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Abstract

Hydrothermal alteration changes the petrophysical properties of stratovolcanoes world-
wide. But, how these changes affect volcano dynamics and manifest themselves in geo-
physical data used to monitor and study the internal structure of volcanoes is not as
simple as suggested by prior investigations. This thesis aims to address this challenge
by systematically measuring, in the laboratory, the petrophysical and geophysical (elas-
tic and magnetic) properties of variably altered volcanic rocks, from Whakaari and Mt.
Taranaki, New Zealand. This thesis adds three new ideas to the current understanding
of acid-sulfate hydrothermal alteration in volcanoes.

First, in volcanic conduits, acid-sulfate alteration affects the fluid pathways and elas-
tic properties of lavas, tuffs, and breccias differently. In lavas, alteration creates fluid
pathways and decreases rock stiffness by net dissolution. In contrast, in the inherently
porous and permeable tuffs, alteration reduces fluid pathways and increases rock stiff-
ness by net precipitation of secondary minerals. Compaction of tuffs under subsurface
pressures and alteration-related sealing can form low porosity and low permeability zones
within the conduit. Such zones could promote fluid-pressure build-up and predispose the
volcano to explosive eruptions.

Second, altered lavas can have higher remanent magnetization (NRM) than fresh
lavas. For most rocks from Whakaari and Mt. Taranaki, NRM dominates induced mag-
netization (susceptibility), highlighting the importance of measuring both induced and
remanent magnetization of samples used to constrain field-scale data. These findings
urge caution in assuming that altered regions in volcanic environments would only man-
ifest as areas of reduced magnetization in field magnetic surveys. Altered regions posing
a potential edifice collapse hazard could be associated with high magnetization resulting
from high NRM.

Third, the role of hydrothermal alteration in weakening volcanic rocks is not merely
dependent on the degree of alteration but also on the type of alteration. Altered rocks
with precipitation of strong secondary minerals and without extensive dissolution, are
unlikely to have been substantially weakened to cause slope instabilities. The implications
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of the thesis results are discussed in the context of analyzing and interpreting ground
deformation and magnetic survey data for volcano monitoring. Furthermore, the elastic
and magnetic properties data presented in this thesis provides needed constraints for
geophysical inversions of acid-sulfate altered volcanic regions.
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Chapter 1

Introduction

Hydrothermal alteration changes the physical and chemical properties of volcanoes world-
wide (Mayer et al., 2016; Zimbelman et al., 2005). These changes can play a role in
predisposing volcanoes to phreatic and phreatomagmatic eruptions or slope failures. For
example, hydrothermal alteration is thought to have destabilized lava domes and edifices
of several volcanoes such as Merapi (Indonesia) (M. J. Heap et al., 2019), Mt. Rainier
(USA) (Reid et al., 2001), Nevado del Ruiz volcano (Colombia) (López &Williams, 1993),
and La Soufrière de Guadeloupe (M. J. Heap et al., 2021a). A pressurized hydrother-
mal seal and volatile accumulation are thought to have triggered the 2017 phreatomag-
matic eruption of Poás volcano (Costa Rica) (de Moor et al., 2019). Similar alteration-
related sealing processes are also considered to be driving eruptions at other volcanoes
like Soufrière Hills (Montserrat) (Edmonds et al., 2003), Ontake (Japan) (Stix & de Moor,
2018), and Whakaari (New Zealand) (Burton et al., 2021; Christenson et al., 2017). But
little experimental evidence exists on how such a seal develops in conduit-filling rocks.

Given the potential hazards posed by hydrothermal alteration, it is vital to iden-
tify and monitor altered regions within volcanic edifices. But how these altered regions
manifest in geophysical data used to monitor volcanoes is not well understood. Field
geophysical surveys need petrophysical data from controlled laboratory experiments to
make accurate interpretations of subsurface processes. There is, however, a paucity of
laboratory-based constraints that encompass both the petrophysical and corresponding
geophysical properties of representative samples. This thesis aims to address this with an
overarching goal of establishing links between hydrothermal alteration-related petrophys-
ical changes in volcanoes and their geophysical properties to inform volcano monitoring.
This goal is achieved by systematically measuring the petrophysical and geophysical
properties of volcanic rocks with different degrees of alteration from Whakaari and Mt.
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Taranaki at a laboratory scale.
The petrophysical characterization includes determining the rocks’ mineralogy and

performing geochemical and microstructural analysis. It further involves measuring the
porosity and permeability of the rocks at atmospheric and subsurface pressure conditions
representative of the volcanic systems. These analyses provide a quantitative measure of
the type and intensity of alteration and information on its processes. Furthermore, they
inform how alteration-related changes and subsurface pressures would affect fluid flow
within the volcano. To relate the petrophysical changes in rocks due to hydrothermal
alteration to their geophysical signatures, experimental data on magnetic susceptibility
and natural remnant magnetization, as well as compressional and shear wave velocities at
in-situ volcano pressure conditions is acquired. Together, these data help us derive links
between hydrothermal alteration-related petrophysical changes and their corresponding
geophysical signatures to inform volcano monitoring.

1.1 Background

1.1.1 Hydrothermal systems and alteration processes

A hydrothermal system is defined as a region in which hot fluids circulate in the Earth’s
subsurface at elevated temperatures (50oC to >500oC) and pressures (Pirajno, 2009).
The essential components of a hydrothermal system include a heat source to provide
the energy for circulation, a fluid phase such as magmatic fluids, seawater, or meteoric
water, and permeable pathways in the host rock through which the fluids can move
(Pirajno, 2009; D. White, 1974). In active volcanoes, such a system develops when heat
is transferred from a deep magmatic source to the surface resulting in the circulation of
hot ground-water and magmatic fluids through the host rock (Hedenquist & Lowenstern,
1994) (Figure 1.1). As these host rocks interact with the circulating fluids, there is
a physicochemical disequilibrium between the two (Pirajno, 2009). This sets off fluid-
rock reactions that tend to work towards re-equilibration of the system by altering the
physical, chemical, and mineralogical properties of the host rock (Mayer et al., 2016; Pola
et al., 2012; Navelot et al., 2018). This process is known as hydrothermal alteration.
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Figure 1.1: Schematic showing the essential components of a volcanic hydrothermal
system. The heat from degassing magma drives the circulation of magmatic fluids and
meteoric water through fluid pathways in lavas, tuffs, and breccias.

Hydrothermal alteration processes include hydrogen ion metasomatism, base cation
exchange, dissolution, secondary mineral precipitation, and replacement (Berger, 1998;
Robb, 2013). Hydrogen ion metasomatism involves the decomposition of water into H+

and OH−, which are selectively consumed during the reactions with silicate minerals
(Hemley & Jones, 1964). Base cation exchange in a mineral involves the replacement of
a cation by another (e.g., Na+ replaces K+ in microcline and converts it to albite; K+

is then released into the fluid) (Pirajno, 2009). Dissolution is the leaching of primary
volcanic glass and minerals (e.g., plagioclase, muscovite, pyroxene) from the host rock
(Hedenquist & Lowenstern, 1994). Secondary mineral precipitation is the formation of
new minerals that are stable at the specific alteration conditions (pressure, temperature,
pH), in the pores and fractures of the host rock (Ghorbani et al., 2018; Pirajno, 2009;
Robb, 2013). Replacement is an alteration process where unstable primary minerals and
volcanic glass are replaced by new minerals that are stable at the conditions of alteration
(Ghorbani et al., 2018; Shanks, 2012).

Which of the above alteration processes dominate depends on the evolving physico-
chemical conditions during the fluid-rock reactions. The main factors controlling these
physicochemical conditions are (a) temperature, (b) pressure, (c) nature of the fluid (i.e.,
pH; concentration, activity and chemical potential of the fluid components like H+, K+,
O2, CO2, SO2, and H2S) (e) water/rock ratio (f) chemical and physical nature of the host
rocks (g) permeability and (h) duration of fluid-rock reactions (Berger, 1998; Hemley &
Jones, 1964; Robb, 2013). Figure 1.2 shows how temperature and pH of the fluid control
which secondary minerals precipitate and are stable in hydrothermal systems. Depending
on the alteration processes at play, the petrophysical and geophysical properties of the
host rock can be affected.
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Figure 1.2: Fluid environment (pH) and temperature range at which secondary minerals
commonly found in hydrothermal systems precipitate. Modified from Pirajno (2009).

1.1.2 Petrophysical and geophysical properties affected by

hydrothermal alteration

Alteration processes such as base cation exchange, hydrogen ion metasomatism, sec-
ondary mineral precipitation, and replacement associated with fluid-rock reactions can
change the elemental composition and mineralogy of the host rocks (Large et al., 2001).
In volcanic environments, some common secondary minerals that precipitate in the pores
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and fractures of the host rock include alunite, kaolinite, illite, smectite, and amorphous
silica (Mas et al., 2006; Zimbelman et al., 2005). Hydrothermal alteration processes can
also increase or decrease the porosity and permeability of the host rocks. If dissolution
processes dominate, then leaching of the host rock can lead to the creation of pore spaces
or fractures, thereby increasing the porosity of the host rocks (Kanakiya et al., 2017;
Sruoga et al., 2004). If these new pore spaces and fractures interconnect with the pre-
existing pore network, the permeability of the host rocks will also increase. On the other
hand, if the dominating alteration process is secondary mineral precipitation, then the
minerals filling the interconnecting pore spaces and fractures of the host rocks reduce
porosity and permeability (Dobson et al., 2003; Sruoga et al., 2004).

Changes in mineralogy and porosity of the host rocks due to hydrothermal alteration
can, in turn, alter their elastic properties (Durán et al., 2019a) that are of interest to
geophysical surveys. If dissolution processes dominate, the rocks’ elastic moduli (stiff-
ness) will decrease, whereas if secondary mineral precipitation dominates, their elastic
moduli increase. Characterizing alteration-related changes in elastic moduli is critical to
wave propagation because when a seismic waveform propagates through the subsurface,
the medium is temporarily deformed (strained). This deformation is dependent on the
rock elastic properties, which are characterized in terms of the Young’s, bulk, and shear
moduli, and Poisson’s ratio. Overall, rock stiffness controls wave velocities which are used
to image and monitor volcanoes. Understanding the effects of rock alteration on elastic
moduli is also essential for the interpretation of ground deformation data (Bazargan &
Gudmundsson, 2019; M. J. Heap et al., 2020a) and informing volcanic slope stability
assessments (Voight & Elsworth, 1997; Voight, 2000).

Hydrothermal alteration also changes the magnetic properties of rocks that are of
interest to geophysical surveys. Unlike elastic properties, which represent the bulk rock,
magnetic properties of rocks depend on a few Fe-bearing minerals that generally comprise
a small volume of the rock’s bulk mineralogy (Dentith & Mudge, 2014). The total mag-
netization of a rock is dependent on a combination of ferrimagnetic, antiferromagnetic,
paramagnetic, and diamagnetic minerals. Minerals of particular importance are ferri-
magnetic Fe-Ti oxides such as magnetite, maghemite, titanomagnetite, and Fe-sulfides
such as pyrrhotite or greigite, which are capable of giving rise to a magnetic field in the
absence of an applied field (Dearing, 1994; Tauxe, 2010). This magnetization is called
remanent magnetization which is generally acquired by the rock at the time of formation
as the rock cools to a temperature below the Curie temperature or Néel temperature of
its magnetic minerals (L. Brown & McEnroe, 2011). Other paramagnetic and diamag-
netic rock-forming minerals, such as feldspars, pyroxenes, amphiboles, ilmenite, pyrite,
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clays can be weakly magnetic only in the presence of an externally applied magnetic field
(Dearing, 1994). This magnetization is called induced magnetization. The total magne-
tization of a rock is a vector sum of its inherent remanent magnetization and induced
magnetization (Dentith & Mudge, 2014). The stability of magnetic minerals is sensi-
tive to the physicochemical conditions during hydrothermal alteration, which can either
create or destroy the magnetic minerals in volcanic rocks (Riveros et al., 2014). Such
changes in the magnetic mineralogy of the rocks directly influence the magnetization
signals recorded in geophysical surveys (Airo, 2002).

Given the complexity with which hydrothermal alteration affects the petrophysical
and geophysical properties of host rocks, our knowledge on this subject and how alteration
plays a role in sealing volcanic conduits or slope failures is still limited as discussed in
detail in Section 1.3. This thesis advances our understanding of this topic by using
samples from two representative stratovolcanoes - Whakaari (White Island) and Mt.
Taranaki.

1.2 Study areas - Whakaari and Mt. Taranaki

1.2.1 Geologic setting, structure, and hydrothermal system

Whakaari and Mt. Taranaki are active stratovolcanoes in New Zealand. Whakaari is New
Zealand’s most active volcano, located about 50 km east of the North Island (Figure 1.3).
It is a part of the Taupō Volcanic Zone which has three segments. The northern and
southern parts of the zone are composed primarily of andesitic stratovolcanoes (Whakaari,
Mt.Tongariro, Mt. Ngāuruhoe, and Mt. Ruapehu) and no calderas (Leonard et al., 2021;
Wilson et al., 1995). Its central 125 km region is dominated by rhyolitic calderas (Wilson
et al., 1995). The Taupō Volcanic Zone is a rifted arc resulting from the subduction of the
Pacific Plate beneath the Australian Plate (Cole & Lewis, 1981; Stern et al., 2006; Stern
& Benson, 2011). The oblique subduction of the Pacific plate begins at the Hikurangi
trench (Wallace et al., 2004). This subduction causes the central North Island to rotate
clockwise, thereby developing an extensional regime which is accommodated by normal
faulting predominantly in the Taupō Fault Belt (Kilgour et al., 2021). Mt. Taranaki is
also located on the North Island (Figure 1.3), about 150 km west of the Taupō Volcanic
Zone and about 400 km west of the active Hikurangi trench. It is part of the Taranaki
Volcanic Lineament, which is a chain of andesitic volcanoes (Cronin et al., 2021). This
chain includes three relict volcanoes-Paritutu including the Sugar Loaf Islands, Kaitake,
Pouakai, and the currently active and youngest Mt. Taranaki (Locke et al., 1994; Price
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et al., 1999). Despite the subduction type signatures in the compositions of erupted
material at Mt. Taranaki (Price et al., 1999), its unusual location has been challenging
to explain with respect to the current subduction setting of New Zealand (Cronin et al.,
2021).

Whakaari and Mt. Taranaki are different in terms of their structure and hydrothermal
activity as well. Whakaari is partially submerged, rising 321 m above sea level with a
subaerial extent of about 2.5 km × 2 km (Black, 1970). It has a large submarine extent
(Cole et al., 2000) most recently estimated to be approximately 5-6 km in diameter with
a base extending to about 200 m below sea level (Kilgour et al., 2021). Whakaari’s
structure consists of two overlapping cones, the older Ngatoro cone, and the currently
active Central cone (Cole et al., 2000). The main crater consists of three (western, central,
and eastern) coalescing sub-craters, of which the western sub-crater has been the focus
of activity for most eruptions (Kilgour et al., 2021). The crater walls form a horseshoe-
shaped amphitheater, the inner walls of which are composed of coherent, interbedded
units of lavas, breccias, and tuffs (M. J. Heap et al., 2015, 2017a). Whakaari hosts a
dynamic hydrothermal system expressed on the surface in the form of intense fumarolic
activity, hot acid springs, steaming ground areas, and a crater lake (Giggenbach et al.,
2003; Hedenquist et al., 1993). A magma source 0.8-1 km deep (Jolly et al., 2018) drives
the circulation of hot magmatic fluids and meteoric water through the subsurface rocks
(Miller et al., 2020; Christenson et al., 2017).

Mt. Taranaki, on the other hand, sits on land rising 2518 m high. Its upper modern
edifice is mainly composed of andesitic lavas and pyroclastic flow units (Zernack et al.,
2009). A ring-plain of older volcaniclastic deposits, about 15 times larger in volume,
surround the modern edifice (Zernack et al., 2011). Mt. Taranaki has four flank lava
domes, including the summit dome (Cronin et al., 2021; Zorn et al., 2018). The present-
day summit crater has been the main eruptive vent from approximately 14 ka (Torres-
Orozco et al., 2017). Unlike Whakaari, however, Mt. Taranaki does not have a surface
expression of a dynamically active hydrothermal system with active fumaroles or a history
of passive degassing. Only a few warm and cold springs with travertine deposits occur
on its ring-plain (Allis et al., 1995; Werner et al., 2020).

A prehistoric sector collapse at Whakaari is thought to have extensively changed the
hydrothermal fluid flow by removing low permeability cone lavas, allowing high meteoric
water and lateral seawater infiltration (Letham-Brake, 2013). This could be the reason
for the relatively dynamic hydrothermal system at Whakaari compared to Mt. Taranaki.
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Figure 1.3: (Left) Map of New Zealand’s North Island showing the locations of volcanoes
and their tectonic setting. Grey shaded regions show the approximate boundary of the
Taupō Volcanic Zone (TVZ) and Taranaki Volcanic Lineament (TVL). Red triangles show
the locations of volcanoes: Whakaari (W), Mt.Tongariro, and Mt. Ngāuruhoe (NT), Mt.
Ruapehu (R), Mt. Taranaki (T), Kaitake (K), and Pouakai (P). (Right) Zoomed images
of Whakaari and Mt. Taranaki. Map source: ESRI basemap (2021a) and ESRI basemap
(2021b).
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1.2.2 Past eruptions and slope failures

Whakaari is New Zealand’s most active volcano with a history of passive degassing
(Burton et al., 2021). The eruptions at Whakaari have been mainly phreatic and
phreatomagmatic in nature, with some strombolian and dome-forming eruptions (Kilgour
et al., 2019; Mayer et al., 2015). Its most recent eruption was in 2019, which resulted in
the loss of 22 lives and 25 severely injured people (Dempsey et al., 2020). Whakaari also
had at least two-sector collapses that generated debris avalanches (Moon et al., 2009).
One is a prehistoric failure, and the other occurred in 1914 from the collapse of the
southwestern crater wall leading to fatalities and extensive damage to the sulfur factory
(Kilgour et al., 2021; Moon et al., 2005, 2009). Hydrothermal alteration is considered to
play an important role in driving both the eruptions (Burton et al., 2021; Christenson et
al., 2017) and slope failures (Moon et al., 2009) at Whakaari.

Mt. Taranaki has a history of effusive and explosive eruptions (Damaschke et al.,
2018; Torres-Orozco et al., 2017) interspersed with cyclic destruction and regrowth of
the edifice (Zernack et al., 2012). Its most recent eruption was in AD 1790 ± 10 years
(Cronin et al., 2021; Lerner et al., 2019a). Almost all eruptive periods at Mt. Taranaki,
have involved pyroclastic density currents, mostly related to dome emplacement on the
summit crater and their collapse generating block and ash flows. These block and ash
flows went up to 5 km to more than 13 km from the source. The dome collapses have
ranged from those of a syn-eruptive nature involving the collapse of growing hot domes
to those of a post-eruptive nature involving the collapse of the cooling dome (Platz et
al., 2012; Lerner et al., 2019b, 2019a). Oversteepening, emplacement on a steep slope of
unconsolidated material, heavy rain, fracturing, and a hydrothermally altered core are
considered to be factors contributing to the destabilization of the dome (Platz et al.,
2012). Mt. Taranaki also has a history of more deep-seated edifice collapses that have
generated debris-avalanche deposits. Around 16 major edifice collapses have occurred in
its more than 130 k.y. history generating debris-avalanche deposits of approximately 1
to 7.5 km3 in volume (Cronin et al., 2021; Zernack et al., 2012). These avalanches have
a run-out distance of at least 25-45 km onshore and a further 6-8 km offshore (Alloway
et al., 2005; Zernack et al., 2011).

The history of slope failures and eruptions at both Whakaari and Mt. Taranaki, com-
bined with the dynamic and widespread hydrothermal alteration at Whakaari compared
to localized alteration at Mt. Taranaki, makes this study relevant to understand the role
hydrothermal alteration plays in volcano dynamics and how it can be monitored with
geophysical methods.
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1.3 Current knowledge on hydrothermal

alteration-related changes in petrophysical and

geophysical properties of volcanic rocks

Understanding how hydrothermal alteration affects the petrophysical properties such as
mineralogy and fluid pathways of volcanic rocks is vital in determining their effect on
the overall volcano dynamics. At Solfatara (Campi Flegrei), hydrothermal alteration of
surficial rocks to alunite and amorphous silica increased porosity and permeability, re-
ducing their elasticity and strength, resulting in high fragmentation and ejection speeds
(Mayer et al., 2016). Pola et al. (2012) studied the petrophysical properties of surficial
rocks with a similar secondary mineral assemblage of mainly alunite and amorphous silica
from the Solfatara crater, Ischia Island, and Bolsena volcanic zone. They also observed
increased porosity with alteration in surficial lavas, tuffs, pyroclastics, and ignimbrite
series, with some exceptions in the lavas and ignimbrites due to secondary mineral pre-
cipitation. Navelot et al. (2018) studied the petrophysical and magnetic properties of
surficial volcanic rocks from Guadeloupe Archipelago (West Indies) that were altered
with a secondary mineral assemblage of illite, chlorite, smectite, gypsum, pyrite, quartz,
micas, and calcite.

At Mt. Taranaki, no study has thus far investigated the effect of hydrothermal alter-
ation on petrophysical or geophysical properties of rocks. Several studies have examined
one or more of the petrophysical, magnetic, and mechanical strength properties but only
for fresh rocks (Higgins, 1996; Lerner et al., 2019a; G. Turner et al., 2018; Zorn et al.,
2018). Although rare, reddish-orange clasts observed in some block and ash flow-like
deposits are thought to be hydrothermally altered (Lerner et al., 2019b). An 80-m wide
hydrothermally altered zone is also observed in the central part of the exposed summit
dome (Platz et al., 2012).

At Whakaari, current knowledge on how hydrothermal alteration affects the petro-
physical and geophysical properties of lavas, tuffs, and breccias is limited and mainly
based on surficial samples. M. J. Heap et al. (2015) studied lava and tuffs collected from
the foot of the eastern wall of the volcanic amphitheater near Shark Bay, and M. J. Heap
et al. (2017a) studied a lava breccia from the collapse debris of the north-eastern wall
of the volcanic amphitheater. They observe that hydrothermal alteration results in a
secondary mineral assemblage of mainly cristobalite in the lava, amorphous phases (as-
sumed to be Opal-A) and alunite in tuffs, and amorphous phases (assumed to be Opal-A)
and kaolinite in the lava breccia. Other secondary minerals like jarosite, gypsum, anhy-

10



drite, cristobalite, quartz, where present, occur in minor proportions (<5%). How these
changes in mineralogy due to alteration affect fluid pathways are only implied or broadly
discussed, mainly in terms of pore-and crack-filling alteration reducing the permeability.
Moreover, the samples in M. J. Heap et al. (2015) and M. J. Heap et al. (2017a) do not
have the range of alteration required to systematically assess the effects of alteration on
each of the lithologies. These samples have, however, been used to develop constraints on
phreatic eruption processes like fragmentation and ejection velocities, particle size and
shape (Mayer et al., 2015) and to develop an index based on porosity and cation exchange
capacity for mapping hydrothermal alteration, permeability, and mechanical properties
(Revil et al., 2020).

Rocks ejected as ballistics from Whakaari that represent its conduit environment
have been previously studied but not as extensively (Hedenquist et al., 1993; Kennedy
et al., 2020). These studies observe precipitation of secondary alunite, cristobalite, opal,
tridymite, anhydrite, pyrite, zaherite, and some clays. Christenson et al. (2017) through
modeling suggest that sulfur precipitation in the vent can control the permeability of
the conduit. Kennedy et al. (2020) on the other hand, propose that fluid advection
from the conduit to the surface is facilitated by pressure-controlled mechanisms, mainly
by the opening and closure of cracks associated with altered rocks due to variable pore
and confining pressures in the subsurface. However, neither of these studies on ballistics
provide quantitative data on the mineralogy or microimaging evidence needed to define
the degree of alteration or assess the relative effects of complimentary alteration processes
like dissolution and secondary mineral precipitation. To determine how hydrothermal
alteration affects the petrophysical properties of host rocks at Whakaari and the overall
volcano dynamics requires a quantitative study of both the mineralogy and fluid pathways
in samples displaying a range of alteration degrees. Furthermore, these samples need to
represent the different lithologies in the volcano, and the petrophysical properties need
to be measured at pressure conditions representative of the subsurface.

Determining the corresponding effect of alteration-related petrophysical changes on
geophysical properties is vital to constrain field-scale geophysical inversions. For example,
inversions of ground deformation data rely on the assumptions of the elastic properties
of rocks in the subsurface (M. J. Heap et al., 2020a). Inversions of ground deforma-
tion data at Whakaari have the underlying assumption that the deforming medium is
elastic, homogenous, and isotropic with Young’s modulus of either 30 GPa (Fournier &
Chardot, 2012; Peltier et al., 2009) or 2.5 GPa (Fournier & Chardot, 2012). But there
is a paucity of lab-based constraints on the effect of hydrothermal alteration on such
properties (M. J. Heap et al., 2020a). At Whakaari, the only known elasticity data are
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of surficial andesitic lavas and tuffs from M. J. Heap et al. (2015) whose Young’s moduli
range from 21.3-38.2 GPa and 0.7-8.7 GPa, respectively (M. J. Heap et al., 2015). Petro-
physical and elastic properties of altered rocks have been studied at other volcanoes and
geothermal regions in the Taupō volcanic zone.

Mordensky et al. (2018) observe an advanced argillic alteration-related decrease in
Young’s moduli of andesites whereas an increase in the modulus of breccias from Pin-
nacle Ridge on Mt. Ruapehu. Durán et al. (2019a) also observe an increase in elastic
moduli of tuffs from the Ngatamariki Geothermal Reservoir due to phyllic-propylitic al-
teration. M. J. Heap et al. (2020b) observed that silicification increased Young’s modulus
of the Ohakuri ignimbrite, but alteration to clay minerals did not have a significant in-
fluence on its Young’s modulus. In rocks from the Ngatamariki, Rotokawa, and Kawerau
geothermal fields, Wyering et al. (2014) observed an increase in compressional wave ve-
locities of rocks with chloritic alteration compared to smectite alteration at atmospheric
conditions. They observe that Young’s modulus of these rocks follows the expected trend
with porosity and conclude that hydrothermal alteration does not significantly alter the
expected relationships between physical and mechanical or elastic properties. These stud-
ies, however, focus on alteration to smectite or kaolinite clays (M. J. Heap et al., 2020b;
Mordensky et al., 2018, 2019; Wyering et al., 2014), calcite, muscovite, epidote, pyrite,
illite, chlorite, adularia, quartz, zeolites (Durán et al., 2019a; M. J. Heap et al., 2020b;
Wyering et al., 2014). Such secondary mineral assemblage is representative of alteration
in a neutral-alkaline environment (Figure 1.2).

At Whakaari, the highly acidic fluids in the subsurface environment inhibit the for-
mation of such secondary mineral assemblage and instead favor the precipitation of sec-
ondary alunite and cristobalite. Clays occur in low proportion at Whakaari as indicated
by the low conductivity (generally <30 × 10−4 Sm−1) (Ghorbani et al., 2018; Revil et al.,
2020) and less than 10% kaolinite observed (M. J. Heap et al., 2017a) in Whakaari rocks.
Revil et al. (2020) developed an index to map hydrothermal alteration using porosity
and cation exchange capacity of soft volcanic rocks, linking it to rock permeability and
strength. The cation exchange capacity is, however, predominantly dependent on clay
content (Revil et al., 2017). Given the lack of accompanying mineralogical data in Revil
et al. (2020) and the generally low proportion of clay minerals observed at Whakaari
(Miller et al., 2020), the rock cation exchange capacity and matrix conductivity may not
serve as accurate indicators of hydrothermal alteration at Whakaari.

Another geophysical technique widely used to monitor volcanoes and identify hy-
drothermally altered regions is magnetic surveying (Finn et al., 2001; Kereszturi et
al., 2020). Current knowledge on how alteration affects magnetic properties of vol-
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canic rocks comes from mid-ocean ridge basalts (Xu et al., 1997; Wang et al., 2020),
seafloor hydrothermal systems (Fujii et al., 2015, 2018), geothermal fields (Pandarinath
et al., 2019), and mineralized porphyry systems (Byrne et al., 2019). These studies, in
general, associate hydrothermal alteration with reduced magnetization. Almost all alter-
ation types, except potassic, which involves magnetite creation, are commonly associated
with reduced magnetization (Clark, 2014; Riveros et al., 2014; Tapia et al., 2016). At
Whakaari, Hurst and Christoffel (1973) measured the magnetization and magnetic sus-
ceptibility of four samples to be in the range of 3.7 to 10.1 A/m and 6.5 × 10−3 to 1.3
× 10−2 (SI), respectively. Woodward and Mumme (1993) measured a further 26 surficial
samples from Troup Head, Pinnacle Head, Crater Bay, North Head, Crater floor, and the
northern and southern crater wall of Whakaari. They observed that fresh andesitic lavas
have high magnetization (up to 20 A/m) while altered andesites and phreatomagmatic
deposits have low magnetization (<1 A/m). These data have led to the high magne-
tization observed in the crater floor during the aeromagnetic survey being interpreted
as fresh andesitic flows and sills (Woodward & Mumme, 1993). These studies (Hurst
& Christoffel, 1973; Woodward & Mumme, 1993), however, do not have accompanying
data on the degree of alteration of the rocks studied and do not include all the lithologies
(tuffs, breccias, lavas) that occur in Whakaari. At Mt. Ruapehu, Kereszturi et al. (2020)
observed reduced magnetic susceptibility in hydrothermally altered rocks compared to
fresh rocks and used this relation to interpret field-scale aeromagnetic data. But how
natural remanent magnetization, another vital component of magnetization, is affected
by the alteration remains unknown. To help accurately interpret field-scale results, there
is a need to systematically evaluate how hydrothermal alteration progressively affects the
magnetic properties, both induced and remanent magnetization, of all the lithologies at
a laboratory scale.

1.4 Sampling of variably altered volcanic rocks

To advance the current knowledge on the topic, this thesis studies the petrophysi-
cal and geophysical properties of variably altered volcanic rocks from Whakaari and
Mt. Taranaki. The samples studied were collected from Whakaari’s crater floor, Mt.
Taranaki’s summit dome area, block and ash flow deposits, and debris avalanche de-
posits over three field-works. These field works were performed targeting potentially
altered samples that could be collected safely. The sample locations are shown in Fig-
ure 1.4.

From Whakaari, eighteen large blocks were collected comprising lavas, tuffs, and
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breccias ejected as ballistics from the conduit during the 2016 eruption and vesicular
lava and sulfur flow from the surface outcrops. Overall, these samples are representative
of the surface and subsurface lithologies of the conduit. Between 1-5 cylindrical cores
(2.54 cm diameter and 2.2 cm length) drilled from each block summing to 45 samples are
studied in this thesis (Figure 1.5).
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Figure 1.4: Sampling locations of variably altered volcanic rocks from (a) Whakaari and
(b) Mt. Taranaki. From Whakaari, the samples include ballistic lavas, tuffs and breccias
(diamonds), surficial vesicular lavas, and sulfur flows (crosses). From Mt. Taranaki, the
samples include lavas from the summit dome area (triangles), lava clasts from block and
ash flow deposits (circles), and lava clasts from debris-avalanche deposits (squares). Map
source: (LINZ, 2021)

From Mt. Taranaki, twenty-four large sample blocks of lavas were collected from
outcrops near the summit dome, clasts from block and ash flow deposits in Maero stream,
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and clasts from roadside debris-avalanche deposits on the western side of Mt. Taranaki.
For comparison, ten fresh lavas collected by Zorn et al. (2018) from the summit dome and
clasts from block and ash flow deposits in Maero stream and Pyramid Stream are also
used. A cylindrical core (2.54 cm diameter and 2.2 cm length) drilled from each sample
block summing to 34 samples are studied in this thesis (Figure 1.6). The precise length
of the samples, 2.2 cm, was chosen based on requirements for magnetic measurements.

M-Tuff H-Tuff

FS-Lava M-Lava H-Lava

M-Breccia H-Breccia

FS-Sulfur flow FS-Vesicular lava

Figure 1.5: Photos of select samples from Whakaari showing the various conduit-filling
(lavas, tuffs, breccias) and surficial (sulfur flows and vesicular lavas) lithologies investi-
gated in this thesis. The suffixes indicate fresh to slightly altered (FS), moderately altered
(M), and highly altered (H). All cylindrical cores are on average 2.54 cm in diameter and
2.2 cm in length.
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Figure 1.6: Photos of lavas from Mt. Taranaki investigated in this thesis. These include
lavas from the summit dome area and lava clasts from the block and ash flow and debris
avalanche deposits. The suffixes indicate fresh to slightly altered (FS), moderately altered
(M), and highly altered (H). All cylindrical cores are on average 2.54 cm in diameter and
2.2 cm in length.

1.5 Aims and objectives

The overarching goal of this thesis is to establish links between acid-sulfate hydrothermal
alteration-related petrophysical changes in volcanoes and their geophysical properties to
inform volcano imaging and monitoring. To achieve this goal, the petrophysical and
geophysical properties of variably altered volcanic rocks fromWhakaari and Mt. Taranaki
are studied in this thesis. The specific aims of this thesis are listed below and summarized
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in Figure 1.7.

1. To determine how hydrothermal alteration changes the petrophysical
properties of volcanic rocks, by

(a) Determining their mineralogy and quantifying their hydrothermal alteration
intensity.

(b) Measuring their porosity and permeability at atmospheric conditions and, in
select cases, under pressures representative of subsurface conditions.

(c) Examining how hydrothermal alteration changes the fluid pathways through
the rocks.

2. To understand how these petrophysical changes can affect volcanic dy-
namics, by

(a) Determining the overall influence of alteration-related petrophysical changes
and subsurface pressures on fluid pathways.

