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ABSTRACT 

The Barrier is a steep, 250 m-high escarpment of dacite in Garibaldi Provincial 

Park, British Columbia. The lava flow comprises four lobes, two of which (Lobes 3 

and 4) came into contact with the late Pleistocene Cordilleran ice sheet. Lobe 3 was 

the source of a major landslide in 1855-1856 and a smaller event in 1977.  

This thesis investigates potential mechanisms responsible for landslides from 

The Barrier. Methods that I applied include magnetic surveys to determine the three-

dimensional character of lava flows forming The Barrier, long-range photogrammetry 

to map the structure of the escarpment in digital terrain models, field mapping, 

distinct element modelling, and passive seismic landslide monitoring. Of particular 

importance to the stability of The Barrier are ice-contact structures in the volcanic 

rocks, which provide clues about emplacement environments.  

Results show that The Barrier should be considered potentially unstable and 

that past instability is intimately linked to structures produced by emplacement of 

the lavas against glacier ice. My work also provides new geophysical and 

geomechanical data for The Barrier. 

 

 

 
Keywords:  The Barrier; landslide; rock fall; Garibaldi Provincial Park; 
Pleistocene; magnetic survey; photogrammetry; survey; UDEC; geophysics; 
modelling; distinct element code; Voronoi; tessellation; ice-contact volcanism   
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1. INTRODUCTION 

In 1855 or 1856 a landslide with an estimated volume of 25 x l06 m³ occurred 

in the valley of Rubble Creek, located in Garibaldi Provincial Park in the southern 

Coast Mountains of British Columbia (Figure 1-1 and Figure 1-2; Moore and 

Mathews, 1978). The landslide originated from The Barrier, a steep cliff formed by 

lava flows that dam Garibaldi, Lesser Garibaldi, and Barrier lakes (Figure 1-3). A 

smaller landslide, involving a mass of rock about 200 m long, 200 m high, and 

metres to perhaps tens of metres thick occurred at the Barrier in December 1977 

(Figure 1-3; Moore and Mathews, 1978). 

Because of the possibility of another large landslide from The Barrier, the 

British Columbia Department of Highways, in 1972 refused approval for a subdivision 

plan that included 126 lots located on the Rubble Creek fan (Hardy et al., 1978). The 

British Columbia Supreme Court dismissed an appeal against this ruling in 1973 

(Moore and Mathews, 1978). 

Several studies have been done on The Barrier, but the causes, triggers, and 

likelihood of another landslide similar to that in 1855-1856 remain uncertain. These 

studies, however, do provide much geologic information that provides context for my 

study.  

1.1 Objectives  

The objectives of my research are to (i) evaluate the current stability and 

hazard of The Barrier, both in terms of rock falls and larger landslides similar to 

those in 1855-1856 and 1977; (ii) gain a better understanding of the triggers and 

causes of the 1855-1856 and 1977 landslides; (iii) constrain geophysical and 

geomechanical parameters of the Barrier. 

1.2 Thesis Outline 

Chapter 1 presents the objectives of my thesis, reviews existing literature 

about the Barrier, describes the setting and geology of the research area, and lists 

methods applied in my research. Chapter 2 describes ice-contact lava structures on 

The Barrier and their implications for the emplacement history of lava flows. Chapter 
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3 presents the results of a magnetic survey of The Barrier. It provides estimates of 

the dimensions of Lobe 3 and 4 and the sub-surface morphology beneath Lobe 4. 

Chapter 4 presents results of numerical modelling of The Barrier with the distinct 

element code UDEC. In this chapter, I first discuss model constraints and then 

provide a rock mass characterization based on field mapping and photogrammetry. I 

next describe Voronoi tessellation in UDEC to simulate fracture propagation through 

intact rock in The Barrier. Finally, I present modelling results and possible failure 

mechanisms. Chapter 5 presents results of a pilot study of seismic rock-fall 

monitoring on The Barrier. Chapter 6 summarizes the conclusions of my research. 

Additionally, there are five Appendices that contain the details of some of my 

analyses. 

1.3 Setting of the Study Area 

Figure 1-1 and Figure 1-2 show the location of The Barrier in the Garibaldi  

Provincial Park in southwestern BC, Canada. The Barrier consists of a dacite lava flow 

erupted from Clinker Peak (1992 m asl), 4 km to the southeast (Figure 1-3). The 

eruption occurred about 12,000 years ago during deglaciation (Hardy et al., 1978; 

Mathews, 1952). At that time, the Cordilleran Ice Sheet filled the valleys of 

Cheakamus River and Rubble Creek; the flow forming The Barrier was emplaced 

against this ice. The lava flow comprises four lobes. The two western lobes (3 and 4) 

came into contact with ice, resulting in steep terminal faces (Mathews, 1952). The 

escarpment of Lobe 3 is the source of the 1855-1856 and 1977 landslides and 

possibly older ones (Hardy et al., 1978).  

Structures typical of ice-contact lavas are visible on parts of the faces of 

Lobes 3 and 4. These structures are pseudo-pillows, sheet-like fractures, and 

transitional forms between sheet-like and hexagonal columns (see Chapter 2; Lodge 

and Lescinsky, 2008a). The steep margin of intact Lobe 4 and the presence of ice-

contact lava confirm the emplacement of The Barrier against ice.  

Moore (1976) and Moore and Mathews (1978) describe Rubble Creek as 

trapezoidal in cross-section, with a floor inclined 7.5˚ downstream, and walls 300-

500 m high, sloping about 30˚. Lobe 4 rests on the sedimentary bedrock of the 

southwest wall of Rubble Creek valley. Magnetic surveys (Chapter 3, Section 3.6.4) 

showed that the bedrock surface beneath Lobe 4 slopes about 15˚. 
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Figure 1-1: Location of The Barrier north of Squamish, British Columbia. Map source: Google 

maps (2010)  

 
Cretaceous sedimentary rocks with a thin mantle of till and glaciofluvial 

sediments crop out on the northwest wall of Rubble Creek valley (Figure 1-4; Moore 

and Mathews, 1978). These rocks include greywackes, conglomerate, and minor 

argillite (Hardy et al., 1978). Intrusive rocks, including quartz diorite, diorite, 

amphibolite, and gabbros, crop out on the southwest wall of the valley at its 

downstream end (Hardy et al., 1978). Farther upstream, the southwest wall is 

underlain by Cretaceous sedimentary rocks and by late Quaternary dacite lava near 

the valley head (Mathews, 1958). Glacial drift probably underlies the dacite flow on 

the floor and lower slopes of the valley between Garibaldi Lake and The Barrier. 

These sediments are not exposed in The Barrier face, but till has been noted 

between the volcanic and basement rocks below The Barrier Lookout north of Rubble 

Creek (Moore and Mathews, 1978). 

Squamish 

The Barrier 
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Figure 1-2: Location of The Barrier (red square) north of Squamish. Map source: Geogratis (2008).  

 

A large amount of water discharges from the base of The Barrier to form 

Rubble Creek. The water probably flows at the base of the fractured lavas that 

overlie impermeable Cretaceous basement rocks (Moore and Mathews, 1978). This 

groundwater flow system is closely linked to subterranean discharge from Garibaldi, 

Lesser Garibaldi, and Barrier lakes. The principal source of the water is Garibaldi 

Lake, which has an area of 9.94 km² and is, on average, 119 m deep. The west 

shoreline of Garibaldi Lake is about 2 km from The Barrier (Hardy et al., 1978). 

Lesser Garibaldi and Barrier lakes are about 420 m and 160 m, respectively, from 

The Barrier. No data are available on the groundwater flow system, but excess 
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piezometric pressures can be expected on the foot of The Barrier, and water may 

have played a significant role in the 1855-1856 landslide (Hardy et al., 1978). 

 

Clinker Peak

Lobe 4

Lobe3

Rubble Creek

Look-Out

Point

Garibaldi Lake

Lesser Garibaldi Lake

Barrier Lake

Lava flow

 

Figure 1-3: Oblique aerial photograph of The Barrier, showing the lava flow from Clinker Peak, 

the locations of Lobes 3 and 4, and The Barrier Look-Out (the point from which many 

of the photos in this thesis were taken). The green area is the approximate location of 

the 1977 landslide. View is to the southeast. Photograph by Austin Post. 
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Figure 1-4: Geologic map of the study area (Moore and Mathews, their Fig. 1).  

  

Lobe 3 ends in a 250-m-high, 70-85° escarpment (Figure 1-5). The 

escarpment consists mostly of dacite flow rock with platy fractures that cut through 

the columns (Robert Lodge, personal communication, 2009). The flow rock section of 

the escarpment is approximately 160 m high and is overlain by about 50-90 m of 

volcanic rubble. Below the rock face is an apron of talus that is 100-300 m high. The 

lowest volcanic rocks of The Barrier, which are are hidden by talus, probably 

comprise rubble and breccia or older lava flows. These rocks are visible in a few 

places above the talus in Lobe 3 (Section 4.5.1).  

Lobe 4 consists of a series of steep (70-85°) rock walls up to about 100 m 

high, separated by vegetated slopes ranging from <30° to >50° (Figure 1-6). The 

internal structure of Lobe 4 is probably similar to that of Lobe 3, but only the surface 

skin of the lava is visible (Moore and Mathews, 1978). Vertical columns are notable 

at the front margin of the lobe. The talus accumulation below Lobe 4 is much smaller 

than that below Lobe 3, except at its northeast margin near Lobe 3.  
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Approx. 

250 m

 

Figure 1-5: Lobe 3 escarpment; view to the south from the Barrier Look-Out. 

 

 

Approx.

450 m

 

Figure 1-6: Lobe 4 escarpment; view to the southwest from the Barrier Look-Out. 
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1.4 Literature Review  

Mathews (1952), Moore (1976), and Moore and Mathews (1978) document in 

much detail the regional setting, geology, and hydrology of The Barrier. The 

Garibaldi Advisory Panel (Hardy et al., 1978) published an extensive study of the 

1855-1856 landslide and the possibility of a recurrence after the Department of 

Highways denied approval for a subdivision plan on the Rubble Creek fan in 1972. 

The report includes detailed geological studies and maps, and results of seismic 

refraction surveys and geotechnical drilling on the landslide deposits. 

Major William Downie (1858) provides the first written account of the 

devastation caused by the 1855-1856 landslide. First Nations people told him that 

the landslide occurred three years earlier (Moore and Mathews, 1978). Moore (1976) 

studied growth rings of trees that had survived the landslide and concludes that 

scarring had occurred after the summer growth season of 1855 but before new 

growth commenced in 1856. Thus the slide occurred between fall 1855 and spring 

1856.  

Moore and Mathews (1978) and Hardy el al. (1978) suggest that the 1855-

1856 landslide achieved high velocities (peaking at more than 20 m/s). Moore 

(1976) used a 1:2500-scale model to investigate possible failure mechanisms.  

Terzhagi (1960), Moore (1976), Moore and Mathews (1978), and Hardy et al. 

(1978) describe the landslide deposits in Rubble Creek and Cheakamus River valleys. 

Hardy et al. (1978) also present evidence for at least one landslide larger than the 

1855-1856 landslide and other major slide events. They document exposures of pre-

1855 landslide debris and 277-570 year-old stumps on this debris, supported by 

subsurface evidence from drill logs. They also present borehole evidence for five to 

ten separate layers of volcanic debris and argue that at least one and probably five 

to ten rockslides or debris flows happened between about 9000 and 600 years ago. 

At least one of these landslides had sufficient mass and velocity to reach beyond the 

limits of the 1855-1856 slide. Moore and Mathews (1978) also conclude that a large 

landslide occurred prior to 1855, based on wood recovered from beneath the 1855-

1856 deposits in boreholes, the size of the Rubble Creek fan, and exposures of 

landslide debris that underlie the 1855-1856 landslide deposit along the Cheakamus 

River and at the mouth of Rubble Creek. 

Estimates of the volumes of the 1855-1856 and earlier landslides differ. 

Moore (1976) concludes that the 1855-1856 landslide had a volume of 25 x 106 m³, 

based on the inferred flow path, the debris margin, and estimates of the amount of 
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debris in Rubble Creek valley. Hardy et al. (1978) report volume calculations of the 

1855-1856 landslide ranging from 30-70 x 106 m³, but estimate the most likely 

volume to be 30-37 x 106 m³. They further estimate a total volume of rock lost from 

The Barrier since formation of 105-187 x 106 m³, with a most likely range of 105-

145 x 106 m³. The maximum value of 187 x 106 m³ corresponds to an original flow 

margin 750-800 m from the present escarpment. Hardy et al. (1978) also estimate 

debris volumes in Rubble Creek and Cheakamus valleys based on their interpretation 

of the geology of the valleys; they infer the volume of rock lost from The Barrier by 

correcting for non-volcanic rocks in the debris and debris bulking.  

More recently, Spörli and Rowland (2006) and Lodge and Lescinsky (2008a, 

2008b) published work on structures specific to ice-contact lavas.  

The observation of such structures on The Barrier and their interpretation were an 

important part of my thesis work. A spur of volcanic flow rock and rubble that 

extends below the Lobe 3 escarpment has fracture patterns typical of ice-contact 

lava flows and constrains the position of the flow margin.  

Moore (1976) concludes that a future landslide similar to the 1855-1856 event 

cannot be precluded because it cannot be demonstrated that conditions have 

changed substantially since 1856. Moore and Mathews (1978) conclude that Lobe 4 

is a possible source of a future landslide similar to that from Lobe 3 in 1855-1856. 

Hardy et al. (1978) conclude that a considerable hazard still exists in Rubble Creek 

valley, because each of the elements that contributed to the 1855-1856 landslide, 

including the character, volume, and distribution of rock, and the availability of 

surface and subsurface water, still exists. They suggest, however, that Lobe 4 is 

more stable than Lobe 3, because it is still intact.  

Moore and Mathews (1978) provide a description of the smaller 1977 landslide. 

1.5 Methology 

I used the following methods in my research (Figure 1-7): 

(i) I characterized lava-ice contacts from field observations at a spur 

extending from Lobe 3 and at the margin of Lobe 4. I also briefly examined the 

structure of the central section of Lobe 3, but data collection there was limited due to 

the high rock-fall hazard. These observations are summarized in Chapter 2.  

(ii) I completed two magnetic surveys on Lobes 3 and 4 to estimate the 

three-dimensional geometry of Lobes 3 and 4. The surveys and results are 

summarized in Chapter 3.  
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(iii) I used the numerical modelling code UDEC (Universal Distinct Element 

Code; Itasca Consulting Group, 2004) to examine mechanisms that might be 

responsible for the 1855-1856 landslide. The main challenges in modelling The 

Barrier were constraining the dimensions and physical characteristics of Lobes 3 and 

4 and obtaining representative structural data. I estimated the thickness of the lava 

flow and the morphology of the terrain beneath The Barrier with the magnetic 

surveys. I used long-range photogrammetry to build a high-resolution digital terrain 

model and to map discontinuities. Important stability considerations were ice-contact 

structures, which I characterized by field mapping. I surveyed the Lobe 3 

escarpment from sites below The Barrier in Rubble Creek valley and Lobe 4 from 

sites near The Barrier Look-Out. Modelling results are presented in Chapter 4.  

(iv) I installed two passive seismometers near The Barrier to detect rock falls: 

one near The Barrier Look-Out, approximately 600 m from the central part of the 

Lobe 3 escarpment, and the other was placed approximately 2500 m west of The 

Barrier (Figure 1-7). The seismometers detected ground vibrations caused by rock 

falls, other landslides, and earthquakes and thus provided information on the 

distribution over time of these events and possible relationships of rock falls to 

weather at The Barrier. Results of this pilot study are presented in Chapter 5. 
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Figure 1-7: Overview of field methods.   

 



 
 

 12 

2. LAVA FRACTURE PATTERNS ON THE BARRIER 

2.1 Structures in Ice-Contact Lava Flows 

Lava flows commonly develop polygonal, quasi-hexagonal columns as they 

cool due to thermal contraction and isotropic tensional stresses. Maximum tensile 

stresses are perpendicular to the highest thermal gradient. Fracturing occurs when 

the tensile strength of the solidifying lava is exceeded, and the fractures propagate 

perpendicular to the plane of thermal stress as the cooling and solidifying front 

advances. Strain energy is minimized by adjacent fractures, leading in ideal 

situations to the formation of hexagonal columns (Lodge and Lescinsky, 2008a). 

Lava flows that come into contact with glacier ice have a different pattern of 

fractures (Figure 2-1): (i) pseudopillow fractures and column-on-column structures 

(Spörli and Rowland, 2006); (ii) sheet-like or ladder-like rectangular fracture 

patterns;  (iii) intermediate forms between sheet-like and polygonal columns. Lodge 

and Lescinsky (2008a) propose a conceptual two-dimensional model of the 

distribution of fractures in ice-contact lava flows (Figure 2-1). The pseudopillow 

fractures form closest to the ice-contact face. They transition to sheet-like fractures, 

intermediate fractures, and then polygonal fractures as the fracture front advances 

away from the flow margin. Polygonal fractures dominate the fracture pattern where 

the other fracture types are absent or are widely spaced.  

Several factors contribute to this distinctive fracture pattern (Spörli and 

Rowland, 2006; Lodge and Lescinsky, 2008a). First, the fronts of ice-contact flows 

are generally steep due to compression and bulging at the glacier margin, which 

favours the formation of near-horizontal primary fractures (Figure 2-2). Second, the 

strong temperature gradient between the ice and the lava flow leads to intense and 

deep primary fracture propagation (Figure 2-2). Third, the presence of large 

amounts of water in primary fractures due to ice melting leads to secondary 

fracturing (Section 2.1.1). Fourth, the lava commonly continues to move as it cools 

and solidifies, producing a pattern of anisotropic stresses within the flow (Section 

2.1.2).   
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Figure 2-1: Schematic cross-section of an ice-contact flow margin showing interpreted distribution 

of fracture types and flow characteristics. The approximate water level at the time of 

fracture formation corresponds to the upper limit of pseudopillow fractures. Figure is 

not to scale and actual boundaries between fracture types are transitional (Lodge and 

Lescinsky, 2008a, their Fig. 8).  

 

2.1.1 Pseudopillow and Column-on-Column Fractures  

When meltwater enters primary fractures at the margin of a lava flow, a 

strong temperature gradient develops perpendicular to the fractures, producing 

secondary fractures (Figure 2-3). The resulting network of closely spaced primary 

and secondary fractures has been referred to as “pseudopillow” (Figure 2-4; Lodge 

and Lescinsky, 2008a) and “column-on-column” structures (Figure 2-5; Spörli and 

Rowland, 2006). The fractures in pseudopillow lavas do not reach the centre of 

primary columns (Figure 2-4), whereas secondary fractures in column-on-column 

lavas penetrate far enough to connect adjacent primary columns. On The Barrier I 

observed column-on-column structures on a spur protruding from Lobe 3 (Section 

2.2.2).  
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Figure 2-2: Effects of a steep flow front and strong temperature gradient on fracture formation in 

an ice-contact lava flow.  

 

 

Figure 2-3: Effects of water penetrating into primary fractures. Blue arrowed line: water influx 

into primary cooling fractures; black arrowed lines: secondary fractures.  
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Figure 2-4:  Sketch and photo of pseudopillow fractures (Lodge and Lescinsky, 2008a, their Fig. 3; 

photograph from Kokostick Butte, Oregon). 

 

 

Figure 2-5:  Column-on-column structures, Mt. Ruapehu, New Zealand. P - primary fractures, S - 

secondary fractures, R - down-ripping caused by horizontal fracture propagation. 

(Spörli and Rowland, 2006, their Fig. 4.) 

 

2.1.2 Sheet-Like and Intermediate Fractures  

Anisotropic stresses generated during cooling of an ice-contact lava flow can 

be produced by gravitational settling, flow extension, and marginal bulging:  
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(i) Gravitational settling and flow extension  

Lava flows commonly settle under the influence of gravity as they cool. When 

the flow is stationary and the cooling is downward from the upper, horizontal 

surface, cooling fractures propagate vertically through the flow. At the steep margins 

of ice-contact lava flows, however, primary fractures are nearly horizontal and can 

be affected by viscous strain due to settling. Gravitational settling inhibits opening of 

horizontal fractures and facilitates the development of vertical fractures (Lodge and 

Lescinsky, 2008a). Figure 2-6 illustrates the effect of increasing compressional 

stresses (σc) induced by gravitational settling. 

Melting of ice at the margin of the lava flow causes the flow to extend. The 

resulting tensional stresses (σe in Figure 2-6) open fractures perpendicular to the ice-

lava contact, enhancing the effect of gravitational settling (Lodge and Lescinsky, 

2008a). 

 

(ii) Marginal bulging  

Marginal bulging occurs when a lava flow creates open cavities in a glacier. 

Lava flows into the cavity, inducing tensional stresses (σe in Figure 2-6) 

perpendicular to the margin and leading to radial fracturing (Figure 2-7). These 

processes produce sheet-like fracture patterns, characterized by long parallel 

fractures that form four- or five-sided columns and shorter perpendicular cross-

fractures, The pattern appears ladder-like in cross-section (Figure 2-8; Lodge and 

Lescinsky, 2008a). Excellent examples of sheet-like fractures are present at the front 

of Lobe 4 on The Barrier (Section 2.3).  

Intermediate fractures are transitional between sheet-like and polygonal 

fractures. They differ in shape and are associated with four- to six-sided columns 

(Figure 2-8). Polygonal fractures associated with hexagonal lava columns form in 

isotropic stress regimes and can occur in both ice-contact and nonglacial lava flows 

(Figure 2-6; Lodge and Lescinsky, 2008a). 

2.1.3 Summary  

Pseudopillow fractures, column-on-column structures, and sheet-like fractures 

distinguish ice-contact lava flow margins from non-glacial ones. Lava flows that are 

not in contact with ice do not produce the water required to generate pseudopillow 

and column-on-column fractures and do not readily permit bulging of flow margins. 

Lava fracture patterns provide clues about emplacement environments and the 

stability of steep ice-contact flow margins (Lodge and Lescinsky, 2008a). 



 
 

 17 

 

 

Figure 2-6:  Stress regimes (left), fracture orientations and relative fracture lengths (middle), and 

resulting fracture patterns (right) in cooling lava flows. Block arrows represent 

anisotropic stress regimes. Top: Isotropic stress regime in stationary cooling lava flow. 

Middle: Addition of a compressional stress component (σc) due to gravitational settling. 

Bottom: Addition of extensional stress component (σe) due to flow bulging or advance 

(modified from Lodge and Lescinsky, 2008b, their Fig. 9). 
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Figure 2-7:  Bulging mechanism for linear fracture formation. Left - Plan view of contact between 

lava flow and glacier ice. Melting of the confining ice produces cavities into which the 

lava flows. Right - Radial fractures form perpendicular to the contact (Lodge and 

Lescinsky, 2008a, their Fig. 9). 

