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ABSTRACT 

 

 Glaciers that cap or flank volcanoes have a major control on the eruption style 

and distribution of volcanic material. Ancient deposits that were formed by the 

interaction of lava and ice inform our understanding of glaciovolcanic eruption 

dynamics, as well as the eruptive environment. To date, most studies have come from 

basaltic or rhyolitic volcanic areas covered by thick continental ice sheets (e.g., Iceland, 

North America and Antarctica). A primary aim of this thesis is to present new maps 

and emplacement models for previously undescribed proximal deposits from 

Tongariro and Ruapehu volcanoes, New Zealand; two mid-latitude, andesitic 

volcanoes where past and present ice has been in the form of waxing and waning 

alpine glaciers throughout the Late Pleistocene. The results presented here contribute 

to paleoenvironmental reconstructions for the central North Island of New Zealand, 

and support inferences about early edifice construction at both volcanoes. The mapped 

deposits include a variety of fragmental units, which have been sparsely documented 

from intermediate-composition volcanoes where coherent lava flows dominate. These 

unusual deposits have implications for the availability of meltwater and its effects 

during the deposition of voluminous fragmental andesite. 

 At Tongariro volcano, many lithofacies were mapped, including a ≥ 100 m thick 

hyaloclastite deposit, ice-confined fractured lavas and channelised water-lain primary 

volcaniclastic deposits, all of which indicate the presence of water. The approximate 

ages of these deposits coincide with the variably cool last interglacial period (marine 

isotope stage 5) through the early stage of the last glacial period (marine isotope stage 

4). A summit glacier of varying thickness is interpreted to have capped the edifice 

during this time, which produced and confined meltwater. 

The waterlain clastic deposits are interpreted as having originated from 

explosive eruptions into meltwater, which drained from the edifice along subglacial 

channels and deposited the eruption-fed tephra. These deposits have not yet been 

reported from andesitic interactions with other alpine glaciers. Their deposition along 
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a high ridgeline is inferred to have been aided by confining ice that filled the adjacent 

valleys and prevented meltwater from flowing down the steep topography either side. 

Cool emplacement of these deposits in waterlain flows is supported by temperature 

determinations from paleomagnetic data. Randomly oriented magnetisation 

directions for lithic and possible juvenile clasts provide deposit temperature estimates 

of < 150 °C, which is strongly indicative of efficient mixing of tephra with water. 

 On Ruapehu volcano, a ≥ 150 m thick and ≥ 1 km wide hydroclastic breccia 

deposit, analogous to submarine volcanic breccias, is exposed near the summit. The 

breccia is interpreted to have formed from non-explosive fragmentation by quenching 

and dynamic stressing of lava erupted into accumulated meltwater. The minimum age 

of the deposit coincides with the penultimate glacial period (marine isotope stage 6). 

The thickness of the glacier at that time is estimated to have been 150 m or more. 

 Based on the emplacement models determined from field evidence, a new 

experimental technique was developed to investigate whether the thermal properties 

of andesitic lava control the availability of meltwater at the eruption site, a paucity of 

which has been called on for minimal evidence of andesite lava-water interaction. 

Preliminary data indicate that the thermal efficiency of andesite for ice melting is 

comparable with that of basalt and that meltwater production is not limited by a lower 

heat capacity. In addition, the experimental results show that heat transfer and 

meltwater production rates increase with applied force during dynamic lava-ice 

interaction. This effect should be taken into account when modelling the 

thermodynamics of a flowing or inflating lava that interacts with ice. 

 Field mapping and experiments support inferences that retention of meltwater 

at the eruption site is probably the main control for the emplacement and preservation 

of fragmental material at andesitic volcanoes, which usually host ice-bounded lava 

flows controlled by meltwater drainage down steep slopes and where thick ice is hard 

to accumulate. At Tongariro and Ruapehu, it is likely that a composite arrangement of 

vents has existed at the edifices since early in their evolution, and allowed thick ice 

and meltwater to accumulate on steep topography during periods of ice advance. 
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CHAPTER 1 

 

INTRODUCTION 

 

1.1 Glaciovolcanism 

Glaciovolcanism describes the interaction between volcanic products and ice, 

firn and snow (herein referred to collectively as ice). The interaction may take place 

during volcanic eruptions beneath ice (subglacial); as lava or volcaniclastic material 

flows over ice (supraglacial); or as they flow alongside ice (ice-marginal) (Kelman et 

al., 2002; Smellie, 2006; Smellie and Edwards, 2016). There are many regions of the 

world where volcanoes are glaciated (Fig. 1.1). At high latitudes, North America and 

Iceland have periodically been covered in thick ice sheets, particularly during glacial 

maxima, while Antarctica is still an ice-covered continent (e.g., Mathews, 1947; Jones, 

1969; Skilling, 1994; Kelman et al., 2002; Edwards et al., 2009; Wilson and Russell, 2018). 

At mid- to low- latitudes, ice is generally present either as permanent alpine glaciers 

or winter snow-pack, which cap or flank high-elevation volcanoes, many of which lie 

around the Pacific Rim (e.g., Mt Rainier, USA, Lescinsky and Sisson, 1998; Nevado del 

Ruiz, Columbia, Thouret et al., 2007; Klyuchevskoy, Russia, Belousov et al., 2011; 

Ruapehu, New Zealand, Conway et al., 2015; Volcán Sollipulli, Chile, Lachowycz et 

al., 2015). Eruptions at these volcanoes have involved interaction with ice, either 

historically or during periods of glacial advance throughout the Pleistocene. 

Understanding the dynamics and consequences of glaciovolcanism is 

important because volcanic interactions with ice and meltwater can drive explosive 

eruptions and/or result in catastrophic outburst floods. The 1985 eruption at Nevado 

del Ruiz, Columbia, for example, involved an explosive eruption through the ice cap, 

resulting in the formation of pyroclastic density currents, which mixed with snow 

(Thouret et al., 2007). This interaction caused rapid meltwater production, culminating 

in a large- volume lahar (Thouret et al., 2007). 
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Figure 1.1: Global distribution of ice-clad volcanoes (stars) and ice-free volcanoes (dots). (Taken from 

Smellie and Edwards, 2016). 

 

 

Ancient glaciovolcanic deposits and their inferred emplacement mechanisms 

have also proven useful for reconstructing local paleoenvironments (Lescinsky and 

Fink, 2000; Smellie, 2008; Edwards et al., 2009; Russell et al., 2014; Wilson and Russell, 

2018). The thickness and extent of glaciovolcanic deposits can provide crude estimates 

of the thickness and extent of ancient glaciers (Skilling, 2009; Conway et al., 2015). By 

using high-precision radiometric dates obtained for volcanic rocks, changes in glacial 

extent and thickness can be determined through time, and correlated with other 

paleoenvironmental proxies (e.g., Lescinsky and Sisson, 1998; Mee et al., 2006; Conway 

et al., 2015; Conway et al., 2016).  

Close, ground observations of glaciovolcanic eruptions are scarce due to the 

inaccessibility and hazardous nature of lava-ice/water interaction (Edwards et al., 

2013). Our understanding of glaciovolcanic interaction has, therefore, come mostly 

from characterising and interpreting ancient deposits. Glaciovolcanic deposits can be 

distinguished based on evidence for confinement and/or interaction with water in a 

terrestrial, non-lacustrine environment (e.g., on high, steep topography) (Jones, 1969; 

Lescinsky and Fink, 2000). Identification of glaciovolcanic deposits must also be based 

on knowledge of their age and the regional tectonic regime to preclude the possibility 
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of uplift from a marine environment or sea level incursion (Smellie and Hole, 1997; 

Tuffen et al., 2001; Skilling, 2009). They may also be found in close association with 

glacial till deposits (e.g., Loughlin, 2002; Russell et al., 2014; Townsend et al., 2017).  

 

A number of glacial and magmatic variables contribute to the style of 

glaciovolcanic interaction and deposit characteristics. The following sections introduce 

the influence of subglacial hydrology (including ice thickness and structure), bedrock 

topography, and eruption style on the dynamics of a glaciovolcanic eruption (Fig. 1.2). 

Early models were based on field and numerical studies, while more recent 

observations made by airborne surveys of Icelandic eruptions have since contributed 

data about the thermodynamics and glacier response to subglacial eruptions (e.g., the 

1996 eruption at Gjálp, Gudmundsson et al., 1997). In addition to the physical controls, 

a number of studies have hypothesised an effect of magma composition on the 

dynamics of lava-ice interaction. This thesis describes andesitic volcanic systems, 

therefore the current state of knowledge of intermediate lava-ice interaction is 

presented. 

 

1.1.1 Early models 

Among the first studies on glaciovolcanic deposits, Mathews (1947) and Jones 

(1969) described basaltic tuya and tindar sequences (Fig. 1.3). These are volcanic 

edifices comprised of a pillow lava base overlain by explosively formed fragmental 

material, which may exhibit evidence for deposition from mass flows or turbidity 

currents in ponded water. Tuyas are inferred to have erupted from a point source, 

giving rise to an equidimensional mound with a flat top formed by an additional 

subaerial lava cap, while tindars develop from fissure eruptions and form linear ridges 

(Mathews, 1947; Jones, 1969; Smellie and Skilling, 1994; Schopka et al., 2006; Skilling, 

2009). The tuya and tindar sequence is considered to be controlled by the build-up of 

the edifice through overlying ice, which progressively thins and may melt through to 

host an englacial lake, eventually becoming emergent (Jones, 1969). As glaciostatic
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pressure is reduced, and depending on the volatile content of the magma and its ability 

to effectively mix with water, pillow lava effusions transition to subaqueous explosive 

eruptions into meltwater (Smellie and Edwards, 2016). If the edifice continues to build 

and breaches the surface of the ice or englacial lake, a shift to subaerial eruptions will 

occur. The deposits may then feed a progradational delta as they build out into the 

surrounding meltwater (Jones, 1969; Smellie and Edwards, 2016). The transition from 

subaqueous to subaerial lithofacies (known as a passage zone) can provide a useful 

marker for the ancient water level of the englacial lake, and therefore minimum ice 

thickness (Jones, 1969; Smellie, 2006; Russell et al., 2013). Tuya formation requires 

ponded water to accumulate at the eruption site. Thermal modelling by Allen (1980) 

showed that for basaltic pillow lava, the heat released was sufficient to melt four times 

its volume of ice, whereas for eruptions producing sideromelane tuff, the volume of 

ice melted could be up to nine times the erupted volume. Such high melting rates 

enable a volcanic eruption to open a water-filled cavity in which an edifice can grow 

beneath ice, supporting the model for tuya formation (Allen, 1980). 
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Figure 1.3: Stages of tuya formation with meltwater ponding throughout, as posited by Jones (1969). 

 

1.1.2 Lessons from Gjálp 1996 

Tuya and tindar formation became a ‘classic model’ for basaltic eruptions under 

ice (Hickson, 2000). More recently, however, deposits of similar morphology have been 

inferred to have formed differently. For example, a ridge dominated by fragmental 

material was formed during the 1996 subglacial fissure eruption of Gjálp, Iceland 

(Gudmundsson et al., 1997). This well documented eruption provided some of the first 

observational data of ice melting rates and heat flux estimates during a subglacial 

eruption by monitoring the changes in the ice surface and influxes of meltwater into 

the nearby Grímsvötn lake, and by calorimetric calculations (Gudmundsson et al., 
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1997; Gudmundsson, 2003). The eruption caused ~ 2 km3 of ice to melt in 4 days, 

corresponding to heat flux rates that are too high to be explained by heat transfer from 

cooling pillow lava (Gudmundsson et al., 1997; Gudmundsson, 2003). Despite having 

a tindar-like morphology, the heat flux estimates, supported by gravimetric surveys, 

indicate that no initial pillow lava base was formed and that the eruption produced an 

almost entirely fragmental deposit (Gudmundsson et al., 1997; Gudmundsson et al., 

2002). In addition, most of the edifice remained entirely subglacial, precluding the 

formation of a subaerial lava cap (Gudmundsson et al., 1997). 