(b) Theorizing how such changes might influence predisposition to eruptions in a
broader context.

(c) Theorizing whether these changes would influence volcano stability.

3. To determine the corresponding geophysical signatures of variably al-
tered volcanic rocks and inform volcano monitoring, by

(a) Developing a dataset of corresponding elastic and magnetic properties of the
variably altered volcanic rocks.

(b) Identifying underlying petrophysical properties that influence these geophysi-
cal signatures.

(c) Using key observations of the relationship between petrophysical and geophys-
ical properties to inform geophysical data interpretation at active volcanoes.
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Figure 1.7: Overview of the aims of this thesis.

1.6 Thesis overview

This thesis consists of six chapters, including this Introduction. These chapters together
address the aims of this thesis (Section 1.5) to advance the topic of geophysical signatures
of hydrothermal alteration for volcano monitoring. Chapter 2 describes the petrophysical
and elastic properties of variably altered samples from Whakaari and how they affect
volcano dynamics. Chapter 3 describes the magnetic properties of these samples and
discusses plausible underlying causes for the observed magnetization. Chapter 4 describes
the petrophysical, elastic, and magnetic properties of samples from Mt. Taranaki and
discusses the implications for volcano slope stability. Chapter 5 draws key findings from
the previous three chapters and discusses them in a broader context on how hydrothermal
alteration changes the petrophysical properties of volcanic rocks, the corresponding effect
on volcano dynamics, and implications for geophysical monitoring. Lastly, Chapter 6
provides final remarks on the contribution of this thesis and avenues for future research.
Below I provide a glimpse of the contributions of this thesis.

Scientific Contributions

• Key findings from Chapter 2

– In volcanic conduits, lavas undergo net dissolution and tuffs net secondary
mineral precipitation.

– The stiffness of conduit-filling lavas decreases and tuffs increases due to alter-
ation.
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– Inherently porous and permeable tuffs, when compacted and highly altered,
can form seals within volcanic conduits.

• Key findings from Chapter 3

– Natural remanent magnetization dominates induced magnetization in volcanic
rocks from Whakaari.

– Hydrothermally altered lavas can carry higher remanent magnetization than
fresh lavas.

– Both induced and remanent magnetizations should be used to constrain field-
scale data.

• Key findings from Chapter 4

– Hydrothermal alteration changes the crystallinity and mineralogy of lavas and
fluid pathways through them.

– Natural remanent magnetization generally dominates induced magnetization
at Mt. Taranaki. Sometimes, however, natural remanent magnetization is
similar or lower than induced magnetization.

– Rock stiffness and thus strength do not always decrease with increasing de-
gree of alteration; the type of secondary mineral assemblage can also be an
important controlling factor.

Data and Methods

A dataset of petrophysical and corresponding elastic and magnetic properties of 79 vari-
ably altered volcanic rocks is developed in this thesis. These include data on rare samples
from Whakaari’s conduit ejected as ballistics and, to our knowledge, the first set of mea-
surements on altered rocks from Mt. Taranaki. These data are available on the open-
access platform figshare for future use (see Data Availability for details). The method-
ological contributions of this thesis include a workflow (Appendix B) to characterize the
mineralogy and amorphous content of rocks systematically using X-ray diffraction (XRD)
analysis and AMORPH (M. Rowe & Brewer, 2018) and determine the hydrothermal al-
teration intensity of the samples. Following this workflow will help maintain consistency
and reproducibility while analyzing XRD data, which is otherwise highly prone to user-
related inconsistencies.
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Publications

The research conducted in this thesis have been published as two peer-reviewed journal
articles in Geophysical Research letters (Kanakiya et al., 2021a, 2021b). The full citations
for two articles consisting results of Chapter 2 and Chapter 3 of this thesis are provided
below.

• Chapter 2: Kanakiya, S., Adam, L., Rowe, M. C., Lindsay, J. M., and Esteban, L.
(2021). The role of tuffs in sealing volcanic conduits. Geophysical Research Letters,
48, e2021GL095175. https://doi.org/10.1029/2021GL095175

• Chapter 3: Kanakiya, S., Turner, G. M., Rowe, M. C., Adam, L., and Lindsay, J.
M. (2021). High remanent magnetization measured in hydrothermally altered lavas.
Geophysical Research Letters, 48, e2021GL095732. https://doi.org/10.1029/

2021GL095732

Results of Chapter 4 are in preparation for submission to a peer-reviewed journal.
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Chapter 2

The role of tuffs in sealing volcanic
conduits

2.1 Introduction

Hydrothermal alteration by SO2-rich fluids governs the physicochemical properties of
stratovolcanoes worldwide (Mayer et al., 2016; Zimbelman et al., 2005). As these flu-
ids alter the conduit rocks, inevitable changes in rock porosity and permeability can
limit outgassing and promote explosive volcanic behavior. This was observed at Poás
volcano (Costa Rica), where the formation of a pressurized hydrothermal seal by sec-
ondary mineral precipitation and volatile accumulation limited SO2-emissions for two
years and triggered the 2017 phreatomagmatic eruption (de Moor et al., 2019). Similar
hydrothermal sealing driven by acid-sulfate alteration also played a role in triggering
phreatic and phreatomagmatic eruptions at Soufrière Hills (Montserrat) (Edmonds et
al., 2003) and Ontake (Japan) (Stix & de Moor, 2018). At Whakaari-White Island vol-
cano (New Zealand), a partially sealed hydrothermal system is implied to have played
a role in the recent 2019 and past eruptions (Burton et al., 2021; Christenson et al.,
2017). However, mineralogical and microimaging evidence of such sealing and its evolu-
tion for different lithologies within the conduit is lacking. Moreover, the effect of such
hydrothermal processes on the fluid flow and elastic properties of conduit-filling rocks
remains unconstrained, despite being of paramount importance for accurately inverting
geophysical data to understand volcano pressurization.

The development of an effective seal requires conduit rocks with low porosity and low
permeability that limit outgassing and favor fluid accumulation and pressure build-up
(Stix & de Moor, 2018). So far, experimental studies on the effects of alteration on
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porosity and permeability of volcanic rocks have been mainly based on surface-collected
rocks and show conflicting observations. For example, pore and fracture filling secondary
minerals in lavas (M. J. Heap et al., 2017a, 2019) and tuffs (M. J. Heap et al., 2017a)
can help develop a seal. However, the higher porosity observed in altered andesitic lava
(Farquharson et al., 2019; M. J. Heap et al., 2019; Mordensky et al., 2018), and pyroclasts
(Mayer et al., 2016; Pola et al., 2012) show that alteration can also promote dissolution
and hinder the formation of a seal. Studies on samples from the volcanic conduit are
rare. Hedenquist et al. (1993) and Kennedy et al. (2020) studied a set of fresh and al-
tered ballistics from Whakaari. However, these studies lack insights into the quantitative
mineralogy and microimaging of the ballistics to clearly define the degree of rock alter-
ation and estimate the relative effects of dissolution and secondary mineral precipitation
on the different conduit-filling lithologies. Furthermore, Kennedy et al. (2020) suggest
that pressure-controlled mechanisms, via the opening and closing of fractures, drive fluid-
advection through the conduit. But how macropores in the conduit-filling lithologies are
affected by alteration and subsurface pressures and their role in controlling fluid flow still
remains to be studied.

We investigate the effect of hydrothermal alteration on fluid pathways and stiffness
of variably altered lava, tuff, and breccia from Whakaari volcano’s conduit at realistic
subsurface pressures. We perform a unique and thorough mineralogical and microimag-
ing analysis of these samples to define their type and degree of hydrothermal alter-
ation. By studying variable lithologies and alteration degrees, we propose a conceptual
model on how a seal is built or destroyed in a hydrothermally active volcanic conduit.
Whakaari is New Zealand’s most active volcano. Its dynamically active hydrothermal
system (Giggenbach et al., 2003) results in a modern history dominated by phreatic and
phreatomagmatic eruptions (Dempsey et al., 2020; Kilgour et al., 2019, 2021; Mayer et
al., 2015), with its most recent eruption in 2019 resulting in tragic loss of life (Dempsey
et al., 2020). A magma source 0.8-1 km deep (Jolly et al., 2018) drives Whakaari’s hy-
drothermal system by circulating hot magmatic fluids (Miller et al., 2020; Christenson
et al., 2017) and meteoric water through the subsurface rocks. We systematically inves-
tigate 45 samples with varying intensity of acid-sulfate alteration that include lava, tuff,
and breccia ejected as ballistics from the conduit during the 2016 eruption and vesicular
lava and sulfur flow from surface outcrops. Our results show that inherently porous and
permeable tuffs, when highly altered, can form low porosity, low permeability zones in the
conduit. The high pore-filling alteration in tuffs and compaction under subsurface pres-
sures could reduce the conduit’s overall permeability and aid in pressurizing the conduit.
Our study provides constraints for ground deformation and seismicity interpretations of
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acid-sulfate altered volcanic conduits.

2.2 Materials and Methods

2.2.1 Sampling

Eighteen large blocks of variably altered volcanic rocks were collected from the crater floor
of Whakaari. These blocks include lava, tuff, and breccia ejected as ballistics from the
conduit during the 2016 eruption and vesicular lava and sulfur flow from surface outcrops.
Overall, these samples are representative of the surface and subsurface lithologies of the
conduit. Between 1-5 cores were drilled from each block to capture the heterogeneity of
alteration, summing to 45 samples (2.54 cm diameter and 2.2 cm length). Representative
adjacent sections of these cores were powdered for X-ray diffraction (XRD) analysis and
thin sectioning to determine their hydrothermal alteration intensity and mineralogy. A
summary of reference ID of samples (Table A.1) and the sampling locations (Table E.1)
are provided in the Appendices.

2.2.2 Quantification of hydrothermal alteration intensity

Hydrothermal alteration intensity of the samples was thoroughly determined by XRD
and cross-verified independently with backscattered-electron imaging (BSE) and energy
disperse spectroscopy (EDS). XRD data were acquired on powdered samples using PAN-
alytical Empyrean X-ray Diffractometer (CuKα, 40 mA, 45 kV, 0.5o fixed divergence slit,
step-scan from 5o to 70o 2θ at 0.013o 2θ increments, 97.92s per step). The raw XRD
patterns were analyzed using HighScore Plus software (Panalytical, 2012) in conjunction
with thin section analysis. Crystalline mineral phases were identified by comparing raw
XRD patterns to reference patterns from the Crystallography Open Database (COD)
(Gražulis et al., 2020) and quantified using Rietveld refinement. This method minimizes
the difference between the observed XRD pattern and that calculated from the crystal
models of individual phases using a nonlinear least-square fit. A fit was considered good
when the model explained all major peaks with a goodness of fit statistic less than 4. In
some samples with more phases, a goodness of fit less than 7 was also considered accept-
able. Relative amorphous phase contents were quantified using the AMORPH program
(M. Rowe & Brewer, 2018) and calibrated with known volcanic glass calibration stan-
dards (Figure B.1). Amorphous phases were classified as primary, secondary, or a mixture
of both, based on the skewness results from AMORPH. Samples with a gaussian curve
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were classified to have primary volcanic glass. Samples with curves skewed at 22o 2θ with
skewness above 0.2 were considered to have secondary amorphous silica/aluminosilicates
(Figure B.2). Phases identified from XRD analysis were independently verified by per-
forming BSE-EDS analysis on the thin sections. Based on the amount of secondary
phases, the samples were categorized as fresh to slightly altered (0-5%), moderately al-
tered (5-40%), and highly altered (>40%). A step-by-step workflow of the methodology
followed is provided in appendices (Figure B.3) to allow reproducibility. The raw XRD
patterns are available in the data repository (see Data Availability). Data from phase
quantification for all samples and BSE images are available in the appendices, Table E.5
and Section E.5, respectively.

2.2.3 Fluid pathways

Fluid pathways through the (dry) samples were quantified by measuring their connected
porosity using a nitrogen gas porosimeter from Vinci Technologies (Poroperm) at atmo-
spheric pressure. This instrument measures the porosity by isothermal nitrogen expansion
and applying Boyle’s law and Charles’ law (Technologies, 2022). In addition, nitrogen
gas connected porosity of 12 dry samples was measured under effective pressure from 3
to 55 MPa using a multi-stage approach. This range of pressure illustrates the evolution
of fluid pathways with subsurface depths of up to 3-4 km, and the measurements were
performed at effective hydrostatic pressures: 3 MPa, 7 MPa, 14 MPa, 21 MPa, 28 MPa,
34 MPa, 41 MPa, 48 MPa, and 55 MPa (Figure C.1). Vesicular lava samples were weak
and were thus measured only up to 41 MPa. The multi-stage approach used involved
raising the confining pressure acting on the sample and then unloading to the previous
effective pressure and then to a reference pressure (3 MPa) where the change in porosities
is monitored to identify the onset of inelastic compaction (Figure C.1). An effective pres-
sure was considered to have exceeded the elastic limit of the sample if, upon unloading
to 3 MPa, a > 2% porosity difference was observed compared to the initial porosity mea-
surement at 3 MPa. Nitrogen gas connected porosity and permeability of an additional
five dry lava and tuff samples were measured under pressure. These measurements were
performed using a porosimeter and permeameter AP608 from CoreTest by pycnome-
ter method for porosity and pulse-decay method for permeability with a constant pore
pressure at 1.7 MPa while increasing the overburden pressure from 5 to 57 MPa. Data
from porosity and permeability measurements of these samples and associated standard
deviations are available in the Appendices (Table E.7).
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2.2.4 Elasticity (Stiffness)

The rock’s elastic properties were computed in terms of dynamic Young’s moduli (stiff-
ness). P- and S-wave data for all dry samples were acquired at atmospheric pressure
using ultrasonic transducers (0.5 - 1 MHz). The wave speeds were computed by dividing
the length of the sample by the P- and S-wave arrival times. In addition, P-and S-wave
data of 5 samples were obtained under effective hydrostatic pressure to illustrate the
evolution of stiffness with depth. These measurements were made up to 7 MPa under
dry conditions and up to 52 MPa effective pressure under water-saturated conditions
at a constant pore fluid pressure of 3.4 MPa. To represent realistic volcano conditions,
one highly altered tuff sample was also measured at varying pore fluid pressures (1.7 to
20.7 MPa) and effective pressures up to 53 MPa. Care was taken to account for hystere-
sis before each measurement. Arrival times of P-and S-wave data under pressure were
picked using the poropyck program (Durán et al., 2019b). The dynamic Young’s moduli
(E) was computed from P-(Vp), and S-wave (Vs) speeds and dry bulk density (ρ) using
equation 2.1.

E =
ρVs

2(3Vp
2 − 4Vs

2)

(Vp
2 − Vs

2)
(2.1)

Dynamic young’s moduli are computed only until effective pressures at which the
onset of inelasticity occurs, that is, as low as 14 MPa in tuffs and 28 MPa in lavas. The
data of P-wave velocity, S-wave velocity, dynamic Young’s moduli, and the associated
standard deviations of each sample are available in the appendices (Table E.14).

2.3 Results and Discussion

2.3.1 Acid-sulfate alteration in the conduit

The conduits of stratovolcanoes with a history of phreatic and phreatomagmatic erup-
tions, including Whakaari, are likely to have a complex breccia-filled structure (Kennedy
et al., 2020), similar to diatremes (Valentine & White, 2012; J. White & McClintock,
2001; J. White & Ross, 2011) (Figure 2.1a). The upper conduit is composed of bed-
ded tuff with some tuff breccia underlain by relatively massive tuff breccia (Valentine &
White, 2012; J. White & McClintock, 2001; J. White & Ross, 2011). The tuff breccia
consists of lava and breccia clasts from reworked pyroclasts hosted in a tuff matrix. Our
mineralogical analysis shows that in Whakaari’s conduit, rock-fluid reactions increas-
ingly replace or dissolve the primary minerals of lava, tuff, and breccia to form secondary
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minerals (Figure 2.1b).
The secondary mineral assemblage of alunite ± silica ± anhydrite ± clays ± pyrite ±

amorphous phases (silica/aluminosilicates) is indicative of acid-sulfate alteration by hot
(<400oC) SO2-rich fluids (Hedenquist et al., 1993; Zimbelman et al., 2005). The SO2-rich
fluid environment in Whakaari’s conduit is also evident from the formation of sulfur flow
sublimates near fumaroles that are primarily composed of native sulfur with some detrital
silica grains entrapped (Figure 2.1b). These fluids first form secondary cristobalite and
tridymite in a highly acidic environment (pH<2) (Stoffregen, 1987). Upon relative neu-
tralization (2<pH<6), they further replace or dissolve primary phases to form secondary
alunite, anhydrite, pyrite, and clays (Zimbelman et al., 2005) as observed in our highly
altered lava, tuff, and breccia samples (Figure 2.1b). These highly altered samples, espe-
cially tuffs, are diverse in composition compared to previous observations of acid-sulfate
altered surface outcrops (M. J. Heap et al., 2015, 2017a) and ballistics (Hedenquist et
al., 1993; Kennedy et al., 2020) at Whakaari.

The secondary mineralogy observed here is in contrast to the mineralogy of chlorite,
epidote, and smectite observed in the geothermal reservoirs of Taupo Volcanic Zone
(Durán et al., 2019a; Wyering et al., 2014). This is likely due to the acidic nature of
fluids at Whakaari compared to near-neutral thermal waters observed in other long-lived
geothermal systems (Giggenbach et al., 2003). Secondary minerals similar to Whakaari
have also been observed in phreatic/phreatomagmatic ejecta of other volcanoes that
have undergone acid-sulfate alteration (Ikehata & Maruoka, 2016; Del Moro et al., 2011;
Boudon et al., 1998). From a mineralogical perspective alone, acid-sulfate alteration
forms similar secondary minerals in the conduit irrespective of the rock type (Figure 2.1b).
However, based on where these secondary minerals form (pores, fractures, or replacing
primary minerals), the fluid pathways through these rock types and rock stiffness can
differ drastically.
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Figure 2.1: (a) Schematic of Whakaari’s hydrothermal system. Fluids from degassing
magma ( 0.8-1 km deep (Jolly et al., 2018)) mix with meteoric water and alter lavas, tuffs,
and breccias in the conduit. (b) The phase composition of representative samples with
variable alteration as determined by X-ray diffraction analysis. Bars represent major
volumetric phase compositions, adding to 100%. (FS) Fresh to slightly altered samples
are mainly composed of primary phases. Secondary phases increasingly replace primary
phases in moderately (M) and highly (H) altered samples. Underlying data for all samples
are provided in a tabular form in the appendices (Table E.5).

2.3.2 Evolution of fluid-pathways and stiffness in conduit rocks

From connected porosity data (Figure 2.2a) and backscattered-electron (BSE) images
(Figure 2.3), we observe contrasting changes in fluid pathways through lava and tuff
with increasing alteration. Fresh to slightly altered lavas have low porosity from fractures
(φ=2%), and secondary minerals are limited (<3-5%) to those partially filling these frac-
tures. Secondary minerals are widespread (11%-43%), replacing primary minerals (e.g.,
plagioclase, pyroxene) and partially filling pores and fractures in moderately and highly
altered lavas. Despite these pore and fracture-filling secondary minerals, the moderately
and highly altered lavas have higher porosity (φ=7%-16%) from a combination of pri-
mary and secondary (dissolution) pores and fractures. We thus infer that with increasing
acid-sulfate alteration in the conduit, fluid-pathways are created in lava blocks by net

27



dissolution. As lavas inherently have low porosity and permeability, SO2-rich fluids pri-
marily alter them by developing pathways to flow through. Net dissolution of lava with
increasing acid-sulfate alteration is also supported by observations of higher porosity and
lower density of altered andesitic lavas from Whakaari (Kennedy et al., 2020; Hedenquist
et al., 1993), Kuril-Kamchatka island (Julia et al., 2014), Campi Flegrei (Italy) (Pola et
al., 2012), and Mt. Ruapehu (New Zealand) (Farquharson et al., 2019).

In contrast to lavas, we observe an opposite trend in the inherently porous and per-
meable tuffs through which fluids can readily flow. Moderately altered tuffs have high
porosity (φ=39%-41%), with secondary minerals (≈13%) filling pores and fractures and
partially replacing some primary minerals (e.g., replacement by silica). However, in
highly altered tuffs, secondary minerals (96%-100%) replace most of the primary miner-
als and infill pores and fractures (Figure 2.2 and 2.3), reducing porosity to approximately
20%. Moreover, we observe that the complete replacement of primary minerals and high
infilling of pores and fractures changes the tuff’s texture from consolidated grains to a
coherent lava-like mass with micropores (Figure 2.3). Measurements on select samples
show that the permeability of highly altered tuff is two orders of magnitude lower than
moderately altered tuff (Figure 2.2b) and equal to moderately altered lavas. We thus
infer that fluid pathways reduce with increasing acid-sulfate alteration in conduit tuffs.
Previous studies on tuffs (M. J. Heap et al., 2017a; Kennedy et al., 2020; Revil et al.,
2020) hint towards pore-filling secondary minerals reducing their porosity and perme-
ability but provide little mineralogical and microstructural evidence for how this might
vary with progressively increasing acid-sulfate alteration. Our results show that in terms
of fluid pathways alone, highly altered tuffs can form coherent, low porosity, and low
permeability zones within the conduit.

In breccias, alteration-related porosity changes are between that of lava and tuff
due to their inherent heterogeneity. With increasing alteration, fluid-pathways could be
created or destroyed by competing dissolution and precipitation processes, respectively.
The high amount of secondary mineral precipitation observed in the breccias can limit
the fluid pathways (Figure 2.1b). However, given their fractured structure, breccias
are likely to contribute to fluid pathways in the conduit, which ultimately outgas at
surface fumaroles. Our findings of a higher amount of secondary mineral precipitation in
tuffs and breccias are consistent with observations from the drill cores of the Newberry
Volcano, where Bargar and Keith (1999) find pervasive secondary mineral precipitation in
interflow breccias and volcaniclastic layers where initial permeability was highest. Over
time, tephra from new eruptions will bury surface lithologies, such as the low-porosity
(φ=7%-10%) sulfur-flow sublimates, locally reducing pathways for fluids to outgas. High
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porosity vesicular lava (φ=54% to 76%), once buried, would be crushed and become zones
of unconsolidated grains that will likely assist fluid flow (Figure 2.2).

Porosities discussed above are at surface conditions. With increasing lithological
pressure (depth), porosities decrease due to elastic and inelastic compaction by pore
collapse (Figure 2.2). Overall, depth-dependent reductions in fluid-pathways are higher
in high-porosity rocks, predominantly affecting tuffs via inelastic compaction beginning
as low as 14 MPa (< 1 km). Such inelastic compaction is also observed in tuffs from
Campi Flegrei (M. J. Heap et al., 2014), surficial tuffs from Whakaari (M. J. Heap et
al., 2015) and the Alban Hills tuffs (Zhu et al., 2011) where pore collapse is the inferred
mechanism (Wong & Baud, 2012).
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Figure 2.2: (a) Connected porosity of selected samples with pressure conditions showing
the dissolution of lavas and sealing of tuffs by secondary minerals. Solid grey lines
represent one standard deviation error bar. Values in blue are the effective pressure
(MPa) at which the rock’s porosity begins to reduce inelastically by inferred cataclastic
pore collapse. (b) Permeability of select samples with pressure showing that highly
altered tuffs and moderately altered lavas can have similar permeabilities. Permeability
error is smaller than the symbols. The prefixes denote the alteration intensity of the
samples as in Figure 2.1. Underlying data for all samples are provided in a tabular form
in the appendices (Table E.7).

Porosity is the first-order control on elasticity (stiffness) of rocks (Winkler & Mur-
phy, 1995). Thus, the evolution of fluid pathways by acid-sulfate alteration and pore
compaction influences the conduit’s stiffness. With increasing alteration, the dynamic
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young’s moduli (E) decreases from 62 GPa in fresh to slightly altered lavas to 24 GPa in
highly altered lavas due to primary and secondary porosity created by the dissolution of
primary minerals (Figure 2.4). This observation stands for both dry and water-saturated
lavas. In contrast, the stiffness of tuffs increases with alteration (Figure 2.4). Highly
altered tuffs have E similar to that of highly altered lavas (22 GPa) due to the sealing of
pores by secondary minerals. These E are much higher than surface-collected tuffs from
Whakaari and Campi Flegrei, which average at 1.8 GPa (M. J. Heap et al., 2020a).

Although dynamic E are higher than static experiments (Adelinet et al., 2010; Blake
et al., 2019), the trend of weakening of lava and stiffening of tuffs with alteration is likely
to remain. Alteration-related stiffness changes in breccia are hard to discern due to
their heterogeneous nature, but overall their stiffness is low to moderate due to fractures.
Since Whakaari’s conduit is unlikely to have fresh rocks and is primarily composed of
moderately to highly altered lava, tuff, and breccia, we estimate its stiffness to be low to
moderate, with an average E of 21 GPa. As sulfur-flow sublimates get buried over time,
they will also form low stiffness zones locally due to the low elasticity of native sulfur
(Figure 2.4).
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Figure 2.3: Backscattered-electron images showing the development of secondary pores
via mineral dissolution in lavas, and in contrast, sealing of pores by secondary minerals
in tuffs. All images have the same scale. The prefixes denote the alteration intensity of
the samples as in Figure 2.1.
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Figure 2.4: Distribution of stiffness (Dynamic young’s moduli) of representative samples
showing that acid-sulfate alteration reduces the stiffness of lavas (red dotted line) and
increases the stiffness of tuffs (yellow dotted line). The box and whisker plot elements
represent median (centerline), upper and lower quartiles (box limits), 1.5x interquartile
range (whiskers), outliers (filled large circles), and individual data points (small dots).
Moduli data under effective pressure are up to maximum effective pressure before the
onset of inelasticity occurs, that is, 14 MPa for tuffs and 28 MPa for lavas. The prefixes
denote the alteration intensity of the samples as in Figure 2.1.

2.3.3 Sealing of the volcanic conduit

We propose a conceptual model for stratovolcanoes (Figure 2.5), where acid sulfate al-
teration and compaction of tuffs create partial seals within the volcanic conduit that
can aid pressurization. Over months to years, as hydrothermal fluids navigate the con-
duit, they progressively alter the conduit rocks while degassing at the surface. In the
lower conduit (Figure 2.5a), composed of lava and breccia within a tuff matrix, the flu-
ids create secondary pathways in the lava by net dissolution and fill the pores in the
tuffaceous matrix by net precipitation of secondary minerals (Figure 2.5b). They also
partially fill the macro fractures with secondary minerals. Once the fluids reach the shal-
low porous tuff layers in the upper conduit (Jolly et al., 2012), they begin to seal them as
well. This reduces the overall fluid pathways between the conduit rocks and the surface
(Figure 2.5b).
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Figure 2.5: (a) Schematic of a volcanic conduit. A schematic of lithologies within the red
box is shown in part (b). (b) Schematic showing the evolution of fluid pathways through
tuff, breccia, and lava with hydrothermal alteration. Fresh to slightly altered lithologies
would allow fluid flow. With increasing alteration, lavas undergo net dissolution and
tuffs, net secondary mineral precipitation. Highly altered tuff can form zones of low
porosity and low permeability, restricting fluid flow.

Subsurface pressures further control the fluid pathways within the conduit. Crack
closure due to lithologic pressure will reduce fluid pathways, especially in lithologies
with high aspect ratio pores, like altered lavas and breccias (Kennedy et al., 2020).
The compaction of macropores in tuffs under pressure will also reduce the overall fluid
pathways within the conduit (Figure 2.2). The inelastic compaction is more prominent
in highly porous tuffs, irrespective of the alteration intensities, for effective pressures as
low as 14 MPa, representing < 1 km depth (Figure 2.2). Cataclastic deformation can
trigger pore collapse and shear-enhanced compaction resulting in reduced fluid pathways
(Baud et al., 2000; Zhu & Wong, 1997; Wong & Baud, 2012). We propose that first,
the fresh to moderately altered tuffs compact at shallow depths (< 1 km). Over time,
enhanced sealing due to secondary mineral precipitation develops in the tuffs. Although
lavas undergo net dissolution, precipitation of secondary minerals in their fractures and
microcracks, as well as the closure of many of these compressible pores at subsurface
pressure, aid in the overall reduction in fluid pathways in the conduit.

Other sealing mechanisms, such as high temperatures, typical of volcanic settings,
could also aid in sealing the hydrothermal system by promoting compactant behavior of
the conduit rocks (M. J. Heap et al., 2017b; Kennedy et al., 2010). Elemental sulfur likely
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also plays a role in reducing fluid flow as it accumulates in isolated zones near fumaroles
and beneath the crater floor from the condensation of SO2 and H2S (Christenson et al.,
2017). Increasing temperature melts the sulfur, making it flow and clog porosity, with a
complex viscous behavior (Scolamacchia & Cronin, 2016). Such processes have played a
role in pressurizing Mt. Ruapehu (Christenson et al., 2010).

Overall, acid sulfate alteration and compaction, particularly of tuffs, can create a par-
tially sealed hydrothermal system. Fluids in this system would flow through any unsealed
macro fractures and secondary pathways developed by the dissolution of altered lavas and
breccias. The existence of a partially sealed system is in agreement with the persistent
degassing observed at Whakaari (Burton et al., 2021; Werner et al., 2008). A minor
change in the permeability or overpressure of this partially sealed system could trigger
an eruption (Burton et al., 2021), especially given the lower fragmentation threshold of
tuffs (Spieler et al., 2004). Such changes can occur days to hours before the eruption.
If fluids flow into the conduit at a higher rate, they can fracture the rocks and resonate
in the lower conduit, generating accelerating trends in seismic tremors observed before
eruptions (Chardot et al., 2015; Dempsey et al., 2020; Chouet, 1996; Chouet et al., 1994;
Ogiso et al., 2015; Kato et al., 2015). The partially sealed hydrothermal system and
ductile nature of the tuffs (M. J. Heap et al., 2015) could then lead to fluid pressuriza-
tion. Werner et al. (2008) observed that earthquakes occurred preferentially when the gas
pathways were open, with seismicity being shallow in the upper conduit. We suggest that
the observed decrease in seismicity that follows a high tremor as seen in many eruptions
at Whakaari (Chardot et al., 2015; Dempsey et al., 2020) and other volcanoes (Chouet
et al., 1994; Ogiso et al., 2015) could be indicative of fluid pressurization in the upper
conduit in part due to the development and possibly further compaction of a seal.

Throughout the process of alteration and compaction-related sealing of the volcanic
conduit, the elasticity of the conduit rocks also changes. Ground uplift regularly observed
at Whakaari is considered to be shallow and driven by hydrothermal processes (Fournier
& Chardot, 2012; Peltier et al., 2009; Werner et al., 2008). We suggest that the increased
fluid pressure build-up resulting from tuffs sealing and the continuous magmatic fluid
sourcing drives the uplift. Such ground inflation, however, can also be compensated by
the compaction of tuffs in the upper conduit (Figure 2.2). Our estimates of variably
altered conduit rocks show that the young’s moduli can vary between 5 GPa and 63 GPa
(Figure 2.4). In particular, for tuffs (E=5 GPa-22 GPa), literature estimates significantly
underestimate young’s moduli for dynamic hydrothermal conduits, commonly reported
in the range of 0.7 GPa-8.7 GPa at Whakaari (M. J. Heap et al., 2020a). We thus
recommend the use of our data to constrain field geophysical inversions in acid-sulfate
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altered conduits.

2.4 Concluding Remarks

We conclude that SO2-rich fluids alter lava and tuff in volcanic conduits differently. In
lava, they create fluid pathways by dissolving primary minerals, while in tuffs, they reduce
fluid pathways by sealing them with secondary minerals. The divergent evolution of these
conduit-filling lithologies with alteration can be responsible for partial sealing and further
pressurization of volcanic conduits. Over time, compaction due to subsurface pressures
in highly altered tuffs can further seal the conduit. Based on our findings, identifying
tuffs and their type and degree of hydrothermal alteration using geophysical methods
would help develop forecasting tools for phreatic and phreatomagmatic eruptions.
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Chapter 3

High remanent magnetization
measured in hydrothermally altered
lavas

3.1 Introduction

In volcanic settings, results from aeromagnetic surveys are often used to indicate whether
the underlying rocks are fresh or hydrothermally altered, for example, to assess slope-
stability hazards (Finn et al., 2001; Fujii et al., 2015; Kereszturi et al., 2020; Reid et
al., 2001). Fe-Ti oxides are one of the main magnetic phases in volcanic rocks. As hy-
drothermal fluids alter the host rocks, they dissolve and replace the primary minerals,
including ferrimagnetic Fe-Ti oxides, usually reducing both magnetic susceptibility and
the remanent magnetization of the rock (Fujimoto & Kikawa, 1989; Oliva-Urcia et al.,
2011). This, along with thermal demagnetization within hot hydrothermal zones (Szitkar
et al., 2014), has led several studies to link reduced magnetization intensities with hy-
drothermal alteration. Here we report a contrasting observation from Whakaari (White
Island) volcano in New Zealand, in which some hydrothermally altered lavas show an
order of magnitude higher remanent magnetization than fresh lavas.

Evidence of how hydrothermal alteration influences magnetic properties of volcanic
rocks mainly comes from mid-ocean ridge basalts (Xu et al., 1997; Wang et al., 2020),
seafloor hydrothermal systems (Fujii et al., 2015, 2018), geothermal fields (Pandarinath
et al., 2019), and mineralized porphyry systems (Byrne et al., 2019). All these stud-
ies associate hydrothermal alteration with reduced magnetization. Almost all alteration
types, except potassic, which involves magnetite creation, are commonly associated with
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reduced magnetization (Clark, 2014; Riveros et al., 2014; Tapia et al., 2016). In some
cases, the effect of alteration on the magnetic properties of fresh and altered rocks is
derived by measuring only magnetic susceptibility, from which induced magnetization is
calculated, and this is used to constrain field-scale magnetic data (Byrne et al., 2019;
Caratori Tontini et al., 2012; Kereszturi et al., 2020; Nicolosi et al., 2016). But, the total
magnetization of volcanic rocks is the vector sum of their induced (magnetic susceptibil-
ity multiplied by the local Earth’s magnetic field) and remanent magnetization (Tauxe,
2010).