 

 

Figure 2-8: Sketches and photographs of sheet-like and intermediate fractures (Lodge and 

Lescinsky, 2008a, their Fig. 3; photographs from Kokostick Butte, Oregon). 
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2.2 Structure of Lobe 3  

2.2.1 Lobe 3, Main Face 

I recognize three sections of Lobe 3, each with a different structure (Figure 

2-9): (i) north section with flow banding and folds; (ii) central section with platy 

interior fractures that cut through mega-columns1; and (iii) south section with mostly 

vertical intermediate columns. A feature with an inclined surface forms the boundary 

between the south and central section (Figure 2-9). This feature is probably a 

boundary between more solid interior flow rock in the central section of the 

escarpment and more fractured, columnar flow rock in the south section.  

 

north
central

south

x

 

Figure 2-9:  North, central, and south sections of Lobe 3 of The Barrier, separated by red dashed 

lines. The red x indicates the mapping and sample site.  The right dashed line follows an 

inclined surface that separates the central and south sectors. The green shaded area is 

the approximate location of the 1977 landslide. View is from the west. 

 
 

                                            
1
 Mega-columns are typically larger than 1 m in diameter (Lodge and Lescinsky, 2008a). 

Right 



 
 

 20 

(i) North section   

The north section of Lobe 3 is dominated by red-brown to grey dacite with 

faults, shear zones, and flow banding (Figure 2-10). The north margin of Lobe 3 was 

emplaced against the north wall of Rubble Creek valley.  

 

 

Figure 2-10: Flow-banding and folds in the north section of Lobe 3.  

 

(ii) Central section 

The structure of the central section of Lobe 3 was examined during field visits 

in March 2009 and May 2009, and was documented on a digital terrain model (DTM) 

built from photogrammetry. The field observations and photogrammetry show that 

steeply dipping, interior fractures cut through mega-columns (Figure 2-11), 

described in detail in Chapter 4 (Section 4.3.2). Lescinsky and Fink (2000) argue 

that mega-columns form during late-stage cooling and contraction. Because mega-

columns form within a flow, rather than at its margin, the front of The Barrier in the 

central section of Lobe 3 is missing, probably due to one or more landslides from this 

part of the escarpment. 
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160 m

 

Figure 2-11: Central section of Lobe 3, with wide mega-columns cut by platy fractures. Red dashed 

lines show some of the fractures forming the mega-columns. Arrow provides scale.  

 
(iii)  South section 

The south section of the Lobe 3 escarpment consists mainly of vertical 

polygonal columns (Figure 2-12) and steeply dipping, interior fractures, which are 

described in detail in Chapter 4 (Section 4.3.2). In ice-contact lavas, vertical 

polygonal columns commonly occur along flow margins that were not in direct 

contact with ice (Lodge and Lescinsky, 2008a).  

Because the columns are vertical, the dominant cooling front was the top of 

the flow and not the steep flow margin. I thus infer that these columns formed some 

distance in from the original ice-contact front and were exposed after the front of the 

flow collapsed.  
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Figure 2-12:  View of vertical polygonal columns in the south section of Lobe 3. Arrow provides 

approximated scale (photograph by Matthieu Sturzenegger). 

 

2.2.2 Lobe 3, Protruding Spur  

A spur of volcanic flow rock capped by red rubble extends below the main 

face of Lobe 3 (Figure 2-13 and Figure 2-14). The spur is significant because its 

fracture pattern is significantly different from the fracture pattern in the main face of 

The Barrier.  

The front of the spur shows structures typical of ice-lava contacts (Figure 

2-15 and Figure 2-16) and thus provides important clues about the location of the 

original ice-contact face. David Van Zeyl and I sampled rocks and made field 

observations at the northwest end of the spur in May 2009 (Chapter 4, Section 

4.3.1).  

 

 

30 m 
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Figure 2-13:  Spur extending downward from the base of the main face of The Barrier at Lobe 3; 

view to the east. The blue x is the location of the sample site. 

 

 

Figure 2-14:  Spur extending downward from Lobe 3; view to the south from the Barrier Look-Out. 

The blue x is the location of the sample site. 
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The flow rock at the front of the spur has nearly horizontal primary fractures 

(Figure 2-15), indicating that the cooling front was nearly vertical. Vertical secondary 

fractures are abundant and penetrate far enough into the rock to connect adjacent 

primary fractures, forming irregularly shaped, but mostly four- to five-sided small 

columns (Figure 2-15 and Figure 2-16). The fracture pattern is typical of column-on-

column structures described by Spörli and Rowland (2006), suggesting that the spur 

is located at or near the original ice-contact face. The spur appears to be a lateral 

release surface of either the 1855-1856 landslide or an older one, which would agree 

with its remnant nature. 

Moore (1976) suggests that the closely spaced columnar joints at the front of 

the spur indicate a location close to the pre-1855 margin. He also describes trees on 

top of the spur as similar in size and species to trees that are older than 1855. Trees 

this old would further confirm the remnant character of the spur. If the trees on the 

spur are older then 1855, the sequence above the present spur must have failed 

before the 1855-1856 landslide. Hardy et al. (1978) conclude that the spur 

comprises two separate sequences, each with lower flow rock and upper rubble, 

indicating emplacement at different times.  

 

 

Figure 2-15:  Column-on-column structure in the spur below the main face of The Barrier. Red 

arrow indicates primary (P) fracture propagation direction; blue arrows indicate 

secondary (S) fracture propagation direction. 
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Figure 2-16:  Front view of column-on-column structure in the spur below the main face of The 

Barrier. 

 

2.3 Structures of Lobe 4  

I divided the escarpment of Lobe 4 into three sections (Figure 2-17): (i) 

southeast section with mostly vertical polygonal columns; (ii) upper northwest 

section with an unknown structure; (iii) lower northwest section with intermediate to 

polygonal fractures, sheet-like fractures, column-on-column structures, basal 

columns, and large-scale, persistent vertical fractures. 

 

(i) Southeast section 

The southeast section comprises mostly vertical polygonal columns (Figure 

2-18). The dominant cooling front was the top of the flow, consequently the columns 

formed some distance in from the ice-contact face of Lobe 4. These observations 

suggest that the southeast section of original ice-contact face collapsed, exposing 

the columns. 

 

(ii) Upper northwest section 

I was unable to map the upper northwest section of Lobe 4 due to the 

difficulties of access and because vegetation prevented photogrammetic analysis. 

However, some large, nearly margin-parallel linear depressions separate narrow 

ridges of flow rock in this area (Figure 2-19). A magnetic survey of Lobe 4, 
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completed in May 2009, also suggests the presence of at least one depression near 

the top of the escarpment in this area (Chapter 3). Another depression, oriented 

approximately perpendicular to the margin of Lobe 4, lies between the southeast and 

upper northwest sections. 

 

(iii)  Lower northwest section 

The lower northwest section of Lobe 4 is dominated by persistent (up to 87 

m; Chapter 4, Section 4.3.2) vertical fractures that are almost parallel to the margin 

of the escarpment (Figure 2-20), horizontal polygonal fractures (Figure 2-21), and 

sheet-like fractures (Figure 2-22). Polygonal columns and basal columns (Figure 

2-23) are also present. The following structures were noted during a field visit in 

June 2009:  

 

 

Figure 2-17:  Southeast, upper northwest, and lower northwest sections of Lobe 4 of The Barrier; 

view southwest from the Look-Out. The vertical columns discussed in detail in Section 

2.4 are marked by red arrows. The red x marks the sample site.   
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Figure 2-18:  Polygonal fractures and columns in the southeast section of Lobe 4.  

 

 

Figure 2-19:  Margin-parallel depressions in the upper northwest section of Lobe 4 (red arrowed 

lines) and the depression between the upper northwest and southeast sections (blue 

arrowed lines). 
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(a) Large-scale vertical fractures: Persistent vertical fractures parallel to the 

margin of Lobe 4 (Figure 2-20) create free-standing spires. In Section 2.4 I discuss 

possible processes forming these fractures.   

 

(b) Horizontal polygonal fractures: Horizontal polygonal fractures are common 

throughout the lower northwest section, indicating a position at or near the margin 

of the ice-contact flow (Figure 2-21).  

 

(c) Sheet-like fractures and column-on-column structures and basal columns: 

The rock sample site is located below a slightly overhanging section of Lobe 4 (Figure 

2-22). Sheet-like and column-on-column structures are common in this area. Basal 

columns are present below the sheet-like structures (Figure 2-23).  

 

 

Figure 2-20:  Lower northwest section of Lobe 4. Note the persistent vertical fractures (red ovals). 

The red x is the sample location.  
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Figure 2-21:  Horizontal polygonal fractures in Lobe 4. 

 

 

Figure 2-22:  Sheet fractures (below green line) with column-on-column structures (above green line) 

in the lower northwest section of Lobe 4. Trekking pole (yellow oval; approximately 70 

cm long) provides scale.  
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Figure 2-23:  Basal columns of Lobe 4. Trekking pole (yellow oval; approximately 1 m long) provides 

scale).  

 

2.4 Persistent Vertical Fractures in Lobe 4  

Persistent vertical fractures and linear depressions extend parallel to the margin of 

Lobe 4 through its upper and lower northwest sections (Figure 2-19, Figure 2-20, 

Figure 2-24, and Figure 2-25). They persist for up to 87 m (Chapter 4, Section 

4.3.2), are the largest visible fractures on The Barrier, and play an important role in 

an assessment of its stability. There are two possible explanations for these features. 

First, a brittle shell develops at the margin of a cooling ice-contact lava 

flow. Lava continues to flow inside of the shell and may detach and flow separately 

from the shell. The shell, which may be 1-2 m thick, consists of lava that quenched 

and fractured. Along the lateral margins of the lava flow, the cooling surface is 

vertical and the primary cooling fractures in the shell are horizontal (David 

Lescinsky, personal communication, 2009). 

Second, persistent fractures may be produced by bulging of the flow margin. 

When the advancing flow margin is a flat vertical wall, tensional forces are 

concentrated at the top of the flow, perpendicular to the flow margin. In such a 

situation, linear fractures may propagate parallel to the advancing flow margin 
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(Lescinsky and Lodge, 2008a). Lescinsky and Lodge (2008b) conducted a series of 

starch-water desiccation experiments in chambers with straight and vertical moving 

walls to simulate anisotropic stresses in cooling lava flows. Extension and contraction 

of the chamber walls simulated extensional and compressional stresses, similar to 

those in flowing ice-contact lava. In experiments where the cross-sectional chamber 

area increased during desiccation, a section of mainly horizontal fractures separated 

from the inner flow, which had near-vertical fractures (Figure 2-24). Fracture 

patterns on Lobe 4 are similar to those in these starch-water experiments (Figure 

2-25) and may be produced by anisotropic stress regimes and rapid 

contraction during the early phases of cooling (Robert Lodge, personal 

communication, 2009).  

 
 

 

Figure 2-24:  Left: Lobe 4 fractures. Right: Fractures produced in the desiccated starch-water model 

of Lodge and Lescinsky (2008b, their Fig. 10). The edge that detached during the 

starch-water experiment is visible.  
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A second possibility is that the lava flow formed a shell along the margin 

during chilling. Lava continued to flow inside the shell and detached from the shell. 

The shells then formed horizontal columns (David Lescinsky, personal 

communication, 2009).  

 
 

 

Figure 2-25:  Lower part of the persistent vertical fracture seen in Figure 2-20 and Figure 2-25 

 

I also considered the possibility that the persistent vertical fractures are 

crease structures. Crease structures are fractures with curved walls that extend 

outward from a linear valley (Anderson and Fink, 1992). I rejected this possibility, 

because crease structures are found on very flat flow tops; they require a tensional 

spreading stress state in order to form the characteristic symmetrical structure 

(Steve Anderson, personal communication, 2009). 

2.5 Summary 

Sheet-like fracture patterns and column-on-column structures on the rock 

spur below the main escarpment of Lobe 3 and on the lower northwest section of 

Lobe 4 (Figure 2-26) are typical of ice-contact lavas (Spörli and Rowland, 2006; 

Lescinsky and Lodge, 2008a). The south section of the escarpment of Lobe 3 and the 

southeast section of Lobe 4 show vertical polygonal columns that formed some 
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distance in from the steep lava-ice margin. The central section of the escarpment of 

Lobe 3 has platy interior fractures that cut through mega-columns, a pattern typical 

of flow interiors. Flow-banding and folding dominate the north section of the 

escarpment of Lobe 3, indicating that the lava was flowing along a rock slope in that 

area. 

Sheet-like fractures and column-on-column structures constrain the position 

and shape of the original ice-contact front of The Barrier. The base of the protruding 

spur of Lobe 3 and the south section of Lobe 4 are situated at or close to where the 

Clinker Peak lava flow came in contact with ice. The absence of column-on-column 

structures and sheet-like fractures on the escarpment of Lobe 3 and the north 

section of Lobe 4 indicate that The Barrier face in those areas has retreated due to 

one or more landslides. The persistent vertical fractures on Lobe 4 are probably a 

product of lava-ice interactions, either isolation of shell columns or marginal bulging. 

 

 

Figure 2-26:  Approximate location of dominant fracture pattern and structure types:  ls-vf = large-

scale, persistent vertical fractures; cc = column-on-column; sl = sheet-like fractures; 

pcf-h = primary cooling fractures, near-horizontal; pcf-v = primary cooling fractures, 

near-vertical; vc = vertical dacite columns; mc/pi = mega-columns and platy interior; 

fb/f = flow-banding/folding. 
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3. MAGNETIC SURVEY OF THE BARRIER  

3.1 Introduction  

The thickness of the lava flow forming The Barrier is an important parameter 

for my numerical modelling (Chapter 4). I considered using several geophysical 

methods to gain more information on the three-dimensional form of the flow: 

(i) Seismic methods can provide high-resolution results, but suffer several 

disadvantages:  

a) Sediments underlying the lava flow might cause velocity inversions, ruling 

out a refraction seismic survey. 

b) Logistical difficulties and high cost precluded a reflection seismic survey. 

c) Environmental constraints made it impossible to use explosives at The 

Barrier, which is within a provincial park.  

(ii) GPR (ground penetrating radar) can provide high-resolution subsurface 

information, but only to depths that are too shallow to be useful for this 

study.  

(iii)  Geoelectrical resistivity requires a high electrical current to reach the 

estimated target depth of about 500 m. In addition, the electrode array would 

have to extend over a distance of more than 2000 m, which is not possible at 

The Barrier. 

(iv)  A gravity survey would have limited resolution, and measurements would  

have to be corrected for the topography of the site. 

(v) The magnetic susceptibilities of mafic volcanic rocks, metamorphic rocks, and 

most sediments are sufficiently different that a magnetic survey could image 

the base of the lava flows at The Barrier. This method is relatively 

inexpensive, and one person can conduct surveys. For these reasons, I 

undertook magnetic surveys at The Barrier in the spring and summer of 2009. 
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3.2  Field Survey 

The magnetic susceptibility of rock is controlled by the composition and 

thermo-physical history of the rock body. The total magnetic field strength is a 

function of rock magnetic properties (susceptibility, remanent magnetization; Section 

3.4.1) and the geometry (mainly thickness) of the rock body. The Barrier comprises 

volcanic rock, which has higher magnetic susceptibility than the basement rocks that 

underlie it. 

I conducted two magnetic surveys of Lobes 3 and 4 of The Barrier. Most of the 

profiles were measured during the first survey; I surveyed additional profiles on Lobe 

4 during the second survey (Section 3.2.3). The surveys involved: (i) measurement 

of total magnetic field strengths along two profile lines (Figure 3-1) with a proton 

precession magnetometer; and (ii) collection of representative rock samples for 

laboratory measurement of magnetic susceptibility.  

 

 

Figure 3-1: Magnetic field survey. The transparent yellow area is the approximate area of Lobe 4, 

and the blue area is the approximate area of Lobe 3. The green dotted line shows the 

approximate northern limit of Lobe 3. The profile that follows the Garibaldi Lake trail 

west of The Barrier Look-Out provided data for non-volcanic basement rocks.   
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3.2.1 Equipment 

I used a GEM GSM-19T proton precession magnetometer (GEM Systems, 

2009) and a GPS (Garmin eTrex Vista) for the field surveys. Proton precession 

magnetometers use DC currents and DC magnetic fields to polarize protons in a 

proton-rich liquid and, after transients have decayed, measure their precession 

frequency (Larmor frequency). The GSM-19T is a robust field proton precession 

system of high accuracy and sensitivity. The specifications of the instrument are: (i) 

sensitivity 0.15nT (nanotesla) at 1 reading per second2, 0.05nT at 1 reading every 4 

sec; (ii) resolution 0.01nT; (iii) absolute accuracy +/- 0.2nT at 1Hz; (iv) sampling 

interval 60+, 5, 4, 3, 2, 1, 0.5 sec; (v) operating temperature -40˚C to +50˚C (GEM 

Systems, 2009).  

3.2.2 Quality Control 

A magnetometer is sensitive to manufactured ferromagnetic materials in the 

vicinity of the survey line, for example belt buckles, watches, and knives. These 

objects were reduced to a minimum and, where necessary, were kept in the same 

position relative to the instrument. I took measurements to compare total magnetic 

field strengths at a test location while carrying all ferromagnetic equipment in a fixed 

position. Differences, although small, were considered when comparing results of the 

first survey in May, when snowshoes were used, and the second survey in June, 

when snowshoes were not used. 

The magnetic field varies in time because the external field changes. These 

variations can be corrected in several ways. First, measurements can be made at a 

base station simultaneously with the survey. I established a base station during the 

first survey in May 2009, but the data were lost due to a problem with the internal 

memory of the instrument. Second, reference data can be acquired from an 

observatory in the vicinity of the survey area. I used data from Victoria, which is 160 

km from The Barrier (Section 3.3.1). Third, measurements can be repeated at the 

same locations at different times. I did not use this approach for my surveys.  

 

                                            
2
 I used the unit’s walking mode, which allows for continuous data recording. 
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3.2.3 Magnetic Profiles 

Measurements were made in walking mode with a temporal spacing of 2 

seconds. Figure 3-2 and Figure 3-3 show representative survey field conditions.  

 

 

Figure 3-2: Typical terrain and snow conditions on Lobe 3, May 2009. 

 

 

Figure 3-3:  Typical terrain and snow conditions on Lobe 4, May 2009. 
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I made measurements along 16 profiles (Figure 3-1 and Figure 3-4). Four 

areas were surveyed: (i) an area directly north of the lava flow (profile 1); (ii) Lobe 3 

(profiles 2 to 9); (iii) Lobe 4 (profiles 10 to 16); and (iv) an area connecting the 

survey areas on Lobes 3 and 4 (profiles 5 and 6). The total number of measurements 

of field strength was 17,028.  

Eleven of the 16 profiles were measured once. Four profiles (1 and 5-7) were 

measured twice, because the instrument continued to record as I returned along the 

same route. Additionally, I surveyed profile 14 again during the second survey; data 

from this profile were used for the modelling of Lobe 4 (Section 3.6.2).  

 

 

Figure 3-4: Magnetic survey profiles. Black profiles are orientated approximately west to east, red 

profiles north to south. Blue profiles are side profiles without particular orientation. 

The orange dashed line marks the approximate boundary between Lobe 4 and the main 

flow, and the green dashed line the approximate border between Lobe 3 and the main 

flow.  
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3.3 Data Processing and Graphic Presentation 

3.3.1 Magnetic Variations during Surveys and Corrections 

Magnetic observatories monitor Earth‟s magnetic field over time scales 

ranging from seconds to decades. The Geomagnetic Monitoring Service of the 

Geological Survey of Canada (GSC) operates a network of 13 magnetic observatories 

across Canada; data are available at  

http://gsc.nrcan.gc.ca/geomag/obs/index_e.php (Geological Survey of Canada, 

2009). The observatory nearest my research area is the Victoria Observatory (UTM 

468986 m E, 5374184 m N; elevation 197 m). It houses a tri-axial ringcore fluxgate 

magnetometer mounted on a tilt-correcting suspension and an Overhauser proton 

precession magnetometer (Geological Survey of Canada, 2009). 

The geomagnetic field at Victoria at the times of the two Barrier surveys is 

shown in Figure 3-5 (red box). The field changed little during the periods of the two 

surveys: 37 nT during the first survey and 22 nT during the second survey. The 

fluctuations are in the order of only about 1 % of the anomaly amplitude of 3000-

5000 nT. As such they were considered negligible, and no correction was made. 

3.3.2 Profile Presentation 

I merged the magnetic data and geographic coordinates, and plotted the data 

as straight-line, east-west projected profiles (Appendix 1, Figure A1-1). Figure 3-6 

shows projected profile 1, located outside the lava flow; it was used as a reference 

for defining the magnetic anomaly produced by the flow. The western part of profile 

1 has a field strength between 54,100 and 54,500 nT. The eastern part of the profile, 

which is near the lava flow, shows a greater range of values. I used the minimum 

intensity measured outside the lava flow (profile 1) as a base line for defining 

anomalies. This reference value is 54,100 nT. The anomaly, therefore, is the 

difference between measured field strength and 54,100 nT. 

Figure 3-7 shows an isoline plot generated with the point kriging algorithm of 

the program Golden Software Surfer. The algorithm generates an interpolated grid, 

estimating the values of the points at the grid nodes from values at nearby locations 

(Golden Software, Inc., 2002). 

 

http://gsc.nrcan.gc.ca/geomag/obs/index_e.php
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Figure 3-5: Geomagnetic field components of the geomagnetic field, Bx, By, and Bz, as well as the 

total intensity of the field, Bf, at the Victoria Observatory during the times of the two 

surveys, 21 May and 26 June 2009. The red rectangles indicate the survey periods.  
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Figure 3-6: Projected profile 1, west of the lava flow. The x-axis shows the longitude (UTM); the y-

axis the total magnetic field strength (nT). 
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Figure 3-7: Isolines of magnetic field strength (nT). The black dashed line marks the approximate 

boundary between Lobe 4 and the main flow; the green dashed line is the approximate 

boundary between Lobe 3 and the main flow.  

 
I draw several conclusions from Figure 3-7. First, Lobe 4 has higher values 

(>57,000 nT) of field strength than Lobe 3. Second, the highest field strengths 

(>58,000 nT) are on the northern part of the Lobe 4. Third, intermediate (55,000-

58,000 nT) field strengths characterize the southern part of Lobe 3 and the 

southeastern part of Lobe 4. Fourth, the lowest field strengths (<55,000 nT) are 

found in central eastern part of the surveyed area of Lobe 3 and in the area of 

metasedimentary rocks north of the lava flow.  

