in compartments 148, 152, 153, 154, 155, 156, 157, 158 and 159 of 
Canobolas State Forest. It was conducted according to module 2 (Mass Movement Assessment) of 
Environment Protection Licence No. 4016 and was undertaken because some existing roads will 
be maintained andlor upgraded in geological units (Middle Miocene basalts, alkali rhyolites and 
trachytes) where there have been previous mass movements. 

An appropriate classification of mass movements (Varnes 1978, Cruden and Vames 1996, Dikauet 
al. 1996a, 1996b) is first outlined and used throughout the report. This classification is based 
primarily on the type of movement (fall, topple, rotational slide, translational slide, planar slide, 
lateral spreading, flow and complex movement) and secondarily on the type of material (rock, 
debris and soil). It is proposed herein as an appropriate classification scheme of mass movements 
for use, trial and subsequent refmement by staff of Forests NSW. 

Canobolas State Forest forms part of a post-World War IT Government reforestation project with 
softwood plantations in the Orange area. Ministerial approval for the purchase of the first freehold 
property was granted on 22 January 1947. The first plantings occurred later in the same year but 
Canobolas State Forest No. 901 was not dedicated until 22 June 1959. The 1962 age class in 
Canobolas State Forest is mapped as three informal stratigraphic (geological) units of the Canobolas 
Volcanic Complex, namely, unnamed basaltic intrusions and flows (Tb), unnamed alkali rhyolite 
(Tp) and unnamed trachyte intrusions, flows and volcaniclastics (Tt). A series of K-Ar dates on 
these volcanic rocks gave ages ranging from 12.7 to 10.9 Ma (Middle Miocene). The Canobolas 
soil landscape has been mapped in the 1962 age class and the dominant soil regolith stability class 
for the 1962 age class was assessed by Murphy et al. (1998) as class 3 with a sub-dominant class 
of 1. Recent soil assessments by David Bell and the author are consistent and indicate that the soil 
regolith stability class for the Canobolas soil landscape should be revised to a dominant class of 1 
with a sub-dominant class of 3. Furthermore, the author has identified subplastic gravelly clay 
loams and gravelly light clays for the first time in the Canobolas soil landscape and such materials 
exhibit high mechanical and chemical stability, which is inconsistent with class 3. 

Although Fell's (1992) extensive review of landslides in Australia did not cite a single reference to 
mass movements on Tertiary basalt in the Orange area, the following three mass movement events 
have been recorded recently in Canobolas State Forest: 

1. Lee (1999) reported a major landslide (debris slide) that involved some 1.3 ha on a 28.8° 
slope of 1969 age class pine in compartment 259 of Canobolas State Forest in about October 
1998. The debris slide was located in a slope planform concavity (hillslope hollow) which 
concentrated overland flow and soil water, and which would, therefore, cause soil saturation 
during prolonged rain. From analysis of rainfall records, it was concluded that the 1998 
landslide actually occurred at some time between June and August rather than when first 
observed in October. The debris slide resulted in a second mass movement in the drainage 
line downstream of the toe of the debris slide. Temporary damming of some of the material 
eroded by the debris slide in the drainage line was effected by a series of interlocked pine 
trees (debris dam) at the side of the debris slide. Initiation of renewed movement of some of 
the temporarily stored debris as a flow was probably caused by a combination of liquefaction 
and partial failure of the debris dam soon after formation. The debris flow extended about 
500 m along the drainage line and downstream channels. 
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2. Complex debris flows occurred during the night of 16/17 November 2000 in the catchment 
of water quality monitoring site CNBL06 in the 1962 age class. The flows consisted of two 
discrete parts, an upper slope flow and a lower channel flow. The upper slope flow failed 
first and eroded a very steep hillslope hollow on the right side of the valley where the contours 
concentrated surface and subsurface water. The slope angle where the upper flow occurred 
was 33 to 35° but there was no well-defmed failure plane in the soil regolith. The upper 
debris flow occurred because the soil was saturated due to prolonged rainfall over five 
consecutive days; overland flow and streamflow were concentrated in a hillslope hollow 
downstream of an upper slope amphitheatre; and slopes were very steep due to the location 
at the edge of vertically stacked trachyte flows. The lower channel flow was restricted to the 
main channel on which water quality monitoring site CNBL06 was located. The material 
eroded by the upper flow was deposited in the small bedrock-confined main channel at the 
foot of the slope. This sediment and large woody debris caused a temporary dam which 
subsequently failed by overtopping, initiating a second confined debris flow downstream of 
the original slope debris flow. The resultant channel debris flow severely eroded the stream 
margins and transported many pine trees. The main channel slope is about 10° and the lower 
flow moved about 140 m downstream until it reached a local valley expansion on a bend 
where the transported pine trees wedged to form a 3.3 m high debris dam which trapped 
most of the mobilised sediment. The structural integrity of the dam is dependent on the 
longevity of the pine trees. 

3. Repeated translatior..~! ~!i.des have occurred on part of a steep (33°) cut road batter on 
Cadiangullong Road. Upslope infiltration and seepage were important hydrologic processes 
that led to a high water table and positive pore water pressure of the earthen embankment, 
causing slope failure. When Cadiangullong Road was reconstructed, it was re-routed to higher 
ground through a short section of ancient landslide deposits. These landslide deposits are 
diamictons, which are nonsorted sediments consisting of sand and/or larger particles dispersed 
through a muddy matrix. The diamicton was probably formed by at least two phases of 
deep-seated rotational sliding of the steep slope above the road cutting. 

A field assessment of mass movements in the 1962 age class found the following evidence of 
landslides: 

1. An old diamicton consisting of an irregular hummocky area of cemented angular 
volcanic gravels below a log landing in compartment 158. 

2. A series of at least four vertically stacked landslide deposits up to 2.5 m thick in a cut 
road batter in compartment 155. 

3. A very old but poorly exposed landslide deposit in a road cutting in compartment 156. 

4. A recent (ie within last 20 years) small mass movement in compartment 156 which 
crossed a road and necessitated local road works. 

5. The November 2000 debris flows above Water Quality Monitoring site CNBL06. 

Air photograph interpretation was conducted of a rectangular area of approximately 80 km2 which 
included the 1962 age class and the same geological mapping units. Three sets of vertical air 
photographs (1991, 1997 and 2000) were used. At least eleven mass movements were identified in 
areas not hidden under a continuous pine canopy: 

iv 

• Five possible debris flows in the steep headwaters of streams draining the central elevated 
core of the Canobolas Volcanic Complex. Only one is located in Glenwood State Forest 
while the others are located on freehold land or in Mt Canobolas Park. 
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• Six possible translational and rotational slides on steep slopes in the same area. Only 
two are located in Glenwood State Forest while the others are located on freehold land 
or in Mt Canobolas Park. 

Detailed analysis of the Canobolas State Forest (Station No. 063018) rainfall record revealed a 
poor correlation between monthly rainfall and the occurrence of historical mass movements because: 

• 

• 

• 

• 

the location of the rain gauge is possibly unrepresentative of rainfall at higher elevations; 

monthly rainfall may not be an accurate measure of mass movement-inducing rainfall 
events. However, Reid (1998) concluded that the potentially important effects of 
antecedent moisture may not be accounted for by shorter durations; 

the rainfall-slope stability relationship is indirect via rainfall effects on pore water 
pressure; and 

the mass movement record for Canobolas State Forest is possibly incomplete. 

A large statistically significant increase in annual rainfall was detected at the Canobolas State 
Forest station since 1949 and was also associated with a number of very high annual totals. The 
years 1950, 1952, 1956 and 1960 exhibited greatly above average rainfall but the period 1973-
1978 was extraordinarily wet. However, no mass movements were recorded during these years. 
While mass movements do occur infrequently in Canobolas State Forest, the risk is minor, even 
during extended wet periods. 

The results of a simple water balance model based on monthly rainfall at Canobolas State Forest 
gauge suggest that soil moisture storage capacity is only exceeded during August under median 
monthly rainfall but is exceeded between July and September under mean monthly rainfall. Clearfall 
harvesting, road works and site preparation should not be conducted when total soil moisture 
storage has been exceeded. For rainfall durations less than a month, Caine's (1980) extrinsic rainfall 
thresholds should be used as a guide to the identification of rain storms likely to cause mass 
movements. 

The essential conditions for the initiation of historical mass movements in Canobolas State Forest 
are: 

• Relatively deep soil (about 1 m minimum depth) that develops a failure plane either 
between soillayers/horizons or between soil and bedrock. 

• Saturated soil and build up of pore water pressure due to prolonged rainfall, with or 
without an intense rain storm. 

• Flow concentration in hillslope hollows orplanform concavities, which further promotes 
soil saturation and increased pore water pressures during rain storms. 

• Very steep slopes (>25°) on the edge or snout of individual trachyte flows or a series of 
vertically stacked flows or on the side of steep volcanic cones and domes. 

• Formation and subsequent rapid failure of landslide dams which cause channel debris 
flows and, in some case, the formation of slot channels on slopes of 10°. 

All forestry activities undertaken in steep hillslope hollows with relatively deep soils should not 
cause soil saturation and/or artificial loading of the slope. Runoff dispersal from roads should not 
be directed to steep hillslope hollows and the use of machinery on such areas should be prohibited 
when soils are saturated. Management-induced mass movements have only been found to date on 
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a cut road batter on Cadiangullong Road where the road was re-routed through diamictons formed 
by a large rotational slide of probable Pleistocene age and on another cut road batter in compartment 
156. It is recommended that new roads or the upgrading of existing roads should avoid excavating 
cut batters in thick diamictons (>2 m deep). Where there are existing cut batters in such diamictons, 
appropriate remedial works should be installed, where required. 

Plantations are a recommended land use for mass movement-prone areas because rapid mass 
movements occur more frequently per unit land area under grass than under forest. Soil regolith 
strength is increased by tree roots which extend into either joints and fractures in bedrock or into 
weathered soil. The areas identified above should be assessed for tree retention and, if harvested, 
should be replanted as soon as possible thereafter. 
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INTRODUCTION 

Mass movements received much attention in Australia in 1997 when a landslide killed 18 people 
who had been accommodated in two tourist lodges at Thredbo in Kosciuszko National Park (Flentje 
and Chowdury 1998). Only one inhabitant of the two lodges survived and the New South Wales' 
coroner investigated the incident. However, much larger mass movements have been recorded 
overseas. The Vaiont Dam disaster in the Italian Alps of 1963 was produced by a mass movement 
involving 250 million m3 of rock which drove water over the dam and killed over 2500 people in 
the valley below (Dikau et al. 1996a). Recent mass movements in Sydney and Japan have also 
been reported in the Sydney press (Table 1). Mass movement risk assessment is a long-recognised 
part of forest planning (Furbish and Rice 1983). Clearly, mass movements can be significant natural 
hazards which need to be investigated carefully before undertaking a range of activities. However, 
forestry activities can also cause mass movements and hence forest planning also needs to address 
the potential for management-induced mass movements (Furbish and Rice 1983). 

According to Environment Protection Authority's (EPA) Environment Protection Licence No. 4016, 
module 2 (Mass Movement Assessment) must be used to determine the mass movement hazard of 
scheduled or non-scheduled forestry activities that involve: 

1. the maintenance and upgrading of existing roads; 
2. the construction of new roads; or 
3. the use of side-cut snig tracks that have batters greater than 1 m in height. 

Although not stated explicitly in the above Licence, the main concern is apparently with management
induced mass movements (see Section 2.1 of module 2). 

The definition of mass movement contained in the Licence is: 

'''mass movement' means the downslope movement greater than 10 cubic metres 
of soil regolith, where gravity is the primary force and where no transporting medium 
such as wind, flowing water, or ice are involved. The key factors which affect mass 
movement are slope angle, material strength, vegetal cover and site drainage. This 
may include but is not limited to earth slumps, translational slides and earth flows" 
(EPA undated, pp. 25 and 61). 

This definition is similar to that in 'Glossary of Terms used in Soil Conservation' (Houghton and 
Charman 1986) and to what Selby (1982, 1985) calls 'mass wasting'. However, the Licence 
definition clearly excludes flowing water as a transporting medium and fails to address the shape 
and type of the failure plane (for example, rotational failures are not included but are presumably 
subsumed under slumps) as well as the type of failure. While there is some support for the former 
in the literature (references cited above plus Walker et al. (1987)), Young's (1972) discussion of 
rapid mass movements includes flowing water as a transporting medium and Allen (1985) illustrated 
the relevance of water to various types of mass movements. Similarly, Selby (1982) noted that 
water is frequently involved in mass wasting by reducing soil strength and by contributing to 
plastic and fluid behaviour of soils. Debris flows and hyperconcentrated stream flows certainly 
involve flowing water as the main transporting medium (Wasson 1978a, 1978b, Kelsey 1982, 
Tsukamoto et al. 1982, Benda 1990, Rutherfurd et al. 1994, Reinfelds and Nanson 2001). 
Furthermore, landslides often change downslope into debris flows because of increased water 
content (Walker et al. 1987) and hence are included in this assessment. The type and shape of the 
failure plane should also be specified, where possible, to clearly identify the type of mass movement. 
This is also important for the application of soil mechanics theory to the calculation of the factor of 
safety and probability of failure for a mass movement (Walker et al. 1987). 
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Table 1. Recent reports in the Daily Telegraph of mass movements in Sydney (Daily Telegraph, 
Monday April 21 2003, page 5) and Japan (Daily Telegraph, Wednesday, May 28, 
2003, page 36). 

5-THE DAfl Y TELEG PH 
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Module 2 stipulates that the a sessment procedure for mass movements mu t involve: 

1. Consideration of all existing information relevant to mass movement within the State 
fore t or geological unit. 

2. Field as se ment of evidence of existing or potential mass movements within the 
proposed area by a suitably qualified and competent per on. Thi evidence must be 
documented and held on file at the Regional Office. 

3. If there i conflict in the findings between steps 1 and 2, then air photograph 
interpretation of the geological and landscape units mu t be completed to determine 
whether there is a mass movement hazard. 

This assessment of the mass movement hazard associated with clearfall harvesting of the 1962 age 
class of Monterey pine (Pin us radiata D. Don) in compartments 148, 152, 153, 154, 155, 156, 
157, 158 and 159 of Canobolas State Forest (Figure 1) has been conducted by the author because 
0.15 km of new road will be constructed and 10.1 km of existing roads will be maintained and/or 
upgraded. All three stages outlined above have been completed. Previous work by the author on 
mass movements in a range of environments includes, among others, Erskine (1996, 1997, 1998), 
Erskine and Fityus (1998) and Erskine and Green (2000). The author is a 'suitably qualified person' 
within the meaning of module 2. 

