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Frontispiece. Aerial view downstream overlooking the Tangiwai rail (foreground) and road
(backgound) bridges during the Crater Lake-breakout lahar from Mt. Ruapehu, New Zealand,
on 18" March 2007. The inundated memorial to the 151 people who died in the 1953 Tangiwai
Disaster, caused by a similar style lahar, is located between the two bridges. (Photograph
courtesy of H.J.R. Keys.)



Abstract

Lahars and other mass flows are highly hazardous phenomena that can pose great risk
to areas in their path. Due to their often unpredictable onsets, scientific observations
are limited. In addition, the erosive capabilities of a lahar mean that the most com-
monly used monitoring and sampling methods, such as load cells and bedload traps, are
often damaged early in the flow. The cost of repair and maintenance of these instru-
mentation prohibits comprehensive coverage of each channel that might be at risk from
lahars. The development of seismic sensors as an alternative monitoring method could
prove effective as they do not require contact with a flow and are therefore less at risk
from damage. The complex behaviour of a lahar can be witnessed in the geophysical
record of its passage which, in combination with more traditional monitoring methods,
can be used to record the detailed evolution of a flow. The three-dimensional analysis
of seismometer recordings can provide an approximation of the frontal velocity that
may differ from maximum velocity estimates made using super-elevation calculations.
Comparisons of the seismic records of different mass flow types illustrate that it is pos-
sible to differentiate between them. Frequency analysis allows for the distinction of the
flow mechanisms, particle interactions, and dominant rheology of a lahar. Low frequen-
cies are more indicative of bedload frictional motion, while higher frequencies reflect
the collisional impacts of particles, either between themselves or with the substrate.
Detailed records of a flow at a single site provide a comprehensive understanding of
the temporal variations that occur within the duration of a lahar, while comparative
analyses of numerous sites along a channel highlight its downstream evolution. While
initial onset signals can be recorded at local-to-source sites, they are attenuated too
quickly to be observed further downstream. The records at proximal sites can, how-
ever, reflect the stages, or packets, involved during the main bulk of lahar initiation.
At more distal sites, observations show that a lahar transitions to a [minimal] 4-phase

behaviour. This consists of a frontal bow wave of ambient streamwater that increases
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in volume with distance from source, and immediately precedes the lahar proper. The
following phases are defined by variations in sediment concentration, velocity, stage,
and, in the case of Crater Lake-originating lahars, water chemistry. The understanding
of the variable behaviour possible during a lahar, as well as the identification of the
specific flow type recorded, is fundamental to modelling approximations of flow vol-
umes, sediment concentrations, likely inundation areas, and probable damage by the
flow. It is essential for the development of future warning systems that the variations
that can occur within a single lahar are better understood, as lahars represent a serious

threat to the slopes of many volcanoes worldwide.
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Chapter 1

Introduction

Chapter 1 explains the inception and motivation for this study and describes the known

properties of lahars and the various field sites and core studies utilised within it.

1.1 Introduction

Due to their rapid emplacement and highly destructive potential, volcanic debris flows,
or lahars, represent a great hazard to the infrastructure and populations of towns and
cities around volcanoes. Between 1950 and 2001, lahars occurred at 31 volcanoes,
claimed more than 28,000 lives, and cost governments many millions of dollars in
damages (Major et al. (2005); Witham (2005)). With detailed knowledge of the travel
times, nature, and depositional processes of such flows, we can now more accurately
model their flow paths, volumes, and destructive potential. This will allow for the
improvement of public safety and emergency planning for such hazards.

Lahars are flowing mixtures of sediment and water that, irrespective of their trig-
gering mechanisms, originate from a volcano (Smith and Fritz (1989)). Volcanic debris
flows can vary widely in both size and extent; as such, the hazard posed by them also
varies considerably. Flows that originate from snow-covered volcanoes are generally
larger than those from non-glaciated edifices, especially when triggered by eruptions

(Magor et al. (2005)). A catastrophic example occurred on 13" November 1985 with the
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eruption of Nevado del Ruiz, Columbia, where small volume pyroclastic flows eroded
and entrained snow and ice to bulk up and descend into stream valleys. These flows
continued down the valleys and buried the town of Armero, situated on a fan c. 74
km downstream, killing more than 23,000 people, destroying more than 5,000 homes,
and causing damage valued at millions of dollars (US) (e.g., Janda et al. (1986); Lowe
et al. (1986)).

Difficulties arise in understanding and accurately modelling the physics, motion,
and impacts of lahars, primarily due to the presence of sediment within the flows.
Within the flow, sediment may be variably incorporated and deposited as a lahar
travels down a channel under a range of slope, geology, and confinement conditions
(e.g., Pierson and Scott (1985); Cronin et al. (1997); Procter et al. (2009)). By un-
derstanding the nature of sediment entrainment and deposition, it will be possible to
more accurately describe and model the transport and physical properties of moving
lahars, including velocity, frictional contact, basal interaction, erosion, sedimentation
etc. Current models developed (e.g., Pierson (1995); Iverson (1997); Pierson (1998);
O’Brien (1999); Doyle et al. (2009)) that attempt to describe the basic properties of
a debris flow struggle to replicate the fine-scale process within the flow, and do not
take into account any variations in rheology that may occur along the flow in space
and time. Continuous observations and measurements of debris flows in motion are
necessary if our fundamental understanding of lahars is to grow. Development of new
instrumentation and further analysis of results from current instrumentation will help
to more realistically define and model debris flows.

The physics of the processes of sediment transport, erosion, and deposition of lahars
is very poorly understood (e.g., O’Brien (1999); Doyle et al. (2009)). More empirical
information is needed about the way in which lahars carry sediment, both spatially and
temporally. Models of inundation are increasingly realistic due to better constrained
topographic descriptions and improved computational hardware and software engineer-
ing. However, these are still limited by a lack of basic understanding of the effects of
topography, primary driving forces, and other variable factors, such as channel width,
depth, and sediment content on lahar dynamics (e.g., Tverson and Denlinger (2001);
Fagents and Baloga (2006); Carrivick et al. (2008)). It is important to use observations

and geophysical measurements of debris flows to further qualify, as well as quantify,
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numerical models to predict possible future lahars.

Much of the current research on the internal properties, flow, and emplacement
mechanisms of lahars has been the result of artificial experiments (e.g., Major and
Tverson (1999)) or from observations of repeated seasonal rain-triggered mass-flows
(e.g., Lavigne and Thouret (2002)). Limited real-world scientific observations have
been possible (e.g., Cronin et al. (1997); Cronin et al. (2000b); Cronin et al. (2000a)),
due to the unpredictable onsets of such flows.

Even in situations when conventional scientific observation methods have been pos-
sible, it remains very difficult to see ‘into’ and monitor the changing properties of
moving lahars. Due to their high sediment concentrations, particularly in fines (mud),
visual observations are limited to the surface of the flow. Velocity estimates are also
typically limited to surface measurements. Direct sampling of flows is generally carried
out by tossing sampling containers into the channel from steep-edged banks or bridges;
hence they also cannot be taken as a complete representation of the entire flow depth
(e.g., Cronin et al. (1999)). None of these measurements, therefore, have produced
any convincing account of vertical stratification in the velocity and sediment profiles
of moving lahars.

Despite these difficulties, a number of instrumental techniques to record a lahar have
been developed and possible vertical stratifications have been tested. These include
load cells, to measure the weight and, with independent measurements of flow depth,
the concentration of the flow above (e.g., Genevois et al. (2000)), scour chains buried
below the channel floor to measure the depths to which bedload transport reaches (e.g.,
Berger et al. (2010)), and bedload traps to capture samples of the sediment concentra-
tions of the lower parts of the flow (e.g., Sear et al. (2000)). Problems arise, however,
due to the violence and scale of lahars, where instruments are buried, scoured out
completely, or destroyed. Bedload traps are able to capture parts of the passing lahar;
unfortunately, once they are filled they cannot collect any more samples, because they
are unable to be excavated until after the flow has passed completely. The samples
are also collected over an unknown length of time, which means that they are repre-
sentative of a period within the flow, rather than a true measurement of a particular
moment.

Geophysical monitoring of lahars, however, can allow for a more complete view of
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the internal properties of flows with less potential for damage, because it does not rely
on actual contact with them. Non-contact methods ensure the equipment will survive
the passing of a flow, while also being able to record its entire passage. Instruments
such as seismometers and acoustic flow monitors can be installed in a variety of places
near to the channel to record the flow; others, including stage gauges, can be installed
on bridges or other structures above the flow path (e.g., Marcial et al. (1996); Cole
et al. (2009)). New forms of load cells and pore pressure transducers that have internal
memory capability and do not, therefore, require connection to a separate datalogger
can be used where erosion at banks and channel sides are high. By bolting these
instruments into a hard rock bed, they resist erosion by the flow (e.g., Doyle et al.
(2009)).

This study aims to progress research about lahar flow by (1) developing geophysical
methods for empirical and field-based flow observations in order to (2) test current
hypotheses of lahar horizontal and vertical structure and flow transformation that
have been derived from past studies (e.g., Hodgson and Manville (1999); Cronin et al.
(2000a)) and (3) to provide new lahar warning and monitoring methods. Primarily data
recorded by seismometers and acoustic flow monitors will be used, as they show promise
for the most robust non-invasive measurement technique that provides a rich depth of
multicomponent data. Additional techniques such as pore pressure transducers, load
cells, stage gauges, direct flow sampling, and visual observations made during lahar

flows will be used to develop and interpret the seismic-based tools.

1.2 Objectives and strategy of the study

The aim of this study is to investigate the internal properties of lahars. To this end,
observational and instrumental monitoring data will be utilised from many different
flows: 1) the Crater Lake-breakout lahar that occurred on 18" March 2007 at Mt.
Ruapehu, New Zealand; 2) three snow-slurry lahars generated by the 25% September
2007 eruption of Mt. Ruapehu; 3) a single largely-granular rain-triggered lahar from
Mt. Merapi, Central Java, Indonesia, recorded in January 2007; and 4) repeated rain-
triggered lahars of variable volumes recorded at Mt. Semeru, Eastern Java, Indonesia,

during field seasons in February 2006, February 2007, and February-March 2008.
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Each of the many records chosen in this study were used to concentrate on the

major sub-aims of this thesis work:

1. understanding of the complexity of lahars and how this is related to the water-

sediment ratio and rheology of the flows,

2. interpreting the changing signals recorded of a flow both over time at a specific

site and with distance from source,

3. developing models of vertical concentration profiles and particle motions within
a flow, and their implications regarding the basal and channel-side friction and

collisional interactions of particles.

Primarily this study will concentrate on using the data recorded by broadband
seismometers and acoustic flow monitors to find new ways to understand the internal
dynamics and flow characteristics of lahars. Additional instrumental and observational
data will also be used to facilitate understanding of the seismic signals. Methods will be
developed to test the application of seismic data as a proxy for sediment concentration,
as well as further understanding and identifying the degrees and nature of turbulence
within the flow. Analysis of the onset signals may lead to identification of the triggering
mechanism of an individual lahar.

The results of the lahar studies will be compared with data from both block-and-ash
flows and snow avalanches to see the differences and similarities in signal between the
various types of mass flows. This may lead to a means of remote identification of each
type of flow from a seismic recording, eliminating (at least, to a degree) the necessity for
visual confirmation of what type of flow was recorded. Many volcanoes have seismic
stations scattered around and on their flanks; the methodology presented here will,
hopefully, allow scientists to identify, locate, and quantify the types of flow recorded

by the instruments without having to enter potentially highly hazardous areas.

1.3 Thesis outline

The remainder of this chapter provides a background to volcanic debris flows and also
gives details of the field sites selected for instrumentation to monitor lahars in flow.

This thesis then comprises a further 6 chapters. Chapter 2 provides a review of the

5
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tools utilised in the study of mass flows, as well as the decisions made in order to select
those instruments used in the study. Chapter 3 describes the methodology behind
investigation of the frequency distributions within the seismic record of a lahar. This
includes details of the theory behind using the seismic record as a proxy for sediment
concentration. Chapter 4 provides details of the seismic excitation of flows within 3-
dimensions. This allows for increased understanding of the velocity of flow, with respect
to the area local to the recording site, as well as giving a possible means to ‘see’ the flow
upstream before it arrives. This in turn could allow for increased warning systems for
areas downstream within flow inundation catchments. This chapter has been partially
published within Geophysical Research Letters under the title “Seismic signals of snow-
slurry lahars in motion: 25 September 2007, Mt Ruapehu, New Zealand”, by: Susan
E. Cole, Shane J. Cronin, Steven Sherburn, and Vern Manville (Vol. 36; L09405;
doi: 10.1029/2009GL038030). Chapter 5 illustrates the character of a lahar wave, as
revealed in the signals recorded by broadband seismometers. The record of a lahar
past a site changes with regards to time depending on the erosional and depositional
abilities of the flow at a single moment within its path length. By utilising a variety of
different monitoring styles, it is possible to capture the changing details of a flow at a
certain site over time. With a series of sites along a channel, the same methodology can
be applied to each site to give a record of a flow over distance. This is the subject of
Chapter 6. In conclusion, Chapter 7 summarises the attainment of the study objectives
and how they can be utilised as a method for monitoring lahars. Recommendations
are also made for future research. The Appendices document the original datasets and
programs written or adapted to help analyse the data, as well as provide background
information about some of the more complex seismological theories utilised within this

study.

1.4 Background on lahars

Lahar definitions vary within the literature but they can be generally described as
a flowing mixture of water and debris from a volcano that has a fraction of solids
greater than a normal streamflow (Smith and Fritz (1989)). These flows can be broken

down into groups defined by their sediment concentration and bulk flow appearance or
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behaviour as: (1) hyperconcentrated flows; and (2) debris flows.

Hyperconcentrated flows are a specific type of water and sediment combination
that flows like a liquid and has measureable yield strength, as defined by Pierson and
Costa (1987). Sediment concentration is typically 20-60 vol.% (Beverage and Culbert-
son (1964)); Smith (1986) interprets sediment support by bouyancy, turbulence, and
dispersive grain forces, while deposition of the massive, horizontally-bedded, poorly-
sorted flows is explained by the settling of grains at the base and margins of the flow.

Debris flows can be defined as highly concentrated viscous sediment and water
mixtures with high yield stress (Coussot and Meunier (1996)). Sediment is supported
by the matrix strength and dispersive pressure between the grains (Smith (1986)), while
grain-grain collisions and forces of inertia influence the motion of the flow (lverson
(1997)). Debris flows occur commonly as a series of surges, which tend to run over
previous deposits (Major (1997)). Coussot and Meunier (1996) define two extreme
types of debris flow, muddy and granular, while Scott et al. (1995) define them as
cohesive and noncohesive flows. Cohesive flows contain >5% matrix clay, which remains
highly concentrated over the full distance of the flow, and are generally formed by the
collapse of hydrothermally altered parts of a volcanic edifice (Scott et al. (1995)). Flows
that contain <5% matrix clay are defined as noncohesive debris flows, and are diluted
by entrainment of water along their path, causing a transformation to streamflow via an
intermediate stage of hyperconcentrated flow (Scott et al. (1995)). Streamflow surges
or floods often form noncohesive debris flows by erosion and entrainment of sediment,
such as during a lake-breakout flood (Cronin et al. (2000a)) or jokulhlaup (Rodolfo
(2000)).

1.4.1 Triggering mechanisms

Lahars can be triggered by a variety of different mechanisms, both eruptive and non-
eruptive. The former type include eruptions through crater lakes, melting of snow and
ice, admixing of water with pyroclastic flows, and phreatic explosions. Non-eruptive
mechanisms include the sudden release of large amounts of water from crater lakes or
subglacial lakes due to edifice collapse and heavy rainfall on volcanic slopes. Examples
of each of these mechanisms is given below as evidence of the widespread variety and

effects of such flows.
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1.4.1.1 Eruptions through crater lakes

A prime example of lahars generated by eruptions through a crater lake have occurred
at the Indonesian volcano of Gunung Kelut in Java. Over the last 1000 years, 29
lahars of this type have been responsible for the loss of more than 15,400 lives. The
dangers posed by these flows are exacerbated by the natural levees in the river that
force inundation of the lowlands adjacent to the channels (e.g., Alzwar (1985)).

Mt. Kelut has the capacity for a very large crater lake. Prior to the eruption of
1901, the most reliable estimate of lake volume was 78x10° m?; post-eruption, the
volume dropped to around 40x10° m? (Alzwar (1985); Neall (1996)). The following
eruption occurred in 1919, and emptied the lake of all water, forming lahars with depths
of up to 58 m, travelling up to 38 km from source, inundating a total of 131 km?, and
killing 5,160 people (Alzwar (1985); Neumann van Padang (1951)). After this, the
government instigated plans to protect against future disasters of this magnitude by
draining the lake of the bulk of its content. The eruption of 1923 illustrated that a
step-wise drainage of the lake would be better, after 5 workers were killed; finally,
the lake was drained to a volume of less than 2x10° m?® (Neall (1996)). The next
eruption in 1951 evaporated the waters, and no sizable lahars occurred. The tunnels,
however, were blocked, the crater deepened, and the risk of future flows increased. The
tunnel drainage system was re-established in 1954 and further tunnels built to drain
the deeper crater (Zen and Hadikusumo (1965)). These systems were again damaged
after the 1966 eruption that triggered the expulsion of c. 20x10° m? of water from the
lake and killed more than 200 people (Neall (1996)). Another eruption in 1990 ejected
only small volumes of water that produced limited lahars, killing 32 people ( Verstoppen
(1992)). Subsequent extrusion of a lava dome in 2007-2008 displaced nearly the entire
lake volume without eruption or major lahar flows (Smithsonian Institute (2008)).
Despite this, history has shown that once the dome is removed, the lake will return

and highly destructive lahars may still eventuate.

1.4.1.2 Melting of snow and ice, and the admixing of pyroclastic flows

As mentioned previously in this Chapter, the eruption of Nevado del Ruiz, Columbia,

on 13*" November 1985 produced a series of lahars that caused the deaths of more than
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23,000 people. The eruption involved pyroclastic surges and flows and a small Plinian
tephra; the total volume erupted was estimated at 1.9x107 m?® (Calvache (1990)).
Pierson et al. (1990) found evidence that the majority of snow and ice melt was caused
by two pyroclastic flows, which scoured channels in the ice ¢. 100 m wide and 2-4 m
deep. The material removed was entrained by the flows and melted, generating dilute
slurries of water and debris. These lahars were also enlarged by the entrainment of
avalanches predominantly comprised of snow, ice, and rock debris. Peak discharge
of these cumulative flows was estimated at c. 48,000 m®/s at 9.6 km from source,
decreasing to c. 27,000 m®/s above Armero, at c. 74 km from source, where over
21,500 people were buried in the deposits (Pierson et al. (1990)). The worst part of
this disaster was that the great loss of life could have been prevented. The hazards
posed by an eruption were forecasted by scientists, but their recommendations for

evacuation were not initiated by the government.

1.4.1.3 Phreatic explosions

Phreatic explosions that involve no magma include the 1888 eruption of Bandai-san
Volcano in Honshu, Japan. This event comprised 15-20 explosions directed to the
north that followed 15-30 minutes of violent seismicity. The first explosion occurred
on the flanks of the volcano, with later explosions concentrated around the base and
accompanied by a lateral blast (Williams and McBirney (1979)). The northern flank
of the cone collapsed and produced a debris avalanche with a volume of 1.5 km? that,
in turn, initiated lahars along major stream channels, covered 34 km?, and buried 7
villages (Glicken and Nakamura (1988)). Blong (1984) stated that the events of, and
subsequent to, the collapse killed a total of 461 people and injured a further 70.

1.4.1.4 Collapse of crater lakes

Collapses of crater lakes have been documented at several volcanoes, including Mt.
Kelut in Indonesia in 1875, Agua in Guatemala in 1541, and Mt. Ruapehu in New
Zealand in 1953. It is the event at Mt. Ruapehu on the evening of 24" December 1953
that is the most well documented, and occurred when part of the barrier of ice and ash
at the lowest rim of the lake, emplaced during eruptions in 1945, collapsed suddenly.

Around 340,000 m? of water was released, and formed a lahar in the Whangaehu River
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with a depth of about 7 m. The flow was predominantly constrained to the river
channel, but was responsible for the destruction of the Tangiwai railway bridge (Healy
(1954)). Unfortunately, the collapse of the railway bridge coincided with the passage of
the night express train from Wellington to Auckland. The train was unable to stop, and
plunged into the river, killing 151 people. The flow itself carried a train carriage 2.4 km
downstream (Neall (1996)), two 5-ton blocks from the bridge 60 yards downstream,
and the 126-ton base of a pier 70 yards downstream (Stilwell et al. (1954)). As a
response to the Tangiwai Disaster, a lahar warning system was installed upstream of
the reconstructed bridge and is still in operation today. This disaster highlights the
unpredictable nature of this type of event, and the necessity for adequate warning

systems.

1.4.1.5 Heavy rainfall

After most eruptions, the slopes of volcanoes are covered with easily erodible, loose
pyroclasts and ash. These deposits are vulnerable to remobilisation by rainfall, par-
ticularly in tropical climates where heavy rainfall occurs seasonally. The heavy rain,
combined with easily available and entrainable material, can lead to significant and
sizable lahar hazards. Mt. Pinatubo in the Philippines, for example, produced many
large lahars in the aftermath of its 1991 eruption (e.g., Marcial et al. (1996)). Ty-
phoons released large volumes of water over the Philippines, and were the initial cause
of the more than 200 lahars that occurred between 12" June and 10* September and
killed a total of 83 people (US Department of Commerce (1992)).

There are many other examples of heavy rainfall causing lahars found around the
world. In 1963, renewed activity at Irazti Volcano in Costa Rica produced large volumes
of ash, which covered a wide area around the volcano. Several lahars triggered by heavy
rainfall occurred after this, including the December 1963 flow in the Reventado River
that killed 20 persons and destroyed over 300 houses (e.g., Waldron (1967)). In 1902, a
few hours prior to the eruption of Mt Pelée that killed 28,000 people in Saint-Pierre, a
lahar swept down the slopes and killed 400 people in the town of Le Précheur ( Tanguy
(1994)). Yet other examples occur yearly at such places as Mt. Merapi and Mt.
Semeru in Indonesia, where seasonal rainfall occurs and causes almost daily lahar flows

following numerous ash eruptions (e.g., Lavigne et al. (2000a); Lavigne et al. (2000b);
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Thouret et al. (2007)).

1.4.2 Observations of flow dynamics

1.4.2.1 Real-world examples

Numerous studies have been made which examine and model the internal stratifica-
tions and depositional nature of lahars. Pierson and Scott (1985) observed a 4x10°
m? lahar that travelled down the slopes of Mt. St. Helens after the eruption on 19"
March 1982 as a result of snow and ice melt. The flow eroded large volumes of sediment
and material left by the 1980 eruption on the flanks of the volcano before depositing
material along the Toutle River channel. Total sediment concentration decreased as
the flow moved more than 27 km from source, transforming it from a debris flow into
a hyperconcentrated flow. Pierson and Scott (1985) hypothesised that this transfor-
mation was the result of a combination of dilution by overtaking and incorporating
existing streamflow, erosion of saturated streambed, and the progressive deposition of
the coarsest clasts within the flow.

Mt Ruapehu, New Zealand, provided an opportunity for scientific observations when
multiple lahars were formed due to the eruptive sequence of September 1995. The lahars
were originally generated by expulsion of Crater Lake waters during the early phreatic
and phreatomagmatic eruptions. Later, after the lake waters had emptied, lahars were
formed by rainfall-triggered remobilisation of snowpack and erupted tephra. Cronin
et al. (1997) identified four types of flow within the sequence: (1) initial snow-slurry
lahars; (2) large dilute lahars; (3) concentrated lahars; and (4) remobilised tephra
lahars. Type 1 lahars composed of Crater Lake waters and entrained granular snow
and ice that formed deposits containing 2.5-20% sediment volume. Type 2 lahars were
hyperconcentrated flows dominately comprised of lake water and snow. Deposits were
left along channel margins over distances that extended up to 84 km from source. The
lahars of type 3 were smaller, with high sediment concentrations (46-52%) maintained
over the length of the flows by the entrainment of sediment from earlier flow deposits.
The largest tephra eruptions in the sequence preceded the remobilised tephra lahars
(type 4), generated by heavy rainfall on the snowpack and tephra deposits. Fall deposits

on the Mangatoetoenui Glacier, for example, failed on 28" October 1995, due to heavy
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rain, which generated a lahar down the Mangatoetoenui Stream (Hodgson and Manwille
(1999); Figure 1.1). Evidence of multiple units of this hyperconcentrated-flow deposit
suggests that the lahar flowed as a series of surges or waves, which were caused by
episodic releases of debris within a channel or inputs from a divergent flow.

Cronin et al. (2000a) examined the closely spaced sequence of lahars that occurred
on Ruapehu on 25 September 1995. Observations of the flows and the deposits allowed
them to infer that the transformation of the lahars from debris flows to hyperconcen-
trated streamflows was caused by the selective deposition of coarse clasts, rather than
by dilution by overrunning of incorporated water as was previously thought. Cronin
et al. (2000a) presented the model that the deposition of the near-channel deposits in-
cluded the emplacement of sediment wedges of a coarse, basal, sediment-concentrated
channel flow. Preservation of the lahar is suggested to only include lateral-flow deposits
by the observed rapid erosion of the channel-flow deposits. The study of the transit
and emplacement of lahars is, therefore, vital to the full interpretation of a debris flow.

The nature of a lahar past a site was investigated by Cronin et al. (1999). The
observations and analysis of samples of several flows during September and October
1995 led to the formation of a four-phase model of a non-cohesive wave. This model
comprised of an initial phase of ambient streamwater pushed ahead of the actual lahar
wave by hydrostatic pressure, followed by a mixing zone that incorporated streamwater
into the front of the lahar wave. At this point, peak discharge occurs. The third
phase of the flow is the least diluted part of the flow, containing the highest sediment
concentrations and is the remnant of the original lahar. As the flow passes downstream,
this phase becomes progressively shorter and more diluted. The final phase of flow is

the tailing end of the lahar.

1.4.2.2 Experimental flows

Experimental flows can provide more information about the transition between the
different flow regimes. Parsons et al. (2001) used a semi-circular flume to investigate
the number of different slurry mixes that are formed by the varying fractions of silt,
clay, and sand used. The different compositions produced markedly different flow front
concentrations and behaviour. In muddy slurries, where the silt and clay fractions

were high, a blunt nose forms at the front of a flow and moves forward by constant
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Figure 1.1: Locations of historical lahar-affected channels on Mt. Ruapehu. (a) Location
of Mt. Ruapehu (red triangle) within the North Island of New Zealand. (b) River channels
affected by lahars from the Crater Lake, Ruapehu (red triangle). Also shown are locations
(black stars) of GeoNet monitoring stations Far West (F.W.), Tongariro Chateau (T.C.),
and Waihianoa Aqueduct (W.A.). Topographic map sourced from NZTopo250-9 Taumarunui;
scale 1:50,000. Crown Copyright Reserved.
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overrunning of the frontal part. In contrast, coarser-grained flows form a drier, granular
nose that gradually incorporates more material that, when of significant size, slows
down the flow body (Parsons et al. (2001)).

Many experiments have also been made using the large USGS flume, e.g., Major
and Pierson (1992); Iverson (1997); Major (1997); Denlinger and Iverson (2001). This
flume allows fairly sizable volumes of slurries, generally c¢. 10 m?, to be released down a
95 m-long slope with a 31° angle. The runout zone at the base of the flow is unconfined,
planar, and nearly horizontal. At several places along the flume the depth and the base
normal stress and pressure of each flow were measured. Each of the studies observed
the formation of an abrupt flow front, a gradually tapering body, and a watery tail.
The main body of the flow elongated with distance down the flume, while the frontal
thickness remained relatively constant. Deposition of debris flows are also given new
insight by Major and Iverson (1999) using the measurements of pore-fluid pressure
and total bed-normal stress. Debris flow interiors continue near-liquefaction pore-fluid
pressures during flow deceleration and deposition; dissipation only occurs significantly
during consolidation of post-depositional sediment. There is, in contrast, no pore-
fluid pressure visible within the leading edges of the debris flows. Iverson (1997) also
illustrated the liquefaction of material within the body as basal pore pressures were
measured similar to the total normal stress, giving values of shear strength as close
to zero. Major and Iverson (1999) conclude that the deposition results from grain-
contact friction and flow margin concentrated bed friction. This model contradicts
others which model deposition due to a uniform viscoplastic yield strength, decay of
excess pore-fluid pressure, or pervasive grain-collision stresses. Deposition thickness is
also unable to infer the strength of a debris flow (Major and Iverson (1999)).

Fliz and Thomas (2004) investigated the relation between the deposits and the
rheology of the flow that formed them. They observed distinct regions within the
deposits that are formed by segregation and reorganisation of material. The outer
boundaries of the flow comprise the more coarser-grained particles, while the core of
the deposits contain the muddy, finer-grained part of the flow. The granular boundaries
form lateral levees to the deposit; Fliz and Thomas (2004) do not, however, ascribe
this to the segregation of particles as the phenomenon is also seen in dry granular flows.

The above experiments have shown the co-existence of two zones that characterise
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poorly-sorted flows. Ancey (2007) describes the fluid mechanics of the behaviours of
each zone. The coarser-grained outer boundary zone moves with Coulomb frictional
behaviour, while the behaviour of the finer-grained core of material is more viscoplas-
tic. As evidenced by the different flows at the flume and within its runout zone, the
formation of levees limit the amount of lateral spreading (e.g., Iverson (1997)). This
phenomenon is a direct result of the organisation of material within the flow by the

different rheological behaviours (Ancey (2007)).

1.4.3 Flow models and simulations

It is very important for hazard assessment and mitigation in lahar-prone areas to ac-
curately calculate travel times and flow depths in order to determine the destructive
potential of a lahar. In the past, models have been hampered by unrealistically simple
topographic descriptions, which meant the transit times and flow paths were not as
accurate as would be desired. With the increased availability of digital elevation data,
however, natural topographic descriptions are better resolved, and can be used to calcu-
late transit models with greater accuracy, e.g., Fagents and Baloga (2005). Kinematic
and volumetric characteristics are used to determine a model of transport dynamics in
order to define a flow (Pierson (1995)). Pierson (1995) combined volumetric flow rate
data from historical lahars to determine and define the upper ranges of magnitude of
possible future debris flows. Local gradients of a slope influence the flow velocities of a
debris flow; the overall flow depths and rates are the result of these cumulative effects
(Pierson (1995), Fagents and Baloga (2005)).

Fagents and Baloga (2005) were able to adapt a continuum model based on conser-
vation of lahar volume over the advancing length of the flow, and use a time-dependent
boundary condition at the source to solve the problem of digital topography for the
propagation of the lahar. The slope model used is divided into a sequence of inclined
planes with the conservation of volume and flow rate imposed on the interface between
each adjacent plane. By keeping careful account of the changing boundary conditions
between each interface, Fagents and Baloga (2005) are able to find the transit times
and flow profiles (velocity and depth) at any given point along the flow path. The
model is sensitive to the number of inclined planes within the sequence; the greater

the number of planes, the greater the resolution of the digital topography. The model
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is, however, flawed; it calculates only a crude estimate of the transit time, as faster
travel times over steep slopes do not offset the slower rates on shallow slopes with the
same drop in elevation. Transit times over real topography are likely to differ from
those calculated by the model, although by how much is uncertain. The model also
breaks down when presented with certain combinations of parameters of the lahar over
topography; the model only works when gravity is the primary driving force behind
flow movement.

Pierson (1998) uses a least-squares best-fit model to determine four broad classes of
flow from plots of travel time at the front of the flow as a function of distance from the
source. These flow classes can be described as moderate (100-1000 m?/s), large (1000-
10,000 m3/s), very large (10,000-1,000,000 m?/s) and extremely large (>1,000,000
m®/s). It is suggested that near-source flow rates can be estimated from the strong
non-linear correlation between the ‘instantaneous’ flow rates generated and initial flow
volume, while little effect is displayed by the factors controlling geomorphology on the
correlations between the travel time and distance from source. Pierson (1998) allows
for a difference of an order in magnitude from the calculated and real travel times at a
given distance from the source depending on the rate of flow; the effects of differences
in flow type were not evaluated.

Stevens et al. (2003) investigated the effect that innate errors in digital elevation
models would have on a model designed to determine areas at risk from a lahar. The
source data was gathered from two models: (1) digitised topographic maps, and (2)
airborne C-band synthetic aperture radar (SAR) interferometry. Predicted flow paths
by both models are in general agreement on steep slopes (> 4°) with deeply incised
drainage channels, while problems occur for shallower slopes in both models due to
interpolation errors. Contour-derived digital elevation models need refining to reduce
the error given in predicted flow paths. Space-borne instruments measuring topography
at high resolutions will probably be invaluable in the future (Stevens et al. (2003)).

Savage and Hutter (1989) first suggested the use of depth-averaged granular con-
tinua to define a debris flow, originally in only one dimension. This was later gener-
alised by the same authors to two dimensions using a curvilinear coordinate system.
This model was not suitable over a general terrain, however, as the equations were

not frame invariant. Iverson and Denlinger (2001) used these depth-averaged granular
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flows, governed by Coulomb-type interactions with or without a pore fluid, to define
equations that are frame-invariant for three-dimensional terrain. The equations allow
for the effect of interstitial fluid and create a system of hyperbolic conservation laws.
Basic numerical solutions to the equations can be found using a first-order Godunov
method and an approximate Riemann solver (Denlinger and Iverson (2001)).

Patra et al. (2005) base their simulation on the work of Iverson and Denlinger
(2001), and use as a starting point their equations in the dry limit. Patra et al.
(2005) solve the model equations using a numerical algorithm of an adaptive grid
second-order Godunov solver (Toro (1997)) and a finite volume scheme. Flow features
were reliably resolved by local mesh adaptivity, which also dealt with the necessary
shock capture. Topographic data was obtained as needed from direct connections
to geographic information system (GIS) databases. The software for this is publicly
available and versions have been developed to run on both supercomputers and personal
desktop computers, though the more accurate the calculation required, the greater the

memory needed to run the program (Patra et al. (2005)).

1.5 Selection of field sites

1.5.1 Ruapehu, New Zealand

1.5.1.1 Setting

Ruapehu is a 110 km? mostly andesitic composite stratovolcano rising to 2797 m, and
surrounded by a ring plain of similar volume (Hackett and Houghton (1989)). It is
situated within the central North Island, and is part of the Tongariro Volcanic Centre
(Figure 1.2a). The summit supports six glaciers, surrounding a 9x10% m? Crater Lake
at the active vent, 2540 m above sea level (Figure 1.2b; Hackett and Houghton (1989);
Christenson and Wood (1993)). The overflow of the Crater Lake lies next to the
Whangaehu Glacier, out of which the flow travels along the Whangaehu River (Figure
1.2¢). These glaciers descend to an altitude of around 2000 m; below 1800 m, the
slopes of the volcano are covered with alpine vegetation and are cut through by deep
valleys. Forest covers much of the lower slopes of the mountain and the ring plain,

with tussock cover in the Rangipo Desert (Manwille et al. (2000); Figure 1.1, page 13).
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Figure 1.2: Locations of monitoring sites along the Whangaehu River catchment used within
this study. Details of the instrumentation installed at each site can be found in Table 1.1 (23).
(a) Location of Mt. Ruapehu (red triangle) within the North Island of New Zealand. (b) En-
largement of upper catchment sites seen within black rectangle in (c), highlighting Crater
Lake (C.L.), the GNS Science/GeoNet volcano monitoring site at Dome Shelter (D.S.), the
Department of Conservation lahar warning sites (ERLAWS 1, 2, and 3), and the Massey
University/GNS Science monitoring site at the Round-the-Mountain-Track (RTMT). Topo-
graphic map sourced from NZTopo50-BJ34 Mount Ruapehu; scale 1:50,000. Crown Copyright
Reserved. (c) Installation sites (red stars) along Whangaehu River (dark blue line), super-
imposed upon topographic maps of the region. Topographic maps sourced from NZTopo250-9
Taumarunui and NZTopo250-14 Palmerston North. Map scales are 1:250,000. Crown Copy-
right Reserved.
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The climate of the area around the mountain is temperate, with an average yearly
rainfall of 1051-2851 mm, measured at 9 stations between 629 m and 1100 m elevation
(Thompson (1984)). This rainfall, coupled with glacial ice breaking into the lake,
causes increases in the lake level.

