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Abstract 

Ocean island volcanoes expand laterally when their flanks slip outward along 

faults or, on rare occasions, when they catastrophically collapse. The south flank of 

Kīlauea, a volcano on the Big Island of Hawai‘i, for example, slips seaward along both its 

basal décollement as well as along the Hilina normal fault, a potentially shallower 

structure interpreted from seismic profiles. Our goal was to explore the physical 

conditions that promote flank stability versus basal slipping or shallow faulting. With 2-D 

finite-difference models, we characterized fault behavior in response to variations in 

physical parameters, including volcanic slope, presence and location of a shoreline, 

frictional strength, pore-fluid pressure, and magmatic intrusions. Models successfully 

produced stable and unstable flanks consistent with the angle of repose for either 

subaerial or submarine flanks. Models also indicated that the presence of a shoreline—a 

dual subaerial-submarine case—as well as high pore-fluid pressure tended to destabilize 

the flank. Models run with magma chambers did not show that the stability of the flank 

depends on the presence of low viscosity bodies, but there were many variables 

introduced in this category and not all of them were tested for their contributions to the 

flank’s stability. 
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Introduction 

Many of the variables that determine the shape of volcanic flanks have been 

extensively studied, including intrinsic properties of the magma and external, 

environmental factors where magma composition is not a distinguishing factor. Morgan 

and McGovern (2005), for example, discussed how volcanic slope and faulting of the 

edifice may be impacted by the sediment composition in the décollement, or basal layer, 

the rate of volcano growth, the pre-volcanic topography, and the depth of magma storage. 

However, volcanic spreading, or lateral extension, is a complicated process. The actual 

expansion events are extremely varied in scale, both temporally and spatially, ranging 

from a sudden, catastrophic collapse of an entire flank to the small, local bursts of 

microseismicity that occur over the span of several days (Iverson, 1995). On the 

Hawaiian Islands, the question of what factors facilitate these events is made more 

perplexing because the flanks typically have very shallow slopes due to their mafic lavas 

(Morgan and McGovern, 2005), at angles far lower than the internal friction angles of 

typical dry rock. This means other factors must contribute to faulting in a gravity driven 

system (Iverson, 1995; Foster et al., 2013). For these reasons, there are still many 

questions about the nuances of flank expansion in volcanic islands in an intraplate 

tectonic setting.    

 Kīlauea, a volcano on the Big Island of Hawaiʻi (Fig. 1a) is one of the most 

studied volcanoes on the planet, making it an optimal place to study flank expansion. The 

abundance of GPS units stationed across its flanks (Foster, et al., 2013) and the seismic 

data collected here provide a clearer view of the movement of its flanks than is available 

elsewhere. One of the notable ways the volcano’s flanks expand is through slow-slip 
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events (SSE), whereby 

the flank moves along its 

basal fault over several 

hours, days, or years 

(Montgomery-Brown et 

al., 2015; Denlinger and 

Morgan, 2014), 

generating low amplitude 

seismic waves. In 

addition to these SSE, 

large earthquakes are 

known to occur on the 

décollement (Morgan and McGovern, 2005; Denlinger and Morgan, 2014), which is 

likely made up of a layer of pelagic sediments of Cretaceous age up to 200 m thick 

(Morgan and McGovern, 2005) and marks the boundary of the volcano and the 

preexisting seafloor (Fig. 1b). Large slumps also occur, such as the Hilina slump (Fig. 

1c), which is bounded by normal faults that are possibly shallower than the décollement, 

as revealed by seismic reflection data (Denlinger and Morgan, 2014; Morgan et al., 

2003). This slumping area, headed by cliffs, appears to be the head of a large submarine 

landslide, but the existing data is unclear about the depth at which flank movement 

occurs (Denlinger and Morgan, 2014). Marine geophysical data has mapped the toe of the 

slump, as well as several seamounts at the margins of the deposits that were possibly 

created by the massive slide (Denlinger and Morgan, 2014). 

Figure 1a - A map of the Hawaiian-Emperor chain in the northern Pacific. This 
chain is the result of the plate’s motion above a hotspot plume, and the general 
linearity indicates consistent motion. The change of heading, expressed at the 
bend, occurred about 39 Ma and this separates the Emperor seamounts and the 
Hawaiian seamounts. The yellow rectangle shows the geographic setting for Fig. 
1b. The white circle within the rectangle highlights the debris field from the 
Nu’uanu landslide described in the text, which is visible at this scale. Figure made 
with GeoMapApp (www.geomapapp.org) 
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In this study, we modelled 

the southern flank of 

Kīlauea, including the 

Hilina fault system, in an 

effort to understand the 

many factors that 

influence the way flanks 

extend. Kīlauea’s magma 

storage likely has an 

impact on the stability of 

faults (Iverson, 1995), as 

do the numerous intrusions in the east rift zone (ERZ), known for the 2018 eruptive 

sequence (Morgan et al., 2003; Neal et al., 2019), and the southwest rift zone (SWRZ). It 

is also possible that the movement of magma directly beneath the summit caldera, which 

can be differentiated in the seismic data as a deeper signal than eruptive activity or 

shallow intrusions, impacts the flank’s stability and fault formation (Denlinger and 

Morgan, 2014).  

 Part of the motivation of this study comes from a very practical concern. 

Landslide and earthquake mitigation planning require the factors that influence the 

stability of Kīlauea’s southern flank to be understood. There is extensive evidence that 

the volcano flanks on Hawaiian Islands can fail dramatically (Iverson, 1995; Denlinger 

Figure 1b - The youngest part of the Hawaiian-Emperor chain is the Hawaiian 
Islands, shown with the oldest islands in the upper left and the youngest in the 
lower right. The islands all experience significant landslide activity, and the 
deposits of several of the larger slides are outlined here. The largest mass 
wasting event on the planet is the Nu’uanu landslide, outlined with the dashed 
line, which was an abrupt and catastrophic slope failure. Other slides are slower 
and continuously active, like the slide that is currently taking place on the 
flanks of Kīlauea on Big Island, outlined with a solid line. The yellow rectangle 
shows the context for Fig. 1c. Figure made with GeoMapApp 
(www.geomapapp.org)  
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and Morgan, 2014), 

displacing massive 

pieces of the volcano 

for kilometers onto the 

ocean floor and 

causing ‘mega-

tsunamis.’ The triggers 

of such events are 

poorly understood, so 

there is great interest in 

learning about both 

what happened to 

cause events like the Nuʻuanu landslide offshore of Oʻahu and the current conditions on 

the active, unstable Big Island. 

 

Figure 1c - Map of the Big Island of Hawai‘i, with a circle around the actively 
sliding, southern flank of Kīlauea. The white star indicates the HSDP drilling site 
described in the text. The three significant volcanoes on the islands are labelled, as 
are debris fields off the southern coast of the island. Although they are not labelled, 
there have been slides off the northern coast. (Denlinger and Morgan, 2014) 
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Geologic Background 

The Hawaiian-Emperor Chain is an 81 million year old hotspot track (Fig. 1a), 

stretching 5000 kilometers from Kīlauea on the Big Island northwards to the Aleutian 

trench with a significant bend in the path at Daikakuji, a 45 million year old seamount 

(Ruben, 2018). The hotspot is located under the Pacific plate, which is a fast moving 

plate, travelling between 5 and 10 cm/year (Ruben, 2018). The chain is divided into three 

groups based on age: the Emperor Seamounts, which are older than 39 million years old 

(Ma), the Hawaiian Seamounts, which are between 5 and 39 Ma, and the Hawaiian 

Islands, which are younger than five Ma. In the Hawaiian Island portion of the chain (Fig. 

1b), there are eight main islands. From northwest to southeast, the islands are Ni‘ihau 

(4.9 Ma), Kaua‘i (5.1 Ma), O‘ahu (2.6-3.7 Ma), Moloka‘i (1.8 Ma),  Lāna‘i (1.3 Ma), 

Maui (1.3-1.8 Ma), Kaho‘olawe (~1 Ma), and Hawai‘I, or the Big Island, (<.4 Ma). Each 

island may have one volcano, like Ni‘ihau, Kaui‘i, Lāna‘i, and Kaho‘olawe, or multiple, 

like the rest. All islands have a distinct geochemical signature and bimodal eruptive 

history patterns, beginning with tholeiitic lavas in the island building shield stage, 

followed by alkali and basanite lavas in the rejuvenation phase (Carracedo, 1999). 

All of the Hawaiian Islands show evidence of significant landslide activity except 

Ni‘ihau and Kaho‘olawe, the two smallest islands (Garcia et al., 2006). The landslides in 

the Hawaiian Islands, shown in Figure 1b, are among the biggest in the world, with the 

largest one being the Nu‘uanu landslide off the coast of O‘ahu (Garcia et al., 2006; 

Yokose, 2013). The Nu‘uanu landslide was sourced from the side of Ko‘olau, the eastern 

volcano on O‘ahu, and it travelled to the northeast of the island (Garcia et al., 2006). 