As well as providing new observations of subglacial edifice formation, the Gjálp 

eruption has also shown the effect of eruption style on ice melting rates. The heat flux 

and ice melting rates from a fragmental deposit were higher than those modelled from 

pillow lavas due to short thermal conduction times of small particles and turbulent 

mixing of fragments and meltwater (Gudmundsson et al., 1997; Gudmundsson, 2003). 

Increased rates of ice melting may lead to cauldron formation, with a significant effect 

on the subglacial hydrology near an eruption site and the ongoing dynamics of an 

eruption (Figure 1.2; Gudmundsson et al., 2004; Tuffen et al., 2007). 

 

1.1.3 Subglacial hydrology and cauldron formation 

Subglacial hydrology is a key control on volcano-ice interaction style and 

deposit characteristics because it influences the availability and behaviour of 

meltwater at the eruption site. A common feature of subglacial eruption models are 

cavities and cauldrons that form in the glacier. Cauldrons form because water has a 

lower volume than the same mass of ice. As a result, high ice-melting rates may cause 

subsidence of the overlying ice to form a surface depression or, in the case of a 

complete collapse of the ice, a meltwater cauldron that is open to the sky (Smellie et 

al., 1993; Tuffen et al., 2007). Beneath a glacier, meltwater flows according to the 

pressure gradient controlled by ice thickness (overburden mass) (Gudmundsson et al., 

2004). The pressure gradient can make the glacier surface slope up to 11 times more 

influential than the bedrock topography in determining the flow direction of 
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meltwater and commonly causes meltwater to locally flow upslope (Fig. 1.2; 

Gudmundsson et al., 2004; Smellie and Edwards, 2016). When an open cauldron forms 

and the water level is well below the glacier’s surface, ductile flow of ice towards the 

cauldron is expected (Smellie et al., 1993; Gudmundsson et al., 2004; Smellie and 

Edwards, 2016). Formation of a cavity plus subsidence pit, or an open cauldron, will 

cause meltwater to accumulate over the vent, impounded by the thicker ice 

surrounding it (Fig. 1.2; Smellie and Edwards, 2016). 

 

1.1.4 Ice thickness and structure 

Additional glacial controls such as ice thickness and structure can influence 

subglacial hydrology, meltwater availability, interaction style and deposit 

characteristics. The main role of ice thickness is in its ability to retain meltwater near 

the vent area by forming a hydraulic seal (Smellie, 2006; Smellie, 2008). Deposits 

characterised by eruption under thick ice exhibit evidence for meltwater retention, 

such as pillow lavas and hyaloclastite, (e.g., Brown Bluff, Antarctica, which was 

formed within ice that was 400 m thick, Smellie and Skilling, 1994). Conversely, 

deposits that were erupted and emplaced beneath thin ice show indication that 

meltwater was flowing and draining beneath the glacier (e.g., Smellie et al., 1993; 

Smellie and Skilling, 1994; Loughlin, 2002; Smellie, 2008) (Fig. 1.2). At Alexander 

Island, Antarctica, primary volcaniclastic deposits exhibiting sedimentary features 

such as traction structures are inferred to have been deposited under thin ice (Smellie 

et al., 1993). Esker-like deposits, formed during eruption when volcanic material was 

entrained by meltwater that drained along subglacial tunnels, are found at Mount 

Pinafore, Antarctica, and inferred to have been emplaced beneath relatively thin ice 

that was 100-150 m thick (Smellie and Skilling, 1994). 

Outside of major glacial advances, where thick ice can cover all subglacial 

topography, the substrate or bedrock topography can be a major control on the 

thickness of ice able to accumulate or remain stable at an edifice (Kelman et al., 2002). 

Thick ice usually accumulates on low-lying topography or in topographic depressions, 
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such as valleys or calderas (Fig. 1.2; McGarvie et al., 2007; Oddsson et al., 2016a; 

Lachowycz et al., 2015), while only thin ice is usually stable on steep slopes (Kelman 

et al., 2002). 

Ice is impermeable on eruption timescales, but thin or temperate glaciers 

usually contain an upper, permeable layer composed of firn and snow, and the basal 

ice layer can be highly fractured (Smellie et al., 1993; Smellie and Edwards, 2016). 

Meltwater may flow along the base of a glacier if it is wet-based and the basal water 

pressure is high enough to float the ice (Smellie, 2006; Smellie and Edwards, 2016). 

Glaciovolcanic deposits characterised by meltwater-drained conditions have been 

interpreted to have erupted beneath permeable glaciers (Smellie et al., 1993; Kelman 

et al., 2002) (Fig. 1.2). The influence of ice structure, independent of ice thickness, was 

demonstrated during the 1969 eruption at Deception Island, Antarctica (Smellie, 2002), 

where an explosive eruption occurred beneath thin (~ 100 m) ice. A sudden outburst 

flood was produced because the majority of the ice was impermeable, preventing 

meltwater from escaping continuously and instead resulting in sudden release that 

overflowed the glacier (Smellie, 2002). 

 

1.1.5 Intermediate composition lava-ice interaction 

 Intermediate-composition lavas commonly form steep-sided stratovolcanoes, 

and glaciated ones are largely situated at temperate latitudes, hosting thin, alpine 

glaciers where meltwater drainage preferentially occurs (e.g., the Andes, Mee et al., 

2006; the Cascades, Lescinsky and Sisson, 1998; and New Zealand, Conway et al., 

2015). The most common products of intermediate glaciovolcanism are coherent, ice-

bounded or ice-dammed lava flows that are confined to high, steep topography. These 

lava flows are interpreted to have been erupted subaerially, or into thin summit ice or 

snow, and flowed down the edifice until they encountered thicker, valley-filling 

glaciers. At this point, lava was either directed along the valley-bounding ridgelines 

or forced to stop at the upper edifice (Fig. 1.4; Lescinsky and Sisson, 1998; Lescinsky 

and Fink, 2000; Edwards and Russell, 2002; Conway et al., 2015; Smellie and Edwards, 
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2016). The lavas are characterised by steep, glassy lateral margins and flow fronts 

containing subhorizontal cooling joints, indicative of fast cooling against the steep ice 

barrier of the glacier margin (Lescinsky and Sisson, 1998; Lescinsky and Fink, 2000; 

Mee et al., 2006; Lodge and Lescinsky, 2009; Forbes et al., 2014; Conway et al., 2015). 

Lavas may also thicken downslope by tens to hundreds of metres, from the site of 

eruption to the site of glacial impoundment (Edwards and Russell, 2002; Edwards et 

al., 2002). Characteristic of all these lavas is that there is minimal evidence for 

interaction with water, which is considered to reflect lava-ice interaction in a well-

drained sub/englacial channel. Meltwater drainage prior to emplacement of lava 

thermo-mechanically enlarges fractures and channels within the ice, through which 

lava flows (Lescinsky and Fink, 2000; Kelman et al., 2002; Smellie and Edwards, 2016). 

It is less common to find deposits that imply standing water had accumulated 

on such an edifice, but rare deposits have been documented where thick ice is inferred 

(Edwards et al., 2002; Stevenson et al., 2009). Stevenson et al. (2009) described andesitic 

and dacitic deposits formed from subaqueous fire-fountaining, pillow lava piles with 

associated pillow fragment breccia and hyaloclastite, and deposits of subaqueous 

phreatomagmatic explosions, all interpreted to have been emplaced in standing water. 

Such accumulations of water are possible on a steep edifice where the contemporary 

ice sheet is thick enough to form a hydraulic seal to meltwater drainage from the 

eruption site (Stevenson et al., 2009). In addition, intermediate-composition 

hyaloclastites are found in association with subglacial lava flows and domes in British 

Columbia, where ice thickness reached 2 km during the Pleistocene (Edwards and 

Russell, 2002; Edwards et al., 2002). 
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Figure 1.4: Stages of ice-bounded lava flow emplacement. 
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1.1.6 A compositional dependence on lava-ice interaction? 

A number of models have suggested that basaltic glaciovolcanic eruptions are 

characterised by meltwater ponding, while eruptions of evolved compositions are 

characterised by meltwater drainage (e.g., Jones, 1969; Kelman et al., 2002; Tuffen et 

al., 2002a). Early theoretical models by Höskuldsson and Sparks (1997) were 

conducted to compare the heat transfer expected from basaltic and rhyolitic eruptions 

with implications for ice-water volume changes, subglacial cavity formation, and 

retention of meltwater associated with the two lava compositions. From their model, 

Höskuldsson and Sparks (1997) predicted that basaltic eruptions should have a 

thermal efficiency for melting ice of ≥ 80% to enable meltwater to remain at the 

eruption site and for subsidence and cauldron formation to occur. This is because 

melting of ice to water leaves a volume deficit, despite the additional input of volcanic 

material. In their model, basaltic eruptions with less than 80% thermal efficiency for 

ice melting and rhyolitic eruptions, which have a lower eruption temperature and 

magma heat capacity (Kelman et al., 2002; Gudmundsson, 2003), cannot melt sufficient 

ice for a cavity to form above the new edifice. As a result, uplift of the ice may occur, 

accompanied by meltwater drainage. Thermal efficiencies for ice melting of 80% or 

greater have not, however, been documented from observed subglacial eruptions or 

experimentally (the thermal efficiency at Gjálp was 50-60%, Gudmundsson, 2003), and 

yet evidence for meltwater accumulation at subglacial edifices is widespread (e.g., 

Jones, 1969; McGarvie et al., 2007; Tuffen et al., 2008) and cauldron formation has been 

observed (Gudmundsson et al., 1997). In addition, despite rhyolitic magma having a 

supposed low ice-melting potential, a phreatomagmatic tephra pile at Rauđufossafjöll, 

Torfajökull, Iceland is interpreted to have formed within a vault beneath the ice, 

indicating efficient ice melting occurred prior to, or during, the eruption (Tuffen et al., 

2002a). 

Since the first models for subglacial eruptions were devised, many more areas 

have been mapped and a wide variety of basaltic and non-basaltic deposits have been 

described with evidence for both meltwater retention and drainage. Examples of these 
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deposits are sheet-like basaltic sequences of explosively-formed fragmental material 

intercalated with sheet lava (Smellie, 2008; Smellie and Edwards, 2016). Bedding and 

fluvial-like structures, such as dune bedforms and erosional scours, as well as a lack 

of bomb sags in the fragmental material indicate deposition from flowing water. 

Similar units with ‘esker-like’ morphology have also been described and interpreted 

to have been emplaced along channels or tunnels, formed by flowing meltwater that 

was draining beneath the glacier (Smellie and Skilling, 1994; Loughlin, 2002; Smellie, 

2008; Smellie and Edwards, 2016). Rhyolitic deposits exhibiting features of lacustrine 

emplacement at Dalakvísl, Torfajökull, Iceland indicate meltwater was able to pond at 

the edifice (Tuffen et al., 2008). Magma composition, therefore, is probably not as 

important in determining volcano-ice interaction style and deposit characteristics as 

other magmatic and glacial parameters, including eruption style, bedrock topography, 

and glacier thickness and structure. 

 

 The relationships between the numerous glacial and magmatic parameters 

produce a complex and dynamic, coupled volcano-ice system (Tuffen et al., 2007). 

Evolving glacial conditions may influence eruption style in a way that may in turn 

alter the meltwater production rate, the size, infill, and level of roof support of the 

subglacial cavity and the structure and hydrology of the glacier (Tuffen et al., 2007). 

