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Abstract

The Tongariro Volcanic Centre (TgVC) is a complex volcanic system located at the
southern end of the Taupo Volcanic Zone in New Zealand, and has produced historical
explosive eruptions of different eruptive styles. Its three ski fields and its iconic Tongariro
Alpine Crossing attract more than 130,000 visitors annually. The last eruption occurred
in 2012 on the northern flank of Tongariro, at the Te Maari vent. Due to the lack of
precursory activity, this eruption could have turned into a tragedy if it had happened
during day time. Previous studies have focused on the TgVC phenocrysts, which do not
provide insights into shallow magmatic processes, essential to mitigate the resulting
volcanic hazards. To understand magma ascent processes and their associated timescales,
the textures and compositions of the micrometre-sized crystal cargo (i.e. microlites and
micro-phenocrysts) carried during explosive eruptions are investigated, along with their
conditions of crystallisation [i.e. P-T-X(H20)], which are constrained using
hygrothermobarometry and MELTS modelling. Glass shards from five tephra formations
spanning from c. 12 ka BP to 1996 AD, associated with explosive eruptions ranging from
Strombolian to Plinian in style, are studied here. High resolution images and chemical
maps of the tephras and the crystals are acquired using scanning electron microscopy
(SEM) and secondary ion mass spectrometry. The variety of disequilibrium textures and
compositions found in the micro-phenocrysts (< 100 um) indicates multiple events of
magma mixing, magma recharge, pressure fluctuations, and suggests an antecrystic
origin. Crystal size distribution (CSD) of 60,000 microlites (< 30 um) of plagioclase and
pyroxene are generated from back-scattered-electron (BSE) images using a semi-
automatic method developed here to undertake this study, employing the Weka Trainable
Segmentation plugin to ImageJ. Combined with a well-constrained growth rate,
crystallisation times are derived and indicate that microlites crystallised 2 to 4 days before
the eruption, regardless of the eruption style. Microlite crystallisation occurred between
mid-crustal depths and the surface (average of c. 4 km), at unusually high temperature for
arc magmas of intermediate composition (average of 1076 °C), and at low water contents
(average of 0.4 wt%). Considering the inferred depths and the crystallisation times of 2
to 4 days, ascent rates of only up to 9 cm s’ prior to shallow water exsolution are
calculated. Vent exit velocities are not exceeding 27 m s! after complete water exsolution,

too slow to feed explosive eruptions characterised by supersonic exit velocities. This
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research proposes a new conceptual model for the magmatic plumbing system beneath
TgVC, where the microlitic crystal cargos result from multiple intrusions of aphyric melts
through dykes, which most of the time stall and evolve at depth as deep as the mid-crust.
Eventually, a magma injection percolates through previous intrusions and entrains
crystals of differing textures and histories. Dykes feeding volcanism funnel into a narrow
cylinder towards the surface, allowing acceleration and triggering explosive eruptions.
Therefore, the conduit geometry at TgVC is a key controlling factor on the explosivity,
with narrower conduits resulting in more explosive eruptions, suggesting that volatile-
poor magmas can still trigger explosive eruptions. This study supports that vertical
foliation of the igneous upper crust is consistent with dyking and thus may be more

common than typically acknowledged.
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Figure 3.2. Figure 2.11 from Sen (2014) illustrating the relationship between the
undercooling AT (Tiiquidus — Teurrent) and the nucleation and growth rates of crystals.
Quenching (large degree of undercooling = rapid cooling rate) triggers the formation
of glass and many small crystals. Small degree of undercooling (slow cooling rate)
produces a few nuclei for coarse Crystals. ........ccccoocieeriiieeiiieeciieeeeeee e 43

Figure 3.3. Shapes of crystal size distributions found in natural and experimental samples.
(A) Figure 3 of Fornaciai et al. (2009) representing a linear CSD of plagioclase from
a scoria of the 2002-2003 eruption of Stromboli, Aeolian Islands, Italy. (B) Figure 2
of Brugger & Hammer (2010) demonstrating curved-upwards CSD of plagioclase
formed during decompression experiments of hydrous rhyodacite magma at different
decompression rates. Downturn at smallest size interpreted as intersection artefact.

Figure 3.4. Figure 4d of Morgan & Jerram (2006) illustrating the level of fit (R?) versus
the number of crystal slices considered. Note that at least 300 crystals are required to
obtain confident results for intermediate and acicular shapes. ...........cccccceevvrennenee. 53

Figure 3.5. The Rhodes diagram presents tests of orthopyroxene- and clinopyroxene-melt
equilibrium (Rhodes et al., 1979). It is based on 785 experimental data for
orthopyroxene (opx) which yield Kp (Fe-Mg)°P*14= (.29+0.06, and based on 1245
experimental observations for clinopyroxene (cpx) which yield Kp (Fe-Mg)®P*1id =
0.28+0.08. The blue area is the window where the putative pyroxene-melt should plot
1IN @QUILTDITUML ..eviiiiiie e e e e e e e 60

Figure 3.6. Sample location map of the tephras selected for this study. This is a shaded
relief map derived from the 8-m-Digital-Elevation-Model (source: LINZ data). The
colour gradient corresponds to the elevation variation. Georeference system:
NZGD2000/New Zealand Transverse Mercator 2000............cccceveeviienienieenneennen. 70

Figure 4.1. (Figure in the next page) Automation protocol to derive robust crystal size
distributions using the Trainable Weka Segmentation (TWS) plugin of Imagel. (1)
BSE images of the samples are obtained using a scanning electron microscope. (2)
Adobe Photoshop is used for image processing to make the background of the image
homogeneous (i.e., black) and to remove noise (i.e., dust, scratch) using a despeckle
filter. (3) The interface of the TWS plugin, where the cleaned image is loaded for
input of sets of training pixels (STP’s) of each class by the user. (4) Result of the
TWS using the input STP’s. Red, green, purple, and yellow are, respectively,
background, groundmass (i.e., volcanic glass), plagioclase, and pyroxene microlites.
(5) The segmented image is the post-segmentation image processed manually using
Adobe Photoshop to separate clusters and to homogenise crystals. (6) Measurements
of crystals (e.g., length and width) are obtained using the Analyze Particles tool in
Imagel. (7) Lengths and widths are implemented into CSDSlice (Morgan and Jerram,
2006) to obtain the five best matching crystal shapes (i.e., aspect ratios) for the
studied crystal population. The one with the best level of fit is chosen and integrated
into CSDCorrections (Higgins, 2000). (8) The CSD plot is obtained with
CSDCorrections by using length, the best-fit shape factors and the area of the sample.
I) Interpretations from CSD slope and intercept are made. ..........cccceeevveerveeieennnnnne 88
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Figure 4.2. Example of pyroxene microlites of Mangamate — Te Rato classified using
both manual and TWS segmentations, and the associated terms related to the
performance evaluation of the automatic classifier. TN, TP, FN, and FP, respectively,
stand for true negative, true positive, false negative, and false positive.................. 92

Figure 4.3. (Figure in the next page) Examples of BSE images, binary images, and the
best-fit shape curves of the plagioclase populations obtained from CSDSlice (Morgan
& Jerram, 2006). a: BSE image of the Mangatawai glass shard captured using a JEOL
NEOSCOPE 6000plus desktop-SEM, and its associated binary image and best-fit
crystal habits. The bright white areas are due to residual gold coating in the vesicles.
b: BSE image of the Mangamate — Te Rato glass shard, captured using a high
resolution JEOL JSM-7000F FE-SEM, and its associated binary image and best-fit
crystal habits. ¢c: BSE image of a lava flow from the 1886 Tarawera eruption,
captured using the FEI Quanta 200 Environmental SEM, and its associated binary
image and best-fit crystal habits CUrve...........ccooveviiiiiiiiiieee 93

Figure 4.4. (Figure in the next page) Binary images of the pyroxene population for a
selected part of the Mangatawai glass shard (see (1a) in the upper left corner) with
the associated CSD curves resulting from both manual and TWS segmentations. The
manual CSD curve results from the manual segmentation of the image acquired with
a high-resolution SEM (HR-SEM; JEOL JSM-7000F FE-SEM). The automatic CSD
curves result from the segmentation using TWS of (1) the image acquired with the
HR-SEM (i.e., Auto - HR SEM) and (2) the image acquired using the desktop SEM
(i.e., Auto — Desktop SEM; JEOL NEOSCOPE 6000plus). The R? values are the
level of fit for crystal habits of the pyroxene population extracted from CSDslice
(Morgan and Jerram, 2006). STP stands for set (A) CSD curves resulting from
manual segmentation and automatic segmentation with three STP by the user. (B)
CSD curves resulting from manual segmentation and automatic segmentation with
ten input STP by the user. The edges of the shard are less visible as in the segmented
image (la) as a new STP was added to classify them as the background. (C) CSD
curves resulting from manual segmentation and automatic segmentation with ten STP
and after post-segmentation image processing (P-S image processing; see step 5 from
Figure 4.1). (D) CSD curves resulting from manual segmentation and automatic
segmentation with ten STP and after post-segmentation image processing and setting
a particle size range 0f > TIM?. .......ccoovivivivieeeeeeeeeeeeeee e, 96

Figure 5.1. Typical back-scattered electron images of the tephras from the Tongariro
Volcanic Centre of this study: Mangamate, Mangatawai, Tufa Trig, Ngauruhoe
1972-1975 and Ruapehu 1995-1996. The Mangamate image was captured using the
FE-SEM JEOL JSM-7000F of the Isotope Imaging Laboratory at Hokkaido
University, Japan. Mangatawai and Tufa Trig images were captured using the
Environmental-SEM (FEI Quanta 200) of Massey University in Palmerston North,
New Zealand. Ngauruhoe and Ruapehu images were captured using the JEOL
NEOSCOPE 6000plus desktop SEM of GNS Science Wairakei Research Centre in
Taupo, New Zealand. Ox, plg, px, mph, ph and gl stand for oxide, plagioclase,
pyroxene, micro-phenocryst, phenocryst and glass, respectively..........cc.ccceeneenee. 117

Figure 5.2. Comparison of glass and mineral major elements: (a) TAS diagram (Le Bas
et al., 1986), (b) histogram of anorthite contents of plagioclase microlites and (c)

X1
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discriminating chart for pyroxenes (Morimoto, 1989). Data for plagioclases and
pyroxenes involve microlites and micro-phenocrysts only, except the field for
Mangamate (data of Auer et al. 2015). All plotted compositions are recalculated to
100% aNNYATOUS. ...c..eiiiiiiiieiie ettt sttt 123

Figure 5.3. (Figure in the next page) Rhodes diagram to assess the equilibrium of the rims
of plagioclase microlites from TgVC tephras using the anorthite content
[An#=100xCa/(Ca+Na+K)] of the plagioclase and melt compositions. Each
horizontal bar is a range in glass An hosting a single mineral grain. The blue and grey
fields in a-c represent the H>O-saturated and dry experiments from basaltic to
rhyolitic melts used in Figure 3a of Waters and Lange (2015), excluding the
anhydrous felsic melts from the synthetic experiments of Brugger et al. (2003).
According to previous studies (Arpa et al., 2017; Deering et al., 2011a; Kilgour et
al., 2009; Kilgour et al., 2013), TgVC magmas are water-poor magmas, which is
confirmed by the prevalence of plagioclase-liquid pairs in equilibrium. Note that
disequilibrium is not uncommon, especially for the Mangatawai and Tufa Trig
17570) 1162 - JRO OO OO RPROU PSRRI 124

Figure 5.4. (Figure in the next page) Rhodes diagram to assess the equilibrium of the rims
of orthopyroxene microlites from TgVC tephras using the Mg#
[Mg#=100xMg/(Mg+Fe*] of the orthopyroxene and glass compositions. Each
horizontal bar is a range in glass Mg# hosting a single mineral grain. Orthopyroxene-
liquid and clinopyroxene-liquid equilibria were assessed using the Fe-Mg exchange
coefficients determined by Putirka (2008) i.e. Kd(Fe-Mg)°P*14 = 0.29 + 0.06. Note
that disequilibrium is not uncommon, especially for the Mangatawai and Tufa Trig
17570] 11 - JU OO OO SUR PSPPI 126

Figure 5.5. (Figure in the next page) Rhodes diagram to assess the equilibrium of the rims
of clinopyroxene microlites from TgVC tephras using the Mg#
[Mg#=100xMg/(Mg+Fe?"] of the clinopyroxene and glass compositions.. Each
horizontal bar is a range in glass Mg# hosting a single mineral grain. Clinopyroxene-
liquid equilibria were assessed using the Fe-Mg exchange coefficients determined by
Putirka (2008) i.e. Kd(Fe-Mg)®®*!i4 = (.28 + 0.08. Note that disequilibrium is not
uncommon, especially for the Mangatawai and Tufa Trig tephras. ...........c..c..... 128

Figure 5.6. Four of the seven main observed textures with descriptions and sketches of
potential processes explaining the texture in plagioclase phenocrysts, but especially
in plagioclase microlites and micro-phenocrysts, of the Tongariro Volcanic Centre
andesitic tephras: (a) resorption and overgrowth textures and (b) oscillatory zoning,
indicating multiple events of magma mixing and recharge; (c) single compositional
jump that develops after resorption and rapid decompression events; (d) featureless
crystals due to late-stage crystallisation. The black scale at the bottom left corner of
each SCAPS image is 10 um in size. Ca, Si, Sr, Na, and BSE respectively stand for
calcium, silica, strontium, sodium, and back-scattered electron images. .............. 132

Figure 5.7. Three of the seven main observed textures with descriptions and sketches of
potential processes explaining the texture in plagioclase microlites, micro-
phenocrysts and phenocrysts of the Tongariro Volcanic Centre andesitic tephras: (a)
sieve textures resulting from rapid decompression; (b) fracture (and overgrowth)
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triggered by entrainment of crystals from a crystal-mush-like environment; (c)
strontium zonation (Sr) associated with a negative correlation with An suggesting
recycling of old crystals. Ca, Si, Sr, Na, BSE and An stand, respectively, for calcium,
silica, strontium, sodium, back-scattered electron and anorthite content. ............. 134

Figure 5.8. Three of the five main observed textures with descriptions and sketches of
potential processes explaining the texture in pyroxene microlites, micro-phenocrysts
and phenocrysts of the Tongariro Volcanic Centre andesitic tephras:. (a) resorption
and overgrowth textures indicating multiple events of magma mixing; (b) Ca-rich
rims and (c) magnesian-core and calcic-rim demonstrating a shift of mineral phase
(i.e. orthopyroxene to clinopyroxene) resulting from rapid decompression. Fe, Ca
and BSE respectively stand for iron, calcium and back-scattered electron images. The
white scale at the bottom left corner of each map is 10 um in length. .................. 137

Figure 5.9. Two of the five main observed textures with descriptions and sketches of
potential processes explaining the texture in pyroxene microlites, micro-phenocrysts
and phenocrysts of the Tongariro Volcanic Centre andesitic tephras: (a) fracture (and
overgrowth) triggered by entrainment of crystals from a crystal-mush-like
environment; (b) aluminium zonation with sharp and fuzzy zonation boundaries
suggesting rapid growth kinetics rather than diffusion-controlled zonation. Mg, F,
Ca, Al and BSE respectively stand for magnesium, fracture, calcium, aluminum and
back-scattered electron images. The white scale at the bottom left corner of each map
1S 10 M A0 1NNt 139

Figure 5.10. Conceptual model of the magma plumbing system feeding the explosive
eruptions of the Tongariro Volcanic Centre. Considering the crustal extension of the
TgVC at arate of c. 7+ 1.2 mm/yr since 20 ka (Gémez-Vasconcelos et al., 2017),
we infer a vertical geometry, where magma ascends via dykes. The windows (a-h)
are representative of processes occurring within the dykes and places randomly into
the figure as examples. The various textures observed in microlites, micro-
phenocrysts, and phenocrysts of the crystal cargos from TgVC intermediate magmas
result from a variety of magmatic processes: (a) magma mixing, (b-c) pressure and
temperature fluctuations, (d) high undercooling, and (e) shallow degassing-induced
crystallization. Batches of aphyric magmas enter the upper crust through previously
intruded semi-solidified dykes (g-h), which occasionally reach the surface, resulting
in a wide variety of eruption styles. The phreatic eruption of Upper Te Maari and the
heating cycles of Mt. Ruapehu’s Crater Lake may be related to failed eruptions
triggered by magma INJECHIONS. ....eeevereriieeriieeriieeeeeeeeeeireeereeeeree e e e e seseeeaeeas 149

Figure 6.1. Fe-maps of some orthopyroxene microlites obtained using the FE-SEM JEOL
JSM-7000F at the Isotope Imaging Laboratory of Hokkaido University in Sapporo,
Japan. Note the resorbed cores and the complex zonations in iron (arrows) where RC
and F stand for resorbed core and fracture, respectively. The scale of 10 um is
represented by a white bar at the left bottom corner of each image. ..................... 163

Figure 6.2. Pyroxene crystal size distributions (logarithm of the population density versus
the size in um) of various historical tephras from the Tongariro Volcanic Centre,
New Zealand. The grey field represents the full range covered by the CSD plots. CSD
parameters such as the number of crystals, the best fit shape factors for the studied
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crystal population and their associated coefficient of determination obtained with
CSDslice (Morgan & Jerram, 2006), and the crystal content from CSDCorrections
(Higgins, 2000) are reported in Table 6.2..........ccccvvieiiieeiiieeiieeieeeee e 169

Figure 6.3. Plagioclase crystal size distributions (logarithm of the population density
versus the size in um) of various historical tephras from the Tongariro Volcanic
Centre, New Zealand. The grey field represents the full range covered by the CSD
plots. CSD parameters such as the number of crystals, the best fit shape factors for
the studied crystal population and their associated coefficient of determination
obtained with CSDslice (Morgan & Jerram, 2006), and the crystal content from
CSDCorrections (Higgins, 2000) are reported in Table 6.2. ........ccccccvveviveiiennnnns 170

Figure 6.4. Pyroxene and plagioclase CSD slopes (left y-axis), and residence time (right
y-axis) derived from the slope and a well-constrained growth rate. Plagioclase CSD
slopes are indicated by yellow diamonds, orthopyroxene CSD slopes by light blue
diamonds. Residence time calculated from the pyroxene slopes and an orthopyroxene
growth rate determined for Mangatawai 407-17 (Zellmer et al., 2016¢; Zellmer et al.,
2018), are represented by magenta triangles. As orthopyroxene and plagioclase were
crystallising concomitantly, a plagioclase growth rate range is derived (1.65 x 107!
m s to 6.43 x 10! m s!). Mm, TR, Oh, Wha, Ng, Rua respectively stand for
Mangamate, Te Rato, Ohinepango, Wharepu, Ngauruhoe and Ruapehu............... 172

Figure 6.5. P-T-X(H20) plots retrieved from hygrothermobarometry (Putirka, 2008;
Waters & Lange, 2015) and MELTS modelling (Asimow & Ghiorso, 1998; Ghiorso
& Sack, 1995) for the TgVC deposits studied. Parameters for MELTS were fixed at
0,0.5, 1, 1.5 and 2 wt.% for the water contents and from 0.1 to 800 MPa at 25 MPa
intervals for pressures. Grey plots in (c) and (d) are copies of plots in (a) and (b).
Note that MELTS data points (plots ¢ and d) indicate the average (in color) and their
range (1.€. NOt UNCETLAINTICS)....eeuieruriereieriieeiieeieeieesteeteesiteeteeseeeebeesaeeeseesneeeneeas 175

Figure 6.6. Crystal size distributions of the pyroxene microlite population. Slopes used to
derive microlite crystallisation times (reported in Table 6.4) were calculated from
this size section (10-30 pm). See text for discussion. The grey field represents the
full range covered by the CSD PlOtS. ....ccccviieiiiieiiieeieeeeeee e 182

Figure 6.7. Crystal size distributions of the plagioclase microlite population. Slopes used
to derive microlite crystallisation times (reported in Table 6.4) were calculated from
this size section (10-30 um). See text for discussion. The grey field represents the
full range covered by the CSD PlOtS. ....cccoiiieiiiieiiieeieeceeee e 183

Figure 6.8. Conceptual model of the shallow magma plumbing system beneath the TgVC.
Temperatures, pressures and water contents are based on the results obtained with
MELTS. (1) Hot (c. 1076 °C) andesitic/dacitic magmas ascending with micro-
phenocrysts displaying complex oscillatory zonings. Nuclei sites for microlites of
orthopyroxene and plagioclase at an average of 4 km depth and with water contents
of c. 1 wt. %. (2) Microlite nucleation and growth due to cooling. (3) Microlites keep
on nucleating and growing while degassing at c. 1 km yields to bubble nucleation
and volume expansion and thus faster ascent rates, but not fast enough to feed the
most explosive eruptions. (4) A change in geometry of the conduit cross-section
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(from dyke to cylinder) is thus required to accelerate these magmas to up to 400 m s
FUPOM EXIL. oo 190

Figure 7.1. Figure 16 of Fichaut et al. (1989) representing the magma chamber(s) beneath
Mt. Pelée. 1, 2 and 3 are symbols for various dioritic and gabbroic cumulates. ... 198

Figure 7.2. Figure 9 of Nairn et al. (2004) representing the conceptual model of the
stratified plumbing system beneath Tarawera volcano (A) before and (B) during the
¢. 1315 AD Kaharoa eruption. The 8 km linear vent zone involved during the eruption
suggests vertical magma rise. T1, T2 and T3 are three magma layers of distinct
crystallinities, and compositions. The white arrows in (A) represent the uprising
siliceous melt expulsed from the fractional crystallisation of the deeper mafic
TNAZINIA. 1 vtveeeueteeeieeesteeestteesuteeesnteeeasteeanseeansseessseesnsseesssaeesssseensseesssseesnnseesasseesnnsens 200

Figure 7.3. Figure 14 of Carrasco-Nufiez et al. (2012) illustrating a cross section of Los
Humeros volcano at the onset of the c. 0.1 Ma BP Zaragoza eruption, which was fed
by two main magma reservoirs of distinct chemistry and petrology suggesting
separate evolutions. D, RD, BA, B, A, TA, FMQ, NNO and xtal stand for dacite,
rhyodacite, basaltic andesite, basalt, andesite, trachyandesite, fayalite-magnetite-
quartz, nickel-nickel-oxide and crystal, respectively..........ccooeeviiniiiiinniiencenen. 204

Figure 7.4. Figure 1 of Cashman et al. (2017) illustrating the common view of magmatic
system with crystal mush based on previous works. (A) Upper crustal magmatic
system mostly composed of a large crystal mush and smaller melt silicic melt pods
which result from the frequent replenishment of mafic magma inspired from the
study of Hildreth (2004). (B) Schematic representation of a trans-crustal magmatic
systems with interconnected magma batches resulting from the destabilisation of
melt lenses (Christopher et al., 2015). (C) The effect of the particle volume fraction
on the change of rheology from magma (orange) to mush (grey). The blue and red
curves are calculated using different rheological models (red curve based on the
model of Costa et al., 2009a; blue curve based on the model of Marsh, 1981). The
insert represents the changes in mush strength as a function of the particle volume
fraction where the green dashed curve is based on the experimental data using the
Westerly granite and the purple-dashed curve is based on experimental data usinzg
Delegate aplite (Rosenberg & Handy, 2005). ......cccovvieeiiiiniiieeieeeieeeee e 209

Figure 7.5. Paroxysmal activity of Stromboli volcano in July 2019 generating a
pyroclastic flow after the crater collapse. Photo credits: Sailactive I Segelreisen &
YaChtCharter. .....ccueeiiiiiiiiii s 211

Figure 7.6. Figure 9 of Bragagni ef al., (2014) illustrating a conceptual model of the
feeding system beneath Stromboli volcano during normal Strombolian and effusive
activity (a) and during paroxysm events (b). ......ccceceeeverieeriieeniie e 213

Figure 7.7. Figure 7 of Ubide & Kamber (2018) representing the magmatic plumbing
system beneath Mt. Etna composed of multilevel interconnected magma chambers
interpreted by the study of Ubide & Kamber (2018) and references therein. A main
storage region is at c. 10 km depth at the interface between the crystalline basement
and the shallower sedimentary sequence. The blue bars represent the magma storage
depths inferred from geophysical data. Detected high-VP body (HVP) and the
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shallow low-Vp zone (LVZ) are used to interpret the magma ascent rates. The
magmatic system consists of the accumulation of intruding repeated batches of new
mafic magmas, which mix with the resident crystal mush. Injections of mafic
intrusions either feed progressively the main central conduit or may feed eccentric
eruptions (yellow dashed 1INe). .......cceoviieiiiieiiieeieeee e 216

Figure 7.8. Figure 13 of Nakada et al. (2019) illustrating the cumulative volume of dome
growth formation over time for different eruptions. ...........ccecceevveevieniienieenieenen. 221

Figure 7.9. Figure 1 of Johnston et al. (2000) representing schematic cross sections and
photographs from the 1945 activity at Mt. Ruapehu. P is a reference of Pyramid peak.

Figure 7.10. Figure 5.6 of Sas (submitted) illustrating a conceptual model of the magmatic
system of Okataina Volcanic Centre, New Zealand, that is largely intruded by mafic
underplating intrusions, which differentiate by assimilating mid-crustal components.
The intrusions transfer heat and volatile to the overlying silicic crystal mush, forming
rhyolitic melt pods which eventually feed explosive eruptions and domes........... 230

Figure 7.11. (Figure in the next page) Common magmatic plumbing systems beneath arc
volcanoes. Mafic magmatic systems are composed of a single or multiple
interconnected reservoir(s) which is/are frequently replenished by deep mafic
intrusions, feeding mostly effusive (lava flows and Strombolian style) eruptions, and
sometimes explosive eruptions (paroxysms). Flank eruptions are common and may
be fed by rapidly ascending magma (e.g. Ubide & Kamber, 2018). Intermediate
magmatic systems are composed of a single or multiple interconnected reservoir(s)
which is/are frequently replenished by deep mafic intrusions which stall, evolve and
form a crystal mush in the crust. Intermediate compositions are reached either due to
convection between the silicic crystal mush and the replenished mafic intrusions
(Reubi & Blundy, 2009), or due to fractional crystallisation (Tait ef al., 1989). The
entire range of eruption styles can be associated with intermediate magmatic systems,
from effusive eruptions (lavas and domes) to Plinian with formation of pyroclastic
density currents and high eruptive column. Viscous lava flows and volatile-rich
domes may be associated with transitions forth and back to explosive eruptions
(Preece et al., 2016). Felsic magmatic systems are fed by a large reservoir which
consists of a crystal mush which has experienced crustal assimilation and fractional
crystallisation. Melt pods form within this framework due to underplating of mafic
intrusions causing heating and remobilisation of the crystal mush. Eventually, mafic
intrusions trigger climatic eruptions of up to ultra-Plinian in style (e.g. Wilson, 2001)
fed by crystal-bearing or crystal-free rhyolites, possibly mingled with more mafic
TNAZIMA(S ). 1o euvveeenereeeereeeniteeestreeasereeassseeassseeassseesseeeasssesasssesssseeessssesssseessseesssseessssees 232

Figure 7.12. Figure 6 of Tibaldi (2015) representing the the preferrential geometry of the
magma plumbing system in the lower crust governed by the local stress field. Strike-
slip fault would enhance the formation of dyke, whereas reverse faults would
preferentially develop sill and arrest dyke propagation, and a normal fault will likely
develop sill at depth and dyke towards the surface where the dip is increasing....235

Figure 7.13. (Figure in the next page) The conceptual model of the shallow magma
plumbing system beneath TgVC inferred from this study. The magmas that feed
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explosive eruptions at TgVC are nearly phenocryst-free and are composed of micro-
phenocrysts and large microlites with complex textures and zonations suggesting an
antecrystic origin (Chapter 5). Microlites consist of plagioclases and pyroxenes that
grew concomitantly due to cooling during magma ascent. Unusually high
temperatures and low water contents at microlite crystallisation suggest that cooling
drove microlite crystallisation (section 5.4.3). Microlite crystallisation time inferred
from CSDs (section 5.4.2) are used with the depth constraint from MELTs modelling
and thermobarometry calculations (section 5.4.3) to calculate magma ascent rates,
which are too slow to feed explosive eruptions. Thus, a reduction of the conduit
cross-section (from dyke to cylinder) is required to accelerate the magmas feeding
explosive eruptions at TgVC (Vulcanian eruption with exit velocities of up to 400 m
s), consistent with the extensional tectonic setting of the region which is
accommodated by dyke intrusions (Gémez-Vasconcelos et al., 2017). ................ 237
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1.1. Research introduction and motivations

One of the most important aspects of current research is focused on assessing volcanic
hazards and how to forecast volcanic eruptions. Notably, explosive eruptions may be less
predictable and may impact larger areas than effusive activity (e.g. tephra deposition, fast-
moving pyroclastic density currents), particularly in highly populated areas e.g. Napoli,
Italy, near Vesuvius; Arequipa, Peru, near El Misti; Goma, Democratic Republic of
Congo, near Lake Nyiragongo; Quito, Ecuador, near Cotopaxi and Guagua Pichincha;
Catania, Sicily, near Mt. Etna; and Auckland, New Zealand, built on the Auckland
Volcanic Field (e.g. Bonaccorso et al., 2011; Favalli et al., 2009; Kereszturi ef al., 2014;

Marzocchi et al., 2004; Pistolesi et al., 2014; Sandri et al., 2014).

Estimation of the time windows between geophysical unrest and the actual eruption
have awakened the interest of volcanologists and stakeholders to provide insights into
hazards mitigation and to establish reliable evacuation plans. Volcanoes are typically
characterised by complex precursory patterns leading to challenging predictions of future
eruptions. If patterns in the timing of eruptive processes for a volcanic edifice can be
identified, mitigation may become easier through devising appropriate volcanic hazards
maps and evacuation plans. In the literature, many geochemical approaches are used to
infer eruptive processes and help forecast eruptions. Some of the most common methods

used in petrology are:

1. Textural analyses of pyroclasts, crystals or bubbles are used for inferring eruptive
processes such as nucleation, crystal growth and degassing (Donoghue ef al., 1997,
Gardner et al., 1998; Klug & Cashman, 1994; Shea et al., 2010b).

2. Crystal textures (e.g. zonation) can also be used as geo-speedometer to monitor ascent
rate (e.g., hornblende breakdown rims during decompression, Rutherford & Devine,

2003).
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3. Crystal Size Distributions (CSDs) are commonly-used to reveal information about
crystallisation dynamics, and, if the growth rate is constrained, residence time of
crystals can be inferred from the slope of the CSD (Higgins & Roberge, 2007; Marsh,
1988; Muir et al., 2011).

4. Modelling of diffusion has become a powerful tool to infer timing of crystallisation
processes and characterization of the origin of crystals (e.g. Chakraborty, 2008; Costa
et al., 2003; Costa & Dungan, 2005; Costa et al., 2008; Flaherty et al., 2016; Kilgour

et al.,2014; Morgan et al., 2004; Shea et al., 2015).

The estimation of magmatic timescales and especially crystal residence time are
combined with thermodynamic modelling of magmatic processes to recover critical
parameters (e.g. temperature, pressure, water content, crystallinity) to comprehend the
evolution of the magmatic system (e.g. Cooper & Kent, 2014; Masotta et al., 2016;
Pamukcu ef al., 2015; Stock et al., 2016b; Venugopal ef al., 2016; Zellmer et al., 2014b).
Generally, petrologists and volcanologists have focussed on phenocryst crystals (> 100
pum) to infer processes and timescales. These time capsules, however, record mainly deep
magmatic processes (> 15 km) occurring up to hundreds of thousands of years before the
actual eruption (e.g. Blundy & Annen, 2016; Menand et al., 2015; Petrelli & Zellmer, in
press). Shallow signals are covered by geophysical signals (e.g. seismicity, tomography,
remote sensing) and gas chemistry surveys, hence providing short-term and syn-eruptive
forecasting of an imminent eruption. However, they do not supply information about the
internal magmatic processes at work during ascent through the upper crust. Therefore,
there is a gap in the understanding of magmatic processes occurring between the lower-

crustal and the shallow depths. Smaller crystals (< 100 pm), referred as micro-
phenocrysts (100-30 pm) and microlites (< 30 um), are interpreted to form due to

decompression-induced degassing and cooling (Hammer et al., 1999; Noguchi et al.,
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2006; Sano & Toramaru, 2017; Szramek et al, 2006; Szramek et al., 2010).
Consequently, they crystallise at shallower depths and may record shallow magmatic
processes, which would provide significant indications in forecasting short-term

timescales of magma ascent, essential for hazard mitigation and evacuation planning.

The Tongariro Volcanic Centre (TgVC) is situated in the southern part of the Taupo
Volcanic Zone (TVZ) in the North Island of New Zealand and at the southern end of the
2800 km long Tonga-Kermadec arc-back-arc, resulting from the convergence of the
Pacific and Australian tectonic plates (e.g. Stern et al., 2006). It is composed of two
historically active eruptive centres, namely Ruapehu and Tongariro, with several vent
sites of which the Ngauruhoe volcanic cone is one. Ngauruhoe is one of the fastest
growing cones over older vents at TgVC (Hobden ef al., 2002; Moebis, 2010). TgVC has
exhibited several eruptive styles from Strombolian to Plinian style eruptions (Walker,
1973), some with phreatic-to-phreatomagmatic phases. Ruapehu volcano, notably, has
been quite active over the Holocene with at least 66 eruptive periods, including 40 of
them over the past 70 years (Smithsonian Institution's Global Volcanism Program, 2019).
TgVC is located in the Tongariro National Park, which is the oldest national park of New
Zealand as well as a dual United Nations Educational, Scientific, and Cultural
Organization (UNESCO) World Heritage Area since 1993 for its remarkable landscapes
and cultural richness (Cleere, 1995; Rossler, 2006). Both local and international visitors
come every year to enjoy the outdoor activities available in the area. Three ski resorts
(Whakapapa, Turoa and Tukino) on Mount Ruapehu are open from June to the end of
October. The Tongariro Alpine Crossing (TAC) is the most famous day-hike of New
Zealand. During the busiest season, between November and April, up to 1500 visitors are
on the TAC daily (Jolly ef al., 2014b) and 130,000 visitors were reported for the full year

of 2017 (DOC, 2017). Also, numerous rivers in the national park are used for river rafting.




Lormand: Magmatic processes at Tongariro Volcanic Centre Chapter 1

However, all these activities expose visitors to the risk of eruptions and their
consequences as eruption-fed and meteorologically triggered lahars and landslides.
Indeed, the last eruption occurred in August 2012 within the Upper Te Maari Crater, on
the northern slope of Mt. Tongariro. It began with a 770,000 m? landslide (Procter et al.,
2014) and was followed by high-velocity and wide-spread pyroclastic density currents
that reached the TAC walkway (Lube et al., 2014). Ballistics were ejected as far as the
Ketetahi Hut (ca. 400-500 m in distance), used by many hikers of the TAC (Breard et al.,
2014). Also, a farming community of 100 residents, who live on the northern slopes of
the volcano, and their livestock are permanently at risk. It was fortunate that the last
eruption occurred during the night when there were few people at the park. If such an
eruption occurred during day time, many lives would be exposed to the associated
volcanic hazards. Thus, there is a real need of identifying the shallow magmatic processes

and timescales that have occurred during the past TgVC explosive eruptions.

By combining different petrological methods on a tephra record from TgVC, this
study will provide a better understanding of the magmatic processes occurring during

microlite crystallisation at the onset of explosive eruptions in this actively hazardous area.

1.2. Objectives

This research aims to visualise, characterise and estimate timescales of late-stage
ascent processes down to submicron scale for different eruption styles of explosive
eruptions (Strombolian, Vulcanian, sub-Plinian and Plinian). Unlike the phenocrysts,
which record deep processes, the study of smaller crystals called microlites (< 30 um)
yield the characteristics of the latest pre-eruptive processes, at the onset of an explosive
eruption. Indeed, as microlites crystallize in the conduit prior to the eruption, microlites

record chemical information that can be used to harvest timescales of crystal growth and
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ascent. Further high-resolution analysis of chemical zoning in micro-phenocrysts will
allow detailed constraints to be made on their origin and growth histories. We focus our
study on TgVC for several reasons: (i) it has exhibited frequent and intense eruptive
activity in historical time; (i1) it has produced various styles of explosive eruption
(Strombolian to Plinian) with variable influence of external water (ground, surface and
hydrothermal); (iii) previous studies have only focussed on the information recorded by
the phenocrystic crystal cargos revealing deep magmatic and ascent processes; and (iv) it
is a very touristic area and requires reliable information to appropriately assess the

hazards it poses. To this end, four main objectives were set:

1. Development of an automated method to characterise microlite crystal size

distributions (CSD) from back-scattered electron (BSE) images.

Crystal size distribution (CSD) in volcanic rock may be used as a powerful tool to
understand crystallisation dynamics because they provide information about nucleation,
growth of crystals and ascent processes. The term CSD basically represents a line of the
logarithm of the population density n plotted against the linear crystal size L (where
n=dN/dL, where N is the cumulative number of crystals per unit) (Marsh, 1988). In
general, CSDs are typically obtained from thin section photographs in which the crystals
have been outlined manually using image processing software (e.g. Photoshop). Even
though their acquisition can be simple and gives relevant information, this method implies
time consuming computational work. Previous studies have developed automatic
techniques to outline the crystals from chemical maps, where each major element (e.g.
Fe, Mg, Si, Na, Ca, Al) has an assigned colour and thus each phase (i.e. different minerals
and melt) will appear in different colour (e.g. Muir et al., 2012). However, obtaining
chemical maps is a time-consuming (c. 20-30 min for one image) and expensive

acquisition when compared with BSE images acquisition. BSE images are obtained using
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a scanning electron microscope (SEM) which allows the sample to scatter the electrons it
receives; BSE brightness reflects the electron density per unit volume of the target and
thus the denser the structure (e.g. heavy atoms with a high atomic number Z), the brighter
the image. BSE images of high resolution can be acquired in less than one minute. The
first objective of my PhD will be to develop an (semi-) automated method to characterize
CSDs of microlite crystals from BSE images. Plagioclase and pyroxene are suitable target
minerals as they are the main mineral phases in andesitic magmas (Sen, 2014). A
comparison between the resulting CSDs of this new technique and CSDs of the more
labour-intensive classic technique (explained further in the literature review) will then be
completed to verify the reliability of the automation and the accuracy performance of the

classifiers used.
2. Origin of microlites and micro-phenocrysts through high-resolution imaging.

Three hypotheses about the origin of the microlites and micro-phenocrysts of the
TgVC tephras can be made; (1) crystals are grown from the melt during its ascent, through
degassing and/or cooling (Cichy et al., 2010; Noguchi et al., 2006; Sano & Toramaru,
2017); (2) crystals are from one or several interconnected and small reservoirs that were
active during the eruptions, involving mixing and mingling processes (Hobden et al.,
1999; Rowlands et al., 2005); (3) crystals are derived from earlier intrusive rocks, and
have been picked up by aphyric ascending melt at the onset of eruption. Imaging and
elemental mapping of microlites and micro-phenocrysts at ultra-high resolution will
provide detailed insights into the textural and chemical characteristics of these crystals,
from which their origin and growth histories may be deduced. To distinguish between
these hypotheses, mineral-melt equilibria and constraints on the intensive parameters
(pressure, temperature and water content) during microlite crystallisation will be

investigated.
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3. Usage of the microlite CSDs to estimate the timescales of magma transfer

through the volcanic conduit at the onset of explosive eruptions of TgVC.

The insights gained from the high-resolution imaging can be usefully employed in
this third objective, providing key information on how to interpret the shape of crystal
size distributions. Then, by coupling the relevant slopes of the CSD with a well-
constrained growth rate of the crystals, we can estimate the growth time of microlite
population. The timescales obtained will thus represent the duration of magma transfer

through the volcanic conduit from the onset of degassing.

4. Identification of the P-T-X(H:0) conditions during microlite crystallisation

to understand the magmatic processes at work during magma ascent.

The residence time derived from the CSD will be combined with thermodynamic
models to determine essential conditions namely the pressure, the temperature and the
water content during microlite crystallisation. Using hygrothermobarometry and MELTS
modelling, these parameters can be derived. Subsequently, the calculated times combined
with the constrained pressures will provide magma ascent rates which will in turn unravel
insights on forces driving ascent (e.g. volatiles) and how these may or may not differ in

eruptions displaying a range of explosiveness.

Ultimately, the resulting insights from these objectives will be combined to propose
a new conceptual model for the upper-crustal magmatic system underneath TgVC, which

will be contrasted with the existing models globally.

1.3. Thesis outline
This thesis, which consists of eight chapters, can be subdivided into three main
sections. The first three chapters involves an introduction to this research (Chapter 1), the

geological background with a literature review of TVZ and specifically TgVC (Chapter
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2), and the existing methodologies that characterise crystals in volcanic rocks (Chapter
3). Chapter 2 introduces the reader to the eruption styles associated with explosive
eruptions, gives a brief review of the tectonic and geological setting of the TVZ and a
detailed summary of the eruptive history at TgVC and specifically at Tongariro,
Ngauruhoe and Ruapehu volcanoes. Chapter 3 reviews the textural and thermodynamic
methods which will be used in this study to characterise the microlite and micro-

phenocryst populations.

The core of this thesis is presented in Chapters 4, 5, and 6 which contain the a new
textural method and the results of the qualitative and quantitative analysis of the crystal
cargo of TgVC magmas. More specifically, Chapter 4 describes a new semi-automatic
method developed during this research to outline crystals for CSD generation purposes.
This technique was published in Microscopy and Microanalysis (Lormand et al., 2018a).
Qualitative analysis of the textures and zonations found in the microlite and micro-
phenocrysts populations of pyroxene and plagioclase are presented in Chapter 5. This
chapter will be submitted for publication under the title of “Intermittent ascent of aphyric
andesitic melts revealed by cryptic micro-antecryst textures”. Chapter 6 consists of the
quantitative and textural analyses of the microlites and their chemical compositions to
constrain the microlite growth time, and the conditions P-T-X(H2O) associated with their
crystallisation. This chapter has been submitted and reviewed for publication in Journal
of Petrology, was deemed acceptable pending revisions, and the revised script has been
resubmitted under the title of “Slow ascent of unusually hot intermediate magmas

triggering Strombolian to sub-Plinian eruptions”.

The final section of the thesis provides a discussion contrasting the existing
conceptual models globally and the resulting model of this research in terms of

architecture of the magmatic system at arc setting and confers the implications and

9
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contributions of the investigation of microlite crystals to understand the upper-crustal
processes beneath volcanoes (Chapter 7). The conclusion (Chapter 8) summarises the
findings of this study in the context of the set research objectives and suggests directions
for future research which would greatly contribute in our understanding of late-stage

magmatic processes at the onset of eruptions.

10
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2.1. Eruptive styles of explosive eruptions

There are different ways to classify volcanoes (Sigurdsson et al., 2015): by their
shape (e.g. stratovolcano, caldera, pyroclastic cone, lava dome, fissure vents), by their
origin (e.g. intraplate volcanism, hotspot activity, subduction) or by their eruption style
(e.g. Strombolian, Vulcanian, Plinian). In fact, the morphology of a volcano is
predominantly governed by its eruptive behaviour (Cembrano et al., 2008; Sielfeld et al.,
2017), which can vary over time within a single volcanic edifice. Therefore, we consider
volcanic classification by eruptive style to be the most useful descriptor of a volcano. Six
main eruption styles can be described: Hawaiian/Icelandic, Strombolian, Vulcanian, sub-
Plinian, Plinian and Ultra-Plinian. Walker (1973) proposed a classification for these
eruption styles based on the fragmentation index and the area of dispersion of the deposits
(Figure 2.1). The fragmentation index is determined by the percentage of pyroclasts finer
than 1 mm sampled at the intersection of the isopach 0.1Tmax, Where Tmax is the maximum

thickness of deposit in the axis of dispersal.
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Figure 2.1. Figure 28.2 of Clarke ef al. (2015) inspired by the initial classification of
explosive eruptive styles of Walker et al., (1973). It represents (vertical axis) the
percentage of clasts < 1 mm in diameter at the intersection with the isopach equals to
10% of the maximum thickness of the deposit (F%) versus (horizontal axis) the area
of dispersal (D) of the pyroclasts/deposits. This classification includes the initial
classification of Walker ef al., (1973) and the Vulcanian classification based on the
study of Wright (1980).

First, eruptions are classified into two main types: effusive and explosive. One
important factor that divides effusive from explosive eruptions is the amount of water
dissolved in the melt (Sigurdsson et al., 2015). Effusive eruptions are fed by degassed
magma and produce lavas. Effusive eruptions are usually associated with Hawaiian or
Icelandic eruption styles. Hawaiian eruptions can either feed long-lived summit lava lake
or produce sustained lava fountains feeding fluid, low-viscosity lava flows such as the
typical activity of the shield volcano of Mauna Loa in Hawaii (Rowland et al., 2005). The
Icelandic eruption style displays similar activity but is initiated from regional fissures
such as the last eruption of Bardarbunga in Iceland, which produced the Holuhraun lava

field in 2014-2015 (Agustsdottir ez al., 2016). Magmas of effusive eruptions are usually

basaltic, with a low amount of silica (c. < 52% Si03), a high temperature (> 1000 °C) and
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a low viscosity, although explosive basaltic eruptions are not unknown (e.g. Carrasco-
Nuiez et al., 2012; Houghton et al., 2004). However, more differentiated magmas can
also produce effusive eruptions such as the andesitic lava flows produced by Ngauruhoe
volcano in New Zealand (Hobden et al., 2002), the dacitic lava flows produced by
Santiaguito volcano in Guatemala (e.g. Harris ef al., 2002), the rhyolite lava flows
emplaced on San Pietro Island, Sardinia in Italy (Cioni & Funedda, 2005) and the obsidian
flows of Lipari Island, Aeolian Island, Italy (e.g. Gottsman & Dingwell, 2001). Effusive
eruptions at intermediate and felsic systems also produce dome formation (Loughlin et
al., 1998) such as the dacitic domes of Mount St Helens, Washington, USA (e.g. Berlo ef
al., 2007; Donnadieu & Merle, 1998), the andesitic lava domes of Soufriére Hills,
Montserrat, British West Indies (e.g. Cole et al., 1998), the dacitic lava dome of Sinabung,
North Sumatra, Indonesia (Nakada et al., 2019), the obsidian domes of Inyo, California,
USA (Swanson ef al., 1989), and the rhyolitic dome of Cerro Pizarro, Mexico (Carrasco-
Nufiez & Riggs, 2008). Although some volcanoes are usually associated with effusive
activity, paroxysmal events producing explosive eruptions are not uncommon (e.g. the
2002-2003 eruptions of Stromboli, Italy, Cigolini et al., 2008; the 1924 eruption of
Kilauea Volcano, Hawaii, Dvorak, 1992; and several paroxysmal eruptions of Fuego

volcano, Guatemala, Naismith ez al., 2019).

Explosive eruptions, however, are fed by viscous volatile-rich andesitic to rhyolitic
magmas and produce pyroclasts (e.g. volcanic ash, bombs, lapilli). There are five main
explosive eruption styles: Strombolian, Vulcanian, sub-Plinian, Plinian and ultra-Plinian.
Strombolian eruptions, named after Stromboli volcano, Aeolian Islands, Italy, are thought
to be generated by bursting of gas slugs (e.g. Blackburn et al., 1976; Jaupart & Vergniolle,
1988; Macdonald, 1972; Vergniolle & Brandeis, 1996). The formation of the gas slug has

been a point of debate and two models to explain it are available in the literature: the first
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of which — a collapsing foam model (Jaupart & Vergniolle, 1988) — assumes that the
origin of the slug is the accumulation of small bubbles/foam on top of the magma
reservoir before it collapses and results in a large amount of gas coalescence, which then
ascends towards the surface. The second model — a rise-speed dependent model (Wilson,
1980) — assumes that bubbles of different sizes are ascending buoyantly in the conduit
and larger bubbles, which travel faster and coalesce with slower and smaller bubbles to

finally form a large gas slug.

Vulcanian eruptions, named after Vulcano volcano, Aeolian Islands, Italy, are still a
topic of debate. In the Walker (1973) classification, Vulcanian eruptions have no proper
delimitations since they can generate pyroclasts being as dispersed as those generated by
sub-Plinian to Plinian eruptions, but they also should contain a larger amount of fine-
grained pyroclasts and can have a wide range of fragmentation (Clarke et al., 2015).
Vulcanian eruptions result from the rapid decompression within a volcanic conduit
containing highly pressurized and crystallised magma of intermediate composition (i.e.
basaltic andesite, andesite or dacite; Clarke et al., 2015). A mathematical model for
Vulcanian eruptions was proposed by Turcotte ef al. (1990), which assumes that they are
triggered by the disruption of a conduit plug or dome due to the high pressure gradient of
the underlying magma. Simultaneously, a decompression wave propagates downward
into the saturated magma and triggers the exsolution of volatiles, and a gas-pyroclast
mixture is ejected from the vent into the atmosphere at sonic to supersonic velocities (c.
400 m s™!, Self et al., 1978). It can last for seconds to minutes if transition to subsonic
regime occurs, and thus the jet evolves into a buoyant plume that may collapse
gravitationally to form pyroclastic density currents (Clarke et al., 2015). The magma plug
that generates the Vulcanian eruption is usually the result of degassing and microlite

crystallisation, which increases the pressure below the viscous plug. Vulcanian eruptions
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are characterised by unsteady and impulsive behaviours which is also suggested by the
variation of vesicularity, crystal textures and glass compositions in the juvenile material

of individual events (Cassidy et al., 2015).

Plinian eruptions were first described and named after Pliny the Younger to report
on his uncle’s death during the AD 79 eruption of Vesiuvius in Italy. He compared the
eruptive cloud with a pine tree with a high vertical trunk enlarging into several branches.
Cioni et al. (2015) describe Plinian eruptions as a quasi-steady high-speed discharge into
the atmosphere of a high-temperature multiphase mixture (e.g. gas, solid and liquid
particles), which feeds a sustained buoyant vertical plume of tens of kilometres (up to 30
km). The eruptive column will eventually spread laterally to form an umbrella cloud when
it reaches the tropopause. The basal part of the column may collapse to form pyroclastic
density currents dispersed around the volcano. Plinian eruptions usually consist of a
sustained phase, but they may also involve a complex succession of volcanic pulses of
varying intensities and dynamics, and thus a sequence of different eruption styles may
result (e.g. Vulcanian explosions to phreatomagmatic activity to effusive activity). Ultra-
Plinian eruptions are similar to Plinian eruptions, but with higher mass flow rate, which
is reflected in higher eruptive columns (up to 55 km high) and larger dispersal distances.
This term was first used by Walker to describe the AD 186 Taupo eruption in New
Zealand (Walker, 1980). The sub-Plinian eruptions, however, have lower magnitude and
intensity than Plinian events. They are usually characterized by unsteady phases of short
period oscillations (i.e. minutes to hours) that can be repeated several times over a long
duration (i.e. days to weeks). Formation of unsteady short-lived eruptive columns is
usually followed by the generation of small-volume pyroclastic density currents. The
decrease of ejection velocity is likely to be the reason for unsteadiness of these sub-

Plinian events (Cioni et al., 2015).
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Finally, variable amounts of external water (the “wet” component) will affect the
eruption styles. Phreatomagmatic (also called hydrovolcanic) and phreatic eruptions are
largely volatile-driven eruptions for which the magma supplies the heat and the water
source is exogenous (i.e. external water e.g. ice, lake, groundwater): phreatomagmatic
eruptions are characterised by direct interaction between magma and external water,
whereas phreatic events involve heating of fluids by the magma, without magma erupting
at the surface (Houghton et al., 2015). The phreatomagmatic process is associated to the
fuel-coolant interaction (Wohletz, 1983) and consists of the rapid conversion of the
thermal energy of the magma into kinetic and mechanic energy at the magma-water
interface. Surtseyan eruptions are a type of phreatomagmatic eruption that were first
observed, described and named after the 1963-1968 formation of Surtsey Island in
Iceland. These eruptions initially behave like submarine eruption until it reaches the
surface to create an island (White, 1996). As soon the magma reaches the surface, the
fragmentation is so strong that magma is converted into tephra and tephra jetting or cock’s
tail plumes (e.g. tephra jet with an arching, multi-fingered form likened to the shape of a
rooster’s tail) are observed. If there is no interaction with external water, the explosive

eruptions are understood to be driven by the volatile content of the magma.

2.2. Tectonic and Geological Setting of the Taupo Volcanic Zone

The Taupo Volcanic Zone (TVZ) is a 300 km-long and up to 60 km-wide volcano-
tectonic depression extending southward from White Island to Mt. Ruapehu (Stern et al.,
2006). It is located at the southernmost segment of the 2800-km-long Tonga-Kermadec
arc-back-arc system (e.g. Ewart ef al., 1977). New Zealand is affected by an Alpine-style
orogeny, part of the Wilson cycle, named after the Canadian geophysicist J. Tuzo Wilson.
The Wilson cycle is initiated by the break-up of a continent and the opening of an ocean

(i.e. the Tasman Sea in the case of New Zealand). From the early Miocene, the northern
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and central North Island were strongly influenced by extensional stresses due to increase
of the subduction angle and slab-rollback (Mortimer et al., 2007). Since 16 Myrs, the
subduction has jumped from Northland to the Colville ridge, before finally switching to

the currently active Kermadec arc (Herzer, 1995; Mortimer et al., 2010).

The current tectonic settings of the North Island of New Zealand consist of the
westward and oblique subduction of an old and thickened oceanic crust, the Hikurangi
Plateau (Figure 2.2b). The Hikurangi Plateau is located offshore on the East coast of the
North Island, and the convergence exhibits a shallow angle of subduction (c. 20°) with a
velocity of 38 mm/yr at the south and 47-55 mm/yr at the north (e.g. Ballance, 1976;
Mortimer et al., 2010; Reyners, 2013). The forearc is characterized by a clockwise
rotation of 0.5-3.8 degree per Ma (constrained by GPS measurements) relative to the
Australian plate and by extension created through the reverse faulting of the accretionary
wedge between the Hikurangi Trough and the East coast of the North Island (Davey et
al., 1986; Wallace ef al., 2004). Also, the fore-arc located at the eastern margin of the
Axial Ranges is affected by extensive shortening expressed as dextral strike-slip motion
of several discrete blocks, active for at least 1 Ma (Barnes & Lépinay, 1997; Kelsey et
al., 1995). The combination of these processes has allowed an extensional regime beyond
the fore-arc basin, resulting in the opening north-eastward of the Taupo Volcanic Zone at
about 4 to 2 Ma ago, when the transition of volcanic activity from the Coromandel
Volcanic Zone to the TVZ began (Gravley ef al., 2016; Stern, 1987; Wilson et al., 1995).
The boundary of the volcanic arc has changed over time. Indeed, the so-called “old TVZ”
was active from 2 Ma to 0.34 Ma and the current “young TVZ” margin is located about

100 km from the old TVZ margin (Wilson et al., 1995).

The TVZ lies above a graben, where subsidence of the basement rocks, mainly

greywacke (i.e. metamorphosed sandstones and mudstones) and argillite of Mesozoic-
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Late Paleozoic age (100-300 Ma) have subsided more than 3 km below sea level (e.g.
Lillie, 1980). When the subducting slab enters the trench, metasomatism occurs and fluids
from the slab are being released (Stern, 2002). These fluids may in turn induce partial
melting of the overlying mantle wedge at the base of the continental crust (e.g. Bebout,
2012). Partial melting may be enhanced through extension related mantle decompression
underneath TVZ. These partial melts thus provide a source of calc-alkaline magmas
variably affected by crustal contamination they experience during ascent. Indeed, studies
have shown that mafic magmas generated in the TVZ assimilate with the underlying
greywacke basement while migrating through the crust (Cole, 1978; Graham ef al., 1995;

Hobden et al., 2002).

A few mafic magmas were erupted within the TVZ and are thought to reach the
surface via dyke intrusion, such as the 1886 eruption of Tarawera volcano (Seebeck &
Nicol, 2009). The volcanic activity of the TVZ started with andesitic eruptions and
formations of the now eroded stratovolcanoes of Titiraupenga and Pureora, today located
on the western margin of the central TVZ. The TVZ has erupted more than 10,000 km?
(sum of uncorrected volumes) of volcanic materials (95% of rhyolitic magma, e.g.
ignimbrite, and 5% of less evolved magma, e.g. dacitic/andesitic tephra/lavas) from four
main eruptive centres: Okataina, Maroa, Taupo, Rotorua and Tongariro (Graham, 2008).
The TVZ encompasses isolated andesite volcanoes, e.g. Mt. Edgecumbe, Whale Island
and White Island (Duncan, 1970), isolated rhyolite domes, e.g. Pohaturoa, Mokauteure
and Whakapapa (Leonard, 2003), and monogenetic volcanoes, e.g. Ohakune Volcanic
Complex, Pukeonake and Punatekahi (Hackett, 1985; Kosik et al., 2016). Rhyolitic
volcanism is focussed in the centre of the TVZ neae the Taupo and Rotorua calderas,
while andesitic arc volcanism is predominant in the north and the south (Wilson et al.,

1995). The unusually intense and frequent volcanic activity of the TVZ is related to the
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combination of an extensional regime with rates increasing from the SSW to the NNE of
6 to 15 mm/yr (e.g. Lamb et al., 2017; Wallace et al., 2004), and the high heat flux of c.
4300 MW, similar to that of Iceland and Yellowstone (Stern et al., 2006). Nakagawa et
al. (1998) defined two types of volcanism that have occurred within TVZ: (1) eruptive
episodes induced by rifting periods such as the most recent 10 ka ago, which triggered a
series of Plinian eruptions, i.e. the Mangamate Formation (Auer et al., 2015); (2) volcanic
activity driven by magmatic processes without involvement of major tectonic events. It
is thought that there have been many rifting episodes triggering eruptions, but if a large
rhyolitic eruption such as the Oruanui eruption (25.36+0.16 cal. ka BP; Vandergoes et
al., 2013) from Lake Taupo would have been triggered, any evidence of rifting would
have been buried near the source. Considering the variety of volcanic landforms and
magma chemistries detailed above, the volcanoes of TVZ have exhibited a wide range of

eruption styles.

Figure 2.2. (Figure in the next page) (A) Map of the current tectonic setting in New
Zealand illustrating by the subduction of the Pacific Plate beneath the Australian Plate
(source: GNS Science). The location of the Tongariro Volcanic Centre is indicated by the
yellow arrow. (B) Map of the locations of the recently active volcanoes (Tongariro,
Ngauruhoe and Ruapehu), volcanic vents (Te Maari, Red Crater, Tama Lakes and Saddle
Cone), the inactive/extinct volcanoes (Kakaramea, Pihanga, Pukeonake, Hauhungatahi
and Ohakune Craters), the ski fields (Whakapapa, Tukino and Turoa), and the lakes
(Rotoaira and Taupo) at TgVC. This is a shaded relief map derived from the 8-m-Digital-
Elevation-Model (source: LINZ data). The colour gradient corresponds to the elevation
variation. Georeference system: NZGD2000/New Zealand Transverse Mercator 2000.
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2.3. Eruptive History of the Tongariro Volcanic Centre

TgVC is currently the most frequently active volcanic centre of the TVZ. It is located
at the southern end of the Tonga-Kermadec arc-back-arc system and within the NNE-
oriented Tongariro graben, which has been subjected to extension at 7+1.2 mm/yr over
the last 20 ka (Gomez-Vasconcelos et al., 2017). TgVC consists of large dacitic-andesitic
volcanoes, i.e. Kakaramea-Tihia, Pihanga, Ruapehu and Tongariro (including the
Ngauruhoe vent), the last two of which are currently active, and four smaller volcanic
centres: Maungakatote, Pukeonake, Hauhungatahi and Ohakune (Figure 2.2; Kosik et al.,
2016; Shane, 2017). They have exhibited a wide variety of eruption styles from small
phreatic and Strombolian to Plinian eruptions. The formation of lava domes, and
potentially, eruptive fissure(s), also took place during the Mangamate eruptive sequence
where several lineated vents were activated (Auer et al., 2015).The frequency of eruptions
for these volcanoes over the last 26 ka has been examined (Moebis, 2010); two main
behaviours are apparent (Figure 2.3): (1) long-term quasi-continuous eruption frequency
(i.e. Ruapehu and Rotoaira Lapilli Formation). (2) short-term, discontinuous and intense
periods of volcanic activity (i.e. Mangamate, Ngauruhoe and Red Crater). However,
Ruapehu has transitioned from behaviour 1 to 2 in the last 2000 years, during which the
Tufa Trig Formation has been deposited. The tephras erupted from TgVC have been
deposited in the East due to dominant westerly winds. The desert road is the best location
to observe the accumulation of these deposits, consisting of ash and lapilli fallout
interbedded with debris flow and lahar deposits, and with rhyolitic tephras from the Taupo
and the Okataina Volcanic Centres (Donoghue et al., 1995). The volcanoes exhibit typical
compositions of arc lavas, although petrological and geochemical variations have been
identified and interpreted to result from different degree of assimilation-fractionation-

crystallisation and complex magma plumbing systems, including shallow crustal
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assimilation of the underneath greywacke (Graham et al., 1995; Moebis et al., 2011; Price

et al.,2007; Price et al., 2016).
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Figure 2.3. Modified Figure 8.1.6 of Moebis (2010) illustrating the frequency of
eruptions of the Tongariro Volcanic Centre over the last 26,000 years.
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2.3.1. Tongariro

Tongariro, also referred as the Absolute Warrior (Matua te Toa) in the Maori legends
(Pardo et al., 2015), is a complex andesitic volcano, which consists of the overlap of c.
17 composite cones ranging from 0.3 to 12 km? in volume (Nicol et al., 2017). Several
periods of eruptive activity have allowed its formation, starting c¢. 300 ka ago and
followed by periods of growth at 210-200 ka, 180-70 ka and from 25 ka to present
(Hobden et al., 1996). The last episode has produced the current complex system of cones
(Rowlands et al., 2005). Porphyritic andesite is the most common rock type on Tongariro,

whereas basaltic andesite also occurs, and dacite is rare.

The Mangamate Formation, dated c¢. 11-to-12-ka BP, had an estimated total
depositional duration of 200-400 years, and has produced six Plinian eruptions — Te Rato,
Oturere, Waihohonu-Ohinepango, Wharepu and Poutu — and several minor pyroclastic
eruptions (Nairn et al., 1998). However, the most recent studies have associated the
underlying tephra, Pahoka Tephra, to be part of the Mangamate Formation (i.e. Pahoka-
Mangamate Formation referred as PM) due to the similar petrography, source and age
(Auer et al., 2015; Pardo et al., 2012). At least 1000 km? of the pre-Mangamate forest
was destroyed during this series of eruptions (Kohn & Topping, 1978). The PM
stratigraphy is interbedded with two rhyolitic tephras (i.e. Poronui and Karapiti tephras)
and two unnamed andesitic tephras. Several vents located in a fissure system between and
beyond Ruapehu and Tongariro were formed during the accumulation of PM tephras, and
it is not clear if some products were erupted from a single or several sources (Figure 2.4);
for instance, there is stratigraphical evidence that the Poutu deposit was generated from
Tama Lakes, proto-Ngauruhoe and Half Cone (Auer et al., 2015). The resulting rocks
were almost aphyric with an initially evolved dacitic composition before shifting towards

basaltic andesite at the end of the eruptive sequence. The combination of very short
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duration and large volume for this eruptive sequence has drawn the attention of
volcanologists. Its origin has been related to a period of accelerated regional extension of

the TVZ that occurred c. 10 ka ago (Nairn ef al., 1998).

Hitchcock & Cole (2007) have assessed the impacts that such an eruption (i.e. the
youngest eruption of the sequence, Poutu) would have today: more than 3,000 people
living in the Tokaanu-Turangi area, south of Lake Taupo (Census 2013 data) would be
affected by > 20 cm thick ash/lapilli, which would eventually trigger roof collapses. Areas

up to 100 km from the source would also be affected, with a smaller impact.

The Papakai Formation (11.1 - 3.7 cal. ka; Donoghue et al., 1995), defined by Grange
(1931) as part of the “Tongariro Shower” (the name previously used for Tongariro tephras
older than Mangatawai), is a more complex sequence, which contains paleosols
interbedded with tephra layers from different eruptions and sources. It is underlain by
Poutu, the youngest tephra of the PM Formation and its top unit underlies the Mangatawai
Formation. The Papakai tephra pile accumulated over a long period while many vents
were active. Indeed, andesitic tephras from Tongariro, Ruapehu and Ngauruhoe, and three
rhyolitic layers from the Taupo Volcanic Centre, were identified within Papakai (Moebis,

2010).
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Ngauruhoe and Red Crater are the two most recent and active volcanic vents of the
Tongariro volcanic complex (e.g., Cole, 1978). The latest eruptions of the Tongariro
volcanic complex were the Vulcanian eruptions in 1973-1975 from Ngauruhoe, and a

phreatic eruption in 2012 from Upper Te Maari Crater, as stated earlier.

Ruapehu Saddle Tama Lakes proto Ngauruhoe Half Cone ‘ Tongariro
| 1

modern vent | Ruapehu northern vent s

PM6 (Poutu) * * *
PM5 (Wharepu) * *

PM4 (Waihohonu * PORONUI TEPHRA (Nairn et al. 1998)
/Ohinepango)

PM3 (Oturere) * *
PM2 (TeRato) *

KARAPITI TEPHRA (Nairn et al. 1998)
PM1 (Pahoka) *

XXX -
Okupata - Pourahu

Figure 2.4. Figure 2 of Auer et al. (2015) illustrating the single or multiple sources of each
tephra emitted during the climactic eruptive period of the c. 10 ka Pahoka-Mangamate
Formation. The vents are located along a large fissure between Ruapehu and Tongariro

volcanoes.
2.3.2. Ngauruhoe
Ngauruhoe, also referred as the Absolute Negotiator (Matua te Pononga) in the
Maori legends (Pardo et al., 2015), is the youngest of the three main vents of the TgVC.
The first climber who described the volcano was J. C. Bidwill in March 1839 and reported
that: “The crater was the most terrific abyss I ever looked into or imagined... It was not
possible to see above 10 yards into it from the quantity of steam which it was continually

discharging” (Government of New Zealand, 1966). For a long time, it was thought that
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the Mangatawai Formation, dated 3.4 — 2.8 ka BP from its abundancy in beech leaves,
was associated to the primary episode of growth of the cone (Fergusson & Rafter, 1959).
However, a recent study of Moebis et al. (2011) has shown that discrete tephras as old as
c. 7 ka within the Upper Papakai are Ngauruhoe-sourced and the oldest significant
eruption appeared to occur c. 4.7 ka BP, likely to be related to an increase of the cone
height (Moebis, 2010). Since 1830, Ngauruhoe has erupted every two to three years,

although its last eruption was in 1977 (Hobden et al., 2002).

Major historical eruptions occurred in 1870, 1949, 1954-1955 and 1972-1975, and
have exhibited variations over short timescales in (1) eruptive style (e.g. effusive,
Strombolian, Vulcanian and sub-Plinian), and in (2) both chemical and isotopic
compositions (Figure 2.5; Hobden et al., 1999; Hobden et al., 2002). It has been proposed
that this chemical variability was due to a complex plumbing system of partially
interconnected conduits and small holding chambers feeding small batches of magma (<
0.1 km?) (Hobden et al., 1999). The wide range in eruptive styles and the variability in
composition of plagioclase cores from lavas, however, were interpreted by changes in
conduit and magma ascent rate, which affects the degree of degassing and the syn-

eruptive crystallisation of microlites (Coote & Shane, 2016).
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Figure 2.5. (A) Modified Figure 3 of Hobden ef al. (2002) illustrating the discharge rates
and the eruptive deposits of the most recent eruptions of Ngauruhoe. (B) Modified Figures
10a and 10b of Shane et al. (2017) illustrating the MgO and 3’Sr-**Sr variations of

compositions and isotopic signatures of the Ngauruhoe magmas over time.
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At about 1 km from the current main vent, 42 tephra layers beneath the Taupo pumice
(1.718 £ 0.005 cal. ka BP; Hogg et al. (2011)) were identified as sourced from Ngauruhoe,
and a total of 60 lava flows and block-and-ash deposits have been attributed to Ngauruhoe
(Hobden et al., 2002; Moebis, 2010). Geochemically speaking, Ngauruhoe has produced
calc-alkaline basaltic andesite to andesite magmas, typical of subduction-related
magmatism (Coote & Shane, 2016). Lavas are porphyritic and consist of phenocrysts of
plagioclase, subordinate clinopyroxene, orthopyroxene, Fe—Ti oxides, and rare olivine

(Cole et al., 1986).

The Mangatawai Formation was deposited during the most explosive and frequent
eruptive period of Ngauruhoe. The climactic phase of pyroclastic activity occurred
between 2.9-2.8 ka and has produced 37% of the total known volume of tephras from
Ngauruhoe (Moebis, 2010). Mangatawai tephras were generated by Vulcanian to sub-
Plinian eruptions, and tephras have accumulated above the Papakai Formation as a very
distinctive series of pale-grey, red, purple to black layers containing a large amount of
beech leaves (Hobden et al., 2002 and therein; Moebis, 2010). This variety of colours was
interpreted to be caused by a combination of various eruption styles, weathering, and
different sources (Moebis et al., 2007). Indeed, 20-40% of the tephras were
geochemically associated to a Ruapehu source. Also, a combination of textural and
sedimentological evidence (i.e. vesicular deposit, presence of accretionary lapilli, the
highly fragmented texture of the ash particles and the fine grained feature of the layers)
indicate a magma-water interaction during the eruptions. It is unclear if pyroclastic surges
were generated or if tephras were deposited by rain-flushing of the eruptive column
(Moebis et al., 2007). Mangatawai tephras are crystal-poor, with a few phenocrysts of

plagioclase, orthopyroxene and minor clinopyroxene and/or olivine, and well-formed
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microlites of plagioclase and orthopyroxene, all set in very fine-grained or glassy matrix

(Zellmer et al., 2016¢)

The latest eruptive period occurred in 1972 to 1975 and initiated with intermittent ash
emission. A minor eruptive period associated with increased seismic activity occurred
between July and October 1973. Ash samples analysed from this period have witnessed
injection(s) of fresh andesitic magma(s) (Nairn et al., 1976). The 1974-1975 eruptions
were predominantly Vulcanian in style and ended with a sub-Plinian eruption on the 19"
February 1975, which produced a 10-km-high-sustained eruptive column and pyroclastic
density currents travelling 1-2 km from the vent, towards the current TAC track (Lube et

al.,2007; Nairn & Self, 1978).

2.3.3. Ruapehu

Ruapehu, also referred as the Absolute Wisdom (Matua te Mana) in the Maori
legends (Pardo et al., 2015), is the highest peak of the North Island (2797 m), is a
stratovolcano that has been active over the past 200-250 ka (Conway et al., 2016; Conway
et al., 2018; Gamble et al., 2003). However, a proto-Ruapehu-sourced conglomerate
containing pumice clasts with amphibole-bearing xenoliths was identified and dated at c.
340 ka BP (Tost et al., 2016). The summit of Ruapehu consists of three vents, of which
the currently active and southernmost is occupied by an acidic Crater Lake with lake
temperature varying from 10 °C to 60 °C over the last 50 years (Hurst ef al., 1991). Lavas
and pyroclasts produced by Mt. Ruapehu generally exhibit andesitic compositions (88%),
with a few showing basaltic andesite composition (8%), but rare are dacitic compositions
occur (4%; Price et al., 2016). The Pleistocene and Holocene activity of Ruapehu has
produced diverse styles of eruption and deposits; several well-described lava flows, ash
falls, rare pyroclastic density current, frequent lahars and debris-avalanche deposits (e.g.

Cronin et al., 1999; Donoghue et al., 1995; Gamble et al., 2003; Graham & Hackett,
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1987; Palmer & Neall, 1989; Pardo et al., 2012; Topping, 1973). The most explosive
eruptions of Ruapehu formed the Bullot Formation and occurred immediately before the
Mangamate eruptive sequence. The Bullot Formation, recently described by Pardo et al.
(2012), was dated between 25-11 cal. ka BP and is composed of at least 33 eruptions that
were classified into six eruptive sequences. This period consisted of short-lived sub-
Plinian to Plinian eruptions associated with sustained or unsteady eruptive columns

regularly generating pyroclastic density currents.

More recently, Mount Ruapehu has also produced smaller eruptions primarily of
Strombolian and phreatomagmatic natures (e.g. Cronin ef al., 2003; Gamble et al., 1999;
Kilgour et al., 2014; Price et al., 2012). The Tufa Trig Formation is composed of the last
2,000 years of activity of Ruapehu, encompasses at least 19 andesitic tephras and has
contributed a small volume of tephra to the ring plane (< 0.1 km?; Donoghue & Neall,
1996). It was characterised by one phreatomagmatic Strombolian to rarely sub-Plinian
eruption every century. However, in the past century, eruptions have occurred every 50
years. The eruptions themselves do not represent the main hazard, but lahars created by
the outrush of water from the crater lake are some of the most dangerous volcano-related

phenomena (Cronin ef al., 1999).

The last member of the Tufa Trig Formation (i.e. Tf19 in Donoghue et al., 1997)
corresponds to the 1995-1996 eruptions of Ruapehu, which began in November 1994 with
heating cycles at the Crater Lake associated with phreatic activity until July 1995
(Christenson, 2000). In September 1995, phreatomagmatic eruptions generated lahars and
high emissions of SO.. There was a shift from phreatomagmatic to sub-Plinian on the 11-
14" of October 1995, producing several 10-12 km high ash plumes and generating
multiple lahars, which emptied most of the water from Crater Lake (Figure 2.6;

Christenson, 2000). This intense activity was accompanied with volcanic earthquakes and
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tremors (Bryan & Sherburn, 1999). From February to June 1996, the lake was getting
replenished and a lava spine emerged from the lake (Figure 2.6b). During that time, about
50 volcanic-tectonic earthquakes were reported. The activity increased again in mid-June
with intermittent and pulsing ash eruptions, and ejections of blocks and bombs. This
eruptive sequence provided a good opportunity for the government and stakeholders to
manage small volcanic eruptions, but it also caused financial loss for ski operators,
disrupted the air traffic, caused animal deaths due to ash ingestion and fluorosis
poisoning, and generated lahars in the rivers (Cronin ef al., 1998; Cronin et al., 2003;

Johnston et al., 2000).

Variability in whole rock and isotopic chemistry has been highlighted for Ruapehu,
and studies of the petrography of the lavas and pyroclasts have identified several xenoliths
(Gamble et al., 1999; Price et al., 2012; Tost et al., 2016). The xenoliths are meta-
sedimentary and meta-igneous, pyroxene-plagioclase granulitic rocks and have been
attributed to local basement greywacke and underlying oceanic crust (Graham & Hackett,
1987). Geochemical and petrographic variations were associated with open-system
processes. A complex plumbing system composed of several small individual magma
storage bodies and dykes/sills from the upper mantle to the crust under the volcano is

envisaged (Gamble et al., 1999; Price et al., 2005; Price et al., 2007; Price et al., 2012).
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Figure 2.6. (A) Vulcanian to sub-Plinian eruption of Mt. Ruapehu in September 1995
observed from Whakapapa Village. Photo credits: Tim Whittaker. (B) Figure 4 of
Christenson (2000) of an aerial photograph of the crater area of Mt. Ruapehu in January
1996 in which a lava spine and active fumaroles (A. B. C and D) were identified.
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In summary, the TgVC has a complex history involving the formation of different
stratovolcanoes (e.g. Ruapehu), compound of cones (e.g. Tongariro complex), isolated
cones (e.g. Pukeonake), and hydrothermal active areas (e.g. Emerald Lake). Over the
Holocene, the TgVC has produced a wide variety of eruption styles spanning from
effusive (lava flows and lava domes) to explosive (i.e. Strombolian, Vulcanian, sub-
Plinian, Plinian), and eventually involving magma-water interaction, which produced
phreatic and phreatomagmatic eruptions (e.g. 1995 eruption of Ruapehu and the 2012
eruption of Te Maari). The crystal cargo and more specifically the phenocrysts of the
tephras and lavas associated with the TgVC eruptions have provided insights into the
magmatic system and the origin of the feeding magmas at depth (e.g. Auer et al., 2015;
Coote & Shane, 2016; Kilgour et al., 2013; Price et al., 2016; Shane, 2017; Shane et al.,
2017). However, magmatic and ascent processes occurring at upper crustal depths before
an explosive eruption remain uncertain and are required to improve hazard mitigation and
evacuations plans. Therefore, this study aims to refine the understanding of the shallow
processes at TgVC using the microlite crystal cargos found in tephras from historical

explosive eruptions.

37



Lormand: Magmatic processes at Tongariro Volcanic Centre

38



Lormand: Magmatic processes at Tongariro Volcanic Chapter 3

Chapter 3. Methodologies of characterising crystals and
magmas

Appendices for this chapter can be found in Appendices A and C.
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3.1. Crystals in volcanic rocks

Volcanic explosive eruptions are fed by complex three-phase systems composed of
silicate melt, crystals and bubbles. Magmas may be produced in a range of
tectonomagmatic settings (e.g. subduction, mantle plume, oceanic/continental rift zone),
before rising towards the surface. During their ascent from source to surface, the three
phases start coexisting due to cooling and/or degassing; with the system no longer in
equilibrium, minerals will start to form one after another, depending on their respective
solidus temperature. Magma ascent triggers depressurization of the system, and
exsolution of the gas phases previously dissolved in the magma (i.e. H>O and CO»; Voight
et al. 1998). Several types of crystals can grow in magmas (Figure 3.1): Phenocrysts are
thought to form first as their size clearly demonstrates that they had time to grow. Micro-
phenocrysts and microlites are likely to form shortly before the eruption starts or after,
within a cooling lava flow if the eruption is effusive (e.g. Cashman et al., 1999). However,
entrainment of earlier formed crystalline materials called xenoliths (e.g. Beier et al., 2017,
Erlund et al., 2009) may also happen either during the ascent e.g. from the conduit walls,
or from an accumulation zone such as crystal mushes in magma chambers (e.g. Marsh,
1998a; Nakamura, 1995; Pyle et al., 1988). Phenocrysts can also occur in clusters called
glomerocrysts. The mixing of two batches of magma will result in the coexistence of at
least two crystal populations (e.g. Clynne, 1999; Snyder, 1997). Glomerocrysts can also
form during resorption of phenocrysts that aggregate, or may be a sign of crystal

entrainment from a crystal mush (e.g. Bennett ef al., 2019b; Renjith, 2014).
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phenocryst

glomerocryst gas bubbles

micro-phenocryst
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Figure 3.1. Modified figure 2.2 of Sen (2014) representing a microscopic schematic
view of a volcanic rock composed of crystals (phenocrysts, glommerocrysts, micro-
phenocrysts, microlites and a xenolith), vesicles and melt. The reaction rim around
the xenolith is due to the disequilibrium between the crystals and the hosting melt.