3.4 Laboratory Measurements of Magnetic Properties   

3.4.1 Magnetic Properties of Rocks 

Ferrimagnetic materials, although generally minor constituents, dominate the 

magnetic properties of rocks (Petersen and Bleil, 1982). The magnetic properties of a 

rock can differ considerably due to chemical inhomogenity and differences in the 

depositional environment, crystallization, and metamorphism. Consequently, 
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magnetic properties cannot be readily predicted from lithology or petrology alone 

(Carmichael, 1989). 

Magnetic susceptibility is a measure of the magnetic response of a material to 

a magnetic field. Volume susceptibility (  ), used in the interpretation and modeling 

of the magnetic field data, is defined as:  

H

M i   (3-1)  

 

where Mi is the material magnetization per unit volume and H is the external 

magnetic field strength.   is a dimensionless unit. Gueguen and Palciauskas (1994) 

report the following susceptibilities for common earth materials: (i) sedimentary 

rocks,   < 10-4; (ii) granites and gneisses,   = 10-4 to 10-3; (iii) intrusive basic 

rocks,   > 10-3. 

There are two sources of magnetization (Schön, 1996): (i) induced 

magnetization produced by application of a magnetic field to material that has 

magnetic susceptibility; and (ii) remanent magnetization resulting from a natural 

alignment of magnetic moments within ferri- and ferromagnetic substances 

(Appendix 1). 

The magnetization of ferro- and ferrimagnetic materials ( M ) is the sum of 

the induced magnetization (
iM ) and the remanent magnetization ( rM ):  

ri MMM    (3-2) 

  

The ratio of the remanent magnetization to induced magnetization is the 

dimensionless Koenigsberger Q-ratio:  

H

M

M

M
Q r

i

r





 (3-3) 

 

This ratio is generally high in ferromagnetic and ferromagnetic substances, and low 

in weakly magnetic rocks (Milsom, 1996). Carmichael (1989) gives the following 

average values for common rock types: igneous rocks, Q =1-40; sedimentary rocks.  

Q =0.02-10. Gueguen and Palciauskas (1994) suggest the following values for 
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different types of igneous rocks: acidic intrusive veins, Q =0–1; basic intrusive veins, 

Q =1–10; basaltic lava, Q =100. 

Figure 3-8 shows remanent magnetization ( rM ) and susceptibility (  ) of 

selected rock types. Basalt and dacite have similar magnetic properties due to their 

similar content of dark minerals (amphibole, pyroxene, hornblende). They? have 

high values of susceptibility and similar remanent magnetization (Bleil and Petersen, 

1982). 

3.4.2 Sample Collection and Preparation  

Figure 3-9 shows the field locations where I collected samples. I drilled and 

cut a cylinder measuring 25.4 mm in diameter and 22 mm in length for each sample 

at at Montan University Leoben in Styria, Austria (Figure 3-10 and Figure 3-11).  
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Figure 3-8: Plot of remanent magnetization ( rM ) versus susceptibility ( ) for selected rock types. 

The two straight lines correspond to a Koenigsberger ratio ( Q ) of 1 for the field 

strength at the pole and the equator (modified from Angenheister and Soffel, 1972).  
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Figure 3-9: Sample locations: green = sandstone sample; blue = flow rock and rubble of Lobe 3; 

yellow = flow rock and rubble of Lobe 4. The red lines are the survey profiles.  Black 

arrow shows north direction; blue arrowed line indicates scale.  

 

 

Figure 3-10: Drilling and cutting sample cylinders (photograph by Jürgen Schön). 
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Figure 3-11: Cylindrical samples, ready for susceptibility measurement. 

 

3.4.1 Measurement of Susceptibility and Remanent Magnetization 

Nina Gegenhuber and Elisabeth Tauber made the susceptibility measurements 

on an AGICO Kappabridge KLY-2 inductivity bridge (AGICO Inc., 2009) at the Montan 

University of Leoben (Figure 3-12). I determined the remanent magnetization of the 

samples with a 2G DC-Squid magnetometer in the Paleomagnetic Laboratory of the 

Geophysical Institute at the Montan University Leoben in Gams (Styria, Austria; 

Figure 3-13 and Figure 3-14).  

 

 

Figure 3-12: AGICO Kappabridge KLY-2 at the Montan University of Leoben. 
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Figure 3-13:  Measuring remanent magnetization (photograph by Jürgen Schön). 

 

 

Figure 3-14: The 2G DC-Squid magnetometer at the Paleomagnetic Laboratory at the Montan 

University Leoben. 

 

3.5  Results 

Mean values of susceptibility, remanent magnetization, and Koeningsberger 

Q-ratios and densities are plotted in Figure 3-15 and presented in Table 3-1. 

Photographs and measured values of all samples are provided in the Appendix 1. 

Figure 3-16 shows a crossplot of remanent magnetization versus susceptibility for 

the samples from Lobes 3 and 4. All data plot within the field of published values for 

basalt. 
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Figure 3-15: Magnetic susceptibility ( ), remanent magnetization ( rM ), and Koenigsberger Q -

ratio for rock samples from The Barrier.   

 

Table 3-1:  Mean magnetic parameters of rock types used in model calculations. 

Rock type Susceptibility 

(dimensionless) 

Remanent magnetization 

(A/m) 

Koenigsberger  

Q -ratio: 

Lobe 3 - rock 3.19 x 10-2 1.49 0.097 

Lobe 3 – lava-ice 3.12 x 10-2 1.40 0.089 

Lobe 4 - rock 4.67 x 10-2 10.0 0.433 

Lobe 3 - rubble 0.52 x 10-2 13.6 5.257 

Lobe 4 - rubble 0.88 x 10-2 21.0 4.78 

Sandstone 0.04 x 10-2 0 n/a 
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Figure 3-16: Remanent magnetization ( rM ) versus susceptibility ( ) for The Barrier. Red 

rectangle encompasses the published range of values for basalt (compare to Figure 3-8). 

All samples plot inside this rectangle. 

 

3.6 Modelling and Interpretation  

I used a stepwise iterative process to determine the thickness of the lava 

bodies. I calculated a set of forward models using the 2D modelling software 

MagCAD (Sherriff, 1991) and, by comparison with the measured profile data, 

selected a best approximation. MagCAD calculates the magnetic gradient, as well as 

total field, and allows input of remanence and induced magnetization. 

The main interest in this study is deep elements, specifically the lower 

boundary of the lava flow. Local depressions in the morphology create local minima 

in field strength (Section 3.6.3). These local minima were not been included in the 

model.   
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3.6.1 Parameters  

Required input parameters for a model forward calculation are: the (i) 

geometry of magnetic bodies as 2-D polygons; (ii) Earth‟s magnetic field components 

(mean field strength, declination, inclination); and (iii) magnetic rock properties 

(susceptibility and remanent magnetization). The normal field components for The 

Barrier for 2009 (WOC World Data Center, 2009) are (i) total intensity 55,398.4 nT, 

(ii) declination 18.05°, and (iii) inclination 70.88°. 

For magnetic rock properties, I used the mean values derived from the 

laboratory measurements of susceptibility and remanent magnetizations listed in 

Table 3-1. I used the minimum intensity measured outside the lava flow (profile 1) 

as a base line for defining anomalies (Section 3.3.2). 

3.6.2   Model Calculation of the Thickness of Lobe 4 

The thickness of Lobe 4 can be estimated from profiles 13, 14, 15, and 16, 

which are nearly parallel, oriented in a north-northwest direction, and cross the 

border between Lobe 4 and the southeast part of Lobe 3 (Figure 3-4).  

Field strength anomalies resulting from thick rock bodies have long wave 

lengths. High-frequency variations originate from shallow inhomogeneities (see 

Section 3.7.5). To estimate the depth to the base of the lava flow, I approximated 

the field strength anomaly using a smoothed curve. For reference, I used data of 

profile 14, because this profile is relatively long and was measured twice, resulting in 

high-quality data. The quality of profile 14 was confirmed by comparison with parallel 

profiles 15 and 16. The modelled thicknesses of Lobe 4 would have been similar if 

these profiles had been used. MagCAD, however, requires a 2D shape. Given its 

position, length, and data quality, profile 14 was deemed most suitable for modelling 

(Figure 3-17). 

Forward modelling starts with two polygons that approximate the shape of 

each lobe. Polygon 1 corresponds to Lobe 4, and polygon 2 to Lobe 3. I further 

subdivided polygon 2 into two smaller polygons to model lava and rubble. Additional 

inputs are the rock properties of Lobe 3 and 4. I summarized model data, magnetic 

susceptibility, and remanent magnetization in Table 3-2. 
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Figure 3-17: Plot of profiles 14, 15, and 16. The x-axis has been shifted to align the three profiles. 

The colour of each axis matches the colour of the corresponding curve.  

 

Figure 3-18 shows model results. Model 1 assumes that the thickness of the 

two lobes is 300 m. The model curve approximates the observed data for Lobe 4, but 

is too low for Lobe 3. I next introduced a rubble layer with higher remanent 

magnetization for Lobe 3 (models 2 and model 3).  

The flow rock and rubble of Lobe 4 have similar magnetic properties (Figure 

3-15, Table 3-1). The remanence of Lobe 3 rubble, however, is one order higher 

than the remanence of Lobe 3 flow rock (Figure 3-15, Table 3-1). As a consequence, 

the rubble dominates in the modelling. Variations in the thickness of the flow rock 

have little influence on the model, hence a reliable estimate of the thickness of the 

flow rock cannot be made, and other profiles on Lobe 3 were not included in the 

modelling.   

Introduction of a rubble layer for Lobe 3 yields a field at Lobe 4 that is lower 

than the data suggest. Therefore, I increased the thickness of dacite (models 4 to 7), 

which improved the fit for Lobe 4. Finally, I introduced a transition zone, with 

susceptibility and remanent magnetization values that are the average for Lobes 3 

and 4 (models 8 and 9); this option yielded a good fit for both models. Model 8 is 

used in Section 3.6.4 in a discussion of the maximum slope of the boundary between 

the lava flow and underlying basement rock. 
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Table 3-2:  Model parameters. 

Model  Thickness (m)  

at north* 

Thickness (m) 

at south** 

Susceptibility 

(dimensionless) 

Remanent 

magnetization (A/m) 

Model 1  

Lobe 3 

Lobe 4 

 

0 - 300 

0 - 300 

 

0 - 300 

0 - 300 

 

3.16 x 10-2 

4.67 x 10-2 

 

1.44 

10.0 

Model 2 

Lobe 3 

 

Lobe 4 

 

0 – 30 

30 - 300 

0 - 300 

 

0 - 30 

30 - 300 

0 - 300 

 

0.52 x 10-2 

3.16 x 10-2 

4.67 x 10-2 

 

13.6 

1.44 

10.0 

Model 3 

Lobe 3 

 

Lobe 4 

 

0 – 50 

50 - 300 

0 - 300 

 

0 - 50 

50 - 300 

0 - 300 

 

0.52 x 10-2 

3.16 x 10-2 

4.67 x 10-2 

 

13.6 

1.44 

10.0 

Model 4 

Lobe 3 

 

Lobe 4 

 

0 – 50 

50 - 400 

0 - 400 

 

0 - 50 

50 - 400 

0 - 400 

 

0.52 x 10-2 

3.16 x 10-2 

4.67 x 10-2 

 

13.6 

1.44 

10.0 

Model 5 

Lobe 3 

Lobe 4 

 

0 - 400 

0 - 400 

 

0 - 400 

0 - 400 

 

3.16 x 10-2 

4.67 x 10-2 

 

1.44 

10.0 

Model 6 

Lobe 3 

Lobe 4 

 

0 - 500 

0 - 500 

 

0 - 500 

0 - 400 

 

3.16 x 10-2 

4.67 x 10-2 

 

1.44 

10.0 

Model 7 

Lobe 3 

 

Lobe 4 

 

0 – 60 

60-400 

0 – 500 

 

0 – 60 

60-400 

0 - 400 

 

0.52 x 10-2 

3.16 x 10-2 

4.67 x 10-2 

 

13.6 

1.44 

10.0 

Model 8 

Lobe 3 

Lobe 4 

 

0 - 450 

0 - 550 

 

0 - 400 

0 - 450 

 

3.9 x 10-2 

4.67 x 10-2 

 

7.5 

10.0 

Model 9 

Lobe 3 

Lobe 4 

 

0 - 550 

0 - 550 

 

0 - 400 

0 - 550 

 

3.9 x 10-2 

4.67 x 10-2 

 

7.5 

10.0 

* Lava flow thickness at the north end of the lobes. 

** Lava flow thickness at the south end of the lobes. 
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Figure 3-18: Comparison of measured data and forward-calculated field anomalies for profile 14 

and the resulting slope of the interface between the lava flow and underlying basement 

rock for best-fit model 8. The dashed black vertical line marks the assumed boundary 

between Lobe 4 and Lobe 3 at 430 m distance and 470 m depth. Blue dotted rectangles 

encompass high-frequency anomalies (Section 3.5.3). See Table 3-2 for model 

parameters.  

 

3.6.3 Origin of High-Frequency Anomalies 

Figure 3-18 shows the models that approximate the trend of the field data. 

High-frequency short-wavelength anomalies deviate from the modelled trend lines. 

To account for these anomalies, I introduced a relatively thin surface layer of rubble, 

and varied its thickness along the profile (Figure 3-19).  
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Figure 3-19: Model of near-surface effects, derived by introducing of a thin layer of rubble along 

profile 14.  

 

3.6.4   Slope of Contact between Lava Flow and Basement Rock 

Models 8 and 9 best approximate the measured low-frequency anomalies. In 

this section I use statistics to assess the maximum slope of the contact between the 

lava flow and underlying basement rocks. Results for different slopes are calculated 

for model 8, one of the two preferred models. The same input data are used as in 

the original model; only the slope of the lower boundary is modified. All modifications 

assume a depth of 470 m for the boundary between Lobes 3 and 4 at a distance of 

430 m from The Barrier escarpment. The models are inclined about this point, and 

the average depth kept constant. Table 3-3 shows the geometric parameters for 

initial model 8, here termed A, and for modifications to A, assigned letters B to H. 
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Deviations of models A, B, F, and H from the field data are shown in Figure 3-20. 

Examination of this figures shows that model A best fits the data. 

   

Table 3-3:  Geometrical parameters for model calculations with different slopes of the surface 

beneath the lava flow. 

Model 

Thickness (m) at 

10 m distance* 

Thickness (m) at 

430 m distance* 

Thickness at 800 

m distance* Slope Angle (rad) Angle (°)

A 550 470 400 0,19 0,19 11

B 500 470 443 0,07 0,07 4

C 550 470 400 0,19 0,19 11

D 600 470 355 0,31 0,30 17

E 650 470 312 0,43 0,40 23

F 700 470 270 0,54 0,50 29

G 750 470 224 0,67 0,59 34

H 800 470 180 0,78 0,67 38

* Thickness refers to the lava flow thickness; distance refers to horizontal distance 

from front of flow.   

 

Δ
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Figure 3-20: Model output assuming different slopes of the lava flow – basement interface, showing 

measured and calculated anomalies.   

 

I also calculated the standard deviation of the differences between averaged 

measured values and forward modelled values (Equation 3-4; Figure 3-21):  
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where n  is the number of data pairs (in this survey 12), imx ,  is the average 

measurement for pair i  (averaged over about 50 m; local minima excluded), and icx ,  

is the averaged model value for pair i  (averaged over 50 m). I compared the 

arithmetic means of calculated and measured field strength at reference points 

spaced 50 m apart. The field strength values for each model were calculated in steps 

of 2 m, and averaged over 50 m.  
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Figure 3-21:  Relationship between slope angle and the standard deviation of the differences between 

calculated and averaged field data.  

 

The minimum standard deviation is at a slope of 11-15°. This result is used as input 

in the UDEC model of Lobe 4 (Chapter 4).  

3.7  Conclusions  

I draw five conclusions from the magnetic survey. First, induced and 

remanent magnetization of the flow rock is higher than that of the rubble. Second, 

best-fit model 8 suggests that Lobe 4 is 550 m thick near the front of The Barrier 

and 450-500 m thick 400 m from the front. Third, Lobe 3 can be modelled using the 

magnetic properties of its constituent flow rocks. Fourth, a transition zone with mean 

susceptibility and remanent magnetization values between those of Lobes 3 and 4 

produce a good model fit. Fifth, high-frequency anomalies are the result of different 

material properties of the surface rubble layer.  
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4. DISTINCT ELEMENT MODELLING OF THE BARRIER  

4.1 Introduction 

The current stability of The Barrier and the trigger mechanisms of the 1855-

1856 landslide and 1977 landslide at the front of Lobe 3 are unknown. The 1977 

landslide involved failure of a rock mass about 200 m high, 200 m wide, and perhaps 

a few tens of meters thick. The failure occurred along steep polygonal joints that 

form the flow rock columns (Moore and Mathews, 1978; see also Section 4.3.2).  

The circumstances that led to the 1855-1856 landslide remain unclear. This 

landslide involved an estimated 30 x 106 m³ of rock (Hardy et al., 1978) and thus 

was much larger than the 1977 landslide. In cross-section, an approximately 220-m-

thick portion of the front of The Barrier failed (Figure 4-1; Hardy et al., 1978). 

Geomorphology and geology suggest that Lobe 4, which is intact, was emplaced 

under similar conditions to Lobe 3 (Chapter 2).  

In this chapter I present the results of two-dimensional numerical modelling 

of The Barrier using the distinct element code UDEC (Universal Distinct Element 

Code) by Itasca Consulting Group (2004). Distinct element codes models divide the 

rock mass into zones (finite  elements) with assigned material models and properties. 

The material models are stress-strain relationships that describe how the material 

behaves. The result of model simulations is either equilibrium or collapse. The 

predicted mode of failure is demonstrated for collapse (Wyllie and Mah, 2004).  

I examined models of The Barrier with different properties for equilibrium 

(stability) or collapse (instability). For collapse, I analyzed failure modes and 

displacements in the model. My objectives were to: (i) investigate the parameters 

that control the stability of Lobe 4; (ii) derive from modelling of Lobe 4 a better 

understanding of the factors that caused the 1855-1856 landslide; and (iii) use 

results of the modelling to better understand the current stability of Lobe 3.  
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Figure 4-1: Profile of Lobe 3 of The Barrier, showing the approximate position of the 1855 

escarpment (modified from Hardy et al., 1978, their Fig. 16). 

 

4.2 Model Constraints   

UDEC models require the following input parameters. 

4.2.1 Topography  

Model topography is based on a representative cross-section of The Barrier. I 

used a DTM (digital terrain model) derived from photogrammetric data (Section 

5.3.2) and a 20-m DEM available from Natural Resources Canada (Natural Resource 

Canada, 2008). 

4.2.2 Three-Dimensional Geometry of the Lava Flows  

The base of The Barrier is covered by talus, thus the thickness of lava flow is 

unknown. I performed a magnetic survey to obtain estimates of the thickness of the 

Lobe 4 (Chapter 3). Figure 4-2 shows the dimensions and geometry of Lobe 4 in the 

UDEC model.  

The magnetic survey did not provide reliable results for the thickness of Lobe 

3 due to the presence of a thick capping layer of rubble with high magnetic 

remanence (Chapter 3, Section 3.6.2). Accordingly, I had to estimate the thickness 

of the flow independently. I assumed a 10˚ rise in the pre-volcanic valley floor of 

Rubble Creek. Beneath the outermost point at the top of Lobe 3 (1540 m asl; point 

500 m 
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A, Figure 4-3), the pre-volcanic valley floor has an elevation of approximately 1060 

m asl. Consequently, the flow here is about 480 m thick. 

The flows have several subunits. At the front of the escarpment is an ice-

contact lava unit (Chapter 2). Behind the ice-contact lava is a transition zone into the 

flow rock, and farther back still is the flow rock itself. Models for both lobes assume 

the presence of front columns in the ice-contact lava. I observed such columns at the 

front of Lobe 4 (Section 4.3.2 and Chapter 2, Sections 2.3 and 2.4). In the case of 

Lobe 4, I measured the dimensions of the columns on the photogrammetric model 

(Section 4.3.2): heights of columns are between 57 and 105 m and their widths are 

approximately 15 m (Figure 4-2). In the case of Lobe 3, I assumed the same width, 

but the columns are about twice as high as in Lobe 4 – 110-125 m (Figure 4-3). The 

tops of the columns in Lobe 3 correspond approximately to the level of the ice at the 

time the flow was emplaced – 1220 m asl (Mathews, 1952).   

Beneath these units are the basal flow rocks, with polygonal joints that form 

columns oriented normal to the basal contact (Lescinsky and Sisson, 2009). I 

estimated the thickness of the basal flow rock of Lobe 4 to be 37 m (Figure 4-2) 

based on measurements on the photogrammetric model (Section 4.3.2).  

Beneath the basal flow rocks is a unit of unknown composition, hidden largely 

by talus. Parts of this layer are visible in a few places above the talus in Lobe 3 

(Section 4.5.1). I assume that the layer comprises volcanic rubble and autoclastic 

breccia, both geomechanically weak materials. It may also comprise parts of older 

lava flows. The layer is estimated to be about 80 m thick (Figure 4-2) based on the 

difference (80 m) between the overall thickness of Lobe 4 obtained from the 

magnetic survey (approximately 500 m; Chapter 3) and the maximum thickness of 

the units above the breccia (420 m). I refer to this layer as unit 7.  

I assumed the same thicknesses of the basal flow rock and unit 7 for Lobes 3 

and 4. I describe the properties of these units in Section 4.5. 

4.2.3 Morphology of the Terrain beneath The Barrier   

The morphology of the paleo-valley beneath The Barrier is unknown. The 

average slope of the surface on which the lava flow rests is important for modelling. 

Constraints on the subsurface morphology of Lobe 4 (Figure 4-2) were derived from 

the magnetic survey (Chapter 3) and published research by others on lava-ice 

contacts (Chapter 2).  
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Figure 4-2:  Estimated dimensions of Lobe 4 of The Barrier. Area with ice-contact lava and columns 

is enclosed by the rectangle. Numbers on x and y scales are model values; y-scale values 

are not elevations. 