The aims of this report are to: 

• 

• 

• 

• 

• 

• 

• 

• 

Outline an appropriate classification of mass movements for use by staff of Forests 
NSW. 

Present background information on the history of Canobolas State Forest relevant to 
the occurrence of mass movements. 

Outline the geology and soil landscapes of Canobolas State Forest. 

Discuss historical mass movements in Canobolas State Forest. 

Present the results of a field assessment of mass movements in the 1962 age class. 

Discuss the outcomes of air photograph interpretation of the mass movement hazard 
in the Mt Canobolas area. 

Examine the role of rainfall in generating mass movements in Canobolas State Forest. 
and 

Develop site-specific conditions and pre criptions to mitigate the identified mass 
movement hazard in the 1962 age class. 

Each aim is addressed in a subsequent section. This Research Paper is a revised version of the 
original mass movement hazard assessment (Erskine 2002). 
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Figure 1. The 1962 age class (compartments 148, 152, 153, 154, 155, 156, 157, 158 and 159-
shown by green cross hatch) of Monterey pine (Pinus radiata D. Don) in Canobolas State Forest. 
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MASS MOVEMENT CLASSIFICATION 

The abbreviated classification of slope movements proposed by Varnes (1978) and Cruden and 
Varnes (1996) is the most commonly used (Sassa 1999a). It was also adopted by the International 
Geotechnical Societies' UNESCO Working Group on Wodd Landslide Inventory. However, Dikau 
et al. (1996a, 1996b) slightly modified Varnes' classification and their modified version is used 
below (Table 2). Any classification is difficult to apply because identifying the nature of the 
causative process from the deposited debris and erosional scar is usually difficult. Furthermore, 
differentiation between formative processes is not always possible after the event, as documented 
repeatedly in the literature. Blong (1973) was unable to discriminate between selected landslide 
types on the basis of numerical classification of 62 landslide attributes. Nevertheless, it is essential 
that all Forests NSW employees use the same terminology and Table 2 is proposed as a starting 
point for trial and refinement. Therefore, the essential aspects of the classification are briefly outlined 
below (see also Figure 2). 

Table 2. Abbreviated classification of slope movements based on Dikau et at. ' s (1996a, 1996b) 
slight modifications of Varnes' (1978) scheme. 

Type Material 

Rock Debris Soil 

Fall Rockfall Debris fall Soil fall 

Topple Rock topple Debris topple Soil topple 

Slide (Rotational) Single (slump) Single Single 
Multiple Multiple Multiple 
Successive Successive Successive 

Slide Block slide Block slide Slab slide 
(Translational) 
Non-rotational 

Planar Rockslide Debris slide Mudslide 

Lateral spreading Rock spreading Debris spreading Soil (debris) spreading 

Flow Rock flow Debris flow Soil flow 

Complex Change of behaviour downslope for the same material 

Compound More than one type 
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ROCK SLlOE 

FLOW 
SLUMP 

Figure 2. Types of movements associated with slope failure by mass movements that were adopted 
by Dikau et al. (1996a, 1996b). Source: Selby (1985). 

Varnes (1978), following his earlier work (Varnes 1958, 1975), classified slope movements primarily 
according to the type of movement and secondarily according to the type of material. Types of 
movement include falls, topples, slides, lateral spreads, flows and complex and compound 
movements (combinations of two or more of the previous five types), which are illustrated in 
Figure 2. Materials cover rock, debris and soil (Table 2). 'Soil' in Table 2 is equivalent to 'earth' in 
Varnes' (1978) scheme. Varnes (1978) recognised that there is a continuum of slope movements 
and that, therefore, a rigid classification is neither practical nor desirable. Furthermore, although 
single processes are usually outlined in Table 2, the reality is that most mass movements are 
combinations of movement types (Varnes 1978, Dikau et al. 1996a, 1996b). However, the scheme 
in Table 2 attempts to present a precise vocabulary for the description of slope movement processes 
and deposits (Varnes 1978) and is more exact than those of Costin (1950) and East (1978). Each 
main type of movement and material is briefly discussed below. 

Falls are rapid movements of material detached from a steep slope or cliff along a failure surface 
on which little or no shear displacement has occurred (Varnes 1978). The detached material descends 
mostly by freefall but will leap, bound and/or roll on reaching the ground. More detail can be 
found in Flageollet and Weber (1996). 
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Topples refer to tilting without collapse. They involve the forward rotation of a unit or units about 
a pivot under the influence of gravity. Adjacent units may also exert forces on the toppled unit and 
movement may be assisted by water in cracks. Toppling mayor may not culminate in either falling 
or sliding after the initial failure depending on a number of interacting factors (Varnes 1978). 
While a toppling failure is certainly a type of slope movement, it is not a result of shear and hence, 
according to Sassa (1999a, 1999b), is not a landslide. However, a toppling failure can lead to 
shearing of the failed block. More detail can be found in Dikau et al. (1996c). 

Rotational slides exhibit a curved concave up failure or rupture plane with rotational movement of 
the displaced soil and/or rock mass and are commonly called slumps. Backward rotation of the 
sliding mass often causes fracturing of new blocks on the headscarp and can lead to water ponding 
in the depressed, backward-tilted soil (East 1978, Selby 1982). 

Seepage along the initial failure plane of the ponded water on the slump block can cause further 
movement. Where soil flow paths are established above the initial failure plane, new failure planes 
can develop leading to a second phase of slab or translational slides of the previously failed material. 
Varnes (1978) proposed that the degree of disruption of the failed mass can be described as block 
or intact for slides with one or a few moving units (block glide or slide) and as broken or disrupted 
for those with many moving units. More detail can be found in Buma and van Asch (1996). 

A failure plane parallel to the ground surface (planar failure) characterises translational slides. 
Block gliding entails the largely undeformed movement of very large blocks over a planar failure 
surface and usually involves bedrock with few recorded examples in soils (slab slide in Table 2). 
Translational slides are the most common landslide and are usually shallow features, which generally 
occur during heavy rain (Selby 1982). Only when water pressures rise substantially does the soil 
lose sufficient strength to fail (Rogers and Selby 1980, Selby 1982, Allen 1985). The degree of soil 
deformation and the water content frequently increase downslope so that an upper slope block 
slide changes to a midslope broken slide to a lower slope flow. The planar failure surface of 
translational slides is commonly controlled by faults, joints, bedding planes, variations in shear 
strength between beds or by the contact between firm bedrock and overlying regolith (Varnes 
1978). Planar slides in Table 2 are differentiated from translational slides by the substantial 
deformation of the failed materials. Dikau et al. (1996b) contains many chapters discussing the 
various types of translational and planar slides listed in Table 2. 

Failures by lateral spreading are characterised by a dominant lateral movement caused by shear or 
tensile fractures and are complex slope movements (Varnes 1978). Varnes (1978) described two 
main types: 

1. Extension without a well-defined basal shear surface on the crest of bedrock ridges. 

2. Fracturing and extension of coherent material due to liquefaction of subjacent material. 
The coherent units may subside, translate, rotate, disintegrate or may liquefy and flow. 

Lateral spreads are also special cases of slumps in glacial and marine silts (quickclays) where a 
single rotational slide remoulds the clay along the failure plane which turns into a dense liquid 
supporting moving blocks of overlying debris (Selby 1982). Partial dissolution of the cementing 
agent of the silt has also been proposed as a cause of substantial weakening of the original bonds 
between the silts as well as an increase in sediment porosity (AlIen 1985). Such failures have been 
largely recorded in parts of Norway, Alaska and Canada (Selby 1982, Allen 1985). More details 
on rock and soil spreading are contained in chapters in Dikau et al. (1996b). 

Flows refer to fast or slow, wet or dry movements of bedrock, debris and soil as a viscous fluid and 
do not always involve water (Varnes 1978). Bedrock flows include deformations in large or small 
fractures which do not cause displacement of a continuous fracture (Varnes 1978). They result in 
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plastic behaviour such as folding, bending and bulging. Debris and soil flows usually occur when 
soils liquefy due to a number of potential interacting factors, such as remoulding of soils during 
landsliding, clays with high liquid limits in high rainfall areas, saturation of flocculated soils and so 
on. 'Debris flows' refer to flows of coarse material, 'earthflows' to flows of fine-grained soil and 
'mudflows' to flows of clay (Selby 1982). More details on flows are contained in chapters in Dikau 
et al. (1996b). 

Complex mass movements involving various combinations of the above failure types for the same 
material are very common (for Australian examples, see Blong and Dunkerley 1976, East 1978). 
Chapters in Dikau et al. (1996b) discuss various overseas examples of complex mass movements. 
In addition to complex slope movements, Varnes (1978) also defined the following types: 

• Compound refers to slope movements in which the failure surface is formed of a combination 
of curved and planar elements and the slide movements have a part-rotational, part-translational 
character. 

• Multiple refers to repeated examples of the same type of movement. 

• Successive refers to any type of multiple movements that develop successively in time. 

However, Dikau et al. (1996a) define compound mass movements as those that consist of more 
than one type of failure mechanism. 

Other landslide classifications have also been based on the type of slope processes. Nemcok et al. 
(1972) defined four types of slope processes, which were divided into 21 examples. This is too 
detailed for adoption by Forests NSW and is biased to Czechoslovakian conQitions. 

The secondary criterion for classification of mass movements is the type of material involved in 
slope movements (Table 2). Mass movements in bedrock are described as rock, which designates 
hard or firm intact rock in its natural place before the initiation of movement. Debris refers to an 
engineering soil that contains a significant proportion of coarse material (20 to 80% greater than 
2 mm in diameter). Earth or soil refers to an engineering soil in which about 80% or more is 
smaller than 2 mm. However, this distinction is not always possible, according to Selby (1982), 
because many slope failures involve the full range of materials from boulders to clays on the 
Wentworth grain size scale for sediments (Table 3). Nevertheless, Vames (1978) explicitly 
acknowledged that such a crude scheme was intended to allow a name to be applied to material 
involved in a slope movement on the basis of limited information. While additional descriptors 
were proposed by Vames (1978 pp. 24-25) and by Dikau et al. (1996a), they are not discussed 
here. 

Sassa (1999a, 1999b) recently proposed a geotechnical classification of landslides based on the 
types of shearing at the initiation of landsliding, which has many similarities to Varnes' (1978) 
scheme. However, its application requires a detailed understanding of soil mechanics (see Historical 
Mass Movements in Canobolas State Forest, 1. Complex Debris Slide and Debris Flow in 1998 
(p. 14) for further information on soil mechanics). The two criteria used for classification were 
type of shear and grain size of material. The three types of shear were slides, liquefaction and creep 
which were recognised as the initiators of slope movement. Slides can occur when increased pore 
pressure due to saturation increases shear stress so that failure is initiated at peak shear strength 
(peak strength slide). This failure can reduce shear strength to the residual value and the consequent 
change in force accelerates the rate of movement of the slide. Other slides are initiated when shear 
stress exceeds residual strength (residual strength slide) and shear resistance does not decline after 
failure, thus motion is slow. Dunkerley (1976) found that stable slopes on Triassic shale at Razorback, 
NSW were related to the residual soil strength. Liquefaction refers to the sudden failure of soil 
structure due to undrained loading and the flow of the material. The shear resistance is so low that 
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the material behaves like a liquid. Creep, in the engineering sense, is deformation under constant 
stress without ever reaching failure. Grain size is an important factor determining soil mechanical 
properties such as friction angle and pore pressure. Sassa (1999a) classified material grain size into 
rock (>20 mm in diameter), sandy soil (20-0.074 mm) and clayey soil «0.074 mm). These size 
fractions have no equivalents in the Wentworth size classes (Table 3). 

Table 3., The Wentworth grain size scale for sediments (Folk 1974). 

Finest Grain Size (mm) or 
Lower Class Boundary 

256 
64 

4 
2 
1.00 
0.50 
0.25 
0.125 
0.0625 
0.031 
0.0156 
0.0078 
0.0039 
0.00006 

Wentworth Size Class Name 

Boulder 
Cobble 
Pebble 
Granule 
Very coarse sand 
Coarse sand 
Medium sand 
Fine sand 
Very fine sand 
Coarse silt 
Medium silt 
Fine silt 
Very fine silt 
Clay 
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CANOBOLAS STATE FOREST 

1. HISTORY 

From infonnation contained in the dedication file (Forests NSW File 46024 Parts 1 and 2), Canobolas 
State Forest fonned part of a post-World War IT Government reforestation project with softwood 
plantations in the Orange area. Ministerial approval for the purchase of the first freehold property 
was granted on 22 January 1947. The first plantings occurred later in the same year (Forestry 
Commission of NSW 1987). However, Canobolas State Forest No. 901 was not dedicated until 22 
June 1959 and was approved by Executive Council on 1 July 1959. The highest growth rates of 
Pinus radiata in the Bathurst area are now recorded in Canobolas State Forest (Forestry Commission 
of NSW 1987). As at the beginning of 1987,3816 ha had been planted to P. radiata in Canobolas 
State Forest and a further 6 ha had been planted to other species (Forestry Commission of NSW 
1987). 

Staff of the Forestry Commission of NSW carried out many inspections of likely properties for 
purchase in the Canobolas area between 1938 and 1947. The property inspection reports contained 
assessments of soil erosion and are included in the dedication file (46024 Part 1). While there are 
many references to severe soil erosion, gullying and scalds, mass movements were never mentioned. 
The only description that possibly refers to landslide deposits is the following from Byles (1938 
p.6): 

"soil is a very deep transported mass of detritus from the higher levels." 

However, it is also likely that he was only referring to a slopewash, as opposed to a landslide 
deposit. Furthennore, none of the geological and soils literature cited below, nor Fell's (1992) 
review of landslides in Australia, referred to mass movements on the Tertiary basalts surrounding 
Mt Canobolas. Nevertheless, mass movements have occurred in Canobolas State Forest in recent 
years, in particular 1998 (Lee 1999) and 2000 (Erskine 200la). These are discussed below. 