Thus, if natural remanent magnetization dominates the overall magnetization as ob-
served at Whakaari volcano (Woodward & Mumme, 1993), it is important to understand
how changes with alteration in the composition, concentration, and grain size distribu-
tion of ferrimagnetic minerals contribute to both components of magnetization (Gee &
Kent, 1997; Moskowitz, 1980). In hydrothermal settings, the primary ferrimagnetic min-
erals are likely titanomagnetite or magnetite, which are progressively dissolved (Channell
& Hawthorne, 1990; Wang et al., 2020) or oxidized to titanomaghemite or maghemite
(Johnson & Merrill, 1973). In the presence of SO2-rich fluids, ferrimagnetic or para-
magnetic Fe-sulfides could also be formed depending on the hydrothermal conditions
(Benning et al., 2000).

Here we investigate the magnetic properties of variably altered volcanic lithologies
from Whakaari (White Island) volcano. Whakaari is New Zealand’s most active volcano
with a history of phreatic and phreatomagmatic eruptions (Dempsey et al., 2020; Kilgour
et al., 2019, 2021). A magma source 0.8-1 km deep (Jolly et al., 2018) drives the circula-
tion of hydrothermal fluids through the various conduit-filling lithologies (Christenson et
al., 2017; Giggenbach et al., 2003). The resulting hydrothermal alteration dissolves the
primary minerals of these lithologies and precipitates secondary minerals (Kennedy et
al., 2020) (Chapter 2). In this study, we investigate the induced and remanent magneti-
zation of variably altered conduit-filling and surficial lithologies at Whakaari and provide
plausible causes for the high remanent magnetization observed in the hydrothermally
altered lavas.

3.2 Materials and Methods

3.2.1 Sample description

The sample set consists of forty-two variably altered conduit-filling lithologies: lavas,
tuffs, and breccias ejected as ballistics during the 2016 eruption and vesicular lavas
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and sulfur flow from surface outcrops. Sample collection, as well as characterization
of hydrothermal alteration mineralogy and intensity using X-ray diffraction, petrogra-
phy, backscattered-electron imaging (BSE), and energy dispersive spectroscopy (EDS),
is reported in Chapter 2. Overall, these samples underwent acid-sulfate alteration in
which their primary minerals (plagioclase, pyroxene, volcanic glass, and Fe-Ti oxides)
were consumed to different extents and replaced by a secondary mineral assemblage of
alunite ± cristobalite ± tridymite ± anhydrite ± clays ± pyrite ± amorphous phases
(silica/aluminosilicates) (Chapter 2). Based on the secondary mineral assemblage, it is
inferred that the samples were altered by hot acidic (pH<2-6) fluids at temperatures less
than 400oC (Hedenquist et al., 1993; Pirajno, 2009; Zimbelman et al., 2005). The samples
were classified based on the proportion of secondary phases as fresh to slightly altered
(0-5%), moderately altered (5-40%), and highly altered (>40%). A list of reference IDs
for the measured samples is provided in the Appendices (Table A.2).

3.2.2 Magnetic properties

The intensity of natural remanent magnetization (NRM) and magnetic susceptibility of
the samples were measured using the Agico JR-6A spinner magnetometer and Bartington
MS2B dual-frequency sensor, respectively. The Bartington MS2B dual-frequency sensor
was calibrated using a 10 cm3 sample of 1% Fe3O4. The low field reversible magnetic
susceptibility was measured at low (0.46 kHz) and high (4.6 kHz) frequencies. Temper-
ature dependence of magnetic susceptibility between room temperature and 700o C was
also measured on select, powdered samples (2-3 g), representative of the lavas, using a
Bartington MS2 magnetic susceptibility system and furnace.

The (in-situ) intensity of induced magnetization (Mi) was then computed as Mi =

χ ×H, where χ is the bulk magnetic susceptibility calculated as the average of the low
and high-frequency volume-specific susceptibilities and H is the local geomagnetic field
intensity (H = 42.552 A/m at Whakaari, corresponding to B = 53472.7 nT in 2019
(Alken et al., 2021)). Total magnetization (M ) was computed as the scalar sum of NRM
and Mi. Due to the nature of ballistics, the orientations in which the samples originally
cooled could not be retrieved, so vector addition is not possible. Data from low and high
frequency magnetic susceptibility measurements, intensities of induced, remanent, and
total magnetizations of all samples, and the associated standard deviations are provided
in the Appendices (Tables E.9 and E.10).

Both induced and remanent magnetization depend primarily on the composition and
concentration of the constituent magnetic minerals. The bulk magnetic susceptibilities
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of ferro- and ferri-magnetic minerals such as titanomagnetite, magnetite, maghemite,
greigite, and pyrrhotite are orders of magnitude stronger than those of paramagnetic
minerals such as pyrite. Ferro- or ferri-magnetic minerals are essential for a remanent
magnetization. Grain size also plays a crucial role in the division between remanent and
induced magnetization in a rock, specifically the balance between superparamagnetic
(SPM), stable single domain (SD), and multi-domain (MD) grains, since this affects the
stability of the grain-scale magnetic moments.

The stability of the magnetization carried by an assemblage of identical uniformly
magnetized (i.e., SPM or SD) grains is conventionally described by a relaxation time,
τ , that increases with grain volume and decreases with temperature (Néel, 1949). At
any temperature, e.g., ambient temperature, there is a "blocking" grain volume below
which the overall magnetization decays rapidly (τ <100 s), and the grains are defined as
superparamagnetic (SPM). The magnetic moments of larger grains are stable over longer
time periods, and these grains are termed stable single domain (SD). SD grains become
more stable with increasing volume until it finally becomes energetically favorable to split
into two or more "domains" with different directions of magnetization. Domain walls
move relatively easily in an imposed magnetic field, allowing the total grain moment to
change. It follows that susceptibility (and induced magnetization), which requires rapid
response to an imposed field, is strongest in SPM grains, moderate in MD grains, and
lower in SD grain assemblages. Conversely, remanence is held most strongly in SD grains,
is less stable in MD grains, and SPM grains cannot retain a remanent magnetization.

In this study, susceptibility has been measured using an alternating magnetic field,
which requires the induced magnetization of the sample to alternate with the signal. The
maximum frequency at which a SPM grain moment can alternate decreases with increas-
ing volume (and relaxation time). Hence, the difference between the low frequency and
high-frequency susceptibility measurements is a measure of the SPM grains in a specific
size range close to the SPM/SD boundary (≈ 0.03 µm for spherical magnetite grains).
Grains of other ferrimagnetic minerals should behave similarly, although the SPM/SD
grain size boundary will differ slightly. Frequency dependence of susceptibility, χFD,
(the difference between susceptibilities measured at low and high frequencies expressed
as a percentage of the low-frequency value) has been used extensively in environmental
magnetism to detect SPM grains formed by secondary processes such as pedogenesis,
microbial activity, and burning (Dearing et al., 1996; Torrent et al., 2010). In such cases,
values rarely exceed 14%, with values greater than 10% being taken to indicate a predom-
inance of SPM grains, while values less than 2% indicate primarily SD and/or MD grains
(Dearing et al., 1996). χFD was computed only for samples with magnetic susceptibility
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greater than 0.0001 SI, which can provide reliable dual-frequency data.
To determine the coercivity (ability to withstand demagnetization) spectra of ferri-

magnetic minerals present in the lavas, a fresh to slightly altered, moderately altered,
and highly altered lava were demagnetized using a Molspin alternating field demagne-
tizer. The demagnetization was conducted progressively using peak alternating field steps
starting at 5 mT, then 10 mT, followed by increments of 10 mT up to 80 mT. At each
step, the demagnetization was performed along three perpendicular axes. After each step,
the remaining NRM was measured using the Agico JR-6A spinner magnetometer. Data
from the alternating field demagnetization experiments are provided in the appendices
(Table E.11).

3.2.3 Compositional imaging

The composition of magnetic minerals was identified by analyzing elemental X-ray maps,
BSE, and EDS data. The data were acquired using the JEOL Field Emission Electron
Probe Microanalyser System 8530F at the University of Auckland on eight thin sections of
variably altered lavas, tuffs, and breccias from Chapter 2. X-ray maps of elements Si, Al,
Fe, S, Ti, Na, Mg, P, O, K, Ca and Mn, were acquired for a representative 1.5 × 1.5 mm
area of the thin section. Color composite of Fe-Ti-S maps was then created using Fiji
software (Schindelin et al., 2012) to identify the magnetic phases present in these samples
(Fe-oxides, Fe-Ti oxides, or Fe-sulfides). The BSE images and X-ray maps were also used
to estimate the grain size of magnetic phases in the samples. EDS was used to verify the
composition of some grains imaged using BSE and approximate their Fe/Ti ratio. The
raw X-ray map data are available in the data repository (see Data Availability).

3.3 Results and Discussion

3.3.1 Magnetization intensity

Natural remanent magnetization (NRM) dominates over induced magnetization in all
sampled lithologies (Koenigsberger ratio, Q>1; Figure 3.1a). Overall, we observe a de-
crease in magnetic susceptibility and, therefore, induced magnetization, with increasing
alteration in lavas and tuffs. NRM, on the other hand, varies by about five orders of
magnitude among different lithologies. The surficial, fresh to slightly altered sulfur flows
have low NRM (≤0.01 A/m). As these flows are primarily composed of native sulfur
and detrital silica (Chapter 2), we attribute this to the very low concentrations of ferri-
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magnetic minerals. In surficial vesicular lavas, we observe low (≤0.08 A/m) to moderate
NRM (2.73 A/m - 4.04A/m), the variability of which we attribute to porosity varia-
tions. Vesicular lavas that have lower NRM are highly porous (φ = 61% to 75%) while
those with moderate NRM have a lower porosity (φ = 53% to 62%, porosity values from
Chapter 2).

Among the conduit-filling lithologies, lavas have higher NRM compared to tuffs (Fig-
ure 3.1a). All except one fresh to slightly altered lava also have higher NRM compared
to breccias. In breccias, there is no correlation between NRM and increasing alteration
intensity. Highly altered breccias (0.01-2.48 A/m) can have a higher or lower NRM
than moderately altered breccia (1.13 A/m). For tuffs, however, NRM decreases with
increasing alteration intensity. Highly altered tuffs have lower NRM (≤0.20 A/m) than
moderately altered tuffs (0.76 A/m - 1.42 A/m). In contrast to tuffs, lavas show the
opposite trend between NRM and alteration intensity. Highly and moderately altered
lavas have higher NRM (3.00 A/m - 66.12 A/m) than fresh to slightly altered lavas (1.94
A/m - 3.00 A/m).

The altered lavas have 1-2 orders of magnitude higher NRM even compared to previ-
ously studied fresh lavas from Whakaari by Woodward and Mumme (1993) (Figure 3.1b).
Furthermore, their NRM is also higher compared to the total magnetization of Whakaari
rocks (3.7 to 10.1 A/m) measured by Hurst and Christoffel (1973). Highly magnetized
rocks in Whakaari’s crater were previously interpreted as fresh andesitic flows and sills
(Woodward & Mumme, 1993), but could these instead be altered lavas in the conduit
similar to our samples? Next, we study the magnetic phases within the samples.
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Figure 3.1: Natural remanent and induced (in a field of 42.552 A/m) magnetizations of
(a) all variably altered lithologies sampled from Whakaari (b) only variably altered lavas
shown together with fresh andesitic lavas from Whakaari from Woodward and Mumme
(1993). Grey lines are the Koenigsberger ratios (Q), the ratio of natural remanent to
induced magnetization. The symbols and colors represent the lithologies and alteration
intensity of the samples, respectively. Measurement uncertainties are within the size of
the symbols.

3.3.2 Magnetic phases in conduit-filling lithologies

Different magnetic phases in lavas, tuffs, and breccias are observed from X-ray maps
(Figure 3.2). Fe-Ti oxides and pyroxene are the primary Fe-bearing phases in lavas with
minor traces of Fe-oxides and Fe-sulfides. As pyroxene is paramagnetic, the Fe-Ti oxides,
likely titanomagnetite with some magnetite, are the primary NRM carriers in lavas,
irrespective of the degree of alteration. The presence of titanomagnetite and magnetite
in Whakaari rocks is inferred by Hurst et al. (2004) and also supported by the observed
decrease in magnetic susceptibility of the studied lavas from 390-500oC to close to zero at
580oC, the Curie temperature of magnetite (Figure D.1). Tuffs and breccias mainly have
Fe-sulfides, likely pyrite, pyrrhotite, or greigite rather than Fe-Ti oxides. Fe-Ti oxides
are only observed in one of the investigated highly altered tuffs. The presence of Fe-Ti
oxides and Fe-sulfides in these lithologies indicates complex redox conditions within the
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conduit (Benning et al., 2000; Shi, 1992).
In terms of magnetic phase composition alone, hydrothermal alteration has affected

lavas less than tuffs and breccias. Unlike in lavas, alteration processes have consumed
the primary Fe-Ti oxides in most tuffs and breccias. This might be attributed to the
inherently high hydraulic permeability of tuffs and breccias, which allows hydrothermal
fluids to readily consume the Fe-Ti oxides and precipitate Fe-sulfides, whereas lavas with
low inherent permeability instead undergo net dissolution (Chapter 2).

As the primary minerals in these lavas dissolve, the grain size distribution of Fe-Ti
oxides changes with increasing alteration. The fresh to slightly altered and moderately
altered lavas have Fe-Ti oxides as both phenocrysts and groundmass phases (Figure 3.2).
In comparison, the highly altered lavas only have groundmass Fe-Ti oxides (Figure 3.2).
As a result, the NRM of these variably altered lavas could differ considerably depending
on the Fe-Ti oxide grain size and their ability to retain a remanent magnetization.
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Figure 3.2: X-ray color composite maps of Fe-Ti-S bearing minerals. All maps have the
same scale. The prefixes indicate fresh to slightly altered (FS-), moderately altered (M-),
and highly altered (H-). Fe-Ti oxides (cyan) are the primary magnetic phase in lavas (a-
d). In tuffs, one of the highly altered samples (f) has Fe-Ti oxides as its primary magnetic
phase, while the others (e and g) have Fe-sulfides (pink) as the primary magnetic phase.

The lavas, tuffs, and breccias show an unusually broad range of frequency depen-
dence of magnetic susceptibility (χFD) (Figure 3.3), indicating significant differences in
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the grain size distributions of the ferrimagnetic phases. Overall the highest values of
χFD (>10%) are found in some highly altered breccia samples, which have variable bulk
magnetic properties, and in highly altered tuffs, which have relatively weak bulk suscep-
tibilities and NRM (Figures 3.1 and 3.3). The high χFD of tuffs is noteworthy since,
although both bulk susceptibility and NRM are low compared with the lavas, observa-
tions show they contain mainly Fe-sulfides (Figure 3.2). We interpret the high χFD of
the tuffs as being largely due to ferrimagnetic sulfides, greigite, or pyrrhotite, in a SPM
state.

In lavas, the fresh to slightly altered and moderately altered samples have the highest
bulk susceptibilities and very low χFD (<2%) (Figure 3.3), which, together with X-ray
imaging (Figure 3.2), indicates high concentrations of ferrimagnetic Fe-Ti oxides in the
SD-MD grain size range that carry the moderate to high NRM (Figures 3.1 and 3.3).
The highly altered lavas, despite having a lower bulk susceptibility, retain a strong NRM
and have a markedly higher χFD (≈8%) (Figures 3.1 and 3.3). This indicates that the
highly altered lavas have ferrimagnetic Fe-Ti oxides in the SD-SPM grain size range.
These observations are consistent with the observed decrease in the overall grain size
distribution, from fresh and moderately altered lavas to highly altered lavas (Figure 3.2).
The NRM in highly altered lavas would be carried by the remaining SD grains with the
SPM fraction producing the high χFD. Next, we further discuss the plausible causes of
high NRM in hydrothermally altered lavas.
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Figure 3.3: Frequency dependence of magnetic susceptibility (χFD) plotted against low-
frequency susceptibility for variably altered samples of conduit-filling lithologies, lavas,
tuffs, and breccias. Measurement uncertainties are shown as grey bars. Frequency de-
pendence up to 2% indicates that the magnetic grains present are mainly single domain
(SD) or multi-domain (MD), up to 10% indicates that some of the grains are superpara-
magnetic (SPM), greater than 10% indicates that more than 75% of the magnetic grains
are SPM.

3.3.3 Plausible causes of high remanent magnetization in

hydrothermally altered lavas

Although hydrothermal alteration is often assumed to dissolve primary ferrimagnetic
minerals and reduce both the remanent and induced magnetization of rocks, our results
show that the assumption of altered lavas having lower magnetization than fresh lavas
may not always be true. Altered lavas could carry higher remanent magnetization than
fresh lavas due to one or more of the following: (a) they had equal or higher remanent
magnetization in their initial fresh state due to ferrimagnetic grains that were efficient and
stable NRM carriers, (b) their ferrimagnetic grains were shielded from being consumed
by alteration processes and (c) alteration-related enhancement of ferrimagnetic grains.
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We discuss the feasibility of these in detail below.
High initial remanent magnetization can occur in lavas with a high concentration

of ferrimagnetic Fe-Ti oxides, many of which are fine single-domain grains capable of
carrying stable NRM (Fujii et al., 2018). From our alternating field demagnetization data
and BSE images (Figure 3.4), we observe a difference in both the magnetic coercivity
spectra (ability to withstand demagnetization) and size of Fe-Ti oxide grains between
fresh and altered lavas. Fresh to slightly altered lavas contain mainly large (>1 µm)
Fe-Ti oxide grains with relatively low coercivity and a median destructive field (MDF)
below 10 mT (Figure 3.4a and b). Moderately and highly altered lavas, on the other
hand, contain Fe-Ti oxide grains with higher coercivities and MDFs between 20-25 mT
(Figure 3.4a). The higher coercivity of altered lavas suggests the predominance of fine
sub-micrometer scale, single-domain (SD) Fe-Ti oxide grains in addition to large grains
as observed in the BSE images (Figure 3.4c and d). The presence of SD grains in
altered lavas is also consistent with the observed low to moderate frequency dependence
of magnetic susceptibility (Figure 3.3). Furthermore, a reduction in the effective magnetic
grain size due to the zoning of Fe-Ti oxide phenocrysts in moderately altered lavas could
also contribute to the increased coercivity (Figure 3.4e). Depending on the shape and Ti
content of the fine Fe-Ti oxide grains in altered lavas, they could act as single-domain (or
pseudo-single domain or single vortex) grains at sizes less than 0.1 µm for magnetite and
less than 1-2 µm for titanomagnetite (Butler & Banerjee, 1975; Day et al., 1977). Such
single-domain (and SD-like) grains can be efficient and stable carriers of NRM as also
observed, for example, in fresh lavas from the Okinawa Trough (Fujii et al., 2018). Due
to these efficient NRM carriers, the now altered lavas at Whakaari could have had equal
or higher magnetization in their initial fresh state. When altered, these lavas would have
a higher magnetization than other fresh lavas composed primarily of multi-domain Fe-Ti
oxides and lacking such efficient NRM carriers.
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Figure 3.4: Alternating field demagnetization behavior of variably altered lavas. (a)
NRM/NRMmax decays faster in fresh-slightly altered (FS) lava compared to moderately
(M) and highly altered (H) lavas. Corresponding Zijderveld diagrams are provided in the
supporting information Figure D.2. Grey dotted lines indicate the median destructive
field. (b) Representative backscattered electron images showing that the fresh-slightly
altered lava has mainly multi-domain (MD) Fe-Ti oxide grains (white in images). (c)
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A zoned texture with varying Fe/Ti content is also observed in some grains, reducing
the effective magnetic grain size. Fto: Fe-Ti oxides (subscript indicates the EDS Fe/Ti
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Altered lavas could also retain their high remanent magnetization if their ferrimag-
netic grains carrying the NRM were protected from alteration processes. From BSE
images (Figure 3.5), we observe that large Fe-Ti oxide phenocrysts appear to be con-
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sumed by dissolution, but the fine Fe-Ti oxide grains in the groundmass remain rel-
atively unaffected. As dissolution has been thought to consume fine titanomagnetite
grains faster than larger grains (Channell & Hawthorne, 1990; Xu et al., 1997), our con-
trasting observation indicates that the fine Fe-Ti oxide grains may have been shielded
from dissolution. Zhou et al. (2001) support our observations, where sub-micron-sized
titanomagnetite grains in mid-ocean ridge basalts are shielded from oxidation by the
surrounding interstitial glass. We, therefore, suggest that interstitial glass, given its low
reactivity compared to pyroxene and plagioclase (G. Rowe & Brantley, 1993), protects
fine-grained Fe-Ti oxides in the groundmass from dissolving (Figure 3.5). Furthermore,
if the groundmass Fe-Ti oxide grains were distant from fluid pathways, this would also
prevent them from being dissolved by hydrothermal fluids.
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Figure 3.5: Backscattered electron images of phenocrysts (left) and groundmass (right)
of variably altered lavas. With increasing alteration, the phenocrysts of pyroxene (Px),
plagioclase (Pl), and Fe-Ti oxides (Fto) are dissolved and replaced by secondary silica
(Si). In contrast, small Fe-Ti oxide grains that carry most of the stable NRM remain
unaffected in the groundmass, likely due to interstitial glass (Gl) acting like a protective
layer. The prefixes indicate fresh to slightly altered (FS-), moderately altered (M-), and
highly altered (H-).

A third explanation for the high magnetization could also be an alteration-related
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enhancement in magnetization. While we do not see evidence for this in our data, ferri-
magnetic greigite or pyrrhotite could have precipitated with sulfates in the moderately
and highly altered lavas (Figure 3.2). NRM intensities from 6.8 A/m to as high as
953 A/m have been measured in samples containing pyrrhotite (Honsho et al., 2016). An
oxidizing environment could also enhance titanomagnetite (Johnson & Merrill, 1973).
Compositional iron enrichment is also thought to be a cause for strong crustal magne-
tization on the Terra Cimmeria-Sirenum region of Mars (AlHantoobi et al., 2020; Ojha
et al., 2021). Alteration-related enhancement in magnetization is also thought to have
played a role at the Haughton impact structure where post-impact hydrothermal alter-
ation led to the crystallization of magnetite (Zylberman et al., 2017). Such enrichment
may not be evident in our X-ray maps (Figure 3.2) due to inherent scale limitations
(1.5 mm X 1.5 mm area on thin sections) compared to the sample volume used for the
magnetization measurements (25.4 mm X 22 mm cylindrical cores).

3.4 Concluding remarks

Irrespective of the most likely cause, our data shows that hydrothermally altered re-
gions may not always be associated with reduced magnetization. In particular, lavas
could form areas of strong magnetization in volcanic conduits, even when highly altered.
Given that aeromagnetic data is widely used to identify hydrothermally altered regions
in volcanoes, we urge caution in assuming that only areas of reduced magnetization
could represent hydrothermal alteration. We also urge caution in using only trends in
magnetic susceptibility, and thereby induced magnetization, to constrain field-scale mag-
netic data, especially in volcanoes like Whakaari, where NRM dominates over induced
magnetization.
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Chapter 4

Petrophysical and corresponding
geophysical properties of variably
altered lavas from Mt. Taranaki

4.1 Introduction

Hydrothermal alteration is known to change petrophysical properties such as mineralogy,
porosity, and permeability of volcanic rocks (Farquharson et al., 2015; M. J. Heap et al.,
2019; Mordensky et al., 2019). Such alteration-related changes can often promote volcano
instability by weakening the edifice (Ball et al., 2015; M. J. Heap et al., 2021a; López &
Williams, 1993) or by allowing pore-pressure augmentation (M. J. Heap et al., 2021b).
The resulting destabilization of the volcano poses significant hazards ranging from the
collapse of parts of individual lava domes generating block and ash flows (M. J. Heap et
al., 2019; Ball et al., 2013; Charbonnier & Gertisser, 2008; Rodríguez-Elizarrarás et al.,
1991) to major sector collapses generating debris avalanches (Reid et al., 2001, 2010a;
Voight & Elsworth, 1997; Voight et al., 1983). Collapse-related sudden depressurization
of the system can also trigger explosive eruptions such as that observed at Te Maari,
Tongariro, wherein collapse of hydrothermally altered breccia triggered the 2012 eruption
(Procter et al., 2014). Mt. Taranaki, an andesitic stratovolcano in New Zealand, has a
long-standing history of lava dome and sector collapses (Platz et al., 2012; Zernack et al.,
2012). But the lack of petrophysical properties on altered rocks from Mt. Taranaki limits
the assessment of the role hydrothermal alteration may have played in its instability. Here
we study the petrophysical and geophysical properties of variably altered lavas from Mt.
Taranaki to assess the role hydrothermal alteration may have played in its slope failures,

51



mainly lava dome collapses.
Factors affecting the stability of lava domes, including hydrothermal alteration, have

been studied at several volcanoes (Ball et al., 2013; Coats et al., 2018; M. J. Heap et al.,
2019; Harnett et al., 2019a). Gravitational loading, internal gas overpressures, topogra-
phy, rainfall, change in extrusion direction are some of the most common mechanisms
attributed to promoting instability (Harnett et al., 2019b). More intrinsic factors such
as crystallinity and porosity of the dome-forming lavas are thought to control the overall
dome strength (Harnett et al., 2019a; Zorn et al., 2018). The role of hydrothermal al-
teration in promoting instability is complex to understand due to the contrasting effects
of dissolution and secondary mineral precipitation on the petrophysical properties of the
rocks (Farquharson et al., 2019; Mordensky et al., 2018).

Mt. Taranaki’s eruptive history of effusive and explosive volcanic activity (Damaschke
et al., 2018; Torres-Orozco et al., 2017) is interspersed with cycles of edifice collapse
and regrowth (Zernack et al., 2009, 2011, 2012). This cyclic destruction has resulted
in a young upper edifice (above 1200 m) composed of lavas and pyroclastic flow units
surrounded by a 15-times larger ring of older volcaniclastic deposits (Cronin et al., 2021;
Zernack et al., 2009). In the upper edifice, the summit currently hosts a half-sectioned
lava dome formed by the collapse of the western flank with a surrounding crater basin
(Platz et al., 2012; Zorn et al., 2018). Almost all of the eruptive periods of Mt. Taranaki
involved pyroclastic density currents, mostly related to summit dome emplacement and
collapse generating block and ash flows that went up to 5 to more than 13 km from the
source (Cronin et al., 2021; Platz et al., 2007; Procter et al., 2010). The dome collapses
are considered to have ranged from syn-eruptive in nature to post-eruptive events (Platz
et al., 2012; Lerner et al., 2019a, 2019b). Downslope the edifice consists of a ring of
debris-avalanche deposits caused by large edifice failures intercalated by lahar deposits
(Zernack et al., 2009; Lerner et al., 2019b).

Several past studies on Mt. Taranaki have focused on one or more of the petrophysical
properties, magnetic properties, and strength of fresh lavas from the summit dome area
and fresh lava clasts from the distal block and ash flow deposits (Higgins, 1996; Lerner
et al., 2019a; G. Turner et al., 2018; Zorn et al., 2018). However, to our knowledge, no
study has thus far investigated the properties of altered lavas at Mt. Taranaki. Given
its history of collapses and the extensive evidence of hydrothermal weakening at other
volcanoes (e.g., (Kereszturi et al., 2021; Norini et al., 2020; Opfergelt et al., 2006; Reid
et al., 2001, 2010b)), it is vital to determine how hydrothermal alteration affects both
the petrophysical and corresponding geophysical properties of rocks from Mt. Taranaki
and the role that may have played in its past collapses.
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4.2 Materials and Methods

4.2.1 Samples

The sample-set consists variably altered lavas collected from Mt. Taranaki (Figure 4.1).
These include lavas mainly from the summit dome area and from block and ash flow
deposits resulting from the collapse of the lava dome. A few samples were also collected
from debris-avalanche deposits resulting from a sector collapse. Overall, twenty-four
large sample blocks were collected in the field targeting potentially altered lavas from (a)
outcrops near the summit dome (n=13) (b) clasts from block and ash flow deposits in
Maero stream (n=8) (c) clasts from road-side debris-avalanche deposits on the western
side of Mt. Taranaki (n=3). In addition, we also used fresh lavas collected by Zorn
et al. (2018) from (a) outcrops on the summit dome (n=1) (b) clasts from block and
ash flow deposits in Maero stream (n=8) and in Pyramid Stream (n=1). Details on
each sample’s location are provided in the Appendices (Table E.2). The large blocks
were sub-sampled to thirty-four cylindrical cores (2.54 cm diameter × 2.2 cm length).
Representative sections of each sample were also cut and polished to prepare thin sections
and powdered for X-ray diffraction (XRD) analysis.

53



39
.4

°S
39

.3
°S

39
.2

°S

173.9°E 174.0°E 174.1°E

Summit dome area

Block and ash
flow deposits

Debris avalanche
deposits

N

Mt. Taranaki

Pouakai

Kaitake

Figure 4.1: Sampling locations of variably altered lavas from Mt. Taranaki. Nearby
relict andesitic volcanoes, Pouakai and Kaitake, of the Taranaki Volcanic Lineament are
also shown. Note that the bright zone near Kaitake does not represent any particular
feature. Map source: (ESRI basemap, 2021a).

4.2.2 Hydrothermal alteration intensity

The hydrothermal alteration mineralogy and intensity of each sample were characterized
using XRD and petrographic analysis following the workflow provided in the Appendices
(Figure B.3). The XRD data were collected on powdered samples using PANalytical
Empyrean X-ray Diffractometer. The instrument and measurement conditions used were:
Cu Kα, 45 kV, 40 mA, 0.5o fixed divergence slit, in step-scan mode from an angular range
of 5o to 70o 2θ, step size 0.013o 2θ, time per step 97.92s. The raw XRD data were used to
identify minerals by comparing the patterns to reference patterns in the Crystallography
Open Database (COD) (Gražulis et al., 2020) using HighScore Plus software (Panalytical,
2012). The identified minerals were constrained by petrographic analysis. The mineral
composition was then quantified using Rietveld refinement. The refinement quality was
determined by visual examination of the peaks explained and the goodness of fit statistic.
Rietveld refinement with the goodness of fit statistic less than four and all major peaks
explained was considered good. A goodness of fit less than 5.5 was also considered
acceptable in five samples as long as the selected phases explained all major peaks. The
mineralogy of select samples was verified by backscattered-electron imaging (BSE) and
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energy dispersive spectroscopy (EDS). Apart from the crystalline mineral phases, the
amorphous phase content of each sample was also quantified. The AMORPH program
(M. Rowe & Brewer, 2018) was used to determine the relative content of amorphous
phases. These were converted into actual amorphous phase contents by calibrating with
known volcanic glass calibration standards (Figure B.1). The amorphous phase-type of
the samples was classified as either primary, secondary, or a mixture of both, based on
the skewness results of the low-intensity amorphous curve from AMORPH (Figure B.2).
Samples with a gaussian amorphous curve were classified to have primary volcanic glass.
Whereas samples whose amorphous curves skewed at 22o 2θ with skewness above 0.2
were considered to have secondary amorphous silica/aluminosilicates. The samples were
then categorized based on the amount of secondary minerals as fresh to slightly altered
(0-5%), moderately altered (5-40%), and highly altered (>40%). Data containing raw
XRD patterns and results from phase quantification for all samples are available in the
data repository (see Data Availability) and appendices (Table E.6), respectively. The
crystallinity of the samples, that is the volume percent of crystalline mineral phases
detectable by XRD, was also computed using the relation below:

Crystallinity(%) = 100− Actual amorphous phase content(%). (4.1)

4.2.3 Fluid pathways

The fluid pathways through each sample were quantified by measuring their porosity and
hydraulic permeability. The connected porosities of all dry samples were first measured at
atmospheric pressure using a nitrogen gas porosimeter from Vinci Technologies (Porop-
erm). Then, to determine how these fluid pathways would evolve within the lava dome
under subsurface pressures up to 500 m, the porosity and permeability of each sample
(dry) were also measured under effective pressures from 1.5 MPa to 5.5 MPa. These mea-
surements were performed using a porosimeter and permeameter AP608 from CoreTest
by pycnometer for porosity and pulse-decay method for permeability. The porosity and
permeability data and associated standard deviations for all samples are available in the
appendices (Table E.8).

4.2.4 Elastic properties

Elastic properties of the samples were quantified in terms of their stiffness using dynamic
Young’s and shear moduli. These moduli are a measure of the rock stiffness to an applied
stress. P-and S-wave travel-time data were acquired on dry samples using ultrasonic
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transducers (0.5 - 1 MHz) at atmospheric conditions. P-(Vp) and S-wave (Vs) speeds were
computed by dividing the sample length by the P- and S- wave arrival times, respectively.
These wave speeds and the bulk density (ρ) of the samples were then used to compute
the dynamic Young’s (E) and shear (G) moduli using equations 4.1 and 4.2, respectively.
The Vp, Vs, E and G data and associated standard deviations for all samples are available
in the appendices (Table E.15).