Lahars have previously occurred along several channels at Mt Ruapehu, most no-
tably along the Whangaehu, Mangaturuturu, Whakapapa, Waihianoa, and Mangatoe-
toenui catchments (Cronin et al. (1999); Figure 1.1, page 13). The most commonly
affected of these channels is the Whangaehu (Donoghue (1991); Hodgson (1993)). La-
hars have occurred along this channel in 1860, 1889, 1895, 1903, 1925, 1966, 1968,
1969, 1971, 1975, 1977, 1988, 1995, and 1996 as a result of phreatic or phreatomag-
matic eruptions (Nairn et al. (1979); Hodgson (1993); Cronin et al. (1996); Cronin
et al. (1997)). Breakout lahars have also occurred; the last such flow to happen was
on Christmas Eve in 1953. It damaged infrastructure, most notably destroying the

Tangiwai rail bridge and causing the Tangiwai railway disaster, in which 151 people

died (Figure 1.3; O’Shea (1954)).

1.5.1.2 Situation with Crater Lake

The 1995-1996 eruptions form one of the largest eruption episodes of historical times
(Donoghue et al. (1997)). During this period, the earlier eruptions in September 1995
ejected water from the lake, almost emptying it. Later eruptions from October 1995
onwards were, as a result, more sustained and contained less water, allowing ash to
be deposited as far as 250 km from the volcano (Johnston et al. (2000)). A tephra
dam, formed from erupted material, built up on the hard rock rim of the Crater Lake,
at its overflow to the Whangaehu River. This dam allowed for an increase in the
volume capacity of the lake by around 1x10° m3. As time went by the lake refilled and
increased to occupy this new additional volume capacity. The higher the water level
against the dam, the greater the likelihood of collapse and risk to infrastructure and
life.

In response to the threat posed by the dam collapse and resultant lahar, several
alternatives were proposed to best deal with the situation (Hancozx et al. (1997)). These
included the possibility of removing the dam using explosives and/or drainage before

lake levels rose too high so as to minimise the effect from, and damage caused by, any
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Figure 1.3: The aftermath of the 1953 Tangiwai Disaster: (a) front page of the New Zealand
Herald, 26" December 1953; (b) Restoration of the railway bridge began on 26" December,
2 days after it was destroyed by an breakout lahar as the Wellington-Auckland express train
passed across. Remains of the locomotive’s driving controls visible in left foreground, draped
in debris; (c) Damage to the road bridge, looking upstream. Far abutment remained firm
as it was founded on sandstone, while near abutment was undermined by scour; (d) View
downstream from railway embankment, showing resting places of several railway carriages,
the engine cab, and one of the bridge piers across the channel. Two carriages were swept
across the road in the background during the peak of lahar flow. All photographs taken on
26" December 1953, and included courtesy of the New Zealand Herald.
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lahar. Tt was, however, the decision of the relevant authorities (including the regional
councils (Horizons and Environment Waikato), the Department of Conservation, and
GNS Science) to leave the dam alone and to allow the natural breakout lahar to occur
(Hancox et al. (1997); Keys and Green (2008); Keys (2009)). As most lahars are either
triggered by eruptions or rainfall, data collection and scientific observations of flows
are rare due to the unpredictability of their occurrence. By allowing the tephra dam
at Ruapehu to remain, there was a high probability of a lahar; the only unknown
factors about it happening were when and how large. As any predicted lahar would
travel within the Whangaehu channel, monitoring equipment could be installed along
its length to capture the flow as it passed. The scientific rewards from such a decision

would lead to the largest and best collection of data of any lahar in the world.

1.5.1.3 Breakout lahar, 18" March 2007

In order to capitalise on the probable lahar expected to result from the collapse of
the tephra dam at Ruapehu, numerous sites along the Whangaehu River channel were
selected for instrumentation. Table 1.1 summarises many of the main sites at which
data were collected, either by instrumentation alone or in conjunction with in-situ
observations and sampling. While there were several other sites at which data were
also recorded, namely stage and sediment concentration profiles, this study is focused
on determining information of a lahar flow from primarily geophysical instrumentation.
As such, only those sites that have provided such data as utilised within this study
have been listed.

Prior to the emplacement of the tephra dam, the barrier at the lake outlet con-
strained its level to c. 2529.3 m a.s.l. (Keys (2003)). Over subsequent years, the lake
level rose irregularly, and areas of localised erosion and seepage began to appear by
December 2006-January 2007. On 18" March 2007, the long-awaited breach of the un-
consolidated tephra barrier occurred following a long period of wet weather. Records
from the lake-level sensors indicated a rise in lake level of 0.3 m from c. 2535.4 m
a.s.l. between 13" and 15" March. On the morning of 18" March, the lake level again
increased by a further 0.1 m due to a concentrated rainstorm, triggering the failure of
the dam (Massey et al. (2009)). This failure released a flood of c. 1.3x10° m? of water

over several hours, resulting in a decrease of the lake level by c¢. 6 m (e.g., Manville and
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Cronin (2007); Graettinger et al. (2010); Procter et al. (2010)). The outflow entrained
snow and other debris material from the upper Whangaehu valley, transforming into
a non-cohesive debris flow. The lahar continued along the narrow, steep course of the
upper valley, before spreading across the 6 km-long and up to 4.5 km-wide laharic and
fluvial Whangaehu fan beyond the cone (Palmer et al. (1993)). The flow was then
confined into a shallow channel until ¢. 42 km from source, which then deepened for
the majority of the remainder of its c. 160-km pathway to the coast (Cronin et al.

(1999)).

1.5.1.4 Eruption, 25" September 2007

On 25™ September 2007, a small eruption occurred without warning at Ruapehu at
c. 20:26 NZST (c. 08:26 UT). This eruption was accompanied by an ultrasonic shock-
wave, recorded at the GeoNet microbarograph stations at Far West and the Tongariro
Chateau (Figure 1.1, page 13). The explosion ejected c¢. 5700 m? of water and de-
bris across both the Whakapapa and Whangaehu Glaciers (Figure 1.2b). This then
entrained material from the former producing a lahar on the upper slopes of the Whaka-
papa Skifield. Direct fallout onto the latter travelled immediately down the glacier,
followed a very short time later (within 1-2 minutes) by additional material that had
briefly ponded within the central crater. These two lahars travelled down the glacier,
and into the Whangaehu, collecting debris, snow, and ice as they passed. Each of
the flows reached the Round-the-Mountain-Track site (RTMT; Figure 1.2b), though
deposits show they stopped within 500-800 m downstream. A later lahar, consisting
primarily of water rather than snow and ice, was recorded at the site more than an
hour after the other flows had passed, with a duration of c¢. 1.5 hours. It is believed
this flow was generated by streamflow from the Crater Lake that eroded and reworked
some of the deposits of the previous two flows. It carried material at least as far down
the channel as the Aqueduct (Figure 1.1, page 13), where ice was seen rafting upon
streamwater (S.J. Cronin, pers. comm. 2007).

While the pore pressure transducer and the load cell had been removed after the
Crater Lake dam-breakout lahar in March 2007, the broadband seismometer, one of
the AFMs, and the radar stage gauge were still installed at the RTMT site. They

were, therefore, able to record the passage of each of the flows past the site. The
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Figure 1.4: Map showing location of Mt. Semeru, Indonesia

second glacial lahar arrived within 1-2 minutes of the first, so unfortunately the two
signals recorded by the seismic sensors interfere with each other, and cannot easily be
resolved. The snow lahars show a marked difference in the seismic signal they generate
compared with the more watery lahar produced later, or even the March dam-break

lahar.

1.5.2 Semeru, Indonesia

1.5.2.1 Setting

Mt Semeru (3676 m) in Eastern Java is the largest of Indonesia’s volcanoes as well as
one of its most active (Figure 1.4); it has been in a constant state of eruption since
1967. The daily eruptions mostly consist of vulcanian explosions that last anywhere
between 10 minutes and an hour in length, generating ash plumes that rise above the
active crater as much as 300-1000 m (Lavigne (2004)). Less common are the more
destructive pyroclastic flows that occur as a result of either dome-collapse or column-
collapse and can reach distances as far as 11.5 km from the vent along valleys primarily
on the south and southeast flanks. These flows occur on average every 1-7 years, the
latest flows being in 1994, 1995, and 2002 (Lavigne (2004)). Other activity includes
lava flows, although these are uncommon, occurring on average twice every century,
both from the active crater and from parasite cones, such as in 1941-42 (Lavigne and

Suwa (2004); Lavigne (2004)).
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1.5.2.2 Installation Site

Figure 1.5: Photographs of lahar deposits and erosion at Mt. Semeru, Indonesia. (a)
High sediment delivery rates fill sabo dams within weeks of construction, while the erosive
nature of flows also causes additional damage to the dams; (b) lahar sediment volumes are
dramatically increased by the downcutting and lateral bank erosion of previously emplaced
material; (c) retaining wall used to minimise bank erosion, as seen during 2006 and 2007
field tests; (d) by the field campaign of 2008, the retaining wall had been completely eroded
away. (Photographs (c-d) courtesy of S.J. Cronin.)

Field tests were carried out during several rainy seasons: January 2006, February
2007, and February-March 2008. On each of these occasions, monitoring of lahars
was undertaken along the Curah Lengkong River channel, ¢. 9.5 km away from the
summit, on the south-western flank of Mt Semeru (as shown in Figure 3.1). Sediment
delivery rates at this volcano are so high that newly constructed or excavated sabo
dams are filled within a matter of a few days or weeks (Figure 1.5a). Lavigne (2004)
calculates the average annual erosion rate of sediment at our monitoring site to be c.
740 m3/m/yr. This erosion can be attributed to several sources: (1) the sheetwashing

of daily ashfall deposits; the annual volume of ejected tephra is estimated as c. 4x10%
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Figure 1.6: Map showing location of Mt. Merapi, Indonesia

m? /yr (Siswowidjojo et al. (1994)); (2) erosion of rockfall and small-scale pyroclastic-
flow deposits that persistently form part of the supply of lahar sediment volume, as
evidenced by the deposits (Lavigne (2004)); and (3) lateral bank erosion of old and
young volcaniclastic deposits. It is this last that appears to provide the majority of

the sediment volume within the lahars (Figure 1.5b-d).

1.5.3 Merapi, Indonesia

1.5.3.1 Setting

Mt Merapi (2965 m) is situated in the densely populated area of central Java, c. 30
km north of Yogyakarta (Figure 1.6). There have been 67 historical eruptions since
the mid-1500s; at least 24 of these eruptions have produced debris that acted as source
material for lahars (Lavigne et al. (2000b) plus the 2006 eruption). Pyroclastic flows
are the main danger, occurring on average every two to four years, due to the collapse
of parts of lava domes; examples of this occurred during the November 1994 (Lavigne
(2004)) and June 2006 eruptions. The main dangers from Merapi are as a result of
pyroclastic flows, surges, and lahars; out of the more than 1.1 million people who live
on the volcano’s flanks, over 440,000 are at risk from these phenomena (Thouret et al.

(2000)).
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(a) (b)

Kali Adem

Figure 1.7: Photographs of the destruction of the village of Kali Adem on the southern
flanks of Mt. Merapi due to pyroclastic flows from the eruption of June 2006. (a) Previously
deposited material within the unexcavated sabo dam near to the village of Kali Adem led to
(b) the inundation and burial of Kali Adem village due to overbank flow.

1.5.3.2 Installation Site

The Gendol valley, on the southern slopes of Mt Merapi, was inundated by block-
and-ash flows resulting from the 14 June 2006 lava-dome collapses. While relatively
confined within the channel in the uppermost 3.5 km, below this point the flows were
restricted by canyon-like steep-sided channels which, when their capacity was overcome,
forced overbank flow in many areas not regarded as direct hazard zones (Lube and
Cronin (2008)). A series of sabo dams had been constructed at various points along
the valley; the village of Kali Adem, evacuated before the collapses, was situated near
one of these sites (Figure 1.7a). Unfortunately, these dams were filled by previous
flows, and contributed to the overbank flow that swept through and buried Kali Adem,
causing the deaths of 2 people (Figure 1.7b).

Seasonal rainfall within the channel has induced considerable erosion of the pyro-
clastic deposits, leading to a succession of hot lahars. During fieldwork carried out
in Indonesia in February 2007, we were able to install a 3-component broadband seis-
mometer alongside the channel slightly to the north of Kali Adem (<1 km), within
the block-and-ash-flow deposits, in order to capture a record of some of these hot la-
hars. Video records and detailed notes were also taken to correlate with and describe
the lahars. While rainfall did occur on several days, we were only able to record one
significant lahar, on the 31%° January. This flow was quite large and highly granular,

containing many large boulders (> 1-2 m in diameter), and eroded great amounts of
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Figure 1.8: Comparison photographs of the different laharic flow types examined within this
study: (a) highly granular flow recorded at Mt. Merapi on 31°¢ January 2007; (b) typical
hyperconcentrated streamflow recorded at Mt. Semeru on 6 February 2007; (c) near-peak
sediment concentration of the Mt. Ruapehu Crater Lake-breakout lahar recorded at Colliers
bridge on 18" March 2007. (Photograph courtesy of A.V. Zernack); (d) frozen-in-place snow-
slurry deposit, with underlying ice layer visible, generated by the eruption of Mt. Ruapehu on
25" September 2007 (photographed and sampled on 26" September).

block-and-ash-flow deposits. It is, therefore, very different from other flows recorded

at Semeru and Ruapehu (Figure 1.8), giving additional scope to the laharic dataset.
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Chapter 2

Geophysical investigation of mass flows

Chapter 2 outlines the state of knowledge in geophysical monitoring techniques for
lahars and provides information about those utilised in this study, with particular em-

phasis on seismic tools.

2.1 Introduction

The use of geophysical tools in the monitoring of mass flows provides a number of
advantages over direct sampling methods. Techniques, such as bedload traps and
bucket sampling, suffer from the disadvantage of being unable to sample the entire
flow depth and length, and also are often damaged or destroyed by the flow itself (e.g.,
Manwille (2006); Arattano and Marchi (2008)). Geophysical sampling, however, does
not involve direct contact with the flow, and hence the risk of damage to, or loss of,
the equipment is greatly reduced. As such, maintenance trips, commonly frequently
required for the use of direct sampling methods, are needed less often for geophysical
monitoring equipment. This chapter details the most common monitoring techniques,
both direct and indirect, used in this study, and provides greater analysis on the use

of seismic monitoring.
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2.2 Direct sampling tools

2.2.1 Bedload traps

The bedload traps utilised at Semeru consist of three containers, c. 1 m? in size, made
of concrete and placed adjacent to one another near the margins of the channel (Figure
2.1). The lids of the traps were made of concrete, balanced against the Sabo dam.
They were connected to a wooden slab via a thick chain. When a sizable force, such as
a large boulder with momentum, strikes the wooden slab, the force is transferred along
the chain and pulls the concrete lid of the trap down and closed, sealing the sample
of flow inside. This method allows for the collection of both bedload and suspended
sediment, which can then be analysed later for content. There are, however, several
problems with this sampling method. Due to the nature of the flow, it is impossible
to see the base of the channel, and it is therefore not possible to tell exactly when
the bedload traps are closed. As it is often observed that large stones and boulders
accumulate at the front of a flow, it is perhaps likely that these boulders are what
closes the trap (Lavigne (2004)). As such, the sample collected may not be an accurate
representation of the entire flow, as, dependent upon when the lid was closed, the trap
may have only been open for a short time. The trap must then be excavated and
the wooden slab and chain rebuilt as it is often destroyed or damaged beyond repair
before the trap can be reused for another flow (Figure 2.1b). Owing to the almost
daily occurrence of lahars at Semeru, it is perhaps unsurprising that the traps are not
always excavated before the next flow occurs. This causes an additional problem; some
traps, such as those on the outskirts of a channel, collect samples of a flow, but do not
shut and seal them in (Figure 2.1¢). Consequently, if the sample is not removed after
a flow, any subsequent flow would add to this, giving a misleading representation of a

single lahar as it will be a collection of material from several events.

2.2.2 Dip / bucket samples

Dip samples of the flow will not necessarily be able to give a full sediment concentra-
tion profile or illustrate vertical stratification, because the largest rocks and boulders

may, predominantly, be carried along the base of a channel and therefore will not be
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Figure 2.1: Photographs of bedload traps in use at Semeru Volcano, Indonesia. (a) Con-
struction of the traps alongside the downstream side of a sabo dam. (Photograph courtesy of
S.J. Cronin); (b) Damage common to these sampling traps caused by the passing flows; (c)
During the waning period of lahar flow. Two of the traps have successfully closed, trapping
material, while the trap farthest from the channel centre remains open.

sampled (e.g., Pierson (2005) and other references therein). They do, however, give a
relatively accurate profile of the surface sediment concentration, which can be inferred
approximately as the suspended sediment profile of the flow. The water samples are
also analysed for a variety of chemical components that can, in the event of a lahar in-
volving Crater Lake water, show the addition and concentrations of such (e.g., Cronin
et al. (1996)).

In this study, dip samples were collected at regular intervals during the March 2007
Ruapehu lahar and several flows at Mt Semeru in Indonesia. While the Indonesian
samples were simply made using buckets, the Ruapehu lahar was sampled using 5 L
plastic containers with 100 x 30 mm holes cut into the top. These were thrown into

the flow thalweg! from a bridge or steep channel bank, and allowed to float within the

LA thalweg is defined as the line which joins the lowest (deepest) points along the entire length of
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Figure 2.2: Sampling a lahar at Colliers bridge, Ruapehu, New Zealand. (a) Sample con-
tainer is thrown into the flow thalweg from channel bank. (Photograph courtesy of A.V. Zer-
nack); (b) Transfer of sample to sealable container for transport to laboratory. (Photograph
courtesy of S.J. Cronin)

lahar until full (Figure 2.2a). This method meant that, while not a representation of
the entire of the flow depth, the sample gives a fairly accurate sampling of the top
0.5-1 m. The samples were transferred from the collection buckets into sealed bottles
for later analysis (Figure 2.2b).

Snow-slurry lahars, such as those seen at Ruapehu in September 2007, are sam-
pled differently than those of more water-rich flows. The flows were not observed and
sampled in passing; instead, they were sampled after the deposits were emplaced (Fig-
ure 2.3). Snow-slurry lahars contain not only large contents of ice and snow but also
have pockets and pores of air held within the matrix of the deposit. 2 L containers
were used, the sample cut away from the bulk of the solidly-frozen deposit using the
container as a guide. As snow-slurry lahars move and freeze as [near| solid plugs, the
sample is then an accurate portrayal of a 2 L. volumetric section of the flow. The ice
and snow will melt, but by using this method the percentage of the sample that were

air holes will be preserved.

2.2.3 Visual observations, recordings, and analysis

Visual observations and descriptions recorded by witnesses of lahars can give much

additional data about the state of the lahar as it passes that can then be inferred in

a streambed or valley in its downward slope. The thalweg is almost always the line of fastest flow in
any river.

32



2.2. Direct sampling tools

Figure 2.3: Sampling sequence of a snow-slurry lahar, Ruapehu, New Zealand. (a) Deposit
is cut away around area to be sampled using a 2 L sealable container as a guide; (b) Container
is then pushed down into deposit and sample excavated from beneath; (c¢) Excess material is
scraped from top of sample; (d) Sample is then accurate representation of 2 L section of flow.

the geophysical record. Photographs, that are accurately timed, can provide snapshots
of the state of a flow at a particular point in its duration.

Where possible, video records were taken of all lahars used in this study. These are
invaluable for several reasons; not only do they show the changing behaviour of the
flow, but they can also be used to calculate the surface velocity and stage height profiles
of the lahar over time (e.g., Lavigne et al. (2003); Doyle et al. (2010)). Ideally, the
camera must be set at an angle to the channel, with a view across the entire width. By
showing the full width of the channel we can see the lateral stratification and changes
in flow behaviour over time, as well as cross-flow velocity profiles, due to velocity and
stage height differences.

Surface velocity and stage height profiles can be calculated from the video footage
using the Particle Image Velocimetry method (PIV; Dalziel (2005)). The concept of

PIV analysis is to use successive images at known time intervals to calculate veloc-
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ity vectors of the flow field. These vectors are calculated by following known tracer
particles between two successive images. The images are then divided into small sub-
areas, known as “interrogation areas”, from which local displacement vectors are then
calculated using auto- and cross-correlation techniques. It is then assumed that all
particles within each of the interrogation areas move homogeneously between the two
images. By taking into account the time delay between the two images and the image
magnification, the projection of each vector is resolved and a velocity calculated (e.g.,
Raffel et al. (1998); Raffel et al. (2007); Kim et al. (2008)).

The video cameras used within this study were set up alongside the river channel
at each site to have fixed focus points within the centre of the channel whilst still
allowing for the full width of channel to be seen within the image frame. The images
were taken at a rate of 30 frames-per-second, and a resolution of 640 x 480 pixels.
Analysis of the recorded video was made using the freely-available software program
“DigiFlow”, which uses the PIV method to calculate time-dependent velocity profiles
by quantifying vectors between identified tracer particles in successive images within a

movie sequence (e.g., Dalziel (2005)).

2.2.4 Super-elevation and tide-lines

Lahars leave residual tide-lines along the sides of their flow path channels; by mapping
these tide-lines with GPS equipment after an event, maximum stage® heights can be
gained along straight stretches of the channel. Around bends in the channel, the
tide-lines will give super-elevation® measurements that can be used to estimate local
maximum flow velocities with the application of Newton’s second law of motion to the
centrifugal action around the bend (e.g., Chow (1959); Pierson and Scott (1985)). The

equation needed to calculate this is as follows:

Ah - 1/2
v = (%) (2.1)

°The stage can be defined as the height of the water surface above an established zero level at a
given location. While this zero level can be arbitrary, for this study it was defined as the bottom of
the stream or river during pre-lahar conditions.

3Superelevation is defined as the vertical distance by which the height of the outer edge of a curve
exceeds the height of the inner edge. In terms of this study, it relates to the difference in height of
the tide-lines on either side of a channel bend.
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where v is the mean flow velocity (m/s), Ah is the height difference between the
tidelines on the inner and outer bends (m), r. is the radius of the curvature of the

bend, and b is the width of the channel (m).

2.3 Geophysical tools

2.3.1 Stage gauge

Stage height records can be collected using acoustic, gas-pressure, or radar stage gauges.
These instruments are non-intrusive and do not require contact with the lahar surface.
As a result, they are less likely to be destroyed by the flow. Ideally, they should be
bolted onto the side of a bridge in the middle of the channel, looking directly down at
the surface of the passing lahar (VEGA Grieshaber KG (2009)). In situations where
this is not possible, such as at the Round-the-Mountain-Track (RTMT) on Ruapehu,
then they can be bolted into rock walls alongside the channel, pointing straight down.
In this case, the instrument used was a VEGAPULS sensor gauge. The gauge records
the travel time for a radar beam to reach the surface of a flow and be reflected back
to the instrument. From this, it can then calculate the height of the surface flow
below the sensor. Due to the highly irregular nature of the surface of lahars, reflection
angles greater than the optimal recordable angles of the instrument can occur and
either deflect the returning beam away from the sensor or, should they be received,
can produce anomalous readings. The optimal reflection angles are dependent upon
the type of sensor deployed and are determined by the emitted beam angle, itself
dependent upon the diameter of the transmitting horn (VEGA Grieshaber KG (2009)).
Additionally, the changing stage height can occur too rapidly for the sensor to record
the data; stage heights that change at a rate of more than 1 m/min cannot be accurately
measured by the instrument. Anomalous readings result; the sensor simply records the
value of the past reading until it recovers, giving flat line readings. As the stage height
tends to only change faster than the maximum recordable rate at the onset arrival of the
flow, data recorded after this can be considered relatively reliable. Reconstructed stage
heights can be made using correlation with other data and instrumentation readings,

giving an approximate onset stage height.
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2.3.2 Pore pressure

The pore pressure transducers used in this study are HOBO U20 Water Level Logger
(Onset Computer Corporation (2006)) and Solinst Levelogger Gold (Solinst Canada
Ltd (2006)) sensors. In order to prevent the removal of the sensor by the lahar, it is
installed in holes drilled into the hard rock channel base. In pure-water conditions, the
pore pressure should produce identical results as the stage record (Onset Computer
Corporation (2006); Gray and Gartner (2009)). The differing conditions inherent in a
lahar mean that the records may no longer match, illustrating the changing conditions
of the flow. It is hypothesised that the density of fluid may be increased due to the
inclusion and entrainment of sediment within the flow, increasing the pore pressure.
Turbulence at the base of the flow may also cause an increase in the pore pressure, due
to fluid motion sustained in an upwards or downwards direction. Pore pressure may be
decreased due to fluid dilation caused by collisions of particles in a highly concentrated
flow. Neither of these phenomena, however, were observed in tests of the instruments

in lahars at Mt. Semeru, Indonesia (Doyle et al. (2009)).

2.3.3 Load cell

Load cells are used to measure the weight, and hence height, of a flowing body of
water. In a pure-water condition, the load cell should record the same height as the
stage gauge. With the changing densities and weight of a lahar, the records of a load cell
will differ from the stage gauge. Increasing weight of flow due to sediment incorporation
will show in the record as higher stage readings. Between the two sensors, information
about the sediment concentration of the flow can then be extracted. Just as with the
pore pressure, the load cells need to be bolted into the hard rock channel to prevent
erosion by the lahar. The current load cells used in this study have in-built dataloggers
to avoid the necessity of cabling that can be easily eroded or sheared by the nature of
the lahar, as was the result during our first field tests in Indonesia in 2006 (Manwville

(2006)).
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2.4 Seismic tools

2.4.1 Geophones / Acoustic Flow Monitors (AFMs)

The Acoustic Flow Monitor (AFM) was designed by the Cascades Volcano Observatory
of the U.S. Geological Survey (Hadley and LaHusen (1995); LaHusen (2005)). It was
initially designed for the detection and monitoring purposes of debris flows originating
from a volcano; additionally, it has been successful in monitoring non-volcanic flows
as well. The AFM system has been an effective tool in real-time warning systems at
active channels across the world (e.g., Marcial et al. (1996); Lavigne et al. (2000b)).

The AFM consists of an inexpensive geophone, that senses ground vibrations, and
a microprocessor, that analyses the signals recorded. The signals are compared against
any previously defined ‘threshold” signals of amplitude and duration. If the signal
is below this threshold, the recording will not change and the unit will send reports
at standard time intervals, usually every ten minutes. Should the signal recorded be
greater in amplitude and duration than the threshold, then the AFM will switch to
‘alert mode’ and will send recorded data reports at one minute intervals. Once the
signal drops below the threshold, the recording and reports will be returned to nor-
mal operating modes (LaHusen (2005)). As the system is almost completely enclosed,
needing only a separate power supply, it is able to work well under challenging envi-
ronmental conditions, such as snow and ash fall.

The geophones used in this study at Mt Semeru and at several sites at Ruapehu
are 10 Hz vertical geophones, and can sense ground vibrations with frequencies ranging
from 1 Hz to 100 Hz. The ERLAWS warning system (Eastern Ruapehu Lahar Warning
System; Keys (2009)) consisted of AFM systems positioned along the channel at three
sites (see Chapter 1.5.1). These latter systems were able to transmit data to the
base station via a telemetered system and give adequate warning for the response and

disaster prevention teams downstream (Leonard et al. (2008)).

2.4.2 Broadband seismometer

During the course of this study, we have used seismometer sensors designed and built

by Guralp Systems, Reading, U.K. (www.guralp.co.uk). The first of the sensors used
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was an analogue CMG-6T in combination with a Reftek datalogger (Model 130-01;
www.reftek.com); the second was a digital CMG-6TD sensor, similar to the CMG-6T
but with the addition of an internal digitiser memory. The sensors themselves are
ultra-lightweight, rugged, and waterproof; in addition, they require no levelling as long
as the base is +3° from the horizontal, as an aid to installation.

The sensors will automatically start measuring and recording once attached to a
10-28 V power supply. Information regarding the time can be accurately gained from a
GPS unit, connected either to the Reftek datalogger for the 6T or through a breakout
box to the 6TD. The sensors constantly monitor the GPS status and record it to a
plain text status stream file. The internal temperature of each unit is monitored using
an electrical thermometer; the results of which are also recorded into the status stream
file.

Each unit consists of three sensors within a sealed case, that can simultaneously
measure the ground motion in the east / west, north / south, and vertical component
directions. They are sensitive to a range of frequencies within the ground vibrations,
usually 0.033-50 Hz as standard. The 6TD also contains an in-built 24-bit digitiser

that allows for the conversion of the recorded ground motion to digital data at source.

2.4.3 Seismic records of mass flows

There have been numerous studies that have utilised seismic recordings to recognise,
locate, and/or monitor mass flows (e.g., Tungol and Regalado (1996); Arattano (1999);
Jolly et al. (2002); Caplan-Auerbach et al. (2004)). The aims of these studies, with
regards to their seismic component, varies. Often, they have merely been used to either
inform of the passage of a flow and send alert warnings (e.g., Bessason et al. (2007)), or
as a trigger to increase the sampling record of other geophysical instrumentation (e.g.,
Lavigne et al. (2000b)). There have, however, been a number of studies where seismic

monitoring has been used to derive information about a flow itself (e.g., Surinach et al.

(2005)).

2.4.3.1 Warning systems

Monitoring and warning of mass flows using seismic studies include work developed in

the European Alps (e.g., Leprettre et al. (1996)), Norway, and Iceland (e.g., Bessason
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et al. (2007)). The system provided in Norway to alert traffic on roads is based upon
the use of geophones, located above the roads in the paths of avalanches. Minimum
thresholds were given, above which avalanches would produce signals, and the traffic
alerted. The system did not always work well; the threshold level had to be set high
enough to avoid false triggers but low enough to not miss events. Despite the appli-
cation of these threshold levels, false alarms were triggered and events were missed
(Bessason et al. (2007)).

In 1992, Leprettre et al. (1996) investigated a method of real-time seismic detection
of avalanches in the Alps. Approximately 300 events were recorded over a 3-year period,
with additional information providing confirmation of avalanche trigger mechanism for
c. 15% of the events. The rest were triggered by a combination of earthquakes, animals,
storms, and traffic. The study highlighted the need for more than just instrumentation
at a site; Leprettre et al. (1996) introduced new methods for automatic recognition of
an avalanche based upon signal analysis.

More recently, Bessason et al. (2007) have developed a more complex monitoring
system that automatically detects and analyses flows in the West Fjords Peninsula,
Iceland. This system, initially installed in 1996 (Bessason et al. (1999, 2000)), is based
on comparison of known events to detect and identify new events. Ten characteris-
tic parameters of the signals are evaluated: peak value, power, power duration, total
duration, impact factor, characteristic frequencies, half-power bandwidth, lower spec-
tral limit, minimum and maximum amplitudes, and the frequency of the maximum in
the power density spectrum. The results of these analyses are not as satisfactory as
could be hoped; many events are incorrectly classified, although it is suggested that the
process will become more reliable as more events are detected (Bessason et al. (2007)).

Monitoring on volcanoes is generally less specific to channels than the above avalanche
monitoring. Primarily, the systems are used to monitor the changing nature of the vol-
cano itself; lahar or other mass flow monitoring is both incidental and additional to the
other recordings made. Jolly et al. (2002) took advantage of the 8-station network of
seismometers deployed by the Montserrat Volcano Observatory to monitor the growing
dome and subsequent collapses. The study uses a best-fit model to find the location
of a pyroclastic flow as source, similarly to earthquake location methods (e.g., Lahr

(1989)). Similar analyses have been carried out at other volcanoes to locate rockfalls
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(e.g., at Piton de la Fournaise; Aki and Ferrazzini (2000)) and pyroclastic flows (e.g.,
at Unzen Volcano, Japan; Yamasoto (1997)).

Warning systems that are more specifically designed to monitor the passage of
lahars and debris flows are also found. Lavigne et al. (2000b) details the system in
place for the monitoring of channels at Mt. Merapi, Indonesia, where alerts are sent to
the Volcanological Survey of Indonesia. The systems emplaced to monitor the flows of
Mt. Pinatubo in the Philippines also alerts to passing flows once minimum amplitude
thresholds are exceeded (e.g., Tungol and Regalado (1996)). A similar system has also
been established at Mt. Ruapehu, New Zealand. This latter system, the Eastern
Ruapehu Lahar Warning System (ERLAWS), comprises geophones at three stations
along the Whangaehu channel. It was installed to specifically monitor the threat from
crater lake collapse, but remains installed as a result of its effectiveness during the
March 2007 lahar (Leonard et al. (2008)). In combination with the Eruption Detection
System (EDS) also installed at Ruapehu, early warnings for both eruption-triggered
and other lahars can be provided (Keys (2007)).

2.4.3.2 Velocity of flow

Seismic data have, in the past, been used to estimate the frontal velocity of mass flows.
This requires the use of a series of sensors deployed along a channel at known distances.
Suwa et al. (2000) showed that, while flow-induced ground vibrations did occur prior
to the arrival at a site, the peaks coincided with the peaks in the hydrograph records.
As such, it is a simple matter to pick the arrival of a flow at a site using seismic
records. Correlation between sites will give an average frontal velocity. Many studies
have utilised this method (e.g., Galgaro et al. (2005); Lavigne et al. (2000b); Tungol
and Regalado (1996)). In some cases, however, there is not always an unique, well-
defined flow front that easily heralds the arrival of a flow. Arattano and Marchi (2005)
present a cross-correlation method that can be employed in such cases between data

to define the mean velocity of the flow.

2.4.3.3 Flow discharge and size

A number of studies have attempted to use recordings of the seismic amplitude of la-

hars and other mass flows to estimate their size and discharge. The maximum signal
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amplitude recorded at Unzen Volcano, Japan, during pyroclastic flows shows a good
correlation with the volume of rocks within the flow (Uhira et al. (1994)). This rela-
tionship, however, is not a simple one (Calder et al. (2002)). The best-fit of flow size
and discharge will vary considerably with sensor distance from the channel and type of
flow (Tungol and Regalado (1996)). It is, however, not surprising that the longer the
seismic record of an event, the larger the volume of material within a flow (Zobin et al.
(2005)).

Suwa et al. (2000) proposed that the peak vibrational energy recorded by a seis-
mometer is proportional to the peak discharge of a flow, while volume estimations
could be made by integrating the acceleration amplitude. Galgaro et al. (2005) calcu-
lated the discharge of a flow in the Acquabona catchment, Italy, using mean frontal
velocity and flow section area. They also used a regression line to estimate the total
volume of the flow from the integral of ground vibrations. AFM data was used at Mt.
Pinatubo to define a pseudohydrograph, the strength of which was used as a proxy
for relative discharge. Absolute discharge could then be calculated by calibration with

actual discharge measurements at the site (Tungol and Regalado (1996); Marcial et al.

(1996)).

2.4.3.4 Signal characteristics

As illustrated above, previous studies have been made to investigate the ground vi-
brations generated by different types of flows. For example, the dynamics of the more
than 50 lahars on Mt Merapi that followed the nuees ardentes of 22" November 1994
were monitored using acoustic flow monitoring (AFM) systems, real-time seismic am-
plitude measurements (RSAM), and seismic spectral amplitude measurements (SSAM)
(Lavigne et al. (2000b)). The lahar durations on average ranged from between 30 and
90 minutes, the majority of which occurred in the afternoon. Instrumental thresholds
were proposed following observations of mean velocities and peak discharges in order
to improve the warning systems. Large lahars were identified by >1500 mV AFM value
on the low-gain, broad-band setting, >400 RSAM units, or >80 SSAM units on the
highest frequency band (Lavigne et al. (2000b)).

Studies have also been made with regards to the individual frequencies excited by

a flow. Chen et al. (1991) observed the passage of 18 debris flows at Jiangjia Gully
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in China; the frequencies generated by the flows are mainly between 25-85 Hz, with a
peak frequency of ¢. 50 Hz. Others have concluded energy from hyperconcentrated and
debris flows are concentrated in the 10-100 Hz range (Marcial et al. (1996); Lavigne
et al. (2000b)).