 

I considered the following observations and inferences when estimating the 

subsurface geometry of Lobe 3. Moore (1976) describes the paleo-Rubble Creek 

valley as trapezoidal in cross-section, with side slopes of 7.5°. Hardy et al. (1978) 

estimate the valley floor beneath The Barrier to slope about 7° (Figure 4-4). To 
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account for possible deviations in the valley floor slope, I assumed an average slope 

of 10°. The highest point of the valley floor corresponds to the bottom of Garibaldi 

Lake, where bedrock crops out at about 1225 m asl (Hardy et al., 1978). I chose to 

reduce the dip to below 10˚ farther back in the model of Lobe 3 (Figure 4-3) to allow 

the bedrock surface to reach the elevation of 1225 m asl at Garibaldi Lake.  

 

Talus: 80-90 m 480 m

meters (e+3)

1540 m asl.

meters (e+3)

Change of dip 10°

1480 m270 m

530 m

410 m

Current scarp slope  margin (approx.) 
A

 

Figure 4-3:  Estimated dimensions of Lobe 3 of The Barrier.  

 

 

Figure 4-4:  Estimated slope of the base of Lobe 3 (modified from Hardy et al., 1978, their Fig. 15). 

 

4.2.1 Structural Geology  

I obtained rock discontinuity data through field observations and analysis of 

photogrammetric data (Section 4.3).  

4.2.1 Rock Mass and Discontinuity Properties  

I estimated rock mass and discontinuity properties from field observations 

and photogrammetry (Section 4.3) and published literature (Section 4.5).  
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4.2.1 Hydrology 

A large amount of water discharges from the base of The Barrier, fed by flow 

from Garibaldi, Lesser Garibaldi, and Barrier lakes and by water infiltrating into the 

lava flows from the surface (Hardy el al., 1978). Garibaldi Lake, the largest of the 

three lakes, has an area of 9.94 km² and has an average depth of 119 m; its outlet 

is 2 km from The Barrier. The two smaller lakes, Lesser Garibaldi Lake and Barrier 

Lake are about 420 m and 160 m, respectively, from The Barrier. Although there is 

no information on the groundwater flow system of The Barrier, excess piezometric 

pressures can be expected at the toe of the escarpment and probably played a 

significant role in the 1855-1856 landslide (Hardy et al., 1978). I accounted for the 

role of water by reducing the properties of unit 7 and of the interface between the 

lava flow and bedrock.  

4.3 Rock Mass Characterization  

I characterized the rock mass of The Barrier through field mapping (Section 

4.3.1) and photogrammetry (Section 4.3.2). Locations of field mapping and 

photogrammetry sites are shown in Figure 4-5.  

4.3.1 Field Observations  

I collected rock-mass data and discontinuity parameters (Table 4-1 and Table 

4-2) at three sites: (i) the face of Lobe 3; (ii) the spur extending from the face of 

Lobe 3; and (iii) the base of Lobe 4 (Figure 4-5). The spur of volcanic flow rock and 

rubble that extends below the main face of Lobe 3 (Figure 4-5) has fracture patterns 

typical of column-on-column structures, suggesting that the spur is located at or 

near the original ice-contact face (Chapter 2, Section 2.2.2). Table 4-1 lists data 

collected at this site. Sheet-like and column-on-column structures are common at 

the base of one of the columns of Lobe 4 (Chapter 2, Sections 2.3 and 2.4). These 

structures indicate that the site is at or near the original ice-contact face. Table 4-2 

lists data collected at the base of Lobe 4. 

Data collection from the steep scarp slope of Lobe 3 (Figure 4-5) was 

curtailed because of the danger of rock fall (Section 2.2.1). Limited field observations 

indicate that steeply dipping interior fractures cut through mega-columns, forming 

long platy blocks (Figure 4-6; Section 2.2.1). The spacing of the three joint sets 

forming the blocks is: set 1, 2-4 m; set 2, 5-25 cm; set 3, 5-15 cm (Figure 4-6). 

Figure 4-7 and Figure 4-8 are photographs of the scarp slope.  
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Figure 4-5:  Locations of rock mapping (red and blue x) and photogrammetry (orange camera 

symbol) sites. 

 

Table 4-1:  Rock structure in the spur of Lobe 3 below the main face of The Barrier. Descriptions 

follow International Society for Rock Mechanics (1978) standards.  

Rock type Dacite, homogeneous 

Colour (fresh) Dark grey with white phenocrysts 

Colour (weathered) Light grey  

GSI* value 50-60 

GSI structure Very blocky 

GSI surface condition Good to very good  

Rock strength estimate  R4+ 

Block shape Irregular 

Block size  Very small  

Weathering class 1-2 

Fracture pattern Column-on-column  

Spacing Highly variable (none measured) 

Persistence <0.5 m where measured; larger 

composite structures possible 

Strike persistence 10-15 cm 

Primary roughness Wavy 

Secondary roughness Rough to smooth  

*Geological strength index 

 

x

x

x

Lobe 3 Spur

Lobe 4

Lobe 3 Face
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x
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Table 4-2:  Rock structure in the lower part of Lobe 4. Descriptions follow International Society for 

Rock Mechanics (1978) standards. 

Rock type Dacite, homogeneous 

Color (fresh) Dark grey with white phenocrysts 

Color (weathered) Light grey, light brown  

GSI estimate 50-60 

GSI structure Very blocky 

GSI surface condition Good to very good  

Rock strength estimate  R4+ 

Block shape Irregular 

Block size  Very small  

Weathering class 1-2  

Fracture pattern Column-on-column   

Spacing Highly variable (none measured) 

Primary roughness Wavy 

Secondary roughness Mostly rough to smooth  

 

 

 

Figure 4-6:  Jointing in the central section of Lobe 3; view from the mapping site (Figure 4-5), 

looking north. Joint spacing: red = 2-4 m; yellow = 5-25 cm; green = 5-15 cm.  
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Figure 4-7:  View up the steep scarp slope of Lobe 3 at the mapping site (Figure 4-5). Note the platy 

fractures. Arrowed line provides approximate scale. 

 
 

 

Figure 4-8:  Jointing in the central section of Lobe 3; view from the mapping site (Figure 4-5), 

looking south. Arrowed line provides approximate scale. 
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4.3.2 Photogrammetric Mapping   

One of the major challenges in my research was to obtain structural data 

required for modelling. Because of the size of The Barrier and access problems, I 

employed terrestrial photogrammetry to collect data for DTM (digital terrain model) 

generation. The DTMs were used to map structure and to construct the UDEC models 

by measuring dimensions of rock units and extracting cross-sections in ArcGIS 

(ESRI, 2008). Figure 4-9 shows a schematic view of the survey locations. I used 

Canon EOS 30D (Lobe 3) and 50D (Lobe 4) digital cameras with 50-mm, 100-mm 

(Lobe 3 only), and 200-mm focal length lenses3 for the photography; a differential-

corrected GPS to accurately determine the coordinates of the camera stations (Figure 

4-10); and Adam Technologies 3DM CalibCam and 3DM Analyst (Adam Technology, 

2009) to process the data. Discontinuity planes were mapped in 3DM Analyst. This 

program generates least squares best-fit planes from digitized points for each 

mapped discontinuity plane (Birch, 2009). I generated stereonets with 3DM Analyst 

(Adam Technology, 2009) and RocScience DIPS (RocScience, 2010).  

 

 

Figure 4-9: Schematic view in Google Earth of the two camera stations (blue and red) used for the 

photogrammetric survey of Lobe 4, and the three camera stations and survey direction 

(yellow) used for Lobe 3.  

 

                                            
3 The Canon EOS 30D and 50D cameras have, respectively, APC-S-sized 8.2 megapixel and 

15.1 megapixel sensors and a crop factor of 1.6 compared to full-frame (35-mm film 
equivalent) sensors. The 50-mm focal length of a APC-S DSRL sensor corresponds to a full-
frame focal length of 80 mm; the 100-mm focal-length corresponds to a full-frame focal length 
of 160 mm; and the 200-mm focal-length corresponds to a full-frame focal length of 320 mm. 
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Figure 4-10: Differential GPS set-up for the photogrammetric survey of Lobe 4. The scarp slope of 

Lobe 3 is visible in the background.  

 

 

i) Survey of Lobe 4 

I surveyed Lobe 4 from the Barrier Look-Out in October 2009 (Figure 4-11), 

approximately 1100 m from the base of Lobe 4 escarpment. The surveyed area is 

the lower northwest part of the escarpment of Lobe 4 (see Sections 2.3 and 2.4). My 

objectives were two-fold. First, I wished to obtain data on the shape and dimensions 

of the margin of the Lobe 4 and its large columns. The estimated volume of the front 

columns was calculated from dimensions measured in the photogrammetric model: 

31 x 103 m³ (Figure 4-12 and Chapter 2, Figure 2-20; left column) and 9 x 103 m³ 

(Figure 4-12 and Chapter 2, Figure 2-20; right column). My second objective was to 

acquire discontinuity orientation data (Figure 4-12).  

I was only able to map the sub-vertical discontinuities with very high 

persistence (>20 m; International Society of Rock Mechanics, 1978). Discontinuities 

in the basal flow rock and the horizontal and sub-horizontal cooling fractures with 

low to high persistence (1-20 m, International Society of Rock Mechanics, 1978) in 

the front columns were not mapped because the photogrammetric model had 

insufficient resolution. The basal columns and cooling fractures are described in 

Chapter 2 (Sections 2.3 and 2.4).  
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Figure 4-11: Camera station for photogrammetric survey of Lobe 4.   

 

 
 

Figure 4-12: Planes of mapped discontinuities on the escarpment of Lobe 4. Three discontinuity sets 

are indicated by the red, blue, and green colours (Figure 4-13). The red discontinuities 

form columns.  

 

80 m  
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I made measurements to define joint sets DS1 and DS2 and joint D3 (Figure 

4-13). The two discontinuities labelled set DS1 (red in Figure 4-13) dip at 87° and 

have persistence of 87 and 63 m. The two discontinuities of set DS2 (blue in Figure 

4-12) dip at about 75° and have persistence of 53 and 58 m. Discontinuity D3 dips 

at 80° and has a persistence of 30 m.  

The highest persistence classes in the classifications of International Society 

of Rock Mechanics (1978) and Palmström (1995) are “very high persistence” (> 20 

m) and “very large persistence” (>30 m). All five measured joints have persistence 

far greater than these class values. I suggest that existing persistence terminology 

should be extended at the higher end of the range (Sturzenegger and Stead, 2009; 

Sturzenegger, 2010).  

 

 

Figure 4-13: Stereonet showing all mapped discontinuities measured on Lobe 4 (n = 5). 3DM 

Analyst, Schmidt equal area projection, lower hemisphere (based on limited 

photogrammetric data). 
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ii) Survey of Lobe 3 

In October 2008, Dr. Matthieu Sturzenegger and I conducted a 

photogrammetric survey of the Lobe 3 escarpment from sites about 730 m from the 

base of the Lobe 3 escarpment (Figure 4-9 and Figure 4-14), using lenses with focal 

lengths of 50 mm, 100 mm, and 200 mm. The f=50-mm lens was used for an 

overview (Figure 4-15).  

 

  

Figure 4-14:  Survey of the scarp slope of Lobe 3.  

 

The photogrammetric model for structural mapping was built from 

photographs acquired with the f=200-mm lens. Some parts of the 200-mm model 

had gaps, which I filled with f=100-mm photographs. For the mapping and 

interpretation, I divided the scarp slope of Lobe 3 into two sections (Figure 4-15 and 

Section 2.2.1). The north section corresponds to the north and central sections of the 

main face of Lobe 3 described in Chapter 2 (Section 2.2.1); the south section 

corresponds to the south section of Lobe 3 in Chapter 2. 



 
 

 70 

 

250 m

South sectionNorth section

DS1 (n)

DS1 (s)

 

Figure 4-15: The 50-mm focal-length model showing locations of mapped discontinuities (blue 

planes) forming sets DS1(s) and DS1(n) (see Figure 4-16 to Figure 4-22 and Table 4-3). 

The red dashed line is the boundary between the north and right sections of the model.  

 

Figure 4-16 shows the structural mapping results from the north sector of 

Lobe 3. This sector shows platy fractures that cut through mega-columns (Chapter 2, 

Section 2.2.1). The platy fractures dip steeply in a similar direction to the scarp slope 

and are distributed over the lower part of the slope (blue in Figure 4-16). Measured 

joint persistence ranges from 0.74 m to 10 m (Table 4-3). The platy fractures are 

important for modelling, because they can be represented in two-dimensional 

numerical distinct element models (Section 4.10). Figure 4-17 and Figure 4-18 show 

stereonets for set DS1(n)4.  

I only mapped discontinuities that I could confidently identify on the DTM. 

Table 4-3 lists the dips, dip directions, and persistence of the 106 discontinuities that 

constitute set DS1(n). The scarp slope contains, however, many smaller 

discontinuities with a variety of orientations, spacings, and persistence (Figure 4-16, 

magnification).  

The south sector shows vertical cooling fractures (Figure 4-20, red) with 

persistence ranging from 9 m to 59 m and with a range of orientations. The fractures 

form polygonal columns (Section 2.2.1), with spacing ranging from 1.5 m to 2 m. 

                                            
4
 n = north. 
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Figure 4-16:  North section of the photogrammetric model of Lobe 3  Blue = platy, steeply-dipping 

fractures (DS1(n), Figure 4-18 and Figure 4-19, Table 4-3); red = vertical fractures in 

mega-columns; black dashed line = ramp-like feature; green = other discontinuities 

with a variety of orientations. Enlargement shows minor discontinuities. Black arrowed 

lines provide scale. 
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150 m  
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Figure 4-17:  Stereonet of the north section of Lobe 3, showing the poles of all mapped discontinuities 

(n = 124; colors correspond to the colors of planes in Figure 4-16) and pole 

concentration contours. Blue oval marks discontinuity set DS1(n). 3DM Analyst, 

Schmidt equal area projection, lower hemisphere.  

 

 

Figure 4-18:  Stereonet of the north section of Lobe 3, showing discontinuity set DS1(n) and slope 

plane. The slope plane dips at 80° towards 320°. Rocscience DIPS, Schmidt equal area 

projection, lower hemisphere. 

 

DS1 (n) 
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Figure 4-19:  View of the scarp face of Lobe 3. Note planes (some indicated by red arrows) that form 

DS1(n). Green dashed lines show the curved form of the vertical fractures. Arrowed 

lines provide scale. 

 
Discontinuities dipping steeply parallel to the slope (set DS1(s)) are also 

present in the south sector (Figure 4-20, blue). Their persistence ranges from 0.9 m 

to 8 m (Table 4-3). Figure 4-21 and Figure 4-22 show the stereonets of these 

discontinuities). The number of discontinuities in this set is 17, which is not 

statistically robust, but the discontinuities have similar dips and dip directions, 

therefore I felt justified in grouping them. 

It is likely that the persistent vertical fractures of the polygonal columns 

provided lateral and back release surfaces for the 1977 landslide. The stereonet in 

Figure 4-22 shows that planar failure of single columns is possible: poles of the set 

plot inside the daylight envelope of the slope and outside a 40° friction cone. As in 

the case of the north sector, the escarpment contains smaller and irregular 

discontinuities with a variety of orientations, spacings, and persistence. 

The photogrammetric model of the south sector shows an undulating 

boundary between the area with columns and a lower area with flow-banded, highly 

fractured basal lava (Figure 4-20, magnification). Sub-horizontal undulating 

discontinuities are visible in unit 7 (Figure 4-20, orange).  

130 
m 

6 m 
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Figure 4-20:  South section of the photogrammetric model. Blue = discontinuities dipping steeply 

(70°) in a similar direction to the escarpment (DS1(s), Figure 4-21 and Figure 4-22, 

Table 4-3); red = vertical fractures in polygonal columns; orange dashed line = sub-

horizontal, undulating discontinuities in unit 7; black dashed line = ramp-like feature; 

yellow dashed line = undulating boundary between columns and stronger foliated and 

fractured basal lava; black arrowed lines provide scale. 

 

100 m  

20 m  
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Figure 4-21:   Stereonet of the south section of Lobe 3, showing the poles of all mapped discontinuities 

(n = 33; colors correspond to the colors of planes in Figure 4-20) and pole concentration 

contours). Blue oval marks discontinuity set DS1(s). 3DM Analyst, Schmidt equal area 

projection, lower hemisphere. 

 

 

Figure 4-22:  Stereonet of the south section of Lobe 3, showing discontinuity set DS1(s) and slope 

plane. The slope plane dips at 80° towards 310°. Daylight envelope of the slope and a 

40° friction cone are also shown to demonstrate the possibility of planar failure. 

Rocscience DIPS, Schmidt equal area projection, lower hemisphere. 
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Table 4-3:  Discontinuity sets DS1(n) and DS1(s) of Lobe 3 .  

Set 

name 

Number of 

poles 

Mean dip 

(°) 

Mean dip 

direction (°) 

Mean 

persistence 

(m) 

Persistence 

range (m) 

 

DS1 (n) 106 78 329 4.5 0.74-10 

DS1 (s) 17 72 325 3.0 0.91-7.5 

 

4.3.3 Implications of Rock Properties and Structures for UDEC Modelling  

 In Chapter 2 (Section 2.1), I discussed fracture patterns in lava flows that 

have cooled in contact with glacier ice. The patterns include pseudopillow fractures, 

column-on-column structures, sheet-like fractures near the glacier margin, and 

intermediate forms between ice-contact lava and the interior flow rock. Column-on-

column structures and sheet-like fractures, typical of the margin of lava-ice contacts 

(Chapter 2, Section 2.1.1) are visible in the escarpment of Lobe 4 (Section 4.3.2 and 

Chapter 2, Section 2.3). The escarpment of Lobe 3 displays platy fractures that cut 

through mega-columns (Section 4.3.2 and Chapter 2, Section 2.2.1).  

For the models of Lobe 4 and Lobe 3 prior to collapse, I assume that ice-

contact lava are present at the front of the escarpments, and that in both lobes 

intermediate forms occur between the present escarpment and the flow interior. The 

1855-1856 landslide from Lobe 3 occurred either in the section with intermediate 

forms or near the transition between that section and more competent interior flow 

rock. The discontinuity pattern of the intermediate forms is unknown. I assume the 

slopes to be complex rock slopes with no continuous surface on which rupture could 

occur (Figure 4-23; Alzo‟ubi, 2009). In such slopes the cohesion of rock bridges 

contributes to the rock mass strength. Instabilities form through progressive failure, 

where non-continuous joints propagate and coalescence to form a new fracture 

surface. Joints in such complex slopes are limited in persistence, and the overall 

stability is determined by both the discontinuities and the intact rock (Terzaghi, 

1962).  

 Joints with medium to high persistence (3-20 m; International Society of Rock 

Mechanics, 1978) are the horizontal primary cooling fractures in the front columns. 

Discontinuities with very high persistence (>20 m) represent column-forming 
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discontinuities and the interface between unit 7 and underlying basement. These 

high to very high persistence features are included within the UDEC model.  

 

 

Figure 4-23: Complex rock slope with discontinuous joints (after Alzo’ubi, 2009, his Fig. 2.3).  

 

 I used Voronoi tesselation (Section 4.4) in my modelling to simulate 

fracturing through intact rock with pre-existing structures (flaws). I then introduced 

very high persistence vertical discontinuities that traverse the entire flow rock 

section in an attempt to simulate the effect that vertical cooling fractures or flow- or 

stress-related lineaments might have on the behavior of the slope. I assigned joint 

properties to Voronoi flaws dipping5 at 80°-100° and -10°-10° (or 350°-10°) to 

account for discontinuities in the platy interior flow rock.  

4.4 Voronoi Tessellation in UDEC   

Voronoi tessellation creates polygons that are randomly sized, but have an 

average user-specified edge length. Fracturing occurs when the specified joint 

strength between Voronoi blocks is exceeded (Itasca Consulting Group, 2006). The 

Voronoi algorithm distributes points randomly within the tessellation region, and 

interior points are then allowed to move. An iteration procedure moves the points; 

the higher the number of iterations, the more uniform will be the point spacing. 

Triangles are then drawn joining all points, and Voronoi polygons are created by 

                                            
5
 Inclination to the horizontal.  
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constructing perpendicular bisectors of all triangles that share a common side. The 

polygons are truncated at the boundaries of the tessellation region (Itasca Consulting 

Group, 2006). 

I calculated Voronoi flaw cohesion, tension, friction, and rock mass strength 

using the program RocLab (RocScience, 2007). I calculated the normal joint stiffness 

using Equation 4-1 (Itasca Consulting Group, 2004; Alzo‟ubi, 2009): 

 (4-1) 

 

where kn is the joint normal stiffness, K is the bulk modulus, G is the shear modulus, 

and 
minZ is the smallest width of an adjoining zone in the normal direction (Figure 

4-24). 
minZ  is difficult to determine in a large Voronoi network, thus I used the 

average Voronoi edge length, l. The edge length l can be larger than 
minZ , leading 

to lower kn values. The role of kn in UDEC modelling is described in the Appendix 3. 

 

 

Figure 4-24:  Definition of zone dimension used in stiffness calculation (Alzo’ubi, 2009, his Fig. 7.10).  

 

I determined the contact stiffness ratios between the joint normal stiffness 

(ks) and joint normal stiffness (kn) to fit Poisson‟s ratio and the ratio of shear 

modulus (G) to Young‟s modulus (E). This relation (Equation 4-2) is deduced from 

laboratory tests by Kazerani and Zhao (2010): 

   (4-2)   
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I calculated joint normal stiffness using from equation 4-1 and joint shear 

stiffness from equation 4-2. Kazerani and Zhao (2010), however, conducted their 

tests on small samples with average edge lengths of Voronoi polygons of 2-7 mm, as 

opposed to average lengths of 4-15 m in my models. They found that, within their 

tested length range, results were independent of particle (Voronoi polygon) size.  

Voronoi fractures have been studied in laboratory settings (Kazerani and 

Zhao, 2010) and on slopes similar in size to The Barrier. A model of the 

Checkerboard Creek slope near the Revelstoke hydroelectric dam used Voroni flaws 

with average Voronoi edge lengths of 1.3 m to model a 350-m high section of a slope 

(Alzo‟ubi, 2009). 

4.5 Rock-Mass Properties 

Rock-mass properties are required for UDEC modelling. Figure 4-25 and 

Figure 4-26 show the location of the material and joint regions in the Lobe 4 and 3 

UDEC models.  

Figure 4-27 is a photograph showing the locations of the units on the Lobe 4 

escarpment; Figure 4-28 and Figure 4-29 show the locations of the units on the Lobe 

3 escarpment. 

I was unable to locate the basal flow rock in the escarpment of Lobe 3. The 

model of Lobe 3 prior to the 1855-1856 collapse assumes the presence of such a 

layer, because it is present in intact Lobe 4. There is a strongly fractured and flow-

banded unit between the interior flow rock and unit 7 in Lobe 3, and I assume it has 

similar geomechanical properties to the basal flow rock. 