Whether a nuclei will form a crystal or not depends on its radius and the free energy
of activation for nucleation (Dowty, 1980). The critical nucleus theory is two-fold: the
nuclei reaches or exceeds a critical size and will thus grow spontaneously as its growth
will reduce the total free energy. If a nuclei is smaller than the critical nucleus, it will
become unstable and dissolve. During its formation, a crystal will exchange chemical
elements with the melt depending on crystal/melt equilibrium partition coefficients (Kd),
defined by experimental petrology (e.g. Bouhifd & Jephcoat, 2011; Ford ef al., 1983;
Nagasawa & Schnetzler, 1971; Norman et al., 2005). For instance, a basaltic melt will
start coexisting with olivine as soon as it cools through the liquidus, before coexisting
with plagioclase, augite, oxides, etc. (Sen, 2014). However, the crystallisation sequence

depends on magma composition and is also controlled by a process known as
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undercooling. Undercooling is the rate at which the magma is cooled below its liquidus.
It has a major controlling effect on chemistry, shape, and nucleation of crystals, and on
crystal growth rate (e.g. Cashman & Marsh, 1988; Fenn, 1977; Gibb, 1974; Lofgren,
1980). Large undercooling can be considered as a high rate of energy removal from the
system, allowing rapid removal of latent heat (Dowty, 1980). The volume of crystals that
can be formed per unit of time depends on the removal of latent heat, thus many nuclei
will form, but they will grow at a low rate and thus form small crystals (Figure 3.2). On
the contrary, a lower degree of undercooling (e.g. during slow magma ascent) will lead
to few nuclei that will form coarse crystals, if there is a long time for them to grow. Rapid
melt ascent will lead to a large degree of undercooling and thus the formation of glass
(i.e. quenching). A high rate of undercooling may change the order of appearance or even
remove olivine from the crystallisation sequence (e.g. Corrigan, 1982; Shea & Hammer,
2013). Undercooling will also determine the morphology of a crystal. Indeed, crystals of
olivine, pyroxene and plagioclase are generally euhedral, tabular and prismatic,
respectively, at slow cooling rates, whereas they tend to be skeletal, fork-shaped or
feathery at high cooling rates (Coish & Taylor, 1979; Frey & Lange, 2011; Sato, 1995;

Sen, 2014; Shea & Hammer, 2013).
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Figure 3.2. Figure 2.11 from Sen (2014) illustrating the relationship between the
undercooling AT (Tiiquidus — Tcurrent) and the nucleation and growth rates of crystals.
Quenching (large degree of undercooling = rapid cooling rate) triggers the formation
of glass and many small crystals. Small degree of undercooling (slow cooling rate)

produces a few nuclei for coarse crystals.

Microlite crystals are present in almost all products of volcanic eruptions from

various eruptive styles and magma chemistries (Castro & Mercer, 2004; Geschwind &

Rutherford, 1995; Pallister et al., 1996; Polacci et al., 2001; Taddeucci ef al., 2004). They

have recently been studied to determine crystallisation time and growth rate, and also to

understand pre- and syn-eruptive processes that occur in the magma at the onset of an

eruption (e.g. Hammer et al., 1999; Noguchi et al., 2008; Piochi et al., 2005). Just like

phenocrysts and micro-phenocrysts, microlites record magma history from their

formation until the eruption. Microlites are generally interpreted as the result of

decompression-induced degassing (Couch et al., 2003; Lipman & Banks, 1987; Pinkerton

& Sparks, 1978; Swanson et al., 1989), which results in an increase in the liquidus

temperature (e.g. Anderson, 1984; Cashman & Blundy, 2000; Kuritani, 1999; Métrich et
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al., 2001). Due to degassing at shallow depth, decompression-induced crystallisation of
microlites is also associated with high degree of undercooling, which promotes nucleation
rather than growth (e.g. Crabtree & Lange, 2011; Kirkpatrick, 1977). Degassing will alter
physical properties such as the density and the viscosity of the magma, and can thus
change the eruption dynamics (Sable et al., 2009). However, when microlite growth is
prevailing over microlite nucleation, microlites may have formed due to cooling-induced
crystallisation (e.g. Sano & Toramaru, 2017). Cooling-induced crystallisation was
interpreted for pumice clasts erupted during the April 1999 sub-Plinian eruption of
Shishaldin volcano, in which radial textures from cores to rim indicate that the microlites

formed after fragmentation while the clast was cooling down (Szramek et al., 2010).

Crystals have been studied widely to retrieve information about the magmatic
processes occurring at depth during crystallisation, and their timescales. During
crystallisation, chemical gradients form within the crystal lattice and will remain as
textures (Table 4.1). These gradients can be the result of growth or elemental diffusion,
or the combination of both, in which case they may overlap and be complex to distinguish.
Diffusion occurs at different rates depending on the diffusivity of a specific element and
the temperature, and thus can mask growth-induced textures (e.g. Ague & Baxter, 2007,
Konrad-Schmolke et al., 2008; Kuritani, 1999; Zellmer et al., 2016c). One method to
distinct between diffusion-induced and growth-induced patterns in crystals is to study
multi-element diffusion in crystals (e.g. Costa & Dungan, 2005; Guo & Zhang, 2016;
Shea et al., 2015; Suzuki et al., 2008) In magmas, diffusion can be driven by a change of
pressure, temperature, or by chemical potential. In the crystal, vibrating atoms jump to
adjacent vacant sites within the crystalline lattice during diffusion (e.g. Chakraborty,
2008; Sepiol et al., 1998). Diffusion begins as soon as the nucleus starts to grow and

results in equilibration of the chemical potential if the diffusion time is long enough.
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Geospeedometry, a term introduced by Lasaga (1983), uses diffusion profiles to estimate
crystal residence time at magmatic temperature (e.g. Costa et al., 2003; Morgan et al.,
2004; Zellmer et al., 2011). Forward modelling is the most common method to model
diffusion in volcanic crystals (e.g. Ague & Baxter, 2007; Bradshaw & Kent, 2017; Cooper
& Kent, 2014; Costa et al., 2003; Druitt et al., 2012; Morgan & Blake, 2006; Petrone et
al., 2015) and has been extensively used in crystals presenting normal or reverse zoning
(e.g. Costa & Chakraborty, 2004; Hartley et al., 2016; Kahl et al., 2015). Many crystals
exhibit textures that are growth-induced and have not been affected by equilibration due
to diffusion (Bennett et al., 2019a; Renjith, 2014; Shea et al., 2015). These textures can
be qualitatively studied using optical microscopy or high-resolution imaging instruments.
Magmatic processes such as magma mixing, magma recharge, magma degassing and
magma cooling are recorded during crystallisation and lead to multiple patterns and
zonations (e.g. Bennett e al., 2019b; Erdmann et al., 2012; Holness et al., 2005;
Ohnenstetter & Brown, 1992; Pappalardo et al., 2018; Piochi et al., 2005; Pompilio et al.,
2017). Disequilibrium textures are common in phenocrysts and are usually a result of
change of pressure or temperature, resulting from magma recharge or mixing (e.g.
Agostini et al., 2013; Browne et al., 2006) or rapid decompression (e.g. Nelson &
Montana, 1992). These textures consist of resorbed crystal cores, sometimes associated
with a single or multiple overgrowing layers, and dissolution patterns such as sieve
textures (e.g. spongy-, dusty-textured; Kawamoto, 1992), often found in plagioclase
(Izbekov et al., 2002; Jeffery et al., 2013; Shane et al., 2019; Table 3.1). Sieve textures
can either be coarse or fine, depending on the degree of dissolution. Coarse-sieve textures
are usually found in the core of large crystals whereas fine-sieve textures occur as a part
of an outer layer between the core and the rim (Renjith, 2014). Oscillatory zoning is also

a disequilibrium texture which is commonly found in phenocrysts that have witnessed a
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dynamic environment with pressure and temperature fluctuations due to magma recharge
or magma mixing (e.g. Haase et al., 1980; Petrone et al., 2016; Shore & Fowler, 1996),
or change in the magma composition (e.g. Chen et al., 2015), change in the growth rate

(e.g. Halden & Hawthorne, 1993), or may be diffusion-induced (e.g. Grove ef al., 1984).

Some of these textures have been described for the phenocryst cargos of TgVC and have
therefore provided key information about the mid-crustal depths processes within the
magmatic system (Auer et al., 2015; Kilgour et al., 2013; Moebis et al., 2011; Nakagawa
et al., 1998; Pardo et al., 2012; Price et al., 2007; Shane et al., 2008a; Stewart, 2010).
The presence of such textures in microlites and micro-phenocrysts would allow essential
insights to be gained into shallow ascent processes, which may be linked to the resulting

eruption style.

Table 3.1. (Table in the next page) Schematic representations of the common plagioclase
crystals and textures observed in volcanic rocks, and their interpretations.
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3.2. Crystal Size Distributions

The theory of Crystal Size Distributions (CSDs), initially developed for chemical
engineering (Randolph & Larson, 1971), was first applied to geological systems by Marsh
(1988) after observing a quasi-linear negative trend between the number of crystal per
unit size and their representative sizes for many lavas. CSDs have become a useful tool
to infer space- and time-integrated information about plumbing systems such as storage
and mixing (Gutierrez & Parada, 2010; Magee et al., 2010; Simakin & Bindeman, 2008),
and detailed eruptive histories of magmas (Hammer et al., 1999; Higgins, 1996b;
Mangan, 1990). Kinetics extracted from CSDs can also provide identification of crystal
nucleation and growth mechanisms, determination of magma cooling rates, and thus
elucidate the timescales of these events (Higgins, 1996b). In addition, information about
the petrological processes such as crystal accumulation and fractionation in the system
can be derived. CSDs are a popular tool due to their low acquisition cost and the simplicity
of the data collection process. CSDs consist of plotting the crystal size L (e.g. crystal
length in mm) against the population density, which is expressed as log(n(L)), where n(L)
is the number of crystals per unit length (L) per unit volume of magma (Marsh, 1988).
The CSD slope can be used to constrain the linear growth rate and the time for crystal
growth, whereas the intercept on the coordinate axis provides the instantaneous
nucleation density of zero-sized nuclei. Considering critical nucleation theory, a nucleus
needs to reach a specific size to be stable, i.e. to avoid shrinking and dissolution rather
than growth (Dowty, 1980). Three types of CSD shapes can be identified: (1) an
exponential distribution or a linear CSD (Figure 3.3a) infers a steady-state open system
(Marsh, 1998a) associated with constant cooling and growth rates (e.g. Fornaciai ef al.,
2009; Piochi et al., 2005); linear CSDs were found for several eruptions of Stromboli

volcano (Armienti et al., 2007); (2) a power-law-type (e.g. Noguchi et al., 2006;
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Toramaru et al., 2008), lognormal (Kile & Eberl, 2003) distribution or concave-up curved
CSD (Figure 3.3b) has first been interpreted by Marsh (1988) as (i) change of growth rate,
(i1) change of cooling rate, (iii) crystal accumulation and (iv) magma mixing. It has also
been associated to changes in dissolved water during magma ascent (Armienti et al.,
1994); Higgins (2006) suggests that it is the result of coarsening — also called Ostwald
ripening (Voorhees, 1992) — or mixing, whereas some have interpreted it as the
consequence of crystallisation by decompression (Brugger & Hammer, 2010); It could
also be due to variation in the growth rate or to the acceleration of nucleation and growth
during magma ascent (Shea et al., 2010a). Finally, Fornaciai et al. (2015) related this
shape to a rapid change in undercooling due to a strong and sudden degassing. This
distribution type has been described for several volcanic edifices such as Mount Etna (e.g.
Armienti ef al., 1994), Kameni (Higgins, 1996b), Soufriére Hills (Higgins & Roberge,
2003), Eldfell (Higgins & Roberge, 2007), Tseax (Higgins, 2009), Mount Saint Helens
(Muir et al., 2012) and Merapi (Preece et al., 2016) volcanoes. (3) A third shape has also
been observed in a CSD as a downturn at smallest grain sizes (Figure 3.3b). It was first
interpreted due to the low resolution of the image (e.g. Fornaciai et al., 2009; Marsh,
1998a). After the quality of measurements has improved, the downturn was still observed
in CSDs and was explained as an intersection artefact, because of the prismatic shape of
some minerals e.g. pyroxene (Cashman & McConnell, 2005). Higgins (2006) interpreted
this shape to result from a textural coarsening in which the smaller crystals are dissolved
and larger ones have a growth rim whereas it has also been interpreted as an effect of
quenching (Armienti et al., 2007). Studies of explosive eruptions have generally focused
on plagioclase as it is the most common mineral to form microlites, but a few have also

included pyroxenes (e.g. Castro et al., 2003; Szramek et al., 2010; Toramaru et al., 2008).
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Figure 3.3. Shapes of crystal size distributions found in natural and experimental
samples. (A) Figure 3 of Fornaciai et al. (2009) representing a linear CSD of
plagioclase from a scoria of the 2002-2003 eruption of Stromboli, Aeolian Islands,
Italy. (B) Figure 2 of Brugger & Hammer (2010) demonstrating curved-upwards CSD
of plagioclase formed during decompression experiments of hydrous rhyodacite
magma at different decompression rates. Downturn at smallest size interpreted as

intersection artefact.
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CSDs may be acquired for any type of volcanic samples (lava, scoria, bomb, pumice,
ash, etc.), and the traditional method involves manual outlining of imaged crystals (e.g.
Brugger & Hammer, 2010; Higgins, 2000; Jerram et al., 2009; McCanta et al., 2007).
The dimensions are typically measured with the public software Fiji (i.e. Fiji is just
ImagelJ), which provides long- and short-axes of best fitting ellipse and the area of each
particle (i.e. crystal) from a binary image in which the crystals have previously been
outlined. However, the crystal dimensions obtained represent two-dimensional- rather
than three-dimensional-crystal shapes and are not representative of the natural sample.
Thus, Higgins (2000) developed a program called CSDCorrections to convert 2D data to
3D crystal size distributions. This software requires some parameters before generating
CSDs; the type of measurements (length or width or ellipse major/minor axis or maximum
length), the type of fabric (massive/lineated/foliated), the roundness factor of the sample,
the vesicles/voids correction if applicable, the measured area, the shape factors and the
size scale. Shape factors represent the best fit crystal habits i.e. the short, intermediate,
and long axes, and need to be estimated. Shape factor determination is facilitated by
CSDslice, a Excel program developed by Morgan & Jerram (2006): this routine compares
the input measurements with the database composed of 703 random slices of crystal of
different shapes and gives the average best fit shape factors of the observed crystal
population. However, this method assumes that all crystals have the same shape, which
is highly unlikely because a magma usually contains crystals formed at various degrees
of undercooling, which affects crystal shapes (Brugger & Hammer, 2010). The number
of divisions into which one bins data depends on the total number of measurements
whereas the absolute size range is given by the biggest crystals. Higgins (2000) suggests
that logarithmic size intervals are the most relevant to use as each bin is ten times larger

than the previous bin. Also, he stated that 4 to 5 bins per decade generally give a suitable
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result. He also suggested that if a bin contains less than 5 crystals, it will result in an
insignificant CSD and thus this bin will need to be removed. If there is a gap in the CSD,
it might be due either to a lack of data or because the bin is too narrow and has to be

widened.

In order to obtain CSDs, crystals have to be outlined as stated earlier. To date, this
selection has typically been done manually using image processing software such as
Photoshop and involves laborious and time-consuming lab work (e.g. Berger et al., 2011;
Hammer et al., 1999; Suzuki & Fujii, 2010). Some work such as the one of Muir et al.
(2012) provided encouraging results using element maps to select different mineral
phases automatically, but this method requires significant instrument time. Further, the
intersection-probability effect defined by the higher probability of a large crystal to
intersect with a random 2D slice than a small crystal reveals issues when converting 2D
to 3D measurements (e.g. Royet, 1991; Underwood, 1970). Indeed, as a grain is rarely
cut through its centre, there is a cut-section effect especially for acicular crystals
(Peterson, 1996; Sahagian & Proussevitch, 1998). It has been stated that CSDCorrection
gives less reliable results for acicular crystals due to the wider variability of shape and
the statistics of sectioning; a minimum of 75 crystal sections is required to obtain a robust
CSD for circular/prismatic crystals e.g. pyroxene, compared to > 250 crystal sections for
acicular crystals e.g. needle-like microlites (Higgins, 2000; Morgan & Jerram, 2006). The
reliability of these results can be predicted when the user inputs the measurements data
into the CSDslice Excel spreadsheet that provides the level of fit R? of the crystal
population habits (Figure 3.4). Previous studies have highlighted limitations and
disadvantages related to CSDs. First of all, they do not provide information about the
conduit geometry and depths where magmatic processes revealed by the CSDs occur

(Melnik et al., 2011). To extract information from CSDs such as the timescales of
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magmatic events, the slope, the intercept and the growth rate are needed. However, the
growth rate, which may change from one magmatic system to another or even within a
system itself, is challenging to constrain and has typically been assumed to be constant
(Armienti, 2008; Bindeman, 2003; Blundy & Cashman, 2008; Cashman & Marsh, 1988;
Cashman, 1992; Cashman & McConnell, 2005; Hammer ef al., 1999; Piochi et al., 2005;
Resmini, 2007). Models based on CSDs are thus only applicable to one particular volcanic
system or to similar edifices; Melnik et al. (2011) have developed a model to image
volcanic plumbing systems based on CSD interpretations, crystallisation kinetics and
hydrodynamic flow simulation. This simple model with assumptions is valid for eruptions
with steady-state magma ascent, but is not applicable to eruptions fed by pulses or to

products from explosive eruptions.
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Figure 3.4. Figure 4d of Morgan & Jerram (2006) illustrating the level of fit (R?)
versus the number of crystal slices considered. Note that at least 300 crystals are
required to obtain confident results for intermediate and acicular shapes.
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3.3. Growth rate

The growth rate is an important parameter that elucidates the magmatic processes
within both the magma chamber and the magmatic conduit. It depends on several
parameters such as viscosity (e.g. high growth rates in low viscosity melts), magma
composition (e.g. triggering crystallisation of different mineral phases at different growth
rates) and can be controlled by several processes such as melt-crystal peritectic reaction,
removal of latent heat of crystallisation and diffusion in the melt (e.g. Kirkpatrick, 1977)
or even diffusion of the slowest species in the melt (Toramaru et al., 2008).
Experimentally, the rate of growth, e.g. for plagioclase, was interpreted to depend on the
composition of the parental melt, the degree of undercooling and the conditions of
experiments (Agostini et al., 2013; Cashman, 1993; Conte ef al., 2006; Hammer &
Rutherford, 2002; Muncill & Lasaga, 1988; Orlando et al., 2008; Shea & Hammer, 2013).
Eberl ef al. (2002) have assumed the rate of growth to be proportional to the crystal size.
This hypothesis has been questioned (e.g. Armienti ef al., 1994; Simakin & Bindeman,
2008) as small crystals can grow as fast as large crystals. However, a study conducted by
Kile & Eberl (2003), comparing size-dependent and size-independent crystal growth,
highlighted that these two processes are driven by, respectively, advection in a stirred
system and diffusion in a non-stirred system and thus can both be applicable to a
magmatic system. They also conclude their study by stating that advection and size-
dependent crystal growth are the dominant process as it is the most common growth law

revealed by natural crystal CSDs, which show lognormal distribution.

Early studies (e.g. Cashman & Blundy, 2000) have used time-averaged growth rates

following the relation:

c==t ()

t
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where L is the crystal dimension (e.g. length) and ¢ the time of growth. Time of growth is
sometimes assumed to be similar to the time of ascent from the chamber to the surface.
However, this assumption is controversial because the crystallisation process is not
necessarily continuous; during their ascent magmas can be stored at several depths (Cichy
etal.,2011; Erlund et al., 2009; Kuritani, 1999), where conditions of crystallisation (e.g.
temperature, pressure, surrounding stress field, etc.) may change and where crystallisation

may intermittently cease (Cashman & Blundy, 2000).

Growth rates are usually given as ranges or averages because they are challenging to
determine (Hammer et al., 1999; Preece ef al., 2016; Salisbury et al., 2008). Cashman
(1990) stated that growth rates under variable magmatic conditions generally range
between 1012 m st and 10"* m s”!. However, experiments to simulate ascending magma
driven by decompression and water exsolution obtained microlite growth rates as fast as

10° m s (Couch et al., 2003; Gardner et al., 1998; Hammer et al., 1999).

Many studies of CSDs (Bindeman, 2003; Blundy & Cashman, 2008; Cashman &
Marsh, 1988; Cashman, 1992; Cashman & McConnell, 2005; Lentz & McSween, 2000;
Piochi et al., 2005; Resmini, 2007; Salisbury et al., 2008) have been interpreted using
constant crystal growth rates. Several methods have been used to define a crystal growth
rate such as experimental and computational methods; (1) as stated earlier, using the slope
and the intercept of a CSD allow the calculation of growth rate in experimental runs,
where growth times are well-constrained. Armienti et al. (2007) have associated the result
of this method to a mean or net growth rate due to potential dissolution episodes during
ascent. Interpreting crystal growth rates from CSDs usually requires a contextual
consideration; indeed, if crystals are thought to result from a rapid cooling associated with
water exsolution, a high growth rate may be inferred (Cigolini et al., 2008; Mastrolorenzo

& Pappalardo, 2006). (2) Experimental methods of in-situ observation of growing crystals
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are also used to determine growth rate (e.g. Gondé et al., 2006; Means & Park, 1994;
Schiavi et al., 2009); a method called “Lmax”, which consists of measuring the largest four
to ten crystals observed in a charge and dividing the length by the experimental duration
can be used (Fenn, 1977; Gardner et al., 1998; Hammer & Rutherford, 2002; Lesher et
al., 1999; Marsh, 1998a; McCanta et al., 2007; Walker et al., 1976). (3) The batch method
has generally been used for studies of crystallisation kinetics in experimental and natural
systems (e.g. Blundy & Cashman, 2008; Brugger & Hammer, 2010; Couch et al., 2003;
Larsen, 2005) and consists of averaging 2D bulk population characteristics using the

simple following equations:
G=-=— (2)

In which S, is the characteristic crystal size, which can be obtained using:

5= (2) " 3)

Ng
with @ the area fraction and Na the number density.

The CSD method as well as the Lmax and batch methods were used and compared for
several volcanic samples by Brugger & Hammer (2010). Their results give a wide range
of growth rates, where the maximum is always obtained using the Lmax method, the
minimum with the batch method and the CSD method gives intermediate growth rates.
They also explain that depending on which part of the CSD is used, the resulting growth
rate is different with the growth time being known. Steeper slopes, which are generally
observed for smaller crystal,s will infer lower rates of growth and thus be closer to the

value obtained with the batch method.

Also, relative change in growth rate can be interpreted from textural analysis of

crystals; for instance, hopper morphology indicates a rapid increase in growth rate caused
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by a high degree of undercooling (Viccaro et al., 2010; Zellmer et al., 2016b). More
recently, a new method for rate of growth for microlites was published (Sano &
Toramaru, 2017). By identifying micro-scale projection textures next to microlites of
plagioclase, they have developed a model to estimate growth rate and time of growth from
the instability theory between melt and crystals to understand the positive correlation of
the length and the spacing of these needle-like textures. A peritectic reaction between
olivine and the melt to form microlites of pyroxene has also been used to determine
growth rate (Zellmer ef al., 2016¢c; Zellmer et al., 2018); by modelling inter-diffusion at
the olivine rim, they were able to determine the dissolution rate of olivine, which is

intimately linked to the growth rate of the peritectic pyroxenes.
3.4. Thermodynamics in magmas

Commonly, thermodynamics are applied to a system in equilibrium as it allows the
use of the classical theories of chemical thermodynamics to test, verify or discriminate
between hypotheses (Ghiorso & Gualda, 2015). Thermodynamics can also be used to
assess the energy of a system in disequilibrium, which in turn allows the quantification
of energy needed to reach the equilibrium state, informing about the timescales of the
system evolution and the rates of chemical reactions. It is common to find volcanic rocks
with multiple crystal populations that have grown from diverse melts at different times,
and under a range of temperatures, pressures and water contents (Cooper & Reid, 2003;
Putirka, 2008; Streck, 2008). Indeed, compositional gradients and disequilibrium textures
characterise volcanic rocks as magmas stall in the crust under the form of reservoirs that
experience crustal contamination (e.g. Gémez-Tuena et al., 2003; Jeffery et al., 2013;
Preston, 2001), magma mixing (e.g. Anderson, 1976; Schleider et al., 2016; Sparks et al.,
1977), and remobilisation of crystal mush from previous intrusions (e.g. Cooper & Kent,

2014; Girard & Stix, 2009; Zellmer et al., 2003b). However, for simplification and
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because deviations from equilibrium can be quantified, thermodynamics applied to a
magmatic system assumes local equilibrium as a reference state (Lesher & Spera, 2015).
In the case of crystallisation, thermodynamics applied on the system are assumed at
equilibrium to address the effect of the melt composition, the temperature, the pressure
and the water content. At equilibrium, the equilibrium constant K accounts for differences
in the standard Gibbs free energy (also called the free enthalpy) 4G due to composition,

and is expressed as follows:
AG(T,X,P) =0 = AH°(T) — TAS°(T) + RTInK + fOPAVTO(P)dP 4)

where the standard state change in molar enthalpy and entropy for both the crystal and
the melt are respectively 4H° and 4S°, and A4VS7° is the change in molar volume for the

reaction at a temperature 7" and a pressure P.

To elucidate the conditions under which the crystals grew, to estimate ascent rates,
and to decipher magmatic and eruptive processes, intensive variables such as temperature,
pressure and water content are essential to be retrieved. Thermobarometry is used to
determine the P-T conditions at which the magma and the crystals were in equilibrium,
crucial to elucidate magma storage conditions and magma ascent processes (e.g. Mollo et
al., 2013; Putirka & Condit, 2003). Hygrometry based on the equilibrium between a
mineral-melt pair is a useful tool to estimate the water content at crystallisation and may
also provide insights into eruptive dynamics upon magma ascent at the onset of explosive
eruptions. Thermobarometers and hygrometers are based on empirical regression of
thermodynamically derived expressions. Calibration of these models is done using large
databases of phase-equilibrium experiments that crystallized the targeted mineral over a

range of pressures, temperatures, and H,O concentrations.
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3.4.1. Thermobarometry

Geothermometers and geobarometers use equilibrium chemical reactions and
compositional partitioning of elements between coexisting phases (e.g. mineral-melt or
mineral-mineral pairs) to quantify the magmatic temperature and the pressure at which
the targeted mineral crystallised. Many thermometers and barometers for volcanic rocks
are available in the literature and here is a non-exhaustive list: the olivine-ilmenite
thermometer (Sack & Ghiorso, 1991), the plagioclase-amphibole geothermometer
(Holland & Blundy, 1994), the olivine- and orthopyroxene-liquid geothermometers of
Beattie (1993), the Ti-in-quartz thermobarometer and the associated software TitaniQ
(e.g. Huang & Audétat, 2012; Thomas et al., 2015; Wark & Watson, 2006), Ti-in-zircon
and Zr-in-rutile geothermometers (Fu et al., 2008; Hayden & Watson, 2007), the sphene
thermobarometer (Hayden et al., 2008), the Fe-Ti oxide geothermometer (Ghiorso &
Evans, 2008), the clinopyroxene-liquid thermobarometers (Masotta et al., 2013; Neave
& Putirka, 2017; Nimis, 1995; Nimis, 1999; Putirka et al., 1996, Putirka et al., 2003).
Putirka (2008) provides an extensive review and summary of several geothermometers
and geobarometers: clinopyroxene-liquid, orthopyroxene-liquid, two pyroxene, and
feldpar-liquid  thermobarometers, two feldspar-, olivine- and glass-based
geothermometers, and a silica activity geobarometer. Although plagioclase is probably
more sensitive to pressure, temperature and water content of magmatic systems than any
other mineral phase (Mollo ef al., 2011), the relevant growth rate that will be used in
Chapter 6 to calculate microlite residence time involves the pyroxene phase. The
orthopyroxene-liquid geothermometer of Beattie (1993) is not ideal at it over-predicts the
temperature. The clinopyroxene-liquid geobarometer of Nimis (1995) yields anomalously
low P for high-P experiments, and the geobarometer of Putirka et al. (1996) yields higher

systematic errors than that of Nimis. The clinopyroxene geothermometer of Nimis &
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Taylor (2000) is calibrated from a more limited data set than that of Putirka (2008). The
two-pyroxene thermobarometer of Putirka (2008) cannot be used as the microlite phases
in the TgVC magmas studied usually contain plagioclase + orthopyroxene =+
clinopyroxene + pigeonite, and some tephras contain clinopyroxene instead of
orthopyroxene + pigeonite. Hence, the orthopyroxene-liquid thermobarometer, the
clinopyroxene-liquid geothermometer of Putirka (2008) and the clinopyroxene-liquid
geobarometer of Neave & Putirka (2017) will be used in this study to determine the P-T

conditions at which the microlites crystallised.

Equilibrium between the crystal-melt pair requires to be tested before retrieving the
T and P outputs. The test is similar to the test proposed by Roeder & Emslie (1970), which

compares the observed Fe-Mg exchange coefficient (i.e. Kp(Fe-Mg)) with that of the
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Figure 3.5. The Rhodes diagram presents tests of orthopyroxene- and
clinopyroxene-melt equilibrium (Rhodes et al., 1979). It is based on 785
experimental data for orthopyroxene (opx) which yield Kp (Fe-Mg)°P*1id =
0.2940.06, and based on 1245 experimental observations for clinopyroxene (cpx)
which yield Kp (Fe-Mg)®P*!id = 0.28+0.08. The blue area is the window where the
putative pyroxene-melt should plot if in equilibrium.
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experimental data. The Rhodes’s diagram (Figure 3.5) graphically portrays this test

(Rhodes et al., 1979).

In the case of orthopyroxene, the Kp value decreases slightly with increasing silica

content and it is expressed as:

Kp(Fe — Mg)°P*~!i4 = 0,4805 — 0.3733X .1 (5)

.melt

where Xsi™" is the cation fraction of SiO; in the equilibrium liquid.

In the case of clinopyroxene, the Kp value accounts for a temperature dependency as

follows:

—li 1719
InK,(Fe — Mg)P*~44 = —0,107 — o ©

Liquid and orthopyroxene/clinopyroxene components are required to retrieve the
temperature and pressure. The liquid components are SiO», TiO2, Al,O3, FeO, MnO,
MgO, CaO, Na;O and K>O. The pyroxene components are the same as the liquid
components plus Cr2O3. Cations are calculated on the basis of 6 oxygens. The calculations

of the components are reported in Appendix C1, C2 and C3.

The orthopyroxene-liquid geothermometer that will be used is defined by the Eq. 28a
Putirka (2008). It was calibrated using 793 anhydrous and hydrous data, where
orthopyroxenes had cations sums ranging between 3.97-4.03, providing a standard error
estimation of SEE = £ 39 °C. This thermometer is applicable to the following ranges:
pressures (1 atm-110 kbar), temperatures (750-1600 °C), and H>O concentrations (0-14.2

wt%). It is expressed as follows:
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20 _ 407 — 0.329[P(GPa)] + 0.12(H,049) +

T(K) = 4. . . 2

0567in |— 5 e | 3.06(Xyh0) —
(Xéli?)z) (Xéfo“Llevl[crILoJerlvl[go) 7

6.17(Xga. ) +1.89 (Mg#lia) + 2.57(XpE* (7)

where EnFs stands for enstatite + ferrosilite. The details of the orthopyroxene component
calculations can be found in Appendix C2. Terms under the form of X5 are the number
of cations of the element indicated in the phase mineral or liquid (e.g. in this case number
of cations in Fe in orthopyroxene), calculated on the bases of 6 oxygens. Eq. 28b of
Putirka (2008) was not used at is only uses the liquid components to calculate the

temperature for a liquid saturated with orthopyroxene.

The orthopyroxene-liquid geobarometer that will be used is defined by the Eq. 29a
of Putirka (2008), because it encompasses a larger number of experiments and a smaller
systematic error that Eq. 29c. This calibration was derived from 592 hydrous and
anhydrous experiments and yields a standard error estimate of SEE = + 2.6 kbar (260

MPa). It is defined by:

x0PX
P(kbar) = —13.97 + 0.0129T(°C) + 0.001416T(°C)ln[ — ] -
XNaOO_SXAlol_S(XSiOZ)
19.64(Xgi5 ) + 47.49(Xy12 ) + 6.99(X72*) + 37.37(X70%, 5. ) + 0.748(H,019) +

79.67(Xyndo, Xk, < (8)

where Jd is jadeite and Fm equals to Fe + Mg, which are the orthopyroxene components,
calculated using the normative procedure outlined in Putirka ef al. (2003). The details of

the clinopyroxene component calculations can be found in Appendix C3
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The clinopyroxene geothermometer that will be used in this study is defined by the
Eq. 33 in Putirka (2008), which is based on the Jd-DiHd exchange of 1174 hydrous and
anhydrous experiments, yielding error estimates of SEE = + 45 °C. It calibrates the

temperature as follows:

1o0* _ a CaoXpm lig) _ lig yliq \ _
o5 = 753 — 0.14in I—XS% T T +0.07 In(H,0"4) 14.9(XCa0XSi01.5)

0.08In(X71, ) —3.62(Xydy . + Xga ) — L1(Mg#'a) — 0.18In(Xhx,) —

EnFs

0.027P (kbar) 9)

where DiHd and EnFs are the clinopyroxene components and stand for diopside +
hedenbergite and enstatite + ferrosilite, respectively, which are calculated using the

normative procedure outlined in Putirka ez al. (2003).

The clinopyroxene geobarometer of Neave and Putirka (2017) is calibrated from 113
hydrous and anhydrous experimental data for the 1 atm to 20 kbar range, saturated in
clinopyroxene + olivine + plagioclase + orthopyroxene =+ spinel + hornblende + magnetite
+ ilmenite, and the 1-atm experiments included experienced negligible Na loss. The
standard error estimate associated with this calibration is SEE = + 1.4 kbar. The

geobarometer is expressed as follows:

cpx

_ T(K) X7a
P(kbar) = —26.27 + 39.16 —In L”q s (el )2] —4.22In(X ) +

104

Na00_5 A101_5 SiOZ

. . : 2
78.43X,0 _+393.81(Xyl, Xpd (10)

Na00_5

Because the temperatures and pressures retrieved from the thermobarometers are
dependent on H>O, a hygrometer will be used iteratively with the thermobarometers to

derive internally consistent solutions for P-T-X(H>0).
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3.4.2. Hygrometry

When data from melt inclusions are not available, mineral-liquid hygrometers can be
used to provide an estimation of the water content of the magma. Geohygrometers
quantify the effect of dissolved water in the liquid on the elemental partitioning between
the melt and a mineral phase (Ghiorso & Gualda, 2015). Several mineral-melt
hygrometers applicable to volcanic rocks are available in the literature and encompass the
following mineral phases: plagioclase (Hamada et al., 2013; Lange et al., 2009; Ushioda
et al., 2014; Waters & Lange, 2015), amphibole (Ridolfi et al., 2010), clinopyroxene
(Perinelli et al., 2016), and Ca-in-olivine (Gavrilenko ef al., 2016). Considering that the
studied TgVC magmas are nearly aphyric, intermediate and contain plagioclase and
mainly orthopyroxene as crystal phases, a plagioclase-liquid hygrometer will be used for
this study. The recent plagioclase hygrometer of Lange et al. (2009), which was
recalibrated, expanded and updated by Waters & Lange (2015) yields a relatively small
standard error estimate of 0.35 wt%. Besides, this regression is based on 107 anhydrous
and 107 hydrous phase-equilibrium experiments of basaltic to silicic compositions that
crystallized plagioclase over a range of pressures (0-350 MPa), temperatures (750-1244
°C), and H>O concentrations (0-8.3 wt%). The hydrous and anhydrous melts have
plagioclase concentrations ranging respectively between Anj7.9s and Ansi.g0. This model
is based on the crystal-liquid exchange reaction between the components of albite

(NaAlSi30s, Ab) and anorthite (CaAl>Si20sg, An).
CaALSi,OgPagioclase + NaASi;0s4 = CaAlSi>0s" + NaAlSizOgPlagioclase  (171)

At equilibrium, equation 1 is used with 4H® and 4S°, and AVS7° being equivalent to the

difference between the enthalpy, entropy and volume of fusion of pure An and pure Ab.
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Both the enthalpy and entropy of fusion are temperature dependent and can be calculated

as follows:

AHp(T) = AH(Ty) + fff [cyUT) — cEY(D)]dT  (12)

iq xtl
—(T) Cb (T)] dT (13)

ASp(T) = ASp(Ty) + [, [

Where Cp, f, lig and xt/ refer to heat capacity, fusion, liquid, and crystal, respectively.
This plagioclase-liquid hygrometer uses a regression equation to calibrate the water
content, expressed as:

wt% H,0 =m'x + " + =+ X Xd]  (14)

where

1 a d;
ml - _ ’al — ’bl _ d/
dh,0 —dy,o0 —deo —dy,o0

(15)

with the terms a, b and d; being parameters fitted from the calibration of the experiment,
and with x, which includes all the standard-state thermodynamics parameters, defined as

follows:

__AH°(T)  AS°(T) ffAV}(P)dp Xﬁeal lig aldeal lig
=R " r T RT +in S ideallig + In m (16)
An Ab

where the terms a4, and a4, are the activities of the anorthite and albite components in the
liquid (i.e. silicate melt), which are functions of the mole fractions X and the activity

coefficients Y (i.e. a; = Yx; X; see more details in Waters & Lange, 2015). The activity

coefficients for anorthite (CaAl>Si20s) and albite (NaAlSi3Og) are calculated as follows:

. . . 2
Xcantysizo, = 640(Xcao) (Xalo,) (X5i5,) (17)
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'd ll' l' 0.5 l' 0.5 l' 3
le\/aeﬁst;qogz 18-963(X1\;220) (XAllZOg) (Xs;gz) (18)

All the thermodynamic data (e.g. temperature of fusion, enthalpy, entropy, heat
capacity, crystal activities) used for this model are reported in Appendixes C4, C5 and

Ce.

As plagioclase-melt equilibrium are strongly dependent on both the temperature and
the water content, this study adopted the strategy to iteratively use the pyroxene-liquid
thermobarometer and the plagioclase-liquid hygrometer until unique solutions were
found for pressure, temperature and water content. Similar strategy was previously used
by Preece et al. (2016), which determined the temperature using the amphibole
geothermometer and the water content with the plagioclase-liquid hygrometer of Waters

& Lange (2015).

As the uncertainties on the pressure and the water content derived from the
thermobarometers and the hygrometer are quite large, MELTS modelling is used to

constrain these intensive variables further.

3.4.3. MELTS modelling

MELTS is a computational thermodynamic tool that combines multicomponent
models applicable for silicate liquid, mineral and fluid phases. The calibrations were
initially developed by Ghiorso & Sack (1995) and Asimow & Ghiorso (1998) to model
equilibrium crystallisation or fractional crystallisation in closed or open systems buffered
by oxygen (i.e. oxygen fugacity fO>). These can be modelled at fixed temperature,
pressure, or water content, and also at constant entropy (i.e. defined as the measure of the
total heat content of a system; Ghiorso & Gualda, 2015) or enthalpy (i.e. defined as the
“heat content” of a system at fixed pressure; Ghiorso & Gualda, 2015). MELTS allows

the exploration of magmatic processes such as assimilation, adiabatic decompression
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melting, or post-entrapment crystallisation in phenocryst-hosted melt inclusions.
Computation of equilibrium phase relations for igneous systems using MELTS is
applicable for wide range of temperature (500-2000 °C) and pressure (0-2 GPa). The
models associated with the liquid phase were calibrated with low-P equilibrium
experiments. Mineral phases, however, are calibrated using independent thermodynamic
data and models. pMELTS is a revised version of MELTS by Ghiorso et al. (2002),
optimised for mantle-like bulk compositions applicable for temperatures between 1000
°C and 2500 °C and pressure from 1 to 3 GPa. RhyoliteMELTS was later developed by
Gualda et al. (2012) to provide models for silicic- and water-rich systems by correcting
the enthalpies of formation of quartz and the potassic endmember of feldspar (i.e.
orthoclase). alphaMELTS, previously referred as phMELTS and Adiabat 1ph (Smith &
Asimow, 2005), adds trace element partitioning and H>O partitioning into nominally

anhydrous phases.

The TgVC magmas studied here are intermediate in composition and, according to
previous studies, seem to be associated with unusually low magmatic water contents (i.e.
<1.5wt%; e.g. Arpaetal.,2017; Deering et al., 2011a; Kilgour et al., 2009). The version
alphaMELTS 1.9 (from now on referred to as MELTS modelling) will be used as it is
appropriate for the TgVC magmas. The tephras will be modelled using fractional
crystallisation, tested over a range of pressures (0.1-800 MPa) and water contents (0-2
wt%), and in agreement with the range of temperatures retrieved from the
hygrothermobarometry calculations. Based on agreement with previous studies on TgVC
(Arpa et al., 2017; Kilgour et al., 2013; Kilgour et al., 2014; Kilgour ef al., 2016; Shane

et al., 2008a), the oxygen fugacity will be buffered at NNO (nickel-nickel-oxide).
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3.5. Sample selection, preparation, and analysis

3.5.1. Sample selection

This study aims to obtain a better understanding of the magmatic processes involved

in the explosive eruptions of variable eruptive styles from TgVC. Thus, we aimed to

sample a wide selection of eruptive styles from different vents of the TgVC. All tephras

were sampled on the eastern side of the ring plane where they are clearly exposed due to

the westerly prevailing winds. Twenty-four historical andesitic tephras from Tongariro,

Ngauruhoe and Ruapehu volcanoes were selected:

Three distal tephras from the Plinian Mangamate Formation (11-12 ka BP, Nairn
et al., 1998) from the early and the late petrological groups defined by Nakagawa
et al. (1998). They consist of Te Rato (PM2), Ohinepango (PM4) and Wharepu
(PMS5), sourced respectively from proto-Ngauruhoe, Saddle Cone and Tama
Lake.

Ten distal tephras from the Mangatawai Formation (3.4 — 2.8 c. ka BP, Moebis,
2010), which consisted of Strombolian to phreatomagmatic eruptions and were
mainly sourced from Ngauruhoe.

Five distal tephras from the Tufa Trig Formation namely 108-131 (Tf8), 108-137
(Tf13), 108-138 (Tf14), 108-139 (Tf15) and 108-140 (Tf16) (as referred in
Moebis, 2010, and in Donoghue et al., 1997 between brackets), which consisted
of Strombolian and possibly phreatomagmatic eruptions,sourced from Ruapehu.
Four proximal tephras and lapilli from the 1972-1975 eruptive sequence of
Ngauruhoe. The eruptions of the 24" of March 1972 (Strombolian to Vulcanian),
the 26™ of October 1973 (Strombolian to Vulcanian), the 24" of January 1974
(Vulcanian) and the 19™ of February 1975 (sub-Plinian) were selected for this

study.
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e Two tephras from the 1995-1996 eruptions of Ruapehu corresponding to the 12
of October 1995 sub-Plinian eruption and the 20" of July 1999 Strombolian

eruption.

Sample locations and descriptions are reported in Figure 3.6 and Table 3.2,
respectively. Te Rato was sampled along the State Highway 46 close to Lake Rotoaira,
whereas Ohinepango and Wharepu were sampled along the desert road. Mangatawai and
Tufa Trig were sampled along the desert road and prepared by Anja Moebis during her
PhD thesis (Moebis, 2010). The 1972-1975 Ngauruhoe and the 1995-1996 Ruapehu

samples were sampled by GNS Science at the time of the eruptions.
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Figure 3.6. Sample location map of the tephras selected for this study. This is a shaded
relief map derived from the 8-m-Digital-Elevation-Model (source: LINZ data). The colour
gradient corresponds to the elevation variation. Georeference system: NZGD2000/New
Zealand Transverse Mercator 2000.
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Table 3.2. Descriptive table of the samples selected for this study. Mangamate (Mm)
units were sampled and prepared during this study, and described by Donoghue et al.
(1995). Mangatawai and Tufa Trig units were sampled, prepared and described by Moebis
(2010). Ngauruhoe and Tufa Trig 19 units were sampled by GNS science, prepared and
described during this study. Rua, Ng, TL, and SC stand for Ruapehu, Ngauruhoe, Tama
Lakes and Saddle Cone, respectively. S, sP, V, pm, and P stand for Strombolian, sub-
Plinian, Vulcanian, phreatomagmatic and Plinian, respectively.

Tephm Tephra Source Description Eruptive
formation unit style
Tufa Trig Rua%6 Rua 20/07/1996; Dark grey fine ash S
19 Rua95 Rua 12/10/1995; Dark grey fine ash sP
Ngauruhoe Ng75 Ng 19/02/1975; Dark grey coarse ash and lapilli sP
Ng74 Ng 24/01/1974; Dark fine ash from the inner cone \'%
Ng73 Ng 26/10/1973; Dark greyish brown fine and coarse S-v
ash
Ng72 Ng 24/03/1972; Dark greyish brown fine and coarse S-V
ash
Tufa Trig 108-140  Rua Tf16, light grey, fine ash, pocket S-pm
(Tf16)
108-139  Rua Tf15, light grey, base coarser and darker S-pm
(Tf15)
108-138  Rua Tf14, bluish black, wavy base, fine ash S-pm
(Tf14)
108-137 Rua Tf13, black, pockets, discontinuous S-pm
(Tf13)
108-131 Rua T19, black, medium ash, discontinuous S-pm
(Tt3)
Mangatawai ~ 407-59 Ng Black, vesicles, discontinuous V-sP
407-56 Ng Black, fine ash V-sP
407-54 Ng Grey - black, coarser fine sand V-sP
407-49 Ng Steel grey, silt - fine ash V-sP
407-47 Ng Black, fine sand, 1 mm round vesicles V-sP
407-18 Ng Dark grey -black, fine - middle ash, lot leaves V-sP
407-17 Ng Black, coarse sand, no real boundaries to top and V-sP
bottom pocket
407-16 Ng Dark grey -black, fine - medium ash, lot leaves V-sP
407-15 Ng Brownish dark grey, lot leaves, fine ash V-sP
407-14 Ng Black, leaves at the bottom, 26¢cm elongate V-sP
pocket, normal graded
Mangamate Mm-Wh TL Bedded grey fine and very fine lapilli; upper bed: P
dark greyish brown and olive brown lithic and few
yellowish brown pumice lapilli
Mm-Oh SC Alternance of black and orange lithic-rich coarse P
ash layer
Mm-TR Ng Dark grey coarse ash and lapilli P

N/A: not available
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3.5.2. Sample preparation

Although the Mangatawai and Tufa Trig samples were already prepared and mounted
into epoxy plugs, all samples followed the same sample preparation. The deposits were
thoroughly washed with distilled water while being sieved through 1 mm, 500 um and
250 um sieves. They were then dried for two days in an oven at 40 °C. Glass shards of
sizes between 250 and 500 um were then handpicked using a pair of tweezers and a Leica
MZS stereoscopic microscope at Massey University. Depending on the shards size, 15 to
20 picked grains per tephra were mounted onto epoxy plugs and polished down to a sub-

micron finish using diamond paste, until the grains intersected the flat surface.

3.5.3. Analytical techniques used for this study

To complete textural and chemical analyses of the selected volcanic tephra shards of
TgVC, high-resolution imaging instruments were used. BSE images of the glass shards
were acquired using Scanning Electron Microscope (SEM) in order to generate CSD and
to identify regions of interests for further analyses. The JEOL JSM-7000F Field-Emission
(FE) SEM of the Isotope Imaging Laboratory (IIL) at Hokkaido University, Sapporo,
Japan, was used to acquire high-resolution BSE images (4,096 x 3,072). A beam current
of 10 nA and an accelerating voltage of 15 kV were used for these analyses. Chemical
maps of pyroxene crystals to identify textures and zonations were also performed using
the FE-SEM for the following elements: Al, Ca, Cr, Fe, Mg, Na, K, Si and Ti. To test the
segmentation method (cf. 3.3), the FE-SEM of IIL was used as well as two other SEMs
of lower resolution. The FEI Quanta 200 environmental SEM at Massey University,
Palmerston North, New Zealand, with a beam current of 5 nA and an accelerating voltage
of 20 kV was used to obtain medium-resolution BSE images (2,048 x 1,886). BSE images

with the smallest resolution (1,280 x 960) were retrieved with the JEOL NEOSCOPE
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6000plus desktop SEM at GNS Science Wairakei Research Centre, Taupo, New Zealand,

using a beam current of 20 nA and an accelerating voltage of 10 kV.

The ultra-high resolution Cameca IMS-1270 SIMS instrument equipped with a
Stacked CMOS-type Active Pixel Sensor (SCAPS) of the IIL was used to obtained semi-
quantitative concentration maps for plagioclase crystals. This facility allows the
visualisation at high magnification of the elemental distribution on the sample surface
(i.e. isotopography; Yurimoto et al., 2003). An O- primary beam with an accelerating
voltage of 23 keV was irradiated on the sample surface of 80-100 um in diameter using
a 7 nA beam current. Before the analysis, a 20 nA beam current was used on the sample
surface of the area for ten minutes. Collection of positive secondary ion images of **Na,
Mg, P7Al, 28Si, ¥K, %°Ca, **Fe and *Sr on the plagioclase surface were retrieved by the
SCAPS detector, with exposure times of 50, 500, 50, 25, 50, 250 and 500 seconds,
respectively, yielding a sub-micron spatial resolution for each image. Normalisation of
the concentration ratio images to a major element such as Si were necessary to

discriminate elemental zoning and textures of plagioclase crystals.

Mineral and glass compositions of Mangatawai and Tufa Trig samples were analysed
using a JEOL JXA-8900R electron microprobe equipped with four wavelength-dispersive
spectrometers at the Institute of Earth Sciences, Academia Sinica, Taipei, Taiwan. A 2-
pum-defocused beam with a current of 12 nA and an acceleration voltage of 15 kV were
set for these analyses. Mineral and glass analyses of 1972-1975 Ngauruhoe and 1995-
1996 Ruapehu tephras were performed using a JEOL JXA-8800R electron microprobe
equipped with four wavelength-dispersive spectrometers at the Graduate School of
Science, Hokkaido University, Sapporo, Japan. An acceleration voltage of 15 kV was

used for the analyses. A 10-um-defocused beam with a current of 7 nA were used for

73



Lormand: Magmatic processes at Tongariro Volcanic Centre Chapter 3

glass, whereas the mineral analyses were performed using a spot beam with a current of

10 nA for plagioclases, 20 nA for pyroxenes.
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Chapter 4. Semi-automatic segmentation of crystals in

BSE images for Crystal Size Distributions purposes

This chapter is based on a published article (Appendix Al):

Lormand C., Georg F. Zellmer G.F., Németh K., Kilgour G., Mead S., Palmer A.S.,
Sakamoto N., Yurimoto H., Moebis A. (2018) Weka Trainable Segmentation plugin in
ImageJ: a semi-automatic tool applied to Crystal Size Distributions of microlites in

volcanic rocks. Microscopy and Microanalysis, 24: 667-675.

DOI: https://doi.org/10.1017/S1431927618015428
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data analysis and processing, manuscript writing and editing

Georg F. Zellmer (Massey University, New Zealand): manuscript editing and
discussion, help to design the method
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manuscript editing and discussion

Geoff Kilgour (GNS Scienc Wairakei, New Zealand): manuscript editing and
discussion

Stuart Mead (Massey University, New Zealand): help to assess the accuracy
performance tests, manuscript editing and discussion

Alan S. Palmer (Massey University, New Zealand): assisting in the field,
manuscript editing and discussion

Naoya Sakamoto (assisting with image acquisition)

Hisayoshi Yurimoto (assisting with image acquisition)
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Abstract

Crystals within volcanic rocks record geochemical and textural signatures during
magmatic evolution before eruption. Clues to this magmatic history can be examined
using crystal size distribution (CSD) studies. The analysis of CSDs is a standard
petrological tool, but laborious due to manual hand-drawing of crystal margins. The
trainable Weka segmentation (TWS) plugin in Imagel is a promising alternative. It uses
machine learning and image segmentation to classify an image. We recorded back-
scattered electron (BSE) images of three volcanic samples with different crystallinity (35,
50 and >85 vol. %), using scanning electron microscopes (SEM) of variable image
resolutions, which we then tested using TWS. Crystal measurements obtained from the
automatically segmented images are compared with those of the manual segmentation.
Samples up to 50 vol. % crystallinity are successfully segmented using TWS.
Segmentation at significantly higher crystallinities fails, as crystal boundaries cannot be
distinguished. Accuracy performance tests for the TWS classifiers yield high F-scores
(>0.930), hence, TWS is a successful and fast computing tool for outlining crystals from
BSE images of glassy rocks. Finally, reliable CSD’s can be derived using a low-cost
desktop SEM, paving the way for a wide range of research to take advantage of this new

petrological method.

Key words: crystal size distributions, microlites, electron microprobe, image

segmentation, automation
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4.1. Introduction

One of the most promising aspects of modern research is the ability to automate
processes or analyses. Time-consuming, costly, difficult, or repetitive manual tasks all
lend themselves to automation. In the geosciences, some processes or tools are already
automated such as geochemical studies of tephrochronology (Petrelli et al., 2017), the
detection of lithological boundaries for geological interpretations (Vasuki et al., 2017),
the study of volcanic eruption precursors using seismic and remote sensing data (Chardot
et al., 2015; Hibert et al., 2017; Meyer et al., 2015) and automation of seismic waveform
detections using machine learning algorithms (Riggelsen & Ohrnberger, 2014). Crystal
Size Distributions (CSDs) in volcanic rocks are a useful tool to infer space- and time-
integrated information about volcanic plumbing systems such as storage and mixing (e.g.
Armienti et al., 1994; Armienti et al., 2007; Gutierrez & Parada, 2010; Higgins &
Roberge, 2007; Magee et al., 2010; Simakin & Bindeman, 2008) and detailed eruptive
histories of magmas (Bindeman, 2003; Cato et al., 2016; Hammer et al., 1999; Mangan,
1990). Kinetics extracted from CSDs also provides identification of crystal nucleation
and growth mechanisms (e.g. Berger et al., 2011; Brugger & Hammer, 2010; Kile &
Eberl, 2003; Rannou & Caroff, 2010; Szramek et al., 2010), determine magma cooling
rates, and thus elucidate the timescales of these events (e.g. Cashman & McConnell, 2005;
Higgins, 1996a; Jerram et al., 2009; Muir et al., 2012). However, despite the low
acquisition cost and the simplicity of the data collection process, generating CSD’s rely
on time-consuming image processing. Previous studies provided encouraging results
from an automated method to quantify mineral phases from element mappings of volcanic
samples (Cheng et al., 2017; Drignon et al., 2016; Muir et al., 2012), but the data
acquisition requires costly and significant time on the instrument (i.e., element mapping)

or methods involving the use of proprietary software (i.e., Matlab).
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The Trainable Weka Segmentation (TWS) plugin, available in the open source image
processing package Fiji and installable on the free-access software ImagelJ, consists of a
combination of image segmentation and machine learning (Arganda-Carreras et al.,
2017). Image segmentation involves partitioning of an image into multiple segments or
classes of similar attributes (e.g. pixel color, shape of object) and it has been commonly
used in several fields such as remote sensing as an aid to landscape change detection and
land use/cover classification (e.g. Benz et al., 2004; Blaschke et al., 2008; Blaschke,
2010; Pedersen, 2016), and medical-imaging to automate the delineation of anatomical
structures or to track the evolution of cells (e.g. Chen ef al., 2006; Hance et al., 1996;
Pham et al., 2000). TWS is based on machine learning algorithms for data mining tasks
available in Weka that stands for Waikato Environment for Knowledge Analysis (Witten
et al., 1999). It was developed at Waikato University in New Zealand and is at present

one of the most well-known workbenches for data mining using machine learning.

Here, we will show how the TWS plugin can be used to generate microlite (i.e.,
crystals <50 um; Crabtree & Lange, 2011) CSDs by providing a more accessible and fast
computing automated method for segmenting crystals from back-scattered electron (BSE)

images using an open access software (i.e., ImageJ).

4.2. Materials and Methods

The automated segmentation and CSD generation process are outlined in Figure 4.1.
It comprises three broad steps: image acquisition and cleaning (Figure 4.1, steps 1 and 2),
image segmentation (including training and post-segmentation image processing; Figure

4.1, steps 3-5) and generation of CSDs (Figure 4.1, steps 6-8).
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4.2.1. Image acquisition and cleaning (Steps 1-2)

This study focuses on three volcanic samples from New Zealand of different
crystallinities (Table 4.1): (1) a Ngauruhoe-sourced glass-rich ash shard (c. 35 vol. % of
crystals) from a Mangatawai tephra dated 3.52 cal. ka (Moebis et al., 2011); (2) an
intermediately crystal-rich glass shard (c. 50 vol. % of crystals) from the Te Rato member,
part of the c. 10 ka Mangamate eruptive sequence erupted from a proto-Ngauruhoe source
(Auer et al., 2015); and (3) an aphyric basaltic microlite-rich welded spatter sample (85
— 99 vol. % of microlites; Sable et al., 2009) from a Strombolian explosion of the 1886
eruption of Mt. Tarawera. All samples have plagioclase and pyroxene as the most
abundant microlite phases (Table 4.1). The few olivine crystals were removed manually

from the segmented image.

Back-scattered electron images of the samples are obtained using three different
scanning electron microscopes (SEM) that offer three degrees of image resolution (Figure
4.1 step 1). High-resolution BSE images (i.e., image resolution: 4,096 x 3,072) were
acquired using a Field Emission SEM (FE-SEM; JEOL JSM-7000F) at the Isotope
Imaging Laboratory of Hokkaido University, in Sapporo, Japan, with an accelerating
voltage of 15 kV and a 10 nA beam current. Medium-resolution BSE images (i.e., image
resolution: 2,048 x 1,886) of the Tarawera sample were taken using the Environmental-
SEM (FEI Quanta 200) at Massey University in Palmerston North, New Zealand, using
an accelerating voltage of 20 kV and a beam current of 5 nA. Finally, the JEOL
NEOSCOPE 6000plus Desktop SEM (i.e., image resolution: 1,280 x 960) at GNS Science
Wairakei Research Centre in Taupo, New Zealand, was employed using an accelerating

voltage of 10 kV and a high probe current of 20 nA.

A brief step of manual cleaning in Imagel or image processing software may be

needed (Figure 4.1, step 2) if the user estimates that an adjustment of the brightness and
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contrast would provide more distinction between the phases to segment. A noise
reduction filter such as “Despeckle” or “Salt and pepper” operations can also be applied.
For glass shards, as we use in this study, the Lasso tool in Adobe Photoshop was used to

select and then fill in black the heterogeneities (e.g. sample dust) in the background.
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number of crystals segmented and the best-fit crystal habit with level of fit for both

characteristics: crystallinity, mineral assemblages, and the duration of segmentation, the
manual and automatic (i.e., TWS) segmentations.

Table 4.1. Descriptive table of the samples used in this study and their segmentation
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4.2.2. Image segmentation (Steps 3-5)

The image segmentation is achieved using the TWS plugin that uses machine
learning algorithms to classify a Red-Green-Blue or greyscale image into different classes
(Arganda-Carreras et al., 2017). The classes (e.g. here different minerals or phases such
as background, remaining gold coating in the vesicles, groundmass, crystals) comprise
sets of pixels that share similar visual characteristics (e.g. colour). Before the image is
segmented, the user needs to train the classifier by drawing traces - defined here as sets
of training pixels (STP) - over regions of interest (ROI) for each class (Figure 4.1, step
3). One STP of two classes is the minimum required to start the segmentation. We
recommend use of the “Freehand line” to trace lines over ROI while covering the entire
range of greyscale for a specific class (e.g. as crystals can display zonation, a STP would
need to cover pixels from the core to the rim of the crystal). We recommend at least ten

STPs to obtain an acceptable classification.

Once the user has provided the STP for each class, the most suitable training features
(e.g. filters applied on the image to assist the segmentation) and the algorithm offered by
the plugin have to be selected (Figure 4.1, step 4). The Lipschitz (i.e., noise reduction
filter, elimination of a slowly varying image background), Gabor (i.e., texture filter, edge
detection), Bilateral and/or Neighbors (i.e., noise reduction filters, averaging the pixel
values around the current pixel that are close in greyscale value) training features were
found to provide the best balance of efficiency and classification accuracy for images
studied here. Several other training features are available in TWS that may be suitable

depending on individual image characteristics such as contrast and acquisition settings.

Image segmentation is achieved using the FastRandomForest algorithm, a parallel
implementation of the random forest classification technique (Breiman, 2001). Random

forest is a machine learning technique that uses an ensemble of decision trees to classify
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data (pixels of an image in this case) from the user-defined input features (training
features) and labelled sample data (the STP’s). Decision trees are constructed from
randomly selected STP’s, with decision splits using randomly selected input features at
each node in the tree. Final classification is then determined as the average classification
of all tree. The random forest algorithm was chosen for its accuracy, speed and multi-
class segmentation capabilities demonstrated for image segmentation tasks in other fields
(e.g. Belgiu & Dragut, 2016; Mahapatra, 2014). Readers may refer to Arganda-Carreras
et al. (2017) and Witten et al. (1999) for more details about the Weka segmentation

process, the training features and other algorithms that may be suitable.

When the segmentation is successful, the result is overlain above the original image
with the corresponding class colours. The result can be extracted to an image (Figure 4.1,
step 4) and the “classic” CSD generation method can then be completed (Figure 4.1 steps
6-8 and Figure 4.2; e.g. Higgins, 2000; Marsh, 1988; Morgan & Jerram, 2006). A
classifier used for one image can be applied to more images as long as they all have the
same crystal phases and similar brightness and contrast. Once the image is fully
segmented, it is recommended to briefly process it manually using image processing
software (e.g. Adobe Photoshop) as (1) TWS cannot easily separate touching crystals,

and/or (2) to homogenise crystals affected by fractures and cracks (Figure 4.1, step 5).

4.2.3. Generation (Steps 6-8)

A CSD is a powerful measure used to visualise pre-eruptive processes such as crystal
growth and nucleation rates, petrological processes (e.g. crystal accumulation, crystal
fractionation), degassing and cooling mechanisms, and may elucidate the timescales of
these events (Brugger & Hammer, 2010; Higgins, 1996a; Higgins, 2002; Lentz &
McSween, 2000; Marsh, 1988; Marsh, 1998b; Morgan et al., 2007). Higgins (2000)

developed CSDCorrections to convert 2D slices into 3D crystal shapes. To do so, the 2D
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morphological parameters of the crystals (i.e., long- and short-axes of best fitting ellipse
for each microlite) are required and are obtained automatically from the binary image
using ImageJ. CSDCorrections also requires the best-fit crystal habits (i.e., aspect ratios
of the crystal population; Figure 4.1, step 6), which can be retrieved using the Excel
database CSDslice developed by Morgan & Jerram (2006) (Figure 4.1, step 7) which
compares the input crystal population with 703 discrete crystal habits. Each crystal habit
was randomly sectioned 10,000 times to produce highly representative 2D shape curves.
However, for acicular shapes, that display a wide variety of aspect ratios, CSDslice tends
to result in less reliable crystal shape habits due to the statistics of sectioning a crystal
through its center, resulting in a lower level of fit (R?). Indeed, if the 3D shape of the
crystal is tabular then a minimum sample size of 75 crystals can be shown to obtain an
accurate estimate of 3D shape. However, where the shape tends to acicular, at least 200-
300 measurements are required to estimate the 3D shape accurately (Morgan & Jerram,
2006). This value (200-300) is similar to that obtained by Mock & Jerram (2005), as the
minimum number of crystals that need to be measured to accurately produce a true 3D
CSD from 2D measurements based on a known 3D distribution. Finally, the length
measurements, the area of the sample, and the best-fit crystal habits can be implemented

into CSDCorrections to generate the CSD curve (Figure 4.1, step 8).
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Figure 4.1. (Figure in the next page) Automation protocol to derive robust crystal size
distributions using the Trainable Weka Segmentation (TWS) plugin of Imagel. (1) BSE
images of the samples are obtained using a scanning electron microscope. (2) Adobe
Photoshop is used for image processing to make the background of the image
homogeneous (i.e., black) and to remove noise (i.e., dust, scratch) using a despeckle filter.
(3) The interface of the TWS plugin, where the cleaned image is loaded for input of sets
of training pixels (STP’s) of each class by the user. (4) Result of the TWS using the input
STP’s. Red, green, purple, and yellow are, respectively, background, groundmass (i.e.,
volcanic glass), plagioclase, and pyroxene microlites. (5) The segmented image is the
post-segmentation image processed manually using Adobe Photoshop to separate clusters
and to homogenise crystals. (6) Measurements of crystals (e.g., length and width) are
obtained using the Analyze Particles tool in Imagel. (7) Lengths and widths are
implemented into CSDSlice (Morgan and Jerram, 2006) to obtain the five best matching
crystal shapes (i.e., aspect ratios) for the studied crystal population. The one with the best
level of fit is chosen and integrated into CSDCorrections (Higgins, 2000). (8) The CSD
plot is obtained with CSDCorrections by using length, the best-fit shape factors and the
area of the sample. ) Interpretations from CSD slope and intercept are made.
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4.2.4. Manual Segmentation versus Trainable Weka Segmentation: a

comparison

The images are processed both manually (i.e., manual segmentation of crystals using
an image processing software, e.g. Adobe Photoshop) and automatically using the TWS
plugin in Fiji, to estimate the accuracy of the automatic segmentation. We quantitavely
compared the two methods in terms of segmentation duration, crystal population (i.e.,
number of crystals segmented, best-fit crystal habits), and shapes of the resulting CSD
curves. We also compared the TWS segmented image to that of the manual segmentation.
We evaluate the TWS classifier performance using a R-based code (Appendix A2) using
the “ROCR” package (Sing et al., 2005). The binary images resulting from the
segmentation are analysed and a number of performance measures relevant to this study
are used to evaluate the performance i.e., the positive predictive value, the true positive
rate, the false positive rate, and the precision-recall F measure (Fawcett, 2006). The
positive predictive value (ppv) also called precision (Prec) indicates the proportion of

crystal pixels identified by the classifier that are correct, estimated as:
PPV = Prec =TP/(TP + FP) (1)

For which the true positives (TP) are the correctly classified pixels (i.e., plagioclase or
pyroxene correctly identified; Figure 4.2) and false positives (FP) are the pixels
incorrectly classified (i.e., a pixel classified as plagioclase or pyroxene where it does not

exist).

The true positive rate also called recall (Rec) is the proportion of crystal pixels in the

manually segmented image that are correctly classified by TWS and can be calculated as:

TPR = Rec = TP/(TP + FN) )
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For which the false negatives (FN) are the incorrectly classified pixels of any non-crystal

phase (e.g. glass, groundmass, background or vesicle).

These two performance measures (Equations 1 and 2) indicate the level of over-
prediction (precision) and under-prediction (recall) in the classifier. To evaluate overall
classifier performance, the precision-recall F measure, also called F-score, is used. The
F-score is defined as the weighted harmonic mean of precision and recall by van

Rijsbergen (1979) as:

F=1/(a1/Prec+ (1—a)l/Rec) 3)

where a indicates the desired balance between precision and recall. When a = 0.5, the
balance between over- and under- prediction is equal, offering the best compromise to

identify crystal sizes for CSDs.
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Figure 4.2. Example of pyroxene microlites of Mangamate — Te Rato
classified using both manual and TWS segmentations, and the
associated terms related to the performance evaluation of the
automatic classifier. TN, TP, FN, and FP, respectively, stand for true
negative, true positive, false negative, and false positive.

4.3. Results

The automatic segmentations for the glass shards of Mangatawai and Mangamate are
successful and result in similar levels of fit for crystal habits as that of the manual
segmentations for both plagioclase and pyroxene (0.81<R’<0.86 with TWS versus
0.73<R?<0.87 with manual segmentation; Table 4.2). The manual segmentation is
unsuccessful for the welded spatter sample of Tarawera, as crystal boundaries are difficult
to distinguish due to the high crystallinity (Figure 4.3). The TWS for this sample gives a

poor level of fit for crystal habits for the plagioclase population (R?=0.40) but an
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acceptable level of fit for crystal habit for the pyroxene population (R?>=0.82). The
counted number of crystals is variable between manual and automatic segmentation for
all samples. To emphasise the time saved using the automated method, we calculate that
the TWS provides a segmentation four times faster for Mangatawai and up to ten times
faster for Mangamate than outlining the crystals manually using image processing

software.

Figure 4.3. (Figure in the next page) Examples of BSE images, binary images, and the
best-fit shape curves of the plagioclase populations obtained from CSDSlice (Morgan &
Jerram, 2006). a: BSE image of the Mangatawai glass shard captured using a JEOL
NEOSCOPE 6000plus desktop-SEM, and its associated binary image and best-fit crystal
habits. The bright white areas are due to residual gold coating in the vesicles. b: BSE
image of the Mangamate — Te Rato glass shard, captured using a high resolution JEOL
JSM-7000F FE-SEM, and its associated binary image and best-fit crystal habits. ¢c: BSE
image of a lava flow from the 1886 Tarawera eruption, captured using the FEI Quanta
200 Environmental SEM, and its associated binary image and best-fit crystal habits curve.
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Variation in the number of STP input by the user before segmentation results in
differences in the CSDs generated (Figure 4.4): the classifier based on three STP provides
a relatively-poor fit CSD curve and a lower level of fit for crystal habit (R?><0.75, Figure
4.4-1b) compared to that resulting from a classifier based on ten STP (R?>0.78, Figure
4.4-2b). Post-segmentation image processing results in a CSD curve closer to that
resulting from manual segmentation with a better level of fit for crystal habit (HR-SEM
R?=0.80; Figure 4.4-3b). Setting ranges of crystal size (i.e., to exclude isolated pixels that
have been misclassified) and aspect ratio (i.e., to exclude segmented fractures or edges of
vesicles that tend to display a wide range of greyscale values), implemented in the tool
“Analyze Particles” in Imagel, also provides a better level of fit for crystal habit (HR
SEM R?=0.85; Figure 4.4-4b). The CSD curve resulting from automatic segmentation of
the image acquired with the desktop SEM fits almost perfectly to the manual CSD curve.
However, it does not replicate the downturn at smaller size unlike the CSD curve resulting
from automatic segmentation of the image acquired with the high-resolution SEM. The
slopes of both the HR-SEM and desktop-SEM CSDs coincide with that of the manual
CSD curve (Figure 4.4-4b). The HR-SEM CSD is constantly offset to higher population
densities for all crystal size bins until it forms a downturn at smallest size (Figure 4.4-1b,
-2b, -3b and -4b); because of the higher image resolution, the segmentation from the HR-
SEM image picks up a larger number of particles than that of the lower resolution

desktop-SEM.
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Figure 4.4. (Figure in the next page) Binary images of the pyroxene population for a
selected part of the Mangatawai glass shard (see (1a) in the upper left corner) with the
associated CSD curves resulting from both manual and TWS segmentations. The manual
CSD curve results from the manual segmentation of the image acquired with a high-
resolution SEM (HR-SEM; JEOL JSM-7000F FE-SEM). The automatic CSD curves
result from the segmentation using TWS of (1) the image acquired with the HR-SEM
(i.e., Auto - HR SEM) and (2) the image acquired using the desktop SEM (i.e., Auto —
Desktop SEM; JEOL NEOSCOPE 6000plus). The R? values are the level of fit for crystal
habits of the pyroxene population extracted from CSDslice (Morgan and Jerram, 2006).
STP stands for set (A) CSD curves resulting from manual segmentation and automatic
segmentation with three STP by the user. (B) CSD curves resulting from manual
segmentation and automatic segmentation with ten input STP by the user. The edges of
the shard are less visible as in the segmented image (1a) as a new STP was added to
classify them as the background. (C) CSD curves resulting from manual segmentation
and automatic segmentation with ten STP and after post-segmentation image processing
(P-S image processing; see step 5 from Figure 4.1). (D) CSD curves resulting from
manual segmentation and automatic segmentation with ten STP and after post-
segmentation image processing and setting a particle size range of > 1um?.
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The performance of the TWS classifier is tested for both Mangatawai and
Mangamate — Te Rato glass shards, including the pyroxene and the plagioclase microlite
populations, with and without post-segmentation image processing (Table 4.2). For all
performance measures, a value of 1.0 indicates perfect classification. The PPV, which
indicates the rate of over-prediction in crystal pixel, varies between 0.761 and 0.989. The
TPR, which indicates the rate of under-prediction in crystal pixels, varies between 0.833
and 0.985. The accuracy of the TWS classifier (i.e., F-score) varies between 0.795 and
0.987 with an average of 0.930+0.070 (25) without post-segmentation image processing
and an average of 0.951+0.057 (20) with post-segmentation image processing. All the
measures give a better performance for segmented images with post-segmentation image

processing.

Table 4.2. Results of the classifier performance for the Trainable Weka Segmentation
(TWS) tested on two volcanic glass shards. The predictive positive value (PPV), the true
positive rate (TPR) and the precision-recall F measure (F-score) are calculated using the
ROCR package in RStudio for resulting binary images of plagioclase and pyroxene
microlite populations.

TWS performance PPV TPR F-score
Mangatawai plagioclase 0.925 0.869 0.896
Mangatawai P-SIP plagioclase 0.967 0.985 0.976
Mangatawai pyroxene 0.761 0.833 0.795
Mangatawai P-SIP pyroxene 0.863 0.869 0.866
Mangamate plagioclase 0.969 0.957 0.963
Mangamate P-SIP plagioclase 0.984 0.963 0.973
Mangamate pyroxene 0.987 0.975 0.981
Mangamate P-SIP pyroxene 0.989 0.982 0.987

Average and standard deviation
(20)

Average P-SIP and standard
deviation (20)

P-SIP: post-segmentation image processing

0.931£0.081 0.929+0.062 0.930+0.070

0.951£0.059 0.950+0.055 0.951+0.057
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4.4. Discussion and implications

The comparison of the manual and the automatic method confirms that the TWS
plugin provides encouraging results for the generation of CSDs. Here we demonstrate
that the TWS method is reliable for glass-rich samples with up to 50 vol% microlites, but
yields inconsistent segmentation for significantly more crystal-rich rocks (e.g. at > 85 vol.
%, as in the case of the Tarawera sample). Although the level of fit for crystal habit using
TWS is acceptable for the pyroxene population of the Tarawera sample, the amount of
touching plagioclase crystals is significant and thus, the automatic segmentation cannot
be considered to provide robust results. BSE images of samples exceeding the maximum
packing fraction (i.e., 0.74 for spherical particles, between 0.50 and 0.60 for cubic
particles; Lesher & Spera, 2015), in which a large amount of crystals share edges, cannot
be successfully segmented using TWS, as this would require extensive and time-
consuming post-segmentation image processing. In such cases where a significant
amount of touching crystals is found (e.g. lava flow samples), 2D editing may be required
(e.g. Jerram et al., 2009), or the true 3D CSD can be obtained using serial grinding or X-
ray tomography techniques and methods (e.g. Jerram & Higgins, 2007; Jerram et al.,

2018; Mock & Jerram, 2005).

Glassy volcanic samples (e.g. tephra), for which each phase is characterised by
distinct greyscales, provide high levels of fit for crystal population habits, regardless of
the resolution of SEM used for image acquisition (R*=0.78 with the use of the desktop
SEM and R? > 0.81 with the use of a higher resolution SEM; Table 4.2.; Figures 4.3 and
4.4). Depending on the image resolution and the greyscale, the segmentation time is four
to ten times faster using TWS than by manual outlining. Post-segmentation image
processing is required to obtain more reliable 3D CSDs. However, even without post-

segmentation image processing, the automatically calculated CSD slopes match those
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calculated manually and therefore can be used to elucidate residence time of the crystals
if the growth rate is constrained (e.g. Higgins & Roberge, 2007; Marsh, 1988; Muir et al.,

2012).

The image resolution used for acquisition (i.e., intermediate resolution with the
desktop SEM and high resolution with the FE-SEM) does not affect the aspect ratio and
the CSD shape. The best fit of the manual CSD curve and the best level of fit for the
pyroxene population of the Mangatawai glass shard are obtained with the segmented
image acquired with the desktop-SEM as the lower resolution tends to homogenise
chemical gradients in the phases (e.g. poor contrast of chemical zonation so less variation
of the greyscale within one crystal, poor contrast of variations of melt boundary layer
around the crystals, etc.). However, due to the lower resolution, the CSD curve resulting
from the image acquired with the desktop SEM is not affected by the downturn at smaller
size, previously interpreted as an artefact due to image resolution (Hammer et al., 1999;
Vona & Romano, 2013). The downturn is likely to be due to the intersection probability
effect when converting 2D to 3D measurements (Brugger & Hammer, 2010; Cashman &
McConnell, 2005) or due to a lack of late crystallisation resulting from quenching

(Armienti et al., 2007).

Analyses of CSDs provide essential information about the kinetics, magmatic
histories and timing of eruptive processes. The potential time-consuming aspect of this
robust method has to date been its major drawback. This study offers an adequate semi-
automated tool for crystal shape and CSD generation. Indeed, TWS provides a fast-
computing segmentation that will save a tremendous amount of time to the user. It can be
used to outline phenocrysts or microlites from glass-rich to medium-crystalline samples
(e.g. volcanic glass shards) and can produce crystal habit information with little additional

image editing. With some additional manual image processing, good CSD analysis is also
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realised, highlighting the potential value of TWS in speeding up the image preparation

stage prior to image analysis and quantification of the crystal population.
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Chapter 5. Textures of the crystal cargos

This chapter will be submitted for publication under the title of “Intermittent ascent

of aphyric andesitic melts revealed by cryptic micro-antecryst textures”.
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Abstract

Crystal cargos transported by arc magmas upon eruption often consist of complexly zoned
phenocrysts with diverse histories. While these crystals record the early stage of magma
formation and evolution, they are not ideal recorders of ascent processes, which are the
keys to useful constraints for adequate volcano monitoring. Conversely, microlites and
micro-phenocrysts, frequently associated with decompression-induced degassing or
cooling, are relevant recorders of late-stage ascent processes. Our study focusses on the
active Tongariro Volcanic Centre (TgVC), located at the southern end of the Taupo
Volcanic Zone; an active volcanic complex that has produced a wide range of explosive
eruption styles fed by intermediate magmas. Scoriae from these volcanoes contain glassy
and nearly-aphyric tephras, carrying microlites of plagioclase and pyroxene (mostly
orthopyroxene). Major element analyses, combined with textural information, are used to
assess equilibrium between the microlites/micro-phenocrysts and the groundmass glass.
Chemical disequilibrium of some plagioclase and pyroxene crystals with the surrounding
glass is common in most tephras. To investigate this further, we mapped plagioclase and
pyroxene phenocrysts, micro-phenocrysts and microlites at submicron resolution for
major and trace element distributions via chemical mapping and SIMS-SCAPS imaging.
From a total of 105 images, six plagioclase textural patterns are noted: resorption and
overgrowth, oscillatory zoning, single compositional jump, sieve textures, fractures, and
strontium zonation; while in pyroxene microlites the following textures are found:
resorption and overgrowth, calcium-rich rims, magnesian core and calcic rims, fractures,
and aluminium zonation. Microlite textures are observed down to <30 pm in most tephras
from TgVC, and interpreted in the context of an interplay of magmatic processes
involving multiple events of magma recharge/mixing, pressure fluctuations, fracturing,

and rapid cooling and crystal growth. Since TgVC is located in an extensional tectonic
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setting, we envision a vertically oriented magma plumbing system, where short-lived and
nearly-aphyric magma injections accommodate crustal extension through dyking.
Explosive eruptions occur when a hot magma batch fractures through previous intrusions,
recycling a variety of small crystals grown under diverse physico-chemical conditions
and stored in rapidly cooled, previously intruded dykes. Thus, textures cryptic to
conventional imaging indicate that a significant proportion of the microlitic and micro-
phenocrystic mineral cargo is of antecrystic origin (i.e. hence referred as “micro-
antecrysts”) and cannot be attributed to late-stage nucleation and growth at the onset of

volcanic eruptions.

Keywords: microlites, micro-phenocrysts, zonations, intermediate magmas, magma

ascent
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5.1. Introduction
5.1.1. Magmatic processes

To better understand the processes driving volcanic unrest, geophysical and
geochemical tools as well as field observations are used to build a greater understanging
of the magmatic system beneath a restless volcano. Volcano monitoring employs a wide
range of techniques with a wide array of data streams, including deformation (e.g., Nakao
et al., 2013; Ueda et al., 2005), remote sensing (e.g., Burton et al., 2000; Meyer et al.,
2015) and seismicity (e.g., Dawson ef al., 2004; Kim et al., 2018). Real time data are
interpreted in the context of magmatic processes and eruptive behaviour recorded in past
eruptive products, including isotopic investigations (Sosa-Ceballos et al., 2014; Zellmer
et al., 2014a), petrological descriptions (e.g., Jerram et al., 2018; Saubin et al., 2016),
melt inclusion analyses (e.g., Kilgour et al., 2013; Roberge et al., 2014), and
interpretation of deposits (e.g., Donoghue ef al., 1995; Geoffroy et al., 2018; Hamilton et
al., 2017). For instance, magma mixing, regarded as a frequent eruption trigger, is
commonly interpreted from a wide range of methodologies and can be observed at
different scales using detailed petrological analyses; indeed, first observed in hand
specimen of rocks as a sharp contact between two magma types (e.g., Lai et al., 2008;
Walker & Skelhorn, 1966; Wiesmaier ef al., 2011), magma mixing is also observed and
interpreted at the crystal scale (e.g., Coombs & Gardner, 2004; Schleider et al., 2016).
Mineral textures and compositions can not only record magma mixing/recharge, but also
changes in pressure and temperature that occur during the final stage of magma ascent to

eruption (e.g., Coote & Shane, 2016; Ginibre et al., 2002; Sparks et al., 1977).