Experimental flows made by Huang et al. (2003, 2004) investigated the sources of the
ground vibrations generated by debris flows. The signals recorded are due to both the
collisions of large boulders and particles within the flow and the frictional interaction
of the flow with bedload. Huang et al. (2003, 2004) measured bed-friction generated
signals with frequencies in the range 10-300 Hz, although predominantly between 20
Hz and 80 Hz. The frequencies of collisional motion produced signals between 10-500
Hz. These studies were followed by Huang et al. (2007), in which ground vibrations
were measured during field experiments in Taiwan. These showed that individual rocks
produced frequencies of 10-150 Hz, with larger rocks generating signals at the lower
end of the spectrum. The observation was also made that the signals of a debris flow
front produces ground vibrations of lower frequencies (< 50 Hz) than those of the body
and tail of the flow (50-100 Hz). The reason for this is ascribed to the accumulation
of larger stones [sic|] at the front of the flow (Huang et al. (2007)).

The above studies were made with sensors installed next to the channels and/or the
flumes used in the experiments. Distinguishing different frequencies made by a flow
using the records of sensors deployed for volcano monitoring is much harder. This is
because the higher amplitudes will not be observed due to the anelastic attenuation of
higher frequency propagating waves with distance (Aki (1980)). Surinach et al. (2005)
illustrate that snow avalanche signals can be resolved as different from earthquakes and
explosions due to the increase in the high frequency component as a flow approaches
the sensor. Similar behaviour could be expected with signals from lahars. For sensors
installed away from channels, however, the attenuation of higher frequencies will make
this much harder to see. Zobin et al. (2009), for example, show peak frequencies for
lahars recorded at Volcan de Colima, Mexico, as in the range of 6-8 Hz. The sensors,
however, are at least 2 km from the source of the ground vibrations and this will have
a distinct effect on the maximum frequencies recorded. Comparisons made between
the records of lahars and pyroclastic flows, however, made by the same instrument

indicate that, despite this, the two flow types can be resolved as the latter produce
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peak frequencies of 3-4 Hz (Zobin et al. (2009)).

2.5 Analysis of collected seismic data

The seismic data collected during this study were analysed in a variety of ways in order
to obtain as much information about each lahar as possible. While the signals recorded
by each geophone sensor could merely be plotted against other recorded parameters,
such as sediment concentration or velocity profiles, the broadband records allowed for
more detailed dissection of the signals associated with each lahar. To this end, a number
of programs were utilised and are discusses below; of these, many are freely and / or
widely available within existing software, such as Seismic Analysis Code (SAC) and
MATLAB, while others were written during this study and can be found in Appendix
A.

As has been previously described in Section 2.4.2, the broadband records were col-
lected using Guralp sensors, and recorded onto either internal dataloggers or attached
Reftek dataloggers. In the instances where internal dataloggers were available, the
data recorded could be, and were, extracted in a number of formats; that is, gcf, sac,
and mseed. This allowed for the easy application of different software to each dataset
where file-type compatibility issues could arise. The data recorded onto the Reftek
dataloggers, however, was only available for extract in mseed format. These files were
then converted to sac format using the program ms2sac provided by my supervisor,
Dr. Steve Sherburn.

Each of the seismic records was analysed using the same methodology. To allow
for correlation of analysis results, it was first necessary to ensure that each signal had
the same basis; that is, each respective component was aligned in the same way at
each site, the same sampling rate was used for each record, etc. In some cases, it was
necessary to use the ‘rotate’ command within SAC to rotate the E and N component
data to align with channel-perpendicular and channel-parallel directions, respectively,
while others required the use of the ‘upfirdn.m’ program within MATLAB’s seismic
analysis software to downsample (reduce) the sampling rate of a signal. For those files
where the start time of the file was not 00:00:00 UT, the program ‘seis_true_time.m’

(Appendix A) was written to set up the correct start time of the file. As the seismic
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data was recorded in units of bits, each signal needed to be converted in m/s to obtain
the velocity amplitude of the trace. To this end, the program ‘trace yaxis’ was written,
encorporating the digitiser and seismometer conversion factors to do so (Appendix A).

For analyses that required the extraction of seismic velocity amplitude and seismic
energy data, three programs were written during this study: ‘signal analysis_suzy_0902.m’,
‘signal_analysis_suzy_0903.m’, and ‘energy_extract_data.m’ (Appendix A). The first
two of these are used to create an answer matrix containing an amplitude and en-
ergy spectra for each seismic file. As these files are often made up of long signals,
‘signal_analysis_suzy_0903.m’ is used to break the long signal into a series of short
signals before it calls the program ‘signal_analysis_suzy_0902.m’ to calculate the am-
plitude, energy, and frequency distributions for each short signal. The programs then
write the data to the aforementioned answer matrix. The ‘energy extract data.m’ pro-
gram can then be run to extract seismic energy data from the answer matrix for each
lahar and/or any “packets” contained within. Chapter 3.2.2 contains a more detailed
description of the calculations for seismic amplitude and energy, and how they are used
within the context of this study.

Many of the other analyses of the seismic data within this study were made using
standard components of the Seismic Analysis Code (SAC) and MATLAB software,
specifically ‘lowpass’, ‘highpass’, and ‘bandpass’ filters used to filter certain frequencies
from the data, ‘fft” and ‘pds’ used to create power density spectra for each file or time-
slice of file, and ‘spectrogram’ used to create and plot spectragrams of the data, using
256-sample windows and 50% overlap. RSAM profiles were produced using a program
provided by S. Sherburn called ‘sac2rsam 10s’, which calculates each RMS point over
a 10-second interval along the length of a time trace. After many of the above analyses
were made, some answer files remained in .sac format. In such cases, the program
‘sac_sp2gmt’, also provided by S. Sherburn, was used to convert them into ascii files

for greater ease of data extraction.

2.6 Background noise and flow analysis methods

Any seismic recording is a combination of data made up of “signal” and “noise” com-

ponents. Noise data can be defined as everything not of interest within a record. This
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noise is made up of both coherent and incoherent noise. The former is caused by, for
example, ground roll, refracted reflections, and air wave-generated signals. Incoherent
noise is more commonly referred to as random or background noise. Random noise is,
by definition, unpredictable and cannot be correlated between traces. As a result, it
is not possible to accurately gauge the amplitude produced by any given mechanism
generating such a signal.

Seismic noise has been shown to affect signals across a wide range of frequencies,
from 0.0001 Hz to 100 Hz (e.g., Burtin et al. (2008)). Previous studies have highlighted
certain frequency bands that are affected by known sources. At frequencies less than 0.1
Hz, for example, local weather conditions (i.e., variations in temperature or atmospheric
pressure) can produce substantial levels of noise in a seismic record (e.g., Beauduin et al.
(1996)). Oceanic-sourced noise, recorded everywhere on Earth, generates signals in the
“micro-seism” band between 0.05 Hz and 0.2 Hz, with peak amplitudes at 0.2 Hz (e.g.,
Peterson (1993), Stutzmann et al. (2000)). Above 1 Hz, seismic noise can be mainly
attributed to cultural sources, such as traffic (e.g., McNamara and Buland (2004)), or
other natural sources, such as high winds (e.g., Bahavar and North (2002)) or volcanic
tremor (e.g., Hurst and Sherburn (1993)).

For the purposes of this study, the “noise” signal contained within the seismic record
can be defined as the general background signals attributed to normal streamflow within
the channel at each site. In addition to this, added signals from phenomena such as
ash eruptions at Mt Semeru, Indonesia, can also be classed as noise. These phenomena
are illustrated in Figure 2.4.

For those lahars where the flow is of such considerable size and sediment concen-
tration that any normal streamflow can be regarded as relatively min, its associated
noise profile is likely to be of little consequence. Some flows, however, are very small,
or of such nature as to be relatively seismically quiet, that the noise fraction may be of
significant enough a level as to be considered not so easily dismissable. In such cases,
in order to better view the signals as produced by a lahar alone, the noise fraction
needs to be either removed or, at least, minimised. Due to the nature of a flow, any
strictly noise-generated component within the signal will be hard to identify. Average
background noise from normal streamflow and atmospheric conditions will be some-

what easier to remove. The close proximity of the source to the receiver in much of
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Figure 2.4: Vertical component signals (100 sps) of background noise and lahar-generated
signals recorded at Semeru Volcano, Indonesia. Top: seismograms; bottom: spectrograms,
with 256-sample windows and 50% overlap. (a-b) Background noise; (c-d) Lahar signals.
Note very low frequency (<5 Hz) eruption-associated signals concurrent with passage of lahar.

this study means that any source-to-receiver pathway influences upon the signal should
be at a minimum. The remainder of this chapter outlines a few noise removal / min-
imisation methodologies that may be useful in order to better characterise the seismic

signal of a lahar.

2.6.1 Calculating background noise

Before the noise component of a signal can be removed from the record, it must first
be calculated. In order to get the best possible match to noise as would be present
during the lahar, only records from the days close to, but prior to, the flow are used.
This is because any change to the geometry or properties of the channel would have an
effect on the signal produced from normal streamflow. By averaging over several days

worth of streamflow-generated signals, any anomalous peaks on a single record can be
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minimised. Similarly, by using the same time window for the noise traces as for the
lahar trace, both in length and time of day, any signals localised to the site and that
time can also be accounted for.

The removal of any noise profile from a seismic record necessitates the transfer of
the data from the time domain into the frequency domain. For this purpose, the Fast
Fourier Transform (FET; Cooley and Tukey (1965)) was used to identify the frequency-
domain content of the signal. The MATLAB scripts ‘signal analysis suzy 0902.m’ and
‘signal_analysis suzy 0903.m’ (Appendix A) were created to calculate the spectra of a
signal.

While the above method works well for most of the flows used within this study,
there are several for which it is not viable. The noise signal generated at Colliers bridge
on 18" March 2007, for example, cannot be calculated from data recorded over days
prior to the flow for the simple reason that such data do not exist: the seismometer was,
on that occasion, installed a mere twenty minutes before the arrival of the flow. To use
the data from this small time frame would, unfortunately, be misleading; prior to the
arrival of the flow, many additional noise signals were generated from the installation of
the sensor and the movement of people preparing for the flow’s arrival. In this case, it is
therefore necessary to use the seismic record from after the lahar. As the seismometer
was removed less than 24 hours after the end of the lahar, averaging the signal over a
period of days is not possible. As such, the average background signal is calculated as
an average of three time slices of the same length as the lahar signal. While not ideal
as lahars can cause extensive remodelling of a channel by erosion and/or deposition,
thereby altering site characteristics that may affect normal “background noise” signals,
this will at least give some indication of the signal produced by normal streamflow.

In the case of the snow-slurry lahars recorded at the Round-the-Mountain-Track on
25" September 2007, another problem emerges. A noise profile for the first of the three
flows can easily be calculated by the above method of averaging a time window over
several days prior to the flow. For the other two flows, however, it is more complicated.
The arrival and subsequent deposition of the first snow-slurry flow, E1, means that the
channel geometry was significantly changed as much of the channel base was filled with
the poorly compacted snow and ice deposit. Exactly how much this affected the seismic

record of the following flows is undetermined. It can, however, be averred that such
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an effect would cause a dampening of the signal record. Additional deposition from
the second snow-slurry lahar, E2, would compound this problem for the third flow, E3.
Any calculation of noise from similar time periods in days prior to the events would,
therefore, overestimate the amount of background noise present during these flows. It
would, as a result, be preferable to calculate the noise profile from periods between
each of the flows.

The arrival of the second snow-slurry flow, E2, occurred approximately 3 minutes
after the passing of the tail of the first flow, E1. Calculating an accurate average of
background noise during the time between these flows is unrealistic. This is because,
despite cutting the trace for the most accurate start and end times for each flow, they
are still limited by human error that may mean possible contamination of the record
by either flow. As such, it would be better to use another time period for calculating
the background noise. The lapse period of more than an hour between the passing of
E2 and the arrival of E3 provides a long enough time period to calculate an average
of several similar-to-E2-length time windows. Due to the additional dampening of the
signal as a result of the deposition of the E2 flow, however, it can be argued that this
would underestimate the amount of noise present. Hence, for this flow, an average
noise profile from days prior to, and the time windows after, the flow are used.

The time lapse period between E2 and E3 can also be used to calculate an average
background noise profile for E3. The time between the passing of E2 and the arrival
of E3 is less than the length of the third snow-slurry signal. The dampening effects
of the previous flows, however, would mean that any calculations from days prior to
the event may give a vastly misleading profile of the noise. For this reason, the time
period between E2 and E3 is considered to be the most appropriate to use, despite
its limitations. To calculate the best possible noise profile from this time, almost the
entire length of the period was used. The average background noise profile was then
taken from the average of the many fft windows used. A similar method was applied to
the calculations of the noise profiles for many of the flows at Mt Semeru in Indonesia.
In these cases, such was necessary as often other noise-generating factors complicated
large parts of the signals only when no flow passed the monitoring site, e.g. the use of

a generator and a rock corer.
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2.6.2 Removal of background noise

The following provides a detailed critique of a number of ways in which to either re-
move or minimise the noise profile from that of the signal that is of interest. Figure 2.5
illustrates the different results produced by each of the methods. No single method is
capable of removing all outside factors and possible noise contaminations of a signal.
There are both advantages and disadvantages to each of the methods, which are ex-
amined in turn. As such, it should be noted that, unless otherwise stated, the signals
investigated in subsequent chapters are those of the raw data, comprising both lahar

signal and any noise present during the flow.

2.6.2.1 Signal minus Noise

The most basic of all noise removal methods must be a simple subtraction of certain
affected frequencies from the raw data (e.g., Baher (2004)). This filtering of specific
frequencies can easily be applied to those signals where ocean-sourced or eruption-
associated noise is concurrent with lahar passage, such as the low frequency (<5 Hz)
signals seen at Mt. Semeru (Figure 2.4). Normal streamflow, however, can produce
signals that affect all frequencies in a lahar profile. If it is assumed that there are no
other factors (e.g., earthquakes or air waves) that might contribute to the noise profile,
the average background noise, as calculated above, can then be subtracted from the
seismic record of a lahar (Figure 2.5e). This method has the advantage of not only
removing the noise from a signal, but also leaving the remaining lahar signal intact.
That is, no part of the signal that could reasonably be attributed to the flow is removed.

There is, however, one disadvantage to this. As a lahar passes a site, it is often
highly energetic and turbulent. As such, ground vibration can be extensive. The back-
ground noise calculations above take into account the signals from normal streamflow
in a channel at a specific site and any effects of the source-to-receiver pathway. The
behaviour of a lahar, however, will have the effect of increasing the amplitude of any
signal that is due to this source-to-receiver path. This method, therefore, will be able
to remove normal streamflow “noise” but only minimise the noise due to the increased
resonance along, and excitation of, the site-specific characteristic source-to-receiver

path. The resultant signal will, as a result, not be free of all noise; instead, the noise
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Figure 2.5: Results of the effects of various noise removal methodologies on the total spectra
as applied to signals recorded at the Round-the-Mountain-Track monitoring site of the Crater
Lake-breakout lahar at Mt. Ruapehu, New Zealand, on 18" March 2007. Blue lines are
vertical motion; Red lines are cross-channel motion; Green lines are channel-parallel motion.
All lines are 20-point running average total spectra profiles. (a) Raw signal, illustrating the
high amplitudes at very low frequencies (<1 Hz); (b) Raw noise profile; (¢) Raw signal spectra
with exaggerated vertical axis to show higher-than-peak frequency detail (peak signal at <2 Hz);
(d) Raw noise spectra with exaggerated vertical axis to show higher-than-peak frequency detail
(peak signal at <2 Hz); (e) Signal minus noise; (f) Signal divided by noise; (g) Normalised-
to-peak-amplitude signal minus normalised noise; (h) Normalised-to-peak-amplitude signal
divided by normalised noise.

component will only be minimised.

2.6.2.2 Signal-to-Noise ratio

The traditional signal-to-noise ratio is a measure of the “size” of a signal in comparison
to the “size” of the noise in which it is embedded. For a seismic record as collected by

a series of geophones, the signal-to-noise ratio can be described as:
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50



2.6. Background noise and flow analysis methods

where ¥ is the average of a measurement and the best estimate of the original signal .S,
o is the standard deviation, /N; is the random noise, and n is the number of geophones
used in the measurement of the record (Hatton et al. (1986)). This, however, is just one
approximation of the signal-to-noise ratio; there is no unique definition as the concept
has been applied to many different records in numerous sciences. The uncertainties,
or variances, inherent in windows of short, finite lengths containing signals of interest
mean that their signal-to-noise ratios may be statistically misleading due to insufficient
sampling within those windows. It is, therefore, better to calculate estimators for the
signal-to-noise ratio, rather than exact quantitative measurements. Hatton et al. (1986)

give several possible candidates for the estimators, such as:

peak to peak signal

2.3
peak to peak noise (23)

and:
RMS of signal

RMS of noise

The ratio of signal-to-noise is, in effect, a power ratio that measures the relative effec-

(2.4)

tiveness or reliability of a seismic record. The higher the value of the ratio, the better
the record and the more clear the signal in relation to the noise.

While the variety of ways of calculating a signal-to-noise ratio provides a versatile
measure of this estimator, the changes in the distribution and spectrum of the noise
will result in markedly different values depending on the method used. It is, therefore,
necessary to be very clear about which method is used for each calculation. The
reason for these differences can be attributed to the inclusion of noise within the signal
of interest. The signal-to-noise ratio is actually the ratio of signal plus noise over noise

(Figure 2.5f).

2.6.2.3 Normalisation of Signal and Noise

By normalising the noise profiles, the data is reduced to a relative distribution over the
recorded frequencies. The normalisation can be made to either the peak amplitude of
each trace or to the amplitude of a specific frequency. The choice of frequency should
be made from the distributions seen in the noise profiles so as to be uninfluenced by
any lahar-specific ground-vibrational energy. When a lahar signal that was recorded at

the same site is normalised to the same frequency as that chosen for the noise profiles,
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the results can then be directly compared using one of the methods above to better
highlight those parts of the signal more affected by the lahar (Figure 2.5g and h).
While this method can produce interesting results, care must be taken over which
frequencies are chosen to normalise to, especially when a comparison of the results
between different sites is required. Not only will frequency distributions of a signal
be affected by differences in site characteristics, each of the noise profiles calculated
at a different site in this study show peak amplitude at vastly different frequencies.
At the Round-the-Mountain-Track (RTMT) on Mt. Ruapehu, for example, the peak
amplitudes occurred at very low frequencies (< 1 Hz; Figure 2.5a and b). The source
of these amplitudes is likely to be the result of oceanic-sourced “micro-seism” noise
(e.g., Peterson (1993)) as it is predominantly confined below 0.2 Hz, with possible
additional noise sourced from background volcanic tremor (Hurst and Sherburn (1993)).
At Colliers bridge, however, the peak amplitudes occur at approximately 30-32 Hz. The
different peak amplitudes in these noise profiles may be attributed to the variation in
site characteristics, differences in the source-to-receiver pathway effects, and volume of
normal streamflow in the channel (normal streamflow is much less at RTMT than at
Colliers bridge). Also, while ocean-sourced noise will be felt at both sites, the degree
of volcanic tremor will be much lessened at Colliers bridge due to attenuation with

distance from source.

2.7 Conclusions

There are many different ways to monitor and sample a lahar flow. Direct sampling
methods have the advantage of capturing detailed records of either a part, or the whole,
of a flow. They are also, however, generally subject to damage and/or destruction by
that flow. As such, they are not the most reliable or often the most long-term cost-
effective monitoring methods because of the continual need of repair between events.
In contrast, geophysical methods are a more robust method of capturing a lahar as
they can detect and monitor an event without the need of direct contact with the flow.
While these methods can provide insight into a passing flow, and have the advantage of
less maintenance issues, they do have their own inherent problems. Of all the potential

geophysical monitoring instrumentation currently available, seismic sensors appear to
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be the most promising.

Seismic sensors have been used to monitor the status of volcanoes for decades.
These instrumentation have also proven useful in the past as a tool for monitoring
mass flows, though predominantly this usage has been as a trigger mechanism for
warning systems and/or in conjunction with more elaborate recording arrays. Devel-
opment of seismic sensors for use as the sole monitoring instrument in a lahar-prone
catchment may prove to be highly beneficial, especially for catchments that are often
inundated by mass flows and are hence regarded as highly dangerous regions. Investi-
gation into the signals recorded from a variety of different flows may provide the basis
for the development of an identification system to isolate and sort different mass flow
events from one another using possible flow-specific excitation frequencies. The incor-
poration of new seismic instruments into or utilisation of those already within existing
volcano-monitoring arrays for lahar and other mass flow monitoring purposes could be
invaluable at many volcanoes throughout the world.

The main disadvantage to seismic sensors is the incorporation of noise-related sig-
nals within the lahar profiles. In order to fully evaluate the signals related solely to
any lahar, all background and site-related amplified noise must be removed from the
recorded data. To this end, a number of different noise minimisation methods have
been explored, such as signal minus noise, signal-to-noise ratios, and normalisation-
related analyses. Each of the different methods, however, have both advantages and
disadvantages to their usage. Further understanding of the dynamics of, and particle
motions within, a lahar, as well as any effects on a signal related to site characteristics,
is necessary for the effective removal of all noise-related signal as it is these motions
which appear to dictate the frequencies and amplitudes of signal recorded. Until such
time as a noise-removal method is developed that removes all noise and preserves all
lahar-related signal, it is likely that the use of the above mentioned noise minimisation
methodologies would produce misleading results. It is because of this current inability
to completely separate lahar-related and noise-related signals that has led to the gen-
eral inclusion of all data recorded at the time of a flow during the analyses of lahars

within this study, except where otherwise indicated.
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Chapter 3

Seismic signals as proxy for flow characteristics

Chapter 3 examines the use of seismic records as a measure for flow discharge between
multiple flows at a single site. Variability in the frequency distributions for this type of
record are also used to explore its use as a sediment concentration proxy for the same

flow at multiple sites.

3.1 Introduction

Lahars can range from small, seasonal rain-triggered flows to much larger and higher
discharge eruption-triggered or crater lake-breakout events (Chapter 1.4.1). Mitigation
of the risks resulting from any such event is dependent upon several factors. The
most significant of these are the accurate characterisation of the event itself, including
a determination of its discharge and sediment concentration, and, by extension, its
predicted inundation and impact areas. For crater lake breakouts, it can be possible to
estimate prior to the event an approximate volume of water likely to be released. From
this, initial estimates of the hazard posed by a lahar, and its zones of impact, can be
readily deduced in the uppermost reaches of a catchment (Procter (2009); Procter et al.
(2009)). It is common, however, for non-cohesive lahar flows to undergo considerable

bulking and transformation as they travel from source (e.g., Pierson and Scott (1985);
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Cronin et al. (2000a); Procter et al. (2010)). For events such as repeated seasonal rain-
triggered lahars, these issues are compounded by the unpredictable volumes of runoff
water at flow initiation (e.g., Lavigne and Thouret (2000); Lavigne et al. (2000a)). For
these, quantification of the likely discharge of a flow becomes more complicated.
While there are a number of simulations and models that can provide pre-event
estimates for factors such as discharge, entrainment, and deposition (e.g., O’Brien
(1999); Pitman et al. (2003); Carrivick et al. (2008)), they are limited by simplified
assumptions of the complex flow behaviours often witnessed in real-world events (e.g.,
Doyle et al. (2009)). As such, the results from these simulations require validation
from syn-event observations and/or measurements, as well as post-event depositional
surveys. Due to the unpredictable onset of lahars, however, scientific observations are
limited (e.g., Cronin et al. (1999); Lavigne and Thouret (2002)). In addition, when such
observations are possible, data collection can often be hindered by the flow itself (e.g.,
Arattano and Marchi (2008)). As detailed in Chapter 2, many direct sampling methods
are in regular need of maintenance and/or replacement, making them cost-prohibitive in
nearly all but the most commonly-affected channels. The non-contact nature of seismic
monitoring, however, may provide an acceptable alternative, as it is commonly already
used for detection of mass movements (e.g., Tungol and Regalado (1996); Bessason
et al. (2007); Leonard et al. (2008)). This chapter provides a validation of the use of
such methods to calculate approximate volumes of multiple flows at a single site, and
investigates their use in determining changing sediment concentrations of a single flow

between multiple recording sites.

3.2 Determination of flow volume proxy

As has been previously stated in Chapter 2.4.3.3, there have been several studies that
have utilised the seismic records of mass flows in an attempt to estimate their size and
discharge. Comparison of the seismic records of an event and its recorded discharge
and volume can lead to good correlations between measured ground vibrations and flow
size (e.g., Tungol and Regalado (1996); Brodscholl et al. (2000); Suwa et al. (2000)).

These relationships can then be tested using the coefficient of determination, as defined
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3.2. Determination of flow volume proxy

by:
_ SS@’I"’I"
SStot

where 5SS, is the sum of the squared errors and 5SSy, is the total sum of squares.

R 1

(3.1)

The R coefficient gives the proportion of variability in a dataset that is accounted for
by the statistical model. As such, it provides a measure of the predictability of the
likelihood of future outcomes by the model.

In the case of lahars, for example, Tungol and Regalado (1996) analysed data from
acoustic flow monitor (AFM) records of debris flows at Mt. Pinatubo, Philippines.
From their results, they were able to determine a positive correlation between the
mean discharge of a debris flow and its corresponding mean ground-vibration-velocity
amplitude. They were also able to calculate a positive correlation between the flow
volume and the integration of mean velocity-amplitude over time. The coefficients of
determination of these correlations, however, were low, R=0.61 and R=0.56, respec-
tively. Hence, the resolution of volumes predicted from this correlation would not be
very high. It is likely that this inaccuracy is due, at least in part, to the relative loca-
tion of the sensor from the affected channel. In their case, the sensor was located 2-2.5
km from the source of the ground vibrations. Due to the attenuation of frequencies
with distance (Aki (1980)), it can be reasonably assumed that a large proportion of
the ground-velocity amplitude was therefore not recorded by the instrument.

Another example of positive correlation between seismic amplitude and debris-flow
discharge was calculated by Suwa et al. (2000). Their installation of the recording in-
strument was located 15 m from the true right bank of the channel, buried at a depth of
1 m. This meant that signal attenuation was minimised, and a much better correlation
coefficient was found between peak ground-vibrational acceleration and peak discharge
(R=0.90), and between the time integral of ground-vibration-acceleration amplitude
and flow volume (R=0.98). From this, Suwa et al. (2000) were able to conclude that
estimates of the peak discharge of a flow can be readily made from the peak accelera-
tion of ground vibrations, while the volume of the flow can be estimated precisely from
the integral of the amplitude of this acceleration.

High correlations between ground-vibrational amplitudes and flow volumes and
discharge are not unique to debris flows. There have been a number of studies that

have found similar results for other mass flows, such as rockfalls (e.g., Norris (1994))
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3.2. Determination of flow volume proxy

and pyroclastic flows (e.g., Brodscholl et al. (2000)). Norris (1994) analysed the seismic
records associated with 14 rockfall events at Mt. St. Helens, Mt. Adams, and Mt.
Rainier in the Cascade Range, USA. From these, an extremely high correlation between
the signal amplitudes recorded of these events and their estimated source volumes was
found (R=0.99), despite being recorded at a distance from source of c¢. 70 km. As
with the signals recorded by Tungol and Regalado (1996), attenuation of signal with
distance would have occurred. The higher correlation of the data presented in Norris
(1994) may have been influenced by the error of 50% involved in the estimation of
source volume for each event. In addition, rockfalls generate seismic responses that are
fundamentally different from those of debris flows. When rockfalls impact the ground,
they produce sharp signals that simultaneously affect a wide-range of frequencies (e.g.,
Vilajosana et al. (2008)). In constrast, debris flows produce a gradual increase in
spectral amplitudes with time. Typically, the front produces signals of <50 Hz, which
increase to 50-100 Hz in the body and tail of the flow (e.g., Okuda et al. (1979); Huang
et al. (2007)). The proportions of water and clay within a debris flow will also effect the
signal amplitudes by affecting saltation, friction, and cohesion, as well as dampening
of the signal through the different media (Huang et al. (2007)).

Each of the above studies have been concerned with mass flows with primarily col-
lisional motions of particles. The high sediment concentrations of typical debris flows
(>60 vol.% sediment; Coussot and Meunier (1996)) mean that the predominant in-
fluences over particle motion are grain-grain collisions and forces of inertia (lverson
(1997)). Flows that have lower sediment concentrations, such as hyperconcentrated
flows (20-60 vol.%; Beverage and Culbertson (1964)), have fewer particle-particle col-
lisions due to greater freedom of movement within suspension. It is not unsurprising,
therefore, that observations of the two flow types show greater amplitudes of ground
vibration result from debris flows than hyperconcentrated flows. The question then
arises as to what effect this would have upon the proportional relationship between
ground-vibrational amplitudes and flow volume, as observed in the studies detailed
above. To this end, analyses were made of a series of hyperconcentrated flows recorded

at Mt. Semeru, Indonesia, in 2008.
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3.2. Determination of flow volume proxy

3.2.1 Geological setting and instrumentation details

A lahar monitoring site on the southern flanks of Mt. Semeru was located beside the
Curah Lengkong river channel, at c. 9.5 km from the summit. The channel is a c.
30 m-wide box-shaped valley, with an underlying base of boulders, gravel, and lava
bedrock. This site was occupied in February-March 2006, 2007, and 2008 (Figure 3.1;
Chapter 1.5.2). Instrumentation in each of these years has included a 3-component
broadband seismometer (Guralp CMG-6TD), pore pressure transducers, load cells,
and video cameras (Manville (2006); Doyle et al. (2009); Doyle et al. (2010)). For the
analyses presented here, however, only the seismometer and video records were used.
Figure 3.1 shows the relative locations of the seismometer for each year. In 2006 and
2007, ground vibrations were recorded at 100 sps, while in 2008 they were recorded
at 200 sps (February) and 125 sps (March). Particle Image Velocimetry (PIV; Dalziel
(2005)) analyses were made on the video records in order to estimate surface-flow
velocity (see Chapter 2.2.3 for details). Flow volumes (Q(t)) were calculated using the
monitored cross-sectional area and the average body velocity, calculated by multiplying
the surface velocity of these turbulent river flows by 0.75 + 0.1 in order to take into

account differences in velocities across the channel surface (Doyle et al. (2009)).

3.2.2 Proxy analysis and results

The seismic signals of the lahars recorded during the 2006, 2007, and 2008 field cam-
paigns were analysed to find both the ground-vibrational amplitudes and the vibra-
tional energies of each flow, using the programs as described in Appendix A. The
higher sampling rates used for the 2008 flows were downsampled! to allow for cor-
relation between the cumulative amplitudes of all flows. To this end, the MATLAB
function ‘upfirdn.m’ was used. In addition to this, all of the studied data were filtered
above 5 Hz in order to remove any unwanted low-frequency effects that would influence
the results, such as ocean-sourced noise and signals demonstrably due to the repeated
ash eruptions commonly occuring at Semeru (Chapter 2.6).

The 2008 lahars at Semeru had a rapid onset, followed by a surging and unsteady

flow. Doyle et al. (2009) were able to trace a series of “pulses” between two instru-

'Downsampling is the signal processing technique used to reduce the sampling rate of a signal.
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112°55'E 112°60'E

112°|60'E
Figure 3.1: Location of the monitoring sites along the Curah Lengkong channel, Mt Semeru,
with details of the instrumentation and observational locations. (a) Map shows location of
Mt. Semeru in Java, Indonesia; (b) Map of main tributaries and drainage channels of Mt.
Semeru, highlighting the general location of the monitoring sites on the Curah Lengkong river
(red star); (c) exact locations of the monitoring sites at the lava site and sabo dam site
(red triangles) at which pore pressure transducers and video cameras were installed. Bucket
samples were also taken at these sites. Red stars indicate installation locations of the broad-
band seismometer in each year. Details superimposed upon aerial photograph sourced from
GoogleEarth™, Cnes/Spot Image, Image ©2010 DigitalGlobe ©2010 TeleAtlas, Imagery
Date 15" June 2004.

mentation sites 500 m apart, and described them as “packets” within the flow. Similar
behaviour had been previously observed at Semeru (e.g., Lavigne and Suwa (2004)),
as well as at many other locations (e.g., Marchi et al. (2002); Zanuttigh and Lamberti
(2007)). These “pulses” have been ascribed to a variety of causes, including pond-
ing, damming, or surging of the flow, along with the coalescence of material from a
number of upstream tributary inputs. The seismic records of each flow where this oc-
curred record this phenomenon in short periods of relative amplitude maxima. From
this observation, it is seen that a single amplitude maximum for the entire flow is
of little relevance. As a result, analyses of the relationship between flow volume and
peak ground-vibrational amplitude have not been undertaken here. Instead, the study
has focused on the cumulative values of these parameters to better evaluate bulk flow
volume.