Over 3x103 km3 of material slid as a 50 km long packet, with the final location of the 
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front 200 km away from its start, forming the Tuscaloosa seamount in the process 

(Yokose, 2013; Satake et al., 2013). This was such a high energy event that turbidity 

currents were able to climb over a 500 m tall bathymetric high, reaching the other side of 

the Hawaiian Moat.  Microfossils suggest that the slide occurred at 2.5-3 Ma, when 

Ko‘olau was active (Garcia et al., 2006). Volcanic material collected from the deposit 

shows that there was a lateral explosion, not unlike the 1980 eruption of Mt. St. Helens, 

although the order of events is unclear. There is subaerial evidence of this event, with 

distinct cliffs (pali) on the side of the volcano. This massive slide is overlain in many 

areas by the Wailau landslide, another massive slide that came from East Moloka‘i 

volcano circa 1.5 Ma.  The Wailau landslide moved 1.5x103 km3 of material around 100 

km to the north (Yokose, 2013). 

Like most of the other Hawaiian Islands, the Big Island, is made of several large 

volcanoes that coexist over the hotspot: Mauna Kea, Mauna Loa, and Kīlauea (Fig. 1c). 

Mauna Kea is a dormant volcano and the tallest mountain in the world, with its peak 

reaching over 9 kilometers from the ocean floor (Ruben, 2018). It began erupting around 

0.8 Ma and it last erupted ca. 5000 years ago, and it makes up most of the northern half of 

the island. Mauna Loa is an active volcano that makes up most of the remainder of the 

island, and it is about 40 m shorter than Mauna Kea. Kīlauea, one of the most active 

volcanoes on Earth, can be found on the eastern flank of Mauna Loa. Kilauea and Mauna 

Loa have a complex magma plumbing system, with chemical signatures that suggest 

distinct reservoirs whereas seismic surveys indicate that they are in close proximity and 

are probably interconnected (Poland et al., 2014). Mauna Loa has been studied less than 

Kīlauea due to its current state of infrequent activity, but there is evidence of a magma 
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chamber 3-4 km below the caldera and a series of potential radial rift zones. Even with 

Kīlauea acting as a buttress, the southeast side of Mauna Loa is slowly deforming and 

moving, possibly slipping along a basal décollement made of pelagic sediments. Its 

flanks have inflated and deflated several times in the last forty years (Poland et al., 2014). 

Around the island, there is evidence of numerous landslides from both of the larger 

volcanoes, although none of these landslides are as large as the Nu‘uanu or Wailau slides 

(Denlinger and Morgan, 2014).  

Kīlauea has two primary magma reservoirs, a shallow one 1-2 km below the 

caldera and a deeper one to the south of the caldera, as well as two rift zones: the ERZ, 

including the Lower East Rift Zone (LERZ), and the SWRZ (Poland et al., 2014). As 

previously mentioned, Kīlauea is extremely active and its last major eruption was in 

2018, during which the caldera collapsed and the LERZ, located 40 km east of the 

caldera, effused lava continuously for about 3 months (Neal et al., 2019). Earthquakes 

were documented during this event and were localized at 6 km deep, where the 

décollement is presumed to be. Before this eruption, Kīlauea had a decade old lava lake 

in the summit crater, Halema‘uma‘u, and the Pu‘u ‘Ō‘ō cone near the ERZ had been 

erupting since 1983. Kīlauea’s older eruptive history was described by the Hawai‘i 

Scientific Drilling Project (HSDP) when they drilled a 1.7km core at the ERZ (Quane et 

al., 2000). From this core (Fig. 2), the HSDP determined that volumetrically, most of 

Kīlauea’s edifice was lavas (45%), followed by dikes (36%), hyaloclastites from 

underwater eruptions (13%), breccias (5%), and subaerial fragments. The lavas and dikes 

are tholeiitic and weakly to moderately olivine phyric, with some minor clinopyroxenes 

and plagioclase feldspars, and the hyaloclastites are predominately aphyric. The lavas 
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examined in the core came from Kīlauea, not Mauna 

Loa, due to the high concentrations of Ti and Nb that 

are indicative of Kīlauea’s source (Quane et al., 2000).  

The Hawaiian Islands demonstrate one style of 

collapse and flank deformation, but there are many 

different patterns of instability on other volcanic 

islands. To what extent are the styles related by a 

common process? Some of these behaviors are 

dependent on the geologic setting, some are dependent 

on the geographic setting, and others are dependent on 

the physical attributes of the island. The Hawaiian 

Islands, like the Canary Islands, are an intraplate 

hotspot chain (Carracedo, 1999). However, the Canary 

Islands are on the Atlantic plate, which moves much 

more slowly than the Pacific plate. As a result, the 

Canary Islands remain over the hotspot for longer 

periods of time and do not subside, whereas subsidence 

is characteristic of the Hawaiian Islands. This 

subsidence is in part due to the isostatic sinking of the 

plate as it passes over the mantle plume because the 

lithosphere, including the volcanic islands, is no longer buoyed by heat, so it cools and 

sinks. Most of the lateral movement of the volcanic edifice is the result of gravitational 

spreading, which is the driving force of flank movement on the Hawaiian Islands 

Figure 2 -  The stratigraphy of the 1.7 
kilometer core from the ERZ, with the 
location marked by a star in Figure 1c. 
The Hawai‘i scientific drilling project 
found that there were no significant trends 
in composition or eruptive habits over the 
last 350 ka. Most of the recent retrieved 
material was erupted lavas and intruded 
dikes, but there was evidence of older, 
underwater eruptions in the hyaloclastites, 
which are weakly indurated and poorly 
sorted clasts made of glass and fragmental 
lavas.  The stratigraphic column groups 
sand, ash, lithified breccia, and loose 
rubble together under the heading, 
‘Other.’ (Quane et al., 2000) 
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(Morgan and McGovern, 2005; Carracedo, 1999). However, movement of the flanks of 

Cumbre Neuva and other Canary Island volcanoes is almost exclusively triggered by 

volcanic eruptions and dike injections, which cause instability through magma 

overpressure (Carracedo, 1999). The flanks of Piton de la Fournaise on La Réunion also 

collapse primarily as a result of magma movement and show minimal gravitational 

spreading. The presence of shallow magma chambers may impact flank behaviors, as 

both Piton de la Fournaise and Kīlauea experience flank deformation whereas Cumbre 

Neuva, the only one of the three without shallow magmatism, does not deform in this 

way (Morgan and McGovern, 2005; Poland et al., 2017). 

  Magma activity plays a larger role in flank movement on Cumbre Neuva and 

Piton de la Fournaise in part because neither of them has a weak décollement like 

Kīlauea. Instead of pelagic clays that can support pore-fluid pressures above hydrostatic 

values, Cumbre Neuva has a décollement made of biogenic calcareous and siliceous 

nannofossils (Morgan and McGovern, 2005). This difference stems from the geographic 

settings of each chain, with the Hawaiian Islands in the deep ocean and the Canary 

Islands proximal to Africa.  

The volume of material and rate of growth also contribute to the style of flank 

instability behaviors seen at different hotspots. Piton de la Fournaise on La Réunion, for 

example, is also an intraplate hotspot volcano, but the volcano has a volume of only 1500 

km3 whereas Kīlauea is 11,000 km3 (Poland et al., 2017). Piton de la Fournaise also has a 

magma supply rate that is a tenth of Kīlauea’s. Other physical characteristics, like the 

angle of the volcano slope below sea level, also impact the depth and shape of faulting. 
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Both Piton de la Fournaise and Cumbre Neuva have steep slopes (15-20o) compared to 

the shallow slopes (5-10o) found on Kīlauea (Morgan and McGovern, 2005). 

These different physical parameters are important to consider because this study 

examines the various styles of flank stability seen on volcanic ocean islands, with the 

geometries and material properties based primarily on Kīlauea. Therefore, in the 

Discussion, we will examine the results’ applicability to other volcanoes in the Hawaiian 

Island Chain, to Piton de la Fournaise, and to Cumbre Neuva. 
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Methods 

4.1 Numerical Model and Code 

  In order to evaluate the flank’s responses to different conditions, we used a finite-

difference code in MATLAB called SiStER (Simple Stokes solver with Exotic 

Rheologies). This code solved for pressure and stress/strain fields using conservation of 

momentum and mass in a 2-D fully staggered finite difference grid (Gerya, 2010). 

The code solved the following system of equations (see Table 1 for definition of 

symbols): 

  
!"#$	&	

!'$
− 	 !)