Many models of magmatic plumbing systems have been presented to explain the
complexity of crystal cargos. Single magma reservoir (Costa et al., 2009a; Wilson et al.,

2003), layered magma chambers (Civetta et al., 1991), and multiple interconnected small
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storage regions (Hobden et al., 1999; Longpré et al., 2009; Ubide & Kamber, 2018) have
all been envisioned as potential architectures of magmatic plumbing systems, which may
be fed from a single source (Bennett ez al., 2019b; Kahl et al., 2011) or multiple sources
(Annen et al., 2006). Within a single pyroclast or lava fragment, crystal cargos are often
composed of multiple crystal textures with differing histories and ages. Such diversity
has led to the identification of long-lived crystal mush zones (Bach et al., 2012; Gregg &
Smith, 2003; Pyle et al., 1988; Smith & Lofgren, 1982). The mush model contends that
the magma reservoir consists of a high crystal content with small volumes of interstitial
melt, where crystals accumulate and continue to grow and diffusively equilibrate (e.g.,
Allan et al., 2013; Bachmann & Bergantz 2003; Bachmann & Bergantz, 2006; Costa et
al., 2010; Nakamura, 1995). Crystals may come from different intrusions and may
develop various textures depending on their local environment and location within the
crystal mush body. Because they typically reach high packing fractions, crystal mushes
are difficult to mobilise (Marsh, 1981). However, mush fragments can be erupted when
entrained by a percolating magma batch, moving upwards towards shallower levels and
eventually reaching the surface upon eruption (Cashman et al., 2017). Hence, crystals that
reach the surface provide a partial but rich window into the textures that can develop

within a magma reservoir at depth (e.g. Jerram & Martin, 2008; Salisbury et al., 2008).

5.1.2. Crystal textures
The investigation of crystal textures is one of the key analyses done on natural rock
samples, because crystals record the magmatic processes and the history of the magma in
which they grew (e.g., Agostini et al., 2013; Allan et al., 2013; Couch et al., 2003;
Hammer & Rutherford, 2002; Riker et al., 2015; Sano & Toramaru, 2017; Simakin &
Bindeman, 2008; Wright et al., 2012; Zellmer et al., 2016b). From their storage to

eruption, crystals record the varying conditions that surrounded them such as the intrusion
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of a compositionally distinct magma (Clynne, 1999; Koyaguchi, 1986; Rae et al., 2016;
Schleider et al., 2016; Snyder, 1997; Sparks et al., 1977), pressure and temperature
fluctuations (Coote & Shane, 2016; Métrich et al., 2001; Nelson & Montana, 1992;
Woods & Bower, 1995), cooling rate (Gibb, 1974; Kirkpatrick et al., 1983; Pankhurst et
al., 2018; Toramaru, 1991), degassing (Cashman & Blundy, 2000; Giuffrida et al., 2017;
Hammer et al., 1999; Lindoo et al., 2017; Stevenson & Blake, 1998), late-stage volatile
saturation (e.g., Stock et al., 2016a; Zellmer et al., 2015a), and initial conditions of
magma ascent and growth kinetics (e.g. rapid growth, high/low undercooling; Lasaga,

1982; Muncill & Lasaga, 1988; Sparks, 1978; Zellmer ef al., 2016b).

Disequilibrium textures such as sieve, resorption and dissolution are common in
volcanic crystals and have previously been attributed to pressure and temperature
fluctuations (e.g. Cashman & Blundy, 2000; Nelson & Montana, 1992), magma
mixing/recharge (Agostini et al., 2013; Bennett et al., 2019b; Cassidy et al., 2018;
Crummy et al., 2014; Hobden et al., 2002; Shane et al., 2017; Tost et al., 2016), and
recycling of old crystals (Armienti ef al., 2007). Oscillatory zoning has been associated
with growth kinetics such as high degree of undercooling and thus rapid crystal growth
(Ginibre et al., 2002; L'Heureux & Fowler, 1994; L'Heureux & Fowler, 1996) and may
also reflect fluctuations of the intensive parameters in the magma reservoir such as
pressure and temperature (Cashman & Blundy, 2000; Holten ef al., 1997; Wilkinson &
Johnston, 1996). Other causes such as temporal variations in the melt compositions (e.g.,
Chen et al., 2015), variations in growth rate (e.g., Halden & Hawthorne, 1993) and
diffusion-induced chemical gradients between the melt and the mineral (e.g., Grove et al.,
1984; Higman & Pearce, 1993; Hills, 1936) have also been suggested to explain

oscillatory zoning.
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Numerical modelling of magmatic processes using crystal textures has become a
powerful tool to constrain timescales and to access the kinetics of magmatic plumbing
systems (e.g., Blundy & Cashman, 2008; Bradshaw & Kent, 2017; Chakraborty, 1997,
Chakraborty, 2008; Cooper et al., 2017; Cooper et al., 2016). Elemental diffusion in
crystals, which can be modelled using known diffusion coefficients combined with
gradient profiles across crystals has been studied for a range of elements and minerals,
such as Fe-Mg, Ni, H and Ca in olivine, (Chakraborty, 2010; Demouchy et al., 2006;
Dohmen & Chakraborty, 2007; Mackwell & Kohlstedt, 1990; Shea et al., 2015), Mg, Sr,
Ba and Li in plagioclase (Cherniak & Watson, 1994; Costa et al., 2003; Giletti &
Shanahan, 1997; Liu & Yund, 1992; Morse, 1984; Zellmer et al., 1999), Pb, U and Th in
zircon (Cherniak et al., 1997; Lee et al., 1997), and Fe-Mg and Pb in pyroxene (Cherniak,
1998; Cherniak & Dimanov, 2010; Flaherty ef al., 2016; Krimer & Costa, 2017; Petrone
et al., 2016). The modelling of diffusion is referred to as geospeedometry if used to
constrain timescales such as crystal residence time (e.g., Costa ef al., 2003; Morgan et al.,
2004; Morgan & Blake, 2006; Zellmer et al., 1999), ascent rate (e.g., Demouchy et al.,
2006; Humphreys et al., 2008) and cooling rate (e.g., Grove et al., 1984). Modelling
diffusion in crystals has provided essential constraints on geochemical kinetics (Dohmen
& Chakraborty, 2007; Kile & Eberl, 2003; Shea et al., 2015), and magma plumbing

systems (Morgan et al., 2004; Morgan & Blake, 2006; Nakamura, 1995).

5.1.3. Crystal sizes and origins
Image resolution of volcanic rocks is continually increasing, allowing the
observation of ever smaller-scale heterogeneities. Magmatic crystals can be classified
into phenocrysts, micro-phenocrysts and microlites, depending on size and/or genesis. At
first glance, crystal populations can be distinguished by their size, with microlites usually

not larger than 100 pm (e.g., <30 um in Castro & Mercer, 2004; < 50 pm in McCanta ef
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al., 2007; <50 um in Melnik ef al., 2011; < 100 um in length in Murphy et al., 2000),
Upon imaging and chemical analysis, crystals can be described further in terms of their
origin. For instance, Salisbury et al. (2008) in their study on magmatic processes of the
1915 eruption of Lassen Peak in California, recognised three populations of crystals with
diverse origins: phenocrysts grew in an isolated dacitic magma, while micro-phenocrysts
were the results of magma mixing, and groundmass microlites formed at a late-stage in
response to degassing and/or decompression during magma ascent. Microlites often lack
complex textures and are associated with late-stage crystallisation upon magma ascent
and eruption (e.g., Armienti et al., 1994; Cashman et al., 1999; Castro et al., 2003; Couch
et al., 2003; Cox et al., 1979; Geschwind & Rutherford, 1995; Hammer et al., 1999;
Jerram et al., 2018; Martel et al., 2006; Noguchi et al., 2006; Pompilio et al., 2017; Sano

& Toramaru, 2017; Shane et al., 2017; Toramaru, 1991; Toramaru et al., 2008).

In the present study, we focus on microlites and micro-phenocrysts erupted from
andesitic vents in the Tongariro Volcanic Centre (TgVC) to explore the response of
crystal textures and compositions to the final stages of magma ascent, degassing and
eruption in an active volcanic arc. Indeed, TgVC has produced a wide range of eruption
styles from which microlite-rich and mysteriously phenocryst-poor juvenile glassy shards
were erupted. Previous work by Lormand et al. (2018a) is applied to classify microlite
populations on crystal size distributions (CSDs) of the same set of samples. These authors
used changes in CSD slopes to define the following size threshold regardless of origin:
30 pm in length to distinguish between microlites and micro-phenocrysts, and 100 um to
separate micro-phenocrysts from phenocrysts, which are scarce. For the intermediate
magmas of TgVC, we will show that micro-phenocrysts and even some of the microlites
present a wide spectrum of different zoning patterns, , only visible when applying high-

resolution imaging. The range of zonations suggests a wide range of magmatic processes,
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indicating a long history of subvolcanic residence in vertical conduits (i.e. dykes) prior to
entrainment and eruption. Our data indicate that a significant portion of small crystals
have an antecrystic origin, calling for a reappraisal of the petrogenetic processes at work
in the subvolcanic crust beneath TgVC, and possibly at other arc volcanic centres

globally.

5.2. Geological setting

The TgVC is the most frequently active volcanic centre of the Taupo Volcanic Zone,
located in the North Island of New Zealand (Figure 2.2). It is undergoing extension and
rotation due to the oblique subduction of the Pacific Plate beneath the Zealandia continent
(e.g., Cole & Lewis, 1981; Mortimer, 2004; Wilson & Rowland, 2016). The TgVC is
composed of two volcanic centres — Ruapehu and Tongariro — and over 30 volcanic vents
including the Ngauruhoe volcanic cone. Over the past 26,000 years, the TgVC has
produced a variety of eruptions from Strombolian to Plinian in size, providing a wide
range of eruptive products. The westerly prevailing winds have led to a well-preserved
and well-exposed stratigraphy of tephras from these eruptions along an eastern ring plain

(e.g., Cronin et al., 1996; Donoghue et al., 1995; Herzer, 1995; Rowlands et al., 2005).

Previous studies of TgVC have revealed different eruptive scenarios and magmatic
processes based on the petrology of historical deposits. Several studies have described
disequilibrium textures on phenocrysts, including sieve-textured plagioclases as result of
mixing and/or rapid decompression of magma; indeed, sieve textures were observed in
Pukeonake lavas (Beier ef al., 2017), Ngauruhoe lavas (Hobden et al., 2002), Ruapehu
andesite-hosted rhyolitic xenoliths (Price et al., 2005), Ruapehu andesites (Cronin et al.,
2003; Donoghue et al., 1997), Ruapehu-sourced mass flow deposits (Tost et al., 2016),

and Red Crater lavas (Shane et al., 2017). Oscillatory zoning is also commonly found in
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many TgVC andesites (Cole, 1978) especially in plagioclase phenocrysts of Pukeonake
lavas (Beier et al., 2017), Ngauruhoe lavas (Coote & Shane, 2016), Tufa Trig tephras
(Donoghue et al., 1997) and Red Crater lavas (Shane et al., 2017). In fact, plagioclase
phenocrysts from Red Crater present diverse textures and compositional growth patterns
such as resorption, oscillatory zoning, and sieve textures, suggesting a liquid-dominated
reservoir or a crystal mush origin, where crystals of differing ages and histories coexist
before being erupted. Furthermore, resorbed -crystals/cores with oscillatory-zoned
mantles have previously been described in the TgVC as part of the 1996 deposits of Mt.
Ruapehu (Kilgour et al., 2014; Kilgour ef al., 2016), the Ngauruhoe Formation (Coote &
Shane, 2016), the Red Crater lavas (Shane et al., 2017), the 27-11 cal. ka BP Bullot
Formation from Ruapehu (Pardo et al., 2014b), and the 26-16.6 ka BP pyroclastic deposits

from Mt. Tongariro (Shane et al., 2008a).

Despite their volcanological interest, microlite and micro-phenocryst textures of
TgVC products have remained understudied. Previously described as “groundmass
crystals” and “featureless” using traditional petrography and electron microscope imagine
in Red Crater lavas (Shane et al., 2017), microlites and micro-phenocrysts from volcanic
tephras, quenched at the onset of the eruptions, may provide rich insights into the
subvolcanic plumbing system when observed with novel, high-resolution imaging

techniques, as explored here.

5.3. Analytical methods

5.3.1. Tephra selection and sample preparation

Five tephra formations were selected from TgVC, ranging from c¢. 10,000 years BP
to 1996 and from Strombolian to Plinian in style: the 11 ka BP Plinian eruptions of the

Mangamate Formation (i.e., Te Rato and Ohinepango units referred to as PM2 and PM4
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respectively in Auer ef al. 2015; e.g., Nairn et al., 1998; Nakagawa et al., 1998), the 1.7-
3.5 ka BP Strombolian to Vulcanian eruptions of the Mangatawai Formation (Donoghue
et al., 1995; Donoghue & Neall, 1996), the 0-1.7 ka BP Strombolian to sub-Plinian
eruptions of the Tufa Trig Formation (Donoghue et al., 1997), the 1972-1975 Strombolian
to Vulcanian eruptions of the Ngauruhoe Formations (Nairn & Self, 1978; Self, 1975)
and the 1995-1996 sub-Plinian eruptions of Ruapehu (i.e., referred here as Rua95 and
Rua96, also referred as Tf 19 in Auer et al,. 2015). These deposits represent a broad range
of eruption sizes ranging from Strombolian to Plinian and originating from different vents
of the Tongariro Volcanic Centre. Tephras sampleswere sieved wet and dried in the oven.
Glass shards ranging between 500 pm and 250 pm in diameter were handpicked and
mounted into epoxy plugs. Microlites and micro-phenocrysts for all these tephras are
mostly plagioclases and pyroxenes (mostly orthopyroxene, subordinate clinopyroxene

and/or pigeonite).

5.3.2. Mineral and glass major element analysis and equilibrium

Major element compositions of microlites, micro-phenocrysts and groundmass glass
were analysed to assess equilibrium between the melts and the minerals. Mangatawai and
Tufa Trig tephras were analysed at the Institute of Earth Sciences, Academia Sinica,
Taipei, Taiwan, using a JEOL JXA-8900R electron microprobe equipped with four
wavelength-dispersive spectrometers. These analyses were performed with an
acceleration voltage of 15 kV and a 2-pm-defocused beam with a current of 12 nA.
Tephras from the 1972-1975 Ngauruhoe and the 1995-1996 Ruapehu eruptions were
analysed at the Graduate School of Science, Hokkaido University, Sapporo, Japan, using
a JEOL JXA-8800R electron microprobe equipped with four wavelength-dispersive
spectrometers. The analyses were performed using an acceleration voltage of 15 kV and

a 10-pm-defocused beam with a current of 7 nA for glass, whereas the mineral analyses
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were performed using a spot beam with a current of 10 nA for plagioclases, 20 nA for
pyroxenes. Glass and mineral compositions were not measured for the Mangamate
eruptive sequence. Plagioclase-liquid equilibria were assessed based on the experimental
calibration of the plagioclase hygrometer of Waters and Lange (2015), valid for
intermediate magmas. Pyroxene-liquid equilibria were assessed using the Fe-Mg
exchange coefficient determined by Putirka (2008) for both orthopyroxene [Kd(Fe-
Mg)°P¥i4=0.29 + 0.06] and clinopyroxene [Kd(Fe-Mg)*™*4=0.28 + 0.08]. Each mineral

analysis is paired and tested with all glass compositions analysed in the same tephra.
5.3.3. Tephra imaging

5.3.3.1. Scanning Electron Microscopy (SEM)

Back-scattered electron (BSE) images were obtained for all the tephras (see examples
in Figure 5.1) using either (1) the Field Emission Scanning Electron Microscope (FE-
SEM; JEOL JSM-7000F) of the Isotope Imaging Laboratory (IIL) of Hokkaido
University in Sapporo, Japan; (2) the Environmental-SEM (FEI Quanta 200) of Massey
University in Palmerston North, New Zealand; or (3) the JEOL NEOSCOPE 6000plus
desktop SEM of GNS Science Wairakei Research Centre in Taupo, New Zealand. BSE
images were used to gain an overview of the sample textures and to select regions of
interests for further imaging/analysis. At IIL, SEM elemental maps of pyroxene

microlites to micro-phenocrysts were obtained for Al, Ca, Cr, Fe, Mg, Na, K, Si and Ti.
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Figure 5.1. Typical back-scattered electron images of the tephras from the Tongariro
Volcanic Centre of this study: Mangamate, Mangatawai, Tufa Trig, Ngauruhoe 1972-1975
and Ruapehu 1995-1996. The Mangamate image was captured using the FE-SEM JEOL JSM-
7000F of the Isotope Imaging Laboratory at Hokkaido University, Japan. Mangatawai and
Tufa Trig images were captured using the Environmental-SEM (FEI Quanta 200) of Massey
University in Palmerston North, New Zealand. Ngauruhoe and Ruapehu images were
captured using the JEOL NEOSCOPE 6000plus desktop SEM of GNS Science Wairakei
Research Centre in Taupo, New Zealand. Ox, plg, px, mph, ph and gl stand for oxide,
plagioclase, pyroxene, micro-phenocryst, phenocryst and glass, respectively.
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5.3.3.2. Secondary lon Mass Spectroscopy (SIMS)

Semi-quantitative concentration maps for plagioclase crystals were obtained at ILL
using a Cameca IMS-1270 SIMS instrument equipped with a Stacked CMOS-type Active
Pixel Sensor (SCAPS). Preferred sites for SCAPS imaging were those containing
euhedral crystals or crystals with observes zonations/shading in BSE. This microscope
system is applied to visualise the elemental distribution on the sample surface at high
magnification (i.e., isotopography, Yurimoto et al., 2003) for Al, Ca, Fe, Mg, Na, K, Si
and Sr. SCAPS images were captures for phenocrysts, and especially micro-phenocrysts

and microlites of plagioclase.

An O- primary beam of 23 keV was irradiated on the sample surface of 80-100 pm
in diameter using a 7 nA beam current. The sample surface of the area was sputtered with
a 20 nA beam current for ten minutes before the analysis. The positive secondary ion
images of *Na, Mg, ?’Al, 8Si, *K, *°Ca, *Fe and ®Sr on the sample surface were
collected by the SCAPS detector, with exposure times of 50, 500, 50, 25, 50, 250 and 500
seconds, respectively. A submicron spatial resolution was achieved on individual images.
Concentration ratio images normalised to Si were used to discriminate elemental zoning

and textures of plagioclase crystals.

5.3.4. Crystal texture classification
84 images targeting plagioclase and 21 images targeting pyroxene crystals were
acquired using SCAPS and SEM elemental imaging, respectively (Table 5.1). The images
were used to define textural type of plagioclase (seven textures on 84 images) and
pyroxene (five textures on 21 images), where a given crystal often displayed more than

one texture.
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Table 5.1. Summary table of number of images acquired using (1) the Cameca IMS-1270
SIMS instrument equipped with a Stacked CMOS-type Active Pixel Sensor (SCAPS) and
(2) the FE-SEM; JEOL JSM-7000F at IIL, Hokkaido University, Japan. Crystals were
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classified into different categories based on their texture. N/A stands for non-
applicable/no analysis.

5.4. Results

5.4.1. Major element chemistry
Microprobe analyses demonstrate that glasses (n=127; see Appendix C7) from
Mangatawai (n=70), Tufa Trig (n=32), Ngauruhoe (n=19) and Ruapehu (n=6) tephras are
compositionally intermediate with 65% being andesitic, 33% dacitic and 2% basaltic-

andesitic (Figure 5.2a).

Microprobe analyses on plagioclases (n=524; see Appendix C8) from Mangatawai
(n=321), Tufa Trig (n=176), Ngauruhoe (n=21) and Ruapehu (n=6) consist of a main
population of bytownites (i.e., ¢. 80% of the total population), and two smaller
populations of labradorites (i.e., ¢. 13%) and anorthites (i.e., c¢. 7%; Figure 5.2b).
Plagioclase microlites and micro-phenocrysts have An of Anz-49 (Figure 5.2d and Table
5.2). Specifically, plagioclase compositions are increasing with time as the averages are
Anpg for Mangatawai Lower, Anz; for Mangatawai Upper, Anze for Tufa Trig, Anzg for
Ngauruhoe 1972-1975 and Ang41 for Ruapehu 1995-1996 (Table 5.2). Standard deviations
of Mg# and anorthite contents are large (Table 5.2).

Microprobe analyses of pyroxenes (n=294; see Appendix C9) from Mangatawai
(n=124), Tufa Trig (n=143), Ngauruhoe (n=20) and Ruapehu (n=7) tephras define a main
population of orthopyroxenes (i.e., c. 66% of clinoenstatite), a secondary population of
pigeonites (c. 24%) and a smaller population of clinopyroxenes (i.e., ¢. 7% augite and c.
2% diopside; Figure 5.2¢). Pyroxene microlites and micro-phenocrysts have Mg# ranging
from 59 (i.e., Ngauruhoe 1974) to 86 (i.e., Mangatawai; Table 5.2). They have Mg#
averages of 73 = 7 (1o), 73 £ 3 (1o), 71 £ 6 (1o), 73 and 76 + 4 (1) for, respectively,

Mangatawai Lower, Mangatawai Upper, Tufa Trig, Ngauruhoe 1972-1975 and Ruapehu
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1995-1996 (Figure 5.2¢). The clinopyroxenes have Mg# averages of 80 + 4 (1c), 74 £ 2
(1), 75 £ 5 (lo), 64 = 4 (1) and 74 = 1 (lo) for, respectively Mangatawai Lower,
Mangatawai Upper, Tufa Trig, Ngauruhoe 1972-1975 and Ruapehu 1995-1996.

Among 527 plagioclases and 266 orthopyroxenes and 28 clinopyroxenes tested for
assessment of equilibrium, 95 (i.e., ¢. 20%; Figure 5.3), 32 (c¢. 10%; Figure 5.4) and 11
(c. 40%; Figure 5.5) are in disequilibrium with their surrounding melt, respectively.
Plagioclase-liquid equilibria are assessed based on the assumption that the TgVC magmas
are H>O-poor rather than H>O saturated, as indicated by previous studies (Arpa et al.,
2017; Deering et al., 2011a; Kilgour et al., 2013): in fact, c. 55% of the plagioclase-liquid
pairs are in equilibrium when assuming TgVC magmas are HO-poor, whereas less than
30% are in equilibrium when assuming TgVC are H,O-saturated. As disequilibrium is
not uncommon, it is essential to investigate the textures of small crystals using detailed

imaging.

Table 5.2. (Table in the next page) Anorthite content (An) and Mg number (Mg#) of the
plagioclases and the pyroxenes, respectively, for all tephra formations but Mangamate.
The tephra member labels for Mangatawai (e.g. 407-14) and Tufa Trig (e.g. Tf8)
correspond to the sample names used in Moebis et al. (2011) and Donoghue et al. (1997),
respectively. N/A, n, E, P, A and D respectively stand for non-applicable/no analysis,
number of analyses, enstatite, pigeonite, augite and diopside.

121



Chapter 6

Lormand: Magmatic processes at Tongariro Volcanic Centre

0 33 €e €€ € I 6'CL LvL YL € L0 09§ 9°LS 9'9¢ 9601y
0 0 0 001 € 14 I'cL 918 9L € (44 §'9¢ 19 8¢S sorny
0 LT LY L9 9 € | 545 918 SL 9 81 0°9s 19 v'LS 9661-5661 nyadeny
0 0 L9 €€ € S 19 LcL S9 € LT LSS 819 S'6S SLIN
0 0 001 0 14 14 L'8S $'69 99 S 'y §'ss 899 oS PLIN
0 0 001 0 € € L'6S 8'S9 €9 14 I's ces ¥'c9 6°LS £LIN
0 €€ L9 0 € 14 819 S'69 ¥9 € [4! 0'9¢ 8'8¢ LS LN

. . . . . . SL61
0 8 S8 8 €1 14 L'8S LTL <9 1 8¢ s 899 $'8¢ -ZL61 d0yninesN
0 194 S¢ 0§ 94 C €89 voL IL 8¢ 801 Y 8'¢8 819 9I/I
0 6 6 18 6¢ € €89 €6L L €€ 8 9'1¢ 8'¢8 019 SIAL
0 € € €6 6¢ € 0°59 S'6L IL 8¢ 86 L'eS g'es 099 PIAL
SI S1 14 L9 ¥ 9 199 L8 YL 6¢ 143 01§ ¥'c9 1’65 mb.@
0 01 1T 6L 6¢ 6 00T oL IL 134 St SIS I'eL 865 &1
€ L L €8 (14! 9 0°0¢ L8 (45 181 S8 S'0S 8'¢8 €79 Sup ey,
0 94 SL 0 €l € ¥'S9 6'SL €L 0¢ 8 7’98 Tyl $'s9 65-L0%
0 0s 0S 0 C C 769 8€L L 144 [47 I'LS 6'SL 099 96-L0¥
0 IL 0 6¢ L C 0'89 Tyl L 0¢ (43 686 L'SL LY rS-LOF
0 0 oy 09 01 I Y9 €SL L C 96 ey 1'e8 129 67-L0F
0 6 6 (4] Il I 0cL S9L SL LE I'L 6'8% 8'¢8 799 L¥-LO¥
0 61 97 9¢ 137 € (472)] S9L €L €€l v'9 'ty I's8 LS9 Todd remereSuey
0 0 IL 6¢ L1 14 0°€9 I'6L L 6¢ 96 9'6S 798 'L 81-L0¥
8 0 9 I¢ 14! € 8'89 0'6L €L 9¢ 98 I'sS 0°L8 9L LI-L0¥
0 0 08 0¢ ST 14 699 6'8L €L 1474 L8 L'8S 698 8'89 9I-L0F
14 0 L1 8L €C 14 oL 6°68 9L LE S8 €8S g'es 669 SI-L0¥
L 0 14! 6L 14! € LoL €6L YL 81 $9 0'6S 908 oL rI-LOF
14 0 9w 0S €8 14 0'¢9 6'S8 pL y61 8'8 I°ss 0'L8 L'oL 1oMOT TemeleSuey
a v d d u MMW wWOwiu  WNWiXew  93eIdAL u (o1) wnwium  WNWiXew  93eIdAe

(%) suonodoig PIS #3N #3IN #3IN ASp PIS uy uy uy
SHNAXOYAd SASVIDOIOVId

122



Lormand: Magmatic processes at Tongariro Volcanic Centre

Chapter 5

Figure 5.2. Comparison of glass and mineral major elements: (a) TAS diagram (Le
Bas et al., 1986), (b) histogram of anorthite contents of plagioclase microlites and (c)
discriminating chart for pyroxenes (Morimoto, 1989). Data for plagioclases and
pyroxenes involve microlites and micro-phenocrysts only, except the field for
Mangamate (data of Auer et al. 2015). All plotted compositions are recalculated to

100% anhydrous.
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Figure 5.3. (Figure in the next page) Rhodes diagram to assess the equilibrium of the
rims of plagioclase microlites from TgVC tephras using the anorthite content
[An#=100xCa/(Ca+Na+K)] of the plagioclase and melt compositions. Each horizontal
bar is a range in glass An hosting a single mineral grain. The blue and grey fields in a-c
represent the HoO-saturated and dry experiments from basaltic to rhyolitic melts used in
Figure 3a of Waters and Lange (2015), excluding the anhydrous felsic melts from the
synthetic experiments of Brugger et al. (2003). According to previous studies (Arpa et
al.,2017; Deering et al., 2011a; Kilgour et al., 2009; Kilgour et al., 2013), TgVC magmas
are water-poor magmas, which is confirmed by the prevalence of plagioclase-liquid pairs
in equilibrium. Note that disequilibrium is not uncommon, especially for the Mangatawai
and Tufa Trig tephras.
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Figure 5.4. (Figure in the next page) Rhodes diagram to assess the equilibrium of the
rims of orthopyroxene microlites from TgVC tephras using the Mg#
[Mg#=100xMg/(Mg+Fe?’?] of the orthopyroxene and glass compositions. Each
horizontal bar is a range in glass Mg# hosting a single mineral grain. Orthopyroxene-
liquid and clinopyroxene-liquid equilibria were assessed using the Fe-Mg exchange
coefficients determined by Putirka (2008) i.e. Kd(Fe-Mg)°P*4 = 0.29 + 0.06. Note that
disequilibrium is not uncommon, especially for the Mangatawai and Tufa Trig tephras.
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Figure 5.5. (Figure in the next page) Rhodes diagram to assess the equilibrium of the
rims of clinopyroxene microlites from TgVC tephras wusing the Mg#
[Mg#=100xMg/(Mg+Fe?’"?] of the clinopyroxene and glass compositions.. Each
horizontal bar is a range in glass Mg# hosting a single mineral grain. Clinopyroxene-
liquid equilibria were assessed using the Fe-Mg exchange coefficients determined by
Putirka (2008) i.e. Kd(Fe-Mg)®™*14 = 0.28 + 0.08. Note that disequilibrium is not
uncommon, especially for the Mangatawai and Tufa Trig tephras.
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5.4.2. Plagioclase textures and zonations

5.4.2.1. Resorption and overgrowth

Resorption and overgrowth is the most common texture observed in plagioclase
micro-phenocrysts and microlites (Table 5.1, Figure 5.6a, and Appendix B1). Two levels
of resorption can be identified: some crystals are affected by limited resorption (e.g.
rounded corners of the crystal with oscillatory zoning in Figure 5.6) while others show
more complex, extended resorption (e.g. resorbed core in Figure 5.6). Crystals with
limited resorption are characterised by a rounded anhedral core and continuous
overgrowth layers of euhedral to subhedral oscillatory zoning, where the crystal edges
can also be truncated. Crystals with extended resorption have discontinuous and patchy

resorbed zones.
5.4.2.2. Oscillatory zoning

Oscillatory zoning is common, especially in the Tufa Trig tephras (see Table 5.1,
Figure 5.6b, and Appendix B2). They are characterised by various amplitudes and
frequencies of compositional cycles of up to 30 um wide, usually parallel to crystal edges
and with rounded corners (Figure 5.6b). According to the definition of Viccaro et al.
(2010), most of the TgVC plagioclases yield the oscillatory pattern LAHF (Low
Amplitude-High Frequency oscillations). Commonly, plagioclase rim zones display
oscillatory zoning and they mantle a wide unzoned core, which may be resorbed. In some

crystals, resorption, fracturing or truncating of crystal edges may have also occurred.
5.4.2.3. Single compositional jump

Single compositional jump in crystals is defined when the crystal has a sharp
boundary between the core and the rim (see Figure 5.6¢ and Appendix B3). The rim can

reach up to 20 um in width in some micro-phenocrysts and phenocrysts. About 50% of

130



Lormand: Magmatic processes at Tongariro Volcanic Centre Chapter 5

the crystals identified with this texture present a rounded core, indicating that it may have
undergone resorption before growth of the outer layer. This texture is observed for all
sizes of crystal and is common in the Mangamate and Mangatawai formations. All
samples have plagioclases with calcic cores and sodic rims except for Mangamate tephras,

which have plagioclases with sodic cores and more calcic rims.

5.4.2.4. Featureless crystals

Featureless plagioclase crystals are also present in Mangamate, Mangatawai and
Tufa Trig tephras (Figure 5.6d and Appendix B4). Featureless plagioclases are euhedral
to subhedral and do not show zonation or any kind of internal structure. They are
generally 30 pm or less across i.e. classified as microlites, but can also occur as micro-

phenocrysts.

131



due to

Chapter 5
late-stage crystallisation. The black scale at the bottom left corner of each SCAPS image is
strontium,

silica,

2

(c) single compositional jump that

9

develops after resorption and rapid decompression events; (d) featureless crystals

10 pm in size. Ca, Si, Sr, Na, and BSE respectively stand for calcium

Figure 5.6. Four of the seven main observed textures with descriptions and sketches of
sodium, and back-scattered electron images.

potential processes explaining the texture in plagioclase phenocrysts, but especially in

plagioclase microlites and micro-phenocrysts, of the Tongariro Volcanic Centre andesitic
tephras: (a) resorption and overgrowth textures and (b) oscillatory zoning, indicating

multiple events of magma mixing and recharge;
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5.4.2.5. Sieve texture

Micro-phenocrysts and phenocrysts show sieve textures (Figure 5.7a and Appendix
B5). Sieve textured crystals may also display complex zoning and resorption features.
Typically, these textures are observed in the cores but they are also seen in the

overgrowing outer zones.

5.4.2.6. Fractured crystals and overgrowth

Crystals ranging from 40 pm to ¢. 100 um in length show evidence of fracturing
followed by overgrowth (see Figure 5.7b and Appendix B6). Fracturing is identified when
the crystal displays missing or discontinuous zonation along certain crystal faces.
Typically, fractures seem to follow the main cleavage planes of the crystal. Crystal cores
appear rounded or may even be missing due to resorption before fracturing and crystal

overgrowth.

5.4.2.7. Strontium zonation

Crystals showing zonation in strontium are observed in 26 images of micro-
phenocrysts (see Figure 5.7c and Appendix B7). Most of the crystals have sharp zonation
in strontium and may also display resorption textures. As Sr is intimately related to An
(e.g., Cherniak & Watson, 1994; Cherniak, 1996; Giletti & Casserly, 1994), profiles of
Sr and An are compared: the strontium signal is negatively correlated with the anorthite

signal in all of the crystals.
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Figure 5.7. Three of the seven main observed textures with descriptions and sketches
of potential processes explaining the texture in plagioclase microlites, micro-
phenocrysts and phenocrysts of the Tongariro Volcanic Centre andesitic tephras: (a)
sieve textures resulting from rapid decompression; (b) fracture (and overgrowth)
triggered by entrainment of crystals from a crystal-mush-like environment; (c)
strontium zonation (Sr) associated with a negative correlation with An suggesting
recycling of old crystals. Ca, Si, Sr, Na, BSE and An stand, respectively, for calcium,
silica, strontium, sodium, back-scattered electron and anorthite content.
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5.4.3. Pyroxene textures and zonations

5.4.3.1. Resorption and overgrowth

Resorption and overgrowth are features observed in all sizes of pyroxenes, in tephras
from Mangatawai, Tufa Trig and Ngauruhoe 1972-1975 (Figure 5.8a and Appendix B8).
Unlike the plagioclases, pyroxenes typically have a resorbed rounded core with euhedral

overgrowth.
5.4.3.2. Calcium-rich rims

Quite commonly, several orthopyroxenes of sizes varying from one hundred
micrometres to tens of micrometres and from different tephra formations, exhibit thin Ca-
rich rims, but they may also appear across the whole crystal as parallel layers in basal cuts
(Krimer & Costa, 2017; Ubide et al., 2019; Table 5.1, Figure 5.8, and Appendix B9). In
such cases, Ca-rich rims are also enriched in chromium, but not in magnesium. However,
two crystals also show zonation in Ca within the crystal along elongated cuts. Considering
the probe analyses and the tephras exhibiting this texture (e.g. 407-15 and 407-17 from
Mangatawai, Tufa-Trig 14, Ng74 and Ng75), the Ca-rich rims compositionally constitute
of pigeonites (Figure 5.2¢ and Appendix B9). In addition to Ca-rich rims, some crystals
may have developed discrete sector zoning (Figure 5.8b and Appendix B9 i.e., Te Rato
and Ngauruhoe 1975 pyroxene crystals). We also observe a Ca-rich line running through
the centre of some crystals and parallel to the Ca-rich rims (see dotted lines in Appendix
B9). These features are invisible in BSE (Figure 5.8b) and are observed in Mangamate,

Mangatawai, Tufa Trig and Ngauruhoe tephras.
5.4.3.3. Magnesian core and calcic rim

Some Mangatawai pyroxenes exhibit a peculiar texture where the cores are enriched

in magnesium (Mg) and the rims are enriched in calcium (Ca) and chromium (Cr; see
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Figure 5.8c and Appendix B10). The calcic rims are not always homogeneous and are
usually observed along the long axis (b-axis, c-axis or transversal). The magnesian cores
are euhedral and do not show any gradient. This texture affects micro-phenocrysts and
microlites as small as 10 um. These zonations are not visible on BSE and are observed in

the Mangatawai tephras only.
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(a) resorption and

micro-phenocrysts and
overgrowth textures indicating multiple events of magma mixing; (b) Ca-rich rims and

3

core and calcic-rim demonstrating a shift of mineral phase (i.e.

orthopyroxene to clinopyroxene) resulting from rapid decompression. Fe, Ca and BSE

Figure 5.8. Three of the five main observed textures with descriptions and sketches of
respectively stand for iron, calcium and back-scattered electron images. The white scale

phenocrysts of the Tongariro Volcanic Centre andesitic tephras:.
at the bottom left corner of each map is 10 pm in length.

potential processes explaining the texture in pyroxene microlites

(c) magnesian
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5.4.3.4. Fractured crystals and overgrowth

Two crystals of Mangatawai show evidence of fracturing and ovegrowth (Table 5.1,
Figure 5.9a and Appendix B11). The micro-phenocrysts are also associated with complex
zoning and occasional resorption, which have affected the crystals before the fracturing
and overgrowth events. The fractures, similar to the fractured plagioclases, follow the

cleavage planes.

5.4.3.5. Aluminum zonation

The most common texture observed in pyroxenes is the zonation of aluminum (Al; Table
5.1, Figure 5.9b, and Appendix B12). Enriched and depleted growth layers of Al are
observed in phenocrysts, micro-phenocrysts and even microlites. Interestingly, these
zonations do not correlate with any other elements analysed here. In some instances,
resorption events erased parts of growth layers. In some instances, resorption events
erased parts of growth layers. Using schematic mineral models, pyroxene crystals are
usually observed as cut along the a- and b-axes and parallel to the c-axis (Krimer & Costa,
2017). Clinopyroxene crystals are mainly cut along the a- and b-axes or a- and c-axes
(Leung, 1974; Ubide et al., 2019). Commonly, the zonations in Al are fuzzier parallel to
the b-axis or c-axis compared to the a-axis. Al zonation is observed in Mangatawai, Tufa

Trig and Ngauruhoe tephras.
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potential processes explaining the texture in pyroxene microlites, micro-phenocrysts
and phenocrysts of the Tongariro Volcanic Centre andesitic tephras: (a) fracture (and
scattered electron images. The white scale at the bottom left corner of each map is 10

overgrowth) triggered by entrainment of crystals from a crystal-mush-like
pm in length.

Figure 5.9. Two of the five main observed textures with descriptions and sketches of
environment

suggesting rapid growth kinetics rather than diffusion
Al and BSE respectively stand for magnesium, fracture
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5.5. Discussion
5.5.1. A diversity of magmatic processes

The tangible disequilibrium inferred from the mineral-liquid pair compositions and
the large standard deviations of the anorthite content and the Mg# indicate that complex
processes were occurring during the genesis of TgVC microlites and micro-phenocrysts
or that crystallisation was occurring over a range of magmatic conditions. Such a variety
of compositions within the same eruptive deposit is consistent with previous studies of
phenocrysts from lavas of Ngauruhoe, Red Crater and Pukeonake (Coote & Shane, 2016;
Shane et al., 2017; Shane et al., 2019). Furthermore, c. 15-20% of the microlites are not
in chemical equilibrium with their surrounding melts. Although there are caveats
regarding the small population of crystals investigated (i.e., low number of analysed and
imaged pyroxenes, Table 5.1 and 5.2), and thus, straight comparison between each tephra
formation sourced from different vents would be undue, the existence of most textures
across all volcanic systems is clear. This indicates that similar magmatic processes must
have affected the magmatic plumbing systems of these eruptions. Hence, we discuss
magmatic processes that are relevant to the textures observed in our case study to provide

constraints on the magmatic plumbing system.

5.5.2. Magma recharge and mixing
Many plagioclase and pyroxene microlites show evidence of oscillatory zoning
(Figure 5.6b and Appendix B2) and resorption followed by overgrowth, where a resorbed
core is mantled by several concentric overgrowing layers (Figures 5.6a, 5.8a and
Appendixes B1 and B8). This texture has been attributed to magma mixing or magma
recharge (Agostini et al., 2013; Ubide et al., 2019), which would lead to (over-)growth
of more mafic plagioclase. Disequilibrium textures are also consistent with magma

mixing as sieve textures have previously been attributed to re-heating or a change to a
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more mafic environment (Nakamura & Shimakita, 1998). Furthermore, the large standard
deviations of An contents and Mg# (Figure 5.2b) and the 10-40% of mineral-liquid pairs
in disequilibrium (Figures 5.3, 5.4 and 5.5) imply that the crystal cargo originated from
different magma batches. The feeding magmas may thus have been compositionally

heterogeneous due to the mixing of several magma batches before eruption.

5.5.3. Recycling of crystals

Several crystals show Sr concentration gradients. It has been shown previously that
crystals typically grow without Sr concentration gradients (Cooper & Kent, 2014; Zellmer
et al., 2003a), and that gradients develop with time due to Sr diffusion down chemical
potential gradients (Cherniak & Watson, 1992; Cherniak & Watson, 1994; Cherniak &
Dimanov, 2010; Giletti & Casserly, 1994; Giletti & Shanahan, 1997). The latter exists
due to variations in anorthite content, which is essentially unaffected by diffusion due to
the extremely low interdiffusion of NaSi-CaAl (Grove ef al., 1984; Morse, 1984). The
reason for the initial absence of Sr zonation is the increase in compatibility of Sr in
plagioclase with decreasing anorthite content (Bindeman et al., 1998; Blundy & Wood,
1991; McKay et al., 1994), which counterbalances the Sr depletion in the melt (Kent ef
al., 2008) during progressive plagioclase crystal fractionation (Cooper & Kent, 2014;
Zellmer et al., 2003b). The observed Sr concentration profiles in the studied
microphenocrysts are anti-correlated with anorthite content. If this is due to diffusive
equilibration during residence at magmatic temperatures, as proposed for larger crystals,
quantification of crystal residence times may be possible. A fully quantitative
geospeedometric analysis is beyond the scope of the present work. However, at magmatic
temperatures of ¢. 1100 °C, as determined for these magmas (Graham et al., 1995;
Lormand et al., 2018a; Tost et al., 2016), full equilibration of Sr in small crystals with a

zoning wavelength of 15 microns is expected to take five to six days at Xan = 0.3 and
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about one month at Xan = 0.5. In this case, these crystals would not have grown in
response to rapid decompression in the hours or possibly few days before the eruption.
Instead, they would likely be recycled from previous intrusive bodies, in which they
equilibrated during cooling, prior to their uptake into the magma that carried them to the
surface. Also, at a broader magnification, the variety of textures in individual glass ash
shards imaged initially confirms recycling of volcanic particles from previous eruptions
(Taddeucci et al., 2004; Wright et al., 2012). Recycling of phenocrysts has previously
been inferred for TgVC magmas (Auer et al., 2013; Coote & Shane, 2016; Shane et al.,
2019), but this study extends the process down to micrometer-sized crystals, thus
implying that remobilisation of antecrysts also happens at shallower depths from finely

crystalline intrusives.
5.5.4. (Over)growth in aphyric magmas

Plagioclase from all tephras but especially from the Mangatawai and Ngauruhoe
formations, are characterised by compositional jumps between a calcic core and a sodic
rim, except for crystals from the Mangamate Formation, which show the opposite. Single
compositional jumps between the core and the rim are further evidence of crystal
entrainment in a foreign melt. The sodic rim of up to 20 um did not develop a gradient
(i.e., no normal or reverse zoning within each zone), therefore the magmas in which the
crystals grew did not change composition during crystallisation. To maintain constant rim
composition, the volume of the melt in which the crystals rims grew must have been large
relative to the mush, because the overgrowth of the few existing crystals did not
significantly affect the composition of the remaining silicate melt. This implies that the
melts, in which the crystal rims grew, were aphyric or very sparsely phyric. A similar
texture was also observed in plagioclase phenocrysts from Stromboli, Italy (Armienti et

al., 2007), in plagioclase phenocrysts of mid-ocean ridge basalt from the Gakkel Ridge

142



Lormand: Magmatic processes at Tongariro Volcanic Centre Chapter 5

(Bennett et al., 2019b), and also in plagioclase phenocrysts from monogenetic volcanoes
of the Kaikohe-Bay of Islands field, New Zealand (Coote et al., 2018). These observations
imply that in the case of at least these settings, the propagation of aphyric or sparsely
phyric melt bodies are a key aspect of crustal magma ascent processes. By extension, the
ascent of largely aphyric melts into dykes transporting foreign crystals may occur more

readily than previously known.

5.5.5. Rapid decompression events

Several textures point towards pressure fluctuations associated with rapid
decompression events. Resorption in plagioclase, for instance can be triggered by
volatile-undersaturated decompression events, during which the plagioclase stability field
contracts (Bennett et al., 2019b; Nelson & Montana, 1992): this is consistent with the
findings of Lormand et al. (2018a), which used hygrothermobarometry to constrain
depths of microlite crystallisation (i.e. > 550 MPa) and water contents (< 1.7 wt% H>O).
Sieve textures are also common in plagioclases and can be related to pressure changes:
indeed, they are the results of dissolution due to rapid volatile-undersaturated
decompression (Nelson & Montana, 1992), or due to re-heating by injection of a more
mafic melt (Nakamura & Shimakita, 1998). Disequilibrium patterns such as resorption
and sieve textures have previously been described as dominant features in plagioclase
phenocrysts of lavas from Red Crater and Pukeonake (Shane et a/.2019), confirming that
pressure fluctuation is common within the TgVC plumbing system, regardless of eruption

style (i.e. explosive and effusive).

Sector zoning in pyroxene has recently been observed but not explained (Barnes et
al.,2016; Zellmer et al., 2016c¢; Zellmer et al., 2018). In phenocrysts, sector zoning occurs
during crystal growth, where surface kinetic processes such as diffusion in the melt

boundary layer take place (e.g. Downes, 1974; Ferguson, 1973; Leung, 1974; Nakamura,
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1973). We infer that in TgVC magmas, sector-zoned orthopyroxene microlites may be
the result of a pressure decrease, which can shift phase relations in magmas to produce
supercooled or superheated conditions for a mineral (Nelson & Montana, 1992). This
process could also explain the pyroxenes displaying intergrowth of orthopyroxene and
clinopyroxene, as they consist of Mg-rich cores (orthopyroxene) and Ca-rich rims
(clinopyroxene) along the b- and c-axes. Hence, the Ca-rich rims on orthopyroxene could
have developed at the initial stage of such a pressure change and would then have
crystallised to form Ca-rich rims (clinopyroxene), and potentially sector zoning, around

the Mg-rich core (orthopyroxene).

5.5.6. Rapid cooling-induced crystallisation

The substantial proportion of plagioclase-liquid pairs in disequilibrium (i.e. ¢. 20%;
Figure 5.3c) and the abundance of disequilibrium textures observed in the TgVC
plagioclases (e.g. resorption, single compositional jump, sieve textures) may be another
piece of evidence for cooling-induced crystallisation as disequilibrium is favoured by
high cooling rate (Mollo ef al., 2011). Notably, the steep boundary between the cores and
rims of some plagioclase crystals (see Figure 5.6¢c and Appendix B3) may reflect growth
near chilled margins of dykes where such textures are prevalent (Chistyakova & Latypov,

2010; Loomis & Welber, 1982).

Orthopyroxenes, mainly from the Mangatawai tephras, demonstrate that the
boundary along the long-axis in the Al map is fuzzy parallel to b- and c-axes and sharp
along the a-axis (Figure 5.8b). As Al is an extremely slow diffusing element in
orthopyroxene (e.g., Freer, 1981; Freer et al., 1982; Witt-Eickschen & Seck, 1991), the
fuzzy boundaries could not have been the result of diffusion considering the time
available (i.e. < 10,000 years; Smith & Barron, 1991), but rather suggest that the Al

zonation must reflect rapid crystal growth (Allan et al., 2013). Although Al is moderately
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incompatible in orthopyroxene (i.e. Kdai®*" = 0.43; Adam and Greene, 2006), some
orthopyroxenes incorporate Al due to rapid growth and the formation of melt boundary

layer, which in turn lead to local partitioning effects at the crystal-melt interface.

Ubide et al. (2019) have also associated sector-zoned-clinopyroxene phenocrysts
with kinetic effects such as low degrees of undercooling and slow growth rates resulting
from cooling. Such processes can be expected during slow magma ascent through dykes

(e.g. Taisne & Jaupart, 2011; Weinberg, 1996).

Clinopyroxene incorporating Al has been interpreted to be strongly controlled by
magma undercooling (Mollo et al., 2010; Ubide & Kamber, 2018; Ubide et al., 2019);
indeed, Al incorporation into the tetrahedral site of clinopyroxene has been observed at
the chilled margins of dykes due to higher cooling rate compared to that of the interior

(Coish & Taylor, 1979; Mollo et al., 2011).

5.5.7. Dyking of magma

Fractures have been described in previous studies (e.g., Higgins & Roberge, 2003;
Jordan et al., 2016; Kennedy et al., 2005; Rosi et al., 2004), and some rare published
works such as Ohnenstetter & Brown (1992) have observed — but not explained — the
presence of zonation or overgrowth after fracturing. Here, we find evidence of fractures
followed by overgrowth, which thus cannot be associated to a late stage or even post-
eruptive event. Instead, the crystals were subjected to environments with high rates of
local pressure changes or high rates of collision, involving the risk of fracturing. Such a
scenario may be associated with the injection of a magma as a dyke travelling through a
previously solidified or nearly solidified intrusion as a particle-rich environment, where
fracturing and entrainment of crystals with different histories and ages would occur

(Oppenheimer et al., 2015). A similar model has been developed to explain the diversity
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of olivine core compositions of Llaima volcano, where largely solidified prehistoric

intrusions are acting as shallow reservoirs (Bouvet de Maisonneuve et al., 2012).

A vertical magmatic plumbing system consisting of dykes is also consistent with the
tectonic regime in the southern TVZ; indeed, a recent study of the Tongariro graben
(Goémez-Vasconcelos ef al., 2017) has defined an extension rate of ¢. 7 £ 1.2 mm/yr since
20 ka, which is partly accommodated by dyke intrusions. That study also identified
earthquakes associated with dyke formation, which may be related to fracturing
associated with the injection of new magma.
5.5.8. Entrainment of crystals into aphyric to sparsely phyric ascending
melts

The heterogeneous crystal cargo described in this study consists of a wide range of
disequilibrium textures conveying a variability of magmatic processes and thus crystal
histories within the same tephra, seen in all tephras. Such variability within single
eruption deposits has previously been described, e.g. in arc volcanoes in the Trans-
Mexican Volcanic Belt (Zellmer et al., 2016a), and also in the TgVC for Ngauruhoe lavas
(Coote & Shane, 2016). A study of the mid-oceanic basalts of the Gakkel Ridge (Bennett
et al., 2019b) also suggested that entrainment of crystals from a mush into ascending

melts would produce a cargo of crystals, which are not in equilibrium with the melts.

In the present study, different tephras from different sources all display similar
textures and thus are all affected by similar magmatic processes, which indicates a
commonality in time and space of the shallow magma plumbing systemsallowing us to
envisage a conceptual model (Figure 5.10). While previous studies described an
interaction of ascending melts with crystal mush zones as a possible scenario beneath
TgVC (Beier et al., 2017; Kilgour et al., 2013; Kilgour et al., 2014; Nakagawa et al., 1999;

Shane et al., 2008a; Shane et al., 2017), the present observations and interpretations imply

146



Lormand: Magmatic processes at Tongariro Volcanic Centre Chapter 5

a far more complex scenario, where crystals of differing histories, sizes and potentially
ages developed and resided in intrusions of various states of solidification before being
remobilised and picked up by a new and unusually hot (Lormand ef al., 2018a) injection
of magma. Such a process was experimentally tested for crystal-rich magmas reaching
high packing fraction, generating fracturing events when gas was injected into the system
(Oppenheimer et al., 2015). Similarly, a new injection of magma, which is travelling

through previously intruded dykes, would trigger fracturing and entrainment of crystals.

This petrogenetic scenario is consistent with the texturally inferred (from the
diversity of the crystal cargo) variability of magmatic processes, involving magma mixing
and magma recharge due to frequent injections of small aphyric magma batches through
dyking (Figure 5.10a), pressure and temperature fluctuations (Figure 5.10b), and rapid-
cooling induced crystallisation (Figure 5.10c-d). Most of the intruded dykes would not
reach the surface and thus, solidify in the upper crust. In this case, such intrusions coupled
with an active hydrothermal system may be responsible for triggering phreatic eruptions
such as the Upper Te Maari eruption in 2012 (Breard et al., 2014; Lube ef al., 2014) and
the heating cycles of Ruapehu’s Crater Lake (Christenson ef al., 2010). Eventually, a
larger crystal-poor magma injection will fracture upwards through this environment,
recycling a wide spectrum of crystal textures while crystallising featureless microlites in
equilibrium with the melt prior to ascent to the surface. This scenario is also consistent
with the findings in Lormand et al. (2018a), which argues for dyke ascent of unusually
hot aphyric magmas for the same range of eruptions at TgVC. More generally, studies of
plutonic rocks have also identified a range of crystallisation processes occurring at depths
through the mixed crystal populations: McCarthy and Miintener (2016; 2017), for
instance, have associated the mineral and textural diversity of comb layering and

orbicules found in the arc pluton of Fisher Lake, Sierra Nevada, USA, with individual
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melt pulses within a shallow and vertical crustal reservoir. Similarly, the crystal cargo
from the Tuolumne batholiths in Sierra Nevada, USA, found in multiple vertical
structures (e.g. migrating tubes, pipes, diapirs), suggests the commonality of mixed
crystal populations within subvolcanic chambers (Paterson, 2009). We reinforce the
interpretation of the later study, which envisages that crystals within reservoirs (i.e. dykes
here) form a framework and clusters that prevent chemical connection between the

crystals and the freshly injected mafic melt, promoting mineral-liquid disequilibrium.
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Figure 5.10. Conceptual model of the magma plumbing system feeding the explosive
eruptions of the Tongariro Volcanic Centre. Considering the crustal extension of the
TgVC at arate of c. 7+ 1.2 mm/yr since 20 ka (Goémez-Vasconcelos et al., 2017), we
infer a vertical geometry, where magma ascends via dykes. The windows (a-h) are
representative of processes occurring within the dykes and places randomly into the
figure as examples. The various textures observed in microlites, micro-phenocrysts,
and phenocrysts of the crystal cargos from TgVC intermediate magmas result from a
variety of magmatic processes: (a) magma mixing, (b-c) pressure and temperature
fluctuations, (d) high undercooling, and (e) shallow degassing-induced crystallization.
Batches of aphyric magmas enter the upper crust through previously intruded semi-
solidified dykes (g-h), which occasionally reach the surface, resulting in a wide variety
of eruption styles. The phreatic eruption of Upper Te Maari and the heating cycles of
Mt. Ruapehu’s Crater Lake may be related to failed eruptions triggered by magma
injections.
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5.6. Conclusions
The Tongariro Volcanic Centre tephras have crystal cargos with various and complex

textures, recording a range of magmatic processes.

e A significant proportion (c. 10-40%) of microlite (< 30 pm) and micro-phenocryst
(30-100 um) rims from tephras of the TgVC are not in chemical equilibrium with
their surrounding glass.

e Micro-phenocrysts, and some microlites, display textural complexities that are
similar in number and type to those commonly recorded by phenocrysts (> 100
um). These complexities indicate that the small crystals have a growth history that
is as complex as that of the larger crystals.

e Disequilibrium textures described in these small crystals are resorption and
overgrowth, strontium zoning, oscillatory zoning, compositional jump without
gradient, sector zoning, sieve textures and fractures. The most common textures
found (i.e., resorption and overgrowth, strontium zoning, oscillatory zoning and
compositional jump without gradient) are attributed to magma mixing, multiple
magma recharge events and recycling of crystals. None of these textures have
previously been described in microlites from TgVC andesites, and some have
never been described in microlitic or micro-phenocrystic crystals elsewhere.

e Remobilisation of microlitic and micro-phenocrystic crystal cargo implies uptake
of crystals from fine grained intrusives, likely dykes that were previously injected
into the subvolcanic system and solidified rapidly. This is opposed to the
interpretation of uptake of antecrystic larger crystals, which is attributed to
disaggregation of deep-seated magmatic mush zones with interstitial melts.

e Our data imply a complex subvolcanic system dominated by dyking events of

small, sparsely phyric magma batches that solidify rapidly. In the extensional
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setting of the TgVC, larger magma reservoirs that may contribute a few larger
antecrysts (> 100 um) to volcanic eruptives are likely restricted to the lower crust,
e.g. a deep crustal hot zone. Eruptions occur when dykes reach the surface,

carrying with them a largely antecrystic crystal cargo.

This study provides new insights into magmatic processes through micron-scale
textures of crystal cargo. We infer that the use of high-resolution imaging technique such
as elemental maps and SCAPS detectors in SIMS for microlites and micro-phenocrysts
is relevant to link cryptic internal crystal structures and textures to the growth dynamics
within magmatic system, as microlites typically appear simple, euhedral and featureless

in conventional BSE images.
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Chapter 6. Crystal Size Distributions and

magma ascent rates

This chapter has been submitted and reviewed for publication in Journal of Petrology,

under the title of “Slow ascent of unusually hot intermediate magmas triggering

Strombolian to sub-Plinian eruptions” and was deemed acceptable pending minor

revisions.
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6.1. Introduction

Deciphering timescales and rates of magmatic and eruptive processes is critical for
understanding volcanic eruption triggers and volcano monitoring, as well as to improve
evacuation plans and hazard mitigation in anticipation of future eruptions (Cooper et al.,
2016; Finney et al., 2003; Hughes & Hawkesworth, 2000; Kilgour et al., 2014; Morgan
et al., 2004; Zellmer et al., 2003b). Magma residence time, the interval between injection
and expulsion of a magma batch, and magma ascent rate are two fundamental parameters
to determine for a magmatic system. From minutes to thousands of years, residence times
are commonly determined using chemical gradients in crystals (i.e. diffusion or
geospeedometry; e.g. Costa et al., 2003; Morgan et al., 2004; Morgan & Blake, 2006;
Zellmer et al., 1999), using decay series disequilibria and isotopic dating (e.g. U-series;
Black et al., 1998; Bourdon et al., 2000; Charlier et al., 2000; Scheibner et al., 2008;
Turner et al., 1996; Zellmer et al., 2015b) and also by using textural tools such as analysis
of crystal size distribution (CSD; e.g. Armienti ef al., 1994; Bindeman, 2003; Brugger &
Hammer, 2010; Kile & Eberl, 2003; Mock & Jerram, 2005; Piochi et al., 2005). Previous
studies focusing on experimental petrology and crystal size distribution have indicated
that magma ascent rates vary from 10 to 30 m s™! (e.g. Armienti et al., 1994; Befus et
al., 2015; Devine et al., 1998; Lloyd et al., 2014; Sano et al., 2015) before accelerating
near the surface due to volatile exsolution, late-stage degassing, and fragmentation
(Taisne & Jaupart, 2011). Thus, ascent rates are thought to play a major role in modulating
eruption style and dynamics. Several techniques have been used to estimate magma ascent
rates, such as determining the thickness of breakdown rims around amphiboles (Buckley
et al.,2006; Rutherford & Hill, 1993), water speciation in andesitic melts (Ni et al., 2009),
and modelling elemental diffusion such as H>O diffusion in melt inclusions (Humphreys

et al., 2008), lithium diffusion in feldspar and quartz revealing the final minutes of an
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explosive super-eruption (Charlier et al., 2012), and Ti-Fe interdiffusion in
titanomagnetite (Morgado et al., 2019). Geophysical work uses hypocentre propagation
of seismic signals through time to determine ascent rates (Aki & Koyanagi, 1981; Endo
et al., 1996). Microlite textures and growth measurements compared with data from
decompression experiments (Cashman, 1992; Geschwind & Rutherford, 1995; Martel,

2012) also provide estimates on magma ascent rates.

Microlites are small crystals arbitrarily defined as < 100 um in length (Murphy et al.,
2000) or < 50 um in width (McCanta et al., 2007; Melnik et al., 2011) or <30 um (Castro
& Mercer, 2004; Mujin et al., 2017). Although the maximum size of microlites is not
well-defined, it is widely accepted that their formation occurs in the conduit and is due to
decompression-induced degassing during magma ascent (e.g. Befus et al., 2015; Blundy
et al., 2006; Couch et al., 2003; Geschwind & Rutherford, 1995; Hammer et al., 1999;
Hammer & Rutherford, 2002; Lipman & Banks, 1987; Nicholis & Rutherford, 2004;
Pinkerton & Sparks, 1978; Swanson et al., 1989). Previous studies have used microlite
textures to infer eruptive styles (Martel & Poussineau, 2007; Szramek et al., 2006; Wright
et al., 2012), thermal and degassing histories of lava flows (Lesher ef al., 1999), magma
cooling rate and initial condition of magma ascent (Noguchi et al., 2006; Noguchi et al.,
2008; Toramaru, 1991; Toramaru et al., 2008), and undercooling (AT = Tm — T, where
T is the liquidus temperature) during decompression and cooling (Mollard et al., 2012;
Sano & Toramaru, 2017). The occurrence of microlites has also been used to infer
timescales of magma ascent within the crust to the fragmentation level near the surface
using microlite size distribution analysis (e.g. Cashman & Marsh, 1988; Castro ef al.,

2003; Marsh, 1998a; Marsh, 1988; Pappalardo et al., 2018).

Studying CSDs in volcanic rocks is one method to obtain an overview of the crystal

population(s) and insights into the magmatic processes that lead to such a population.
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While it is based on several assumptions such as the simplification of distribution of
crystal shapes and the presence or absence of a fabric, it allows the calculation of the
timescales of growth of a crystal population if the growth rate can be constrained
(Cashman & Marsh, 1988; Higgins, 2002; Marsh, 1988; Morgan et al., 2007; Muir et al.,
2011). Microlite CSD slopes have been correlated with eruption styles, where steeper
CSD slopes (implying shorter residence times) have been associated with explosive
eruptions, intermediate CSD slopes with Strombolian activity, and more gentle CSD

slopes with lava effusions (Mastrolorenzo & Pappalardo, 2006).

In this study, we investigate petrographic, geochemical, and size distribution
characteristics of microlites to characterize the timescales and P-T-X(H20) conditions of
their formation and to constrain the dynamics of magma ascent at the onset of explosive
volcanic eruptions of arc andesites, using deposits from the Tongariro Volcanic Centre
(TgVC), located in the Southern Taupo Volcanic Zone, as an example. TgVC has
produced a wide range of explosive eruption styles (Strombolian to Plinian eruptions) and
may thus expose visitors of the highly frequented Tongariro Alpine Crossing to the risk
of associated volcanic hazards (Jolly et al., 2014). Thus, estimating the timescales and
deciphering the pre- and syn-eruptive processes associated with TgVC eruptions is

instructive for assessment of likely event scenarios.
6.2. Geological background and sample selection

The Tongariro Volcanic Centre in the North Island of New Zealand is part of an
active volcanic arc and is composed of two major volcanoes, namely Ruapehu and
Tongariro, with a large number of vents sites, including the prominent Ngauruhoe vent
(Cole, 1978; Donoghue et al., 1995; Topping, 1973). During the Holocene, TgVC activity

produced frequent, well-documented and even observed volcanic events of differing

157



Lormand: Magmatic processes at Tongariro Volcanic Centre Chapter 6

intensities and styles. Geological evidence from tephra deposit thickness and distribution
show that eruptions from the TgVC have been Strombolian (e.g. the 1995 eruption of
Ruapehu) to Plinian (e.g. the Mangamate eruptions) sized throughout its history. The
complete stratigraphy of these volcanic events has been described in several previous
studies (Auer et al., 2015; Donoghue et al., 1995; Donoghue & Neall, 1996; Moebis et
al., 2011; Nairn et al., 1998; Nakagawa et al., 1998; Topping, 1973; Topping & Kohn,
1973). The most recent eruption of the TgVC occurred during the night of 6 August 2012
after about three weeks of precursory seismicity (Hurst et al., 2014), at the Upper Te
Maari Crater, close to the track of the highly popular Tongariro Alpine Crossing trail (e.g.

Breard et al., 2014; Lube et al., 2014; Procter et al., 2014).

The tectonic setting of New Zealand and the TVZ has been thoroughly studied and
elucidated, including its role in the volcanism of the TgVC (e.g. Ballance, 1976; Davey
et al., 1986; Karig, 1970; Lillie, 1980; Reyners, 1983; Smith et al., 1989; Stern, 1987,
Stern, 1985). Indeed, evidence of extension and dyking in the southern Taupo Volcanic
Zone has previously been observed and explained (Gémez-Vasconcelos et al., 2017,
Gomez-Vasconcelos ef al., 2018; Villamor et al., 2007): in this complex area, where
normal faults and dyking are accommodating the rifting, the rate of crustal extension has
been estimated to about 7.4 mm/yr during the last 20 ka (Gomez-Vasconcelos et al.,

2017).

The selection of tephras studied here was based on the completeness of the
stratigraphic description, the well-preserved aspect of the tephra layers, and the range of
eruption styles. Five eruption sequences including a total of 22 tephras were chosen for
this study: three tephra members of the Mangamate eruptive sequence (namely Te Rato,
Wharepu and Ohinepango), ten tephras from the Mangatawai Formation (mostly

Ngauruhoe-sourced), three tephra members from the Tufa Trig Formation (likely
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Ruapehu-sourced), four tephras from the 1972-1975 eruptive period of Mt. Ngauruhoe,
and two tephras from the 1995-1996 eruptions of Mt. Ruapehu (see Table 6.1 for more
details and references). The Mangamate eruptive sequence is thought to have produced
Plinian eruptions over a period of 200-400 years related to a regional extension event c.
9.5 ka ago (Nairn et al., 1998; Nakagawa et al., 1998). The three tephra members chosen
from Mangamate, namely Te Rato, Ohinepango and Wharepu, were sourced from proto-
Ngauruhoe, Saddle cone and Tama Lakes, respectively (Auer et al., 2015). The
Mangatawai Formation, '*C-dated at 3.52 cal. ka (Moebis et al., 2011), was associated
with the first and most intense eruptive period of Ngauruhoe, producing explosions up to
sub-Plinian in size. The Tufa Trig Formation corresponds to the last 1.85 ka of volcanic
activity of Ruapehu, consisting mainly of Strombolian style explosive eruptions and some
small-volume, low energy phreatomagmatic and phreatic explosive eruptions (e.g.
Donoghue et al., 1997; Nakagawa et al., 1998). Here, we focus on three members defined
by Donoghue et al. (1995), namely Tf8, Tf13 and Tfl4 (Table 6.1). T{8 is one of the
larger members of Tufa Trig with a volume of < ¢. 0.1 km®. Tf13 and Tf14 are smaller
members, more representative of the entire eruptive sequence. The 1972-1975 eruptive
period of Ngauruhoe was initially characterised by a series of semi-continuous small
volume eruptions that culminated in a period of Vulcanian style eruptions between 1974
and 1975, associated with ash venting, and block and ash ejection, resulting in the
formation of successive pyroclastic density currents through partial collapse of 3 to 7 km
high eruptive columns (Hobden et al., 2002; Lube et al., 2007; Nairn & Self, 1978). Here,
we refer to the entire eruptive period as “1972-1975”, including a total of 4 samples from
1972, 1973, 1974 and 1975. The 1995-1996 eruptive episode of Ruapehu was a

combination of Strombolian, phreatomagmatic and sub-Plinian explosive events
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(Christenson, 2000). The samples used for this study represent a sub-Plinian event with

phreatomagmatism for the 1995 sample, and a Strombolian event for the 1996 sample.
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Table 6.1. Descriptive table of the TgVC tephras selected for this study. Plg, ens, pg, aug

and ox stand for plagioclase, enstatite, pigeonite, augite and oxide, respectively.
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6.3. Methods

6.3.1. Tephra sampling and image acquisition

Tephras were sampled in the Tongariro National Park along Desert Road (SH1), State
Highway 46 and near the vents (Figure 3.6). The glass shards were handpicked, polished,
and mounted into epoxy plugs. BSE images of the glass shards were acquired using three
different Scanning Electron Microscopes (SEM; Figure 6.1): (1) a Field Emission SEM
with Energy Dispersive X-ray Spectrometers (FE-SEM-EDS; JEOL JSM-7000F with
Oxford X-Max 150) at the Isotope Imaging Laboratory (IIL), Hokkaido University,
Sapporo, Japan, using an accelerating voltage of 15 kV and a beam current of 13 nA; (2)
an Environmental-SEM (FEI Quanta 200) at Massey University, Palmerston North, New
Zealand, using an accelerating voltage of 20 kV and a beam current of 5 nA; and a JEOL
NEOSCOPE 6000plus desktop SEM at GNS Science Wairakei Research Centre, Taupo,
New Zealand, using an accelerating voltage of 10 kV and a high probe current of 20 nA.
X-ray elemental mapping was conducted for pyroxene grains using the FE-SEM at
Hokkaido University. Element maps of pyroxene were obtained for the following

elements: Al, Ca, Cr, Fe, Mg, Na, Si and Ti.
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Mangatawai 407-17

Figure 6.1. Fe-maps of some orthopyroxene microlites obtained using the FE-SEM
JEOL JSM-7000F at the Isotope Imaging Laboratory of Hokkaido University in
Sapporo, Japan. Note the resorbed cores and the complex zonations in iron (arrows)
where RC and F stand for resorbed core and fracture, respectively. The scale of 10 pm
is represented by a white bar at the left bottom corner of each image.

6.3.2. Crystal Size Distributions (CSDs)

Two-dimensional sections of separated tephra shards were imaged for measuring
geometrical parameters of crystals (e.g. length, width, area), although generating CSDs
implies the input of three-dimensional measurements, which are representative of the
crystal 3D distribution within the rock. Using 3D direct measurements such as
microtomography for textural purposes would be preferable (e.g. Jerram & Higgins,

2007; Jerram et al., 2009; Mock & Jerram, 2005), but because measuring a large dataset
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of microlites was required for the present work, 2D imaging was the method of choice.
Besides, x-ray microtomography of microlites would also pose resolution issues (Jerram
& Higgins, 2007). Computing 3D values from 2D measurements involves two effects that
need to be corrected for: (1) the intersection probability, expected because a random 2D
slice section is less likely to intersect a small crystal than a large one and (2) the cut-
section effect, which produces slices of crystal of various orientations and dimensions,
because a crystal is rarely cut through its centre (Brugger & Hammer, 2010). Crystals
measurements of individual glass shard from the same tephra were combined and
retrieved using ImageJ, which provides 2D length and width of binary images previously
segmented following the method of Lormand ef al. (2018b). This technique uses the
FastRandomForest algorithm to classify the BSE images of glass shards according to
pixel greyscale. The accuracy performance tests of this classifier for two glass shards
from the Mangamate and Mangatawai Formations yield F-scores (i.e. the precision-recall
measure) above 0.93, which we trust to use for this study. We then input the crystal
measurements of microlites (2D length of 1-30 um) into the Excel database CSDSlice of
Morgan & Jerram (2006), which compares the aspect ratio of the measurements with
those from a database composed of 703 random slices of known crystal shapes and
determines the best fit crystal habits for the observed crystal population. By thresholding
the 2D input parameters between 1 and 30 um, we minimised the effect of (1) nanolites
(Mujin & Nakamura, 2014), which may have grown under more extreme undercooling
than microlites and thus would be expected to have a different morphology, dictated by
higher surface area to volume ratio of the crystal lattice; and (2) the effect of micro-
phenocrysts and phenocrysts which have grown previously, thus, representing deeper
processes than those recorded by the microlites. We accept the inherent assumption of

having a single set of shape factors applied to the entire microlite population of one
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tephra. Finally, the software CSDCorrections (version 1.6; Higgins, 2000) was used to
convert apparent crystal dimensions to 3D crystal shapes by integrating corrections of the
intersection probability effect and the cut-section effect. For this, our samples contained
no perceptible fabric, and a visual inspection indicated a roundness factor of 0.1 for all

samples.

6.3.3. Compositional characterisation using Electron Probe Micro-

Analysis (EPMA)

Glasses and mineral compositions from Mangatawai and Tufa Trig were analysed at
the Institute of Earth Sciences, Academia Sinica, Taipei, Taiwan, using a JEOL JXA-
8900R electron microprobe equipped with four wavelength-dispersive spectrometers. An
acceleration voltage of 15 kV and a 2 um defocused beam with a current of 12 nA were
set for the analyses. Glasses and mineral compositions from the 1972-1975 Ngauruhoe
eruptions and the 1995-1996 Ruapehu eruptions were analysed at the Graduate School of
Science, Hokkaido University, Sapporo, Japan, using a JEOL JXA-8800R electron
microprobe equipped with four wavelength-dispersive spectrometers. An acceleration
voltage of 15 kV and a 10 um defocused beam with a current of 7 nA for glass was set
for the analyses. The same acceleration voltage conditions were used with a spot beam
and a current of 10 nA for plagioclase and 20 nA for pyroxenes rims. The microlites
selected for these analyses were homogeneous in the BSE image and did not show any
zonation. No glass and mineral compositions were measured for the Mangamate eruptive

sequence.
6.3.4. Hygrothermobarometry

To gain a better understanding of the magmatic and eruptive processes of the
eruptions studied, water content, temperature and pressures during microlite

crystallisation are essential parameters to determine. Equilibria were determined using
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the orthopyroxene-liquid and the clinopyroxene-liquid thermobarometers from Putirka
(2008). From the microlites in equilibrium with the glass, those in equilibrium with most
compositions from the range analysed were selected. We then iteratively calculated water
contents of the melt during crystallisation using plagioclase hygrometry, which is P-T
dependent (Waters & Lange, 2015), and pressures and temperatures using pyroxene-

liquid thermobarometry, which is affected by liquid H>O content (Putirka, 2008).
6.3.5. MELTS modelling

Guided by the hygrothermobarometric results, the software MELTS (Asimow &
Ghiorso, 1998; Ghiorso & Sack, 1995) was used to more tightly constrain pressure,
temperature and water content during crystallisation through forward-modelling the
observed microlite phase assemblage and compositions. The version alphaMELTS 1.9
was used as it was the latest version available at the time of modelling for mafic to
intermediate magmatic systems, and it is appropriate for our study as it does not require
modelling of volatile exsolution such as conducted in rhyoliteMELTS. To assess whether
spinel would crystallize from the magmas, we first used the software Spinmelts (Nikolaev
et al., 2018a; https://comagmat.web.ru/apps-spinmelt.html; Nikolaev et al., 2018b) as
MELTS tends to overestimate the spinel liquidus temperatures. All tephras were modelled
using fractional crystallisation at 0, 0.5, 1, 1.5 and 2 wt% water for pressures ranging
from 0.1 to 800 MPa at 25 MPa intervals. We used glass compositions as starting material
(see Appendix C10) and manually suppressed spinel crystallisation. Oxygen fugacity was
buffered at NNO (i.e. nickel-nickel-oxide), based on agreement with previous studies of
the TgVC magmas (Arpa et al., 2017; Kilgour et al., 2013; Kilgour ef al., 2014; Kilgour

et al., 2016; Shane et al., 2008a).
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6.4. Results

6.4.1. Petrography

Glass shards generally present abundant euhedral microlites (< 30 um) and scarce
subhedral to anhedral micro-phenocrysts (> 30-100 pum) of plagioclase and pyroxene. All
tephras are dominated by orthopyroxene (i.e. enstatite; opx) over clinopyroxene, except
the 1972-1975 Ngauruhoe eruptions and the 1996 Ruapehu eruption, which contain a
larger proportion of clinopyroxene. In most of the other glass shards, antecrysts or
xenocrysts of clinopyroxene can also be found (see Appendix B14). The 2-dimensional
crystal contents by area vary between c. 20 % and 50 %. However, when excluding all
the 2-dimensional measurements above the microlite size threshold (i.e. < 30 um), the
proportion of microlites completely surrounded by melt range from 8 % to 24 %, with an
average of 15 %. The plagioclase proportion is consistently greater than that of the
pyroxene, averaging 11 % and 5 %, respectively. The pyroxene microlites are generally
smaller (2D length of c. 4 to 7 um), but almost as abundant as plagioclase microlites (2D
length of c. 6 to 10 um). Crystals larger than 30 um display complex zoning patterns
observed through chemical mapping, and are then classified as micro-phenocrysts. Some
micro-phenocrysts contain resorption patterns or evidence of fracturing events (Figure
6.1). BSE images of plagioclase micro-phenocrysts also show evidence of complex
zoning (see Chapter 6). Thus, micro-phenocrysts are excluded from the following

findings.

6.4.2. Texture and CSDs

A total of 42 CSDs (i.e. 20 pyroxene CSDs and 22 plagioclase CSDs; see Appendix
A3 for an example of CSD generation) of volcanic tephras involving more than 60,000

crystals of plagioclase and pyroxene were segmented to generate CSDs (Figures 6.2 and
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6.3). Pyroxene CSDs were not performed for Te Rato and Wharepu from the Mangamate
Formation as the free hornblende, which was reported as a microlite phase in a previous
study (Nakagawa et al., 1998), was not distinguishable from the pyroxene in BSE images.
CSD output parameters, including number of crystals, shape factors, coefficient of
determination (R?), and crystal content, are reported in Table 6.2. Due to the complex
zonations and the possible antecrystic or xenocrystic origin of the micro-phenocrysts
(Figure 6.1 and Chapter 5), a 2D length cut-off of the crystal measurements of 1-30 um
was chosen. There are no concerns regarding the potential impingement of crystals,
because the microlite contents do not exceed 24% in any tephra. The R? values of the
shape factors vary from 0.79 to 0.84 for pyroxene and from 0.77 to 0.87 for plagioclase,
with averages of 0.82 for both mineral phases. Most CSDs exhibit sublinear curves, with
some showing a change of slopes at ¢. 10 pm. Downturn at smallest size (< 10 um) is
sporadic for the studied populations. Broader variations in CSD slopes and curvatures are
distinguishable for Mangatawai, 1972-1975 Ngauruhoe, and 1995-1996 Ruapehu, in both
plagioclase and pyroxene, and for Mangamate plagioclase CSDs. No correlation between
CSD slopes and eruption styles is observed (Figure 6.4), which is consistent with the CSD
and compositions results for Shinmoedake (Kirishima volcano) eruption in 2011 (Mujin
& Nakamura, 2014). CSDCorrections return volume percentages varying from 2.3 to 15.1
vol. % for pyroxene and from 8.9 to 35.2 vol. % for plagioclase, resulting in microlite 3D

contents (i.e. pyroxene and plagioclase) between 11.8 vol. % and 44.3 vol. %.
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Figure 6.2. Pyroxene crystal size distributions (logarithm of the population density
versus the size in pm) of various historical tephras from the Tongariro Volcanic Centre,
New Zealand. The grey field represents the full range covered by the CSD plots. CSD
parameters such as the number of crystals, the best fit shape factors for the studied
crystal population and their associated coefficient of determination obtained with
CSDslice (Morgan & Jerram, 2006), and the crystal content from CSDCorrections
(Higgins, 2000) are reported in Table 6.2.
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Figure 6.3. Plagioclase crystal size distributions (logarithm of the population density
versus the size in um) of various historical tephras from the Tongariro Volcanic
Centre, New Zealand. The grey field represents the full range covered by the CSD
plots. CSD parameters such as the number of crystals, the best fit shape factors for the
studied crystal population and their associated coefficient of determination obtained
with CSDslice (Morgan & Jerram, 2006), and the crystal content from CSDCorrections

(Higgins, 2000) are reported in Table

6.2.
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the number of crystals considered for CSD generation, the best fit shape factors and the
associated coefficient of determination retrieved from CSDslice (Morgan & Jerram, 2006),

Table 6.2. CSD parameters for TgVC pyroxene and plagioclase microlite populations, i.e.
and the crystal content (vol. %) calculated by CSDCorrections (Higgins, 2000).
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Figure 6.4. Pyroxene and plagioclase CSD slopes (left y-axis), and residence time (right
y-axis) derived from the slope and a well-constrained growth rate. Plagioclase CSD slopes
are indicated by yellow diamonds, orthopyroxene CSD slopes by light blue diamonds.
Residence time calculated from the pyroxene slopes and an orthopyroxene growth rate
determined for Mangatawai 407-17 (Zellmer et al., 2016c; Zellmer et al., 2018), are
represented by magenta triangles. As orthopyroxene and plagioclase were crystallising
concomitantly, a plagioclase growth rate range is derived (1.65 x 10! m s to 6.43 x 10-
""'m s1). Mm, TR, Oh, Wha, Ng, Rua respectively stand for Mangamate, Te Rato,

Ohinepango, Wharepu, Ngauruhoe and Ruapehu.
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6.4.3. Combining hygrothermobarometry and MELTS modelling to

constrain magmatic P-T-X(H2O) conditions

The glass data for the analysed tephras are mostly andesitic. All the Mangatawai and

Tufa Trig glass compositions are andesitic, whereas 1972-1975 Ngauruhoe and 1995-

1996 Ruapehu glasses are andesitic to dacitic in composition (see Figure 6.2a; Le Bas et

al., 1986; Le Maitre, 2005). The 1972 Ngauruhoe glasses are all andesitic, while those of

the 1973 eruption are andesitic and dacitic. The 1974 and 1975 Ngauruhoe glasses,

however, fall into the dacite field. The 1995 and 1996 eruption deposits from Ruapehu

have similar dacitic glass composition.
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A total of 238 pyroxenes, 460 plagioclases and 117 glass compositions were analysed
(see Appendices C11, C12 and C13). The plagioclase Xan and pyroxene Mg# range from
0.59 to 0.87 and from 13 to 49, respectively. From the pyroxene analysed, 82 % are
orthopyroxenes, 13% are clinopyroxenes (augite and diopside) and 5% are pigeonites.