E =
ρVs

2(3Vp
2 − 4Vs

2)

(Vp
2 − Vs

2)
(4.2)

G = ρVs
2 (4.3)

4.2.5 Magnetization

The magnetization intensity of the samples was quantified by measuring their natural
remanent magnetization (NRM) and magnetic susceptibility. NRM was measured using
the Agico JR-6A spinner magnetometer. Volume-specific magnetic susceptibility of the
samples was measured using the Bartington MS2B dual-frequency sensor. The sensor
was first calibrated using a 1% Fe3O4, 10 cm3 sample. Each sample’s volume-specific
magnetic susceptibility was then measured at both low and high frequencies, 0.46 kHz
and 4.6 kHz, respectively. Induced magnetization intensity of the samples was computed
from these measurements as follows: Mi = χ × H, where χ is the average of low and
high-frequency volume-specific magnetic susceptibility (SI units) and H is the intensity
of the local geomagnetic field (H = 43.797 A/m at Mt. Taranaki since the magnetic flux
density, B = 55038.1 ηT in 2019 (Alken et al., 2021)). The induced magnetization and
NRM were summed to compute the samples’ total magnetization intensity (M). Due to
sampling limitations and flank collapse transport, the samples measured were unoriented.
Therefore, a scalar addition is performed, and the magnetization is discussed in terms of
its intensity. The data on low and high frequency magnetic susceptibility, intensities of
remanent, induced, and total magnetization, and the associated standard deviations for
all samples are available in the appendices (Tables E.12 and E.13).
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4.3 Results and discussion

4.3.1 Petrophysical properties

Mineralogy

For our samples, lavas range from fresh to slightly altered (n=20), through moderately
altered (n=13), to highly altered (n=1) (Figure 4.2). Field sampling targeted potentially
altered rocks, and as a result, most of the lavas sampled near the summit dome are
moderately to highly altered (n = 12), except one which was fresh to slightly altered.
But in contrast, only two of the eleven lava clasts sampled from the block and ash flow
and debris avalanche deposits are moderately altered. The lava from the summit area
(n=1) and lava clasts (n=9) from the block and ash flow deposits collected by Zorn et
al. (2018) are also fresh to slightly altered.

The fresh to slightly altered lavas mainly consist of primary feldspars, pyroxenes, am-
phiboles, Fe-Ti oxides, and amorphous phase (volcanic glass). Secondary minerals (≤5%
in total volume) include silica mainly in the form of cristobalite, with some tridymite.
In moderately altered lavas, the proportion of primary minerals decreases and gets in-
creasingly replaced by secondary alunite and silica (cristobalite) (up to 27%). The highly
altered lava has none of its primary feldspar, pyroxene, and amphiboles preserved and is
composed of secondary alunite, silica (quartz and cristobalite), amorphous phases, and
some remanent Fe-Ti oxides. The amorphous phases are classified as primary volcanic
glass (see Section 4.2.2). However, it could also be partially of secondary origin, especially
in the highly altered lavas.
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Figure 4.2: Phase composition of variably altered lavas determined by X-ray diffraction
analysis. Bars represent major volumetric phase compositions, adding to 100%. Fresh
to slightly altered samples (FS) are mainly composed of primary phases. Secondary
phases increasingly replace primary phases in moderately (M) and highly (H) altered
samples. Underlying data for all samples are provided in a tabular form in the appendices
(Table E.6).

The presence of only silica (primarily cristobalite) as a secondary mineral in fresh to
slightly altered lavas indicates alteration in a low-pH environment (pH<2), which upon
subsequent neutralization (pH<4) would have added alunite to the mineral assemblage
in moderately and highly altered lavas (Hemley et al., 1969; Stoffregen, 1987). Given
their surficial occurrence and secondary mineral assemblage, we interpret that the lavas
have undergone acid-sulfate alteration at low temperatures (<250oC) characteristic of
shallow environments (Zimbelman et al., 2005). Similar alteration to alunite and silica,
often in association with clays, is also observed at exposed edifices and collapse deposits
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of several other volcanoes worldwide (Frank, 1995; M. J. Heap et al., 2019; Norini et al.,
2020; Zimbelman et al., 2004). No clays are, however, observed in the lavas from Mt.
Taranaki studied here.

Fluid pathways

Our porosity and permeability data show a wide range of porosity (φ=5%-38%) and
eight orders of magnitude variation in permeability of the lavas (Figure 4.3). While
altered lavas have a slightly narrower range of porosity and permeability than fresh to
slightly altered lavas, there is no systematic correlation between changes in fluid pathways
and alteration intensity. As expected, lavas with high porosity are more permeable.
However, some lavas with similar porosity (e.g. φ=11.1%-11.8%) show 1-2 orders of
magnitude difference in permeability (κ = 10−14 − 10−16 m2). Similar differences in
permeability for comparable porosities are common in volcanic rocks (Farquharson et
al., 2015; M. J. Heap et al., 2017a; Mordensky et al., 2019) and can be associated
with differences in pore shape, pore connectivity, or alteration-related changes. Fresh
to slightly altered lava clasts from the debris avalanche deposits have low porosity and
permeability (κ=≤ 10−17 m2). These clasts show the largest porosity and permeability
reduction with effective pressure for our sample set. This is attributed to the closure
of intra and inter-grain micro-fractures (cracks) and micro-pores (Mavko & Nur, 1978),
as shown in the BSE image (Figure 4.3). Samples with higher porosity show little to
no pressure dependence of porosity and permeability, attributed to relatively stiff large
pores (Adam & Otheim, 2013) (Figure 4.3).

In accordance with Zorn et al. (2018), the porosity of fresh to slightly altered lavas has
a significant inverse correlation (R2=0.485, p-value<0.001) with their crystallinity. Zorn
et al. (2018) interpret that the development of fluid pathways through these fresh lavas
at Mt. Taranaki is mainly controlled by magma decompression and ascent rates, volatile
exsolution, and crystallization (Cashman & Blundy, 2000; Calder et al., 2015; Zorn et
al., 2018). Simplistically, fast ascending magmas have little time for outgassing, cooling,
and crystallisation resulting in extrusion of lava with high porosity and low crystallinity
(M. Heap et al., 2016; Zorn et al., 2018). Whereas, magmas ascending slowly, have
had a greater opportunity to outgas, allowing more time for cooling for crystallisation
of the melt prior to extrusion resulting in lavas with low porosity and high crystallinity
(M. Heap et al., 2016; Zorn et al., 2018). At intermediate ascent rates, there may be
some variations in this trend. As many of the fresh to slightly altered lavas used in this
study are from Zorn et al. (2018) we see the inverse correlation between porosity and
crystallinity as expected.
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However, this correlation decreases and is insignificant in altered lavas (R2=0.077, p-
value≮0.001) (Figure 4.4) indicating that the fluid pathways and crystallinity of the lavas
are further controlled by alteration processes. The scattering of the porosity-crystallinity
data for altered lavas is interpreted to be due to competing effects between dissolution
and secondary mineral precipitation, by which the relative amount of crystalline minerals
and fluid pathways change. The highly altered lava, for example, has low crystallinity
and high porosity. Based on the XRD analysis and porosity data, we interpret that for
this sample, primary minerals (pyroxene, feldspar, and amphibole) were mostly dissolved,
creating new fluid pathways. However, alteration also results in the precipitation of sec-
ondary alunite and silica (mainly cristobalite), which relatively increased its crystallinity
and decreased the fluid pathways (Figure 4.2). The observed petrophysical properties of
variably altered lavas influence their geophysical signatures.
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Figure 4.3: Porosity and permeability of variably altered lavas. Pore structures of
select samples (boxes) are shown using BSE images. The letters on top of the boxes and
border of BSE images correspond with each other. Px: pyroxene, Fsp: feldspar, and Si:
silica. Underlying data for all samples are provided in a tabular form in the appendices
(Table E.8)
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4.3.2 Lab-scale geophysical data

Magnetic properties

Magnetization data (Figure 4.5) show that the natural remanent magnetization intensity
(NRM) of the lavas varies from 0.22 A/m to 30.6 A/m and their induced magnetization
intensity (Mi) from 0.02 A/m to 3.97 A/m. Overall, NRM dominates induced magne-
tization in most samples (Q>1) except for some lava clasts (n=6) from the block and
ash flow and debris avalanche deposits in which induced magnetization is equal or higher
than NRM (Q<1). Fresh to slightly altered lavas have NRM from 0.86 A/m to 22.94
A/m and Mi from 0.15 A/m to 3.97 A/m. These values are in agreement with NRM
intensities previously reported on fresh lavas from Mt. Taranaki (Cox, 1971; Downey et
al., 1994; Locke et al., 1994; Lerner et al., 2019a; G. Turner et al., 2018). Moderately
altered lavas, however, have a wider range of magnetization (NRM = 0.22 A/m-30.64
A/m, Mi=0.04-2.02 A/m) both lower and higher compared to fresh to slightly altered
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lavas. In contrast, the highly altered lava has low magnetization (NRM = 0.34 A/m,
Mi=0.02 A/m).

BSE-EDS and XRD data show that the primary magnetic carriers in the lavas are
Fe-Ti oxides. Given the ability of these Fe-Ti oxides to carry strong NRM and based
on previous observations (Cronin et al., 2021; Lerner et al., 2019a; M. Turner et al.,
2011), we interpret these to be titanomagnetites. BSE-EDS data performed on select
lavas also show different magnetic grain textures (Figure 4.5). A fresh to slightly altered
lava (NRM = 1.29 A/m, Mi=3.97 A/m) has Fe-Ti oxides as phenocrysts and in the
groundmass throughout the sample. One of the moderately altered lava (NRM = 3.53
A/m, Mi=0.75 A/m) has limited Fe-Ti oxides phenocrysts with secondary alunite and
silica associated with decomposition of Fe-Ti oxides. Such decomposition reduces their
effective magnetic grain size. As discussed in Chapter 3, reduction in effective magnetic
grain size, high initial magnetization when the lavas were fresh, presence of single-domain
magnetic grains, and secondary iron enrichment are plausible reasons for the relatively
high NRM intensity of some of the moderately altered lavas compared to fresh to slightly
altered lavas. As these NRM intensities are not anomalously high (e.g., 170-520 A/m as
observed by Downey et al. (1994)), we disregard lightning strikes to have played any role.
In the highly altered lava, the low magnetization (NRM = 0.34 A/m, Mi=0.02 A/m) is
plausibly a result of remanent Fe-Ti oxides and secondary Fe-oxide precipitation in pores
(Figure 4.5).
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Figure 4.5: Natural remanent and induced magnetization of variably altered lavas.
The grey lines are Koenigsberger (Q) ratios, the ratio of natural remanent and induced
magnetizations. The letters on top of the boxes and the border of BSE images correspond
with each other. BSE images of three samples (boxes) show the different magnetic grains
in the samples. The magnetic minerals are whites in the BSE images. Fsp: feldspar,
Amp: amorphous phase, Si: silica, Alu: alunite, Fto: Fe-Ti oxide, and Fo: Fe-oxide.

Elastic properties

The dynamic Young’s (E) and shear moduli (G) of the lavas vary from 8 GPa to 57 GPa
and 3 GPa to 22 GPa, respectively. Both Young’s and shear moduli decrease with
increasing porosity, as expected (Figure 4.6). These observations are consistent with
other studies (Al-Harthi et al., 1999; Baud et al., 2014; Coats et al., 2018; Harnett et al.,
2019a; Zorn et al., 2018) wherein porosity is the primary control on rock strength. The
data, however, are scattered for porosities less than 20% porosity. Although limited in
samples (n=3) fresh to slightly altered lava clasts from the debris-avalanche deposit have
relatively high Young’s (>40 GPa) and shear moduli (>16 GPa) and low porosities. In
the 5-20% range, the moderately altered summit dome lavas have overall higher Young’s
and shear moduli than the fresh to slightly altered lava clasts from the block and ash flow
deposits. Moreover, the largest scattering in elastic parameters for a constant porosity
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value occurs in this porosity range.

Alteration intensity
Fresh to slightly altered
Moderately altered
Highly altered

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

0

10

20

30

40

50

60

0 5 10 15 20 25 30 35 40
Connected porosity (%)

Yo
un

g'
s 

m
od

ul
us

 (G
Pa

)

●

●

●

●
●

●

●●

●

●

●

●

●

●

●

●

●

0

5

10

15

20

25

30

0 5 10 15 20 25 30 35 40
Connected porosity (%)

Sh
ea

r m
od

ul
us

 (G
Pa

)
Sample location

Block and ash flow deposits

Summit dome area
Debris avalanche deposits

Figure 4.6: Dynamic Young’s and shear moduli with porosity for variably altered lavas
from Mt. Taranaki.

Overall, alteration dissolves stiff primary minerals and replaces them with secondary
minerals (alunite and cristobalite) with lower or similar elastic moduli (Table 4.1). Our
data shows that for constant porosity, altered samples with secondary minerals have
higher elastic moduli than unaltered lavas (Figure 4.6). The effective shear moduli (Voigt-
Reuss-Hill average) of these lavas computed based on the phase composition of the lavas
alone (i.e., assuming zero porosity), shows that the altered lavas have similar or slightly
lower effective shear moduli than the fresh lavas (Figure 4.7). Therefore, mineral re-
placement due to alteration is probably not the cause for the observed stiffening of lavas
with similar porosity (Figure 4.6). We thus attribute the differences in stiffness of fresh
and altered lavas of similar porosity to pore shape (David & Zimmerman, 2011). The
reduced stiffness of lava clasts from the block and ash flow deposits could be due to the
creation of secondary cracks during the lava dome collapse event from fragmentation and
other frictional and collisional processes during transport (Roverato et al., 2015). As
these cracks are compressible (Durán et al., 2019a; Walsh, 1965), they lower the Young’s
and shear moduli of the lavas compared to lavas with similar porosity likely containing
a high proportion of stiffer pores.
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Mineral G (GPa) Reference

Plagioclase∗ 28-38 Saxena et al. (2018)
Pyroxene∗ 67-84 Anderson (1989)

Collins and Brown (1998)
Amphibole∗ 54-57 J. M. Brown and Abramson (2016)

Hacker et al. (2003)
Alunite∧ 46-53 Majzlan et al. (2006)
Cristobalite∧ 33-46 Saxena et al. (2018)

Yeganeh-Haeri et al. (1992)

Table 4.1: Shear moduli (G) of primary∗ and secondary∧ minerals in the variably altered
lavas
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Figure 4.7: Mineral Voigt-Reuss-Hill effective shear moduli based on XRD phases and
volumes (Table E.6). Moduli are plotted versus porosity to compare to Figure 4.6, show-
ing that the moduli variability for constant porosity is not due to mineral assemblages,
but rather fractures.
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4.3.3 Implications for volcano slope stability

Hydrothermal alteration-related rock strength reduction can occur in lavas by intense
dissolution, which increases the fluid pathways, and by replacement of stiffer primary
minerals with weak secondary minerals (Ball et al., 2015; Farquharson et al., 2019; López
& Williams, 1993; Varekamp et al., 2001), predisposing the volcano to slope failures
(Ball et al., 2015; Carrasco-Núñez et al., 1993; Reid et al., 2001). However, based on
the limited evidence of pervasive alteration, low volume of altered material in the block
and ash flow deposits, and the relatively stiff secondary mineral assemblage, we infer
that hydrothermal alteration-related weakening did not play a key role in past lava dome
collapses at Mt. Taranaki.

Exposed hydrothermally altered regions are limited and localized at Mt. Taranaki
(Platz et al., 2012). From the near summit lavas, only one of the lavas shows evidence of
pervasive alteration. The rest are either fresh to slightly- or moderately altered. Together
with the low proportion of altered material observed in the block and ash flow and debris
avalanche deposits in this and previous studies (Cronin et al., 2021; Lerner et al., 2019b;
Platz et al., 2007; Torres-Orozco et al., 2017), it is possible that parts of the dome and
edifice of Mt. Taranaki that collapsed in the past 130 k.y. were not pervasively altered.
According to Ball et al. (2015), the longevity and intensity of alteration depend on the
availability of persistent heat supply and just enough fluid pathways to allow infiltration
of water without cooling the system quickly. The alteration may have been localized
and limited at Mt. Taranaki due to an intermittent heat source and relatively quick
cooling. Another possible reason could be a short time gap between dome emplacement
and collapse (Platz et al., 2012).

Furthermore, while we observe changes in the fluid pathways of lavas due to acid-
sulfate alteration (Figure 4.3 and Figure 4.4), we do not observe a systematic dissolution-
related reduction in strength. Only the highly altered lava, where primary crystalline
minerals have been dissolved and replaced by secondary minerals, shows evidence of in-
tense dissolution (i.e., increased fluid pathways). This sample has the lowest crystallinity,
high porosity, and low strength (elastic moduli). This is consistent with observations by
Harnett et al. (2019a) and Zorn et al. (2018) wherein lava dome rocks with low crys-
tallinity and high porosity, have low strength. Moderately altered lavas show no sys-
tematic increase in fluid pathways from dissolution compared to fresh to slightly altered
lavas. A partial cause for this is the difficulty in decoupling increased fluid pathways due
to dissolution from the initial porosity and permeability of the lava during emplacement.
But, given that the moderately altered lavas have a large volume of their primary min-
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erals preserved (Figure 4.2), it is safe to say that they have undergone lesser dissolution
than the highly altered lava, preventing a substantial decrease in stiffness, and thus, rock
strength (Figure 4.6).

The type of secondary mineral assemblage shows that replacement of primary min-
erals by secondary alunite and cristobalite is unlikely to reduce the lavas’ strength sub-
stantially. The shear moduli of these secondary minerals are similar or slightly lower
compared to the primary pyroxene, amphibole, and plagioclase (Table 4.1). We did
not find evidence of weak secondary minerals like clays, which have a much lower shear
moduli (Kaolinite: G=1-32 GPa, montmorillonite and smectite: G=4-26 GPa), in the
altered lavas from Mt. Taranaki (Saxena et al., 2018). These lavas likely underwent
alteration in a highly acidic environment (Pirajno, 2009), which prevented the precipita-
tion of clays. Our findings imply that the type of secondary mineral assemblage can be
an important controlling factor in determining the rock strength and its reduction with
increasing alteration intensity. Work on altered volcanic rocks and soils by del Potro and
Hürlimann (2009) support our conclusion in that the type of alteration mineralogy might
play a bigger role in controlling rock shear strength than the degree of alteration. Their
fully altered soils, composed mainly of alunite, had higher shear strength than partially
altered soil composed of similar proportions of clay (kaolinite) and alunite (del Potro &
Hürlimann, 2009). Thus, we cannot generalize that hydrothermal alteration alone will
weaken zones within volcanoes to the extent necessary to cause slope failures.

Our findings show that hydrothermal alteration-related weakening is unlikely to have
predisposed the lava dome of Mt. Taranaki to collapses. Instead, hydrothermal alteration-
related precipitation of relatively stiff secondary minerals may have promoted dome in-
stability by blocking fluid pathways and causing pore pressurization (M. J. Heap et al.,
2021b). For example, dome collapse at Soufrière Hills Volcano, Montserrat is thought to
be linked to pressurized gas and magma extrusion (Calder et al., 2002). Other factors
likely to have predisposed the lava dome to failures include dome emplacement on the
volcano’s steep topography, extrusion rate, gravitational loading, fractured zones, heavy
rainfall, tectonic activity, or magmatic processes (Harnett et al., 2019b; Cronin et al.,
2021; Harnett et al., 2019b; Zernack et al., 2009).

Note that here we mainly study surficial lavas from the summit dome area and deposits
from past lava dome collapses. The debris avalanche deposits related to more deep-seated
sector collapses were very sparsely sampled. Thus further study with extensive sampling
of the debris avalanche deposits is needed to assess the role of hydrothermal alteration in
the sector collapses at Mt. Taranaki. Particularly, if hydrothermal processes pervasively
altered the core of the edifice, as speculated by Platz et al. (2012) and Zernack et al.
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(2009), either by intense dissolution or precipitation of weak clay minerals, they could
have weakened the edifice internally and predisposed Mt. Taranaki to collapses. It should
also be noted that the lack of evidence for alteration-related weakening in dome-forming
lavas and their collapse deposits in the past does not preclude such a possibility in the
future.

4.4 Concluding remarks

We conclude that acid-sulfate alteration changes the petrophysical and geophysical prop-
erties of lavas at Mt. Taranaki. But given the limited dissolution and precipitation
of relatively strong secondary minerals like alunite and cristobalite, hydrothermal alter-
ation does not substantially decrease the stiffness and thus strength of these lavas. The
role of hydrothermal alteration in weakening volcanic rocks and causing slope instability
depends not only on the degree of alteration but also on the type.
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Chapter 5

Discussion

In this thesis, I endeavored to determine the geophysical signatures of hydrothermal
alteration for volcano monitoring. This involved studying conduit-filling and surficial
lithologies from Whakaari, a stratovolcano with a dynamically active hydrothermal sys-
tem and a history of phreatic and phreatomagmatic eruptions as well as studying lavas
from the dome and collapse deposits of Mt. Taranaki, a stratovolcano lacking surface
expression of a dynamic hydrothermal system but with a long-standing history of dome
and edifice collapses. The specific aims were to (a) Determine how hydrothermal alter-
ation changes the petrophysical properties of volcanic rocks, (b) Understand how these
petrophysical changes can affect volcanic dynamics (c) determine the corresponding geo-
physical signatures of variably altered volcanic rocks to inform volcano monitoring. I now
summarize (Figure 5.1) and discuss the key findings from the previous three Chapters to
address these aims.

69



Petrophysical
changes

Volcano
dynamics

Geophysical
monitoring
implications

Mineralogy
Secondary alunite, cristobalite,

tridymite, amorphous silica,
anhydrite/gypsum, Fe-sulfides

precipitate

Mineralogy
Primary pyroxene,

plagioclase, amphiboles,
volcanic glass, Fe-Ti oxides dissolve

Mineralogy
Clays, if present, are

minor in volumetric proportions
 

Mineralogy
Not all Fe-Ti oxides grains dissolve.

Phenocrysts dissolve, but small
grains are preserved

Fluid pathways
Lavas undergo net dissolution,

increasing fluid pathways
 

Fluid pathways
Tuffs undergo net secondary 

mineral precipitation, decreasing
fluid pathways

Predisposition to eruptions 
Can create a partially sealed 

hydrothermal system - predisposing 
the volcano to eruptions

Predisposition to slope failures 
Does not always weaken volcanic 

rocks especially in the absence
of pervasive dissolution or clays

Magnetic surveys 
Alteration may not always be 

associated with reduced 
magnetization, especially in lavas.

Magnetic surveys 
Both induced and remanent 

magnetization should be measured 
to constrain field-scale data.Seismology and ground deformation 

Elastic moduli constraints for
heterogeneous and altered rocks
 can aid seismic tomography and 

ground deformation inversions

Ground deformation 
Pore compaction in tuffs may lead to 
subsidence, thus counteracting the 

uplift due to pore-infilling and 
fluid pressurization

Ground deformation 
Stiffness, and thus strength, of tuffs 
increases with alteration, whereas 

that of lavas decreases

Acid-sulfate
alteration

Sections 2.3.1 & 4.3.1

Section 2.3.3

Section 4.3.3

Sections 2.3.1 & 4.3.1

Sections 2.3.1 & 4.3.1

Sections 3.3.2 & 3.3.3

Sections 2.3.2

Sections 2.3.2

Sections 3.3.1 & 4.3.2

Sections 3.3.1 & 4.3.2

Sections 2.3.2 & 4.3.2

Sections 2.3.2 & 2.3.3

Sections 2.3.2

Figure 5.1: Summary of the key findings of this thesis.
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5.1 Changes in petrophysical properties of volcanic

rocks due to hydrothermal alteration

Hydrothermal alteration changes the petrophysical properties of volcanic rocks, such as
their mineralogy and fluid pathways. In terms of mineralogy, alteration processes dissolve
the primary minerals in these rocks and precipitate secondary minerals that are stable
at the conditions of alteration (Figure 5.2). The observed secondary mineral assemblage
at both Whakaari and Mt. Taranaki are consistent with acid-sulfate alteration. How-
ever, the secondary mineral assemblage observed at Whakaari is more diverse than that
observed at Mt.Taranaki, as discussed below.

5.1.1 Changes in mineralogy due to hydrothermal alteration

Primary minerals:

Feldspars
Pyroxenes
Amphiboles
Volcanic glass
Fe-Ti oxides

Secondary minerals:

Alunite
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Tridymite
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Figure 5.2: Schematic summarizing changes in the mineralogy of the studied volcanic
rocks from Whakaari and Mt. Taranaki due to acid-sulfate alteration.

At Whakaari, the primary phases in conduit-filling lavas, tuffs, and breccias, include pla-
gioclase, pyroxene, Fe-Ti oxides, and amorphous volcanic glass (Figure 2.1b). These min-
erals were progressively dissolved and replaced by secondary minerals to different extents
in these lithologies (Figure 2.1b). Common secondary phases observed are alunite, silica
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(cristobalite/tridymite), and amorphous phases (likely amorphous silica). Secondary an-
hydrite/gypsum and clays are observed only in one of the highly altered tuffs and lavas,
respectively. In other instances, secondary anhydrite, clays, pyrite occur only in mi-
nor proportions (< 3-5%) detected during BSE-EDS analysis (Appendix E.5). Kennedy
et al. (2020) observed similar secondary minerals in ballistics from Whakaari. They,
however, lacked quantitative data to evaluate the relative mineralogical changes and es-
timate the degree of alteration. This thesis contributes the first quantitative data on
alteration-related changes in mineralogy within Whakaari’s conduit. This thesis also
contributes a methodology to classify alteration intensity based on quantitative min-
eralogical analysis, which encompasses the first attempt at distinguishing primary and
secondary amorphous phases (following Appendix B). The results obtained by following
this methodology are cross-verified independently by BSE-EDS analysis. So far, quan-
titative data on alteration-related mineralogy changes in lavas, tuffs, and breccias at
Whakaari were based on six surficial samples collected from the scree near Shark Bay
and from collapse debris of the north-eastern crater wall (M. J. Heap et al., 2015, 2017a).

M. J. Heap et al. (2015) interpret that hydrothermal alteration changed the pri-
mary mineralogy of tuffs to mainly amorphous phases (66%-92%, assumed to be Opal-A)
and alunite (1%-32%), sometimes with minor (<1%-5%) jarosite, gypsum, cristobalite,
quartz, and clays. M. J. Heap et al. (2017a) interpret that the lava breccia is also altered
mainly to amorphous silica (≈72%) and clays (10%) with minor (<1%-3%) jarosite, an-
hydrite, cristobalite, and quartz. The ballistics from Whakaari studied here, however,
show that hydrothermal alteration changes the mineralogy of tuffs and breccia from the
conduit with a comparatively much lower volume of amorphous silica (39%-52%) and
instead a high volume of crystallized secondary minerals (Figure 2.1b). Furthermore, no
K-feldspar is observed in any of the studied lavas as has been observed by M. J. Heap et
al. (2015). The surficial sulfur flows studied here are primarily composed of native sulfur
(85%-92%) similar to the sulfur flow in M. J. Heap et al. (2017a), but also have 8%-
15% detrital amorphous silica. The mineralogy of vesicular lavas from Whakaari has not
been previously studied, and thus no comparative samples exist for the surficial vesicular
lavas studied here. Together, the mineralogical data presented in this thesis and previous
studies provide a better picture of how hydrothermal alteration changes the mineralogy
of rocks at Whakaari both within the conduit and away from the conduit in a relatively
surficial environment.

While there is extensive geochemical data (Stewart et al., 1996; Lerner et al., 2019b,
2019a; Platz et al., 2012) on rocks from Mt. Taranaki, to our knowledge, no quantitative
mineralogical data exists, especially on hydrothermally altered rocks. This thesis provides
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the first quantitative data on alteration-related changes in mineralogy in lavas from Mt.
Taranaki (Figure 4.2). The primary phases in these lavas include feldspars, pyroxene,
amphiboles, Fe-Ti oxides, and amorphous volcanic glass (Figure 4.2). This is consistent
with qualitative mineralogy observations by other studies (Stewart et al., 1996; Platz et
al., 2007; Zorn et al., 2018). K-feldspars are observed in some samples due to groundmass
devitrification. Hydrothermal alteration progressively dissolves these primary phases and
precipitates secondary alunite and silica (Figure 4.2). Although similar to Whakaari,
the secondary mineral assemblage of lavas from Mt. Taranaki is less diverse, with no
secondary amorphous phases, anhydrite/gypsum, or clays. This difference could arise
from variable alteration environments. For example, secondary silica (e.g., cristobalite)
would precipitate in a highly acidic environment (pH<2), alunite in a relatively less acidic
environment (pH<4), and clays and anhydrite (pH<6) in acidic-near neutral environment
(Zimbelman et al., 2005). The absence of low-temperature clays in surficial samples from
Mt. Taranaki further indicates that these rocks had not undergone surface weathering,
but rather the observed secondary mineralogy is due to hydrothermal alteration.

Overall, the changes in mineralogy observed at both Whakaari and Mt. Taranaki
are consistent with acid sulfate alteration (Zimbelman et al., 2005). Similar alteration
is evident in the conduits of several other volcanoes based on the secondary minerals
observed in their phreatic or phreatomagmatic ejecta (e.g., Ontake (Ikehata & Maruoka,
2016), Stromboli (Del Moro et al., 2011), Soufriere Hills (Boudon et al., 1998)). Therefore,
the findings of this thesis can be extended to understand hydrothermal alteration at
other volcanoes in New Zealand and around the world. So far, mineralogical changes
due to hydrothermal alteration in other volcanoes in New Zealand (e.g., Mt. Ruapehu)
have been studied on surficial exposures (Mordensky et al., 2018), or indirectly using
hyperspectral data (Kereszturi et al., 2020, 2021). They find that the primary mineralogy
of the rocks is replaced by clays which can also have an overprint of surface weathering.
This thesis provides a deeper insight into the diverse changes in mineralogy that can
occur due to hydrothermal alteration in the subsurface of active volcanoes. Hydrothermal
alteration also affects fluid pathways in volcanic rocks. This depends on the proportion
of primary minerals dissolved versus secondary minerals precipitated and where these
secondary minerals precipitate (pores, fractures, replacing minerals) as discussed next.

5.1.2 Changes in fluid pathways due to hydrothermal alteration

At Whakaari, distinct trends are observed on how acid-sulfate alteration affects the fluid
pathways in conduit-filling lavas, tuffs, and breccias (Figure 2.2). In lavas, which inher-
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ently have low porosity and permeability mainly from fractures, acid-sulfate alteration
creates new fluid pathways by net dissolution of primary minerals. In contrast, in the
inherently porous and permeable tuffs, acid-sulfate alteration reduces fluid pathways by
net secondary mineral precipitation. In breccias, similar to tuffs, high precipitation of
secondary minerals and almost complete destruction of primary minerals is observed. The
highly altered breccias have lower porosity than moderately altered breccia. However,
breccias are inherently highly fractured and thus likely to allow fluid flow. Further-
more, given the heterogeneous nature of breccias, it would be ill-conceived to generalize
how alteration would affect their fluid pathways. It is worth acknowledging that the
differences in initial porosity of these lithologies would also play a role in the observed
relations between alteration and fluid pathways. However, BSE images (Figure 2.3 and
Appendix E.5) show a clear effect of alteration-related changes in these fluid pathways
by dissolution and secondary mineral precipitation.

Net dissolution in lavas due to hydrothermal alteration is also supported by the ex-
perimental observation of an increase in porosity due to alteration in andesites from
Mt. Ruapehu (Farquharson et al., 2015). It is also supported by the higher porosity
of altered lava compared to relatively less altered lava from Whakaari (Kennedy et al.,
2020). So far, fluid pathways through tuffs at Whakaari have been studied on limited
surficial samples (M. J. Heap et al., 2015, 2017a) and ballistics (Kennedy et al., 2020).
However, these studies did not have the range of alteration and microstructural data
needed to determine the effect of increasing alteration on fluid pathways in tuffs. This
thesis provides evidence of a reduction in fluid pathways in tuffs due to alteration. As the
alteration intensity of tuffs increases, fluid pathways are reduced by extensive pore-filling
secondary mineral precipitation and complete replacement of primary minerals, turning
the granular structure of tuffs into a massive coherent structure.

In contrast to lavas from Whakaari, lavas from Mt. Taranaki show no distinct trend
on how hydrothermal alteration changes their fluid pathways (Figure 4.3). This is at
least partially because the effects of alteration are hidden within the wide range of initial
porosity of dome-forming lavas depending on the magma decompression and ascent rates,
volatile exsolution, and crystallization (Cashman & Blundy, 2000; Calder et al., 2015;
Zorn et al., 2018). A wide range of porosity and permeability is also observed in unaltered
rocks from the lava dome of Merapi volcano (Kushnir et al., 2016). The fluid pathways
of collapse deposits would further have an overprint of fractures from frictional and
collisional processes during transport. However, the changes in the relation between
crystallinity and porosity with alteration (Figure 4.4) confirm that the fluid pathways
were affected by acid-sulfate alteration. The high porosity (Figure 4.3) and dissolution of
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most primary minerals (Figure 4.2) in the highly altered lava further support the trend of
net dissolution in lavas with increasing alteration similar to that observed at Whakaari.
This is consistent with experimental observations from the lava dome of Merapi volcano,
where highly altered lavas have higher porosity compared to many fresh and slightly
altered lavas (M. J. Heap et al., 2019).

Overall, the petrophysical changes in mineralogy and fluid pathways due to hydrother-
mal alteration show a potential coupling with the initial fluid pathways available in dif-
ferent lithologies in their fresh state. Rocks with low initial porosity and permeability,
like conduit-filling lavas from Whakaari, undergo net dissolution. While those with high
porosity and permeability, like tuffs and some breccias, undergo more intense alteration
with almost all primary minerals dissolved and extensive secondary mineral precipita-
tion. This coupling between initial porosity and alteration may partially be due to the
amount of fluids in relation to the rock in these lithologies during alteration (Pirajno,
2009). A high surface area, pore connectivity, and fluid-rock ratio can allow more intense
alteration with extensive secondary mineral precipitation. This is consistent with obser-
vations from the drill cores of the Newberry Volcano, where Bargar and Keith (1999) find
pervasive secondary mineral precipitation in interflow breccias and volcaniclastic layers
where initial permeability was highest.