I faced difficulties in obtaining rock mass data. First, I could not acquire 

samples from all rock units at The Barrier due to the rock-fall hazard. I was only able 

to take samples of flow rock and rubble (Chapter 2, Section 2.1.2 and Chapter 3, 

Section 3.4.2). For the same reason I was unable to make detailed joint property 

measurements. Second, the rock mass properties and discontinuity characteristics of 

The Barrier are complex and heterogeneous. Third, the different cooling 

environments and processes, and the heterogeneity of the volcanic rocks suggest 

that existing geotechnical classifications may not be fully applicable to The Barrier 

(del Potro and Hürlimann, 2008).  

I used average rock mass properties taken from Johnson and Graff (1989) 

and Carmichael (1982) for basalt (Section 4.5.1). I assumed similar rock-mass 

properties for basalt and dacite, which seemed justified by the lack of geomechanical 
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data for The Barrier dacite, general parameter uncertainties, and the general large 

range of values that can be expected in basalts and dacites. Properties of unit 7 

(Section 4.5.1) were based on values for autoclastic breccias reported by del Potro 

and Hürlimann (2008) in their recently suggested geotechnical classification of 

volcanic materials (GCVM). Flaw properties (Section 4.5.2), which are required in the 

Voronoi tessellation approach to modelling (Sections 4.3.3 and Section 4.4), are 

similar to material properties. I estimated discontinuity and bedrock properties from 

values reported by Kulhawy (1975) (Section 4.5.2).  

The RocScience Program RocLab (RocScience, 2007) provides estimates of 

rock mass cohesion, tensile strength, and friction angle based on the Hoek-Brown 

criterion. It calculates a rock mass modulus (Erm) from the E modulus of intact rock, 

(Ei) using the generalized Hoek-Diederichs equation (Hoek and Diederichs, 2006; 

RocScience, 2007). Appendix 2 provides a discussion of the Hoek-Brown Criterion 

and GSI and the criterion‟s limitations for modelling The Barrier. 

Initially I calculated the tensile strength of the rock mass using RocLab. I 

found, however, that in many cases RocLab generated low values that resulted in 

pronounced tensile failure in the models (Section 4.7.6). To allow realistic slope 

behaviour near the model boundaries, I applied the following relation to the interior 

flow rock to assign values within the upper limit for tensile strength (Itasca 

Consulting Group, 2004):  

 (4-3) 

 

where   is the friction angle, c  is the cohesion, and t  is the tensile strength of 

intact rock mass.  

4.5.1 Rock-Mass Units 

The following rock-mass units used are used in the UDEC models (Figure 4-25 

and Figure 4-26; Table 4-4). 

 

1.  Interior flow rock, back section. This unit is the main body of the lava flow and 

comprises relatively undisturbed flow rock away from the scarp. A GSI of 75 was 

assumed based on a gradual increase in rock mass quality with distance from the 

escarpment. I observed a GSI of 50-60 at the front of Lobe 4 and at the spur of Lobe 

3 (Table 4-1 and Table 4-2). 
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2.  Interior flow rock, middle section. I assumed that this unit has a higher degree of 

damage than the back section of the interior flow rock, because of its proximity to 

the former ice margin.  

3.  Interior flow rock, front section. This unit is interior flow rock with damage due to 

emplacement against ice and both stress and weathering effects. It coincides with 

the zone containing intermediate fracture forms (Chapter 2, Section 2.1.2). This unit 

has a transition zone (3a in Figure 4-25 and Figure 4-26) to the ice-contact lava, 

with smaller average Voronoi edge lengths and reduced flaw properties. The 

transition zone accounts for an assumed higher damage of the flow rock with 

proximity to the front margin.  

 

4.  Ice-contact lava. This unit represents flow rock with a high degree of damage due 

to rapid cooling of lava upon contact with ice (Chapter 2, Section 2.1.1). 

Discontinuity features include primary horizontal cooling fractures, sheet-like 

fractures, and column-on-column structures. To account for the damage, I lowered 

the compressive strength to 150 MPa. A GSI of 50-55 is based on field observations 

(Table 4-1 and Table 4-2). 

 

5.  Basal flow rock. Unit 5 is flow rock with damage caused by basal cooling. I 

estimated the thickness of this layer from measurements made on the 

photogrammetric model of Lobe 4 (Section 4.3.2). I assume that damage is less than 

in ice-contact lava, resulting in a higher GSI of 55-60.  

 

6.  Basal flow rock back. This unit is basal flow rock with higher values of GSI and 

tensile strength to ensure realistic boundary condition in the models.  

 

7.  Unit 7. I assumed that unit 7 comprises largely breccia an older lava flow, 

including rubble, flow rock, and breccia. In an effort to provide a better geotechnical 

classification of volcanic materials, del Potro and Hürlimann (2008) categorize 

volcanic materials into lava, autoclastic breccia, pyroclastic rock and volcanic soils. 

Of these categories, I believe autoclastic breccias best represent unit 7. I attempted 

to account for the unknown composition of the unit by varying the properties 

towards highly altered lava or weak breccias. I ran models that simulated the 

presence of a 50-m thick lava flow within unit 7, but found results to be similar to 
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the ones presented in Section 4.7. Autoclastic breccias have low compressive 

strength values (13-29 MPa), but good rock mass quality (GSI 60-80) (del Potro and 

Hürlimann, 2008). Autoclastic breccias are the product of the non-explosive 

fragmentation of flowing lava both at the top and base of flows. They are poorly 

sorted, clast-supported, and matrix-poor. In the past, autoclastic breccias were 

classified as disintegrated granular units. The interlocking and the few continuous 

fractures and fissures account for the high GSI values of 60-80 (del Potro and 

Hürlimann, 2008). Parts of unit 7 layer are visible in a few places above the talus in 

Lobe 3 (Figure 4-30 and Figure 4-31). The layer is completely hidden in Lobe 4.  

 

Bedrock – lava interface 
or glacial drift

 

Figure 4-25:  Material distribution in UDEC model of Lobe 4. 1 = interior flow rock, back section; 2 

= interior flow rock, middle section; 3 = interior flow rock, front section; 3a = transition 

zone with material properties of interior flow rock in front (material 1), but with flaw 

properties of the ice-contact lava; 4 = ice-contact lava; 5 = basal flow rock; 6 = basal 

flow, back section; 7 = unit 7; 8 = pre-volcanic bedrock. The base of the flow is marked 

by the orange line.  
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Figure 4-26:  Material distribution in UDEC model of Lobe 3 (see Figure 4-25 for description of 

units). 

 
 

Ice-contact lava
(front columns) 

Basal flow rock 

Transition zone 

 

Figure 4-27:  Units in the lower part of Lobe 4. Photograph taken during photogrammetry with the 

f=50-mm lens from the Barrier Look-Out (Figure 4-9 and Figure 4-11). 
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Interior Flow Rock 

Basal Flow Rock Unit 7

 

Figure 4-28:  Rock units in the north part of Lobe 3.  
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Figure 4-29:  Rock units in the south part of Lobe 3. 
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4.5.2 Discontinuity and Flaw Units  

The discontinuity and flaw units in the UDEC model (Figure 4-30 and Figure 

4-31) correspond to the material units (Figure 4-25 and Figure 4-26). Some models 

have very persistent vertical fractures and joint properties for Voronoi flaws dipping 

at 80-100° and -10°-10° (Figure 4-30 and Figure 4-31).  

Use of the Voronoi tessellation approach requires that discontinuities between 

Voronoi polygons have rock mass properties. There are three instances where joint 

properties are assumed. (i) Primary cooling fractures in the front columns of former 

ice-lava contacts (Figure 4-30 and Figure 4-31; Table 4-6); (ii) The interface 

between the bedrock and unit 7. This interface can either be the boundary between 

bedrock and unit 7 or a thin layer of glacial drift that may exist beneath the flow 

(Chapter 1). (iii) Persistent vertical discontinuities and Voronoi flaws dipping at 80°-

100° and -10°-10°. The persistent vertical discontinuities are included in two models 

of Lobe 4 and the model of Lobe 3, and have the same properties as the primary 

cooling fractures (Figure 4-31; Table 4-7). 

I chose properties for primary cooling fractures based on values reported by 

Kulhawy (1975). Joint normal and shear stiffness for the bedrock interface 

correspond to the value for the interclastic breccia. I assumed joint tension along the 

interface to be zero (Table 4-6). The joint cohesion and friction angle were varied; 

very low properties of the interface simulated the influence of increased pore 

pressures due to water flow (Table 4-6).  

4.5.3 Voronoi Polygon Sizes  

The following Voronoi average edge lengths were assigned to the joint regions 

(Figure 4-30): (i) interior flow rock (regions 1-3), l = 15 m; (ii) transition zone 

(region 3a), l = 8 m; (iii) ice contact lava (region 4), l = 4 m; (iv) basal flow rock 

(regions 5-6), l = 4 m; and (v) unit 7, l = 6 m.  

I scaled sizes of the Voronoi polygons to the sizes of their respective joint 

regions – the smaller the region, the smaller the polygons. The sizes of the Voronoi 

polygons have an influence on the kinematics of the model, which should be 

investigated in future modelling. Section 4.7.7 shows the effect that smaller (l = 10 

m) Voronoi polygons have on the yielding and tensile failure observed in the back 

and middle sections of the interior flow rock. 
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Figure 4-30:  Discontinuity and flaw units of a model of Lobe 4: 1 = interior flow rock, back section; 

2= interior flow rock, middle section; 3 = interior flow rock, front section; 3a = 

transition zone; 4 = ice-contact lava; 5 = basal flow rock; 6 = basal flow, back section; 7 

= unit 7. The base of the flow is marked by the white line. Persistent vertical 

discontinuities and Voronoi flaws dipping at 80-100° and -10°-10° (inset) are light blue. 

 

 

Figure 4-31:  Close-up of front columns in the model of Lobe 4 with persistent vertical discontinuities 

and Voronoi flaws dipping at 80-100° and -10°-10°. Flaws are red; joints and 

discontinuities are blue. 
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4.5.1 Excavation and Initial Equilibrium 

To reach initial equilibrium, I used an elastic isotropic model with linear 

stress-strain behaviour. Additionally, I placed several excavation blocks in front of 

the models: five blocks in the case of Lobe 4 (Figure 4-32) and four blocks in the 

case of Lobe 3 (Figure 4-33). The excavation blocks represent ice in Rubble Creek 

Valley at the time of flow emplacement. The upper surface of the highest excavation 

blocks corresponds to the probable level of ice at time of the flow, 1220 m asl 

(Mathews, 1952). The ice is assumed to have an intact deformation modulus (Ei) of 

9,6 GPa and Poisson‟s ratio (ν) of 0.43 (Hürlimann et al., 2006).  

 

420 m

1220 m asl

 

Figure 4-32:  Model of Lobe 4 with excavation blocks.  The total thickness of the blocks is 420 m, and 

the top elevation is 1220 m asl. 
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Figure 4-33:  Model of Lobe 3 with excavation blocks.  The total thickness of the blocks is 260 m.  
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4.6 In-Situ Stresses 

UDEC offers several options for including in-situ stresses. In the case of The 

Barrier, stresses due to gravity are of the same magnitude as the in-situ stresses. 

The K-ratio (ratio of horizontal stress σh to vertical stress σv) is assigned a value of 

0.43 assuming one-dimensional loading of an elastic material over a continuous 

plane surface and a Poisson‟s ratio (ν) of 0.3 (Equation 4-4). This assumption is 

possibly an over-simplification, because it assumes no horizontal strains (Goodman, 

1989). I justify use of this value because: (i) The Barrier was emplaced as a lava 

flow; (ii) primary fracturing (Section 2.1.2) results in relief of anisotropic stresses 

during cooling of ice-contact lava flows; (iii) no tectonic deformation occurred after 

emplacement; and, most importantly, (iv) no data are available to define K.  

 

 (4-4) 

 

4.7  Results  

In this section, I present the most important results that emerged from the 

modelling. The results of a series of models are presented in the following order: (i) 

model of Lobe 4 with medium properties (model 4-1, Section 4.7.1); (ii) model of 

Lobe 4 with low properties for unit 7 and the bedrock interface, vertical 

discontinuities in the interior flow rock, and joint properties for Voronoi flaws dipping 

at  80°-100° and -10°-10° (model 4-2, Section 4.7.2); (iii) model of Lobe 4 similar 

to model 4-2, but without the vertical discontinuities in the flow rock (model 4-3, 

Section 4.7.3); (iv) model of Lobe 4 similar to model 4-2, but with lower properties 

for the Voronoi flaws in unit 7 (model 4-4; Section 4.7.4); and (v) model of pre-1855 

Lobe 3 with very low properties in unit 7 and for the interface between unit 7 and 

bedrock, vertical discontinuities in the interior flow rock, and joint properties for 

flaws dipping at 80°-100° and -10°-10° (model 3; Section 4.7.5). Table 4-4 and 

Table 4-5 show the material and flaw properties for base model 4-1 and the 

parameters of Lobes 3 and 4 that differ from the base model. Table 4-6 presents 

discontinuity properties for Lobes 3 and 4, and Table 4-7 lists properties of the 

persistent discontinuities and Voronoi joints.  



 
 

 89 

For clarity, Voronoi polygons are hidden and the results are shown using two 

plots. The first, failure state plot, shows plastic yield (red: at yield surface; green: 

yielded in the past), tensile failure (violet), open contacts (FN or SN = 0; red), and 

joints at the shear limit (yellow). The caption states the number of cycles after initial 

equilibrium. Information boxes at the upper right corner show the overall cycle 

count. The second plot shows contours of displacement (in meters) in the x-direction 

and the separation of discontinuities and flaws, which are referred to as joints in the 

UDEC outputs. Some models have additional plots.  

Table 4-4:  Material properties.  

 

MODEL 

 

GSI 

Em 

(MPa) 

σci 

(MPa) 

Friction 

(°) 

Cohesion 

(MPa) 

 

σt (MPa) 

   LOBE 4-1 (medium properties)   

Flow rock back 75 50614 175 56 7.6 5.0 

Flow rock middle 65 39167 175 54 5.8 1.0 

Flow rock front 60 32240 175 53 5.2 0.34 

Lava-ice contact 55 25313 150 50 4.5 0.20 

Basal flow rock 60 32240 150 52 4.9 0.29 

Basal flow rock back  65 32240 175 54 5.8 3.0 

Unit 7 60 2444 30 37 2.4 0.078 

   LOBE 4-2, 4-3, and 4-4 (low properties)   

Basal flow rock 55 25313 150 50 4.5 0.20 

Unit 7 60 2444 15 34 2.0  0.029 

   LOBE 3 (low properties)    

Basal flow rock back  70 45434 200 56 7.2 4.0 

Basal flow rock 55 25313 150 50 4.5 0.20 

Unit 7 60 2444 15 34 2.0  0.029 

 

Table 4-5:  Voronoi flaw properties.  

 

MODEL 

kn 

(GPa/m) 

Ks 

(GPa/m) 

Friction 

(°) 

Cohesion 

(MPa) 

T σt 

(MPa) 

LOBE 4-1 (medium)      

Flow rock back 4.54 1.75 56 7.6 5.0 

Flow rock middle 3.51 1.35 54 5.8 1.0 
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Flow rock front 2.89 1.11 53 5.2 0.34 

Lava-ice contact 8.52 3.28 47 3.9 0.13 

Basal flow rock 8.52 3.28 50 4.5 0.20 

Basal flow rock back  13.2 5.07 54 5.8 3.0 

Unit 7 0.55 0.21 37 2.4 0.078 

   LOBE 4-2 and 4-3 (low properties)  

Basal flow rock 8.52 3.28 47 3.9 0.13 

Unit 7 5.5* 2.1* 34 2.0  0.029 

LOBE 4-4 (low properties)  

Basal flow rock 8.52 3.28 47 3.9 0.13 

Basal flow rock back  15.3 5.88 56 7.2 4.0 

Unit 7 0.39** 0.19** 34 2.0  0.029 

 LOBE 3 (very low properties)      

Basal flow rock 8.52 3.28 47 3.9 0.13 

Unit 7 0.098 0.038 29 1.5 0.04 

* Increased by a factor of 10 from calculated value (Equation 4-1) to prevent early 

contact overlap. 

** Increased by a factor of 4 from calculated value (Equation 4-1) to prevent early 

contact overlap. 

 

Table 4-6:  Discontinuity properties. 

 

MODEL 

kn 

(GPa/m) 

Ks 

(GPa/m) 

Friction 

(°) 

Cohesion 

(MPa) 

T σt  

(MPa) 

  LOBE 4-1 (medium properties)      

Primary cooling fractures  10 1.0 35 0.5 0 

Interface,  

unit 7 - bedrock 

0.5 0.2 35 0.5 0 

  LOBE 4-2 and 4-3 (low properties)   

Interface, unit 7 - 

bedrock 

5.5 2.1 12 0 0 

  LOBE 4-4 (low properties)   

Interface, unit 7 - 

bedrock 

0.39 0.19 29 0.5 0 

LOBE 3 – very low properties    

Interface, unit 7 – 

bedrock 

0.098 0.038 8 0 0 
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Table 4-7:  Properties of vertical discontinuities and of flaws with joint properties. 

 

MODEL 

kn 

(GPa/m) 

Ks 

(GPa/m) 

Friction 

(°) 

Cohesion 

(MPa) 

T σt  

(MPa) 

  LOBE 4-2, 4-4 and LOBE 3    

Vertical persistent cracks 10 1.0 35 0.5 0 

Voronoi flaws dipping at 

80-100° and -10°-10° 

10 1.0 35 0.5 0 

 

4.7.1 Model 4-1  

This model of Lobe 4 (Figure 4-34) shows zones of yielding: (i) in the ice-

contact zone near the front; (ii) along the boundary between basal flow rock and unit 

7; (iii) in the basal flow rock where the subsurface topography changes; and, to a 

lesser extent, (iv) along the boundary of front flow rock with GSI = 60 and middle 

flow rock with GSI = 65; and (v) in unit 7 at the toe of the slope (Figure 4-34). 

Tensile failure occurs at the toe of the slope and in the basal flow rock near the front. 

Yielding ceased in the past and the model trends towards equilibrium.  
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Figure 4-34: Model 4-1 (medium properties), 578,500 cycles after initial equilibrium.  

 
Total accumulated x-displacements are in the centimetre range (Figure 4-35). 

Opening of joint and Voronoi flaws and tensile failure occur at the toe area of the 

slope. 
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Figure 4-35:  X-displacements (in meters) and discontinuity/flaw opening in model 4-1, 578,500 cycles 

after initial equilibrium. 

 

4.7.2 Model 4-2  

Lower properties in Lobe 4 could result from weathering and the effects of ice-

contact emplacement, but they also indirectly simulate the presence of water and 

increased pore pressures due to recharge from the lake system (Chapter 1, Section 

1.3). This model has reduced flaw properties for unit 7 (Table 4-6), persistent 

vertical discontinuities, and joint properties for flaws dipping at 80°-100° and -10°-

10° (Table 4-7). I also lowered the properties of the interface between unit 7 and 

bedrock (Table 4-6). The friction angle of the bedrock interface (12°) is lower than 

the slope angle of the interface (approximately 14°). Such low friction angles may 

result from the presence of higher water pressures within the glacial drift. These 

properties cause instability in the model. The joint normal and shear stiffness values 

calculated in Equation 4.1 cause contact overlap 265 cycles into the simulation, 

therefore I raised the joint normal and shear stiffness by a factor of 10. With the 

raised values, contact overlap occurs at the toe of the slope at the bedrock interface 

after 32,272 cycles. 

The model shows pronounced yielding and tensile failure in the front columns, 

basal flow rock, the weak unit 7, and in the front and middle flow rock sections 
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(Figure 4-36). Tensile failure occurs along the boundary between the middle flow 

rock and back flow rock due to movement of the front and middle sections of the 

slope (Figure 4-36). This boundary is located 600 m behind the front margin. Voronoi 

flaws open in the intact rock along this boundary (Figure 4-37 and Figure 4-38) and 

joints open between the front columns (Figure 4-37). Displacements are largest at 

the slope toe (1.8 m at the point of contact overlap) along the bedrock interface and 

in unit 7 (Figure 4-37).     
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Figure 4-36:  Model 4-2 (low properties), 32,272 cycles after initial equilibrium; point of contact 

overlap at the toe of the slope is indicated by an orange circle. A, B, and C mark 

positions of the three vertical discontinuities in the flow rock. 
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Figure 4-37:  X-displacements (in meters) and discontinuity/flaw opening in model 4-2, 32,272 cycles 

after initial equilibrium. 

 

meters (e+3)

meters (e+3)

 

Figure 4-38:  Close-up view of Voronoi flaw opening and separation (marked with red rectangle) at 

the boundary between the middle and back flow rock in model 4-2.   

 

4.7.3 Model 4-3  

This model has the same properties as the model 4-2, but with no vertical 

discontinuities in the flow rock. The results are shown in Figure 4-39 and Figure 
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4-40. There are no significant differences between models 4-2 and 4-3, except for 

slightly increased tensile failure along the material boundaries in the flow rock. 

Contact overlap occurs after 35,857 cycles.  
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Figure 4-39:   Model 4-3 (low properties), 35,857 cycles after initial equilibrium; point of contact 

overlap at the toe of the slope is indicated by an orange circle.  
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Figure 4-40:  X-displacements (in meters) and joint/flaw opening in model 4-3, 35,857 cycles after 

initial equilibrium. 
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4.7.4 Model 4-4  

This model has the same properties as model 4-2, but with lower properties for the 

Voronoi flaws in the unit 7 (Table 4-5) and higher properties for the interface 

between unit 7 and bedrock (Table 4-6). The friction angle of the bedrock interface 

(35°) is higher than its slope angle (approximately 14°). The model shows 

pronounced yielding and tensile failure in the front columns, basal flow rock, and the 

weak unit 7 (Figure 4-41).  
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Figure 4-41:  Model 4-4 (low properties), 1848 cycles after initial equilibrium; point of contact 

overlap at the toe of the slope is indicated by an orange circle.  

 

Displacements take place almost exclusively in unit 7 at the toe of the slope 

(Figure 4-42). The joint normal and shear stiffness values derived from Equation 4.1 

would have resulted in contact overlap 202 cycles into the simulation, therefore I 

raised the joint normal and shear stiffness by a factor of 4. With the raised values, 

contact overlap occurred at the toe of the slope 1848 cycles into the simulation. 
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Figure 4-42:  X-displacements (in meters) and discontinuity/flaw opening in model 4-4, 1848 cycles 

after initial equilibrium. 