Only pigeonites were found for Ngauruhoe 1973 and Ngauruhoe 1974 products.

Among 75 pyroxene microlite compositions implemented in the thermobarometers,
19 were not in equilibrium (i.e. Kp(Fe-Mg)°P*"4 £ 0.29 + 0.06 and Kp(Fe-Mg)*P*14 £ 0.27
+ 0.03) with a range of glass compositions from the same tephra. Equilibrium for seventy
three plagioclase microlite compositions was also assessed and resulted in eight
microlites that were not in equilibrium (i.e. Kp(An-Ab)P'&14 £ (0.27 £ 0.11) with a range
of glass compositions. Crystal-glass pairs in equilibrium yielded temperatures ranging
from 1078 °C to 1149 °C (SEE =+39 °C; see Figure 6.5a-b, and Table 6.3). Hygrometer-
derived water contents at plagioclase crystallisation varied from -0.92 wt% to +0.26 wt%
(SEE=£0.35 wt%) with an average of -0.19 wt%. Negative water contents are an artefact
of the calculation method used in the hygrometer (Waters & Lange, 2015) and thus, these
results simply imply very low water contents (i.e. anhydrous). Ngauruhoe 1973 and 1974
are not included, as the pyroxenes measured are pigeonites, which do not permit
thermobarometric constraints. Due to the large uncertainties of thermobarometry and
hygrometry, we employ MELTS modelling to assess permissible P-T-X(H20) conditions,
although this assumes equilibrium in what may be a dynamic environment with

changeable conditions.

Those MELTS runs that led to crystallisation of the observed (and only the observed)
mineral phases (i.e. orthopyroxene and/or clinopyroxene and/or pigeonite, and
plagioclase feldspar) were regarded as returning permissible conditions, reported in Table

6.3. Mineral compositions produced by MELTS overlap with the range of analysed
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compositions. Generally, pyroxene and plagioclase appear concomitantly in the system,
although pyroxene appears at slightly greater pressure than plagioclase in some cases.
MELTS modelling narrows the range in temperatures, water contents, and pressures
compared to using hygrothermobarometry alone (Figure 6.5c-d). The permissible
pressures range from 0.1 MPa to 550, with an average of c. 140 MPa (i.e. c. 4 km). The
permissible temperatures vary between 1005-1130 °C, with an average of 1076 °C. The
permissible water contents are between 0.00 wt% (i.e. anhydrous) and 1.50 wt%, with an
average of 0.40 wt% H>O. The Mangatawai magmas were generally crystallising
microlites at lower pressures (average of 105 MPa, c. 3 km) but higher temperatures
(average of c. 1090 °C) and thus lower water contents (average of c. 0.20 wt% H>O) than
the Tufa Trig (averages of c. 180 MPa, i.e. c¢. 5.5 km, 1050 °C and 0.60 wt% H>O), the
1972 and 1975 Ngauruhoe magmas (averages of c. 270 MPa, i.e. ¢. 8 km, 1050 °C and
0.50 wt% H>0), and the 1995-1996 Ruapehu magmas (averages of c. 180 MPa, i.e. c. 5.5
km, 1040 °C and 0.70 wt% H20). No permissible case was found for 2.00 wt% H>O and
no MELTS runs were performed for the 1973 and the 1974 Ngauruhoe magmas, because
no constraints could be retrieved from hygrothermobarometry for pigeonite (Putirka,
2019). According to MELTS modelling, decompression-induced exsolution of water from
the investigated samples starts between 3 and 33 MPa (i.e. between c¢. 100 m and ¢. 1 km

below the surface).
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Figure 6.5. P-T-X(H2O) plots retrieved from hygrothermobarometry (Putirka, 2008;
Waters & Lange, 2015) and MELTS modelling (Asimow & Ghiorso, 1998; Ghiorso &
Sack, 1995) for the TgVC deposits studied. Parameters for MELTS were fixed at 0, 0.5,
1, 1.5 and 2 wt.% for the water contents and from 0.1 to 800 MPa at 25 MPa intervals for
pressures. Grey plots in (c) and (d) are copies of plots in (a) and (b). Note that MELTS
data points (plots ¢ and d) indicate the average (in color) and their range (i.e. not
uncertainties).
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Table 6.3. (Table in the next page) Temperature (T), pressure (P), and water content
(H20) ranges of crystallisation obtained from hygrothermobarometry and MELTS for the
TgVC tephras. The temperatures and pressures were calculated using the orthopyroxene-
liquid thermobarometer of Putirka (2008), namely the Eq. 28a and Eq. 29a (SEE=39 °C
and SEE=+210 MPa), and the clinopyroxene-liquid thermometer from Putirka (2008; Eq.
33) and the clinopyroxene-liquid barometer of Neave & Putirka (2017) for Ng72*
(SEE=%45 °C and SEE=%140 MPa). The water content was determined by the plagioclase
hygrometer (SEE=+0.35 wt. %; Waters & Lange, 2015). Guided by the
hygrothermobarometric resuls, MELTS modelling was performed (Asimow & Ghiorso,
1998; Ghiorso & Sack, 1995). The temperatures, pressures and water contents reported
correspond to ranges for which MELTS successfully reproduce the minerals observed.
The maximum ascent rates were calculated using the minimum residence time derived
from the CSD slope and a well-constrained orthopyroxene growth rate (Zellmer et al.,
2016¢; Zellmer et al., 2018), and the maximum depth derived from
hygrothermobarometry and MELTS modelling. Mangatawai Formation: 407-14 to 407-
59. Tf, Ng and Rua stand for Tufa Trig, Ngauruhoe and Ruapehu, respectively.
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6.5. Discussion

6.5.1. Petrography and CSD shape

The TgVC magmas are composed of two crystal populations of pyroxene and
plagioclase, where the largest (> 30 um) are complexly zoned and the smallest (< 30 um)
are microlites that grew from the melt during ascent. This combination of crystal
populations (i.e. abundant microlites and less abundant zoned micro-phenocrysts) in the
same magma have also been described in andesites in previous studies (e.g. Cashman &
Blundy, 2000; Higgins & Roberge, 2003), and the origin of the micro-phenocrysts has
been associated with crystallisation at higher pressures. The largest crystals have
developed complex oscillatory zonings and resorption patterns which could be due to
pressure fluctuations and/or multiple decompression steps (Zellmer et al., 2003b).
Alternatively, oscillatory zoning could also be the result of a series of cooling and heating
events (Bergantz et al., 2015; Couch et al., 2001), likely to have occurred during long
residence times. Considering the complex zoning, an antecrystic or xenocrystic origin for
the micro-phenocrysts is likely. Fe-Mg interdiffusion in orthopyroxene is extremely slow
(Cherniak & Dimanov, 2010), and at magmatic temperatures of c. 1100 °C, as determined
for these magmas, diffusion lengthscales of > 1 um would require more than a month to
be achieved, and the sharp compositional zoning observed in Figure 6.1 suggests that
these crystals experienced high temperatures for shorter periods of time, and were likely
kept in cold storage. The complexity of the zoning patterns (Chapter 5) indicate that these
crystals did not grow in response to rapid decompression in the hours or days before the
eruption. Thus, we infer that the micro-phenocrysts are old and were picked up by hot,
initially aphyric magmas during their ascent (Humphreys ef al., 2016; Zellmer et al.,

2016a), whereas the microlites grew during magma ascent from mid-crust to the surface.
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CSDs of plagioclase and pyroxene microlites yield unexpected similarities for
eruptions of a wide range of eruption styles (e.g. Strombolian for Tufa Trig to Plinian for
Mangamate) and from different sources. The concave-up shape of the CSDs has
previously been associated with changes of crystal growth, cooling rate (Marsh, 1988)
and dissolved water during ascent (Armienti et al, 1994), or with a complex
crystallisation history such as crystal accumulation and crystal removal (Marsh, 1998a).
It was then attributed to textural coarsening (Armienti ef al., 1994), and to mixing of
crystal populations (Jerram et al., 2003; Turner et al., 2003). Recent studies interpreted
this shape as a consequence of crystallisation by decompression, triggering a rapid change
in undercooling (Brugger & Hammer, 2010; Fornaciai et al., 2015; Shea et al., 2010a).
The change of slope towards the smallest crystals (i.e. < 10 um) is related to the late-stage
crystallisation of nanolites under extreme undercooling (Mujin & Nakamura, 2014; Mujin
et al., 2017). We interpret that the change of slope towards the largest crystals (i.e. > 30
um) for TgVC magmas, is related to scavenging of micro-phenocrysts, which, as
mentioned earlier, have not crystallised during ascent. The downturn at smaller size is not
common and is often accompanied with larger error bars. It was previously described as
the result of the intersection artefact when converting 2D to 3D measurements, ripening,
artefact of image processing, a lack of late nucleation, or insufficient resolution (e.g.
Brugger & Hammer, 2010; Cashman & McConnell, 2005; Higgins & Roberge, 2003).
Because the image resolution used was ideal to capture crystals larger than 1 pm, we
interpret the downturn as an intersection artefact. Finally, the similarity in shape and slope
of the CSDs and the overlapping of these CSDs implies similar crystallisation processes

and timescales at the onset of each of these explosive eruptions.
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6.5.2. Microlite population growth time and plagioclase crystal growth rate

We evaluated crystallisation times using the sublinear slopes of the CSDs between
10 and 30 pm (Figures 6.6 and 6.7), to avoid (i) syn-eruptive crystallisation, which
corresponds to the steepest slopes at microlite/nanolite sizes (usually < 10 pm), and (i1)
contributions of older micro-phenocrysts (> 30 um). Given a known growth rate, average
crystallisation duration of a microlite population can be calculated (Marsh, 1988). The
slopes of the considered populations range from -0.30 to -0.06 um™! and have averages of
-0.20 and -0.14 um™!, for pyroxene (Figure 6.6) and plagioclase (Figure 6.7) microlites,
respectively. A growth rate that can be used was determined from the peritectic opx in a
Mangatawai tephra (i.e. 407-17; Zellmer et al., 2016¢; Zellmer et al., 2018): the peritectic
reaction between an olivine phenocryst and the melt led to the crystallisation of opx
microlites at the rim of the olivine. By modelling Fe-Mg inter-diffusion at the olivine rim,
the dissolution rate of olivine and the growth rate of the peritectic opx were determined.
This growth rate was estimated at 3.7 (£2.6) X 107! m s (20) based on a temperature of
1137 £ 41 °C (Zellmer et al., 2016¢c; Zellmer et al., 2018), but based on the MELTS-
derived temperature of 1095 + 15 °C for sample 407-17 with improved precision,
determined here, the growth rate of opx microlites was recalculated to 1.80
(£0.60)x 10" m s (20). Growth rate determination considered both linear and
volumetric growth, and found that these could not be distinguished within uncertainty
even at the smallest crystals sizes of less than 20 pm (Zellmer et al., 2016c; Zellmer et
al.,2018). Combined with the slope of the CSDs (reported in Table 6.4), pyroxene growth
times vary from 52 + 14 hours (20, i.e. Mangatawai 407-59) to 99 £ 27 hours (20, i.e.
Mangatawai 407-14; see Figure 6.4, and Table 6.4) with an average of 76 + 21 hours (20).
In experimental petrology, equilibrium conditions for plagioclase microlites are typically

achieved within c. 260 mins (i.e. 4-5 hours; Hammer et al., 1999). Given the timescales
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of 3 £ 1 days yielded by the considered microlite population, assessment of equilibrium
using hygrothermobarometry and MELTS modelling for microlites is considered faithful.
Besides, as MELTS runs suggest, pyroxene and plagioclase microlites usually grow
concomitantly, so we can use these crystallisation timescales obtained from opx to derive
the growth rates of plagioclase microlites. These range from 1.65 x 10" m s™! to 6.43 x
10" m s (average of c. 2.94 x 107! m s1), within the range of experimental growth rates
of plagioclase determined in previous studies (Cashman, 1990; Couch et al., 2003;
Hammer & Rutherford, 2002; Mollard et al., 2012), in support of the reliability of the
pyroxene growth timescales calculated above. Given timescales of 2-4 days for the
growth of the microlite populations from TgVC, this growth may be considered to occur
close to equilibrium condition, making the crystals amenable to traditional

geothermometric and hygrometric calculations.
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Figure 6.6. Crystal size distributions of the pyroxene microlite population. Slopes used
to derive microlite crystallisation times (reported in Table 6.4) were calculated from
this size section (10-30 um). See text for discussion. The grey field represents the full

range covered by the CSD

plots.
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Figure 6.7. Crystal size distributions of the plagioclase microlite population. Slopes
used to derive microlite crystallisation times (reported in Table 6.4) were calculated
from this size section (10-30 um). See text for discussion. The grey field represents the
full range covered by the CSD plots.
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Table 6.4. Microlite population CSD slopes, crystallisation time and plagioclase

growth rate for the TgVC tephras. The slope was calculated from the average CSD

slope between 10 and 30 pm. The microlite crystallisation time was calculated using
the slope and a constrained orthopyroxene growth rate for Mangatawai (Zellmer et al.,

2016c; Zellmer et al., 2018).
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6.5.3. Unusually high temperature and quasi-anhydrous andesite magmas

Our data indicate that microlites started crystallising in near-anhydrous magmas (c.
0 to 1.5 wt% H>O at microlite crystallisation) of high temperature (i.e. c. 1065 £+ 65 °C)
at approximately 3 days before eruption. The low water contents and the unusually high
temperatures are consistent with previous studies of TgVC magmas (Arpa et al., 2017
Deering et al., 2011a; Kilgour et al., 2009; Kilgour et al., 2013), and indicate that the
microlites of these magmas do not grow in response to degassing, but that cooling during
magma ascent is the only way to form them. While cooling-induced crystallisation in
magma reservoirs typically promotes growth rather than nucleation and thus occurs at
low degrees of undercooling (Mollo & Hammer, 2017), melt ascent in narrow dykes
would instead occur under high degrees of undercooling due to rapid heat loss through
the dyke walls (Gray, 1970; Schauroth et al., 2016; Wadsworth et al., 2015; Webber et
al., 1999) and lead to microlite nucleation. Previous studies have shown that a high degree
of undercooling would produce crystal textures such as skeletal, swallowtail, dendritic
and hopper (Faure et al., 2003; Masotta et al., 2020; Shea & Hammer, 2013; Vona &
Romano, 2013), consistent with some high long-axis shape factors obtained from
CSDSlice for the TgVC tephras (e.g. Mangatawai 407-17 and 407-18, Tufa trig 14,

Ngauruhoe 1975 and Ruapehu 1995-1996).

Using the crystallisation times and the pressures of crystallisation (up to 550 MPa =
16.5 km), we infer a range of maximum magma ascent rates of 4 to 18 cm s (i.e.
considering the crystallisation time and the maximum pressure value for each tephra).
Strombolian, Vulcanian and sub-Plinian explosive eruptions are fed by magmas exiting
vents at much higher sonic to supersonic velocities from a few tens of up to 400 m s’
(e.g. Gaudin et al., 2014; Morrissey & Mastin, 1999; Self et al., 1978; Taddeucci et al.,

2012; Woods & Bower, 1995). Nevertheless, these exit velocities measured at the vent
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are expected to be greater than the mean ascent velocity integrated on the whole conduit,
and thus, it would not be surprising to obtain ascent rates much lower than the actual exit
velocities for these eruptions. However, if the microlites had crystallised due to
degassing, the microlite growth timescales would be much lower than those we inferred
from the CSDs. This model is thus inconsistent with our data, implying that microlites

have instead crystallised due to decompression-induced cooling.

Relatively low ascent rates followed by rapid acceleration of magma is well known
and commonly linked to gas exsolution (e.g. Burgisser & Degruyter, 2015; Papale &
Polacci, 1999). The exsolution of water in the magmas considered here occurs at a
maximum of 33 MPa (i.e., c. 1 km below the surface), which triggers volume expansion
at shallow depth. Assuming 1 wt% of water in these andesites of a density of c. 2.7 g L!
(Christenson, 2000), and considering water vapour density of 0.804 g L™! at 0 °C and 0.1
MPa, if all water turns into vapour, 0.027 g of water will take up to c. 33.5 cm*at 0 °C (=
273 K). Using the ideal gas law, for which V scales linearly with T, and considering a
temperature of c¢. 1100 °C (=1373 K), the volume of exsolved water will increase by a
factor of about 5, which leads to an exsolved volume of 167.5 cm? of vapour for 1 cm? of
melt. Assuming an incompressible vent, and complete retention of all vapour in the melt,
the initial ascent rate will thus increase by a factor of approximately 150, i.e. 9 cm s™ will
result in a final ascent rate of 13 m s™!, still much too low to explain the observed sonic to
supersonic exit velocities of Vulcanian and sub-Plinian explosive eruption products, as
for example reported during the 1975 eruption of Ngauruhoe (Nairn & Self, 1978).
Volatile exsolution alone thus cannot explain the range of explosive eruption styles

reported at TgVC.

Finally, our data provide a minimum crystallisation depth (c. 16.5 km) on the basis

of microlite formation by cooling. Because cooling is less efficient at great pressures,
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where the crust is hot, magma may have been ascending from even deeper levels. Indeed,
crystallisation of micro-phenocrysts of TgVC magmas have been interpreted to be
sourced from depths greater than 20 km (Arpa et al., 2017; Nakagawa et al., 1998).
However, shallow (c. 5 km) and small interconnected magma chambers beneath
Tongariro and Ngauruhoe, where magma would reside before erupting, was previously
interpreted from isotope data (Hill et al., 2015; Hobden et al., 1999; Rowlands et al.,
2005). A slow ascent from such great depth is inconsistent with the latter geometry, which
is also inconsistent with the tectonic setting of the region. Isotopic variations found for

the TgVC thus likely reflect deeper level processes.
6.5.4. Influence of regional tectonic setting and conduit geometry

As described earlier, the TgVC experiences extension accommodated by faults and
dyke formation. Cassidy et al. (2009) showed that faults and eruptive vents at the TgVC
coincide, and thus confirms that historical eruptions may have been fed by dykes.
Solidification fronts in intrusions are a common physical model associated with volcanic
eruptions or laccoliths formation (Marsh, 1996; Taisne & Tait, 2011). For dry magmas,
solidification fronts are associated with crystallisation along the margins of the dyke
caused by heat loss (e.g. cooling) through the surrounding host rock (Currier & Marsh,
2015). However, this type of crystallisation would result in viscous and crystal-rich
magmas, which is inconsistent with the crystal contents (8-24 % of microlites), the high
magmatic temperature at crystallisation (c. 1076 °C), and the low water content (c. 0.4

wt%) derived in the present study.

Another model for dyke propagation involves the pulsed ascent of an intrusion due
to solidification effects (Taisne & Tait, 2011), which could explain the successive bursts

in precursory seismic signals, involving a magma that may or may not reach the surface.
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Failed magmatic eruptions, when magma gets close to but does not reach the surface, are
dependent on many competing parameters and are often associated with dyke intrusions
(Moran et al., 2011). This is consistent with the frequent observations of precursory
phenomena at TgVC such as increasing number of seismic tremors, ground deformation,
increasing of degassing — or of lake temperature for Ruapehu Crater Lake, for instance —
which do not always result in volcanic eruptions (e.g. Jolly et al., 2010; Jolly et al., 2014a;

Rowlands et al., 2005; Sherburn et al., 1999).

Further, previous studies have related the conduit geometry with the ascent and
eruptive processes for explosive eruptions. Indeed, models on explosive and dome-
forming eruptions (Costa et al., 2009b; de' Michieli Vitturi et al., 2008; Wilson et al.,
1980) have investigated the change in conduit geometry from a deep dyke to a shallower
cylindrical conduit (Schauroth et al., 2016; Wadsworth ef al., 2015), and have found that
eruption dynamics would be affected: although the system would develop overpressure,
the eruption would be more stable, mass fluxes would be four to six times larger compared
to eruptions fed by a pure dyke or cylindrical system, and fragmentation would occur in
the conduit, i.e. above the transition from dyke to cylindrical conduit. Cylindrical conduits
are likely to develop early in phreatic and phreatomagmatic explosions before the dyke
reaches the surface. A more recent study by Taisne & Jaupart (2011) demonstrated that
for water-poor magmas such as those of the TgVC (Arpa ef al., 2017; Deering et al.,
2011a; Kilgour et al., 2013), fragmentation is unlikely and the propagation of the

ascending dyke tends to thin and thus accelerates due to magma expansion.

We infer a similar scenario for the shallow magmatic plumbing system of the TgVC
(Figure 6.8). Hot (i.e. c. 1076 °C), nearly anhydrous (i.e. c. 0.4 wt% H>O) intermediate
magmas below TgVC are ascending slowly from the mantle or deep crust, taking up

complexly zoned micro-phenocrysts of plagioclase and pyroxene from conduit walls. At
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an average depth of ¢. 4 km and a mid-crustal maximum depth (c. 16.5 km), cooling leads
to slow microlite nucleation and growth of smaller microlites of pyroxene and plagioclase
at growth rates of 1.80 (£0.60) x 10" m s™! (26) and 2.93 (£1.01) x 10" m s (20),
respectively. Due to the regional tectonic setting, the magma rises through dykes near the
surface. At shallower depth (e.g. c¢. 1 km), water exsolution, bubble nucleation and thus
volume expansion occur, resulting in faster ascent rates. The dyke becomes more
channelised and starts funneling into narrower cylinders below eruptive vents to reach
supersonic eruption velocities upon exit. This scenario is also compatible with shallow
magma-water interaction (e.g. the 1995 Ruapehu phreatomagmatic eruption, Christenson,

2000).

Many studies have agreed on H20 content being the principle driver of the explosivity of
eruptions (Cashman & McConnell, 2005; Hammer et al., 1999; Sparks, 2003; Zhang,
2008), however, our study shows that for nearly anhydrous magmas, the geometry of the

conduit strongly controls vent exit velocities and thus volcanic explosivity.
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Figure 6.8. Conceptual model of the shallow magma plumbing system beneath the
TgVC. Temperatures, pressures and water contents are based on the results obtained
with MELTS. (1) Hot (c. 1076 °C) andesitic/dacitic magmas ascending with micro-
phenocrysts displaying complex oscillatory zonings. Nuclei sites for microlites of
orthopyroxene and plagioclase at an average of 4 km depth and with water contents of
c. 1 wt. %. (2) Microlite nucleation and growth due to cooling. (3) Microlites keep on
nucleating and growing while degassing at ¢. 1 km yields to bubble nucleation and
volume expansion and thus faster ascent rates, but not fast enough to feed the most
explosive eruptions. (4) A change in geometry of the conduit cross-section (from dyke
to cylinder) is thus required to accelerate these magmas to up to 400 m s™! upon exit.
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6.5.5. Correlating geophysical signals and timescales
The most recent eruption investigated here is the 1995-1996 eruption of Mt.
Ruapehu. It was the largest eruption of the stratovolcano in the past 50 years with a
volume of erupted material of c. 0.1 km?® through phreatic, phreatomagmatic and ash
eruptions (Johnston et al., 2000). Predominant depths for earthquake swarms preceding
the 1995 eruptions of Ruapehu were localised between 10 and 16 km depth (Hurst &

McGinty, 1999).These volcanic tremors are interpreted as the result of slow rock failure,
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fluid flow processes or magma motion (Aki et al., 1977; Aki & Koyanagi, 1981; Chardot
et al., 2015; Mordensky et al., 2019). Furthermore, a low resistivity and velocity zone
was identified using tomography and magnetotulleric imaging at about 5 km depth
beneath Ruapehu and Tongariro (Hill ef al., 2015; Rowlands et al., 2005), which was
interpreted as a zone of magma accumulation. These depths determined using geophysical
tools are consistent with the range of the permissible pressures determined using both
thermobarometry (i.e. 178 MPa c. 5.3 km) and MELTS modelling (i.e. 188 MPa c. 5.6
km) for the Ruapehu 1995 tephra. Previous studies have related the vesicle number
density and the water content in glassy ash with duration of low-frequency earthquakes
suggesting migration of deep-gas and vesicle-rich-magma to the surface (Miwa &
Toramaru, 2013). Such studies show the relevance of evaluating the relation between
microlite crystallisation and precursory seismic signals for recent and well-documented
eruptions. In the case of TgVC, we would expect to see signals of geophysical unrest due

to dyke injections 2-4 days prior to the next eruption.

6.6. Conclusions

1. Microlites (< 30 um) have grown in the conduit and consist of orthopyroxene and
plagioclase for most of the tephras considered here. Ngauruhoe 1972, 1973 and 1974
are composed of pigeonite and/or augite and plagioclase, and no orthopyroxene was
analysed for these samples. Most micro-phenocrysts (> 30 um) are complexly zoned
and contain resorption patterns, and are thus of antecrystic or xenocrystic origin.

2. CSD plots show that late-stage processes of microlite crystallisation were similar and
independent of the ensuing eruption styles (Tongariro, Ngauruhoe) and compositions
(i.e. andesitic or dacitic). Similar slopes at smallest crystal size indicate analogous

crystallisation processes.
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3. During crystallisation, TgVC andesites and dacites were unusually hot (between 1005
°C and 1130 °C) and poor in water (< 1.50 wt%), consistent with previous studies
(e.g. Kilgour et al., 2013). Low water content and great depth of crystallisation are
however inconsistent with microlite crystallisation by decompression-induced
degassing (e.g. Hammer et al., 1999; Noguchi et al., 2006; Szramek et al., 2006).
Thus microlites instead crystallised due to cooling during slow magma ascent in
dykes.

4. Pressures of up to 550 MPa (i.e. c. 16.5 km) during microlite crystallisation cannot be
reconciled with the model suggested previously, consisting of small and shallow
interconnected magma chambers in which magmas stall and differentiate (Hobden et
al., 1999; Rowlands et al., 2005).

5. Timescales of microlite crystallisation ranging from 52 + 38 (2c) hours to 99 + 73
(20) hours lead to ascent rates of up to 9 cm s, too slow to feed explosive eruptions,
even if complete exsolution of water and magma expansion prior to eruption are taken
into account (i.e. maximum vent exit of up to 13 m s!). Eruption styles for past
explosive eruptions at TgVC were thus regulated by a reduction of the conduit size

(transition from dyke to cylindrical conduits) to yield faster vent exit velocities.
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7.1. Geochemical constraints on magmatic processes and plumbing

system architectures

Most existing models for magmatic plumbing systems using geochemical and
petrological evidence typically put constraints on dynamics of magmatic processes rather
than geometry and architecture where these processes are taking place. Many of these
visualise literally extensive chambers (e.g. sills, laccoliths) where melts segregate and
evolve before being remobilised upon eruption (e.g. Cartwright & Hansen, 2006;
Cashman et al., 2017; Coote et al., 2018; Davidson et al., 2007; Nairn et al., 2004;
Pappalardo & Mastrolorenzo, 2012; Price et al., 2005; Shane et al., 2019; Tibaldi, 2015;
Viccaro et al., 2012; Voloschina ef al., 2018). On the contrary, the microlitic crystal
cargos the TgVC investigated in this study point to vertical foliation of the upper crust,
consistent with the extensional tectonic setting of the southern TVZ (Gémez-Vasconcelos
et al. 2017). This chapter will first review the most common models invoked in the
literature based on geochemical data of well-known examples. Finally, the new proposed
model for the TgVC will be explained in conjunction with the few other existing models

that suggest vertically-fed magmatic systems.

7.1.1. Common architectural models of magmatic reservoirs

Previous studies have interpreted magmatic plumbing systems beneath volcanoes
based on several geophysical and geochemical techniques and evidence of various kinds.
Textural analysis such as CSD, qualitative description of high-resolution images and
MELTS modelling have previously been used, but not with the microlitic crystal cargo as
target. Along with geophysical tools such as seismic tomography (Hirose et al., 2008;
Rowlands et al., 2005; Zellmer et al., 2019), magnetotulleric surveys (Hill et al., 2015),
and remote sensing (e.g. Benz et al, 2004; Blaschke, 2010; Burton et al., 2003;

Marzocchi, 2002; Meyer et al., 2015; Wadge & Haynes, 1998), numerical (Annen et al.,
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2001; Bindeman & Simakin, 2014; Cheng et al., 2017; Costa et al., 1998; Turner et al.,
2010) and thermodynamic modelling as well as geochemical and petrological studies
have used experiments (Faure & Schiano, 2005; Gondé et al., 2006; Jenner et al., 1994;
Kinzler et al., 1990; Martel, 2012; Mourtada-Bonnefoi & Laporte, 1999; Orlando et al.,
2008; Riker et al., 2015; Wyllie, 1984), mineral and glass major, minor, trace and isotopic
concentrations (e.g. Kepezhinskas et al., 1997; Masotta et al., 2020; Orozco-Esquivel et
al., 2007; Shibata et al., 2005; Tamura & Nakamura, 1996; Taran & Zelenski, 2014;
Ubide et al., 2019; Verma & Luhr, 2010; Zellmer ef al., 2012a), and melt inclusions (e.g.
Bégué et al., 2014; Chen ef al., 2013; Danyushevsky ef al., 2002; Danyushevsky et al.,
2004; Humphreys et al., 2008; Kilgour et al., 2013; Kohut et al., 2006) to constrain
specific key parameters such as dynamics, geometry, temperature, depth, volatile content
and oxygen fugacity of magmatic systems. Textures of the juvenile erupted materials such
as crystals and bubbles have refined our understanding of the magmatic dynamics that
led to their formation. Previous studies have attempted to provide conceptual models of
dynamics and geometry of a magmatic system based on their data. However, these studies
have focussed on the phenocryst crystal cargo to gain insights into deep processes (e.g.
Berlo et al., 2007; Browne et al., 2006; Coote et al., 2018; Crabtree & Lange, 2011;
Viccaro et al., 2010). The present chapter reviews and discusses the most common models
interpreted for various arc volcanic systems across the globe, and how they relate to the

resulting conceptual model from this study.

Although they may have differing eruptive dynamics, compositions, shapes,
frequency and intensity of eruptions, and eruption style, arc volcanoes are ultimately the
result of the same tectonic setting, namely subduction. Two common conceptual models
for magmatic plumbing systems can be highlighted from the literature; a single stratified

magma chamber with differing layers, which may or may not homogenise through
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convection, and separate small and interconnected magma chambers and conduits which
evolve independently. Within these structures, several processes can control the dynamics

and the geometry and will be discussed here.

7.1.1.1. Single stratified magma chamber

The model of a single stratified, or zoned or layered magma chamber was proposed
following the model of Eichelberger (1980), in which the density of the upper part of the
mafic magma at the bottom of a stratified chamber may decrease due to vesiculation, and
thus plumes of this magma may rise and become dispersed in the overlying more silicic
magma. This model was later evoked due to the presence of nodules or inclusions of more
mafic magmas into intermediate to silicic deposits (Bacon, 1986). These were attributed
to amalgamation of magma pulses, intermittent replenishment of mafic intrusions,
continuous upward flow (Coleman et al., 2004; Parada et al., 2005; Pitcher, 1979), and
convection at the lower part of the storage by ascending plumes (Figure 7.1; Huppert &
Sparks, 1980; Huppert & Sparks, 1984). The initial magma batch ascends from depth,
stalls in the crust, and starts degassing, cooling and crystallising to progressively become
more and more evolved. The replenishment by mafic batches yields to accumulation of
layers of distinct compositions, densities, viscosities and temperatures. The density and
the viscosity of two magma bodies, i.e. a more silicic and viscous magma overlying a
hotter and denser mafic magma, may prevent mixing between them (Bacon, 1986).
However, Huppert & Sparks (1984) suggested that the heat transfer leading to
crystallisation and volatile exsolution from the intrusion of a mafic layer would trigger
mixing of the dense mafic magma with the overlying more viscous and felsic magma via
convection. Later, experiments of Turner & Campbell (1986) inferred that the
stratification and the degree of mixing between the pre-existing magma and the intruding

magma depend on the flow rate and on the density and the viscosity of the two bodies.
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Indeed, fast upwards intrusion is a more efficient mechanism for mixing than a slow dense
input of magma. Mt. Pelée in Martinique (Fichaut et al., 1989), Mount Mazama (Crater
Lake) in Oregon, USA (Bacon, 1986), Tarawera volcano in New Zealand (Leonard et al.,
2004; Nairn et al., 2004), Mt Aso in Japan (Kaneko et al., 2007), Campi Flegrei Volcanic
Field and Sabatini Volcanic District in Italy (Mollo & Masotta, 2014), are some of the

examples for which stratified magma chambers were proposed.

The study by Fichaut et al. (1989) of the eruptions of Mt Pelée, namely of the ash-
and-scoria flows from c. 0.1 Ma to 19,500 yrs BP and the 1902 and 1929 block-and-ash
flows, highlights heterogeneity in the mineral and chemical compositions of the erupted
lavas. Although the magmas emplaced remained constant and cogenetic over time, they
were characterised by a wide variation of SiO2 (54-63 wt%) in both the bulk rock and
associated variation in the mineral phases (i.e. olivine, plagioclase, clinopyroxene,
orthopyroxene, amphibole and magnetite), a broad variability of the An content of
plagioclase (i.e. c. Ansogs) and Fo content in olivines (c. Foso-s5), and a variety of
phenocryst textures (e.g., normally zoned, resorption, oscillatory). Fractional
crystallisation (Bowen, 1956; O'Hara, 1977) and magma mixing (Anderson, 1976) were
the two main magmatic processes proposed to explain these data. Such dynamics were
associated with periodic mafic recharge from deeper levels triggering magma mixing, and
eventually explosive eruptions producing pyroclastic density currents (Druitt, 1998). The
authors proposed vertically elongated bodies of c. 25 km deep in shape of cylinders with
small horizontal cross sections (i.e. ¢. 300-400 m in diameter), chemically stratified,
consistent with geobarometric estimates and the centrally localised activity of Mt Pelée

(i.e. no flank eruption or secondary vent).
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Figure 7.1. Figure 16 of Fichaut et al. (1989) representing the magma

chamber(s) beneath Mt. Pelée. 1, 2 and 3 are symbols for various dioritic and
gabbroic cumulates.

Andesitic inclusions or nodules found in porphyritic rhyodacitic lava flows of Mount
Mazama at Crater Lake caldera are another example, which was attributed to
compositional zonation in the magma reservoir (Bacon & Druitt, 1988). More abundant

towards the head of the flows, the inclusions found have ellipsoidal to spheroidal shapes
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and vary from <2 cm to ¢. 1 m in size. These are more mafic than their host lavas (54-
61.5 wt% SiO2 versus c. 75 wt% Si10;) and contain sieve-textured plagioclases. A
compositional gap between the lavas, the inclusions and residual glasses from the c.
70,000 years BP Mount Mazama andesites are associated with magma mixing induced
by mafic magma with its overlying more silicic and viscous magma. However, the mafic
inclusions found in these lavas are explained by the decrease in density of the mafic
magma at the interface with the overlying more silicic layer due to vesiculation resulting
in gravitational instability. Thus, this process may have triggered convection and
homogenisation of the single stratified magma chamber. No clear information about the
geometry of the feeding magmatic system is given in this study, stating that it probably
varies from system to system. However, the single magma chamber is thought to be bound
by hydrothermally cooled roof rocks and wall rocks, and an underlying zone of dyke

injections.

The 1315 Kaharoa eruption, part of the Okataina Volcanic Centre (OVC) in New
Zealand, produced a large volume [c. 5 km® dense rock equivalent (DRE)] of rhyolitic
magma, but also involved a small portion of rhyodacitic pyroclasts mingled with basalt
(Nairn et al., 2004). The geometry of the magma reservoir, being 8 km long, 1 km wide
and 1.4 km thick, is consistent with the dynamics of the eruption, which involved a c. 8
km long linear vent zone with 7 active vents (Figure 7.2). The main argument against a
vertical geometry is the lack of evidence for sidewall crystallisation, which is enhanced

in vertically structured chambers (Blake ef al., 1992; de Silva & Wolff, 1995).
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Figure 7.2. Figure 9 of Nairn et al. (2004) representing the conceptual model of the
stratified plumbing system beneath Tarawera volcano (A) before and (B) during the c.
1315 AD Kaharoa eruption. The 8 km linear vent zone involved during the eruption
suggests vertical magma rise. T1, T2 and T3 are three magma layers of distinct
crystallinities, and compositions. The white arrows in (A) represent the uprising

siliceous melt expulsed from the fractional crystallisation of the deeper mafic magma.

The latest eruption cycle of the Mt. Aso caldera, located in SW Japan, has produced
more than 600 km? of pyroclasts over the last 90,000 years. Kaneko et al. (2007) divided
this period into two sub-cycles, which both consist of a voluminous silicic eruption
followed by eruption of mafic magma. The whole-rock chemistry and the phenocryst
mineralogy are converging towards a pre-eruptive stratified magma chamber composed
of three main layers, consisting of a silicic magma layer at the top and a mafic magma
layer at the bottom, separated by a hybrid layer in between. In this model, the hybrid layer
resulted from the mixing of the lowermost part of the silicic layer and the uppermost part

of the mafic layer. The upper part of the silicic layer was homogeneous whereas the mafic
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layer was zoned, i.e. more silicic towards shallower depth. Mafic recharge triggered the
evacuation of the upper silicic magma, which was successively followed by the eruption
of the underlying hybrid and mafic magmas, without completely emptying the reservoir.
After replenishment of the feeding system and mixing of the remaining hybrid and new
mafic injections, the second subcycle started with evacuation of the new hybrid followed
by eruption of the mafic magma. The single stratified magmatic chamber has an estimated
extent of c¢. 10 km, based on the width of the caldera, and a depth of > 3 km, estimated

from the minimum H>O saturation pressure.

The 39 ka BP Campanian Ignimbrite (CI), produced during one caldera forming
eruption of Campi Flegrei, Italy, is one of the most studied eruptive sequences in the
world. Several studies have agreed on a zoned magma chamber as a source of the CI
(Mollo & Masotta, 2014; Pabst et al., 2008; Pappalardo et al., 2002; Pappalardo &
Mastrolorenzo, 2012). Two cogenetic magmas with different densities and separated by
a compositional gap due to side-wall crystallisation are inferred as the source of four
pyroclastic flow units of the CI (Pappalardo et al., 2002). Evidence of mingling, a
progressive decrease of Sr isotopes (*Sr/*¢Sr) in the whole pumice, and the eruption of
progressively more mafic magmas with time indicate that the feeding reservoir was
zoned. The Sr isotopic ratio in plagioclase seems to be constant over the course of the
eruption and thus indicates a cogenetic source for both layers. Before the caldera collapse
event, there was simultaneous tapping of the two magma layers during the Plinian and
the pyroclastic flow phases of the eruption, generating late-stage mingling during ascent.
No evidence was found for injection of mafic magma to trigger the eruption. Instead,
interaction of the upper magma layer with geothermal fluids at shallow depth after
plagioclase crystallisation, evidenced through the Sr isotopic increase in the most silicic

glass sample, is the interpreted eruption trigger. More recently, Mollo & Masotta (2014)
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investigated crystallisation temperatures of phenocrysts from heterogeneous magmas of
CI. The clinopyroxene-melts pairs tested for equilibrium show a broad distribution of
compositions, resulting from a thermally and chemically zoned magma chamber. Indeed,
60% of the cpx from CI were not in equilibrium with the glass at the time of the eruption,
which is consistent with a thermally and chemically zoned magma chamber as a feeding

source of CI.

The model of a stratified magma chamber has also been inferred for many other arc
magmatic systems of variable volumes such as a small-volume monogenetic scoria cone
called Uchino, Japan, (Kawamoto, 1992), Vesuvius, Italy with a magma chamber
volumeof ¢. 1-4 km® for Plinian eruptions (Civetta et al, 1991), the Hokkaido-
Komagatake stratovolcano, Japan, which produced Plinian eruption in 1640 AD
associated with an estimated volume of 2.9 km? (Takahashi & Nakagawa, 2012), and the
large La Pacana caldera, Chile (Lindsay ef al., 2001; Schmitt et al., 2003) which produced
ignimbrites of a total volume of 2,700 km?®. However, the currently more common
perception of plumbing system architecture is characterised by numerous small magma

bodies stalling in the crust, evolving independently from each other.

7.1.1.2. Independent magmatic chambers
The presence of multiple smaller chambers, that evolve independently, is the model
favoured for eruptions fed by small volume or short-lived magma reservoirs. The
independent magma chambers may be linked and thus form a network of chambers and
conduits, which may remain independent from each other, but may also coalesce at

shallower depths during ascent.

A study by Carrasco-Nuiiez et al. (2012) focusses on Los Humeros, located in the

Mexican volcanic belt, which is a volcano that has produced a caldera-forming eruption.
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Zaragoza was its second largest eruption, which occurred 0.1 Ma ago. It was associated
with two Plinian pumice-fall layers and a zoned intra-Plinian ignimbrite. This eruption
was fed by two main magma types, namely a rhyodacitic magma reservoir and an
intruding hybridized andesitic magma, with overlapping Sr-Nd-Pb isotopic signatures,
similar phenocrysts assemblages, and similar major- and trace-element covariation
patterns. Although both magmas originated from the same source, some geochemical and
petrological evidence such as the chaotic and incoherent vertical variation in the relative
abundance of both magmas, disequilibrium textures in plagioclase and a mixture of
crystals that show equilibrium and disequilibrium, decoupling of bulk incompatible trace
elements, a compositional gap, as well as a distinct magmatic temperature and oxygen
fugacity for each magma type, suggest that there was no interaction between the two
feeding magmas (Figure 7.3). Indeed, there is no evidence of pre-eruptive interaction of
these two magmas, and the mingling observed in the erupted pumices may have resulted
from syn-eruptive interaction during ascent. It is thought that this eruption was fed by two
main reservoirs, which were spatially separated and sequentially tapped during the
eruption. Interconnected sills rather than dykes are evoked as feeders to Los Humeros
caldera volcano, although no clear supporting evidence for this specific geometry was

provided in this study.
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Figure 7.3. Figure 14 of Carrasco-Nufiez et al. (2012) illustrating a cross section of Los
Humeros volcano at the onset of the c. 0.1 Ma BP Zaragoza eruption, which was fed by
two main magma reservoirs of distinct chemistry and petrology suggesting separate
evolutions. D, RD, BA, B, A, TA, FMQ, NNO and xtal stand for dacite, rhyodacite,
basaltic andesite, basalt, andesite, trachyandesite, fayalite-magnetite-quartz, nickel-
nickel-oxide and crystal, respectively.

The caldera-forming eruption of Aniakchak volcano, Alaska (3.4 ka BP), was
characterised by the eruption of a rhyodacitic and andesitic magma (Larsen, 2006).
Although the analysis of melt inclusions provided similar entrapment depth, similar
residence time, similar temperatures, and similar mineral compositions, divergence in the
degree of crustal assimilation (e.g. Dreher et al., 2005) indicated that these two magmas
were not directly related. Thus, adjacent and separated magma reservoirs are the preferred
model for the feeding system of the caldera-forming eruption of Aniakchak. Both
reservoirs may have previously evolved within an extensive and common crystal mush,
which built up over time through mafic injections from a deeper source. The magma

dynamics related to this eruption may be related to the ascent of the rhyodacite magma,
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either due to an earthquake that impacted the regional tectonic stress, or due to
overpressure in the magma chamber allowing the passage of the magma through fractures.
By assuming that these two magmas were proximal, the ascent of the rhyodacite may
have triggered the destabilisation of the adjacent andesite reservoir, ascending
simultaneously. No evidence is discussed in terms of the geometry of the feeding magmas

chambers.

A study by Larsen et al. (2013) focussed on the 2008 phreatomagmatic eruption of
Okmok volcano in Alaska, which ejected phenocryst-poor basaltic andesite ejecta
containing basaltic groundmass glasses and olivines hosting melt inclusions. The basaltic
andesite magma transported olivine phenocrysts that are not in equilibrium with the glass
from the juvenile samples. The whole rock compositions are clustered at 52 wt% SiO»,
and the olivine-hosted melt inclusions are more mafic (i.e. 47 wt%). The previous 1997
eruption was distinct in composition, in mineralogy, eruption style (i.e. effusive, blocky
lava flow) and exited from a different vent located c¢. 3 km southward. However, the
whole-rock major and trace elements overlap with the olivine-hosted melt inclusions
found in the 2008 deposits. The sharp difference in composition from 1997 to 2008
indicates that the magmatic system beneath Okmok volcano is laterally hererogeneous,
but it is rather composed of small shallow magma bodies fed by a deeper basaltic chamber
at 3-6 km beneath the centre of the caldera. Small magma batches rise from this basaltic
chamber through dykes to feed individual cones at the surface. The 2008 eruption was
fed by the rejuvenation of an old stagnant magma, which had evolved during the past c.
1000 years. InNSAR and seismic tomography identified two low velocity zones at 2 km
and 4-6 km below the surface (Masterlark et al., 2010). The shallow zone is interpreted

as a groundwater-saturated caldera fill whereas the 4-6 km zone, which extends laterally
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across c¢. 10 km, is associated with the deeper basaltic magma chamber interpreted by

Larsen et al. (2013).

Another model for Campi Flegrei was proposed by Pabst ez al. (2008), where multiple
magma chambers with distinct compositions fed the pre-CI and the pre-Neapolitan
Yellow Tuff caldera-forming eruptions. Major, minor, trace elements and isotopic
compositions all point to the formation of different magma batches, which evolved in
separate magma chambers with differing degree of differentiation, assimilation and
storage duration. These magma chambers remained separated until a large and new
magma recharge from a deeper differentiating reservoir into one of the chambers would
have resulted in coalescence of the initially separated shallow reservoirs into one large
chamber, which fed the cataclysmic eruption of CI. In this case, the Campi Flegrei
magmatic plumbing system is characterised by the evolution of individual, separated
magma batches, interrupted by large deeper intrusions that trigger their coalescence into

a short-lived large magma chamber, which ultimately feeds the cataclysmic eruptions.

7.1.1.3. The “crystal mush” model

Many recent studies, independent of the preferred geometry and conceptual model of
the magmatic plumbing system, have adopted the model of crystal mush to explain the
long-lived magmatic bodies that get rejuvenated and from which crystals get recycled.
The crystal mush model was first defined by Marsh (1981) for the Hawaiian plumbing
system. Crystal mush was initially defined as partially molten rock, which reaches a
crystal volume of 25-55%, enough to increase the viscosity of the magma, although it was
initially not seen to behave like a rigid body. More recently, the distinction between
magma and mush is defined at the transition of 55-65 vol. % of crystals (Cashman et al.,

2017). Several observations led to the proposal of the crystal mush model. First, it is
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consistent with the presence of a few ten percent of melts in magma reservoirs from
seismic imaging (e.g. Manga & Brodsky, 2006; Wilcock et al., 1992). Second, there is a
large variability of compositions (i.e. major, minor, trace and isotopic composition) and
age both within and between crystals within volcanic rocks (e.g. Cooper, 2015; Cooper
et al.,2016; Macdonald et al., 2008), again suggesting a long-lived crystal-rich magmatic
body beneath volcanoes. Also, melt-dominated zones within a partially molten body over
long periods of time are consistent with the results of numerical models of periodic
magma recharge into a reservoir (Annen et al., 2015; Huber et al., 2012). Thus, a crystal
mush model was initially defined as partially molten rock, which reaches a crystal volume
of 25-55 %, enough to increase the viscosity of the magma, although it was initially not
seen to behave like a rigid body. More recent work suggests that the distinction between
magma and mush occurs at the transition of 55-65 vol. % of crystals (Figure 7.4; Cashman

etal.,2017).

A crystal mush may be formed incrementally, with small episodic magma recharge
sometimes occurring over millions of years (Annen et al., 2015; Paterson et al., 2011).
Crystal mushes are long-lived bodies that link volcanoes to plutons, which are non-
eruptible by themselves. The presence of a lasting crystal mush is consistent with the lack
of seismic signals during geophysical surveys. Whenever the system becomes liquid-
dominant (i.e. after a magma injection), it becomes unstable and gets erupted (Barboni &
Schoene, 2014). Indeed, melt-rich segregations are unstable and move through crystal
mush regions quite rapidly if multiple vertical intrusions of melt funnel into a single
magma chamber. Crystal mush can be erupted as glomerocrysts or cumulate nodules,
which are typically characterized by very diverse crystals with complex textures
(Fulignati et al., 2000; Wolff et al., 1999). Complex compositional zoning patterns in

plagioclase, such as those identified in TgVC and described in Chapter 5, are commonly
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thought to have formed in dynamic environments such as crystal mushes, where pressure
and temperature fluctuations trigger resorption and disequilibrium features, and recharge
events of more mafic magma result in repeated cycles of partial melting and fractional
crystallisation (e.g. Zellmer et al., 2003b). An extensive variety of crystal cargo can
originate from crystal mushes, as their wide spatial and temporal distributions lead to a
mixture of crystals of differing growth histories (e.g. Cooper et al., 2017; Deering et al.,
2011b). Crystal mushes can be found in distinct parts of a magmatic reservoir, such as at
the base of a stratified magma chamber that has previously undergone fractional
crystallisation (Gutierrez & Parada, 2010), but also at the roof and the walls of a magma
body because of the solidification fronts propagating inwards from the boundary of a

chamber with the cooler crust (Marsh, 1996).

The crystal mush model is currently the most widely accepted model for a large range
of tectonomagmatic environments. It has been invoked for many volcanic systems,

independently of their compositions (i.e. mafic, intermediate or felsic).
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Figure 7.4. Figure 1 of Cashman et al. (2017) illustrating the common view of
magmatic system with crystal mush based on previous works. (A) Upper crustal
magmatic system mostly composed of a large crystal mush and smaller melt silicic
melt pods which result from the frequent replenishment of mafic magma inspired
from the study of Hildreth (2004). (B) Schematic representation of a trans-crustal
magmatic systems with interconnected magma batches resulting from the
destabilisation of melt lenses (Christopher et al., 2015). (C) The effect of the particle
volume fraction on the change of rheology from magma (orange) to mush (grey).
The blue and red curves are calculated using different rheological models (red curve
based on the model of Costa et al., 2009a; blue curve based on the model of Marsh,
1981). The insert represents the changes in mush strength as a function of the particle
volume fraction where the green dashed curve is based on the experimental data
using the Westerly granite and the purple-dashed curve is based on experimental data
using Delegate aplite (Rosenberg & Handy, 2005).
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7.1.2. Mafic, intermediate and felsic magmatic systems
Although magmatic systems of distinct compositions may present similar inner
magmatic processes, the overall geometry of their plumbing systems and the magmatic
processes at the origin of their eruptive dynamics differ. The following subsections
discuss the main models found in the literature for arc volcanism associated with mafic,

intermediate and felsic magmas.

7.1.2.1. Mafic systems

Volcanoes producing mafic compositions (e.g. basalt, basaltic andesite and
trachybasalt), are often associated with vigorous and frequent activity. Yasur (Vanuatu),
Stromboli (Aeolian Islands, Italy) and Etna (Sicily, Italy) are some examples, and are
associated with frequent Strombolian style activity interrupted by paroxysmal events
(Figure 7.5; Cigolini et al., 2008). Such volcanoes can be very hazardous as the
precursory activity of paroxysmal eruptions (e.g. volcanic tremors, deformation, gas
emission) are typically difficult to detect. Because of their frequent activity and their
nearly constant magmatic recharge, the feeding conduits and chambers are continuously
remobilised, which makes it challenging to detect any profound change in the magmatic
feeding system. Also, because these systems are already active, major switches in activity
may be implemented rapidly, hence leaving a short time, if any, for evacuation responses.
This is well illustrated by the 2018 paroxysmal event at Fuego volcano (Guatemala),

where no precursory activity was noticeable (Naismith et al., 2019).

Explosive eruptions of basaltic arc volcanoes are driven by their high volatile content
and their high magma flux, leading to rapid magma ascent to the surface. A recent study
by Plank ef al. (2013), which collated data of olivine-hosted melt inclusions from several
volcanoes, found that mafic arc magmas contain c. 4 wt% water on average, varying from

2 to 6 wt%. A study by Zellmer et al. (2016) of mafic magmas from the Trans-Mexican
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Volcanic Belt has correlated water content with the stalling depth of ascending magma
batches, i.e. more hydrous and cooler melts start degassing and crystallizing deeper,

leading to deeper stalling depths due to concomitant viscosity increase.

Figure 7.5. Paroxysmal activity of Stromboli volcano in July 2019 generating a
pyroclastic flow after the crater collapse. Photo credits: Sailactive I Segelreisen &
Yachtcharter.

In the literature there are two principal models for the eruption of mafic magmas: (i) a
single upper crustal magma chamber hosting mafic melts with high volatile content and
short magma residence time, and (ii) multiple short-lived and small interconnected

magma chambers. These are discussed here using two examples.

(1) The first model is perhaps best represented by Stromboli volcano, located on the
Aeolian Islands of Italy, which has been active over a long period of time, with its current
eruptive regime starting in 1934 (Capaldi ef al., 1978). Stromboli typically behaves as a

“steady” volcano with frequent Strombolian explosions, but has also demonstrated

211



Lormand: Magmatic processes at Tongariro Volcanic Centre Chapter 7

paroxysmal and phreatomagmatic events (Armienti et al., 2007). This is well illustrated
by the recent paroxysmal event at Stromboli in July 2019, where no precursory activity
was noticeable, except the opening of a vent an hour before the paroxysm
(VolcanoDiscovery, 2019). It was characterised by a sudden exceptionally large magma
bubble explosion, which triggered the emission of lava flows from all the vents, the
ejection of ballistics, and the production of blasts spreading laterally down the island and

beyond the shoreline.

A study by Bragagni et al. (2014) has characterised U-series disequilibria in the
1996-2007 scoria and lavas (associated with the so called #p magma, which stands for
highly porphyritic) and pumices (associated with the Ca-rich so called [p magma), as well
as the 1930 paroxysmal event. They suggested, based on their data and on the previous
literature (e.g. Cigolini et al., 2008; Francalanci et al., 2007; Landi ef al., 2004; Métrich
et al., 2001), that the magma plumbing system consists of a deeper magma chamber at 7-
10 km depth and a shallower reservoir at 2-3 km depth, which is characterized by a melt
lens within a crystal mush. The c. 0.5 km® deeper reservoir is fed by the Ip magma, which
stalls there for up to 55 years, but periodically feeds the shallower reservoir. During its
ascent to the shallow reservoir, the /p magma picks up antecrysts, which formed up to 2.5
ka ago in the crystal mush. Subsequently, the volatile-rich /p magma and the hp magma
mix and crystallise due to degassing before ascending to feed the frequent steady
Strombolian activity. During paroxysmal events, vigorous pulses of the deep volatile-rich
[p magma are rapidly percolating through the shallow reservoir without degassing and

mixing with the crystal mush and the #p magma (Figure 7.6).
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Figure 7.6. Figure 9 of Bragagni ef al., (2014) illustrating a conceptual model of
the feeding system beneath Stromboli volcano during normal Strombolian and

effusive activity (a) and during paroxysm events (b).
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(i1) The second model commonly found for mafic arc systems consists of the presence
of several small magma batches in the lower and upper crusts. This model was devised to
explain the observations of eruptive activity of Etna volcano, Italy (e.g. Kahl et al., 2011;
Kahl et al., 2017; La Delfa et al., 2001; Ubide et al., 2019). Mt. Etna has been the focus
of much attention due to its frequent activity and the associated hazards it imposes on the
nearby town of Catania. A study by Kahl ef al. (2015) of 180 olivine crystals erupted
from 1991 to 2008 has defined at least five compositionally different magmatic
environments, which may be interconnected by passageways that are highly active weeks
to days prior to an eruptive event. The main five different environments of olivine growth
are characterised by distinct temperatures, water contents, and fO> conditions. Studies by
Giacomoni et al. (2014; 2016) looked at the phenocryst textures in lavas and used
thermobarometry to determine crystallisation depths. Periodic injections of mafic magma,
as well as magma mixing between hydrous and degassed magmas, are recorded in the
phenocryst textures, displaying oscillatory, inverse and dusty zoning. Clinopyroxene
nucleation occurs at depths of up to c. 25 km, whereas plagioclase nucleate at a maximum
of 12 km, but at an average of 5-6 km depth, where H>O in basaltic magmas exsolves.
Finally, one the most recent studies on Mt. Etna employed high resolution imaging of Cr
in clinopyroxenes of the eruptions from 1974 to 2014 (Ubide & Kamber, 2018). This new
technique shows that titanoaugite can record sharp zoning in the trace element Cr, as it is
compatible in the clinopyroxene lattice, and because the melt gets depleted in Cr when
clinopyroxene and titanomagnetite crystallise soon after a mafic recharge. The oscillatory
Cr-rich zones are located at the rims of clinopyroxene phenocrysts, suggesting late-stage
growth before an eruption (Kent et al. 2010). Cr-poor cores and Cr-rich rims found in
clinopyroxene are not in equilibrium with the same melts, indicating crystallisation from

melts of differing compositions. The increase of metal (i.e. Ni and Sc) concentration and
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the decrease in rare earth elements (i.e. La and Nd) and high field strength elements (i.e.
Zr and Nb) contents in the Cr-rich rims suggest the arrival of a new mafic magma into
the system. The growth timescales retrieved for the clinopyroxene, using a constrained
growth rate for Etnean clinopyroxenes, imply timescales of 2 weeks from recharge to
eruption, originating from 10 km depth using thermobarometers of Purtika (2008) and

Neave and Putirka (2017).

These studies, along with those of Kahl ef al. (2017), Giuffrida et al. (2017), and
Mollo et al. (2015), have used mineral thermodynamics and chemistry, and all arrive at a
similar geometry and dynamics for the magmatic plumbing system of Mt. Etna. Except
for flank eruptions, for which magma rises quickly through a dyke from a deep reservoir
(c. 10 km; Ubide & Kamber, 2018), summit eruptions are fed by magmas that ascend
through an architecture of interconnected shallow magma reservoirs (Kahl ef al., 2015),
in which the polybaric crystallisation of the phenocryst cargo (i.e. plagioclase, olivine and
clinopyroxene) records evidence (e.g. patchy cores, oscillatory zoning, reverse zoning,
clear dissolved cores, dusty rims; Giacomoni et al., 2014; Giacomoni et al., 2016) of
magma mixing and degassing (Ferlito ef al., 2012; Mollo et al., 2015) across the entire

crustal column.

The spatial distributions of small magma batches that spread laterally are consistent
with the multiple discontinuities within the bedrock beneath Mt. Etna (Figure 7.7; Ubide
& Kamber, 2018). This model is also consistent with the local tectonic setting, where
gravitational spreading and downward sliding of the eastern flank of a few centimetre per

year are occurring (Acocella & Neri, 2003; Chiocci et al., 2011; Froger et al., 2001).
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Figure 7.7. Figure 7 of Ubide & Kamber (2018) representing the magmatic
plumbing system beneath Mt. Etna composed of multilevel interconnected magma
chambers interpreted by the study of Ubide & Kamber (2018) and references
therein. A main storage region is at c. 10 km depth at the interface between the
crystalline basement and the shallower sedimentary sequence. The blue bars
represent the magma storage depths inferred from geophysical data. Detected high-
VP body (HVP) and the shallow low-Vp zone (LVZ) are used to interpret the
magma ascent rates. The magmatic system consists of the accumulation of
intruding repeated batches of new mafic magmas, which mix with the resident
crystal mush. Injections of mafic intrusions either feed progressively the main
central conduit or may feed eccentric eruptions (yellow dashed line).
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7.1.2.2. Intermediate systems

The generation of intermediate arc magmatic systems have created profound debates
within the scientific community. Their formation is either attributed to the mixing of
mafic and felsic magmas (e.g. Mashima, 2004), or to fractional crystallisation of a system,
which has progressively evolved (e.g. Grove et al., 2005). For instance, Reubi & Blundy
(2009) focus on melt inclusions from intermediate volcanic arc samples, which indicate
strong evidence for intermediate magmas being the result of the mixing of mafic and
felsic melts. Unlike the bulk-rock, the melt inclusions compositions are associated with a
bimodal distribution of silica content, where a lack of intermediate inclusions exist.
However, other studies have argued for the formation of intermediate magmas through
fractional crystallisation, which is characterized by intrusion of a mafic magma batch that
stalls, crystallises and evolves into intermediate compositions (e.g. Tait et al., 1989).. In
both cases, the erupted crystal cargo will consist of normally zoned crystals, in which the

core is not in equilibrium with the surrounding melt.

Different styles of effusive eruptions occur at intermediate volcanoes involving
extrusion of lava flows or growth of lava domes. Some examples of intermediate lava
flows in the world include the Tumbre-Talabre andesitic lava flow from Lascar volcano,
Chile, which was dated c. 7.1 £ 1.25 ka BP (Worner et al., 2000), the andesitic lava flows
of Ngauruhoe volcano, New Zealand, extruded over the past 2 ka (Price ef al., 2010), the
andesitic lava flows of Ceboruco volcano, Mexico, emitted in 1870 (Bohnel ez al., 2016),
the basaltic-andesite lava flow at Arenal volcano, Costa Rica, observed in September
1983 (Gill et al., 1985), the dacitic lava flows of Santiaguito volcano, Guatemala, such as
the c. 4-km-long flow in 1986-1987 and 1999-2002 (e.g. Harris et al., 2003), and the
andesitic lava flows of Bagana volcano, Papua New Guinea, erupted between 2010 and

2011 (Wadge et al., 2012).
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The difference between lava flow and lava dome has not clearly been defined in terms
of which parameter control their distinction. However, the viscosity of the magma has
been shown to have a great impact on whether an effusive eruption will lead to a lava
flow or if a dome or a spine will form, potentially followed by an explosive eruption
(Rhodes et al., 2018). The viscosity of the magma is a function of temperature, magma
compositions and crystal content (e.g. Costa, 2005; Giordano et al., 2008). However, the
crystallinity of the magma becomes the foremost factor when increasing from 40 to 60
vol. % (Giordano & Dingwell, 2003; Lejeune & Richet, 1995), contributing three times
more than a change in magmatic composition. A study by Zellmer (2008) reports
parameters such as the surface heat flux, the convergence rate, and a dimensionless proxy
of lava dome proportion, for effusive eruptions from 29 subduction zones to identify the
first-order differences between them. One of the main findings is that stalling of high
viscosity magmas in a cold crust before eruption is envisaged for arc systems where the
rate of mantle melting is low, and the magma transfer from the mantle to the crust is
inefficient and slow, hence, resulting in a dominance of lava domes compared to lava
flows. This is for example the case for the Lesser Antilles and the Aegean arcs (Zellmer
et al., 2000a; Zellmer et al., 2000b). Indirectly, such conditions (i.e., high viscosity
magma stalling in a cold crust) indicate that crystallisation and hence viscosity play a

major role in the formation of lava domes.

Viscous lava flows and volatile-rich domes may be associated with transitions forth
and back to explosive eruptions (e.g. Castro & Gardner, 2008; Preece et al., 2016;
Williamson et al., 2010). However, due to the degassing ability of lava flows, the eruption
of the pressurized magma within a lava dome is more likely to trigger a shift in activity,
i.e. from effusive to explosive (e.g. Cassidy et al, 2018; Voight & Elsworth, 2000;

Williamson et al., 2010).
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Andesitic to dacitic lava domes are very unstable and are challenging to understand
as their behaviour can rapidly change. Initially effusive, dome-forming activity can
rapidly change to explosive activity (e.g. Cassidy et al., 2018; Sparks et al., 1977)
generating lateral volcanic blasts and pyroclastic flows from collapsing flow fronts (e.g.
Cole et al., 1998), sector collapse leading to debris avalanches (e.g. Clavero et al., 2008),
and sub-Plinian and Vulcanian eruptions (e.g. Nakada et al., 2019). Some well-studied
dome eruptions include the 1980-1986 and 2000-2004 eruptive periods of Mount St.
Helens, Oregon, United States (e.g. Berlo et al., 2006; Berlo et al., 2007; Blundy &
Cashman, 2001; Geschwind & Rutherford, 1995; Klug & Cashman, 1994; Muir ef al.,
2012), the 1989-1990 eruptions of Redoubt volcano, Alaska (e.g. Lahr et al., 1994; Miller,
1994; Miller & Chouet, 1994) the 1991-1995 eruptions of Unzen, Japan (e.g. Cichy et al.,
2011; Nakada & Motomura, 1999; Nakamura, 1995; Noguchi et al., 2008), the 1995-
2002 dome growth and collapse of Soufriere Hills, Montserrat (e.g. Buckley et al., 2006;
Couch et al., 2003; Melnik & Sparks, 2002; Robertson ef al., 2000; Rutherford & Devine,
2003; Voight et al., 1998; Young et al., 1998), the 2007-2008 dome-forming eruption of
Kelut volcano, East Java, Indonesia (Jeffery et al., 2013), and the 2013-2016 lava dome
and flow complex of Mount Sinabung, North Sumatra, Indonesia (Hotta et al., 2019;
Nakada et al., 2019). Eruptions fed by mafic magma do not usually extrude viscous dome
because of the low viscosity and high temperature of the magma. On the contrary, post-
caldera endogenous dome formations fed by felsic magma are naturally associated with
the melt itself being very viscous due to the high silica content (> 68 wt% Si02) and due
to the low temperature (c. 800 °C), independent of the crystal content (e.g. post Mamaku
Ignimbrite domes; Murphy, 1977; Wilson et al., 1984). However, for intermediate
magmas, the alternation between effusive (lava domes and flows) and explosive eruptions

imply complex processes. Some parameters which may play an important role in the
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transition of dome activity to explosive activity are the volatile content, the conduit

geometry, the ascent dynamics and whether the system is open or closed.

The 18 May 1980 eruption of Mount St. Helens (MSH) started with a failure of the
north flank due to intrusion of a dacitic cryptodome, which triggered a lateral blast
followed by 9 hours of sub-Plinian to Plinian activity (Lipman et al., 1982). Donnadieu
& Merle (1998) modelled scaled experiments of deformation of a volcanic edifice and
found that for the dome preceding the May 1980 flank collapse, the rising magma was
accommodated by elastic strain and became channelised following the formation of major
shear faults originating from one side of the ascending magmatic body and the surface of
the northern flank. After May 1980, MSH entered a period of intermittent lava-dome
formation and collapse, accompanied by occasional Vulcanian to sub-Plinian style
explosive events (Cashman, 1988). The dome-formation events became less frequent, but
extruded larger volumes throughout 1981-1986. The study by melt inclusions by
Cashman & McConnell (2005) identified magmas sourced from multiple levels of storage

during the 1980 summer eruptions. An increase in cumulative volumes of extruded lava
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in domes was also reported for eruptions from Redoubt, Unzen, and Mount Sinabung

(Figure 7.8; Nakada et al., 2019).
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Figure 7.8. Figure 13 of Nakada et al. (2019) illustrating the cumulative
volume of dome growth formation over time for different eruptions.

Several factors have been proposed as causes of the transition between effusive
dome-formation and explosive events feeding Vulcanian and sub-Plinian eruptions.
These are (1) shallow change of conduit geometry, (ii) changes in magma ascent rate, and

(111) open- versus closed-system behaviour. These will be discussed below.

(i) Shallow change of conduit geometry. One key factor that may explain the transition
between dome extrusion and explosive activity has been attributed to a shallow change
of conduit geometry. Some studies have highlighted that magmatic properties (such as
temperature and composition) remained unchanged during the 1980-1986 activity of
MSH (e.g. Browne & Szramek, 2015; Geschwind & Rutherford, 1995) suggesting that
the conduit geometry must have been the controlling factors between effusive (i.e. dome)

and explosive (e.g. Vulcanian or sub-Plinian) activity. This is especially the case
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throughout 1980, during which the decrease in mass flux by three orders of magnitude
and the similar temperature, composition, crystal content and water content of the
magmas until at least March 1982 implied a decrease in conduit cross-section estimated
from 35 m to 7 m (Geschwind & Rutherford, 1995). A more recent study of Cashman &
McConnell (2005), which has looked at variations in the textures, compositions and
volatile contents of melt inclusions from the 1980 eruptions of MSH, suggests that the
conduit evolved from a dyke-like to a more cylindrical geometry through time. Another
example is Soufriere Hills volcano, located on the island of Montserrat in the British West
Indies, where recent volcanic activity was initiated by phreatic explosions on 18 of July
1995. The first andesitic lava dome began to extrude in mid-November 1995. The change
of conduit geometry as a control of transitions between effusive and explosive activity
was emphasised for the 1995-1998 Soufriere Hills eruptive period, during which the
magma flux decreased over time and led to a slower ascent of a more degassed magma
(Sparks et al., 1998). Further, the change of geometry of the conduit has been modelled
to assess its effect on magma ascent dynamics in dome-forming eruptions (de' Michieli
Vitturi et al., 2008; de' Michieli Vitturi ef al., 2010). Their findings indicate that changes
in conduit geometry such as widening or constriction, caused by erosion during explosive
eruption or by propagation of new magma pathways for instance, play an important role

in magma ascent and eruptive dynamics.

(i) Magma ascent rates. The change of ascent rates has previously been mentioned as a
cause for transition from effusive to explosive eruptions. For Soufriere Hills volcano, the
effect of the ascent rate has been discussed by Rutherford & Devine (2003), as the ascent
rates derived from the hornblende reaction rims indicate that dome collapses and
Vulcanian explosions coincide with the fastest ascent rates (> 0.02 m s!). As the dome

grows, the magma ascent rate increases progressively until the domes collapses. In the
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case of MSH, it was shown that volatiles can escape from the system faster than they are
exsolved from the magma for slow ascent velocity (e.g. < 0.01 m s!; Eichelberger et al.
1986). Conversely, if the magma ascent velocity reaches 2-3 m s, volatiles will exsolve
from the magma faster than they can escape from the system leading to over-
pressurisation, and thus triggering explosive eruptions (e.g. Vulcanian or sub-Plinian

eruptions; Geschwind and Rutherford, 1995).

(iii) Open versus closed system. Degassing is thought to be one of the main driving forces
for magma ascent during explosive eruptions (e.g. Burgisser & Degruyter, 2015; Castro
& Gardner, 2008; Crabtree & Lange, 2011; Eichelberger et al., 1986; Jaupart & Allegre,
1991; Shinohara, 2008). As the magma is ascending, the pressure reduces and the volatile
solubility drops, triggering volatile exsolution into a gas phase. However, due to the high
viscosity of intermediate magmas, the gas phase (present as bubbles) is trapped and the
system behaves like a closed-system (Sparks, 2003). In such a system, the volatiles keep
on exsolving, leading to growth of bubbles, increasing the volume of the flow, triggering
faster ascent velocity and thus fragmentation and eruption (e.g. Cashman & Blundy,
2000; Holland et al, 2011; Magee et al., 2010). Kennedy et al. (2016) have
experimentally shown that volatile-rich rhyodacite pumice can erupt effusively due to
magma outgassing controlled by bubble interconnectivity and surface tension. Similarly,
porosity, permeability and water content of the conduit wall rocks may vary over time
and even during the same eruptive event (Kennedy et al., 2010): for instance, the unusual
explosivity of the 1886 basaltic eruption at Tarawera volcano was interpreted to be
partially controlled by heat transfer that sealed the conduit, thereby inhibiting volatile
loss. At MSH, in addition to the decrease in ascent rate and conduit radius, the change
from closed-system to open-system degassing could have been a controlling factor in the

shift from explosive to effusive eruptive activity in 1980 (Geschwind & Rutherford,
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1995). From 1980 to 1986, a decrease in dissolved water, and hence explosivity, was
associated with an increase of degassing during ascent (Rutherford & Hill, 1993). There
was a noticeable decrease in emission of SO2 and CO; in the week prior to the eruptions
of July, August and October 1980 (Casadevall et al., 1981). Between major eruptions,
gas and entrained ash were commonly emitted. Conservative estimates indicated that the
volume of magma degassed was 5-6 time greater than that of the erupted magma. In the
case of the 2014 eruption of Kelut volcano in Indonesia, explosive eruptions were
alternated by effusive dome-formation and collapse events (Jeffery ef al., 2013). It was
inferred that the transition between these two types of activity was governed by the
dynamics of magma renewal to the system and the degassing conditions, during which

the volatiles escaped via permeable conduits in the wall rocks.

In the case of TgVC lava domes are quite uncommon and are mostly controlled by
surface processes. In 1945, Ruapehu was characterised by the formation of lava domes
interrupted by explosive eruptions with widespread ash emissions (Figure 7.9; Johnston
et al., 2000). Crater Lake was emptied by the growth of a dome at the beginning of the
eruption in March, which was destroyed by subsequent explosive eruptions. A second
dome appeared in May and grew steadily until being subsequently destroyed by explosive
activity. Lava domes within the Taupo Volcanic Zone are more commonly associated
with the felsic magmatic systems, especially calderas (e.g. Taupo, Maroa and Okataina),
suggesting that intermediate and felsic magmatic systems involve different processes,

geometries and compositions, even within the same volcanic arc.
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Figure 7.9. Figure 1 of Johnston et al. (2000) representing schematic cross
sections and photographs from the 1945 activity at Mt. Ruapehu. P is a
reference of Pyramid peak.
7.1.2.3. Felsic systems
Magmatic systems involving eruption of felsic magmas have been widely studied as
they can be associated with caldera-forming eruptions, including super-eruptions,
presenting the deadliest volcanic hazards despite their extremely rare occurrence and thus
low likelihood. Felsic magmatic systems can erupt several hundreds of cubic kilometres
of magma at once, generating pyroclastic density currents and voluminous ash clouds
(Breard et al., 2016). These large eruptions also can reach distances of hundreds of
kilometres from their source, and have global effects on the atmosphere (Rampino & Self,
1992). Some examples include the Oruanui eruption of Taupo caldera, New Zealand, c.
25 ka BP (c. 530 km?®; e.g. Wilson 2001); one of the world’s largest eruption, which

occurred at c. 75 ka BP at the lake Toba (c. 2,800 km? including 800 km? as ash falls; e.g.
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Rose & Chesner, 1987); and the formation of the Silver Creek caldera, California, c. 18.8
Ma ago (> 1,300 km?; Roche et al., 2016 ). Although these magmatic systems are much
larger than TgVC, they share similar magmatic processes as those interpreted for TgVC

magmas.

Magmatic systems of such voluminous eruptions have been intensely studied, to
understand which processes are controlling the evolution of felsic magmas and their
eruption at the surface. Long crystal residence time, often spanning from 10° to 10* years
before the eruption, and zoning hiatus within crystals indicate that felsic eruptions are fed
by long-lived magmatic systems that are episodically rejuvenated by intrusions (Storm et
al, 2010). Three main current petrogenesis models have been identified for felsic
magmatic systems (Sas, submitted): remobilisation (e.g. via heat, volatile and/or mixing)
of the felsic reservoir by underplating of mafic intrusions (Deering ef al., 2011b; Suzuki
& Nakada, 2007); stalling of previously fractionated mafic batches, potentially
contaminated by crustal components (via assimilation or mixing; e.g. Montanini ef al.,
1994); and a magmatic reservoir that develops as a crystal mush, in which melt pods from
intrusions ascend upwards and stall near the roof of the storage region (Bachmann, 2010).
However, two main geometries in which these processes occur are distinguishable. We
discuss here two principal ideas of the production of high-volume felsic magmatic
systems: (i) the development of one big magma chamber associated with magmatic
underplating, and (i1) multiple independent magma batches becoming amalgamated at the

onset of eruption.

(1) The most common model for felsic magmatic systems consists of a very large and
old magma chamber, which has evolved over long periods of time. The enormous erupted
volumes as well as the crater collapses or caldera-forming events are visible consequences

of a large magma chamber. Seismic imaging and gravity data also point to this geometry.
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The Altiplano-Puna volcanic complex in central Andes is located above a laterally
extensive (500,000 km?; Ward et al., 2014) low velocity zone at c. 15 km below sea level
(e.g. Chmielowski et al., 1999; Leidig & Zandt, 2003). Considering this sill-like geometry
as a single voluminous magma chamber, two end-members of the dynamics occurring
within the reservoir have been mentioned: a zoned magma chamber that becomes more
mafic from top to bottom, and a globally silicic reservoir with a thinner underplating layer
of more mafic magmas. Whether a magma chamber is zoned or not will depend on the
ability of intruding melt to percolate through, which in turn depends on the viscosity and
the crystallinity of the intruded magma body . Bachmann & Bergantz (2004) present a
model of melt expulsion from crystal mush in discussing the origin of crystal-poor
rhyolites. At crystallinities above 45 %, and where the interstitial melt is rhyolitic, the
crystals form a framework, which allows melt extraction to occur towards the roof of the
chamber, above the crystalline residue and below a solidification front. This is also
consistent with the trend of zoned rhyolitic eruptions like the Bishop Tuff, which first
extruded crystal-poor felsic magma, before tapping into less evolved crystal-rich magma
(Hildreth, 1981). This was also observed for the 1912 eruption of Katmai, which showed
an abrupt change of crystal content from nearly-aphyric to 40-50 % of crystals towards
the end of the eruption (Hildreth & Fierstein, 2000; Turner et al., 2010). For magmatic
reservoirs with crystallinities below 55 %, the crystals are kept in suspension due to
convection, and thus the magma chamber is mostly felsic, underplated by mafic intrusions
(e.g. Bachmann & Bergantz, 2004). Mafic underplating will likely cause heating and
remobilisation of the overlying crystal-rich mush (e.g. Cooper & Kent, 2014; Zellmer et
al., 2012b). The difference in temperature between the hot mafic intrusions and the “cold”
stalling felsic reservoir triggers quenching and outgassing of the mafic magma causing

the crystal mush to partially melt. If the intrusion is large and volatile-rich enough, or if
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the gradient in temperature between the mafic and felsic bodies is large enough, this
process could potentially trigger eruption of the felsic magma (e.g. Deering et al., 2011b).
Crystals of previous eruptions have recorded replenishment and remobilisation induced
by mafic magma underplating. The presence of a zoning hiatus between growth layers
and the varying rim ages of quartz crystals found in the 21.9 ka BP Okareka eruption of
OVC, located in the central North Island of New Zealand, provide evidence for a felsic
chamber underplated by mafic intrusions (Storm et al., 2011). Quartz crystals were
resorbed and contained melt inclusions that were compositionally more evolved than the
surrounding melt (Shane et al., 2008b). It is inferred that a crystal mush, which is
episodically rejuvenated by mafic underplating, is the best explanation for silicic magmas

with complex crystal growth histories.