Such complexity leads to a wide variety of deposit types. In this thesis, the factors that 

may have controlled the formation of seemingly unusual andesitic fragmental deposits 

at Tongariro and Ruapehu volcanoes are addressed. As the field of glaciovolcanism 

expands with more glaciovolcanic deposits being recognised, along with numerical 

and experimental investigations of eruption dynamics, emplacement mechanisms and 

glacier responses, further deviations from the current ‘standard’ models are predicted. 
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1.2 Geological setting and climate 

1.2.1 Regional geology and volcanism 

 Tongariro and Ruapehu are two active composite volcanoes within the 

Tongariro Volcanic Centre (TgVC), a region of andesitic volcanism in the southern part 

of the Taupo Volcanic Zone (TVZ), North Island, New Zealand (Fig. 1.5; Cole, 1978; 

Graham and Hackett, 1987). The TVZ is the continental portion of the Tonga-Kermadec 

arc, formed by westward subduction of the Pacific plate beneath the Australian plate  

Figure 1.5: Digital elevation model of Tongariro and Ruapehu volcanoes and the principal normal faults 

of the southern Taupo Rift. Rates are vertical subsidence (Villamor and Berryman, 2006; Gómez-

Vasconcelos et al., 2017). Chapter numbers (Ch.) indicate the locations of field sites that are the subject 

of the following thesis chapters. Inset: Map of the North Island, New Zealand, showing the location of 

the Tongariro Volcanic Centre (TgVC) within the Taupo Volcanic Zone (TVZ). The Hikurangi Trench 

marks the location of subduction of the Pacific Place (PAC) beneath the Australian Plate (AUS). 
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(Cole and Lewis, 1981; Graham and Hackett, 1987; Wilson et al., 1995). Within the arc, 

the TVZ is also undergoing extension as a result of arc rotation and slab rollback 

(Villamor and Berryman, 2006; Gómez-Vasconcelos et al., 2017). The Taupo Rift is a 

NNE-trending system of normal faults that have accommodated subsidence of the 

TVZ since 350 ka (Fig. 1.5; Villamor and Berryman, 2006; Gómez-Vasconcelos et al., 

2017). The basement geology consists of Mesozoic greywacke overlain by Tertiary 

sedimentary rocks (Townsend et al., 2008; Lee et al., 2011). Quartzofeldspathic 

xenoliths originating from the basement rocks are widespread in Ruapehu and 

Tongariro lavas (Hobden, 1997; Conway et al., 2018), and assimilated crustal material 

is considered a key contributor to the geochemical signatures of the andesites (Conway 

et al., 2018). While andesitic volcanism commenced in the TVZ at 2 Ma (Wilson et al., 

1995), radiometric dates obtained from lava flows on Tongariro and Ruapehu indicate 

that effusive activity at the modern edifices began at 273 ± 44 ka for Tongariro volcano 

and 188 ± 34 ka for Ruapehu volcano (Hobden et al., 1996; Conway et al., 2016). 

Andesite-clast-bearing conglomerates with geochemical and petrographic 

characteristics that correlate with Ruapehu indicate that volcanism has been ongoing 

in the area since 340 ka (Gamble et al., 2003; Tost and Cronin, 2015). The majority of 

both edifices preserve the effusive products of volcanism, with only minor intercalated 

pyroclastic material and glacial till, while the equally voluminous surrounding ring 

plain is the depositional site for pyroclastic density currents, lahars and debris 

avalanches (Hackett and Houghton, 1989; Gamble et al., 2003; Tost and Cronin, 2015). 

Despite having similar ages and their close proximity in the same tectonic setting, 

Tongariro and Ruapehu have separate magmatic systems and have erupted 

independently of each other (Gamble et al., 2003). In addition, they have different 

edifice morphologies: dispersed vent loci at Tongariro form a broad complex, while a 

more centralised vent system at Ruapehu has built a taller edifice of less widely 

distributed vents. The field sites that are the focus of this thesis are indicated on Figure 

1.5 by boxed or arrowed areas, labelled with the relevant chapter number. A more 

detailed geological setting is also given in each of these chapters. 
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1.2.2 Glacial history and paleoclimate 

 At 2797 m a.s.l., Ruapehu volcano currently hosts several small permanent 

glaciers, while Tongariro volcano (1967 m) is ice-free, except for winter snowfall (Eaves 

et al., 2016a). A growing body of evidence, however, indicates that the two volcanoes 

have been covered in significant volumes of glacial ice throughout much of their 

history, which spans several periods of Middle-Late Pleistocene glaciation (Marine 

Isotope Stages (MISs) 6, 4 and 2), as well as additional periods of glacial ice advance 

during interglacial periods (Lisiecki and Raymo, 2005; Barrell, 2011; Conway et al., 

2016; Townsend et al., 2017). The better preserved and exposed evidence for glacial 

presence and extent during the last glacial period (MIS 4-2; ~73-14 ka) supports a more 

complete understanding of this time. Deep glacial valleys radiate from the high centres 

of both volcanoes, bounded by lateral and end moraines (McArthur and Shepherd, 

1990; Eaves et al., 2016b). McArthur and Shepherd (1990) estimated that an ice cap of 

140 km2 in area capped Ruapehu and fed flank glaciers during the last glacial period, 

during which there were two major ice advances. Multiple sets of lateral moraines 

have been observed in glacial valleys, indicating several subordinate advances. An 

inner moraine with a sharp-crested ridge formed during MIS 2 and an outboard 

moraine that is lower and more rounded, formed during the earlier MIS 4 (McArthur 

and Shepherd, 1990; Eaves et al., 2016b). Additional physical evidence for ice presence 

on the volcanoes include the ubiquitous occurrences of polished and striated surfaces 

(McArthur and Shepherd, 1990; Townsend et al., 2017). Cosmogenic surface exposure 

dating of moraine boulders, together with glacier modelling, also indicate that 

substantial valley glaciers advanced twice during the last glacial period, once during 

MIS 4 (> 57 ka) and again during MISs 3-2 from ~ 30-18 ka (Eaves et al., 2016b). The 

glaciers formed during these periods are considered to have been of similar 

magnitude, with equilibrium line altitudes 930-1080 m lower than today, indicating 

temperatures between 4 and 7 °C less than present (Eaves et al., 2016a; Eaves et al., 

2016b). Inferences of glacial fluctuation from the central North Island are in agreement 

with those derived from Southern Alps glaciers in the same period (Putnam et al., 2013; 
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Schaefer et al., 2015; Eaves et al., 2016a; Eaves et al., 2016b). Several terrestrial proxies 

from New Zealand indicate that the peak of glacial advance in the Southern 

Hemisphere preceded that of the global Last Glacial Maximum derived from Northern 

Hemisphere marine records by a few thousand years (Lisiecki and Raymo, 2005) and 

that climate and environmental change in New Zealand may have been offset from 

what global records may estimate (Williams et al., 2015). This may be an important 

consideration to make when inferring paleoenvironment from volcanic deposits and 

attempting to constrain them within glacial/interglacial cycles derived from Northern 

Hemisphere records.  

Prior to the last glacial period there was a global ‘interglacial’ period (MIS 5; 

~129-73 ka), which is subdivided into 5 intervals (MIS 5a-e) owing to several 

temperature fluctuations and periods of ice advance (Williams et al., 2015). While MIS 

5a was relatively warm (1.1 °C warmer than the present climate; Newnham et al., 

2017), during MISs 5b and 5d, temperatures dropped to 4 °C lower than present in 

New Zealand, accompanied by glacial advance in the South Island (Williams et al., 

2015; Newnham et al. 2017). 

 Climate proxy records are less complete for the penultimate glacial period (MIS 

6; ~130-200 ka), but at least two glacial advances have been inferred from South Island 

pollen data (Lisieki and Raymo, 2005; Vandergoes et al., 2005; Newnham et al., 2007). 

In addition, the location of moraines from MIS 6 reported from Westland indicate that 

the magnitude of glacial advance equalled that from the last glacial period (Suggate, 

1990). 

 

1.2.3 Lava-ice interaction at Ruapehu during the last glacial period 

The deep glacial valleys that have formed on both edifices were originally 

interpreted as erosional features that incised the volcanoes between eruption events 

(Hackett and Houghton, 1989; Hobden, 1997; Gamble et al., 2003). A new model has 

emerged, however, which recognises the additional role that glaciers play in 

constructing the volcanic edifices, by confining lava to high topography and building 
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ridgelines (Lescinsky and Sisson, 1998; Conway et al., 2015; Conway et al., 2016; 

Townsend et al., 2017). Evidence for lava impoundment by valley filling glaciers, as 

described in section 1.1.1, is ubiquitous on Ruapehu (Spörli and Rowland, 2006; 

Conway et al., 2015; Conway et al., 2016; Townsend et al., 2017). Mapping of the 

distribution and thickness of the flows, in combination with high precision 40Ar/39Ar 

dating has also enabled the lavas to be used as paleoenvironmental proxies and has 

contributed to our understanding of local glacier fluctuations on the edifice 

throughout the last glacial period (Conway et al., 2015; Conway et al., 2016). The data 

from these proxies indicate that at least two glacial advances occurred during MIS 3-

2, with ice descending to 1300 m a.s.l between 51-41 ka and 27-15 ka, with an additional 

peak at 31 ka (Conway et al., 2015; Conway et al., 2016), corroborating evidence from 

cosmogenic dating described above (Eaves et al., 2016b). Based on lava flow thickness, 

the glaciers must have been at least 50-150 m thick to obstruct the lava flows and 

confine them to high topography (Conway et al., 2015). Likewise, lava flows situated 

at or near valley floors, and exhibiting little evidence for ice-interaction, have been 

used to infer ice-free valleys and hence glacial retreat after 15 ka (Conway et al., 2015; 

Conway et al., 2016).  

While lava-ice interaction at Ruapehu during the last glacial period, particularly 

MISs 3-2, has received a lot of attention, glaciovolcanic interactions at Tongariro 

volcano have not been studied in detail despite it having been active for a similar 

period. In addition, neither the eruptive history of the volcanoes nor the 

paleoenvironment at the TgVC during the early stages of the last glacial period (MIS 

4), the last interglacial period (MIS 5), or the penultimate glacial period (MIS 6) are 

well understood.  This thesis focuses on the eruption and emplacement mechanisms 

for deposits from Tongariro during MIS 5-4 and from Ruapehu during MIS 6, with 

inferences for the eruptive environments. 
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1.3 Motivation and structure of thesis 

This project was devised following a major mapping campaign that spanned nearly 

a decade to update the geological map of the Tongariro National Park area (Townsend 

et al., 2017), with additional identification and 40Ar/39Ar dating of widespread ice-

bounded lava flows at Ruapehu volcano (Conway et al., 2015; Conway et al., 2016) and 

cosmogenic 3He dating of moraine deposits and Ruapehu and Tongariro (Eaves et al., 

2016b). A significant result of these previous studies was the recognition that summit 

and flank glaciers persisted at Ruapehu and Tongariro volcanoes for much of their 

eruptive history and that the interaction between ice and volcanism was responsible 

for the morphologies and distribution of the edifice-forming lava flows during the last 

glacial period (Conway et al., 2015; Townsend et al., 2017). In addition, several clastic 

deposits containing features typical of subaqueous eruption and emplacement were 

documented near the summit areas of both volcanoes (Conway et al., 2016; Townsend 

et al., 2017). The approximate ages of the clastic deposits at Tongariro coincide with 

the beginning of the last glacial period (MIS 5-4 transition), and the deposits at 

Ruapehu with the penultimate glacial period (MIS 6). These ages were determined 

based on ages of intercalated or overlying lava flows (Hobden et al., 1996; Gamble et 

al., 2003). The first objective of this thesis, therefore, was to characterise, in detail, the 

textural and structural features of the clastic deposits, culminating in an eruption and 

emplacement model to test the hypothesis that these too, were a product of volcano-

ice interaction. These models contribute further to our understanding of the eruptive 

histories of Tongariro and Ruapehu volcanoes during the earlier periods of their 

growth, have implications for the early configuration of the volcanoes and provide 

another terrestrial proxy for paleoenvironment at the TgVC prior to the last glacial 

maximum. The second objective was to investigate the various physical effects of 

andesite lava-ice interaction and the controlling factors that enabled the formation and 

preservation of fragmental andesite deposits on an edifice. In particular, 

thermodynamic considerations have been inferred to be a major possible control for 

the interaction behaviour between intermediate-composition lavas and ice (Kelman et 
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al., 2002), but little quantitative data exists. Here, field evidence is combined with 

experimental and paleomagnetic data to assess the relative importance of glacial and 

magmatic controls in contributing to the interaction styles of andesitic 

glaciovolcanism. 