 

4.7.5 Model of Pre-1855 Lobe 3  

This model is one of several that I used to simulate possible mechanisms for 

the 1855-1856 landslide on Lobe 3. It combines the very low properties of unit 7 

(Table 4-4 and Table 4-5) with low properties of the bedrock interface (Table 4-6) 

and has persistent vertical discontinuities as well as joint properties for flaws dipping 

at 80°-100° and -10°-10° (Table 4-7). I lowered the friction angle of the bedrock 

interface to 8°, which is lower than the slope angle (10°).  

With these parameters, the model is unstable, producing pronounced yielding 

and tensile failure in the front columns, basal flow rock, unit 7, and the front and 

middle flow rock sections (Figure 4-43 to Figure 4-45). Contact overlap occurs after 

718,386 steps. Unlike the Lobe 4 models, the joint normal and shear stiffness values 

calculated with Equation 4.1 did not have to be modified for the model to run that 

long. Furthermore, the overlap does not occur in the toe, but rather inside unit 7, 

about 340 m back from the toe. This may result from the lower slope (10˚) of the 

bedrock interface compared to Lobe 4 (14˚). 
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Figure 4-43:   Model 3 (very low properties), 718,386 cycles after initial equilibrium. Top: Entire 

model. Bottom: Magnification of the front of the slope. A and B mark the positions of 

the two vertical discontinuities in the flow rock. Yellow circle marks point of contact 

overlap.  
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Yielding and tensile failure develop in the back sections of the model where 

the slope changes, 1500 m away from the escarpment (Figure 4-43). These failure 

and yielding patterns were not observed in Lobe 3 models with higher tensile 

strengths of the interior (5 MPa) and basal flow rock (4 MPa). Similar yielding and 

failure patterns were observed, however, in the models of Lobe 4 with lower tensile 

strengths in the back sections of the interior and basal flow rock (Section 4.7.6).  

Opening and separation of the vertical discontinuities occur at the boundary 

between the front flow rock and the middle flow due to forward movement of the 

front section (Figure 4-44 and Figure 4-45). The crack is about 0.9 m wide at the top 

of the model at the point of contact overlap. Opening occurs faster at the top than 

the bottom of the crack (Figure 4-45). Opening is also simulated at the other two 

vertical persistent discontinuities. 
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Figure 4-44:  X-displacements (in meters) and discontinuity/flaw opening in model 3. Discontinuity B 

widened to about 0.9 m at the top of the model. 
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Figure 4-45:  X-displacements (in meters) and discontinuity/flaw opening in model 3. Yellow dashed 

lines delineate material zones. Discontinuity between material zones 1 and 2 widened to 

about 0.9 m at the top of the model. Arrows show schematically the approximate 

relative x-displacements. 

 

4.7.6 Yielding and Tensile Failure in the Back Section  

In initial Lobe 4 model runs, I observed yielding and tensile failure in the back 

sections of the models (Figure 4-46). The model below has the same properties as 

model 4.1 (Table 4-4 to Table 4-6) except that it lacks the zones of high tensile 

strength in the back of the flow rock (material zone 1) and in the basal flow rock 

(zone 6). An extension of the right boundary of the model did not reduce tensile 

failure, which indicates that the boundaries were not affecting the slope. I therefore 

applied the high tensile strengths in the final models (4-5 MPa for the back flow rock, 

3 MPa for the back basal flow rock). Notwithstanding the presence or absence of 

yielding in the back flow rock, the front of the model is negligible. 

Lineaments are visible behind the crests of Lobes 3 and 4 on aerial 

photographs (Hardy et al., 1978) and also can be inferred from the magnetic survey 
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of Lobe 4 (Chapter 3; Figure 4-46). Gravitational induced displacements could cause 

pre-existing, flow-related vertical structures to open and lead to induced extensile 

strains at considerable distance from the barrier face. Further work is required to 

investigate such lineament control on displacements and would need to negate the 

influence of Voronoi size on differential strains. 
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Figure 4-46:  Yielding and tensile failure in the middle and back sections of Lobe 4 when tensile 

strength in the back is reduced.  Blue arrows show approximate locations of surface 

lineaments (Hardy et al., 1978). 

 

4.7.7 Voronoi Polygon Sizes 

I observed that smaller polygons, with an average edge length of 10 m, in the 

interior flow rock section result in increased yielding and tensile failure compared to l 

= 15 m (Figure 4-47). The model response to the smaller average edge lengths and 

corresponding joint stiffness values is yielding and tensile failure along the 

boundaries of material zones with different GSI and tensile strengths. The material 

zones in effect behave as virtual boundaries. Figure 4-47 shows tensile failure 

concentrated between the zone with GSI = 65 and tensile strength = 1 MPa and the 

zone to the right with GSI = 75 and tensile strength = 5 MPa. Increased yielding and 

tensile failure also can be observed at the right outer boundary. Despite the yielding 

in the back, however, the change in behaviour at the slope front of the model is 

minor. Because it was not possible to verify the model with slope displacement 



 
 

 102 

monitoring, larger Voronoi sizes (l = 15) were chosen to reduce unrealistic contrasts 

in model stiffness and deformation.  
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Figure 4-47:  Increased yielding and tensile failure in the interior flow rock and at the right 

boundary, with Voronoi average edge length = 10 m in the interior flow rock.  

 

The incorporation of Voronoi polygons in UDEC modelling allows for brittle 

fracture simulations, but can also result in complex model behaviour with respect to 

Voronoi size effects on kinematics and displacements at model material or Voronoi 

boundaries and to the assignment of rock mass properties to Voronoi flaws. 

Consequently, the preliminary and investigative nature of the current modelling is 

emphasized.  

4.8 Limitations    

Modelling of The Barrier is complex and is subject to at least six limitations:  

 

(i)  Limited GSI information: Obtaining the necessary GSI data for all rock units in 

Lobes 3 and 4 was not possible due to hazard and access issues. Only the base of 

Lobe 4 and the rock spur of Lobe 3 were safely accessible. The structure of the 

central section of Lobe 3 was briefly examined during field visits in March 2009 and 

May 2009, but data collection was limited and abandoned due to the high rock-fall 
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hazard. It was not possible to obtain field data for the basal flow rock, and the 

composition of unit 7 is completely unknown. Furthermore, the GSI information from 

the flow rock of Lobe 3 was limited to one sample site and therefore cannot be 

considered representative of the entire flow rock. Assumptions were made based on 

a combination of available field and published data.  

 

(ii)  Limited discontinuity information: The size of the study area and accessibility 

issues also limited my ability to map discontinuities. I relied solely on 

photogrammetric models, supported by observations made during the field work.  

The quantity and quality of discontinuity data were limited by the resolution of the 

photographs. 

 

(iii)  Assumptions about Voronoi parameters: To determine values of 
minZ , I had to 

assume average Voronoi polygon edge lengths. Contact stiffness ratios were 

determined to fit Poisson‟s ratio and the ratio of shear modulus (G) to Young‟s 

modulus (E). 

 

(iv)  Hydrology: The influence of water movement through and at the base of the 

lava flow could only be considered in this study by reducing material, flaw, and 

discontinuity properties. Fluid flow can be modelled in UDEC, but with limited 

existing data and model uncertainties, such modelling could not be justified. 

 

(v)  Contact overlap: Equation 5-1 yielded low joint normal and shear stiffness 

values (kn = 550 MPa/m, ks = 210 MPa/m; and kn = 98 MPa/m, ks = 38 MPa/m) for 

Voronoi flaws in unit 7 with very low deformation moduli (Em = 2444 and 511 MPa). 

For some models, it was necessary to increase these values to avoid contact overlap 

early in the simulation ( 

) and thus allow the models to run longer and develop yielding and tensile failure in 

the interior flow rock.  

 

(vi)  Limitations of Hoek-Brown criterion: In the mid-range of the GSI scale, the 

Hoek-Brown criterion can be applied with confidence, but with high GSI (>65) and 

very weak rock masses (σ‟ci < 10-15 MPa), the criterion‟s use is problematic 

(Appendix 2; Brown, 2008; Carter et al., 2008). As noted by Brown (2008), the 

Hoek-Brown criterion and its derivatives are empirical methods. “They are not 



 
 

 104 

intended to replace and, indeed, depend for their successful application on, careful 

thought, detailed appraisals of site geology, carefully conducted site characterisation 

and laboratory test programs, and a detailed evaluation of the mechanics of the 

engineering problem being addressed”. In the case of The Barrier, these additional 

geological data could unfortunately not be acquired due to access restrictions. As a 

consequence, the models must be considered exploratory and preliminary. 

4.9   Discussion and Conclusions  

I drew the following conclusions based on preliminary UDEC modelling of The 

Barrier:  

 

(i) Material and flaw properties influence the stability of the ice-contact lava, unit 7, 

and the front sections of flow and basal flow rock. 

 

(ii)  Zones of yielding and tensile failure are present in the front sections of unit 7, 

the ice-contact lava, basal flow rock, and the transition zone in all models.  

 

(iii)  Yielding and tensile failure also occur in the interior flow rock, dominantly along 

boundaries between material zones. Zones of different properties are probably 

present in The Barrier, given that the lavas were emplaced against ice.  

 

(iv) The interface between the basal flow rock and the basement bedrock has an 

important influence on stability at low friction angles. The estimated average slope of 

the bedrock surface is 7-10° beneath Lobe 3 and about 14-15° beneath Lobe 4. 

Instability of the slope model occurred, as expected, when the friction angle of the 

interface was lowered below these values (models 3, 4-2, and 4-4). Such low value 

would require high water pressures and possibly soil-like cohesive materials along 

the interface. 

 

(v)  The yielding and failure patterns of the models with interface friction angles 

lower than the slope of the base of the lavas also result in higher kinematic freedom 

for failure, less contact overlap, and consequently longer model simulations 

compared to models with a weak unit 7 but stronger bedrock interfaces. Contact 

overlap limited my ability to observe the full response of the model to slope failure 

due to initial failure within the weak unit 7.  
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(vi) Voronoi flaw opening and separation occurred in models 4-2 and 4-3, 

independently of the presence of vertical discontinuities in the flow rock. Voronoi flaw 

opening and separation are less pronounced in model 3, but a widening vertical 

discontinuity was observed. This widening probably relates to the change in the slope 

of sub-lava basement surface.  

 

(vii)  Higher values of tensile strength (>4-5 MPa) were necessary to avoid yielding 

in the back sections of both Lobe 3 and 4 models. Tensile failure was extensive in 

model 3, even with higher tensile strengths.  

 

(viii)  Yielding and tensile failure patterns depend on Voronoi polygon sizes and 

corresponding joint normal and shear stiffness.  

 

(ix)  The base/height ratio of the front columns is probably an important control on 

column failure. This factor could not be fully investigated, because column failure 

following tensile failure or yield in unit 7 could not be simulated due to contact 

overlap problems. Further work is required, including more discontinuity data and 

simplified models.  

 

Taking into account the geology and field observations, the preliminary 

modelling indicates:  

 

(i)  Significant instability controls for Lobe 4 include the presence of ice-contact lava 

and possibly unit 7, and the steeper bedrock–lava interface inclination relative to 

Lobe 3.  

 

(ii) Factors that may have caused instability of Lobe 3 before the 1855-1856 

landslide include weakening and formation of discontinuities in the lava flow due to 

emplacement against ice, the presence of the weak unit 7, and possibly further 

alteration of material and increased pore pressures resulting from water flow from 

the lakes behind Lobe 3. The lower inclination of the interface between bedrock and 

the lava flow is a positive stability factor. 

 

(iii) Yielding, tensile failure, and joint opening can be observed in the front columns, 

basal flow rock, transition zone, and unit 7 in the models of both Lobes 3 and 4. This 
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result shows the importance of these weak units. The present escarpment of Lobe 3 

does not include remnants of the ice-contact lava, with the exception of a small rock 

spur, and the escarpment consists of interior flow rock resting on basal flow rock and 

unit 7 (Figure 4-26, Figure 4-30, and Figure 4-31). Unit 7 is largely buttressed by an 

apron of talus. The lack of ice-contact lava, assumed low inclination of the bedrock 

surface beneath Lobe 3, and the talus apron improve the stability of the present 

escarpment of Lobe 3. It is likely that, before 1855, remnants of the unstable lava-

ice contacts were present in the face of The Barrier, resulting in a less stable setting. 

Nevertheless, significant uncertainties remain about the causes and trigger of 

the 1855-1856 landslide and the potential for future large failures. UDEC models 

with low properties (models 3, 4-2, 4-3, and 4-4) show tensile failure and yielding in 

the interior rock, particularly in the weaker front sections, but also as far back as 600 

m from the front margin in more competent rock. Opening of Voronoi flaws (models 

4-2 and 4-3) and vertical discontinuities in the flow rock (model 3) were observed in 

the presence of the weak unit 7 and an interface with friction angles less than the 

bedrock slope. The responses in the Lobe 4 models should also be considered 

possible for Lobe 3, because of uncertainties in lava flow thickness and subsurface 

geometry. 

Three conceptual failure mechanisms based on model simulations are shown 

in Figure 4-48: 

 

Mode 1: Tensile failure in the toe, the columns, and the front sections of the basal 

lava and unit 7 lead to failure of the columns. Failure is confined to the toe and the 

columns. This failure mechanism was observed in model 4-4 and was also starting to 

develop in model 4-1. 

 

Mode 2: Brittle failure develops at the toe of the slope. Tensile failure ensues in the 

toe, columns, basal lava, and the flow rock. Unit 7 fails either internally or along the 

bedrock interface, where water and glacial sediments may be present. Fractures 

propagate through the flow rock and connect to form the rupture surfaces. An 

existing persistent discontinuity may act as the rupture surface. The present scarp 

face may be the result of several successive failures or a single large event. This 

failure mechanism was observed in models 4-2 and 4-3.  
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Mode 3: If the bedrock interface has a low effective friction angle (due to high water 

pressures) and persistent vertical discontinuities in the flow rock are present, a large 

section may be potentially unstable.  
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Figure 4-48:  Conceptual failure mechanisms based on model simulations. 
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I stress that all of my models must be considered preliminary, because of the 

significant uncertainties involved in using a Voronoi tessellation approach on such a 

large slope without means to verify the models. They should be seen as indicators of 

possible slope deformation mechanisms and as a foundation for further investigation, 

and not as conclusive indicators of slope deformation mechanisms. 

4.10 Recommendations for Further Modelling  

As a first approximation, I modelled The Barrier assuming the presence of ice-

contact lava and lava with intermediate fractures. The 1855-1856 failure probably 

occurred either in rock affected by ice-lava interaction or along the boundary of 

weaker intermediate forms and more competent interior flow rock. I offer the 

following recommendations for future modelling that may provide additional insights 

into failure mechanisms: 

  

(i)  Additional persistent discontinuity sets visible in the present scarp of Lobe 3 

should be incorporated in the model. More detailed discontinuity data would be 

valuable, but would be difficult to obtain. The resolution of the photogrammetric DTM 

should be improved by using a longer focal length (f=400 mm), UAV6-based 

photogrammetry or by using a long-distance laser scanner. Notwithstanding, the 

joint roughness, joint compressive strength, infill, and aperture must be assessed at 

outcrops in the field. This is a limitation that cannot be overcome as the joints in the 

face of The Barrier cannot be accessed due to rock fall hazard. 

 

(ii)  Modelling could be improved with additional and improved GSI data, but data 

acquisition is subject to the same limitations as mentioned above. 

 

(iii)  The influence of water flow through and at the base of the lava flow was not 

considered fully in this study. The model could be improved by including fluid flow, 

although it would be difficult to obtain the required information about the 

groundwater flow system.  

 

(iv)  Uncertainty remains about the origin of lineaments behind the crests of Lobes 3 

and 4. These lineaments may be flow-related or caused by high gravitationally 

induced tensile stresses. If they are flow-related, high tensile stresses may cause 
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them to widen. I recommend monitoring and detailed mapping of these lineaments 

with PSInSAR7, and airborne LIDAR8, and a detailed investigation of their influence 

on the stability of The Barrier. 

  

(v)  The validity of Equation 4.1 for joint normal stiffness for rocks masses with low 

deformation modulus should be assessed. I recommend sensitivity analyses to 

investigate the influence that different joint normal and shear stiffness have on 

model behaviour. 

 

(vi) The sensitivity of the model to changing Voronoi sizes in the different rock units 

should be evaluated through sensitivity analyses. Consideration to the use of other 

brittle fracture modelling codes such as ELFEN (Rockfield Software, 2011) should be 

given. 

 

(vii)  The preliminary models indicate a range of possible failure mechanisms. 

Further investigation would be useful to reduce parameter and model uncertainty 

and test the failure mechanisms proposed in this study.  
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 Permanent scatterer interferometric aperture radar.   

8
 Light detection and ranging.  
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5. SEISMIC MONITORING PILOT STUDY  

In November 2008 I installed two passive broadband seismometers near The 

Barrier. The seismometers detect ground vibrations caused by rock falls and other 

landslides and earthquakes, and thus can provide information on the frequency of 

these events. The motivation of my work is a pilot study to evaluate the possibility of 

such a seismic monitoring, but not a detailed analysis.  

I collaborated with Dr. Jackie Caplan-Auerbach, a seismologist at Western 

Washington University. Dr. Caplan-Auerbach provided the seismometers and helped 

me analyze the data. I also cooperated with Stefan Mertl from the University of 

Technologies Vienna, who adapted his open-source program Seismon (Mertl and 

Brückl, 2008; Mertl and Hausmann, 2009; Mertl, 2011) to analyze the data from The 

Barrier. The monitoring period extended from 26 November 2008 to 28 July 2009. 

Paolo Zamparutti and Stefan Marta helped me install and maintain the 

seismometers. 

5.1 Sources of Events on The Barrier  

Barrier-related events recognized in this study include rock falls and larger 

landslides. Rock falls involve falling and tumbling movements of small and moderate 

blocks of rock on steep slopes. Landslides are less frequent, much larger failures of 

rock, such as the 1977 and 1855-1856 landslides.  

Figure 5-1 shows potential rock-fall and landslide source zones on The 

Barrier. The 50-90 m thick rubble layer and weathered rocks at the top of the Lobe 3 

escarpment are the main source for rock fall. Rock falls have caused the slope to 

recede to 40-50˚ (Mathews, 1952), whereas the flow rock section of the escarpment 

reaches 75-85˚ (Chapter 1, Figure 1-5). Figure 5-2 and Figure 5-3 show 

photographs of the rock-fall source zones on Lobe 3.  

Infrequent rock falls may occur along steeply dipping platy fractures in the 

flow rock of Lobe 3 (Chapter 4, Section 4.3.2). Larger landslides, similar to the 1977 

event, can occur in the vertical dacite columns in the south section of the Lobe 3 

escarpment (Chapter 2, Figure 2-9; Chapter 4, Section 4.3.2). The column-on-

column structures on the spur of Lobe 3 (Chapter 2, 2.2.2) and the base of Lobe 4 
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(Chapter 2, Section 2.3) formed close to the former ice-lava margin; their 

preservation suggests that these rocks are resistant to erosion. 

 

 

Figure 5-1: Rock-fall and landslide zones at The Barrier. Red: frequent rock falls; yellow: rock 

falls possible; orange: approximate location of 1977 landslide.  

 

 

   

Figure 5-2: Rock-fall source zone at the top of the Lobe 3 escarpment; view to the north. 
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Figure 5-3: Rock-fall source zone at the top of the Lobe 3 escarpment; view to the north. 

 
The southeast section of Lobe 4 (Chapter 2, Figure 2-18) has vertical columns 

that may be another source of rock falls. Potentially unstable blocks also occur on 

top of this part of the Lobe 4 escarpment (Chapter 2, Figure 2-18). The northwest 

margin of Lobe 4 shows no evidence of recent rock falls. Given its steepness (75-

85˚) and fracturing (Chapter 2, 2.3), however, this area of Lobe 4 cannot be rule out 

as a potential source of rock fall. The UDEC modelling indicates that tensile failure of 

the columns is possible (Chapter 4, Section 4.7 and Section 4.9). 

5.2 Methodology  

5.2.1 Seismometers  

I used digital Guralp CMG-6TD broadband seismometers in this study (Figure 

5-4; Guralp, 2011). Data were sampled at 100 Hz frequency. The highest frequency 

that can be recovered at a given sampling rate is the Nyquist frequency, which is half 

the sampling rate. Consequently, I could recover signals up to 50 Hz.  

I deployed one seismometer (serial number XT690) about 2300 m southwest 

of the Lobe 3 escarpment and other instrument (YC630) near the Barrier Look-Out, 

about 600 m north of the central section of the escarpment. The distance between 

the seismometers is approximately 2400 m (Figure 5-5). I deployed a third 
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seismometer at the Rubble Creek parking lot, but later removed it due to excessive 

noise from Rubble Creek (Figure 5-5). Seismometer YC630 was deployed on 11 

November 2008 and XT690 on 26 November 2008. Both instruments were removed 

on 28 July 2009. The seismometers required an exchange of batteries every 4-6 

weeks. The exchange was not always possible, thus there were periods of two weeks 

or more in January, February and April 2009 when data were not collected at both 

instruments due to dead batteries.  

 

 

Figure 5-4:  Guralp CMG-6TD broadband seismometer (Güralp Systems, 2011). 

 

N

 

Figure 5-5:  Locations of seismometers and distance between YC630 and XT690.  
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5.2.2 Data Interpretation and Event Identification  

I used the open-source program Seismon for data interpretation. The 

program was developed by Stefan Mertl (2011), and is Matlab-based, modular 

software. Events were detected using the program‟s automated event detection and 

pattern extraction functions, which are based on separation of seismic events from 

noise in sonograms (Mertl and Brückl, 2008). I classified the detected events as 

mass-wasting events from The Barrier, earthquakes, or noise. To differentiate mass 

movements from noise and earthquakes, I analyzed the waveforms and compared 

the seismometer data with earthquake bulletin information from seismograph 

stations operated by Natural Resources Canada (2011). The stations (code and 

approximate distances to my seismometers) are Whistler (WSLR, 24 km), Sechelt 

(SHB, 68 km), and Bowen Island (BIB 62 km) (Figure 5-6). Additionally, I used 

waveform data from the Whistler seismograph station for comparison with my data. 

 

50 km N

 

Figure 5-6:  Location of seismographs.  Stations YC630 and XT690 were deployed for this study.  

Stations WSLR, SHB and BIB are operated by Natural Resources Canada.   