!'$
+ 𝜌𝑔𝑥. = 0   (1) 

    ∇	•		v = 0    (2) 

The first of these is the conservation of momentum and the second is the 

conservation of mass. From these, we were left with three unknowns - pressure and the 

components of velocity in two dimensions - which were solved in a matrix using 

MATLAB’s ‘backslash’ solver. We also used the following creep laws:  

  ε4	5 = 	
6
78
	9:;	<
9=
+ 	 6

7>
	σ4	5   (3) 

  η	 = ( 6
>BCD

+ 	 6
>EFGH

)J	6   (4) 

for visco-elasticity (3, Maxwell’s Equation) and plasticity (4) to re-write the deviatoric 

stress (σ’i j),  

  σ4	5 t = 	2Zηε4	5 + 1 − Z ∗ σ4	5(t − Δt)  (5) 

where  
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    𝑍 = 	 RS=
RS=	T	>

     (6) 

which was then solved for using a finite-difference approximation. Up to 50 Picard-type 

iterations were completed for each timestep, and in each, the non-Newtonian viscosity 

terms were updated with the strain rate from the preceding velocity solution and were 

then used to solve equation (1). In this process, we solved for a variety of fields in each 

timestep, including the density, the visco-plastic viscosity, the strain rate invariant, the 

stress invariant, the horizontal velocity, the accumulated plastic strain, and the different 

pressure fields. These output fields were presented as a series of visual graphics that 

utilise colour to display the values at each location in the model. For this project, the 

strain rate invariant and the horizontal velocity fields were the best representations of 

fault development and flank deformation. 

Faulting was simulated in our model 

with the term ηplas, which limits the 

maximum stress that the wedge can bear 

without fracturing according to the Mohr-

Coulomb Brittle Failure principle.  This 

principle states that the rock will fail when 

its Mohr circle intersects the failure 

envelope (Fig.  3). Plasticity, or fault 

behavior, was not ‘turned on’ for the initial 

timesteps, meaning that although the rock 

should have failed according to Mohr-Coulomb, a fault did not form until the first 

Figure 3 - Mohr’s circle, graphically illustrating the 
impact of shear and normal stress on a rock. With higher 
pore pressure (related to λ), the lower shear stress 
necessary to cause failure. The vertical axis is shear 
stress (τ), the horizontal axis is normal stress (σ), and the 
line that is tangent to the semicircle is Byerlee’s Law or 
the fracture envelope, with a slope equal to the tangent 
of the angle of internal friction (φ).  is the average of σ1 
and σ3. 
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timestep following the delay. This initial condition allowed elastic deformation to occur 

while the model was set-up, before faulting takes place. 

 
Table 1 - Symbology in above equations 

Symbol Name Value (if 
constant) 

Variable Symbol Value (if 
constant) 

σ Stress  ε Strain rate  

Δt Timestep  G Shear Modulus 10 GPa 

P Pressure  η Viscosity  

⍴rock Density of 
rock 

2700 kg/m3 ηref Reference 
viscosity 

 

g Gravity 9.81 m/s2 ηplas Plastic 
viscosity 

 

vi Velocity 
component 

 Z Viscoelastic 
Ratio 

 

 

 

4.2 Model Geometry and Boundary Conditions 

An example of the model configuration is shown in Figure 4, which uses the 

density field output to show the different materials present, their geometries, and their 

spatial relationships. For most runs, the layout was an 8 km by 55 km box with a grid 

spacing of 100 m. The air and water, the dark and light blue layers respectively in Figure 

4, were ‘sticky’ in that they have a viscosity higher than that in the real world but lower 

than that of the wedge (1017 Pa s), which employed a common method for simulating a 

(nearly) stress-free surface on the strong rock. However, the unrealistic viscosities for the 

air and water impacted the force balance during active faulting, and so, the actual speeds 
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calculated in our velocity field were not geologically meaningful. The intent of the 

models was to identify the conditions that cause faults to form in the first place, but 

disregard the slip rates after fault formation. The volcanic wedge was modeled in most 

cases with a simple, rounded trapezoidal shape, with the right side slanted at a set angle, 

α, up from horizontal. The material properties within the wedge were also simple as they 

are kept homogeneous and isotropic, ignoring the variety and layering of strata shown in 

Figure 2. The lower 200 m of the model make up the décollement layer, and this layer 

was sometimes given characteristics distinct from the bulk of the volcano, as specified 

below. 

The base and right sides of the frame were held fixed for every run, permitting no 

material to pass through, and the top was always open, allowing the ‘sticky air’ or ‘sticky 

water’ to move through it. The left side was usually fixed, but we conducted some runs 

where it was a pressurized boundary, pushing on the side of the wedge with a lithostatic 

pressure, in which case material (i.e., magma) could flow in through the left boundary. 

Some of the run images in the results are of the velocity field, which helps to 

show how much movement there is in the whole slope and how much material is 

affected. The faults themselves were best demonstrated in the mapping of the strain rate 

invariant, which show reds and browns at places where εII is high (i.e., along faults). 

Figure 4 - Example of the layout of model runs in a shoreline case with the components identified by their 
density. The three materials in a run like this are the brown volcano wedge (ρ = 2700 kg/m3), the light blue 
ocean (ρ = 1000 kg/m3), and the dark blue air (ρ= 0 kg/m3). In the subaerial and submarine cases, the two 
materials would be the wedge and either air or water, respectively. 
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4.3 Variables 

  In total, we completed 194 model runs. There were a large number of variables 

that were varied independently and in various combinations, falling under seven broad 

categories (Table 2). Models were run to either 100, 200, or 400 timesteps, and each 

timestep was scaled based on the maximum value of the calculated velocity field, such 

that the material traveled no more than 25% of the width of a grid during one timestep 

(i.e., the Courant condition). 

Many of the model runs used geologically unrealistic values for the material 

properties of the wedge and décollement, as well as unrealistic values for the model run 

geometry, (i.e., magma chamber size). The following variable definitions include both the 

reasonable range for Kīlauea and the actual range tested.  We did this for all run types 

because the range of realistic values was generally not large enough to show any trends. 

The variable alpha (α) is the volcano’s slope, which was varied between 5 and 

30o, although only nine runs had α values over 20o. The most realistic values for 

Kīlauea’s south flank are between 5 and 10o (Morgan and McGovern, 2005). In the runs 

that did not vary α specifically, a default angle was used, which was ten degrees for 

‘Basal φ’ and ‘Basal λ’ runs and nine degrees for ‘Chamber,’ ‘Bench,’ and ‘Flat’ runs. 

No value of α was used in ‘Topography’ runs because the wedge did not have a constant 

slope.  

Phi (φ) is the angle of internal friction and the tangent of φ is the coefficient of 

friction, which is equal to the slope of the failure envelope at the point of intersection 

(Fig. 3). In our models, we primarily used the same φ for both the volcano and the 

décollement layer, but we did vary them separately to see the effects of having a contrast. 
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φ varied between 3o and 40o, and in the run types where φ was fixed, the default value 

was 30o.  Realistically for basalt, φint is between 30 and 40o, and for the décollement 

layer, φbase is probably around 30o (Dieterich, 1988; Morgan and McGovern, 2005). 

The environmental variable has three options - subaerial, submarine, or shoreline. 

For the first two conditions, the block was completely surrounded by air or water 

respectively, and in the third the block was partially submerged in water (Fig. 4), which is 

based on Kīlauea’s actual setting. In the shoreline runs, sea level was varied as a ratio of 

the volcano height. For example, ⅙ means ⅙ of the volcano’s height is above sea level 

and ⅚ is below. This ratio was set to ½, ¼, or ⅙, with ⅙ being the closest to the 

conditions on Kīlauea. For the runs completed before the ‘Sea Level’ runs, the ratio was 

not standardized and varied based on volcano slope and the position of the slope change. 

For most of those runs, this was close to a ratio of ⅙. In the runs completed after this 

category, the sea level ratio was ¼. Sea level was varied to clarify what variables control 

the initial shape and depth of the fault.  

The pressure boundary variable is a binary condition that asks if there is any 

lithostatic pressure on the left side, representing a magmatic intrusion, or if the boundary 

is fixed.  

Lambda (λ) is the Hubbert-Rubey fluid pressure ratio. It is used to determine how 

much of the total stress is supported by the pore pressure, with a default value of 

hydrostatic (ρwater/ρrock), about 0.37, for runs with water. Values higher than that value 

indicate that the pressure of the pore-fluid is larger than simply the weight of the water 

above it. While λint and λbase were usually kept at the same value, we did complete a few 

runs where they differed, and this was varied between hydrostatic and 1. 
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We also varied the shape of the volcano in a few ways. We used a rounded 

trapezoid in all cases except the ‘Topography’ runs. The shape of the wedge in these runs 

was determined using Kīlauea’s actual topographic data (Denlinger and Morgan, 2014). 