 

The following four chapters address these objectives. They are written as stand-

alone manuscripts for publication, but are formatted to the style of this thesis: 

 

Chapter 2 presents a new geological map of the present summit area of Tongariro 

volcano and an evolutionary model highlighting the role of eruptions beneath and 

alongside a long-lived summit glacier. Based on detailed lithofacies analysis, the 

summit-forming deposits are re-interpreted as having a glaciovolcanic origin due to 

textural and structural evidence for interaction with water and their positions on a 

steep-sided edifice. The deposit types allow qualitative estimates of ice thickness and 

distribution at the summit area to be made, and imply the existence of a substantial 

summit glacier during MISs 4 and 5. The variety of glaciovolcanic deposits suggest 

that eruption style, vent configuration and inferred ice thickness all contributed to 

deposit formation and preservation, including the unusual preservation of fragmental 

andesite in a glaciovolcanic setting. 

 

Chapter 3 tests the hypothesis developed in Chapter 2 that two pyroclastic deposits, 

exposed at the summit area of Tongariro volcano, were emplaced from waterlain 

currents draining beneath a glacier. Post-emplacement equilibrium temperatures are 

estimated for both deposits using paleomagnetic techniques. Not only are the 

directions of magnetisation in lithic and juvenile clasts consistent with the 

emplacement model presented in Chapter 2, but they also provide quantitative data 

for the thermodynamics of pyroclastic deposits emplaced beneath a glacier and 

contribute to our understanding of eruption dynamics at ice-clad andesite volcanoes. 
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Chapter 4 is a detailed field investigation of a subglacially-formed hydroclastic breccia 

deposit preserved near the present summit area of Ruapehu volcano, and with a 

minimum age that coincides with the penultimate glacial period. An emplacement 

model is presented for the breccia, which is intruded by syn-eruptive lava lobes and is 

analogous with submarine deposits, indicating eruption into standing water. The 

microcrystalline groundmasses of the lava lobes, with a higher silica content than the 

whole-rock, may have increased the lava viscosity, causing brittle fragmentation in 

response to enhanced cooling on contact with water and dynamic stressing. The 

contrast between the breccia and the ice-bounded coherent lavas that are widely-

mapped on the flanks of the edifice, and with ages coinciding with the last glacial 

period (Conway et al., 2015; Townsend et al., 2017), indicates a change in the 

interaction behaviour of lava and ice between the two glacial periods. These results 

have implications for the paleoenvironment and glacier-volcano configuration at 

Ruapehu during MIS 6, and indicate that subglacial fragmentation of andesite may be 

a combined result of lava rheology and meltwater availability.  

 

In Chapter 5 an experimental procedure is developed to quantify the heat flux and 

thermal efficiency of Ruapehu andesite to investigate the influence of these properties 

in controlling the availability of meltwater and the behaviour of lava-ice interaction 

with intermediate compositions. The quantitative data obtained contribute to a 

previously very limited set of thermal data available for lava-ice interaction, especially 

of andesitic compositions. In addition, the hypotheses developed in Chapter 4 

regarding non-explosive fragmentation resulting from a combination of enhanced 

cooling and dynamic stressing are tested. 
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CHAPTER 2 

 

The glaciovolcanic evolution of an andesitic edifice, South 

Crater, Tongariro volcano, New Zealand 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter has been published as a research article: Cole, R.P., White, J.D.L., Conway, 

C.E., Leonard, G.S., Townsend, D.B., Pure, L.R., 2018, The glaciovolcanic evolution of 

an andesitic edifice, South Crater, Tongariro volcano, New Zealand, Journal of 

Volcanology and Geothermal Research, 352, 55-77 
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DBT. All co-authors spent a couple of weeks in the field with RPC and were involved 

in field discussions. All mapping, logging and sample analysis (except Ar-dating and 

XRF) was conducted by RPC. The sample preparation and analysis of lava dL for Ar-

dating was undertaken by LRP and GSL, respectively. All data was synthesised into 

an evolution story and prepared into a manuscript draft by RPC. Proof-reading and 

editing was carried out by all authors. Prior to publication, this manuscript was peer 

reviewed by Thomas C Pierson and an anonymous reviewer. 
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2.1 Abstract 

Unusual deposits, mapped and logged in detail, around the summit area of 

Tongariro volcano, Tongariro Volcanic Centre, New Zealand indicate that the 

construction and evolution of a substantial portion of this andesitic stratovolcano was 

beneath a significant ice cap or summit glacier. As the edifice was built under and 

through the overlying ice, the style of volcanism evolved in a complex history of 

growth. Initially, a ≥ 100 m thick, widespread hyaloclastite deposit was emplaced 

within a subglacial, eruption-formed meltwater lake. This was followed by several 

phases of effusive and explosive eruptions, producing lava flows and primary 

volcaniclastic deposits emplaced along channels carved into the ice by heated 

meltwater. The clastic deposits contain quenched bombs and structural features that 

indicate waterlain transport and emplacement, and soft sediment deformation. Such 

accumulation of water on a steep-sided edifice without evidence for a subaerial crater 

lake, along with lava flow features indicating confinement, suggest that a substantial 

summit glacier was responsible for the production and retention of water, and the 

architecture of these deposits. Recent studies at nearby Ruapehu volcano have 

provided good evidence for glaciovolcanic interactions during the last glacial period. 

Until now, however, little was known of the physical lava-ice interactions in the centre 

during the last interglacial period and the earlier part of the last glacial period (110 – 

64 ka). These new data support a reinterpretation for the volcanic evolution of the 

older Tongariro edifice and the emplacement mechanisms of primary volcaniclastic 

deposits. They also help to constrain local ice thicknesses and extents at the times of 

eruption. In addition, this study contributes to a sparse global catalogue of 

glaciovolcanic deposits of andesitic composition, particularly of primary 

volcaniclastics preserved at mid-latitude stratovolcanoes. The variety of deposit types 

indicates a volcano building and evolving with glaciation and is an outstanding 

example of the types of glaciovolcanic interaction that can occur at one volcano. 
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2.2 Introduction 

The dominant diagnostic physical features of glaciovolcanic deposits are: 1) 

evidence for abundant water associated either with emplacement or fragmentation in 

terrestrial environments where lakes or rivers are unlikely, and 2) evidence for 

confinement of erupted products by a body that is no longer present, (i.e. ice), 

producing steep-sided, over-thickened lava flows perched atop high topography 

(Lescinsky and Sisson, 1998; Lescinsky and Fink, 2000; Edwards et al., 2002; Stevenson 

et al., 2006; Conway et al., 2015). Generally, meltwater will accumulate beneath a 

glacier that is greater than 150 m thick irrespective of the underlying topography 

(Smellie and Skilling, 1994; Gudmundsson et al., 1997; Gudmundsson et al., 2004) 

giving rise to sub- or englacial lakes where coincident volcanic activity produces 

pillow lavas, hyaloclastite and eruption-fed pyroclastic deposits (Jones, 1969; Allen, 

1980; Lescinsky and Fink, 2000; White, 2000; Smellie, 2008; Stevenson et al., 2009). As 

a glaciated volcanic edifice grows through the ice, or as a chimney is formed, the 

reduction of glaciostatic pressure may result in a change in eruption dynamics. 

Pyroclastic density currents and spatter, and/or subaerial effusion of lava flows and 

deltas characterise the eruptive products as the volcano becomes emergent (Jones, 

1969; Allen 1980). Such ‘passage zones’ have been described at many glaciated 

volcanoes (e.g. Jones, 1969; Smellie, 2006; Russell et al., 2013). Studies such as these 

form the basis of our understanding of subglacial volcanism, but they are from basaltic 

or rhyolitic volcanoes overlain by relatively thick ice. At andesitic centres, steeply 

sloped stratovolcanoes host thin and more-permeable glaciers (Lescinsky and Fink, 

2000; Stevenson et al., 2006). Thinner ice allows meltwater to drain away from the 

eruption site along channels carved in the ice by the warm, fast-flowing water (Smellie 

and Skilling, 1994), giving rise to esker-like lavas and volcaniclastic deposits emplaced 

by currents. These deposits have only limited indicators of water-magma interaction, 

and may have stream channels and traction structures (Lescinsky and Fink, 2000; 

Loughlin, 2002; Stevenson et al., 2009). Clastic deposits from this setting have seldom 

been described, with their paucity probably the result of efficient drainage and a lack 

of preservation on steep topography (Kelman et al, 2002; Lachowycz et al., 2015). The 
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few published field-based studies on glaciovolcanic deposits of andesitic composition 

have focussed largely on coherent rocks (Lescinsky and Fink, 2000; Kelman et al., 2002; 

Mee et al., 2006; Conway et al., 2015; Smellie and Edwards, 2016). Where fragmental 

units are found, eruption beneath a thicker ice cap has been inferred, for example ice 

infilling a caldera (Lachowycz et al., 2015).  

 

Here a new interpretation for the evolution of South Crater, the summit area of the 

andesitic Tongariro volcano, is presented based on detailed geological mapping and 

on the textural and structural characteristics of the deposits. The observations 

provided here demonstrate that substantial ice masses covered Tongariro’s edifice 

during both glacial and interglacial periods, with significant implications for the 

evolution of the volcano. This study also contributes to the relatively limited global 

catalogue of clastic glaciovolcanic deposits at andesitic volcanoes (Stevenson et al., 

2006; Smellie and Edwards, 2016). A multi-phase history is inferred, consisting of 

eruption and emplacement into a subglacial lake, building of the edifice through 

overlying ice and emplacement of lava and volcaniclastic deposits along several 

subglacial-to-emergent channels, as well as damming and impoundment of 

subaerially erupted lavas. Many of the deposit features suggest magma-water 

interaction and/or waterlain emplacement. The most feasible way of accumulating 

such volumes of water at these elevations and at times on steep topography, is through 

melting and ponding of water within an ice cap. Preservation of such deposits is rare 

at the summit areas of andesitic stratovolcanoes, aided at Tongariro volcano by its 

specific dispersed vent configuration. This exceptional example of primary 

volcaniclastic deposits in a proximal setting may offer significant insight into 

subglacial processes at similar volcanoes globally.  
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Figure 2.1: A: Hill-shaded Digital Elevation Model of key topographic features within the Tongariro 

volcano with the South Cirque (‘South Crater’) study area outlined in blue box. Inset: location of the 

Tongariro Volcanic Centre (TgVC) in the wider North Island; B: The South Cirque study area showing 

amphitheatre morphology, bound by white line corresponding to blue box above, as seen from Mt 

Ngauruhoe; C: Timeline showing last 5 global Marine Isotope Stages (top panel) with δ18O curve plotted 

from EPICA DML ice core (EPICA Community Members, 2006) against the AICC2012 timescale (Veres 

et al., 2013) compared to the NZ Last Glacial Cycle with key glacial advances (middle panel; *primary 
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reference) and the timing of the formation of South Cirque, potential activity from a northern vent and 

prominent present-day vents (bottom panel). 