2. GEOLOGY 

The Middle Miocene Canobolas Volcanic Complex consists of a large compound shield volcano 
with a central elevated core of cones and domes (500 m high and 15 km in diameter), and with a 
radiating outer zone of more basic lava flows which either fonn plains or partially infill former 
valleys (Middlemost 1981, Pogson and Watkins 1998). The volcanic pile represents a relatively 
thin veneer over older Palaeozoic rocks (Middlemost 1981, Pogson and Watkins 1998). David 
(1890) recorded volcanic tuff and andesitic lava surrounding the extinct volcano at Mt Canobolas. 
Curran (1891) also noted that extensive basalts had been erupted from craters at Mt Canobolas and 
described the microscopic structure of a series of porphyritic and fine-grained basalts to the north 
and northeast of Mt Canobolas. However, Sussmilch and Jensen (1909) were the first to map the 
volcanic rocks of the Mt Canobolas area, including the 1962 age class in Canobolas State Forest. 
Their map shows trachytes, tuff and comendite in the 1962 age class. Leucocratic trachytes were 
found in the headwaters of Cadiangullong Creek (1962 age class) and include comendites, 
pantellarites and lighter-coloured trachytes, all of which are acid, typically white or light bluish
grey in colour, aphanitic in appearance and may be porphyritic (Sussmilch and Jensen 1909). 
Melanocratic trachytes contain little or no quartz, a relatively large proportion of ferromagnesian 
minerals, are more alkaline than the leucocratic trachytes and are associated with tuffs (Sussmilch 
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and Jensen 1909). Stevens (1953) mapped a trachyte flow extending to the south from Mt Canobolas 
and confined to the high country between Cadiangullong Creek and Panuara Rivulet. 

Middlemost (1981) mapped the central elevated core of the Canobolas complex, including the 
1962 age class. Most of the 1962 age class corresponds to his 'trachyte kindred' unit with a small 
area at the downstream end being mapped as basalt. He emphasised that it wa impossible to show 
the outcrops of different types of rock on such small-scale maps and that rocks of different ages 
had been juxtaposed by volcanic subsidence. Trachyte is the dominant rock type and is generally 
associated with felsic and silicic pyrocla tic materials. 

The original 1 :250000 geological map of Bathurst (Packham 1966), which includes Mt Canobolas, 
has been recently revised by Raymond et al. (1998). As part of this revision, six geological maps 
at a scale of 1: 100 000 were produced as the basis of the smaller scale map, with the relevant 
1: 100 000 maps covering Mt Canobolas being Molong (Krynen et al. 1997) and Orange (Meakin 
et al. 1997). The 1962 age class in Canobolas State Forest is mapped as three informal stratigraphic 
units, unnamed basaltic intrusions and flows (Tb), unnamed alkali rhyolite (Tp) and unnamed 
trachyte intrusions, flows and volcaniclastics (Tt). The following descriptions of each unit are 
summarised from Pogson and Watkins (1998). 

Unnamed basaltic intrusions and flows (Tb) comprise olivine basalt and porphyritic andesine basalt. 
The olivine basalt is a blue-grey fine-grained rock with aphyric texture containing plagioclase, 
oli vine and augite. Porphyritic andesine basalt is a dull black rock with abundant glassy phenocrysts 
of feldspar in a very fine groundmass. Unnamed alkali rhyolite (Tp) is mostly composed of trachyte 
with minor alkali rhyolite and forms a minor component of the Canobolas Volcanic Complex. It is 
certainly present at Bald Hill (Pogson and Watkins 1998) which is located next to the 1962 age 
class . Unnamed trachyte intrusions, flows and volcaniclastics (Tt) are the major component of the 
Canobolas Volcanic Complex. Trachyte represents lava flows and pyroclastic deposits or tephra. 
The trachytes are variable in mineralogy and texture, resulting in the description of various types 
(Sussmilch and Jensen 1909, Middlemost 1981, Pogson and Watkins 1998). Trachytic pyroclastic 
deposits or tephra are common and consist of essential magmatic ejecta (glass), accessory ejecta 
(fragments of previous eruptions from the same volcano) and accidental ejecta (country rock). 

Sussmilch (1923) presented a diagrammatic geological section of Mt Canobolas which showed a 
revised eruption sequence to that presented by Sussmilch and Jensen (1909). This revision involved 
the initial extrusion of an older series of basalts (his plateau basalts) which buried shallow upland 
valleys, containing fluviatile sediments and fossils (deep leads), excavated into an extensive, old 
erosion surface (his East Australian Peneplain) . Later, a younger series of basic, porphyritic andesites 
and basalts (his alkaline series) was erupted from the Canobolas Mountains and partially buried the 
plateau basalts. Wellman and McDougall (1974) obtained sixteen K-Ar dates from the Orange 
Province which gave ages ranging from 12.7 to 10.9 Ma. These dates show that the Canobolas 
Volcanic Complex is slightly younger (11.4 to 10.9 Ma) than the surrounding lavas (11.9 to 11.5 
Ma), as suggested by Sussmilch (1923). More recent K-Ardates confirm Wellman and McDougall's 
(1974) original ages (Pogson and Watkins 1998). 

3. SOILS 

Kovac et al. (1989) mapped the Canobolas soil landscape in the 1962 age class . According to 
Kovac et al. (1990), the Great Soil Groups (Stace et al. 1968) present in this soil landscape are 
variable and include: 

• 
• 

lithosols/shallow skeletal soils on steep slopes and near rocky pinnacles; 
krasnozems on gentler slopes (Figure 3); and 
yellow solodics and occasional yellow podzolics in depressions and on footslopes . 
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Figure 3. Exposure of a krasnozem developed in Middle Miocene trachyte on Cadiangullong 
Road in Canobolas State Forest. Note the accumulation of stable clay aggregates from the subsoil 
of the krasnozem as scree slopes mantling the weathered Middle Miocene trachyte. Photo: WD Erskine. 

The soi Is are usually composed of a series of soil layers or materials which are distributed 
systematically in a toposequence (Kovac et at. 1990), as shown in Figure 4. The author has also 
found thick (up to 5 m) diamictons and landslide deposits (see Historical Mass Movements in 
Canobolas State Forest, 3. Landslides of Cut Road Batter in a Diamicton on Cadiangullong Road, 
(p. 25) and Field Assessment of Mass Mo vements in the 1962 Age Class (p. 28)) in the 1962 age 
class and elsewhere in Canobolas State Forest (see Historical Mass Movements in Canobolas State 
Forest(p. 14)), which do not conform to the soil layers in Figure 4 for the Canobolas soil landscape. 

Murphy et at. (1998) mapped the soils as soil regolith stability class 3 for the 1962 age class. 
However, the listing for the Canobolas soil landscape in their tables cites a dominant class of 3 with 
a sub-dominant class of 1. The former is characterised by high coherence soils with high sediment 
delivery potential whereas the latter is characterised by high coherence soils with low sediment 
deli very potential. Recent observations of krasnozems producing stable polyhedral peds that 
accumulate as silt-, sand- and gravel-sized scree slopes at the base of trachyte exposures indicate 
that soils belonging to soil regolith stability class 1 are certainly present (Figure 3). David Bell, 
EPA-approved soil assessor, determined that the krasnozems and red podzolics of the Canobolas 
soil landscape in the 1962 age class also belonged to soil regolith stability class 1, as did similar 
soils in neighbouring compartments. Furthermore, subplastic (Butler 1955, McIntyre 1976) gravelly 
clay loams and gravelly light clays are identified in the 1962 age class in Field Assessment of Mass 
Movements in the 1962 Age Class (p. 28) and such material exhibits high mechanical and chemical 
stability (McIntyre 1976, Brewer and Blackmore 1976, Norrish and Tiller 1976). Shallow overland 
flow have transported si lt-, sand- and gravel-sized clay aggregates in rills in the 1962 age class. 
These aggregates have often been deposited as small tabular bar in areas of locally reduced flow 
velocity, such as at litter dams or in rill expansions (Figure 5). The soil regolith stability class for 
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the Canobolas oil land cape should be revised to a dominant class of 1 with a ub-dominant class 
of 3, especially as the yellow solodics and yellow podzolics have a more restricted distribution 
than shown in Figure 4. 
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Figure 4. Toposequence of soils and soil layers in the Canobolas soil landscape (from Kovac et 
al. 1990). 

Figure 5. Clay aggregates deposited as tabular bars by shallow overland flows in the catchment 
of CNBL05. Pen is 135 mm long. Plwto: wo Erskine. 

FOREST RESOURCES RESEARCH 
RESEARCH PAPER NO. 39 

MASS MOVEMENT HAZARD ASSESSMENT -
HARVESTING 1962 MONTEREY PINE I CANOBOLAS STATE FOREST 13 



HISTORICAL MASS MOVEMENTS IN CANOBOLAS 
STATE FOREST 

Kovac et al. (1990) did not identify mass movements as an existing erosion type in the Canobolas 
soil landscape. Fells (1992) emphasised that landslides are commonly associated with Tertiary 
basalts in Australia, especially where basalts are interbedded with tuffs . Furthermore, Melville 
(1976) also found that landslides often occur within krasnozem soil profiles on Tertiary basalt on 
the far north coast of New South Wales (see also Ellison and Coaldrake 1954, East 1978). Although 
Fell's (1992) extensive review of landslides in Australia did not cite a single reference on mass 
movements in Tertiary basalt in the Orange area, at least three mass movement events have been 
recorded recently in Canobolas State Forest (Lee 1999, Erskine 2001a, Engineering Services 2001). 
The purpose of this section is to summarise the main characteristics of these mass movements and 
to identify the likely causative mechanisms. 

1. COMPLEX DEBRIS SLIDE AND DEBRIS FLOW IN 1998 

Lee (1999) reported a major landslide (debris slide of Varnes (1978) and Dikau et al. (1996a, 
1996b)) that involved some 1.3 ha on a 28.8° slope of 1969 age class pine in compartment 259 of 
Canobolas State Forest in about October 1998. The headscarp was about 11 m high, the length of 
the slide was about 120 m and the maximum width was about 25 m (Figures 6, 7 and 8). The debris 
slide totally removed a 25-30 m long section of forest road (Figure 9). The debris slide was located 
in a slope planform concavity which concentrated overland flow and soil water, and which would, 
therefore, cause soil saturation during prolonged rain. Krynen et al. (1997) mapped the geology of 
the area as unnamed alkali rhyolite (Tp) and unnamed trachyte intrusions, flows and volcaniclastics 
(Tt) (see Canobolas State Forest, 2. Geology (p. 10)). At the mapping scale of 1: 100 000, it was 
impossible to determine which unit was present at the site of the debris slide, which may extend 
over both units. Lee (1999) concluded that high pore water pressures, which lowered soil strength, 
initiated the debris slide. The high pore pressures resulted from sub-surface seepage from above 
the debris slide and from water directed to the slide from the forest road . A sustained period of 
rainfall was likely immediately before the debris slide although the exact time of failure was unknown. 
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Figure 6. Longitudinal profile of 1998 debris slide surveyed on 9 March 1999 (Lee 1999). 
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Continues further downstream as a debris flow 

Dam 
o 25 

metres 

Figure 7. Contour survey of the 1998 debris slide in compartment 259 of Canobolas State Forest 
(Lee 1999). 

Figure 8. Ups lope view to the headscarp of the 1998 debris slide follow ing completion of 
rehabilitation works by Forests NSW. See Figure 9 for the headscarp area. Photo: WD Erskine. 
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Figure 9. The headscarp of the 1998 debri s slide showing the destroyed section of forest road. 
Photo: WD Erskine. 

The debris slide was first noticed in October 1998, which Lee (1999) tentatively identified as the 
time of failure. The estimated rainfall for that month at the Canobolas State Forest rainfall station 
(Station No. 063018) was only 138.1 mm which has a probability of occurrence of 20.8% (based 
on data and analyses outlined in Role of Rainfall in Generating Mass Movements in Canobolas 
State Forest, 1. Canobolas State Forest Rainfall Record (p. 33». However, the rainfall during June, 
July and August 1998 was greatly above average and the probability of occurrence of monthly 
rainfall in each month was less than 7.25 %. Furthermore, the probability of occurrence for the 
three month total (June to August inclusive) of 582.6 mm was 5.6%. It, therefore, seems likely that 
the 1998 landslide actually occurred at some time between June and August rather than when first 
observed in October. 

Three soil samples from near the debris slide were subjected to grain size analysis by Lee (1999). 
The sediments were pebbly muddy medium sand, muddy medium sandy pebble gravel and muddy 
coarse sandy pebble gravel according to Folk' s (1954, 1974) textural classification. The debris 
slide material is a diarnicton (see Historical Mass Movements in Canobolas State Forest, 3. Landslides 
of Cut Road Batter in a Diamicton on Cadiangullong Road (p. 25» . 

Lee (1999) conducted a series of stability analyses to predict the factor of safety (see below) 
associated with a series of possible failure surfaces, pore pressures and soil shear strengths. Effective 
shear strength at any point in the soil (S) is given by the Coulomb equation as: 

16 

S = c' + (s - fl ) tan</> , (1 ) 

where c ' is the effective cohesion, s is the normal stress imposed by the 
weight of solids and water above the point in the soil, fl is the pore water 
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pressure derived from the unit weight of water and the piezometric head 
and <\>' is the angle of friction with respect to effective stresses. 

Selby (1982) discusses the Coulomb equation at length. Slope stability is determined by calculating 
the factor of safety (Fs): 

Fs = sum of resisting forces/sum of driving forces (2) 
or 

Fs = S / 't (3) 

where 't is the shear stress on the shear plane. 

Lee (1999) noted that the factor of safety can be considered as the ratio of the total strength developed 
along a potential failure surface (the capacity) to the total disturbing force (the demand). When the 
demand exceeds the capacity, slope failure will occur along the critical failure surface. Lee (1999) 
calculated the factor of safety for assumed values of<\>' from 30 to 40°, c' from 2 to 10 kPa and for 
ru from 0 to 0.5 for both the upper and lower section of failed slope for a range of conditions (Lee 
1999 Tables la, 1b, 2a, 2b, 3). The pore pressure (r) is defined as: 

(4) 

where y is the unit weight of the soil above the point on the slip surface 
and h is the depth of the slip surface below the soil surface. 

When ru = 0, there is zero pore pressure at the point on the failure surface and when ru = 0.5 the free 
water surface is very close to the soil surface. 

Assuming that the adopted strength parameters are correct, Lee (1999) concluded that: 

1. The upper slope of the debris slide failed when there was a significant build up of pore 
water pressure due to infiltration. 

