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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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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. . . . . . . . . .. 101
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5.1 Location of the Colliers bridge (CB) monitoring site and associated sen-
sors. Table 1.1 (page 21) 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 catch-
ment (blue line), and the sites used in this study (red stars), superim-
posed 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 Re-
gional Consortium, (©2010 MapData Sciences PtyLtd, PSMA, Imagery
Date 315" January 2005. . . . . . . ... 112

5.2 (a) Vertical component seismogram (100 sps) of 18" March 2007 break-
out lahar recorded at the monitoring site Colliers bridge. (b-d) Spec-
trograms 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
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5.3 Comparison of bulk flow characteristics: (a) variations in stage, veloc-
ity, and sediment concentration profiles. Blue line is stage; Red line
is velocity; Green line is sediment concentration. (b) Vertical compo-
nent time-series trace (100 sps) of lahar. Phases marked correspond to

variations in flow behaviour, similar to that witnessed in Cronin et al.
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5.4 Changing spectra associated with different phases in bulk flow charac-
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2.6

teristics: (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 be-
haviour, similar to that witnessed in Cronin et al. (1999). . . . . . . . .
Comparison of collected lahar bucket samples. (a) stage and velocity
profiles. Black line is stage; Red line is velocity. (b) Sediment concen-
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tration fraction >63 pm. (¢) pH and conductivity profiles. Black line is

pH; Red line is conductivity. (d) Concentration profiles of magnesium

(Mg?*) and chloride (C17). Black line is magnesium; Red line is chloride. 123

Photographs illustrating the evolving nature of the lahar at Colliers
bridge, approximately corresponding to times of spectra typical of dif-
ferent 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 concen-
tration 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. Mobis. . . . . ... ... ..
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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 in-
dicates the pressure transducer. . . . . . . . . . . ... ... ... ...
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geophysical record of the breach sequence and outflow through the dam.
Data courtesy of the Department of Conservation (DOC). Locations of
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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. . . . . . . .. ... ... ...
Still camera images illustrating the breach and collapse sequence of the
Crater Lake tephra dam. Roman numerals (I-V) correspond to varia-
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6.4 Comparison of the geophone records of the Eastern Ruapehu Lahar
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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 sig-
nal from geophone 3. Roman numerals (I-V) correspond to variations
in breach sequence as listed in Table 6.1 and tracked between sites. . . 142

6.5 Comparison of the seismic records of the breach sequence as recorded
at sensors 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
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. (b) the GeoNet volcano monitoring station
at Dome Shelter. Vertical component time-series trace (100 sps) of lahar. 144

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. . . . . . . . . .. 146

XXV1



List of Figures

6.7

6.8

6.9

6.10

Photographs illustrating the behaviour of the tail phase of the lahar at
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Main instrumentation site marked with star. (a) upstream view of lahar
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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). . . ... ... ... ...
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(b)-(g) 20-point running average total spectra calculated over 5-minute
segments. Note different y-axis scales. Blue lines are vertical motion;
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