 

Rock falls originating from The Barrier are unlikely to be detected by the 

Whistler station, unless they are major events. Consequently, I assumed that events 

detected by both Barrier seismometers and the Whistler seismograph station were 

earthquakes. An example of an earthquake listed in the Natural Resources Canada 
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(2011) bulletin is shown in Figure 5-7. It occurred on 3 May 2009, approximately 78 

km southwest of The Barrier and 100 km from Whistler, and had a magnitude of ML 

= 1.7 (Natural Resources Canada, 2011). Because of the greater distance to the 

epicentre (Figure 5-8), the wave onset is registered later at the Whistler 

seismographic station than at The Barrier.  

 

WSLR

XT690

YC630

Earthquake bulletin Seismon detection

 

Figure 5-7: Earthquake on 3 May 2009, registered at seismometers XT690 and YC630. The yellow 

bar shows the onset and end of the earthquake, reported in the Natural Resources 

Canada (2011) earthquake bulletin. The blue bar shows the event detected by Seismon. 

The earthquake is registered later at the Whistler seismographic station because it is 

farther from the epicenter (Figure 5-8).  

 
For this analysis, I filtered the data between 1 and 15 Hz. Seismon allows a 

classification of each detected event. I classified events as: an event recorded at one 

station, an event recorded at two stations, an earthquake, or noise.  

I next differentiated events detected only at seismometer YC630. These 

signals can be rock falls and noise. Possible sources of noise include avalanches, 

traffic on the Sea to Sky Highway, wind, animals, skiers, hikers, helicopters, or 
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logging operations. Activity in a quarry less than 1 km away from seismometer 

XT690 in June and July 2009 was another source of noise. For this differentiation, I 

filtered the waveform data with a 1-15 Hz band-pass filter, and visually examined 

and classified the data. Table 5-1 lists event types and indicators.  

 

78 km

 

Figure 5-8: Epicentral location of earthquake on 3 May 2009, approximately 78 km from 

seismometers XT690 and YC630, and 100 km from Whistler.   

 

Table 5-1:  Types of events and indicators.  

Type of event Waveform indications Indications from stations 

Regional 

earthquake 

Seismogram exhibits multiple 

phases; similar waveforms at 

all stations 

Registration at earthquake 

seismograph stations; 

earthquake bulletin 

Rock fall  Relatively long signal with 

distinct onset, one or more 

intense pulses; often spindle-

formed envelope 

Detected only at station YC 

630; larger events potentially 

detected at XT690, but not at 

the Whistler seismograph 

station   

Snow 

avalanches 

Longer duration of power 

output than for rock falls 

(Bessason et al., 2007), but 

signals of these events are 

difficult to differentiate 

Detected only at station YC 630  

Noise Irregular, low amplitude 

waveforms 

No correlation between the 

signals detected at stations 
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Deparis et al. (2008) describe the different phases of a rock fall: rupture and 

detachment, free fall, impact, and rolling, sliding, or both (Figure 5-9). The four 

phases result in a long signal that diminishes over time (Figure 5-10). Rock-fall 

seismograms can, however, also have complex shapes with irregular envelopes and 

several energy pulses, probably resulting from multiple sequential failures and from 

the propagation of different wave forms (Deparis et al., 2008).  

 

 

Figure 5-9: Schematic cross-section of a Schematic cross-section of a rock-fall path profile. Hf is 

thevertical free-fall, Ht is the total drop height, Dp is the runout distance (modified from 

Deparis et al., 2008, their Fig. 1). 

 
 

Det ProImp Dep

YC630

 

Figure 5-10:  Top: Example of vertical seismograms for three rock-fall events, and the four phases () 

shown in Figure 5-9. Det = initial rupture of rock mass and detachment; Imp = impact; 

Pro = propagation; and Dep = deposit (modified from Deparis et al., 2008, their Fig. 4). 

Bottom: seismogram from seismometer YC630 at The Barrier.   
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5.3 Results  

i) Frequency of larger events: 

I examined seismic data recorded during December 2008, March 2009, May 

2009, and July 20099 for rock falls with sufficient energy to be detected at both 

stations. I identified only one such event, on 28 July 2009 (Figure 5-11 and Figure 

5-12).  

 

WSLR

XT690

YC630

 

Figure 5-11: Event registered at both seismometers XT690 and YC630 on 28 July 2009. Y-axes are 

normalized to the maximum value of the seismogram during the displayed time period. 

 
Three lines of evidence suggest that this event originated on the Barrier. 

First, the wave arrived earlier at seismometer YC630 than at seismometer XT690. 

Second, the wave frequency of the event at YC630 is higher than at XT690, 

suggesting that higher frequency signals were attenuated as they travelled to XT690. 

                                            
9
 Data were examined for the period 28 May to July 28; no data were recorded for the last days of July.  
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Third, the amplitude of the signal is higher at YC630 than at XT690. When the y-axes 

of the seismograms have the same scale, the event cannot be identified at XT690 

(Figure 5-12). A normalized y-axis was required to display the event at XT690 

(Figure 5-11).  

 

WSLR

XT690

YC630

 

Figure 5-12: Event registered at both seismometers XT690 and YC630. Y-axes have the same scale. 

 

Determining the exact source location for the rock fall would require a third 

seismometer, assumptions about the materials the waves travel through on their 

way to YC630 and XT690, and exact wave velocities for the rocks. Gebrande et al. 

(1982) report a mean compressional wave velocity of 5010 m/s for intact granite and 

3630 m/s for sandstone. At The Barrier, the waves must travel through both 

materials (Chapter 1). In a first approximation of the distance to the source, I 

assume a mean wave velocity of 4000 m/s. The time difference between the signal 

peaks is approximately 0.6 s, thus the calculated difference in the distance between 
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the source and the two stations is 2400 m; this distance is consistent with a source 

at the Lobe 3 escarpment. 

 

ii) Frequency of rock falls: 

Mathews (1952) reported that blocks of dacite repeatedly broke off the Lobe 

3 escarpment during warm and dry days in the summer, but rock falls were less 

common on cool, foggy days. In winter, snow at the base of The Barrier remained 

unscarred for at least a day (Mathews, 1952).  

I have made similar observations while in the field. I examined the base of 

The Barrier for rock-fall activity on three selected days in winter, spring, and summer 

for rock falls.  

Table 5-2 shows the results of the observations from three selected days. 

Weather data for these days are presented below. The data are from the Whistler 

Mountain Mid-Station at 1320 m asl (Environment Canada, 2011). This elevation 

corresponds to that of the rock-fall start zone on the Lobe 3 escarpment of The 

Barrier.  

 

a) 10 March 2009 was an unusually cold and dry day, with a recorded minimum 

temperature of -19.3˚ C, a maximum temperature of -9.0˚ C, a mean 

temperature of -14.2˚ C, and no recorded precipitation. 

b) 5 May 2009 was a wet day with a minimum temperature of -0.6˚ C, a 

maximum temperature of 3.1˚ C, a mean temperature of 1.3˚ C, and 14.1 

mm of total precipitation. 

c) 28 July 2009 was the warmest day of the seismic monitoring period, with a 

minimum temperature of 20.7˚ C, a maximum of 31.1˚ C, and a mean 

temperature 25.9˚ C, and no precipitation.  

 

The middle column of Table 5-2 shows the number of events detected by 

Seismon‟s event detection algorithm; the right column lists the events that I could 

with confidence identify as rock fall. Rock falls constitute about 20-40% of the 

detected events. Seismon‟s pattern extraction algorithm detects not only rock falls, 

but also noise (Table 5-1). Figure 5-13 shows an example of a rock-fall event, and 

Figure 5-14 shows a signal that I did not classify as a rock fall.  
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Table 5-2:  Events and rock falls detected at seismometer YC630. 

Day Number of events detected by 

Seismon on YC630 

Events identified as rock fall  

10 March 2009 20 4 

5 May 2009 180 63 

28 July 2009 253 99 

 

 

XT690

YC630

 

Figure 5-13: Rock fall recorded at seismometer YC630. The event was not registered at seismometer 

XT690. The signal has a sharp onset, intense pulse, and gradually decreases over the 

following 10 seconds.   

 

The results in Table 5-2 indicate a difference in the number of rock falls on 

the different days. Figure 5-15 and Figure 5-16 show photographs taken from 
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beneath the Lobe 3 escarpment on 10 March 2009 and 8 May 2009. The photographs 

support the observations from the seismic data. On 10 March 2009, snow beneath 

the Lobe 3 escarpment is unscarred by rock fall. The last significant snowfall10 

occurred on 1 and 2 March 2009, with 20.7 mm and 19.2 mm recorded precipitation 

at Whistler Mid-Station (Environment Canada, 2011), indicating a minimum of 8 days 

of little or no rock-fall activity. On 8 May 2009 abundant debris is present below the 

Lobe 3 escarpment. The Whistler Mid-Station recorded 5.7 mm of precipitation on 7 

May 2009. The minimum temperature was below zero, but the mean temperature 

was above zero, thus only part of that precipitation was in the form of snow, and 

that snow probably melted over the course of the day (Environment Canada, 2011).  

 

XT690

YC630

WSLR

 

Figure 5-14: Event detected by Seismon, but not classified as a rock fall. The event begins gradually 

and extends over at least 8 seconds without a significant decrease in energy. The 

sources for this signal is unknown. 
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 2.2 mm of precipitation were recorded on 7 March 2009. 
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Figure 5-15: The Barrier on 10 March 2009: The snow beneath the Lobe 3 escapement is unscarred. 

The last significant snowfall occurred on 1 and 2 March 2009. 

 

 

Figure 5-16: The Barrier on 8 May 2009. Abundant rock-fall debris is present below the Lobe 3 

escarpment. Whistler Mid-Station recorded 5.7 mm of precipitation on 7 May 2009, but 

the snow probably melted over the course of the day. 

 

 Table 5-3 shows the total number of events detected by Seismon at YC630 or 

at XT690, but not at both, thereby excluding earthquakes, for the months of 

December 2008 and March, May, June, and July 2009. There are periods of two or 

more weeks in January, February, and April 2009, during which data were not 
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collected simultaneously at both seismometers. consequently these months were 

excluded. The number of events for July 2009 in Table 5-3 is extrapolated from 28 

days of data. 

Table 5-3:  Total number of events detected per month by both seismometers YC630 and XT690.  

Month Number of events detected by Seismon on YC630 or XT690 

December 2010 

March  1541 

May  7076 

June 4493 

July 4712 

 

This automated detection can provide a first estimate of the seasonal 

frequency of rock-fall events. The approach is problematic, however, as it assumes a 

constant ratio of rock fall to noise throughout the observation periods. Background 

noise, which can reduce the seismometers‟ ability to detect events, varies 

throughout the year. It can be caused by storms, for example, which are more likely 

in winter than summer. Analysis of each detected event would be necessary for a 

detailed study.  

5.4 Conclusions and Recommendations  

This preliminary seismic monitoring study showed that seismic monitoring is a 

feasible method for detecting rock falls and landslides at The Barrier. Over the four-

month period of the study (December 2008; March, May, and July 2009), I detected 

only one event of sufficient energy to be recorded at both seismometer stations. 

Analysis of smaller, but much more frequent rock fall was subject to limitations in 

discriminating rock-fall events, non-rock-fall events, and noise.  

Table 5-2 shows that rock falls constitute only 20-40% of the detected events. I 

recommend that one or more seismometers be deployed closer to the Lobe 3 

escarpment during any future study. Additional instruments located closer to The 

Barrier would record small rock falls, facilitating their automated separation from 

other events and noise, and allowing events to be better located, thus increasing 

confidence in the signal interpretation. 
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6. CONCLUSION 

The 1855-1856 and earlier landslides have changed the morphology of The 

Barrier. Ice-contact volcanic rock is absent in the main escarpment of Lobe 3 and 

only the flow interior is exposed. I conclude that in previous landslides, the slope 

likely failed along ice-contact rock structures, including pseudo-pillow, column-on-

column, and sheet-like and transitional forms.  

Numerical modelling of The Barrier indicates that failure in the weak toe of 

the slope can cause tensile failure in the toe, the columns, and the front sections of 

the slope. If the weak unit 7 fails either internally or along its weak bedrock interface 

with underlying basement rocks, fractures may propagate through the flow rock and 

connect to form the rupture surface. Both failure modes are possible in ice-contact 

volcanic rocks of The Barrier. All modelling was subject to several parameter 

uncertainties.  

Landslides from the escarpment of Lobe 3 cannot be discounted in the future. 

Failure mechanisms, however, will likely differ from those involved in the 1855-1856 

and pre-1855 landslides. Smaller failures involving dacite columns in the south 

section of the Lobe 3 escarpment, similar to the 1977 landslide, are possible. 

Numerical modelling indicated the possibility of extensional strains and ensuing 

tensile failure and yielding in competent interior flow rock up to 600 m back from 

The Barrier escarpment. Lineaments behind the tops of the escarpment of current 

Lobes 3 and 4 or they may be flow-related or caused by dilation of pre-existing 

structures. If the bedrock interface has a low effective friction angle due to high 

groundwater pressures and persistent vertical discontinuities are present, a large 

section of rock could fail. 

Lobe 4 appears to be largely intact, despite the presence of potentially weak 

ice-contact volcanic rock and an interface between the lava flow and the basement 

rocks that is steeper than the same interface beneath Lobe 3. The lakes behind The 

Barrier drain through Lobe 3, but not Lobe 4, potentially decreasing the stability of 

the former. Nevertheless, modelling indicates that Lobe 4 could be unstable like Lobe 

3 under adverse groundwater conditions. Talus buttresses the toes of both Lobes 3 
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and Lobe 4, probably increasing their stability compared to the situation prior to 

1855.  

I estimate that Lobe 4 is 500-550 m thick. The thickness of Lobe 3 could not 

be determined from the magnetic survey due to the presence of surface rubble layer 

with high magnetic remanence. However, I estimate its maximum thickness to be 

480 m from surface elevations and the morphology of the interface between Lobe 3 

and the underlying basement rock 

The seismic monitoring pilot study showed that seismic monitoring is a 

feasible method for rock-fall and landslide studies on The Barrier, but one or more 

seismometers should be deployed closer to the Lobe 3 escarpment for an automated 

separation of rock fall and noise and for event localization.  
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APPENDIX 1: MAGNETIC SURVEY  

There are two sources of magnetization (Schön, 1996):  

(i) induced magnetization produced by application of a magnetic field to 

material that has magnetic susceptibility; and 

(ii) remanent magnetization resulting from a natural alignment of magnetic 

moments within ferri- and ferromagnetic substances (see below).  

 

Magnetic susceptibility is a measure of the magnetic response of a material to 

a magnetic field. Volume susceptibility (  ), which is used in the interpretation and 

modelling of the magnetic field data (Section 3.6) is defined as:  

H

M
   (A1-1)  

 

where M is the material magnetization per unit volume and H is the external 

magnetic field strength and   is a dimensionless unit. H  and M  are expressed, 

respectively, in A/m and B  in Tesla (1 T = 1 Vs/m). 

Magnetic permeability ( ) relates magnetization to magnetic induction B  and 

is related to susceptibility by   

 1   (A1-2)  

 

Table A1-1 shows the conversions between SI and the older cgs-system.  

 

Magnetic materials are of three types of magnetism with respect to 

susceptibility: (i) Diamagnetic materials create a magnetic field counter to an 

external applied magnetic field, consistent with Lenz's law. This induced 

magnetization is controlled by the magnetic susceptibility (  ) of the material. 

Diamagnetic materials have a low negative magnetic susceptibility.   for common 

rock-forming minerals is in the range of -10-5 (Tarling and Hrouda, 1993). (ii) In 

paramagnetic materials, a magnetic field results in a magnetic moment that has the 
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same direction as the applied field. Paramagnetic substances have a positive 

susceptibility; in the case of common rock-forming minerals, k is of the order 10-4 to 

10-2 (Tarling and Hrouda, 1993). (iii) Ferromagnetic and ferrimagnetic materials 

have a much higher positive susceptibility than paramagnetic and diamagnetic 

materials. Basalts, for example, have susceptibilities in the range of 3 x 10-3 to 2 x 

10-1 (Telford et al., 1990). The strongest contribution to rock magnetism comes from 

the minerals magnetite, titanomagnetite and maghemite (Nagata, 1961; Petersen 

and Bleil, 1982). This type of magnetization is temperature-dependent; above the 

Curie temperature the material has paramagnetic properties.  

Remanent magnetization results from the natural alignment of the magnetic 

moments of ferro- and ferrimagnetic minerals. Two types are important: (i) 

thermoremanent magnetization in magnetic moments align in magma and the 

orientation is preserved as the rock cools below Curie temperature; (ii) depositional 

remanent magnetization, in which magnetic moments are aligned during 

sedimentation and the alignment is preserved during consolidation and lithification.  

The magnetization of ferromagnetic and ferrimagnetic materials ( M ) is the 

sum of the induced magnetization ( iM ) and the remanent magnetization ( rM ):  

ri MMM    (A1-3) 

  

The ratio of the remanent magnetization to induced magnetization is the 

dimensionless Koenigsberger Q-ratio: 

H

M

M

M
Q r

i

r





 (A1-4) 

 

where rM  is the magnitude of the natural remanent magnetization (per unit 

volume),   is the volume susceptibility, and H  is the magnitude of the Earth‟s 

magnetic field at the site). The ratio is generally high in ferromagnetic and 

ferromagnetic substances, and low in weakly magnetic rocks (Milsom, 1996). 

Table A1-2 shows photographs of rock samples, numbered 1 to 12, with test 

cores labelled alphabetically in raising order, and mean susceptibility and remanent 

magnetization values, and Table A1-3 the susceptibility and remanent magnetization 

data as measured in the Montan University of Leoben. Figure A1-1 shows the 

projected profiles 2 to 16. 
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Table A1-1:  Conversion factors between SI units and cgs system 

Symbol SI unit cgs unit Conversions 

H  A m-1 Oe (Oersted) 1 A m-1 = 4 10-3 Oe = 1.257 10-2 

Oe 

1 Oe = 103/4  A m-1 = 79.6  A m-1 

M  A m-1 Gauss 1 Gauss = 103 A m-1 

1 A m-1 = 10-3 Gauss 

B  Tesla  

1T = 1 V s m-1 

Gauss 1 Gauss = 10-4 T 

1 T = 104 Gauss 

  dimensionless dimensionless   [SI] = 4    [cgs] 

  [cgs] = (1/4  )   [SI] 

 

Table A1-2:  Results of susceptibility and remanent magnetization measurements. Arrows on the 

rock samples mark the true north direction. Magnified photographs of the samples 

were taken through a Celestron digital microscope with a 10x magnification.  

 

Lobe 3 Flow Rock 

 

 

Flow rock, Lobe 3 

 

 

 

Magnified view of flow rock, Lobe 3 

Susceptibility (SI): 

(3.19  0.22) 10
-2

 

Remanent 

magnetization (A/m): 

1.492  0.268 

Koenigsberger Q -ratio: 

0.097  0.025 

Density (g/cm
3
): 

2.664  0.046 

 

 

1 cm 

10 cm 
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Lobe 3 Lava-ice 

 

 

Flow rock, Lobe 3, lava-ice contact 

 

  

 
Magnified view of flow rock, Lobe 3, lava-ice 

contact 

Susceptibility (SI): 

(3.12  0.08) 10
-2

 

Remanent 

magnetization (A/m): 

1.398  0.139 

Koenigsberger Q -ratio: 

0.089  0.008 

Density (gcm
3
): 

2.707  0.037 

 
Lobe 3 Rubble 

 

 

Volcanic rubble, Lobe 3 

 

 

 

Magnified view of volcanic rubble, Lobe 3 

Susceptibility (SI): 

(5.18  0.28) 10
-3

 

Remanent: 

magnetization (A/m): 

13.59  0.63 

Koenigsberger Q -ratio: 

5.257  0.193 

Density (g/cm
3
): 

2.21  0.045 

 

1 cm 

10 cm 

1 cm 

10 cm 
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Lobe 4 Flow Rock 

 

 

Flow rock, Lobe 4 

 

  

 

Magnified view of flow rock, Lobe 4 

Susceptibility (SI): 

(4.67  0.12) 10
-2

 

Remanent 

magnetization (A/m): 

10.05  2.25 

Koenigsberger Q -ratio: 

0.433  0.1018 

Density (g/cm
3
): 

2.700  0.065 

 
Lobe 4 Rubble 

 

 

Volcanic rubble, Lobe 4 

 

  

 

Magnified view of volcanic rubble, Lobe 4 

Susceptibility (SI): 

(8.81  0.23) 10
-3

 

Remanent 

magnetization (A/m): 

21.04  0.07 

Koenigsberger Q -ratio: 

4.78  0.11 

Density (g/cm
3
): 

2.139  0.100 

 

1 cm 

10 cm 

1 cm 

10 cm 
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Sandstone 

 

 

Sandstone 

 

  

 

Magnified view of sandstone  

Susceptibility (SI): 

 

(4.31  0.10) 10
-4

 

Remanent 

magnetization (A/m): 

< 0.0002 

Koenigsberger Q -ratio: 

 

n/a 

Density (g/cm
3
): 

 

2.834  0.021 

 
 
 

1 cm 

10 cm 
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Table A1-3: Susceptibility and remanent magnetization data.  