2. Since no earlier failure had occurred, the amount of seepage immediately before the 
debris slide must have exceeded past quantities. 

3. When ru == 0.25, failure was probable if <\>' was less than 29°. 

4. If the hydrostatic head continued to increase until it reached the soil surface, failure 
would have occurred on slopes with <\>' up to 40°. 

5. The horizontal length of the failure surface was either 48 or 79 m. 

The slope failure was caused by excessive seepage resulting in an extraordinary rise in hydrostatic 
water level and hence a reduction in shear strength along potential failure surfaces. The headscarp 
formed by the debris slide is still unstable but there is a lack of information on seepage pressures 
and soil shear strength to calculate a reliable factor of safety (Lee 1999). 

Dunkerley (1976) found that the long term behaviour of slopes at Razorback, near Sydney, was 
related to the residual shear strength of the soil mantle. Landslides there were restricted to slopes 
greater than 11 0, which coincided with the soil residual shear strength when entirely saturated. 
Carson and Petley (1970) found for the shale grits of the southern Pennines of England, that modal 
slope classes coincided with both peak and residual shear strength. However, in their second study 
site at Exmoor, there was only one slope instability class because of very small differences between 
peak and residual shear strength. Nevertheless, slope failure was assumed to coincide with a free 
water surface at the soil surface, as also assumed by Lee (1999). Rogers and Selby (1980) observed 
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that soils failed rapidly and hence peak strength rather than residual strength should be used in 
stability analyses of first time failures in the Matahuru valley, New Zealand. The soil peak and 
residual shear strength for the area surrounding the 1998 debris slide were not determined by Lee 
(1999) but were recommended for additional work should Forests NSW want to resolve the 
unknown stability of the remaining headscarp. 

Lee (1999) recommended the following remedial actions should be undertaken to stabilise the 
slope: 

1. Surface water should be diverted away from the headscarp to decrease infiltration and 
thus pore water pressures. 

2. Prefabricated sub-surface drains should be considered for installation near the headscarp 
to limit pore pressures. 

3. Deep-rooted trees should be planted in the surrounding area to reduce pore pressures. 

The 1998 debris slide resulted in a second mass movement (debris flow of Varnes (1978) and 
Dikau et at. (1996a, 1996b» in the drainage line downstream of the toe of the debris slide (Figures 
7 and 10). Lee (1999) noted that there was evidence of small boulders and silty and clayey materials 
being transported past the toe of the slide for a significant distance. Temporary damming of some 
of the material eroded by the debris slide in the drainage line was affected by a series of interlocked 
pine trees (debris dam) at the side of the debris slide (Figure 7). This dam probably coincided with 
Costa and Schuster's (1988) type ill landslide dam (spans the entire valley floor and extends both 
up- and downstream of the landslide). Such debris dams are commonly reported following various 
types of mass movements (Pain 1971, 1972, Pearce and Watson 1983). Initiation of renewed 
movement of some of the temporarily stored debris as a flow was probably caused by a combination 
of liquefaction and partial failure of the debris dam soon after formation. Such rapid failure of 
landslide dams is common (Costa and Schuster 1988). The debris flow extended about 500 m 
along the drainage line and another larger stream to the next downstream forest road. Much clastic 
and woody debris were rafted onto the floodplain of the drainage line (Figure 10) and a slot-like 
channel (very narrow but deep) was eroded. These 'slot channels' (characterised by very small 
width-depth ratios) are common in Canobolas State Forest (A. Henry 2000, personal communication) 
and probably represent the erosional effects of previous debris flows. Cobble and boulder steps 
(individual, channel-spanning ribs less than one channel width long separated from a backwater 
pool upstream and a scour pool downstream (Grant et al. 1990» were present in both the drainage 
line and the larger stream in November 2000 when first inspected by the author. They were probably 
formed by rapid fluvial reworking of the coarsest sediment deposited by the debris flow in the slot 
channel. The 1998 mass movement in compartment 259 of Canobolas State Forest is clearly a 
complex slope movement according to Varnes' (1978) and Dikau et al.'s (1996a, 1996b) 
classifications. 
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Figure 10. Deposits laid down by the debris flow that eroded the channel where the blackberries 
have subsequently grown. This debris flow originated as a secondary movement downslope of the 
debris slide discussed by Lee (1999) and shown in Figures 8 and 9. The debris flow originated due 
to the failure of a landslide dam. Photograph was taken in November 2000. Photo: WD Erskine. 

2. NOVEMBER 2000 DEBRIS FLOWS 

Complex debris flows occurred during the night of 16/17 November 2000 in the catchment of 
water quality monitoring site CNBL06 in the 1962 age class (Figure 1). Figure 11 shows photographs 
of the slope debris flow and debris dam (see below) that Brad Jarrett (Forests NSW) took on 17 
November 2000. The following information is taken largely from Erskine (2001a) and is 
supplemented by more recent analyses of new data. 

The flows consisted of two discrete parts, an upper slope flow and a lower channel flow . The upper 
slope flow failed first and eroded a very steep hills lope hollow on the right side of the valley where 
the contours concentrated surface and subsurface water (see Figures 11 , 12 and 13). The erosional 
scar was about 70 m long, up to 30 m wide and up to 1 m deep. Gravels up to 980 mm in size were 
transported by the debri s flow . The eroded material was directly supplied to the main channel at the 
foot of the slope. Figure 12 shows the complete upper slope flow in late November 2000. The 
original headscarp was eroded by water flows generated in the catchment and migrated upslope to 
the road. Levees of large woody debris and sediment up to 1 m high defined the side of the flow . 
The slope angle where the upper flow occurred was 33 to 35°, as measured by clinometer. There 
wa no well-defined failure plane in the soil regolith and subsequent water flows within the lowest 
parts of the flow eroded gullies and concentrated gravels in the bed by winnowing the finer textured 
soil (Figure 13). There was no storage of material on the slope, except for that in the small marginal 
levees. The scar created by the upper debris flow was revegetated due to sowing by staff of Forests 
NSW. 
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Figure 11. Slope debris flow and debris dam on 17 November 2000. Photos: Brad Jarrett. 

The upper debris flow occurred for the following reasons: 

• 

• 

• 

Soil was saturated due to prolonged rainfall over five consecutive days (Figure 14). 

Overland flow and streamflow were concentrated in a hillslope hollow downstream of an 
upper slope amphitheatre. 

Slopes were very steep due to the location at the edge of vertically stacked trachyte flows . 

Figure 14 shows the daily rainfall during November 2000 at Canobolas State Forest (Station No. 
063018), which is located at lower elevation and much further from Mt Canobolas than the debris 
flow. Nevertheless, it highlights that the debris flows occurred at the end of a five day wet period 
when 125.3 mm were recorded. The timing of the debris flows coincided with the peak rainfall. 
Due to orographic effects, it is likely that even higher rainfall occurred at the debris flow site. The 
total monthly rainfall for November 2000 at station 063018 was 162.3 mm, which has an associated 
probability of occurrence of only 13.6%, but followed 170.6 mm in October which has a probability 
of occurrence of 11 %. Although a pluviometer was installed at water quality monitoring site CNBL06 
immediately downstream of the debris flows, no data were recovered for November 2000. 

The lower channelflow was restricted to the main channel on which water quality monitoring site 
CNBL06 was located (Figure 1). The material eroded by the upper flow was deposited in the small 
bedrock-confined main channel at the foot of the slope. At least 14 pine trees failed to take the 
bend at the base of slope and were piled up on the opposite bank of the main stream (Figure 11). 
This sediment and large woody debris caused a temporary dam which subsequently failed by 
overtopping, initiating a second confined debris flow downstream of the original slope debris flow 
within the channel. The landslide dam corresponded to Costa and Schuster's (1988) type III landslide 
dam because it spanned the entire valley floor and extended some di stance up- and down-stream 
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of the slope debris flow. A i common for such land lide dams, failure occurred soon after formation 
(Costa and Schuster 1988), as outlined below. Costa and Schuster (1988) found that 27% of 
landslide dams failed within one day of formation . 

Figure 12. Upper slope debris flow in November 2000. Note highly irregular failure plane and 
seepage from the toe. Compare with Figure 13 which was taken one month later. Photo: WD Erskine. 

Central 
channel 

Figure 13. Upper slope debris flow in December 2000. Note central channel which has been 
eroded by surface flows. Compare with Figure 12 which was taken one month earlier. 
Photo: WD Erskine 
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Figure 14. Daily rainfall at Canobolas State Forest rainfall station (063018) in November 2000. 

The resultant channel debris flow severely eroded the stream margins and transported many pine 
trees. Scars up to 1.7 m above the base were present on the upslope side of intact pines on the 
channel margins that survived the debris flow. Most trees did not survive. Figure 15 shows the 
eroded main channel after the passage of the debris flow. Small amounts of debris flow deposit 
were laid down on the channel margins and in locally protected expansions (see also Wasson 
1978b). They were readily identified by their matrix supported fabric (gravels dispersed in a fine 
textured matrix). Subsequent water flows in the creek removed the fine textured matrix from the 
bed, producing a clast-supported (individual gravels in continuous contact) fluvial deposit of boulder 
and cobble steps (Grant et at. 1990). Boulder steps are individual, channel-spanning ribs less than 
one channel width long separated from a backwater pool upstream and a scour pool downstream 
(Grant et at. 1990). They formed after the passage of the debris flow. 
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Figure 15. Lower channel debris flow on main stream, upstream of the debris dam but downstream 
of the upper slope debris flow in November 2000. Note suspended pine trees above the channel 
which are oriented at about 90° to the flow direction. Photo: WD Erskine. 

The main channel slope is only about 100 and the lower flow moved about 140 m downstream until 
it reached a local valley expansion on a bend where the transported pine trees wedged to form a 
3.3 m high debris dam which trapped most of the mobilised sediment. Figures 11 and 16 (upstream 
view) show the main debris dam which is located immediately upstream of the weir at CNBL06 
and which is a new type of landslide dam not recognised by Costa and Schuster (1988), possibly 
because it is the result of secondary reworking of the landslide deposit from the slope debris flow . 
This debris dam prevented most of the channel debris flow sediment from being transported further 
downstream and similar debris dams are commonly associated with landslides in New Zealand 
(Pain 1971 , Pearce and Watson 1983) and in New Guinea (Pain 1972). Pearce and Watson (1983) 
found that most of their log jams were also located on bends but at channel constrictions not 
expansions. However, the interaction of channel width and tree length determines the possible 
locations of debris dams. Long trees cannot form debri dams in narrow channels because they are 
suspended above the stream. Similarly short trees do not span wide channels and hence cannot 
form an obstruction unless they become wedged between piles. The suspension of pine trees above 
the channel (Figure 15) demonstrates that a locally wider section of channel was necessary to 
allow debris dam formation in this case. 
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Figure 16. Upstream view of the debris dam on the main stream at the gauging station at water 
quality monitoring site CNBL06 in November 2000. Note the interlocked nature of the large 
woody debris. Photo: WD Erskine. 

The debris dam sediments partly functioned as a sieve deposit (Ackroyd and Blakely 1984) as 
streamflow declined after 17 November 2000. In late November 2000, water percolated into the 
gravels at the upstream end of the debris dam sediment only to re-emerge as seepage at the toe. 
However, on two occasions in December 2000 water was observed percolating into the gravels at 
the upstream end of the debris dam sediment but did not re-emerge from the toe. It is likely that 
there is a sufficient depth of gravel beneath the debris dam but above the bedrock valley floor for 
such percolating water to move downstream of the forest road where it cannot be observed because 
of dense vegetation, particularly blackberries. Before November 2000, water was also observed 
by Brad Jarrett to percolate into the gravels upstream of the weir at CNBL06 but did not re-emerge 
immediately downstream. 

The pipe under the downstream road was blocked with sediment after the channel debris flow and 
pebble and cobble gravels were consequently transported across the road. Gravel clusters were 
deposited on the road. 

Many of the pines upstream of the debris dam had clay and gravel deposited on their upper surfaces 
and most pines were totally stripped of their bark, attesting to the highly energetic flow conditions. 
Furthermore, many pine trees had broken trunks (Figures 15 and 16), which probably occurred 
during the debris flows. 

The debris dam completely blocked the former main stream resulting in the diversion of flow 
through a raised depression about 0.7 m higher than the weir. The debris dam successfully stored 
most of the sediment mobilised by the two debris flows . Pearce and Watson (1983) found that 
debris dams in New Zealand stored on average 42% of the sediment supplied to channels by 
land lides. A greater sediment trap efficiency of the debris dam seems likely in Canobolas State 
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Forest because the channel ex pan ion favoured sediment deposition by lower flow velocities . The 
structural integrity of the dam is dependent on the longevity of the pine trees. Pearce and Watson 
(1983) found that their log jams were composed of tree with durable wood and would survive for 
perhaps many decades. While debris torrents can be generated by the sequential failure of debris 
jams (Pearce and Watson 1983), thi is clearly impos ible in Canobolas State Forest where there is 
only one such dam. 

While the timing of the two debris flows is unknown, three suspended sediment samples were 
collected by a programmed, tage-activated, pump ampler at the CNBL06 gauging station during 
the night of 16-17 November 2000. The first sample wa obtained at 1854 h on 16 November at a 
stream height of 0.091 m and yielded a concentration of 14 546 mg/L. The second was obtained at 
1900 h on the same night at a stream height of 0.086 m and yielded a concentration of 12 618 mg/L. 
Clearly streamflow and suspended sediment concentrations were declining by the time the second 
sample was taken . Both samples are thought to relate to the slope debris flow when the temporary 
landslide dam formed in the channel upstream. The third sample was obtained at 0624 h on 
17 November at a stream height of 0.119 m. This second pulse of higher flow is thought to relate 
to the channel debris flow before the debris dam had formed and diverted streamflow through a 
raised depression beside the weir. Once the bulk of the streamflow had been diverted, seepage 
from the debris dam was insufficient to activate the pump sampler. 

3. LANDSLIDES OF CUT ROAD BATTER IN A DIAMICTON ON CADIANGULLONG ROAD 

Repeated translational slides have occurred on part of a steep (33°) cut road batter on Cadiangullong 
Road near 850019 on 8631-II and III Cudal 1:50000 topographic map. The latest two slides are 
shown in Figure 17. Engineering Services (2001) concluded that upslope infiltration and seepage 
were important hydrologic processes that led to a high water table and positive pore water pressure 
of the earthen embankment, causing slope failure. Three possible management options were 
proposed to increase the stability of the cut batters. When inspected for this assessment, none of 
the options had been implemented. 