 

2.3 Geological setting and glacial history 

2.3.1 Regional geology, geochronology and structure 

Despite its name, South Crater is not considered a volcanic vent, but rather the 

bounding ridges were built by lavas and volcaniclastic deposits that erupted and were 

emplaced within a summit glacier. Erosion of the friable, basal unit, coupled with this 

ridge-building has resulted in the cirque-like morphology and so the name ‘South 

Cirque’ is used in this paper. The rim of South Cirque forms the summit of Mt 

Tongariro (1967 m a.s.l.), which is a broad andesitic stratovolcano (herein referred to 

as Tongariro volcano) in the Tongariro Volcanic Centre (TgVC) in the central North 

Island, New Zealand (Fig. 2.1) (Cole and Lewis, 1981; Hobden et al., 1996). The TgVC 

includes Ruapehu volcano to the south, and represents the southernmost region of the 

Taupo Volcanic Zone (TVZ). Extension orthogonal to the axis of the Taupo Rift has 

caused the TVZ to subside contemporaneously with volcanism (Villamor and 

Berryman, 2006). Tongariro volcano is a complex edifice consisting of a number of 

vents. Its locus of activity migrated with age from the south to the north east and west, 

before focussing on the northern and central parts of the complex more recently, 

resulting in dispersed vent locations (Fig 2.1A; Hobden, 1997). Shifting of vents has 

allowed older parts of the edifice to be preserved rather than buried or destroyed by 

subsequent activity. The cone-forming part of Tongariro volcano is dominantly 

composed of lava flows (Hobden, 1997), while the extensive ring plain, (approximately 

50% of the erupted volume) is dominated by airfall deposits and those of pyroclastic 

density currents, lahars and debris flows (e.g. Hackett and Houghton, 1989; Cronin 

and Neall, 1997; Lecointre et al., 2002). Available geochronological constraints indicate 

that Tongariro’s edifice dates to at least 275 ka (Hobden et al., 1996), and possibly to 

340 ka (Tost et al., 2016). Published K-Ar dates for lavas associated with South Cirque 

constrain edifice construction from 110 ± 12 ka to 64 ± 22 ka (Hobden et al., 1996). This 



Chapter 2: Tongariro glaciovolcanism 
 

29 

 

coincides with marine isotope stages (MIS) 5 and 4, the transition from a complex 

interglacial with cooler spells (MIS 5b and d), to the beginning of the last glacial period 

(Fig. 2.1C; Lisiecki and Raymo, 2005; Eaves et al., 2016b). Figure 2.1C shows that 

despite being an interglacial period, δ18O was considerably lower during MIS 5 than 

during the current interglacial period. MIS in New Zealand were slightly offset from 

the global MIS and several periods of glacial advance are considered to have occurred 

during the period of South Cirque’s evolution (Fig. 2.1C; Williams et al., 2015). 

 

2.3.2 Glacial history and glaciovolcanism 

Pollen records from the central North Island show that abrupt cooling during 

MIS 5b and d brought mean annual temperatures down to 4°C cooler than present, 

consistent with glacial advance in the South Island (Williams et al., 2015; Newnham et 

al., 2017). Although Tongariro volcano is currently free of permanent ice or snow, there 

is an abundance of evidence that the volcano has hosted significant volumes of ice over 

much of its evolution. Deep glacial valleys bounded by moraine ridges radiate from 

the central complex and the subdued topography and destruction of old vent areas is 

attributed to glacial erosion (Mathews, 1967; Hackett and Houghton, 1989; McArthur 

and Shepherd, 1990; Hobden, 1997). Other glacial indicators include smooth, polished 

and rounded rock surfaces, and striations (McArthur and Shepherd, 1990). More 

recently, cosmogenic surface exposure dating carried out on boulders from moraine 

ridges has revealed that glaciers with equilibrium-line altitudes down to 1400-1550 m 

a.s.l. were present during MIS 4 to 2 (Eaves et al., 2016b), coeval with dated lavas 

(Hobden, 1997). A plethora of recent evidence indicates synchronous construction of 

the volcanoes beneath glacial ice (e.g. Conway et al., 2015; Eaves et al., 2016b; 

Townsend et al., 2017). On neighbouring Ruapehu volcano, many of the edifice-

forming lava flows were dammed and deflected by flank glaciers estimated between 

100 and 200 m thick at ~40 ka (Spörli and Rowland, 2006; Conway et al., 2015; Conway 

et al., 2016). Ice-dammed or deflected lavas are not so recognisable on Tongariro 

volcano, but similar ice thicknesses are probable (Eaves et al., 2016a; Eaves et al., 
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2016b). Both volcanoes have evolved over a similar period and it is likely that, as for 

Ruapehu, a significant chapter in Tongariro’s history is glaciovolcanic. 

 

2.3.3 Study area 

South Cirque is ~1 km wide and ~250 m deep, opening to the southwest into 

Mangatepopo valley (Fig. 2.1). During the Last Glacial Maximum (LGM) it contained 

the head of the former Mangatepopo Glacier (Eaves et al., 2016b). Mangatepopo valley 

is a flat-bottomed glacial valley bounded by steep lateral moraine ridges associated 

with the last and penultimate glacial periods (Eaves et al., 2016b), but it is now partly 

infilled by Holocene (i.e. post-glacial) lavas from Mt Ngauruhoe. South Cirque was 

identified as an ideal site to study proximal glaciovolcanic interactions at Tongariro 

volcano based on lava eruption ages contemporaneous with the last glacial period 

(Hobden et al., 1996), and the discovery of unusual deposits possibly formed in an 

ancient lake near the summit of Mt Tongariro (Nairn 1996; Nairn 1997), which are 

described and interpreted here in more detail. Some of the clastic units that construct 

the cirque walls were described and interpreted by Hobden (1997) as pyroclastic 

density current (PDC) and surge deposits, but many of the edifice-forming deposits 

have, until now, been left undescribed. Previous investigators have also not addressed 

the possibility that this edifice was constructed beneath, or in contact with, ice despite 

evidence for lava effusion during cold or glacial periods (Eaves et al., 2016b). 

 

2.4 Methods 

Fieldwork was carried out from January to March 2016 and 2017, during which 

the 1:5,000 scale geologic map of South Cirque (Fig. 2.2) was produced along with 

stratigraphic logs and detailed descriptions of their units. Deposit architecture and 

extent was evaluated together with detailed observation and measurement of 

structural features, clast componentry and textural characteristics. Petrographic 

analysis of thin sections from all units aided field observations. Mapped units were 

condensed into lithofacies based on their architectural characteristics and their 
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interpreted emplacement mechanisms and environment of deposition. Field sites and 

sample locations for each mapped lithofacies are given in Appendix 2.1. In the 

following rock descriptions, grainsize and vesicle categories are taken from 

classification schemes proposed by White and Houghton (2006), and Houghton and 

Wilson (1989), respectively. While the volcanic stratigraphy was determined by field 

relations for most units, one key lava sample was dated by the 40Ar/39Ar method (see 

Appendix 2.2 for method and detailed results). This provides a useful point of 

reference for the timing of glaciovolcanic evolution. Samples from representative lava 

flows were crushed to powders using an agate mill at the University of Otago and X-

ray fluorescence (XRF) analysis was carried out at the University of Waikato for major 

oxide and trace element concentrations. Powders were also made from samples that 

appeared altered and qualitative X-ray Diffraction (XRD) analysis was carried out at 

the University of Otago to determine alteration mineral assemblages. Results for XRF 

and XRD analyses are presented in Appendices 2.3 and 2.4 respectively. 

 

2.5 Petrology and Geochemistry 

South Cirque lavas are andesitic (Fig. 2.3; ~58-61 wt% SiO2 and ~4.2-5.5 wt% Na2O 

+ K2O; full data table in Appendix 2.3), consistent with results of Hobden (1997) for the 

study area. Petrographically, the lavas are all similar, with only minor differences in 

the proportions and sizes of phenocrysts. All lavas are porphyritic with a 

cryptocrystalline groundmass that may result partially from glass devitrification, 

giving rise to grey-brown tinges (Fig. 2.4A). They contain ~20-30% phenocrysts, 

dominantly plagioclase, but also clino- and orthopyroxene and minor opaque 

minerals, consistent with Hobden’s (1997) observations. Where flow banding is 

present, it is defined by groundmass crystal-size variation and the alignment of 

acicular and tabular minerals (Fig. 2.4A; B). Generally, phenocryst size is bimodal: 

microphenocrysts are 100-200 μm and phenocrysts are 300 μm to 3 mm. Both are 

subhedral- to anhedral. In all samples, plagioclase phenocrysts are zoned and have 

sieve textured, or opaque, rims and cores. Many pyroxene and plagioclase phenocrysts  
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Figure 2.2: A (Pullout): Geological map of South Cirque based on units defined in this study; B: Geological map 

draped over topography (above). 

 

contain glass inclusions, mostly now devitrified. Most lavas are non-vesicular, but 

some show vesicularity up to 20%. Fine-grained quartzofeldspathic xenoliths are also 

present in most lavas, interpreted to be derived from Torlesse greywacke basement 

rocks (Hobden, 1997).  

The clastic units exposed in South Cirque are dominantly rich in vitric or 

devitrified particles of varying grainsize from medium to coarse ash, lithified to tuff, 

through to larger blocks and bombs. Like the coherent lava found in South Cirque, 

volcanic clasts are generally porphyritic through all grainsizes, with glassy 

groundmasses and 10-20% phenocrysts (Fig. 2.4C). Groundmass glass varies from 

colourless to grey and pale-dark brown. Colourless, glassy and grey, microlite-rich 

grains are interpreted as first-cycle juvenile clasts. Translucent, brown grains are 

interpreted as either altered or recycled juvenile clasts, or they are first cycle juvenile 

clasts from a mixed magma. The more altered units contain clasts that are opaque 

brown-grey with phenocrysts and free crystals that are partially or fully replaced by 

clay minerals. These are interpreted as devitrified grains. At up to 30% vesicularity, 
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clasts are non- to poorly vesicular and vary from blocky and angular to fluidal in 

shape. Most clastic units are altered, giving rise to an optically unresolvable dark 

brown/yellow matrix with clay minerals infilling vesicles and coating grains (Fig. 

2.4C). 

 

Figure 2.3: Total Alkali-Silica diagram showing compositions of representative lavas from the cirque, which are 

all andesite (after Le Bas et al., 1992). 

 

2.6 Lithofacies Associations 

 Lithofacies associations include a clay-altered hyaloclastite with coherent lava 

tendrils, emergent and semi-intrusive lavas, intercalated lavas and lapilli tuffs, tillite 

and a number of primary, subaqueous fragmental deposits. Details of specific 

constituents and structural characteristics are presented in Table 2.1. Interpretations 

for the formation of individual units are also provided within this section, then 

discussed more broadly in the later discussion of the glaciovolcanic evolution of South 

Cirque. Lithofacies codes match those of the 1:5,000 scale map (Fig. 2.2). 

 

Figure 2.4: (Overleaf) Photomicrographs A and B of lava in plane-polarised light (PPL) and cross-

polarised light (XPL), respectively, showing cryptocrystalline groundmass and porphyritic texture with 

dominant plagioclase (pl) and pyroxene (px). C: lapilli tuff in PPL characteristic of the bedded upper 

deposits, showing typically varied components: vitric juvenile (vj); devitrified recycled(?), juvenile (rj); 



Chapter 2: Tongariro glaciovolcanism 
 

36 

 

altered, rounded lithic particle (l); clay cement (cc); free crystals (fx); and pore space (p), either 

representing a lack of fines, matrix vesicles, or formed by plucking/rinsing in thin section process. 
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2.6.1 Altered basal hyaloclastite with lava tendrils (lithofacies association H) 

2.6.1.1 Description 

Exposed at the base of the cirque is a 50-100 m thick heterogeneous package of 

extremely altered, intercalated clastic and coherent rocks. It is widespread, found 

across the entire cirque, and is unconformably overlain by younger units (Fig. 2.2). The 

clastic unit is dominant, but is cut by discontinuous, lenticular, lava tendrils (1 m 

thick). The more resistant coherent units are generally found capping banks of the very 

friable, clay-altered clastic deposit, protecting it from erosion (Fig. 2.5A, B).  The 

majority of the clastic deposit is silt-grade, extremely fine ash to lapilli tuff, now clay-

altered, with gradational zones of small, angular blocks associated with the lavas (Fig. 