Furthermore, the degree to which the petrophysical properties of the volcanic rocks are
affected by alteration would also depend on the duration of fluid-rock interactions. This
duration would depend on the availability of a persistent heat supply and just enough
fluid pathways to allow infiltration of water without cooling the system quickly (Ball et
al., 2015). It should be noted that this thesis explores alteration-related petrophysical
changes in two different hydrothermal environments. At Whakaari, alteration-related
changes are studied mainly from conduit-filling rocks. The long-lived and persistent
hydrothermal system (Giggenbach et al., 2003; Kilgour et al., 2021) at Whakaari exposes
these rocks to continuous reactions with circulating hydrothermal fluids. Whereas, at
Mt. Taranaki, the alteration-related changes are studied in dome-forming lavas at the
top of the vent and their collapse deposits. The alteration in these rocks results from
intermittent interaction with fluids during and shortly after emplacement or periods of
heightened volcanic unrest. The extent of alteration-related changes in collapse deposits
would also depend on the gap between dome emplacement and collapse. How the observed
alteration-related petrophysical changes in rocks from Whakaari and Mt. Taranaki can
affect their volcano dynamics is discussed next.
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5.2 Effect of alteration-related petrophysical changes

on volcano dynamics

Alteration-related petrophysical changes can affect volcano dynamics by controlling fluid
flow and degassing at the surface. Persistent degassing observations (Burton et al., 2021;
Werner et al., 2008) and geochemical monitoring (Christenson et al., 2017) at Whakaari
suggest the existence of a partially sealed hydrothermal system. But little experimental
evidence exists from conduit-filling rocks on how such a seal develops. This thesis provides
mineralogical and microimaging evidence of how alteration-related petrophysical changes
can help form a partially sealed hydrothermal system. The conduit-filling lithologies,
in general, have a lower porosity at depth due to pore compaction under subsurface
pressures (Figure 2.2). Pore compaction is particularly pronounced in porous tuffs, with
inelastic compaction beginning at effective pressures as low as 14 MPa, representing
< 1 km depth (Figure 2.2). This thesis suggests that the fluid pathways through the
conduit are first reduced under subsurface pressures due to pore compaction and the
closure of microfractures. Overtime as hydrothermal alteration reduces fluid pathways
in tuffs by precipitating secondary minerals (Figure 2.2 and Figure 2.3), the compacted
and highly altered tuffs form zones of low porosity and low permeability within the
conduit. Secondary mineral precipitation and pore compaction also affect lavas and
breccias, further restricting fluid flow within the conduit. Still, the net dissolution of
lavas and unfilled macrofractures simultaneously help fluids flow and degas at the surface.
These processes together can create a partially sealed hydrothermal system (Figure 2.5).

Until now, the permeability of Whakaari’s conduit was considered to be controlled
by pressure-related opening and closure of cracks in altered rocks allowing variable fluid
advection (Kennedy et al., 2020), a carapace of elemental sulfur on the crater lake floor
forming a semi-permeable seal (Christenson et al., 2017) or generalized to be related to
alteration (M. J. Heap et al., 2017a). This thesis provides evidence for an additional
mechanism by which subsurface pressures and different alteration-related petrophysical
changes in conduit-filling lithologies together help form a partially sealed hydrothermal
system. Future modeling studies can incorporate this mechanism, observed at a micro-
scale, together with macro features typical in a volcanic setting (e.g. fluid flow through
macrofractures or pathways in broken pieces of wall rock that may have been incorporated
into the conduit) to further characterize hydrothermal sealing. When fluid injection
rates are high, the reduced fluid pathways between the conduit and surface can aid
pressurization and predispose the volcano to phreatic and phreatomagmatic eruptions.
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Hydrothermal sealing driven by acid-sulfate alteration has also been thought to play a
role in predisposing several other volcanoes to phreatic and phreatomagmatic eruptions
(e.g., Soufrière Hills (Edmonds et al., 2003), Ontake (Stix & de Moor, 2018), Poás (de
Moor et al., 2019).

Alteration-related petrophysical changes can also affect volcano dynamics by changing
the strength of volcanic edifices and lava domes. At Whakaari, net dissolution in lavas
reduces their stiffness, while the stiffness of tuffs increases due to net secondary mineral
precipitation (Figure 2.4). The stiffness of breccia is low to moderate (Figure 2.4). At
Mt. Taranaki, the stiffness variations due to alteration are more challenging to separate
due to the high variability in the initial porosity of dome-forming lavas and their collapse
deposits. But overall, the moderately altered lavas from near the summit are stiffer
than the fresh to slightly altered lavas from collapse deposits (Figure 4.6). Although
it might sound counterintuitive that fresh to slightly altered lavas have lower stiffness
than moderately altered lavas, this relation is plausible due to the creation of secondary
cracks from fragmentation and other frictional and collisional processes during transport
(Roverato et al., 2015). The highly altered lava has low stiffness, likely due to extensive
dissolution as previously discussed (Figure 4.6). These stiffness data can be considered
representative of the strength of these lithologies.

Hydrothermal alteration has been commonly linked to weakening volcanoes and pre-
disposing them to slope failures (Ball et al., 2015; López & Williams, 1993). This thesis
shows that alteration and weakening of volcanic rocks do not have a simple direct link
but is rather dependent on both the degree and type of alteration. For example, intense
dissolution can reduce the stiffness of host rocks as observed in highly altered lavas from
both Whakaari (Figure 2.4) and Mt. Taranaki (Figure 4.6). Such reduction in stiffness
can weaken edifices and lava domes, predisposing them to slope failures. But if secondary
mineral precipitation dominates, the type of secondary mineral assemblage is also im-
portant in controlling the stiffness and thus strength of the host rocks. Precipitation of
alunite and silica in place of the primary minerals is unlikely to reduce the strength of
host rocks substantially due to the similar elastic moduli of these secondary minerals and
primary minerals (Section 4.3.3). Precipitation of clays, which have much lower elastic
moduli, may, however, weaken the rocks.

At most volcanoes, hydrothermal alteration-related slope failures have been attributed
to the reduction in strength with the formation of secondary clay minerals (Kereszturi et
al., 2021; López & Williams, 1993; Norini et al., 2020; Opfergelt et al., 2006; Reid et al.,
2001, 2010b). At Whakaari, as well, hydrothermally altered rocks with a high amount of
clay minerals have been considered to play a role in sector collapses (Moon et al., 2005).
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However, extensive clays are not observed in this study in samples from Whakaari’s con-
duit and altered rocks from near the summit dome of Mt. Taranaki. It should be noted
that the debris avalanche deposits related to deep-seated sector collapses at Mt. Taranaki
were very sparsely sampled in this thesis. Thus further study with extensive sampling
of the debris avalanche deposits is needed to assess the role of hydrothermal alteration
in the sector collapses at Mt. Taranaki. Clays have been observed at other regions in
the Taupo Volcanic Zone (Mordensky et al., 2018, 2019; Wyering et al., 2014) and may
occur at Whakaari and Mt. Taranaki in areas that have been altered in a lower pH envi-
ronment away from the main vent as described in the conceptual model of near-surface
high-sulfidation alteration by Mayer et al. (2016). Overall, alteration-related extensive
dissolution and precipitation of clay minerals can weaken edifices and lava domes, pre-
disposing them to collapses. Studies on altered rocks that have undergone dissolution
(Farquharson et al., 2019) and are clay-rich (Mayer et al., 2017) have also observed the
rocks to have lower strength. However, the edifice and lava domes would strengthen due
to alteration if net secondary mineral precipitation replaces primary minerals with stiffer
secondary minerals while simultaneously in-filling pore spaces. A recent study on altered
rhyodacites from the Lassen volcanic center also suggests that pore- and crack-filling
mineral precipitation increases their strength (M. J. Heap et al., 2021b). Knowing how
the alteration-related petrophysical changes would manifest in geophysical data is vital
to monitor the effect of hydrothermal alteration on volcano dynamics. Next discussed
are the corresponding geophysical signatures of variably altered rocks from Whakaari and
Mt. Taranaki to inform volcano monitoring.

5.3 Geophysical signatures of variably altered

volcanic rocks and implications for volcano

monitoring

The corresponding geophysical signatures of variably altered volcanic rocks studied in
this thesis can help advance the interpretation of geophysical data used for volcano mon-
itoring.

5.3.1 Implications for ground deformation

Ground deformation is regularly monitored at Whakaari through the leveling network on
the crater floor and remotely using Interferometric Synthetic Aperture Radar (InSAR)
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(Hamling, 2021; Kilgour et al., 2021). Analysis of leveling data between 1967-2008 indi-
cated shallow pressure sources (200-600 m deep) causing episodes of uplift before erup-
tions or resurgence of eruptive activity, accompanied or followed by subsidence episodes
(Peltier et al., 2009). They suggest that the uplift episodes resulted from an increase
in fluid pore pressure within the shallow volcano-hydrothermal system in response to
heat and gas flux changes due to a magmatic intrusion at depth rather than directly by
magma intrusion at a shallow depth (Peltier et al., 2009). Fournier and Chardot (2012)
also attribute the observed ground uplift at Whakaari to injection of hot magmatic fluids
into the shallow hydrothermal system (100-200 m deep). Furthermore, analysis of In-
SAR data also supports a shallow pressure source originating (about 100 m deep) in the
vicinity of the crater lake, coinciding with the shallow hydrothermal system (Hamling,
2017). From the results of this thesis, it is inferred that increased fluid pressure build-up
resulting from tuffs sealing the conduit and the continuous magmatic fluid sourcing drives
the uplift (Section 2.3.3).

The numerical model inversions used to analyze the leveling data so far assume that
the deforming medium is elastic, homogenous, and isotropic with Young’s modulus of 30
GPa (Fournier & Chardot, 2012; Peltier et al., 2009) or 2.5 GPa (Fournier & Chardot,
2012). The elastic properties data presented in this thesis (Figure 2.4) show that Young’s
modulus for different lithologies, alteration intensity, and effective pressures at Whakaari
ranges from 3-63 GPa, up to double the value of previously modeled elastic parameters.
The elastic properties data also highlight the heterogeneity in Whakaari’s subsurface.
Fournier and Chardot (2012) observed that while the source location may not be af-
fected, the retrieved rates of overpressure and source radii vary significantly based on the
values of the elastic properties used for the inversions. A recent review by M. J. Heap
et al. (2020a) provides a wealth of laboratory data on Young’s moduli to help numerical
model inversions. But they too highlight the lack of such data on variably altered vol-
canic rocks, which are often acquired on surficial samples at atmospheric conditions (e.g.,
Mordensky et al. (2018)). Thus, using the elastic moduli data from this thesis is sug-
gested for constraining numerical model inversions of ground deformation in acid-sulfate
altered volcanic environments. Given these data are acquired on ballistics, and at real-
istic subsurface conditions (variable confining pressures, dry and saturated conditions,
and at varying fluid pressures for one of the highly altered tuffs), they provide calibrated
constraints on the elastic properties of the deforming medium. These laboratory data
suggest an average dynamic Young’s modulus of 21 GPa for Whakaari’s subsurface. For
a field-scale estimate, it is recommended to upscale the moduli values with the help
of the porosity data presented in this thesis (Figure 2.2) and the method described in
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M. J. Heap et al. (2020a).
Furthermore, the results of this thesis show that within the conduit, pore compaction

occurs under subsurface pressures, especially in tuffs (Figure 2.2). Such compaction of
conduit-filling lithologies could compensate for ground deformation, especially if the effec-
tive pressure exceeds the rock’s elastic limit. This effect would be most prominent in tuffs,
in which inelastic compaction can begin as low as 14 MPa (<1 km) (Figure 2.2). Given
the shallow nature of pressure sources interpreted at Whakaari (Fournier & Chardot,
2012; Peltier et al., 2009), the assumption of an elastic medium is likely to be valid. But,
as it has been highlighted by studies on deformation at Mt. Etna (Currenti et al., 2010;
Del Negro et al., 2009), assuming an elastic medium can often be an over-simplification.
Suppose the pressure sources were deeper or related to a direct magmatic intrusion in the
future. In that case, it is recommended to incorporate heterogeneity and use viscoelastic
or elastoplastic models, which would provide more accurate inversions for monitoring
(Currenti et al., 2010; Del Negro et al., 2009).

5.3.2 Implications for magnetic surveys

Magnetic surveys have been used to identify collapse-prone hydrothermally altered re-
gions on several volcanoes (Finn et al., 2001; Kereszturi et al., 2020). At Whakaari,
regular measurements were acquired using a magnetic survey network from 1968 to 2000
(Hurst & Christoffel, 1973; Hurst et al., 2004). These were used to constraint heating
and cooling at depth and were successfully deployed as a forecasting tool for eruptions
in the 1976-2000 eruptive period (Hurst et al., 2004; Kilgour et al., 2021). Aeromagnetic
surveys have also been employed at Whakaari (Woodward & Caldwell, 1992; Woodward
& Mumme, 1993) and relict volcanoes in the Taranaki Volcanic Lineament (Locke et al.,
1994). Although such surveys have not been focused on identifying altered regions on
Whakaari or Mt. Taranaki, aeromagnetic surveys are widely used at other volcanoes and
hydrothermal systems for that purpose (Finn et al., 2001; Fujii et al., 2015; Kereszturi
et al., 2020).

The results of these surveys are often interpreted with the assumption that altered
regions would manifest as areas of reduced magnetization (Finn et al., 2001). The results
of this thesis show that this may not always be the case. Some of the altered lavas
from both Whakaari (Figure 3.1) and Mt. Taranaki (Figure 4.5) have higher remanent
magnetization than fresh lavas. Plausible causes for the high remanent magnetization
in altered lavas include one or more of the following: equal or higher magnetization
in their initial fresh state due to efficient and stable NRM carriers, shielding of NRM
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carriers from being consumed by alteration processes, or alteration-related secondary
compositional iron enhancement (Section 3.3.3). Irrespective of the underlying cause,
this thesis suggests that regions of strong magnetization should be scrutinized as they
could also be hydrothermally altered.

Furthermore, lab-based magnetization measurements on a representative suite of sam-
ples should be used as constraints for interpreting field-scale surveys. Although the
magnetic properties data presented in this thesis are limited due to their acquisition on
un-oriented samples, they emphasize the need to measure both components of magnetiza-
tion, induced (computed from magnetic susceptibility) and remanent (NRM) for deriving
these constraints. At Whakaari, it is observed that altered lavas have similar or lower
magnetic susceptibility and thus induced magnetization than fresh lavas (Figure 3.1).
In contrast, the NRM of some altered lavas is higher than fresh lavas (Figure 3.1). At
Mt. Taranaki, the magnetic properties are scattered, from which the relation between
alteration intensity and magnetization cannot be drawn (Figure 4.5). Some fresh lavas
have lower induced and remanent magnetization than altered lavas, some have higher
induced and remanent magnetization. In contrast, others have one of the magnetization
components higher. Using magnetic susceptibility without NRM to aid field magnetic
data analysis (e.g., (Byrne et al., 2019; Caratori Tontini et al., 2012; Kereszturi et al.,
2020; Nicolosi et al., 2016)) may lead to inaccurate constraints and interpretations.

These implications for volcano monitoring not only apply to Whakaari and Mt.
Taranaki but also other stratovolcanoes with acid sulfate alteration where ground de-
formation and magnetic surveys are regularly employed. Furthermore, the results of this
thesis can also aid in constraining other geophysical data used to monitor volcanoes like
field-scale electrical resistivity surveys, induced polarization, seismic tomography surveys
which depend on knowledge of subsurface porosity, mineralogy, wave speeds, and elastic
moduli for accurate inversions.
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Chapter 6

Concluding remarks and future work

Hydrothermal alteration, in particular acid-sulfate alteration, changes the physical and
chemical properties of stratovolcanoes worldwide. But how these changes affect vol-
cano dynamics and manifest themselves in geophysical data used to monitor and study
the internal structure of volcanoes is challenging to determine. This thesis endeavored
to address this challenge with systematic laboratory measurements of both the petro-
physical and geophysical properties of 79 variably altered volcanic rocks from Whakaari
(White Island) and Mt. Taranaki, New Zealand. These measurements include mineral-
ogy, porosity, permeability, elastic, and magnetic properties of conduit-filling lavas, tuffs,
and breccias ejected as ballistics; surficial sulfur flows, and vesicular lavas; dome-forming
lavas and their collapse deposits.

Some of the key results show how inherently porous and permeable tuffs can play a
role in sealing volcanic conduits (Chapter 2), how altered regions are not always asso-
ciated with reduced magnetization (Chapter 3), and how both the type and degree of
alteration are vital in determining if the altered regions are weaker (Chapter 4). The data
and findings presented in this thesis advance the current understanding of hydrothermal
alteration-related petrophysical changes in host rocks, their geophysical signatures and
provide constraints and recommendations to help invert geophysical data used for volcano
monitoring. They further advance current knowledge on the effect of alteration-related
changes in rock properties on volcano dynamics. Future studies can employ the method-
ologies used and designed in this thesis to study how alteration by less acidic fluids or in
a deeper environment would play a role in volcano dynamics and manifest in geophysi-
cal data. Another avenue for future research is to explore how temperature can aid the
compaction of tuffs and affect the corresponding geophysical signatures.
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A Sample reference IDs

Table A.1: Reference ID for samples used in Chapter 2. Block ID: ID of the block
collected from Whakaari, n: no. of cores analyzed from each block, Sample ID: ID of
cylindrical core samples used for porosity, P- and S- wave velocity measurements. Per-
meability measurements were performed on select samples(*). Powder ID: ID of powder
sample used for XRD analysis, Thin section ID: ID of thin section used for petrographic
analysis. ∧Thins sections on which BSE-EDS analysis was performed. Alteration inten-
sities of the samples are shown by FS-Fresh to slightly altered, M-moderately altered,
and H-highly altered.

Block Sample Alteration n Sample Powder Thin
ID type intensity ID ID section ID

W1 Lava FS 2 W1-1 W1-1c W1-1c∧

W1-2
W2 Sulfur flow FS 2 W2-1 W2-2c W2-2c∧

W2-2
W3 Sulfur flow FS 4 W3-1 W3-2c W3-2c∧

W3-2
W3-3
W3-4

W4 Breccia H 1 W4-1 W4-1c W4-1c∧

W4 Lava H 2 W4-2 W4-23c W4-23c∧

W4-3
W5 Tuff M 5 W5-1 W5-1c W5-1c∧

W5-2
W5-3
W5-5
W5-6*

W6 Lava M 5 W6-1 W6-1c W6-1c∧

W6-2 W6-2c W6-2c
W6-3* W6-3c W6-3c
W6-4 W6-4c W6-4c
W6-5* W6-5c W6-5c

W7 Lava M 3 W7-1 W7-2c W7-2c∧

W7-2
Continued on next page
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Table A.1 – continued from previous page
Block Sample Alteration n Sample Powder Thin
ID type intensity ID ID section ID

W7-3
W8 Tuff H 2 W8-1 W8-12c W8-12c∧

W8-2
W9 Breccia H 2 W9-1 W9-1c W9-1c∧

W9-2 W9-2c W9-2c
W11 Tuff H 5 W11-1 W11-1c W11-1c

W11-2 W11-2c W11-2c∧

W11-3 W11-45c W11-45c
W11-4
W11-5

W12 Breccia H 1 W12-1 W12-1c W12-1c∧

W13 Tuff H 2 W13-1 W13-1c W13-1c∧

W13-2* W13-2c W13-2c
W14 Breccia M 1 W14-1 W14-1c W14-1c∧

W15 Tuff H 1 W15-1* W15-1c W15-1c∧

W18 Vesicular lava FS 3 W18-1 W18-1c W18-1c∧

W18-3 W18-4c W18-4c
W18-4

W19 Vesicular lava FS 2 W19-1 W19-1c W19-1c∧

W19-2
W20 Vesicular lava FS 1 W20-1 W20-1c W20-1c∧

WS Sulfur flow FS 1 WS-1 WS-1c

85



Table A.2: Reference ID for samples used in Chapter 3 from Chapter 2. Sample ID:
ID of cylindrical core samples used for magnetic susceptibility and natural remanent
magnetization measurements, X-ray map ID: ID of thin section from Chapter 2 used for
X-ray map analysis, χtemp: ID of powder sample from Chapter 2 used for measurement
of magnetic susceptibility with temperature, *Samples used for alternating field demag-
netization experiments. Alteration intensities of the samples are shown by FS-Fresh to
slightly altered, M-moderately altered, and H-highly altered.

Sample Sample Alteration X-ray χtemp

ID type intensity map ID ID

W1-1∗ Lava FS W1-1c W1-1c
W1-2 Lava FS
W6-1 Lava M W6-1c W6-1c
W6-2 Lava M
W6-3 Lava M
W6-4∗ Lava M
W6-5 Lava M
W7-1 Lava M
W7-2 Lava M W7-2c W7-2c
W7-3 Lava M
W4-2∗ Lava H W4-23c W4-23c
W4-3 Lava H
W5-1 Tuff M W5-1c
W5-2 Tuff M
W5-3 Tuff M
W8-1 Tuff H
W8-2 Tuff H
W11-1 Tuff H
W11-2 Tuff H W11-2c
W11-3 Tuff H
W11-4 Tuff H
W11-5 Tuff H
W13-1 Tuff H
W13-2 Tuff H
W15-1 Tuff H W15-1c
W12-1 Breccia H

Continued on next page
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Table A.2 – continued from previous page
Sample Sample Alteration X-ray χtemp

ID type intensity map ID ID

W4-1 Breccia H
W9-1 Breccia H W9-1c
W9-2 Breccia H
W14-1 Breccia M
W18-1 Vesicular lava FS
W18-3 Vesicular lava FS
W18-4 Vesicular lava FS
W19-1 Vesicular lava FS
W19-2 Vesicular lava FS
W20-1 Vesicular lava FS
W2-1 Sulfur flow FS
W2-2 Sulfur flow FS
W3-1 Sulfur flow FS
W3-2 Sulfur flow FS
W3-3 Sulfur flow FS
WS-1 Sulfur flow FS
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Table A.3: Reference ID for samples used in Chapter 4. Block ID: ID of the block collected from Mt. Taranaki, n: no. of cores
analyzed from each block, Sample ID: ID of cylindrical core samples used for porosity, permeability, magnetic susceptibility,
natural remanent magnetization, P- and S- wave velocity measurements, Powder ID: ID of powder sample used for XRD analysis,
Thin section ID: ID of thin section used for petrographic analysis. ∧Samples on which BSE-EDS analysis was performed.
*Samples collected by (Zorn et al., 2018). Alteration intensities of the samples are shown by FS-Fresh to slightly altered,
M-moderately altered, and H-highly altered.

Block Sample Sampling Alteration n Sample Powder Thin
ID type locality intensity ID ID section ID

T1 Lava Near summit M 1 T1-1 T1-1c T1-1c∧

T2 Lava Near summit M 1 T2-1 T2-1c T2-1c
T3 Lava Near summit M 1 T3-1 T3-1c T3-1c
T4 Lava Near summit FS 1 T4-1 T4-1c T4-1c
T5 Lava Near summit M 1 T5-1 T5-1c T5-1c
T6 Lava Maero stream FS 1 T6-1 T6-1c T6-1c
T7 Lava Maero stream FS 1 T7-1 T7-1c T7-1c
T8 Lava Maero stream FS 1 T8-1 T8-1c T8-1c
T9 Lava Maero stream M 1 T9-1 T9-1c T9-1c
T10 Lava Maero stream FS 1 T10-1 T10-1c T10-1c
T11 Lava Maero stream FS 1 T11-1 T11-1c T11-1c
T12 Lava Maero stream M 1 T12-1 T12-1c T12-1c
T13 Lava Maero stream FS 1 T13-1 T13-1c T13-1c
T14 Lava Debris avalanche deposit FS 1 T14-1 T14-1c T14-1c
T15 Lava Debris avalanche deposit FS 1 T15-1 T15-1c T15-1c∧

Continued on next page
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Table A.3 – continued from previous page
Block Sample Sampling Alteration n Sample Powder Thin
ID type locality intensity ID ID section ID

T16 Lava Debris avalanche deposit FS 1 T16-1 T16-1c T16-1c
T17 Lava Near summit M 1 T17-1 T17-1c T17-1c
T18 Lava Near summit M 1 T18-1 T18-1c T18-1c
T19 Lava Near summit M 1 T19-1 T19-1c T19-1c
T20 Lava Near summit H 1 T20-1 T20-1c T20-1c∧

T21 Lava Near summit M 1 T21-1 T21-1c T21-1c∧

T22 Lava Near summit M 1 T22-1 T22-1c T22-1c
T23 Lava Near summit M 1 T23-1 T23-1c T23-1c
T24 Lava Near summit M 1 T24-1 T24-1c T24-1c
T25 Lava Summit FS 1 T25-1∗ T25-1c T25-1c
T26 Lava Maero stream FS 1 T26-1∗ T26-1c T26-1c
T27 Lava Pyramid stream FS 1 T27-1∗ T27-1c T27-1c
T28 Lava Maero stream FS 1 T28-1∗ T28-1c T28-1c
T29 Lava Maero stream FS 1 T29-1∗ T29-1c T29-1c
T30 Lava Maero stream FS 1 T30-1∗ T30-1c T30-1c
T31 Lava Maero stream FS 1 T31-1∗ T31-1c T31-1c
T32 Lava Maero stream FS 1 T32-1∗ T32-1c T32-1c
T33 Lava Maero stream FS 1 T33-1∗ T33-1c T33-1c
T34 Lava Maero stream FS 1 T34-1∗ T34-1c T34-1c
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B Quantification of hydrothermal alteration intensity
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Figure B.1: Amorphous phase calibration curve used for this study. The black circles
show the relative amorphous phase content, determined using AMORPH (M. Rowe &
Brewer, 2018), plotted against the sample’s known amorphous phase content. The known
amorphous phase content was determined by mixing different proportions of gabbro and
glass. The calibration curve was computed by Ordinary Least Squares (OLS) regression.
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Primary volcanic glass

Primary volcanic glass and 
secondary silica or 

aluminosilicate
Secondary silica or 

aluminosilicate

Diffraction angle (o2θ)

Figure B.2: X-ray diffraction patterns of representative samples with mixed crystalline
and amorphous phases showing different shapes of low-intensity amorphous curve (high-
lighted in blue). Amorphous phase-type present in the samples was classified as primary
volcanic glass, secondary silica/aluminosilicate, or a combination of both based on the
skewness of the amorphous curve and overall mineralogy of the sample. The skewness of
the amorphous curve of each sample was computed using AMORPH (M. Rowe & Brewer,
2018).
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Figure B.3: Summary of the procedure followed to determine the hydrothermal alter-
ation intensity of the samples based on the percentage of secondary phases in the samples.
Yellow parallelograms represent data input or output, rounded blue rectangles represent
processes, and blue diamonds indicate decisions made during the process.
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C Stress path for multi-stage porosity experiments

Figure C.1: Stress-path followed for multi-stage porosity measurements under hydro-
static effective pressure. The x-axis (not shown) is the time of porosity measurement.
An effective pressure was considered to have exceeded the elastic limit of the sample
if upon unloading to 3 MPa, more than 2% absolute porosity difference was observed
compared to the initial porosity at 3 MPa. The threshold 2% was selected to ensure that
the computed porosity difference was not due to measurement uncertainty.
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D Magnetic properties

Temperature (oC)

M
ag

ne
tic

 s
us

ce
pt

ib
ilit

y 
(X

 1
0-6

 m
3 k

g-1
) 10

8

6

4

2

0
0 200 400 600

Temperature (oC)
0 200 400 600

M
ag

ne
tic

 s
us

ce
pt

ib
ilit

y 
(X

 1
0-6

 m
3 k

g-1
) 10

8

6

4

2

0

Temperature (oC)
0 200 400 600

Temperature (oC)
0 200 400 600

M
ag

ne
tic

 s
us

ce
pt

ib
ilit

y 
(X

 1
0-6

 m
3 k

g-1
) 10

8

6

4

2

0 M
ag

ne
tic

 s
us

ce
pt

ib
ilit

y 
(X

 1
0-6

 m
3 k

g-1
) 10

8

6

4

2

0

Heating Cooling

FS-Lava
ID: W1-1c

M-Lava
ID:W7-2c

M-Lava
ID: W6-1c

H-Lava
ID: W4-23c

Figure D.1: Variation in magnetic susceptibility of fresh to slightly altered (FS), mod-
erately altered (M), and highly altered (H) lavas with temperature during heating and
cooling. The magnetic susceptibility of these lavas decrease from 390-500oC to close to
zero at 580oC, the Curie temperature of magnetite.
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Figure D.2: (Top) Zijderveld diagrams (bottom) magnetization intensity decay curves
during alternating field demagnetization of fresh to slightly altered (FS), moderately
altered (M), and highly altered (H) lavas. As the samples are not oriented, each sample’s
corresponding orthogonal vector projections are on an arbitrary X-Y-Z plane. Closed
and open circles indicate Y vs. X and Z vs. X projections in the Zijderveld diagrams,
respectively. The scale of axis ticks (Units) in the Zijderveld diagrams is provided at the
bottom.

E Data

E.1 Data Availability

All data supporting the findings of this study are available in the thesis figures and the
following appendices. They will also be available for download via the online open-access
repository - figshare.

• Data for Chapter 2: (Kanakiya, 2021a)

• Data for Chapter 3: (Kanakiya, 2021b)

• Data for Chapter 4: (Kanakiya, 2022)
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E.2 Sampling locations

Table E.1: Sampling locations for samples used in Chapter 2 and Chapter 3 from
Whakaari.

Block Sample Sample Latitude Longitude
ID ID type (DD-WGS84) (DD-WGS84)

W1 W1-1 Lava -37.52471722 177.1897081
W1 W1-2 Lava -37.52471722 177.1897081
W2 W2-1 Sulfur flow -37.52344778 177.1875728
W2 W2-2 Sulfur flow -37.52344778 177.1875728
W3 W3-1 Sulfur flow -37.52344778 177.1875728
W3 W3-2 Sulfur flow -37.52344778 177.1875728
W3 W3-3 Sulfur flow -37.52344778 177.1875728
W3 W3-4 Sulfur flow -37.52344778 177.1875728
W4 W4-1 Breccia -37.52312611 177.1872667
W4 W4-2 Lava -37.52312611 177.1872667
W4 W4-3 Lava -37.52312611 177.1872667
W5 W5-1 Tuff -37.523075 177.1872247
W5 W5-2 Tuff -37.523075 177.1872247
W5 W5-3 Tuff -37.523075 177.1872247
W5 W5-5 Tuff -37.523075 177.1872247
W5 W5-6 Tuff -37.523075 177.1872247
W6 W6-1 Lava -37.5230075 177.1872561
W6 W6-2 Lava -37.5230075 177.1872561
W6 W6-3 Lava -37.5230075 177.1872561
W6 W6-4 Lava -37.5230075 177.1872561
W6 W6-5 Lava -37.5230075 177.1872561
W7 W7-1 Lava -37.52314056 177.1872722
W7 W7-2 Lava -37.52314056 177.1872722
W7 W7-3 Lava -37.52314056 177.1872722
W8 W8-1 Tuff -37.52298028 177.1873194
W8 W8-2 Tuff -37.52298028 177.1873194
W9 W9-1 Breccia -37.52308194 177.1872567

Continued on next page
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Table E.1 – continued from previous page
Block Sample Sample Latitude Longitude
ID ID type (DD-WGS84) (DD-WGS84)

W9 W9-2 Breccia -37.52308194 177.1872567
W11 W11-1 Tuff -37.52289028 177.1866317
W11 W11-2 Tuff -37.52289028 177.1866317
W11 W11-3 Tuff -37.52289028 177.1866317
W11 W11-4 Tuff -37.52289028 177.1866317
W11 W11-5 Tuff -37.52289028 177.1866317
W12 W12-1 Breccia -37.52262278 177.1866086
W13 W13-1 Tuff -37.52262972 177.1867028
W13 W13-2 Tuff -37.52262972 177.1867028
W14 W14-1 Breccia -37.52263667 177.1867992
W15 W15-1 Tuff -37.52256194 177.1871403
W18 W18-1 Vesicular lava -37.52552167 177.1934581
W18 W18-3 Vesicular lava -37.52552167 177.1934581
W18 W18-4 Vesicular lava -37.52552167 177.1934581
W19 W19-1 Vesicular lava -37.52552167 177.1934581
W19 W19-2 Vesicular lava -37.52552167 177.1934581
W20 W20-1 Vesicular lava -37.52552167 177.1934581
WS WS-1 Sulfur flow -37.52344778 177.1875728

Table E.2: Sampling locations for samples used in Chapter 4 from Mt.Taranaki.