When Cadiangullong Road was reconstructed, it was re-routed to higher ground through a short 
section of ancient landslide deposits (Figure 18). These landslide deposits are diamictons, which 
are non sorted sediments consisting of sand and/or larger particles dispersed through a muddy 
matrix (Flint et al. 1960a, 1960b, Pain 1975). Jennings (1982) described a diamicton at Cooleman 
Plain in the Snowy Mountains, NSW while Walker (1963) described debris-avalanche deposits 
below the Illawarra escarpment that are even coarser-grained diamictons. The ancient landslide 
deposit abruptly overlies weathered bedrock which has been mapped as unnamed basaltic intrusions 
and flows (Tb) by Krynen et at. (1997), and is comprised of at least two diamictons, a thin bouldery 
basal unit and a much thicker, finer surficial unit (Figures 18 and 19). A well-developed krasnozem 
soil (Stace et at. 1968) has formed in the surficial unit (Figure 18), suggesting that the upper 
landslide occurred such a long time ago, probably during the Pleistocene, that a soil has formed in 
the stable surficial sediments. According to the sediment textural classification of Folk (1954, 
1974) for unconsolidated materials, which is based on a ternary diagram showing the proportions 
of gravel, sand and mud on separate axes, the diamicton sediments are variable ranging from 
muddy pebble gravel (coarsest) to medium sandy mud (finest). 

The diamicton was probably formed by at least two phases of deep-seated rotational sliding of the 
steep slope above the road cutting which produced the coarse basal and finer upper diamictons 
respectively. The exposures in Figures 18 and 19 only show one side of these rotational slides and 
hence the steeply sloping marginal contacts evident in the photographs . The diamictons thicken 
towards the two translational slides shown in Figure 17 and extend below the base of the road 
batter. Figure 20 shows a surveyed slope profile through the main area of the diamictons with the 
probable curved failure plane and estimated total diamicton deposit superimposed. The survey 
was taken from Engineering Services (2001). The tabular (as opposed to highly irregular) surface 
of the rotational slide block also suggests that the failure is very old. 
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Figure 17. Two landslides of a cut road batter excavated into diamictons on Cadiangullong Road. 
Photo: WD Erskine. 

Figure 18. Margins of the diamicton exposed in a road cutting on Cadiangullong Road. Krasnozem 
has developed in the upper 1 m of the younger, finer diamicton sediments. Photo: WD Erskine. 

MASS MOVEMENT HAZARD ASSESSMENT -
26 HARVESTING 1962 MONTEREY PINE IN CANOBOLAS STATE FOREST 

FOREST RESOURCES RESEARCH 
RESEARCH PAPER NO. 39 



Figure 19. Abrupt, steeply sloping, marginal contact between both the older diamicton and the 
underlying igneous rock and between the younger and older diamictons on Cadiangullong Road. 
The weathering front is the junction between weathered and fresh rock (Mabbutt 1961 ). 
Photo: WD Erskine. 
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Figure 20. Surveyed slope profile of the failed road batters in Figure 17 showing the probable 
rotational failure plane and the extent of the diamictons. 
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------ - - --------------------------------------

FIELD ASSESSMENT OF MASS MOVEMENTS IN THE 
1962 AGE CLASS 

The field assessment was conducted by the author over a two day period. For one of these days, Mr 
Kevin Barrett, Forests NSW, accompanied the author and freely discussed his observations of 
mass movements in the 1962 age class as well as elsewhere in Canobolas State Forest. There has 
been a long history of mass movements in Canobolas State Forest because there are many types of 
evidence which indicate episodic landslide activity over about the last 30 000 years. While the 
time scale of landslide activity is not well defined by a series of radiocarbon dates on a range of 
landslide deposits , other evidence indirectly indicates such a long time span. 

The following evidence of landslides was compiled for the 1962 age class: 

28 

1. An ancient diamicton consisting of an irregular hummocky area of cemented angular 
gravels (Figure 21) in a steep percoline at the edge of a trachyte flow below a log 
landing in compartment 158. The dissected and cemented nature of the diamicton 
indicates that the formative mass movement probably occurred in the late Pleistocene. 

2. A series of at least four vertically stacked landslide deposits up to 2.5 m thick in a cut 
road batter in compartment 155 (Figure 22) . The landslide deposits exhibit: 

• a matrix-supported fabric ; 

• angular and subangular volcanic gravels up to 440 mm in b-axis diameter; 

• highly irregular, erosional boundaries between individual deposits (Figure 23); 

• matrix moist Munsell soil colours (Anon 1975) of reddish brown (5YR 4/4); 

• matrix field textures (Northcote 1984) which range between gravelly clay loam 
and gravelly light clay; and 

• crude highly irregular bedding within individual landslide deposits with gravel 
c1asts usually showing no preferred orientation (Figure 23). 

The erosional contacts (Figures 23 and 24) indicate that each succeeding landslide 
extensively eroded the underlying deposit. There is essentially no soil development in 
the landslide deposits which suggests a young age, probably less than 3000 years, if 
soil development in landslide deposits follows a similar age sequence to that in alluvium 
(Erskine 1994). The matrix material was also subplastic (first degree subplasticity 
(SPI) of van Dijk (1958», which means that the consistence properties suggest less 
clay than they actually contain (Butler 1955). This imparts high mechanical and 
chemical stability and hence great resistance to dispersion (McIntyre 1976). 
Furthermore, krasnozem soils developed on Tertiary basalts elsewhere in New South 
Wales are known to exhibit subplasticity (Brewer and Blackmore 1976, McIntyre 
1976, Norrish and Tiller 1976). 

3. A very old but poorly exposed landslide deposit in a road cutting in compartment 156. 
The landslide has a bouldery surface below a bedrock headscarp and exhibits a matrix
supported fabric in the road cutting. However, the surface of the landslide does not 
have an irregular, hummocky surface which suggests a long period of post-slide erosion. 
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4. A recent (ie within last 20 years) small mass movement in compartment 156 which 
crossed the road and necessitated local road works. 

5. The November 2000 debris flows above Water Quality Monitoring site CNBL06 which 
were discussed in Historical Mass Movements in Canobolas State Forest, 2. November 
2000 Debris Flows (p.19). 

While there are very steep slopes in the 1962 age clas , many exhibit very shallow soils with 
common outcrops of various volcanic rocks. Such slopes do not have a ufficient depth of regolith 
to permit shallow landsliding at the present time. As a result, pines are sensitive to windthrow. 

Figure 21. Cemented diamicton at the edge of a trachyte flow in compartment 158. 
Photo: WD Erskine. 
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Figure 22. Diamictons comprising a series of vertically stacked landslide deposits in compartment 
155. Scale is 200 mm long and 125 mm wide. Photo: WDErskine. 

Figure 23. Highly irregular, erosional contact (disconformity) between individual landslide 
deposits in the diamicton exposure shown in Figure 22. Scale is 200 mm long and 125 mm wide. 
Photo: WD Erskine. 
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Figure 24. Crude highly irregular bedding within individual landslide deposits with gravel clasts 
showing no preferred orientation. This is also part of the diamicton exposure shown in Figure 21. 
Scale is 200 mm long and 125 mm wide. Photo: WD Erskine. 
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AIR PHOTOGRAPH INTERPRETATION OF MASS 
MOVEMENTS IN THE MT CANOBOLAS AREA 

Air photograph interpretation was conducted of a rectangular area of approximately 80 km2 (5 x 
16 km) which extended from 'Koolabah' (8631-II and III Cudal 774108) in the west to 'Failford' 
(8731-III-N Orange 942069) in the east and which included the 1962 age class and Mt Canobolas. 
The same geological mapping units as present in the 1962 age class (see Canobolas State Forest, 
2. Geology (p. 10» outcrop throughout the area covered by air photograph interpretation (Krynen 
et al. 1997, Meakin et al. 1997). Three sets of vertical air photographs (1991, 1997 and 2000) 
were used and their details are contained in Table 4. Photograph scale was 1:15000 or smaller. 
These photographs are held at the Macquarie Regional Office of Forests NSW. 

Table 4. Vertical air photographs used for stereoscopic interpretation of mass movements in the 
Mt Canobolas area. 

Photograph Film Number Date Run Photo Numbers 
Area 

Canobolas-Glenwood FC81 18 November 1991 34 162-178 
Canobolas-Glenwood FC81 18 November 1991 35 179-194 

Bathurst West UPG184 17 December 1997 34 86-98 
Bathurst West UPG184 17 December 1997 35 74-85 

Orange UPG309 1 March 2000 35 76-83 

At least eleven mass movements were identified in areas not hidden under a continuous pine 
canopy: 

1. Fi ve possible debris flows in the steep headwaters of streams draining the central elevated 
core of the Canobolas Volcanic Complex (8631-II and III Cudal 813089, 834087, 842089, 
857093, 8731-III-N Orange 877100). Only the first is located in Glenwood State Forest 
while the others are located on freehold land or in Mt Canobolas Park. 

2. Six possible translational and rotational slides on steep slopes in the same area (8631-II 
and III Cudal 799104, 856092, 858096, 8731-IlI-N Orange 885092,884094,889096). 
Only the first and the third are located in Glenwood State Forest while the others are 
located on freehold land or in Mt Canobolas Park. 

It was not possible to identify the mass movements in the 1962 age class that had been recognised 
from field inspection (see Field Assessment of Mass Movements in the J 962 Age Class (p. 28» . Air 
photograph interpretation has clearly established that mass movements have occurred on the steep 
slopes of the central elevated core of the Canobolas Volcanic Complex. As a large part of the 1962 
age class is also located on the southern part of the central elevated core, there is a significant risk 
of mass movements on steep side slopes with a regolith depth greater than about 1 m a well as in 
steep amphitheatral valleys. Furthermore, road cuttings through diamictons and landslide deposits 
which produce steep cut batters are also likely to experience mass movements . 
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ROLE OF RAINFALL IN GENERATING MASS MOVEMENTS 
IN CANOBOLAS STATE FOREST 

Many mass movements are initiated by rainfall, especially in tectonically stable areas with no 
currently active volcanoes, such as New South Wales (Sassa 1999c). However, the exact nature of 
the rainfall-landslide linkage is highly variable and complex (Blong and Dunkerley 1976, Caine 
1980). While rainfall intensity is often cited as an important causative factor (Caine 1980), longer 
duration, persistent rainfall causing soil saturation followed by more intense rainfall are also 
recognised as being significant (Barrows et al. 1999). Rainfall only influences slope stability 
indirectly via its effect on pore water conditions in the slope material (Caine 1980). In Australia, 
Huston (1953) documented a series of major earth flows on intercalated Triassic shale and sandstone 
in the Camden area, New South Wales, following exceptionally high seasonal and annual rainfall 
in 1950. Ellison and Coaldrake (1954) also recorded that a series of landslides were initiated on 
Tertiary basalt of the Maleny plateau in south-eastern Queensland following much greater than 
average rainfall in February and July 1950 and in January 1951. East (1978) found for the same 
area that a number of exceptional storms between 1971 and 1975 caused 99 mass movements. 
Harding (1952) also emphasised that persistent, 'phenomenal rains' during the winter of 1952 
caused a landslide in August which removed more than 100 m of high level irrigation canal at 
Bacchus Marsh, Victoria. Blong and Dunkerley (1976) noted an association between landslide 
occurrence at Razorback, New South Wales, and very wet years preceded by drought conditions. 
They also tentatively concluded that big earthflows occurred during very wet years. Bowman 
(1972) found for the Wollongong area that landslides were closely associated with high rainfall. In 
particular, landslides invariably occurred after a monthly rainfall of 430 mm and often occurred 
after monthly rainfall over 350 mm. However, Young (1978) examined the same data and noted 
that there was a poor association between landslide occurrence and high rainfall events near 
Wollongong although the frequency of landslides increased after 1950 because of higher rainfall. 

The purpose of this section is to determine whether there is a relationship between mass movement 
occurrence and rainfall in Canobolas State Forest. However, the lack of a detailed landslide history 
for the area (cf Blong and Dunkerley (1976) and Young (1978) for detailed landslide histories 
elsewhere in New South Wales) and long term rainfall intensity data currently limit the types of 
analyses. Secular rainfall changes are also determined along with rainfall events likely to cause soil 
saturation. 

1. CANOBOLAS STATE FOREST RAINFALL RECORD 

The closest long term rain gauge to the 1962 age class is Canobolas State Forest (Station No. 
063018) which has an incomplete monthly record from 1949 to 2002 (Appendix 1). To enable its 
use in this assessment, missing values were estimated by least squares linear regression with 
appropriate neighbouring stations. Three stations were required to estimate all missing values (Figure 
25). Equation 5 was derived for all paired data with Orange Post Office (063065 - Xl) and was 
used to estimate three missing values in 1949 (Appendix 1). Equation 6 was derived for all paired 
data with Orange Airport (063231 - X2) and was used to estimate 58 missing values in 1975, 
1993, 1994, 1995, 1997, 1998 and 1999 (Appendix 1). Equation 7 was derived for all paired data 
with Orange Agricultural Institute (063254 - X3) and was used to estimate one missing value in 
1999 that could not be estimated from Orange Airport (Appendix 1). 
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Figure 25. Least squares linear regressions of monthly rainfall at Canobolas State Forest (063018) 
against Orange Post Office (063065) (A), Orange Airport (06323 1) (B) and Orange Agricultural 
Insti tute (063254) (C). 
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Y = 0.9923X. + 8.4871 (5) 
F = 1258.3 P < 0.0000001 
r2 = 0.8455 Standard error = 23.1 

Y = 1. 1778X2 + 1.5904 (6) 
F = 2340.2 P < 0.0000001 
r2= 0.8693 Standard error = 23.8 

Y = 1.0923X3 + 5.1279 (7) 
F = 2545.0 P < 0.0000001 
r2 = 0.8710 Standard Error = 23.6 

All regressions were highly significant, had low standard errors and explained at least 84.55% of 
the variance in monthly rainfall. Furthermore, the residuals of all three equations were uniformly 
distributed about the relevant regression line. The complete monthly data set for Canobolas State 
Forest (9.6% is estimated) is included in Appendix 1, with all estimated data colour coded based on 
the station used to estimate missing values. 