Rock type Sample Susceptibility 

Remanent 

magnetization

Koenigsberger 

ratio Q Density

(SI) (A/m)  (g/cm3)

Lobe 3 flow rock 1-A 3.12E-02 1.298 0.083 2.672

Lobe 3 flow rock 1-B 2.97E-02 1.350 0.091 2.654

Lobe 3 flow rock 1-C 3.06E-02 1.127 0.074 2.634

Lobe 3 flow rock 1-D 3.37E-02 1.611 0.096 2.626

Lobe 3 flow rock 2-A 3.39E-02 1.456 0.086 2.673

Lobe 3 flow rock 2-B 3.49E-02 1.485 0.085 2.756

Lobe 3 flow rock 2-C 3.41E-02 1.409 0.083 2.759

Lobe 3 flow rock 2-D 3.41E-02 1.214 0.071 2.614

Lobe 3 flow rock 3-A 2.39E-02 2.909 0.244 2.713

Lobe 3 flow rock 3-B 3.10E-02 1.093 0.070 2.532

Lobe 3 flow rock 3-C 3.25E-02 1.563 0.096 2.647

Lobe 3 flow rock 3-D 3.34E-02 1.387 0.083 2.692

Lobe 3 lava-ice 4-A 3.17E-02 1.551 0.098 2.714

Lobe 3 lava-ice 4-B 3.16E-02 1.647 0.104 2.694

Lobe 3 lava-ice 4-C 3.07E-02 1.570 0.102 2.687

Lobe 3 lava-ice 4-D 2.95E-02 1.255 0.085 2.684

Lobe 3 lava-ice 5-A 3.18E-02 1.341 0.084 2.799

Lobe 3 lava-ice 5-B 3.14E-02 1.409 0.090 2.726

Lobe 3 lava-ice 6-A 3.15E-02 1.232 0.078 2.642

Lobe 3 lava-ice 6-B 3.07E-02 1.349 0.088 2.755

Lobe 3 lava-ice 6-C 2.90E-02 1.075 0.074 2.704

Lobe 3 lava-ice 6-D 3.11E-02 1.553 0.100 2.779

Lobe 3 lava-ice 6-E 3.09E-02 1.239 0.080 2.667

Lobe 3 rubble 7-A 5.75E-03 14.970 5.203 2.219

Lobe 3 rubble 7-B 5.41E-03 13.050 4.821 2.312

Lobe 3 rubble 7-C 5.09E-03 14.080 5.535 2.202

Lobe 3 rubble 7-D 5.21E-03 13.460 5.167 2.263

Lobe 3 rubble 7-E 4.80E-03 12.790 5.324 2.153

Lobe 3 rubble 7-F 4.79E-03 13.160 5.489 2.177

Lobe 4 flow rock 8-A 4.83E-02 6.288 0.260 2.721

Lobe 4 flow rock 8-B 4.73E-02 5.357 0.226 2.754

Lobe 4 flow rock 8-C 4.82E-02 6.652 0.276 2.742

Lobe 4 flow rock 8-D 4.86E-02 7.484 0.308 2.748

Lobe 4 flow rock 9-A 4.72E-02 12.180 0.516 2.727

Lobe 4 flow rock 9-B 4.48E-02 12.310 0.550 2.595

Lobe 4 flow rock 9-C 4.59E-02 12.510 0.545 2.619

Lobe 4 flow rock 9-D 4.48E-02 11.880 0.530 2.595

Lobe 4 flow rock 9-E 4.53E-02 12.280 0.543 2.597

Lobe 4 flow rock 10-A 4.53E-02 9.850 0.434 2.671

Lobe 4 flow rock 10-B 4.62E-02 11.040 0.478 2.769

Lobe 4 flow rock 10-C 4.74E-02 11.070 0.467 2.792

Lobe 4 flow rock 10-D 4.73E-02 11.760 0.497 2.767

Lobe 4 rubble 11-A 8.58E-03 20.970 4.890 2.239

Lobe 4 rubble 11-B 9.04E-03 21.110 4.673 2.039

Sandstone 12-A 4.24E-04 0.000096 0.000 2.839

Sandstone 12-B 4.17E-04 0.000085 0.000 2.806

Sandstone 12-C 4.45E-04 0.000078 0.000 2.821

Sandstone 12-D 4.37E-04 0.000065 0.000 2.871
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Figure A1-1: Projected profiles 2 to 16 (total magnetic field strength in nT). 
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APPENDIX 2: THE HOEK-BROWN CRITERION  

Hoek-Brown Criterion and GSI  

The Hoek-Brown failure criterion (Hoek and Brown, 1980, 1988) is the most 

common failure criterion for rock masses. It was introduced in 1980 for analysis of 

underground excavations in hard rocks. The criterion starts with intact rock 

properties and applies geological observations on joints and other discontinuities to 

reduce properties. The criterion was later updated for general rock mechanics 

applications by Hoek et al. (2002).  

The Geological Strength Index (GSI) was introduced to relate the Hoek-Brown 

failure criterion to field geological observations. The GSI provides a semi-quantitive 

measure of rock mass strength, based on the degree of fracturing and the condition 

of fracture surfaces.  

The generalized Hoek-Brown failure criterion is defined as (Hoek et al., 2002):  

  (A2-1) 

where σ‟ 1 = major effective principal stress, σ‟3 = minor effective principal stress, σ‟ 

ci = uniaxial compressive strength of intact rock material, mb = reduced value of a 

material constant for intact rock (mi ), s = rock mass constant, and a = coefficient to 

adjust the principal stress plot or Mohr envelope, and mb, s, and a are defined as:  

 

     (A2-2) 

    (A2-3) 
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D is a disturbance factor related to blast damage and ranges from 0 for undisturbed 

in situ rock masses to 1 for heavily disturbed rock masses (Wyllie and Mah, 2004). 

The criterion also allows for the calculation of a modulus of deformation (Em) (Hoek 

et al., 2002): 

   (A2-4) 

 

where σ‟ ci = uniaxial compressive strength of intact rock material. 

In numerical modelling, shear strength is generally evaluated using the Mohr- 

Coulomb failure criterion. Therefore, it is necessary to determine Hoek-Brown and 

Mohr-Coulomb friction angles and cohesive strengths that are equivalent (Hoek, 

2007). Figure A2-2 shows the relation between major and minor principal stresses 

for Hoek-Brown and equivalent Mohr-Coulomb criteria.  

 

 

Figure A2-2: Relation between major and minor principal stresses for Hoek-Brown and equivalent 

Mohr-Coulomb criteria (Hoek, 2007, his Fig. 7). ' is the angle of friction.  
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Limitations of the Hoek-Brown Failure Criterion  

The Hoek-Brown criterion works well for the mid-range of the GSI scale, 

where rock mass behavior tends to be controlled by interblock shear strength. 

Towards the two ends of the GSI scale, however, application of the Hoek-Brown 

criterion is problematic (Brown, 2008; Carter et al., 2008). Brittle spalling and strain-

bursting failure can occur in massive, essentially unjointed rock masses with high 

GSI (>65). Spalling parameters are lower than the parameters estimated by the 

Hoek-Brown criterion, consequently the spalling transition criterion predicts lower 

rock mass strength than the Hoek-Brown criterion (Carter et al., 2008). Shear failure 

and squeezing behavior can occur in very weak rock masses (σ‟ci < 10-15 MPa); soil 

transition parameters are higher than the parameters estimated by the Hoek-Brown 

criterion. In Equation A2-3, a approaches 0.65 as the value for GSI approaches 0 

(Pan and Hudson, 1988). In weak rock masses (σ‟ci < 10-15 MPa) a may be greater 

than this value and approach one, a value generally applied to soils (Brown, 2008; 

Carter et al., 2008). As a result, the soil transition criterion predicts lower rock mass 

strength than the Hoek-Brown criterion (Carter et al., 2008). Simulation runs in the 

models of The Barrier with parameters outside the mid-range of the GSI scale 

included: (i) middle and back interior flow rock with an assumed GSI of 65-70; and 

(ii) a weak unit 7 that in some cases had an uniaxial compressive strength of intact 

rock as low as σ‟ ci =15, but high GSI values. 
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APPENDIX 3: UDEC - BACKGROUND  

Block Constitutive Models   

UDEC offers seven different block constitutive models: (i) null model, (ii) 

elastic isotropic model, (iii) Drucker-Prager model, (iv) Mohr-Coulomb model, (v) 

ubiquitous-joint model, (vi) strain-softening/hardening model, and (vii) double-yield 

model. I used the elastic isotropic and the Mohr-Coulomb models in this study.  

The elastic isotropic model is valid for homogeneous, isotropic, continuous 

materials that exhibit linear stress-strain behavior with no hysteresis on unloading 

(Itasca Consulting Group, 2006). I used this model for solving for initial equilibrium 

prior to running simulations with a plastic criterion, because the elastic model 

prevents yielding during the solving process.  

The Mohr-Coulomb constitutive model is the conventional model to represent 

shear failure in soil and rocks (Itasca Consulting Group, 2006), and is the 

constitutive model I used for my modelling. The failure envelope for this model 

corresponds to a Mohr-Coulomb criterion with a tension cutoff (Itasca Consulting 

Group, 2006). The Mohr-Coulomb criterion states that shear stress (τ) tending to 

cause failure across a plane is resisted by the cohesion (c) and by the coefficient of 

internal friction (μ) times normal stress (σn) across the plane: 

 

  (A3-5) 

 

When the principal stress components (σ1 = σ1 = radial principal stress; σ3 = axial 

principal stress) and the friction angle ( ) are used, the criterion is:
 

   (A3-6) 

 
In terms of effective major and minor principal stresses, the criterion can be 

expressed as  
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  (A3-7) 

 

The relation expressed in Equation A3-3 results in Mohr-circles when shear stress (τ) 

is plotted against normal stress (σn). The envelope of the circles is the graphical 

expression of failure; failure can be expected above that line (Figure A2-3). 

The Mohr-Coulomb criterion loses validity when the normal stress (σn) crosses 

from compressive into the tensile region, because in that situation frictional 

resistance is lost. The criterion can be extrapolated into the tensile region, but only 

to a point (tension cutoff) where the axial (minor) principal stress (σ3) is equal to the 

uniaxial tensile strength (-Τo) (Figure A2-3). 

 

 

Figure A2-3:  Mohr-Coulomb failure criterion with tension cutoff (Goodman, 1989, his Fig. 3.15). 

 

Mohr-Coulomb Model 

The Mohr-Coulomb failure criterion is implemented in UDEC via an 

incremental elastic law, which uses the principal stresses ( 1 , 2 , and 3 ) with the 

out-of-plane stress ( zz ) being one of these. The principal stresses and principal 

directions are evaluated from the stress tensor components and ordered so that 

(Itasca Consulting Group, 2006): 
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1 ≤ 2
≤ 3

  (A3-8) 

 

The corresponding principal strain increments ( 321 ,,   ) are decomposed into 

an elastic component (superscript e) and a plastic component (superscript p): 

p

i

e

ii eee 
  (A3-9) 

 
Plastic components are non-zero only during plastic flow. The incremental expression 

of Hooke‟s law in terms of principal stress for 1 is: 

 eee eee 3211 21  
   (A3-10) 

 eee eee 3122 21  
   (A3-11) 

 eee eee 2133 21       (A3-12) 

 

An important aspect of the Equations A3-6 to A3-8 is that 
3

4
1

G
K  

and
3

2
2

G
K . The mechanical input parameters, bulk modulus (K) and shear 

modulus (G) of the block material are introduced here (Itasca Consulting Group, 

2006).  

Mohr-Coulomb Failure Criterion – the Yield and Potential Functions 

With the ordering convention 1 ≤ 2 ≤ 3 , the Mohr-Coulomb failure criterion 

can be represented in the plane, ( 1 , 3 ), as illustrated in Figure A3-4. The failure 

envelope is defined from point A to point B by the Mohr-Coulomb yield function: 

 NcNf s 231 
  (A3-13) 

with  






s i n1

s i n1




N

  (A3-14) 
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The envelope from B to C is defined by a tension yield function: 

3  ttf
  (A3-15) 

 
UDEC‟s failure criteria are based on Equations A3-9 and A3-10. In case of shear 

failure, consider first the case of 0sf : 

 

 NcN 20 31 
  (A3-16) 

For shear failure to occur, 0sf  and hence:  

 NcN 231 
  (A3-17) 

and  NcN 231     (A3-18) 

 

where 1  and 3
 
are negative. In this case, the stress point is brought back to the 

curve 0sf  using a flow rule derived using the potential function,
sg . For tensile 

failure to occur, 0sf  and hence: 

3 t

    (A3-19) 

3 
t

    (A3-20) 

 

where t  and 3 are negative. In this case, the stress point is brought back to the 

curve 0sf  using a flow rule derived using the potential function,
sg . The flow rule 

for shear failure is derived from 
sg  and has the form: 

 Ng s  31    (A3-21) 

 
where  is the dilation angle and: 
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s i n1

s i n1




N

 (A3-22) 

The flow rule for tensile failure is derived from the potential function,
tg , with 

3
t

g
  

 
   (A3-23) 

 

A function h (σ1, σ3) = 0 separates the two domains 1 and 2. h  is defined by 

the diagonal between the representation of f s = 0 and f t = 0 in the (σ1, σ3) plane 

(Figure A3-4). With the functions hff
ts
,, , the domain and flow rule for any stress 

point ( 21 , ) is completely defined. 

 

 

Figure A3-4: Mohr-Coulomb failure criterion in UDEC (Itasca Consulting Group, 2006, Figure 2.5). 

 

Material Properties  

The following parameters can be specified when using the Mohr-Coulomb 

constitutive model: bulk modulus (see below), block shear modulus (see below), 

block cohesion, block density, block dilation angle, block friction angle, and block 

tensile stress. Density, the bulk modulus, and the shear modulus must be specified.  

The bulk modulus (K) is the relation between the non-deviatoric (uniform) 

stresses (σmean) and the resulting relative change in volume under bulk rock 

compression; the unit of measure is Pascal [N/m²]. Bulk rock compression takes 
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place after fissures in the rock are closed by high nondeviatoric stresses and further 

compression causes pore and grain deformation at an approximately linear rate 

(Goodman, 1989). 

Different rocks have different behaviors during bulk rock compression. In 

porous rocks, for example sandstones, the pores begin to collapse under increasing 

stress until only the grains remain for further compression. The stress at which pore 

deformation begins depends, in part, on how well the rock is cemented. In very 

porous rocks such chalk or pumice the rock can be converted to a cohesionless soil 

as the pores are destroyed. In contrast, uniformly concave-upward curves 

characterize non-porous rocks such as granite or marble (Goodman, 1989). 

The shear modulus (G) is the ratio of applied shear stress (τ) to the resulting 

shear strain (εxy). The unit of measure is Pascal [N/m²]. Both bulk modulus and 

shear modulus can be derived from Young‟s modulus (E) and Poisson‟s ratio (ν): 

 

   (A3-24) 

  (A3-25) 

 

Young‟s Modulus and Poisson‟s ratio can be determined by tests, and values for 

different rocks can be found in publications on rock properties. Young‟s modulus (E) 

is also called the modulus of elasticity. This modulus is a measure of stress to strain:  

   (A3-26) 

 

Poisson‟ ratio (ν) is the ratio of lateral (εlateral ) and axial strain (εaxial) in a triaxial 

compression specimen (Goodman, 1989): 

 

εlateral  =  -ν · εaxial ↔ ν = - εlateral /εaxial     (A3-27) 



 
 

 144 

Joint Properties 

The effective Poisson‟s ratio of a rock mass includes a component due to the 

elastic properties of the rock mass and a component due to jointing (Itasca 

Consulting Group, 2006). Poisson‟s ratio is only valid for isotropic elastic material. 

Few jointing patterns will, however, result in isotropic elastic properties. Using a 

Poisson effect can take anisotropy into account (Itasca Consulting Group, 2006). The 

Poisson effect for an isotropic elastic material is (Itasca Consulting Group, 2006): 

   (A3-28) 

 

where σxx is the vertical stress, σyy is the horizontal stress, and ν is Poisson‟s ratio.  

Figure A3-5 is a sketch of a rock mass with joints dipping at an angle θ from 

the horizontal and with a spacing of S.  

 

Figure A3-5: Model for rock mass with joints dipping at an angle of θ and with a spacing of S (Itasca 

Consulting Group, 2006,  their Fig. 3.16). 

 

Assuming rigid blocks, such a rock mass has a Poisson ratio of (Itasca Consulting 

Group, 2006): 
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   (6-29) 

 

where kn  is the joint normal stiffness and ks is the joint shear stiffness. When rock 

mass properties are also included, the equation for the Poisson effect becomes 

significantly more complex. For the case of two equally spaced sets of joints dipping 

at θ=45° (Figure A3-5), the complete equation is (Itasca Consulting Group, 2006): 

 

   (A3-30) 

 

where E is Young‟s modulus and S is the joint spacing. The importance of the joint 

normal stiffness (kn) and the joint shear stiffness (ks) in the calculation can be seen 

in Equations A3-27 to A3-31. The ratio E/(S kn) is a measure of the intact rock‟s 

stiffness in relation to the joint stiffness. For a low ratio, the elastic properties of the 

rock have a larger influence on the Poisson effect; for a higher ratio the joint 

properties are more important (Itasca Consulting Group, 2006). In the case of rigid 

blocks. E/(S kn) is ∞, because E=∞; the Poisson effect is then controlled only by 

jointing, as seen in Equation A3-26. When no joint properties are considered, kn = ks 

= 0, and Equation A3-26 simplifies to:  

   (A3-31) 

If rigid blocks are assumed, E  ∞ and:  
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  (A3-32) 

 

  (A3-33) 

 

It follows that:  

  (A3-34) 

  (A3-35) 

 

and hence when E  ∞ (rigid block), we can write:  

   (A3-36) 

 

In this case, only the joint normal stiffness (kn) and the joint shear stiffness (ks) 

determine the Poisson effect. A detailed discussion of the Poisson effect in 

deformable blocks is provided in UDEC Version 4.0 Manual, Chapter 3: Problem 

Solving with UDEC, Section 3.3.  

Block Motion 

The distinct element method describes the motion of a system of distinct 

blocks; joints are the interface between the blocks and result in a mechanical 

interaction. The modelling method and the algorithm are based on physical 

fundamentals, especially Newton‟s second law of motion for a single body, 

conservation of momentum and energy of a system of bodies, the force-
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displacement law for contact forces between bodies and energy transfer, and block 

material constitutive relations that determine new stress within the elements (Figure 

A3-6).  

 

Figure A3-6: Calculation cycle for the distinct element method (Itasca Consulting Group, 2006, 

Figure 1.3). 

 

The process is characterized by dynamic parameters including velocity and 

acceleration, which are functions of time. Therefore, in the mathematical formulation 

dynamic terms are differentials and results (displacements) are integrals. The time-

stepping algorithm implements two processes for the calculation: (i) the variable 

time is discretized into steps of equal length ( t ); differentials become differences; 

(ii) the result for any step of the calculation related to the time tt   is calculated 

from the position at t  and an increment that is linear for the short time step. 
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The derivation starts with a formulation of Newton‟s second law for a single 

body in terms of the time-stepping algorithm: 

 

    (A3-37) 

 

where F is the force, a is acceleration, m is the mass, and u‟ = 
dt

du
= velocity.  

The term represents acceleration. 

Acceleration is calculated with respect to the centre of the time step and results as 

the difference of the velocities at the beginning and end of the step, divided by the 

time-step length.  

The same principle of discretization and time stepping for a forward 

calculation is applied for the displacements. The velocity at the half-time step 

)2(' ttu  and the displacement )(tu at the time, t , allow the calculation of the 

displacement at the following step 2tt  : 

 

    (A3-38)  

 

In the next step acceleration is implemented into the system, and the motion 

generalized for (i) translation (with force, mass, and velocity), and (ii) rotation (with 

momentum, momentum of inertia, angular acceleration. and velocity). 

Consideration of a group of bodies, instead of a single one, requires the two 

conservation principles: (i) conservation of momentum, and (ii) conservation of 

energy. Kinetic energy can be expressed in terms of mass and the square of the 

velocity. If elastic deformation in the form of a spring is assumed for two bodies, a 

second energy term must be considered. This second energy term is given by the 



 
 

 149 

displacement and the spring stiffness ( k ). These terms implement the joint 

properties and mechanical damping. 

The system of equations for conservation of momentum and energy contain 

the dynamic variable velocity. Velocities can be numerically integrated into 

translational and rotational displacements using the time-stepping algorithm for the 

series of individual steps; the new block locations are then determined (Figure A3-7).  

 

 

Figure A3-7: Interlaced nature of calculation cycle used in the distinct element formulation (Itasca 

Consulting Group, 2006, Figure 1.4).   

In Figure A3-7, u  is distance, 
dt

du
u 
.

 is velocity, 
dt

du

u

.

..

  is acceleration, F is force, 

Δt is a time step. 

Boundary Locations  

Lorig and Varona (2004) recommend the dimensions shown in Figure A3-8 for 

locating artificial boundaries. 
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Figure A3-8: Recommendations for locations of artificial boundaries (Lorig and Varona, 2004, their 

Fig. 10.3).  
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APPENDIX 4: PHOTOGRAMMETRY  

Photogrammetry uses of stereo-photography to determine XYZ coordinates of 

points through triangulation. A picture is taken of an object and captured on the 

sensor of a digital camera or on film. Here I consider only digital sensors. The light 

beam from a specific point on an object passes through the lens and exposes a point 

on the sensor. The sensor has a coordinate system, so each exposed point on the 

sensor has an x‟y‟ value. The XYZ coordinate of the point in a global or country 

coordinate system is determined through the surveyed position of the camera. When 

a photograph is taken of the same object, but from a different position, a coordinate 

for each point x²y² is recorded by the camera‟s sensor and a corresponding XYZ 

position determined in a global or country coordinate system (Figure A4-9).  

 

 

Figure A4-9:  Global or country XYZ coordinate system and xyz sensor coordinate systems (Moons, 

2000). 

 

This procedure is repeated for other exposed points on the sensor, which 

results in a cluster of points with XYZ coordinates. This process is called 

triangulation. From this cluster, map algebra is applied to create raster data, which 

then can be converted into digital elevation models (DTM).  
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APPENDIX 5: ROCK SAMPLE ANALYSIS  

Dr. Oskar Thalhammer analysed flow rock samples from Lobes 3 and 4 

(location: Chapter 3, Figure 3-9) in the Laboratories for Mineralogy and Petrology of 

the Montan University of Leoben. The results of thin section and chemical analysis 

are presented in Table A5-4 and Table A5-5. Table A5-6 lists the mineralogy of the 

samples, determined by X-ray diffractrometry. The two rock samples can be 

classified as alkali-andesite (Le Maitre et al., 1989). 

Table A5-4:  Thin section analysis. 

Lobe 3  Lobe 4  

 

Thin section of Lobe 3. 

 

Thin section of Lobe 4. 

Fine-grained matrix of plagioclase with 

amorphous glassy substance;  

plagioclase-phenocrystals up to 4 mm. 

Accessory minerals: Orthopyroxene, 

magnetite.  

Fine- and very fine-grained matrix of 

plagioclase with amorphous glas 

substance; plagioclase-phenocrystals 

up to 2.5 mm. Accessory minerals: 

Orthopyroxene, magnetite. 

 

6 mm 6 mm 
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Table A5-5:  Main chemical composition  

Substance Lobe 3 (weight %) Lobe 4 (weight %) 

SiO2 61.1 60.4 

TiO2 0.61 0.76 

Al2O3 18.0 17.6 

Fe2O3 5.47 5.72 

MnO 0.100 0.11 

MgO 2.82 2.94 

CaO 5.91 5.95 

Na2O 4.54 4.65 

K2O 1.19 1.51 

 

Table A5-6:  Mineral composition 

Mineral Lobe 3 (weight %) Lobe 4 (weight %) 

Quartz 14.49 12.41 

Orthoclase 7.03 8.92 

Albite 38.42 39.35 

Anorthite 25.22 22.69 

Diopside 0.62 1.78 

Hypersthene 6.74 6.50 

Apatite 0.56 0.81 

Magnetic minerals   

Ilmenite 0.21 0.21 

Hematite 5.47 5.72 

Titanite 1.22 1.59 
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