Block Sample Sample Latitude Longitude Sampling
ID ID type (DD-WGS84) (DD-WGS84) locality

T1 T1-1 Lava -39.294533 174.062547 Near summit
T2 T2-1 Lava -39.294533 174.062547 Near summit
T3 T3-1 Lava -39.294533 174.062547 Near summit
T4 T4-1 Lava -39.294533 174.062547 Near summit
T5 T5-1 Lava -39.294533 174.062547 Near summit
T6 T6-1 Lava -39.27877083 174.0103731 Maero stream
T7 T7-1 Lava -39.27877083 174.0103731 Maero stream

Continued on next page
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Table E.2 – continued from previous page
Block Sample Sample Latitude Longitude Sampling
ID ID type (DD-WGS84) (DD-WGS84) locality

T8 T8-1 Lava -39.27877083 174.0103731 Maero stream
T9 T9-1 Lava -39.27877083 174.0103731 Maero stream
T10 T10-1 Lava -39.27877083 174.0103731 Maero stream
T11 T11-1 Lava -39.27877083 174.0103731 Maero stream
T12 T12-1 Lava -39.27877083 174.0103731 Maero stream
T13 T13-1 Lava -39.27877083 174.0103731 Maero stream
T14 T14-1 Lava -39.29059444 173.8532075 Debris avalanche deposit
T15 T15-1 Lava -39.29059444 173.8532075 Debris avalanche deposit
T16 T16-1 Lava -39.29059444 173.8532075 Debris avalanche deposit
T17 T17-1 Lava -39.29401083 174.06488 Near summit
T18 T18-1 Lava -39.29401083 174.06488 Near summit
T19 T19-1 Lava -39.29401083 174.06488 Near summit
T20 T20-1 Lava -39.29401083 174.06488 Near summit
T21 T21-1 Lava -39.29401083 174.06488 Near summit
T22 T22-1 Lava -39.29401083 174.06488 Near summit
T23 T23-1 Lava -39.294533 174.062547 Near summit
T24 T24-1 Lava -39.294533 174.062547 Near summit
T25 T25-1 Lava -39.296292 174.06315 Summit
T26 T26-1 Lava -39.278883 174.010308 Maero stream
T27 T27-1 Lava -39.268453 174.013453 Pyramid stream
T28 T28-1 Lava -39.279444 174.010942 Maero stream
T29 T29-1 Lava -39.279444 174.010942 Maero stream
T30 T30-1 Lava -39.279444 174.010942 Maero stream
T31 T31-1 Lava -39.279444 174.010942 Maero stream
T32 T32-1 Lava -39.279444 174.010942 Maero stream
T33 T33-1 Lava -39.279444 174.010942 Maero stream
T34 T34-1 Lava -39.279444 174.010942 Maero stream
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E.3 Sample dimensions

Table E.3: Dimensions of samples used in Chapters 2 and 3 from Whakaari. The length (l), diameter (d), weight (w), volume
(v), and dry bulk density (ρ) of the samples are provided with their respective standard deviations (sd).

Sample ID l (cm) d (cm) w (g) v (cm3) ρ (kg/m3) lsd (cm) dsd (cm) wsd (g) vsd (cm3) ρsd (kg/m3)

W1-1 2.195 2.5 28.17 10.77 2615.6 0.003 0.003 0.01 0.03 7.34
W1-2 2.206 2.501 28.4 10.84 2619.93 0.006 0.004 0.01 0.05 12.12
W2-1 2.205 2.505 20.97 10.87 1929.16 0.003 0.004 0.01 0.04 7.16
W2-2 2.058 2.498 19.1 10.09 1892.96 0.01 0.005 0.01 0.06 11.3
W3-1 2.217 2.503 20.79 10.91 1905.59 0.01 0.003 0 0.06 10.48
W3-2 2.204 2.5 20.08 10.82 1855.82 0.004 0.004 0.01 0.04 6.92
W3-3 2.199 2.503 20.32 10.82 1878 0.008 0.003 0.01 0.05 8.73
W3-4 2.189 2.501 19.61 10.75 1824.19 0.022 0.005 0.01 0.12 20.38
W4-1 2.211 2.504 17.18 10.89 1577.59 0.008 0.006 0.01 0.07 10.18
W4-2 2.136 2.502 21.58 10.5 2055.24 0.013 0.003 0 0.07 13.7
W4-3 2.113 2.503 22.85 10.4 2197.12 0.005 0.003 0.01 0.04 8.5
W5-1 2.203 2.498 16.43 10.8 1521.3 0.005 0.001 0.01 0.03 4.33
W5-2 2.202 2.502 16.51 10.83 1524.47 0.004 0.003 0.01 0.03 4.32
W5-3 2.205 2.5 16.62 10.82 1536.04 0.008 0.004 0.01 0.05 7.16
W5-5 3.18 2.499 24.14 15.6 1547.44 0.008 0.002 0.03 0.05 5.32
W5-6 4.073 2.499 31.15 19.98 1559.06 0.008 0.002 0.02 0.05 4.03
W6-1 2.2 2.503 24.28 10.83 2241.92 0.009 0.003 0 0.05 10.35
W6-2 2.207 2.503 24.15 10.86 2223.76 0.004 0.003 0.01 0.03 6.21

Continued on next page
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Table E.3 – continued from previous page
Sample ID l (cm) d (cm) w (g) v (cm3) ρ (kg/m3) lsd (cm) dsd (cm) wsd (g) vsd (cm3) ρsd (kg/m3)

W6-3 2.202 2.502 26.67 10.83 2462.6 0.005 0.003 0.01 0.04 9.14
W6-4 2.201 2.502 26.9 10.82 2486.14 0.003 0.002 0 0.02 4.6
W6-5 2.195 2.502 26.41 10.79 2447.64 0.004 0.002 0.01 0.03 6.87
W7-1 2.212 2.503 25.39 10.88 2333.64 0.032 0.003 0.01 0.16 34.33
W7-2 2.199 2.504 25 10.83 2308.4 0.003 0.002 0.01 0.02 4.36
W7-3 2.18 2.502 24.66 10.72 2300.37 0.008 0.002 0.01 0.04 8.63
W8-1 2.212 2.502 19.94 10.88 1832.72 0.017 0.005 0 0.09 15.16
W8-2 2.165 2.502 18.63 10.64 1750.94 0.007 0.003 0.01 0.04 6.65
W9-1 2.185 2.502 22.84 10.74 2126.63 0.009 0.003 0.01 0.05 9.94
W9-2 2.193 2.502 22.15 10.78 2054.73 0.004 0.003 0 0.03 5.72
W11-1 2.191 2.497 14.92 10.73 1390.49 0.021 0.005 0.01 0.11 14.29
W11-2 2.18 2.496 15.36 10.67 1439.55 0.016 0.006 0.01 0.09 12.18
W11-3 2.205 2.503 18.4 10.85 1695.85 0.007 0.004 0.01 0.05 7.87
W11-4 2.203 2.464 15.37 10.5 1463.81 0.004 0.014 0.01 0.12 16.76
W11-5 2.213 2.503 17.27 10.89 1585.86 0.014 0.005 0.01 0.08 11.69
W12-1 2.203 2.503 19.02 10.84 1754.61 0.019 0.003 0 0.1 16.19
W13-1 2.146 2.503 19.03 10.56 1802.08 0.037 0.003 0.01 0.18 30.73
W13-2 2.165 2.502 17.96 10.64 1687.97 0.007 0.003 0.01 0.04 6.41
W14-1 2.198 2.499 17.34 10.78 1608.53 0.013 0.002 0.01 0.07 10.49
W15-1 2.199 2.502 16.85 10.81 1558.74 0.01 0.003 0.01 0.06 8.7
W18-1 2.177 2.491 9.69 10.61 913.29 0.005 0.009 0 0.08 6.89
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Table E.3 – continued from previous page
Sample ID l (cm) d (cm) w (g) v (cm3) ρ (kg/m3) lsd (cm) dsd (cm) wsd (g) vsd (cm3) ρsd (kg/m3)

W18-3 2.205 2.493 7.25 10.76 673.79 0.008 0.007 0.01 0.07 4.48
W18-4 2.197 2.495 11.54 10.74 1074.49 0.008 0.005 0.01 0.06 6.07
W19-1 2.202 2.501 11.34 10.82 1048.06 0.003 0.002 0 0.02 1.94
W19-2 2.202 2.503 13.63 10.83 1258.54 0.006 0.003 0.01 0.04 4.74
W20-1 2.197 2.493 7.51 10.72 700.56 0.008 0.007 0.01 0.07 4.67
WS-1 2.194 2.499 20.27 10.76 1883.83 0.003 0.005 0.01 0.05 8.8

Table E.4: Dimensions of samples used in Chapter 4 from Mt. Taranaki. The length (l), diameter (d), weight (w), volume
(v), and dry bulk density (ρ) of the samples are provided with their associated standard deviations (sd).

Sample ID l (cm) d (cm) w (g) v (cm3) ρ (kg/m3) lsd (cm) dsd (cm) wsd (g) vsd (cm3) ρsd (kg/m3)

T1-1 2.204 2.502 23.64 10.84 2180.81 0.006 0.003 0.00 0.04 8.05
T2-1 2.192 2.502 21.63 10.78 2006.49 0.014 0.003 0.01 0.07 13.06
T3-1 2.196 2.502 24.01 10.80 2223.15 0.002 0.002 0.01 0.02 4.22
T4-1 2.193 2.498 19.99 10.75 1859.53 0.023 0.002 0.02 0.11 19.12
T5-1 2.205 2.503 25.42 10.85 2342.86 0.002 0.003 0.01 0.03 6.54
T6-1 2.139 2.503 26.11 10.53 2479.58 0.010 0.003 0.01 0.06 14.16
T7-1 2.201 2.502 24.21 10.82 2237.52 0.004 0.002 0.01 0.03 6.27
T8-1 2.200 2.503 27.60 10.83 2548.48 0.004 0.003 0.01 0.03 7.12
T9-1 2.194 2.501 23.77 10.78 2205.01 0.008 0.003 0.01 0.05 10.27
T10-1 2.150 2.503 17.25 10.58 1630.43 0.006 0.004 0.01 0.04 6.24
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Table E.4 – continued from previous page
Sample ID l (cm) d (cm) w (g) v (cm3) ρ (kg/m3) lsd (cm) dsd (cm) wsd (g) vsd (cm3) ρsd (kg/m3)

T11-1 2.202 2.502 26.59 10.83 2455.22 0.003 0.003 0.01 0.03 6.86
T12-1 2.197 2.502 22.88 10.80 2118.52 0.011 0.003 0.01 0.06 11.81
T13-1 2.198 2.503 25.35 10.82 2342.88 0.004 0.003 0.01 0.03 6.56
T14-1 2.172 2.504 26.39 10.70 2466.36 0.007 0.002 0.01 0.04 9.27
T15-1 2.205 2.503 29.37 10.85 2706.91 0.003 0.003 0.01 0.03 7.54
T16-1 2.205 2.504 29.09 10.86 2678.64 0.007 0.002 0.01 0.04 9.91
T17-1 2.201 2.504 23.79 10.84 2194.65 0.003 0.002 0.01 0.02 4.15
T18-1 2.194 2.504 26.37 10.80 2441.67 0.005 0.002 0.03 0.03 7.33
T19-1 2.185 2.502 22.30 10.74 2076.35 0.005 0.002 0.01 0.03 5.87
T20-1 2.174 2.493 18.18 10.61 1713.48 0.056 0.020 0.02 0.32 51.71
T21-1 2.198 2.501 19.97 10.80 1849.07 0.007 0.002 0.01 0.04 6.91
T22-1 2.249 2.500 27.07 11.04 2451.99 0.012 0.002 0.02 0.06 13.45
T23-1 2.191 2.501 22.22 10.76 2065.06 0.014 0.002 0.01 0.07 13.47
T24-1 2.242 2.500 25.79 11.01 2342.42 0.008 0.002 0.02 0.04 8.70
T25-1 2.199 2.495 25.23 10.75 2346.98 0.005 0.007 0.02 0.07 15.40
T26-1 2.158 2.486 26.49 10.47 2530.09 0.006 0.007 0.02 0.07 17.02
T27-1 2.199 2.492 28.09 10.73 2617.89 0.003 0.005 0.01 0.05 12.23
T28-1 2.194 2.492 24.31 10.70 2271.96 0.016 0.005 0.01 0.09 19.13
T29-1 2.256 2.495 25.09 11.03 2274.71 0.009 0.005 0.01 0.06 12.41
T30-1 2.205 2.493 25.88 10.76 2405.20 0.006 0.005 0.01 0.05 11.22
T31-1 2.208 2.491 27.82 10.76 2585.50 0.010 0.003 0.01 0.06 14.45
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Table E.4 – continued from previous page
Sample ID l (cm) d (cm) w (g) v (cm3) ρ (kg/m3) lsd (cm) dsd (cm) wsd (g) vsd (cm3) ρsd (kg/m3)

T32-1 2.251 2.493 24.19 10.99 2201.09 0.016 0.006 0.01 0.09 18.05
T33-1 2.203 2.495 19.12 10.77 1775.30 0.005 0.005 0.01 0.05 8.29
T34-1 2.210 2.494 21.38 10.80 1979.63 0.004 0.005 0.01 0.05 9.21
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E.4 Phase composition - X-ray diffraction analysis

Table E.5: Semi-quantitative phase composition of 45 samples used in Chapter 2 from Whakaari. Here, Pl-Plagioclase,
Px-pyroxene, Fto-Fe-Ti oxides, Alu-alunite, Crs-cristobalite, Trd-tridymite, S-Sulfur, Py-pyrite, Kln-clays, Anh-anhydrite, Gp-
Gypsum, Si-silica, Brt-barite, Amo-amorphous phases. Amorphous phase types are classified as primary (P), secondary (S),
or a combination of both (PS). Alteration intensities of the samples are shown by FS-Fresh to slightly altered, M-moderately
altered, and H-highly altered. Note that sample W14-1 was classified as moderately altered based on visual examination during
BSE imaging.

Sample Sample Pl Px Fto Alu Crs Trd S Py Kln Anh Amo Amo Other Alteration
ID type (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) type phases intensity

W1-1 Lava 67 20 0 0 0 0 0 0 0 0 13 P Anh/Gp, Fto FS
W1-2 Lava 67 20 0 0 0 0 0 0 0 0 13 P Anh/Gp, Fto FS
W2-1 Sulfur flow 0 0 0 0 0 0 85 0 0 0 15 P Detrital Si, Anh/Gp FS
W2-2 Sulfur flow 0 0 0 0 0 0 85 0 0 0 15 P Detrital Si, Anh/Gp FS
W3-1 Sulfur flow 0 0 0 0 0 0 85 0 0 0 15 P Detrital Si, Brt FS
W3-2 Sulfur flow 0 0 0 0 0 0 85 0 0 0 15 P Detrital Si, Brt FS
W3-3 Sulfur flow 0 0 0 0 0 0 85 0 0 0 15 P Detrital Si, Brt FS
W3-4 Sulfur flow 0 0 0 0 0 0 85 0 0 0 15 P Detrital Si, Brt FS
W4-1 Breccia 0 0 0 46 3 0 0 0 0 0 50 S H
W4-2 Lava 22 12 0 8 3 0 0 0 9 0 45 PS Fto H
W4-3 Lava 22 12 0 8 3 0 0 0 9 0 45 PS Fto H
W5-1 Tuff 24 20 0 13 0 0 0 0 0 0 44 P Si, Py M
W5-2 Tuff 24 20 0 13 0 0 0 0 0 0 44 P Si, Py M

Continued on next page
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Table E.5 – continued from previous page
Sample Sample Pl Px Fto Alu Crs Trd S Py Kln Anh Amo Amo Other Alteration
ID type (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) type phases intensity

W5-3 Tuff 24 20 0 13 0 0 0 0 0 0 44 P Si, Py M
W5-5 Tuff 24 20 0 13 0 0 0 0 0 0 44 P Si, Py M
W5-6 Tuff 24 20 0 13 0 0 0 0 0 0 44 P Si, Py M
W6-1 Lava 60 17 0 0 9 6 0 0 0 0 8 P Fto, Kln M
W6-2 Lava 43 15 0 0 8 6 0 0 0 0 28 P Fto, Kln M
W6-3 Lava 62 17 0 0 10 1 0 0 0 0 10 P Fto, Kln M
W6-4 Lava 62 18 0 0 11 1 0 0 0 0 9 P Fto, Kln M
W6-5 Lava 62 18 0 0 10 1 0 0 0 0 9 P Fto, Kln M
W7-1 Lava 58 13 0 0 13 0 0 0 0 0 15 P Anh/Gp, Fto M
W7-2 Lava 58 13 0 0 13 0 0 0 0 0 15 P Anh/Gp, Fto M
W7-3 Lava 58 13 0 0 13 0 0 0 0 0 15 P Anh/Gp, Fto M
W8-1 Tuff 0 0 0 28 1 17 1 1 0 0 52 S H
W8-2 Tuff 0 0 0 28 1 17 1 1 0 0 52 S H
W9-1 Breccia 0 15 0 54 5 0 0 0 0 0 26 PS Anh/Gp, Py H
W9-2 Breccia 0 2 0 63 0 0 0 0 0 0 34 PS Anh/Gp, Py, Si H
W11-1 Tuff 0 0 0 49 3 0 0 0 0 0 48 S Fto, Kln H
W11-2 Tuff 0 0 4 37 7 0 0 0 0 0 52 S Kln H
W11-3 Tuff 0 0 4 37 7 0 0 0 0 0 52 S Kln H
W11-4 Tuff 0 0 0 49 3 0 0 0 0 0 48 S Fto, Kln H
W11-5 Tuff 0 0 0 49 3 0 0 0 0 0 48 S Fto, Kln H
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Table E.5 – continued from previous page
Sample Sample Pl Px Fto Alu Crs Trd S Py Kln Anh Amo Amo Other Alteration
ID type (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) type phases intensity

W12-1 Breccia 0 0 0 40 3 0 0 0 0 0 57 S Py H
W13-1 Tuff 0 0 0 50 1 0 0 0 0 0 49 S H
W13-2 Tuff 0 0 0 50 0 0 0 0 0 0 50 S H
W14-1 Breccia 27 26 1 0 0 0 0 0 0 0 46 P Si, Py M
W15-1 Tuff 0 0 0 18 18 6 0 3 0 16 39 S H
W18-1 Vesicular lava 42 24 0 0 0 0 0 0 0 0 35 P FS
W18-3 Vesicular lava 42 24 0 0 0 0 0 0 0 0 35 P FS
W18-4 Vesicular lava 41 23 0 0 0 0 0 0 0 0 36 P Fto FS
W19-1 Vesicular lava 41 27 0 0 0 0 0 0 0 0 32 P Kln FS
W19-2 Vesicular lava 41 27 0 0 0 0 0 0 0 0 32 P Kln FS
W20-1 Vesicular lava 27 25 1 0 0 0 0 0 0 0 47 P Kln, Anh/Gp FS
WS-1 Sulfur flow 0 0 0 0 0 0 92 0 0 0 8 P FS

106



Table E.6: Semi-quantitative phase composition of 34 samples used in Chapter 4 from Mt. Taranaki. Here, Fsp-feldspar, Px-
pyroxene, Amp-amphibole, Fto-Fe-Ti oxides, Alu-alunite, Si-silica (mainly cristobalite), Amo-amorphous phases. Amorphous
phase types are classified as primary (P), secondary (S), or a combination of both (PS). Alteration intensities of the samples
are shown by FS-Fresh to slightly altered, M-moderately altered, and H-highly altered. Sampling locality is represented by S-
summit dome area, BAF-block and ash flow deposits, and DA-debris avalanche deposits. Note that sample T21-1 was classified
as moderately altered based on visual examination during BSE imaging.

Sample Sample Sampling Fsp Px Amp Fto Alu Si Amo Amo Other Alteration
ID type locality (%) (%) (%) (%) (%) (%) (%) type phases intensity

T1-1 Lava S 57 21 0 0 13 0 10 P Si, Amp, Fto M
T2-1 Lava S 34 10 0 0 8 3 44 P Amp M
T3-1 Lava S 47 19 5 0 10 2 18 P M
T4-1 Lava S 55 18 6 0 0 0 21 P FS
T5-1 Lava S 54 21 2 0 0 5 18 P M
T6-1 Lava BAF 56 32 0 2 0 0 10 P FS
T7-1 Lava BAF 54 14 7 0 0 0 25 P FS
T8-1 Lava BAF 55 24 0 2 0 1 18 P Amp FS
T9-1 Lava BAF 25 28 0 0 11 0 36 P M
T10-1 Lava BAF 44 10 12 0 0 0 34 P FS
T11-1 Lava BAF 66 26 0 0 0 0 8 P Amp FS
T12-1 Lava BAF 53 23 0 1 0 7 17 P M
T13-1 Lava BAF 59 26 0 1 0 4 9 P Amp FS
T14-1 Lava DA 69 16 0 0 0 2 13 P FS
T15-1 Lava DA 63 24 0 1 0 2 9 P FS

Continued on next page
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Table E.6 – continued from previous page
Sample Sample Sampling Fsp Px Amp Fto Alu Si Amo Amo Other Alteration
ID type locality (%) (%) (%) (%) (%) (%) (%) type phases intensity

T16-1 Lava DA 63 23 0 1 0 3 10 P Amp FS
T17-1 Lava S 27 9 0 0 24 3 37 P M
T18-1 Lava S 45 34 0 0 2 4 17 P M
T19-1 Lava S 56 6 0 0 8 9 21 P M
T20-1 Lava S 0 0 0 1 27 14 58 P Px, Fsp H
T21-1 Lava S 39 31 0 0 3 0 27 P Amp, Si, Fto M
T22-1 Lava S 42 26 0 0 6 1 25 P Amp M
T23-1 Lava S 31 8 4 0 6 0 50 P M
T24-1 Lava S 34 8 14 0 8 0 36 P M
T25-1 Lava S 57 22 0 2 0 0 19 P Amp FS
T26-1 Lava BAF 67 20 2 1 0 0 10 P FS
T27-1 Lava BAF 67 21 0 3 0 0 9 P Amp FS
T28-1 Lava BAF 53 18 3 3 0 0 23 P FS
T29-1 Lava BAF 58 12 4 4 0 0 22 P FS
T30-1 Lava BAF 56 17 3 2 0 0 22 P FS
T31-1 Lava BAF 50 17 9 0 0 0 23 P FS
T32-1 Lava BAF 53 13 8 1 0 0 25 P FS
T33-1 Lava BAF 48 15 10 0 0 0 27 P FS
T34-1 Lava BAF 55 15 6 1 0 0 23 P FS
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E.5 Phase composition - Backscattered-electron imaging and

energy disperse spectroscopy

This section consists of backscattered-electron images for samples used in Chapter 2. The
phases were identified using energy dispersive spectroscopy.

Lavas

Pyroxene

Plagioclase

Fe-Ti Oxide

Anhydrite/Gypsum 
precipitation in
fracture

Block ID: W1     Sample ID: W1-1c
Sample type: Lava
Alteration intensity: Fresh-slightly altered 

100 µm
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Block ID: W6     Sample ID: W6-1c
Sample type: Lava
Alteration intensity: Moderately altered 

100 µm

Pyroxene

Plagioclase

Silica

Secondary porosity 
(dissoluting pyroxene)

Fe-Ti Oxide

Clay precipitation 
in pore

Block ID: W7     Sample ID: W7-2c
Sample type: Lava
Alteration intensity: Moderately altered 

100 µm

Pyroxene

Plagioclase

Secondary porosity 
(dissoluting pyroxene)

Cristobalite 
precipitaton 
in pore

Anhydrite/ Gypsum 
precipitation in pore

Mineral replacement and 
filling of secondary 
pores by Cristobalite

Fe-Ti Oxide
Primary pore
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Block ID: W4     Sample ID: W4-23c
Sample type: Lava
Alteration intensity: Highly altered 

100 µm

Plagioclase 
and 
pyroxenene

Alunite precipitation 
in fracture

Secondary porosity 
(dissoluting pyroxene)

Mineral replacement 
and filling of secondary 
pores by clay and 
cristobalite
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Tuffs

Block ID: W5     Sample ID: W5-1c
Sample type: Tuff
Alteration intensity: Moderately altered 

100 µm

Pyroxene

Alunite precipitation
in pores

Silica precipitation 
in pores

Plagioclase
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Block ID: W8     Sample ID: W8-1c
Sample type: Tuff
Alteration intensity: Highly altered 

100 µm

Pyrite

Alunite and tridymite

Mineral replacement and  
and filling of pores 
by alunite and tridymite 

Secondary porosity 
(dissoluting pyroxene)

Block ID: W11     Sample ID: W11-2c
Sample type: Tuff
Alteration intensity: Highly altered 

100 µm

Mineral replacement 
and filling of pores by 
alunite and silica

Clay precipitation 
in pore

Alunite precipitation 
in pore

Fe-Ti Oxide
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Block ID: W13     Sample ID: W13-1c
Sample type: Tuff
Alteration intensity: Highly altered 

100 µm

Alunite precipitation in 
pores and fractures

Mineral replacement and 
filling of pores by 
amorphous silica (Opal-A)

Mineral replacement and 
filling of pores by alunite

Block ID: W15     Sample ID: W15-1c
Sample type: Tuff
Alteration intensity: Highly altered 

100 µm

Pyrite

Anhydrite/Gypsum 
precipitation in pore

Mineral replacement 
and filling of pore and 
fractures by alunite, 
cristobalite, and tridymite
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Breccias

Block ID: W14     Sample ID: W14-1c
Sample type: Breccia
Alteration intensity: Moderately altered 

100 µm

Mineral replacement and 
filling of pores by amorphous 
silica (Opal-A)

Pyrite

Pyroxene

Secondary porosity 
(dissoluting pyroxene)
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Block ID: W4     Sample ID: W4-1c
Sample type: Breccia
Alteration intensity: Highly altered 

100 µm

Mineral replacement 
and filling of pores by 
amorphous silica (Opal-A)

Alunite precipitation 
in fractures

Block ID: W9     Sample ID: W9-1c
Sample type: Breccia
Alteration intensity: Highly altered 

100 µm

Alunite 
precipitation 
in fractures

Anhydrite/Gypsum 
precipitation 
in pores

Mineral replacement 
by silica and alunite

Pyroxene
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Block ID: W12     Sample ID: W12-1c
Sample type: Breccia
Alteration intensity: Highly altered 

100 µm

Alunite precipitation 
in pores and fractures

Mineral replacement by 
amorphous silica (Opal-A)
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Vesicular lavas

Block ID: W18     Sample ID: W18-1c
Sample type: Vesicular lava
Alteration intensity: Fresh-slightly altered 

100 µm

Plagioclase, pyroxene, 
and volcanic glass

Pyroxene
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Block ID: W19     Sample ID: W19-1c
Sample type: Vesicular lava
Alteration intensity: Fresh-slightly altered 

100 µm

Clay precipitation
in pore Pyroxene

Plagioclase, 
pyroxene and 
volcanic glass

Block ID: W20     Sample ID: W20-1c
Sample type: Vesicular lava
Alteration intensity: Fresh-slightly altered 

100 µm

Plagioclase

Pyroxene

Clay precipitation 
in pore

Anhydrite/Gypsum
precipitation 
in pores
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Sulfur flows

Sulfur

Sulfur

Sulfur

Detrital silica

Block ID: W2     Sample ID: W2-2c
Sample type: Sulfur flow
Alteration intensity: Fresh-slightly altered 

100 µm
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Block ID: W3     Sample ID: W3-2c
Sample type: Sulfur flow
Alteration intensity: Fresh-slightly altered 

100 µm

Sulfur SulfurDetrital silica

Sulfur
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E.6 Porosity and permeability

Table E.7: Porosity and permeability of samples used in Chapter 2 from Whakaari.
Here, Peff -effective hydrostatic pressure, φ-porosity, φSD -standard deviation of porosity,
κ-permeability. Error on permeability is less than 5%. Alteration intensities of the
samples are shown by FS-Fresh to slightly altered, M-moderately altered, and H-highly
altered. In samples with (a) in notes, porosity is not directly measured but instead are
computed from an average of porosities of samples W5-1, W5-2, and W5-3; with (b)
in notes porosity was below the detection limit; with * in notes standard deviation of
porosity was estimated based on atmospheric pressure measurements.

Sample ID Sample type Alteration Peff φ φSD κ Notes
Intensity (MPa) (%) (%) (m2)

W1-1 Lava FS 0 2 0
W11-1 Tuff H 0 44 2
W11-2 Tuff H 0 45 3
W11-3 Tuff H 0 32 1
W11-4 Tuff H 0 41 4
W11-5 Tuff H 0 34 2
W1-2 Lava FS 0 2 0
W12-1 Breccia H 0 25 1
W13-1 Tuff H 0 21 1
W13-2 Tuff H 0 28 1
W14-1 Breccia M 0 37 1
W15-1 Tuff H 0 33 1
W18-1 Vesicular lava FS 0 67 5
W18-3 Vesicular lava FS 0 76 5
W18-4 Vesicular lava FS 0 61 3
W19-1 Vesicular lava FS 0 62 2
W19-2 Vesicular lava FS 0 54 2
W20-1 Vesicular lava FS 0 73 4
W2-1 Sulfur flow FS 0 7 0
W2-2 Sulfur flow FS 0 8 0
W3-1 Sulfur flow FS 0 6 0
W3-2 Sulfur flow FS 0 9 0
W3-3 Sulfur flow FS 0 8 0

Continued on next page
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Table E.7 – continued from previous page
Sample ID Sample type Alteration Peff φ φSD κ Notes

Intensity (MPa) (%) (%) (m2)

W3-4 Sulfur flow FS 0 9 0
W4-1 Breccia H 0 36 2
W4-2 Lava H 0 16 1
W4-3 Lava H 0 12 0
W5-1 Tuff M 0 41 1
W5-2 Tuff M 0 40 2
W5-3 Tuff M 0 39 2
W5-5 Tuff M 0 40 1 *a
W6-1 Lava M 0 11 0
W6-2 Lava M 0 10 0
W6-3 Lava M 0 7 0
W6-4 Lava M 0 7 0
W6-5 Lava M 0 7 0
W7-1 Lava M 0 12 1
W7-2 Lava M 0 13 0
W7-3 Lava M 0 13 0
W8-1 Tuff H 0 21 1
W8-2 Tuff H 0 24 1
W9-1 Breccia H 0 18 1
W9-2 Breccia H 0 19 1
WS-1 Sulfur flow FS 0 7 0
W5-6 Tuff M 1.89 31 1 6.11× 10−14 *
W5-6 Tuff M 5.4 29 1 5.82× 10−14 *
W5-6 Tuff M 12.29 29 1 5.72× 10−14 *
W5-6 Tuff M 19.07 29 1 5.52× 10−14 *
W5-6 Tuff M 25.73 29 1 5.58× 10−14 *
W5-6 Tuff M 32.51 29 1 5.43× 10−14 *
W5-6 Tuff M 39.49 29 1 5.33× 10−14 *
W5-6 Tuff M 46.64 28 1 5.12× 10−14 *
W5-6 Tuff M 53.64 28 1 4.89× 10−14 *
W6-3 Lava M 1.94 6 0 7.38× 10−17 *
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Table E.7 – continued from previous page
Sample ID Sample type Alteration Peff φ φSD κ Notes

Intensity (MPa) (%) (%) (m2)

W6-3 Lava M 5.38 5 0 4.25× 10−17 *
W6-3 Lava M 12.16 5 0 2.73× 10−17 *
W6-3 Lava M 19.17 5 0 1.9× 10−17 *
W6-3 Lava M 25.99 4 0 1.37× 10−17 *
W6-3 Lava M 32.85 4 0 1.05× 10−17 *
W6-3 Lava M 39.85 4 0 8.48× 10−18 *
W6-3 Lava M 46.71 4 0 6.43× 10−18 *
W6-3 Lava M 53.76 3 0 5.01× 10−18 *
W6-5 Lava M 2.04 3 0 2.78× 10−16 *
W6-5 Lava M 5.53 3 0 1.84× 10−16 *
W6-5 Lava M 12.28 2 0 8.1× 10−17 *
W6-5 Lava M 19.01 2 0 4.14× 10−17 *
W6-5 Lava M 25.77 2 0 2.49× 10−17 *
W6-5 Lava M 32.51 2 0 1.46× 10−17 *
W6-5 Lava M 39.9 2 0 8.29× 10−18 *
W6-5 Lava M 46.57 1 0 4.92× 10−18 *
W6-5 Lava M 53.85 1 0 3.38× 10−18 *
W13-2 Tuff H 1.85 27 1 2.63× 10−16 *
W13-2 Tuff H 5.36 27 1 2.49× 10−16 *
W13-2 Tuff H 19.07 26 1 2.14× 10−16 *
W13-2 Tuff H 26.1 26 1 1.68× 10−16 *
W13-2 Tuff H 33.05 26 1 1.66× 10−16 *
W13-2 Tuff H 39.62 25 1 1.5× 10−16 *
W13-2 Tuff H 46.6 25 1 1.61× 10−16 *
W13-2 Tuff H 53.57 25 1 1.44× 10−16 *
W15-1 Tuff H 1.77 32 1 1.57× 10−15 *
W15-1 Tuff H 5.37 32 1 1.41× 10−15 *
W15-1 Tuff H 12.18 31 1 1.23× 10−15 *
W15-1 Tuff H 19.15 31 1 1.09× 10−15 *
W15-1 Tuff H 25.83 30 1 9.48× 10−16 *
W15-1 Tuff H 32.68 30 1 9.05× 10−16 *
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Sample ID Sample type Alteration Peff φ φSD κ Notes

Intensity (MPa) (%) (%) (m2)

W15-1 Tuff H 39.89 30 1 8.32× 10−16 *
W15-1 Tuff H 46.69 30 1 7.8× 10−16 *
W15-1 Tuff H 53.64 29 1 3.65× 10−16 *
W5-1 Tuff M 3.45 37 1 *
W5-1 Tuff M 6.89 37 1 *
W5-1 Tuff M 13.79 37 1 *
W5-1 Tuff M 20.68 36 1 *
W5-1 Tuff M 27.58 36 1 *
W5-1 Tuff M 34.47 35 1 *
W5-1 Tuff M 41.37 33 1 *
W5-1 Tuff M 48.26 32 1 *
W5-1 Tuff M 55.16 30 1 *
W7-2 Lava M 3.45 11 0 *
W7-2 Lava M 6.89 10 0 *
W7-2 Lava M 13.79 9 0 *
W7-2 Lava M 20.68 8 0 *
W7-2 Lava M 27.58 8 0 *
W7-2 Lava M 34.47 8 0 *
W7-2 Lava M 41.37 7 0 *
W7-2 Lava M 48.26 6 0 *
W7-2 Lava M 55.16 6 0 *
W1-2 Lava FS 3.45 1 0 *
W1-2 Lava FS 6.89 0 0 *
W1-2 Lava FS 13.79 0 0 *
W1-2 Lava FS 20.68 0 0 *
W1-2 Lava FS 27.58 0 0 *b
W1-2 Lava FS 34.47 0 0 *b
W1-2 Lava FS 41.37 0 0 *
W1-2 Lava FS 48.26 0 0 *b
W1-2 Lava FS 55.16 0 0 *
W9-2 Breccia H 3.45 15 1 *
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Sample ID Sample type Alteration Peff φ φSD κ Notes

Intensity (MPa) (%) (%) (m2)

W9-2 Breccia H 6.89 14 1 *
W9-2 Breccia H 13.79 14 1 *
W9-2 Breccia H 20.68 13 1 *
W9-2 Breccia H 27.58 13 1 *
W9-2 Breccia H 34.47 13 1 *
W9-2 Breccia H 41.37 13 1 *
W9-2 Breccia H 48.26 13 1 *
W9-2 Breccia H 55.16 13 1 *
W6-2 Lava M 3.45 9 0 *
W6-2 Lava M 6.89 8 0 *
W6-2 Lava M 13.79 7 0 *
W6-2 Lava M 20.68 6 0 *
W6-2 Lava M 27.58 7 0 *
W6-2 Lava M 34.47 4 0 *
W6-2 Lava M 41.37 4 0 *
W6-2 Lava M 48.26 3 0 *
W6-2 Lava M 55.16 3 0 *
W11-2 Tuff H 3.45 44 3 *
W11-2 Tuff H 6.89 42 3 *
W11-2 Tuff H 13.79 40 3 *
W11-2 Tuff H 20.68 39 3 *
W11-2 Tuff H 27.58 38 3 *
W11-2 Tuff H 34.47 35 3 *
W11-2 Tuff H 41.37 33 3 *
W11-2 Tuff H 48.26 32 3 *
W11-2 Tuff H 55.16 31 3 *
W11-5 Tuff H 3.45 31 2 *
W11-5 Tuff H 6.89 30 2 *
W11-5 Tuff H 13.79 30 2 *
W11-5 Tuff H 20.68 29 2 *
W11-5 Tuff H 27.58 29 2 *
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Sample ID Sample type Alteration Peff φ φSD κ Notes

Intensity (MPa) (%) (%) (m2)

W11-5 Tuff H 34.47 29 2 *
W11-5 Tuff H 41.37 29 2 *
W11-5 Tuff H 48.26 28 2 *
W11-5 Tuff H 55.16 28 2 *
W2-1 Sulfur flow FS 3.45 5 0 *
W2-1 Sulfur flow FS 6.89 4 0 *
W2-1 Sulfur flow FS 13.79 4 0 *
W2-1 Sulfur flow FS 20.68 4 0 *
W2-1 Sulfur flow FS 27.58 4 0 *
W2-1 Sulfur flow FS 34.47 3 0 *
W2-1 Sulfur flow FS 41.37 4 0 *
W2-1 Sulfur flow FS 48.26 3 0 *
W2-1 Sulfur flow FS 55.16 3 0 *
W13-1 Tuff H 3.45 22 1 *
W13-1 Tuff H 6.89 22 1 *
W13-1 Tuff H 13.79 22 1 *
W13-1 Tuff H 20.68 21 1 *
W13-1 Tuff H 27.58 21 1 *
W13-1 Tuff H 34.47 21 1 *
W13-1 Tuff H 41.37 21 1 *
W13-1 Tuff H 48.26 20 1 *
W13-1 Tuff H 55.16 20 1 *
W4-2 Lava H 3.45 16 1 *
W4-2 Lava H 6.89 15 1 *
W4-2 Lava H 13.79 14 1 *
W4-2 Lava H 20.68 14 1 *
W4-2 Lava H 27.58 14 1 *
W4-2 Lava H 34.47 13 1 *
W4-2 Lava H 41.37 12 1 *
W4-2 Lava H 48.26 12 1 *
W4-2 Lava H 55.16 12 1 *
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Sample ID Sample type Alteration Peff φ φSD κ Notes

Intensity (MPa) (%) (%) (m2)

W18-1 Vesicular lava FS 3.45 43 5 *
W18-1 Vesicular lava FS 6.89 35 5 *
W18-1 Vesicular lava FS 13.79 30 5 *
W18-1 Vesicular lava FS 20.68 24 5 *
W18-1 Vesicular lava FS 27.58 15 5 *
W18-1 Vesicular lava FS 34.47 13 5 *
W19-1 Vesicular lava FS 3.45 58 2 *
W19-1 Vesicular lava FS 6.89 57 2 *
W19-1 Vesicular lava FS 13.79 55 2 *
W19-1 Vesicular lava FS 20.68 53 2 *
W19-1 Vesicular lava FS 27.58 50 2 *
W19-1 Vesicular lava FS 34.47 19 2 *

Table E.8: Porosity and permeability of samples used in Chapter 4 from Mt. Taranaki.
Here, Peff -effective hydrostatic pressure, φ-porosity, φSD -standard deviation of porosity,
κ-permeability. Error on porosity, where not specified, and permeability is less than
5%. Alteration intensities of the samples are shown by FS-Fresh to slightly altered, M-
moderately altered, and H-highly altered. Sampling locality is represented by S-summit
dome area, BAF-block and ash flow deposits, and DA-debris avalanche deposits.