As expected, the coefficient of skewness of monthly rainfall is significantly different from zero for 
nine months (Appendix 1), based on the test of Matalas and Benson (1968). Therefore, the seasonal 
distribution of rainfall is shown in Figure 26 by median values . Highest median rainfall (up to 
120.9 mm) occurs between July and October when snow is also recorded. Lower values (72 to 
76.2 mm) are then evident between November and January before the lowest of the year «59.5 mm) 
are experienced between February and April. Higher values are recorded in May and June (>74.5 
mm) immediately before the annual peak (Figure 26). Given the low winter area I actual 
evapotranspiration rates at Canobolas (Wang et at. 2001), saturated soils would be expected during 
most winters and this is investigated further in a subsequent section (see Role of Rainfall in 
Generating Mass Movements in Canobolas State Forest, 3. Soil Saturation (p. 47)). 

The complete monthly rainfall data were ranked, 10glO-transformed and a cumulative frequency 
curve constructed (Figure 27). This curve conforms to a 10glO-normal distribution and was used in 
Historical Mass Movements in Canobolas State Forest, 1. Complex Debris Slide and Debris Flow 
in 1998 (p. 14) and2. November 2000 Debris Flows (p. 19) to estimate the probability of occurrence 
of specific monthly totals associated with mass movements . 

As noted above, the known or suspected timing of mass movements in Canobolas State Forest is as 
follows: 

1. June-August 1998: complex slope movement (debris slide-debri flow) in compartment 
259. 

2. 16/17 November 2000: two debris flows in the 1962 age class in the catchment of 
water quality monitoring site CNBL06. 

The approximate timing of the translational slides of the cut batter on Cadiangullong Road and the 
small mass movement in compartment 158 (No. 4 on page 28) are unknown. In addition to these, 
the author has also documented the following mass movements in the Macquarie Region as part of 
work undertaken before joining Forests NSW: 

3. July/August 1986: complex slope movement (debris slide-soil flow) at Clarence near 
Newnes State Forest (Figure 28). The author first observed this mass movement in late 
August 1986. 
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RAINFALL (mm) 

Figure 26. Median monthly rainfall at Canobolas State Forest (063018) based on the complete 
data in Appendi x 1. 
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Figure 27. Cumulative frequency di stribution of monthly rainfall at Canobolas State Forest (063018) 
based on the complete data in Appendix 1. 
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Figure 28. Debris slide-soil flow at Clarence near N ewnes State Forest in late August 1986. 
Photo: WD Erskine. 

4. July/August 1986: complex slope movement (debris slide-debris flow) at Queens Pinch 
near Mudgee (Figure 29). The author first observed this mass movement also in late 
August 1986. 

5. Complex slope movement (debris slide-debris flow-soil flow) at Lucknow near Orange. 
Figures 30 and 31 show the mass movement when first inspected by the author in 
August 1981. However, it was mentioned to the author by Dr AD Abrahams (State 
University of New York) in May 1978 so occurred at an unknown time before then, 
probably at some time during the wet period between 1967 and 1978 (see below). 

In addition, Cunningham (1988) has reported the following mass movement: 

6. A complex rockfall-rock slump-rock block glide-rock flow at Nattai North (Figure 
32). Cunningham (1988) noted that the first major collapse (about three million tonnes) 
occurred in 1965 though it was preceded by numerous smaller falls . The next major 
collapse involved about 25 million tonnes in the late 1970s and the rock flow reached 
Lake Burragorang. Further rock fall s occurred in 1983 and 1984 when the total failed 
mass was 30 million tonnes. This is probably the largest contemporary failure in 
Australia (Cunningham 1988). Underground coal mining and pillar recovery beneath 
and in front of the escarpment altered the stress di stributions within the rock mass, 
causing weakening of the coal seam at the ba e of the cliff and the initiation of shear 
failure. The ba e of the pillar or block moved out from the cliff and toppled backwards 
into the cliff, fracturing in the proces . The fractured rock mass blanketed the slope 
below the cliff but preserved its stratigraphic order. 
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Figure 29. Debris slide-debris flow at Queens Pinch near Mudgee in late August 1986. 
Photo: WD Erskine. 
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The two historical mass movements for which the date of movement can be estimated, have been 
recorded during months when the rainfall at Canobolas State Forest (Station 063018) exceeded 
162.3 mm (November 2000) or have been recorded immediately after months when the rainfall 
exceeded 170.6 mm (October 2000). The respective probabilitie for these monthly totals are 
13.58 and 10.96% (Figure 27). While these results suggest that rainfall-driven mas movements 
hould occur frequently in Canobolas State Forest, this has clearly not been the ca e. 

Figure 30. Debris slide-debris flow-soil flow at Lucknow in August 1981. Photo: WD Erskine. 

When the recent mass movements which occurred elsewhere in Macquarie Region (3, 4 and 5) are 
added to the database, there is no change in the minimum monthly rainfall for mas movement 
initiation. However, the 1970s were very wet, with 34% of the monthly totals in the highest 10% of 
values over 54 years. Yet there is no reliable evidence of mass movements during this decade, 
except perhaps for the Lucknow complex slope movement (example 5 above). Furthermore, the 
five highest monthly rainfall totals exceeded 300 mm but no records of mass movements during 
these months have been found . The reasons for such a poor correlation between monthly rainfall 
and the occurrence of mass movements are: 
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The location of the rain gauge (Canobolas State Forest) is possibly unrepresentative of 
rainfall at higher elevations where the slopes are steeper, where mass movements have 
been historically recorded and where rainfall is likely to exhibit high spatial variability 
(Pilgrim et al. 1982). However, there are no rainfall data for the higher elevations 
around Mt Canobolas . 

• Monthly rainfall is not an accurate measure of mass movement-inducing rainfall events. 
However, Reid (1998) concluded that the potentially important effects of antecedent 
moisture may not be accounted for by shorter durations. 

• The rainfall-slope stability relationship is indirect via rainfall effects on pore water 
pressure. 

• The mass movement record for Canobolas State Forest is incomplete. 

Unfortunately there is insufficient temporal information on the historical mass movements and too 
many gaps in the daily rainfall record at Canobolas State Forest (assuming the record is representative 
of rainfall conditions at higher elevations) to investigate the effect of shorter duration storms on 
mass movement initiation. Nevertheless, Caine (1980) used records for 73 slope failures of the 
debris flow type to derive a general threshold for shallow instability in terms of rainfall intensity (I) 
and duration (D): 

1= 14.82 D-O.39 (8) 

d = 14.82Do61 
(9) 

where d is rainfall depth. This extrinsic threshold relationship applies for 
durations between 10 minutes and 10 days. 

Applying Caine's (1980) extrinsic rainfall threshold to the November 2000 debris flows in the 
catchment of water quality monitoring site CNBL06, yields a 24 hour rainfall of 103 mm. The 
measured rainfall at Canobolas State Forest was only 42 mm. To comply with Caine's (1980) 
relationship (equation 9), the daily total must have occurred in 5.5 hours. The five day rainfall total 
up to the time of the debris flows was only 125.3 mm but Caine's (1980) relationship predicts a 
five day total of275 mm. Clearly there is need for pluviometer data at higher elevations surrounding 
Mt Canobolas to realistically assess the rainfall-mass movement interaction in Canobolas State 
Forest. 

Reid (1998) determined the average landslide frequency for an area in coastal California from 
climatic records. The long-term landslide frequency can be determined to within 30% of the actual 
value for a rainfall record length of 5-10 years when there have been 17-35 slides from two to four 
significant storms. Clearly the frequency of landslides in Canobolas State Forest is significantly 
less than this, thereby precluding the determination of average landslide frequency. 
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Figure 31. Marginal levee on the Lucknow debris slide-debris flow-soil flow in August 1981. 
Photo: WD Erskine. 
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Figure 32. Photograph of part of the Nattai North complex rock fall-rock slump-rock block glide
rock flow taken in May 1989. This is probably the largest contemporary failure in Australia and is 
discussed in detail by Cunningham (1988). Photo: WD Erskine. 

2. TIME SERIES CHANGES IN ANNUAL RAINFALL AT ORANGE AND CANOBOLAS STATE 
FOREST 

A statistically significant increase in annual rainfall since the rnid- to late 1940s has been documented 
for a large area of New South Wales by, among others, Pittock (1975), Cornish (1977) and Russell 
(1981). This rainfall increase has also been associated with an increased frequency of landslides 
for different parts of New South Wales by Blong and Dunkerley (1976) and by Young (1978). This 
annual rainfall increase has also corresponded to the highest annual rainfall totals on record in 
many areas (Blong and Dunkerley 1976). 

To determine whether secular changes in annual rainfall have also occurred at Mt Canobolas, as 
suggested by Cornish's (1977) results, the longest record for the area (Orange Post Office - 1871-
1967) was extended to 2002 by regression with that for Canobolas State Forest (X4) for the 
overlapping period of record. Equation 10 is the resultant least squares linear solution and is shown 
in Figure 33A along with the distribution of the residuals about the trend line (Figure 33B). 

42 

Y = 0.9344X
4 

- 16.238 
F = 249.4 
r2 = 0.9362 

p < 0.0000001 
Standard Error = 77.6 
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Again the regression is highly significant, has a low standard error and explains at least 93.62% of 
the variance in annual rainfall. Furthermore, the residual are uniformly distributed about the relevant 
regression line (Figure 33B). 
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Figure 33A. Regression of annual rainfall at Orange Post Office (063065) against Canobolas 
State Forest (063018) and B. Distribution of residuals about the regression equation. 

Time series changes in annual rainfall at Orange Post Office are depicted in Figure 34 by the 
cumulative sum (cusum) technique (Page 1957). Cu urn refers to the cumulative deviation from a 
mea ure of central tendency for the complete record and has been calculated for both the mean 
and median in Figure 34. The plot rises during periods of increasing rainfall, falls during periods of 
decreasing rainfall and has a flat slope when rainfall is essentially constant. The time of a change in 
annual rainfall corresponds to a maximum/minimum cusum and has been used by Murtagh (1980), 
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Erskine and Bell (1982) and Erskine (1986) to determine the timing of a change in annual rainfall 
in NSW. Identical cusum trends are shown for both the mean and the median (Figure 34) which 
indicates that the trends are real and are not caused by individual very wet or dry years. Ignoring 
trends of less than eight years duration, there was a persistent period of higher rainfall during the 
late nineteenth century (1871-1894) which peaked at a cusum of 2206.5 mm (for the mean) in 
1894. This was followed by an extended period of lower rainfall during the first half of the twentieth 
century (1895-1949) which reached a minimum cusum of -4936.7 mm (for the mean) in 1949. A 
prolonged period of higher rainfall was then recorded to the end of the twentieth century (1950-
2000). The droughts of 1965-1967, 1979-1980-1982 and 2001-2002 are clearly shown as short 
but large downward spikes in a general upward trend. Furthermore, within the recent period of 
higher rainfall, there was also a period when rainfall increased at an even greater rate between 
1967 and 1978, immediately following the drought of 1965-1967 (Figure 34). To date, no records 
of mass movements in Canobolas State Forest during this period have been obtained. It is also 
important to stress that all of Forests NSW experience with the growth of Pin us radiata in Canobolas 
State Forest has been obtained for a period of persistent high rainfall. 
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Figure 34. Cusum plot for the extended record (1871-2002) at Orange Post Office (063065). 
The mean for the complete record was used for the black diamond plot and the median for the red 
square plot. 

The extended annual rainfall time series at Orange Post Office was split into the three periods, 
1871-1894,1895-1949 and 1950-2000 based on minimum/maximum cusums and correspond to 
the wet, dry and wet rainfall periods, respectively in Figure 34. As the annual rainfall time series for 
each period was not significantly skewed, according to the test of Matalas and Benson (1968), the 
F test was used to determine the significance of change in variance between periods and the relevant 
version of the t test (two tail) was used to determine the significance of the change in mean. The 
results are shown in Table 5. The variance and mean for 1871-1894 are significantly different to 
those for 1895-1949. Similarly the variance and mean for 1895-1949 are significantly different to 
those for 1950-2000. However, the variance and mean for the two wet periods (1871-1894 and 
1950-2000) are not significantly different. 
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Table 5. Changes in annual rainfall at Orange Post Office (063065) for the periods shown in 
Figure 34. 

Statistic Time Periods 

1871-1894 1895-1949 

Mean (mm) 1002.5 780.7 

% change in mean from NA -22.1 
preceding period l 

Median (mm) 1022.8 762.6 

% change in median NA -25.4 
from preceding period I 

Standard deviation (mm) 258.1 175.4 

P of change in variance NA 0.021 
from preceding period2 

p of change in mean NA 0.00053 
from preceding period3 

NA - not applicable 
I _ calculated by = [(~.l/Il) - 1] 100 

where III is mean/median for earlier period 
and ~ is mean/median for later period. 

2 _ F test 
3 _ t test for unequal variance 

1950-2000 

1016.2 

30.2 

1008.4 

32.2 

278.4 

0.0011 

0.0000016 

The author also found the rainfall record for Four Mile Creek Post Office (Appendix 2) between 
1923 and 1938 in the dedication file. While the file entries contained errors, these have been 
corrected in Appendix 2. As Four Mile Creek is located very close to the Canobolas State Forest 
rainfall gauge (it would receive slightly lower rainfall), the same statistical tests as used for the long 
term Orange Post Office record were applied to the Four Mile Creek and Canobolas State Forest 
records. The variances at the two stations for the periods, 1923-1938 (Four Mile Creek) and 1950-
2000 (Canobolas State Forest), were significantly different (p = 0.0038), as were the means (p = 
0.0000002). Mean annual rainfall increased by 40.8% between the two periods. This is strong 
evidence that similar secular rainfall changes occurred at Mt Canobolas as at Orange. 

The increase in annual rainfall at Mt Canobolas was also associated with a number of very high 
annual totals. The years 1950, 1952, 1956 and 1960 exhibited greatly above average rainfall but 
the period 1973-1978 was extraordinarily wet. During the latter period, five of the six consecutive 
years recorded very high rainfall, including the highest and third highest on record (1822.5 mm in 
1973 and 1576.1 mm in 1978). These conditions have been associated with the occurrence of 
mas movements elsewhere in Australia (ElIison and Coaldrake 1954, Blong and Dunkerley 1976, 
East 1978, Young 1978). 