The flat distance variable measured how far the top of the volcano extends from the left 

side before it begins sloping down, with a default value of 15 km, except for ‘Sea Level,’ 

‘Chamber,’ and ‘Bench’ runs which used 8 km. Based on cross sections of Kīlauea, this 

distance was varied between 8 and 20 km so both of the default values are reasonable. 

The bench variable experimented with a ground layer so the slope doesn’t go all the way 

to the lower boundary, a feature also based in part on the cross sections. The values used 

were 40 and 45 km, which refer to where on the horizontal axis the slope intersects the 

bench, which resulted in different thicknesses of the bench. The material in the bench is 

likely deposits from previous slope failures, and so the bench has the same material 

properties as the wedge. 

The addition of a magma chamber introduced many new variables, and most of 

the ‘Chamber’ runs focused on the position, shape, and dimensions of a magma chamber. 

The chamber could be a quarter-oval in the lower left corner or an oval with specific x,y 

coordinates. The x and y dimensions were varied independently so as to capture a wide 

variety of behavior. In the ‘Corner’ runs, the x and y dimensions were between 1 and 5 

km, and in the ‘Shallow’ runs, y was kept at 0.5 km and x varied between 0.5 and 2 km, 

values based on Poland et al. (2014). The viscosity of the chamber was also varied, as a 

proxy for melted material in the chamber. The viscosity of the wedge was kept at 1023 Pa 

s, and the viscosity of the chamber varied between 1013 and 1023 Pa s. 
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When a model run generated a fault, we examined the validity of the fault’s 

behavior using regime diagrams based on the critical wedge failure principles presented 

by Dahlen (1984). The regime diagrams (Fig. 5) use curves predict the stability or 

instability of triangular wedges in an either completely subaerial or submarine 

environment. The theory and equations, as we used them to create these diagrams, did not 

account for a mixed subaerial/submarine case. When the models were unstable, we 

qualitatively described the variety of fault behaviors, paying most attention to conditions 

that resulted in shallow faulting and conditions that resulted in basal slipping.  
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Table 2 - Runs by category and altered variables 

Run Name  

(# of runs) 

α φ Env. Sea 

Level 

Pbound λ Dist. Bench Magma Topo. 

Environmental 

(52) 

x x x        

Strong φ  

(48) 

x x x   x     

Basal φ (6)  x1 x  x      

Basal λ (16)     x x2     

Sea Level  

(11) 

 x  x       

Flat (6)      x x    

Bench (15)      x2  x   

Chamber  

(24)  

     x   x  

Topography 

(16) 

     x2    x 

 

 x1 - φbase and φinternal are varied separately 

 x2 - λbase and λinternal are varied separately 
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Results 

The results are grouped according to the run type, as shown in Table 2. Each 

section discusses the general trends of flank stability and faulting style with respect to its 

focus variable(s), using a few output field images and regime diagrams as appropriate. 

For a complete list of the model run conditions and results, see Appendix A. 

 

5.1 ‘Environmental’ Runs - Reference Models 

  These runs were focused on verifying the numerical model predictions with the 

accepted maximum stable slope predictions (Dahlen, 1984)s as well as gathering an 

understanding of how the code behaved with no external factors. There were three 

environments, subaerial, submarine, and shoreline, and the prediction curves presented by 

Dahlen (1984) describe the first two. In the runs with water in the environment, pore-

fluid pressure was hydrostatic. The conditions above the prediction curves (α > φ) were 

unstable and those below (α < φ) were stable. These runs also gave us an opportunity to 

create definitions for describing the following runs and a general sense for the types of 

behavior we could expect. Given that the wedge shape is not an idealized triangular 

wedge, the results for our subaerial and submarine reference models were shifted very 

slightly from the predicted stability curves (Fig. 5), but followed the assumed principles. 

In many of the subaerial and submarine runs, the faults formed approximately 

parallel to the slope of the volcano. In cases where α < φ, no faults formed and in cases 
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where (α=φ), either 

no faults formed or 

they formed near 

the surface and 

remained shallow 

and slow for the 

duration of the run 

(Fig. 6a and b). 

When α > φ, or the 

volcano slope is 

greater than its 

internal friction, the 

flanks were 

unstable and faults 

occurred at varying 

depths.  

The 

shoreline cases 

were much less 

stable overall (Fig. 

6c). In order to 

achieve stability for these runs, φ values had to be increased to much higher values than 

were necessary in the subaerial or submarine cases. In many of these cases, the fault 

Figure 5 a, b, and  c - Using the method for determining stability outlined by Dahlen (1984), 
the runs for each environment are plotted in regime diagrams with the stability curves, with 
conditions over the line being unstable and those below the line being unstable. 5a shows 
the subaerial models and 5b the submarine models, and 5c shows the “shoreline” runs 
which feature air and water over the wedge (note that the bottom axis is different for 5c). 
The filled circles indicate that the run was stable and unmoving, the empty circles represent 
unstable conditions, and partially filled circles represent a transitional case where movement 
is shallow or only occurs over a small time frame. 5a and 5b line up very closely with the 
prediction but because the curves cannot take into account a case with multiple media, 5c 
does not, although it does show the lines for the subaerial and submarine cases. 
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became parallel to the volcano’s slope over time, but it started with a slightly bumped, 

spoon-like shape (Fig. 7), in which the fault was more horizontal near the up-slope end of 

the fault and curved to be more slope-parallel further downslope. This ‘spoon’ seemed to 

form both at the change in slope and at sea level, as these locations were in close 

proximity in the initial runs, so further work was done in the ‘Sea Level’ runs to see 

which variable dictated the location and geometry of this feature. The sea level ratio was 

not standardized in these runs and was dependent on the volcano slope, but for most 

setups, it is about ⅙.  Some of the instances where α>φ resulted in faults almost twice as 

deep as the previous environments, causing much more of the flank to slip downslope. 

 

Figure 6 a, b, c - The velocity field for the subaerial (6a), submarine (6b), and shoreline (6c) cases for when the 
volcanic slope (α) is 9o and the angle of internal friction (φ) is  9o.  In general, areas coloured brown and red are 
the areas with the highest velocity and areas that are dark blue are unmoving. However, note that the scale bars 
are not the same for the three runs. The subaerial run is stable, although it looks like most of the wedge is 
experiencing high velocities, because the relative velocity everywhere is on the order of 10-3, which for this 
model is approximately zero. The submarine run is an example of a transitional case (the partially filled circles 
on the regime diagram in Fig. 5), and the shoreline case is unstable. There are no units on the scale bars because 
the actual velocities calculated are based on unrealistic conditions (see ’sticky air’ in Methods) and so the 
relative values are more useful to gauge responses. 
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Figure 7 a, b, and c - The fault development with the strain rate invariant over time in the shoreline case 
where volcanic slope (α) is 9o and the angle of internal friction (φ) is  8.5o at timesteps 70, 100, and 150 
respectively. Note in 7a the curve at the top of the fault which occurs near the change in slope and sea level 
(indicated by the black horizontal line). In most runs, the faults began near the top of the slope and moved 
downwards as the material near the top moved into a more stable configuration (i.e., a shallower slope). In all 
these runs, the scale bar is the same. 
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 5.2 ‘Strong φ’ Runs - High 

Internal Friction Values and 

High Pore-Fluid Pressures 

  The variables manipulated here were 

the Hubbert-Rubey ratio (λ), or the 

amount of lithostatic pressure 

supported by the pore-fluid pressure, 

and the angle of internal friction φ, 

which was given more realistic values 

for basalt (20-40o) than the previously 

used, anomalously low values. Several 

values of λ were run to find the 

stable/unstable boundaries, with 

λ values at more than twice 

hydrostatic, causing complete flank 

collapse. The results are plotted on a 

variation of the regime diagram used 

previously that predicts stability as a 

function of 1-λ and the slope (Fig. 8) 

for each of the three values of φ. The 

models’ response to the changes made 

to λ were very dynamic, and 

Figure 8 a, b, and c – The regime diagrams for when the angle 
of internal friction (φ) is  20, 30, and 40o with high pore 
pressure (λ). Note that the horizontal axis is 1- λ, not λ, so the 
highest pore pressures are at the origin. For 8b, the slope of the 
wedge was varied from 5 to 25o, and the results are plotted with 
both the subaerial and submarine prediction curves while 8a 
and 8c are plotted with just the subaerial curve. The general 
behavior of the wedge was consistent with predictions, 
although the transition from stable to unstable occurs between 
prediction curves. 
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occasionally 

dramatic. Figure 9 

demonstrates this 

sensitivity as it 

shows three runs 

(a, b, c), all with φ 

values of 30o, with 

different lambdas 

(0.6, 0.8, 0.9 

respectively). The 

different values of λ could produce a large variety of fault depths, from very surficial to 

reaching the décollement, as well as some mid-depth (~2 km) faults, although the faults 

produced were all approximately the same shape. In addition, the behavior of the faults 

varied more than in the previous set of runs, as here we were able to observe the 

development of either a single fault, or a progression of indistinct, curved faults. The 

focus of this set of runs was λ, but observations of different φ values showed, 

unsurprisingly, that higher φ values were more stable than lower φ values.  