In order to evaluate the relationship between the volume of each recorded flow and

its cumulative ground-vibrational amplitude and seismic energy, the cumulative volume

59



3.2. Determination of flow volume proxy

7 pue ¢ sjesped Surpnpout jou [e307, ¢

¢ gexored Suipnioul jou [eI0],

aremrrxoxdde are a10jo1o1) pur AUO 93800 0OPIA WIOIJ PIALIOP SOUII} PUD PUR 1IeIS ,

oyewrrxoxdde st o10J0191[) puR ATUO 98BJ00J 09PIA WOIJ POALIOP W) PUY ,

p—0IXLEE | - 0IXVEE z-0IXel'v 01—0TX9T°C | o1-0IXSE¥'C g—01XL0G cEVe LET81 [®30} 8002/€0/c1
p—0IXLTE | $-0IX9¥°€ z—-01X08°¢ 01—0TXL9'T | o1-0IXSE¥'C g—0TXL8'T 19L1 0Teel ql®10}

p—0IXCET | 5-0IXGLT z—01X€9'T 01—-0TX20°C | or-0IXI¥'C 6-01X6¥°L olqeiearuLl o[qeiearunl ¥i s

p—0IXPLG | 5 0IX6L7F z—01XGLE 01—0TXGTE | o1-0IX19C 0T X017V orqe[rearuIl orqe[rearun «£d

v—01X2¢C'S | »-01%X69°G ¢-0IXyE'8 01—0TXET'E | o1-0IX16°€ 6—-01XV9V GEL V14g ¢d

v—01XL6C | »-0IXE]'C z—01X99°1 01—0TX8V'T | or-0LX6S4'T g—O0IXTP'T 9¢01 969.L 1d 8002/€0/L0
y—0IX01C | -0IX2C'C z—O0IXITY 11-0TXLT8 | 11-0TX6L'8 g-01X9¢°¢ ¥94¢ 0L8GT [e30%

7—01X969 | »-0IX10°L z—01XL9'C 01—0TXEEL | o1-01X6L"9 gs—-0IX1e'C 028 6V19 or vd

7—01X989 | -01%X06'9 ¢—0IXI1€"L 01—0TX99'9 | o1-0IXIE"L 6—01X089 609 §G94¥ 09 ed

7—0IXT€C | 5-0IX8LC ¢—01X€C'9 11-0TXLEL | or-O0IXI0'T 6—01XGL'E 889 L8TG 8¥ ¢d

p—O0IXTLT | ¢-OIX¥¥'L 7—01X26'8 11-0IXCL'C | £z71-01XSC'8 11-01XGE"8 87 ¢96e 9¢ 1d 8002/€0/50
7—01X60°¢ | »-0LXV¥'E 9r'l 01—0TX00'T | ¢r-01%X00'¢ z—0IX¥9'1 3g6¢ g161c €303

p—0IXST¥ | $5-0IX09F z-0IX1v'C o1—0TXG8T | or-0IXGI'C g—0TXGe'T €18l 109€T cd

p—0IXVPEE | $-0IXETE 4! 01—0TX00°T | or—-0T*00°T z—0IX¥9°1 6011 GIes 1d 8002/€0/%0
p—0IX2CLT | $-0IXIIC 01X’ 11-0TXLLL | or-O0IXO0T'1T 6-01X069 €EL L67S [e30}

p—0IXLLE | 5-0IXC8E V) R VASRY) 01—0TXTIET | o1-0IXGTC 6-01XS07 €el 1001 6 cd

p—0IX¥6°T | -0IX¥CC ¢—0T X819 01—0TX9T'T | o7 —0TX0&°T 6—01X98°C 66¢ 9671 61 1d 800¢/20/8¢
p—0IXGET | $-0IXI9°1 z—01X00°T 11-01X96°C | 11-0IX0¥'¥ 60T XTLE 289 9T1G =[®10}

p—0IXLLT | 5-01IX.L9°1 ¢—01X€0'8 11-0IXLTG | 11-0IXEST 6—01X95°C olqeiearuLL o[qeiearunl 81 «£d

p—0IX6ET | $-0IX69°1 ¢—0T X878 11-0IXETE | 11-0IXILY 601 X€EEE ¢6¢ 6611 €l cd

p—0IX6V'T | ¢-OIXPE'1T ¢—0TXGe'1T 11-0IX9V'€ | 11-01X8€’€ 01—0TX48'¢ 06 819 0t 1d 8002/20/92
p—0IXG6T | -0IXCL'C z—0IXG1'€ 0 01—0T%x00°T g-0IX70°€ olqeiearULL orqe[rearun [e30% L£002/20/90
z—0IX8E9 | z-0IXVE9- z—01X€0°9 0 0 1—-01XCr'1 olqeiearULL o[qeivarunl [e30% 9002/€0/8¢
7—01XG0C | $-0IXCC'1 z-01X10°¢ 11-01XGS9 | 11-0IXCET 6-01X80°G olqeiearuLL orqe[rearun [e30% 9002/€0/9¢

+) ) (/) +) ) (¢8/7w 2H ¢ <) £3zouy (-/+) (gm) (%) ouoo | coN | (AAAL/uru/pp)
a8uel aSuel opnydury wny) a8uel aSuel OIwISIOg “wn)) a8uel QWIN[OA "WIN)) pordureg 1e30Rd el

"9°6 pup ¢'g suorpnbs o sauy uorssaibal a1y 230INII 03 pasn VIVP OO Jo fAuvwwng T°¢ S[qeL

60



3.2. Determination of flow volume proxy

of a flow was calculated from its discharge Q (m?3/s) over the time integral of the flow

duration, such that:
to
Cumulative Volume = Iy = /Q(t)dt (3.2)
t1

where t; is the arrival time of the flow front and ¢, is the time at which the end of the
tail passes the sensor. Similarly to this, the ground-vibrational parameters can also be

determined for the same time interval:

to
Cumulative Seismic Amplitude = I, = / |A(t)|dt (3.3)
t1
to
Cumulative Seismic Energy = I p. = /S.E.(t)dt (3.4)
t1

where A(t) is the velocity amplitude envelope of ground vibration and S.E. () is the
seismic energy, at a time £. The seismic energy is calculated as a proxy for power, and
is assumed to be equivalent to the velocity amplitude (A (%)) squared. The results of
the above integrals for the 2008 data can be found in Table 3.1. Ranges for each of
the parameters (I, 14, and Ig g ) were calculated using an error of £+ 30 seconds for
t; and ty of each time integral due to the difficulty in picking exact flow arrival and
cessation times. The results show a very strong positive correlation between volumes of
each of the recorded flows and their associated seismic records. The data recorded on
4™ March 2008 were not included in the regression calculations due to repeated sharp
spikes that swamped the record across all frequencies. Figure 3.2 illustrates that there
also appears to be a linear relationship between flow volume and cumulative seismic
amplitude, similar to those seen in other mass flow analyses (e.g., Norris (1994); Suwa

et al. (2000)), such that:

I = 1433.9 + (3.9047¢™% x 1) (3.5)

(R =0.97)

where [ is the cumulative volume and I, is the cumulative seismic amplitude as
defined above in Equations 3.2 and 3.3 respectively, and R is the coefficient of deter-

mination. This very high correlation coefficient indicates that calculations of volumes
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Figure 3.2: Total cumulative volume vs total cumulative seismic amplitude for flows recorded
at Mt. Semeru, Indonesia. (a) All data recorded, not including 4" March 2008 data; (b) all
data, including 4% March 2008 data. Blue line: regression fit for 2008 data, not including
4" March 2008 data; Red cross: data from 4™ March 2008; Green cross: 2006-2007 data, as
fitted to regression line.

based upon the cumulative seismic amplitudes using the regression line will result in
predicted values that have only small deviations, or errors, from recorded (real) values
(Table 3.2).

Similarly to the above, the comparisons of cumulative volumes versus cumulative
seismic energy of a flow also show a very high correlation (Figure 3.3). The regression

line that follows from this is:

I = 1.8317e"%® x 195142 (3.6)

(R = 0.98)

where Ig g is the cumulative seismic energy as defined above in Equation 3.4. The
results of calculations of estimated cumulative volumes from this regression are pre-
sented in Table 3.2. The [slightly] higher correlation coefficient for these factors suggest

the volumes calculated from this regression are likely to be more accurate than those
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Figure 3.3: Total cumulative volume vs total cumulative seismic energy (>5 Hz) for flows
recorded at Mt. Semeru, Indonesia. (a) All data recorded, not including 4" March 2008
data; (b) all data, including 4" March 2008 data. Blue line: regression fit for 2008 data, not

including 4™ March 2008 data; Red cross: data from 4™ March 2008; Green cross: 2006-2007
data, as fitted to regression line.

calculated from Equation 3.5.

In analysing the variations in seismic data relating to pyroclastic flow signals
recorded at Mt. Merapi, Indonesia, in 1994, Brodscholl et al. (2000) assumed an equiv-
alence between total source volume and cumulative seismic amplitude envelope area.
From this, volumes of discrete collapse events within the total were calculated using
a similar method to that investigated above. Assuming this reasoning holds true for
lahars, it follows that the relative volumes of individual “pulses” or “packets” within
a flow can be calculated from the cumulative seismic amplitude, or energy, over the
time integral of each pulse. It would then be reasonable to assume that the relation-
ships of known volume and known cumulative seismic amplitude, or energy, within
each of the packets observed during the 2008 lahars at Semeru would conform to those
in Equations 3.5 and 3.6. Figure 3.4 illustrates that this holds true for most of the

packets observed. There are a few notable exceptions. Packets with very low total vol-
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3.2. Determination of flow volume proxy

Using regression line: I = 1433.9 + (3.9047e® x 1,)

Date Cum. Amplitude range range Cum. Volume | range range
(dd/mm/yyyy) (m/s) ) (+) (m?) ) (+)
26,/03,/2006 2.01x1072 1.22x10~4 | 2.05x10~% 9280 1480 1510
28,/03,/2006 6.03x1072 -6.34x1072 | 6.38x1072 25000 -23300 | 26300
06,/02/2007 3.15x1072 2.12x107% | 1.95x107% 13700 1520 1510

Using regression line: Ig = 1.8317e8 x I%’l‘%f‘w

Date Cum. Seismic range range Cum. Volume | range | range
(dd/mm/yyyy) | Energy (> 5 Hz; m?/s?) ) (+) (m?) ) (+)
26/03/2006 5.08x1079 1.32x107 1 | 6.55x107 11 5610 219 525
28/03/2006 1.42x1077 0 0 34300 0 0
06,/02/2007 3.04x108 1.00x10~10 0 14800 601 0

Table 3.2: Summary of 2006 and 2007 data used by, and calculated from, the regression

lines in FEquations 3.5 and 3.6.

umes (<1500 m?) appear to have relatively high cumulative seismic amplitudes. Also,
the fourth packet recorded on 5 March exhibits a much higher cumulative seismic
amplitude than expected from its total volume.

Studies have shown that the distribution of sediment held in suspension within
a turbulent hyperconcentrated flow is relatively uniform, depending upon the degree
of turbulence (e.g., McCutcheon and Bradley (1984); Rickenmann (1991); Pierson
(2005)). Despite this, at depths near to the channel bed, there will be a noticeable
increase in sediment concentration due to the area of exchange between suspended
sediment and bedload material. Wilson (1985) noted four distinct changes that occur
in the suspended-sediment concentration as flow velocity decreases: (1) particles settle
out of suspension, (2) the average suspended-sediment particle size becomes finer, (3)
suspended sediment becomes progressively more concentrated in near-bed regions, and
(4) vertical column stratification increases. Observations of the 2008 lahars at Semeru
indicate that the packets exhibiting anomalously high cumulative seismic amplitudes,
while having very low total volumes and suspended-sediment loads, travel at lower ve-
locities than other packets within the same flow (E.E. Doyle, pers. comm. 2009). This
may be attributed to increased particle collisions near, and saltation along, the channel
base, resulting when sediment settles out of suspension and near-bed concentrations

increase. The fourth packet observed during the flow on 5" March also appears to
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Figure 3.4: Total and packet cumulative volume vs total and packet cumulative seismic
amplitude for flows recorded at Mt. Semeru, Indonesia. Plot includes total flow data: 2008,
except that recorded on 4™ March (dark blue); Regression fit for 2008 data, not including 4™
March (dark blue line); 2006-2007 data, as fitted to regression line (green). 2008 packet data
plotted by flow: 26" February (black); 28™ February (yellow); 5 March (brown); 7" March
(pale blue).

display this. Velocities associated with this packet were much lower than those of the
one previous to it (1.8+0.1 vs 4.0£0.3 m/s; Doyle et al. (2010)) and sampled suspended
sediment concentration was lower (Table 3.1). Observations of the bulking capabilities
of the packets between the upper “lava” site and the downstream “sabo” site indicate
an overall debulking occurs between the sites within packet 4, further suggesting the
occurrence of sedimentation. The higher total volume of this packet can likely be at-
tributed to a combination of higher discharge at its onset and longer duration until

cessation of flow, as compared with the other recorded examples.

3.3 Volume proxy between multiple sites

The above study has illustrated that seismic records can act as a proxy for flow volume

at a single site. This applies to repeated flows, initiated by the same mechanisms, with
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similar source material, and similar descent paths in the same channel. Such events
are common at locations where the predominant lahar-trigger is seasonal rainfall, such
as at Semeru (e.g., Lavigne and Thouret (2002); Lavigne and Suwa (2004)), but many
other areas are not subject to such conditions. Lahars can be triggered by a variety of
contrasting mechanisms, which may hinder application of a uniform proxy relationship
(e.g., Chapter 1.4.1; Neall (1996)). In cases such as these, determination of a volume
proxy must be made using a different method.

Numerical models of lahar waves have been attempted in the past, with varying
degrees of complexity. One-dimensional models have ranged from simple empirically-
derived relationships between flow volume and inundation area (e.g., Iverson et al.
(1998)), or velocity and discharge (e.g., Pierson (1998)), to hydraulic models based
upon the application of the Saint-Venant Equations to explore dynamic (e.g., Caruso
and Pareschi (1993)) or kinematic (e.g., Vignauzr and Weir (1990); Fagents and Baloga
(2005)) wave theory. The Saint-Venant Equations have also been applied in two-
dimensional models with a depth-average dependence solved via the shallow water
assumption (e.g., Carrivick et al. (2008)) or modified shear stress terms that include
corrections for viscous and yield slopes (O’Brien (1999)). Complications and com-
plexities involved in each of these models arise from the effects of changing sediment
concentration and flow volume on the rheology of the lahar in question. While stan-
dard hydrodynamic models can be used to adequately simulate dilute Newtonian flows,
assumptions regarding flow rheology must be included to simulate flows that lie within
the debris flow regime (e.g., Chen (1988); O’Brien (1999))). While these assumptions
are generally encorporated into a lumped resistance term (e.g., Macedonio and Pareschi
(1992)), some studies have concluded that they are more appropriately modelled us-
ing governing equations drawn from single- (e.g., Savage and Hutter (1989); Patra
et al. (2005)) or two-phase (e.g., Denlinger and Iverson (2001); Iverson and Denlinger
(2001); Williams et al. (2008)) Coulomb mixture theory. These latter models, however,
are temporally and computationally demanding, and, despite their greater sophistica-
tion, are arguably no better at determining the likely bulk behaviour of a lahar than
their simpler one-dimensional counterparts that neglect internal low dynamics. To this

end, the following is an evaluation of current understanding of kinematic wave theory?

2Special acknowledgement must be given to Dr. H.K. McMillan for help involving the understand-

66



3.3. Volume proxy between multiple sites

as it pertains to a lahar.

3.3.1 Kinematic theory

Kinematic wave theory is commonly used to evaluate the hazards associated with
hydrological events, such as floods (e.g., Mukhopadhyay et al. (2003)). The application
of this theory to the multiple site record of the March 2007 Crater Lake-breakout lahar
may allow for a possible method of calculating flow volume and discharge between
sites. In-situ observations of the lahar made at multiple sites show that it maintained
a steep frontal arrival wave. This type of behaviour is predictable by the kinematic
theory (e.g., Chow (1988)), suggesting that the use of the kinematic approximations
of the Saint-Venant Equations would be appropriate (e.g., Mascarenhas et al. (2005)).

The Saint-Venant Equations are derived from the principles of continuity, or con-
servation of mass, and momentum to describe unsteady flow in an open channel, and

in differential form are written as:

o 0Q 0A B
Continuity : T + a5 qg=20 (3.7)
()00 (1)o@ | oy .
Momentum : <Z) o + <A) o + 99, ~ g(So—S8f) =0 (3.8)

where @ is the discharge (m?), A is the cross-sectional area (m?), ¢ is the lateral flow
per unit length of the channel (m?/s/m), x is the distance along the channel (m), y is
the depth of flow (m), g is the gravitational acceleration (m?/s), Sy is the bed slope of
the channel, and Sy is the friction slope (e.g., Chow (1988); Rangaraju (1993)). In the
momentum equation (Equation 3.8), term 1 describes the change in momentum due to
change in velocity over time, term 2 describes the change in momentum due to change
in velocity along the channel, and term 3 describes a pressure force proportional to the
change in in water depth along the flow. Term 4 combines a gravity force term and a
friction force term; that is, forces proportional to the bed slope and the friction slope,
respectively. Based upon the inclusion and/or elimination of any of the four terms to

approximate a flood wave, it can be described as a dynamic wave, diffusion wave, or

ing of the Kinematic Theory and Manning Formula methodology and for providing much of the data
contained within. It should also be noted that the work involving comparisons of Colliers bridge
and Round-the-Mountain-Track data to provide a sediment concentration proxy is the result of a
collaboration between Dr. McMillan and myself.
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kinematic wave as follows (e.g., Chow (1988); Rangaraju (1993)):

Dynamic <1) 9Q (l) NLIA) | Oy si—s)=0  (3.9)

A) Ot A ox ox
. . dy
Dif fusion : 99, ~ g(So—S8f) =0 (3.10)
Kinematic : g(So — Sf) =0 (3.11)

As can be seen above, the kinematic approximations assume gravitational and frictional
forces balance, and acceleration and pressure terms can be ignored (e.g., Chow (1959);
Chow (1988); Mascarenhas et al. (2005)). They do, however, assume that a channel
is generally free from obstructions or flood storage areas, and backwater effects are
insignificant. The recording sites of the Round-the-Mountain-Track and Colliers bridge
(Chapter 1.5.1) meet these requirements and are therefore considered ideal candidates

for the application of these parameters.

3.3.1.1 The Friction Slope

The friction slope term (e.g., Chow (1988)) in its traditional form is described by:

2
n 2

where S} is the friction slope, n is the Manning’s n parameter, R is hydraulic radius
(m) that is equal to the cross-sectional area divided by the wetted perimeter?, and v
is velocity (m/s). The discharge @) can be obtained from the product of the cross-
sectional area A and the velocity v. The friction slope term considers only the shear
stress components that are turbulent and dispersive. These components are typically
combined in a Manning’s n value (e.g., Chow (1988)). The Manning’s n parameter is
an empirically-derived coefficient dependent on a number of factors, including surface

roughness and sinuosity of the channel, and amalgamates bed and flow resistance terms.

3In open channel flow, the wetted perimeter is defined as the surface of the channel sides and
bottom that is in direct contact with the aqueous body. Mathematically, it can be written as:

/

=0

where [; is the length of each surface in contact with the aqueous body.
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While the Manning’s equation, normally expressed as a reconfiguration of the fric-
tion slope term above (where
R3/2G1/2
V= — (3.13)

n

), can and is used to describe open-channel fully-turbulent Newtonian streamflows,
lahar flows have rheologies that are markedly different. A number of studies have
proposed modifications of the friction slope term (Equation 3.12) to account for these
differences. Macedonio and Pareschi (1992) assume a relationship between the shear
rate (dv/dz) and the shear stress (7) : 7 = 79+ 1 (dv/dz)", where 7y is the yield stress,
(11 is a proportionality coefficient, and 7 is the flow behaviour index. They contend
that for flows where n=1, p; is viscosity, and the model is a viscous one, whereas for
flows where n=2, dilatent flow behaviour is expected. Applying these expectations in
relation to the mean horizontal flow velocity

1

mogsind L n+1

p= 1 |PmedSint [@} 1 A (3.14)
n+1 m h m+1h

where z; is the vertical coordinate from the bed where shear stress is equal to yield
stress and py,, is a “modified” mass density of the mixture as defined by Chen (1988),
and assuming that, in a fully dynamic state, h = 2y and p,,, is equal to the mixture
density p, they were able to deduce the friction slope terms relating to both viscous

and dilatant flows:
M1 v

Vi Fl 2 Sr=3-— = 3.15

iscous Flows : Sy o T2 (3.15)
24 2

Dilatant Flows : Sy = e //:; : % (3.16)

where 4 is the flow viscosity, p is the bulk density (kg/m?), and h is the stage (m).
Takahashi (1991), however, proposed that the friction slope can be calculated as:

’U2

= 1
Sy T (3.17)
where:
1 1++v1+x
= —|ln — 14+ x+ 3.18
and: )
0.02 o d
=N 3.19
= 07 (3.19)
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where x is the Karman constant*, H = k/30h for a rough bed, ) is the linear concentra-
tion of sediment, and d is the median particle diameter (m). The linear concentration,
A, can be described by [c* /c)'/3 — 1]7!, where cx is the maximum packed sediment
concentration and c is the sediment concentration by volume.

O’Brien (1999) also proposed modifications to the friction slope term, but used a
different approach where the term is described as the sum of three slopes; that is, the
turbulent dispersive, viscous, and yield slopes:

2 .2
Mg Knv 1y

5F = afs 8ph? ' ph

(3.20)

where nyy and K are resistance parameters, 7 is the viscosity, and the other parameters
are defined as above. The sum of the turbulent and dispersive shear stresses define
the inertial flow regime for a mud flow, while the sum of the viscous and yield stresses
define the total shear stress of a cohesive mudflow within a viscous flow regime. The
equation is solved as a quadratic to find the velocity, v, based on parameter values
either estimated or empirically-derived. With any given flow event, however, it may

be very hard to estimate these values with any degree of accuracy.

3.3.1.2 Velocity-stage relationships

The above friction slope terms can be used in conjunction with the kinematic momen-
tum equation to provide a relation between velocity and stage that is dependent upon
which term is used. When a Manning- or Chezy-type formula is chosen, the form of
this law can be described as:

v =ar) R (3.21)

4The Karman constant is a dimensionless constant that describes the logarithmic velocity profile
of a turbulent fluid flow near a boundary with a no-slip condition. Mathematically, it is defined as:

where u is the mean flow velocity at a height z above the boundary, while roughness height zq is the
height at which u appears to go to zero. u, is the friction velocity and is dependant upon the shear
stress 7, at the boundary of the flow and the fluid density p of the flow itself by:

TU}
Uy =4[ —
P

The Karman constant has a typical value of 0.40 + 0.01 (e.g., Zargola and Smits (1998); Osterlund
et al. (2000)).
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where «(z) incorporates factors that integrate channel slope, shape, and roughness,
and k is a constant (e.g., Chow (1988)). The Chezy- or Manning’s n coefficient used to
describe () (in the form of a(z) = Slope!/? /n) have values either empirically-derived
for the particular channel in question, or are obtained at a time during flow where v
and h are known. Chow (1988) gives typical values of Manning’s n that lie within
the range of 0.03 - 0.1 for natural open-channel flows that, respectively, range from
channels of clean, straight streams through to channels with heavy brush and timber.
In theory, the coefficient will change with changing water level due to the effects of bed
roughness at low water levels and channel-side vegetation interactions at high water
levels. In practice, however, the coefficient is assumed to be constant at any given site.
In regard to lahar waves, the value of the coefficient can radically change as it is a
proxy for the dissipation of energy by sediment entrainment and boulder movements.

The constant k& used in Equation 3.21 is representative of the relationship between
the flow and its hydraulic radius, and therefore the stage. This relationship is likely to
be highly dependent on the volume and type of sediment that is entrained. As with
the Manning’s n coefficient, the value of the exponent k is considered to be constant
for each lahar and, as such, is independent upon the location of flow within a channel.
The experimental data derived by Chow (1959) provided a Manning value of 2/3. It
should be noted that this value was derived from the study of water floods and not
from those of lahars; however, with no alternative data provided from studies of these
latter flow types, this value has been adopted by many using Manning’s n despite the
differing conditions between them (e.g., Caruso and Pareschi (1993)). Other values
have been used in some studies, but are based on similar arguments, such as the value
of 0.5 used by Fagents and Baloga (2005). The assumption that standard values can
be used may not, in many cases, be reasonable, because flow behaviour and conditions
greatly differ in high sediment concentrated lahar flows from those of water floods. The
studies of Vignaux and Weir (1990) utilise the results of kinematic theory combined
with data from observations of lahars at Mt Ruapehu in 1969, 1971, 1975, and 1977,
in order to determine a value of exponent k. The results of this study suggest k values
of 0.23 - 0.47. These values, however, were determined using stage records that were
used to calculate discharges via a formulaic or empirical method; as such, it is perhaps

uncertain as to actually how much new information was gained (H.K. McMillan, pers.
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comm. 2007)

For flows where higher sediment concentration exist, the particle-particle contacts
are very important, and a more complex form of the velocity-stage relationship is
needed to model the flows. The relationships suggested by Macedonio and Pareschi
(1992), as described in Equations 3.15 and 3.16, may provide a possible answer. Quan-
tification of the degree of viscosity or dilatency of a hyperconcentrated flow, however,
is notoriously difficult, and direct measurement a prior: is often not possible. A mod-
ification of Manning’s n coefficient is suggested by O’Brien (1999) as an alternative,

and incorporates a dependency upon the concentration of sediment within the flow:
Neg = nbe™" (3.22)

where b and m are coefficients with suggested values of 0.0538 and 6.0896, respectively,

and C, is the sediment concentration.

3.3.1.3 Forms of velocity law

The above assumptions made of the kinematic wave theory allow for a simplification
of the lahar wave recorded at Mt Ruapehu in March 2007. The decision was made to
retain the use of, and the form of, the a(z) term as described in Equation 3.12 due to
the wide use and understanding of the Manning Formula, and its related coefficients.
The equation does assume prior knowledge of the channel characteristics, roughness,
and hydraulic radius, and, as such, variable cross-sections of the channel are allowed
for. The following relation, therefore, is both the simplest and the one to be tested
here:
g1/2

== . Rk 3.23
v - (3.23)

where v is the velocity (m/s), S is the channel slope, and R is the hydraulic radius
(m) (e.g., Chow (1988)). Calibration is required for two parameters: the Manning
coefficient, n, (m’l/ 3'5), and the exponent k. These parameters can be found using a
least-squares regression technique using the equation below, and tested according to

the interpretation of the physical characteristics and its predictive ability.
1/2

log(v) = log (ST) +k-log(R) =k, + k1 - log(R) (3.24)

where k, and k; are exponents. It is, however, probably necessary to include a de-

pendency upon the sediment concentration, without which Equation 3.23 would be
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unlikely to satisfactorily describe the relationship between stage height and velocity of
flow. To incorporate this, two further relationships will be tested, based on the works
of Macedonio and Pareschi (1992) and O’Brien (1999). The first relationship is based
on the formers’ work and can be described as follows:

51/2
)

(%

- Ck1 Rk (3.25)

where the dependence on the volume of sediment concentration (C,) is expressed in a

more generic form. This, therefore, leads to the linear relationship:
log(v) = ky + ko - log(C,) + ki - log(R) (3.26)

where k,,, ko, and k; are exponents. The second relationship tested is based the work of
O’Brien (1999) and utilises the sediment concentration dependency described in Equa-
tion 3.22. Yield slope and viscosity slope terms are ignored as typical concentrations
of Mt Ruapehu lahars would mean their values have both a relatively negligible effect

and would be directly unobtainable. The velocity law can therefore be defined as:

51/2
= — RF 3.27
v n - 60101; ( )
which, in turn, provides the relationship:
log(v) = kyp + ko - Cy + k1 - log(R) (3.28)

3.3.2 Application to the Mt Ruapehu breakout lahar of 18"
March 2007

3.3.2.1 Observations of the Colliers bridge field site

The three forms of the stage-velocity relationship as described above are tested at the
Colliers bridge site (as shown in Figure 1.2) where the most comprehensive dataset of
the 18" March breakout lahar was recorded. This site included observations and video
footage (as described in Table 1.1) made throughout the lahar passage that allowed for
greater constraints of stage, velocity, and discharge measurements.

The peak discharge at Colliers bridge was calculated at 673 m®/s using the video-
measured velocity from PIV analyses, a multiplication factor of 0.75 + 0.1 to obtain an

average body velocity, and cross-sectional area surveys of the channel (Section 3.2.1).
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By comparison, at a site ¢. 2 km downstream, it was calculated at 738 m?3/s using the
super-elevation method, which is in good correlation considering the field constraints.
The arrival time of the lahar frontal wave produced an average velocity of 4.87 m/s.
The observed peak velocity, however, was calculated from PIV analyses as 6.76 m/s.

It should be noted, however, that these velocities are not directly comparable.

3.3.2.2 Method 1: Manning Formula

The stage-velocity law as described in Equation 3.24 is based on the Manning For-
mula; if this is used, we must assume a simple relationship between stage and velocity.
To test the validity of this assumption, the variables can be simply plotted against
each other. The records were gained through analysis of video footage taken at two
nearby but distinct locations. In each location, the video camera was set up to focus
on fixed points in the centre of the flow, while allowing for the full channel width to
still be in frame. This ensured that not only could PIV analyses be made to obtain
flow velocity but also flow height (stage) could be approximated against the channel
sides. Since it is not possible to directly compare the stage values between sites, these
approximations were used in conjunction with post-lahar GPS site surveys to provide
flow cross-sectional area measurements for points throughout the flow. The results of
this comparison are plotted in Figure 3.5, and clearly illustrate a more complex rela-
tionship. The velocity of the flow initially increases with cross-sectional area, but then
is significantly depressed during the falling limb of flow while cross-sectional area still
remains relatively high. Using an average relationship would lead to under-estimations
of velocity on the rising limb of the flow and over-estimations on the waning limb. The
velocity must, therefore, incorporate a dependency upon another factor of the flow,

such as sediment concentration.

3.3.2.3 Method 2: Power Law Formula using hydraulic radius and sedi-

ment concentration

As is well illustrated in the recordings of the video footage and observations, the sur-
face turbulence of the lahar was increasingly dampened with rising levels of sediment
concentration. The greater the degree of damping of the turbulence, the smoother the

surface of the flow becomes, and the more the velocity drops. It is, therefore, logical to
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Figure 3.5: Cross-sectional area, velocity, and sediment concentration profiles recorded at
the Colliers bridge monitoring site.

assume a link between the velocity, stage, and sediment concentration. A model that
reflects this is required. Using the regression of Equation 3.26 (page 73), the coefficients
of ki, ko, and k3 can be obtained (Table 3.3; H.K. McMillan, pers. comm. 2007).

kq ko ks
0.55 | -0.18 | 1.10

Table 3.3: Regression coefficients for Method 2 Power Law Relationship.

The power law relationship has an R correlation coefficient value of 0.96, indicating
a good correlation between recorded (real) and predicted values of velocity (Figure 3.6).
It should be noted, however, that the use of the power law relationship methodology
(Equation 3.25) is not valid when zero sediment is contained within a flow. Addi-
tionally, very low amounts of sediment produce anomalously highly negative values for
the term. In order to avoid this problem, the term was set to zero when sediment
concentrations were low (that is, less than 1%).

Using the power law relationship of Equation 3.25, we then find that:

~0.0178/2

V=0 - OO I8 RO (3.29)
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Figure 3.6: Predicted velocity estimates made using measurements of the hydraulic radius
and sediment concentration combined within a power law formula. Best-fit line is also shown.

Courtesy of H.K. McMillan.

where 0.0178 is the average water surface slope at Colliers bridge and 0.12 is the
calculated Manning’s n value (Equation 3.13). Ordinarily, when applied to the standard
Manning’s equation for pure water flow, a value of n this high would only result from
channels where trees, brush, or debris line and obstruct the banks or floodplains. In
the case of Colliers bridge, the high n value is likely to be a response to the different
rheologies inherent in a lahar and a weaker force from the hydraulic radius (exponent

of 0.55 as opposed to 0.67).

3.3.2.4 Method 3: Combined power law and exponential formula using

hydraulic radius and sediment concentration

This method requires the use of Equation 3.27 (page 73). The coefficients of ky, ks, and
ks are obtained by the regression using the formula in Equation 3.28 and are presented

in Table 3.4 (H.K. McMillan, pers. comm. 2007).

Similarly to method 2, the regression coefficients are used to predict flow velocities
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ky ko !
0.71 | -0.017 | 0.90

Table 3.4: Regression coefficients for Method 3 Power Law and Ezponential Relationship.
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Figure 3.7: Predicted velocity estimates made using measurements of the hydraulic radius
and sediment concentration used within a combined exponential and power law formula. Best-
fit line is also shown. Courtesy of H.K. McMillan.

with the use of Equation 3.27 that are then tested with the R coefficient of determina-
tion. This determination produces a reduced value of R of 0.91 (compared with 0.96
for method 2), illustrating the combined power law and exponential formula using hy-
draulic radius and sediment concentration is a less accurate method for the prediction

of velocities (Figure 3.7).

3.3.3 Determination of sediment concentration proxy

The results detailed above suggest that information about the changes in sediment
concentration throughout the lahar is necessary for good predictions of the velocity

of flow. This may be difficult in real-world situations. An alternative method for

7



3.3. Volume proxy between multiple sites

gathering approximate sediment concentrations is needed. Data collected during this
study allow for an investigation into the use of seismic recordings as a proxy for sediment
concentration.

As detailed in Section 3.2, the comparison of the seismic records of an event and
its recorded discharge and volume can lead to good correlations between measured
ground vibrations and flow size. They are, however, dependent upon the similarity
of source areas, materials, and descent paths. The comparison of a flow recorded at
different sites along a channel is more complicated because of both the evolution of
the flow, due to entrainment, deposition, and mixing of material, and the effects of
localised site-specific characteristics. The seismic signals associated with the Ruapehu
2007 lahar recorded at Colliers bridge show distinct variations in ground-vibrational
amplitudes that broadly correlate with a series of phases within the bulk flow associated
with variations in stage, velocity, and sediment concentration. These variations will be
examined in greater detail in Chapter 5. It is not necessary to evaluate every fluctuation
in a signal record. Instead, it is more useful to quantify the relative change in signal
intensity with time as a flow passes a sensor. To this end, the Real-time Seismic
Amplitude Measurement method was used (RSAM; Endo and Murray (1991)).

The Real-time Seismic Amplitude Measurement (RSAM) method was initially de-
veloped by the USGS in order to characterise the seismic activity during periods of
heightened volcanic activity (e.g., Endo and Murray (1991)). During these periods, it
is often difficult to differentiate individual seismic events. By using the RSAM method,
known locations and magnitudes of earthquakes and tremor are not required. The mea-
surements are calculated in real-time using the average seismic signal amplitudes. As
the amplitude, rate of occurrence, or size of the events increases, so too do the val-
ues of the RSAM. Traditionally, the RSAM is calculated over a consecutive 10-minute
average interval and provides a simplified measure of seismic activity proportional to
the absolute voltage output, representing amplitude and ground velocity. Adaptations
were made to this existing methodology for use in this study. The RSAMs herein are
calculated over consecutive 10-second intervals.

From the RSAM profiles of the signal recorded at Colliers bridge, it can be seen
that the relative change in signal intensity over time drops dramatically during the

waning limb of the lahar. In contrast, stage, velocity, and hence discharge levels remain
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Figure 3.8: Comparison of cross-sectional area and sediment concentration of the March
2007 Ruapehu breakout lahar recorded at Colliers bridge with RSAM profiles used to determine
the relative change in signal intensity over time. Total RSAM profile calculated as RSAM
over all frequency ranges, while RSAM,eiqiive 1S calculated as the ratio of RSAMs of the
40-49.5 Hz and 2.5-10 Hz bands (as defined in Equation 3.30).

elevated for several hours (Figure 3.8). It is suggested that the decrease in the RSAM
profile results from the increased dampening of turbulence associated with increased
sediment concentration within the flow. Comparisons between RSAMs calculated over
different frequency bands, however, indicate that only some of the frequencies recorded
are affected in such a way. Many instead show a localised increase with the rising
sediment concentration (Figure 3.9). From this, it is proposed that, as suspended-
sediment concentration increases within a flow, there is a corresponding increase in
the higher frequency fraction that is absent in the lower frequency ranges. This is
supported by observations made by other studies where high frequency signals appear
associated with particle collisions such as Huang et al. (2007) and Okuda et al. (1979). A
simple descriptor is hence defined to relate the suspended-sediment concentration with
relative change in seismic energy based upon bands of highest and lowest frequencies

as recorded by the sensor and displayed in Figure 3.9. It is defined as follows:

RSAM (40 — 49 Hz band)

AMre ative —
REAM etat RSAM (2.5 — 10 Hz band)

(3.30)
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Figure 3.9: Comparison of RSAM profiles calculated from different frequency bands of the
seismic record from the March 2007 Ruapehu breakout lahar recorded at Colliers bridge. Ar-
rows denote times of localised increase on RSAM profiles associated with rising sediment
concentration within the flow.

As before, both power law and combined power law / exponential relationships,
as defined in Equations 3.26 and 3.28, were considered. The higher correlation coeffi-
cient of determination resulting from the use of the combined relationship defined in
Equation 3.31 illustrated that this was a better predictor for flow velocity (R=0.94 vs
R=0.84).

log(v) = ks + ko - RSAM, ejative + k1 - log(R) (3.31)

The regression coefficients for this relationship are defined in Table 3.5:

ki |k | ks
0.53 | -0.24 | 1.82

Table 3.5: Regression coefficients for seismic method power law and exponential relationship.

When sediment concentration is used, the predictive capability of this relationship

decreases (Figure 3.10). It is, however, still considered an adequate method and it
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Figure 3.10: Velocity prediction from hydraulic radius and RSAM ¢ative, using the com-
bined exponential and power law formula as defined in Equation 3.31.

suggests that it may be possible to use the relative change in seismic energy during a

flow as a proxy for sediment concentration when applied to velocity predictions.

3.3.4 Trial use of sediment concentration proxy at an un-

manned site

The sediment-concentration-proxy method was applied to estimate the sediment con-
centration at the Round-the-Mountain-Track (RTMT) using the seismic signals of the
March 2007 lahar recorded there. During this flow, this site was inaccessible. No record
of the sediment concentration or flow velocity profiles exist. By using the initial arrival
times of the flow recorded on geophones at Tukino Skifield, c¢. 2.2 km upstream of the
RTMT site, and on the seismometer at the RT'MT, an average frontal velocity of the
lahar is calculated as 9.25 m/s. This is important for calibrating the “Manning’s n”
parameter, and providing a scaling for the estimated velocity record.