(i1) Due to the heterogeneity found in erupted deposits from felsic eruptions, a second
main model has been proposed, where multiple independent magma batches that
previously stalled in the crust are feeding simultaneously the eruption at the surface. Syn-
eruptive mingling of the individual magma batches is eventually occurring in the conduit
shortly before the eruption starts, without resulting in an efficient mixing. In the case of
Tarawera volcano, quartz melt inclusions from pumice clasts erupted over the past c. 22
ka, reveal crystallisation from different felsic pods with differing histories, but existing
contemporaneously within an upper-crustal mush zone (Shane et al, 2008). Considering
the chemistry and thermometry of quartz, the vent locations and the hiatus in time
between eruption sequences, distinct magma bodies are thought to be laterally separated.
This is also corroborated by the late-stage mingling between co-erupted magmas,
evidenced through the disequilibrium between Fe-Ti oxides and the mingled glasses in
some samples. Presence of subordinate mafic components in the pumices indicate that

the final trigger of the rhyolitic eruptions was the intrusion of mafic magmas into the
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felsic magma pods. The melt inclusions, the Fe-Ti oxides and the temperature fluctuations
retrieved from the quartz crystals suggest that the magmatic system beneath Tarawera
volcano is fed by recurring intrusions and thus incremental growth, which recycles crystal
mush upon ascent. A more recent study, which focusses on the Okataina Volcanic Centre,
1.e. the broader system beneath Tarawera volcano, has investigated the phenocryst
textures, the Sr and Pb isotopic ratios of plagioclase phenocrysts, and the oxygen isotopic
ratio in quartz phenocrysts from rhyolitic deposits of caldera eruptions and dome-building
episodes (Sas ef al., 2019). Phenocrysts exhibit normal and reverse zonings, sometimes
both, and a wide range of anorthite contents (i.e. Anj9.77) and trace element concentrations
(e.g. Sr varying from 370 to 1250 ppm), suggesting diverse sources. Taking into
consideration previous geophysical studies and petrological models, Sas (submitted)
supports the model (Figure 7.10) where the felsic magmatic system beneath OVC was
fed by many mafic magmas that stalled at c¢. 10-15 km depth, where they evolved by
assimilation, fractionation and contamination of mid-crustal materials. The heat and the
volatiles provided to the overlying silicic crystalline mush generate the formation of

interconnected felsic melt pods, which ultimately may trigger eruption.
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Figure 7.10. Figure 5.6 of Sas (submitted) illustrating a conceptual model of the
magmatic system of Okataina Volcanic Centre, New Zealand, that is largely intruded
by mafic underplating intrusions, which differentiate by assimilating mid-crustal
components. The intrusions transfer heat and volatile to the overlying silicic crystal
mush, forming rhyolitic melt pods which eventually feed explosive eruptions and
domes.
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7.1.3. Reflection on the existing conceptual models

In summary, main trends of the mafic, intermediate and felsic systems studied
worldwide can be distinguished (Figure 7.11). Mafic magmatic systems usually erupt
relatively frequently (e.g. Stromboli, Etna, Fuego, Paricutin, Karymsky), are fed by a
single or multiple interconnected magma reservoir(s) which are continuously recharged
by intrusions of small magma batches stalling following either a sill-like or a dyke-like
structure. In contrast, felsic magmatic systems are more mature, rarely erupt, and are
characterised by a large lateral magmatic reservoir composed of a crystal mush composed
of small magma batches which have accumulated in the crust over millions of years (e.g.
Taupo, Campi Flegrei, Yellowstone). In between, intermediate magmatic systems are
complex, characterised by a single or multiple interconnected reservoir(s) with a crystal
mush that formed due to the accumulation of mafic intrusions into the crust. Intermediate
compositions develop due to fractional crystallisation of the mafic intrusions or due to
the mixing of the silicic crystal mush and the mafic intrusions Associated eruptions can
rapidly switch from effusive (e.g. lava flow or lava domes) to explosive activity
(Vulcanian and sub-Plinian style eruptions), depending on volatile content, shallow
structure of the system (e.g. MSH cryptodome that formed along a major shear fault) and
the degree of remobilisation of the crystal mush (i.e. crystal content), which affects the
viscosity and thus the resulting eruption style. In most cases, whether a magmatic system
1s mafic, intermediate or felsic, the processes invoked for the origin of the eruptive and
ascent dynamics include fractional crystallisation, remobilisation, crystal mush

formation, magma mixing, changing P-T-X(H2O) conditions, degassing, etc.
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Figure 7.11. (Figure in the next page) Common magmatic plumbing systems beneath arc
volcanoes. Mafic magmatic systems are composed of a single or multiple interconnected
reservoir(s) which is/are frequently replenished by deep mafic intrusions, feeding mostly
effusive (lava flows and Strombolian style) eruptions, and sometimes explosive eruptions
(paroxysms). Flank eruptions are common and may be fed by rapidly ascending magma
(e.g. Ubide & Kamber, 2018). Intermediate magmatic systems are composed of a single
or multiple interconnected reservoir(s) which is/are frequently replenished by deep mafic
intrusions which stall, evolve and form a crystal mush in the crust. Intermediate
compositions are reached either due to convection between the silicic crystal mush and
the replenished mafic intrusions (Reubi & Blundy, 2009), or due to fractional
crystallisation (Tait et al., 1989). The entire range of eruption styles can be associated
with intermediate magmatic systems, from effusive eruptions (lavas and domes) to
Plinian with formation of pyroclastic density currents and high eruptive column. Viscous
lava flows and volatile-rich domes may be associated with transitions forth and back to
explosive eruptions (Preece et al., 2016). Felsic magmatic systems are fed by a large
reservoir which consists of a crystal mush which has experienced crustal assimilation and
fractional crystallisation. Melt pods form within this framework due to underplating of
mafic intrusions causing heating and remobilisation of the crystal mush. Eventually,
mafic intrusions trigger climatic eruptions of up to ultra-Plinian in style (e.g. Wilson,
2001) fed by crystal-bearing or crystal-free rhyolites, possibly mingled with more mafic
magma(s).
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Many of these conceptual models present sill-like and horizontal structures to
represent the magmatic plumbing systems, even when the regional stress distribution may
suggest otherwise. Learnt from the first textbooks and because the lower crust is often
modelled to be heated by sill injections, many previous studies have presumed horizontal
reservoirs to dominate in the upper crustal plumbing systems (e.g. Cartwright & Hansen,
2006; Edmonds et al., 2019; Maccaferri et al., 2011; Resmini, 2007; Tibaldi, 2015).
However, the regional tectonic setting and stress field might have a significant effect on
the composition, the dynamics and the eruptive processes at work beneath arc volcanoes
(e.g. Cembrano & Lara, 2009; Frazzetta & Villari, 1981; Galland et al., 2014;
Gudmundsson et al., 1999; Lavenu & Cembrano, 1999). This is often reflected in the
shape and the geometry of the edifice or the volcanic complex at the surface. This is
especially obvious for (1) flank eruptions on large stratovolcanoes, which are fed by
dykes (e.g. 1669 and 1974 eruptions on the flanks of Mt. Etna; e.g. Branca et al., 2013;
Corsaro et al., 2009; Favalli et al., 2018), for (2) eruptive fissures such as the 1914 Taisho
eruption at Sakurajima volcano, Japan, which developed parallel to the caldera rim (see
Figure l1a of Todde et al., 2017), and the 1981 eruption at Mount Pagan, Mariana Islands,
where the major fissure developed in a stress field experiencing lateral shear. The
kinematically-coupled systems identified by Cembrano & Lara (2009) in the Southern
Andes Volcanic Zone, are linked to the current compressional or dextral transpressional
tectonic regime, where the spatial distribution of the volcanic vents is governed by the
upper crustal stress field (Figure 7.12). Tension fractures, extensional-shear fractures and
tail cracks are reflected in clusters of flank vents and minor eruptive centres. These
involve isolated pyroclastic cones that are related to active thrusts and thus have triggered
large landslides (e.g. Las Hoyadas cones; Naranjo et al., 1997), pyroclastic cones on

stratovolcanoes that either follow the NE-SW trend (e.g. Lonquimay and Callaqui) or a
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sigmoidal pattern such as those on Villarica and Moco-Choshuenco (e.g. Cembrano &

Lara, 2009), and that have mostly produced basaltic and andesitic lava flows.

Finally, it is apparent from the existing models that felsic volcanoes are usually fed
by very large magmatic plumbing systems, involving an extensive volume of crystal
mush, which has evolved over long periods of time, while mafic and intermediate systems
seem to be comparable in terms of size, involving an individual smaller magma reservoir
(e.g. Calbuco volcano in Chile, and Shiveluch, Kamchatka in Russia; Castruccio et al.,
2016; Humphreys et al., 2006) or multiple discrete magma batches stalling at mid-crustal
depths (e.g. Etna and MSH, Cashman & McConnell, 2005; Ubide & Kamber, 2018).
Likewise, mafic and intermediate systems generate comparable eruption styles:
Strombolian style eruptions, e.g. Pacaya volcano (Dalton ef al., 2010) and White Island
(Houghton & Nairn, 1991), Vulcanian eruptions e.g. Fuego volcano (Lloyd et al., 2014)
and Shinmoedake, Kirishima volcano (Mujin et al., 2017; Shinohara, 2013), sub-Plinian
eruptions, e.g. Fuji volcano (Suzuki & Fujii, 2010) and Tutupaca, Peru (Samaniego ef al.,
2015), and Plinian e.g. Fontana Lapilli, near Masaya (Costantini et al., 2008) and

Tungurahua (Wright et al., 2012).

R f
Strike-slip fault ' voverea tauR Normal fault

Dyke /
inclined
heet

Figure 7.12. Figure 6 of Tibaldi (2015) representing the the preferrential geometry
of the magma plumbing system in the lower crust governed by the local stress field.
Strike-slip fault would enhance the formation of dyke, whereas reverse faults would
preferentially develop sill and arrest dyke propagation, and a normal fault will likely
develop sill at depth and dyke towards the surface where the dip is increasing.
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However, the exact geometry of the systems often remains uncertain, the microlitic
crystal cargo is often associated with shallow magmatic processes, and both are rarely the
main focus of most of the discussed studies. Geochemical and petrological studies, which
take into account previous geophysical findings or the local tectonic setting, provide
better constraints on the geometry of the magmatic plumbing system (e.g. Brocher, 1981;
Leonard et al., 2004; Ubide & Kamber, 2018; Viccaro et al., 2012; Zellmer et al., 2019).
Finally, studies that have focussed on microlites and smaller crystal cargos have revealed
key information related to late-stage processes leading to a diverse range of eruption
styles (e.g. Cichy et al., 2010; Martel, 2012; Mujin & Nakamura, 2014; Mujin et al., 2017,
Murch & Cole, 2019; Renjith, 2014; Sano & Toramaru, 2017; Szramek et al., 2010), but

these information are currently missing for the Tongariro Volcanic Centre, New Zealand.

7.2. A new architectural model beneath the Tongariro Volcanic Centre

TgVC is a polyvalent volcanic system, which has involved a wide range of explosive
eruption styles from phreatic (e.g. Te Maari 2012; Pardo et al., 2014a), Strombolian (e.g.
Tufa Trig; Donoghue et al., 1997), Vulcanian (Ngauruhoe 1974; Jolly et al., 2012;
Krippner, 2009) sub-Plinian (e.g. Ruapehu 1995; Johnston et al., 2000; Kilgour ef al.,
2016), and up to Plinian (e.g. the Mangatame Formation; Auer et al., 2015; Nakagawa et
al., 1998). Besides, In addition to the three main cones (i.e. Ruapehu, Tongariro and
Ngauruhoe), satellite cones (e.g. Pukeonake; Shane et al., 2019), monogenetic volcanoes
(i.e. the Ohakune Volcanic Complex; Kosik et al., 2016), and growth of short-lived lava
domes (e.g. Ruapehu 1945; Johnston et al., 2000) have formed at TgVC. The extrusions
of andesitic lavas is also common at TgVC such as the c. 250-275 ka BP lavas of
Tongariro (Hobden et al., 1996), the c. 2-0 ka BP lavas of Ngauruhoe (Price ef al., 2010),
and the c. 3.4 ka BP lavas from Red Crater (Shane et al., 2017; Topping, 1973). Ruapehu

has also produced many effusive events during cone-building episodes e.g. the ¢. 160-
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115 ka BP Wahianoa lavas (Gamble et al., 2003; Hackett & Houghton, 1989). Some of
the recent explosive eruptions of Ruapehu (e.g. 1945, 1966, 1969, 1995, 1996 eruptions;
Gamble et al., 1999) and Ngauruhoe (e.g. 1949 and 1975 eruptions; Hobden et al., 2002)
were also followed by lava extrusions. The study by the microlitic and micro-phenocrysts
of TgVC has allowed the proposition of a new petrogenetic conceptual model for the
feeding systems of explosive eruptions of the Tongariro Volcanic Centre, based on

several processes interpreted from the crystal cargos (Figure 7.13).

Figure 7.13. (Figure in the next page) The conceptual model of the shallow magma
plumbing system beneath TgVC inferred from this study. The magmas that feed explosive
eruptions at TgVC are nearly phenocryst-free and are composed of micro-phenocrysts
and large microlites with complex textures and zonations suggesting an antecrystic origin
(Chapter 5). Microlites consist of plagioclases and pyroxenes that grew concomitantly
due to cooling during magma ascent. Unusually high temperatures and low water contents
at microlite crystallisation suggest that cooling drove microlite crystallisation (section
5.4.3). Microlite crystallisation time inferred from CSDs (section 5.4.2) are used with the
depth constraint from MELTs modelling and thermobarometry calculations (section
5.4.3) to calculate magma ascent rates, which are too slow to feed explosive eruptions.
Thus, a reduction of the conduit cross-section (from dyke to cylinder) is required to
accelerate the magmas feeding explosive eruptions at TgVC (Vulcanian eruption with
exit velocities of up to 400 m s!), consistent with the extensional tectonic setting of the
region which is accommodated by dyke intrusions (Gémez-Vasconcelos et al., 2017).
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7.2.1. Magma mixing

The anorthite contents from the plagioclase crystal cargo present broad variations in
compositions (i.e. Anss.g9, see Chapter 5), highlighting the different physicochemical
properties of the melts from which they crystallised. Besides, disequilibrium textures
observed in the large microlites and micro-phenocrysts, such as resorption, overgrowth
and sieve textures, are common in the TgVC crystal cargo and may have formed due to
rapid decompression (Nelson & Montana, 1992), but also in response to re-heating or a
change to a more mafic melt environment during magma recharge and/or magma mixing
(Nakamura & Shimakita, 1998). For some tephras, the pyroxenes and the plagioclases
were in equilibrium with different glass compositions within the same tephra, suggesting
that magma mixing was a key process during crystallisation, or that crystallisation
occurred in individual magma batches, distinct in composition, from which crystals were
picked up upon ascent to feed explosive eruptions. Magma mixing has also been inferred
from the textures found in the phenocrystic cargo of the lavas from Red Crater (Shane et

al.,2019) and Pukeonake (Beier et al., 2017).

7.2.2. Crystal uptake from a crystal mush

The variety of crystal compositions (i.e. An content in plagioclase and Mg# in
pyroxenes) and the disequilibrium of about 60 % of the adjacent crystal-glass pairs
assessed for equilibrium (cf. Chapter 5), suggests that crystal uptake is a major process
during ascent of magmas that fed the explosive eruptions at TgVC. Although not frequent,
fracture and overgrowth in both plagioclase and pyroxene is identified, suggesting that
these crystals experienced high rate of collision or they may have been torn apart from a
nearly solidified crystal mush by a hot ascending magma batch. Crystal uptake from
crystal mush has been inferred in previous studies (Costa & Morgan, 2010; Girard & Stix,

2009; Hartley et al., 2016), notably from the 2005-2006 eruption at c. 9°50’N in the East
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Pacific Rise, where the plagioclase outermost rims were not in equilibrium with the
surrounding melts, and have been interpreted to be entrained less than a few days before
or during the eruption (Moore et al., 2014). The study by Humphreys et al. (2009) on the
andesitic magmas of Soufriere Hills, Montserrat, investigated strongly zoned microlites
(i.e. <100 um in their study, corresponding to the size of micro-phenocrysts in this study),
which have crystallised at higher temperatures and in a more mafic magma than that of
the micro-phenocrysts (i.e. 100-300 um in their study, corresponding to the size of
phenocrysts in this study). The mafic microlites were incorporated through mixing into
the andesitic magmas that fed the eruptions of domes and pyroclastic flows at Montserrat.
Thus, the entrainment of large microlites may be a common process occurring at

intermediate arc volcanoes.

7.2.3. Cooling-induced microlite crystallisation

The CSD slopes retrieved for pyroxene and plagioclase microlites are similar,
regardless of the eruption style (Strombolian, to sub-Plinian), the source (Tongariro,
Ngauruhoe or Ruapehu) and the compositions (andesitic or dacitic). This implies that both
pyroxene and plagioclase microlites crystallised concomitantly and in response to the
same process(es). The hygrothermobarometric calculations paired with MELTS
modelling resulted in a maximum and an average depth for crystallisation of microlites
of 550 MPa (i.e. 16.5 km below sea level) and 140 MPa (i.e. 4.5 km below sea level),
respectively. Also, unusually high temperatures for intermediate magmas (i.e. < 1080 °C)
and low water contents (i.e. < 1.50 wt%) were constrained during microlite crystallisation.
These results indicated that microlites did not crystallise as the result of degassing. The
water contents retrieved for the TgVC magmas are consistent with the low water contents
(< 2 wt%) inferred from the phenocryst-hosted melt inclusions of the 1945 to 1996

eruptions of Mt. Ruapehu (Kilgour et al. 2013). However, low volatile contents are
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unusual in arc settings, where volatiles in the parental magmas are typically the result of
the incorporation of fluids (i.e. mainly H>O) from the dehydrating subducting slab into
the overlying mantle wedge (e.g. England & Katz, 2010; Grove et al., 2009; Grove et al.,
2012; Kushiro, 1987; Zellmer et al., 2015a). At TgVC, the low water contents and the
pressures during microlite crystallisation are inconsistent with the model of microlite
crystallisation by decompression-induced degassing (Geschwind & Rutherford, 1995;
Hammer et al., 1999; Noguchi et al., 2006, Szramek et al., 2006), and thus, cannot be the
driving force of Vulcanian (e.g. Ngauruhoe 1974) and sub-Plinian eruptions (i.e. 1995
Ruapehu). Instead, we propose that the microlite crystallisation was driven by cooling,
consistent with the slow magma ascent rates (i.e. < 13 cm s™! before water exsolution, see

Chapter 5).

7.2.4. Pulsatile regime of ascent

Oscillatory zoning is commonly found in the studied tephras, even observed at
microlite scale (see Appendix B2), and indicate that crystallisation occurred in a dynamic
environment with frequent cycles of re-heating and cooling-induced growth.
Remobilisation of a stalling crystal mush prior to eruption is recurrent and coherent with
the high proportion of intrusions or failed eruptions, where up to 3 out of 10 intrusions
make it to the surface (White et al., 2006; Zellmer ef al., 2019 and Figure 7.14). Such a
pulsating regime is also in agreement with the tephra stratigraphy of the studied eruptions;
the frequent and small-volume eruptions of Mangatawai and Tufa Trig, well-preserved in
the field, consist of multiple layered fine ash (e.g. Donoghue ef al., 1997; Moebis et al.,
2011). Strombolian and Vulcanian style eruptions are also fed by pulses of magmas, such
as the frequent Strombolian style explosions of Stromboli and Yasur volcanoes (Gaudin
et al.,2014), and the recent Vulcanian activity of Volcan de Colima, Mexico (e.g. Cassidy

etal.,2015).
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7.2.5. Ascent through dykes

Textures such as the Al-rich rim layers observed in clinopyroxene (cf. Chapter 5,
Figure 5.9b) are characteristic of rapid cooling, because incompatible elements such as
Al, are incorporated into the tetrahedral site of clinopyroxene during disequilibrium
growth triggered by a high degree of undercooling (Mollo et al., 2010; Mollo et al., 2013;
Ubide & Kamber, 2018; Ubide et al., 2019). High cooling rates, usually caused by
degassing at shallow depth (Crabtree & Lange, 2011), promote nucleation rather than
growth (e.g. Armienti et al., 1994; Kirkpatrick, 1977; Mollo & Hammer, 2017), and thus
microlite crystallisation. Because the data presented here indicates that cooling was the
driving force of crystallisation, due to the volatile-poor characteristic of the TgVC
magmas, a narrow geometry of a stalling reservoir must have been in place during
crystallisation. Thus, we infer that the magmas stalled in dyke-like structures, where high
degrees of undercooling are common due to rapid heat loss through the dyke walls (Gray,
1970; Webber ef al., 1999). This is consistent with previous volcano-tectonic studies in
the southern TVZ, such as that of Gomez-Vasconcelos et al. (2017), which stated that
dyke intrusions accommodate 5-22% of the total extension of the Tongariro graben, of
which 4-5% may be associated with volcanic eruptions, and 18—19% may be associated
with arrested dyke intrusions (Wadsworth et al., 2015). Besides, the high long-axis shape
factors obtained from CSDslice for some of the TgVC magmas (Table 6.2), are likely to
represent a high degree of undercooling, resulting in crystal textures such as hopper,
swallowtail and dendritic (Conte et al., 2006; Faure et al., 2003; Humphreys et al., 2006;
Shea & Hammer, 2013; Vona & Romano, 2013). This is also consistent with the NNE-
striking dykes exposed within Red Crater, which fed the basaltic andesite lavas
(Wadsworth ef al., 2015). We thus infer a pulsating ascent of magmas through vertical

structures, i.e. dykes. This is also consistent with the model of crystal recycling described
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by Storm et al. (2011), as dyke intrusions of magma through a crystal mush would erode

and transport diverse crystal populations.

Funneling into cylinder. Finally, the slow ascent rates calculated for the studied
tephras (i.e. 3 to 13 m s7!, see Chapter 5), even after water exsolution, are too slow to feed
the most explosive eruptions. As demonstrated in the work of Taisne & Jaupart (2011),
fragmentation, one of the main shallow process accounting for the explosivity of an
eruption (e.g. Bindeman, 2005; Martel et al., 2001), in water-poor magmas is unlikely,
and the ascending dyke tends to thin when approaching the surface, leading to faster
ascent rates. Along these lines, we conclude that the feeder dykes, while propagating
towards the surface, experienced a reduction of their cross-section and funnel into
narrower conduits, similar to cylinders, to reach exit velocities feeding up to sub-Plinian
eruptions (i.e. 50-400 m s™'; Nairn & Self, 1978; Self et al., 1978). If conduit constriction
is ineffective, e.g. widening of conduit that may result in late effusion of lavas, or
narrowing of initially wide conduits that lead to transitioning of effusive eruption style to
more explosive over time (e.g. the 1886 eruption of Tarawera; Houghton et al., 2004),

effusive activity would be favoured at TgVC.

Altogether, the data from this study infer that the TgVC magmatic system consists of
vertically oriented reservoirs with multiple dykes that are fed by pulses of aphyric melts.
This plumbing system recycles complexly-textured micro-antecrysts/-xenocrysts upon
ascent to feed explosive eruptions. Most of the intrusions stop propagating in the upper-
to mid-crust, where they crystallise. Unlike the previous studies for TgVC based on
phenocrysts (Coote & Shane, 2016; Hill et al., 2015; Kilgour ef al., 2014; Rowlands et
al., 2005; Shane et al., 2017; Shane et al., 2019), this study provides a unique constraint
on the origin of the microlites and micro-phenocrysts at TgVC. Our study is in agreement

with the most recent study on Tongariro lavas from Shane ef al. (2019) where textures of
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phenocrysts from Red Crater lavas record magma mixing and an antecrystic origin, and
for which they deduce a crystal-poor magma entraining phenocrysts during ascent from
the mantle to upper-crustal depths. However, in the case of explosive eruptions, if the
ascending magmas from the mantle are entraining phenocrysts, most of them remain in
the magmatic system. Although dykes are the major structures to transport magma
vertically, sills and batholiths are generally the most popular geometry adopted to store
magmas at depth. Dykes require accommodation space, which is generally limited to
continental rifting (Cashman et al., 2017). However, vertically fed-systems have been
inferred for arc volcanoes such as Etna (Giacomoni ef al., 2018), Vesuvius (Morgan et
al.,2004), Stromboli (Cigolini et al., 2008), Popocatepetl (Martin-Del Pozzo et al., 2008),
Mt. Pelée (Fichaut et al., 1989), Soufriere Hills (Paulatto ez al., 2019), and Agung volcano
during the pre-eruptive seismic swarm in 2017 (Albino et al., 2019). Also, maar eruptions
are commonly fed by dykes as the diatreme is often exposed by subsequent half sectioning
of entire volcanic edifices (White & Ross, 2011). Diatremes are exposed at many places
such as the Barombi Mbo Maa maar in Cameroon (Chako Tchamabé et al., 2015),
Miyakejima in Japan (Geshi ef al., 2011), Hopi Buttes, Navajo Station, USA (Lefebvre
et al., 2013), and the monogenetic Mt Gambier Volcanic Complex, South Australia (van

Otterloo & Cas, 2016).

7.3. Implications of new results and hazard assessment
7.3.1. Implications
The study by petrological evidence retrieved from volcanic rocks is an expanding
area of research as it provides key information on the kinetics and processes occurring
within magmatic systems. Although the current number of citations per annum has
doubled in 10 years’ time (2010-2020; Scopus research with key words: crystals, volcanic

and/or eruption), the amount of available literature that focusses on microlites remains
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poor (i.e. ¢. 20 per annum). This study demonstrates the importance of the understanding
of microlite (< 30 um) formation to obtain a full picture of the processes at work beneath
volcanic systems. As arc magmas are usually carriers of a high content of volatiles (e.g.
Wallace, 2005; Zellmer et al., 2015a), microlite crystallisation is commonly associated
with decompression-induced degassing (e.g. Cichy et al., 2010; Hammer et al., 1999;
Noguchi et al., 2006; Szramek et al., 2006). However, this study questions this
mechanism as the permissible depths during microlite crystallisation are as deep as 16.5
km (i.e. 550 MPa), hence, unlikely to be linked to degassing, which is reinforced by the

low water contents derived for these magmas.

Previous studies have used CSDs of phenocrysts and microlites to unravel the link
between crystal populations and eruption styles (e.g. Murch & Cole, 2019). In this study,
however, 60,000 microlites from 22 eruptions were used to generate CSDs for explosive
eruptions of TgVC, and they displayed similar slopes. Thus, we infer that microlite
CSDSs should not be used as discriminant for eruption styles. Instead, we recommend to
focus on nanolites (< 10 um) to identify the shallow physicochemical conditions during

crystallisation associated with different eruption styles (Mujin & Nakamura, 2014).

Similarly, the inferred plagioclase growth rates derived from the CSD slope and the
concomitantly crystallising orthopyroxene microlite crystallisation time (e.g. ¢. 2.94 x 10
"'m s, are very similar, irrespective of the eruption styles, and in the range of the
existing growth rates from the literature (e.g. Cashman & Blundy, 2000; Geschwind &
Rutherford, 1995; Kirkpatrick, 1977). In particular, the study by McCanta et al. (2007)
derived a very similar plagioclase microlite growth rate for Black Butte dacitic lava flows

of 2.50 x 107" m s°!, located on the flank of Mount Shasta, CA, USA. Despite eruption

styles within TgVC eruptions are different to that of Black Butte, the plagioclase growth
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rates derived are similar. Thus, the crystallisation processes may be very similar during
microlite crystallisation, which implies that the eruption style is governed by shallower
processes, such as the change of geometry of the conduit proposed in this study (i.e.
narrowing versus widening of the conduit). The recent study of Murch & Cole (2019)
supports this statement, as Vulcanian style explosions and lava dome formations of

Soufriére Hills volcano also displayed similar CSDs for large microlites (> 84 um),

suggesting that the eruption style is controlled at shallower depths (< 2 km).

Ascent rate variations are still widely called upon to explain the different eruption
styles (Gonnermann & Manga, 2007). However, CSDs and the resulting slow ascent rates
derived for TgVC magmas clearly demonstrate that ascent rate at depth is not a key factor
to moderate the eruption style within the range investigated. This was also inferred for
the 0.5 ka BP eruption of the Inyo volcanic chain, California, which led to comparable
ascent and effusion rates for sub-Plinian explosions and extrusion of lavas (Castro &
Gardner, 2008). We thus highlight that the variation of conduit geometry at shallow
depths for water-poor magmas, such as those of the TgVC, likely dominates the control

of the resulting eruption style.

Finally, this study implies that microlites are not necessarily grown within the
erupting magmas. The equilibrium assessment failed for 60% of the microlite-glass pairs
of TgVC magmas, inferring that the micro-phenocrysts (i.e. > 30 um, considered as
microlites in most of the existing literature) have an antecrystic or a xenocrystic origin.
This is also confirmed by the complex textures identified for this size range (e.g.
oscillatory zoning, resorbed cores, sieve textures). Future studies should not assume that

microlite compositions are necessarily in equilibrium with the melt composition, as they
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may have grown deeper than volatile exsolution depths and may have even been recycled

from previous intrusions (e.g. Humphreys et al., 2009).

7.3.2. Monitoring and hazard assessment

In terms of monitoring and hazard assessment, this study provides an indication of
the expected time window between volcanic-related geophysical unrest and eruption,
which was unknown until now. Based on the explosive eruptions of the past ¢. 10,000
years, when the magma is ascending to the surface, microlite crystallisation starts 2 to 4
days before an imminent eruption. Crystallisation typically occurs at 4 km beneath the
surface, but may start as deep as mid-crustal depths (c. 16 km). Microlite crystallisation
can be linked to seismic signals, as it increases the viscosity of the magma and might
trigger fracturing and fault formation, which in turn triggers volcano-tectonic earthquakes
(Stix, 2018). TgVC has been host of all kind of eruption styles e.g. phreatic (e.g. the 2012
Te Maari eruption, Pardo et al., 2014a), phreatomagmatic (e.g. events during the 1995-
1996 eruptive period of Ruapehu, Cronin et al., 2003), Strombolian (e.g. the Tufa Trig
Formation, Donoghue et al.,, 1997), Vulcanian (e.g. the 1974-1975 eruptions of
Ngauruhoe, Self et al., 1978), sub-Plinian (e.g. the 11-12 October 1995 eruption of
Ruapehu, Kilgour et al., 2016) or Plinian eruption (e.g. the Mangamate Formation, Auer
et al., 2015). However, the eruptions at TgVC are not always associated with detectable
seismic signals. For instance, the 2012 phreatic eruption of Te Maari was preceded by
three weeks of precursory gas emission (Christenson et al., 2013) and seismic activity
with most of the events located between 1 and 1.5 km beneath the volcano (Hurst ef al.,
2014), but no clear precursors preceded the explosion. This lack of precursory activity
was associated with the sudden decompression of the shallow hydrothermal system that
was heated by a deeper magmatic intrusion (Pardo et al., 2014a). Unless the feeding

magma is transporting more volatiles than the studied eruptions, only shallow processes
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such as the conduit geometry and the potential hydrothermal systems, are likely to control
the eruption styles at TgVC. Thus, considering all the potential scenario for a future
explosive eruption at TgVC, the next step to mitigate the volcanic hazards will be the
detection of the geophysical signals associated with the inferred early ascent from this

study.
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8.1. Summary of results and implications

The main purpose of this study was to unravel the pre- and syn-eruptive ascent of
magma and magmatic processes associated with explosive eruptions at the Tongariro
Volcanic Centre, New Zealand, through the investigation of the micro-crystal cargo of
andesitic tephras. The tephras selected for this research were erupted during eruptions of
Strombolian to Plinian in style, from different sources and at different times over the past
10,000 years. We focussed on three tephras from the c. 10 ka BP Mangamate Formation
(Plinian, erupted from several vents between Ruapehu and Tongariro), ten tephras from
the c. 1.7-3.5 ka BP Mangatawai Formation (small volume Vulcanian up to sub-Plinian,
erupted mostly from Ngauruhoe), seven tephras from the c. 0-2 ka Tufa Trig Formation
(Strombolian to sub-Plinian, erupted from Ruapehu, and including the 1995-1996 AD
eruptions), and four tephras from the 1972-1975 AD eruptions of Ngauruhoe
(Strombolian and Vulcanian). These andesitic tephras glassy-rich, nearly phenocryst-free,
and thus offered the ideal foundation to study the micrometre-sized populations of
crystals. To this aim, multiple analytical, petrological, and textural approaches were used

to address four objectives:

1. Development of an automated method to characterise microlite crystal size
distributions (CSDs) from back-scattered electron (BSE) images.
Time-consuming image processing is normally required to generate a CSD, which
requires outlining at least 300 crystals (Morgan & Jerram, 2006) from BSE
images, usually done manually using image processing software (e.g. Adobe
Photoshop). The Weka Trainable Segmentation plugin on /mageJ was applied for
the first time on volcanic rocks (cf. Chapter 3). It consists of a semi-automatic
segmentation tool, which uses semi-supervised learning techniques to train an

algorithm that in turns classifies the remaining data automatically. This
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segmentation technique was used on a set of three images of volcanic rocks (i.e.
two individual andesitic tephras from Mangatawai and Mangamate formations,
and a welded spatter sample from Tarawera) with differing crystallinities (35%,
50%, >85% by area) and captured using three Scanning Electron Microscopes of
different resolutions (SEM; Field Emission SEM with an image resolution of
4,096 x 3,072, Environmental SEM with a resolution of 2,048 x 1,886, and a
Desktop SEM with a resolution of 1,280 x 960). The software successfully
classified the plagioclase and pyroxene microlites for the two images with the
lowest crystal contents, four to ten times faster compared to the time spent
processing the images manually. The crystal-rich sample yielded poor
segmentation results due to crystal impingement. The accuracy performance test
of the successful classifiers led to F-scores > 0.93 (i.e. the precision-recall F
measure), regardless of the resolution of the SEM used. This enhances the
reliability of Trainable Weka Segmentation to segment crystals from BSE images
of volcanic rocks with up to 50% of crystals. However, it is pertinent to mention
that this method is not successful for images in which two objects (e.g. two
minerals, or one mineral and the glass) have very similar greyscales, as these will
not be distinguished. This study was published in Microscopy and Microanalysis

(Lormand et al., 2018).

2. Characterisation of the origin of microlites and micro-phenocrysts of TgVC
through high resolution imaging.
The textures of the microlites (< 30 um) and micro-phenocrysts (30-100 um) were

investigated to identify the processes at work during crystallisation (cf. Chapter

5). The FE-SEM and the 1270 Secondary Ion Mass Spectrometer (SIMS)
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equipped with a stacked CMOS active pixel sensor (SCAPS) provided high
resolution elemental maps for plagioclase and pyroxene crystals. Six textures for
each mineral were identified down to 30 micrometres and consisted of: resorption
and overgrowth, oscillatory zoning, single compositional jump, sieve textures,
fractures, and strontium zonation in plagioclase; and resorption and overgrowth,
calcium-rich rims, magnesium core and calcic rims, fractures, and aluminium
zonation in pyroxene. Additionally, the anorthite content (Xan) of the plagioclase
and the magnesium number (Mg#) were analysed. Crystal chemical and textural
observations were interpreted to indicate the operation of multiple magmatic
processes including magma recharge/mixing, pressure fluctuations, fracturing,
and rapid cooling and crystal growth. These processes suggest that the microlites
and micro-phenocrysts cargo of the feeding magmas of TgVC explosive eruptions
have not crystallised from the host magma during its ascent, but instead are relics
from previous intrusions, highlighting their antecrystic or xenocrystic origin. We
infer that these crystals were entrained by the ascending magma upon ascent. This
study has prepared for publication in Frontiers in Earth Science, under the title of
“Intermittent ascent of aphyric andesitic melts revealed by cryptic micro-

antecryst textures’ ..

3. Usage of microlite CSDs to estimate the timescales of magma transfer
through the volcanic conduit at the onset of explosive eruptions of TgVC.
Crystal size distributions is a line based on the assumption that for a crystal
population with a simple and common history, the logarithm of the population
density is inversely proportional to the crystal length. This line can be curved or

linear and can provide key information regarding the crystallisation and
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nucleation processes of crystals. In this study, CSDs were generated for 22
andesitic tephras of differing sources and eruption styles (cf. Chapter 6). CSDs
were created from the morphological measurements of a total of c¢. 60,000
microlites, outlined using the semi-automatic segmentation technique developed
for objective 1. Irrespective of the eruption styles, CSDs of all plagioclase and
pyroxene microlites (10-30 um) generated have comparable slopes and thus
microlites crystallised under similar conditions and processes. The magma
transfer time ¢ from the crystallisation of these microlites to eruption was

calculated by combining the CSD slopes and a known growth rate G, as it follows:

1
G X slope

t =
In this case, a well-constrained growth rate of orthopyroxene previously
calculated for one of the studied tephras (i.e. Mangatawai 407-17) was used. It
was calculated from the orthopyroxene microlites that crystallised at the rim of an
olivine phenocryst during its reaction with the surrounding melt (Zellmer et al.,
2016; Zellmer et al., 2018). The resulting microlite population growth times vary
between 52 + 14 (20) to 99 + 27 (20), implying crystallisation of microlites c. 2
to 4 days before an explosive eruption at TgVC. Assuming the pyroxene and the
plagioclase microlites crystallised concomitantly, the growth rates derived for
plagioclase using the CSD slopes range from 1.65 x 107! to 6.43 x 10" m s,
Within the range of experimental growth rates determined for plagioclase, these

growth rates corroborate the notion of simultaneous crystallisation of plagioclases

and pyroxenes.
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4. Identification of the P-T-X(H:20) conditions during microlite crystallisation
to understand the magmatic processes at work during magma ascent.
To fully understand the conditions in which the microlite cargos of TgVC magmas
have grown, thermodynamic models such as hygrothermobarometry and MELTS
were combined to determine pressure, temperature and water content at which the
microlites crystallised (cf. Chapter 6). To this aim, mineral and glass compositions
retrieved were used for equilibrium assessment of mineral-glass pairs (i.e. Kp(Fe-
Mg)°P*1lid = 0.29 + 0.06 and Kp(Fe-Mg)P*!i4 = 0.27 £ 0.03), required to validate
the output of the hygrothermobarometer and MELTS modelling. The
orthopyroxene-liquid and clinopyroxene-liquid thermobarometers from Putirka
(2008) providing pressure and temperature were iteratively calculated with the
water content retrieved from the plagioclase hygrometer of Waters and Lange
(2015). MELTS modelling was subsequently tested to narrow the P-T-X(H2O)
ranges obtained by hygrothermobarometry. Combined hygrothermobarometry
and MELTS led to permissible temperatures between 1005 °C and 1130 °C
(average of 1076 °C), permissible pressures between 0.1 MPa and 550 MPa
(average of 140 MPa i.e. c. 4 km), and water contents between 0.00 wt% and 1.50
wt% (average of 0.40 wt%). During microlite crystallisation, the TgVC magmas
were unusually dry and thus hot, and started crystallising microlites at relatively

great depths.

Chapter 6 has been reviewed for publication in Journal of Petrology, was deemed
acceptable pending minor revisions. The revised script will be resubmitted under the title
of “Slow ascent of unusually hot intermediate magmas triggering Strombolian to sub-

Plinian eruptions”.
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The microlite crystallisation times derived from objective 3 and the crystallisation
depths derived from objective 4 led to maximum magma ascent rates of 9 cm s™'.
Although these ascent rates are calculated assuming constant ascent rates, acceleration is
likely at shallower depths. However, the maximum ascent rate after water exsolution of
18 m s7! is still too slow to feed explosive eruptions requiring supersonic exit velocities
of ¢. 400 m s™'. Taking the tectonic setting into account, these results have allowed the
proposition of a new conceptual model of the magmatic plumbing system feeding
explosive eruption at TgVC. The large microlites and micro-phenocrysts have witnessed
an environment, where multiple events of recharge, pressure fluctuations, high rate of
collision and rapid cooling under high degree of undercooling are occurring, suggesting
crystallisation in narrow conduits. Besides, the polybaric crystallisation of microlites
favours a vertical system where dykes are intruding the crust. Such a geometry is
consistent with the diversity of crystals, which have locally experienced varying
magmatic events, e.g. compression and fracturing near the walls and the top of the dyke,
and magma recharge events associated with re-heating deeper within the dyke, leading to
disequilibrium and oscillatory zoning. Considering the extensional setting, the slow
magma ascent and the low water content of these magmas, the ascent and the microlite
crystallisation were not driven by decompression-induced degassing; hence, we infer a
narrowing of the feeder dyke into a constricted conduit towards the surface, which will

allow acceleration of the erupting magma. It appears that in the TgVC, conduit geometry

is the ultimate regulator of the explosivity of Holocene volcanism.

Regarding the existing models for magmatic plumbing systems at arc volcanoes
reviewed in Chapter 7, it appears that vertically oriented reservoirs are under-represented
in the literature, although this study implied that they could be a more common feeding

source, especially domains where extensional/transtensional tectonic regime prevails e.g.
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Cerro Negro volcano (La Femina ef al., 2004) and Chiltepe volcano (Freundt & Kutterolf,
2019) in Nicaragua, Mount Mazama in the Cascades, USA (Bacon & Robinson, 2019),
Ubinas in southern Peru (Lavallée et al., 2009), Akutan volcano in the Aleutian volcanic
arc in Alaska (Lu et al., 2000), Caviahue-Copahue Volcanic Complex at the border of
Chile and Argentina (Agusto et al., 2013), and the submarine Hachijo NW volcanic chain

in Japan (Ishizuka et al., 2008).

8.2. Future directions of research
During the course of this study, several possible directions for future research were
identified, applicable to the current data set and selected samples, but also for other

volcanic systems in similar tectonic settings (e.g. an extensional back arc environment):

e Model the Sr diffusion in the 24 plagioclase (micro-)phenocrysts to constrain the
timescales of crystallisation of the antecrysts/xenocrysts. The elemental maps
obtained with the 1270 SIMS equipped with SCAPS yield ultra-high resolution
at submicron scale. The chemical gradient within the imaged crystal will be
estimated from the greyscale intensity values (e.g., Kilgour et al., 2014; Morgan
et al., 2004) combined with the compositional profiles retrieved across crystals.
A forward modelling approach will be used to model the diffusion profiles

observed in the crystals.
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Further investigation of the cryptic microlite textures using high-resolution
instruments (cf. Chapter 5) may provide a better understanding of the growth
kinetics and the processes at work during microlite crystallisation. For instance,
the low-Ca pyroxene cores surrounded by high-Ca pyroxene rims have never

been targeted in microlites prior to this study (Figure 8.1).

Figure 8.1. Ca (calcium) map of a large microlite of pyroxene from
Mangatawai showing Ca-rich rims, cryptic in BSE image.

One of the main implications of this study is that eruption style is governed by
late-stage and shallow processes, following microlite crystallisation, and thus not
recorded by microlite crystallisation. Indeed, all TgVC microlite CSDs have
similar slopes, regardless of the eruption style. The nanolites (< 1 um) however,
exhibit steeper CSDs, due to the extreme undercooling, and may show a
dependence related to the eruption style. The studies of Mujin & Nakamura
(2014, 2017) have focused on the eruption style transition from the 2011 eruption
of Shinmoedake, recorded by the nanolite population. They found that the
mineral assemblages of the nanolites change with explosivity, as a consequence

of the differing residence time of the magma near the surface. Expanding this
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work to the nanolites may reveal similar relationships for the Holocene TgVC

explosive eruption record, and this should be tested.

e During analytical sessions, melt inclusions were identified within some
microlites and micro-phenocrysts (Figure 8.2). With the exponential
improvement of the technology and the resolution of analytical instruments, the
measurement of volatile content and compositions in microlite-hosted melt
inclusions may provide a better understanding of the rate of volatile degassing in
the magma. Indeed, if feasible, the volatile content in the phenocryst-hosted melt
inclusions could be compared with that of the microlite-hosted melt inclusions.
In the case of TgVC, we found that microlites form 2-4 days prior to an eruption
in a nearly anhydrous magma using thermodynamic models. However, given
some assumptions and uncertainties, retrieving H>O from microlite melt
inclusions would be valuable to check for consistency with the data presented

here.
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Figure 8.2. Melt inclusion observed (yellow arrow) in a
pyroxene microlite from Mangatawai 407-17.

Although the growth rate used to calculate the microlite population growth time
for TgVC magmas was within the range of the existing growth rates, growth rate
was assumed linear and constant. However, growth rates are unlikely to be linear
and constant under dynamic conditions such as those found in many magmatic
systems (e.g. irregular decompression rate, increase of the crystallinity over
time), and thus, may not be applicable when the geometry of the conduit is
narrowing towards the surface or when the magma displays an irregular ascent
behaviour. Verifying the growth rate variation under such conditions with
variable decompression rate, mimicking the narrowing of the dyke and therefore
the acceleration of the magma, and the associated microlite textures and aspect
ratios may provide an even more detailed understanding of the crystallisation

processes and timescales.

To verify the depths resulting from the thermodynamic models, and the validity

of using such models applied to microlites, the microlite number density (MND)
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could be examined for the studied tephras, where we would expect a high MND
for tephras that supposedly started crystallised deeper (e.g. Ngauruhoe 1975) than
for those that have crystallised shallower (e.g. Mangatawai 407-56).
Additionally, as MND has been interpreted as a function of the water exsolution
rate from a magma (Toramaru et al., 2008), we might be able to use it to estimate
the water exsolution rate for the TgVC magmas to constrain further the magma

ascent velocities at the shallowest depths.

e The vesicle morphology of some of the studied samples varied greatly from one
to another. For instance, the vesicles from the 1995 sub-Plinian eruption of
Ruapehu are numerous, small and spherical, whereas the vesicles from the 1996
Strombolian eruption of Ruapehu show evidence of coalesced vesicles (Figure
8.3). Such morphologies can be linked to the eruption styles and can provide a
better understanding of the late-stage outgassing, and the fragmentation processes
and depth (Moitra et al., 2013; Shea et al., 2010b; Shea, 2017). Along these lines,
the ash shard morphology may be investigated, especially for the Mangatawai
and Tufa Trig eruptions, which require better constraints of their associated

eruption styles (Liu et al., 2015).
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HV  |spot mag det pressure WD
20.00 kV| 4.0 581 x DualBSD|6.21e-6 Torr|8.6 mm Rua95-15

HV  |spot mag det pressure WD : 200 pm
20.00 kV| 4.0 450 x DualBSD 4.61e-6 Torr/8.3 mm Rua96be-12

Figure 8.3. BSE images of two glass shards from (a) the 1995 Ruapehu (sub-
Plinian) and (b) the 1996 Ruapehu (Strombolian) eruptions. Note the different
morphology of the vesicles between the two eruptions.
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8.3. Concluding remark

Deep processes in the lower crust (> 15 km) occurring beneath arc volcanoes have
been identified and are now well understood thanks to the extensive amount of literature
focussing on phenocrysts (> 100 um), such as the analysis of their melt inclusions (e.g.
Humphreys et al., 2008), or their isotopic signatures (e.g. Shane et al., 2019). Similarly,
near-surface processes are also well constrained by means of geophysical detection tools
such as seismic tomography (e.g. Koulakov & Vargas, 2018), and easier access such as
the conduit drilling of active volcanoes (e.g. Sakuma et al., 2008). This research fills the
gap between deep and eruptive processes by providing a comprehensive investigation of

the microlites and micro-phenocrysts, which record upper-crustal processes.

This study contributes to the expansion of the scientific knowledge and provides
relevant information to be included in future hazard assessments and evacuation planning,
required by the decision makers and stakeholder agencies. The Tongariro Volcanic Centre
is one of the most visited spots in New Zealand and requires appropriate and reliable

information regarding the potential hazards and risks associated to an explosive eruption.
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Appendix A: Supplementary Data

Appendix Al. Published methodology: Lormand C., Georg F. Zellmer G.F., Németh K.,
Kilgour G., Mead S., Palmer A.S., Sakamoto N., Yurimoto H., Moebis A. (2018) Weka
Trainable Segmentation plugin in ImagelJ: a semi-automatic tool applied to Crystal Size

Distributions of microlites in volcanic rocks. Microscopy and Microanalysis, 24: 667—
675.

DOI: https://doi.org/10.1017/S1431927618015428
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Appendix A2. Performance evaluation code in RStudio — example for the classifier used
for the TWS segmentation (section 3.3.2.4) of the plagioclase population of the
Mangamate - Te Rato sample.

#Load the ROCR, raster and rgdal packages
Tibrary(ROCR)

Tibrary(raster)

Tibrary(rgdal)

#Load the images using readGDAL function

manual <- readGDAL("C:/Users/clormand/Desktop/Papers/4
wWeka/Data/Metrics/Mangamate/manual_plg.tif")

auto <- readGDAL("C:/Users/clormand/Desktop/Papers/4
weka/Data/Metrics/Mangamate/auto_plg.tif")

#Run the prediction using ROC predict function - order is
the automatic and then ground truth

rocPred <- prediction(auto$bandl, manual$bandl)
#Classify the performance using each metric
ppv <- performance(rocPred, "ppv')

tpr <- performance(rocPred, "tpr'")

f <- performance(rocPred, "f")

#Build a data table

tablel = data.frame(classification = "Mangamate TwS plg",
ppv = ppv@y.values[[1]][2], tpr = tpr@y.values[[1]]1[2], f
= f@Qy.values[[1]]1[2])
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Appendix A

Appendix A3. One example of the CSD output for one tephra (i.e. Mangatawai 407-14)
consisting of the output parameters from CSDslice and CSDCorrections, and the crystal
measurements output from ImageJ.

CSDslice output:
Score
Shape X z
’ ’ ®)
best 1 1.7 6 0.795
2nd best 1 2 6 0.791
3rd 1 1.9 5.5 0.789
4th 1 1.9 6 0.789
S5th 1 1.7 5.5 0.788
Best fit shape curve Sl
01.00 1.40 8.00
0.1000 01.00 1.40 10.00
D407-14 plg
0.0900 31.00 1.40 5.50
0.0800
g 0.0700 -
g 0.0600
8 00500 ———f H=
g 0.0400 |
S 0.0300 |
=

0.0000
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0.0100 -

T
@«

st SR E 35 c 8z
o o o o o o o o
2D salla
CSDCorrections output:
Mid In(po In(min  In(max
Inter de(rllj) i P]g) P]g) Cry Num  Vol%
125.3 -19.7 -20.4 -19.3 1.60E-07 1.46
79.1 -16.28 -16.44 -16.15 3.09E-06 7.06
49.9 -14.76 -14.88 -14.66 8.92E-06 5.13
31.48 -13.93 -14.06 -13.82 1.29E-05 1.87
19.86 -12.85 -12.97 -12.75 2.39E-05 0.87
12.53 -11.89 -12.01 -11.79 3.95E-05 0.36
7.91 -10.78 -10.88 -10.69 7.59E-05 0.17
4.99 -10.03 -10.14 -9.92 0.000102 0.06
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e (rystal measurements output from /mageJ:
n Major Minor n Major Minor n Major Minor
1 1.003 0.461 237 2.353 0.554 474 6.343 3.447
2 1.017 0.662 238 2.370 1.189 475 6.433 1.621
3 1.022 0.864 239 2.373 1.293 476 6.441 2.272
4 1.025 0.410 240 2.389 1.796 477 6.483 2.381
5 1.025 0.410 241 2.394 1.177 478 6.489 1.815
6 1.035 0.731 242 2.404 1.347 479 6.525 3.841
7 1.035 0.731 243 2.405 1.399 480 6.539 4.328
8 1.041 0.605 244 2.420 2.294 481 6.541 0.932
9 1.043 0.726 245 2.420 0.939 482 6.619 3.247
10 1.045 0.563 246 2.422 1.511 483 6.659 3.833
11 1.079 0.390 247 2.435 1.227 484 6.736 1.055
12 1.086 0.581 248 2.443 0.671 485 6.764 1.051
13 1.086 0.581 249 2.455 2.244 486 6.831 2.223
14 1.094 0.807 250 2.459 1.659 487 6.860 2.556
15 1.094 0.807 251 2.464 1.212 488 6.933 4.282
16 1.094 0.807 252 2.465 0.955 489 6.947 3.378
17 1.094 0.807 253 2.488 0.811 490 6.962 4.488
18 1.095 0.768 254 2.502 1.311 491 6.968 2.969
19 1.105 0.495 255 2.504 0.923 492 7.019 2.475
20 1.108 0.683 256 2.512 1.323 493 7.027 1.604
21 1.111 0.909 257 2.515 0.903 494 7.041 3.375
22 1.111 0.909 258 2.532 1.595 495 7.064 2.500
23 1.111 0.909 259 2.541 0.695 496 7.075 4.084
24 1.111 0.909 260 2.550 1.896 497 7.081 2.465
25 1.111 0.909 261 2.577 0.865 498 7.089 3.079
26 1.121 0.975 262 2.582 2.378 499 7.138 2.309
27 1.122 0.825 263 2.587 1.301 500 7.183 4.988
28 1.125 0.823 264 2.596 2.106 501 7.209 3.955
29 1.125 0.449 265 2.596 1.523 502 7.211 2.765
30 1.133 0.445 266 2.602 0.824 503 7.337 4,551
31 1.137 0.961 267 2.612 2.045 504 7.338 5.559
32 1.140 0.553 268 2.622 1.331 505 7.393 0.791
33 1.144 0.588 269 2.627 2.257 506 7.520 5.128
34 1.144 0.588 270 2.632 1.119 507 7.547 4,613
35 1.149 0.733 271 2.641 1.210 508 7.552 3.051
36 1.165 0.831 272 2.653 2.409 509 7.574 2.293
37 1.167 0.865 273 2.665 1.878 510 7.603 2.887
38 1.167 0.685 274 2.667 1.041 511 7.636 3.150
39 1.175 0.715 275 2.674 1.384 512 7.713 3.719
40 1.179 0.927 276 2.677 1.948 513 7.722 2.663
41 1.180 0.784 277 2.679 1.177 514 7.743 2.161
42 1.187 0.851 278 2.696 1.981 515 7.809 6.074
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43 1.194 0.810 279 2.749 1.913 516 7.821 4.560
44 1.197 0.843 280 2.757 2.013 517 7.850 3.648
45 1.204 0.489 281 2.773 0.576 518 7.879 2.311
46 1.207 0.383 282 2.787 2.339 519 7.929 2.959
47 1.213 0.693 283 2.788 0.513 520 7.941 2.214
48 1.219 0.655 284 2.812 1.989 521 7.943 3.876
49 1.227 0.789 285 2.823 2.443 522 7.963 5.175
50 1.232 0.921 286 2.843 1.819 523 8.005 2.480
51 1.235 0.715 287 2.873 2.064 524 8.014 1.023
52 1.239 0.543 288 2.890 2.648 525 8.057 2.505
53 1.243 0.879 289 2.908 1.273 526 8.091 4418
54 1.243 0.541 290 2913 1.963 527 8.143 1.905
55 1.244 0.507 291 2.925 2.171 528 8.257 1.843
56 1.244 0.879 292 2.939 1.717 529 8.327 2.237
57 1.245 0.743 293 2.941 0.958 530 8.348 3.501
58 1.245 0.574 294 2.949 1.355 531 8.427 4.042
59 1.247 0.439 295 2.963 2.498 532 8.449 1.021
60 1.248 1.011 296 2.969 0.694 533 8.455 3.268
61 1.253 0.771 297 2.975 1.809 534 8.494 2.446
62 1.259 0.367 298 2.979 0.381 535 8.625 1.414
63 1.264 0.433 299 2.993 1.321 536 8.687 4.067
64 1.264 0.433 300 2.995 1.811 537 8.689 2.270
65 1.287 0.719 301 3.000 0.897 538 8.702 1.754
66 1.294 0.943 302 3.006 2.434 539 8.732 3.405
67 1.297 0.843 303 3.007 1.889 540 8.776 2.281
68 1.298 0.777 304 3.020 1.629 541 8.781 0.929
69 1.298 0.972 305 3.057 2.091 542 8.894 3.055
70 1.300 0.970 306 3.058 2.228 543 8.964 5.611
71 1.301 0.711 307 3.087 1.021 544 9.065 1.577
72 1.303 0.613 308 3.101 0.868 545 9.084 4.648
73 1.305 0.515 309 3.116 1.701 546 9.129 4.091
74 1.309 0.963 310 3.140 1.875 547 9.200 1.933
75 1.317 0.703 311 3.155 1.119 548 9.287 8.436
76 1.325 0.445 312 3.162 2.341 549 9.309 2.837
77 1.328 0.791 313 3.163 1.781 550 9.331 1.009
78 1.331 0.759 314 3.179 1.825 551 9.352 4.479
79 1.331 0.759 315 3.189 1.925 552 9.399 4.277
80 1.339 0.785 316 3.203 2.127 553 9.464 4.083
81 1.339 0.534 317 3.222 1.383 554 9.498 7.359
82 1.339 0.534 318 3.267 0.965 555 9.555 3.552
83 1.341 0.533 319 3.267 0.721 556 9.667 3415
84 1.346 1.000 320 3.304 1.285 557 9.765 3.781
85 1.352 0.933 321 3.309 1.868 558 9.787 6.711
86 1.356 0.744 322 3.356 2.895 559 9.792 5.626
87 1.366 1.016 323 3.365 0.913 560 9.809 3.456
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88 1.374 0.581 324 3.399 0.866 561 9.847 0.705
89 1.388 1.182 325 3410 0.863 562 9.850 3.428
90 1.390 0.999 326 3.419 0.996 563 9.850 6.079
91 1.400 0.571 327 3.434 1.702 564 9.993 4.007
92 1.410 0.507 328 3.459 1.471 565 10.111 4.492
93 1.417 0.564 329 3.469 2.376 566 10.123 3.439
94 1.433 0.734 330 3481 0.435 567 10.211 3.081
95 1.437 0.644 331 3.496 2.983 568 10.231 6.428
96 1.439 0.877 332 3.501 0.841 569 10.262  7.630
97 1.442 0.992 333 3.501 1.213 570 10.348  2.007
98 1.448 0.959 334 3.504 2.256 571 10.386  7.924
99 1.453 1.186 335 3.519 2.425 572 10.422 8.155
100 1.471 0.572 336 3.536 2.141 573 10.534  6.220
101 1.471 0.686 337 3.540 1.378 574 10.631 3.560
102 1.482 0.993 338 3.544 1.780 575 10.647 5.336
103 1.493 1.212 339 3.591 2.553 576 10.656 6.413
104 1.496 0.619 340 3.601 2.757 577 10.657 4,881
105 1.497 0.534 341 3.620 1.266 578 10.694  4.349
106 1.504 0.531 342 3.639 0.797 579 10.739 6.861
107 1.509 0.613 343 3.640 1.329 580 10.784  4.336
108 1.510 0.585 344 3.646 3.207 581 10.785 4,191
109 1.517 0.887 345 3.669 1.868 582 10.847 4.211
110 1.524 0414 346 3.677 2.151 583 10.875 1.875
111 1.543 1.091 347 3.697 1.274 584 10.921 4.544
112 1.544 0.681 348 3.709 1.349 585 11.030 1.987
113 1.547 0.707 349 3.729 0.778 586 11.093 4.799
114 1.550 0.869 350 3.731 2.965 587 11.177 0.737
115 1.555 1.163 351 3.741 1.214 588 11.239  6.017
116 1.559 1.430 352 3.751 2.343 589 11.299 7.299
117 1.561 0.512 353 3.765 0.971 590 11.303 7.996
118 1.568 0.643 354 3.781 2.803 591 11.428 2.429
119 1.575 0.801 355 3.804 0.939 592 11.429  6.707
120 1.581 1.038 356 3.817 1.212 593 11.522 3.365
121 1.591 1.190 357 3.821 0.671 594 11.553 5.260
122 1.591 0.925 358 3.844 1.477 595 11.606 6.848
123 1.592 1.215 359 3.849 2.787 596 11.667  2.091
124 1.593 0.766 360 3.880 0.802 597 11.719 4.687
125 1.594 1.029 361 3.887 1.049 598 11.758 2421
126 1.599 1.053 362 3.900 2.922 599 11.778  2.663
127 1.603 0.708 363 3.902 2.403 600 11.789 1.527
128 1.605 1.231 364 3915 1.009 601 11.840 3.378
129 1.613 0.599 365 3.929 1.809 602 11.991 6.397
130 1.615 1.433 366 3.948 3.259 603 12.001 8.099
131 1.620 1.116 367 3.970 2.341 604 12.019 5.091
132 1.628 0.517 368 3.973 0.836 605 12.033 6.811
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133 1.639 0.667 369 3.977 1.988 606 12.035 7.939
134 1.641 0.410 370 3.987 0.770 607 12.113 4451
135 1.642 1.024 371 3.987 3.217 608 12.169  0.847
136 1.674 0.829 372 4.037 2.312 609 12.195 10.207
137 1.677 0.953 373 4.063 1.521 610 12.261 7.096
138 1.681 1.026 374 4.081 3.019 611 12.273 8.933
139 1.691 1.517 375 4.084 2.574 612 12.409 4.321
140 1.699 0.965 376 4.102 1.743 613 12.459 9.721
141 1.700 1.583 377 4.124 1.907 614 12.520 1.612
142 1.701 1.137 378 4.125 1.040 615 12.589 8.502
143 1.710 1.230 379 4.145 3.033 616 12.634  6.381
144 1.713 1.080 380 4.175 2.267 617 12.709 1.628
145 1.717 0.563 381 4.175 2.367 618 12.800 8.535
146 1.717 0.955 382 4.181 1.851 619 12.825 4.597
147 1.721 1.637 383 4.205 2.340 620 12.869 2.755
148 1.725 0.561 384 4223 2.649 621 12914 4784
149 1.735 0.848 385 4.247 1.495 622 12.923 2.353
150 1.737 0.944 386 4.257 2.123 623 13.103 2.307
151 1.738 0.677 387 4.260 1.343 624 13.229 9.635
152 1.745 0.506 388 4316 2.017 625 13.286  4.475
153 1.746 0.843 389 4322 1.635 626 13.311 4215
154 1.750 0.985 390 4.348 0.522 627 13.553 4.387
155 1.778 1.253 391 4.353 2.209 628 13.587 5.803
156 1.787 1.482 392 4.363 1.340 629 13.619 4.631
157 1.808 0.931 393 4.375 2.134 630 13.717 3.057
158 1.812 0.905 394 4.383 2.351 631 13.811 3.751
159 1.818 1.295 395 4.422 3.671 632 14.003 5.310
160 1.820 1.641 396 4.425 3.117 633 14.010 8.213
161 1.821 0.762 397 4.426 1.995 634 14.073 3.691
162 1.827 0.667 398 4.428 1.329 635 14.105 2.710
163 1.831 1.217 399 4.459 3.489 636 14.127 7.611
164 1.833 1.009 400 4478 1.803 637 14.138 3.549
165 1.835 0.687 401 4.503 1.186 638 14.184 8.393
166 1.836 0.687 402 4.525 1.663 639 14.305 7.058
167 1.840 0.685 403 4.531 2478 640 14.334 6.833
168 1.845 0912 404 4.547 1.230 641 14.433 6.833
169 1.847 1.411 405 4.575 0.551 642 14.454 8.661
170 1.852 0.568 406 4.607 3.040 643 14.561 3.798
171 1.860 1.221 407 4.631 3.841 644 14.684 3.156
172 1.861 0.881 408 4.655 1.545 645 14.793 6.269
173 1.873 1.594 409 4.662 2472 646 14.812 2.578
174 1.875 0.539 410 4.665 3.372 647 14.965 10.527
175 1.875 1.323 411 4.701 1.825 648 15.093 6.667
176 1.897 0.665 412 4.727 0917 649 15.093 8.099
177 1.907 0.573 413 4756 1.574 650 15.478 7.947
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178 1.922 0.481 414 4.769 3.519 651 15.535 9.407
179 1.936 0.847 415 4.807 0.753 652 15.577  7.578
180 1.936 1.173 416 4.828 2.753 653 15.651 7.137
181 1.947 0.756 417 4.857 3.074 654 15.690 5.406
182 1.957 1.418 418 4.881 1.533 655 15.718 9.145
183 1.959 0.730 419 4.892 3.559 656 15.792 10.031
184 1.973 1.130 420 4.940 3.524 657 16.070  7.845
185 1.978 0.638 421 4977 1.141 658 16.191 8.483
186 1.985 1.271 422 5.017 3.169 659 16.225 3.792
187 1.989 0.423 423 5.023 1.800 660 16.270  6.697
188 2.000 0.589 424 5.031 0.753 661 16.277  7.679
189 2.007 0.964 425 5.039 2.587 662 16.393 10.523
190 2.011 0418 426 5.043 2.101 663 16.601 2.335
191 2.017 0.646 427 5.107 2.841 664 16.695 8.625
192 2.040 0.557 428 5.109 2.979 665 17.105 8.140
193 2.041 1.401 429 5.112 1.193 666 17.192 8.640
194 2.041 1.833 430 5.161 2.738 667 17.312 3.228
195 2.045 0.843 431 5.167 3.353 668 17.425 4235
196 2.050 1.641 432 5.201 1.884 669 17.477 10.559
197 2.061 0.591 433 5.212 1.646 670 17.577  3.517
198 2.064 1.345 434 5.244 3.705 671 17.817 8.190
199 2.081 0.505 435 5.297 1.667 672 18.035 3.169
200 2.093 1.567 436 5.311 2.051 673 18.065 9.698
201 2.099 0.921 437 5.333 1.672 674 18.187 10.969
202 2.101 1.261 438 5.346 4.106 675 18.243 6.865
203 2.115 0.597 439 5.366 1.348 676 18.329  6.039
204 2.115 1.809 440 5.398 1.013 677 18.391 2.031
205 2.118 1.152 441 5.405 3.042 678 18.409  4.790
206 2.135 1.261 442 5.437 1.284 679 18.686 5.867
207 2.145 0.921 443 5.489 2.640 680 18.751 9.684
208 2.148 0.920 444 5.615 2.359 681 18.909 3.883
209 2.157 0917 445 5.619 3.113 682 19.116  4.991
210 2.164 0.544 446 5.695 2.090 683 19.341 12.405
211 2.164 1.671 447 5.720 1.301 684 20.103 6.227
212 2.165 1.049 448 5.735 2.816 685 20.574 5.463
213 2.168 1.047 449 5.750 1.580 686 20.747 14.559
214 2.181 0.925 450 5.775 2.840 687 20.817 5.265
215 2.182 0.443 451 5.776 3.160 688 20.873 2.613
216 2.188 1.211 452 5.787 1.279 689 20.963 4.163
217 2.193 1.765 453 5.851 2.494 690 20.967 5.467
218 2.203 0.859 454 5.869 0.845 691 21.048 9.277
219 2.207 1.619 455 5.897 4.122 692 21.259 5.107
220 2.209 0.723 456 5914 3.129 693 21.502 5.801
221 2.255 1.772 457 5.919 3.140 694 21.521 4.936
222 2.261 1.544 458 5.922 3.785 695 22.430 6.031
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223 2.269 0.389 459 5.943 0.977 696 23.004 14.341
224 2.282 1.732 460 5.963 5.684 697 23.031 10.647
225 2.286 1.821 461 5.973 3.929 698 23.077 8.513
226 2.296 1.667 462 6.003 1.681 699 23994  3.940
227 2.301 0.749 463 6.049 4.644 700 24.027 6.957
228 2.305 0.931 464 6.059 4.366 701 24419 4.001
229 2.307 1.567 465 6.092 5.033 702 24.763 3.797
230 2.313 0.655 466 6.117 3.128 703 24 987 7.111
231 2.324 0.724 467 6.119 3.725 704 25.008 7.387
232 2.329 1.101 468 6.167 3.600 705 25.081 8.097
233 2.333 1.280 469 6.221 1.649 706 27.367 11.798
234 2.336 1.152 470 6.237 2.279 707 28.324 13.687
235 2.336 1.638 471 6.251 3.619 708 28.558 16.249
236 2.351 1.306 472 6.294 2.339 709 29.992 5.127
237 2.353 0.554 473 6.304 3.509
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Appendix B: Supplementary Figures

Appendix B1. SCAPS images of plagioclase crystals with resorption and overgrowth.
All images are between 80 um and 100 um across.

Resorption and overgrowth in plagioclases

Te Rato -TR#14_01 Na Te Rato - TR#05_045 Ca_Si Te Rato - TR#05_063 Ca_Si Ohinepango - Chob#12_007 Na_Si

Ohinepange - Ohobi#12_008 Na_Si Ohinepango - Ohbb#10_006 Na_Si Ohinepango - Ohbb#10_007 Na_Si Mangatawai - 407-14400_1 Ca_Si
- -

Mangatawai - 407-14#01_2 Na_Si Mangatawai - 407-16#03_8 Ca_Si Mangatawai - 407-17#03_18 Ca_Si

Mangatawai - 407-54#06_025 Na_5i Mangatawai - 407-54#06_029 Na_5i

TufaTrig 8 - 108-131400_1 Ca_Si
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TufaTrig 8- 108-131408 047 Ca_Si

TufaTrig 8- 108-131408_049Ca_Si

TufaTrig 8 - 108-131208_051 Ca_Si

TufaTrig 8-108-131410_58_1 Ca_Si

TufaTrig 8- 108-131#10_58_2 Ca_Si

Tufa Trig 14 - 108-138#08_027 Ca_Si

TufaTrig 14 - 108-138#08_031 Ca_5Si

TufaTrig 14 - 108-138#08_038 Na_Si

P s

Tufa Trig 14 - 108-138#08_039 Na_5i

Tufa Trig 15 - 108-139#08_036 Ca_5i

Tufa Trig 15 - 108-139408_046 Na_Si

TufaTrig 16 - 108-140#08_002 Ca_Si

Ngauruhoe 1972 - Ng72#10_6 Ca_5Si

Ngauruhoe 1973 - Ng73#13_2 Ca_Si

Ruapehu 1996 - Rua96-13_17 Ca_Si
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Appendix B2. SCAPS images of plagioclase crystals with oscillatory zoning. All images
are between 80 um and 100 um across.

Oscillatory zoning in plagioclases

Ohinepango - Oheb#04_016_7 Na_Si Mangatawai - 407-14400_1 Ca_Si Mangatawai - 407-14#01_02 Na_Si Mangatawai

07-54#06_002 Ca_Si

Mangatawai - 407-54#06_025 Na_Si

TufaTrig 8 - 108-131400_52 Ca_Si Tufa Trig 8 - 108-131#08_57 Ca_Si

Tufa Trig 8 - 108-131410_58_1 Ca_Si Tufa Trig 8- 108-131#10_58_2 Ca_Si Tufa Trig 8- 108-131#10_58_5 Ca_5Si Tufa Trig 8- 108-131#10_58_7 Ca_Si

Tufa Trig 8 - 108-131#08_047 Ca_Si Tufa Trig 8 - 108-131#08_049 Ca_Si Tufa Trig 8 - 108-131#08_051 Ca_Si Tufa Trig 8 - 108-131#08_054 Na_Si

TufaTrig 13 - 108-137#08_021 Ca_Si Tufa Trig 14 - 108-138#08_031 Ca_5i Tufa Trig 14 - 108-138#10_58_3 Ca_Si Tufa Trig 14 - 108-138#08_027 Ca_Si
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Tufa Trig 14 - 108-138#08_034 Na_Si

Tufa Trig 15 - 108-139#08_036 Ca_Si

Tufa Trig 16 - 108-140#08_007 Ca_Si

Ngauruhoe 1972 - Ng72#10_6 Ca_Si

Ngauruhoe 1975 - Ng75421_4 Ca_Si

Ruapehu 1996 - Rua%#13_11 Ca_Si

Ruapehu 1996 - Rua96#13_12 Ca_Si

Ruapehu 1996 - Rua96i#13_13 Ca_5i
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Appendix B3. SCAPS images of plagioclase crystals with single compositional jump.
The single compositional jump texture is characterised by a sharp boundary between
the (resorbed) core and the rim with no compositional gradient. All images are between

80 um and 100 um across.

Single compositional jump in plagioclases

Ohinepango- Oh#04_021 Na_5Si Te Rato - TR#05_054 Na_Si

Te Rato - TR#05_062 Ca_Si

Te Rato - TR#05_103 Ca_Si

Te Rato - TR#05_104 Ca_5Si Mangatawai - 407-14#02_5 Ca_5i

Mangatawai - 407-16403_8 Ca_5Si

Mangatawai - 407-16#03_9 Ca_Si

Tufa Trig 14 - 108-138#08_041 Ca_Si

Ngauruhoe 1975 - Ng75#12_2 Ca_Si

Ngauruhoe 1975 - Ng75#14_1 Ca_Si

Ngauruhoe 1975 - Ng75#20_3 Ca_Si
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Appendix B4. SCAPS images of featureless plagioclases. All images are between 80

um and 100 um across.
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Appendix BS. SCAPS images of plagioclase crystals with sieve and dissolution
textures. All images are between 80 pum and 100 pm across.

Sieve textures in plagioclases

Mangatawai - 407-56#06_002 Na_Si

"

Mangatawai - 407-56#06_005 Na_Si

Mangatawai - 407-56#06_006 Na_Si

TufaTrig 8 - 108-131#00_5i Ca_Si

TufaTrig 8- 108-131#05_54 Ca_Si

o

A
& "

TufaTrig 16 - 108-140#08_007 Na_Si

Ngauruhoe 1975 - Ng75#20_3 Ca_Si

Ruapehu 1995 - Rua95#13_8 Ca_Si
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Appendix B6. SCAPS images of plagioclase crystals fractures. All images are

between 80 um and 100 pm across.
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Appendix B7. SCAPS images of plagioclase crystals with zonation in strontium. All
images are between 80 pm and 100 pm across.

Strontium zonation in plagioclases

Te Rato - TR#14_1

Mangatawai - 407-14#00_1

Mangatawai - 407-14#02_6

Mangatawai - 407-16#03_9

Mangatawai - 407-17#03_51

TufaTrig 8- 108-131#08_56

Tufa Trig 8- 108-131#10_58_1

TufaTrig 8- 108-131#10_58_2

TufaTrig 8- 108-131#10_58_3

TufaTrig 8-108-131#10_58_4

TufaTrig 14 - 108-138#10_58_5

Tufa Trig 14 - 108-138#10_5S8_6

Tufa Trig 14 - 108-138#10_58_7

Ngauruhoe 1973 - Ng73#13_2

Ngauruhoe 1975 - Ng75#20_3

Ruapehu 1995 - Rua95#13_9
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Ruapehu 1995 - Rua95#13_15

Ruapehu 1996 - Rua96#13_11

Ruapehu 1996 - Rua96#13_12

Ruapehu 1996 - Rua96#13_13

Ruapehu 1996 - Rua96#13_14

Ruapehu 1996 - Rua96#13_17

344



Appendix B

24 6zdew s /BN - 5261 soynineby

a4 sedew /BN - ££61 aoynineby 34 01dewge1-80L - 1L Bl eyny

a4 gedew ¢1-£0v - lemejebueny

34 tpdew91-£0t - lemejebuely a4 gpclew s |-t - lemeiebue a4 Lpdew v1-£0 - lemelebuely

sauaxoJAdoyrio ui yymoibiano pue uoindiosay

Appendix B8. Element maps of pyroxene crystals with resorption and overgrowth. The

white scale bar at the bottom left corner is 10 pm in length.
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long axis (see red arrows). The white/black scale bar as the bottom left corner is 10 pm

Appendix B9. Element maps of pyroxene crystals with calcium-rich rims along the
in length.
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Appendix B10. Element maps and BSE images of pyroxene crystals with magnesian-
core and calcic-rim. The white/black scale bar as the bottom left corner is 10 um in
length. Note that the Ca zonations are poorly visible in BSE image.

Magnesian-core and calcic-rim pyroxenes

Mangatawai - 407-14_map40 Mangatawai - 407-14_map41 Mangatawai - 407-15_map48
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Appendix B11. Element maps of pyroxene crystals with fractures. The white scale bar
as the bottom left corner is 10 um in length.

Fracturing in orthopyroxenes

Mangatawai - 407-14_map40 Fe Mangatawai - 407-15_map44 Fe
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Appendix B12. Element maps of pyroxene crystals with fractures. The white/black

scale bar as the bottom left corner is 10 um in length.
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Lormand: Magmatic processes at Tongariro Volcanic Centre Appendix B

Appendix B13. BSE image of a volcanic ash shard from Mangatawai (i.e., 407-17).
Note the sharp contact between two different textures suggesting recycling of volcanic
particle.

Mangatawai - 407-17
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Lormand: Magmatic processes at Tongariro Volcanic Centre Appendix B

Appendix B14. Mg-Ca-Al chemical map of a Mangatawai glass shard imaged using
the FE-SEM (JEOL JSM-7000F) at Hokkaido University, Japan. Plagioclases are in
light blue, orthopyroxenes are in red and note the clinopyroxene in yellow, possibly
antecryst or xenocryst. The white scale bar at the bottom right represents 100 pm.

Mangatawai - 407-14
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Lormand: Magmatic processes at Tongariro Volcanic Centre

Supplementary Tables

.
.