 

  

Figure 9 a, b, and c - The strain rate invariant for when volcanic slope (α) is 10o, the angle 
of internal friction (φ) is 30o, and the pore pressure ratio (λ) is 0.6, 08, and 0.9. These runs 
helped show that the value of pore pressure strongly impacts the stability of the flank. The 
behaviors ranged widely from no faulting or surficial movement (9a) to faulting that 
reached the decollement (9c). Other variations in behavior include the number of faults, 
from one that evolves with time (9b), similar to that described in the Environment runs, to 
multiple active at the same time (9c). 
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5.3 ‘Pressurized Boundary’ Runs - Lithostatic Intrusions with a Weak 

Base 

   Unlike the previous 

models with a fixed 

side, these runs had a 

pressurized boundary, 

maintained at 

lithostatic pressure 

(Pbound), on the left side 

of the model. This 

allowed for whatever 

in- or outflow was 

needed to match the 

pressure condition. 

This run also differed 

from the others, as a 

distinction was made between the wedge’s φ (φint) and the basal layer’s φ (φbase), where 

we returned to low φ values and a hydrostatic λ to better understand the fundamental 

behavior. The results of these runs, run in subaerial and shoreline environments, are 

plotted on regime diagrams (Fig. 10). φint was large enough to keep the slope from 

collapsing and changing shape, and the φbase was varied at values lower than that. The 

results of this show that for a subaerial environment, with suitably low φbase values, the 

entire flank could slide seaward and in other cases, the fault(s) that formed did not 

Figure 10  a and b – The regime diagram for subaerial and shoreline cases when the 
angle of internal friction of the wedge (φint) is 10 and 15o respectively, plotted with 
φbase. The shoreline is plotted with both prediction curves for φint = 15o and appears 
to follow the submarine case more closely. The results are generally in line with the 
predictions, although the subaerial case appears to be slightly less stable than the 
curve, and because only a few runs were completed, the transitions from stable to 
unstable in both graphs are not precisely mapped. 
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localize like in 

previous runs (Fig. 

11a). In a shoreline 

setting, the whole 

flank did not move as 

easily, and although 

the fault that formed 

was deep and the 

sloped side of the 

volcano slides 

seawards, the fault did not migrate inland and the flat-topped area did not move (Fig. 

11b). Although the faults here were much more focused than those in the subaerial 

setting, some were still a bit wider and less localized than those in runs with no Pbound. 

After running the models with a base weakened by low φbase, we ran models to 

observe behavior in setups with a base weakened by a high λbase. The faults that formed 

behaved like the ones in the ‘Basal λ’ runs (Section 5.4), as they were linear and multiple 

faults were active at the same time. However, some runs also resembled those from the 

other Pbound runs in that they were not as localized. 

 

  

Figure 11 a, b, and c – Examples of the three conditions under which the 
pressurized boundary runs operated: subaerial with a low angle of internal friction 
in the decollement (φint = 10o and φbase= 6), shoreline with a low angle of internal 
friction in the decollement (φint = 15 and φbase= 6), and shoreline with a high-pore 
pressure decollement (λint = 0.6 and λ base = 0.8 ). There were two general fault 
behaviors, one of which involved a single fault and the other multiple faults, but in 
all cases with faulting, the faults were generally linear (not curved like previous 
runs) and reached the decollement, upon which the wedge slid. 
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5.4 ‘Basal λ’ Runs  

  The pore-fluid pressure ratio was varied here, making a distinction between the λ 

value of the wedge (λint) and of the décollement (λbase). The faults that formed here were 

distinct from the other runs’ faults, as numerous distinct faults were active at a given 

moment (Fig. 12). These faults were very linear in shape, ran parallel to each other, and 

reached the décollement.  

As a result of the different type of fault, the instability was also different, as the 

wedge slid in discrete fault-bounded blocks. The faults were at an angle to both the 

décollement and the slope of the volcano, and the location of the initial faults depended 

on the value of λbase. A lower λbase caused movement to begin near the toe and the higher 

the λbase, the further inland the movement began. The faults primarily propagated 

landward over time, although a few formed more seaward, and dispersed from an initial 

cluster (Fig. 13). 

Figure 12 a, b, and c – The impact of a high pore pressure in the decollement (λbase) shown for hydrostatic pore 
pressure in the wedge (λint) and λbase = 0.5, 0.6, and 0.8 (the angle of internal friction (φ) is 30o for the wedge and 
decollement). All of these runs display multiple active linear faults that reach the decollement. The strength of the 
base determined where on the wedge the fault development initiated, with stronger bases causing more action 
towards the toe and weaker bases causing more action inland.  
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Figure 13	a, b, and c – The development of faults over time for the condition that pore pressure in the wedge (λint) 
was 0.4 and λbase was0.8, with images from timesteps 40, 75, and 150. Linear faults, as described in Fig. 12, 
initially form below sea level, with many of them active at the same time, and new faults develop generally in a 
landward progression, although a few form slightly seaward. The initial faults are densely packed together and 
over time, the density lowers as faults cease their activity following the redistribution of material that shallows the 
slope locally. 
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5.5 ‘Sea Level’ Runs 

  In this case, sea level was varied by adjusting the ratio to ¼ and ½ for varying 

values of φ, which were kept low, and λ was kept at hydrostatic (Fig. 14). As mentioned 

above, before these runs were completed, sea level was based on a trigonometric 

relationship and constants, meaning the resulting ratio was determined by the angle of the 

volcano slope. For 

most of these runs 

where α = 9, the ratio 

was approximately 

⅙.  We discovered that 

some aspects of the 

fault’s initial behavior 

depended greatly on 

sea level: while the top 

of the fault always 

began at the change in 

slope, the curvature and 

depth of the fault in the 

first few timesteps 

differed (Fig. 15). As shown, the ‘spoon’ shape that preceded fault formation always 

scaled so that it surfaced beneath sea level, meaning its curvature shallowed at different 

depths. The remainder of the fault, which ran shallow and parallel to the slope of the 

Figure 14 a and b – The regime diagrams for the two sets of sea level runs, with 
ratios of ¼ and ½, with both the submarine and subaerial prediction curves (which 
plot over each other in the angle of internal friction (φ) versus volcano slope(α) 
plots). The Dahlen predictions only account for the medium surrounding the wedge 
to have one density, meaning variables like sea level are not accounted for in his 
calculations, and so there was no expectation that these runs would align with the 
curves. In the runs completed prior to this category, when α = 9, the sea level ratio 
was ⅙ and in runs were completed afterwards, the sea level ratio was ¼. However, 
these runs were not standardized and so runs with other volcano slopes had sea 
levels that were a function of volcano slope and the position of the slope change. 
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volcano, gradually deepened with time, and the ‘spoon’ portion disappeared, leaving a 

linear fault. In general, the lower sea level was less stable than the higher sea level. 

 

  

Figure 15 a and b – Examples of the “spoon-like” concavity seen during the initial fault development in the 
shoreline cases at two different sea level ratios, ¼ and ½, when the volcanic slope (α) is 9o and the angle of 
internal friction (φ) is  9.5o. As demonstrated, both sea level and the slope have an impact. The shallowing base of 
the spoon, which runs parallel to sea level, depends on sea level while the tip of the spoon remains in the same 
place for both runs – at the slope change. In general, a higher sea level resulted in less flank movement, possibly 
due to sea level approaching the top of the flank, which would result in a totally submerged case, identical to the 
submarine runs. 
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5.6 ‘Flat’ Runs 

These runs attempted to find the impact of the location of the change in slope 

from flat to sloped by varying the flat distance and λ to cause slope stability and failure. 

The results showed that the models, for the values tested, did not change their behavior as 

a result of the various flat distances used. 
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5.7 ‘Bench’ Runs 

These runs added material to the bottom of the wedge, above the décollement, so 

that the slope of the wedge did not intersect the axis and instead leveled out, parallel to 

the flat distance (Fig. 16). The bench had the same material properties as the wedge and 

the thickness of the bench depended on where the slope intersected the horizontal line, 

which was 

determined using 

its x-coordinate. 