As is stated in Chapter 1.5.1, this site had detailed stage and seismic records of the
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Figure 3.11: Recorded data streams at the RTMT site for the March 2007 Crater Lake-
breakout lahar.

event (Figure 3.11). Issues regarding rapid changes in stage height not being recorded
by the stage gauge sensor (see Chapter 2.3.1) meant that a more complete and reliable
record of the stage profile was made using a pore pressure sensor at the same site.
Figure 3.11 also shows the RSAM,.cqive profile as defined by the ratio of frequency
bands in Equation 3.30 used as the proxy for sediment concentration. The small peak
in this variable observed at the time of the frontal arrival at the site may indicate a
weak bouldery-front to the lahar. The main peak of the RSAM,cuiive profile lags the
flow front by c. 40 minutes, suggesting a relatively dilute frontal phase while sediment
concentration is confined to the later portion of the flow. As observations were not
possible at this site, a comprehensive explanation for this phenomenon is not known.
It is possible that it can be explained by the incorporation of snow and ice melt within
the frontal phase of the lahar as it flowed over the glacier- and snowfall-covered upper
reaches of the channel, before exposure of the underlying sediment made it available
for entrainment.

The stage and RSAM,cative profiles recorded at the RTMT site were substituted

into the respective parameters defined in Equation 3.31. The resulting velocity profile
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Figure 3.12: Predicted discharge profiles at the RTMT site for the March 2007 Crater
Lake-breakout lahar. Courtesy of H.K. McMillan.

was then scaled using the average frontal velocity of the flow defined above in order
to compensate for differing channel properties, such as shape and roughness. As this
velocity profile is assumed to relate to the average channel cross-sectional area in the
channel reach, it is then adjusted by the ratio of this area to that of the instrumentation
site (H.K. McMillan, pers. comm. 2007). The discharge profile can then be calculated
and is shown in Figure 3.12.

The discharge profile shown in Figure 3.12 shows a steep frontal phase, sustained
for a short while (c. 10 minutes), and followed by a long drawn-out body and tail of
much lower discharge, typical of a sudden release and more-extended draining of water
from a dam. To check the validity of the profile values, however, it is necessary to
calculate the approximate volume that would be resultant from such discharge values.
This results in a volume of c. 3.28 x 10° m?. As the volume of water originally lost
from the Crater Lake was calculated to be c. 1.3 x 10°® m?, the volume calculated at
the RTMT would suggest a bulking factor of 2.5. In comparison, the discharge profile

formed from analyses using the standard Manning’s formula (also presented in Figure
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3.12; H.K. McMillan, pers. comm. 2007) gives a total volume for the bulk of flow at the
RTMT site of c. 5.91 x 10° m?. This would represent a bulking factor of 4.5, suggesting
a sediment concentration of > 70%. From the records at the site, the likely-erodable
material available for bulking (mainly snow and ice, with some underlying sediment),
and post-event surveys, this is not considered a realistic value. Comparative analysis of
pre- and post-event aerial LIDAR surveys suggest entrainment of up to 3 x 10° m? of
boulder-rich, gravelly sand, giving a bulking factor of 3.3 (Procter et al. (2010)). From
this, it can be concluded that, while standard Manning’s-formula analyses overestimate
lahar volumes, the sediment-concentration-proxy method using seismic records is likely

to slightly underestimate the total volume of a flow.

3.4 Conclusion

It is widely acknowledged that lahars and other mass flows can pose a serious threat
to the infrastructure and populations which reside near river catchments on a volcano.
As many communities live alongside lahar-prone channels at volcanoes all over the
world, mitigation of the risks of such phenomena is necessary. Such mitigation requires
not only a knowledge of any approaching danger, but also a quantifiable sense of the
size and extent of the threat it poses. Lahars range in size from very small rain-
triggered flows that occur seasonally, through to much larger, and more destructive,
eruption- or breakout-triggered events. Simulations and models do exist to provide
estimates of the likely volumes and inundation areas that might be affected. They
are, however, limited by relatively simple assumptions of flow dynamics, sediment
interactions and associated effects, and the availability of both fluid and sediment
for incorporation into a flow. In addition, validation of a model requires syn-event
observations, measurements, and post-depositional surveys. Often this is unrealistic;
most lahars are not scientifically observed and, when they are, direct measurements
are often hindered by the destructive nature of the flow itself. It would therefore be
preferable to find a method of determining the volume and sediment content of a lahar
without the necessity of direct contact with, or observation of, the flow. Many lahar
warning systems are based upon the use of seismic sensors that do not require direct

contact with a flow. Investigation into seismic records of both multiple lahars at a
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single site and a single lahar at multiple sites have shown that these type of sensors
have the potential to be of use as a proxy for characteristics of a flow.

The seismic records of multiple lahars recorded at a single site at Mt. Semeru, In-
donesia, were analysed in combination with video records and sediment concentration
samples. This allowed for a comparative study of the volume of the lahars with their
associated seismic energies and ground-vibrational amplitudes. From this, a strong
correlation between the seismic record and volume of a flow was determined. Analyses
of this relationship provided a proxy for calculating a reasonable volume for several
lahars recorded seismically, but not sampled, in previous years. The correlation be-
tween the volume of a flow and its resulting ground vibrations was further explored
with regards to the often-seen pulses, or packets, that can occur during the passage of
a flow following the assumption that the same relationship between total volume and
cumulative seismic amplitude, or energy, applies to each packet. The analysis proved
that this proxy method, while limited to similar flows recorded at the same site, can
provide reasonable estimates for a lahar volume.

Models that predict the discharge and volumes of phenomena such as floods at
multiple sites along a channel use traditional volume proxies based upon kinematic
wave theory. Due to their complex interactions with sediment particles, however, lahar
flows have markedly different rheologies than Newtonian streamflows. As such, the
kinematic wave equations must be modified to take this into account. In order to best
calculate the volume of a lahar at a site using only its seismic record and a comparative
record of the same flow at a different site, it is necessary to quantify the relative changes
in signal intensity as the flow passes each site. To this end, the Real-time Seismic
Amplitude Measurement (RSAM) method was utilised as an indication of the changing
concentrations of sediment within the flow. Analyses of different frequencies excited by
a lahar suggest that higher frequencies increase in intensity corresponding to increases
in suspended-sediment concentrations. By using a simple ratio descriptor between
high and low frequency ranges as a proxy for the relative concentrations of suspended
sediment in combination with modified kinematic wave equations and adjustments
made to account for differing channel properties between sites, a discharge profile can
then be calculated. Comparisons between the volumes calculated via this methodology

with pre- and post-LiDAR data suggest that it is likely to underestimate the total
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volume of a lahar. While this method does show great potential, it is dependent upon
highly simplified assumptions regarding the frequencies excited by suspended sediment
loads and their particle interactions. In addition, the reliability of the RSAM,.qtive
proxy using highest and lowest frequency bands is subject to variation due to changes
within the seismic frequency distribution of a lahar, both within a flow and between
sites, and may not therefore be the best representation for a flow volume proxy. In order
to further develop a more robust sediment concentration proxy based on the seismic
record of a lahar, greater understanding of the role of sediment particle interactions
within a flow are necessary to quantify the complex relationship between discharge,

concentration, and the ground vibrational response to its passage.
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Chapter 4

Differential 3-dimensional seismic excitation of

lahars

Chapter 4 investigates the 3-dimensional excitation of three types of lahar: snow-slurry
flow, hyperconcentrated streamflow, and granular debris flow. From this, estimations

can be made of the frontal velocity, internal dynamics, and channel interactions of a

flow.

4.1 Introduction

As discussed in previous chapters, the seismic records of lahars can be instrumental not
only in the detection of such flows, but also in the estimation of their frontal velocities,
internal property variations, and channel interactions. Analyses of the variable inten-
sities of the 3-dimensional excitations produced by a lahar should reflect differences
in the fundamental characteristics of that flow. Water content, sediment concentra-
tion, and particle-particle and particle-substrate interactions all influence the resultant
ground vibrations. Correct interpretation of these phenomena will provide invaluable
information that can be used to increase the effectiveness of warning systems.

The first part of this chapter consists of the manuscript “Seismic signals of snow-
slurry lahars in motion: 25 September 2007, Mt Ruapehu, New Zealand”, by: Susan E.
Cole, Shane J. Cronin, Steven Sherburn, and Vern Manville, published within Geophys-
ical Research Letters (Vol. 36; 1.09405; doi: 10.1029/2009GL038030). This manuscript
presents an analysis of three snow-slurry lahars recorded during the September 2007

eruption of Mt Ruapehu, New Zealand, and compares them to the record of the water-
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dominated, Crater Lake-breakout flow of March 2007 at the same site. Comparisons
are made between both the sizes of flow and the signal strength of each seismic record.
The results illustrate the importance of distinguishing the type of lahar recorded before
simple interpolations of size are concluded from direct examination of signal strength.
By using the 3-dimensional seismic excitation record, the dominant rheology and gross
physical composition of a flow can be distinguished, providing a more complete assess-
ment of the nature and degree of hazard posed.
The contributions of each author to the study were as follows:

Susan FE. Cole: Principal Investigator: Carried out:
e Data collection
e Analysis of seismic data
e Seismological interpretation
e Manuscript preparation and writing
Shane J. Cronin: Chief Advisor: Aided the study by:
e Assistance in data collection
e Discussion of data and interpretation
e Editing and discussion of manuscript
Steven Sherburn: Co-advisor: Aided the study by:
e Discussion of data and interpretation
e Editing and discussion of manuscript
Vern Manuwille: Aided the study by:
e Editing and discussion of manuscript

The rest of this chapter consists of more detailed investigation into the usefulness
and variability in the results of analyses of 3-dimensional seismic records of lahars. In
Section 4.3, the necessity for multiple recording sites to calculate frontal velocities of a

flow is challenged. By using a series of closely-spaced bends, it is possible to estimate
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a [relatively| accurate velocity for the front of a mass flow. The final section of this

chapter (Section 4.4) provides a comparison of the 3-dimensional seismic signals of a
hyperconcentrated streamflow and a granular debris flow, as recorded at the Indonesian
volcanoes of Mt. Semeru and Mt. Merapi, respectively. The internal dynamics and
particle interactions within the two flow regimes produce distinctly different results in

the seismic records.

4.2 Seismic signals of snow-slurry lahars in motion:

25 September 2007, Mt Ruapehu, New Zealand

Susan E. Cole!, Shane J. Cronin', Steven Sherburn?, Vern Manville?

Wolcanic Risk Solutions, Institute of Natural Resources, Massey University, Private
Bag 11-222, Palmerston North, New Zealand

2GNS Science, Wairakei Research Centre, Private Bag 2000, Taupo, New Zealand

4.2.1 Abstract

Detection of ground shaking forms the basis of many lahar-warning systems. Seismic
records of two lahar types at Ruapehu, New Zealand, in 2007 are used to examine their
nature and internal dynamics. Upstream detection of a flow depends upon flow type
and coupling with the ground. 3-D characteristics of seismic signals can be used to dis-
tinguish the dominant rheology and gross physical composition. Water-rich hypercon-
centrated flows are turbulent; common inter-particle and particle-substrate collisions
engender higher energy in cross-channel vibrations relative to channel-parallel. Plug-
like snow-slurry lahars show greater energy in channel-parallel signals, due to lateral
deposition insulating channel margins, and low turbulence. Direct comparison of flow
size must account for flow rheology; a water-rich lahar will generate signals of greater

amplitude than a similar-sized snow-slurry flow.

4.2.2 Introduction

Seismic or acoustic monitoring in catchments surrounding active volcanoes is used as

the basis of lahar warning systems (e.g. Pinatubo, Marcial et al. (1996); Indonesia,
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Lavigne et al. (2000b); Ruapehu, Leonard et al. (2008)) and for mass flow monitoring
in other alpine areas (Hurlimann et al. (2003)). Geophones or seismometers are partic-
ularly useful because they can be placed outside the path of highly destructive/erosive
flows, and can operate during multiple events (e.g. Itakura et al. (2005)). Acoustic Flow
Monitor (AFM) systems are cheap, produce low data rates, and have low power needs.
Broad-band seismometers are more expensive and have higher data rates, but enable
better resolution of flow magnitude and understanding of internal flow properties.

Analyzing a wide range of seismic frequencies over several sites enables estimation
of mass-flow frontal velocity, variations in internal flow properties, and interactions
with the channel. Variations in signal intensity across 3-D should reflect fundamental
differences in the water content as well as particle-particle and particle-substrate inter-
actions between flows. In order to use this information effectively in warning systems,
these features need to be interpreted.

Presented here is an analysis of seismic signals from snow-dominated flows that
descended the slopes of Ruapehu Volcano, New Zealand, on 25 September 2007. These
were generated by a small phreatic eruption that ejected water from Crater Lake (Lube
et al. (2009)). Instrumentation installed along the Whangaehu River captured the
eruption and passage of two snow-dominated lahars and a later water-rich hypercon-
centrated flow. These data provide valuable insights into the physical and dynamic
properties of snow-slurry lahars in relation to snow avalanches and other larger-scale

lahars at this site (Manville and Cronin (2007)).

4.2.3 Geological setting and instrumentation details

Mt. Ruapehu (2797 m) is an andesitic stratovolcano in the central North Island of
New Zealand (Figure 4.1). The acidic Crater Lake (9-10 x 10° m?) typically covers an
active vent at c. 2540 m a.s.l. (e.g. Cronin et al. (1996)). Crater Lake is surrounded
by several glaciers, which have fed snow and ice into lahars generated by: eruptions
through the lake in 1969, 1971, 1975, and 1995 ( Cronin et al. (1996)), or by collapse of
ice/tephra dams such as in 1953 and March 2007 (Manville and Cronin (2007)). The
majority of these lahars occurred in the Whangaehu River catchment (Figure 4.1).
We installed a monitoring station alongside the Whangaehu River in 2006, c. 7.4 km
downstream from the Crater Lake at the Round-the-Mountain-Track (RTMT; Figure
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Figure 4.1: Location of the monitoring site Round-the-Mountain-Track (RTMT) on Mt
Ruapehu, showing Crater Lake, and the deposits of the snow-slurry lahars of 25% September
2007. Insert shows location of Mt. Ruapehu in the Central North Island, New Zealand, and
locations of other Holocene volcanoes in the area (solid black triangles). Courtesy of J.N.
Proctor.

4.1). Tt consists of a 3-component broadband seismometer (Guralp-6TD), an AFM,
and a radar water-level gauge (VEGAPULS), installed along the south bank of the
channel on a lava bluff. The seismometer is buried 1 m into soil directly overlying
coherent lava that extends beneath most of the main channel. This sensor is located c.
4 m from the channel edge and c¢. 20 m above the river bed. The broadband recorded
data with a sample rate of 100 Hz. Other instruments recorded observations at 5 s
intervals. The AFM and broadband seismograph successfully recorded the lahars, but
the radar stage gauge reacted too slowly to the sudden change in flow level caused
by the onset of the lahar fronts, and/or could not process reliable reflections from the

highly irregular and “solid” surfaces of the snow-slurry lahars.
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4.2.4 Eruption seismicity

The seismometer at the RTMT station recorded initial tremors associated with the
eruption starting at 08:16 (UT). A single explosion which expelled jets of water, lake
sediment, and rock debris was recorded at 08:26 (UT) by two microbarograph stations
on the western slopes of the volcano (GeoNet, New Zealand). At the RTMT, the
eruption explosion and jetting event is represented as a brief spike across all frequencies
(Figure 4.2). At least four other low-frequency spikes were recorded, but none generated
an associated air wave. It is unlikely that additional material was ejected from Crater

Lake, as evidenced in the deposits (Lube et al. (2009)).

4.2.5 Lahar seismicity

Three lahars were generated from the single explosion at 08:26, two in the eastern
Whangaehu catchment, and one in the north-western Whakapapa ski field area (Fig-
ure 4.1; Lube et al. (2009)). We consider only those lahars that traveled down the
Whangaehu Channel past the RTMT. The first snow lahar (E1) was caused by run-off
of explosively ejected Crater Lake water and c. 200,000-400,000 m? of entrained snow
and ice from the Central Crater and Whangaehu Glacier, while the second (E2) was due
to displacement of water over the lake outlet (Lube et al. (2009)). A third watery flood
(E3) was recorded c. 1 hour after the eruption with no associated anomalous seismicity
and thought to be related to further collapse and drainage from the upper-catchment

ice-slurry deposits.

4.2.6 Flow velocity and range of detection

Analyses of seismic signal from the three lahars along the Whangaehu valley were
made using total spectra and spectrogram profiles on all components (Figure 4.3).
Time-series data clearly shows the approach and passage of the flows, but spectrogram
profiles allow for easier detection of flow arrival at the site. Due to the unique frequency
content of the signal, increases in frequencies and amplitudes can be seen earlier in the
spectrogram than in the time series trace.

The spectral plots of the September lahars show a distinct triangular shape resulting

from an increase in high frequency signal with time, as is also observed in seismic signals
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Figure 4.2: (a) Seismogram (100 sps) showing recorded energy along the vertical component
due to the eruption of 25" September 2007, related seismicity, and the subsequent 3 lahars
that passed the monitoring site, RTMT. (b) Spectrogram with a 256-sample window and 50%
overlap. Note absence of triangular shape of increasing high frequencies at start of eruption
signal contrasting with those of the lahars.

from snow avalanches (Surinach et al. (2005)). This shape contrasts with earthquake
signals (e.g. Surinach et al. (2005)) and volcanic eruptions (e.g. Figure 4.2). We
attribute the shape to either: a) anelastic attenuation of the propagation waves with
distance, due to the more rapid attenuation of high frequencies compared to low (Aki
(1980)), or b) increase in energy, due to the entrainment of sediment causing a rise
in the signal amplitude (Surinach et al. (2005)). Since the E1 and E2 lahars had
primarily entrained material in the upper reaches of their travel path, and deposit
analyses indicate that they were not erosive in or near the instrumented reaches (Lube
et al. (2009)), we conclude that the latter explanation has, at best, a minimal effect on
the amplitude of the signal. The triangular shape most likely reflects the decreasing

attenuation of the signal as the flow approaches the sensor. Conversely, an inverted
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triangular shape seen in the spectrogram after a period of full frequency signal is
attributed to the attenuation of signal as the flow-tail passed beyond the sensor. We
therefore conclude that amplitude profiles are at their greatest when the flow directly
passes the sensor (e.g. Caplan-Auerbach et al. (2004)). Accordingly, the arrival times
of E1 and E2 at RTMT are estimated at 08:35:35 and 08:42:20 UT, respectively. Their
true travel paths to this point were 6870 m for E1 and 7470 m for E2 (Figure 4.1). Using
onset and cessation of the eruption as boundaries for flow start time, average velocities
to the RTMT are 12.1-13.6 m/s for E1 and 7.7-8.2 m/s for E2. For comparison, local
velocity estimates of c. 5 m/s were calculated for both flows from super-elevation
measurements (Lube et al. (2009)).

The seismic spectrogram of E1 (Figure 4.3b) shows an unusually brief and sharply
terminating tail, which either indicates movement of the bulk of the flow a critical
distance away from the instrument where detection suddenly ceases, or a sudden waning
of flow size and energy. As it contrasts with the long tails more typically recorded in
water-rich lahars at this site (such as E3), the sharp cessation is interpreted to represent
the sudden halt of the E1 ice slurry. Mapped deposits constrain the final runout of E1
to 830 m downstream of the site, with a sharp front to the deposit implying a sudden
halt (Lube et al. (2009)). This suggests that the front traveled from the RTMT to
the final runout point at an average velocity of 4.5 m/s, corresponding well with the
super-elevation estimates. Projecting estimates of local velocity, the first vibrations
relating to the detection of E1 were seen when it was c. 600-670 m upstream of the

Sensor.

4.2.7 Flow-substrate interaction, flow dynamics and rheology

4.2.7.1 Vibrational energy and frequency spectra

Suwa et al. (2000) proposed that the peak vibrational energy recorded by a seismometer
is proportional to the peak discharge of a passing lahar, while volume estimations could
be made by integrating the acceleration amplitude. Direct comparisons of vibrational
energies between similar flows recorded at the same site should, therefore, provide a
means for calculating their relative size and peak discharge (or mass flux). The peak

discharge of E1 was independently calculated as 1700 m? /s, with a sharp-fronted peak
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Figure 4.3: Lahars E1, E2 and E3 vertical component signals (100 sps) recorded at the
monitoring site RTMT. Top: seismograms; middle: spectrograms, with 256-sample windows
and 50% overlap, using same colour palette as Figure 4.2; bottom: 20-point running average
total spectra. Blue lines are vertical motion; Red lines are cross-channel motion; Green lines
are channel-parallel motion. (a-c) E1; (d-f) E2; (g-1) ES.

wave of 6.2 m in height (Lube et al. (2009)). In comparison, the break-out lahar of
18" March 2007, at the same site, had an estimated peak discharge of 2000-2200 m? /s
and a maximum stage height of 8 m. The peak wetted perimeter of the E1 snow-
slurry lahar was c. 70% of the March event, but it only produced 10-12% of the peak
vibrational energy of the 18 March sediment-laden flow. It is less easy to compare these
flows with E2 and E3, as the relative amplitudes of the signals are likely to have been
dampened by the loosely-compacted deposits of E1 that would decrease the efficiency of
wave propagation through the unit. The discrepancy between flow volume and seismic
amplitude for the different flow types is an important observation, as it implies seismic
amplitudes alone cannot be used to determine flow volume. We infer the differences
are a result of the freedom movement of large particles within the flow, especially their

ability to saltate/collide with the substrate and flow-substrate frictional interaction.
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Previous seismic studies of hyperconcentrated and debris flows suggest that par-
ticle collisions transferred to the channel bed or sides generate signals of higher fre-
quency than does motion of frictional-sliding bedload. Huang et al. (2004) measured
bed-friction generated signals with frequencies in the range 10-300 Hz, though pre-
dominantly between 20-80 Hz. Collisional motion produced signals between 10-500
Hz. Other studies have concluded energy from hyperconcentrated and debris flows are
concentrated in the 10-100 Hz range (Marcial et al. (1996); Lavigne et al. (2000b)).

Depositional indicators of flow-parallel lateral shear structures in the September
flows show that the ice-slurries moved by frictional sliding as a plug-like Bingham
material (e.g. Ancey (2007)), with little free motion of particles within the flow, above
a basal zone of high pore water pressures (Lube et al. (2009)). As such, we interpret
the seismic signal to show little component relating to particle collisions; instead, we
infer that the dominant 5-20 Hz spectral peaks of the El signal (Figure 4.3b) are
representative of the frictional interaction of the moving snow-rich material over the
channel substrate. In comparison, visual observations of the 18 March 2007 lahar
imply it was a sediment-rich hyperconcentrated streamflow, producing high levels of
bedload saltation and particle collisions. Correspondingly, higher seismic frequency
ranges were recorded (Figure 4.4c). From this, we infer that the water content of E1
was very low (consistent with physical estimates from deposits (Lube et al. (2009))). If
it were higher, saturation of air-filled porosity would be expected, along with vertical
drainage, generation of a watery underflow, and a seismic profile more typical of a
hyperconcentrated flow.

Lahar E2 produced signals that were generally less energetic than those of E1
(Figure 4.3d), with a less-pronounced increase in frequency and amplitude as the flow
front passed the sensor and a more rapid tail drop-off, despite traveling c. 2 km farther
(Figure 4.3e). The stratigraphy of the deposit shows that E2 traveled on top of the
already-frozen E1 deposits. We infer that the reduced seismic amplitudes result from
insulation/attenuation of seismic energy by the E1 deposits, reducing coupling between
E2 and the channel base. The tail of E2 showed an increase in amplitude in the higher
frequency range as it passed the sensor (Figure 4.3e), which may reflect a more watery
and turbulent tail.

The third flow (E3; Figure 4.3g) occurred c. 1 hour after the eruption event, and
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Figure 4.4: (a) Vertical component seismogram (100 sps) of 18" March 2007 breakout lahar
recorded at the monitoring site RTMT. (b) Spectrogram with a 256-sample window and 50%
overlap, using same colour palette as Figure 4.2. (c) 20-point running average total spectra.
Blue line is vertical motion; Red line is cross-channel motion; Green line is channel-parallel
motion.

lasted over 90 minutes. The arrival of E3 generated a similar spectrogram profile to
E1 and E2, but with lower energy amplitudes (Figure 4.31). An abrupt energy increase
across the entire frequency range occurred only in the vertical component c. 15 minutes
after E3’s arrival (Figure 4.3h). This is interpreted to represent the moment when E3
eroded through the deposits of E1 and E2 to directly contact the channel base. A
site survey showed that E3 had cut a c. 10 m-wide slot through the earlier frozen
deposits. A corresponding increase in the horizontal components is absent, probably
due to the attenuation of signals through the porous frozen deposits that filled the
c. 80 m-wide channel. The frequency distribution after ¢. 09:55 (UT; Figure 4.3h)
shows a similar, though less energetic, profile to the March 2007 lahar (Figure 4.4c).
This suggests that E3 was dynamically similar, being turbulent and water-dominated.

E3 left only a few cm of mantling deposit at the monitoring site, consistent with low
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sediment concentration.

4.2.7.2 Signal directionality

Comparisons of the channel-perpendicular and channel-parallel vibrational energies
of the March and September 2007 lahars show significant differences in the excited
frequencies and amplitudes. We hypothesize that this can provide further information
on flow dynamics and rheology. The water-rich, turbulent March lahar had flow-
perpendicular amplitudes up to 3 times higher than those in flow-parallel directions
(Figure 4.4¢). By contrast, the ice slurry flows E1 and E2 produced more flow-parallel
energy (Figures 4.3c and 4.3f). Depositional evidence of the E1 and E2 flows indicate
a plug-like behavior, with little internal motion, minimizing collisions within the flow.
Water-rich hyperconcentrated flows, however, allow for greater freedom of particle
motion, leading to random collisions within the flow and against channel margins. We
suggest that it is this behavior that produces the significant lateral, channel-dispersive
and collisional forces responsible for the observed higher amplitudes in cross-channel
directions in the March flow compared to the September flows. Deposition inward
from the margins is implied for the ice slurry flows (Lube et al. (2009)), as exhibited by
lateral-shear structures in the deposits; this would likely increase damping of seismic
energy within the cross-channel orientation.

The directionality signals generated by the E3 flow should be similar to the March
2007 lahar, with higher cross-channel amplitudes. However, they were more like those
of E1 and E2 with proportionally lower cross-channel energy (Figure 4.3i). We infer
this pattern to be due to attenuation as the signal passed through the channel-lining

E1 and E2 deposits, damping the likely higher frequency content signal induced by E3.

4.2.8 Discussions and Conclusions!

We find that water- and snow-dominated lahars show distinctly different seismic signa-
tures. Strong seismic signals and broad frequency responses relate to water-rich flows
and high turbulence as they cause both bedload movement and frequent randomly-

oriented particle-particle and particle-bed collisions. The multiple trajectories, along

! Acknowledgments: SEC thanks the Commonwealth Scholarship Scheme and Massey Uni-
versity Graduate Research School. SJC and VM acknowledge support from the Marsden Fund
(MAUX0512) and SJC from the NZ Foundation for Research, Science and Technology (MAUX0401).
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with collisional contact with channel margins, produce more energetic cross-channel vi-
brations than flow-parallel. By contrast, snow-slurry flows have very low seismic energy
compared to watery lahars of similar size as they involve little-to-no collisional inter-
action. They also generate stronger flow-parallel signals due to insulation of channel
margins by lateral deposition and low incidence of channel-side collisions.
Distinguishing different lahar types by these features will provide a more complete
assessment of the nature and degree of hazard posed. This step must be made before
simple interpolations of size are concluded from direct examination of signal strength.
For snow-slurry lahars, signal strength estimates using thresholds developed for more
dilute flows will strongly underestimate flow size (discharge/volume). This implies
that typical AFM warning systems, with minimum recording thresholds designed to
avoid trigger by background volcanic seismicity, may not be triggered by the seismically
quieter snow-rich lahars. This was notably the case at Ruapehu in September 2007,
where despite successful recording at RTMT, the lahar-warning system using AFMs
was not triggered (H. Keys, pers. comm. 2007). This is of concern, as ice-slurry lahars
are highly efficient at transporting large volumes of ice and snow from volcanoes to

generate significant downstream lahar hazards (Pierson et al. (1990)).

4.3 Using seismic signals for flow velocity calcula-

tions at the OnTrack Flood Gauge

One of the recording sites for the March 2007 lahar at Ruapehu was that of the OnTrack
Flood Gauge (OT), installed after the 1953 Tangiwai Disaster to warn of future floods or
lahars that could affect the Tangiwai rail bridge (see Figure 4.5; e.g., Manville (2004)).
Horizons Regional Council installed a stage gauge and camera at the flood gauge itself,
while Massey University and GNS Science contributed a seismometer and an acoustic
flow monitor (AFM), placed approximately 250 m upstream (Chapter 1.5.1). This site
is unique amongst the areas in this study as it consists of a series of sharp bends that
ensured the flow passed near the instruments from several directions (Figure 4.5).
The distinct triangular shape seen in other seismic records of lahars, as detailed
above, is also clearly visible within the record of the OT seismometer (Figure 4.6). In

this case, however, it can be argued that the assumption that peak amplitude occurs
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Figure 4.5: Location of the OnTrack Flood Gauge (OT) monitoring site and associated sen-
sors. Table 1.1 (page 23) details all monitoring methods used within this study. (a) Location
of Mt. Ruapehu (red triangle) within the North Island of New Zealand; (b) location of the
OnTrack Flood Gauge (OT) monitoring site relative to Mt. Ruapehu, the Whangaehu River
catchment (blue line), and the sites used in this study (red stars), superimposed upon topo-
graphic maps of the region. Topographic maps sourced from NZTopo250-9 Taumarunui and
NZTopo250-14 Palmerston North. Map scales are 1:250,000. Crown Copyright Reserved. (c)
Location of the monitoring sensors along the river channel at this site (blue lines mark inunda-
tion area of the 18™ March 2007 lahar): Massey University / GNS Science seismometer (red
star); OnTrack tower warning system and Horizons Regional Council bubbler (black star);
an Horizons Regional Council webcam was situated c. 200 m south east of the tower gauge.
Details superimposed upon aerial photograph sourced from GoogleEarth™ , Image Horizons
Regional Consortium, (©2010 MapData Sciences PtyLtd, PSMA, Image (©2010 DigitalGlobe,
Imagery Date 22" March 2007.

when a flow directly passes the sensor may be misleading. Owing to the geometry of
the channel, the lahar passes the sensor relatively closely (within c. 300 m) on three
sides. If seismically-quiet snow-slurry lahars can be detected 600-670 m upstream of
a site (Section 4.2.6), then it is reasonable to assume that the seismic record of the
turbulent water-rich March lahar will be affected by the flow on each of these segments
of the channel. In addition, photographic images from the site suggest a delay in the
arrival of sediment with relation to the front of the flow (Manville and Cronin (2007)).
As such, the amplitude of the signal may have risen with the increase of particles within
the flow.

By utilising the RSAM method as described in Chapter 3.3.3, it may be possible to

more clearly define the times at which the lahar passes each of the bends in the channel,
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Figure 4.6: (a) Seismogram (100 sps) showing recorded energy along the vertical component
due to the Crater Lake breakout lahar of 18" March 2007 that passed the OT monitoring site.
(b-d) Spectrograms of the channel-perpendicular, channel-parallel, and vertical components,
respectively, calculated with 256-sample windows and 50% overlap.

and therefore calculate an approximate velocity for the front of the flow. As the three
segments of the channel in question are aligned either parallel or perpendicular to the
horizontal components of the instrument (Figure 4.5), there should be a clearly defined
change in the ratio of these components coinciding with the passage of the flow. Figure
4.7 demonstrates that the clarity of this change is dependent upon the frequencies of
the signal used. The variation between the components is much more visible in the
higher frequency (40-50 Hz) range than in the lower ones. This can be attributed to
a combination of the inter-particle collisions and particle-channel collisions inherent in
water-rich flows, and the lack of any coherent bed-frictional motion in the dilute head
of the flow.

Ideally, the ratio of parallel and perpendicular RSAM traces will change coinciden-
tally with the passage of the lahar along each of the different segments. As the flow

had a water-rich, turbulent front, we can infer that the predominant motion on any
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Figure 4.7: Comparison between the ratios of channel-parallel, -perpendicular and vertical
components of RSAM records of different frequency bands from the seismometer at the On-
Track Flood Gauge (OT) monitoring site on Mt Ruapehu, 18" March 2007. Red lines are
East-component over North-component; Green lines are East-component over vertical; Blue
lines are North-component over vertical; and Black lines are the vertical RSAM trace for each
of the respective frequency bands. (a) 2.5-10 Hz; (b) 10-20 Hz; (c) 20-30 Hz; (d) 30-40 Hz;
(e) 40-50 Hz.

of the segments would be in the channel-perpendicular direction (see Section 4.2.7.2).
For this site, we define the parallel and perpendicular directions as aligned along the
North and East components, respectively, coinciding with the second and longest seg-
ment of the bend (Figure 4.5). As such, the records of the flow between the first and
second bends, as well as the third and fourth bends, should show an increase in the
vibrations of signal on the North component. The signal from between the second
and third bends will show the opposite; that is, an increase in the East-component
signals with respect to those recorded on the North-component. Examination of the

respective RSAM ratios over each of the frequency distribution bands, however, do not
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4.4. Hyperconcentrated streamflow vs debris flow: Mt Semeru and Mt Merapi,
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individually distinguish variations due to each change in direction of the flow. This
can be attributed to a combination of the long length of the lahar and its increasing
stage and discharge, which continued to have an effect on each segment of the overall
bend after the front had past by. Instead, there appears to be an overall increase in the
localised East-component signals over North-component during a nearly 3-minute-long
period prior to, and during, the arrival of flow at the flood gauge at c¢. 00:36 (UT).
This indicates the period over which the flow front is passing through all four of the
bends, after which the signals return to pre-flow ratios as all segments are still affected
by the flow. Assuming therefore that the time window over which the change in RSAM
ratios corresponds to this period, we can calculate an average “total bend” velocity of
3.73-4.21 m/s. This correlates well with the average arrival time of 4.07 m/s between

the closest upstream recording site at the Aqueduct and the OT (Table 1.1).

4.4 Hyperconcentrated streamflow vs debris flow:

Mt Semeru and Mt Merapi, Indonesia

The seismic data recorded during field seasons in Indonesia are demonstrative of dif-
ferent types of laharic flow (Figure 4.8). Those recorded at Mt. Semeru are primarily
small (<1 m), hyperconcentrated streamflows. Despite this, they do have the poten-
tial to incorporate relatively high concentrations of sediment (50-60 wt.% sediment;
Chapter 1.5.2; Doyle et al. (2009)). Of the flows recorded within this study, the vast
majority were not able to reach these concentrations; peak concentrations were gener-
ally not more than ¢. 40 wt.% sediment. The hyperconcentrated streamflow considered
here is a typical example of those recorded at Semeru, and was recorded on 6" February
2007. The flow was small, with a peak depth of c. 0.5 m, and covered approximately
half of the c¢. 15-20 m-wide channel (Figure 4.8a).

In contrast, the single flow recorded at Mt. Merapi was a highly granular debris
flow, with relatively high sediment content (Chapter 1.5.3). The flow was confined to a
narrow channel previously carved through block-and-ash-flow deposits by other lahars.
As a result, the width of the lahar was restricted to a few metres as it passed the mon-
itoring site. While average flow depth was only c. 1 m, it was still capable of eroding

large volumes of pyroclastic-flow deposits from the 2006 eruption that comprised the
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Figure 4.8: Photographs illustrating different laharic flow types that were recorded during the
2007 field season in Indonesia: (a) Hyperconcentrated streamflow at Mt. Semeru, recorded on
6" February 2007; (b) Granular debris flow at Mt. Merapi, recorded on 31°t January 2007.

channel walls. The sudden quenching of this still-hot material produced steam that rose
over the lahar (Figure 4.8b). Ground vibrations were strong throughout the passage
of the flow, indicative of the observed large-boulder movements. This was markedly
different from the relatively similar-sized, but seismically-quieter hyperconcentrated
streamflow at Semeru (Figures 4.9a and 4.9g).