Sample ID Sample type Sampling Alteration Peff φ φSD κ

locality Intensity (MPa) (%) (%) (m2)

T1-1 Lava S M 0 16 1
T1-1 Lava S M 1.79 14 8.74× 10−14

T1-1 Lava S M 2.45 14 8.80× 10−14

T1-1 Lava S M 3.2 14 8.77× 10−14

T1-1 Lava S M 3.82 14 8.83× 10−14

T1-1 Lava S M 4.54 14 8.80× 10−14

T1-1 Lava S M 5.22 14 8.83× 10−14

T2-1 Lava S M 0 21 1
T2-1 Lava S M 2 21 9.32× 10−13
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Sample ID Sample type Sampling Alteration Peff φ φSD κ

locality Intensity (MPa) (%) (%) (m2)

T2-1 Lava S M 2.51 21 9.29× 10−13

T2-1 Lava S M 3.15 21 9.59× 10−13

T2-1 Lava S M 3.87 21 9.52× 10−13

T2-1 Lava S M 4.51 21 9.55× 10−13

T2-1 Lava S M 5.23 21 9.67× 10−13

T3-1 Lava S M 0 17 1
T3-1 Lava S M 1.86 17 2.33× 10−14

T3-1 Lava S M 2.59 16 2.31× 10−14

T3-1 Lava S M 3.16 17 2.31× 10−14

T3-1 Lava S M 3.97 17 2.31× 10−14

T3-1 Lava S M 4.65 17 2.31× 10−14

T3-1 Lava S M 5.35 16 2.30× 10−14

T4-1 Lava S FS 0 32 1
T4-1 Lava S FS 1.57 30 4.62× 10−13

T4-1 Lava S FS 2.44 31 4.42× 10−13

T4-1 Lava S FS 3.17 30 4.53× 10−13

T4-1 Lava S FS 3.82 30 4.47× 10−13

T4-1 Lava S FS 4.57 31 4.52× 10−13

T4-1 Lava S FS 5.19 31 4.41× 10−13

T5-1 Lava S M 0 13 1
T5-1 Lava S M 1.74 12 4.42× 10−14

T5-1 Lava S M 2.38 12 4.41× 10−14

T5-1 Lava S M 3.1 12 4.37× 10−14

T5-1 Lava S M 3.75 12 4.30× 10−14

T5-1 Lava S M 4.57 12 4.21× 10−14

T5-1 Lava S M 5.21 12 4.40× 10−14

T6-1 Lava BAF FS 0 13 1
T6-1 Lava BAF FS 1.92 13 1.90× 10−15

T6-1 Lava BAF FS 2.44 13 1.84× 10−15

T6-1 Lava BAF FS 3.17 13 1.81× 10−15

T6-1 Lava BAF FS 3.86 13 1.75× 10−15
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Sample ID Sample type Sampling Alteration Peff φ φSD κ

locality Intensity (MPa) (%) (%) (m2)

T6-1 Lava BAF FS 4.52 14 1.74× 10−15

T6-1 Lava BAF FS 5.34 13 1.69× 10−15

T7-1 Lava BAF FS 0 18 1
T7-1 Lava BAF FS 1.61 17 7.74× 10−14

T7-1 Lava BAF FS 2.16 17 7.61× 10−14

T7-1 Lava BAF FS 2.8 17 7.63× 10−14

T7-1 Lava BAF FS 3.61 17 7.55× 10−14

T7-1 Lava BAF FS 4.21 17 7.55× 10−14

T7-1 Lava BAF FS 5.01 17 7.48× 10−14

T8-1 Lava BAF FS 0 8 0
T8-1 Lava BAF FS 1.86 8 8.82× 10−17

T8-1 Lava BAF FS 2.3 8 8.86× 10−17

T8-1 Lava BAF FS 3.12 7 8.05× 10−17

T8-1 Lava BAF FS 3.91 8 7.96× 10−17

T8-1 Lava BAF FS 4.58 7 9.15× 10−17

T8-1 Lava BAF FS 5.36 7 7.89× 10−17

T9-1 Lava BAF M 0 14 1
T9-1 Lava BAF M 1.84 12 4.27× 10−16

T9-1 Lava BAF M 2.49 11 4.00× 10−16

T9-1 Lava BAF M 3.13 11 3.74× 10−16

T9-1 Lava BAF M 3.83 11 3.57× 10−16

T9-1 Lava BAF M 4.61 11 3.38× 10−16

T9-1 Lava BAF M 5.19 11 3.27× 10−16

T10-1 Lava BAF FS 0 38 2
T10-1 Lava BAF FS 1.86 36 2.94× 10−12

T10-1 Lava BAF FS 2.48 36 2.88× 10−12

T10-1 Lava BAF FS 3.25 36 2.74× 10−12

T10-1 Lava BAF FS 3.88 35 2.81× 10−12

T10-1 Lava BAF FS 4.59 36 2.82× 10−12

T10-1 Lava BAF FS 5.41 36 2.78× 10−12

T11-1 Lava BAF FS 0 12 0
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Sample ID Sample type Sampling Alteration Peff φ φSD κ

locality Intensity (MPa) (%) (%) (m2)

T11-1 Lava BAF FS 1.89 7 4.13× 10−16

T11-1 Lava BAF FS 2.48 6 3.91× 10−16

T11-1 Lava BAF FS 3.17 7 3.70× 10−16

T11-1 Lava BAF FS 3.85 7 3.74× 10−16

T11-1 Lava BAF FS 4.56 7 3.63× 10−16

T11-1 Lava BAF FS 5.21 7 3.58× 10−16

T12-1 Lava BAF M 0 25 1
T12-1 Lava BAF M 1.88 23 1.19× 10−11

T12-1 Lava BAF M 2.53 24 1.30× 10−11

T12-1 Lava BAF M 3.17 24 1.34× 10−11

T12-1 Lava BAF M 3.89 24 1.49× 10−11

T12-1 Lava BAF M 4.56 24 1.46× 10−11

T12-1 Lava BAF M 5.37 23 1.27× 10−11

T13-1 Lava BAF FS 0 16 1
T13-1 Lava BAF FS 1.91 15 2.30× 10−15

T13-1 Lava BAF FS 2.48 16 2.26× 10−15

T13-1 Lava BAF FS 3.14 15 2.22× 10−15

T13-1 Lava BAF FS 4.02 15 2.15× 10−15

T13-1 Lava BAF FS 4.73 16 2.11× 10−15

T13-1 Lava BAF FS 5.36 15 2.07× 10−15

T14-1 Lava DA FS 0 13 0
T14-1 Lava DA FS 1.89 7 3.37× 10−17

T14-1 Lava DA FS 2.42 7 2.01× 10−17

T14-1 Lava DA FS 3.05 7 1.58× 10−17

T14-1 Lava DA FS 3.82 7 1.31× 10−17

T14-1 Lava DA FS 4.73 7 1.10× 10−17

T14-1 Lava DA FS 5.35 7 9.26× 10−18

T15-1 Lava DA FS 0 5 0
T15-1 Lava DA FS 1.9 3 1.90× 10−18

T15-1 Lava DA FS 2.48 4 1.79× 10−18

T15-1 Lava DA FS 3.3 4 1.19× 10−18
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Sample ID Sample type Sampling Alteration Peff φ φSD κ

locality Intensity (MPa) (%) (%) (m2)

T15-1 Lava DA FS 4 4 9.97× 10−19

T15-1 Lava DA FS 4.63 3 8.83× 10−19

T15-1 Lava DA FS 5.37 3 7.99× 10−19

T16-1 Lava DA FS 0 7 0
T16-1 Lava DA FS 1.8 6 2.12× 10−17

T16-1 Lava DA FS 2.41 6 1.84× 10−17

T16-1 Lava DA FS 3.17 6 1.69× 10−17

T16-1 Lava DA FS 3.96 6 1.58× 10−17

T16-1 Lava DA FS 4.62 6 1.52× 10−17

T16-1 Lava DA FS 5.42 6 1.45× 10−17

T17-1 Lava S M 0 12 0
T17-1 Lava S M 1.72 9 4.29× 10−14

T17-1 Lava S M 2.43 8 4.07× 10−14

T17-1 Lava S M 3.09 8 4.43× 10−14

T17-1 Lava S M 3.86 9 4.65× 10−14

T17-1 Lava S M 4.55 8 4.97× 10−14

T17-1 Lava S M 5.5 9 5.05× 10−14

T18-1 Lava S M 0 11 0
T18-1 Lava S M 1.78 7 3.84× 10−16

T18-1 Lava S M 2.32 8 3.35× 10−16

T18-1 Lava S M 3.17 8 2.97× 10−16

T18-1 Lava S M 4.06 8 3.00× 10−16

T18-1 Lava S M 4.64 8 2.93× 10−16

T18-1 Lava S M 5.32 8 3.54× 10−16

T19-1 Lava S M 0 20 1
T19-1 Lava S M 1.87 19 4.07× 10−14

T19-1 Lava S M 2.46 19 4.42× 10−14

T19-1 Lava S M 3.2 18 4.75× 10−14

T19-1 Lava S M 4.01 18 4.84× 10−14

T19-1 Lava S M 4.72 18 4.83× 10−14

T19-1 Lava S M 5.4 18 4.94× 10−14
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Sample ID Sample type Sampling Alteration Peff φ φSD κ

locality Intensity (MPa) (%) (%) (m2)

T20-1 Lava S H 0 28 3
T20-1 Lava S H 1.99 27 2.21× 10−13

T20-1 Lava S H 2.57 26 2.07× 10−13

T20-1 Lava S H 3.22 27 2.04× 10−13

T20-1 Lava S H 3.84 26 2.10× 10−13

T20-1 Lava S H 4.63 26 2.08× 10−13

T20-1 Lava S H 5.26 26 2.08× 10−13

T21-1 Lava S M 0 29 1
T21-1 Lava S M 1.78 27 2.11× 10−12

T21-1 Lava S M 2.58 26 1.95× 10−12

T21-1 Lava S M 3.13 26 1.95× 10−12

T21-1 Lava S M 3.94 27 2.17× 10−12

T21-1 Lava S M 4.61 27 2.09× 10−12

T21-1 Lava S M 5.33 27 2.17× 10−12

T22-1 Lava S M 0 9 0
T22-1 Lava S M 1.9 9 5.45× 10−16

T22-1 Lava S M 2.44 8 5.02× 10−16

T22-1 Lava S M 3.26 8 5.04× 10−16

T22-1 Lava S M 3.9 8 4.99× 10−16

T22-1 Lava S M 4.6 8 4.89× 10−16

T22-1 Lava S M 5.38 8 4.95× 10−16

T23-1 Lava S M 0 19 1
T23-1 Lava S M 1.89 18 7.05× 10−13

T23-1 Lava S M 2.46 18 7.10× 10−13

T23-1 Lava S M 3.18 17 7.16× 10−13

T23-1 Lava S M 3.99 17 7.15× 10−13

T23-1 Lava S M 4.73 17 7.16× 10−13

T23-1 Lava S M 5.45 17 7.22× 10−13

T24-1 Lava S M 0 12 0
T24-1 Lava S M 1.78 13 1.49× 10−14

T24-1 Lava S M 2.36 13 1.60× 10−14
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Sample ID Sample type Sampling Alteration Peff φ φSD κ

locality Intensity (MPa) (%) (%) (m2)

T24-1 Lava S M 3.23 13 1.60× 10−14

T24-1 Lava S M 3.91 13 1.59× 10−14

T24-1 Lava S M 4.44 13 1.63× 10−14

T24-1 Lava S M 5.26 13 1.61× 10−14

T25-1 Lava S FS 0 14 1
T25-1 Lava S FS 1.63 12 5.65× 10−14

T25-1 Lava S FS 2.03 12 5.59× 10−14

T25-1 Lava S FS 2.82 11 5.97× 10−14

T25-1 Lava S FS 3.33 11 5.87× 10−14

T25-1 Lava S FS 4.5 11 5.94× 10−14

T25-1 Lava S FS 5.33 11 6.06× 10−14

T26-1 Lava BAF FS 0 9 1
T26-1 Lava BAF FS 1.94 6 8.94× 10−17

T26-1 Lava BAF FS 2.57 7 8.84× 10−17

T26-1 Lava BAF FS 3.27 7 7.87× 10−17

T26-1 Lava BAF FS 3.85 7 7.95× 10−17

T26-1 Lava BAF FS 4.45 7 7.20× 10−17

T26-1 Lava BAF FS 5.12 7 7.00× 10−17

T27-1 Lava BAF FS 0 8 0
T27-1 Lava BAF FS 1.98 7 1.00× 10−16

T27-1 Lava BAF FS 2.35 7 1.04× 10−16

T27-1 Lava BAF FS 3.12 6 1.23× 10−16

T27-1 Lava BAF FS 3.72 7 1.24× 10−16

T27-1 Lava BAF FS 4.6 7 9.53× 10−17

T27-1 Lava BAF FS 5.16 7 8.07× 10−17

T28-1 Lava BAF FS 0 16 1
T28-1 Lava BAF FS 1.91 16 3.72× 10−14

T28-1 Lava BAF FS 2.46 16 3.72× 10−14

T28-1 Lava BAF FS 3.1 16 3.70× 10−14

T28-1 Lava BAF FS 3.93 15 3.70× 10−14

T28-1 Lava BAF FS 4.58 15 3.68× 10−14
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Sample ID Sample type Sampling Alteration Peff φ φSD κ

locality Intensity (MPa) (%) (%) (m2)

T28-1 Lava BAF FS 5.35 15 3.69× 10−14

T29-1 Lava BAF FS 0 16 1
T29-1 Lava BAF FS 1.92 16 1.09× 10−13

T29-1 Lava BAF FS 2.48 16 1.05× 10−13

T29-1 Lava BAF FS 3.09 16 1.05× 10−13

T29-1 Lava BAF FS 3.83 16 1.06× 10−13

T29-1 Lava BAF FS 4.65 15 9.75× 10−14

T29-1 Lava BAF FS 5.26 15 1.02× 10−13

T30-1 Lava BAF FS 0 12 1
T30-1 Lava BAF FS 1.82 12 7.27× 10−15

T30-1 Lava BAF FS 2.48 11 7.26× 10−15

T30-1 Lava BAF FS 3.26 12 7.12× 10−15

T30-1 Lava BAF FS 3.96 12 7.13× 10−15

T30-1 Lava BAF FS 4.61 10 7.01× 10−15

T30-1 Lava BAF FS 5.31 11 6.97× 10−15

T31-1 Lava BAF FS 0 5 0
T31-1 Lava BAF FS 1.87 6 1.43× 10−16

T31-1 Lava BAF FS 2.47 6 1.32× 10−16

T31-1 Lava BAF FS 3.14 6 1.21× 10−16

T31-1 Lava BAF FS 4.02 6 1.10× 10−16

T31-1 Lava BAF FS 4.68 6 1.04× 10−16

T31-1 Lava BAF FS 5.41 5 9.48× 10−17

T32-1 Lava BAF FS 0 19 1
T32-1 Lava BAF FS 1.83 19 2.65× 10−14

T32-1 Lava BAF FS 2.44 19 2.64× 10−14

T32-1 Lava BAF FS 3.16 18 2.64× 10−14

T32-1 Lava BAF FS 3.86 18 2.62× 10−14

T32-1 Lava BAF FS 4.61 18 2.59× 10−14

T32-1 Lava BAF FS 5.31 18 2.59× 10−14

T33-1 Lava BAF FS 0 33 2
T33-1 Lava BAF FS 1.88 32 1.10× 10−12
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Sample ID Sample type Sampling Alteration Peff φ φSD κ

locality Intensity (MPa) (%) (%) (m2)

T33-1 Lava BAF FS 2.49 32 1.11× 10−12

T33-1 Lava BAF FS 3.14 32 1.15× 10−12

T33-1 Lava BAF FS 4.82 31 1.09× 10−12

T33-1 Lava BAF FS 4.17 32 1.16× 10−12

T33-1 Lava BAF FS 4.8 31 1.16× 10−12

T34-1 Lava BAF FS 0 26 1
T34-1 Lava BAF FS 1.81 25 5.40× 10−13

T34-1 Lava BAF FS 2.51 25 5.43× 10−13

T34-1 Lava BAF FS 3.22 25 5.36× 10−13

T34-1 Lava BAF FS 3.91 25 5.37× 10−13

T34-1 Lava BAF FS 4.71 25 5.37× 10−13

T34-1 Lava BAF FS 5.33 25 5.35× 10−13
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E.7 Magnetic properties

Table E.9: Magnetic susceptibility of samples used in Chapter 3 from Whakaari. Here, χlf -volume-specific magnetic sus-
ceptibility measured at low frequency 0.46 kHz, χhf -volume-specific magnetic susceptibility measured at high frequency 4.6
kHz, χlf−SD and χhf−SD are the standard deviations of susceptibility measurements at low and high frequencies, respectively.
Alteration intensities of the samples are shown by FS-Fresh to slightly altered, M-moderately altered, and H-highly altered.

Sample Sample Alteration χlf χlf−SD χhf χhf−SD

ID type intensity (SI) (SI) (SI) (SI)

W1-1 Lava FS 1.32× 10−2 2.20× 10−5 1.31× 10−2 1.70× 10−5

W1-2 Lava FS 1.52× 10−2 3.90× 10−5 1.51× 10−2 3.00× 10−5

W2-1 Sulfur flow FS 4.75× 10−4 2.00× 10−6 4.27× 10−4 1.00× 10−6

W2-2 Sulfur flow FS 4.95× 10−4 1.00× 10−6 4.45× 10−4 1.00× 10−6

W3-1 Sulfur flow FS 3.98× 10−4 2.00× 10−6 3.56× 10−4 1.00× 10−6

W3-2 Sulfur flow FS 3.83× 10−4 2.00× 10−6 3.44× 10−4 0.00

W3-3 Sulfur flow FS 3.50× 10−4 1.00× 10−6 3.13× 10−4 1.00× 10−6

W4-1 Breccia H 1.24× 10−3 3.00× 10−6 1.08× 10−3 5.00× 10−6

W4-2 Lava H 5.76× 10−3 1.80× 10−5 5.29× 10−3 3.00× 10−5

W4-3 Lava H 7.51× 10−3 1.80× 10−5 6.89× 10−3 1.00× 10−5

W5-1 Tuff M 9.64× 10−4 1.00× 10−6 8.96× 10−4 1.00× 10−6

W5-2 Tuff M 9.12× 10−4 1.00× 10−6 8.44× 10−4 0.00

W5-3 Tuff M 8.75× 10−4 2.00× 10−6 8.10× 10−4 3.00× 10−6

W6-1 Lava M 8.31× 10−3 3.50× 10−5 8.20× 10−3 9.00× 10−6

W6-2 Lava M 7.41× 10−3 1.40× 10−5 7.29× 10−3 2.60× 10−5

Continued on next page

137



Table E.9 – continued from previous page
Sample Sample Alteration χlf χlf−SD χhf χhf−SD

ID type intensity (SI) (SI) (SI) (SI)

W6-3 Lava M 1.29× 10−2 1.30× 10−5 1.29× 10−2 5.00× 10−5

W6-4 Lava M 1.32× 10−2 2.00× 10−5 1.32× 10−2 1.50× 10−5

W6-5 Lava M 1.17× 10−2 2.30× 10−5 1.16× 10−2 2.70× 10−5

W7-1 Lava M 1.71× 10−2 2.40× 10−5 1.70× 10−2 1.80× 10−5

W7-2 Lava M 1.65× 10−2 2.50× 10−5 1.64× 10−2 2.00× 10−5

W7-3 Lava M 1.67× 10−2 2.30× 10−5 1.66× 10−2 1.70× 10−5

W8-1 Tuff H 8.40× 10−5 1.00× 10−6 8.30× 10−5 0.00

W8-2 Tuff H 4.00× 10−5 1.00× 10−6 4.10× 10−5 1.00× 10−6

W9-1 Breccia H 1.64× 10−3 8.00× 10−6 1.60× 10−3 1.40× 10−5

W9-2 Breccia H 2.86× 10−3 4.00× 10−6 2.77× 10−3 4.00× 10−6

W11-1 Tuff H 3.30× 10−4 2.00× 10−6 3.04× 10−4 1.00× 10−6

W11-2 Tuff H 3.05× 10−4 1.00× 10−6 2.70× 10−4 1.00× 10−6

W11-3 Tuff H 3.31× 10−4 0.00 3.08× 10−4 0.00

W11-4 Tuff H 2.19× 10−4 1.00× 10−6 1.96× 10−4 1.00× 10−6

W11-5 Tuff H 2.55× 10−4 1.00× 10−6 2.33× 10−4 2.00× 10−6

W12-1 Breccia H 1.10× 10−2 2.40× 10−5 9.31× 10−3 3.60× 10−5

W13-1 Tuff H 7.30× 10−5 1.00× 10−6 6.10× 10−5 1.00× 10−6

W13-2 Tuff H 7.50× 10−5 1.00× 10−6 6.50× 10−5 1.00× 10−6

W14-1 Breccia M 2.78× 10−3 7.00× 10−6 2.76× 10−3 9.00× 10−6

W15-1 Tuff H 5.76× 10−4 2.00× 10−6 5.18× 10−4 2.00× 10−6
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Table E.9 – continued from previous page
Sample Sample Alteration χlf χlf−SD χhf χhf−SD

ID type intensity (SI) (SI) (SI) (SI)

W18-1 Vesicular lava FS 1.78× 10−4 1.00× 10−6 1.73× 10−4 1.00× 10−6

W18-3 Vesicular lava FS 1.23× 10−4 1.00× 10−6 1.20× 10−4 1.00× 10−6

W18-4 Vesicular lava FS 2.48× 10−4 1.00× 10−6 2.38× 10−4 1.00× 10−6

W19-1 Vesicular lava FS 2.39× 10−3 1.30× 10−5 2.28× 10−3 1.20× 10−5

W19-2 Vesicular lava FS 3.39× 10−3 1.70× 10−5 3.24× 10−3 2.00× 10−5

W20-1 Vesicular lava FS 1.21× 10−4 0.00 1.19× 10−4 1.00× 10−6

WS-1 Sulfur flow FS −1.10× 10−5 0.00 −1.10× 10−5 0.00

Table E.10: Magnetization of samples used in Chapter 3 from Whakaari. Here, NRM-natural remanent magnetization
intensity, Mi-induced magnetization intensity computed from magnetic susceptibility, and M- total magnetization intensity of
the samples. NRMSD, Mi−SD, and MSD are the respective standard deviations in magnetization. Alteration intensities of the
samples are shown by FS-Fresh to slightly altered, M-moderately altered, and H-highly altered.

Sample Sample Alteration NRM NRMSD Mi Mi−SD M MSD

ID type intensity (A/m) (A/m) (A/m) (A/m) (A/m) (A/m)

W1-1 Lava FS 1.94 0.02 0.56 0.00 2.50 0.02
W1-2 Lava FS 3.00 0.03 0.64 0.00 3.64 0.03
W2-1 Sulfur flow FS 0.01 0.00 0.02 0.00 0.03 0.00
W2-2 Sulfur flow FS 0.01 0.00 0.02 0.00 0.03 0.00
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Table E.10 – continued from previous page
Sample Sample Alteration NRM NRMSD Mi Mi−SD M MSD

ID type intensity (A/m) (A/m) (A/m) (A/m) (A/m) (A/m)

W3-1 Sulfur flow FS 0.01 0.00 0.02 0.00 0.02 0.00
W3-2 Sulfur flow FS 0.01 0.00 0.02 0.00 0.02 0.00
W3-3 Sulfur flow FS 0.01 0.00 0.01 0.00 0.02 0.00
W4-1 Breccia H 2.47 0.02 0.05 0.00 2.52 0.02
W4-2 Lava H 20.61 0.00 0.23 0.00 20.84 0.00
W4-3 Lava H 37.71 0.00 0.31 0.00 38.02 0.00
W5-1 Tuff M 1.42 0.01 0.04 0.00 1.46 0.01
W5-2 Tuff M 0.76 0.00 0.04 0.00 0.80 0.00
W5-3 Tuff M 1.01 0.01 0.04 0.00 1.04 0.01
W6-1 Lava M 48.74 0.49 0.35 0.00 49.09 0.49
W6-2 Lava M 6.38 0.06 0.31 0.00 6.69 0.06
W6-3 Lava M 53.68 0.00 0.55 0.00 54.22 0.00
W6-4 Lava M 66.12 0.66 0.56 0.00 66.68 0.66
W6-5 Lava M 3.37 0.00 0.50 0.00 3.86 0.00
W7-1 Lava M 47.70 0.00 0.73 0.00 48.42 0.00
W7-2 Lava M 45.83 0.92 0.70 0.00 46.53 0.92
W7-3 Lava M 3.00 0.00 0.71 0.00 3.70 0.00
W8-1 Tuff H 0.02 0.00 0.00 0.00 0.02 0.00
W8-2 Tuff H 0.01 0.00 0.00 0.00 0.01 0.00
W9-1 Breccia H 0.01 0.00 0.07 0.00 0.08 0.00

Continued on next page

140



Table E.10 – continued from previous page
Sample Sample Alteration NRM NRMSD Mi Mi−SD M MSD

ID type intensity (A/m) (A/m) (A/m) (A/m) (A/m) (A/m)

W9-2 Breccia H 0.02 0.00 0.12 0.00 0.14 0.00
W11-1 Tuff H 0.09 0.00 0.01 0.00 0.10 0.00
W11-2 Tuff H 0.05 0.00 0.01 0.00 0.06 0.00
W11-3 Tuff H 0.08 0.00 0.01 0.00 0.10 0.00
W11-4 Tuff H 0.08 0.00 0.01 0.00 0.09 0.00
W11-5 Tuff H 0.11 0.00 0.01 0.00 0.12 0.00
W12-1 Breccia H 2.48 0.00 0.43 0.00 2.91 0.00
W13-1 Tuff H 0.20 0.00 0.00 0.00 0.21 0.00
W13-2 Tuff H 0.05 0.00 0.00 0.00 0.05 0.00
W14-1 Breccia M 1.13 0.01 0.12 0.00 1.24 0.01
W15-1 Tuff H 0.17 0.00 0.02 0.00 0.19 0.00
W18-1 Vesicular lava FS 0.05 0.00 0.01 0.00 0.06 0.00
W18-3 Vesicular lava FS 0.04 0.00 0.01 0.00 0.04 0.00
W18-4 Vesicular lava FS 0.08 0.00 0.01 0.00 0.09 0.00
W19-1 Vesicular lava FS 2.73 0.00 0.10 0.00 2.83 0.00
W19-2 Vesicular lava FS 4.04 0.00 0.14 0.00 4.18 0.00
W20-1 Vesicular lava FS 0.03 0.00 0.01 0.00 0.04 0.00
WS-1 Sulfur flow FS 0.00 0.00 0.00 0.00 0.00 0.00
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Table E.11: Alternating field demagnetization of variably altered lavas used in Chapter 3 from Whakaari. Here, NRM-natural
remanent magnetization intensity, NRM/NRMmax-the ratio of remaining natural remanent magnetization of the sample after
demagnetization to its initial natural remanent magnetization. Alteration intensities of the samples are shown by FS-Fresh to
slightly altered, M-moderately altered, and H-highly altered.

Sample Sample Alteration Peak alternating NRM NRM/NRMmax

ID type intensity field (mT) (A/m)

W1-1 Lava FS 0 1.94 1.00
W1-1 Lava FS 5 1.13 0.58
W1-1 Lava FS 10 0.48 0.24
W1-1 Lava FS 20 0.33 0.17
W1-1 Lava FS 30 0.31 0.16
W1-1 Lava FS 40 0.20 0.10
W1-1 Lava FS 50 0.17 0.09
W1-1 Lava FS 60 0.14 0.07
W1-1 Lava FS 70 0.13 0.06
W1-1 Lava FS 80 0.10 0.05
W4-2 Lava H 0 20.61 1.00
W4-2 Lava H 5 17.63 0.86
W4-2 Lava H 10 15.73 0.76
W4-2 Lava H 20 11.07 0.54
W4-2 Lava H 30 7.90 0.38
W4-2 Lava H 40 3.92 0.19
W4-2 Lava H 50 2.22 0.11
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Table E.11 – continued from previous page
Sample Sample Alteration Peak alternating NRM NRM/NRMmax

ID type intensity field (mT) (A/m)

W4-2 Lava H 60 1.28 0.06
W4-2 Lava H 70 0.79 0.04
W4-2 Lava H 80 0.62 0.03
W6-4 Lava M 0 66.12 1.00
W6-4 Lava M 5 59.68 0.90
W6-4 Lava M 10 50.53 0.76
W6-4 Lava M 20 33.78 0.51
W6-4 Lava M 30 21.83 0.33
W6-4 Lava M 40 13.05 0.20
W6-4 Lava M 50 8.38 0.13
W6-4 Lava M 60 5.51 0.08
W6-4 Lava M 70 3.83 0.06
W6-4 Lava M 80 2.83 0.04
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Table E.12: Magnetic susceptibility of samples used in Chapter 4 from Mt. Taranaki. Here, χlf -volume-specific magnetic
susceptibility measured at low frequency 0.46 kHz, χhf -volume-specific magnetic susceptibility measured at high frequency 4.6
kHz, χlf−SD and χhf−SD are the standard deviations of susceptibility measurements at low and high frequencies, respectively.
Alteration intensities of the samples are shown by FS-Fresh to slightly altered, M-moderately altered, and H-highly altered.
Sampling locality is represented by S-summit dome area, BAF-block and ash flow deposits, and DA-debris avalanche deposits.