This was set to 

either 40 km or 45 

km and resulted in 

a thickness of ~2 

km or ~1 km, 

respectively. These 

runs varied λ and 

λbase, both together and separately, for each of the possible starting coordinates, and one 

run was completed for each using a distinct φ and φbase. We found that having a bench 

does impact the stability of the flank and thicker benches caused a more stable flank 

under the same conditions (Fig. 16). The style of faulting was not impacted, so those with 

a high λbase had multiple, linear faults active at the same time, but fewer faults were active 

when there was more material in the bench. The location of the faults also varied, as 

some minor faulting occurred in the bench, which allowed for material to pile up in a 

mound in later timesteps. 

Figure 16 a, b, and c – Fault development for hydrostatic pore pressure in the wedge 
(λint) and hydrostatic pore pressure in the base (λbase) is 0.8 with different bench starting 
points, one with no bench, one with a bench at 45 km, and one with a bench at 40 km. 
All the faults that form are linear and reach the decollement, and the bench itself 
develops faults as well. The added bench provides stability for main part of wedge with 
fewer faults active at each moment in time and with less movement of material 
downslope, as the bench inhibits movement along the base, but some of the moved 
material forms a mound in later timesteps, like one observed in the topographic data 
(see Fig. 19). 
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5.8 ‘Chamber’ Runs 

These runs were completed with a low-viscosity magma chamber which was 

either a quarter-oval in the lower left corner (Fig. 17) or an oval placed a few kilometers 

below the surface of the wedge (Fig. 18). In all of the runs, a low viscosity on its own 

was not enough to cause slope failure, even when the chamber was big (up to 5 km in the 

corner). If the wedge was unstable due to another factor, such as a high λ, the chamber 

had a small effect on the distribution of faults in its immediate vicinity (Fig. 18). The 

variables that were explored in these runs were the viscosity, shape, size, and position of 

the chamber. However, there were many other material properties that were not tested for 

model sensitivity. 

 

Figure 17 a and b – The layout of the chamber runs by viscosity (17a)  as log (η), where η is viscosity, and 
by strain rate invariant (17b) for a corner magma chamber. Shown here is the 3 x 3 km chamber with η= 
1017. All of the runs in this category were stable, but the model set up was different than previous runs. 
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Figure 18 a, b, and c – The strain rate invariant for runs with a shallow magma chamber, located at (5 km, 4 km) with 
dimensions of 1 x 1, 1 x 2, and 1 x 3 km (outlined with the white ovals) and with log(η) = 17, where η is viscosity. 
When pore pressure (λ) is hydrostatic, no movement occurred and no weaknesses were apparent, the same situation 
as the corner magma chamber runs. In order to see if shallow chambers impacted faults that developed due to other 
parameters, runs were completed with λ = 0.6, a condition where faults should form. It is hard to discern how much 
the chambers impacted faulting, but they do appear to impact the distribution of faults in their immediate vicinity a 
little, with the wider chambers causing a wider distribution than the narrower chambers.  
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5.9 ‘Topography’ Runs 

Runs here were completed with high pore pressures in a shoreline setting with the 

shape of the volcano defined by actual topographic data from Kīlauea, extending seaward 

from Kilauea’s ERZ (Fig. 19). The faulting patterns in the topographic wedges were very 

similar to those seen in the simplified wedges, with the best fits between the simple 

wedges whose slope was about the average slope of the topographic wedges (Fig. 20). 

Faults formed in areas of higher slope and surfaced where the slope shallowed, which in 

the simplified models was at the bottom of the graph but for the topographic models 

happened both about halfway down and at the bottom of the graph. The patterns of 

stability here were very similar to those found in the ‘Strong φ’ runs when λ and λbase 

were the same and the 

faulting resembled the 

faulting found in the 

‘Bench’ and ‘Basal λ’ 

runs when they were not. 

When λ and λbase were 

not equal, movement and 

faulting were localized 

further downslope. 

Figure 18- 	Kīlauea and the location of the cross sections, numbered above. Note 
that the 3rd line runs through the summit caldera, Haleama‘uma‘u, indicated by 
the white arrow. Many of the transects run across submarine benches and mounds, 
which show up in the topographic outlines as seen in Fig. 20. 
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Figure 20 a, b, c, and d – The large background images of the topographic wedges from cross sections 3, 4, 5, and 
6 (20a, 20b, 20c, and 20d, respectively) under the condition that pore pressure (λ) is 0.8 and the angle of internal 
friction (φ) is 30o. There was no constant volcano slope (α) used in these model runs, but the α value displayed is 
the average slope of the best linear fit. The superimposed models in the upper right corner of each image shows 
the simple wedge that best reproduces the cross-section faulting patterns in the topographic runs under the same λ 
and φ. For the most part, the best fits from the constant slope models use the same α as the average slopes. Note 
that the horizontal axes of the simple wedges are cut off, running from 15 to 50km, instead of 0 to 55km. One 
major difference between the results of the two model run geometries is that there is one fault in the simplified 
wedge model but there are two primary faults in the topographic model. In the topographic model, the first fault 
shallows to the surface upon intersecting a bench-like feature and the second fault occurs after the bench where the 
slope steepens again. The location of Halema‘uma‘u caldera in cross section 3 (Fig. 19) is indicated by a white 
arrow. 
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Discussion 

The code developed for this project ended up being very flexible and allowed for 

testing many variables that were not utilized in previously published models. During the 

first few run categories, we could check that the code was operating as expected using the 

Dahlen prediction curves (1984), which reassured us that our model did function within 

the predictions of the established literature. However, the formulas used for the prediction 

curves could not account for all the properties of the wedge, and so many of the later run 

types, including those that dealt with shape and additional features, could not be 

compared to previous works. We were able to use this code to understand the conditions 

needed for a flank like Kīlauea to experience shallow faulting and those needed for basal 

sliding. In addition, we learned about the wide spectrum of instability behaviors that, 

while impossible for Kīlauea, may be possible for other volcano flanks. 

 

6.1 Factors resulting in shallow faulting and basal sliding 

  Shallow faulting occurred when the wedge itself was weakened, either through a 

low φ or through high pore pressure. As mentioned previously, many of the values of φ 

used were unrealistic. Therefore, in order to get shallow faulting using conditions that are 

reasonable for Kīlauea, the pore-fluid pressure in the wedge must be much higher than 

hydrostatic, conditions that have been observed at the volcano (Quane et al., 2000). 

Shallow faults were defined in this project as faults that do not reach the décollement, so 

some shallow faults curved up, intersecting the surface of the wedge, which we described 

as a ‘surfaced’ fault. Other faults ran shallow and parallel to the wedge surface, and some 
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ran deep but curved before reaching the base. Most shallow faults curved, although a few 

were linear, and the geometry of these faults was the most sensitive to changes in 

topography. There is evidence in seismic surveys that suggests shallow faulting on 

Kīlauea, specifically faulting that bounds the Hilina slump (Fig. 21). However, how much 

movement occurs along this feature and whether or not movement occurs along it at all 

are questions debated in the literature including, but not limited to, Denlinger and 

Morgan (2014), Foster et al. (2013), and Montgomery-Brown et al. (2015). 

Basal sliding occurred generally when the décollement was weaker than the 

wedge, either through a lower φbase or a higher λbase. There were a small number of runs 

where basal sliding occurred while λinternal = λbase, but λ was very high (0.9-1.0). The 

faults that occurred in cases with basal sliding were linear and very steep, and it was 

possible for more than one of these faults to be active at a time. The cases with multiple 

faults resulted in several fault-bounded blocks sliding along the base. In the case of 

Kīlauea, the décollement, which has been observed in cores taken off the coast of the 

island (Denlinger and Morgan, 2014), is weaker than the wedge itself as it is made up of 

clays and sediment, instead of basalt. Clays, even when compacted, have lower 

Figure 21 - A cross section of Kīlauea, from Denlinger and Morgan (2014), showing the location of faults based on 
seismic interpretations. It should be noted that the locations, activity, and existence of these structures are debated 
heavily in the literature, especially with regards to the Hilina slump (see Denlinger and Morgan, 2014; Foster et al., 
2013; Montgomery-Brown et al.,2015). The Hilina slump is thought to be bounded by a shallow normal fault that, in 
this interpretation, shallows to the surface near the outer bench, a pattern that was seen in the topographic runs (Fig. 
20). The reverse faults that start at the decollement and dip landward were observed in only one run (Fig. 16c), and 
none of the runs produced this feature at the scale suggested by this image.  
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coefficients of friction (0.2-0.5) than coherent rock (0.6-0.8), meaning that surfaces 

containing clays experience movement before the rock can fracture (Dietrich, 1988). It 

likely also has a high pore pressure. From the seismic record and geodetic data, we know 

that movement happens along the base, and so results of these runs may be more 

meaningful than those that produce shallow faulting (Denlinger and Morgan, 2014; 

Montgomery-Brown et al., 2015). 