The cusum plot for the recent wet period at the Canobolas State Forest rainfall station is shown in 
Figure 35. Again both the mean and median have been used as measures of central tendency and 
the ame trend is revealed for both (Figure 35). The mass movements of 1998 and 2000 occurred 
during a period of essentially constant annual rainfall (Figure 35). Again the period of higher 
annual rainfall between 1967 and 1978 is striking and reinforces the above comments . 

FOREST RESOURCES RESEARCH 
RESEARCH PAPER NO. 39 

MASS MOVEMENT HAZARD ASSESSMENT -
HARVESTING 1962 MONTEREY PINE IN CANOBOLAS STATE FOREST 45 



A 
2S00 

2000 

1S00 

E .s 
~ 1000 
::J 
I/) 
::J 
0 

SOO 

0 

-SOO 

1945 1955 1965 1975 1985 1995 2005 

YEAR 

B 2S00 

2000 

1S00 

E .s 
~ 1000 
::J 
I/) 
::J 
0 

SOO 

0 

-SOO 

1945 1955 1965 1975 1985 1995 2005 

YEAR 

Figure 35. Cusum plots of annual rainfall at Canobolas State Forest (063018) using the mean (A) 
and the median (B). The years of recent mass movement activity (1998 and 2000) in Canobolas 
State Forest are shown as red diamonds. The time period covered by the abscissa coincides with 
the recent wet period at Orange Post Office shown in Figure 34. 
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Lack of records on the incidence of mas movements may partially account for the eeming dearth 
of activity during the wet period since 1949. However, this per istent, substantial, multi-decadal 
increase in annual rainfall in the Orange district was conducive to mass movement initiation on the 
steep slopes of the central elevated core of cone and domes at Mt Canobolas. If mas movement 
had occurred, they should have been recorded because of their sub tantial effects on the plantation 
re ource and/or road network. Therefore, it is concluded that while mas movements do occur in 
Canobolas State Forest, the risk is relatively minor, even during extended wet periods. Mass 
movement risk is discussed further in Mass Movement Hazard and Recommendations to Mitigate 
this Hazard in 1962 Age Class (p. 50). 

3. SOIL SATURATION 

A simple water balance model was constructed to determine when soil saturation (soil moisture 
storage full at field capacity) was likely in the 1962 age class. The water balance equation (Oownes 
1963) was rearranged to predict soil moisture storage and can be represented by: 

SM = R - ET -RO - OS -LS + ASM (11 ) 

where SM is soil moisture storage, R is rainfall, ET is evapotranspiration, RO is runoff, 
OS is deep seepage, LS is lateral seepage and ASM is antecedent soil moisture storage. 
All units are mm. 

Changes in soil moisture storage are usually calculated for daily (Scotter et at. 1977) or weekly 
time steps (Kalma 1974) but a monthly time step was used below because only long-term, reliable 
monthly rainfall data had been compiled for the Canobolas State Forest gauge (Appendix I) . The 
purpose of the water balance is to assist forest management by predicting when soil saturation is 
likely in Canobolas State Forest and hence when the occurrence of mass movements are most 
probable because the pore water pressure is likely to be zero. However, the November 2000 debris 
flow was caused by a rainstorm with a duration of five days at most (Figure 14) and so the ability 
of a monthly water balance to predict the timing of zero pore water pressure is limited. The 
assumptions used for the water balance calculations are: 

I. The maximum soil moisture storage capacity is 120 mm when the soil is at field capacity. 
This value may be conservative. 

2. No runoff is assumed at soil moisture storage levels less than 120 mm. 

3. No deep seepage occurs at soil moisture storage levels less than 10 mm. 

4. Actual evapotranspiration equals 0.8 times tank evaporation when the soil moisture 
storage for the preceding month is greater than 50 mm. 

5. Actual evapotranspiration equals 0.4 times tank evaporation when the soil moisture 
storage for the preceding month is less than 50 mm. 

6. Tank evaporation i essentially equivalent to the point potential evapotranspiration of 
Wang et al. (2001). 

The values adopted by Kalma (1974) and measured by Scotter et al. (1977) for their water balance 
studies were used as guides. The results of the water balance for a monthly time tep and for both 
median and mean monthly rainfall at the Canobola State Forest rain gauge are hown in Figure 36. 
For median monthly rainfall and an assumed oil water retention capacity of 120 mm, soi l saturation 
only occurs in August, although soil moisture storage is al 0 high in July and September (Figure 
36A). If the assumed soil water retention capacity is correct, then soil saturation only occurs during 
one month for at least 50% of years, although soils are wet between July and September. However, 
for mean monthly rainfall and the same assumed soil water retention capacity, maximum soil 
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moisture storage is exceeded for July, August and September. The reason for the different results 
between median and mean monthly rainfall is that monthly rainfall is usually skewed and mean 
monthly rainfall is usually greater than median values (Appendix 1). Therefore, for average monthly 
rainfall , soil saturation would occur by July and there is a risk that mass movements could occur in 
Canobolas State Forest between July and September. When monthly rainfall conforms to average 
values, harvesting should not be conducted in Canobolas State Forest between at least July and 
September. 

A 
CANOBOLAS SOIL MOISTURE 

Fob Mo, 

B 

CANOBOLAS SOIL MOISTURE 

Figure 36. Soil moisture storage in the soil profile at Mt Canobolas for median monthly (A) and 
mean monthly rainfall (B), assuming a maximum soil moi sture storage value of 120 mm to produce 
soi l aturation. 
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The simple water balance approach has a number of shortcomings that should be recognised: 

1. Monthly data mask short duration, intense rain events that can cause soil saturation 
and produce zero pore water pressures. Such events can cause mass movements, as 
outlined in Historical Mass Movements in Canobolas State Forest (p. 14) and Caine's 
(1980) extrinsic rainfall thresholds (equations 8 and 9) should be used as a guide to the 
identification of such rain storms in the absence of more appropriate local data. 

2. The results of the water balance calculations are based on an assumed soil water retention 
capacity. The appropriateness of this value should be determined. 

3. Local sites where the soil is deep and which experience runon from upslope and/or 
lateral seepage from upslope will become saturated by lower rainfall than predicted 
above. The recognition of these areas would require the application of a digital elevation 
model with a hydrological model, such as Topog (Vertessy et al. 1993) and has not 
been attempted here. 

FOREST RESOURCES RESEARCH 
RESEARCH PAPER NO. 39 

MASS MOVEMENT HAZARD ASSESSMENT -
HARVESTING 1962 MONTEREY PINE IN CANOBOLAS STATE FOREST 49 



MASS MOVEMENT HAZARD AND RECOMMENDATIONS 
TO MITIGATE THIS HAZARD IN 1962 AGE CLASS 

The above investigations have established that various types of rain stonn-induced mass movements, 
particularly debris slides and debris flows, have occurred episodically in Canobolas State Forest 
over about the last 30 000 years. Radiocarbon dating of wood or charcoal contained in a range of 
landslide deposits would be required to determine the age and associated long-tenn frequency of 
mass movements. This has not been attempted here. However, it must be emphasised that climate 
has changed greatly over the last 30 000 years with the last glacial maximum occurring between 
15000 and 20 000 years BP (Dodson et al. 1992). At this time, temperatures were much colder and 
rainfall was much lower than today (Dodson et al. 1992). Evapotranspiration losses would have 
also been much less but very few lakes are known from this period and 'the great river systems 
would have trickled only intermittently seaward' (Dodson et al. 1992, p 118). Rain storms and/or 
spells of higher rainfall during the lead into, and/or the recovery from, the last glacial maximum 
probably caused the ancient mass movements and their associated diamictons in Canobolas State 
Forest. Further work is required to test this hypothesis. 

The essential conditions for the initiation of historical mass movements in Canobolas State Forest 
are: 

• Relatively deep soil (about 1 m minimum depth) that develops a failure plane either 
between soil layers/horizons or between soil and bedrock. 

• Saturated soil and build up of pore water pressure due to prolonged rainfall, with or 
without an intense rain stonn. 

• Flow concentration in hillslope hollows or planfonn concavities, which further promotes 
soil saturation and increased pore water pressures during rain stonns. 

• Very steep slopes (>25°) on the edge or snout of individual trachyte flows or a series of 
vertically stacked flows or on the side of steep volcanic cones and domes. 

• Formation and subsequent rapid failure of landslide dams which cause channel debris 
flows and, in some case, the fonnation of slot channels. 

Any forestry activities in steep hillslope hollows with relatively deep soils must be undertaken so 
as to prevent soil saturation and/or artificial loading of the slope. Log landings and dumps should 
never be located in steep planfonn concavities so as to avoid artificially loading such sensitive 
sites. Furthennore, the location of road drainage needs to be carefully considered in the same 
landscape setting. Runoff dispersal should not be directed to steep slopes in hillslope hollows. The 
road drainage spacing specified in Environment Protection Licence No. 4016 should be varied to 
avoid artificially increasing pore water pressures during stonns. These licence variations need to 
be documented on the harvesting plan. Material graded off forest roads should not be stockpiled 
into earth mounds on top of fill road batters or directly added to fill batters in steep planfonn 
concavities. 'Fill benn failures' have been recorded overseas (Montgomery and Dietrich 1994) 
and have been observed by the author on steep slopes in pine plantations near Blowering Dam. 
The use of machinery on steep slopes in hillslope hollows should be prohibited when soils are 
saturated. Such a prohibition also serves to address the personal safety of machine operators. The 
current seasonal closure of Canobolas State Forest should be maintained. 
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The results of a simple water balance model based on monthly rainfall at Canobolas State Forest 
gauge suggest that soil moisture storage capacity is only exceeded in August under median monthly 
rainfall but is exceeded between July and September under mean monthly rainfall. Clearfall 
harvesting, road works and site preparation should not be conducted when total soil moisture 
storage has been exceeded. For rainfall durations less than a month, Caine's (1980) extrinsic rainfall 
thresholds (equations 8 and 9) should be used as a guide to the identification of rain storms likely 
to cause mass movements. The water balance calculations only apply to sites with deep soils and 
no runon and lateral seepage from upslope. Such sites will become saturated sooner than predicted 
by the water balance model. 

While no laboratory work has been undertaken on the clay mineralogy of the soils in the 1962 age 
class, it is likely that they contain some montmorillonite. This clay mineral is characterised by a 2: 1 
lattice structure and hence swells on wetting by taking water into the clay lattice. Such soils exhibit 
desiccation cracks on drying which can allow rapid infiltration of water followed by a marked loss 
of strength (East 1978). Furthermore, Pain (1969) suggested that the presence of swelling clays 
along a potential failure plane may cause mass movements. 

While two complex mass movements have been documented recently (1998 and 2000) in Canobolas 
State Forest, they are the only non-management-induced mass movements which have occurred 
over the last 50 years during a period of persistent above average rainfall with many very wet 
months. The lack of a clear temporal association between the occurrence of historical mass 
movements and months with high monthly rainfall indicates that the frequency of mass movements 
is not determined simply by an extrinsic threshold (Nanson and Erskine 1988), such as a critical 
monthly or storm rainfall. However, Montgomery and Dietrich (1994) found that shallow landsliding 
was controlled by rainfall intensities that caused soil saturation in sensitive landscape elements. 
Information on at least daily rainfall as well as zones susceptible to soil saturation are needed to 
investigate such relationships in Canobolas State Forest. Such information is currently unavailable. 

Shallow landsliding often occurs in steep convergent areas, such as hollows, when rain storms of 
between 50 and 200 mm per day cause soil saturation (Montgomery and Dietrich 1994). Crozier et 
al. (1990) found that colluvium-filled bedrock depressions (CBDs) near Wellington, New Zealand, 
also failed by shallow landsliding when the colluvium exceeded a critical stable depth. For this to 
occur, the colluvium had to possess cohesive strength in its intact state and the water table had to 
reach the surface. Both of these conditions are likely to occur in Canobolas State Forest. Deposition 
in the depression progressively increased sediment depth until the critical stable value under saturated 
deforested conditions was exceeded (Crozier et al. 1990). The artificial cohesion provided by tree 
roots prevented landsliding under forest (Crozier et al. 1990). If a similar condition exists in 
Canobolas State Forest, mass movements in steep planform concavities will only occur when sufficient 
sediment has accumulated to exceed the stability threshold. Therefore, the frequency of mass 
movements would depend on the rate of sediment deposition in CBDs and recent mass movements 
would be stable until significant depths of colluvium infill the depression. Reid (1998) found that 
in California, debris slides were likely to recur on or immediately adjacent to earlier slides where 
their occurrence was not restricted to CBDs. 

Management-induced mass movements have only been found to date on a cut road batter on 
Cadiangullong Road where the road was re-routed through diamictons formed by a large rotational 
slide of probable Pleistocene age and on another cut road batter in compartment 156. The cut 
batter on Cadiangullong Road is too steep and will continue to fail during prolonged wet conditions 
unless measures, such as those recommended by Engineering Services (2001), are implemented. It 
is recommended that new r<?ads or the upgrading of existing roads should avoid excavating cut 
batters in thick diamictons (>2 m deep). Where there are existing cut batters in such diamictons 
(Figures 17 and 22), appropriate remedial works should be installed, where required. While the site 
on Cadiangullong Road (Figure 17) has been unstable since the road was re-routed through the 
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diarnictons, this is certainly not the case for a similar diarnicton exposed in the cut road batter in 
compartment 155 (Figure 22). The stability of cut road batters in diamictons should be assessed on 
a site-by-site basis and remedial works undertaken where there is historical evidence of instability. 
Most of the cut road batters in Canobolas State Forest observed by the author are characterised by 
shallow soils that have developed in situ from various volcanic rocks. The soils are usually stable 
due to the presence of a strong grade of pedality in medium to fine textured materials. 

While there are steep slopes in the 1962 age class, many such areas are characterised by shallow 
soils. Such shallow soils are rarely sensitive to mass movements (Montgomery and Dietrich 1994) 
but do act as sediment source areas for CBDs (Crozier et al. 1990). 