Appendix C

Appendix C1. Table 1 of Putirka (2008) describing the sample calculations for

liquid components used to determine the orthopyroxene- and clinopyroxene-liquid

thermobarometers (see section 3.5.1).
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Appendix C2. Table 1 of Putirka (2008) describing the sample calculations for

the orthopyroxene-liquid

used to determine

thermobarometer (see section 3.5.1), based on six oxygens.

components

orthopyroxene
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Lormand: Magmatic processes at Tongariro Volcanic Centre

Appendix C3. Table 1 of Putirka (2008) describing the sample calculations for

the orthopyroxene-liquid

to determine

used
thermobarometer (see section 3.5.1), based on six oxygens.

components

orthopyroxene
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Lormand: Magmatic processes at Tongariro Volcanic Centre Appendix C

Appendix C4. Table la of Waters & Lange (2015) describing the albite
thermodynamic data used in the hygrometer model (section 3.5.2)

Parameter Value Reference
T; 1373 K Boettcher et al. (1982)
AHAT) 64.5 kJ/(mol-K) Tenner et al. (2007)
ASAT) 47.0 J/(mol-K) Tenner et al. (2007)
C, crystal 393.64 - 2415.5T%° - 7.8928 10°T 2 Berman (1988)
+1.07064 10° T3
G liquid 359 J/(mol-K) Tenner et al. (2007)
V,oek Crystal 100.57 cm?/mol Wruck et al. (1991)
a (T) crystal 2.68x 10 K! Fei (1995)
(8V/EP)crysta! -1.67 cm3/GPa Tenner et al. (2007);
Lange et al. (2009)
W(T) liquid  112.72 + 0.00382 (T-1373) cm3*/mol Lange (1996)

(OV/&P)auid  _6,379 —0.00055 (T-1673) cm?*/GPa Kress and Carmichael (1988)
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Appendix CS. Table 1b of Waters & Lange (2015) describing the anorthite
thermodynamic data used in the hygrometer model (section 3.5.2)

Parameter Value Reference

T; 1373 K Boettcher et al. (1982)

AHLT) 64.5 kJ/(mol-K) Tenner et al. (2007)

ASAT) 47.0 J/(mol-K) Tenner et al. (2007)

C, crystal 393.64 - 2415.5T°° - 7.8928 10°T? Berman (1988)

+ 1.07064 10° T3

G liquid 359 J/(mol-K) Tenner et al. (2007)

Vosx Crystal 100.57 cm?/mol Wruck et al. (1991)

a (T) crystal 2.68x 107 K! Fei (1995)

(6V/8P)ystl -1.67 cm?/GPa Tenner et al. (2007);
Lange et al. (2009)

V() liquid ~ 112.72 + 0.00382 (T-1373) cm?®/mol Lange (1996)

(5V//5p) i

-6.379 — 0.00055 (T-1673) cm?®/GPa Kress and Carmichael (1988)
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Appendix C6. Table 2 of Waters & Lange (2015) describing the model parameters
used by the plagioclase-liquid hygrometer (section 3.5.2)

Parameter Value Reference
T; 1373 K Boettcher et al. (1982)
AHAT) 64.5 kJ/(mol-K) Tenner et al. (2007)
ASAT) 47.0 J/(mol-K) Tenner et al. (2007)
C, crystal 393.64 - 2415.5T%° - 7.8928 10°T 2 Berman (1988)
+1.07064 10° T3
G liquid 359 J/(mol-K) Tenner et al. (2007)
V,oek Crystal 100.57 cm?/mol Wruck et al. (1991)
a (T) crystal 2.68x 10 K! Fei (1995)
(8V/EP)crysta! -1.67 cm3/GPa Tenner et al. (2007);
Lange et al. (2009)
W(T) liquid  112.72 + 0.00382 (T-1373) cm3*/mol Lange (1996)

(OV/&P)auid  _6,379 —0.00055 (T-1673) cm?*/GPa Kress and Carmichael (1988)

357



86¢

Appendix C7. Microprobe analyses of glass from intermediate tephras of the Tongariro Volcanic Centre. Mangatawai and Tufa Trig glasses were
analysed using a JEOL JXA-8900R electron microprobe equipped with four wavelength-dispersive spectrometers at the Institute of Earth Sciences,
Academia Sinica, Taipei, Taiwan. Ngauruhoe 1972-1975 and Ruapehu 1995-1996 glasses were analysed using a JEOL JXA-8800R electron
microprobe equipped with four wavelength-dispersive spectrometers at the Graduate School of Science, Hokkaido University, Sapporo, Japan.

forma g(flll’/};rezueme Comment SiO,  TiO, ALO; FeO  MgO CaO K:O NaO CrOs P05  Total
MANGATAWAI

Mangatawai Lower Nol4-10 5991 113 1394 938 284 625 338 154  0.00 98.36

Nold4-11 5990 1.15 1419 884 274 624 325 158 00l 97.89

Nol4-12 6072 1.04 1397 938 274 573 319 146 0.0l 98.23

Nol4-21 5471 0.63 2044 606 265 993 274 098  0.00 98.14

Nold-51 5868 1.17 1399 9.02 292 654 248 171  0.03 96.54

Nol52 5997 1.13 1436 823 261 654 304 177 0.0 97.65

Nol59 6005 130  13.60 957 248 603 206 188 0.0l 96.98

Nol5-12  60.02 124 1343 964 244 584 197 190  0.00 96.48

Nol5-14 5855 107 1449 879 321 671 238 159 0.0 96.78

Nol5-15 5839 099 1478 849 316 671 212 160 0.0 96.26

Nol5-17 5860 096 1467 878 326 668 243 154 0.0 96.90

Nol5-22 5865 1.08 1448 872 317 675 234 160 0.0 96.79

Nol5-41  59.06 1.04 1428 874 308 659 219  1.63  0.00 96.61

Nol5-52  59.67 1.20 13.83  8.85 2.74 6.21 222 1.78 0.03 96.52
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Mangatawai Upper

No15-80
Nol5-81
Nol5-82
Nol6-9

Nol6-10
Nol6-21
Nol6-36
Nol6-75
Nol7-2

Nol7-47
No17-80
Nol8-15
Nol18-22
No18-42
Nol8-44
No18-48
Nol18-51
No47-12
No47-13
No47-14
No47-37
No49-5

No49-12

59.77
59.05
58.68
60.42
60.47
61.44
60.73
60.40
59.13
60.97
58.11
58.87
58.19
59.66
59.03
58.60
59.77
60.59
60.46
60.23
61.05
63.17
61.03

1.11
1.07
0.98
1.22
1.41
1.34
1.08
1.22
1.11
1.32
1.25
1.15
1.08
1.40
1.21
1.14
1.25
1.03
1.11
1.00
1.11
1.34
1.21

14.49
14.54
14.71
13.99
13.41
13.23
16.28
14.19
13.87
13.06
14.37
14.17
14.43
13.52
14.02
14.37
13.10
14.17
14.25
14.29
13.51
13.00
13.80

8.31
8.54
8.31
8.89
9.40
9.22
6.94
8.49
9.52
9.15
9.74
9.54
9.02
8.81
9.24
8.92
9.65
8.07
7.94
8.23
8.45
9.27
8.53

3.10
3.23
3.05
2.51
2.46
2.36
2.03
2.92
2.78
2.48
2.71
291
3.31
2.52
2.49
2.76
2.69
2.81
2.83
291
241
1.40
245

6.73
6.67
6.74
6.33
6.26
5.81
6.81
5.89
6.50
5.74
7.05
6.81
6.55
6.14
6.15
6.47
6.13
6.04
6.18
6.01
5.79
5.01
5.94

2.34
2.38
2.22
247
2.13
2.53
3.49
2.37
2.20
1.63
2.57
1.96
1.46
2.52
2.32
2.25
1.48
2.61
2.18
2.53
2.35
2.64
2.40

1.69
1.62
1.60
1.80
1.88
2.00
1.50
2.28
1.73
2.16
1.77
1.46
3.55
2.03
1.84
1.77
2.12
1.89
1.73
1.76
1.96
243
1.92

0.00
0.00
0.01
0.00
0.01
0.00
0.00
0.00
0.01
0.00
0.01
0.00
0.00
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.02
0.03

97.53
97.09
96.30
97.63
97.42
97.93
98.86
97.76
96.84
96.50
97.57
96.86
97.59
96.62
96.29
96.27
96.18
97.20
96.67
96.97
96.62
98.28
97.30
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No49-13
No49-18
No49-32
No54-13
No54-25
No54-26
No54-27
No54-38
No54-39
No54-40
No54-41
No56-15
No56-18
No56-19
No56-20
No56-21
No56-22
No56-28
No56-29
No56-30
No56-34
No56-35
No56-40

61.36
60.00
60.81
61.04
59.89
60.06
60.40
60.11
59.65
60.25
60.31
60.73
60.83
59.71
62.15
61.71
61.12
61.30
60.70
60.41
60.40
60.45
62.31

1.12
1.09
1.19
1.39
1.19
1.21
1.26
1.08
1.08
1.22
1.27
1.11
1.12
1.10
1.24
1.14
1.21
1.13
1.15
1.16
1.12
1.12
1.32

13.94
14.70
13.93
13.46
13.32
13.40
13.40
14.15
13.73
13.61
13.54
13.67
13.66
13.09
13.50
13.75
13.86
14.02
13.72
14.09
14.10
14.23
12.99

8.42
7.87
8.29
8.73
8.70
8.83
8.90
8.17
8.68
8.72
8.73
8.31
8.13
8.79
7.90
8.21
8.12
8.15
8.59
8.23
8.49
8.53
8.50

2.70
3.03
2.58
2.04
2.89
2.74
2.78
2.82
2.93
2.95
2.82
2.90
2.66
3.69
2.38
2.51
2.63
2.62
2.67
2.74
2.70
2.74
2.09

5.97
6.97
5.79
5.93
6.11
6.13
6.38
6.49
6.35
6.43
6.29
6.19
6.20
6.36
5.82
6.05
5.99
6.11
6.12
6.34
6.17
6.38
545

2.36
3.72
2.57
2.65
2.27
2.40
2.29
2.78
241
2.48
2.39
243
2.39
2.34
2.45
2.61
2.58
242
2.50
2.41
2.53
2.55
1.79

1.94
1.30
1.94
2.05
1.77
1.79
1.76
1.56
1.63
1.77
1.81
1.99
1.96
1.80
2.01
1.91
2.00
1.96
1.99
1.87
1.91
1.91
2.17

0.00
0.00
0.01
0.00
0.00
0.03
0.00
0.01
0.01
0.02
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

97.80
98.66
97.12
97.29
96.14
96.58
97.17
97.16
96.46
97.46
97.15
97.33
96.96
96.88
97.43
97.90
97.52
97.70
97.44
97.23
97.41
97.90
96.62
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TUFA TRIG
Tufa Trig 8

Tufa Trig 13

No56-42
No56-45
No56-46
No59-1

No59-2

No059-20
No059-22
No059-28
No59-36
No059-37

Nol131-3

Nol31-5

Nol131-26
Nol31-49
Nol31-51
No131-82
Nol37-12
Nol137-14
Nol137-26
Nol137-29
No137-71
Nol137-72

60.97
60.52
61.68
60.31
60.12
60.43
59.78
59.15
60.14
60.48

61.36
61.73
63.19
62.51
62.17
61.86
62.04
60.76
62.17
62.12
62.35
61.78

1.16
1.32
1.33
1.07
1.02
1.13
1.17
1.11
1.13
1.23

1.07
0.91
1.00
0.86
0.91
0.89
1.10
0.91
0.99
0.92
0.97
0.85

14.11
12.70
13.10
14.14
14.27
14.17
13.57
14.86
13.98
14.01

15.03
14.69
14.25
15.09
14.71
14.98
14.82
14.70
14.22
14.75
14.71
14.82

8.14
9.03
8.46
8.37
8.10
8.80
9.20
7.97
7.73
8.33

6.39
6.56
6.31
6.58
6.90
6.70
7.05
7.45
6.76
6.46
6.72
6.63

2.72
3.25
2.46
2.66
2.66
245
2.82
2.84
2.71
2.97

2.60
2.34
2.25
2.15
2.36
247
2.23
241
2.12
2.28
2.09
2.23

5.52
5.62
5.94
6.17
6.19
6.29
6.31
6.44
5.10
542

5.53
5.24
4.46
5.25
5.02
4.83
4.96
5.04
4.77
4.92
4.97
4.94

243
2.14
2.29
2.44
2.38
2.87
3.13
2.94
1.98
2.24

243
2.43
3.79
3.32
2.58
2.55
2.64
2.66
2.70
2.78
2.52
2.33

2.16
2.02
2.04
1.96
1.84
1.84
1.93
1.79
3.09
2.48

2.12
2.32
2.10
2.11
2.54
2.30
2.61
2.52
3.05
3.05
2.60
2.56

0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.02
0.00

0.02
0.02
0.00
0.00
0.00
0.02
0.02
0.00
0.00
0.06
0.00
0.00

97.21
96.59
97.31
97.13
96.58
97.97
97.89
97.09
95.89
97.16

96.56
96.23
97.35
97.86
97.19
96.61
97.45
96.45
96.78
97.34
96.93
96.14
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Tufa Trig 14

Tufa Trig 15

Tufa Trig 16

Nol137-73
Nol137-74
No138-1
No138-4

Nol138-47
No138-
100
Nol38-
101
No138-
102
Nol38-
103

No139-2

No139-19
No139-39
No139-45
No139-48
No139-50
No139-59
No139-64
No139-89
No140-48
No140-49

61.64
62.06
62.04
62.85
62.94

62.35

62.21

61.95

61.89
60.84
61.89
61.78
62.24
61.82
61.95
61.85
62.16
62.11
60.93
60.60

0.95
0.98
1.09
1.03
0.99

1.04

1.04

1.08

1.12
1.03
0.62
1.02
0.91
0.92
0.94
0.91
0.93
0.90
0.95
0.90

14.72
14.88
14.56
14.73
15.19

15.01

15.19

15.07

14.56
14.69
18.29
14.78
14.60
14.68
14.58
14.85
14.70
14.74
14.94
14.70

6.65
6.49
6.87
6.75
6.25

6.73

6.79

7.05

7.11
6.73
3.70
6.88
7.04
6.60
6.94
6.87
6.91
6.98
7.25
7.17

2.14
221
2.20
2.13
2.06

2.20

2.23

2.22

2.60
2.35
0.91
2.34
2.69
2.22
2.17
2.20
2.25
2.10
2.71
2.58

4.88
4.88
4.81
4.93
4.56

5.17

4.79

4.95

4.96
4.86
6.02
5.03
5.01
4.91
4.83
4.87
4.98
4.89
5.65
5.66

2.46
2.44
2.68
2.35
3.77

1.85

1.97

2.06

1.82
2.77
4.20
2.60
2.29
2.37
245
2.27
2.30
2.88
2.37
2.29

2.55
2.57
2.56
2.51
2.48

2.64

2.65

2.74

2.29
2.92
1.64
2.63
2.40
2.63
2.52
2.58
2.62
2.61
2.08
2.11

0.00
0.02
0.00
0.00
0.00

0.03

0.00

0.00

0.00
0.00
0.04
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.01

95.98
96.53
96.81
97.27
98.22

97.02

96.87

97.13

96.35
96.18
97.30
97.05
97.18
96.15
96.38
96.41
96.84
97.21
96.89
96.01
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1972-1975
NGAURUHOE

1972 Ngauruhoe

1973 Ngauruhoe

1974 Ngauruhoe

1975 Ngauruhoe

1995-1996 RUAPEHU
1995 Ruapehu

Ng72#1
Ng72#7
Ng7248
Ng7249
Ng72#12
Ng72#13
Ng73#4
Ng73#8
Ng73#10
Ng73#11
Ng73#16
Ng74#3
Ng74#8
Ng74#12
Ng74#14
Ng74#19
Ng75#2
Ng75#10
Ng75#13

Rua95#1

60.93
61.09
62.35
62.15
61.88
62.34
63.70
62.77
63.22
64.19
64.71
64.16
64.77
63.91
63.81
64.29
61.25
64.64
66.27

63.76

1.40
1.36
1.45
1.35
1.41
1.33
1.46
1.36
1.48
1.57
1.56
1.44
1.50
1.45
1.42
1.50
1.14
1.11
1.11

1.03

13.34
12.09
13.20
13.27
13.86
13.46
13.27
14.35
13.54
13.18
13.23
14.14
13.50
13.48
12.83
13.19
14.77
14.08
13.23

15.04

8.85
9.76
8.96
8.95
8.65
8.94
8.90
8.43
9.14
8.91
8.80
8.64
8.73
8.62
9.62
9.24
8.65
7.43
7.25

6.19

2.38
3.66
2.37
2.27
2.38
2.49
2.21
1.81
1.90
1.68
1.68
1.58
1.57
1.65
2.56
1.54
242
1.64
1.32

2.35

5.86
5.82
5.64
5.77
5.92
5.84
5.93
5.55
5.28
4.89
5.07
5.45
4.81
5.18
4.95
4.83
5.95
4.76
4.20

5.11

3.62
3.31
3.34
341
3.46
3.52
3.84
3.28
3.31
3.24
3.59
3.79
3.39
3.17
3.30
3.63
3.47
3.55
3.69

3.93

2.57
2.29
2.54
2.55
2.33
2.41
2.22
247
2.67
3.16
2.95
1.65
3.01
2.81
2.49
2.69
2.01
2.52
2.83

2.64

0.30
0.24
0.30
0.28
0.28
0.30
0.29
0.31
0.31
0.26
0.23
0.27
0.31
0.26
0.33
0.25
0.18
0.27
0.31

0.21

98.96
99.38
99.86
99.72
99.88
100.33
101.51
100.02
100.54
100.81
101.59
100.85
101.28
100.26
100.98
100.92
99.65
99.72
99.89

100.03



Y9¢

1996 Ruapehu

Rua95#8
Rua95#9
Rua96#6
Rua96#9
Rua96#16

Minimum
Maximum
Average
Std. dev.

62.06
63.29
64.11
63.59
63.21

54.71
66.27
61.18
1.69

0.91
0.96
1.19
1.07
1.03

0.62
1.57
1.14
0.18

15.69
15.33
14.28
14.91
15.12

12.09
20.44
14.21
0.95

5.97
6.21
6.70
6.46
6.43

3.70
9.76
8.04
1.09

2.95
2.49
2.01
2.19
2.11

0.91
3.69
2.49
0.46

5.89
5.26
4.85
5.18
5.23

4.20
9.93
5.76
0.76

3.90
4.01
3.39
3.73
3.87

1.46
4.20
2.70
0.59

2.27
2.71
2.89
2.72
2.74

0.98
3.55
2.16
0.46

0.00
0.06
0.01
0.01

0.17
0.20
0.18
0.19
0.23

0.17
0.33
0.26
0.05

99.64
100.25
99.42
99.85
99.74

95.89
101.59
97.69
1.40
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Appendix C8. Microprobe analyses of plagioclase from intermediate tephras of the Tongariro Volcanic Centre. Mangatawai and Tufa Trig glasses
were analysed using a JEOL JXA-8900R electron microprobe equipped with four wavelength-dispersive spectrometers at the Institute of Earth
Sciences, Academia Sinica, Taipei, Taiwan. Ngauruhoe 1972-1975 and Ruapehu 1995-1996 glasses were analysed using a JEOL JXA-8800R
electron microprobe equipped with four wavelength-dispersive spectrometers at the Graduate School of Science, Hokkaido University, Sapporo,
Japan.

Tephra formation/sequence  Comment  SiO, TiO» AlLO; FeO MgO CaO K,O NaO Cr0; P,O5 Total

MANGATAWALI

Mangatawai Lower Nol4-6 50.93 0.06 30.29 0.01 061 0.00 0.14 13.72 345 0.13 99.34
Nol4-7 48.38 0.00 3221 0.00 064 0.03 0.11 15.65 229 0.07 99.38
Nol4-8 51.36  0.07 30.09 0.01 073 0.00 0.13 13.60 333 0.15 99.46
Nol4-9 4994 0.09 3068 0.00 071 0.00 0.14 1462 293 0.11 99.21
Nol4-19 53.37 0.01 2838 0.00 071 0.04 0.16 12.07 4.11 0.18 99.02
Nol4-22 50.06 0.02 30.79 0.00 0.69 0.00 0.12 14.77 299 0.10 99.53
No14-23 48.53 0.03 32.11 0.00 0.86 0.05 0.15 1583 225 0.08 99.88
Nol4-24 51.99 0.02 29.52 0.00 091 0.00 0.19 1336 3.59 0.13 99.70
Nol4-27 53.84 0.05 2815 0.05 090 0.01 023 11.62 432 022 99.40
No14-29 5221 0.03 2891 0.00 0.89 0.00 0.18 12.70 3.98 0.17 99.08
No14-39 5242 0.04 2877 0.00 096 0.00 0.16 12.54 395 0.17 99.01
No14-40 4875 0.03 32.02 0.00 0.68 0.04 0.14 1530 239 0.08 99.42
Nol4-41 4832 0.00 32.01 0.00 0.63 0.00 0.16 1547 256 0.06 99.21
Nol4-48 50.02 0.02 3096 0.00 085 0.00 0.16 14.89 279 0.14 99.84
No14-49 5298 0.04 29.14 0.00 093 0.00 0.18 12.58 4.00 0.19 100.05
No14-50 50.25 0.10 3059 0.00 0.69 0.00 0.13 1421 3.17 0.10 99.25



99¢

Nol4-56
No14-57
Nol5-3

Nol5-4

Nol5-5

Nol5-7

Nol5-8

Nol5-10
Nol5-16
Nol5-21
Nol5-25
Nol5-31
Nol5-32
No15-33
Nol5-35
Nol5-38
No15-39
Nol5-42
Nol15-43
Nol5-51
Nol15-53
Nol5-56
Nol5-57
Nol5-58

50.65
47.89
47.50
4741
52.75
53.39
53.27
53.34
50.95
53.42
47.53
51.87
47.60
54.10
54.08
53.07
53.01
51.25
54.14
53.61
53.89
49.59
53.44
53.64

0.07
0.03
0.04
0.05
0.08
0.10
0.09
0.04
0.05
0.00
0.07
0.05
0.03
0.09
0.02
0.03
0.05
0.07
0.07
0.10
0.09
0.09
0.04
0.06

30.47
32.31
32.66
32.50
28.83
28.07
28.19
28.63
30.26
28.50
32.54
30.35
33.05
28.58
28.44
2991
28.77
30.36
28.52
28.61
27.68
31.12
28.54
28.63

0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.03
0.00
0.00
0.00
0.00
0.00
0.02
0.00
0.00
0.00
0.02
0.00
0.01
0.00
0.00
0.00

0.81
0.80
0.69
0.80
0.95
0.96
0.84
0.92
0.89
0.95
0.78
0.92
0.77
0.91
0.98
0.80
0.96
0.69
1.01
0.90
0.84
0.83
1.00
0.81

0.02
0.02
0.00
0.00
0.00
0.00
0.02
0.00
0.00
0.06
0.04
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.05
0.00
0.02
0.00
0.00

0.15
0.13
0.11
0.14
0.17
0.16
0.15
0.16
0.13
0.19
0.15
0.16
0.10
0.22
0.17
0.19
0.17
0.16
0.18
0.20
0.13
0.18
0.21
0.19

14.44
16.00
16.25
16.31
12.40
12.02
11.83
12.11
13.98
12.14
16.33
13.66
16.56
12.40
12.13
13.21
12.54
14.12
12.07
12.47
11.70
14.74
12.33
12.37

3.17
2.07
2.08
2.20
4.02
4.08
4.42
4.10
3.09
4.17
2.07
342
2.03
4.08
4.25
3.71
4.02
3.20
4.29
4.13
4.47
2.76
3.90
4.05

0.10
0.09
0.06
0.08
0.21
0.24
0.24
0.20
0.15
0.24
0.09
0.13
0.07
0.21
0.22
0.15
0.19
0.12
0.21
0.25
0.24
0.10
0.20
0.23

99.89
99.34
99.39
99.49
99.40
99.03
99.04
99.49
99.52
99.67
99.58
100.57
100.20
100.58
100.31
101.07
99.71
99.98
100.51
100.32
99.05
99.44
99.66
99.98



L9€

Nol5-59
No15-60
Nol5-61
Nol5-62
No15-68
Nol5-69
Nol5-70
Nol5-71
Nol5-72
Nol5-75
Nol5-76
Nol5-78
Nol5-79
No15-83
Nol5-84
Nol6-1

Nol16-3

Nol6-4

Nol16-6

Nol16-8

Nol6-11
Nol6-12
Nol6-13
Nol6-14

49.79
50.64
49.99
48.13
50.18
47.84
48.22
47.47
48.73
48.96
50.03
51.57
48.66
53.92
54.23
54.18
53.85
53.35
54.54
54.01
50.53
51.56
46.94
52.38

0.03
0.04
0.01
0.01
0.05
0.00
0.00
0.00
0.07
0.00
0.05
0.04
0.04
0.05
0.03
0.06
0.04
0.07
0.05
0.06
0.08
0.02
0.04
0.06

31.11
30.22
31.10
32.55
30.83
32.64
32.16
32.82
32.12
32.22
31.03
30.48
31.73
27.90
28.13
28.10
28.62
28.89
28.59
28.25
30.60
29.98
33.01
29.64

0.00
0.00
0.00
0.00
0.00
0.01
0.02
0.01
0.00
0.02
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.03
0.00

0.89
0.79
0.71
0.69
0.78
0.76
0.63
0.68
0.61
0.89
0.81
1.00
1.08
1.12
0.86
0.88
0.78
0.97
0.97
0.94
0.83
0.82
0.62
0.70

0.03
0.04
0.00
0.04
0.01
0.04
0.00
0.05
0.01
0.00
0.02
0.01
0.00
0.01
0.05
0.01
0.03
0.00
0.00
0.00
0.00
0.00
0.06
0.04

0.14
0.19
0.14
0.13
0.15
0.12
0.12
0.13
0.14
0.15
0.13
0.18
0.30
0.29
0.18
0.13
0.13
0.21
0.13
0.18
0.18
0.20
0.07
0.17

14.87
14.14
14.67
16.12
14.38
16.66
15.73
16.58
15.95
15.81
15.02
13.88
16.09
12.05
12.15
11.92
11.92
12.64
12.14
12.15
14.39
13.87
17.06
13.52

2.89
3.19
2.87
2.04
3.02
1.96
2.17
1.77
2.21
2.32
2.75
3.29
2.00
4.28
4.34
4.34
4.14
3.95
4.17
4.21
3.02
3.39
1.67
3.59

0.13
0.12
0.14
0.06
0.13
0.07
0.07
0.06
0.06
0.08
0.11
0.14
0.14
0.27
0.21
0.24
0.24
0.23
0.23
0.24
0.10
0.15
0.05
0.13

99.88
99.38
99.62
99.78
99.52
100.08
99.12
99.55
99.90
100.45
99.95
100.60
100.04
99.87
100.19
99.85
99.75
100.30
100.82
100.03
99.73
100.00
99.53
100.22
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Nolé6-16
Nol6-18
Nolé6-19
Nol6-20
No16-23
Nol6-24
No16-25
Nol6-27
No16-28
Nol6-31
Nol6-32
Nol16-33
No16-40
Nol6-41
Nol6-42
Nol6-43
Nol6-44
Nol6-47
No16-48
No16-49
No16-50
Nol6-52
Nol6-53
Nol6-54

54.67
53.86
54.23
53.11
52.00
49.95
50.83
53.45
51.19
53.58
52.51
52.46
49.84
50.17
53.02
54.41
53.97
54.39
49.02
51.25
54.31
50.70
47.77
47.25

0.02
0.08
0.05
0.06
0.05
0.01
0.01
0.03
0.02
0.19
0.32
0.04
0.05
0.08
0.07
0.03
0.00
0.04
0.08
0.05
0.07
0.01
0.00
0.00

28.14
28.09
28.12
28.74
29.66
30.92
30.23
28.66
30.29
27.15
2.50

29.60
31.37
31.22
28.98
28.12
28.18
27.72
31.86
30.75
27.98
30.24
32.66
32.99

0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.02
0.28
0.00
0.00
0.00
0.00
0.00
0.01
0.04
0.00
0.00
0.01
0.00
0.01
0.00

0.84
0.82
0.92
1.10
0.85
0.80
0.87
0.85
0.87
2.01
7.14
0.84
0.83
0.86
1.02
0.95
1.04
0.89
0.82
0.91
0.96
0.81
0.62
0.67

0.00
0.00
0.00
0.05
0.00
0.00
0.00
0.02
0.04
0.03
0.15
0.01
0.00
0.00
0.04
0.00
0.00
0.02
0.00
0.03
0.00
0.00
0.06
0.00

0.14
0.17
0.15
0.20
0.18
0.14
0.17
0.19
0.18
0.70
16.66
0.17
0.12
0.14
0.19
0.18
0.17
0.17
0.15
0.18
0.16
0.18
0.09
0.10

11.67
11.97
11.89
12.64
13.35
15.28
13.93
12.53
14.37
12.70
19.99
13.56
14.84
14.90
12.98
11.93
11.97
11.83
15.60
14.54
11.88
14.40
17.01
17.09

4.22
4.24
4.28
4.06
3.53
2.71
3.24
4.07
3.01
3.65
0.22
3.57
2.76
2.74
3.87
4.17
4.32
4.37
2.32
3.15
4.47
3.04
1.75
1.74

0.22
0.22
0.26
0.22
0.17
0.10
0.13
0.20
0.14
0.31
0.00
0.14
0.13
0.13
0.20
0.21
0.21
0.27
0.07
0.13
0.23
0.12
0.05
0.03

99.92
99.46
99.89
100.18
99.79
99.91
99.41
99.99
100.12
100.34
99.77
100.37
99.93
100.24
100.36
99.98
99.86
99.73
99.92
100.98
100.08
99.50
100.01
99.87



69¢

Nol6-64
Nol6-65
No16-66
No16-67
Nol6-68
No16-69
No16-70
Nol6-71
Nol6-72
Nol6-73
Nol6-81
Nol7-1

Nol7-5

Nol7-6

Nol7-7

Nol7-8

Nol7-11
Nol7-12
Nol7-13
Nol7-15
Nol7-16
Nol7-21
Nol7-22
Nol7-23

49.87
46.64
47.49
47.86
46.35
51.88
53.62
54.12
51.17
51.23
53.76
51.84
51.10
51.47
52.87
51.14
53.00
52.81
50.91
51.67
52.64
46.48
46.69
51.02

0.02
0.01
0.01
0.04
0.05
0.07
0.00
0.03
0.15
0.05
0.02
0.05
0.04
0.00
0.09
0.05
0.08
0.08
0.03
0.06
0.06
0.04
0.02
0.00

31.17
33.35
32.60
32.68
33.66
30.24
28.35
28.31
30.44
29.88
28.36
29.78
30.82
30.72
29.51
30.17
28.81
29.15
30.10
29.10
29.03
33.60
33.03
30.26

0.00
0.01
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.01
0.00
0.00
0.00
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.02

0.76
0.56
0.59
0.63
0.67
0.92
0.93
0.95
0.92
0.83
0.78
0.86
0.97
0.96
0.68
0.90
0.93
0.76
0.78
0.90
0.87
0.47
0.65
0.76

0.01
0.00
0.01
0.02
0.00
0.00
0.00
0.02
0.04
0.00
0.00
0.00
0.01
0.03
0.04
0.04
0.02
0.04
0.00
0.00
0.00
0.03
0.00
0.00

0.16
0.11
0.11
0.11
0.10
0.14
0.16
0.17
0.17
0.16
0.17
0.17
0.12
0.16
0.08
0.14
0.16
0.11
0.12
0.16
0.17
0.08
0.06
0.16

15.39
17.34
16.96
16.42
17.52
13.88
12.07
12.11
14.33
13.92
11.97
13.38
14.56
14.38
12.85
14.06
13.09
12.79
13.88
13.46
12.94
17.50
17.46
13.97

2.80
1.68
1.89
1.93
1.49
341
4.29
4.34
3.19
342
4.30
3.61
3.25
3.31
3.74
3.30
3.87
3.89
3.29
3.62
3.92
1.40
1.63
3.32

0.11
0.03
0.06
0.06
0.04
0.17
0.26
0.22
0.10
0.13
0.23
0.16
0.11
0.15
0.15
0.13
0.19
0.15
0.12
0.17
0.15
0.06
0.04
0.10

100.27
99.73
99.73
99.75
99.88
100.71
99.69
100.26
100.50
99.62
99.59
99.86
100.98
101.18
100.00
99.90
100.17
99.77
99.23
99.13
99.78
99.65
99.58
99.61



0LE

Nol7-24
Nol7-25
Nol17-28
No17-29
No17-30
Nol7-31
Nol7-32
Nol7-33
Nol7-34
Nol7-36
Nol7-37
Nol7-38
Nol7-39
No17-40
Nol7-41
Nol7-42
Nol7-43
Nol7-44
Nol7-45
Nol7-46
Nol7-57
Nol7-58
Nol7-59
Nol7-61

51.25
52.15
51.27
46.94
54.22
51.00
53.03
51.08
50.80
50.25
47.95
48.12
52.29
52.47
50.96
51.46
53.39
52.36
52.49
47.89
46.95
47.58
47.06
51.12

0.01
0.06
0.07
0.00
0.02
0.05
0.04
0.03
0.05
0.02
0.00
0.00
0.01
0.05
0.06
0.07
0.09
0.01
0.08
0.00
0.01
0.01
0.07
0.07

30.46
29.88
30.30
33.46
28.49
30.90
28.87
30.20
30.10
30.39
32.74
32.75
29.66
28.98
30.22
29.84
28.88
29.27
28.83
32.55
33.01
33.37
33.32
30.27

0.00
0.00
0.00
0.00
0.01
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.02
0.00
0.00
0.00
0.02
0.00
0.02
0.02
0.00
0.00

0.90
1.01
0.86
0.70
0.98
0.79
0.85
0.80
0.89
0.83
0.60
0.70
0.84
0.71
0.81
0.90
1.04
0.84
0.96
0.86
0.67
0.67
0.62
0.62

0.11
0.00
0.04
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.02
0.00
0.05
0.00
0.06
0.05
0.00
0.06
0.03
0.03
0.02
0.01
0.00

0.19
0.20
0.17
0.08
0.21
0.13
0.17
0.12
0.15
0.13
0.10
0.09
0.18
0.17
0.09
0.13
0.15
0.20
0.16
0.09
0.09
0.10
0.08
0.16

14.05
13.55
13.91
17.32
12.03
14.48
12.90
14.40
14.05
14.73
16.45
16.68
13.49
13.08
14.31
13.47
12.55
13.39
13.21
16.77
17.52
17.25
17.03
14.24

3.10
3.47
3.30
1.51
4.20
3.05
391
3.12
3.17
2.97
2.01
1.90
3.64
3.70
3.23
3.62
3.99
3.59
3.86
1.94
1.68
1.66
1.71
3.14

0.12
0.11
0.10
0.03
0.18
0.11
0.17
0.13
0.12
0.08
0.04
0.07
0.16
0.12
0.14
0.14
0.20
0.14
0.19
0.07
0.06
0.05
0.03
0.10

100.18
100.42
100.02
100.03
100.34
100.50
99.93
99.89
99.33
99.39
99.89
100.33
100.28
99.33
99.85
99.67
100.34
99.81
99.86
100.20
100.03
100.73
99.93
99.72



ILE

Nol7-62
Nol7-64
Nol7-65
Nol7-66
Nol7-67
Nol7-68
Nol17-70
Nol7-71
Nol7-72
Nol7-73
Nol7-74
Nol7-75
Nol7-77
Nol7-81
Nol7-82
No17-83
Nol7-84
Nol7-85
Nol17-86
Nol8-7

No18-8

No18-9

Nol8-12
Nol8-16

53.57
52.27
49.82
50.78
48.66
46.88
46.77
48.60
47.03
47.40
52.48
53.10
52.29
55.75
53.31
46.79
47.14
47.07
51.02
53.34
51.01
51.56
51.56
51.23

0.06
0.06
0.03
0.07
0.00
0.03
0.08
0.04
0.02
0.03
0.01
0.04
0.00
0.12
0.05
0.05
0.02
0.00
0.03
0.08
0.00
0.06
0.06
0.00

28.44
28.86
31.23
30.58
32.40
32.93
33.30
32.42
33.40
33.51
28.99
28.92
29.51
26.18
29.07
33.08
32.98
32.99
30.68
28.72
30.38
29.49
29.54
29.61

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.03
0.00
0.04
0.00
0.03
0.00
0.01
0.04
0.02
0.00
0.00
0.00
0.00
0.00
0.00

0.86
1.00
0.80
0.78
0.64
0.60
0.61
0.61
0.52
0.61
0.92
0.81
1.00
1.94
0.97
0.67
0.61
0.58
0.86
0.80
0.71
1.09
0.99
0.87

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.03
0.01
0.00
0.00
0.02
0.00
0.01
0.03
0.01
0.02
0.01
0.04
0.01
0.00
0.00
0.00
0.00

0.15
0.21
0.17
0.18
0.10
0.10
0.13
0.14
0.10
0.07
0.15
0.22
0.21
1.00
0.19
0.08
0.11
0.09
0.14
0.11
0.15
0.16
0.14
0.27

12.29
13.19
15.18
14.51
16.08
16.72
16.92
16.04
17.27
17.38
12.82
12.86
13.22
10.60
12.85
17.34
17.10
17.05
14.10
12.45
13.87
13.47
13.16
13.67

4.20
3.46
2.67
3.05
2.21
1.80
1.74
2.17
1.59
1.57
3.90
3.93
3.70
4.49
3.94
1.67
1.67
1.71
3.22
4.16
3.35
3.58
3.76
3.37

0.22
0.18
0.10
0.11
0.03
0.04
0.04
0.07
0.07
0.03
0.19
0.16
0.13
0.42
0.20
0.04
0.07
0.05
0.15
0.21
0.14
0.18
0.19
0.17

99.79
99.23
100.00
100.05
100.12
99.10
99.60
100.11
100.01
100.62
99.47
100.08
100.05
100.54
100.60
99.73
99.75
99.57
100.23
99.88
99.61
99.59
99.39
99.20



CLE

Nol8-17
No18-18
No18-19
No18-23
Nol18-24
Nol8-25
No18-37
No18-38
No18-40
Nol18-41
No18-43
No18-45
Nol8-52
No18-53
No18-55
Nol18-61
No18-62
No18-63
No18-65
No18-66
No18-67
No18-68
Nol8-72
No18-74

52.87
51.14
51.46
52.89
52.51
53.67
53.08
51.45
49.87
54.12
51.90
52.01
46.23
51.67
50.29
49.80
46.21
51.07
46.22
46.23
46.64
46.55
45.89
52.01

0.11
0.08
0.00
0.04
0.05
0.05
0.05
0.09
0.00
0.03
0.03
0.00
0.01
0.09
0.00
0.05
0.02
0.04
0.03
0.03
0.02
0.08
0.00
0.06

28.80
29.56
29.47
28.79
28.71
28.39
28.45
29.25
30.73
28.27
29.37
28.93
33.94
29.19
30.27
30.95
33.71
29.92
33.13
33.75
33.17
32.85
33.47
29.37

0.02
0.00
0.00
0.00
0.03
0.00
0.00
0.00
0.05
0.00
0.00
0.00
0.04
0.00
0.01
0.00
0.03
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.87
0.84
0.79
0.91
0.79
0.81
1.01
1.13
0.86
0.87
0.65
0.89
0.59
0.69
0.80
0.71
0.77
0.86
0.55
0.60
0.47
0.57
0.73
0.99

0.00
0.04
0.00
0.00
0.01
0.00
0.00
0.00
0.01
0.00
0.05
0.02
0.00
0.02
0.00
0.00
0.00
0.01
0.00
0.03
0.08
0.00
0.00
0.00

0.16
0.19
0.17
0.16
0.17
0.14
0.16
0.21
0.13
0.18
0.18
0.25
0.08
0.18
0.12
0.18
0.10
0.18
0.11
0.11
0.10
0.11
0.11
0.19

12.55
13.43
13.63
12.39
12.67
11.77
12.16
13.24
14.20
11.95
13.25
12.81
17.33
13.07
14.01
14.46
17.49
13.61
17.54
17.53
16.78
16.90
17.42
12.63

4.15
3.62
3.61
4.21
3.86
4.27
4.31
3.84
3.09
4.29
3.83
3.97
1.56
4.06
342
3.01
1.70
3.47
1.50
1.61
1.90
1.98
1.60
3.86

0.21
0.15
0.15
0.21
0.22
0.22
0.25
0.21
0.14
0.25
0.13
0.16
0.02
0.14
0.12
0.10
0.03
0.16
0.05
0.03
0.05
0.05
0.03
0.19

99.73
99.04
99.27
99.59
99.02
99.33
99.47
99.40
99.09
99.97
99.39
99.02
99.79
99.09
99.04
99.25
100.05
99.32
99.12
99.90
99.20
99.08
99.25
99.29



€LE

Mangatawai Upper

No18-78
No18-81
No18-82
No18-83
No18-84
No18-86
No18-87
No18-89
No18-98
No18-100
No47-1
No47-2
No47-3
No47-4
No47-5
No47-6
No47-7
No47-8
No47-9
No47-10
No47-11
No47-22
No47-23
No47-25

52.76
47.23
46.27
46.40
46.16
47.09
51.88
47.10
52.72
52.03
51.53
53.91
51.27
54.65
55.10
52.18
49.86
52.71
54.88
53.44
54.17
57.25
56.38
52.41

0.09
0.05
0.02
0.04
0.04
0.01
0.01
0.05
0.07
0.06
0.03
0.05
0.05
0.04
0.02
0.00
0.00
0.06
0.08
0.03
0.02
0.09
0.00
0.05

28.49
32.42
33.29
33.14
33.55
33.11
29.15
32.68
28.61
28.87
30.84
29.18
30.73
28.24
28.26
30.21
31.02
29.22
28.42
28.90
28.30
26.61
27.53
30.12

0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.02
0.00
0.00
0.00
0.02
0.02
0.03
0.00
0.00
0.02
0.00
0.00
0.00
0.00
0.00
0.00

0.94
0.70
0.62
0.62
0.58
0.60
1.05
0.64
1.03
1.09
0.79
0.96
0.81
0.84
0.60
0.65
0.71
0.68
0.62
0.78
0.81
0.80
0.69
0.82

0.00
0.02
0.00
0.01
0.00
0.01
0.00
0.04
0.00
0.04
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.03
0.00
0.05
0.01
0.00
0.00

0.20
0.10
0.09
0.13
0.12
0.07
0.17
0.10
0.20
0.24
0.17
0.20
0.10
0.14
0.15
0.11
0.11
0.10
0.14
0.15
0.16
0.11
0.13
0.12

12.45
16.22
17.18
17.02
17.37
16.68
13.08
16.74
12.56
12.79
14.16
12.69
14.30
11.61
11.46
13.68
15.07
12.97
11.53
12.94
11.93
9.77

10.76
13.43

4.25
2.24
1.74
1.83
1.61
1.94
3.85
1.86
4.10
4.09
3.11
3.93
3.07
4.34
4.41
3.28
2.44
3.72
4.41
3.85
4.25
542
4.99
3.52

0.25
0.07
0.02
0.04
0.04
0.04
0.16
0.05
0.21
0.15
0.13
0.23
0.11
0.20
0.20
0.14
0.11
0.16
0.23
0.19
0.20
0.36
0.33
0.15

99.44
99.05
99.24
99.22
99.47
99.53
99.36
99.26
99.50
99.36
100.77
101.15
100.45
100.08
100.21
100.25
99.31
99.62
100.32
100.29
99.89
100.42
100.82
100.61



YLE

No47-27
No47-28
No47-29
No47-30
No47-31
No47-32
No47-33
No47-34
No47-35
No47-36
No47-38
No47-39
No47-40
No47-41
No47-42
No47-43
No47-44
No47-45
No47-46
No47-49
No47-50
No47-51
No47-52
No49-1

5291
52.72
51.27
52.49
49.58
51.56
52.49
52.12
54.96
55.03
52.55
54.37
51.18
51.62
53.28
53.20
51.45
48.46
48.81
52.40
51.87
52.85
54.54
52.67

0.04
0.00
0.09
0.04
0.08
0.03
0.05
0.09
0.04
0.06
0.04
0.02
0.03
0.02
0.05
0.06
0.02
0.02
0.06
0.03
0.02
0.05
0.03
0.01

29.56
29.34
30.63
29.89
31.73
30.56
29.83
30.41
28.79
27.98
29.81
28.27
30.68
30.25
29.44
29.66
30.70
32.59
32.21
29.92
30.52
29.33
28.23
29.92

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.01
0.00
0.03
0.00
0.00
0.00
0.00
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.00

1.02
0.82
0.65
0.69
0.63
0.75
0.62
0.60
0.67
0.99
0.73
0.66
0.73
0.68
0.65
0.77
0.77
0.71
0.75
0.78
0.79
0.93
0.99
0.79

0.03
0.00
0.02
0.00
0.02
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.03
0.01
0.00
0.07
0.00
0.06
0.00
0.00
0.00
0.00
0.02
0.00

0.17
0.17
0.08
0.13
0.13
0.13
0.12
0.08
0.12
0.23
0.15
0.07
0.08
0.11
0.14
0.11
0.13
0.07
0.10
0.14
0.09
0.12
0.14
0.15

12.88
13.01
14.31
13.45
15.71
13.78
13.05
13.86
11.88
11.56
13.37
12.11
14.44
14.11
13.00
12.98
14.46
16.64
16.05
13.70
13.77
13.15
12.06
13.49

3.64
3.75
2.96
3.66
2.36
3.21
3.46
3.32
4.20
4.43
3.42
4.25
3.07
3.20
3.65
3.81
3.01
1.73
2.06
3.49
3.32
3.65
4.24
3.50

0.16
0.19
0.09
0.16
0.08
0.12
0.16
0.16
0.21
0.25
0.14
0.21
0.15
0.12
0.16
0.19
0.11
0.07
0.09
0.15
0.13
0.18
0.19
0.17

100.41
99.98

100.10
100.51
100.30
100.13
99.78

100.65
100.87
100.52
100.21
100.01
100.40
100.13
100.36
100.84
100.67
100.34
100.13
100.61
100.51
100.25
100.43
100.69



SLE

No49-2

No49-3

No49-4

No49-14
No49-15
No49-16
No49-17
No49-19
No49-20
No49-22
No49-23
No49-24
No49-25
No49-26
No49-27
No49-28
No49-29
No49-34
No49-35
No49-37
No49-43
No54-3

No54-4

No54-5

52.89
51.33
56.08
55.85
55.75
60.58
61.05
59.34
61.04
52.93
53.99
54.40
52.36
53.39
54.33
47.44
52.85
51.55
50.56
51.99
51.60
52.51
51.75
49.36

0.04
0.03
0.06
0.05
0.09
1.11
1.01
0.90
0.97
0.03
0.05
0.09
0.02
0.00
0.05
0.05
0.00
0.09
0.05
0.06
0.09
0.05
0.02
0.00

29.53
30.85
28.05
27.79
28.06
14.73
14.79
14.45
15.04
29.41
29.49
28.79
30.42
29.39
28.56
33.12
29.18
29.94
30.34
29.42
29.93
29.77
29.93
31.03

0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.05
0.00
0.01
0.00
0.00
0.00
0.00
0.02
0.00
0.01
0.00
0.00
0.00
0.00
0.00

0.84
0.74
1.07
0.91
0.88
7.73
7.53
8.43
8.12
0.86
0.79
0.82
0.73
0.69
0.67
0.63
0.73
0.88
0.82
0.87
0.78
0.91
0.79
0.72

0.00
0.00
0.07
0.00
0.05
0.16
0.14
0.16
0.14
0.00
0.03
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.02
0.00
0.07
0.00
0.00

0.11
0.10
0.29
0.18
0.16
3.09
3.00
3.97
3.13
0.10
0.14
0.09
0.15
0.13
0.14
0.07
0.15
0.15
0.10
0.13
0.13
0.13
0.14
0.09

13.37
14.48
11.28
11.33
11.62
6.87

6.91

8.51

6.21

12.89
12.58
12.30
13.93
12.99
12.24
16.93
12.75
13.36
14.19
12.88
13.16
13.94
13.95
15.20

3.63
2.90
4.45
4.49
4.63
3.68
391
3.12
3.83
3.87
3.98
4.29
3.13
3.77
4.25
1.62
4.03
3.57
3.02
3.68
3.54
3.60
3.39
2.61

0.16
0.14
0.26
0.26
0.28
1.36
1.27
1.34
1.35
0.18
0.21
0.21
0.16
0.18
0.24
0.02
0.20
0.15
0.13
0.19
0.18
0.16
0.18
0.13

100.57
100.57
101.60
100.86
101.51
99.30
99.61
100.21
99.81
100.32
101.25
101.00
100.90
100.53
100.47
99.88
99.91
99.69
99.21
99.25
99.42
101.12
100.16
99.15



9LE

No54-6

No54-8

No54-10
No54-14
No54-15
No54-16
No54-17
No54-18
No54-19
No54-20
No54-21
No54-22
No54-28
No54-29
No54-30
No54-31
No54-32
No54-33
No54-34
No54-42
No54-43
No54-44
No54-45
No54-46

53.01
51.99
50.89
52.93
52.50
53.50
52.57
52.28
51.70
52.04
50.49
52.68
51.91
52.51
51.87
52.47
51.07
51.85
55.15
52.19
51.60
52.01
53.21
53.71

0.05
0.03
0.07
0.04
0.06
0.04
0.05
0.00
0.07
0.07
0.03
0.08
0.06
0.08
0.04
0.02
0.04
0.00
0.11
0.06
0.00
0.07
0.04
0.03

29.18
29.87
29.83
28.80
29.49
28.75
29.08
29.52
29.64
30.06
30.73
29.69
29.80
29.06
29.51
29.08
29.94
29.92
27.00
29.16
30.29
29.24
29.22
28.47

0.00
0.05
0.00
0.03
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.04
0.00
0.00
0.00
0.00
0.00
0.00

0.74
1.00
0.91
0.98
0.88
0.70
0.64
0.78
0.67
0.81
0.74
0.85
0.88
0.72
0.72
0.69
0.80
0.80
1.05
0.97
0.72
0.83
0.85
0.84

0.00
0.00
0.04
0.00
0.00
0.00
0.00
0.00
0.05
0.00
0.00
0.00
0.00
0.00
0.04
0.00
0.02
0.04
0.00
0.00
0.00
0.01
0.00
0.01

0.13
0.13
0.12
0.14
0.14
0.14
0.14
0.11
0.11
0.13
0.11
0.13
0.12
0.09
0.13
0.12
0.15
0.15
0.22
0.13
0.12
0.11
0.12
0.09

12.98
13.83
14.08
13.47
13.33
12.73
13.17
13.49
13.96
13.83
14.68
13.54
14.04
13.45
13.88
13.17
14.28
13.78
11.67
13.49
14.28
13.38
13.10
12.48

3.95
3.47
3.03
3.73
3.66
4.03
3.83
3.56
3.40
3.44
2.98
3.77
341
3.62
343
3.73
3.21
3.47
4.38
3.67
3.37
3.64
3.62
4.08

0.18
0.19
0.13
0.18
0.19
0.17
0.16
0.18
0.14
0.13
0.13
0.18
0.18
0.14
0.14
0.18
0.14
0.14
0.30
0.17
0.14
0.19
0.17
0.22

100.21
100.56
99.09
100.30
100.24
100.06
99.63
99.91
99.76
100.50
99.90
100.91
100.39
99.67
99.76
99.48
99.64
100.19
99.90
99.85
100.52
99.49
100.34
99.93



LLE

No54-47
No54-48
No54-49
No56-1

No56-2

No56-3

No56-4

No56-5

No56-6

No56-7

No56-10
No56-12
No56-16
No56-23
No56-24
No56-25
No56-26
No56-27
No56-31
No56-32
No56-33
No56-37
No56-38
No56-39

52.12
52.07
52.37
50.81
51.43
52.30
52.60
52.26
52.06
52.30
54.27
52.14
53.45
55.50
54.97
53.07
53.46
52.61
52.20
50.08
51.70
52.13
51.72
53.15

0.00
0.02
0.03
0.01
0.03
0.02
0.03
0.07
0.06
0.04
0.03
0.10
0.03
0.07
0.09
0.08
0.06
0.04
0.01
0.03
0.00
0.04
0.09
0.05

29.40
29.68
29.45
29.87
29.46
29.02
28.96
28.65
29.58
29.08
27.82
28.50
27.75
26.92
27.30
28.73
28.87
29.04
29.21
31.13
29.35
29.62
29.89
28.55

0.00
0.00
0.02
0.00
0.03
0.00
0.00
0.00
0.01
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.01
0.05

0.81
0.83
0.91
0.79
0.84
0.73
0.81
0.79
0.88
0.79
0.74
0.97
0.90
0.98
0.94
0.78
0.70
0.80
0.82
0.77
0.72
0.93
0.84
0.80

0.00
0.00
0.01
0.01
0.01
0.00
0.03
0.00
0.00
0.01
0.07
0.02
0.00
0.06
0.05
0.01
0.00
0.06
0.02
0.02
0.00
0.00
0.02
0.03

0.14
0.10
0.13
0.12
0.11
0.12
0.11
0.12
0.12
0.14
0.14
0.18
0.17
0.20
0.18
0.13
0.15
0.12
0.08
0.10
0.12
0.13
0.15
0.15

13.27
13.77
13.24
13.95
14.12
12.92
13.45
13.14
13.80
13.07
12.77
13.99
12.96
11.45
11.91
13.46
13.49
13.60
13.81
15.45
13.73
13.65
13.94
12.68

3.51
3.46
3.64
3.30
341
3.94
3.75
3.85
3.59
3.89
4.02
3.29
3.79
4.47
4.53
3.70
3.68
3.59
3.38
2.65
3.51
3.39
3.22
4.14

0.17
0.16
0.17
0.15
0.14
0.18
0.19
0.21
0.19
0.19
0.22
0.18
0.19
0.28
0.26
0.19
0.19
0.15
0.16
0.10
0.19
0.14
0.15
0.20

99.41
100.09
99.97
99.01
99.58
99.22
99.92
99.08
100.29
99.52
100.09
99.37
99.23
99.92
100.21
100.15
100.61
100.02
99.68
100.32
99.33
100.03
100.02
99.79
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No56-41
No56-43
No56-44
No59-3

No59-4

No59-11
No059-17
No59-21
No59-23
No59-24
No059-25
No059-26
No059-27
No059-29
No059-30
No059-31
No059-33
No59-34
No059-35
No059-38
No059-41
No059-42
No59-44

55.32
51.20
52.33
53.18
55.29
52.17
54.58
50.64
50.92
51.15
50.75
51.40
53.60
53.49
52.24
52.99
52.16
52.61
51.13
49.82
54.06
53.66
50.25

0.04
0.00
0.00
0.04
0.09
0.03
0.12
0.04
0.05
0.03
0.02
0.03
0.09
0.06
0.07
0.00
0.07
0.08
0.08
0.02
0.08
0.07
0.08

27.37
29.99
29.76
29.53
27.78
30.01
27.35
30.69
30.38
29.85
30.73
29.96
28.68
28.12
29.15
28.77
28.92
28.95
29.50
30.89
28.26
28.28
30.40

0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.02
0.05
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.01
0.01
0.04
0.04
0.01
0.00

0.96
0.77
0.85
0.85
0.94
0.71
1.36
0.68
0.82
0.69
0.71
0.82
0.96
0.68
0.72
0.74
0.89
1.00
0.91
0.85
0.84
0.85
0.83

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.01
0.01
0.00
0.00
0.03
0.03
0.00
0.00
0.00
0.04
0.00
0.00
0.03
0.05

0.17
0.09
0.13
0.12
0.10
0.04
0.34
0.10
0.13
0.12
0.11
0.12
0.17
0.10
0.13
0.10
0.12
0.13
0.09
0.09
0.14
0.16
0.10

11.36
14.05
13.46
13.24
11.61
14.29
12.24
14.77
14.42
13.70
14.51
14.02
12.43
12.07
13.02
12.56
13.09
12.83
13.60
15.06
12.09
12.43
14.30

4.53
3.25
3.42
3.78
4.76
341
4.15
3.01
3.20
3.57
3.20
3.37
4.15
4.39
3.90
4.17
3.83
4.01
3.59
2.81
4.30
4.12
3.33

0.28
0.17
0.16
0.21
0.31
0.14
0.30
0.13
0.14
0.15
0.16
0.17
0.22
0.24
0.15
0.19
0.18
0.22
0.19
0.14
0.23
0.20
0.14

100.03
99.52
100.12
100.94
100.86
100.79
100.44
100.08
100.11
99.26
100.20
99.89
100.28
99.16
99.43
99.52
99.27
99.82
99.13
99.71
100.04
99.81
99.46
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Nol31-2

Nol31-4

Nol31-11
Nol31-12
Nol131-13
Nol31-14
Nol31-16
Nol31-17
Nol131-18
Nol31-19
Nol31-22
Nol31-23
Nol131-27
Nol31-28
Nol131-36
Nol31-37
Nol131-38
Nol31-39
Nol131-40
Nol31-41
Nol31-42
Nol31-43
Nol31-57
Nol31-58

53.80
54.32
54.18
53.82
50.34
49.77
53.40
53.39
54.18
53.32
54.08
55.05
54.36
53.78
53.26
54.26
54.60
53.09
57.31
53.49
51.45
52.71
53.46
55.90

0.00
0.04
0.08
0.05
0.04
0.00
0.04
0.06
0.05
0.04
0.05
0.09
0.07
0.10
0.18
0.12
0.04
0.00
0.38
0.05
0.06
0.06
0.08
0.08

27.79
27.77
27.60
27.65
30.80
31.22
28.56
28.12
27.61
28.86
28.24
27.17
27.73
27.78
0.69

27.66
27.56
28.61
23.44
28.43
29.79
28.96
28.76
26.89

0.00
0.03
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.03
0.00
0.00
0.01
0.00
0.00
0.02
0.02
0.00
0.00
0.00
0.00

0.85
0.91
0.74
0.86
0.57
0.68
0.78
0.86
0.86
0.73
0.78
0.82
0.87
0.83
17.18
0.92
0.84
0.82
3.05
0.65
0.68
0.63
0.82
0.67

0.02
0.01
0.03
0.02
0.01
0.03
0.00
0.04
0.00
0.00
0.00
0.04
0.00
0.00
0.36
0.05
0.00
0.04
0.04
0.00
0.00
0.04
0.00
0.00

0.17
0.17
0.12
0.16
0.11
0.09
0.14
0.12
0.14
0.16
0.14
0.15
0.17
0.14
25.58
0.13
0.14
0.11
0.83
0.08
0.08
0.12
0.16
0.08

11.97
11.69
11.38
11.66
14.42
14.78
12.39
12.00
11.33
12.23
11.75
10.75
11.52
11.61
2.02

11.09
11.11
12.38
9.54

11.90
13.25
12.32
12.12
10.42

4.39
4.51
4.68
4.62
3.09
291
4.12
4.42
4.67
4.10
4.51
4.93
4.60
4.53
0.04
4.76
4.70
4.04
3.62
4.27
3.75
4.21
4.04
5.17

0.28
0.28
0.29
0.29
0.15
0.14
0.20
0.25
0.26
0.20
0.28
0.35
0.28
0.26
0.00
0.35
0.30
0.21
0.91
0.25
0.18
0.25
0.23
0.38

99.26
99.72
99.12
99.13
99.53
99.63
99.63
99.25
99.09
99.65
99.83
99.35
99.63
99.04
99.31
99.34
99.29
99.30
99.14
99.14
99.22
99.30
99.66
99.59
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Nol31-61
Nol31-64
Nol131-65
Nol31-66
Nol31-67
Nol31-71
Nol131-72
Nol31-73
Nol131-75
Nol31-79
No131-80
Nol31-86
Nol131-87
Nol31-88
No131-89
Nol131-90
No131-100
Nol31-101
Nol31-104
Nol137-8
No137-19
No137-20
Nol137-21
Nol137-27

51.69
51.94
53.63
53.54
54.36
54.54
53.13
53.74
53.04
52.31
52.40
55.00
53.43
54.51
52.56
51.91
52.99
53.88
54.76
55.12
51.37
53.01
53.30
53.00

0.56
0.01
0.06
0.04
0.09
0.04
0.05
0.03
0.01
0.03
0.08
0.10
0.06
0.07
0.03
0.05
0.06
0.07
0.05
0.08
0.28
0.05
0.06
0.04

2.12

29.76
28.44
28.31
27.50
28.17
28.62
28.16
28.60
29.16
29.11
27.84
28.70
27.72
29.32
29.87
28.66
28.04
27.13
27.62
4.03

28.46
28.73
28.96

0.05
0.00
0.00
0.04
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.32
0.00
0.00
0.00

8.90
0.66
0.75
0.76
0.91
0.72
0.74
0.79
0.85
0.59
0.61
1.02
0.86
0.82
0.85
0.70
0.82
0.85
0.97
0.97
6.77
0.81
0.79
0.75

0.20
0.00
0.00
0.00
0.03
0.06
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.03
0.00
0.00
0.02
0.04
0.00
0.00
0.16
0.03
0.00
0.01

16.30
0.12
0.12
0.15
0.13
0.13
0.14
0.11
0.12
0.12
0.13
0.14
0.14
0.15
0.11
0.11
0.13
0.13
0.16
0.12
19.07
0.10
0.11
0.13

19.17
13.05
11.61
11.97
11.26
11.30
12.31
11.85
12.27
12.98
12.94
10.75
11.69
11.40
13.01
13.50
12.48
11.51
11.05
11.12
17.05
12.12
11.97
12.47

0.27
3.50
4.29
4.38
4.75
4.62
4.26
4.46
4.32
3.76
3.71
4.58
4.16
4.59
3.84
3.76
4.11
4.51
4.82
4.87
0.28
4.43
4.36
4.09

0.00
0.20
0.28
0.24
0.31
0.28
0.22
0.28
0.21
0.21
0.23
0.30
0.23
0.26
0.18
0.21
0.25
0.22
0.29
0.38
0.00
0.24
0.27
0.29

99.25
99.24
99.17
99.44
99.33
99.85
99.47
99.42
99.44
99.15
99.22
99.74
99.26
99.53
99.89
100.10
99.52
99.24
99.22
100.27
99.32
99.25
99.58
99.72
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Nol137-28
No137-30
No137-31
Nol37-32
No137-33
Nol37-34
No137-35
Nol37-36
Nol137-41
Nol37-45
Nol37-54
Nol37-57
No137-59
Nol37-61
No137-62
Nol37-64
No137-65
No137-68
No137-69
No137-82
No137-83
Nol37-84
No137-85
No137-86

53.54
55.63
53.04
53.77
54.62
54.64
53.68
53.29
52.88
53.12
55.75
53.95
53.85
53.80
53.49
52.67
52.67
53.14
53.37
53.09
54.22
51.90
54.25
53.07

0.06
0.05
0.05
0.07
0.10
0.08
0.08
0.10
0.10
0.07
0.04
0.03
0.06
0.05
0.04
0.05
0.07
0.05
0.10
0.09
0.02
0.03
0.07
0.03

28.57
27.08
28.92
28.71
27.79
27.75
28.37
28.37
29.03
28.05
26.58
27.59
27.77
27.87
28.24
29.07
29.20
28.90
27.83
28.67
27.66
29.79
28.16
29.58

0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.02
0.01
0.00
0.00
0.00
0.00
0.02
0.02
0.00
0.01
0.00
0.04
0.00

0.64
0.59
0.56
0.70
0.58
0.63
0.63
0.69
0.72
0.83
0.66
0.73
0.78
0.79
0.67
0.74
0.68
0.94
0.98
0.76
0.75
0.67
0.58
0.66

0.00
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.02
0.00
0.01
0.00
0.02
0.00
0.00
0.00

0.09
0.10
0.04
0.07
0.06
0.06
0.06
0.11
0.12
0.15
0.08
0.12
0.13
0.07
0.10
0.09
0.09
0.08
0.18
0.13
0.09
0.13
0.08
0.13

12.06
10.38
12.62
11.79
11.20
11.07
11.68
12.14
12.92
12.56
10.53
11.94
11.84
11.98
12.22
12.76
12.72
12.31
12.03
12.42
11.58
13.26
11.47
13.11

4.29
5.28
4.19
4.37
4.81
4.84
4.40
4.40
3.99
4.13
5.14
4.57
4.43
4.39
4.44
4.05
4.03
4.20
4.19
4.22
4.64
3.79
4.71
3.94

0.34
0.35
0.25
0.29
0.34
0.37
0.28
0.27
0.25
0.28
0.38
0.27
0.30
0.25
0.31
0.28
0.29
0.25
0.32
0.27
0.30
0.14
0.29
0.20

99.60
99.48
99.66
99.75
99.48
99.44
99.19
99.36
100.01
99.20
99.15
99.22
99.18
99.19
99.51
99.72
99.77
99.87
99.02
99.65
99.29
99.71
99.64
100.71
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No138-2

No138-6

No138-7

Nol38-8

No138-12
Nol38-24
No138-25
Nol38-26
No138-27
No138-28
No138-48
Nol138-51
No138-55
No138-56
No138-57
No138-58
No138-59
Nol138-61
No138-62
No138-63
No138-64
No138-65
No138-71
No138-72

53.86
53.52
54.62
54.19
53.69
53.73
51.62
49.24
49.94
50.85
52.86
54.52
47.01
48.03
48.73
48.25
51.20
47.57
53.74
55.19
53.22
54.60
52.44
53.22

0.12
0.06
0.10
0.11
0.09
0.06
0.04
0.01
0.04
0.00
0.06
0.07
0.01
0.03
0.04
0.06
0.02
0.03
0.02
0.03
0.02
0.04
0.03
0.07

27.74
28.40
27.59
28.11
27.78
28.62
30.11
31.25
31.13
30.73
28.80
27.37
32.86
32.25
31.77
32.78
30.53
32.33
28.05
27.44
28.23
27.71
29.64
28.64

0.01
0.00
0.04
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.05
0.01
0.01
0.00
0.03
0.00
0.00
0.02

0.95
0.76
0.77
0.84
0.90
0.75
0.64
0.58
0.63
0.66
0.81
0.84
0.59
0.61
0.55
0.56
0.71
0.58
0.85
1.05
0.79
0.91
0.88
0.87

0.03
0.09
0.01
0.01
0.00
0.00
0.00
0.02
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.01
0.00
0.00
0.00
0.01
0.02
0.05

0.12
0.12
0.12
0.12
0.17
0.11
0.11
0.11
0.06
0.09
0.11
0.12
0.08
0.06
0.09
0.08
0.10
0.09
0.12
0.12
0.11
0.09
0.08
0.12

11.83
12.20
11.32
11.77
11.39
11.93
13.46
15.29
14.86
14.06
12.15
11.13
16.69
16.16
15.56
15.91
14.34
16.22
11.63
10.95
12.03
11.08
12.93
12.12

4.52
4.42
4.72
4.60
4.67
4.33
3.52
2.74
3.04
3.40
4.09
4.80
1.99
2.31
2.65
2.26
3.38
2.13
4.35
5.01
4.29
4.95
4.03
4.41

0.30
0.29
0.28
0.30
0.33
0.27
0.20
0.14
0.12
0.17
0.24
0.31
0.09
0.08
0.11
0.08
0.19
0.07
0.28
0.34
0.30
0.35
0.22
0.25

99.48
99.85
99.58
100.05
99.01
99.79
99.70
99.37
99.83
99.95
99.12
99.15
99.31
99.53
99.50
99.99
100.52
99.03
99.05
100.11
99.01
99.73
100.26
99.77
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No138-73
No138-74
No138-75
Nol38-79
No138-80
Nol38-81
No138-82
No138-83
No138-89
No138-90
No138-91
No138-104
No138-105
No138-106
No139-1
Nol139-4
No139-5
No139-8
No139-9
No139-10
No139-12
No139-13
Nol39-14
Nol139-15

52.60
53.35
54.73
51.35
47.71
46.83
51.09
51.07
51.69
46.71
47.69
53.47
54.66
54.28
51.83
54.65
53.67
53.55
53.68
54.54
54.23
54.14
54.27
55.02

0.06
0.00
0.05
0.01
0.05
0.00
0.01
0.02
0.06
0.00
0.05
0.10
0.05
0.00
0.04
0.07
0.10
0.03
0.08
0.08
0.07
0.03
0.07
0.08

29.49
29.09
27.61
30.04
33.03
33.04
30.08
30.51
30.12
33.06
32.94
28.21
27.66
28.19
29.70
27.80
28.16
28.73
28.20
27.79
28.06
28.51
28.39
27.36

0.03
0.00
0.03
0.02
0.00
0.02
0.00
0.00
0.00
0.02
0.00
0.00
0.02
0.00
0.01
0.01
0.00
0.02
0.01
0.00
0.00
0.00
0.01
0.00

0.76
0.69
0.66
0.60
0.64
0.59
0.62
0.70
0.81
0.55
0.58
0.72
0.68
0.77
0.80
0.68
0.87
0.78
0.59
0.71
0.90
0.61
0.62
0.63

0.02
0.02
0.04
0.00
0.02
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.02
0.04
0.00
0.00
0.03
0.03
0.00
0.00
0.00
0.02
0.00
0.00

0.07
0.10
0.08
0.11
0.10
0.08
0.11
0.13
0.09
0.09
0.06
0.12
0.10
0.10
0.14
0.12
0.09
0.11
0.08
0.08
0.17
0.04
0.06
0.10

12.85
12.25
10.85
13.50
16.45
16.91
13.59
13.99
13.65
16.75
16.62
11.68
11.01
11.43
13.00
10.92
11.75
12.21
11.56
11.12
11.22
11.61
11.67
10.69

3.94
4.17
4.93
3.51
1.99
1.84
3.61
341
3.56
1.79
2.00
4.54
4.91
4.69
3.84
4.90
4.56
4.38
4.57
4.84
4.78
4.48
4.61
4.97

0.23
0.22
0.32
0.16
0.07
0.07
0.14
0.17
0.19
0.06
0.04
0.27
0.37
0.31
0.24
0.37
0.29
0.25
0.28
0.34
0.34
0.29
0.28
0.32

100.05
99.90
99.30
99.30
100.05
99.38
99.24
99.99
100.16
99.03
99.98
99.11
99.49
99.82
99.59
99.52
99.53
100.09
99.05
99.48
99.78
99.74
99.96
99.17
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No139-32
No139-36
No139-37
No139-38
No139-42
No139-43
Nol139-44
Nol139-47
No139-54
No139-55
No139-57
No139-60
No139-69
No139-70
No139-74
No139-81
No139-82
No139-83
Nol139-84
No139-85
No139-88
No0139-96
No139-97
No140-1

51.65
50.97
50.63
51.05
53.70
53.53
55.35
54.31
47.95
46.78
46.92
52.40
54.30
53.86
55.38
53.67
53.67
53.71
54.37
54.09
53.49
52.39
51.43
55.49

0.42
0.01
0.08
0.05
0.02
0.07
0.06
0.01
0.01
0.02
0.02
0.08
0.07
0.07
0.08
0.12
0.05
0.06
0.04
0.06
0.08
0.05
0.05
0.09

2.74

30.07
30.21
30.19
28.50
28.97
27.37
27.51
32.20
32.84
33.18
29.21
27.82
27.96
26.84
28.36
28.41
28.36
28.26
28.14
28.07
28.85
30.56
26.95

0.11
0.01
0.01
0.06
0.00
0.00
0.00
0.00
0.00
0.02
0.00
0.00
0.00
0.00
0.02
0.02
0.01
0.01
0.02
0.00
0.00
0.00
0.00
0.00

6.93
0.99
0.72
0.58
0.75
0.74
0.68
0.97
0.46
0.55
0.57
0.67
0.86
0.87
0.92
0.69
0.70
0.66
0.67
0.70
0.92
0.99
0.62
0.92

0.18
0.00
0.00
0.00
0.06
0.04
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.04
0.03

16.36
0.18
0.11
0.10
0.06
0.05
0.08
0.13
0.10
0.10
0.08
0.12
0.14
0.14
0.14
0.12
0.11
0.10
0.12
0.10
0.10
0.16
0.10
0.11

20.36
13.72
13.99
13.78
11.49
11.89
10.58
11.26
16.15
16.91
16.78
12.72
11.17
11.62
10.37
11.62
11.58
11.65
11.27
11.68
11.50
12.33
13.91
10.40

0.27
3.44
3.35
3.36
4.63
4.44
5.19
4.58
2.27
1.78
1.82
3.91
4.69
4.56
5.15
4.45
4.49
4.53
4.62
4.47
4.56
4.13
3.53
543

0.00
0.14
0.18
0.18
0.30
0.28
0.36
0.33
0.07
0.04
0.04
0.24
0.28
0.30
0.36
0.28
0.31
0.29
0.29
0.30
0.35
0.24
0.17
0.33

99.02
99.54
99.27
99.35
99.50
100.00
99.68
99.08
99.20
99.02
99.39
99.35
99.32
99.38
99.26
99.32
99.32
99.36
99.65
99.53
99.07
99.14
100.42
99.75
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No140-5

No140-6

No140-8

No140-9

Nol40-11
No140-13
Nol40-14
No140-15
Nol140-16
Nol140-17
No140-18
No140-19
No140-20
No140-21
No140-22
No140-23
Nol140-24
No140-30
Nol140-31
No140-37
No140-46
Nol140-51
No140-52
No140-53

53.86
54.06
54.53
54.79
54.67
53.47
53.63
55.02
47.95
46.87
48.50
52.26
52.29
47.12
54.07
52.91
53.30
47.58
46.92
53.15
54.62
55.77
49.20
50.80

0.03
0.06
0.05
0.08
0.04
0.07
0.04
0.01
0.04
0.05
0.02
0.09
0.02
0.00
0.08
0.04
0.01
0.00
0.00
0.04
0.07
0.06
0.02
0.14

28.12
28.19
27.57
28.15
27.45
28.65
28.22
27.73
32.26
33.07
32.34
29.57
29.38
33.30
28.28
28.63
28.99
32.87
33.22
28.97
27.66
27.09
31.66
30.26

0.03
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.04
0.00
0.00

0.94
0.77
0.75
0.82
0.83
0.69
0.84
0.82
0.51
0.54
0.46
0.77
0.89
0.71
0.89
0.88
0.71
0.65
0.65
0.88
0.83
0.76
0.56
0.62

0.01
0.00
0.02
0.00
0.00
0.01
0.05
0.00
0.01
0.00
0.03
0.00
0.02
0.00
0.00
0.00
0.00
0.00
0.03
0.00
0.01
0.01
0.00
0.02

0.14
0.12
0.11
0.12
0.13
0.11
0.12
0.08
0.06
0.05
0.05
0.06
0.13
0.04
0.12
0.11
0.09
0.07
0.06
0.10
0.12
0.12
0.06
0.07

11.35
10.89
10.87
11.31
11.00
12.27
11.92
10.98
15.99
17.25
16.07
13.21
12.75
16.99
11.50
12.33
12.16
16.32
17.06
12.32
10.92
10.61
15.16
14.04

4.62
4.83
4.82
4.81
4.87
4.48
4.61
4.80
2.28
1.86
2.49
3.77
3.86
1.86
4.69
4.32
4.24
2.08
1.80
4.18
4.79
5.16
2.74
3.19

0.26
0.30
0.29
0.26
0.30
0.25
0.25
0.28
0.04
0.07
0.05
0.17
0.21
0.04
0.24
0.23
0.21
0.06
0.04
0.18
0.27
0.32
0.13
0.21

99.36
99.21
99.00
100.36
99.28
100.00
99.67
99.71
99.13
99.76
100.01
99.90
99.54
100.06
99.86
99.45
99.71
99.63
99.76
99.82
99.30
99.94
99.52
99.36
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1972-1975 NGAURUHOE
1972 Ngauruhoe

1973 Ngauruhoe

No140-54
No140-55
No140-56
No140-57
No140-58
No140-61
No140-62
No140-65
No140-66
No140-67
No140-68
No140-70
No140-71

Ng72#2
Ng7245 2
Ng72#6
Ng7246 2
Ng72#10
Ng73#1
Ng73#2
Ng73#2 2
Ng73#9

48.22
54.84
52.98
53.76
51.37
47.88
47.06
48.01
53.52
53.16
52.98
54.49
55.55

54.63
56.25
55.60
55.59
55.83
53.92
57.87
57.57
55.73

0.06
0.03
0.03
0.01
0.00
0.04
0.00
0.02
0.03
0.09
0.04
0.04
0.04

32.15
27.72
28.93
28.77
29.95
32.48
32.84
32.53
28.33
28.68
29.18
27.73
27.34

28.29
27.88
27.45
27.10
27.76
29.15
26.46
26.80
27.97

0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.03
0.00
0.00
0.00
0.05
0.00

0.57
0.55
0.79
0.85
0.89
0.58
0.71
0.60
0.84
0.71
0.75
0.74
0.93

1.14
1.05
0.99
0.95
1.07
1.03
0.97
0.94
1.02

0.01
0.02
0.01
0.00
0.00
0.00
0.03
0.00
0.02
0.02
0.00
0.00
0.00

0.06
0.09
0.09
0.12
0.10
0.05
0.04
0.09
0.07
0.10
0.09
0.10
0.11

0.17
0.20
0.18
0.18
0.21
0.11
0.18
0.13
0.14

16.18
10.90
12.24
12.18
13.71
16.25
16.47
16.23
11.41
12.19
12.66
11.20
10.66

11.69
12.05
11.75
11.45
11.55
13.39
10.63
10.84
11.14

2.33
4.79
4.21
4.16
3.53
2.21
1.96
2.06
4.53
4.23
3.98
4.81
5.02

4.27
4.48
4.39
4.71
4.58
3.76
5.18
5.19
4.64

0.12
0.27
0.20
0.22
0.16
0.07
0.05
0.06
0.26
0.23
0.23
0.23
0.26

0.39
0.37
0.38
0.39
0.44
0.23
0.49
0.46
0.37

99.71
99.20
99.48
100.05
99.71
99.56
99.16
99.62
99.02
99.41
99.91
99.38
99.91

100.57
102.29
100.73
100.37
101.45
101.60
101.77
101.93
101.00
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1974 Ngauruhoe

1975 Ngauruhoe

1995-1996 RUAPEHU
1995 Ruapehu

1996 Ruapehu

Ng73#9 2
Ng73#14
Ng74#2
Ng74#2 2
Ng74#9
Ng74#13
Ng75#1
Ng75#1 2
Ng75#9
Ng75#12
Ng75#12 2
Ng74#18

Rua95#4
Rua95#5
Rua95#11
Rua96#4
Rua96#10
Rua9%6#15

Minimum
Maximum
Average
Std. dev.

54.13
56.44
57.57
55.38
55.70
55.99
58.68
54.50
54.00
56.10
55.67
52.60

53.96
56.21
55.69
56.15
56.31
55.41

45.89
61.05
52.19
2.59

0.00
1.11
0.06
0.10

28.97
28.12
25.01
27.97
28.21
25.57
21.53
27.76
28.40
28.63
27.72
30.16

29.54
28.65
28.12
26.62
27.58
27.28

0.69
33.94
29.19
3.39

0.00
0.32
0.01
0.02

1.03
1.01
2.04
0.99
1.10
2.12
3.74
1.04
1.02
0.89
0.96
1.05

0.76
0.89
0.96
1.16
0.93
0.88

0.46
17.18
0.95
1.12

0.00
0.36
0.01
0.03

0.14
0.12
0.37
0.13
0.16
0.60
0.90
0.11
0.14
0.08
0.10
0.15

0.15
0.15
0.18
0.50
0.25
0.16

0.04
25.58
0.34
1.85

12.39
11.34
10.84
12.20
11.95
10.56
8.94

12.44
12.58
11.80
11.34
13.87

12.64
11.91
11.83
11.34
11.71
11.86

2.02
20.36
13.30
1.99

4.47
4.94
4.26
4.36
4.64
4.28
4.05
4.25
4.12
4.81
4.76
3.67

4.25
4.77
4.77
4.66
4.79
4.61

0.04
543
3.61
0.97

0.35
0.43
0.60
0.30
0.28
0.60
1.18
0.26
0.27
0.31
0.34
0.21

0.26
0.38
0.39
0.42
0.40
0.33

0.00
1.36
0.20
0.15

101.48
102.40
100.68
101.32
102.05
99.73

99.01

100.34
100.53
102.61
100.89
101.70

101.56
102.95
101.92
100.85
101.96
100.53

99.00
102.95
99.85
0.62
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Appendix C9. Microprobe analyses of pyroxene from intermediate tephras of the Tongariro Volcanic Centre. Mangatawai and Tufa Trig glasses
were analysed using a JEOL JXA-8900R electron microprobe equipped with four wavelength-dispersive spectrometers at the Institute of Earth
Sciences, Academia Sinica, Taipei, Taiwan. Ngauruhoe 1972-1975 and Ruapehu 1995-1996 glasses were analysed using a JEOL JXA-8800R
electron microprobe equipped with four wavelength-dispersive spectrometers at the Graduate School of Science, Hokkaido University, Sapporo,

Japan.