 

6.2 Implications for Kīlauea  

These results are most applicable to Kīlauea, compared to other ocean islands, in 

that many of the variables, material properties, and added elements in the model were 

based on the volcano. The default values for several of those, such as the gentle slope of 

the volcano and angles of internal friction, were based on values associated with the 

Hawaiian Islands. Some of the additional elements, like the décollement and the magma 

chamber, had their geometry based on Kīlauea specifically. However, some features did 

not get added to the model and so must be considered as a limit to the accuracy, and other 

features, especially the addition of a magma chamber, were not fully explored due to time 

constraints, and so it is hard to say how important those factors are to flank stability. 

There were no pre-existing weaknesses in the model like there would be if the volcano 

had been built up by distinct lava flows. The location of the shallow magma chamber was 

based closely on Kīlauea’s plumbing system (Poland et al., 2014) but there was nothing 

where the active rift zones should have been. This was in part due the fact that the 

transect that crosses the caldera (Fig. 19) does not cross the LERZ, and the geometry of 

the models was based on the southern flank, not the eastern flank. In addition, the magma 
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chamber itself was probably inaccurate because there was no heat flow in this model, 

which meant that though the rocks surrounding the actual magma chamber in Kīlauea 

would be weakened, resulting in a lower φint, the model had a low-viscosity body 

surrounded by competent (high φ) rock. 

 

6.3 Applicability of results to other volcanic ocean islands 

  The degree to which the results of a model based on Kīlauea would be useful in 

understanding other ocean island volcanos varies considerably based on how similar the 

physical properties of the volcano in question are to those of Kīlauea. For the other 

volcanoes on the Big Island, the general geometries and material properties are almost the 

same as for Kīlauea, with the most notable difference being the scale of the models, as 

both Mauna Kea and Mauna Loa are much bigger than Kīlauea. On the other Hawaiian 

Islands, the important physical parameters are also very similar, so the results from these 

models are also likely applicable. Due to the lack of heat flow and magma activity, some 

of our model results may be a better proxy for the Hawaiian Islands with extinct 

volcanoes than for the Big Island.  

However, due to the particularities of this model discussed above, there are many 

factors that suggest these results are much less applicable to other volcanic islands. La 

Palma in the Canary Islands is believed to have a décollement but due to its calcareous 

composition, its décollement would have lower pore pressures than the wedge itself. 

Instead, most of the flank’s movement is on shallow detachment faults (Morgan and 

McGovern, 2005). While this might suggest that the run conditions that led to shallow 

faulting (as described above) could still be relevant, the shape of the wedge was based on 
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the shallow slopes of the Hawaiian Islands, which is not applicable to the Canary Islands. 

To model La Palma, the wedge would need a slope of at least 15o-20o (Morgan and 

McGovern, 2005) and although there are a couple of runs that fit the necessary geometry, 

there are not enough to draw any meaningful conclusions. In general, our results are not 

applicable to the Canary Islands because the basic conditions in the model setup for this 

chain do not overlap much with the basic conditions in the Hawaiian Islands.  

The other ocean island discussed in the geologic background was Piton de la 

Fournaise on La Réunion, which has the Grand Brulé landslide scar (Merle and Lenat, 

2002), and the results are similarly inapplicable. Piton de la Fournaise has no observable 

flank faulting and any flank motion is tied closely to magma activity. Almost all of the 

runs in which movement occurred had flank faulting, but some of those had faults that 

did not intersect the surface above sea level. The few runs without faults involved the 

lithostatic pressure boundary to represent magma pushing the flank, which would make 

sense for Piton de la Fournaise, but for movement to occur, the décollement had to have a 

much lower angle of internal friction and there is no evidence for a distinct décollement 

on Piton de la Fournaise. Instead, the shallower sliding plane is most likely a sill, which 

would have the same properties as the overlying lavas (Poland et al., 2017), or a 

hydrothermally altered layer, which would be a plane of weakness within the wedge 

(Merle and Lenat, 2002), which the model was not designed to include. Another 

complication in trying to apply the run results to this volcano is the geometry. Piton de la 

Fournaise also has a significantly steeper slope (around 30o) and very different 

dimensions than Kīlauea, conditions under which, as stated above, too few runs were 

completed to have any significance. In summary, both of these other volcanoes have 
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different basic material properties and geometries, and because of our model’ sensitivity 

to these factors, our results would not be accurate at describing behaviors on these 

islands. 

 

6.4 Applicability to hazards planning on volcanic islands  

Although the results of the model runs are relevant to volcanoes on the Hawaiian 

Islands, especially Kīlauea, they are not useful when considering hazards on the islands. 

The speed at which flank deformation and faulting occurred in the model has no geologic 

meaning, as explained in the Methods section, because in order for the model to run, the 

air and water layers were given viscosities well in excess of what they could actually 

have. In addition, internal planes of weakness and heat flow are disregarded, which are 

large simplifications with entirely unknown ramifications. 
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Conclusion 

The shallow fault profile was observed in many of the runs, but the faults that 

curved up to the surface of the wedge before the base were only observed in the early 

stages of the fault’s existence, as over time the fault deepens. In order to recreate the 

interpretation that most lateral movement occurs on the shallow, Hilina fault (Fig. 21), 

the environment must be shoreline. In the runs with low φ values and no λ variations, φ 

could be a variety of values and still lead to faulting, provided it was below the stable 

threshold, which is lower than the Dahlen prediction curve for subaerial or submarine 

cases. The runs in which φ was fixed to a realistic value (30°) and λ was varied created an 

arcuate fault that remained above the décollement. These faults reached the base with 

very high pore-fluid pressures, when λ approached 1.0, but shallow faulting occurred 

when λ was around 0.8 - more than twice the hydrostatic value. A hydrostatic value 

would be found in a system that has high connectivity and is highly porous. However, if 

the fluid is trapped, as is implied by the high values, the pressure could be increased, due 

to compression by the overburden made up of rock and fluid, for example, or due to 

heating in a geothermal or hydrothermal system. Runs varying λint and λbase separately 

were unable to create a shallow fault, and when λbase was less than λint , the faults were 

very linear and always reached the décollement . We observed that the variations in sea 

level play a large role in determining the depth of the fault and the location where it 

approaches the surface. This could be the result of fluid pressure weakening the rock 

below sea level, and the competent, heavy overburden’s weight increasing with lower sea 

level.  The cases using Kīlauea’s topography were able to produce shallow faults with 

values of λ above 0.6 when λint and λbase were varied together. The presence of a low-
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viscosity magma chamber did not appear to impact the development of shallow faults, but 

it may play a small role in the distribution of faults in its immediate vicinity. However, 

the chamber could play a role with different material properties, but only viscosity and 

position were tested here. Models using Kīlauea’s topographic profiles were able to 

recreate some of the fault patterns observed in seismic reflection imagery (Montgomery-

Brown et al., 2015), including the shallow Hilina fault system. The faults were predicted 

to extend as deep as the areas of flat topography on the downslope side of the fault.  This 

was a common behavior in all of the runs tested, and were very similar in form to the 

simplified, constant slope wedges.  

Basal sliding was replicated only in runs where the strength of the décollement 

was lower than that of the wedge. One case was where φint > φbase and there was a 

lithostatic intrusion, representing a possible magmatic intrusion, on the left side. When 

φbase was at anomalously low values (i.e., values lower than the stable value found in our 

initial “Environmental” runs) and φint was at a stable value, either the whole wedge 

(subaerial) or the entire sloping area (shoreline) moved seaward along the base. The other 

case that resulted in this behavior was where λint and λbase were varied separately, with an 

emphasis on λint at hydrostatic (~0.37) and   λbase at higher values. This was able to create 

basal slipping as long as λbase was greater than 0.45. The presence of a bench at the base 

of the slope contributed to flank stability, with more material resulting in fewer faults.
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The values of the variables held constant in each run type are listed below the respective 

heading. Some runs are broken into sub-groups for display purposes.  

 

The values for λ only apply to runs with water and the values for sea level only apply to 

runs with a shoreline. 

 

Stability is indicated by Y for stable, T for transitionary behavior, or N for unstable 
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A.1 Environmental Runs  

 

φint = φbase | λint = λbase = hydrostatic | sea level is variable (see Section 5.5 for details) | flat 

distance = 15 km | no Pbound | no bench | no chamber 

 

α φ Env. Stable? α φ Env. Stable? 