2.5B-E). Clast shapes range from angular to fluidal to crenulated, and the larger clasts 

either exhibit jigsaw-fit textures (Fig. 2.5C), or have quenched rinds and vesicular 

interiors (Fig. 2.5E). Where preserved, the primary components and textures of the 

clasts and coherent lavas are the same (Table 2.1). A small lava lobe, ~5 m tall, exhibits 

closely-spaced, polygonal, fanning columns of 10-30 cm diameter that converge 

inward perpendicular to its exterior (Fig. 2.5A). This lobe has a partially exposed 

contact with the clastic unit, and blocks derived from the lobe progressively decrease 

in abundance with distance from the coherent rock (Fig. 2.5B). Generally, the 

lowermost exposed section of this deposit is massive, but higher in the cirque are some 

beds that are poorly sorted, discontinuous and irregular in shape with local pinching, 

thickening and slumping. These beds are fines-poor, dominated by lapilli and coarse 

ash with either interstitial cement or open pore space. The main alteration minerals in 

this package are smectites, Fe-oxides, cristobalite, alunite, natroalunite, jarosite and 

pyrite, giving rise to the earthy white to orange/yellow colours pervasive across the 

cirque base (Fig. 2.5; XRD spectra in Appendix 2.4). 
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Figure 2.5: A: Lava lobe with radiating columnar joints, their orientation highlighted by white lines; B: 

Gradational, peperitic contact of lobe from A with hyaloclastite below. Field of view is ~ 3 m; C: Angular 

to fluidal hyaloclastite blocks showing jigsaw-fit fracturing in lapilli-to-ash grade altered clay matrix. 

Lens cap in red circle (65 mm diameter); D: Silt-to-lapilli-grade clay-altered hyaloclastite; E: Fluidal 

blocks with quenched rinds. 

 

2.6.1.2 Interpretation 

XRD spectra with wide, low peaks and significant noise indicate either the 

presence of volcanic glass or the breakdown of crystal structures (Paque et al., 2016; 

Appendix 2.4). Observations from the field and thin sections are consistent with both 
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devitrification of a glassy groundmass and the replacement of phenocrysts by clay 

minerals, and indicate that the primary fragments of this deposit were porphyritic 

with glassy groundmasses. The quenched rinds and jigsaw-fit fracturing with isotropic 

fabric of angular, monomictic clasts suggests rapid cooling and in-situ fragmentation 

of lava, respectively. This clastic lithofacies is interpreted as a hyaloclastite formed by 

quench fragmentation of effusively erupting lava on contact with external water, 

similar to those from submarine (White et al., 2015) and subglacial settings (Hickson, 

2000; Loughlin, 2002). Post-emplacement hydrothermal brecciation (Cas et al., 2011) 

may be responsible for some of the fracturing with preferred orientation in this 

deposit, but it is not the primary mode of fragmentation and formation of the blocks. 

The amount of hyaloclastite here suggests that there was abundant water involved. 

On such elevated and currently steep topography and without any geomorphological 

evidence for a contemporary subaerial crater or crater lake, water derived from a 

melting glacier, forming a subglacial lake is the most probable source for such an 

accumulation (Allen, 1980; Smellie and Skilling, 1994). Bedding in higher exposures of 

this deposit indicates remobilisation, perhaps related to a shallowing and steepening 

of the hyaloclastite mound that allowed the hyaloclastite to be influenced by any 

currents developed through the subglacial lake, or generation of sediment-gravity 

flows. The intercalated lobes of lava were probably formed during or soon after 

deposition of the clastic material and their petrographic similarity with the clastic 

rocks suggests fragmentation from the same effusively erupting lava by thermal 

granulation and spalling in contact with water (Kokelaar, 1986; White et al., 2015). The 

lobes are interpreted as lava tendrils that did not fragment except where angular-to-

fluidal blocks form gradational zones between the silt-lapilli-grade material and the 

lobe. Here, weak fragmentation of the coherent units is inferred where they intruded 

water-saturated hyaloclastite to produce a coarse, blocky peperite (Skilling et al., 2002; 

Schipper et al., 2011). The coherent lobe with radiating columnar joints indicates a 

cooling surface that surrounded the lobe (Lescinsky and Fink, 2000). This lava is 

interpreted as also having been intruded into wet hyaloclastite. Similar features have 

been described at subglacial rhyolitic volcanoes (e.g. Tuffen et al., 2001). Extensive 
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alteration in this lithofacies association is consistent with the position of South Cirque 

within Tongariro volcano’s long-lived hydrothermal system (Miller and Williams-

Jones, 2016). It is likely that this unit, being the oldest in this study, sat for longer 

beneath the glacier and was flushed with hot meltwater during subsequent eruptions, 

giving rise to additional clay alteration of the primary volcanic glass (Stroncik and 

Schmincke, 2002).  

 

2.6.2 Layered lavas (cL) 

2.6.2.1 Description 

Capping the western ridge of the cirque is a stack of grey, continuous, variably 

agglutinated to smooth, non-vesicular coherent rocks with autobrecciated bases and 

rubbly upper surfaces (cL). These form a high, narrow ridge trending south from 

Tongariro summit (Fig. 2.2). The units vary from 1-10 m thick and dip to the south, but 

also appear to drape to the west, forming a flank at the head of Mangatepopo valley. 

The western lateral flow margins are ~100 m lower than the eastern flow margins, 

irregular and locally over-thickened. The southern terminations of these units dip 

down towards Mangatepopo valley, where they show curved to sub-vertical platy 

joints. The only fragmental deposit seen in this succession is a 1 m thick, faintly 

bedded, buff-coloured lapilli tuff (cLlt) conformably intercalated within the coherent 

units. This has a coarse tuff matrix and large, rounded, grey, vesicular clasts, 

petrographically identical to the coherent units, and up to 6 cm in size. 

 

2.6.2.2 Interpretation 

The architecture of these coherent rocks suggests they were lavas, sourced from 

a northern vent and confined on their eastern side. These lavas were subaerial and able 

to flow west, forming a flank, before being dammed at lower elevations. This indicates 

that ice elevation in Mangatepopo Valley was lower than in the vicinity of the cirque. 

The stack of lavas built up through the thinning ice over the hyaloclastite mound, to 

form a ridge (Fig. 2.2). The sub-vertical platy joints indicate that the lava flows were 
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confined by a sub-vertical cooling surface, consistent with ice (e.g. Conway et al., 2015). 

The lack of closely-spaced cooling joints may result from erosion during subsequent 

glaciations, particularly the LGM, that stripped the lavas of their fragile, jointed 

carapace (Stevenson et al., 2006). 

 

2.6.3 Intercalated hyaloclastite (ERh), lavas (ERc) and lapilli tuff breccias (ERltb) 

2.6.3.1 Description 

At the southern half of the cirque’s eastern arm is a succession of intercalated coherent 

and volcaniclastic units dipping moderately steeply at 23-65° to the SSE (Fig. 2.2). No 

contact is observed with the mapped units further north along the ridgeline, but this 

succession of units comprises at least half of the slope here and the northern units (see 

below) drape over the slope-forming rocks. A 60 m-thick basal lapilli breccia (ERh) is 

fines-poor (Fig. 2.6, 2.7A), containing only minor coarse ash in an authigenic clay 

cement. Clasts are monomictic, rounded or fluidal to angular in shape, and show 

jigsaw-fit fracturing. The breccia is poorly sorted and crudely bedded. Overlying are 

thinly bedded, poorly sorted volcaniclastic rocks which vary in grainsize by bed in a 

repeating sequence of breccias to coarse lapilli tuffs and coarse tuffs (ERltb) (Fig. 2.6, 

2.7B, C). The breccia units are internally massive, but the lapilli-tuff units contain thin, 

lenticular, truncated beds with scoured bases and larger clasts that lack sag structures. 

Some beds show soft-sediment deformation. Fluidal vesicular clasts dominate with a 

subordinate population of vesicular, angular clasts. Some have radial, polygonal 

joints. Intercalated between these clastic units are thin (1-5 m), planar, continuous 

coherent lavas (ERc) of similar composition to the dominant clast types. These contain 

widely spaced vertical joints and many have autobrecciated bases and rubbly upper 

surfaces. The uppermost units of this succession are also monomictic lapilli tuff 

breccias (ERh) intercalated with coherent units (ERc), but the clastic rocks here are 

mostly massive, with only localised bedding horizons. Some clasts show jigsaw-fit 

fracturing (Fig. 2.6, 2.7D).  
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Figure 2.6: Stratigraphic log of intercalated lavas, hyaloclastite and lapilli tuffs with inferred 

emplacement environments. 
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2.6.3.2 Interpretation 

These intercalated units are inferred to be among the oldest units in South 

Cirque, after H. They were probably emplaced at a similar time as the layered lavas 

(cL) on the western ridge and share some of its characteristics, particularly the general 

southward dip indicating a northern source, and the narrow, ridge-forming 

architecture. The thick, crudely bedded monomictic breccias (ERh) are interpreted as 

remobilised hyaloclastite. An alternative interpretation is that they formed at the base 

of the intercalated lava flows where they overrode wet sediment (Smellie and Skilling, 

1994). The coherent units (ERc) are interpreted as lava flows rather than intrusions, 

because they have rubbly, autobrecciated tops and bases, and lack closely-spaced 

cooling joints. The fines-poor tuffaceous volcaniclastic beds (ERltb) were deposited 

from water by currents. Explosive fragmentation may have resulted in enhanced 

meltwater production (Gudmundsson et al., 2004). The location and inferred 

morphology of this confined, intercalated stack suggests it may also be a ridge, formed 

where flowing meltwater thermo-mechanically eroded channels into thinner ice 

(Smellie and Skilling, 1994) and deposited volcaniclastic sediment until it filled the 

incision. The inferred subaerial nature of the lavas suggests periods of drainage or 

emergence when there was no flowing water and lavas were emplaced along the 

trench(es) carved through the ice, similar to the mechanism described for ice-bounded 

lavas at Mt Rainier (Lescinsky and Sisson, 1998). The sequence could, in this 

interpretation, be considered as one or more passage zones representing a growing ice 

cap (Jones, 1969; Loughlin, 2002; Smellie, 2006). A similar mechanism is given for 

alternating clastic and coherent lithologies at Öræfajökull, (Stevenson et al., 2006) and 

Bláhnúkur, Iceland (Tuffen et al., 2001). 
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Figure 2.7: A: Angular to sub-rounded hyaloclastite fragments in base of sequence (ERh). Pencil is 15 

cm long. B: Lapilli tuff with undulating, lenticular bedding (ERltb), field of view is ~ 3 m; C: Lapilli tuff-

lapilli breccia sequence (ERltb), field of view is ~ 10 m; D: Hyaloclastite with jigsaw-fit fracturing in 

upper units next to the Tongariro Alpine Crossing Track (ERh). Compass is 8 cm long.  

 

2.6.4 Pinnacles Lithofacies Association (Lapilli Tuff (PLT), Coherent Lava (PCB)) 

2.6.4.1 Description 

This lithofacies association consists of a lapilli tuff and small coherent unit with 

associated autobreccia. It is situated along the eastern rim of the cirque (Fig. 2.2). The 

coherent unit (PCB) is linear and trends along the ridgeline, in places overlying or 

juxtaposing the lapilli tuff. The lapilli tuff (PLT) extends down the inner slope of the 

cirque and forms remarkable spire-like pinnacles (Fig. 2.8), from which this lithofacies 

association is named. Hydrothermal alteration of the deposit has formed dark orange 

and red interstitial authigenic clays which obscure much of the original microtexture. 