Tephra . . .

formation/sequence Comment SiO; TiO2 ALO; Cr03 FeO MnO MgO CaO NaxO K>O NiO Total

MANGATAWAI

Mangatawai Lower Nol14-52 51.17 039 3.61 0.11 849 0.15 1565 19.82 0.33 0.00 99.72
Nol5-40 53.15 026 247 0.33 516 0.12 17.61 20.69 0.21 0.01 100.00
Nol7-14 5233 040 284 0.13 792 0.16 1633 1939 022 0.00 99.71
Nol4-1 5436 0.17 1.28 0.10 13.24 023 2840 1.69 0.06 0.00 99.53
Nol4-2 5347 020 1.4l 0.01 1695 034 2604 171 0.04 0.00 100.15
Nol4-3 53.76 031 1.34 0.04 17.86 037 2505 193 0.02 0.00 100.67
Nol4-4 5524 0.16 1.06 0.10 13.84 030 28.09 192 0.04 0.00 100.74
Nol4-25 5438 0.27 0.67 0.01 16.82 031 2601 2.11 0.03 0.00 100.61
No14-26 53.64 027 137 0.03 15.61 028 2597 238 0.02 0.00 99.57
Nol4-35 54.03 0.26 1.13 0.08 1575 033 2580 256 0.02 0.00 99.94
No14-36 53.78 032 0.93 0.03 1720 029 2533 229 0.06 0.00 100.24
Nol4-42 5336 021 141 0.17 16.00 033 2621 1.73 0.01 0.00 99.42
No14-43 5333 029 139 0.00 17.87 034 2499 182 0.02 0.00 100.04
Nol4-44 54.05 0.17 0.83 0.04 16.51 032 2652 1.68 0.01 0.00 100.13
No14-45 53.02 024 096 0.01 17.09 033 23.18 430 0.07 0.00 99.19
Nol4-55 54.18 0.27 147 0.00 16,60 042 2260 3.96 0.06 0.13 99.68
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Nol5-11
Nol5-13
Nol5-23
Nol5-24
Nol5-26
Nol5-27
Nol5-28
No15-29
Nol5-30
Nol5-34
Nol5-44
Nol5-45
Nol5-46
Nol5-47
Nol5-54
Nol5-55
Nol5-63
Nol5-64
Nol5-65
Nol5-73
Nol5-74
Nol5-77
Nol6-2

Nol6-7

5341
54.36
52.94
53.84
54.86
54.78
55.19
55.77
54.62
54.57
53.60
55.04
55.37
53.93
54.78
54.59
54.74
53.70
53.79
55.04
55.13
53.91
53.56
53.76

0.21
0.25
0.32
0.23
0.17
0.20
0.28
0.14
0.20
0.31
0.21
0.29
0.18
0.26
0.23
0.19
0.24
0.20
0.31
0.21
0.17
0.28
0.28
0.25

0.87
0.80
1.30
1.91
1.58
1.80
1.74
0.92
1.87
1.49
1.14
2.00
1.04
1.01
0.96
1.78
0.69
1.18
1.17
1.49
1.66
1.26
0.63
0.78

0.03
0.00
0.03
0.20
0.15
0.06
0.04
0.00
0.04
0.08
0.00
0.03
0.02
0.00
0.02
0.12
0.04
0.03
0.01
0.09
0.15
0.05
0.00
0.00

17.53
17.49
17.09
13.44
13.24
14.18
13.93
13.23
14.30
14.43
16.18
15.82
13.37
17.40
15.11
13.57
15.84
16.42
17.08
13.41
13.16
17.22
18.22
18.47

0.33
0.32
0.36
0.27
0.28
0.26
0.22
0.30
0.30
0.33
0.42
0.33
0.28
0.35
0.32
0.34
0.38
0.30
0.34
0.31
0.33
0.41
0.45
0.39

23.25
25.13
25.32
27.75
28.18
27.33
27.86
28.07
27.36
26.56
22.45
22.70
27.67
24.85
26.45
27.30
2591
25.36
25.05
27.67
28.31
22.82
21.87
20.99

4.14
2.29
2.21
2.50
1.70
1.72
1.71
1.83
1.81
2.55
5.58
3.11
2.19
2.28
2.21
2.46
2.33
2.35
2.46
2.21
1.79
5.05
4.56
5.16

0.00
0.04
0.04
0.05
0.03
0.04
0.01
0.00
0.02
0.06
0.07
0.23
0.02
0.04
0.02
0.04
0.04
0.05
0.02
0.04
0.03
0.09
0.10
0.09

0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.17
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

99.77

100.66
99.62

100.19
100.19
100.36
100.97
100.27
100.52
100.37
99.65

99.73

100.13
100.11
100.10
100.40
100.21
99.57

100.23
100.45
100.73
101.08
99.67

99.89
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Nol6-15
Nol6-17
No16-29
No16-30
Nol6-34
Nol6-35
Nol16-45
Nol6-46
Nol6-51
Nol16-56
Nol16-57
Nol6-74
No16-76
Nol7-4

Nol7-9

Nol7-10
Nol7-17
Nol7-18
Nol7-19
Nol7-26
Nol7-27
Nol7-35
No17-60
No17-63

54.08
53.63
54.76
55.04
53.78
55.03
55.59
54.75
54.40
54.25
54.54
54.02
53.80
53.68
54.63
54.25
54.04
54.94
53.46
54.82
53.57
55.24
53.80
54.16

0.18
0.37
0.18
0.15
0.35
0.20
0.15
0.26
0.18
0.21
0.25
0.26
0.35
0.24
0.28
0.19
0.29
0.20
0.28
0.19
0.43
0.16
0.26
0.22

0.63
1.49
1.71
1.64
1.72
0.98
0.98
1.81
0.80
0.87
0.67
1.05
1.95
1.41
0.65
0.65
0.91
0.84
1.26
1.62
1.58
0.91
0.75
0.63

0.04
0.05
0.10
0.09
0.08
0.03
0.11
0.19
0.04
0.01
0.01
0.03
0.01
0.02
0.00
0.00
0.00
0.00
0.00
0.08
0.00
0.07
0.00
0.01

18.27
17.57
13.41
13.56
16.87
14.76
13.19
14.51
16.90
17.13
17.46
16.09
17.53
16.31
19.12
18.77
17.57
15.49
17.71
13.27
15.40
14.84
17.80
17.29

0.40
0.35
0.27
0.29
0.33
0.33
0.26
0.31
0.35
0.47
0.32
0.34
0.35
0.32
0.35
0.40
0.56
0.31
0.36
0.30
0.38
0.24
0.46
0.32

22.81
23.82
28.08
28.17
24.83
26.73
27.69
26.63
23.07
22.64
23.29
23.87
21.94
25.18
23.61
23.80
24.42
25.74
23.89
27.98
22.26
27.01
22.61
25.15

4.04
2.59
1.74
1.65
2.52
2.25
2.52
2.03
3.81
4.20
3.76
3.84
4.12
2.62
2.16
2.15
1.81
2.30
2.39
1.73
6.59
2.16
4.08
2.31

0.03
0.06
0.02
0.02
0.04
0.02
0.06
0.05
0.01
0.07
0.06
0.07
0.16
0.09
0.01
0.03
0.00
0.03
0.02
0.01
0.10
0.04
0.04
0.03

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.01
0.00
0.00
0.00
0.05
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

100.48
99.93
100.27
100.61
100.51
100.32
100.55
100.56
99.56
99.84
100.36
99.56
100.25
99.86
100.82
100.24
99.59
99.84
99.38
100.00
100.30
100.68
99.78
100.11
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Mangatawai Upper

Nol7-76
No17-87
No18-10
Nol18-21
No18-30
Nol8-31
No18-32
No18-33
No18-34
Nol8-35
No18-47
No18-58
No18-59
No18-93
No18-95
No18-96
No18-97
No18-103
No18-104
No47-15
No49-7
No49-8
No49-9
No49-10

53.17
54.03
51.91
53.71
53.39
52.95
53.18
52.43
52.77
53.03
53.49
53.25
53.59
53.50
53.82
53.76
53.81
52.31
52.55
54.15
52.86
52.55
52.82
52.98

0.32
0.26
0.42
0.22
0.20
0.30
0.38
0.35
0.32
0.22
0.27
0.21
0.24
0.23
0.22
0.21
0.21
0.36
0.31
0.23
0.48
0.47
0.48
0.39

1.55
0.92
1.64
0.76
0.69
1.07
1.38
1.34
1.25
0.61
0.63
1.33
1.63
0.96
1.71
1.72
1.70
0.76
1.71
1.02
2.48
2.78
2.34
2.37

0.06
0.01
0.04
0.03
0.00
0.03
0.07
0.00
0.04
0.00
0.00
0.05
0.10
0.00
0.01
0.04
0.13
0.00
0.03
0.00
0.04
0.09
0.05
0.12

17.64
16.73
17.51
17.32
17.79
17.10
17.89
17.34
17.59
18.17
17.42
15.21
15.16
17.07
15.05
14.70
13.18
21.19
15.15
10.01
9.65

10.22
9.30

9.53

0.28
0.39
0.36
0.35
0.46
0.51
0.37
0.34
0.39
0.42
0.34
0.37
0.38
0.42
0.34
0.39
0.24
0.36
0.45
0.29
0.20
0.21
0.27
0.24

23.98
24.73
22.19
23.45
22.40
22.24
24.20
21.84
22.59
23.01
25.11
26.47
26.45
25.34
26.71
26.90
27.99
20.27
22.49
16.51
15.69
1591
15.88
16.23

2.95
2.24
4.81
4.08
4.12
5.36
2.28
5.32
4.09
3.91
2.23
2.20
2.21
2.15
1.71
1.78
1.79
4.31
6.91
17.98
18.39
17.67
18.67
18.91

0.04
0.04
0.09
0.08
0.09
0.06
0.05
0.05
0.09
0.05
0.05
0.00
0.04
0.02
0.03
0.03
0.01
0.09
0.12
0.23
0.32
0.27
0.26
0.28

0.00
0.00
0.03
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.02
0.00
0.00
0.00
0.00
0.00

99.98
99.33
99.00
99.99
99.14
99.63
99.80
99.00
99.12
99.41
99.53
99.08
99.79
99.70
99.58
99.54
99.05
99.65
99.74
100.41
100.11
100.18
100.06
101.05



6¢

No49-11
No54-1

No54-2

No54-23
No54-24
No54-51
No056-36
No059-43
No47-16
No47-17
No47-18
No47-19
No47-20
No47-21
No47-24
No47-26
No47-47
No47-48
No49-21
No49-30
No49-31
No49-33
No54-9

No54-12

53.40
51.99
52.19
52.38
52.11
52.36
52.47
50.74
54.12
55.12
55.19
55.58
55.17
54.80
56.04
54.59
54.61
54.74
54.68
54.06
53.95
52.70
54.37
54.55

0.34
0.56
0.62
0.43
0.55
0.52
0.42
0.39
0.20
0.22
0.23
0.22
0.17
0.14
0.24
0.25
0.24
0.23
0.38
0.30
0.28
0.33
0.30
0.31

1.98
2.11
2.07
2.36
2.76
2.38
2.52
2.45
1.61
1.60
1.55
1.33
1.31
1.78
1.99
1.16
1.13
1.37
1.66
0.80
0.70
1.08
1.35
1.34

0.05
0.05
0.00
0.02
0.04
0.03
0.02
0.14
0.02
0.07
0.06
0.00
0.02
0.00
0.05
0.02
0.02
0.04
0.06
0.05
0.01
0.04
0.01
0.11

9.80

10.61
12.09
10.07
10.50
9.65

9.57

9.04

16.21
15.38
14.98
15.78
15.47
15.36
14.36
15.78
17.29
16.53
17.07
18.27
18.05
20.10
16.13
16.30

0.28
0.32
0.37
0.26
0.26
0.20
0.22
0.19
0.38
0.38
0.41
0.41
0.37
0.32
0.32
0.36
0.43
0.32
0.42
0.41
0.47
0.38
0.36
0.28

16.26
14.66
14.48
15.19
15.26
15.59
15.15
15.63
25.77
26.32
27.35
26.43
26.61
26.21
25.31
23.37
24.95
25.18
22.86
21.47
22.42
20.27
25.22
24.79

18.19
19.48
18.02
18.49
18.24
19.03
19.63
19.50
1.83
1.76
1.57
1.83
1.70
1.67
1.99
4.53
2.02
1.85
3.32
4.17
4.07
4.50
2.33
2.49

0.28
0.30
0.33
0.28
0.36
0.29
0.31
0.32
0.02
0.01
0.02
0.05
0.03
0.00
0.14
0.05
0.03
0.05
0.12
0.05
0.05
0.06
0.00
0.02

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.06
0.00
0.00
0.00
0.05
0.02
0.00
0.00
0.00
0.00

100.58
100.06
100.16
99.48

100.07
100.05
100.28
98.40

100.16
100.86
101.35
101.62
100.86
100.30
100.50
100.11
100.70
100.30
100.60
99.60

99.99

99.45

100.07
100.19



€6¢

TUFA TRIG
Tufa Trig 8

No56-47
No59-5
No059-6
No059-7
No59-8
No059-9
No59-12
No59-13
No59-14
No59-15
No59-16
No059-18
No059-19

Nol31-54
Nol31-55
Nol131-56
No131-93
Nol37-4

Nol37-5

Nol137-7

No137-66
Nol37-67
Nol37-75

53.61
55.01
53.51
54.30
55.54
55.41
54.54
54.73
54.77
54.91
55.14
55.10
54.44

53.36
52.31
51.21
51.71
51.75
50.94
51.35
54.07
51.41
52.24

0.40
0.22
0.21
0.33
0.14
0.20
0.26
0.28
0.28
0.29
0.27
0.19
0.24

0.29
0.42
0.72
0.62
0.25
0.64
0.60
0.17
0.49
0.28

1.47
0.68
1.16
1.19
0.91
1.00
1.52
1.64
1.54
1.55
1.55
0.88
1.56

0.47
1.07
2.22
2.01
2.01
2.42
1.94
1.90
4.66
2.67

0.06
0.00
0.00
0.01
0.01
0.01
0.10
0.06
0.05
0.11
0.12
0.07
0.11

0.00
0.00
0.04
0.02
0.42
0.11
0.06
0.11
0.34
0.20

17.10
18.97
20.64
19.89
15.48
16.10
15.76
15.73
16.30
16.03
15.54
15.17
15.42

11.07
10.59
10.95
11.23
7.45
9.42
10.38
6.80
6.35
7.45

0.45
0.42
0.47
0.48
0.38
0.34
0.34
0.26
0.30
0.32
0.28
0.28
0.34

0.29
0.23
0.24
0.20
0.18
0.22
0.23
0.17
0.20
0.16

21.52
22.83
2191
22.22
26.43
26.12
26.11
25.80
2593
25.95
26.11
26.86
25.43

15.25
15.71
15.58
14.61
17.13
16.36
15.73
19.42
16.73
16.74

5.35
2.20
2.25
2.20
1.71
1.68
2.00
1.92
1.95
2.08
1.98
1.99
2.78

18.79
19.20
18.47
19.01
19.52
18.66
18.82
17.55
19.95
20.84

0.08
0.05
0.00
0.00
0.00
0.03
0.09
0.04
0.03
0.06
0.04
0.03
0.01

0.25
0.22
0.26
0.34
0.32
0.26
0.20
0.19
0.32
0.27

0.00
0.00
0.00
0.00
0.00
0.02
0.00
0.01
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

100.04
100.38
100.14
100.62
100.60
100.92
100.71
100.47
101.14
101.27
101.03
100.56
100.33

99.77
99.75
99.68
99.75
99.01
99.05
99.31
100.38
100.44
100.85



143

Nol137-76
Nol137-77
No140-50
No140-63
No140-64
Nol31-6

Nol131-8

Nol31-24
Nol31-25
Nol31-33
Nol31-34
Nol31-35
Nol31-44
Nol31-45
Nol31-46
Nol31-47
Nol31-48
Nol131-50
Nol31-52
Nol131-60
Nol31-62
Nol31-63
Nol31-68
Nol31-69

52.61
52.22
51.47
51.29
50.55
54.06
53.82
54.60
54.06
53.11
53.74
53.56
53.84
54.06
53.90
53.62
54.86
54.15
53.71
52.59
54.61
54.34
53.29
53.07

0.31
0.40
0.55
0.60
0.61
0.30
0.19
0.19
0.28
0.30
0.28
0.36
0.27
0.27
0.18
0.37
0.16
0.26
0.08
0.32
0.36
0.35
0.34
0.19

2.69
2.68
1.98
2.37
2.70
0.84
1.20
0.91
1.13
1.30
1.14
1.06
1.35
1.01
1.28
1.22
0.68
1.15
27.98
1.50
1.31
1.58
1.31
0.93

0.17
0.04
0.01
0.03
0.11
0.00
0.05
0.00
0.04
0.00
0.03
0.01
0.02
0.00
0.01
0.01
0.00
0.01
0.00
0.02
0.02
0.03
0.03
0.02

6.87

7.47

10.33
11.40
11.89
15.34
15.54
15.98
15.40
17.74
17.68
17.93
15.07
15.24
17.65
17.63
15.08
15.43
0.89

19.39
15.16
15.40
18.32
20.23

0.20
0.21
0.26
0.26
0.21
0.40
0.28
0.35
0.44
0.37
0.34
0.32
0.34
0.33
0.36
0.28
0.28
0.31
0.00
0.31
0.25
0.33
0.42
0.32

16.62
16.35
15.21
14.43
14.35
26.42
26.35
25.83
26.29
24.93
24.59
24.68
26.35
26.65
25.33
25.19
27.09
26.35
0.13

23.06
26.56
26.29
24.50
23.47

20.73
20.57
19.17
19.22
18.56
2.04
2.03
2.08
2.14
2.26
2.30
2.11
2.48
2.02
1.43
1.94
1.85
1.91
11.86
1.89
1.95
2.05
1.94
1.68

0.31
0.30
0.28
0.41
0.42
0.03
0.01
0.03
0.00
0.03
0.06
0.04
0.08
0.05
0.00
0.00
0.04
0.02
4.48
0.03
0.02
0.16
0.01
0.07

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.29
0.00
0.00
0.04
0.00
0.00

100.51
100.25
99.27
100.00
99.40
99.42
99.46
99.97
99.76
100.03
100.16
100.07
99.78
99.64
100.13
100.27
100.02
99.58
99.42
99.10
100.25
100.57
100.17
99.98



S6¢

Tufa Trig 13

Nol131-77
Nol31-78
Nol131-81
Nol31-83
Nol31-84
Nol31-85
Nol131-91
Nol31-92
Nol31-94
Nol31-95
No131-96
Nol31-97
Nol131-98

Nol31-99
Nol31-
102
Nol31-
103

Nol37-9

No137-10
Nol37-11
Nol37-16
Nol37-22
Nol137-23
Nol37-24

52.85
53.44
52.97
53.84
53.94
54.65
53.24
53.21
52.76
53.02
53.21
52.98
54.49
54.63

54.77

5391
52.56
52.96
53.11
54.35
54.08
53.97
54.02

0.35
0.28
0.35
0.34
0.23
0.21
0.32
0.26
0.31
0.27
0.35
0.27
0.28
0.20

0.22

0.15
0.45
0.40
0.29
0.05
0.20
0.17
0.21

1.09
1.16
1.75
1.15
0.95
0.75
1.20
1.19
1.32
1.18
1.17
1.20
0.88
1.05

0.78

1.15
1.32
1.31
1.10
1.66
0.88
1.57
1.72

0.03
0.01
0.01
0.00
0.02
0.00
0.00
0.01
0.05
0.02
0.00
0.00
0.02
0.00

0.00

0.03
0.02
0.00
0.01
0.49
0.00
0.04
0.08

19.68
18.32
16.78
18.54
17.88
16.62
19.18
19.96
20.26
19.75
20.09
19.88
15.88
15.29

15.70

15.24
20.80
18.16
18.51
8.32

15.74
14.06
14.70

0.38
0.32
0.43
0.33
0.38
0.39
0.30
0.36
0.41
0.34
0.42
0.32
0.28
0.33

0.28

0.34
0.32
0.34
0.39
0.23
0.40
0.22
0.31

23.23
24.22
24.66
24.04
24.58
25.39
23.85
23.39
23.49
23.55
23.80
23.75
26.26
26.73

26.80

26.61
22.76
24.27
24.45
31.87
26.42
28.27
27.68

1.73
1.97
2.33
1.91
1.94
1.94
1.77
1.66
1.74
1.80
1.80
1.83
1.85
1.93

1.94

1.88
1.92
245
2.07
2.05
2.02
1.60
1.66

0.06
0.06
0.05
0.01
0.04
0.01
0.06
0.06
0.04
0.02
0.02
0.04
0.05
0.04

0.07

0.06
0.03
0.08
0.02
0.02
0.03
0.00
0.01

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

99.38
99.77
99.32
100.15
99.96
99.95
99.94
100.09
100.38
99.95
100.85
100.26
99.98
100.20

100.56

99.35
100.18
99.97
99.95
99.04
99.75
99.90
100.37



96¢

Tufa Trig 14

Nol137-25
Nol137-37
No137-38
Nol37-39
Nol137-48
Nol37-49
No137-50
Nol37-51
No137-52
Nol37-55
No137-70
Nol37-81
No138-3

No138-9

No138-10
Nol38-11
No138-17
Nol138-19
No138-20
No138-21
Nol138-22
No138-23
No138-29
No138-30

53.89
52.98
52.23
52.94
52.64
52.53
52.81
52.88
52.87
53.03
53.75
54.13
53.89
54.00
53.87
52.82
53.74
52.76
52.42
52.70
53.07
53.43
53.31
54.51

0.09
0.32
0.35
0.22
0.30
0.26
0.23
0.23
0.35
0.33
0.31
0.20
0.20
0.27
0.25
0.36
0.27
0.33
0.15
0.24
0.39
0.31
0.26
0.16

1.56
1.13
1.39
1.35
1.29
1.15
1.17
1.21
1.33
1.08
1.00
0.75
0.85
0.90
0.84
2.51
0.76
1.24
2.17
1.89
1.42
0.75
0.71
1.54

0.03
0.00
0.00
0.04
0.05
0.00
0.00
0.00
0.04
0.01
0.00
0.01
0.00
0.00
0.00
0.03
0.00
0.03
0.16
0.13
0.07
0.00
0.00
0.16

13.67
19.73
19.80
20.27
19.64
20.35
19.80
20.65
19.90
19.64
18.39
18.37
17.54
17.77
18.20
17.26
18.56
19.90
19.25
18.53
19.62
18.36
21.27
13.09

0.23
0.38
0.41
0.42
0.34
0.40
0.38
0.36
0.42
0.51
0.41
0.33
0.34
0.33
0.47
0.33
0.36
0.36
0.34
0.32
0.37
0.30
0.38
0.18

27.84
23.33
23.28
23.39
23.97
23.80
23.60
23.72
23.41
23.53
24.57
25.17
25.31
25.42
24.83
24.69
24.60
23.53
24.05
24.82
23.96
24.44
22.21
28.53

1.65
1.99
1.75
1.73
1.86
1.81
1.78
1.79
1.87
2.12
2.05
1.93
2.07
2.02
2.16
2.53
2.02
1.82
1.66
1.45
1.79
1.94
2.04
1.52

0.05
0.04
0.00
0.01
0.02
0.04
0.02
0.01
0.03
0.04
0.05
0.03
0.04
0.05
0.04
0.04
0.05
0.02
0.03
0.03
0.03
0.03
0.00
0.03

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

99.02

99.89

99.21

100.37
100.10
100.34
99.81

100.84
100.22
100.27
100.53
100.93
100.25
100.74
100.64
100.58
100.36
99.98

100.24
100.11
100.72
99.55

100.19
99.73



L6E

Tufa Trig 15

No138-31
No138-32
No138-33
Nol38-34
No138-35
Nol138-49
No138-50
Nol38-53
No138-54
Nol38-67
No138-68
No138-69
No138-70
Nol38-84
No138-85
No138-87
No138-88
No139-6

No139-7

Nol139-11
Nol139-16
Nol139-17
No139-29
No139-30

54.15
53.57
54.06
53.51
52.93
53.51
53.81
54.43
53.35
53.48
53.43
53.25
53.45
53.57
53.31
53.03
52.59
53.10
53.23
53.63
53.09
53.57
55.10
54.58

0.21
0.22
0.25
0.40
0.40
0.29
0.33
0.27
0.32
0.32
0.20
0.34
0.28
0.26
0.29
0.21
0.27
0.34
0.32
0.31
0.26
0.30
0.11
0.18

1.90
1.71
1.49
1.20
1.73
1.00
1.18
0.76
1.31
0.96
0.86
1.31
1.22
0.89
0.90
1.08
0.95
1.24
1.41
1.16
1.40
1.14
1.57
1.86

0.04
0.00
0.00
0.00
0.07
0.04
0.05
0.00
0.00
0.00
0.06
0.02
0.01
0.04
0.03
0.00
0.05
0.00
0.00
0.00
0.11
0.05
0.24
0.02

13.35
15.64
17.18
19.92
18.85
18.55
17.26
17.40
17.53
18.87
17.35
18.35
18.28
18.85
18.46
20.52
19.93
18.33
17.20
17.27
16.04
16.84
13.22
13.45

0.31
0.31
0.35
0.40
0.33
0.41
0.35
0.36
0.29
0.39
0.33
0.32
0.42
0.29
0.38
0.38
0.41
0.37
0.31
0.33
0.29
0.35
0.29
0.28

28.70
27.06
25.39
23.82
24.46
24.29
25.29
25.36
25.34
24.86
25.70
25.02
24.86
24.57
24.90
23.90
24.16
24.01
25.12
25.13
25.98
25.27
28.38
28.37

1.53
1.51
1.80
1.79
1.94
2.14
2.06
1.90
2.07
1.94
1.88
1.93
1.81
1.94
1.89
1.33
1.48
2.25
2.13
2.18
2.19
2.11
1.66
1.67

0.05
0.03
0.03
0.03
0.04
0.04
0.03
0.02
0.02
0.03
0.04
0.06
0.01
0.05
0.04
0.03
0.00
0.04
0.00
0.01
0.06
0.01
0.03
0.03

0.00
0.00
0.00
0.00
0.01
0.00
0.01
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

100.24
100.05
100.56
101.08
100.75
100.26
100.37
100.50
100.23
100.86
99.85

100.58
100.34
100.45
100.18
100.48
99.84

99.68

99.71

100.01
99.41

99.64

100.60
100.43



86¢

Tufa Trig 16

No139-31
No139-33
No139-40
Nol139-46
No139-49
Nol139-51
No139-58
Nol139-61
No139-62
No139-63
No139-66
No139-67
No139-68
No139-73
No139-79
No139-80
No0139-90
No139-91
No0139-92
No139-93
No139-94
No139-95
No140-2

No140-3

54.71
53.12
53.13
53.43
53.31
53.12
53.89
51.92
52.92
53.49
53.00
53.23
53.78
54.25
53.42
53.98
53.32
53.68
53.54
54.10
53.28
53.64
53.56
53.11

0.18
0.32
0.30
0.23
0.20
0.20
0.24
0.35
0.21
0.30
0.29
0.23
0.22
0.24
0.27
0.27
0.19
0.27
0.30
0.20
0.34
0.26
0.18
0.28

1.77
1.41
1.25
1.20
0.90
0.99
0.88
2.49
1.21
1.13
1.23
1.32
1.25
1.26
0.97
0.80
0.80
1.07
1.34
0.68
1.59
1.42
0.76
1.43

0.09
0.00
0.11
0.00
0.00
0.04
0.00
0.00
0.07
0.00
0.00
0.00
0.01
0.00
0.02
0.05
0.00
0.03
0.00
0.04
0.09
0.08
0.00
0.10

13.40
17.45
17.41
17.69
18.23
18.33
18.28
19.47
18.96
18.69
18.34
17.19
17.18
17.51
19.62
18.14
18.12
17.74
17.53
18.43
17.76
16.63
18.63
17.29

0.22
0.41
0.36
0.38
0.39
0.39
0.35
0.42
0.36
0.40
0.38
0.40
0.34
0.37
0.38
0.36
0.37
0.42
0.41
0.35
0.38
0.34
0.40
0.31

28.65
25.28
24.92
25.09
24.73
24.84
24.71
23.59
24.43
24.52
24.69
25.39
25.27
24.59
24.06
25.27
24.87
25.05
24.64
24.71
24.88
25.60
24.52
25.09

1.65
2.23
2.33
2.07
1.94
2.06
2.10
2.37
2.01
2.06
2.24
2.19
2.19
2.16
1.81
1.92
2.07
2.15
2.14
1.85
2.00
2.08
1.85
2.39

0.03
0.04
0.03
0.00
0.04
0.02
0.04
0.06
0.06
0.02
0.05
0.07
0.03
0.02
0.01
0.01
0.04
0.07
0.05
0.03
0.02
0.05
0.02
0.04

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.04
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

100.71
100.26
99.84

100.10
99.74

99.99

100.49
100.68
100.23
100.60
100.21
100.02
100.27
100.43
100.56
100.80
99.77

100.47
99.95

100.39
100.34
100.11
99.91

100.04
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1972-1975
NGAURUHOE

1972 Ngauruhoe

No140-4

No140-12
No140-25
No140-26
No140-27
No140-28
No140-29
No140-32
No140-33
No140-34
No140-35
No140-36
No140-42
No140-43
No140-44
No140-45
No140-47
No140-59
No140-60
No140-69

Ng72#3
Ng72#3 2

53.45
53.59
53.33
53.81
53.23
53.23
53.65
54.09
52.65
53.38
53.49
52.59
53.85
53.83
54.42
53.36
54.46
53.65
52.95
53.81

55.37
54.75

0.23
0.32
0.14
0.25
0.34
0.29
0.29
0.17
0.32
0.18
0.14
0.33
0.30
0.29
0.24
0.27
0.13
0.30
0.31
0.33

0.25
0.36

0.75
1.20
0.80
0.68
1.53
1.31
0.90
0.82
1.25
2.21
1.46
1.36
1.00
0.98
0.77
0.97
1.96
1.39
1.44
1.09

0.64
1.37

0.04
0.05
0.00
0.00
0.05
0.01
0.04
0.01
0.01
0.05
0.05
0.00
0.00
0.04
0.05
0.00
0.00
0.03
0.00
0.00

0.07
0.07

18.77
18.67
17.98
19.23
18.22
17.92
17.87
16.87
18.67
16.79
18.20
19.42
18.66
18.05
18.87
17.92
13.05
18.39
18.34
18.68

18.60
18.45

0.42
0.40
0.41
0.46
0.40
0.38
0.38
0.36
0.35
0.31
0.36
0.44
0.36
0.37
0.37
0.41
0.22
0.37
0.33
0.37

0.47
0.47

24.51
24.43
25.29
24.32
24.96
24.96
24.84
25.95
24.36
24.90
25.15
23.99
24.34
24.62
24.25
24.34
28.22
24.63
24.27
24.20

22.38
21.93

1.82
1.83
1.91
1.80
2.14
1.66
2.15
2.08
1.85
1.58
1.63
1.89
1.83
1.90
1.78
2.14
1.63
2.07
2.08
1.87

4.30
4.05

0.02
0.09
0.00
0.00
0.01
0.00
0.01
0.03
0.02
0.14
0.06
0.05
0.04
0.00
0.05
0.08
0.00
0.00
0.06
0.01

0.05
0.10

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.07
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

100.01
100.59
99.86
100.55
100.88
99.76
100.13
100.37
99.48
99.61
100.55
100.06
100.37
100.07
100.80
99.48
99.67
100.82
99.77
100.35

0.00 102.13
0.00 101.54
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1973 Ngauruhoe

1974 Ngauruhoe

1975 Ngauruhoe

1995-1996 RUAPEHU
1995 Ruapehu

Ng72#3 3
Ng7244
Ng72#11
Ng73#3
Ng73#5 2
Ng73#6

Ng73#12_
2

Ng73#15
Ng74#1

Ng74#6
Ng74#10
2

Ng74#11
Ng74#11
2

Ng75#3
Ng75#7

Ng75#11
Ng75#11_
2

Ng74#16

Rua95#2
Rua95#7

55.01
5391
52.21
54.22
54.41
54.97

55.52
53.26
52.70
54.29

56.08
53.28

53.95
54.28
55.52
59.34

53.95
55.21

55.61
56.04

0.24
0.24
0.85
0.34
0.46
0.27

0.50
0.41
0.58
0.38

0.58
0.42

0.39
0.24
0.22
0.54

0.24
0.31

0.32
0.19

0.71
0.61
2.13
0.71
1.33
0.63

2.22
0.81
2.48
1.60

343
1.23

0.68
0.60
0.99
4.99

0.56
1.14

1.37
2.35

0.10
0.06
0.02
0.00
0.10
0.02

0.13
0.00
0.04
0.08

0.03
0.00

0.00
0.02
0.01
0.02

0.00
0.00

0.09
0.17

17.73
22.13
14.81
21.74
20.01
19.44

18.81
22.64
16.35
17.21

18.12
22.19

23.13
21.99
17.12
19.14

22.03
19.26

15.83
11.66

0.47
0.52
0.32
0.53
0.47
0.46

0.42
0.52
0.44
0.46

0.42
0.55

0.56
0.61
0.43
0.48

0.65
0.52

0.33
0.24

22.67
20.11
13.52
19.87
20.38
20.96

19.68
18.79
18.87
21.96

18.02
18.20

18.48
20.17
25.55
13.34

19.51
22.03

26.44
29.04

4.28
4.21
17.28
4.34
5.29
5.09

5.10
4.36
9.04
5.65

5.51
4.93

4.63
3.71
2.07
4.02

4.30
391

2.08
2.05

0.08
0.09
0.22
0.04
0.08
0.04

0.32
0.06
0.16
0.08

0.35
0.10

0.07
0.04
0.03
0.47

0.06
0.08

0.05
0.05

0.06
0.01
0.03
0.02
0.00
0.07

0.00
0.05
0.00
0.00

0.00
0.01

0.01
0.00
0.00
0.00

0.00
0.02

0.05
0.06

101.34
101.89
101.38
101.82
102.52
101.94

102.69
100.90
100.65
101.70

102.54
100.92

101.90
101.66
101.94
102.35

101.29
102.48

102.16
101.85
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1996 Ruapehu

Rua95#10
Rua95#10
2

Rua96#5
Rua96#12
Rua96#13

Minimum
Maximum
Average
Std. dev.

55.90

55.36
52.68
55.85
54.67

50.55
59.34
53.74
1.04

0.31

0.32
0.87
0.23
0.37

0.05
0.87
0.29
0.11

1.12

1.31
3.66
1.39
1.53

0.47
27.98
1.46
1.65

0.06

0.06
0.10
0.03
0.04

0.00
0.49
0.04
0.06

15.93

17.34
11.69
15.50
15.92

0.89
23.13
16.33
3.30

0.35

0.37
0.30
0.33
0.35

0.00
0.65
0.35
0.08

25.53

25.09
18.85
25.65
24.01

0.13
31.87
23.64
3.71

2.22

2.08
12.30
2.75
4.24

1.33
20.84
4.31
5.25

0.04

0.03
0.26
0.10
0.09

0.00
4.48
0.09
0.27

0.00
0.29
0.00
0.02

0.04

0.01
0.04
0.01
0.03

0.00
0.07
0.02
0.02

101.48

101.98
100.73
101.84
101.25

98.40
102.69
100.25
0.68
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Appendix C10. Microprobe analyses of average glass compositions, the calculated whole rock compositions, and their standard deviations (std
dev 20), from intermediate tephras of the Tongariro Volcanic Centre. Mangatawai and Tufa Trig glasses were analysed using a JEOL JXA-8900R
electron microprobe equipped with four wavelength-dispersive spectrometers at the Institute of Earth Sciences, Academia Sinica, Taipei, Taiwan.
Ngauruhoe 1972-1975 and Ruapehu 1995-1996 glasses were analysed using a JEOL JXA-8800R electron microprobe equipped with four
wavelength-dispersive spectrometers at the Graduate School of Science, Hokkaido University, Sapporo, Japan. n*: n for average glass is the
number of analyses of glass, whereas n for the calculated whole rock is the number of plagioclase and pyroxene analyses, respectively. Glass
compositions were used as starting materials in MELTS modelling runs because of the low microlite content (see Petrography in the Results
section). Indeed, we tested this assumption by calculating the whole rock compositions combining the weighed (i.e., content) average of the glass
composition analyses and the average of the mineral composition analyses. It resulted in whole rock compositions within the range of the glass
compositions. Thus, we consider it faithful to use the glass compositions as starting compositions for crystal content <24 %.

Tephra unit, and

microlite n* Si0O, TiO, AlLO3 FeO MnO MgO CaO Na,O K-0O Total
contents
407-14 Average glass 5 58.78 1.02 15.31 8.53 0.14 2.78 6.94 3.01 1.45 97.83
Plg: 6% Std dev (20) 478 0.45 5.74 2.81 0.09 0.21 3.40 0.76 0.56 1.43
Px: 6% Calculated
whole rock 18 14 57.99 0.92 15.38 8.50 0.14 3.95 7.16 2.84 1.29 98.14
Std dev (20) 4.60 0.42 5.44 2.90 0.09 1.53 4.00 0.79 0.52 1.36
407-15 Average glass 12 59.20 1.10 14.30 8.75 0.11 2.96 6.52 2.31 1.68 96.93
Plg: 7% Std dev (20) 1.29 0.21 0.89 0.90 0.07 0.61 0.62 0.54 0.24 0.90
Px: 3% Calculated
whole rock 37 23 58.63 1.00 13.88 8.93 0.13 4.47 6.52 2.18 1.52 97.25
Std dev (20) 1.55 0.20 1.07 1.64 0.07 1.48 2.24 0.60 0.23 0.90
407-16 Average glass 60.69 1.25 14.22 8.59 0.11 2.46 6.22 2.60 1.89 98.03

Plg: 15% Std dev (20) 0.88 0.25 2.44 1.96 0.05 0.64 0.80 1.04 0.57 1.08



3017

Px: 3% Calculated

whole rock 15 3 59.15 1.04 16.09 7.68 0.10 2.83 7.29 2.62 1.58 98.39

Std dev (20) 2.10 0.24 4.12 2.04 0.06 2.18 1.78 1.23 0.52 1.02
407-17 Average glass 3 59.40 1.23 13.77 9.47 0.14 2.66 6.43 2.13 1.89 97.10
Plg: 12% Std dev (20) 2.90 0.22 1.32 0.60 0.08 0.32 1.32 0.95 0.47 1.11
Px: 9% Calculated

whole rock 12 9 57.96 1.00 13.78 9.49 0.15 5.08 6.80 1.94 1.50 97.70

Std dev (20) 3.00 0.20 1.64 2.05 0.10 2.75 3.94 1.08 0.42 1.06
407-18 Average glass 6 59.02 1.20 13.94 9.20 0.13 2.78 6.38 2.00 2.13 96.76
Plg: 14% Std dev (20) 1.22 0.22 1.05 0.68 0.07 0.60 0.56 0.89 1.47 1.06
Px: 5% Calculated

whole rock 40 17  57.60 1.01 15.88 8.25 0.15 3.05 7.41 2.10 1.78 97.24

Std dev (20) 2.33 0.21 1.77 0.90 0.17 0.95 1.68 1.12 1.34 0.96
407-47 Average glass 4 60.58 1.06 14.06 8.17 0.11 2.74 6.00 2.42 1.83 96.97
Plg: 12% Std dev (20) 0.69 0.11 0.73 0.43 0.07 0.45 0.32 0.39 0.22 0.48
Px: 5% Calculated

whole rock 37 11 59.36 0.90 15.30 7.63 0.11 3.53 6.75 2.44 1.54 97.56

Std dev (20) 1.50 0.11 1.12 0.94 0.07 1.39 2.41 0.63 0.20 0.55
407-49 Average glass 5 61.27 1.19 13.87 8.47 0.10 2.43 5.94 2.74 1.91 97.92
Plg: 7% Std dev (20) 2.35 0.20 1.21 1.02 0.08 1.23 1.40 1.12 0.81 1.27
Px: 4% Calculated

whole rock 22 10 60.47 1.09 14.30 8.22 0.11 2.94 6.63 2.70 1.72 98.18

Std dev (20) 2.92 0.28 3.36 2.54 0.09 1.80 3.54 1.11 0.80 1.27
407-54 Average glass 60.21 1.21 13.58 8.68 0.12 2.75 6.26 2.46 1.77 97.04
Plg: 7% Std dev (20) 0.83 0.21 0.53 0.44 0.07 0.59 0.38 0.35 0.29 0.97
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Px: 5% Calculated

whole rock 59.29 1.09 14.11 8.31 0.12 3.32 7.16 2.42 1.57 97.39

Std dev (20) 1.07 0.20 0.67 1.34 0.07 2.25 3.59 0.38 0.27 0.95
407-56 Average glass L5 61.00 1.18 13.64 8.37 0.11 2.72 6.02 2.39 1.98 97.41
Plg: 14% Std dev (20) 1.43 0.17 0.94 0.59 0.06 0.74 0.59 0.41 0.20 0.79
Px: 7% Calculated

whole rock 25 2 59.29 0.97 14.96 7.66 0.11 3.51 7.45 2.40 1.59 97.93

Std dev (20) 1.72 0.15 1.20 2.87 0.10 2.99 5.56 0.71 0.18 0.79
407-59 Average glass . 60.06 1.12 14.14 8.36 0.14 2.73 5.99 2.57 2.13 97.24
Plg: 10% Std dev (20) 0.93 0.13 0.78 1.00 0.07 0.33 1.02 0.84 0.96 1.44
Px: 3% Calculated

whole rock 20 12 59.13 0.99 15.27 7.86 0.13 3.14 6.60 2.61 1.87 97.61

Std dev (20) 1.31 0.13 0.99 1.15 0.07 0.68 1.16 0.84 0.90 1.40
Tufa Trig 8 Average glass 6 62.14 0.94 14.79 6.57 0.07 2.36 5.05 2.85 2.25 97.03
Plg: 7% Std dev (20) 1.29 0.16 0.63 0.42 0.10 0.32 0.75 1.14 0.34 1.27
Px: 3% Calculated

whole rock 43 37  61.27 0.86 15.26 6.50 0.08 2.90 5.50 2.86 2.04 97.28

Std dev (20) 1.45 0.17 3.51 2.00 0.10 3.00 2.32 1.23 0.33 1.22
Tufa Trig 13 Average glass g 61.86 0.96 14.70 6.78 0.09 2.21 4.92 2.57 2.69 96.77
Plg: 11% Std dev (20) 1.00 0.14 0.41 0.65 0.06 0.20 0.16 0.31 0.45 1.07
Px: 3% Calculated

whole rock 29 27  60.68 0.84 15.72 6.38 0.08 2.66 5.79 2.68 2.34 97.18

Std dev (20) 1.18 0.15 3.07 2.13 0.07 2.78 2.97 0.63 0.42 1.04
Tufa Trig 14 Average glass 62.32 1.06 14.90 6.79 0.09 2.23 4.88 2.36 2.55 97.18
Plg: 11% Std dev (20) 0.85 0.09 0.56 0.56 0.05 0.34 0.38 1.38 0.29 1.14
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Px: 3% Calculated
whole rock 38 29 60.88 0.92 16.13 6.46 0.09 2.68 5.73 2.43 2.22 97.54
Std dev (20) 1.95 0.09 1.40 0.82 0.05 0.56 1.39 1.46 0.28 1.10
1972 Average glass
Ngauruhoe &8 6 61.79 1.38 13.20 9.02 0.14 2.59 5.81 3.44 2.45 99.83
Plg: 13% Std dev (20) 1.26 0.09 1.18 0.76 0.04 1.05 0.19 0.23 0.24 0.94
Px: 3% Calculated
whole rock 3 3 60.71 N/A 14.73 8.26 N/A 2.76 6.64 3.48 N/A 99.83
Std dev (20) 1.34 N/A 1.20 1.46 N/A 1.90 2.61 0.27 N/A 0.89
1975 Average glass
Ngauruhoe g 3 64.05 112 1403  7.78 0.15 1.79 4.97 3.57 2.45 99.90
Plg: 15% Std dev (20) 5.13 0.04 1.54 1.53 0.03 1.13 1.79 0.23 0.82 0.23
Px: 9% Calculated
whole rock 3 3 61.80 N/A 14.92 7.90 N/A 3.34 5.89 3.37 N/A 100.16
Std dev (20) 4.55 N/A 1.38 2.16 N/A 2.22 1.79 0.33 N/A 0.35
1995 Ruapehu Average glass 3 63.04 0.97 15.35 6.12 0.12 2.59 5.42 3.94 2.54 100.09
Plg: 5% Std dev (20) 1.76 0.11 0.65 0.27 0.04 0.63 0.83 0.12 0.46 0.65
Px: 3% Calculated
whole rock 3 3 62.43 N/A 15.61 6.13 N/A 3.20 5.65 3.86 N/A 100.25
Std dev (20) 1.77 N/A 0.73 1.05 N/A 0.92 0.82 0.18 N/A 0.71
1996 Ruapehu Average glass 3 63.64 1.10 14.77 6.53 0.12 2.10 5.09 3.66 2.78 99.79
Plg: 13% Std dev (20) 0.91 0.16 0.87 0.30 0.04 0.18 0.42 0.49 0.19 0.48
Px: 4% Calculated
whole rock 3 3 62.27 N/A 15.88 6.12 N/A 2.69 5.99 3.65 N/A 100.02
Std dev (20) 1.10 N/A 1.01 0.98 N/A 1.44 2.10 0.45 N/A 0.73

N/A: no analysis
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Appendix C11. Pyroxene major element compositions analysed for the TgVC eruptive sequences studied. Mangatawai and Tufa Trig samples
were analysed using a JEOL JXA-8900R electron microprobe equipped with four wavelength-dispersive spectrometers at the Institute of Earth
Sciences, Academia Sinica, Taipei, Taiwan. 1972-1975 Ngauruhoe and 1995-1996 Ruapehu samples were analysed using a JEOL JXA-8800R
electron microprobe equipped with four wavelength-dispersive spectrometers at the Graduate School of Science, Hokkaido University, Sapporo,
Japan. The analyses highlighted in yellow were used for hygrothermobarometric calculations and MELTS modelling.

Eruptive
sequence and ~ Comment Si0O, TiO, ALO3 FeO MnO MgO CaO Na,O K,O Total Mgt Mgt
tephra

Mangatawai

407-14 Nol4-1 54.36 0.17 1.28 13.24 0.23 28.40 1.69 0.06 0.00 99.53 0.79 79
Nol14-2 53.47 0.20 1.41 16.95 0.34 26.04 1.71 0.04 0.00 100.15 0.73 73
Nol4-3 53.76 0.31 1.34 17.86 0.37 25.05 1.93 0.02 0.00 100.67 0.71 71
Nol4-4 55.24 0.16 1.06 13.84 0.30 28.09 1.92 0.04 0.00 100.74  0.78 78

No14-25 54.38 0.27 0.67 16.82 0.31 26.01 2.11 0.03 0.00 100.61 0.73 73
No14-26 53.64 0.27 1.37 15.61 0.28 25.97 2.38 0.02 0.00 99.57 0.75 75
No14-35 54.03 0.26 1.13 15.75 0.33 25.80 2.56 0.02 0.00 99.94 0.74 74
Nol4-36 53.78 0.32 0.93 17.20 0.29 25.33 2.29 0.06 0.00 100.24 0.72 72
No14-42 53.36 0.21 1.41 16.00 0.33 26.21 1.73 0.01 0.00 99.42 0.74 74
No14-43 53.33 0.29 1.39 17.87 0.34 24.99 1.82 0.02 0.00 100.04 0.71 71
No14-44 54.05 0.17 0.83 16.51 0.32 26.52 1.68 0.01 0.00 100.13 0.74 74
No14-45 53.02 0.24 0.96 17.09 0.33 23.18 4.30 0.07 0.00 99.19 0.71 71
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407-15

No14-52
Nol4-55
Average
20

Nol5-11
No15-13
Nol5-23
Nol5-24
Nol5-26
Nol15-27
Nol5-28
No15-29
No15-30
Nol15-34
No15-40
Nol5-44
Nol5-45
Nol15-46
Nol5-47
Nol5-54
Nol5-55
No15-63
Nol5-64

51.17
54.18
53.70
1.83

53.41
54.36
52.94
53.84
54.86
54.78
55.19
55.77
54.62
54.57
53.15
53.60
55.04
55.37
53.93
54.78
54.59
54.74
53.70

0.39
0.27
0.25
0.13

0.21
0.25
0.32
0.23
0.17
0.20
0.28
0.14
0.20
0.31
0.26
0.21
0.29
0.18
0.26
0.23
0.19
0.24
0.20

3.61
1.47
1.35
1.39

0.87
0.80
1.30
1.91
1.58
1.80
1.74
0.92
1.87
1.49
2.47
1.14
2.00
1.04
1.01
0.96
1.78
0.69
1.18

8.49
16.60
15.70
4.94

17.53
17.49
17.09
13.44
13.24
14.18
13.93
13.23
14.30
14.43
5.16

16.18
15.82
13.37
17.40
15.11
13.57
15.84
16.42

0.15
0.42
0.31
0.13

0.33
0.32
0.36
0.27
0.28
0.26
0.22
0.30
0.30
0.33
0.12
0.42
0.33
0.28
0.35
0.32
0.34
0.38
0.30

15.65
22.60
24.99
6.21

23.25
25.13
25.32
27.75
28.18
27.33
27.86
28.07
27.36
26.56
17.61
22.45
22.70
27.67
24.85
26.45
27.30
2591
25.36

19.82
3.96
3.56
9.50

4.14
2.29
2.21
2.50
1.70
1.72
1.71
1.83
1.81
2.55
20.69
5.58
3.11
2.19
2.28
2.21
2.46
2.33
2.35

0.33
0.06
0.06
0.17

0.00
0.04
0.04
0.05
0.03
0.04
0.01
0.00
0.02
0.06
0.21
0.07
0.23
0.02
0.04
0.02
0.04
0.04
0.05

0.00
0.13
0.01
0.07

0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.17
0.00
0.00
0.00
0.00
0.00
0.00

99.72
99.68
99.97
0.97

99.77

100.66
99.62

100.19
100.19
100.36
100.97
100.27
100.52
100.37
100.00
99.65

99.73

100.13
100.11
100.10
100.40
100.21
99.57

0.77
0.71
0.74
0.05

0.70
0.72
0.73
0.79
0.79
0.77
0.78
0.79
0.77
0.77
0.86
0.71
0.72
0.79
0.72
0.76
0.78
0.74
0.73

77
71
74

70
72
73
79
79
77
78
79
77
77
86
71
72
79
72
76
78
74
73



801

407-16

Nol5-65
Nol5-73
Nol5-74
Nol5-77
Average
20

Nol6-2
Nol6-7
Nol6-15
Nol6-17
No16-29
No16-30
Nol6-34
Nol6-35
Nol6-45
No16-46
Nol6-51
Nol6-56
Nol6-57
Nol6-74
Nol6-76
Average
20

53.79
55.04
55.13
53.91
54.40
1.51

53.56
53.76
54.08
53.63
54.76
55.04
53.78
55.03
55.59
54.75
54.40
54.25
54.54
54.02
53.80
54.33
1.21

0.31
0.21
0.17
0.28
0.23
0.10

0.28
0.25
0.18
0.37
0.18
0.15
0.35
0.20
0.15
0.26
0.18
0.21
0.25
0.26
0.35
0.24
0.14

1.17
1.49
1.66
1.26
1.40
0.91

0.63
0.78
0.63
1.49
1.71
1.64
1.72
0.98
0.98
1.81
0.80
0.87
0.67
1.05
1.95
1.18
0.96

17.08
13.41
13.16
17.22
14.72
5.29

18.22
18.47
18.27
17.57
13.41
13.56
16.87
14.76
13.19
14.51
16.90
17.13
17.46
16.09
17.53
16.26
3.75

0.34
0.31
0.33
0.41
0.31
0.13

0.45
0.39
0.40
0.35
0.27
0.29
0.33
0.33
0.26
0.31
0.35
0.47
0.32
0.34
0.35
0.35
0.12

25.05
27.67
28.31
22.82
25.69
5.15

21.87
20.99
22.81
23.82
28.08
28.17
24.83
26.73
27.69
26.63
23.07
22.64
23.29
23.87
21.94
24.43
4.86

2.46
221
1.79
5.05
3.35
7.83

4.56
5.16
4.04
2.59
1.74
1.65
2.52
2.25
2.52
2.03
3.81
4.20
3.76
3.84
4.12
3.25
2.23

0.02
0.04
0.03
0.09
0.05
0.11

0.10
0.09
0.03
0.06
0.02
0.02
0.04
0.02
0.06
0.05
0.01
0.07
0.06
0.07
0.16
0.06
0.08

0.00
0.00
0.00
0.00
0.01
0.07

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.01
0.00
0.00
0.00
0.05
0.00
0.03

100.23
100.45
100.73
101.08
100.23
0.81

99.67
99.89
100.48
99.93
100.27
100.61
100.51
100.32
100.55
100.56
99.56
99.84
100.36
99.56
100.25
100.16
0.76

0.72
0.79
0.79
0.70
0.76
0.08

0.68
0.67
0.69
0.71
0.79
0.79
0.72
0.76
0.79
0.77
0.71
0.70
0.70
0.73
0.69
0.73
0.08

72
79
79
70
76

68
67
69
71
79
79
72
76
79
77
71
70
70
73
69
73



60Y

407-17

407-18

Nol7-4
Nol7-9
Nol7-10
Nol7-14
Nol7-17
Nol7-18
Nol7-19
Nol7-26
Nol7-27
Nol7-35
Nol7-60
No17-63
Nol7-76
Nol17-87
Average
20

No18-10
Nol8-21
No18-30
Nol8-31
No18-32
No18-33

53.68
54.63
54.25
52.33
54.04
54.94
53.46
54.82
53.57
55.24
53.80
54.16
53.17
54.03
54.01
1.54

51.91
53.71
53.39
52.95
53.18
52.43

0.24
0.28
0.19
0.40
0.29
0.20
0.28
0.19
0.43
0.16
0.26
0.22
0.32
0.26
0.27
0.15

0.42
0.22
0.20
0.30
0.38
0.35

1.41
0.65
0.65
2.84
0.91
0.84
1.26
1.62
1.58
0.91
0.75
0.63
1.55
0.92
1.18
1.20

1.64
0.76
0.69
1.07
1.38
1.34

16.31
19.12
18.77
7.92

17.57
15.49
17.71
13.27
15.40
14.84
17.80
17.29
17.64
16.73
16.13
5.70

17.51
17.32
17.79
17.10
17.89
17.34

0.32
0.35
0.40
0.16
0.56
0.31
0.36
0.30
0.38
0.24
0.46
0.32
0.28
0.39
0.34
0.19

0.36
0.35
0.46
0.51
0.37
0.34

25.18
23.61
23.80
16.33
24.42
25.74
23.89
27.98
22.26
27.01
22.61
25.15
23.98
24.73
24.05
5.42

22.19
23.45
22.40
22.24
24.20
21.84

2.62
2.16
2.15
19.39
1.81
2.30
2.39
1.73
6.59
2.16
4.08
2.31
2.95
2.24
3.92
9.25

4.81
4.08
4.12
5.36
2.28
5.32

0.09
0.01
0.03
0.22
0.00
0.03
0.02
0.01
0.10
0.04
0.04
0.03
0.04
0.04
0.05
0.12

0.09
0.08
0.09
0.06
0.05
0.05

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.03
0.00
0.00
0.00
0.00
0.00

99.86
100.82
100.24
99.71
99.59
99.84
99.38
100.00
100.30
100.68
99.78
100.11
99.98
99.33
99.97
0.87

99.00
99.99
99.14
99.63
99.80
99.00

0.73
0.69
0.69
0.79
0.71
0.75
0.71
0.79
0.72
0.76
0.69
0.72
0.71
0.72
0.73
0.07

0.69
0.71
0.69
0.70
0.71
0.69

73
69
69
79
71
75
71
79
72
76
69
72
71
72
73

69
71
69
70
71
69



01y

407-47

Nol18-34
No18-35
No18-47
No18-58
No18-59
No18-93
No18-95
No18-96
No18-97
No18-103
No18-104
Average
20

No47-15
No47-16
No47-17
No47-18
No47-19
No47-20
No47-21
No47-24
No47-26
No4d7-47

52.77
53.03
53.49
53.25
53.59
53.50
53.82
53.76
53.81
52.31
52.55
53.14
1.16

54.15
54.12
55.12
55.19
55.58
55.17
54.80
56.04
54.59
54.61

0.32
0.22
0.27
0.21
0.24
0.23
0.22
0.21
0.21
0.36
0.31
0.27
0.14

0.23
0.20
0.22
0.23
0.22
0.17
0.14
0.24
0.25
0.24

1.25
0.61
0.63
1.33
1.63
0.96
1.71
1.72
1.70
0.76
1.71
1.23
0.85

1.02
1.61
1.60
1.55
1.33
1.31
1.78
1.99
1.16
1.13

17.59
18.17
17.42
15.21
15.16
17.07
15.05
14.70
13.18
21.19
15.15
16.75
3.68

10.01
16.21
15.38
14.98
15.78
15.47
15.36
14.36
15.78
17.29

0.39
0.42
0.34
0.37
0.38
0.42
0.34
0.39
0.24
0.36
0.45
0.38
0.12

0.29
0.38
0.38
0.41
0.41
0.37
0.32
0.32
0.36
0.43

22.59
23.01
25.11
26.47
26.45
25.34
26.71
26.90
27.99
20.27
22.49
24.10
4.47

16.51
25.77
26.32
27.35
26.43
26.61
26.21
25.31
23.37
24.95

4.09
391
2.23
2.20
2.21
2.15
1.71
1.78
1.79
4.31
6.91
3.49
3.14

17.98
1.83
1.76
1.57
1.83
1.70
1.67
1.99
4.53
2.02

0.09
0.05
0.05
0.00
0.04
0.02
0.03
0.03
0.01
0.09
0.12
0.05
0.07

0.23
0.02
0.01
0.02
0.05
0.03
0.00
0.14
0.05
0.03

0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.02
0.00
0.02

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.06
0.00
0.00

99.12
99.41
99.53
99.08
99.79
99.70
99.58
99.54
99.05
99.65
99.74
99.46
0.65

100.41
100.16
100.86
101.35
101.62
100.86
100.30
100.50
100.11
100.70

0.70
0.69
0.72
0.76
0.76
0.73
0.76
0.77
0.79
0.63
0.73
0.72
0.08

0.75
0.74
0.75
0.76
0.75
0.75
0.75
0.76
0.73
0.72

70
69
72
76
76
73
76
77
79
63
73
72

75
74
75
76
75
75
75
76
73
72



(Bh%

407-49

407-54

No47-48
Average
20

No49-6
No49-7
No49-8
No49-9
No49-10
No49-11
No49-21
No49-30
No49-31
No49-33
Average
20

No54-1
No54-2
No54-9
No54-12
No54-23
No54-24
No54-51

54.74
54.92
1.16

53.74
52.86
52.55
52.82
52.98
53.40
54.68
54.06
53.95
52.70
53.37
1.41

51.99
52.19
54.37
54.55
52.38
52.11
52.36

0.23
0.22
0.07

0.41
0.48
0.47
0.48
0.39
0.34
0.38
0.30
0.28
0.33
0.38
0.15

0.56
0.62
0.30
0.31
0.43
0.55
0.52

1.37
1.44
0.59

1.85
2.48
2.78
2.34
2.37
1.98
1.66
0.80
0.70
1.08
1.80
1.46

2.11
2.07
1.35
1.34
2.36
2.76
2.38

16.53
15.19
3.78

9.65
9.65
10.22
9.30
9.53
9.80
17.07
18.27
18.05
20.10
13.16
9.09

10.61
12.09
16.13
16.30
10.07
10.50
9.65

0.32
0.36
0.09

0.26
0.20
0.21
0.27
0.24
0.28
0.42
0.41
0.47
0.38
0.31
0.19

0.32
0.37
0.36
0.28
0.26
0.26
0.20

25.18
2491
5.96

16.33
15.69
15.91
15.88
16.23
16.26
22.86
21.47
22.42
20.27
18.33
6.05

14.66
14.48
25.22
24.79
15.19
15.26
15.59

1.85
3.52
9.73

18.37
18.39
17.67
18.67
18.91
18.19
3.32
4.17
4.07
4.50
12.62
14.85

19.48
18.02
2.33

2.49

18.49
18.24
19.03

0.05
0.06
0.13

0.26
0.32
0.27
0.26
0.28
0.28
0.12
0.05
0.05
0.06
0.20
0.22

0.30
0.33
0.00
0.02
0.28
0.36
0.29

0.00
0.01
0.03

0.00
0.00
0.00
0.00
0.00
0.00
0.05
0.02
0.00
0.00
0.01
0.03

0.00
0.00
0.00
0.00
0.00
0.00
0.00

100.30
100.65
0.98

100.95
100.11
100.18
100.06
101.05
100.58
100.60
99.60
99.99
99.45
100.26
1.06

100.06
100.16
100.07
100.19
99.48

100.07
100.05

0.73
0.74
0.03

0.75
0.74
0.73
0.75
0.75
0.75
0.70
0.68
0.69
0.64
0.72
0.08

0.71
0.68
0.74
0.73
0.73
0.72
0.74

73
74

75
74
73
75
75
75
70
68
69
64
72

71
68
74
73
73
72
74



(487

407-56

407-59

Tufa Trig

Average
20

No56-47
No56-36
Average
20

No59-5
No59-6
No59-7
No59-8
No59-9
No59-12
No59-13
No59-14
No59-15
No59-16
No59-18
No59-19
No59-43
Average
20

52.85
2.22

53.61
52.47
53.04
1.62

55.01
53.51
54.30
55.54
5541
54.54
54.73
54.77
54.91
55.14
55.10
54.44
50.74
54.47
2.47

0.47
0.25

0.40
0.42
0.41
0.02

0.22
0.21
0.33
0.14
0.20
0.26
0.28
0.28
0.29
0.27
0.19
0.24
0.39
0.25
0.13

2.05
1.07

1.47
2.52
1.99
1.49

0.68
1.16
1.19
0.91
1.00
1.52
1.64
1.54
1.55
1.55
0.88
1.56
245
1.35
0.92

12.19
5.70

17.10
9.57

13.34
10.65

18.97
20.64
19.89
15.48
16.10
15.76
15.73
16.30
16.03
15.54
15.17
15.42
9.04

16.16
5.64

0.29
0.12

0.45
0.22
0.33
0.33

0.42
0.47
0.48
0.38
0.34
0.34
0.26
0.30
0.32
0.28
0.28
0.34
0.19
0.34
0.17

17.88
9.76

21.52
15.15
18.33
9.01

22.83
21.91
22.22
26.43
26.12
26.11
25.80
25.93
25.95
26.11
26.86
25.43
15.63
24.41
6.25

14.01
15.88

5.35

19.63
12.49
20.18

2.20
2.25
2.20
1.71
1.68
2.00
1.92
1.95
2.08
1.98
1.99
2.78
19.50
3.40
9.69

0.22
0.30

0.08
0.31
0.19
0.32

0.05
0.00
0.00
0.00
0.03
0.09
0.04
0.03
0.06
0.04
0.03
0.01
0.32
0.05
0.17

0.00
0.00

0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.02
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01

100.01
0.49

100.04
100.28
100.16
0.35

100.38
100.14
100.62
100.60
100.92
100.71
100.47
101.14
101.27
101.03
100.56
100.33
98.40
100.50
1.43

0.72
0.04

0.69
0.74
0.71
0.07

0.68
0.65
0.67
0.75
0.74
0.75
0.75
0.74
0.74
0.75
0.76
0.75
0.75
0.73
0.07

72

69
74
71

68
65
67
75
74
75
75
74
74
75
76
75
75
73



ey

108-131
T18

Nol31-6

Nol131-8

Nol31-24
Nol31-25
No131-33
Nol31-34
No131-35
Nol31-44
Nol131-45
Nol31-46
Nol131-47
Nol31-48
No131-50
Nol31-54
Nol131-55
Nol31-56
No131-60
Nol31-62
No131-63
Nol31-68
No131-69
Nol31-77
Nol131-78
Nol31-81

54.06
53.82
54.60
54.06
53.11
53.74
53.56
53.84
54.06
53.90
53.62
54.86
54.15
53.36
52.31
51.21
52.59
54.61
54.34
53.29
53.07
52.85
53.44
52.97

0.30
0.19
0.19
0.28
0.30
0.28
0.36
0.27
0.27
0.18
0.37
0.16
0.26
0.29
0.42
0.72
0.32
0.36
0.35
0.34
0.19
0.35
0.28
0.35

0.84
1.20
0.91
1.13
1.30
1.14
1.06
1.35
1.01
1.28
1.22
0.68
1.15
0.47
1.07
2.22
1.50
1.31
1.58
1.31
0.93
1.09
1.16
1.75

15.34
15.54
15.98
15.40
17.74
17.68
17.93
15.07
15.24
17.65
17.63
15.08
15.43
11.07
10.59
10.95
19.39
15.16
15.40
18.32
20.23
19.68
18.32
16.78

0.40
0.28
0.35
0.44
0.37
0.34
0.32
0.34
0.33
0.36
0.28
0.28
0.31
0.29
0.23
0.24
0.31
0.25
0.33
0.42
0.32
0.38
0.32
0.43

26.42
26.35
25.83
26.29
24.93
24.59
24.68
26.35
26.65
25.33
25.19
27.09
26.35
15.25
15.71
15.58
23.06
26.56
26.29
24.50
23.47
23.23
24.22
24.66

2.04
2.03
2.08
2.14
2.26
2.30
2.11
2.48
2.02
1.43
1.94
1.85
1.91
18.79
19.20
18.47
1.89
1.95
2.05
1.94
1.68
1.73
1.97
2.33

0.03
0.01
0.03
0.00
0.03
0.06
0.04
0.08
0.05
0.00
0.00
0.04
0.02
0.25
0.22
0.26
0.03
0.02
0.16
0.01
0.07
0.06
0.06
0.05

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.04
0.00
0.00
0.00
0.00
0.00

99.42
99.46
99.97
99.76
100.03
100.16
100.07
99.78
99.64
100.13
100.27
100.02
99.58
99.77
99.75
99.68
99.10
100.25
100.57
100.17
99.98
99.38
99.77
99.32

0.75
0.75
0.74
0.75
0.71
0.71
0.71
0.76
0.76
0.72
0.72
0.76
0.75
0.71
0.73
0.72
0.68
0.76
0.75
0.70
0.67
0.68
0.70
0.72

75
75
74
75
71
71
71
76
76
72
72
76
75
71
73
72
68
76
75
70
67
68
70
72
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108-137
Tf13

Nol31-83
Nol31-84
Nol31-85
Nol31-91
No131-92
Nol131-93
Nol131-94
Nol31-95
No131-96
Nol31-97
Nol131-98
Nol131-99
Average
20

Nol37-4
Nol137-5
Nol37-7
No137-9
No137-10
No137-11
Nol37-16
Nol137-22
Nol137-23

53.84
53.94
54.65
53.24
53.21
51.71
52.76
53.02
53.21
52.98
54.49
54.63
53.53
1.65

51.75
50.94
51.35
52.56
52.96
53.11
54.35
54.08
53.97

0.34
0.23
0.21
0.32
0.26
0.62
0.31
0.27
0.35
0.27
0.28
0.20
0.31
0.22

0.25
0.64
0.60
0.45
0.40
0.29
0.05
0.20
0.17

1.15
0.95
0.75
1.20
1.19
2.01
1.32
1.18
1.17
1.20
0.88
1.05
1.19
0.67

2.01
2.42
1.94
1.32
1.31
1.10
1.66
0.88
1.57

18.54
17.88
16.62
19.18
19.96
11.23
20.26
19.75
20.09
19.88
15.88
15.29
16.73
542

7.45
9.42
10.38
20.80
18.16
18.51
8.32
15.74
14.06

0.33
0.38
0.39
0.30
0.36
0.20
0.41
0.34
0.42
0.32
0.28
0.33
0.33
0.12

0.18
0.22
0.23
0.32
0.34
0.39
0.23
0.40
0.22

24.04
24.58
25.39
23.85
23.39
14.61
23.49
23.55
23.80
23.75
26.26
26.73
23.94
6.65

17.13
16.36
15.73
22.76
24.27
24.45
31.87
26.42
28.27

1.91
1.94
1.94
1.77
1.66
19.01
1.74
1.80
1.80
1.83
1.85
1.93
3.83
10.80

19.52
18.66
18.82
1.92
2.45
2.07
2.05
2.02
1.60

0.01
0.04
0.01
0.06
0.06
0.34
0.04
0.02
0.02
0.04
0.05
0.04
0.06
0.16

0.32
0.26
0.20
0.03
0.08
0.02
0.02
0.03
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

100.15
99.96
99.95
99.94
100.09
99.75
100.38
99.95
100.85
100.26
99.98
100.20
99.93
0.71

99.01
99.05
99.31
100.18
99.97
99.95
99.04
99.75
99.90

0.70
0.71
0.73
0.69
0.68
0.70
0.67
0.68
0.68
0.68
0.75
0.76
0.72
0.06

0.80
0.76
0.73
0.66
0.70
0.70
0.87
0.75
0.78

70
71
73
69
68
70
67
68
68
68
75
76
72

80
76
73
66
70
70
&7
75
78
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108-138
Tf14

Nol37-24
Nol37-25
Nol37-37
No137-38
No137-39
No137-48
No137-49
No137-50
Nol137-51
Nol137-52
Nol137-55
No137-66
Nol37-67
No137-70
Nol37-75
Nol137-76
Nol37-77
No137-81
Average
20

No138-3
No138-9
No138-10

54.02
53.89
52.98
52.23
52.94
52.64
52.53
52.81
52.88
52.87
53.03
54.07
51.41
53.75
52.24
52.61
52.22
54.13
52.90
1.84

53.89
54.00
53.87

0.21
0.09
0.32
0.35
0.22
0.30
0.26
0.23
0.23
0.35
0.33
0.17
0.49
0.31
0.28
0.31
0.40
0.20
0.30
0.27

0.20
0.27
0.25

1.72
1.56
1.13
1.39
1.35
1.29
1.15
1.17
1.21
1.33
1.08
1.90
4.66
1.00
2.67
2.69
2.68
0.75
1.66
1.63

0.85
0.90
0.84

14.70
13.67
19.73
19.80
20.27
19.64
20.35
19.80
20.65
19.90
19.64
6.80

6.35

18.39
7.45

6.87

7.47

18.37
14.91
10.97

17.54
17.77
18.20

0.31
0.23
0.38
0.41
0.42
0.34
0.40
0.38
0.36
0.42
0.51
0.17
0.20
0.41
0.16
0.20
0.21
0.33
0.31
0.20

0.34
0.33
0.47

27.68
27.84
23.33
23.28
23.39
23.97
23.80
23.60
23.72
23.41
23.53
19.42
16.73
24.57
16.74
16.62
16.35
25.17
22.61
8.60

25.31
25.42
24.83

1.66
1.65
1.99
1.75
1.73
1.86
1.81
1.78
1.79
1.87
2.12
17.55
19.95
2.05
20.84
20.73
20.57
1.93
7.14
16.50

2.07
2.02
2.16

0.01
0.05
0.04
0.00
0.01
0.02
0.04
0.02
0.01
0.03
0.04
0.19
0.32
0.05
0.27
0.31
0.30
0.03
0.10
0.24

0.04
0.05
0.04

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00

100.37
99.02
99.89
99.21
100.37
100.10
100.34
99.81
100.84
100.22
100.27
100.38
100.44
100.53
100.85
100.51
100.25
100.93
100.02
1.16

100.25
100.74
100.64

0.77
0.78
0.68
0.68
0.67
0.69
0.68
0.68
0.67
0.68
0.68
0.84
0.82
0.70
0.80
0.81
0.80
0.71
0.74
0.12

0.72
0.72
0.71

77
78
68
68
67
69
68
68
67
68
68
84
82
70
80
81
80
71
74
12

72
72
71
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No138-11
No138-17
No138-19
No138-20
No138-21
Nol38-22
No138-23
No138-29
No138-30
Nol38-31
No138-32
No138-33
No138-34
No138-35
No138-49
No138-50
No138-53
Nol38-54
No138-67
No138-68
No138-69
No138-70
No138-84
No138-85

52.82
53.74
52.76
52.42
52.70
53.07
53.43
53.31
54.51
54.15
53.57
54.06
53.51
52.93
53.51
53.81
54.43
53.35
53.48
53.43
53.25
53.45
53.57
53.31

0.36
0.27
0.33
0.15
0.24
0.39
0.31
0.26
0.16
0.21
0.22
0.25
0.40
0.40
0.29
0.33
0.27
0.32
0.32
0.20
0.34
0.28
0.26
0.29

2.51
0.76
1.24
2.17
1.89
1.42
0.75
0.71
1.54
1.90
1.71
1.49
1.20
1.73
1.00
1.18
0.76
1.31
0.96
0.86
1.31
1.22
0.89
0.90

17.26
18.56
19.90
19.25
18.53
19.62
18.36
21.27
13.09
13.35
15.64
17.18
19.92
18.85
18.55
17.26
17.40
17.53
18.87
17.35
18.35
18.28
18.85
18.46

0.33
0.36
0.36
0.34
0.32
0.37
0.30
0.38
0.18
0.31
0.31
0.35
0.40
0.33
0.41
0.35
0.36
0.29
0.39
0.33
0.32
0.42
0.29
0.38

24.69
24.60
23.53
24.05
24.82
23.96
24.44
22.21
28.53
28.70
27.06
25.39
23.82
24.46
24.29
25.29
25.36
25.34
24.86
25.70
25.02
24.86
24.57
24.90

2.53
2.02
1.82
1.66
1.45
1.79
1.94
2.04
1.52
1.53
1.51
1.80
1.79
1.94
2.14
2.06
1.90
2.07
1.94
1.88
1.93
1.81
1.94
1.89

0.04
0.05
0.02
0.03
0.03
0.03
0.03
0.00
0.03
0.05
0.03
0.03
0.03
0.04
0.04
0.03
0.02
0.02
0.03
0.04
0.06
0.01
0.05
0.04

0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.01
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00

100.58
100.36
99.98

100.24
100.11
100.72
99.55

100.19
99.73

100.24
100.05
100.56
101.08
100.75
100.26
100.37
100.50
100.23
100.86
99.85

100.58
100.34
100.45
100.18

0.72
0.70
0.68
0.69
0.70
0.69
0.70
0.65
0.80
0.79
0.76
0.72
0.68
0.70
0.70
0.72
0.72
0.72
0.70
0.73
0.71
0.71
0.70
0.71

72
70
68
69
70
69
70
65
80
79
76
72
68
70
70
72
72
72
70
73
71
71
70
71
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1972-1975
Ngauruhoe
1972

Ngauruhoe

1973
Ngauruhoe

1974
Ngauruhoe

No138-87
No138-88
Average
20

No72-3 3
No72-4
No72-11
Average
20

No73-3
No73-6
No73-15
Average
20

No74-1
No74-6
No74-11 2

53.03
52.59
53.44
1.05

55.01
53.91
52.21
53.71
2.82

54.22
54.97
53.26
54.15
1.71

52.70
54.29
53.95

0.21
0.27
0.28
0.13

0.24
0.24
0.85
0.44
0.70

0.34
0.27
0.41
0.34
0.14

0.58
0.38
0.39

1.08
0.95
1.24
0.93

0.71
0.61
2.13
1.15
1.70

0.71
0.63
0.81
0.72
0.19

2.48
1.60
0.68

20.52
19.93
18.13
3.58

17.73
22.13
14.81
18.22
7.37

21.74
19.44
22.64
21.28
3.30

16.35
17.21
23.13

0.38
0.41
0.35
0.11

0.47
0.52
0.32
0.44
0.21

0.53
0.46
0.52
0.50
0.07

0.44
0.46
0.56

23.90
24.16
24.97
2.63

22.67
20.11
13.52
18.77
9.44

19.87
20.96
18.79
19.87
2.17

18.87
21.96
18.48

1.33
1.48
1.86
0.51

4.28
4.21
17.28
8.59
15.05

4.34
5.09
436
4.60
0.85

9.04
5.65
4.63

0.03
0.00
0.03
0.03

0.08
0.09
0.22
0.13
0.16

0.04
0.04
0.06
0.05
0.03

0.16
0.08
0.07

0.00
0.00
0.00
0.01

100.48
99.84
100.33
0.70

101.34
101.89
101.38
101.54
0.61

101.82
101.94
100.90
101.55
1.13

100.65
101.70
101.90

0.67
0.68
0.71
0.06

0.69
0.62
0.62
0.65
0.09

0.62
0.66
0.60
0.62
0.06

0.67
0.69
0.59

67
68
71

69
62
62
65

62
66
60
62

67
69
59
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1975
Ngauruhoe

1995-1996
Ruapehu

1995 Ruapehu

1996 Ruapehu

No74-16
Average
20

No75-3
No75-7
No75-11 2
Average
20

No095-2
No095-7
No095-10 2
Average
20

No096-5
No096-12
No096-13
Average
20

55.21
54.04
2.07

54.28
55.52
53.95
54.58
1.66

55.61
56.04
55.36
55.67
0.68

52.68
55.85
54.67
54.40
3.21

0.31
0.42
0.23

0.24
0.22
0.24
0.24
0.02

0.32
0.19
0.32
0.28
0.14

0.87
0.23
0.37
0.49
0.67

1.14
1.48
1.54

0.60
0.99
0.56
0.71
0.47

1.37
2.35
1.31
1.68
1.17

3.66
1.39
1.53
2.19
2.55

19.26
18.99
6.04

21.99
17.12
22.03
20.38
5.64

15.83
11.66
17.34
14.94
5.89

11.69
15.50
15.92
14.37
4.66

0.52
0.49
0.11

0.61
0.43
0.65
0.56
0.23

0.33
0.24
0.37
0.31
0.13

0.30
0.33
0.35
0.32
0.05

22.03
20.33
3.86

20.17
25.55
19.51
21.74
6.62

26.44
29.04
25.09
26.86
4.02

18.85
25.65
24.01
22.83
7.10

391
5.81
4.53

3.71
2.07
4.30
3.36
2.31

2.08
2.05
2.08
2.07
0.04

12.30
2.75
4.24
6.43
10.28

0.08
0.10
0.08

0.04
0.03
0.06
0.04
0.03

0.05
0.05
0.03
0.04
0.02

0.26
0.10
0.09
0.15
0.19

102.48
101.68
1.52

101.66
101.94
101.29
101.63
0.65

102.16
101.85
101.98
101.99
0.32

100.73
101.84
101.25
101.28
1.11

0.67
0.66
0.09

0.62
0.73
0.61
0.66
0.13

0.75
0.82
0.72
0.76
0.10

0.74
0.75
0.73
0.74
0.02

67
66

62
73
61
66
13

75
82
72
76
10

74
75
73
74
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Appendix C12. Plagioclase major element compositions analysed for the TgVC eruptive sequences studied. Mangatawai and Tufa Trig samples
were analysed using a JEOL JXA-8900R electron microprobe equipped with four wavelength-dispersive spectrometers at the Institute of Earth
Sciences, Academia Sinica, Taipei, Taiwan. 1972-1975 Ngauruhoe and 1995-1996 Ruapehu samples were analysed using a JEOL JXA-8800R
electron microprobe equipped with four wavelength-dispersive spectrometers at the Graduate School of Science, Hokkaido University, Sapporo,
Japan. The analyses highlighted in yellow were used for hygrothermobarometric calculations and MELTS modelling.