5 3 subaerial N 5 5.5 shoreline T 

5 4 subaerial T 5 6 shoreline T 

5 4.5 subaerial T 5 6.5 shoreline T 

5 5 subaerial T 5 8 shoreline Y 

5 5.5 subaerial Y 7.5 7 shoreline N 

7.5 5 subaerial N 7.5 7.5 shoreline N 

7.5 6 subaerial N 7.5 8 shoreline T 

7.5 7 subaerial N 7.5 8.5 shoreline T 

7.5 7.5 subaerial T 7.5 9 shoreline T 

7.5 8 subaerial Y 7.5 9.5 shoreline T 

9 7 subaerial N 7.5 10 shoreline T 

9 8 subaerial T 7.5 11 shoreline T 

9 8.5 subaerial T 7.5 13 shoreline Y 
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9 9 subaerial T 7.5 15 shoreline Y 

9 9.5 subaerial Y 9 9 shoreline N 

5 4.5 submarine N 9 9.5 shoreline N 

5 5 submarine T 9 10 shoreline N 

5 5.5 submarine Y 9 10.5 shoreline N 

7.5 7 submarine N 9 11 shoreline T 

7.5 7.5 submarine T 9 11.5 shoreline T 

7.5 8 submarine Y 9 12 shoreline T 

9 8.5 submarine N 9 13 shoreline T 

9 9 submarine T 9 15 shoreline T 

9 9.5 submarine Y 9 17 shoreline T 

5 4.5 shoreline N 9 19 shoreline T 

5 5 shoreline N 9 21 shoreline Y 
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A.2 Strong φ Runs 

 

φint = φbase | λint = λbase | sea level is variable (see Section 5.5 for details) | flat distance = 

15 km | no Pbound | no bench | no chamber 

 

A.2.1 Submarine 

α φ λ Stable? α φ λ Stable? 

5 30 0.8 Y 20 30 0.6 N 

7.5 30 0.8 Y 20 30 0.4 Y 

10 30 0.8 N 22.5 30 0.4 Y 

15 30 0.8 N 25 30 0.4 Y 

15 30 0.6 Y 27.5 30 0.4 N 

17.5 30 0.6 Q 30 30 0.4 N 

 

A.2.2 Shoreline 

α φ λ Stable? α φ λ Stable? 

10 20 0.4 Y 10 30 0.6 Y 

10 20 0.6 Y 10 30 0.8 N 

10 20 0.8 N 10 30 0.9 N 

10 20 0.9 N 15 30 0.4 Y 
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5 30 0.4 Y 15 30 0.6 Q 

5 30 0.6 Y 15 30 0.8 N 

5 30 0.8 Q 20 30 0.4 Y 

5 30 0.9 N 20 30 0.6 N 

7.5 30 0.4 Y 25 30 0.4 Q 

7.5 30 0.6 Y 10 40 0.2 Y 

7.5 30 0.8 Q 10 40 0.4 Y 

7.5 30 0.9 N 10 40 0.6 Q 

10 30 0.4 Y 10 40 0.8 Q 

10 30 0.45 Q 10 40 0.9 N 

10 30 0.5 N 10 40 0.95 N 

10 30 0.55 N 10 40 1 N 

        

  

 

 

 

 

 

 

 



51 

A.3 Basal φ Runs 

 

α = 10o | λint = λbase= hydrostatic | sea level is variable (see Section 5.5 for details) | flat 

distance = 15 km | no bench | no chamber 

 

φint φbase Pbound Env. Stable? φint φbase Pbound Env. Stable? 

10 4 Yes subaerial N 15 6 Yes shoreline N 

10 6 Yes subaerial N 15 8 Yes shoreline Y 

10 8 Yes subaerial Y 15 10 Yes shoreline Y 
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A.4 Basal λ Runs 

 

α = 10o | φint = φbase = 30o | sea level is variable (see Section 5.5 for details) | flat distance 

= 15 km | environment is shoreline | no bench | no chamber 

 

λint λbase Pbound Stable? λint λbase Pbound Stable? 

0.4 0.8 Yes N hydrostatic hydrostatic Yes Y 

0.6 0.8 Yes N hydrostatic 0.4 Yes Y 

0.8 0.8 Yes N hydrostatic 0.6 Yes N 

0.9 0.8 Yes N hydrostatic 0.8 Yes N 

0.4 0.8 No N hydrostatic hydrostatic No Y 

0.6 0.8 No N hydrostatic 0.4 No Y 

0.8 0.8 No N hydrostatic 0.6 No N 

0.9 0.8 No N hydrostatic 0.8 No N 
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A.5 Sea Level Runs 

 

α = 9o | λint = λbase= hydrostatic | flat distance = 15 km | environment is shoreline | no 

Pbound | no bench | no chamber 

 

φ Env. Stable? φ Env. Stable? 

9.5 1/4 N 9.5 1/2 N 

11 1/4 Y 11 1/2 N 

13 1/4 Y 15 1/2 T 

15 1/4 Y 17 1/2 T 

17 1/4 Y 19 1/2 Y 

   21 1/2 Y 
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A.6 Flat Runs 

 

α = 9o | φ int = φbase= 30o | sea level = ⅙ | environment is shoreline | no Pbound | no bench | 

no chamber 

 

λ Flat Dist. Stable? λ Flat Dist. Stable? 

0.6 10 Y 0.8 10 N 

0.6 15 Y 0.8 15 N 

0.6 20 Y 0.8 20 N 
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A.7 Bench Runs 

α = 9o | sea level is ¼ | flat distance = 8 km | environment is shoreline | no Pbound | no 

chamber 

 

A.7.1 Variable λ 

φ int = φbase= 30o 

λint λbase Bench Stable? λint λbase Bench Stable? 

0.4 0.4 40 Y 0.4 0.4 45 Y 

0.6 0.6 40 Y 0.6 0.6 45 Y 

0.8 0.8 40 N 0.8 0.8 45 N 

1 1 40 N     

hydrostatic 0.4 40 Y hydrostatic 0.4 45 Y 

hydrostatic 0.6 40 N hydrostatic 0.6 45 Y 

hydrostatic 0.8 40 N hydrostatic 0.8 45 N 

 

A.7.2 φint ≠ φbase  

 λint = λbase= hydrostatic 

φint φbase Bench Stable? φint φbase Bench Stable? 

30 20 40 Y 30 20 45 Y 
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A.8 Chamber Runs 

 

α = 9o | φ int = φbase= 10o | sea level is ¼ | flat distance = 8 km | environment is shoreline | 

no Pbound | no bench 

 

A.8.1 Corner 

 λint = λbase= hydrostatic 

X, Y dim log10(η) Stable? X, Y dim log10(η) Stable? 

1, 1 13 Y 3, 3 17 Y 

1, 1 15 Y 3, 3 19 Y 

1, 1 17 Y 5, 5 19 Y 

1, 1 19 Y 5, 5 21 Y 

3, 3 13 Y 5, 5 23 Y 

3, 3 15 Y    

 

A.8.2 Shallow 

 λint = λbase 

λ X, Y dim X, Y center log10(η) Stable? 

hydrostatic 0.5, 0.5 5, 6 17 Y 
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hydrostatic 0.5, 0.5 5, 5 17 Y 

hydrostatic 0.5, 0.5 5, 4 15 Y 

hydrostatic 0.5, 0.5 5, 4 17 Y 

hydrostatic 1.0, 0.5 5, 6 17 Y 

hydrostatic 1.0, 0.5 5, 5 17 Y 

hydrostatic 1.0, 0.5 5, 4 15 Y 

hydrostatic 1.0, 0.5 5, 4 17 Y 

hydrostatic 2.0, 0.5 5, 4 15 Y 

hydrostatic 2.0, 0.5 5, 4 17 Y 

0.6 0.5, 0.5 5, 4 17 N 

0.6 1.0, 0.5 5, 4 17 N 

0.6 2.0, 0.5 5, 4 17 N 
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A.9 Topography Runs 

 

φ int = φbase= 30o | sea level is ⅙ | environment is shoreline | no Pbound | no bench | no 

chamber | no α | no flat distance 

 

λint λbase Profile Stable? λint λbase Profile Stable? 

0.6 0.6 Profile 3 Y hydrostatic hydrostatic Profile 3 Y 

0.8 0.8 Profile 3 T hydrostatic 0.6 Profile 3 N 

0.6 0.6 Profile 4 Y hydrostatic hydrostatic Profile 4 Y 

0.8 0.8 Profile 4 N hydrostatic 0.6 Profile 4 N 

0.6 0.6 Profile 5 Y hydrostatic hydrostatic Profile 5 Y 

0.8 0.8 Profile 5 N hydrostatic 0.6 Profile 5 N 

0.6 0.6 Profile 6 T hydrostatic hydrostatic Profile 6 Y 

0.8 0.8 Profile 6 N hydrostatic 0.6 Profile 6 N 
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