The time-series vertical component signals from the hyperconcentrated streamflow
at Semeru (Figure 4.9a) clearly show the passage of the flow. By looking at the vertical-
component spectrogram profile (Figure 4.9d), however, it can be seen that the majority
of the ground vibrations are focused above 20 Hz. Indeed, between 5 and 15 Hz, there
is only a small increase in the amplitude of the signals above background noise. As
such, the distinct triangular shape that results from an increase in high frequency
signal with time as a flow approaches a sensor (Section 4.2.6) is not easily seen here.
By contrast, the spectrogram profiles from the two horizontal components show the
expected triangular shape, as well as increased signal amplitudes in the frequency range
5-15 Hz. This latter is shown in Figures 4.9b and c and higlighted in the summed power
density spectra for each component seen in Figure 4.9f.

The vertical RSAM profile from Semeru shows little change throughout the lahar
time period, although the flow is clearly visible on the two horizontal components
(Figure 4.9¢). There are three spikes that are seen on all components and are easily
distinguishable from the rest of the profile. The first of these is slightly broader than

the other two and coincides with the start of the flow. It is, therefore, reasonable
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Figure 4.9: Vertical component signals (100 sps) of lahars recorded in Indonesia in 2007.
Top row: seismograms; 2%, 3, and 4 rows: Spectrograms of the channel-perpendicular,
channel-parallel, and vertical components, respectively, calculated with 256-sample windows
and 50% overlap, using same colour palette as Figure 4.2; 5" row: RSAM amplitude for each
component. Blue lines are vertical motion; Red lines are cross-channel motion; Green lines
are channel-parallel motion; bottom (6™) row: 20-point running average total spectra. Blue
lines are vertical motion; Red lines are cross-channel motion; Green lines are channel-parallel
motion. (a-d) Hyperconcentrated streamflow at Mt. Semeru, recorded on 6" February 2007;
(e-h) Granular debris flow at Mt. Merapi, recorded on 31* January 2007.

to conclude that this represents when the flow passes the sensor. The second and
third spikes are shorter in duration, and have greater amplitude in the channel-parallel
component relative to the others. Video analysis and in-situ observations show no
distinct changes in the behaviour of the lahar at these times. The spikes do, however,
coincide exactly with two very low frequency spikes in the spectrogram profile. These,
and hence the RSAM spikes, are attributed to small ash eruptions at the volcano
summit. As the channel-parallel component is aligned to the summit, it is expected
that this component would show the greatest increase in signal resulting from seismic

events at this source. A third low frequency spike occurs at c. 06:24 (UT). This
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spike is, however, much smaller in intensity and is not clearly distinguishable in the
RSAM profiles (except perhaps on the channel-parallel component). These results
have important implications for hazard systems that are based upon the use of single-
component RSAM profiles. If only the vertical component is considered, it should be
stated that without the incorporation of the time-series and spectrogram profiles in
the analysis of the data, it would be hard to distinguish a lahar like the one recorded
here from an eruption. While this flow was small at this site, it has the capability of
bulking quite considerably and, under the right conditions, pose a serious threat to
downstream infrastructure.

The time-series and spectral profiles for the granular flow at Merapi are consider-
ably different from those at Semeru. As has been previously stated, ground vibration
velocities are much higher than for the hyperconcentrated flow. The spectrogram pro-
files also clearly show the distinct triangular shape indicative of the approach of the
flow to the sensor (Figure 4.9h-j). In contrast to the hyperconcentrated streamflow,
the debris flow is easily distinguishable on the RSAM profiles of all three components.
Interestingly, these profiles show approximately the same intensity of relative changes
in the seismic signal on all components. As the flow contained many large boulders
of c. 1 m in diameter, as well as smaller boulders and cobbles and a high concen-
tration of sand and silt particles, it can reasonably be assumed that the volume of
particle-particle and particle-substrate collisions was high. Video analysis and in-situ
observations confirm this assumption. The random nature of these collisions would
produce a noisy RSAM profile in any channel orientation. This behaviour is, therefore,
attributed to the profiles produced, as seen in Figure 4.9k. Some of the peaks may
be the result of both this action and the calving of pyroclastic deposit by the flow,
as observed at the time. These two processes are, however, impossible to accurately
distinguish in the record.

Previous studies have suggested that the motions of suspended particles within
a turbulent flow can be considered to be either higher in concentration in near-bed
regions (e.g., Wilson (1985)) or relatively uniform with distance from the bed (e.g.,
Pierson (2005)). Bedload-regional material, however, has been illustrated to consist of
two zones: a lower frictional zone, in which particles move slowly and remain in con-

tact with each other, and an upper collisional zone, through which continual exchange
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between bedload and suspended load occurs due to the rolling, saltating, and sliding of
individual grains (e.g., Wilson (1985); Sohn (1997); Pierson (2005)). It has previously
been inferred that the low frequency (<20 Hz) signals can be attributed to frictional
bedload movement (see 4.2.7), while high frequency (>30 Hz) signals result from the
collisional motion between particles and the substrate, indicating the relative water
content within a flow. Collisional motion has also been suggested to result in higher
amplitudes in cross-channel directions than channel-parallel for water-rich flows (Sec-
tion 4.2.7.2). As the Semeru and Merapi flows both contained water and were observed
to have collisional components, their spectral profiles should show high amplitudes in
the high frequency range, as well as greater intensity on the channel-perpendicular
component compared to the channel-parallel. These explanations, however, do not
take into account the changes increasing sediment content can have on flow rheology.
Observed variations in velocity profiles across a channel have been attributed to the
presence of regions of shear along sidewall margins with a rigid, non-deforming plug flow
in the central part of the channel (e.g., Genevois et al. (2000); Parsons et al. (2001)).
In addition, increasing sediment content, especially in fines (< 63 pum), alters the prop-
erties of the interstitial fluid by increasing the volume of slurry within a flow, which in
turn decreases the void ratio of the material, making the gravel bed more acoustically
compact. While this would improve the transmission of seismic waves within the base
of a flow, the higher viscosity of the flow itself preferentially dissipates higher frequen-
cies from the main bulk of the lahar (e.g., Huang et al. (2004)). It can, therefore, be
reasonably inferred that the frictional- and collisional-induced signals from within the
near-bed region are likely to be well-recorded while particle collision-induced signals
from the bulk of suspended load are not. In addition, both the hyperconcentrated
streamflow and the granular debris-flow recorded at Semeru and Merapi, respectively,
were small and shallow in depth, which prevented much of the flow from contact with
the sides of the channel. It is likely that this is why the intensities of channel-parallel
and channel-perpendicular motion are similar, and the highest frequencies (>40 Hz)
are relatively low in amplitude (Figures 4.9f and 1).

Low frequency peaks (<20 Hz) in the power density spectra occur during both the
Semeru and Merapi flows. Interestingly though, they are predominantly confined to

the channel-parallel and channel-perpendicular components (Figures 4.9f and 1). It

107



4.5. Conclusions

is inferred, therefore, that frictional bedload motion is primarily associated with the
channel-side contacts. The vertical seismic components of both flows show predom-
inant excitation within the mid-frequency range (20-30 Hz). If frictional motion is
represented by frequencies below 20 Hz and collisional motion is represented by fre-
quencies above 30 Hz, it is reasonable to assume that the frequencies between these
ranges are indicative of some phenomena that combines these two motions. Video anal-
ysis and observations at Merapi show clearly that the many large boulders within the
flow were not held in suspension and were not subject to collisions with the substrate.
Instead, they appear to roll and saltate along the channel. Observations at Semeru
also show similar behaviour by the larger boulders within that flow. It is therefore
inferred that the mid-frequency-range peaks seen in both power density spectra occur

as a result of this rolling and saltating motion of large boulders within shallow flows.

4.5 Conclusions

Fundamental to the understanding of the hazard posed by a lahar is the accurate
modelling of its dynamics. Different concentrations of water and sediment within a
lahar, as well as particle-particle and particle-substrate interactions, can affect the
behaviour of a flow. The variations in flow characteristics as a lahar passes a site
produce ground vibrations that resonate in three dimensions across a wide range of
frequencies. Comparisons of the 3-dimensional seismic excitation resulting from a lahar
can reveal fundamental characteristics of the flow without the necessity for in situ
monitoring or sampling by a wide range of instruments.

It is very important to hazard warning systems and models to accurately predict
not only when a lahar will arrive at a site, but also the approximate velocity at which
it is travelling. Such knowledge is necessary for the accurate predictions of zones of
potential inundation and the likely damage that will result. It is often not possible to
scientifically witness a lahar passing and measure directly its velocity, either because
of their frequently unpredictable onsets or because the inundation area is in an area
that is hard to reach or dangerous to remain in. By using the comparison of the 3-
dimensional seismic excitation that result from the ground vibration of a passing flow,

it is possible to calculate an approximate frontal velocity of a lahar.
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Comparisons of water-dominated and snow-slurry lahars illustrate how the recorded
frequency content of the ground vibrations from a lahar can be used to identify the
dominant motions of particles within a flow. Snow-slurry lahars, whose motion is domi-
nated by frictional sliding along channel margins, resonate at low (<20 Hz) frequencies.
In contrast, water-rich flows produce signals with much higher (>30 Hz) frequencies
due to particle-particle and particle-substrate collisions. This is because the particles
have a much greater freedom of motion than in the plug-like snow-slurry flows. Exam-
ination of hyperconcentrated streamflow and debris flows recorded at Mt. Semeru and
Mt. Merapi in Indonesia, respectively, further illustrate this. In addition, mid-range
(20-30 Hz) frequencies were associated with the rolling and saltating motions observed
in these latter flows.

It is necessary to distinguish the type of lahar recorded before any interpretation
of flow size is made from the seismic record. Signal strength estimates developed for
water-dominated lahars will greatly underestimate flow size if used for snow-slurry
lahars. In contrast, using the same estimates to calculate the size of a debris flow
will greatly overestimate its size. This has important repercussions for typical lahar
warning systems. In the case of snow-slurry lahars, the relatively seismically quiet
flows may not trigger the minimum recording thresholds of most warning systems, as
occurred at Ruapehu in September 2007. In contrast, alerts about an approaching
large flow that is in fact very small could undermine public confidence in the reliability

of the warning system.
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Chapter 5

Temporal variations in a moving lahar at a single

site

Chapter 5 describes visual and instrumental observations at a single site during the
18™ March 2007 Mt. Ruapehu Crater Lake-breakout lahar. From these, interpretations
are made of the temporally-varying internal dynamics and composition of the flow as

it passed.

5.1 Introduction

As has been demonstrated in the previous chapter, the overall seismic record of a lahar
can provide information on its dynamics and bulk composition. These interpretations,
however, have only focused on the gross physical characteristics of the flows. Previous
studies have shown that short-term variations in instrumental records during a flow
passage are significant and may provide insight into the localised motions and dynamics
of a lahar (e.g., Pierson and Scott (1985); Cronin et al. (2000a); Doyle et al. (2009)).
By combining the seismic record at a single site with detailed visual observations, the
Crater Lake-breakout lahar at Mt. Ruapehu, New Zealand, on 18" March 2007 was
examined. Colliers bridge, c. 83 km from source, was the location where the most
detailed visual and video observations were made of the lahar, with its entire passage
occurring during daylight hours. At this site, a broadband seismometer was installed
approximately 25 minutes before the lahar front arrived. This chapter presents the

analysis and interpretation of these records and provides a model of the internal time-
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varying properties of a lahar wave as it interacts with stream water in its path.

5.2 Geological setting and instrumentation details

5.2.1 Colliers bridge

At approximately 11:22 local time (23:22 UT, 17*" March 2007), a tephra dam con-
straining the Crater Lake at the summit of Mt. Ruapehu collapsed. Over the sub-

3 of water flowed out of the breach, and

sequent two hours, an estimated 1.3x10% m
into the Whangaehu Valley. The flow path followed the narrow, steep course of the
river, through a number of gorges, before spreading out and crossing the 6 km-long
and up to 4.5 km-wide laharic and fluvial Whangaehu fan beyond the cone (Palmer
et al. (1993)). Below the fan, the flow was confined to a shallow channel until c. 42
km from source, where upon it was confined within a deep channel for most of the rest
of the ¢. 160 km to the coast (Cronin et al. (1999)).

Colliers bridge is situated c. 83 km from source along the path of the river (Figure
5.1), where the flow was fully observed from start to finish. Its initial onset began
with a steeply rising water level, which passed the bridge at c. 16:12, local time (04:12
UT). The lahar lasted approximately 3.5-4 hours before the river level (but not water
quality) returned to normal. By the time the lahar had arrived at Colliers bridge, its
overall volume was c. 3x10% m3, similar to that measured at sites at c. 28 km and c¢. 42
km from source (Procter et al. (2010)). A digital 3-component broadband seismograph
and a video camera were installed c. 25 minutes before the lahar arrived and observers
were on site to take samples, photos, and descriptions of flow phenomena throughout
its passage (Chapter 1.5.1.3; Figure 5.1). Estimates were made of the lahar stage
and velocity in the field. In addition, more accurate measurements of stage, velocity,
wetted area, and wetted perimeter were calculated from the video footage and still

photographs.
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Figure 5.1: Location of the Colliers bridge (CB) monitoring site and associated sensors.
Table 1.1 (page 23) details all monitoring methods used within this study. (a) Location of Mt.
Ruapehu (red triangle) within the North Island of New Zealand; (b) location of the Colliers
bridge (CB) monitoring site relative to Mt. Ruapehu, the Whangaehu River catchment (blue
line), and the sites used in this study (red stars), superimposed upon topographic maps of
the region. Topographic maps sourced from NZTopo250-9 Taumarunui and NZTopo250-14
Palmerston North. Map scales are 1:250,000. Crown Copyright Reserved. (c¢) Location of
the monitoring sensors along the river channel at this site (blue lines mark normal river bank
outline pre-lahar). Details superimposed upon aerial photograph sourced from GoogleEarth™,
Image Horizons Regional Consortium, (©2010 MapData Sciences PtyLtd, PSMA, Imagery
Date 315 January 2005.

5.2.2 Data collection

5.2.2.1 Observations: visual observations and video footage

Observations and notes were made throughout the duration of the lahar; these con-
tained measurements of stage, velocity, and other characteristics, such as observed
sediment concentration, presence and height of surface waves, surface debris, estimates
of largest particle-sizes in motion, sounds and vibrations associated with periodically
higher bedload motion, as well as viscosity, flow behaviour, and appearance. Stage
measurements were approximated by the height of flow on the central support pylon
of the bridge, and calibrated later by more accurate measurements to markings on the
column and from scaled photographs. Velocity measurements were estimated using a
surface float timed over a set distance at regular intervals during the flow.

A video camera was set up on the bridge, facing upstream to catch the onset of the
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lahar. After c. 32 minutes, the camera was moved to overlook the flow dip-sampling
site (c. 60 m downstream of the bridge), because large boulders hitting the central
pylon of the bridge meant that it was deemed unsafe. After a c¢. 7.5 minute hiatus
while the camera was moved, a further 18 minutes were filmed at the sample location
before battery failure. A second camera was placed at the site c¢. 54 minutes later to

collect an additional c. 30 minutes of footage.

5.2.2.2 Water samples

Water samples were collected prior to the lahar onset, and were then sampled every
10-15 minutes after its arrival. Further flow samples were also taken after the lahar to
track the sediment concentration and water chemistry return to ambient levels. The
sampling site had no interferences with tributary (clear) flows that would have affected
the results. All samples were taken using a 5 L heavy-duty plastic fuel container, with
100 x 300 mm holes cut into its top and attached to the end of a rope (similar to those
as described in previous lahar studies in this area, e.g. Cronin et al. (1999)). The
sampler was then thrown upstream into the thalweg of the flow from the steep channel
bank. It was allowed to float, fill, and sink into the flow for about 20 m of travel, before
being carefully pulled out to avoid forcing of solids into the container. The dip samples
were then transferred to completely-full sealable containers, and later analysed in the

laboratory.

5.2.2.3 Seismic record

A Guralp CMG-6TD seismometer was installed on the true left bank of the channel
at Colliers bridge. It was buried c¢. 0.5 m deep in sandy soil, c. 20 m downstream of
the bridge, and c¢. 40 m upstream of the sampling site. The seismograph was placed
in this location to minimise interference from movement of people near it, and ¢. 10 m

from the channel margin, to maximize the signal from the flow.

5.3 Seismic implications for bulk flow behaviour

Analyses of the seismic signals recorded at Colliers bridge were initially made using

the total spectra and spectrogram profiles on all components (Figure 5.2b-e). The
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time-series signals and spectrogram profiles clearly show the passage of the flow. The
time-series data show a long frontal period of relatively low ground-motion velocity
that increases abruptly c. 20 minutes after the first signal arrival at the sensor. After
this, the trace shows an overall decrease in amplitude. Some localised small increases in

“packets” or instabilities

amplitude are seen, and are likely to be associated with wave
in flow, such as are seen in flows recorded at Mt. Semeru, Indonesia (Doyle et al.
(2009)). While, as is the case at Mt. Semeru, it may be expected that these wave
“packets”, or instabilities, can be seen in the video records of a flow, the images available
from Colliers bridge show negligible changes in flow height (stage) during these periods,
preventing visual confirmation of their occurrence. It is possible, however, that the
“packets” consisted primarily of fluctuations in sediment concentration and/or particle
size rather than changes of bulk volume, which would not necessarily create discernable
differences in stage height.

Spectral records of this flow from monitoring sites closer to source showed a distinct
triangular shape that is a precursor to the arrival of a lahar (Cole et al. (2009); Chapter
4.2 and 4.3), similar to those seen in records of avalanches and other mass movements
(Surinach et al. (2005)). At Colliers bridge, an easily-distinguishable triangular shape
is visible in the spectrogram that corresponds with an initial lower-amplitude signal
in the time-series data (Figure 5.2), although increases in lower frequencies do occur
near the end of this period, possible indicating the inclusion of more bed-frictional-
motion material (Chapter 4). The c. 20-minute duration of this increase in amplitude,
however, would indicate that it could not be related to the approach of the flow to
the sensor. If this had been the case, the flow would have first been detected when it
was nearly 5 km upstream, based on an average arrival velocity of c. 4 m/s between
sites. Comparison with other lahar records show this to be an unrealistic distance for
such flows to affect the wide frequency spectrum seen here, due to the attenuation of
frequencies with distance from source (e.g., Cole et al. (2009); Zobin et al. (2009)).
A more realistic first-detection distance would be c¢. 1 km, based on the estimates of
other flow records and accounting for the sinuosity of local channel reaches (Figure
5.1; c.f. Chapter 4.3). Assuming this, the c¢. 20-minute-long amplitude increase would
necessitate an average frontal velocity of c¢. 0.8 m/s. In-situ observations and video

records, however, show that the flow velocity was around c. 3 m/s as it reached the
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Figure 5.2: (a) Vertical component seismogram (100 sps) of 18™ March 2007 breakout
lahar recorded at the monitoring site Colliers bridge. (b-d) Spectrograms of the channel-
perpendicular, channel-parallel, and vertical components, respectively, calculated with 256-
sample windows and 50% overlap. (e) 20-point running average total spectra. Blue line is
vertical motion; Red line is cross-channel motion; Green line is channel-parallel motion.

monitoring site, after which it rapidly accelerated (see Section 5.5; Figure 5.3). It
is therefore concluded that, similarly to what is seen at the OnTrack Flood Gauge
(Chapter 4.3), the peak amplitude does not necessarily occur when a flow first passes
the sensor (c.f. Caplan-Auerbach et al. (2004)). Observations, as well as re-analysis
of the video footage, indicate that this triangular shape actually corresponds to the
arrival at c. 04:13 (UT) and subsequent gradual increase in stage of the flow as it
passed the sensor. There is an indistinct increase in the higher frequencies prior to the
actual arrival of the flow, although its precise onset is not clearly defined. This holds
true for all three components of the record, although the precursor signal is slightly
more distinguishable in the horizontal components (Figure 5.2b-d).

Studies of seismic records of lahars (e.g., Huang et al. (2004); Cole et al. (2009))
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5.3. Seismic implications for bulk flow behaviour

have suggested that the amplitude and distribution of affected frequencies is determined
by: (1) type of particle motion; (2) particle size and distribution; (3) properties of the
interstitial fluid; and (4) properties of the localised channel reach. Past observations
have related frequency ranges to specific phases of a flow, e.g., Okuda et al. (1979) who
recorded signals of 10-30 Hz at the surge front and 60-80 Hz at the flow tail, while Huang
et al. (2004) recorded signals of <50 Hz during the frontal phase and 50-100 Hz in the
body and tail phases. Cole et al. (2009) were able to further relate specific frequency
ranges to flow rheology and motions by the comparison of markedly different flow
types. This study showed that plug-like snow-slurry flows have produced signals that
are predominantly confined to the 5-20 Hz range, while water-rich hyperconcentrated
flows produced signals both in this range and also the 30-50 Hz range. This study has
the advantage over others in that all of the records were made at the same site, where
channel morphology remained relatively constant between the two events, minimising
any variation in signals relating to localised channel properties. As such, correlations
of motion could be made, resulting in the inference that bedload-frictional motion
produces signals in lower frequency ranges than those of particle-collisional motion.
Additional study of flows recorded in Indonesia have supported this inference and
further suggested that signals seen in mid-frequency ranges are likely to relate to the
saltation of particles along channel contacts (Chapter 4.4).

The frequency distribution of the signal seen in the flow recorded at Colliers bridge
(Figure 5.2¢) indicates a different predominant motion between the horizontal and ver-
tical components. The horizontal components are dominated by primary peaks at low
frequencies (<20 Hz), with smaller peaks at mid-range frequencies (20-30 Hz). There
is little energy associated with higher frequencies (>30 Hz). In contrast, the vertical
frequency profile shows greater energy in the mid- and high-frequency ranges (>25
Hz). These ranges are representative of the bulk flow behaviour as it relates to each
component. As such, it assumes a temporally-homogeneous motion and distribution of
particles. The recorded frequency distribution can, therefore, only give an indication
of the predominant flow behaviour, irrespective of any variations in rheology, sediment
concentration, or particle motion.

The lahar at Colliers bridge had a sampled peak sediment concentration of 63

wt.%. This falls well within the boundaries (40-80 wt.%) for hyperconcentrated flow
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as defined by Beverage and Culbertson (1964). To consider bulk flow, therefore, a
typical cross-section of a hyperconcentrated flow can be applied over the whole lahar.
That is, the sediment content of the flow can be divided into regions of suspended load
and bedload material. In turbulent flow, suspended sediment load consists of both
fines and coarser pebbles, and has been considered relatively uniform with distance
from the bed (e.g., Pierson (2005)), and alternatively considered to show a likely
increase in concentration in near-bed regions (e.g., Wilson (1985)). In gradational
or segregated flows, bedload-regional material consists of an upper collisional zone,
in which rolling, sliding, and saltating of particles occur with a continual exchange
between bedload and suspended load, and a lower frictional zone, in which grains
move slowly and remain in frictional contact with each other (e.g., Wilson (1985);
Sohn (1997); Cronin et al. (2000a); Pierson (2005)). From this, it could be expected
that the frequency distributions of the recorded signals may reflect predominantly
collisional motion in the horizontal components, and frictional and saltating motion
in the vertical. This would be illustrated by the domination of higher frequencies for
the horizontal and low-to-mid-range frequencies in the vertical, if the relationships
between seismic frequency distribution and particle motion inferred from Cole et al.
(2009) hold true. These explanations, however, do not take into account the effect
of flow rheology that may change the properties of the interstitial fluid from normal
streamwater to slurry behaviour with increasing sediment content, especially fines (<
63 pm). Observations of flows have seen horizontal variations in velocity that are
indicative of a rigid, non-deforming plug flow in the central part of the channel, with
regions of shear at the sidewall margins (e.g., Genevois et al. (2000); Parsons et al.
(2001)). In addition, increasing the volume of slurry within a flow makes a gravel bed
more acoustically compact by decreasing the void ratio of the material, which hence
improves the transmission of seismic waves in the channel base. Conversely, however,
the higher viscosities of flow that result from increasing slurry content preferentially
dissipate higher frequencies of signal (Huang et al. (2004)). It is inferred, therefore,
that saltation- and collisional-induced signals in the bedload and near-bed regions
are likely to be well-recorded, while signals from particle collisions within the main
bulk of suspended load are not. Hence, it is suggested that the relationship between

frequency distribution and motion of flow of Cole et al. (2009) can still be considered
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applicable. The horizontal components preferentially record the motions associated
with frictional shearing in sidewall margins, while the vertical component is indicative
of particles saltating along the channel base. The bulk of signal due to particle collisions
within the flow is dissipated due to the viscosity of the aqueous interparticle fill of the
flow, producing the lower-than-expected higher-frequency content in the total spectra

profiles.

5.4 Temporal variations in bulk flow characteristics

Changing profiles of seismic data in comparison with information of flow depth, ve-
locity, and concentration of sediment can be used to provide further insights into the
internal dynamics of a lahar. Figure 5.3 illustrates the variations in a range of flow
properties over time at Colliers bridge. As previously stated, the seismic trace exhibits
a general decrease in amplitude after the lahar peak in stage height has passed and
sediment concentration begins to increase. The small, localised peaks in amplitude
that occur after this may correlate with “packets” or waves of material within the
lahar, or represent temporary changes in local bedload motion or entrainment. Dis-
tinct variations in flow stage and velocity occur either at the start, or just before, the
first two of these localised pulses at c¢. 04:30 and c. 04:45 (UT), indicating probable
variations in flow characteristics and/or behaviour. Absence of video records for the
majority of the remainder of flow, specifically coinciding with the onset and duration of
additional localised peaks, prevents further direct correlation with velocity and stage
estimates. Unsteady flow has been observed in lahars at many other locations (e.g.,
Arattano and Moia (1999); Marchi et al. (2002); Lavigne and Suwa (2004); Doyle et al.
(2009)). For this record, phases are defined as consecutive distinct changes in one or
more characteristics of flow, such as stage or sediment concentration, and are used to
decipher time-variable dynamics of the lahar.

The relatively low-amplitude signals seen in the seismic trace associated with the
initial arrival of the flow at the sensor clearly correlate with the sharp rise in both stage
and velocity (Figure 5.3). This is herein defined as the onset of phase 1. This initial
portion of the flow consisted of nearly normal stream water, with only a small rise in

concentration of sediment (<5 wt.%). Phase 1 is therefore described by rising stage
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Figure 5.3: Comparison of bulk flow characteristics: (a) variations in stage, velocity, and
sediment concentration profiles. Blue line is stage; Red line is velocity; Green line is sediment
concentration. (b) Vertical component time-series trace (100 sps) of lahar. Phases marked
correspond to variations in flow behaviour, similar to that witnessed in Cronin et al. (1999).

and flow velocity, low sediment content, and low seismic amplitude.

From Chapter 4.3 it was rationalised that peak amplitude may not necessarily occur
when a flow passes a sensor if there is a delay in bulk sediment arrival. Increases in
sediment concentration are likely to increase ground vibrations compared with normal
streamflow due to higher rates of particle collisions, both between particles and with
channel-side and -basal contacts. It would not therefore be unreasonable to assume
that the peak vibrational amplitudes correspond to peak sediment concentration in
the flow. Comparison between all variables, however, show that the peak vibrational
amplitudes correspond to a relatively small rise in sediment concentration, but occur

directly after peaks in both stage and velocity of the flow (Figure 5.3). Peak sediment
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concentration did not occur until c. 20 minutes later. Phase 2 is therefore defined as
that of peak vibrational amplitude, which directly follows peak stage and peak velocity,
contains rising sediment concentration, and occurs between c. 04:28 and c. 04:50 (UT).

Observations by Cronin et al. (1999) of a dilute initial part of a flow followed by
a sediment-rich flow of lower discharge support the segregation of the frontal part of
the flow into two phases. Their study showed an almost pure stream water wave that,
when sampled, showed sediment concentration remained below 5 vol.%, while water
chemistry had little-to-no change from normal streamflow levels. Following this, the
sediment concentration rose to its maximum, stage level started to drop, and water
chemistry indicated the arrival of Crater Lake-derived water. From this, Cronin et al.
(1999) determined that the fraction of flow that was near-pure streamwater (phase 1)
was due to miscible displacement of normal streamflow in front of the lahar proper.
Subsequent phases were then associated with the changing nature of the lahar.

The peak sediment concentration of the lahar coincided with a small, localised
peak in ground velocity amplitude at c¢. 04:55 (UT), and marks the start of phase 3.
By this point in the flow, both the stage and velocity had fallen below peak, though
they still remained high. Peak sediment concentration was not sustained for long.
Within minutes, the concentration dropped, along with flow depth. Subsequently,
additional small, localised peaks in vibrational amplitudes occurred. As there was
no video record between c. 05:09 and c. 06:02 (UT) and the record of sediment
concentration is restricted to samples taken approximately every 10-15 minutes, it
is unclear whether these correspond to other phases that may have occurred in the
latter part of the flow. Cronin et al. (1999) observed only 4 phases in the lahars they
witnessed. As with the lahar described herein, they determined the third-phase onset
boundary as following the arrival of peak sediment concentration. In addition, they
also sampled rising concentrations of Crater Lake-originating water chemistry. The
boundary between phase 3 and the final, recessional phase of the lahar was designated
as following the peak in Crater Lake-associated water concentration. As there is no
clearly distinguishable boundary between the end of phase 3 and any possible other
phases in the flow record from Colliers bridge, the 4-phase model of Cronin et al. (1999)
is here applied. The tail of the flow is hence designated as phase 4, and extends over

a long period. It is unclear from the seismic record when the river channel returned to
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Figure 5.4: Changing spectra associated with different phases in bulk flow characteristics:
(a) Vertical component time-series trace (100 sps) of lahar. (b)-(g) 20-point running average
total spectra calculated over 5-minute segments. Note different y-axis scales. Blue lines are
vertical motion; Red lines are channel-perpendicular motion; Green lines are channel-parallel
motion. Phases marked correspond to variations in flow behaviour, similar to that witnessed
in Cronin et al. (1999).

fully “normal” streamflow. Suspended sediment concentrations remained higher than
normal for many hours after the flow had passed, despite a return to pre-lahar stage
levels.

As with the spectrogram profile in Figure 5.2, the plots of Figure 5.4b-g illustrate
the changing spectral density that occurs throughout the duration of the flow. The
amplitude and distribution profiles for the two horizontal-component frequency ranges
remain relatively self-consistent. Phase 1 is characterised by increased amplitude across
the seismic frequency distribution, with greatest increases for frequencies above 10 Hz

(Figure 5.4b and ¢). The amplitudes across the entire frequency spectrum continued to
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rise during phase 2. Relative changes between frequencies were minor, though relative
intensities between the horizontal and vertical components changed. That is, there
was a greater increase in vertical intensity than in that recorded in the horizontal
directions (Figure 5.4d). Figure 5.4e illustrates a dampening of the amplitudes of
frequencies within phase 3. The change between phases 2 and 3 also corresponds to
variations in the frequency distribution recorded on each component. Small peaks seen
in the vertical component at high frequencies in phase 2 are not apparent in phase 3.
Also, relative amplitudes of low- (<20 Hz) and mid- (20-30 Hz) range frequencies in the
horizontal components become less distinct. Phase 4 is characterised by increasingly
higher amplitudes in mid-range frequencies on all components relative to both the rest

of the frequency distribution and normal streamflow values (Figure 5.4f and g vs b).

5.5 Correlation with other data

From the water samples taken of the flow at Colliers bridge, the sediment fraction was
analysed (Figure 5.5b). The small (<5 wt.%) rise in sediment concentration associated
with phase 1 almost completely consisted of fines (<63 pm), with only a very minor
amount of very fine sand (Figure 5.5). In-situ visual records of this phase showed no
discernable increase in sediment concentration, though broken logs and other debris
were observed floating along the surface (Figure 5.6b). The <63 pm weight-fraction of
sediment increased dramatically with the arrival of the more turbulent phase 2. There
was a less conspicuous increase in the >63 pm fraction. Eye-witness observations
during phase 2 indicate that boulders were also moving along the base of the flow,
coupled with a visible increasing sediment concentration in the water samples (Figure
5.6¢). As the flow progressed, the >63 um fraction decreased with falling stage levels,
although the <63 pm fraction remained relatively constant throughout the flow. The
still-high sediment concentration of phase 3, combined with its decreasing stage and
velocity profiles, led to the formation of a highly laminar-like rheology in which the
flow surface exhibited subdued surface splashing only in its margins while the bulk
of flow had a smooth, oily texture (Figure 5.6d). The elongated tail phase (4) of the
flow continued to decrease the >63 um fraction of sediment, resulting in a slow return

to normal streamflow characteristics. During this phase, the flow became increasingly
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Figure 5.5: Comparison of collected lahar bucket samples. (a) stage and velocity profiles.
Black line is stage; Red line is velocity. (b) Sediment concentration fraction. Black line is
total sediment concentration; Green line is sediment concentration fraction <63 pum; Blue
line is sediment concentration fraction >63 um. (c¢) pH and conductivity profiles. Black line
is pH; Red line is conductivity. (d) Concentration profiles of magnesium (Mg** ) and chloride
(Cl~ ). Black line is magnesium; Red line is chloride.

water-dominated and standing waves developed in the outer margins of bends (Figure
5.6e and f).

The liquid fraction of the flow samples was analyzed for pH, conductivity, and
for the concentrations of sulphate (SO3~), magnesium (Mg?*), and chloride (CI7).
Since the levels of these ions are much higher in Crater Lake waters than the local
streamflow, they can be used to evaluate the level of mixing of the lahar with normal
stream water (Christenson et al. (1992); Cronin et al. (1996); Cronin et al. (1999)).

As can be seen in Figure 5.5, the initial rise in stage is accompanied by little change
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Figure 5.6: Photographs illustrating the evolving nature of the lahar at Colliers bridge,
approximately corresponding to times of spectra typical of different phases displayed in Figure
5.4. (a) pre-lahar normal streamflow (Photograph courtesy of A.V. Zernack); (b) onset of
flow (phase 1) with broken logs and other debris floating on surface; (c) turbulent behaviour
of phase 2 due to increasing sediment, with standing waves formed in mid-channel and outer
bends; (d) smooth and oily surface typical of the more laminar-like behaviour of phase 3;
(e) decreasing sediment concentration and increasing turbulence of early phase 4 (Photograph
courtesy of A.V. Zernack); (f) latter phase 4 with decreasing stage and sediment concentration
(Photograph courtesy of A. Maébis.
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in the chemistry of the flow. It is not until after the stage has peaked that the pH
rapidly drops and the conductivity rises steeply (Figure 5.5¢). These are explained by
the changing volumes of salts and ions such as magnesium and chloride, which also
rise steeply after peak stage (Figure 5.5d). Thus, it is inferred that the arrival of the
Crater Lake water occurs first in phase 2, while the initial rise in stage (phase 1) is
made up of ambient stream water. The pH, conductivity, and concentrations of Mg+
and Cl~ continue to rise during phase 3. As with the model of Cronin et al. (1999),
the peak of these concentrations are used to define the onset of phase 4. This phase
represents the tail of the flow in which it gradually recedes back to normal streamflow
values. The concentrations of the sampled ions initially becomes more uniform, before
becoming more dilute by the latter part of the phase. It is probable that this is due
to a combination of a more uniform mixing, incorporation of additional stream water,

and decreased volume of original Crater Lake water within the flow.

5.6 Discussion

Seismic records of a lahar can be used to indicate changing characteristics and be-
haviour of a flow with time. As was previously stated in Section 5.3, the amplitude
and distribution of frequencies affected by a lahar are determined by: (1) type of par-
ticle motion; (2) particle size and distribution; (3) properties of the interstitial fluid,;
and (4) properties of the localised channel reach (e.g., Huang et al. (2004); Cole et al.
(2009)). As the study herein is a comparison of the temporal variations within a single-
site record, the properties of the localised channel reach can be considered constant. As
such, any variations in the seismic record are likely to be associated almost exclusively
with the inclusion of sediment particles, their relative motion, and the effect they have
on the properties of the interstitial fluid of the lahar itself.

Debris flows are mixtures of highly concentrated sediment and water that are driven
by gravity and have a very high yield strength (Pierson and Costa (1987)). Iverson
(1997) described the motion of these flows to be driven by inertial forces such as grain
friction, grain collisions, and viscous fluid flow. Particle-size distribution is highly
significant in correlating debris flow behaviour, especially the clay fraction. Debris

flows can be classified as either cohesive (>3-5% clay) or non-cohesive (<3-5% clay).
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Cohesive debris flows tend to remain as debris flows throughout their course, having
usually formed by landslides or collapse of part of a volcanic edifice. Non-cohesive flows
typically form from the erosion and entrainment of sediment by surges in dilute stream-
flows, which then undergo periods of downstream transition to hyperconcentrated flow
followed by sediment-laden streamflow (e.g., Pierson and Scott (1985); Scott et al.
(1995)).