The matrix material is a vesicular (50%) tuff with some vesicles infilled with clay 

minerals. The dominant grainsize is fine lapilli with larger clasts and blocks, and minor 
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medium-coarse ash. Clasts are mostly rounded to fluidal in shape, but ash grains show 

jigsaw-fit fracturing in thin section. Juvenile bombs are vesicular, sub-rounded to 

fluidal with a similar texture and componentry to the dominant lapilli clasts and 

contain radial, jigsaw-fit joints. Surrounding the coherent unit are large, angular, non-

vesicular, flow-banded blocks related to the main unit which grade out into the lapilli 

tuff. The lapilli tuff is largely massive and poorly sorted, but there is some crude, 

lenticular, discontinuous bedding 20-25 cm thick, that is prominent in the fresher areas 

of the unit and dips moderately steeply downslope at 35-40° to the SW. Beds are well-

sorted and defined by variations in grainsize, grading from very coarse tuff and fine 

lapilli, to coarse lapilli. Scouring is associated with the bombs, many of which have 

long axes aligned parallel to the bedding planes. 

 

2.6.4.2 Interpretation 

The lapilli tuff has been previously interpreted as hydrothermally altered vent 

breccia (Hobden, 1997), but the described bedding is indicative of deposition from 

organised current(s) (White, 2000). The gradation from well- to moderately sorted, 

bedded, lapilli tuff upslope to poorly sorted, massive, lapilli tuff downslope (Fig. 2.8) 

may indicate collapse of the upslope deposit in response to retreat of a supporting ice 

wall that originally filled the cirque, while the lapilli tuff was unconsolidated. Such 

collapses due to debuttressing of ice have been reported elsewhere (Hickson, 2000; 

Tuffen et al., 2001). Vesicular matrix ash is associated with wet emplacement (Lorenz, 

1974; Tuffen et al., 2001; Stevenson et al., 2006) while the paucity of fine ash in this 

deposit is consistent with waterlain transport and deposition. In combination, these 

observations suggest that the lapilli tuff may have been emplaced from draining 

meltwater carrying particles formed from explosive eruptions into a melting glacier. 

Jigsaw-fit fracturing indicates transport of hot blocks followed by rapid cooling on 

contact with wet sediment on emplacement. The coherent unit is interpreted to have 

been emplaced as a lava that flowed over and locally intruded the lapilli tuff before  
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Figure 2.8: A: Eastern ridge lithofacies associations and relationships. Intrusive lava flow iL (within 

white dashed line) overlies and truncates ERh, ERc, ERltb and PLT. Along its length are thick lava 

knuckles, possibly once intruding volcanic sediment or ice (see text). B: Hydrothermally altered 

pinnacles of PLT showing collapse features downslope. Field of view is 200-300 m. 

 

the latter was lithified. As this occurred, the margins fragmented to produce the mixed 

autobreccia blocks and lapilli. Brecciation of this coherent unit may also have been 

aided by collapse. The lapilli tuff has now been altered by the long-lived hydrothermal 
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system in this area, giving rise to localised and vibrant alteration colours (Miller and 

Williams-Jones, 2016). 

 

2.6.5 Intrusive coherent lava (iL) 

2.6.5.1 Description 

Protruding into the cirque from the eastern rim, and truncating the intercalated 

ERh, ERc and ERltb units, is a prominent tongue-like coherent unit, up to 600 m long, 

up to 300 m wide and ~30 m thick (Fig. 2.2). Below it is a thick layer of altered 

hyaloclastite (now silty-clay; lithofacies H), capped by a stubby, lobate lava flow fed 

from the top of the ridge. At the top of the ridge, this lava cuts through lapilli tuff 

(lithofacies PLT; Section 2.6.4) with a broadly gradational, and locally fluidal, irregular 

contact. Locally, there are patches of lapilli tuff on the lava’s upper surface, and 

elsewhere it is rubbly. A non-vesicular block in the lapilli tuff has very prominent 

radial cooling joints. This block may have been shed from the coherent unit while still 

molten and cooled within the unconsolidated, water-saturated lapilli ash unit. Further 

downslope, the lava drapes the slope-forming PLT and spills into and along the floor 

of South Cirque, with 10 m thick, steep knuckle-like lobes along its spine (herein 

referred to as knuckles; Fig. 2.8A). At the western toe of this lava are joints that intersect 

to form small rectangular blocks ~8x10 cm in cross section. The rest of the flow front 

contains splayed to sub-vertical platy joints, 5 mm – 5 cm spaced. Along the lateral 

margin are outcrops of fines-poor vitriclastic lapilli breccia (iLh). This is massive and 

poorly sorted, containing rounded and angular clasts. Apart from greater alteration, 

which probably reflects the greater permeability of this breccia, the clasts are 

petrographically identical to, and therefore appear to have been derived from, the 

coherent lava.  

 

2.6.5.2 Interpretation 

This coherent unit has both intrusive and lava flow characteristics. It is 

interpreted as a shoaling intrusion with initial emplacement into the lapilli tuff near 
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the top of the slope, subsequent extrusion through volcanic sediment at the ice-ridge 

interface, and then some impoundment and subglacial flow along this interface down 

into the base of an ice-filled South Cirque; it came to a stop part way along the cirque 

floor. The rubbly base of the intrusion indicates autobrecciation during flow. The 

gradational, fluidal contact with the lapilli tuff suggests the lapilli tuff was 

unconsolidated at time of emplacement (Loughlin, 2002; Stevenson et al., 2006). The 

lava knuckles may have intruded wet sediment which has been eroded, or was 

emplaced into cavities in a non-planar glacier margin. In other areas, the rubbly upper 

surface suggests it was subaerially emergent. The glassy groundmass, sub-vertical 

platy joints in the interior, and column-forming joints at the margins suggest rapid 

cooling on contact with surrounding ice or water (Lescinsky and Fink, 2000). The 

fragmental unit (iLh) is interpreted as a hyaloclastite, formed by fragmentation and 

spalling of the intrusion at its margin, enhanced by the presence of ice and meltwater 

(Loughlin, 2002). These fragments may have been carried along the flow margin and 

abraded against the ice wall, causing rounding of the clasts, consistent with their 

localised distribution adjacent to the host lava. The architecture and structural 

characteristics of this unit, as well as PLT that it is associated with, indicate an eastern 

vent source. 

 

2.6.6 Tillite (T) 

2.6.6.1 Description 

Plastered onto the northwest inside corner of South Cirque is a lens of tan-

coloured lapilli tuff breccia, ~200 m wide and ~80 m high (Figs. 2.2; 2.9A). It has an 

irregular contact and onlaps the western ridge-capping lava and a slope-forming lapilli 

tuff to the north (Fig. 2.8B). It underlies the dammed lava flow on the northern wall 

(dL; Section 2.6.7). Clasts are angular to rounded and of varied non-juvenile 

componentry (Fig. 2.9C; Table 2.1). This deposit is generally massive and poorly 

sorted, except for some localised, faint, slope-parallel bedding, slump structures and 

possible steep shear planes.  
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Figure 2.9: A: Relationships between tillite (in white dashed line) and adjacent units. The tillite is 

plastered on to the slope, onlapping the slope-forming lithologies (H, cL, and a lapilli tuff). The ice-

dammed lava flow (dL) overlies it. Field of view is ~400 m. B: Irregular contact (white, dashed line) of 

tillite with lapilli tuff below and additional irregular patches of tillite, disjointed from the main unit. 

Field of view is ~ 5 m. C: Assortment of poorly sorted clast types, including a block derived from a 

volcaniclastic unit showing remnant bedding. Pencil is 15 cm long. 

 

2.6.6.2 Interpretation 

The architecture of this unit and its emplacement, plastered on a steep slope, 

along with its heterolithic cargo and very poor sorting indicate that it is a tillite 

(Dreimanis and Schlüchter, 1985). Its contact relationships, draping the slope, but 

underlying an ice-dammed lava flow (dL; Section 2.6.7) suggest that it is older than 

dL, but younger than the basal slope-forming clastic deposits (H) and ridge-capping 

lavas (cL). This indicates a period of at least small-scale glacial retreat during the 

building of the cirque. The lithics it contains may have come from lavas and 

volcaniclastic deposits that collapsed when destabilised by the removal of the 

supporting glacier. 

 

2.6.7 Ice-dammed flow (dL) 

2.6.7.1 Description  

On the northern wall of South Cirque is a lava flow that terminates mid-slope 

(~1780 m) with a steep, thickened flow front (from ~5 to 10 m). It is a dark, sheet-like 

flow, ~300 m wide (Fig. 2.10A) that rests on the altered hyaloclastite clay lithofacies 

(H) (Fig. 2.2). The flow interior contains flow-parallel platy joints, but at the flow front 

these are sub-vertical and become very closely spaced. Kubbaberg joints are also 

present, orientated perpendicular to the flow margins (Fig. 2.10B). At both corners of 

the flow terminus are thin, sinuous tongues that are ~20 m wide and 80-100 m long, 

which join with the main lava. The tongue on the true right is 1-2 m thick and shows 

closely spaced platy joints on its surface, suggesting that only the interior is preserved, 
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and that the top of the “breakout” flow was stripped off (e.g. Conway et al., 2015). An 

40Ar/39Ar age of 81 ka ± 5 (2σ) was obtained for this flow (Appendix 2.2). 

 

Figure 2.10: A: View from floor of cirque looking north to ice-dammed flow (dL) arrested mid-slope 

(bounded by white, dashed line). White arrow points to location of B. Field of view ~ 500 m; B: True left 

margin of ice-dammed flow showing transition from kubbaberg to sub-vertical platy joints downslope. 

Field of view ~ 6-8 m 

 

2.6.7.2 Interpretation 

This unit is a lava flow that originated from a summit or flank vent upslope to 

the north. The kubbaberg joints orientated perpendicular to the lateral margins of the 

flow indicate a vertical cooling surface (Lescinsky and Fink, 2000). The irregularity of 

the kubbaberg joint blocks is suggestive of heterogeneous heat distribution induced 
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by percolating meltwater. In addition, the concave platy joints at the flow front indicate 

downslope damming of the lava against a vertical cooling surface (Conway et al., 

2015). This, along with its morphology and position on the slope suggests it erupted 

and flowed subaerially and was impounded downslope against a thin glacier that 

filled the base of South Cirque. A subglacial environment is not favoured because the 

lava has a relatively low aspect ratio compared with those of other lavas in the area, 

and because the cooling joints are limited to the lateral flow margins and front, rather 

than forming a carapace over the entire lava as seen elsewhere (e.g. Conway et al., 

2015). The two tongues are interpreted as breakout flows that found pathways within 

the ice and continued to flow downslope beneath it. 

 

2.6.8 Heterolithic lapilli tuff with coherent lava (LTa; LTac) and remobilised lapilli tuff (rLTa) 

There are several vitriclastic lapilli tuff and coarse tuff deposits perched on top 

of the northeastern walls of the cirque. These are bounded by unconformable contacts 

and vary in their dominant bedding characteristics and clast componentry, indicating 

emplacement from individual events. 

 

2.6.8.1 Description 

The lowermost of these clastic units drapes over the lower ridge-forming, 

altered lithofacies (H) (Fig. 2.2). It is a poorly sorted, massive, heterolithic lapilli tuff 

(LTa), bearing juvenile bombs with glassy rims cut by polyhedral joints. Cross cutting 

this is a flow banded, agglutinate lava (LTac) on a linear trend parallel to the ridge line. 

Flow banded, angular blocks of similar appearance and petrology are found in the 

lapilli tuff, indicating an autobrecciated margin. An isolated outcrop of polymict, 

bedded lapilli tuff (rLTA) lies downslope of these units and does not contain any 

juvenile clasts. Beds alternate between poorly and moderately-well sorted and are 

sometimes lenticular, with normal, double and inverse grading (Fig. 2.11). Often, beds 

are highly contorted giving rise to corkscrew structures or are wrapped around 

angular, flow banded or agglutinate blocks which are embedded in the deposit. 
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Figure 2.11: Contorted, lenticular bedding with varied distribution in grainsize in remobilised lapilli 

tuff (rLTa), a subunit of LTa. Pencil is 15 cm long. 

 

2.6.8.2 Interpretation 

Structureless and containing a mixture of clast types, the heterolithic lapilli tuff 

is interpreted as a mass flow deposit that entrained accidental lithics and possibly 

recycled juvenile clasts within it. Abundant, fresher juvenile clasts implies it is the 

deposit of a primary eruption-fed flow, but their altered rims indicate some 

hydrothermal alteration, possibly from flushing of hot meltwater. The radially jointed 

bombs indicate enhanced cooling after fragmentation on contact with external water. 