Sample Sample Sampling Alteration χlf χlf−SD χhf χhf−SD

ID type location intensity (SI) (SI) (SI) (SI)

T1-1 Lava S M 1.72× 10−2 9.00× 10−6 1.72× 10−2 4.20× 10−5

T2-1 Lava S M 8.06× 10−3 3.50× 10−5 8.02× 10−3 4.20× 10−5

T3-1 Lava S M 2.02× 10−2 5.50× 10−5 2.02× 10−2 3.70× 10−5

T4-1 Lava S FS 9.18× 10−3 2.20× 10−5 9.14× 10−3 2.30× 10−5

T5-1 Lava S M 1.21× 10−2 1.90× 10−5 1.20× 10−2 2.90× 10−5

T6-1 Lava BAF FS 4.46× 10−2 5.60× 10−5 4.43× 10−2 1.10× 10−5

T7-1 Lava BAF FS 3.25× 10−2 7.20× 10−5 3.13× 10−2 4.50× 10−5

T8-1 Lava BAF FS 7.19× 10−2 2.12× 10−4 7.15× 10−2 3.50× 10−5

T9-1 Lava BAF M 3.72× 10−2 5.70× 10−5 3.71× 10−2 6.40× 10−5

T10-1 Lava BAF FS 6.07× 10−3 1.40× 10−5 5.89× 10−3 2.30× 10−5

T11-1 Lava BAF FS 3.42× 10−2 5.20× 10−5 3.40× 10−2 6.20× 10−5

T12-1 Lava BAF M 4.01× 10−2 5.50× 10−5 3.96× 10−2 4.00× 10−5

T13-1 Lava BAF FS 6.24× 10−2 1.26× 10−4 6.20× 10−2 1.01× 10−4

T14-1 Lava DA FS 4.81× 10−2 3.70× 10−5 4.79× 10−2 4.60× 10−5

T15-1 Lava DA FS 9.08× 10−2 1.45× 10−4 9.04× 10−2 1.65× 10−4

T16-1 Lava DA FS 6.14× 10−2 7.10× 10−5 6.14× 10−2 1.98× 10−4
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Table E.12 – continued from previous page
Sample Sample Sampling Alteration χlf χlf−SD χhf χhf−SD

ID type location intensity (SI) (SI) (SI) (SI)

T17-1 Lava S M 8.28× 10−4 4.00× 10−6 8.09× 10−4 1.00× 10−6

T18-1 Lava S M 4.61× 10−2 6.00× 10−5 4.61× 10−2 7.10× 10−5

T19-1 Lava S M 1.54× 10−3 1.10× 10−5 1.53× 10−3 8.00× 10−6

T20-1 Lava S H 4.42× 10−4 2.00× 10−6 4.22× 10−4 1.00× 10−6

T21-1 Lava S M 5.62× 10−3 1.40× 10−5 5.59× 10−3 3.00× 10−5

T22-1 Lava S M 4.15× 10−2 6.60× 10−5 4.15× 10−2 8.30× 10−5

T23-1 Lava S M 9.59× 10−3 1.30× 10−5 9.60× 10−3 5.20× 10−5

T24-1 Lava S M 2.54× 10−2 7.50× 10−5 2.54× 10−2 7.70× 10−5

T25-1 Lava S FS 3.36× 10−3 4.00× 10−6 3.34× 10−3 7.00× 10−6

T26-1 Lava BAF FS 6.15× 10−2 3.70× 10−5 6.14× 10−2 9.00× 10−5

T27-1 Lava BAF FS 8.23× 10−2 1.08× 10−4 8.18× 10−2 2.29× 10−4

T28-1 Lava BAF FS 4.50× 10−2 3.90× 10−5 4.48× 10−2 3.30× 10−5

T29-1 Lava BAF FS 5.02× 10−2 7.50× 10−5 4.97× 10−2 3.60× 10−5

T30-1 Lava BAF FS 4.78× 10−2 9.30× 10−5 4.75× 10−2 8.80× 10−5

T31-1 Lava BAF FS 5.46× 10−2 1.21× 10−4 5.43× 10−2 5.80× 10−5

T32-1 Lava BAF FS 3.78× 10−2 7.50× 10−5 3.76× 10−2 7.80× 10−5

T33-1 Lava BAF FS 3.44× 10−2 1.90× 10−5 3.38× 10−2 2.80× 10−5

T34-1 Lava BAF FS 4.20× 10−2 5.70× 10−5 4.16× 10−2 7.60× 10−5
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Table E.13: Magnetization of samples used in Chapter 4 from Mt. Taranaki. Here, NRM-natural remanent magnetization
intensity, Mi-induced magnetization intensity computed from magnetic susceptibility, and M- total magnetization intensity of
the samples. NRMSD, Mi−SD, and MSD are the respective standard deviations in magnetization. Alteration intensities of the
samples are shown by FS-Fresh to slightly altered, M-moderately altered, and H-highly altered. Sampling locality is represented
by S-near summit dome, BAF-block and ash flows, and DA-debris avalanche deposits.

Sample Sample Sampling Alteration NRM NRMSD Mi Mi−SD M MSD

ID type location intensity (A/m) (A/m) (A/m) (A/m) (A/m) (A/m)

T1-1 Lava S M 3.53 0.00 0.75 0.00 4.28 0.00
T2-1 Lava S M 30.64 0.31 0.35 0.00 30.99 0.31
T3-1 Lava S M 3.71 0.04 0.89 0.00 4.59 0.04
T4-1 Lava S FS 1.60 0.02 0.40 0.00 2.00 0.02
T5-1 Lava S M 13.86 0.14 0.53 0.00 14.39 0.14
T6-1 Lava BAF FS 7.72 0.08 1.95 0.00 9.67 0.08
T7-1 Lava BAF FS 8.50 0.00 1.40 0.00 9.90 0.00
T8-1 Lava BAF FS 1.86 0.02 3.14 0.01 5.00 0.02
T9-1 Lava BAF M 2.91 0.00 1.63 0.00 4.54 0.00
T10-1 Lava BAF FS 4.78 0.00 0.26 0.00 5.04 0.00
T11-1 Lava BAF FS 10.43 0.00 1.49 0.00 11.92 0.00
T12-1 Lava BAF M 9.06 0.09 1.74 0.00 10.81 0.09
T13-1 Lava BAF FS 22.39 0.00 2.72 0.00 25.11 0.00
T14-1 Lava DA FS 0.86 0.01 2.10 0.00 2.97 0.01
T15-1 Lava DA FS 1.29 0.01 3.97 0.01 5.26 0.01
T16-1 Lava DA FS 5.19 0.00 2.69 0.01 7.88 0.01
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Table E.13 – continued from previous page
Sample Sample Sampling Alteration NRM NRMSD Mi Mi−SD M MSD

ID type location intensity (A/m) (A/m) (A/m) (A/m) (A/m) (A/m)

T17-1 Lava S M 0.22 0.00 0.04 0.00 0.26 0.00
T18-1 Lava S M 2.83 0.00 2.02 0.00 4.85 0.00
T19-1 Lava S M 0.22 0.00 0.07 0.00 0.28 0.00
T20-1 Lava S H 0.34 0.00 0.02 0.00 0.36 0.00
T21-1 Lava S M 4.57 0.05 0.25 0.00 4.82 0.05
T22-1 Lava S M 2.69 0.03 1.82 0.00 4.51 0.03
T23-1 Lava S M 4.67 0.05 0.42 0.00 5.09 0.05
T24-1 Lava S M 6.46 0.07 1.11 0.00 7.57 0.07
T25-1 Lava S FS 9.85 0.10 0.15 0.00 10.00 0.10
T26-1 Lava BAF FS 22.94 0.23 2.69 0.00 25.63 0.23
T27-1 Lava BAF FS 11.58 0.12 3.59 0.01 15.17 0.12
T28-1 Lava BAF FS 12.58 0.00 1.97 0.00 14.55 0.00
T29-1 Lava BAF FS 10.87 0.00 2.19 0.00 13.06 0.00
T30-1 Lava BAF FS 8.80 0.09 2.09 0.00 10.88 0.09
T31-1 Lava BAF FS 2.34 0.00 2.39 0.00 4.72 0.00
T32-1 Lava BAF FS 3.82 0.04 1.65 0.00 5.47 0.04
T33-1 Lava BAF FS 1.44 0.01 1.50 0.00 2.94 0.01
T34-1 Lava BAF FS 1.87 0.02 1.83 0.00 3.70 0.02
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E.8 Elastic properties

Table E.14: Elastic properties of samples used in Chapter 2 fromWhakaari. Here, Pc-confining pressure, Pp-pore pressure,Peff -
effective hydrostatic pressure, Vp-P-wave velocity, Vs-S-wave velocity, and E-Young’s modulus. Vp−SD, Vs−SD, and ESD are
standard deviations in P-wave velocity, S-wave velocity, and Young’s modulus. Alteration intensities of the samples are shown
by FS-Fresh to slightly altered, M-moderately altered, and H-highly altered.

Sample Sample Alteration Pc Pp Peff Vp Vp−SD Vs Vs−SD E ESD

ID type intensity (MPa) (MPa) (MPa) (km/s) (km/s) (km/s) (km/s) (GPa) (GPa)

W1-1 Lava FS 0.0 0.0 0.0 5.15 0.01 3.08 0.02 60.6 3
W1-2 Lava FS 0.0 0.0 0.0 5.25 0.01 3.10 0.01 62.1 3
W2-1 Sulfur flow FS 0.0 0.0 0.0 2.66 0.00 1.56 0.00 11.6 1
W2-2 Sulfur flow FS 0.0 0.0 0.0 2.56 0.01 1.51 0.01 10.7 1
W3-1 Sulfur flow FS 0.0 0.0 0.0 2.85 0.01 1.66 0.01 13.1 1
W3-2 Sulfur flow FS 0.0 0.0 0.0 2.58 0.00 1.54 0.00 10.8 1
W3-3 Sulfur flow FS 0.0 0.0 0.0 2.79 0.01 1.75 0.01 13.5 1
W3-4 Sulfur flow FS 0.0 0.0 0.0 2.48 0.03 1.40 0.01 9.1 0
W4-1 Breccia H 0.0 0.0 0.0 2.22 0.01 1.31 0.01 6.7 0
W4-2 Lava H 0.0 0.0 0.0 3.76 0.02 2.13 0.01 23.6 1
W4-3 Lava H 0.0 0.0 0.0 4.30 0.01 2.38 0.01 31.8 2
W5-1 Tuff M 0.0 0.0 0.0 2.39 0.01 1.49 0.00 8.0 0
W5-2 Tuff M 0.0 0.0 0.0 2.42 0.00 1.55 0.00 8.4 0
W5-3 Tuff M 0.0 0.0 0.0 2.61 0.01 1.61 0.01 9.5 0
W5-5 Tuff M 0.0 0.0 0.0 2.59 0.01 1.62 0.00 9.5 0
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Table E.14 – continued from previous page
Sample Sample Alteration Pc Pp Peff Vp Vp−SD Vs Vs−SD E ESD

ID type intensity (MPa) (MPa) (MPa) (km/s) (km/s) (km/s) (km/s) (GPa) (GPa)

W5-6 Tuff M 0.0 0.0 0.0 2.83 0.01 1.78 0.00 13.3 1
W6-1 Lava M 0.0 0.0 0.0 4.33 0.02 2.51 0.01 35.3 2
W6-2 Lava M 0.0 0.0 0.0 4.28 0.01 2.55 0.00 35.4 2
W6-3 Lava M 0.0 0.0 0.0 4.43 0.01 2.56 0.01 40.3 2
W6-4 Lava M 0.0 0.0 0.0 4.63 0.01 3.04 0.01 51.5 3
W6-5 Lava M 0.0 0.0 0.0 4.30 0.01 2.60 0.01 40.1 2
W7-1 Lava M 0.0 0.0 0.0 4.08 0.06 2.47 0.04 34.5 2
W7-2 Lava M 0.0 0.0 0.0 4.43 0.01 2.71 0.00 40.7 2
W7-3 Lava M 0.0 0.0 0.0 4.37 0.02 2.67 0.01 39.4 2
W8-1 Tuff H 0.0 0.0 0.0 3.18 0.03 1.90 0.01 16.2 1
W8-2 Tuff H 0.0 0.0 0.0 3.41 0.01 2.19 0.01 19.3 1
W9-1 Breccia H 0.0 0.0 0.0 3.04 0.01 1.88 0.01 17.9 1
W9-2 Breccia H 0.0 0.0 0.0 2.41 0.00 1.50 0.00 10.9 1
W11-1 Tuff H 0.0 0.0 0.0 2.97 0.03 1.85 0.02 11.3 1
W11-2 Tuff H 0.0 0.0 0.0 2.00 0.01 1.24 0.01 5.3 0
W11-3 Tuff H 0.0 0.0 0.0 3.44 0.01 2.12 0.01 18.2 1
W11-4 Tuff H 0.0 0.0 0.0 3.39 0.01 1.72 0.00 11.5 1
W11-5 Tuff H 0.0 0.0 0.0 3.40 0.02 1.99 0.01 15.6 1
W12-1 Breccia H 0.0 0.0 0.0 2.95 0.03 1.71 0.01 12.8 1
W13-1 Tuff H 0.0 0.0 0.0 3.54 0.06 2.16 0.04 20.2 1
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Table E.14 – continued from previous page
Sample Sample Alteration Pc Pp Peff Vp Vp−SD Vs Vs−SD E ESD

ID type intensity (MPa) (MPa) (MPa) (km/s) (km/s) (km/s) (km/s) (GPa) (GPa)

W13-2 Tuff H 0.0 0.0 0.0 3.86 0.01 2.33 0.01 22.2 1
W14-1 Breccia M 0.0 0.0 0.0 2.54 0.02 1.67 0.01 10.0 1
W15-1 Tuff H 0.0 0.0 0.0 2.55 0.01 1.58 0.01 9.3 0
W18-1 Vesicular lava FS 0.0 0.0 0.0 2.57 0.01 1.61 0.00 5.6 0
W18-3 Vesicular lava FS 0.0 0.0 0.0 2.21 0.02 1.36 0.01 3.0 0
W18-4 Vesicular lava FS 0.0 0.0 0.0 2.70 0.01 1.58 0.01 6.7 0
W19-1 Vesicular lava FS 0.0 0.0 0.0 3.83 0.01 2.13 0.00 12.2 1
W19-2 Vesicular lava FS 0.0 0.0 0.0 3.90 0.01 2.22 0.01 15.6 1
W20-1 Vesicular lava FS 0.0 0.0 0.0 2.35 0.01 1.41 0.01 3.4 0
WS-1 Sulfur flow FS 0.0 0.0 0.0 2.34 0.00 1.48 0.00 9.6 0
W1-1 Lava FS 6.9 0.0 6.9 5.33 0.01 3.08 0.00 62.8 3
W1-1 Lava FS 5.2 0.0 5.2 5.33 0.01 3.07 0.01 62.5 3
W1-1 Lava FS 3.4 0.0 3.4 5.34 0.01 3.06 0.00 62.1 3
W1-1 Lava FS 1.7 0.0 1.7 5.32 0.01 3.06 0.01 61.9 3
W1-1 Lava FS 55.2 3.4 51.7 5.43 0.01 3.09 0.01
W1-1 Lava FS 48.3 3.4 44.8 5.43 0.01 3.09 0.01
W1-1 Lava FS 41.4 3.4 37.9 5.42 0.01 3.08 0.00
W1-1 Lava FS 34.5 3.4 31.0 5.40 0.01 3.07 0.01
W1-1 Lava FS 27.6 3.4 24.1 5.41 0.01 3.07 0.01 63.14 3
W1-1 Lava FS 24.1 3.4 20.7 5.41 0.01 3.07 0.00 63.14 3
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Table E.14 – continued from previous page
Sample Sample Alteration Pc Pp Peff Vp Vp−SD Vs Vs−SD E ESD

ID type intensity (MPa) (MPa) (MPa) (km/s) (km/s) (km/s) (km/s) (GPa) (GPa)

W1-1 Lava FS 20.7 3.4 17.2 5.40 0.01 3.07 0.00 63.08 3
W1-1 Lava FS 17.2 3.4 13.8 5.39 0.01 3.06 0.00 62.72 3
W1-1 Lava FS 13.8 3.4 10.3 5.39 0.01 3.05 0.00 62.42 3
W1-1 Lava FS 10.3 3.4 6.9 5.37 0.01 3.05 0.00 62.29 3
W1-1 Lava FS 6.9 3.4 3.4 5.37 0.01 3.04 0.00 61.86 3
W1-1 Lava FS 5.2 3.4 1.7 5.35 0.01 3.03 0.01 61.43 3
W6-1 Lava M 6.9 0.0 6.9 4.38 0.02 2.58 0.01 38.21 2
W6-1 Lava M 3.4 0.0 3.4 4.34 0.03 2.54 0.01 36.78 2
W6-1 Lava M 55.2 3.4 51.7 4.86 0.02 2.52 0.01
W6-1 Lava M 51.7 3.4 48.3 4.84 0.02 2.52 0.01
W6-1 Lava M 44.8 3.4 41.4 4.84 0.02 2.51 0.01
W6-1 Lava M 37.9 3.4 34.5 4.81 0.02 2.49 0.01
W6-1 Lava M 31.0 3.4 27.6 4.78 0.02 2.48 0.01 38.87 2
W6-1 Lava M 24.1 3.4 20.7 4.77 0.02 2.46 0.01 38.33 2
W6-1 Lava M 17.2 3.4 13.8 4.74 0.02 2.42 0.01 37.23 2
W6-1 Lava M 10.3 3.4 6.9 4.66 0.02 2.37 0.01 35.76 2
W6-1 Lava M 6.9 3.4 3.4 4.62 0.02 2.35 0.01 34.93 2
W4-3 Lava H 6.9 0.0 6.9 4.39 0.02 2.50 0.01 34.61 2
W4-3 Lava H 3.4 0.0 3.4 4.31 0.01 2.42 0.01 32.68 2
W4-3 Lava H 55.2 3.4 51.7 4.96 0.01 2.57 0.01
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Table E.14 – continued from previous page
Sample Sample Alteration Pc Pp Peff Vp Vp−SD Vs Vs−SD E ESD

ID type intensity (MPa) (MPa) (MPa) (km/s) (km/s) (km/s) (km/s) (GPa) (GPa)

W4-3 Lava H 51.7 3.4 48.3 4.95 0.01 2.55 0.01
W4-3 Lava H 44.8 3.4 41.4 4.92 0.01 2.52 0.01
W4-3 Lava H 37.9 3.4 34.5 4.92 0.01 2.49 0.01
W4-3 Lava H 31.0 3.4 27.6 4.86 0.01 2.46 0.01 37.31 2
W4-3 Lava H 24.1 3.4 20.7 4.80 0.01 2.45 0.01 36.9 2
W4-3 Lava H 17.2 3.4 13.8 4.78 0.01 2.41 0.01 35.86 2
W4-3 Lava H 10.3 3.4 6.9 4.69 0.01 2.44 0.01 36.34 2
W4-3 Lava H 6.9 3.4 3.4 4.64 0.01 2.41 0.01 35.47 2
W5-5 Tuff M 6.9 0.0 6.9 2.67 0.01 1.64 0.00 10.31 1
W5-5 Tuff M 5.2 0.0 5.2 2.67 0.01 1.64 0.00 10.31 1
W5-5 Tuff M 3.4 0.0 3.4 2.66 0.01 1.64 0.00 10.25 1
W5-5 Tuff M 1.7 0.0 1.7 2.65 0.01 1.63 0.00 10.15 1
W5-5 Tuff M 55.2 3.4 51.7 2.86 0.01 1.39 0.00
W5-5 Tuff M 48.3 3.4 44.8 2.83 0.01 1.39 0.00
W5-5 Tuff M 41.4 3.4 37.9 2.84 0.01 1.45 0.00
W5-5 Tuff M 34.5 3.4 31.0 2.85 0.01 1.47 0.00
W5-5 Tuff M 27.6 3.4 24.1 2.86 0.01 1.48 0.00
W5-5 Tuff M 24.1 3.4 20.7 2.86 0.01 1.48 0.00
W5-5 Tuff M 20.7 3.4 17.2 2.87 0.01 1.47 0.00
W5-5 Tuff M 17.2 3.4 13.8 2.86 0.01 1.47 0.00 11.26 1
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Table E.14 – continued from previous page
Sample Sample Alteration Pc Pp Peff Vp Vp−SD Vs Vs−SD E ESD

ID type intensity (MPa) (MPa) (MPa) (km/s) (km/s) (km/s) (km/s) (GPa) (GPa)

W5-5 Tuff M 13.8 3.4 10.3 2.86 0.01 1.47 0.00 11.26 1
W5-5 Tuff M 10.3 3.4 6.9 2.86 0.01 1.47 0.00 11.26 1
W5-5 Tuff M 6.9 3.4 3.4 2.84 0.01 1.46 0.00 11.09 1
W5-5 Tuff M 5.2 3.4 1.7 2.82 0.01 1.46 0.00 11.06 1
W11-4 Tuff H 6.9 0.0 6.9 3.55 0.01 2.11 0.00 15.99 1
W11-4 Tuff H 5.2 0.0 5.2 3.54 0.01 2.04 0.01 15.24 1
W11-4 Tuff H 3.4 0.0 3.4 3.47 0.01 2.00 0.01 14.65 1
W11-4 Tuff H 1.7 0.0 1.7 3.43 0.01 1.95 0.01 14.04 1
W11-4 Tuff H 55.2 3.4 51.7 3.78 0.01 1.82 0.01
W11-4 Tuff H 48.3 3.4 44.8 3.74 0.01 1.83 0.01
W11-4 Tuff H 41.4 3.4 37.9 3.74 0.01 1.81 0.00
W11-4 Tuff H 34.5 3.4 31.0 3.73 0.01 1.80 0.01
W11-4 Tuff H 27.6 3.4 24.1 3.71 0.01 1.80 0.00
W11-4 Tuff H 24.1 3.4 20.7 3.72 0.01 1.80 0.01
W11-4 Tuff H 20.7 3.4 17.2 3.71 0.01 1.78 0.00
W11-4 Tuff H 17.2 3.4 13.8 3.66 0.01 1.76 0.00 15.66 1
W11-4 Tuff H 13.8 3.4 10.3 3.65 0.01 1.74 0.00 15.35 1
W11-4 Tuff H 10.3 3.4 6.9 3.59 0.01 1.71 0.00 14.82 1
W11-4 Tuff H 6.9 3.4 3.4 3.50 0.01 1.68 0.01 14.28 1
W11-4 Tuff H 5.2 3.4 1.7 3.51 0.04 1.63 0.00 13.56 1
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Table E.14 – continued from previous page
Sample Sample Alteration Pc Pp Peff Vp Vp−SD Vs Vs−SD E ESD

ID type intensity (MPa) (MPa) (MPa) (km/s) (km/s) (km/s) (km/s) (GPa) (GPa)

W11-3 Tuff H 6.9 0.0 6.9 3.69 0.01 2.17 0.01 20.43 1
W11-3 Tuff H 5.2 0.0 5.2 3.58 0.01 2.16 0.01 19.88 1
W11-3 Tuff H 3.4 0.0 3.4 3.58 0.01 2.16 0.01 19.69 1
W11-3 Tuff H 1.7 0.0 1.7 3.56 0.01 2.15 0.01 19.5 1
W11-3 Tuff H 55.2 1.7 53.4 3.88 0.01 1.98 0.01
W11-3 Tuff H 48.3 1.7 46.5 3.86 0.01 1.96 0.01
W11-3 Tuff H 41.4 1.7 39.6 3.84 0.01 1.96 0.01
W11-3 Tuff H 34.5 1.7 32.8 3.84 0.01 1.95 0.01
W11-3 Tuff H 27.6 1.7 25.9 3.81 0.01 1.93 0.01
W11-3 Tuff H 24.1 1.7 22.4 3.78 0.02 1.92 0.01
W11-3 Tuff H 20.7 1.7 19.0 3.79 0.01 1.90 0.01
W11-3 Tuff H 17.2 1.7 15.5 3.81 0.01 1.89 0.01
W11-3 Tuff H 13.8 1.7 12.1 3.77 0.01 1.88 0.01 19.38 1
W11-3 Tuff H 10.3 1.7 8.6 3.73 0.01 1.87 0.01 19.14 1
W11-3 Tuff H 6.9 1.7 5.2 3.67 0.01 1.86 0.01 18.86 1
W11-3 Tuff H 5.2 1.7 3.4 3.65 0.01 1.85 0.01 18.57 1
W11-3 Tuff H 3.4 1.7 1.7 3.61 0.01 1.85 0.01 18.5 1
W11-3 Tuff H 27.6 3.4 24.1 3.80 0.01 1.94 0.01
W11-3 Tuff H 24.1 3.4 20.7 3.79 0.01 1.92 0.01
W11-3 Tuff H 20.7 3.4 17.2 3.80 0.01 1.90 0.01
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Table E.14 – continued from previous page
Sample Sample Alteration Pc Pp Peff Vp Vp−SD Vs Vs−SD E ESD

ID type intensity (MPa) (MPa) (MPa) (km/s) (km/s) (km/s) (km/s) (GPa) (GPa)

W11-3 Tuff H 17.2 3.4 13.8 3.71 0.02 1.89 0.01 19.44 1
W11-3 Tuff H 13.8 3.4 10.3 3.65 0.01 1.88 0.01 19.16 1
W11-3 Tuff H 10.3 3.4 6.9 3.72 0.02 1.87 0.01 19.12 1
W11-3 Tuff H 6.9 3.4 3.4 3.67 0.01 1.85 0.01 18.61 1
W11-3 Tuff H 5.2 3.4 1.7 3.65 0.01 1.84 0.01 18.4 1
W11-3 Tuff H 27.6 5.2 22.4 3.81 0.01 1.94 0.01
W11-3 Tuff H 24.1 5.2 19.0 3.78 0.01 1.91 0.01
W11-3 Tuff H 20.7 5.2 15.5 3.78 0.01 1.88 0.01
W11-3 Tuff H 17.2 5.2 12.1 3.68 0.01 1.88 0.01 19.22 1
W11-3 Tuff H 13.8 5.2 8.6 3.67 0.01 1.87 0.01 19.03 1
W11-3 Tuff H 10.3 5.2 5.2 3.65 0.01 1.85 0.01 18.66 1
W11-3 Tuff H 6.9 5.2 1.7 3.64 0.02 1.84 0.01 18.39 1
W11-3 Tuff H 27.6 6.9 20.7 3.79 0.01 1.94 0.01
W11-3 Tuff H 24.1 6.9 17.2 3.74 0.02 1.90 0.01
W11-3 Tuff H 20.7 6.9 13.8 3.73 0.02 1.87 0.01 19.14 1
W11-3 Tuff H 17.2 6.9 10.3 3.71 0.01 1.88 0.01 19.27 1
W11-3 Tuff H 13.8 6.9 6.9 3.69 0.01 1.86 0.01 18.9 1
W11-3 Tuff H 10.3 6.9 3.4 3.69 0.01 1.85 0.01 18.64 1
W11-3 Tuff H 27.6 10.3 17.2 3.78 0.01 1.90 0.01
W11-3 Tuff H 24.1 10.3 13.8 3.73 0.01 1.89 0.01 19.48 1
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Table E.14 – continued from previous page
Sample Sample Alteration Pc Pp Peff Vp Vp−SD Vs Vs−SD E ESD

ID type intensity (MPa) (MPa) (MPa) (km/s) (km/s) (km/s) (km/s) (GPa) (GPa)

W11-3 Tuff H 20.7 10.3 10.3 3.73 0.02 1.87 0.01 19.14 1
W11-3 Tuff H 17.2 10.3 6.9 3.68 0.02 1.85 0.01 18.71 1
W11-3 Tuff H 13.8 10.3 3.4 3.67 0.01 1.85 0.01 18.61 1
W11-3 Tuff H 27.6 13.8 13.8 3.77 0.01 1.88 0.01 19.38 1
W11-3 Tuff H 24.1 13.8 10.3 3.70 0.01 1.87 0.01 19.09 1
W11-3 Tuff H 20.7 13.8 6.9 3.68 0.02 1.86 0.01 18.88 1
W11-3 Tuff H 17.2 13.8 3.4 3.64 0.01 1.84 0.01 18.39 1
W11-3 Tuff H 27.6 17.2 10.3 3.74 0.01 1.87 0.01 19.16 1
W11-3 Tuff H 24.1 17.2 6.9 3.74 0.01 1.86 0.01 18.98 1
W11-3 Tuff H 20.7 17.2 3.4 3.64 0.01 1.85 0.01 18.55 1
W11-3 Tuff H 27.6 20.7 6.9 3.71 0.02 1.86 0.01 18.93 1
W11-3 Tuff H 24.1 20.7 3.4 3.68 0.02 1.85 0.01 18.62 1
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Table E.15: Elastic properties of samples used in Chapter 4 from Mt.Taranaki. Here, Peff -effective hydrostatic pressure,
Vp-P-wave velocity, Vs-S-wave velocity, E-Young’s modulus, and G-shear modulus.Vp−SD, Vs−SD, ESD, and GSD are standard
deviations in P-wave velocity, S-wave velocity, Young’s modulus, and shear modulus, respectively. Alteration intensities of the
samples are shown by FS-Fresh to slightly altered, M-moderately altered, and H-highly altered. Sampling locality is represented
by S-summit dome area, BAF-block and ash flow deposits, and DA-debris avalanche deposits.

Sample Sample Sampling Alteration Peff Vp Vp−SD Vs Vs−SD E ESD G GSD

ID type locality intensity (MPa) (km/s) (km/s) (km/s) (km/s) (GPa) (GPa) (GPa) (GPa)

T1-1 Lava S M 0 4.06 0.01 2.41 0.01 31.12 2 12.67 1
T2-1 Lava S M 0 3.84 0.03 2.44 0.02 27.71 1 11.93 1
T3-1 Lava S M 0 3.7 0 2.13 0 25.26 1 10.09 1
T4-1 Lava S FS 0 2.82 0.03 1.69 0.02 12.96 1 5.31 0
T5-1 Lava S M 0 4.1 0.01 2.29 0 31.29 2 12.29 1
T6-1 Lava BAF FS 0 2.22 0.01 1.38 0.01 11.2 1 4.72 0
T7-1 Lava BAF FS 0 2.96 0.01 1.7 0 16.22 1 6.47 0
T8-1 Lava BAF FS 0 3.4 0.01 2.17 0.01 27.77 1 12.01 1
T9-1 Lava BAF M 0 3.04 0.01 1.84 0.01 18.08 1 7.47 0
T10-1 Lava BAF FS 0 2.7 0.01 1.43 0.01 8.7 0 3.33 0
T11-1 Lava BAF FS 0 2.63 0.01 1.7 0 16.2 1 7.1 0
T12-1 Lava BAF M 0 1.93 0.01 1.25 0.01 7.54 0 3.31 0
T13-1 Lava BAF FS 0 2.36 0.01 1.49 0 12.16 1 5.2 0
T14-1 Lava DA FS 0 4.69 0.02 2.62 0.01 43.13 2 16.94 1
T15-1 Lava DA FS 0 5.08 0.01 2.88 0 56.73 3 22.45 1
T16-1 Lava DA FS 0 4.1 0.02 2.52 0.01 40.7 2 17.01 1
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Table E.15 – continued from previous page
Sample Sample Sampling Alteration Peff Vp Vp−SD Vs Vs−SD E ESD G GSD

ID type locality intensity (MPa) (km/s) (km/s) (km/s) (km/s) (GPa) (GPa) (GPa) (GPa)

T17-1 Lava S M 0 4.21 0.02 2.47 0.01 33.14 2 13.39 1
T18-1 Lava S M 0 4.51 0.02 2.61 0.01 41.51 2 16.63 1
T19-1 Lava S M 0 3.59 0.02 2.07 0.01 22.26 1 8.9 0
T20-1 Lava S H 0 3.09 0.08 2.01 0.05 15.69 1 6.92 0
T21-1 Lava S M 0 2.94 0.01 1.77 0.01 14.09 1 5.79 0
T22-1 Lava S M 0 4.88 0.03 2.81 0.02 48.48 2 19.36 1
T23-1 Lava S M 0 3.6 0.03 2.38 0.02 26.01 1 11.7 1
T24-1 Lava S M 0 4.15 0.02 2.49 0.01 35.41 2 14.53 1
T25-1 Lava S FS 0 4.28 0.01 2.58 0.01 37.94 2 15.62 1
T26-1 Lava BAF FS 0 2.74 0.02 1.53 0 15.08 1 5.92 0
T27-1 Lava BAF FS 0 2.73 0.01 1.74 0 18.36 1 7.93 0
T28-1 Lava BAF FS 0 3.23 0.03 2.08 0.02 22.53 1 9.83 0
T29-1 Lava BAF FS 0 3.44 0.02 2.03 0.01 23.11 1 9.37 0
T30-1 Lava BAF FS 0 3.43 0.02 2.14 0.01 26.02 1 11.01 1
T31-1 Lava BAF FS 0 3.16 0.02 1.88 0.01 22.41 1 9.14 0
T32-1 Lava BAF FS 0 2.76 0.02 1.77 0.01 15.87 1 6.9 0
T33-1 Lava BAF FS 0 2.56 0.01 1.73 0.01 11.47 1 5.31 0
T34-1 Lava BAF FS 0 3.05 0.01 1.86 0.01 16.49 1 6.85 0
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