Eruptive sequence ¢ nene S0, TiO,  ALOs  FeO  MnO MgO CaO  Na,O K,O  Total Xab
and tephra
Mangatawai
407-14 Nol4-6 5093  0.06 3029  0.608  0.00 0.14 1372 345 0.13 99.34  0.31

Nol4-7 48.38 0.00 32.21 0.643 0.03 0.11 15.65 2.29 0.07 99.38 0.21
Nol4-8 51.36 0.07 30.09 0.726 0.00 0.13 13.60 3.33 0.15 99.46 0.30
Nol4-9 49.94 0.09 30.68 0.711 0.00 0.14 14.62 2.93 0.11 99.21 0.26
Nol4-19  53.37 0.01 28.38 0.709 0.04 0.16 12.07 4.11 0.18 99.02 0.38
Nol4-22  50.06 0.02 30.79 0.685 0.00 0.12 14.77 2.99 0.10 99.53 0.27
Nol4-23  48.53 0.03 32.11 0.864 0.05 0.15 15.83 2.25 0.08 99.88 0.20
Nol4-24  51.99 0.02 29.52 0.909 0.00 0.19 13.36 3.59 0.13 99.70 0.32
Nol4-27  53.84 0.05 28.15 0.901 0.01 0.23 11.62 4.32 0.22 99.40 0.40
Nol4-29  52.21 0.03 28.91 0.892 0.00 0.18 12.70 3.98 0.17 99.08 0.36
Nol4-39 5242 0.04 28.77 0.964 0.00 0.16 12.54 3.95 0.17 99.01 0.36
Nol4-40  48.75 0.03 32.02 0.679 0.04 0.14 15.30 2.39 0.08 99.42 0.22
Nol4-41  48.32 0.00 32.01 0.626 0.00 0.16 15.47 2.56 0.06 99.21 0.23
Nol4-48  50.02 0.02 30.96 0.854 0.00 0.16 14.89 2.79 0.14 99.84 0.25



0Ty

407-15

No14-49
Nol4-50
Nol14-56
Nol4-57
Average
20

Nol5-3

Nol5-4

Nol5-5

Nol5-7

Nol5-8

Nol5-10
Nol5-16
Nol5-21
Nol5-25
Nol5-31
Nol5-32
Nol5-33
Nol5-35
Nol5-38
Nol5-39
Nol5-42
Nol5-43

52.98
50.25
50.65
47.89
50.66
3.72

47.50
47.41
52.75
53.39
53.27
53.34
50.95
53.42
47.53
51.87
47.60
54.10
54.08
53.07
53.01
51.25
54.14

0.04
0.10
0.07
0.03
0.04
0.06

0.04
0.05
0.08
0.10
0.09
0.04
0.05
0.00
0.07
0.05
0.03
0.09
0.02
0.03
0.05
0.07
0.07

29.14
30.59
30.47
32.31
30.41
2.75

32.66
32.50
28.83
28.07
28.19
28.63
30.26
28.50
32.54
30.35
33.05
28.58
28.44
2991
28.77
30.36
28.52

0.930
0.691
0.805
0.799
0.778
0.230

0.690
0.802
0.947
0.964
0.844
0.923
0.894
0.953
0.776
0.918
0.772
0.908
0.982
0.800
0.956
0.692
1.008

0.00
0.00
0.02
0.02
0.01
0.03

0.00
0.00
0.00
0.00
0.02
0.00
0.00
0.06
0.04
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.18
0.13
0.15
0.13
0.15
0.06

0.11
0.14
0.17
0.16
0.15
0.16
0.13
0.19
0.15
0.16
0.10
0.22
0.17
0.19
0.17
0.16
0.18

12.58
14.21
14.44
16.00
14.08
2.73

16.25
16.31
12.40
12.02
11.83
12.11
13.98
12.14
16.33
13.66
16.56
12.40
12.13
13.21
12.54
14.12
12.07

4.00
3.17
3.17
2.07
3.19
1.41

2.08
2.20
4.02
4.08
4.42
4.10
3.09
4.17
2.07
342
2.03
4.08
4.25
3.71
4.02
3.20
4.29

0.19
0.10
0.10
0.09
0.13
0.09

0.06
0.08
0.21
0.24
0.24
0.20
0.15
0.24
0.09
0.13
0.07
0.21
0.22
0.15
0.19
0.12
0.21

100.05
99.25
99.89
99.34
99.45
0.62

99.39
99.49
99.40
99.03
99.04
99.49
99.52
99.67
99.58
100.57
100.20
100.58
100.31
101.07
99.71
99.98
100.51

0.36
0.29
0.28
0.19
0.29

0.19
0.20
0.36
0.37
0.40
0.38
0.28
0.38
0.19
0.31
0.18
0.37
0.38
0.33
0.36
0.29
0.39
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407-16

Nol5-51
Nol5-53
Nol5-56
Nol5-57
Nol5-58
Nol5-59
No15-60
Nol5-61
Nol5-62
Nol5-68
No15-69
Nol5-70
Nol5-71
Nol5-72
Nol5-75
Nol5-76
Nol5-78
Nol5-79
No15-83
Nol5-84
Average
20

Nolé6-1

53.61
53.89
49.59
53.44
53.64
49.79
50.64
49.99
48.13
50.18
47.84
48.22
47.47
48.73
48.96
50.03
51.57
48.66
53.92

54.23
51.11

4.93

54.18

0.10
0.09
0.09
0.04
0.06
0.03
0.04
0.01
0.01
0.05
0.00
0.00
0.00
0.07
0.00
0.05
0.04
0.04
0.05
0.03
0.05
0.06

0.06

28.61
27.68
31.12
28.54
28.63
31.11
30.22
31.10
32.55
30.83
32.64
32.16
32.82
32.12
32.22
31.03
30.48
31.73
27.90

28.13
30.26

3.51

28.10

0.904
0.835
0.829
0.997
0.810
0.890
0.791
0.710
0.685
0.778
0.756
0.630
0.676
0.612
0.890
0.811
0.999
1.076
1.118

0.859
0.851

0.246

0.875

0.05
0.00
0.02
0.00
0.00
0.03
0.04
0.00
0.04
0.01
0.04
0.00
0.05
0.01
0.00
0.02
0.01
0.00
0.01

0.05
0.01

0.04

0.01

0.20
0.13
0.18
0.21
0.19
0.14
0.19
0.14
0.13
0.15
0.12
0.12
0.13
0.14
0.15
0.13
0.18
0.30
0.29

0.18
0.16

0.09

0.13

12.47
11.70
14.74
12.33
12.37
14.87
14.14
14.67
16.12
14.38
16.66
15.73
16.58
15.95
15.81
15.02
13.88
16.09
12.05

12.15
13.99

3.48

11.92

4.13
4.47
2.76
3.90
4.05
2.89
3.19
2.87
2.04
3.02
1.96
2.17
1.77
2.21
2.32
2.75
3.29
2.00
4.28
4.34
3.23
1.81

434

0.25
0.24
0.10
0.20
0.23
0.13
0.12
0.14
0.06
0.13
0.07
0.07
0.06
0.06
0.08
0.11
0.14
0.14
0.27

0.21
0.15

0.14

0.24

100.32
99.05
99.44
99.66
99.98
99.88
99.38
99.62
99.78
99.52
100.08
99.12
99.55
99.90
100.45
99.95
100.60
100.04
99.87

100.19
99.84

0.99

99.85

0.37
0.40
0.25
0.36
0.37
0.26
0.29
0.26
0.19
0.27
0.17
0.20
0.16
0.20
0.21
0.25
0.30
0.18
0.38
0.39
0.29

0.39



(4474

Nol6-3

Nol6-4

Nol6-6

Nol6-8

Nol6-11
Nol6-12
Nol6-13
Nol6-14
Nol6-16
Nol6-18
Nol6-19
No16-20
Nol6-23
Nol6-24
Nol6-25
Nol16-27
Nol6-28
Nol6-31
Nol6-33
No16-40
Nol6-41
Nol16-42
Nol6-43
Nol6-44

53.85
53.35
54.54
54.01
50.53
51.56
46.94
52.38
54.67
53.86
54.23
53.11
52.00
49.95
50.83
53.45
51.19
53.58
52.46
49.84
50.17
53.02
54.41
53.97

0.04
0.07
0.05
0.06
0.08
0.02
0.04
0.06
0.02
0.08
0.05
0.06
0.05
0.01
0.01
0.03
0.02
0.19
0.04
0.05
0.08
0.07
0.03
0.00

28.62
28.89
28.59
28.25
30.60
29.98
33.01
29.64
28.14
28.09
28.12
28.74
29.66
30.92
30.23
28.66
30.29
27.15
29.60
31.37
31.22
28.98
28.12
28.18

0.776
0.969
0.972
0.936
0.830
0.823
0.616
0.704
0.836
0.820
0.923
1.101
0.847
0.802
0.874
0.850
0.870
2.005
0.835
0.828
0.864
1.016
0.945
1.038

0.03
0.00
0.00
0.00
0.00
0.00
0.06
0.04
0.00
0.00
0.00
0.05
0.00
0.00
0.00
0.02
0.04
0.03
0.01
0.00
0.00
0.04
0.00
0.00

0.13
0.21
0.13
0.18
0.18
0.20
0.07
0.17
0.14
0.17
0.15
0.20
0.18
0.14
0.17
0.19
0.18
0.70
0.17
0.12
0.14
0.19
0.18
0.17

11.92
12.64
12.14
12.15
14.39
13.87
17.06
13.52
11.67
11.97
11.89
12.64
13.35
15.28
13.93
12.53
14.37
12.70
13.56
14.84
14.90
12.98
11.93
11.97

4.14
3.95
4.17
4.21
3.02
3.39
1.67
3.59
4.22
4.24
4.28
4.06
3.53
2.71
3.24
4.07
3.01
3.65
3.57
2.76
2.74
3.87
4.17
4.32

0.24
0.23
0.23
0.24
0.10
0.15
0.05
0.13
0.22
0.22
0.26
0.22
0.17
0.10
0.13
0.20
0.14
0.31
0.14
0.13
0.13
0.20
0.21
0.21

99.75
100.30
100.82
100.03
99.73
100.00
99.53
100.22
99.92
99.46
99.89
100.18
99.79
99.91
99.41
99.99
100.12
100.34
100.37
99.93
100.24
100.36
99.98
99.86

0.38
0.36
0.38
0.38
0.27
0.30
0.15
0.32
0.39
0.39
0.39
0.36
0.32
0.24
0.29
0.37
0.27
0.34
0.32
0.25
0.25
0.35
0.38
0.39



ey

407-17

Nol6-47
Nol6-48
No16-49
No16-50
Nol6-52
No16-53
Nol6-54
Nol16-64
Nol6-65
No16-66
Nol6-67
No16-68
No16-69
No16-70
Nol6-71
Nol6-72
Nol6-73
Nol16-81
Average
20

Nol7-1
Nol7-5
Nol7-6

54.39
49.02
51.25
54.31
50.70
47.77
47.25
49.87
46.64
47.49
47.86
46.35
51.88
53.62
54.12
51.17
51.23
53.76
51.64
5.04

51.84
51.10
51.47

0.04
0.08
0.05
0.07
0.01
0.00
0.00
0.02
0.01
0.01
0.04
0.05
0.07
0.00
0.03
0.15
0.05
0.02
0.05
0.08

0.05
0.04
0.00

27.72
31.86
30.75
27.98
30.24
32.66
32.99
31.17
33.35
32.60
32.68
33.66
30.24
28.35
28.31
30.44
29.88
28.36
29.92
3.57

29.78
30.82
30.72

0.887
0.819
0.909
0.962
0.807
0.618
0.666
0.764
0.561
0.587
0.627
0.665
0.921
0.934
0.947
0.919
0.828
0.783
0.864
0.434

0.862
0.972
0.959

0.02
0.00
0.03
0.00
0.00
0.06
0.00
0.01
0.00
0.01
0.02
0.00
0.00
0.00
0.02
0.04
0.00
0.00
0.01
0.04

0.00
0.01
0.03

0.17
0.15
0.18
0.16
0.18
0.09
0.10
0.16
0.11
0.11
0.11
0.10
0.14
0.16
0.17
0.17
0.16
0.17
0.17
0.18

0.17
0.12
0.16

11.83
15.60
14.54
11.88
14.40
17.01
17.09
15.39
17.34
16.96
16.42
17.52
13.88
12.07
12.11
14.33
13.92
11.97
13.82
3.67

13.38
14.56
14.38

4.37
232
3.15
4.47
3.04
1.75
1.74
2.80
1.68
1.89
1.93
1.49
341
4.29
4.34
3.19
342
4.30
3.36
1.83

3.61
3.25
3.31

0.27
0.07
0.13
0.23
0.12
0.05
0.03
0.11
0.03
0.06
0.06
0.04
0.17
0.26
0.22
0.10
0.13
0.23
0.16
0.15

0.16
0.11
0.15

99.73
99.92
100.98
100.08
99.50
100.01
99.87
100.27
99.73
99.73
99.75
99.88
100.71
99.69
100.26
100.50
99.62
99.59
99.99
0.71

99.85
100.98
101.18

0.39
0.21
0.28
0.40
0.27
0.16
0.16
0.25
0.15
0.17
0.17
0.13
0.30
0.39
0.39
0.29
0.31
0.39
0.30
0.17

0.33
0.29
0.29



144%

Nol7-7

Nol7-8

Nol7-11
Nol7-12
Nol7-13
Nol7-15
Nol7-16
Nol7-21
Nol7-22
Nol7-23
Nol7-24
Nol7-25
Nol7-28
No17-29
Nol7-30
Nol7-31
Nol7-32
Nol7-33
Nol7-34
Nol7-36
Nol7-37
Nol7-38
No17-39
No17-40

52.87
51.14
53.00
52.81
50.91
51.67
52.64
46.48
46.69
51.02
51.25
52.15
51.27
46.94
54.22
51.00
53.03
51.08
50.80
50.25
47.95
48.12
52.29
52.47

0.09
0.05
0.08
0.08
0.03
0.06
0.06
0.04
0.02
0.00
0.01
0.06
0.07
0.00
0.02
0.05
0.04
0.03
0.05
0.02
0.00
0.00
0.01
0.05

29.51
30.17
28.81
29.15
30.10
29.10
29.03
33.60
33.03
30.26
30.46
29.88
30.30
33.46
28.49
30.90
28.87
30.20
30.10
30.39
32.74
32.75
29.66
28.98

0.682
0.901
0.933
0.758
0.780
0.901
0.867
0.472
0.650
0.758
0.896
1.009
0.863
0.696
0.977
0.789
0.845
0.803
0.888
0.825
0.596
0.702
0.843
0.707

0.04
0.04
0.02
0.04
0.00
0.00
0.00
0.03
0.00
0.00
0.11
0.00
0.04
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.02
0.00
0.05

0.08
0.14
0.16
0.11
0.12
0.16
0.17
0.08
0.06
0.16
0.19
0.20
0.17
0.08
0.21
0.13
0.17
0.12
0.15
0.13
0.10
0.09
0.18
0.17

12.85
14.06
13.09
12.79
13.88
13.46
12.94
17.50
17.46
13.97
14.05
13.55
13.91
17.32
12.03
14.48
12.90
14.40
14.05
14.73
16.45
16.68
13.49
13.08

3.74
3.30
3.87
3.89
3.29
3.62
3.92
1.40
1.63
3.32
3.10
3.47
3.30
1.51
4.20
3.05
391
3.12
3.17
2.97
2.01
1.90
3.64
3.70

0.15
0.13
0.19
0.15
0.12
0.17
0.15
0.06
0.04
0.10
0.12
0.11
0.10
0.03
0.18
0.11
0.17
0.13
0.12
0.08
0.04
0.07
0.16
0.12

100.00
99.90
100.17
99.77
99.23
99.13
99.78
99.65
99.58
99.61
100.18
100.42
100.02
100.03
100.34
100.50
99.93
99.89
99.33
99.39
99.89
100.33
100.28
99.33

0.34
0.30
0.34
0.35
0.30
0.32
0.35
0.13
0.14
0.30
0.28
0.31
0.30
0.14
0.38
0.27
0.35
0.28
0.29
0.27
0.18
0.17
0.32
0.34



Y47

Nol7-41
Nol7-42
Nol17-43
Nol7-44
Nol7-45
Nol7-46
Nol7-57
Nol7-58
Nol7-59
Nol7-61
Nol7-62
Nol7-64
Nol7-65
Nol7-66
Nol7-67
Nol7-68
Nol7-70
Nol7-71
Nol7-72
Nol7-73
Nol7-74
Nol7-75
Nol7-77
Nol7-81

50.96
51.46
53.39
52.36
52.49
47.89
46.95
47.58

47.06
51.12

53.57
52.27
49.82
50.78
48.66
46.88
46.77
48.60
47.03
47.40
52.48
53.10
52.29
55.75

0.06
0.07
0.09
0.01
0.08
0.00
0.01
0.01

0.07
0.07

0.06
0.06
0.03
0.07
0.00
0.03
0.08
0.04
0.02
0.03
0.01
0.04
0.00
0.12

30.22
29.84
28.88
29.27
28.83
32.55
33.01
33.37

33.32
30.27

28.44
28.86
31.23
30.58
32.40
32.93
33.30
32.42
33.40
33.51
28.99
28.92
29.51
26.18

0.812
0.895
1.038
0.839
0.962
0.857
0.669
0.666

0.616
0.617

0.860
0.995
0.803
0.784
0.638
0.602
0.614
0.609
0.524
0.606
0.923
0.808
0.997
1.944

0.00
0.06
0.05
0.00
0.06
0.03
0.03
0.02

0.01
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.03
0.01
0.00
0.00
0.02
0.00
0.01

0.09
0.13
0.15
0.20
0.16
0.09
0.09
0.10

0.08
0.16

0.15
0.21
0.17
0.18
0.10
0.10
0.13
0.14
0.10
0.07
0.15
0.22
0.21
1.00

14.31
13.47
12.55
13.39
13.21
16.77
17.52
17.25

17.03
14.24

12.29
13.19
15.18
14.51
16.08
16.72
16.92
16.04
17.27
17.38
12.82
12.86
13.22
10.60

3.23
3.62
3.99
3.59
3.86
1.94
1.68
1.66

1.71
3.14

4.20
3.46
2.67
3.05
2.21
1.80
1.74
2.17
1.59
1.57
3.90
3.93
3.70
4.49

0.14
0.14
0.20
0.14
0.19
0.07
0.06
0.05

0.03
0.10

0.22
0.18
0.10
0.11
0.03
0.04
0.04
0.07
0.07
0.03
0.19
0.16
0.13
0.42

99.85
99.67
100.34
99.81
99.86
100.20
100.03
100.73

99.93
99.72

99.79
99.23
100.00
100.05
100.12
99.10
99.60
100.11
100.01
100.62
99.47
100.08
100.05
100.54

0.29
0.32
0.36
0.32
0.34
0.17
0.15
0.15
0.15
0.28
0.38
0.32
0.24
0.27
0.20
0.16
0.16
0.20
0.14
0.14
0.35
0.35
0.33
0.42



1%

Nol7-82  53.31 0.05 29.07 0.966 0.03 0.19 12.85 3.94 0.20 100.60 0.35
Nol7-83  46.79 0.05 33.08 0.673 0.01 0.08 17.34 1.67 0.04 99.73 0.15
Nol7-84  47.14 0.02 32.98 0.607 0.02 0.11 17.10 1.67 0.07 99.75 0.15
Nol7-85  47.07 0.00 32.99 0.579 0.01 0.09 17.05 1.71 0.05 99.57 0.15
Nol7-86  51.02 0.03 30.68 0.861 0.04 0.14 14.10 3.22 0.15 100.23  0.29
Nol7-1 51.84 0.05 29.78 0.862 0.00 0.17 13.38 3.61 0.16 99.86 0.33
Nol7-61  51.12 0.07 30.27 0.617 0.00 0.16 14.24 3.14 0.10 99.72 0.28
Nol7-62  53.57 0.06 28.44 0.860 0.00 0.15 12.29 4.20 0.22 99.79 0.38
Nol7-77  52.29 0.00 29.51 0.997 0.00 0.21 13.22 3.70 0.13 100.05 0.33
Average 50.62 0.04 30.64 0.811 0.01 0.15 14.53 3.02 0.12 99.95 0.27
20 4.81 0.06 3.56 0.410 0.04 0.24 3.59 1.81 0.13 0.85 0.16

407-18 Nol8-7 53.34 0.08 28.72 0.012 0.11 4.16 12.45 4.16 0.21 99.88 0.37
Nol8-8 51.01 0.00 30.38 0.000 0.15 3.35 13.87 3.35 0.14 99.61 0.30
No18-9 51.56 0.06 29.49 0.000 0.16 3.58 13.47 3.58 0.18 99.59 0.32
Nol8-12  51.56 0.06 29.54 0.000 0.14 3.76 13.16 3.76 0.19 99.39 0.34
Nol8-16  51.23 0.00 29.61 0.000 0.27 3.37 13.67 3.37 0.17 99.20 0.31
Nol8-17  52.87 0.11 28.80 0.000 0.16 4.15 12.55 4.15 0.21 99.73 0.37
Nol8-18  51.14 0.08 29.56 0.044 0.19 3.62 13.43 3.62 0.15 99.04 0.32
Nol8-19  51.46 0.00 29.47 0.000 0.17 3.61 13.63 3.61 0.15 99.27 0.32
Nol8-23  52.89 0.04 28.79 0.000 0.16 4.21 12.39 4.21 0.21 99.59 0.38
Nol8-24  52.51 0.05 28.71 0.005 0.17 3.86 12.67 3.86 0.22 99.02 0.35
Nol8-25  53.67 0.05 28.39 0.000 0.14 4.27 11.77 4.27 0.22 99.33 0.39
Nol8-37  53.08 0.05 28.45 0.000 0.16 431 12.16 4.31 0.25 99.47 0.39



LTy

Nol8-38
No18-40
Nol8-41
Nol8-43
Nol8-45
No18-52
Nol8-53
Nol8-55
Nol8-61
No18-62
Nol8-63
Nol8-65
No18-66
Nol8-67
No18-68
No18-72
Nol8-74
Nol8-78
Nol8-81
No18-82
Nol8-83
Nol8-84
No18-86
No18-87

51.45
49.87
54.12
51.90
52.01
46.23
51.67
50.29
49.80
46.21
51.07
46.22
46.23
46.64
46.55
45.89
52.01
52.76
47.23
46.27
46.40
46.16
47.09
51.88

0.09
0.00
0.03
0.03
0.00
0.01
0.09
0.00
0.05
0.02
0.04
0.03
0.03
0.02
0.08
0.00
0.06
0.09
0.05
0.02
0.04
0.04
0.01
0.01

29.25
30.73
28.27
29.37
28.93
33.94
29.19
30.27
30.95
33.71
29.92
33.13
33.75
33.17
32.85
33.47
29.37
28.49
32.42
33.29
33.14
33.55
33.11
29.15

0.000
0.012
0.000
0.046
0.020
0.000
0.015
0.000
0.000
0.000
0.012
0.000
0.030
0.077
0.000
0.000
0.000
0.000
0.017
0.000
0.005
0.000
0.005
0.000

0.21
0.13
0.18
0.18
0.25
0.08
0.18
0.12
0.18
0.10
0.18
0.11
0.11
0.10
0.11
0.11
0.19
0.20
0.10
0.09
0.13
0.12
0.07
0.17

3.84
3.09
4.29
3.83
3.97
1.56
4.06
342
3.01
1.70
3.47
1.50
1.61
1.90
1.98
1.60
3.86
4.25
2.24
1.74
1.83
1.61
1.94
3.85

13.24
14.20
11.95
13.25
12.81
17.33
13.07
14.01
14.46
17.49
13.61
17.54
17.53
16.78
16.90
17.42
12.63
12.45
16.22
17.18
17.02
17.37
16.68
13.08

3.84
3.09
4.29
3.83
3.97
1.56
4.06
342
3.01
1.70
3.47
1.50
1.61
1.90
1.98
1.60
3.86
4.25
2.24
1.74
1.83
1.61
1.94
3.85

0.21
0.14
0.25
0.13
0.16
0.02
0.14
0.12
0.10
0.03
0.16
0.05
0.03
0.05
0.05
0.03
0.19
0.25
0.07
0.02
0.04
0.04
0.04
0.16

99.40
99.09
99.97
99.39
99.02
99.79
99.09
99.04
99.25
100.05
99.32
99.12
99.90
99.20
99.08
99.25
99.29
99.44
99.05
99.24
99.22
99.47
99.53
99.36

0.34
0.28
0.39
0.34
0.36
0.14
0.36
0.30
0.27
0.15
0.31
0.13
0.14
0.17
0.17
0.14
0.35
0.38
0.20
0.15
0.16
0.14
0.17
0.34



8cy

407-47

No18-89
No18-98
No18-100
Average
20

No47-1
No47-2
No47-3
No47-4
No47-5
No47-6
No47-7
No47-8
No47-9
No47-10
No47-11
No47-22
No47-23
No47-25
No47-27
No47-28
No47-29
No47-30

47.10
52.72
52.03
50.10
5.51

51.53
53.91
51.27
54.65
55.10
52.18
49.86
52.71
54.88
53.44
54.17
57.25
56.38
5241
5291
52.72
51.27
52.49

0.05
0.07
0.06
0.04
0.06

0.03
0.05
0.05
0.04
0.02
0.00
0.00
0.06
0.08
0.03
0.02
0.09
0.00
0.05
0.04
0.00
0.09
0.04

32.68
28.61
28.87
30.60
3.99

30.84
29.18
30.73
28.24
28.26
30.21
31.02
29.22
28.42
28.90
28.30
26.61
27.53
30.12
29.56
29.34
30.63
29.89

0.041
0.000
0.042
0.010
0.036

0.786
0.961
0.808
0.843
0.597
0.654
0.706
0.677
0.619
0.782
0.810
0.798
0.693
0.817
1.023
0.816
0.649
0.686

0.10
0.20
0.24
0.15
0.10

0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.03
0.00
0.05
0.01
0.00
0.00
0.03
0.00
0.02
0.00

1.86
4.10
4.09
3.14
2.06

0.17
0.20
0.10
0.14
0.15
0.11
0.11
0.10
0.14
0.15
0.16
0.11
0.13
0.12
0.17
0.17
0.08
0.13

16.74
12.56
12.79
14.40
4.05

14.16
12.69
14.30
11.61
11.46
13.68
15.07
12.97
11.53
12.94
11.93
9.77

10.76
13.43
12.88
13.01
14.31
13.45

1.86
4.10

4.09
3.14

2.06

3.11
3.93
3.07
4.34
4.41
3.28
2.44
3.72
4.41
3.85
4.25
542
4.99
3.52
3.64
3.75
2.96
3.66

0.05
0.21
0.15
0.13
0.15

0.13
0.23
0.11
0.20
0.20
0.14
0.11
0.16
0.23
0.19
0.20
0.36
0.33
0.15
0.16
0.19
0.09
0.16

99.26
99.50
99.36
99.38
0.56

100.77
101.15
100.45
100.08
100.21
100.25
99.31

99.62

100.32
100.29
99.89

100.42
100.82
100.61
100.41
99.98

100.10
100.51

0.17
0.37

0.36
0.28

0.19

0.28
0.35
0.28
0.40
0.41
0.30
0.23
0.34
0.40
0.35
0.39
0.49
0.45
0.32
0.34
0.34
0.27
0.33



(\Yé74

407-49

No47-31
No47-32
No47-33
No47-34
No47-35
No47-36
No47-38
No47-39
No47-40
No47-41
No47-42
No47-43
No47-44
No47-45
No47-46
No47-49
No47-50
No47-51
No47-52
Average
20

No49-1
No49-2

49.58
51.56
52.49
52.12
54.96
55.03
52.55
54.37
51.18
51.62
53.28
53.20
51.45
48.46
48.81
52.40
51.87
52.85
54.54
52.74
3.86

52.67
52.89

0.08
0.03
0.05
0.09
0.04
0.06
0.04
0.02
0.03
0.02
0.05
0.06
0.02
0.02
0.06
0.03
0.02
0.05
0.03
0.04
0.05

0.01
0.04

31.73
30.56
29.83
30.41
28.79
27.98
29.81
28.27
30.68
30.25
29.44
29.66
30.70
32.59
32.21
29.92
30.52
29.33
28.23
29.67
2.58

29.92
29.53

0.626
0.750
0.621
0.603
0.671
0.988
0.734
0.664
0.733
0.679
0.646
0.769
0.772
0.706
0.750
0.775
0.792
0.925
0.987
0.754
0.225

0.787
0.839

0.02
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.03
0.01
0.00
0.07
0.00
0.06
0.00
0.00
0.00
0.00
0.02
0.01
0.04

0.00
0.00

0.13
0.13
0.12
0.08
0.12
0.23
0.15
0.07
0.08
0.11
0.14
0.11
0.13
0.07
0.10
0.14
0.09
0.12
0.14
0.13
0.07

0.15
0.11

15.71
13.78
13.05
13.86
11.88
11.56
13.37
12.11
14.44
14.11
13.00
12.98
14.46
16.64
16.05
13.70
13.77
13.15
12.06
13.23
2.87

13.49
13.37

2.36
3.21
3.46
3.32
4.20
4.43
3.42
4.25
3.07
3.20
3.65
3.81
3.01
1.73
2.06
3.49
3.32
3.65
4.24
3.58
1.51

3.50
3.63

0.08
0.12
0.16
0.16
0.21
0.25
0.14
0.21
0.15
0.12
0.16
0.19
0.11
0.07
0.09
0.15
0.13
0.18
0.19
0.17
0.12

0.17
0.16

100.30
100.13
99.78
100.65
100.87
100.52
100.21
100.01
100.40
100.13
100.36
100.84
100.67
100.34
100.13
100.61
100.51
100.25
100.43
100.33
0.72

100.69
100.57

0.21
0.29
0.32
0.30
0.39
0.40
0.31
0.38
0.28
0.29
0.33
0.34
0.27
0.16
0.19
0.31
0.30
0.33
0.38
0.33
0.14

0.32
0.33



0ey

407-54

No49-3
No49-4
No49-14
No49-15
No49-16
No49-17
No49-19
No49-20
No49-22
No49-23
No49-24
No49-25
No49-26
No49-27
No49-28
No49-29
No49-34
No49-35
No49-37
No49-43
Average
20

No54-3

51.33
56.08
55.85
55.75
60.58
61.05
59.34
61.04
52.93
53.99
54.40
52.36
53.39
54.33
47.44
52.85
51.55
50.56
51.99
51.60
54.27
7.13

52.51

0.03
0.06
0.05
0.09
1.11
1.01
0.90
0.97
0.03
0.05
0.09
0.02
0.00
0.05
0.05
0.00
0.09
0.05
0.06
0.09
0.22
0.75

0.05

30.85
28.05
27.79
28.06
14.73
14.79
14.45
15.04
2941
29.49
28.79
30.42
29.39
28.56
33.12
29.18
29.94
30.34
29.42

29.93
26.87

11.91

29.77

0.743
1.066
0.907
0.884
7.728
7.527
8.429
8.122
0.855
0.794
0.824
0.728
0.691
0.668
0.632
0.728
0.877
0.817
0.870

0.783
2.105

5.654

0.905

0.00
0.07
0.00
0.05
0.16
0.14
0.16
0.14
0.00
0.03
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.02

0.00
0.04

0.12

0.07

0.10
0.29
0.18
0.16
3.09
3.00
3.97
3.13
0.10
0.14
0.09
0.15
0.13
0.14
0.07
0.15
0.15
0.10
0.13

0.13
0.71

2.52

0.13

14.48
11.28
11.33
11.62
6.87

6.91

8.51

6.21

12.89
12.58
12.30
13.93
12.99
12.24
16.93
12.75
13.36
14.19
12.88

13.16
12.01

5.33

13.94

2.90
4.45
4.49
4.63
3.68
3.91
3.12
3.83
3.87
3.98
4.29
3.13
3.77
4.25
1.62
4.03
3.57
3.02
3.68

3.54
3.68

1.32

3.60

0.14
0.26
0.26
0.28
1.36
1.27
1.34
1.35
0.18
0.21
0.21
0.16
0.18
0.24
0.02
0.20
0.15
0.13
0.19

0.18
0.39

0.91

0.16

100.57
101.60
100.86
101.51
99.30
99.61
100.21
99.81
100.32
101.25
101.00
100.90
100.53
100.47
99.88
99.91
99.69
99.21
99.25

99.42
100.30

1.45

101.12

0.26
0.41
0.41
0.41
0.44
0.46
0.36
0.47
0.35
0.36
0.38
0.29
0.34
0.38
0.15
0.36
0.32
0.28
0.34

0.32
0.35

0.14

0.32



[§3%

No54-4

No54-5

No54-6

No54-8

No54-10
No54-14
No54-15
No54-16
No54-17
No54-18
No54-19
No54-20
No54-21
No54-22
No54-28
No54-29
No54-30
No54-31
No54-32
No54-33
No54-34
No54-42
No54-43
No54-44

51.75
49.36
53.01
51.99
50.89
52.93
52.50
53.50
52.57
52.28
51.70
52.04
50.49
52.68
51.91
52.51
51.87
52.47
51.07
51.85
55.15
52.19
51.60
52.01

0.02
0.00
0.05
0.03
0.07
0.04
0.06
0.04
0.05
0.00
0.07
0.07
0.03
0.08
0.06
0.08
0.04
0.02
0.04
0.00
0.11
0.06
0.00
0.07

29.93
31.03
29.18
29.87
29.83
28.80
29.49
28.75
29.08
29.52
29.64
30.06
30.73
29.69
29.80
29.06
29.51
29.08
29.94
29.92
27.00
29.16
30.29
29.24

0.786
0.715
0.739
1.000
0.912
0.984
0.884
0.701
0.638
0.778
0.674
0.807
0.740
0.845
0.876
0.716
0.720
0.688
0.799
0.800
1.052
0.971
0.721
0.832

0.00
0.00
0.00
0.00
0.04
0.00
0.00
0.00
0.00
0.00
0.05
0.00
0.00
0.00
0.00
0.00
0.04
0.00
0.02
0.04
0.00
0.00
0.00
0.01

0.14
0.09
0.13
0.13
0.12
0.14
0.14
0.14
0.14
0.11
0.11
0.13
0.11
0.13
0.12
0.09
0.13
0.12
0.15
0.15
0.22
0.13
0.12
0.11

13.95
15.20
12.98
13.83
14.08
13.47
13.33
12.73
13.17
13.49
13.96
13.83
14.68
13.54
14.04
13.45
13.88
13.17
14.28
13.78
11.67
13.49
14.28
13.38

3.39
2.61
3.95
3.47
3.03
3.73
3.66
4.03
3.83
3.56
3.40
3.44
2.98
3.77
341
3.62
343
3.73
3.21
3.47
4.38
3.67
3.37
3.64

0.18
0.13
0.18
0.19
0.13
0.18
0.19
0.17
0.16
0.18
0.14
0.13
0.13
0.18
0.18
0.14
0.14
0.18
0.14
0.14
0.30
0.17
0.14
0.19

100.16
99.15
100.21
100.56
99.09
100.30
100.24
100.06
99.63
99.91
99.76
100.50
99.90
100.91
100.39
99.67
99.76
99.48
99.64
100.19
99.90
99.85
100.52
99.49

0.30
0.24
0.35
0.31
0.28
0.33
0.33
0.36
0.34
0.32
0.30
0.31
0.27
0.33
0.30
0.32
0.31
0.34
0.29
0.31
0.40
0.33
0.30
0.33



(437

407-56

No54-45
No54-46
No54-47
No54-48
No54-49
Average
20

No56-1
No056-2
No56-3
No56-4
No56-5
No056-6
No56-7
No056-10
No56-12
No056-16
No056-23
No56-24
No56-25
No56-26
No056-27
No56-31

53.21
53.71
52.12
52.07

52.37
52.21

2.06

50.81
51.43
52.30
52.60
52.26
52.06
52.30
54.27
52.14
53.45
55.50
54.97
53.07
53.46
52.61
52.20

0.04
0.03
0.00
0.02

0.03
0.04

0.06

0.01
0.03
0.02
0.03
0.07
0.06
0.04
0.03
0.10
0.03
0.07
0.09
0.08
0.06
0.04
0.01

29.22
28.47
29.40
29.68

29.45
29.49

1.44

29.87
29.46
29.02
28.96
28.65
29.58
29.08
27.82
28.50
27.75
26.92
27.30
28.73
28.87
29.04
29.21

0.854
0.839
0.809
0.834

0.910
0.818

0.208

0.793
0.837
0.726
0.808
0.785
0.875
0.792
0.739
0.969
0.897
0.976
0.938
0.782
0.702
0.800
0.820

0.00
0.01
0.00
0.00
0.01
0.01
0.04

0.01
0.01
0.00
0.03
0.00
0.00
0.01
0.07
0.02
0.00
0.06
0.05
0.01
0.00
0.06
0.02

0.12
0.09
0.14
0.10

0.13
0.13

0.05

0.12
0.11
0.12
0.11
0.12
0.12
0.14
0.14
0.18
0.17
0.20
0.18
0.13
0.15
0.12
0.08

13.10
12.48
13.27
13.77

13.24
13.58

1.33

13.95
14.12
12.92
13.45
13.14
13.80
13.07
12.77
13.99
12.96
11.45
11.91
13.46
13.49
13.60
13.81

3.62
4.08
3.51
3.46

3.64
3.56

0.68

3.30
341
3.94
3.75
3.85
3.59
3.89
4.02
3.29
3.79
4.47
4.53
3.70
3.68
3.59
3.38

0.17
0.22
0.17
0.16

0.17
0.17

0.07

0.15
0.14
0.18
0.19
0.21
0.19
0.19
0.22
0.18
0.19
0.28
0.26
0.19
0.19
0.15
0.16

100.34
99.93
99.41
100.09

99.97
100.00

0.94

99.01
99.58
99.22
99.92
99.08
100.29
99.52
100.09
99.37
99.23
99.92
100.21
100.15
100.61
100.02
99.68

0.33
0.37
0.32
0.31

0.33
0.32

0.06

0.30
0.30
0.35
0.33
0.34
0.32
0.35
0.36
0.30
0.34
0.41
0.40
0.33
0.33
0.32
0.30



eey

407-59

No56-32
No56-33
No56-37
No56-38
No56-39
No56-41
No56-43
No56-44
Average
20

No59-3

No59-4

No59-11
No059-17
No59-21
No059-23
No59-24
No059-25
No059-26
No059-27
No059-29
No059-30
No059-31

50.08
51.70
52.13
51.72
53.15
55.32
51.20
52.33
52.63
2.70

53.18
55.29
52.17
54.58
50.64
50.92
51.15
50.75
51.40
53.60
53.49
52.24
52.99

0.03
0.00
0.04
0.09
0.05
0.04
0.00
0.00
0.04
0.06

0.04
0.09
0.03
0.12
0.04
0.05
0.03
0.02
0.03
0.09
0.06
0.07
0.00

31.13
29.35
29.62
29.89
28.55
27.37
29.99
29.76
28.93
1.96

29.53
27.78
30.01
27.35
30.69
30.38
29.85
30.73
29.96
28.68
28.12
29.15
28.77

0.771
0.715
0.929
0.843
0.798
0.961
0.772
0.853
0.828
0.162

0.854
0.941
0.708
1.362
0.682
0.817
0.692
0.711
0.824
0.958
0.676
0.719
0.737

0.02
0.00
0.00
0.02
0.03
0.00
0.00
0.00
0.02
0.04

0.00
0.00
0.00
0.00
0.00
0.01
0.01
0.01
0.00
0.00
0.03
0.03
0.00

0.10
0.12
0.13
0.15
0.15
0.17
0.09
0.13
0.13
0.06

0.12
0.10
0.04
0.34
0.10
0.13
0.12
0.11
0.12
0.17
0.10
0.13
0.10

15.45
13.73
13.65
13.94
12.68
11.36
14.05
13.46
13.34
1.78

13.24
11.61
14.29
12.24
14.77
14.42
13.70
14.51
14.02
12.43
12.07
13.02
12.56

2.65
3.51
3.39
3.22
4.14
4.53
3.25
342
3.68
0.90

3.78
4.76
341
4.15
3.01
3.20
3.57
3.20
3.37
4.15
4.39
3.90
4.17

0.10
0.19
0.14
0.15
0.20
0.28
0.17
0.16
0.18
0.09

0.21
0.31
0.14
0.30
0.13
0.14
0.15
0.16
0.17
0.22
0.24
0.15
0.19

100.32
99.33
100.03
100.02
99.79
100.03
99.52
100.12
99.79
0.87

100.94
100.86
100.79
100.44
100.08
100.11
99.26
100.20
99.89
100.28
99.16
99.43
99.52

0.24
0.31
0.31
0.29
0.37
0.41
0.29
0.31
0.33
0.08

0.34
0.42
0.30
0.37
0.27
0.28
0.32
0.28
0.30
0.37
0.39
0.35
0.37



143%

Tufa Trig
108-131
T8

No059-33
No59-34
No59-35
No059-38
No59-41
No059-42
No59-44
Average
20

Nol31-2

Nol31-4

Nol31-11
Nol31-12
Nol31-13
Nol31-14
Nol31-16
Nol31-17
Nol31-18
Nol31-19
Nol31-22
Nol31-23
Nol31-27
Nol31-28

52.16
52.61
51.13
49.82
54.06
53.66

50.25
52.30

3.06

53.80
54.32
54.18
53.82
50.34
49.77
53.40
53.39
54.18
53.32
54.08
55.05
54.36
53.78

0.07
0.08
0.08
0.02
0.08
0.07

0.08
0.06

0.06

0.00
0.04
0.08
0.05
0.04
0.00
0.04
0.06
0.05
0.04
0.05
0.09
0.07
0.10

28.92
28.95
29.50
30.89
28.26
28.28

30.40
29.31

2.09

27.79
27.77
27.60
27.65
30.80
31.22
28.56
28.12
27.61
28.86
28.24
27.17
27.73
27.78

0.892
0.999
0.907
0.845
0.839
0.853

0.828
0.842

0.312

0.848
0.906
0.737
0.857
0.570
0.681
0.782
0.855
0.859
0.730
0.776
0.824
0.870
0.832

0.00
0.00
0.04
0.00
0.00
0.03

0.05
0.01

0.03

0.02
0.01
0.03
0.02
0.01
0.03
0.00
0.04
0.00
0.00
0.00
0.04
0.00
0.00

0.12
0.13
0.09
0.09
0.14
0.16

0.10
0.13

0.12

0.17
0.17
0.12
0.16
0.11
0.09
0.14
0.12
0.14
0.16
0.14
0.15
0.17
0.14

13.09
12.83
13.60
15.06
12.09
12.43

14.30
13.31

2.06

11.97
11.69
11.38
11.66
14.42
14.78
12.39
12.00
11.33
12.23
11.75
10.75
11.52
11.61

3.83
4.01
3.59
2.81
4.30
4.12

3.33
3.75

1.02

4.39
4.51
4.68
4.62
3.09
291
4.12
4.42
4.67
4.10
4.51
4.93
4.60
4.53

0.18
0.22
0.19
0.14
0.23
0.20

0.14
0.19

0.10

0.28
0.28
0.29
0.29
0.15
0.14
0.20
0.25
0.26
0.20
0.28
0.35
0.28
0.26

99.27
99.82
99.13
99.71
100.04
99.81

99.46
99.91

1.12

99.26
99.72
99.12
99.13
99.53
99.63
99.63
99.25
99.09
99.65
99.83
99.35
99.63
99.04

0.34
0.36
0.32
0.25
0.39
0.37

0.29
0.33

0.09

0.39
0.40
0.42
0.41
0.28
0.26
0.37
0.39
0.42
0.37
0.40
0.44
0.41
0.41



Sey

Nol131-37
Nol31-38
No131-39
Nol31-40
Nol31-41
Nol31-42
Nol31-43
Nol31-57
Nol131-58
Nol31-64
Nol131-65
Nol31-66
Nol131-67
Nol31-71
Nol131-72
Nol31-73
Nol131-75
Nol31-79
No131-80
Nol31-86
Nol131-87
Nol31-88
No131-89
No131-90

54.26
54.60
53.09
57.31
53.49
51.45
52.71
53.46
55.90
51.94
53.63
53.54
54.36
54.54
53.13
53.74
53.04
52.31
52.40
55.00
5343
54.51
52.56
51.91

0.12
0.04
0.00
0.38
0.05
0.06
0.06
0.08
0.08
0.01
0.06
0.04
0.09
0.04
0.05
0.03
0.01
0.03
0.08
0.10
0.06
0.07
0.03
0.05

27.66
27.56
28.61
23.44
28.43
29.79
28.96
28.76
26.89
29.76
28.44
28.31
27.50
28.17
28.62
28.16
28.60
29.16
29.11
27.84
28.70
27.72
29.32
29.87

0.920
0.840
0.820
3.054
0.649
0.675
0.631
0.817
0.668
0.663
0.749
0.764
0.905
0.715
0.740
0.792
0.849
0.594
0.607
1.018
0.859
0.815
0.847
0.703

0.05
0.00
0.04
0.04
0.00
0.00
0.04
0.00
0.00
0.00
0.00
0.00
0.03
0.06
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.03
0.00
0.00

0.13
0.14
0.11
0.83
0.08
0.08
0.12
0.16
0.08
0.12
0.12
0.15
0.13
0.13
0.14
0.11
0.12
0.12
0.13
0.14
0.14
0.15
0.11
0.11

11.09
11.11
12.38
9.54

11.90
13.25
12.32
12.12
10.42
13.05
11.61
11.97
11.26
11.30
12.31
11.85
12.27
12.98
12.94
10.75
11.69
11.40
13.01
13.50

4.76
4.70
4.04
3.62
4.27
3.75
4.21
4.04
5.17
3.50
4.29
4.38
4.75
4.62
4.26
4.46
4.32
3.76
3.71
4.58
4.16
4.59
3.84
3.76

0.35
0.30
0.21
0.91
0.25
0.18
0.25
0.23
0.38
0.20
0.28
0.24
0.31
0.28
0.22
0.28
0.21
0.21
0.23
0.30
0.23
0.26
0.18
0.21

99.34
99.29
99.30
99.14
99.14
99.22
99.30
99.66
99.59
99.24
99.17
99.44
99.33
99.85
99.47
99.42
99.44
99.15
99.22
99.74
99.26
99.53
99.89
100.10

0.43
0.43
0.37
0.38
0.39
0.34
0.38
0.37
0.46
0.32
0.39
0.39
0.43
0.42
0.38
0.40
0.38
0.34
0.34
0.43
0.39
0.42
0.34
0.33



9cy

108-137
Tf13

Nol31-
100
Nol31-
101
Nol31-
104

Average
20

Nol37-8

No137-20
Nol37-21
No137-27
No137-28
No137-30
Nol137-31
No137-32
Nol37-33
Nol137-34
Nol137-35
Nol137-36
Nol37-41
Nol37-45
Nol37-54
Nol137-57

52.99

53.88

54.76
53.55
2.69

55.12
53.01
53.30
53.00
53.54
55.63
53.04
53.77
54.62
54.64
53.68
53.29
52.88
53.12
55.75
53.95

0.06

0.07

0.05
0.06
0.11

0.08
0.05
0.06
0.04
0.06
0.05
0.05
0.07
0.10
0.08
0.08
0.10
0.10
0.07
0.04
0.03

28.66

28.04

27.13
28.29
2.42

27.62
28.46
28.73
28.96
28.57
27.08
28.92
28.71
27.79
27.75
28.37
28.37
29.03
28.05
26.58
27.59

0.821

0.848

0.971
0.841
0.738

0.971
0.811
0.786
0.748
0.642
0.590
0.559
0.697
0.581
0.633
0.634
0.687
0.721
0.832
0.664
0.728

0.02

0.04

0.00
0.01
0.04

0.00
0.03
0.00
0.01
0.00
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.13

0.13

0.16
0.15
0.22

0.12
0.10
0.11
0.13
0.09
0.10
0.04
0.07
0.06
0.06
0.06
0.11
0.12
0.15
0.08
0.12

12.48

11.51

11.05
11.96
1.99

11.12
12.12
11.97
12.47
12.06
10.38
12.62
11.79
11.20
11.07
11.68
12.14
12.92
12.56
10.53
11.94

4.11

4.51

4.82
4.27
0.96

4.87
443
4.36
4.09
4.29
5.28
4.19
4.37
4.81
4.84
4.40
4.40
3.99
4.13
5.14
4.57

0.25

0.22

0.29
0.27
0.23

0.38
0.24
0.27
0.29
0.34
0.35
0.25
0.29
0.34
0.37
0.28
0.27
0.25
0.28
0.38
0.27

99.52

99.24

99.22
99.42
0.51

100.27
99.25
99.58
99.72
99.60
99.48
99.66
99.75
99.48
99.44
99.19
99.36
100.01
99.20
99.15
99.22

0.37

0.41

0.43
0.39
0.08

0.43
0.39
0.39
0.37
0.38
0.47
0.37
0.39
0.43
0.43
0.40
0.39
0.35
0.37
0.46
0.40



LeY

108-138
Tf14

Nol137-59
Nol37-61
Nol37-62
Nol37-64
No137-65
No137-68
No137-69
Nol137-82
No137-83
Nol37-84
No137-85
Nol37-86
Average
20

No138-2
No138-6
Nol38-7
No138-8
No138-12
Nol38-24
Nol138-25
No138-26
No138-27

53.85
53.80
53.49
52.67
52.67
53.14
53.37
53.09
54.22
51.90
54.25
53.07
53.64
1.79

53.86
53.52
54.62
54.19
53.69
53.73
51.62
49.24
49.94

0.06
0.05
0.04
0.05
0.07
0.05
0.10
0.09
0.02
0.03
0.07
0.03
0.06
0.05

0.12
0.06
0.10
0.11
0.09
0.06
0.04
0.01
0.04

27.77
27.87
28.24
29.07
29.20
28.90
27.83
28.67
27.66
29.79
28.16
29.58
28.33
1.48

27.74
28.40
27.59
28.11
27.78
28.62
30.11
31.25
31.13

0.779
0.786
0.674
0.740
0.681
0.943
0.981
0.757
0.753
0.674
0.579
0.655
0.725
0.223

0.949
0.758
0.774
0.840
0.896
0.746
0.640
0.584
0.634

0.00
0.00
0.00
0.01
0.02
0.00
0.01
0.00
0.02
0.00
0.00
0.00
0.00
0.02

0.03
0.09
0.01
0.01
0.00
0.00
0.00
0.02
0.01

0.13
0.07
0.10
0.09
0.09
0.08
0.18
0.13
0.09
0.13
0.08
0.13
0.10
0.06

0.12
0.12
0.12
0.12
0.17
0.11
0.11
0.11
0.06

11.84
11.98
12.22
12.76
12.72
12.31
12.03
12.42
11.58
13.26
11.47
13.11
12.01
1.43

11.83
12.20
11.32
11.77
11.39
11.93
13.46
15.29
14.86

443
4.39
4.44
4.05
4.03
4.20
4.19
4.22
4.64
3.79
4.71
3.94
4.40
0.71

4.52
4.42
4.72
4.60
4.67
4.33
3.52
2.74
3.04

0.30
0.25
0.31
0.28
0.29
0.25
0.32
0.27
0.30
0.14
0.29
0.20
0.29
0.10

0.30
0.29
0.28
0.30
0.33
0.27
0.20
0.14
0.12

99.18
99.19
99.51
99.72
99.77
99.87
99.02
99.65
99.29
99.71
99.64
100.71
99.56
0.74

99.48
99.85
99.58
100.05
99.01
99.79
99.70
99.37
99.83

0.40
0.39
0.39
0.36
0.36
0.38
0.38
0.37
0.41
0.34
0.42
0.35
0.39
0.06

0.40
0.39
0.42
0.41
0.42
0.39
0.32
0.24
0.27



8¢cy

No138-28
No138-48
No138-51
Nol38-55
No138-56
Nol38-57
No138-58
Nol38-59
No138-61
Nol38-62
No138-63
Nol38-64
No138-65
Nol138-71
No138-72
No138-73
No138-74
No138-75
No138-79
No138-80
No138-81
No138-82
No138-83
No138-89

50.85
52.86
54.52
47.01
48.03
48.73
48.25
51.20
47.57
53.74
55.19
53.22
54.60
52.44
53.22
52.60
53.35
54.73
51.35
47.71
46.83
51.09
51.07
51.69

0.00
0.06
0.07
0.01
0.03
0.04
0.06
0.02
0.03
0.02
0.03
0.02
0.04
0.03
0.07
0.06
0.00
0.05
0.01
0.05
0.00
0.01
0.02
0.06

30.73
28.80
27.37
32.86
32.25
31.77
32.78
30.53
32.33
28.05
27.44
28.23
27.71
29.64
28.64
29.49
29.09
27.61
30.04
33.03
33.04
30.08
30.51
30.12

0.662
0.812
0.838
0.588
0.612
0.548
0.563
0.712
0.577
0.852
1.046
0.789
0.911
0.876
0.872
0.761
0.693
0.658
0.601
0.643
0.585
0.619
0.696
0.805

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.01
0.00
0.00
0.00
0.01
0.02
0.05
0.02
0.02
0.04
0.00
0.02
0.01
0.00
0.00
0.00

0.09
0.11
0.12
0.08
0.06
0.09
0.08
0.10
0.09
0.12
0.12
0.11
0.09
0.08
0.12
0.07
0.10
0.08
0.11
0.10
0.08
0.11
0.13
0.09

14.06
12.15
11.13
16.69
16.16
15.56
15.91
14.34
16.22
11.63
10.95
12.03
11.08
12.93
12.12
12.85
12.25
10.85
13.50
16.45
16.91
13.59
13.99
13.65

3.40
4.09
4.80
1.99
2.31
2.65
2.26
3.38
2.13
4.35
5.01
4.29
4.95
4.03
4.41
3.94
4.17
4.93
3.51
1.99
1.84
3.61
3.41
3.56

0.17
0.24
0.31
0.09
0.08
0.11
0.08
0.19
0.07
0.28
0.34
0.30
0.35
0.22
0.25
0.23
0.22
0.32
0.16
0.07
0.07
0.14
0.17
0.19

99.95
99.12
99.15
99.31
99.53
99.50
99.99
100.52
99.03
99.05
100.11
99.01
99.73
100.26
99.77
100.05
99.90
99.30
99.30
100.05
99.38
99.24
99.99
100.16

0.30
0.37
0.43
0.18
0.20
0.23
0.20
0.30
0.19
0.40
0.44
0.39
0.44
0.36
0.39
0.35
0.38
0.44
0.32
0.18
0.16
0.32
0.30
0.32



(1974

1972-1975
Ngauruhoe

1972 Ngauruhoe

1973 Ngauruhoe

No138-90

No138-91
No138-
104
Nol38-
105
No138-
106

Average
20

No72-2
No72-6 2
No72-10
Average
20

Ng73#1
Ng73#2 2
Ng73#9 2
Ng73#14
Average
20

46.71
47.69

53.47

54.66

54.28
51.66
5.36

54.63
55.59
55.83
55.35
1.27

53.92
57.57
54.13
56.44
56.05
3.51

0.00
0.05

0.10

0.05

0.00
0.03
0.05

33.06
32.94

28.21

27.66

28.19
30.08
4.05

28.29
27.10
27.76
27.72
1.19

29.15
26.80
28.97
28.12
27.96
2.19

0.545
0.578

0.723

0.675

0.770
0.711
0.256

1.139
0.947
1.074
1.053
0.195

1.030
0.944
1.034
1.006
0.995
0.092

0.00
0.00

0.00

0.02

0.04
0.01
0.03

0.09
0.06

0.12

0.10

0.10
0.10
0.04

0.17
0.18
0.21
0.19
0.05

0.11
0.13
0.14
0.12
0.13
0.02

16.75
16.62

11.68

11.01

11.43
13.60
4.26

11.69
11.45
11.55
11.56
0.23

13.39
10.84
12.39
11.34
11.53
1.58

1.79
2.00

4.54

4.91

4.69
3.55
2.21

4.27
4.71
4.58
4.52
0.46

3.76
5.19
4.47
4.94
4.87
0.73

0.06
0.04

0.27

0.37

0.31
0.20
0.20

0.39
0.39
0.44
0.41
0.05

0.23
0.46
0.35
0.43
0.41
0.11

99.03
99.98

99.11

99.49

99.82
99.61
0.88

100.57
100.37
101.45
100.80
1.14

101.60
101.93
101.48
102.40
101.94
0.91

0.16
0.18

0.41

0.44

0.42
0.32
0.20

0.39
0.42

0.41
0.40

0.03

0.33
0.45
0.39

0.43
0.42

0.07



4%

1974 Ngauruhoe

1975 Ngauruhoe

1995 Ruapehu

1996 Ruapehu

No74-2
No74-9
No74-13
No74-18
Average
20

No75-1 2
No75-9
No75-
12 2
Average
20

No95-4
No95-5
No95-11
Average
20

No96-4
No096-10
No96-15
Average
20

57.57
55.70
55.99
52.60
55.46
4.15

54.50
54.00

55.67

54.72
1.72

53.96
56.21
55.69
55.29
2.35

56.15
56.31
55.41
55.96
0.96

25.01
28.21
25.57
30.16
27.24
4.79

27.76
28.40

27.72

27.96
0.77

29.54
28.65
28.12
28.77
1.44

26.62
27.58
27.28
27.16
0.99

2.037
1.103
2.122
1.046
1.577
1.163

1.036
1.024

0.955

1.005
0.087

0.757
0.888
0.957
0.867
0.203

1.156
0.926
0.882
0.988
0.294

0.37
0.16
0.60
0.15
0.32
0.42

0.11
0.14

0.10

0.11
0.04

0.15
0.15
0.18
0.16
0.03

0.50
0.25
0.16
0.30
0.36

10.84
11.95
10.56
13.87
11.81
3.00

12.44
12.58

11.34

12.12
1.35

12.64
11.91
11.83
12.13
0.89

11.34
11.71
11.86
11.64
0.53

4.26
4.64
4.28
3.67
4.21
0.80

4.25
4.12

4.76

4.38
0.67

4.25
4.77
4.77
4.60
0.60

4.66
4.79
4.61
4.68
0.19

0.60
0.28
0.60
0.21
0.42
0.41

0.26
0.27

0.34

0.29
0.09

0.26
0.38
0.39
0.34
0.14

0.42
0.40
0.33
0.38
0.09

100.68
102.05
99.73
101.70
101.04
2.10

100.34
100.53

100.89

100.59
0.55

101.56
102.95
101.92
102.14
1.44

100.85
101.96
100.53
101.11
1.51

0.40
0.41
0.41
0.32
0.38
0.08

0.38
0.37

0.42
0.39
0.06

0.37
0.41
0.41
0.40
0.05

0.42
0.42
0.40
0.41
0.01




84%

Appendix C13. Glass major element compositions analysed for the TgVC eruptive sequences studied. Mangatawai and Tufa Trig samples were
analysed using a JEOL JXA-8900R electron microprobe equipped with four wavelength-dispersive spectrometers at the Institute of Earth Sciences,
Academia Sinica, Taipei, Taiwan. 1972-1975 Ngauruhoe and 1995-1996 Ruapehu samples were analysed using a JEOL JXA-8800R electron
microprobe equipped with four wavelength-dispersive spectrometers at the Graduate School of Science, Hokkaido University, Sapporo, Japan.
The analyses highlighted in yellow were used for hygrothermobarometric calculations and MELTS modelling.

Eruptive sequence o on SiO2 TiO» ALO;  FeO MnO MgO CaO Na,O K.O Total
and tephra

Mangatawai

407-14 Nol4-10 5991 1.13 13.94 9.38 0.14 2.84 6.25 3.38 1.54 98.50
Nol4-11  59.90 1.15 14.19 8.84 0.09 2.74 6.24 3.25 1.58 97.97
Nol4-12  60.72 1.04 13.97 9.38 0.13 2.74 5.73 3.19 1.46 98.36
Nol4-21 54.71 0.63 20.44 6.06 0.14 2.65 9.93 2.74 0.98 98.28
Nol4-51 58.68 1.17 13.99 9.02 0.22 2.92 6.54 2.48 1.71 96.73
Average  58.78 1.02 15.31 8.53 0.14 2.78 6.94 3.01 1.45 97.97
20 4.78 0.45 5.74 2.81 0.09 0.21 3.40 0.76 0.56 1.43

407-15 Nol5-2 59.97 1.13 14.36 8.23 0.10 2.61 6.54 3.04 1.77 97.75

Nol15-9 60.05 1.30 13.60 9.57 0.11 248 6.03 2.06 1.88 97.07
Nol5-12  60.02 1.24 13.43 9.64 0.10 2.44 5.84 1.97 1.90 96.58
Nol5-14  58.55 1.07 14.49 8.79 0.12 3.21 6.71 2.38 1.59 96.91
Nol5-15  58.39 0.99 14.78 8.49 0.08 3.16 6.71 2.12 1.60 96.33
Nol5-17  58.60 0.96 14.67 8.78 0.17 3.26 6.68 243 1.54 97.07



iy

407-16

407-17

Nol5-22
Nol5-41
Nol5-52
Nol15-80
Nol5-81
Nol5-82
Average
20

Nol6-9

Nol6-10
Nol6-21
Nol16-36
Nol6-75

Nol7-2
Nol7-47
No17-80
Average
20

58.65
59.06
59.67
59.77
59.05
58.68
59.20
1.29

60.42
60.47
61.44
60.73
60.40
60.69
0.88

59.13
60.97
58.11
59.40
2.90

1.08
1.04
1.20
1.11
1.07
0.98
1.10
0.21

1.22
1.41
1.34
1.08
1.22
1.25
0.25

1.11
1.32
1.25
1.23
0.22

14.48
14.28
13.83
14.49
14.54
14.71
14.30
0.89

13.99
13.41
13.23
16.28
14.19
14.22
2.44

13.87
13.06
14.37
13.77
1.32

8.72
8.74
8.85
8.31
8.54
8.31
8.75
0.90

8.89
9.40
9.22
6.94
8.49
8.59
1.96

9.52
9.15
9.74
9.47
0.60

0.11
0.18
0.13
0.12
0.11
0.06
0.11
0.07

0.14
0.13
0.11
0.07
0.10
0.11
0.05

0.09
0.16
0.16
0.14
0.08

3.17
3.08
2.74
3.10
3.23
3.05
2.96
0.61

2.51
2.46
2.36
2.03
2.92
2.46
0.64

2.78
248
2.71
2.66
0.32

6.75
6.59
6.21
6.73
6.67
6.74
6.52
0.62

6.33
6.26
5.81
6.81
5.89
6.22
0.80

6.50
5.74
7.05
6.43
1.32

2.34
2.19
2.22
2.34
2.38
2.22
2.31
0.54

2.47
2.13
2.53
3.49
2.37
2.60
1.04

2.20
1.63
2.57
2.13
0.95

1.60
1.63
1.78
1.69
1.62
1.60
1.68
0.24

1.80
1.88
2.00
1.50
2.28
1.89
0.57

1.73
2.16
1.77
1.89
0.47

96.90
96.79
96.61
97.64
97.20
96.36
96.93
0.90

97.76
97.55
98.04
98.94
97.86
98.03
1.08

96.93
96.66
97.72
97.10
1.11



vy

407-18

407-47

407-49

Nol8-15
Nol8-22
No18-42
Nol8-44
No18-48
Nol8-51
Average
20

No47-12
No47-13
No47-14
No47-37
Average
20

No49-5
No49-12
No49-13
No49-18
No49-32
Average
20

58.87
58.19
59.66
59.03
58.60
59.77
59.02
1.22

60.59
60.46
60.23
61.05
60.58
0.69

63.17
61.03
61.36
60.00
60.81
61.27
2.35

1.15
1.08
1.40
1.21
1.14
1.25
1.20
0.22

1.03
1.11
1.00
1.11
1.06
0.11

1.34
1.21
1.12
1.09
1.19
1.19
0.20

14.17
14.43
13.52
14.02
14.37
13.10
13.94
1.05

14.17
14.25
14.29
13.51
14.06
0.73

13.00
13.80
13.94
14.70
13.93
13.87
1.21

9.54
9.02
8.81
9.24
8.92
9.65
9.20
0.68

8.07
7.94
8.23
8.45
8.17
0.43

9.27
8.53
8.42
7.87
8.29
8.47
1.02

0.13
0.14
0.07
0.17
0.15
0.12
0.13
0.07

0.07
0.14
0.08
0.14
0.11
0.07

0.10
0.16
0.06
0.09
0.13
0.10
0.08

291
3.31
2.52
2.49
2.76
2.69
2.78
0.60

2.81
2.83
291
241
2.74
0.45

1.40
245
2.70
3.03
2.58
243
1.23

6.81
6.55
6.14
6.15
6.47
6.13
6.38
0.56

6.04
6.18
6.01
5.79
6.00
0.32

5.01
5.94
5.97
6.97
5.79
5.94
1.40

1.96
1.46
2.52
2.32
2.25
1.48
2.00
0.89

2.61
2.18
2.53
2.35
2.42
0.39

2.64
2.40
2.36
3.72
2.57
2.74
1.12

1.46
3.55
2.03
1.84
1.77
2.12
2.13
1.47

1.89
1.73
1.76
1.96
1.83
0.22

243
1.92
1.94
1.30
1.94
1.91
0.81

96.99
97.73
96.67
96.47
96.43
96.30
96.76
1.06

97.27
96.81
97.05
96.75
96.97
0.48

98.36
97.43
97.85
98.75
97.23
97.92
1.27
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407-54

407-56

No54-13
No54-25
No54-26
No54-27
No54-38
No54-39
No54-40
No54-41
Average
20

No56-15
No56-18
No56-19
No56-20
No56-21
No56-22
No56-28
No56-29
No56-30
No56-34
No56-35
No56-40
No56-42

61.04
59.89
60.06
60.40
60.11
59.65
60.25
60.31
60.21
0.83

60.73
60.83
59.71
62.15
61.71
61.12
61.30
60.70
60.41
60.40
60.45
62.31
60.97

1.39
1.19
1.21
1.26
1.08
1.08
1.22
1.27
1.21
0.21

1.11
1.12
1.10
1.24
1.14
1.21
1.13
1.15
1.16
1.12
1.12
1.32
1.16

13.46
13.32
13.40
13.40
14.15
13.73
13.61
13.54
13.58
0.53

13.67
13.66
13.09
13.50
13.75
13.86
14.02
13.72
14.09
14.10
14.23
12.99
14.11

8.73
8.70
8.83
8.90
8.17
8.68
8.72
8.73
8.68
0.44

8.31
8.13
8.79
7.90
8.21
8.12
8.15
8.59
8.23
8.49
8.53
8.50
8.14

0.11
0.12
0.09
0.18
0.08
0.09
0.15
0.15
0.12
0.07

0.08
0.14
0.15
0.15
0.10
0.10
0.10
0.07
0.10
0.10
0.13
0.11
0.09

2.04
2.89
2.74
2.78
2.82
2.93
2.95
2.82
2.75
0.59

2.90
2.66
3.69
2.38
2.51
2.63
2.62
2.67
2.74
2.70
2.74
2.09
2.72

5.93
6.11
6.13
6.38
6.49
6.35
6.43
6.29
6.26
0.38

6.19
6.20
6.36
5.82
6.05
5.99
6.11
6.12
6.34
6.17
6.38
5.45
5.52

2.65
227
240
2.29
2.78
2.41
2.48
2.39
2.46
0.35

2.43
2.39
2.34
2.45
2.61
2.58
2.42
2.50
2.41
2.53
2.55
1.79
2.43

2.05
1.77
1.79
1.76
1.56
1.63
1.77
1.81
1.77
0.29

1.99
1.96
1.80
2.01
1.91
2.00
1.96
1.99
1.87
1.91
1.91
2.17
2.16

97.40
96.26
96.65
97.35
97.23
96.53
97.58
97.30
97.04
0.97

97.41
97.10
97.02
97.58
97.99
97.62
97.80
97.50
97.33
97.51
98.02
96.73
97.30
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407-59

Tufa Trig
108-131
Tf8

No56-45
No56-46
Average
20

No59-1
No59-2
No059-20
No59-22
No59-28
No059-36
No59-37
Average
20

Nol31-3
Nol31-5
Nol31-
26
Nol31-
49
Nol31-
51
Nol31-
82

60.52
61.68
61.00
1.43

60.31
60.12
60.43
59.78
59.15
60.14
60.48
60.06
0.93

61.36
61.73

63.19

62.51

62.17

61.86

1.32
1.33
1.18
0.17

1.07
1.02
1.13
1.17
1.11
1.13
1.23
1.12
0.13

1.07
0.91

1.00

0.86

0.91

0.89

12.70
13.10
13.64
0.94

14.14
14.27
14.17
13.57
14.86
13.98
14.01
14.14
0.78

15.03
14.69

14.25

15.09

14.71

14.98

9.03
8.46
8.37
0.59

8.37
8.10
8.80
9.20
7.97
7.73
8.33
8.36
1.00

6.39
6.56

6.31

6.58

6.90

6.70

0.11
0.17
0.11
0.06

0.12
0.20
0.15
0.11
0.10
0.14
0.17
0.14
0.07

0.14
0.01

0.11

0.10

0.03

0.05

3.25
2.46
2.72
0.74

2.66
2.66
2.45
2.82
2.84
2.71
2.97
2.73
0.33

2.60
2.34

2.25

2.15

2.36

2.47

5.62
5.94
6.02
0.59

6.17
6.19
6.29
6.31
6.44
5.10
542
5.99
1.02

5.53
5.24

4.46

5.25

5.02

4.83

2.14
2.29
2.39
0.41

2.44
2.38
2.87
3.13
2.94
1.98
2.24
2.57
0.84

2.43
243

3.79

3.32

2.58

2.55

2.02
2.04
1.98
0.20

1.96
1.84
1.84
1.93
1.79
3.09
2.48
2.13
0.96

2.12
232

2.10

2.11

2.54

2.30

96.70
97.48
97.41
0.79

97.25
96.78
98.12
98.01
97.19
96.00
97.33
97.24
1.44

96.68
96.22

97.46

97.96

97.22

96.64



oy

108-137

Tf13

108-138
Tf14

Average
20

No137-
12
No137-
14
No137-
26
No137-
29
No137-
71
No137-
72
No137-
73
No137-
74
Average

20

No138-1
Nol38-4

Nol38-
47

62.14

1.29

62.04

60.76

62.17

62.12

62.35

61.78

61.64

62.06

61.86
1.00

62.04
62.85

62.94

0.94

0.16

1.10

0.91

0.99

0.92

0.97

0.85

0.95

0.98

0.96
0.14

1.09
1.03

0.99

14.79

0.63

14.82

14.70

14.22

14.75

14.71

14.82

14.72

14.88

14.70
0.41

14.56
14.73

15.19

6.57

0.42

7.05

7.45

6.76

6.46

6.72

6.63

6.65

6.49

6.78
0.65

6.87
6.75

6.25

0.07

0.10

0.11

0.09

0.11

0.11

0.04

0.08

0.04

0.11

0.09
0.06

0.06
0.10

0.06

2.36

0.32

2.23

241

2.12

2.28

2.09

2.23

2.14

2.21

2.21
0.20

2.20
2.13

2.06

5.05

0.75

4.96

5.04

4.77

4.92

4.97

4.94

4.88

4.88

4.92
0.16

4.81
4.93

4.56

2.85

1.14

2.64

2.66

2.70

2.78

2.52

2.33

2.46

2.44

2.57
0.31

2.68
2.35

3.77

2.25

0.34

2.61

2.52

3.05

3.05

2.60

2.56

2.55

2.57

2.69
0.45

2.56
2.51

248

97.03

1.27

97.54

96.54

96.89

97.40

96.97

96.21

96.02

96.63

96.77
1.07

96.87
97.37

98.28



Lyy

1972-1975
Ngauruhoe

1972 Ngauruhoe

1973 Ngauruhoe

No138-
100
No138-
101
No138-
102
No138-
103

Average
20

No72-1
No72-7
No72-8
No72-9
No72-12
No72-13
Average
20

No73-4
No73-8
No73-10
No73-11

62.35

62.21

61.95

61.89

62.32
0.85

60.93
61.09
62.35
62.15
61.88
62.34
61.79
1.26

63.70
62.77
63.22
64.19

1.04

1.04

1.08

1.12

1.06
0.09

1.40
1.36
1.45
1.35
1.41
1.33
1.38
0.09

1.46
1.36
1.48
1.57

15.01

15.19

15.07

14.56

14.90
0.56

13.34
12.09
13.20
13.27
13.86
13.46
13.20
1.18

13.27
14.35
13.54
13.18

6.73

6.79

7.05

7.11

6.79
0.56

8.85
9.76
8.96
8.95
8.65
8.94
9.02
0.76

8.90
8.43
9.14
8.91

0.13

0.11

0.09

0.09

0.09
0.05

0.13
0.17
0.16
0.12
0.13
0.14
0.14
0.04

0.16
0.13
0.13
0.17

2.20

2.23

2.22

2.60

2.23
0.34

2.38
3.66
2.37
2.27
2.38
2.49
2.59
1.05

2.21
1.81
1.90
1.68

5.17

4.79

4.95

4.96

4.88
0.38

5.86
5.82
5.64
5.77
5.92
5.84
5.81
0.19

5.93
5.55
5.28
4.89

1.85

1.97

2.06

1.82

2.36
1.38

3.62
3.31
3.34
341
3.46
3.52
3.44
0.23

3.84
3.28
3.31
3.24

2.64

2.65

2.74

2.29

2.55
0.29

2.57
2.29
2.54
2.55
2.33
2.41
2.45
0.24

2.22
247
2.67
3.16

97.13

96.98

97.22

96.44

97.18
1.14

99.09
99.55
100.02
99.84
100.01
100.47
99.83
0.94

101.67
100.16
100.67
100.97



377

1974 Ngauruhoe

1975 Ngauruhoe

1995-1996
Ruapehu

1995 Ruapehu

No73-16
Average
20

No74-3
No74-8
No74-12
No74-14
No74-19
Average
20

No75-2
No75-10
No75-13
Average
20

No95-1
No095-8
No095-9
Average
20

64.71
63.72
1.54

64.16
64.77
63.91
63.81
64.29
64.19
0.76

61.25
64.64
66.27
64.05
5.13

63.76
62.06
63.29
63.04
1.76

1.56
1.49
0.17

1.44
1.50
1.45
1.42
1.50
1.46
0.07

1.14
1.11
1.11
1.12
0.04

1.03
0.91
0.96
0.97
0.11

13.23
13.51
0.98

14.14
13.50
13.48
12.83
13.19
13.43
0.96

14.77
14.08
13.23
14.03
1.54

15.04
15.69
15.33
15.35
0.65

8.80
8.83
0.52

8.64
8.73
8.62
9.62
9.24
8.97
0.89

8.65
7.43
7.25
7.78
1.53

6.19
5.97
6.21
6.12
0.27

0.13
0.14
0.04

0.15
0.15
0.14
0.16
0.18
0.15
0.03

0.16
0.14
0.14
0.15
0.03

0.11
0.10
0.14
0.12
0.04

1.68
1.86
0.43

1.58
1.57
1.65
2.56
1.54
1.78
0.88

2.42
1.64
1.32
1.79
1.13

2.35
2.95
2.49
2.59
0.63

5.07
5.34
0.82

545
4.81
5.18
4.95
4.83
5.05
0.54

5.95
4.76
4.20
4.97
1.79

5.11
5.89
5.26
5.42
0.83

3.59
3.45
0.51

3.79
3.39
3.17
3.30
3.63
3.46
0.50

3.47
3.55
3.69
3.57
0.23

3.93
3.90
4.01
3.94
0.12

2.95
2.69
0.75

1.65
3.01
2.81
2.49
2.69
2.53
1.05

2.01
2.52
2.83
2.45
0.82

2.64
2.27
2.71
2.54
0.46

101.71
101.04
1.33

101.00
101.43
100.40
101.15
101.10
101.01
0.76

99.81
99.86
100.03
99.90
0.23

100.14
99.74
100.39
100.09
0.65



ovy

1996 Ruapehu

No096-6
No096-9
No96-16
Average
20

64.11
63.59
63.21
63.64
0.91

1.19
1.07
1.03
1.10
0.16

14.28
14.91
15.12
14.77
0.87

6.70
6.46
6.43
6.53
0.30

0.10
0.13
0.13
0.12
0.04

2.01
2.19
2.11
2.10
0.18

4.85
5.18
5.23
5.09
0.42

3.39
3.73
3.87
3.66
0.49

2.89
2.72
2.74
2.78
0.19

99.52
99.98
99.87
99.79
0.48
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Symbolic climb to Mount Ruapehu’s summit four days after my
PhD oral examination to contemplate Crater Lake (Te Wai a-
moe)’s response to another heating cycle.

What a view!



	Chapter 1. Introduction
	1.1. Research introduction and motivations
	1.2. Objectives
	1.3. Thesis outline

	Chapter 2. Geological background of the  Tongariro Volcanic Centre
	2.1. Eruptive styles of explosive eruptions
	2.2. Tectonic and Geological Setting of the Taupo Volcanic Zone
	2.3. Eruptive History of the Tongariro Volcanic Centre
	2.3.1. Tongariro
	2.3.2. Ngauruhoe
	2.3.3. Ruapehu


	Chapter 3. Methodologies of characterising crystals and magmas
	3.1. Crystals in volcanic rocks
	3.2. Crystal Size Distributions
	3.3. Growth rate
	3.4. Thermodynamics in magmas
	3.4.1. Thermobarometry
	3.4.2. Hygrometry
	3.4.3. MELTS modelling

	3.5. Sample selection, preparation, and analysis
	3.5.1. Sample selection
	3.5.2. Sample preparation
	3.5.3. Analytical techniques used for this study


	Chapter 4. Semi-automatic segmentation of crystals in BSE images for Crystal Size Distributions purposes
	4.1. Introduction
	4.2. Materials and Methods
	4.2.1. Image acquisition and cleaning (Steps 1-2)
	4.2.2. Image segmentation (Steps 3-5)
	4.2.3. Generation (Steps 6-8)
	4.2.4. Manual Segmentation versus Trainable Weka Segmentation: a comparison

	4.3. Results
	4.4. Discussion and implications

	Chapter 5. Textures of the crystal cargos
	5.1. Introduction
	5.1.1. Magmatic processes
	5.1.2. Crystal textures
	5.1.3. Crystal sizes and origins

	5.2. Geological setting
	5.3. Analytical methods
	5.3.1. Tephra selection and sample preparation
	5.3.2. Mineral and glass major element analysis and equilibrium
	5.3.3. Tephra imaging
	5.3.3.1. Scanning Electron Microscopy (SEM)
	5.3.3.2. Secondary Ion Mass Spectroscopy (SIMS)

	5.3.4. Crystal texture classification

	5.4. Results
	5.4.1. Major element chemistry
	5.4.2. Plagioclase textures and zonations
	5.4.2.1. Resorption and overgrowth
	5.4.2.2. Oscillatory zoning
	5.4.2.3. Single compositional jump
	5.4.2.4. Featureless crystals
	5.4.2.5. Sieve texture
	5.4.2.6. Fractured crystals and overgrowth
	5.4.2.7. Strontium zonation

	5.4.3. Pyroxene textures and zonations
	5.4.3.1. Resorption and overgrowth
	5.4.3.2. Calcium-rich rims
	5.4.3.3. Magnesian core and calcic rim
	5.4.3.4. Fractured crystals and overgrowth
	5.4.3.5. Aluminum zonation


	5.5. Discussion
	5.5.1. A diversity of magmatic processes
	5.5.2. Magma recharge and mixing
	5.5.3. Recycling of crystals
	5.5.4.  (Over)growth in aphyric magmas
	5.5.5. Rapid decompression events
	5.5.6. Rapid cooling-induced crystallisation
	5.5.7. Dyking of magma
	5.5.8. Entrainment of crystals into aphyric to sparsely phyric ascending melts

	5.6. Conclusions

	Chapter 6. Crystal Size Distributions and magma ascent rates
	6.1. Introduction
	6.2. Geological background and sample selection
	6.3. Methods
	6.3.1. Tephra sampling and image acquisition
	6.3.2. Crystal Size Distributions (CSDs)
	6.3.3. Compositional characterisation using Electron Probe Micro-Analysis (EPMA)
	6.3.4. Hygrothermobarometry
	6.3.5. MELTS modelling

	6.4. Results
	6.4.1. Petrography
	6.4.2. Texture and CSDs
	6.4.3. Combining hygrothermobarometry and MELTS modelling to constrain magmatic P-T-X(H2O) conditions

	6.5. Discussion
	6.5.1. Petrography and CSD shape
	6.5.2. Microlite population growth time and plagioclase crystal growth rate
	6.5.3. Unusually high temperature and quasi-anhydrous andesite magmas
	6.5.4. Influence of regional tectonic setting and conduit geometry
	6.5.5. Correlating geophysical signals and timescales

	6.6. Conclusions

	Chapter 7. Discussion: Dynamics and Geometry of Arc Magmatic Systems
	7.1. Geochemical constraints on magmatic processes and plumbing system architectures
	7.1.1. Common architectural models of magmatic reservoirs
	7.1.1.1. Single stratified magma chamber
	7.1.1.2. Independent magmatic chambers
	7.1.1.3. The “crystal mush” model

	7.1.2. Mafic, intermediate and felsic magmatic systems
	7.1.2.1. Mafic systems
	7.1.2.2. Intermediate systems
	7.1.2.3. Felsic systems

	7.1.3. Reflection on the existing conceptual models

	7.2. A new architectural model beneath the Tongariro Volcanic Centre
	7.2.1. Magma mixing
	7.2.2. Crystal uptake from a crystal mush
	7.2.3. Cooling-induced microlite crystallisation
	7.2.4. Pulsatile regime of ascent
	7.2.5. Ascent through dykes

	7.3. Implications of new results and hazard assessment
	7.3.1. Implications
	7.3.2. Monitoring and hazard assessment


	Chapter 8. Conclusions and outlook
	8.1. Summary of results and implications
	8.2. Future directions of research
	8.3. Concluding remark

	References
	Appendix A: Supplementary Data
	Appendix B: Supplementary Figures
	Appendix C: Supplementary Tables
	Appendix D: Statements of Contribution