The concentration of fines within a hyperconcentrated lahar plays a highly signif-
icant and complex role. As previously mentioned in Section 5.3, a hyperconcentrated
flow consists of both bedload and suspended sediment load. In turn, this suspended
sediment is made up of both fines and coarser particles. The fine material (<63 pm,
clay and silt) is held in stable suspension for the duration of flow, and is independent
of flow concentration, velocity, or discharge (e.g., Xu (1999)). The coarser material
(>63 pum, sand and gravel), however, is generally only intermittently suspended within
the flow. Particle size is relative to the length of time this material may be held in
suspension. Sand grains may be transported in suspension for long periods, only rarely
in contact with the bed, while larger cobbles may be in suspension only briefly, pref-
erentially moving via saltation along the channel base (e.g., Pierson (2005)). It has
long been observed in both field and experimental evidence that a minimum amount
of fines must be held in suspension before large quantities of sand can be transported
by a flow (e.g., Beverage and Culbertson (1964); Rickenmann (1991); Pierson (2005)).
In addition, the higher the concentration of fines within a flow, the larger the average
particle size of sand that can be transported (e.g., Xu (1999)). High concentrations of
suspended fines also increase both the apparent viscosity and the density of the inter-
stitial fluid, thereby also increasing the buoyancy of particles within it. This increase
in the apparent dynamic viscosity leads to a decrease in the fall velocity of particles,
reducing the rate of settling (e.g., Beverage and Culbertson (1964); Xu (1999)).

Entrainment of material into suspension occurs in the near-bed region of flow.
These particles move into suspension via dynamic forces, such as drag and lift, ex-
erted on them by the overlying flow. Once in suspension, the particles are held there
by a combination of upward-directed fluid flow and collisional transfer of momentum
between grains (Pierson (2005)). Upward-directed turbulence in the flow fluid has
been observed in natural flows (e.g., Pierson and Scott (1985)). Bridge (2003) sug-
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gested dynamic processes include increased drag produced by turbulent eddies in the
overlying flow and collisional-induced upward dispersive stress. The numerical simu-
lations of Schmeeckle and Nelson (2003) support the first of these processes as their
study showed increased bed-load concentrations and transport rates resulted from the
increase in amplitude of turbulent fluctuations across three dimensions. Correlations
have been made between horizontal forces acting on a particle with the downstream
velocity of a flow (Schmeeckle et al. (2007)), while observations have linked deposi-
tion of particles with decreased streamwise velocities and erosion with rising velocities
(Bottacin-Busolin et al. (2008)). Particle settling has also had observed effect on the
upward-directed fluid flow via the displacement of irregular cylindrical or planar zones
of fluid by the downward motion of larger, denser particles (Magjor (2003)). This dis-

L of fines held in suspension,

placement by settling material can cause the elutriation
forcing them to the surface (Cronin et al. (1999)).

By analysing the surface velocities of distinct particles across a channel centre-
line to its edge, Genevois et al. (2000) found that constant velocity zones existed in
the central part of the channel, while shear zones existed along the margins. Flow
velocity is a function of several factors, such as: (1) channel slope; (2) channel-bed
roughness; (3) flow depth; and (4) sediment concentration. As the records examined
in this study are restricted to a single site, channel slope and bed roughness can be
considered roughly constant; temporal variations may exist in the events of scouring
and deposition, but are unlikely to result in any largely appreciable difference. The
variations in sediment concentration that occur because of the incorporation or loss
of material from erosion or deposition respectively have a greater impact on the be-
haviour of the flow. Parsons et al. (2001) observed a similar central non-deforming
plug with shear margins. Their study showed addition of sand or small amounts of
clay led to a more Bingham-like? behaviour in the main body of the flow. Despite

high concentrations of sand (>50 vol.%) within the flow, it was determined that flow

resistance in the body was predominantly regulated by yield-stress and shear-thinning

!Elutriation is the process by which lighter particles are separated by heavier ones using a vertically-
driven stream of gas or liquid. The lighter particles rise within the fluid as they have terminal velocities
lower than the velocity of the rising liquid.

2A Bingham fluid is a viscoplastic fluid that behaves as a rigid solid if the stress applied to it
is below a critical value (usually termed the yield stress), and as a fluid at stresses exceeding this
threshold. The term “Bingham-like” is used to indicate flows that exhibit these characteristics but
are not necessarily attributable as ideal Bingham fluids.
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properties, with no boundary slip discernable. These yield-stress and shear-thinning
properties were associated with the fluid-mud behaviour predominantly exhibited by
slurry rheology. Major and Pierson (1992) found that, in flows of sufficiently high
sand concentrations, densely-packed grain clusters could form in areas of shear, pro-
ducing areas of anisotropy in the distribution of particles. These in turn would create
further frictional grain contact opportunities due to the altered grain-size distribution
and hence increase the probability of more particle clusters.

The relative motion of sediment particles within a lahar generate pressures that
can be recorded by seismic sensors monitoring that flow as a function of ground mo-
tion or vibrations. These vibrations are either in direct response to the impact of
particles along channel boundaries or result from the transmission of particle-particle
interactions via pressure pulses through the interstitial fluid. In such cases, stresses and
pressures can be transmitted through “force chains” over distances of many particles
(e.g., Liu et al. (1995)). The concentration of sediment within a flow greatly influ-
ences the magnitude of the measured pressures from any particle interactions. Zenit
et al. (1997) analysed the pressures recorded as a result of particle collisions within
experimental flows that comprised a variety of different sediment concentrations and
were repeated for variable particle sizes. These experiments indicated an optimum
concentration of 30-40 vol.% of solids for maximum measured particle pressure. In
dilute systems, particles have a greater freedom of motion and will encounter other
particles less often, leading to fewer collisions. For more concentrated mixtures, the
greater proportion of particles in the flow serve to increase the frequency of collisions
but can also, at high concentrations, limit the movement of individual grains because
of the geometric constraints of the packed state. In this same way, the particles can
also limit the velocities at which they can move and therefore the impact pressures
from collisions will be lower than those produced by particles that can reach terminal
velocity in less packed states. The observations of Zenit et al. (1997) conclude that
the magnitude of the measured particle pressure appears to scale with u,u?, where p,
is the particle density and wu; its terminal velocity. Similar effects of optimal sediment
concentrations for maximum pressure generation have been witnessed in a variety of
real-world examples (e.g., Scott et al. (1995); Pierson (2005); Cole et al. (2009)). These

flows, however, are further complicated by the effects of the variable grain-size distribu-
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tion of sediment concentration particles on the hydrodynamics of the interstitial fluid
that might account for added mass or drag on each grain (e.g., Nott and Brady (1994);
Bulthuis et al. (1995)).

The concentration of particles, especially fines, has great influence on the behaviour
of the flow itself, not just in its ability to entrain and deposit material but also by the
effect such has on the interstitial fluid in which it travels. The viscosity of a flow is
determined by concentration of sediment and the relative size distribution of particles.
Magor and Pierson (1992) illustrated that those slurries comprised of low concentra-
tions of sediment have significantly lower effective viscosities than those with higher
concentrations of particles. The concentration of fine-grained material is particularly
important to the sensitivity of viscosity, especially at high sediment concentrations and
high ratios of silt and clay to sand. Increases in the proportion of sand at a given to-
tal concentration will cause a corresponding decrease in the strength of the slurry and
hence its viscosity. In contrast, increases in the concentration of fine material (clay and
silt particles) increases the proportion of slurry, or at least slurry-like behaviour, within
the flow. This has a significant effect on the transmission of collisional impact pressures
between particles and through the interstitial medium. Due to the increase in finer ma-
terial that can occupy interparticle space between larger grains in a more packed state,
the addition of slurry improves the transmission of sound (or ground vibrations) by
making the channel boundaries more acoustically compact. This is, however, offset
to a degree by the dissipation of higher frequency signals from suspended sediment
collisions that results from higher viscosity of the slurry medium (Huang et al. (2004)).

The initial phase of the lahar recorded at Colliers bridge was associated with a rapid
rise in near-pure streamwater. The corresponding rise in velocity would have exerted
increasing horizontal forces on particles in the downstream direction of flow, enabling
the onset of erosion of material. Initial movement of particles along the channel bed
prior to the advent of mixing into suspension would be frictional motion. Small amounts
of fine material were incorporated into suspension, while more coarser material was
confined to the frictional and saltational motion along the near-bed regions. Steadily
increasing ground vibrational energy recorded on the seismometer is indicative of the
rise in flow volume, turbulence, and the bed-frictional motions associated with the

onset of erosion.
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The arrival of Phase 2 heralded the advent of the lahar proper. It was characterised
by a rise in sediment concentration to peak, small drops in both stage height and ve-
locity, and the dramatic increase in water chemistry concentrations of conductivity and
dissolved chloride and magnesium, along with a decrease in pH, indicating the arrival
of water originating from the Crater Lake. The seismic response to this phase is in
sharp contrast to that of Phase 1, with the [relatively] abrupt rise in ground vibrational
amplitude corresponding to the increased sediment content. This amplitude remained
high until the sediment concentration reached c. 40 wt.%, at which there was a reduc-
tion in the energy of the ground motions. It was at this point that the concentration
of sediment within the flow had reached its optimal level for interparticle spacing to
allow terminal velocity for each particle and hence maximum measured particle pres-
sure. After this, sediment concentration continued to rise, coinciding with a decrease
in the stage and velocity profiles, producing a more laminar-like type flow. As the con-
centration rose to peak, the interparticle spacing decreased, restricting the motion of
individual particles, and reducing the resulting pressure from collisional impacts. The
relatively large proportion of fines within this phase is indicative of its high erosion
capabilities. As such, it would be expected that the motions of particles along the
channel boundaries would be frictional and saltational in nature as material is excited
into suspension and sheared along channel sides. Following the classifications by Cole
et al. (2009) and those indicated in Chapter 4, the three-dimensional excitation of the
frequency response seen for this phase is indicative of frictional and saltational motion,
as expected (Figure 5.4d, page 121). Relatively little energy is seen in the collision-
related frequency range, though this is likely due to the dampening and dissipation of
the higher frequencies due to the sheared side margins.

Phase 3 immediately follows the peak in sediment concentration, and is associated
with a change in lahar rheology as the sediment-water mixture flows in a more laminar-
like fashion. This is supported by in situ observations and analysis of the video footage.
The flow developed an increasingly oily surface appearance, while surface turbulence
and splashing was dampened to produce an almost flat surface with a few ripples, as
seen spreading from the true right of the channel across to the left in the photographs
in Figure 5.6. The high sediment concentration, combined with the loss of flow vol-

ume, dampened the amplitude of the seismic record in both the horizontal and vertical
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components (Figure 5.4e, page 121) because of the restricted interparticle spacing al-
lowed by the geometric constraints of the more packed state. As the flow continued
to decrease in discharge and velocity, sediment concentrations also lowered because
of the reduction in horizontal force acting on particles, promoting settling. The rela-
tive concentration of sediment within the flow, however, remained high, promoting a
more slurry-like Bingham-type flow. The increased viscosity of this phase, in combi-
nation with the lower particle collisional pressures, dampened the ground vibrational
amplitudes from those of previous phases.

The tail phase (Phase 4) of the flow is primarily distinguished as following the peak
in Crater Lake-associated water concentration and is characterised by the return to
normal streamflow values. This boundary to the start of phase 4 has been assigned
based on the 4-phase model of Cronin et al. (1999) because of the lack of any other
comprehensive boundaries for other phases in the flow record. The tail phase of the
flow extends over a long period. It is unclear as to when the channel returned to
fully pre-lahar normal streamflow conditions. Despite a return to pre-lahar stage and
velocity levels, the flow continued to have a higher than normal suspended sediment
concentration. This phase is not easily distinguishable in the seismic record. Decreases
in the sediment concentration, stage, and velocity profiles of the flow are indicated
by the highly reduced ground vibrational amplitudes associated with this phase, while
both frictional and collisional motions can be seen in the three-dimensional profile. This
is likely a reflection of the increased settling of coarser particles that can no longer be
held in suspension, and the related elutriation of fines due to displacement of zones of

fluid.

5.7 Conclusions

The data and observations collected at Colliers bridge show that the flow was a fully-
developed hyperconcentrated flow, as characterised by dynamic suspension of sand and
gravel particles Pierson (2005). The lahar occurred as a series of four main phases,
distinguished by distinctive changes in sediment and chemical concentrations, flow
rheology, stage and velocity profiles, and ground vibrational energies. These are similar

to those hypothesised by Cronin et al. (1999), but, with the more precise data here,

131



5.7. Conclusions

they can be defined as follows:

Phase 1: Rising limb of the flood wave. This encompasses a rapid rise to peak
stage and discharge of the flow. Suspended sediment concentrations are low,
while there is no change in water chemistry. Broken trees and other debris are
seen floating along the surface of the flow. Corresponding ground vibrational am-
plitudes are low, and consist of predominantly bed-frictional motion represented

in both channel-parallel and -perpendicular directions.

Phase 2: Rising sediment concentration to peak. This phase corresponds to the
period of peak ground vibrational energy and the advent of the lahar proper. It
is accompanied by an increase in suspended sediment to peak concentrations of
c. 63 wt.%, consisting of both coarse (>63 pm) and finer-grained (<63 pm)
particles. Stage and velocity levels are below peak, but remain high. Concur-
rently, water chemistry concentrations show dramatic increases in conductivity
and dissolved chloride and magnesium, along with decrease in pH, indicating the
arrival of water originating from the Crater Lake. Predominant motion of parti-
cles within this stage consisted of rolling and saltation of bedload material, and

collisions between particles and with the substrate for suspended sediment load.

Phase 3: Lahar recessional limb. This phase comprises the transition from more
laminar-like flow back towards more turbulent flow conditions as suspended sed-
iment concentrations decreased to c¢. 32 wt.%. Stage and velocity levels also
decreased, while water chemistry showed continued increase to least-diluted frac-
tions of Crater Lake-originating water. This indicates a dilution effect by stream
water of such in the front of the lahar proper. Ground vibrational amplitudes
were dampened from those of previous phases, due to increased viscosity of the
flow and lower particle pressures resulting from a combination of the increases in

sediment concentration and falling stage and velocity levels.

Phase 4: Lahar tail. This phase comprises the transition back towards normal stream-
flow conditions. Water chemistry initially remained at a uniform rate, then slowly
dropped back towards normal streamflow chemistry. This is probably due to con-

tinued dilution of Crater Lake water by the incorporation of additional stream wa-
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ter. Ground vibrational amplitudes decreased to near-background signals. Both
frictional and collisional particle motions occurred. As flow volume continued to
decrease, particle settling occurred, causing displacement of zones of fluid and

the elutriation of fines held in [transient] suspension.

The correlation of data between the phases seen within this lahar illustrate that
the seismic record of a flow can be used to provide information, not only about its bulk
composition and dynamics, but also its changing nature over time. These phases of a
flow show changes in sediment concentration, indicating active erosion and deposition,
and, in cases of Crater Lake-originating lahars, increases in dissolved chloride and
magnesium levels. The assumption that peak vibrational amplitudes occur as a flow
first passes a sensor is not definitive. These peak amplitudes may also not occur at a
time of peak sediment concentration. Instead, they can be associated with peak stage
and velocity profiles when the optimal sediment concentration for interparticle spacing
and terminal velocities can be reached, allowing for maximum particle pressure. Peak
sediment concentration is often higher and results in a more packed state that restricts
particle movement and pressure. This may not always be clearly defined in a seismic
trace, but shifts in the relative frequency distribution profiles can indicate the change
between turbulent and laminar rheology.

The seismic data can also be used to locate periods of changing dynamics within
the flow. That is, the frequency distribution profiles are likely to be indicative of
the erosion capacity of the lahar over time. Research into the behavior of streamflow
erosive capabilities has shown that movement of stable-bed material only occurs when
destabilizing forces, such as drag and buoyancy, are greater than the stabilizing force
of the weight of the particle eroded (e.g., Knighton (1998)). Erosion of material occurs
once the boundary shear stress has exceeded a critical level. The limiting conditions
for bedload entrainment relate to flow shear velocity, particle size and density, and the
density and kinematic viscosity of the fluid (e.g., Raudkivi (1990)). Once a particle
has begun to move, it will migrate into suspension via turbulent mixing with the flow
above. Of the many different criteria defining thresholds for sediment entrainment, the
degree of this turbulence is considered to be highly influential on the erosive capacity
of a flow (e.g., Nino et al. (2003)). As has been demonstrated previously (Chapter

4), the distribution of frequencies within a spectral profile can indicate the relative
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motions of particles within a flow. The low-frequency range (<20 Hz) is associated
with bed-frictional motion, as defined from the records of snow-slurry lahars. These
types of flow move as a single, continuous plug of material that slides along the base
of a channel. As such, it is an indication of the drag and shear velocity along contacts
with the channel substrate. Thus, in a water-rich, turbulent lahar, it is reasonable to
infer that erosion and entrainment of material may occur during periods containing
this low-frequency component.

The analyses presented above have proven that internal variations of a lahar over
time occur and can have a significant impact on the localised motions and dynamics
as it passes a site. Correlations between seismic records and other data show that
they can be used, not only to estimate bulk compositions and dynamics, but to also
indicate transformations within the flow itself. Additional information and analyses of
the erosional and depositional behaviours of a flow, and corresponding seismic signals,
would aid in the identification of key characteristics that could be defined for each of
these flow conditions. Comparisons of these temporal variations between different sites
along a channel may herald further information as to the development and evolution

of these potentially destructive phenomena.
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Chapter 6

Downstream transition of a moving lahar

Chapter 6 describes visual and instrumental observations of the 18™ March 2007 Mt.
Ruapehu Crater Lake-breakout lahar as recorded at multiple sites along its channel path.
From these, interpretations are made of the temporally- and spatially-varying internal

dynamics and evolution of the flow as it moved downstream from source.

6.1 Introduction

The analyses made in Chapter 5 have shown that lahars are highly dynamic and vary
greatly with time at a single site. Understanding the changing properties of a flow as it
passes a single point is necessary for the effective mitigation of the hazard such a flow
poses at that location. Observations of real-world lahars, however, have witnessed an
evolution of flow that also occurs with increasing distance from source (e.g., Pierson
and Scott (1985); Cronin et al. (2000a)). This continually evolving behaviour, with
constant phases of incorporation and deposition of material as it travels downstream,
makes the development of an easily-applicable whole-flow inundation model highly
complex. Previous chapters have illustrated the adaptability of seismic sensors to the
monitoring of lahars at a point along a channel. An array of sensors along the path of
a lahar from source to termination would provide a method of monitoring this evolving
downstream behaviour. Sensors deployed at a number of sites along the Whangaehu
River at Mt Ruapehu, New Zealand, were ideally placed to allow for such monitoring

of the downstream variations in the March 2007 Crater Lake-breakout lahar. This
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chapter details the results of these records, and provides a comprehensive analysis of

the temporally- and spatially-varying properties of the lahar as it traveled from source.

6.2 Site-specific temporal variations in signals

The threat from a breakout lahar at Mt Ruapehu was first recognised 11 years and
4 months before the actual event took place (Keys and Green (2008)). This lapse in
time between the realisation of the likely outcome of dam-failure and the resultant
lahar provided the opportunity to install mitigation measures to minimise the risk to
the more vulnerable sections of the likely inundation pathway, such as bridges and
the possible overflow into the Waikato River (Pierson (2002)). In addition, this delay
in time also allowed for the installation of a series of sensors along the length of the
Whangaehu Channel that could monitor the flow without the necessity of the constant
presence of any human witnesses. This study has focused on only those sites that either
exclusively, or in combination with other instruments, utilised seismic sensors (Figure
1.2). Table 1.1 details the different monitoring methods available at each of the sites

discussed herein.

6.2.1 Eastern Ruapehu Lahar Warning System (ERLAWS)

The Eastern Ruapehu Lahar Warning System (ERLAWS) consists of three sites along
the uppermost reaches of the Whangaehu catchment, at distances of 0 km, 2.2 km, and
4.6 km from source (Figure 1.2b; Table 1.1). The system was installed primarily as
a response to the threat of dam collapse which followed the 1995-96 eruption episode
that deposited c. 7.6 m of tephra on top of the previous lake outlet (Keys and Green
(2008)). At each of the three monitoring sites, acoustic flow monitors (AFM) were
installed to detect the passage of the flow and then linked to an alert system for
emergency response personnel. As no alert would be issued unless a minimum of two
sites detected increased ground motion, the multiple site system had the advantage of
minimising, and allowing for the recognition of, false alarms that could be triggered by
unrelated noise effects, such as movement near the sensor(s) or bad weather conditions

(e.g., Pierson (2002); Keys (2009)).
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Figure 6.1: Photographs showing the area of the tephra dam at the Crater Lake and the
installation sites of the buried instrumentation. (a-b) Before dam collapse, taken 19" January
2007. (Photographs courtesy of S.J. Cronin). (c-d) After dam collapse and outflow of water,
taken 19" March 2007. (Photographs courtesy of H.J.R. Keys). Arrows indicate the location
of the tripwire; circles indicate the geophones 1-3; star indicates the pressure transducer.

6.2.1.1 Site 1 - the Crater Lake

At the Crater Lake itself, the Department of Conservation and GNS Science installed
a gas bubbler (Figure 6.1a) to measure the increasing lake level to + 3 mm precision at
10-second intervals (e.g., Massey et al. (2009)). By constantly measuring this increase,
predictions could be made as to the likely volume of water released in the event of a
breakout, which in turn could be used to model areas at risk of inundation. These mea-
surements were also used as the basis of the alert level warning system that predicted
likely response of the dam at that level, the anticipated time for the lake to rise to the
next level, and the action time recommended for the emergency response personnel (for
more information on the different alert levels, see Massey et al. (2009)). In addition, a
series of vertical-component 10 Hz geophones and a tripwire (Figure 6.1a and b) were

installed across the dam to monitor any movement or erosion that would indicate a
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weakening in the structure and alert to any imminent collapse. An automated digital
still camera was also installed to the east of the dam looking down on the downward
slope of the tephra barrier, and captured images at 1-minute intervals during daylight
hours.

Each of the sensors installed at the Crater Lake recorded the collapse of the tephra
dam on 18" March 2007 (Figure 6.2). This collapse was preceded by a prolonged
period of wet weather over several days that caused an increase in the lake level of
c. 0.3 m between 13™ and 15" March (e.g., Massey et al. (2009)). This level again
increased by a further 0.1 m on the morning of 18" March, providing the trigger for
the dam collapse to begin in earnest. Before this, a few collapse scarps had begun
to become visible in the months prior to failure (e.g., Figure 6.1a and b), while lake
seepage had been identified as early as December 2006 (e.g., Massey et al. (2009)). The
seismic signals related to the breach collapse clearly show a minimum of five phases in
the record. Correlations with the lake level, tripwire, and still camera images allow for
a quantification of the steps within the breach sequence that produced these signals
(Figure 6.2).

Prior to the initiation of the main breach sequence, there was a relatively minor
increase from c. 21:55 (UT, 17" March) in the vibrational record of geophone 1, located
within the dam itself. This increase was not, however, of either sufficient strength or
duration to exceed the preset threshold of 500 mV to trigger an alert. A subsequent
double spike in signal at c¢. 22:45 (UT) that did exceed this threshold also did not
trigger a faster sampling rate or an alert as no corresponding signal was recorded on
the sensors of sites 2 or 3. Correlation with the still camera images, however, suggest
that these spikes could be related to the retrogression of one of the eastern-most erosion
scarps.

The main bulk of signal that is associated with the collapse of the tephra dam
occurred between c. 23:07 (UT, 17*" March) and c. 01:00 (UT, 18" March). After
this, the signal returned to below-threshold levels and the faster sampling rate was
abandoned. This bulk signal is comprised of five pulses or phases. Correlations with
the other data records indicate that these phases are clearly related to a sequential
collapse and failure of the tephra dam, summarised in Table 6.1.

The first of these phases (I), hereafter called stages to distinguish from the time-
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Figure 6.2: Comparison of data at the Crater Lake/ERLAWS site 1, showing the geophysical
record of the breach sequence and outflow through the dam. Data courtesy of the Department
of Conservation (DOC). Locations of instruments can be seen in Figure 6.1. (a) Removal of
the tripwire and subsequent draw-down of the lake level after breach. Black line is lake level,
measured in m above sea level (a.s.l.); Red line is tripwire record. (b) Seismic response of the
geophone record of the collapse and outflow. Black line is high gain signal from geophone 1,
positioned in the dam; Red line is low gain signal from geophone 2; Green line is low gain
signal from geophone 3. Roman numerals (I-V) correspond to variations in breach sequence
as listed in Table 6.1.

varying phases of Chapter 5, is comprised of a short, sharp spike in the geophone
record at c¢. 23:07 (UT), and is the maximum recorded peak on geophone 1 (Figure
6.2b). Still camera images from the same time indicate that this is related to rapid
headward erosion of [near| the central part of the dam (Figure 6.3a). The second stage
(IT) began at c. 23:09 (UT) and is characterised by a smaller, more drawn-out peak in
the geophone record. Still camera images indicate that there was a continued collapse
of the erosion scarp enlargened in stage I. The signal from the tripwire also indicates

movement within the dam near the sensor, though it was not pulled at this time (Figure
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Date Time Stage | Details
(dd/mm/yyyy) (UT)
17/03/2007 23:07-23:08 (D) Geophone 1 records largest spike; rapid headward erosion towards lake

at approx. central part of dam

23:09-23:10 (I1) Rapid enlarging of the erosion scarp, forming single channel towards
the lake. Initial breach of dam occurs at 23:10 with draw-down of c.

3 cm in 8 mins.

23:21-23:22 (117) Rapid failure of large section of the downstream dam face connecting
all erosion scarps. Remaining dam fails, tripwire pulled at 23:22,

followed by rapid draw-down of lake.

23:45-23:57 (V) Series of peaks recorded on geophone 1, possibly relating to lateral
erosion and failure of dam flanks as breach widened.

18/03/2007 00:02 (V) Breach widened to full width of 45 m

Table 6.1: Summary table detailing the main failures in the Crater Lake-breakout breach

sequence of the tephra dam.

6.2a). While lake level measurements remain relatively high, draw-down did occur (c.
3 cm over 8 minutes), suggesting a [small] channel had been eroded through the dam.

The rapid failure of a large part of the downstream face of the dam marks the start
of stage I1I at c¢. 23:21 (UT). The geophone record increased in signal strength for all
three sensors. The tripwire signal also [briefly] showed increased signal before it was
pulled at 23:22 (UT), indicating the official start of the dam collapse proper (Figure
6.2). Lake drawdown increased dramatically at this point as a large section of the
tephra dam was removed from the central channel. Still camera images corroborate
the rapid failure of the dam (Figure 6.3b vs c).

The geophone and lake level records continued at a relatively steady rate until c.
23:45 (UT). At this point, the seismic signals increased to another localised peak while
the rate of drawdown decreased (Figure 6.2b). This is designated as the start of stage
IV. Correlation with still camera images indicate that this may be associated with the
lateral erosion and collapse of the flanks of the remaining tephra dam. A fifth stage (V)
is designated as the time at which this flank material is fully eroded and the breach
had widened to its maximum width of 45 m. The amplitudes of the seismic record
continued to decrease, along with the rate of lake drawdown, during this period as the
flood of water out of the lake lessened in intensity (Figure 6.2). It is likely that the
anomalously large spike visible on Geophone 3 at c. 00:30 (UT) can be attributed to
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(a)

GNS SCIENCE RUA_ MAR 18, 200/ 11:08 280K GNS SCIENCE RUA_ MAR 18, 2007 11:21 280K

GNS SCIENCE RUA_ MAR 18, 200/ 11:22 280K

Figure 6.3: Still camera images illustrating the breach and collapse sequence of the Crater
Lake tephra dam. Roman numerals (I-V) correspond to variations in breach sequence as
listed in Table 6.1. (a) taken at 23:08 (UT, 17" March), corresponding to (I). Initial rapid
erosion of central part of dam back towards lake; (b) taken at 23:21 (UT). Erosion scarp
widened, forming a single channel with initial breach at 11:10 (UT); (c) taken at 23:22
(UT), corresponding to (III). Large failure of dam face, tripwire pulls at 23:22 (UT), rapid
draw-down of lake; (d) taken at 23:35 (UT). Rapid draw-down of lake, breach widened to
most of channel. All images courtesy of V. Manville/GNS Science.

a small collapse within the few remnants of the dam rather than to the outflow itself.
Correlation, and hence confirmation, of this possible collapse with still camera images,
however, are hindered by the inclement weather that obscured many of the images

from the period.

6.2.1.2 Site 2 - near the Alpine Club hut

The second ERLAWS site consists of two geophones located c¢. 2.2 km downstream
from the Crater Lake. The sensors at this site clearly recorded the lahar as it passed.
The three main pulses within the signal can be associated with stages III-V as seen in

the record from the Crater Lake (Figure 6.4b). The earlier stages I and II are not clear.
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Figure 6.4: Comparison of the geophone records of the Eastern Ruapehu Lahar Warning
System sites: (a) Site 1 (Crater Lake); (b) Site 2 (c. 2.2 km from source); (c) Site 8 (near
Tukino skifield village; c. 4.6 km from source). For all sites, Black line is high gain signal
from geophone 1; Red line is low gain signal from geophone 2; Green line is low gain signal
from geophone 3. Roman numerals (I-V) correspond to variations in breach sequence as listed
in Table 6.1 and tracked between sites.

There is some increase of signal in the record during these periods that is likely the
result of the initial drainage from the singular small channel eroded into the dam during
stage II. The predominant excitation comes from the larger volume of water release
by the main collapse of the dam. There is an abrupt decrease in signal intensity at c.
00:30 (UT, 18" March). A similar decrease in intensity can be seen in the geophone
record of site 1, but it is far less pronounced. Correlations with the still camera images

from the Crater Lake indicate that this is likely related to a decrease in the outflow of
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water from the lake as it was restricted to the central part of the breach. This implies
that a sixth stage in the breach sequence might be appropriate.

Post-lahar surveys and LiDAR studies used to differentiate areas of deposition and
erosion suggest that the flow eroded a relatively large volume of material by the time it
had arrived at the second ERLAWS site ( Procter et al. (2010)). Prior to the breakout
lahar, a landslide had occurred in the upper Whangaehu Channel approximately 500
m downstream of the Crater Lake outlet'. The lahar eroded c. 1x10° m? of material
from the toes of the landslide (now known as the Whangachu landslide). In addition
to this, the loss of toe support reactivated the landslide, initially blocking [part] of the
channel before being eroded away by the flow (Massey et al. (2007)).

6.2.1.3 Site 3 - near the Tukino Skifield Village

ERLAWS site 3 consists of two geophones located c. 70 m above the river bed in
a loosely compacted alluvium c. 4.6 km downstream of the lake outlet. The seismic
record of the lahar at this point in the channel is very similar to that of site 2, indicating
little had occurred to markedly change the bulk characteristics and behaviour of the
flow (Figure 6.4c). Observers at c. 4 km downstream from source (c. 0.6 km upstream
of site 3) reported that the flow was watery and muddy in appearance. Video footage
and still camera images confirm this, and show the flow to be consistent with a turbulent
hyperconcentrated streamflow (e.g., Pierson (2005)). Analysis of LIDAR data indicate
that erosion had occurred between sites 2 and 3, suggesting the lahar had eroded a
combined total of ¢. 3x10% m3 of boulder-rich, gravelly sand over the first 5 km of its

path (Procter et al. (2010)).

6.2.2 Dome Shelter (DS)

The Dome Shelter site consists of a single seismometer installed by GNS Science
(GeoNet) as part of its general volcano-monitoring array. The sensor is housed in

contact with a concrete base slab inside the Dome Shelter hut, and is a short-period

!Some ambiguity appears in the literature about the exact location of the landslide. Massey et al.
(2007) locate the landslide 500 m downstream of the lake outlet, while Procter et al. (2010) position
it c. 2 km from the outlet. For the purposes of this study, however, its exact position between sites
1 and 2 is not necessary; the volume of material available for remobilisation is much more important.
In this respect, the estimated amount of material eroded is consistent between the studies, and is
therefore considered reliable.
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Figure 6.5: Comparison of the seismic records of the breach sequence as recorded at sen-
sors at the dam and on the opposite side of the lake. Roman numerals (I-V) correspond to
variations in breach sequence as listed in Table 6.1. (a) the Eastern Ruapehu Lahar Warning
System (ERLAWS) Site 1. Seismic response of the geophone record of the collapse and out-
flow. Black line is high gain signal from geophone 1, positioned in the dam; Red line is low
gain signal from geophone 2; Green line is low gain signal from geophone 3. (b) the GeoNet
volcano monitoring station at Dome Shelter. Vertical component time-series trace (100 sps)

of lahar.

seismograph.

The sensor was able to record the outflow of water from the lake, though the initial
collapses of erosion scarps and minor outflow of stages I and II were attenuated too
quickly to be recorded (Figure 6.5). The time-series trace is [somewhat| overshadowed
by the sharp spike of a localised tremor at c¢. 23:40 (UT). The different pulses of
stages III and IV, however, are clearly visible. Barely distinguishable is the change in
behaviour associated with the start of stage V. The possible stage VI seen at both sites
2 and 3 of the ERLAWS array is not distinguishable at the Dome Shelter location.
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6.2.3 Round-the-Mountain-Track (RTMT)

The Round-the-Mountain-Track (RTMT) monitoring site was successful in recording
a wide range of data as the lahar passed. The instrumentation at the site included a
broadband seismometer, two geophones, a radar stage gauge, a pore pressure tempera-
ture transducer, and a load cell. Many of the instruments were installed on a lava bluff
to the true right of the channel, with the stage gauge positioned directly above the river
bed. The seismometer and one of the geophones were buried c. 0.5-1 m down on the
lava bedrock, while the second geophone was installed ¢. 100 m upstream. The pore
pressure transducer and the load cell were installed into the bedrock of the channel
base, to minimise the risk of erosion. All the instrumentation recorded the lahar, with
the exception of the load cell that failed to record properly. Their results are displayed
in Figure 6.6.

Figure 6.6a illustrates that the arrival of the lahar was associated with a sharp
rise in stage level and pore pressure. The stage gauge was unable to record the exact
height of the frontal flood wave as the fast rate of change between pre- and post-lahar
arrival water level was too fast for it to register (see Chapter 2.3.1 for more details).
An approximation of the likely stage profile was reconstructed from pore pressure
measurements to indicate the relative height of the frontal wave (Figure 6.6a, blue
dotted line). This reconstructed maximum stage height is in good agreement with the
maximum water level suggested by post-lahar tideline measurements (Procter (2009)).
The pore pressure and stage measurements remain predominantly in good agreement
with each other for the remainder of the flow. The increase in pore pressure that occurs
slightly before that of stage height at c. 01:50 (UT) is likely to be related to the start
of a braided channel within the deposit during the tail of the flow where sediment
is deposited and eroded locally to the pore pressure transducer. It is unclear when
whole-flow deposition began, but latter flow stage levels remain higher than pre-event
levels, indicating a bulk deposition of ¢. 4 m. The pore pressure record also remains
high, though it does begin to decrease slowly after c. 02:00 (UT, 18™® March). As the
height of the deposit remains [relatively] level, this decrease in the pore pressure is likely
related to the beginning of water drainage from the deposit. The temperature recorded

by the pore pressure sensors correlates well with a decrease in overall bulk temperature
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Figure 6.6: Comparison of bulk flow characteristics at the Round-the-Mountain-Track. (a)
Stage, temperature, and absolute pressure profiles. Blue line is stage (dotted blue line is
reconstructed approximation based on pore pressure measurements); Green line is temperature;
Red line is absolute pressure. (b) Seismic response recorded on geophones. Red line is low
gain signal from geophone 1; Black line is high gain signal from geophone 2; Green line is
low gain signal from geophone 2. (c) Vertical component time-series trace (100 sps) of lahar.
Roman numerals (I-V) correspond to variations in breach sequence as listed in Table 6.1.

as the lahar passed over it. Prior to the lahar flow, the water level in the streambed over
the sensor had been minimal. As the flow passed over, and later deposited material,
the thick flow above would have caused a lowering of near-bed region temperatures,
possibly exacerbated by colder glacier-originating material eroded in the upper reaches
of the channel.