Plantations are a recommended land use for mass movement-prone areas (for example, Pain 1971, 
East 1978, Rogers and Selby 1980). One reason for this is that rapid mass movements occur more 
frequently per unit land area under grass than under forest (Pain 1969, 1971, East 1978). Indeed, 
Pain (1971) found that rapid mass movements were five times more frequent under grass than 
under forest in the Orere River catchment in New Zealand. The usually cited explanation is that 
soil regolith strength is increased by roots (Furbish and Rice 1983). Abe and Ziemer (1991a) found 
that root reinforcement is important where roots extend into either joints and fractures in bedrock 
or into weathered soil. They documented increases in the factor of safety from less than 1 (ie slope 
failure) to 2 (ie stable slope). Abe and Ziemer (1991b) experimentally determined in a large shear 
box that pine roots increase shear resistance by generating tangential friction between the root and 
the soil. While trees increase soil strength, their harvesting reduces strength as roots decay (Furbish 
and Rice 1983). Therefore, it is essential that landscape settings sensitive to mass movements 
should be either not harvested or planted as soon as possible after harvesting. The areas identified 
earlier in this section should be assessed for tree retention and, if harvested, should be replanted as 
soon as possible thereafter. 

Trees also reduce soil moisture content due to higher evapotranspiration and interception losses 
than grasslands (Erskine 2001b, 2003). While this factor is often said to be oflesser importance to 
stabilising soils than root reinforcement (Furbish and Rice 1983), it is still significant. This is another 
reason for quickly replanting those landslide-prone areas identified above. Landslides should not 
be excluded from planting just because a landslide has occurred. 
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APPENDIX 1 

MONTHLY AND ANNUAL RAINFALL DATA AT CANOBOLAS STATE FOREST (063018) 
GENERATED FOR THE MASS MOVEMENT HAZARD ASSESSMENT 

YEAR J A FEB MAR APR MAY JUN J UL AUG SEP OCT NOV DEC I 
1949 36 I 535 400 51.5 49 .5 61.5 84.5 13 .0 130.9 113 .2 76 .9 45 .2 755 .8 
1950 111.2 160. 1 181.2 87 .5 95 160.7 131 .2 106.9 110 211.8 204.2 0.8 1560.6 
1951 31.1 62 .8 42 .9 63 .5 78.4 117.4 115.4 182.3 62 .6 62 .5 47 .5 57 .6 924 .0 
1952 13 .5 13.6 93 .6 158.3 138.4 272.4 149 .3 79.1 61.3 162 .7 69.7 130.7 1342.6 
1953 74 .0 26.1 21.6 41.9 116.2 67 .3 28 .3 126.8 72.2 73 .5 119.4 24.1 791.4 
1954 106.4 105 .3 0 88 .9 8.4 60 .2 41.2 45 . 1 26 .7 162.8 171 82 .3 898 .3 
1955 78 .6 224 42 .8 13.4 109.9 97 .7 90 153 .7 53 .9 236 .3 103 .3 61.1 1264.7 
1956 102 .2 124.3 242 .8 157.9 148.4 198.9 212.4 116.2 130.4 184.4 36 .9 1.3 1656.1 
1957 24 . 1 33.6 39 .2 37.4 18 .6 48 .1 86 .6 71.3 21.3 14 22 .6 75 .2 492.0 
1958 102 . 1 34.8 62.4 46 .3 80 .7 70.4 93 .3 150.6 121.9 154.9 24 .5 88 . 1 1030 
1959 60 .3 131.5 77 .8 163.5 20 137 .8 121.2 36 .2 62.7 84 .3 49 .6 43 .3 988.2 
1960 86.2 112.8 36.2 71 .8 198.4 66 . 1 222 .6 155.4 198 .7 74 . 1 86 .9 115.1 1424.3 
1961 43 .7 39 . 1 63.1 81.9 27.1 102 176.4 143 38 .3 68.6 165 .7 68 .3 1017 .2 
1962 145 .8 49 .6 16.5 12 .9 181.1 45 .3 84.9 143.7 55 . 1 79.2 27 .7 172.2 1014 
1963 85.9 92.4 68.4 22 .3 168 133 .7 204.2 101.9 93 .5 68.6 79 .4 87 . 1 1205.4 
1964 67.0 29.7 25 .3 105 .2 124 120 202.9 98 .3 193.1 188.6 45 32 .3 1231.4 
1965 5.6 7 51.9 29 .7 75.9 35.4 64.9 85 62 .2 154.3 62 .6 92 726 .5 
1966 34.5 7.6 112 .3 27 .8 85.3 78.8 94 .2 178.4 99 .9 182.5 147. 1 134.2 1182 .6 
1967 88.2 33 .3 45.2 0 39.4 50 .7 24 .3 193 .5 60.4 80.3 49 17 .3 681 .6 
1968 155 .5 2.8 130.2 100 298.5 62.3 81.1 121.4 49 136.5 61 142 .8 1341.1 
1969 81.6 176.9 161.6 103.7 70.6 86 137.4 85 .8 93.2 107 .2 92.5 24.6 1221.1 
1970 136. 1 50.2 64 .8 106.1 I I 1.1 75.3 26.7 148 .9 160.2 120.1 143 157 1299.5 
1971 103.2 181.5 15 .3 60.4 76 .7 46.5 141.2 178.6 107.4 14.3 181.1 166.4 1272.6 
1972 218.7 66.4 17 .3 54.6 26 .8 1.0 47 .0 138.3 39.8 81.1 67 .5 39 .5 798.0 
1973 131.2 351.5 59 .2 63 .5 63 .8 178 .3 124.8 193.7 94.8 184.6 213 .8 163 .3 1822.5 
1974 107 .6 167 .6 10.7 208 .2 87 .6 27 240.4 181.2 215.6 159 50 .6 2 1457.5 
1975 72.4 89.6 75 82.4 49.8 105 .2 98 224.8 190.4 257 50 .8 60.8 1356.2 
1976 324.2 159.4 81.2 54 .5 37.2 27 .8 132.4 71.4 148.8 221.8 65 38 1361.7 
1977 60.6 77.6 101.5 65 .6 212.0 111.4 44 .6 57.4 83 .8 24.4 20.1 18 .0 877 .0 
1978 316.2 13 .6 151.0 21.2 181.0 120.4 159.2 77.4 222 .6 90 . 1 139.8 83 .6 1576.1 
1979 13 .0 5 .0 62 .2 99 109.4 5 .8 33 .6 88.2 141.4 86.4 74.8 0 718 .8 
1980 78.4 70 19 .0 30 .2 95.8 125.6 128.2 33.4 34.4 61.4 15.0 85 .8 777 .2 
1981 40 .6 83 .0 4 .6 10.2 93 .8 200.6 257.4 110.0 33.2 123.2 90.2 86.2 1133 
1982 43 .6 24.4 73.4 25 .2 22 41.2 37 3.8 62.8 20 .8 6.4 10.0 370.6 
1983 54.6 44.0 70 .0 98 .0 130.0 33.0 95.6 97.0 148 .6 93.0 102.8 130.0 1096.6 
1984 361.6 75.6 47 .8 80.4 36.4 16 .8 271.4 149.2 107.2 93 .8 34 .8 21.6 1296.6 
1985 4.4 41.8 137 .8 34.0 67 .8 73.6 33.4 216.6 136.0 116.6 106.6 103 . 1 1071.7 
1986 83.4 8.0 5.2 25.2 79 .2 28.6 187 .2 132.2 97.4 122.4 123 .2 22.4 914.4 
1987 23.2 75 .8 155.8 16.0 94.4 107.4 44.2 151.8 43.8 80.8 74 .8 119 .8 987 .8 
1988 82.2 43 .2 31.0 81.8 89 .2 71.2 122.6 120.4 140.8 32.5 68 165 .6 1048.5 
1989 67.0 29.4 103 .0 152.2 119 .8 72.4 115 .2 94 .8 33.6 43.4 59.8 72.8 963.4 
1990 56 .0 104 .2 23.0 393.6 100 82.6 153.2 272.4 55.1 75.6 30.8 13 .6 1360. 1 
1991 40.1 18 .0 55 .7 11.2 45.9 109.4 135 154.5 101.4 21.4 75 .7 93 .3 861.6 
1992 168 .6 212.6 37 .6 31.8 47 .6 60 .6 57 .5 169.8 107 .2 73 95 .6 248.4 1310.3 
1993 28 .3 56 .2 60 .0 13 .4 35 .2 50.4 171 69.2 165 .3 160.6 107.8 37 954.4 
1994 12 .8 179.6 41.0 49.4 29 .8 90.6 61 9 33.4 34 . 1 64 . 1 114.3 118.4 829.4 
1995 237 .9 12 .2 2. 1 19 .3 229 .8 86 .5 158 .9 24 .6 73 40.7 843 142 .6 1111 .9 
1996 203.7 32 .9 38.4 9.4 45.9 130.3 ITU 143.4 142 .8 103.4 83 .8 71.2 1178 .5 
1997 168.5 102 .2 23 .3 80 697 40 .3 447 74 .6 133 .2 674 713 76 879 .2 
1998 165 75 3 8 .0 113 110 194 191 197 .6 136.2 138 I 1157 45 .9 1489 .8 
1999 60 .5 16.7 108 .7 68 .3 455 88 .2 79.8 128 .9 69.4 248 .8 66.4 164 .2 1145.4 
2000 36.6 17 .2 150.7 36.0 106. 1 72.8 61.2 167 .9 68 .2 170.6 162 .3 43.1 1092 .7 
2001 6.2 111 .2 82.9 97.4 31.3 85.6 85 91.1 90. 1 108.7 55 .6 29.2 874.3 
2002 46.8 214 .2 27.6 27.0 58 .2 38 50.4 19 .6 80.8 4 14.2 45 .2 626 .6 

Median 76 .2 59 .5 53 .8 54 .55 79 .95 74.45 106.6 120.9 93.35 93.4 74 .8 72 1082.2 
Mean 94 .2 80 .2 64 .8 68 .7 90 .2 86.5 115 .0 118.6 98.1 109.3 83 .5 77.2 1086.4 
Std Dv 80 .5 71.4 51.8 64 .8 59 .3 53 .7 64 .3 58.9 51.5 63.4 49 . 1 55 .9 296 .9 
Skew 1.639 1.483 1.256 2.695 1.277 1.170 0.549 0.097 0.620 0.497 0.796 0.720 0.05 

Sign Sign Sign Sign Sign Sign NS NS Sign NS Sigil Sigil NS 

Red estimated by equation I from Orange Post Office (063065) 

Gn:cn - estimated by equation 2 from Orange Airport (063231) 

Blue estimated by equation 3 from Orange Agricultural Institute (063254) 

Sign the coefficient of skewne s is significantly different from zero, according to the test of Matalas and Ben on (1968), and 
hence the data are significantly skewed. 

N S the coefficient of skewness is not significantly different from zero, according to the test of M atal as and Benson (1968), 

and hence the data are normally distributed. 
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A PP EN DI X 2 

MONTHLY AND ANNUAL RAINFALL DATA AT FOUR MILE CREEK POST OFFICE CONTAINED 
ON FILE 4602411 

YEAR J AN FEB MAR APR MAY JUNE J ULY AUG SEP OCT NOV DEC TOTAL 

1923 24.1 0.0 5 .8 0 .0 40 . 1 206 .8 165 . 1 60 .2 162 . 1 103 .9 77 .5 35.1 880.6 
1924 22 .9 63 .0 0.0 74.2 38.4 88 .9 47.5 76 .2 141.0 41.7 196.3 40.9 830 .8 
1925 109 .2 19 . 1 61.5 21.8 54 .9 178.6 97 .5 31.0 44 .2 44.5 67.3 19.1 748 .5 
1926 10.2 13 .5 199.4 126.0 110.2 91.2 76.7 80 .0 82 .6 44.5 5.1 66 .5 905 .8 
192 7 141.0 6. 1 27 .2 83 .6 35 . 1 22 .9 61.7 26 .7 79.5 42 .7 88.4 43.2 657 .9 
1928 50.0 186.4 10I.l 54 . 1 33 .3 67 .3 83 . 1 18 .8 33.8 72.6 31.8 0.0 732 .3 
1929 5. 1 105 .9 64.5 25 .4 57 .7 35.3 22 . 1 65 .3 43 .2 11.7 111.3 95.0 642.4 
1930 24.4 31.0 13.5 42.9 49 .5 57.4 95.5 112.3 35 . 1 169.2 56 . 1 80 .5 767 .3 
1931 55.4 15 .0 190.0 75 .7 143 .8 163 .3 80 .8 67.3 68.8 46.7 74 .7 76 .2 1057.7 
1932 11 .7 23.4 132 .3 94.0 14.5 66 .8 47.8 73 .7 69 . 1 84.8 82.8 66.8 767 .6 
1933 56 . 1 0.0 39 . 1 40.1 57.7 35.6 127.5 54 . 1 102 .6 26 .7 65.8 78 .2 683 .5 
1934 116.6 I I 1.5 0.0 67 .3 0.0 45 .2 104.9 122.4 68 .6 202 .2 107 .2 38.4 984.3 
1935 165 . 1 27.4 10.2 165 . 1 27 .2 46 .0 70.1 92 .2 38.1 91.9 35 .6 87 . 1 856.0 
1936 82 .6 100.3 87 .9 52 . 1 25 .7 71.9 135.4 65.0 40 .6 44 .7 0.0 206.5 912 .6 
1937 32 .0 7. 1 76 .5 14 .7 57.9 50.8 22.9 92 .7 78 .5 105.4 21.8 15 .7 576 . 1 
1938 78.5 0.0 80.0 14.5 72 . 1 96 .0 49 .5 11 .2 101.6 10 .7 39 .9 9 .7 563.6 

Median 52 .7 21.2 63.0 53 . 1 44 .8 67 . 1 78 .7 66 .3 69.0 45 .7 66 .6 54 .9 767.5 
Mean 61.6 44.4 68 . 1 59 .5 51.1 82 .7 80 .5 65.6 74 .3 71.5 66.3 59 .9 785.4 
Std Dv 49.5 54 .2 63.2 43.8 35.3 54.4 39 .9 31.9 37 .8 53 .7 48.0 49 .0 142 .7 
Skew 0.800 1.497 0.925 0.944 1.360 1.289 0.479 -0.084 1.052 1.279 1.149 1.746 0.178 

NS Sign NS NS Sigil Sigil NS NS NS Sigil Sigil Sigil NS 

Sign the coefficient of skewness is significantly different from zero, according to the test of Matalas and Benson (1968), and 
hence the data are significantly skewed. 

NS - the coefficient of skewness is not significantly different from zero, according to the test of Matalas and Benson (1968), 
and hence the data are normally distributed. 

All errors contained in the file entries have been corrected. 
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