The seismic response to the lahar showed a similar, but less distinct, pattern as that
observed at monitoring sites closer to source. No correlation can be made to signals

associated with stages I and II. From this, it is inferred that the RTMT site, at c.
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Figure 6.7: Photographs illustrating the behaviour of the tail phase of the lahar at the RTMT
site (7.4 km from source), taken from a survey helicopter. Main instrumentation site marked
with star. (a) upstream view of lahar over walking bridge from true left side of channel. Note
change in flow behaviour across width of channel due to deposits at different points along
the far side of river; (b) upstream view of lahar from true right side of channel, showing the
bifurcation of flow on either side of the lava bluff. (Photographs courtesy of H.J.R. Keys).

7.4 km, was too far from source to pick up the signals from the initial erosion scarp
collapses. The two geophones, because of their relative locations and heights above
the channel, both to each other and to the seismometer, recorded different seismic
profiles (Figure 6.6b). Both sensors recorded both high and low gain signals. Although
not plotted herein, the high gain signal of sensor 1, just as with that of geophone 2,
was swamped by ground-vibration amplitudes for much of its duration. This sensor
(geophone 1) was located in the upper-channel position, closer to the channel bed,
and was eroded by the flow at c¢. 00:40 (UT, 18" March). Aerial survey of the area
during the tail phase of the lahar observed a bifurcation of flow had occurred at some
point during its passage at the approximate location of geophone 1 (Figure 6.7). It is
inferred, therefore, that this bifurcation occurred at c. 00:40 (UT), and was responsible
for the removal of geophone 1. Geophone 2, however, continued to record the tail of
the lahar as it passed the monitoring site.

Figure 6.8 illustrates the changing spectral density that occurred in the seismo-
graphic record as the lahar passed the RTMT site. The pre-event distribution of
frequencies show a predominantly higher frequency fraction (Figure 6.8b). The sharp
cut-off of the high frequency peaks in all components indicate that they are likely to
range to even higher frequencies. The sampling rate of the instrument (100 sps), how-

ever, has limited the highest recordable frequency to 50 Hz because of the Nyquist
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frequency. Small peaks at c¢. 5 Hz and c. 12 Hz also occur in the channel-parallel di-
rection, while the channel-perpendicular and vertical components remained generally
consistent from c. 0-45 Hz. During the passage of the lahar, the relative distribution
of frequencies altered, with a higher fraction of energy associated with lower frequen-
cies (c. 5-15 Hz). The initial front of the flow increases the energy observed on all
frequencies and components, though there is a preferential increase in the lower fre-
quency fraction, especially in the channel-parallel direction (Figure 6.8¢). During the
low ground-vibrational amplitude period following the arrival of flow (Figure 6.8d),
there was a general dampening of all frequencies, with the exception of ¢. 4-6 Hz which
increased in the horizontal components, especially the channel-parallel direction. Stage
IV is characterised by the increase of energy in the higher frequency fraction, while the
lower frequencies remain relatively consistent with the previous period of flow (Figure
6.8e). The tail phase of the flow (Figure 6.8f and g) indicates a generally consistent
decrease in energy across all frequencies with decreasing ground-vibrational amplitude,
though the energy in all frequencies remains much higher than normal streamflow

values.

6.2.4 OnTrack Flood Gauge (OT)

The OnTrack Flood Gauge (OT), installed as a warning system for floods and lahars
following the 1953 Tangiwai Disaster, is located c. 28 km from source (Figure 1.2; Table
1.1). The site now consists of the gauge itself positioned at the lower of two bends in the
channel, and was augmented by the installation in 2006 of a broadband seismometer
located at the approximate mid-point between the two channel bends (see Figure 4.5,
page 100). In addition, a webcam was installed near the gauge by Horizons Regional
Council, and recorded images every 30 seconds. Due to the bow wave produced by
the lahar on the flood gauge, the flow height profile recorded by its stage sensor is
unreliable. Using the pre- and post-event LiDAR surveys (data captured by Fugro
Spatial Solutions Pty Ltd (Australia) and New Zealand Aerial Mapping) of the site,
however, wetted perimeter profiles were produced, providing alternatives to a direct
stage height measurement. These profiles were created using the LIDAR data as a base
line or zero level above which relative flow height could be measured in conjunction

with estimates made from the bow wave against the flood gauge itself from the webcam
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Figure 6.8: Changing spectra associated with different phases in bulk flow characteristics:
(a) Vertical component time-series trace (100 sps) of lahar. (b)-(g) 20-point running average
total spectra calculated over 5-minute segments. Note different y-axis scales. Blue lines are
vertical motion; Red lines are channel-perpendicular motion; Green lines are channel-parallel
motion.

images available throughout the flow (data provided by J.N. Procter and E.E. Doyle,
respectively). Calculations were also possible using this bow wave height to generate
a reasonably dependable velocity profile.

The wetted perimeter profiles calculated from LiDAR data at the OT site show a
generally consistent behaviour over the length of the flow, with an exception at c¢. 00:50-
01:00 (UT, 18" March) where a large peak in the profile calculated using the pre-event
data can be seen while only a minimal peak is visible in the profile using the post-event
data. The two profiles do, however, concur a sharp rise in flow height at the initial onset
of the lahar. This is accompanied by a sharp increase in the velocity profile from normal
streamflow. The velocity at peak wetted perimeter (and hence stage) levels decreased

slightly from its initial peak value, but rose again as the wetted perimeter decreased
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rapidly (Figure 6.9a). Correlations with the seismic profile recorded by the broadband
sensor indicate that this frontal part of the flow contains the greatest ground-vibrational
energy of any point in the flow, before a rapid decrease in energy occurs coinciding with
the sharp decrease in wetted perimeter (Figure 6.9b). The observations made by Cronin
et al. (1999) and in Chapter 5 suggest a segregation of this frontal part of the lahar
into two phases. The first of these is comprised of an almost-pure streamwater wave
that travels ahead of the lahar proper and is characterised by the rise to peak stage
level. The second phase designates the period of rising sediment concentration to peak.
It seems reasonable to apply this phase segregation to the flow at the OT. The low-
but-increasing energy observed in the seismic profile can be correlated with onset and
rise-to-peak in the wetted perimeter profile, and is hence regarded as Phase 1. This
assumption of a near-pure streamwater wave at the front of the flow is corroborated by
the still camera images recorded by the council’s webcam (Figure 6.10a). Correlation of
these images with the suggested period of rising sediment concentration imply that the
distinct decrease in seismic energy and wetted perimeter is an appropriate boundary
for the limit of Phase 2 (Figure 6.10b and c).

Observations of the third and fourth phases in a flow made by Cronin et al. (1999)
and in Chapter 5 indicate that stage, velocity, and sediment concentration profiles all
decrease during these phases. This is reflected in the still camera images recorded by
the council’s webcam (Figure 6.10d-f). The boundary between the two was designated
as the point of peak Crater Lake-originating water concentration. The OT monitoring
site, however, was not equipped with water sampling instruments and no data regarding
variations in water chemistry exist. As such, the boundary between the two phases
must be defined using another method. The anomalously high peak in wetted perimeter
calculated from the pre-event LiDAR data at c¢. 00:51-00:58 (UT; Figure 6.9a) is likely
related to a difference in channel morphology between the pre- and post-event profiles
due to a temporally-localised erosion, but overall bulk-flow deposition, of material.
This, therefore, is an unlikely candidate for the boundary between phases 3 and 4. A
subsequent relative variation in the wetted perimeter profiles at c. 01:15 (UT), however,
correlates well with the general decrease in the velocity profile, inferring a change in
flow behaviour. The greater decrease in wetted perimeter calculated from the pre-event

LiDAR data compared to the post-event data suggests an overall deposition of sediment
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Figure 6.9: Comparison of bulk flow characteristics at the OnTrack Flood Gauge. (a) Wetted
perimeter and wvelocity profiles. Black line is wetted perimeter as calculated using LiDAR
data collected before the lahar; Blue line is wetted perimeter as calculated using LiDAR data
collected after the lahar; Red line is velocity. (b) Vertical component time-series trace (100
sps) of lahar. Phases marked correspond to variations in flow behaviour, similar to those
witnessed in Cronin et al. (1999) and Chapter 5.

began to occur. Seismic energy, however, still remained relatively high for a further c.
10 minutes (Figure 6.9b), indicating a still-high level of particle collisions, and hence
likely sediment concentration, remained. As such, a single boundary point between
phases 3 and 4 is not easily distinguishable. Instead, the period between initial bulk
deposition, decreased velocity, and decreased ground-vibrational amplitude is defined
as the transitional period between the two phases.

As with the analysis of the seismic signals at the RTMT site, the seismograph record
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10R1ZONS Lahar WebCam

Figure 6.10: Photographs illustrating the evolving nature of the lahar at the OnTrack Flood
Gauge, corresponding to mid-times of spectra slices typical of different phases displayed in
Figure 6.11b-g. (a) pre-lahar normal streamflow; (b) onset of flow (phase 1); (c) peak sed-
iment concentration reducing turbulence and forming a smooth and oily surface; (d) high
stage with decreasing sediment concentration and increasing turbulence (phase 3); (e) con-
tinued decreasing sediment concentration, increasing turbulence, and largely decreased stage
height of late phase 3/early phase 4; (f) latter phase 4 with approzimate pre-lahar stage levels
but retaining higher-than-normal sediment concentration. All images courtesy of Horizons
Regional Council.
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at the OT monitoring site was analysed to determine variations in the spectral density
of the signal in three-dimensions (Figure 6.11). The relative amplitude and distribu-
tion profiles for the three components remain fairly consistent with one another. The
horizontal components show similar profiles across most frequencies with preferential
excitation above c. 5 Hz. The vertical distribution also exhibits a similar profile above
c. 10 Hz, while frequencies below this are noticeably reduced in comparison. Phase 1
is characterised by increased energy in these distribution profiles (Figure 6.11c). The
spectral profile of Phase 2 continued to have high energy in the lower end of the fre-
quency spectrum, while the profile was relatively reduced for the higher end of the scale
(Figure 6.11d). By the third phase, the spectral profile had returned to a profile more
like that of Phase 1 (Figure 6.11e). The relative amplitudes were comparable for each
frequency between the two phases. The tail phase of the flow again showed a return to
a similar profile of a previous phase (Figure 6.11f and g). The distribution of the tail
phase spectral density amplitudes was similar to that of Phase 2. It remained such for

the length of the tail of flow with decreasing amplitude as the flow continued.

6.2.5 Tangiwai rail bridge (TRB)

The monitoring site at the Tangiwai rail bridge (TRB) is located ¢. 42 km from source.
It consists of a radar stage gauge bolted to the upstream side of the lower part of the
bridge at a mid-point between its central pylon and the true right side of the channel.
In addition, there is an AFM installed on the banks of the true right side of the channel.
This monitoring station is located at the approximate site of the 1953 Tangiwai Disaster
in which a similar flow destroyed the then rail bridge just prior to the passage of the
Auckland-Wellington Express train (e.g., O’Shea (1954)). The activation and alerts
sent out by the ERLAWS and OnTrack Flood Gauge sensors on 18™ March 2007 (see
above) ensured that all trains due to cross the bridge were halted long before the arrival
of the lahar at Tangiwai. The cessation of trains prevented not only another disaster
befalling the rail bridge but also any corruption of signal by noise relating to crossing
locomotives.

Figure 6.12 shows the response of the monitoring equipment to the lahar at the
TRB. The lahar arrived with a rapid increase in the stage profile of ¢. 4 m, which

continued for c¢. 5 minutes, rising to a peak of ¢c. 5.3 m above the channel base.
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Figure 6.11: Changing spectra associated with different phases in bulk flow characteristics at
the OnTrack Flood Gauge: (a) Vertical component time-series trace (100 sps) of lahar. (b)-
(9) 20-point running average total spectra calculated over 5-minute segments. Note different
y-axis scales. Blue lines are vertical motion; Red lines are channel-perpendicular motion;
Green lines are channel-parallel motion.

This rising stage level is concurrent with an initial rise in ground vibration amplitude
followed by a small drop to a lower amplitude as the stage rose to peak. The following
slight drop in stage and subsequent return to a higher level coincided with a rise in
ground velocity motion. Video footage of the arrival of the lahar indicates an almost
pure water wave in the frontal part (Figure 6.13a), followed by a visibly rising sediment
concentration. The observed changes in flow characteristics can be correlated to the
approximate time of the changes seen in the geophysical records. As such, this point
is ascribed as the boundary between phases 1 and 2.

While limited images were taken during the tail of the flow (Figure 6.13b), pho-
tographs and video footage do not exist for the main bulk of its passage past the TRB.
In addition, there were no witnesses present at the rail bridge and records are unavail-

able from those [non-scientific| few at the nearby road bridge. As such, there is no
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Figure 6.12: Comparison of bulk flow characteristics at the Tangiwai rail bridge. Blue
line is stage; Black line is high gain signal from geophone 1; Red line is low gain signal
from geophone 2. Phases marked correspond to variations in flow behaviour, similar to those
witnessed in Cronin et al. (1999) and Chapter 5.

observational record of any changes in the behaviour of the flow during the transitions
between the expected phases 2, 3, and 4. The geophysical record, therefore, is the only
evidence of any changes in flow characteristics and behaviour. The seismic signature
of the main bulk of the flow shows changes in the sensor response to the lahar pas-
sage, most notably in the high gain profile. After the initial rise in ground vibrational
amplitude associated with phase 1, the amplitude continued to rise to its peak. The
response then began to decline after c. 01:49, coinciding with a small initial drop in
stage height. This was then followed by an overall decreasing ground vibrational re-
sponse that correlates well with the more dramatic drop in stage height between c.
02:00 and c. 03:20 of c. 3.5 m. A shift in the geophone response occurs at c. 02:45
with a change in the rate of decrease of the energy associated with ground vibrations.
This shift aligns well with a slight change in the stage level decrease rate during this
main part of the lahar. Another shift in the geophone response occurred in the latter

part of the flow at ¢. 03:50, while a distinct change in the water level occurred with a
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Figure 6.13: Photographs illustrating the evolving nature of the lahar at the Tangiwai rail
bridge. (a) onset of flow (phase 1), looking upstream of rail bridge. (Image courtesy of camera
footage provided by G. Mackley).; (b) tail of flow, looking downstream over rail (foreground)
and road (background) bridges. (Photograph courtesy of H.J.R. Keys).

more gradual rate of decrease from c. 03:20 to its return to normal streamflow heights.

Following the 4-phase segregation of a lahar as defined by Cronin et al. (1999)
and further explored in Chapter 5, phase 2 consists of rising sediment concentration
to peak that is immediately preceeded by the near-pure water wave of phase 1. The
observations of Chapter 5 suggest that this phase is characterised by high ground
vibrational amplitudes to peak with a high stage level that drops as the water level de-
creases slightly. This is attributed to the restrictions on the collisional energy produced
by particle-particle and particle-substrate interactions because of reduced freedom of
movement. As such, the period of decreased stage height and ground motion at ¢ 01:49
is ascribed to the boundary between phases 2 and 3. Phase 3 is considered to be the
period during which the fraction of Crater Lake-originated water rises to peak, before
the tail of phase 4. As no bucket samples of the flow were taken at this site, there is no
record of the fraction of this water present at any point along its passage. Correlations
with the temporal variations in flow observed at Colliers bridge (Chapter 5.5) suggest
that the rate of stage height decrease associated with this phase boundary does not
vary greatly. In addition, the change in this rate that occurs at the TRB at C. 03:20
happens after the phase boundary does at the downstream site. As such, the phase
boundary is assigned to the shift in flow characteristics implied by the change in ground
vibrations at c¢. 02:45. Further phases are possible, such as is suggested at 03:20 and

03:50. As no definitive additional phase changes were observed in the comprehensive
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dataset collected at Colliers bridge, however, it is assumed that the 4-phase segregation

model of Cronin et al. (1999) is the most appropriate to use here also.

6.2.6 Colliers bridge (CB)

As has been previously described in Chapter 5, the dataset collected at the Colliers
bridge monitoring site was one of the most comprehensive obtained for this lahar. The
site is situated c. 83 km from the source of flow, and was equipped with a broadband
seismometer. Video and camera images were collected for large parts of the flow, and
bucket samples were taken every 10-15 minutes (see Chapter 5.2 for further details).
These were later analysed for water chemistry and sediment content.

The observations and analysis of the data collected at Colliers bridge has been
detailed in Chapter 5. The results of these analyses (shown in Figures 5.3-5.6) have
supported the segregation of the lahar into four phases, as suggested by Cronin et al.
(1999). These phases consist of an initial near-pure water wave that encompasses a
rapid rise in stage and discharge of flow, with little suspended sediment, and dominated
by bed-frictional motion. Phase 2 comprises the period of rising sediment concentra-
tion to peak and heralds the advent of the lahar proper. Stage and velocity levels
remain high, while water chemistry indicates the influx of Crater Lake-originated ma-
terial. Collisional and saltating motion of particles dominate this phase. The third
phase is associated with the rise-to-peak of the fraction of Crater Lake-originated wa-
ter. Suspended sediment concentrations decrease, along with stage and velocity lev-
els. Ground vibrational amplitudes decrease because of the dampening effect of the
increased viscosity of flow and restricted freedom of particles preventing maximum col-
lisional energy production. Phase 4 comprises the transition of the lahar back towards
normal streamflow conditions. While localised peaks, or small pulses, can be seen in
the seismic record, there is no correlation possible with the other datasets as to whether
these represent further phases in the transition of the lahar or not. As flow volume
decreased, particles settled out of suspension, causing displacement of zones of fluid
and localised elutriation of fines held in [transient] suspension. As no confirmation of

additional phases can be made, it is assumed that the 4-phase model is correct.

157



6.3. Discussion

6.3 Discussion

6.3.1 Proximal sites

In the generation area of the 18" March 2007 lahar, seismic signals aid in the inter-
pretation of the Crater Lake dam-failure mechanisms and timing. Subtle changes in
the signal intensity recorded on vertical-component, 10 Hz geophones, on and near
the dam, show a sudden and rapid period of headward erosion of rills/small gullies
during the rainstorm-initiated dam collapse. Over only one minute, the geophones
picked up a strong signal pulse (Stage I, Figure 6.2), which probably resulted from
sudden slips and rockfalls developing in the existing erosion gullies, causing them to
rapidly propagate inward to the dam crest. This led to a short respite period (Stage
IT) where gradual draw-down of the lake occurred through a small and stable channel
that was not visible on photographic records (Massey et al. (2009)), but could be seen
as an eight-minute long medium-amplitude peak in the geophone signal. Sudden, rapid
slumping and failure of the dam face occurred again to generate a strong energy peak
on the geophone, heralding the catastrophic release of Crater Lake water (Stage III).
This initial, violent release tailed off after c¢. 20 minutes, and was followed by a further
peak in seismic energy (Stage IV), associated with additional tephra slumping, bank
erosion and collapse that led to widening of the breakout breach.

It appears that throughout the dam-failure event, the geophone signals reacted
most strongly to rockfall, slumping and debris collapsing events, with apparent low
signal response relating to differing outflow rates from the Crater Lake. As seen at
the Round-the-Mountain-Track, OnTrack Flood Gauge, and Colliers Bridge sites (Fig-
ures 6.8, 6.11, and 5.4, respectively), vertical-component seismic signals in the 1-10 Hz
range from broadband seismographs are the least responsive to lahar flow, with dom-
inant energy magnification in cross- and parallel-channel signals. Vertical component
signals appear to reflect the saltation or collision of large particles in the flow with
the channel base. As described in Chapter 3, the dominant momentum of flows and
vectors of particle motion are often parallel with flow; therefore, flow-parallel signals
are exacerbated. Due to the U-shaped geometry of the channel, cross-channel energy
is also often amplified, with collisions against any channel wall augmenting this. At

the breach area, the initial flow would have been primarily water, relatively shallow
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and with low sediment concentration. This water-dominated flow likely generated little
vertical-component signal, except when bank-erosion, or other tephra-bank collapses,
occurred.

From the initiation point to the next recording sites, 2.2 and 4.6 km downstream,
evidence of the initiation events and initial spill-over flow (Stages I and IT) had largely
disappeared. Instead, these sites show that two major peaks in flow had formed, with
a third peak developing at the more distal site (Figure 6.4). The two major peaks
show a strong correlation to Stage III and IV peaks in the dam-geophone records. The
relatively subtle transition to Stage IV implied by the dam-geophone record appears to
have marked a major bank-erosion and widening episode, leading to a strong surge-like
increase in discharge from the lake. The third apparent peak in flow, recorded weakly
at 2.2 km and more strongly at 4.6 km from source, seems also to relate to a spike in a
geophone signal (Geophone 3 on Figure 6.4) recorded at the source. This may reflect
a landslide of up to 1 x 10° m? of debris, with its toe entering the Whangaehu channel
at c. 2 km from source (immediately upstream of the 2.2 km geophone site). Entry of
this debris appears to be caused by erosion of the toe of a pre-existing landslide by the
initial part of the lahar.

Downstream, on the multi-component record at the Round-the-Mountain-Track
(RTMT) site 7.4 km from source (Figure 6.6), there appears to be no record of the initial
breach sequence, but a strong representation of three pulses of flow in the river-level
record. The first two pulses in the river appear to reflect the geophone-signal defined
Stages III and IV described above, with the third pulse representing an expansion of
the seismic peak observed at the 4.6 km geophone site (possibly landslide related).
This evidence confirms that the geophone signal’s Stages III and IV were related to
peaks in flow discharge from the Crater Lake, which propagated through to at least
7.4 km from source.

The analysis of frequency response in relation to the passage of the lahar at the
RTMT shows that after the arrival of the first flow peak (Figure 6.8d) and during
the second peak flow (Figure 6.8e), the strongest amplification of signal was in the
channel-parallel component. As discussed in Chapters 3 and 4, strong channel-parallel
signals in the low-frequency range indicate friction between particles and the river bed,

associated with sliding or rolling motion downstream, or also saltation signals with
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a dominant down-channel vector, rather than random and cross-channel motion. In
Chapter 4, the difference between the relatively turbulent 18" March 2007 lahar and
the plug-flow like 25" September 2007 snow-slurry lahar were emphasised. Here, by
analysing the relative signal strengths inside the 18" March lahar, it appears that
the periods indicated by Figure 6.8d and e show the strongest evidence for sliding,
rolling or down-flow saltation of large particles, consistent with periods when particle
concentrations were highest. This implies that the initial peak of flow may have been
more dilute than these later portions, in accordance with the observations of watery

peak-flow and clear-water peak tide-line erosion as reported by Procter et al. (2010).

6.3.2 Distal sites

The proximal records show that the flow was complex, developing two peaks that
resulted directly from a two-step erosion and spillout of Crater Lake, as well as a third
peak, possibly related to reactivation of a landslide in the upper Whangaehu valley. In
the distal sites, this initial character of the flow is influenced by other transformational
processes, including repeated sedimentation and erosion (as described by Procter et al.
(2010)) and entrainment of stream-water in the flow path, as hypothesised by earlier
studies of lahars in this catchment (Cronin et al. (1997); Cronin et al. (1999)), eye-
witness observations of the lahar (Manwville and Cronin (2007)), and the highly detailed
multi-component record of Colliers Bridge (82 km from source), as presented in Chapter
D.

From the 7.4 km RTMT site, the next instrumental observations were made some
21 km further downstream at the OnTrack Gauge. Here was the first opportunity
to calculate the surface velocity throughout the lahar passage and, via still-images,
evaluate the properties of the flow. At this site (Figure 6.9) the seismic record preserves
what could be a relict of the initial two-peaks generated by the step-wise dam collapse
and these are reflected in the surface velocity, but not in the flow-wetted perimeter or
height. However, flow images reveal that the initial part of the flow may have been
considerably more dilute than the flow front. This implies that this segregation into two
peaks may rather be a bow-wave of stream water pushed ahead of the lahar proper,
as postulated for earlier flows by Cronin et al. (1999) and as seen more clearly in

downstream sites (Chapter 5). The equivalent seismic energy between cross and down-
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channel components (Figure 6.11) indicates that the flow was at all times turbulent,
with little plug-like behaviour. Cross and down-channel seismic energy was higher in
the second seismic peak (Figure 6.11d), suggesting that its sediment concentration was
possibly higher than during the initial watery peak flow. At this site, either or both
mechanisms could be operating to lead to the two initial seismic energy peaks, although
it appears that the formation of a frontal watery wave, by pushing stream water ahead
of the flow, had already started.

By the time the flow had reached Tangiwai, 42 km from source, video evidence
of the frontal wave shows it was almost pure water, and likely pushed ahead of the
lahar proper. This led to two peaks in the stage and geophone records (Figure 6.12),
with the second, higher-energy, seismic peak indicating when sediment concentrations
in the turbulent flow were highest. This pattern in the flow passage was exacerbated
downstream at Colliers Bridge, 83 km from source, where a full evolution of the flow
had occurred into a leading bow wave of stream water, followed by a mixing zone and
the trailing sediment-rich part of the lahar proper, rich in the original Crater Lake (as

described in Chapter 5).

6.4 Conclusions

Analysis of the seismic records of the 18 March 2007 lahar from source to over 80 km
distant show that this lahar had a complex, time-variable structure at any one site,
and was highly spatially variable in structure over distance. Over the upper c. 7 km of
travel, source-variations were the strongest influences on the flow character, with two
apparent pulses in Crater Lake outflow interpreted to reflect step-wise, sudden failures
of the impounding tephra dam and a third representing a subsequent landslide in the
upper catchment. A step-wise failure of the dam was recognised in the analysis of
Massey et al. (2009), although they concentrated on the initial weak outflow, which
is here shown not to feature in geophone signals downstream of the dam. Here, the
combined instrumental data along the upper Whangaehu catchment are used to show
that a major peak in geophone signals, at least 23 min after the 23:22 (UT) landslide-
induced breakout from the lake, was generated by side-wall collapse and/or deepening

of the failure of the dam, leading to a significant pulse of increased outflow from Crater
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Lake. A stepwise failure, either vertically or laterally, is consistent with the layered
structure of the dam, with alternating, flat-lying coherent and weak tephra/breccia
beds.

Seismic and other instrumental/photographic records show that while the source
variations and upper-catchment landsliding processes were important over the first 7
km of flow, beyond this, other processes of lahar transformation became dominant.
By 28 km from source, the formation of a watery bow wave ahead of the lahar (c.f.,
Cronin et al. (1999)) had started to overprint the earlier observed flow structure. In
addition, continual sediment deposition and erosion along the channel (evidenced by
topographic analysis of Procter et al. (2010)) had probably served to homogenise the
initial surges in flow produced by stepwise lake-water release. Beyond 28 km from
source, the observational data and seismic signals are consistent with progressively
stronger development of a bow wave composed of ambient stream water leading the
lahar proper. Sediment concentrations were highest in the lahar proper, along with
concentrations of the acidic and salt-rich Crater Lake water.

Seismic signals, especially the relative excitement of frequency and the three dif-
ferent components, were useful to show differences in parts of a lahar moving past
individual sites. In all cases, it appears that the 18" March 2007 lahar did not reach
the stage of becoming a fully-fledged debris flow, with plug-flow or Bingham-flow char-
acteristics. At times, there were signals associated with stronger laminar components
of flow; these were usually recorded as a relative increase in the channel-parallel energy
signals in the 5-15 Hz range over those of the equivalent cross-channel recordings. These
differences were absent by 28 km from source, implying that the repetitive deposition
and erosion observed along the channel to this point (c.f., Procter et al. (2010)) had
homogenised the flow to become dominantly a hyperconcentrated flow, with turbulence

dampened only during periods of peak sediment concentration.
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Chapter 7

Conclusions and avenues for future research

Chapter 7 provides a summary of the results of this study and suggests areas in which

future research might be concentrated.

7.1 Conclusions

Lahars and other mass flows are potentially highly devastating and put at risk large
areas on the slopes of volcanoes around the world. These flows can vary greatly in size,
from the very small (e.g., common, rain-triggered lahars) to the very large (e.g., Crater
Lake dam outbreaks or eruption-triggered flows). In order to accurately model and
predict likely inundation zones and resultant damage, it is fundamental to better un-
derstand the dynamics and flow mechanisms that control the behaviour of a lahar. To
this end, a comprehensive dataset collection from monitoring sites along a lahar-prone
channel is invaluable. The unpredictable nature and onsets of these types of flow, how-
ever, mean that detailed scientific monitoring of real-world examples are limited (e.g.,
Lavigne et al. (2000b)). In addition, many areas at risk from these flows are either too
dangerous or remote to easily access. The expected Crater Lake outbreak lahar from
Mt. Ruapehu, New Zealand, combined with repeated seasonal rain-triggered lahars at
Mts. Merapi and Semeru, Indonesia, allowed for scientific monitoring of different flow
types. By outfitting the affected channels with a variety of instrumentation, detailed
datasets were able to be collected that have yielded invaluable resources to the under-
standing of lahar flow behaviour, the further development of seismic sensors as hazard

warning instruments, and their use as additional sources of data collection and moni-
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toring tools. The understanding of the variable behaviour possible during a lahar, as
well as the identification of the specific flow type recorded, is fundamental to modelling
approximations of flow volumes, sediment concentrations, likely inundation areas, and
probable damage by the flow. It is essential for the development of future warning
systems that the variations that can occur within a single lahar are better understood,

as lahars represent a serious threat to the slopes of many volcanoes worldwide.

7.2 Avenues for future research

The outcomes of this study have provided new insight into the analysis of the internal
dynamics of lahars, most notably advances in the interpretation of particle motions and
interactions as recorded by seismic sensors. It is, however, recognised that this work
is only a step along the way towards fully understanding the highly complex nature of
lahars, correlating the ground vibrational response to their passage, and the ultimate
provision of a remote monitoring system that can identify and assess the threat posed
by any mass flow. Upon completion of this study, a number of aspects remain in need
of further, focused investigation. The following avenues of research would contribute
greatly to the better understanding of the dynamic processes inherent in, and hence

possible mitigations of, lahars and other mass flows:

1. Collection of more lahar data, with increased sampling rates, to better
understand flow dynamics and leading to proxies of characteristics. In
order to better understand, and ultimately comprehensively predict the motions
of, lahars and other mass flows, it is necessary to obtain as much data as possible
to model as many of the different aspects of a flow as can be achieved. To this
end, the continued experimentation and real-world observation and monitoring
of such phenomena, with a wide range of different triggering mechanisms, sed-
iment concentrations, volumes, and behaviours is essential. A key part to the
scientific monitoring of these lahars must be a better sampling record of the sed-
iment concentrations throughout a flow and, with development of vertical profile
detectors and analysers, greater constraints to the distinct changes in such, both
temporally and spatially. This in turn will allow for greater understanding of the

geophysical records of lahars, and the effects differing characteristics have on the
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record. With this knowledge, a more robust proxy of sediment concentration and

flow volume may be developed from the geophysical record.

. Development of additional remote monitoring systems. Current mon-
itoring instrumentation are bounded by the limitations imposed on them due
to problems with functionality and reliability that can arise from either contact
with a highly destructive lahar or with the elements on a volcano. In addition,
constant maintenance and replacement of equipment is both expensive and often
not practical or safe because of the location of the monitoring site. As a result,
the development of additional remote systems that need little maintenance would

be highly beneficial for areas that would otherwise remain unmonitored.

. Comparative analyses between different mass flow types. The analyses
of the seismic profiles of snow-slurry lahars made during this study revealed
significant differences in the spectral profiles as compared with the signals of both
hyperconcentrated and debris flows. The inclusion, fraction, and/or domination
of water within a lahar has significant effect on the ground vibrational response to
its passage. A similarly distinct shift in the distribution of frequencies excited by
avalanche movements (e.g., Surinach et al. (2001)) and rockfalls (e.g., Vilajosana
et al. (2008)) have also been noted. A detailed and extensive comparative analysis
is needed across a wide range of mass flows, including floods, block-and-ash flows,
and pyroclastic flows, in addition to those already being studied, in order to
quantify those frequency ranges affected by each type of flow. From this, a

classification method for the different phenomena may be possible.

. Development of general volcano-monitoring sensors to detect and mon-
itor lahars. Due to the unpredictable natures and onsets of lahars, many volca-
noes have lahar warning systems that detect the passage of a low. These systems
not only provide and alert of the oncoming flow to populated areas downstream,
but also often record and trigger other monitoring sensors. In many other cases,
however, no such systems are in place; detection of mass flows is restricted to those
large enough to be recorded by the sensors used in the general monitoring of the
volcano itself. This study has primarily concentrated on the analysis of recorded

data from near-channel sources. Similar analyses of the flows at distances further
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from the channels, however, could provide a detection and identification system
for those edifices that are not equipped with detailed monitoring systems. It may
also be possible using such sensors to track the passage of the flow, similarly to
the method of Jolly et al. (2002) for locating pyroclastic flows at Montserrat,
West Indies.

5. Development of a program to detect, identify, and analyse a mass flow.
Many detection systems, such as those for lahars and avalanches, rely simply on
the triggering of an alert once a sensor records a signal above a predetermined
threshold for a set length of time. The snow-slurry lahars that were produced
by the eruption of Mt. Ruapehu in September 2007, however, highlighted a flaw
in this method. The relatively seismically quiet snow-slurry flows were unable
to trigger the lahar warning system as the trigger thresholds were set to higher
amplitudes than the flows reached. This is of great concern, as snow-slurry lahars
have the potential to entrain large volumes of material and pose serious threat to
areas downstream, such as occurred at Nevado del Ruiz, Columbia, in 1985 (e.g.,
Pierson et al. (1990)). To remove or lower these alert thresholds, used to prevent
alert triggering by normal volcanic tremor or inclement weather, would result in
the near-constant triggering of alerts when no lahar occurs. The development
of a program that can analyse any possible ‘lahar’, either automatically or with
minimal human interaction, and identify what type of flow, if any, caused the
signal would prevent potentially deadly lahars from being missed by a warning

system in the future.

Pursuing these avenues of research will lead to both more flow-specific monitoring
equipment for those channels where required, development of more remote identification
of mass flow movement using general volcano-monitoring sensors, and a classification
and identification model for the mass flows themselves. Ultimately, this will allow for
the development of better warning systems that will in turn help minimise the hazard

posed by such phenomena.
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Appendix A

Electronic files (on disc)

The attached CD contains all of the raw and final processed data files used during the
course of this study, as well as the code files containing programs written in order to
analyse the data as detailed below. Please note that this information also appears on

the attached disc within the file “Electronic_files_details.txt”.

A.1 Data files

The data files have been sorted according to the area at which the lahars took place
(i.e., Ruapehu, Semeru, or Merapi), and have then been divided into raw and processed
data file. Please see the file “Electronic_files_details.txt” for details as to the contents

of each data file.

A.2 Code files

This following Matlab scripts on the attached disc were written and used to plot and

analyse the seismic records of lahars:

trace_yaxis.m This function is to convert the seismic amplitude axis of a trace into

ground motion velocity (m/s).

seis_true_time.m This function is to set up the correct start time for a seismic file

read into Matlab.

spectra_analysis suzy 0903.m This function is to calculate a spectra for various

windows within a given long input signal. NB calls function spectra_analysis_suzy_0902.m
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spectra_analysis suzy 0902.m This function is to calculate amplitude and energy
spectra of short signals, given an input signal “signal” with a length which is a

power of 2. NB called by function spectra_analysis_suzy_0903.m

energy data extract.m This function is to extract seismic energy data from spectral
analysis function answer file, for both a single lahar and any packets contained

within.

Other programs used to analyse the seismic data were either contained within the
‘sac’ program available from Lawrence Livermore Laboratory or within MATLAB sig-
nal processing tools, or were provided by my supervisor, Dr. Steve Sherburn, and are

therefore the intellectual property of GNS Science.
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