The irregular contact of the lava flow or shallow intrusion with the surrounding lapilli 

tuff suggests that was emplaced while the latter was unconsolidated. The agglutinate-

like appearance is interpreted as the result of autobrecciated fragments becoming re-

entrained into the flowing lava, where they were welded together and smeared out 

during continued flow. Traction structures in the bedded lapilli tuff indicate 

deposition from a moving, water-supported current (Loughlin, 2002). Good sorting 

without juvenile fragments suggests reworking of an older clastic deposit. The large 
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blocks are interpreted as fragments from the lava above. It therefore follows that this 

unit may have formed by remobilisation or collapse of the upper deposits and 

emplaced in a flow that drapes the slope. 

 

2.6.9 Eruption-fed lapilli tuffs 

2.6.9.1 Lapilli Tuff B bearing fluidal bombs (LTb): Description  

Overlying LTa is a coarse lapilli tuff, bearing fluidal, juvenile bombs. This is 

perched on the crest of the ridge, at the saddle in the northeast corner of the cirque 

(Fig. 2.2). The dominant clast type is devitrified juvenile lapilli with delicate particle 

shapes, but there are also recycled juveniles, minor lava lithics and free crystals. The 

unit is fines-poor and clast supported. Many bombs have non-vesicular, quenched 

rinds, containing polygonal joints which radiate outwards, or they show jigsaw-fit 

jointing and are surrounded by clusters of lapilli fragments (Fig. 2.12A-B). The bombs 

are generally aligned parallel to the bedding and are not associated with sag structures 

(Fig. 2.12C), but instead have localised scouring beneath them, and ramp structures 

above them. Lenticular bedding is defined by variations in grainsize and bounded by 

erosional surfaces with basal scour. Although internally the beds are inversely graded, 

the unit as a whole fines upwards to a coarse, thinly bedded tuff with few lapilli (Fig. 

2.13). Individual beds are well sorted, particularly the finer tuffaceous beds. Bedding 

in this unit dips moderately at 16-23° to the southwest, but low-angle cross laminations 

(Fig. 2.13) near the top of the sequence indicate emplacement directions orthogonal to 

the dip of the beds, roughly southeast. 

The lapilli tuff beds are truncated by a central normal fault block composed of 

the thinly bedded coarse tuff of the top of the sequence. The bedding either side of this 

block is slumped, as if dragged, towards the bounding fracture planes, and lapilli 

clasts are orientated vertically along this fracture plane. Slumped bedding and folding 

associated with soft sediment deformation is present in many other areas across the 

outcrop, as are pillar structures (Fig. 2.14). 
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Figure 2.12: Quenched, fluidal juvenile bombs within LTb: A: Showing radial joints in quenched rind; 

B: showing jigsaw-fit fracturing, indicating secondary fragmentation after emplacement; C: showing 

absence of impact sags beneath two large clasts; emplacement from traction is inferred. Right is a bomb 

with quenched rind. Pencil is 15 cm long. 

 

 

Figure 2.13: A: Stratigraphic log of LTb showing representative sedimentary structures. Inset: detailed 

grainsize variation; B: Lenticular bedding with scoured bases indicating emplacement from traction 

currents; C: cross bedding and scour indicating possible dune formation. Pencil is 15 cm long. 
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Figure 2.14: Wet sediment deformation structures: A: Pillar structure formed by dewatering of deposit; 

B: Slumped bedding associated with small, stepped, normal faults with internal folding suggest 

deformation in wet, unconsolidated state. Lens cap is 65 mm in diameter. 

 

2.6.9.2 Lapilli Tuff C (LTc): Description  

The thin upper tuff beds of LTb share a sharp, fluidal contact with another 

lapilli tuff (LTc), characterised by flame structures and load casts (Figs. 2.2; 2.15). LTc 

contains an assortment of vitric and devitrified clasts of similar componentry to the 

previously described lapilli tuffs. Beds are thicker and vary greatly in grainsize and 

sorting. Massive, poorly sorted beds are intercalated with moderately to well sorted, 

normally or inversely graded beds. The normally graded beds have large basal bombs 

with localised scour and imbricated basal lapilli, becoming finely laminated and tuff-
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rich towards the top with fewer lapilli clasts and no bombs. The bombs within this unit 

are not associated with sag structures and they contain radial, polygonal joints, or are 

cut by jigsaw-fit fractures. Across a fracture plane, the well-developed bedding breaks 

down into a mostly massive, poorly sorted deposit with only a few faint lenses of 

isolated diffuse bedding (Fig. 2.15). 

 

 

Figure 2.15: A: Stratigraphic log of LTb transitioning to LTc; B: Unit LTc showing disruption of bedding 

due to fracturing (red lines) and fluidal contact with underlying LTb; C: Close-up view of flame 

structures and load casts indicating rapid emplacement of LTc over LTb before it was consolidated. 

 

2.6.9.3 Lapilli Tuff D (LTd): Description  

The uppermost clastic unit exposed in South Cirque is a coarse lapilli tuff (Fig. 

2.2). Clasts are dominantly lapilli sized with ~5% bombs hosted in a medium-coarse 

ash. The dominant clast types are vitric and the larger the clast, the more fluidal shapes 
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tend to be preserved. Some bombs contain spindly apophyses and many exhibit radial 

or jigsaw-fit fracturing. Recycled juveniles and lava lithics are present, but minor. The 

base of the unit is subhorizontally bedded, alternating abruptly between coarse, thick 

beds with a large proportion of interstitial pore space, to thinner beds containing 

interstitial clay cement. Beds are lenticular and often truncated with basal scouring 

(Fig. 2.16). Bombs are not associated with sag structures, but are aligned parallel to 

bedding and are followed by imbricated, lapilli-rich tails. Within the bedded lapilli 

tuff, there are stratified lenses and sinuous dyke-lets of coarse tuff of the same 

componentry. Vertical pillar structures cross-cut the beds with entrained lapilli clasts 

orientated along their margins. The upper section of this deposit is massive and more 

poorly sorted. It fills a U-shaped channel base and the bedding underneath shows 

convoluted folding (Fig. 2.16). At the top are large lithic boulders, up to 1 m in size, 

embedded in the lapilli tuff. Despite the authigenic clay cement, XRD spectra from this 

unit (Appendix 2.4) show clear peaks indicating preservation of the primary volcanic 

minerals, consistent with thin section and field observations. 

 

2.6.9.4 Interpretation LTb, LTc, LTd 

The coarseness of these juvenile-rich deposits with traction structures indicates 

emplacement from primary, eruption-fed, waterlain currents (Loughlin, 2002; Kano, 

2003; Smellie, 2008; Stevenson et al., 2009; Soriano et al., 2012). The apparent linear 

architecture of the flow deposits and flow directions indicated by cross bedding imply 

eruption from a northerly vent. The fluidal bombs indicate tearing of erupting magma 

with quenching of fragment rinds to form polygonal fractures (Kano, 2003; Stevenson 

et al., 2009). The mixed population of fluidal and blocky, non-to-poorly vesicular lapilli 

and coarse ash indicates both fluidal and brittle fragmentation, inferred to have been 

driven by magma-water interaction (Stevenson et al., 2009). Quenched rinds 

surrounding the fluidal bombs imply they cooled rapidly in contact with external 

water and were then transported laterally within the flow, giving rise to their  
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Figure 2.16: A: Stratigraphic log of LTd showing transition from well-defined, subhorizontal bedding 

to massive channelised flow deposit; B: U-shaped channel in LTd with scour and convoluted folding in 

bedding below. Channel filled with massive deposit of same unit; C: The well-bedded LTd unit below 

channel structure showing isolated sinuous lenses of stratified finer material where flushing fines 

became trapped, and pillar structure formed by dewatering. Compass is 8 cm long. 

 

alignment subparallel to the flow direction and lack of impact structures (White, 1996). 

The paucity of fines is indicative of deposition from flowing water which has flushed 

the fines downstream (Loughlin, 2002; Stevenson et al., 2009) except where they have 

been trapped in stratified lenses in LTd. A subaqueous emplacement is favoured over 

a wet PDC or surge by the lack of ash-draped dunes associated with a co-ignimbrite 

plume, and of accretionary lapilli. Multiple sets of thin, graded beds in LTb possibly 
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indicate a period of pulsating activity with low particle supply (Doronzo and Dellino, 

2013) from several small explosions or an unsteady column (Kano, 2003). While the 

sharp contact with flame structures and load casts separating LTc from LTb suggest 

deposition from a discrete event, LTb was still unconsolidated and probably wet, 

implying that the emplacement of each deposit took place within the same phase of 

eruptive activity and ice cover. Abruptly alternating bed characteristics in LTd indicate 

rapidly changing flow rates and loads as a result of switching channelised flows 

(Smellie, 2008). Similar deposits representing bars, dunes and scours are interpreted 

as having been formed in subglacial streams at Mt Pinafore (Smellie and Skilling, 1994) 

and Alexander Island, Antarctica (Smellie et al., 1993). The scoured channel structure 

in LTd and underlying soft sediment deformation imply a later channelised flow event 

of much higher energy that cut through the underlying bedded unit while it was wet 

and unconsolidated. The large boulders appear to be derived from a lava that must 

have existed closer to the vent area. Destabilisation of a vent area due to removal of 

supporting ice is a possible mechanism for the formation of these boulders and 

entrainment in this high energy flow. The soft sediment deformation and dewatering 

structures in all three units suggest non-brittle deformation and the disruption of a 

wet, unconsolidated deposit (Loughlin, 2002; Soriano et al., 2013). Such fracturing and 

slumping has been reported from subaqueous settings elsewhere (Soriano et al., 2012; 

Soriano et al., 2013). These units are less altered than much of the rest of South Cirque, 

but the presence of clay minerals and Fe-oxides indicates alteration that is similar to 

palagonitisation of sideromelane (Stroncik and Schmincke, 2002). 

 

2.6.10 Postglacial deposits (pg) 

Minor, postglacial lavas are conspicuous in South Cirque. On the northern slopes 

are very dark, fresh agglutinate lavas which mantle the topography. They formed from 

welded spatter erupted from North Crater (Hobden, 1997; Townsend et al., 2017). A 

thin lava flow, erupted from Red Crater (Hobden, 1997; Townsend et al., 2017) is 

draped over the intercalated units on the eastern ridge (ERh, ERc, ERltb). The relative 
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freshness, rheomorphic nature and low aspect ratio of these flows indicate that they 

were emplaced hot and unconfined, respectively, in an ice-free environment. These 

deposits are much younger (< 15 ka) than the cirque-exposed units they overlie, 

erupted from postglacial cones (Hobden, 1997). 

 

2.7 Discussion 

This section outlines the physical eruption mechanisms and thermodynamics 

related to the emplacement of the glaciovolcanic lithofacies in South Cirque, Tongariro 

volcano. The characteristics of the enigmatic, bedded, clastic deposits (LTa-d) in the 

study area are reviewed in light of the new interpretation for their emplacement in a 

glaciated environment. A model for the glaciovolcanic evolution of South Cirque is 

developed. Finally, the possibility of multiple vents is considered, and a comparison 

of the facies architecture and evolutionary model with previous interpretations of the 

TgVC and of similar deposits globally is presented. 

 

2.7.1 Physical eruption mechanisms and thermodynamics of andesitic glaciovolcanism 

It has been shown theoretically that while subglacial lavas of basaltic 

composition can melt sufficient volumes of ice to form a meltwater cavity, more-silicic 

lavas are less able to transfer the heat required to maintain significant volumes of 

accumulated meltwater (Höskuldsson and Sparks, 1997; Kelman et al., 2002; Tuffen, 

2007). This is due, in part, to the lower eruption temperature of more-evolved magmas, 

and also to the smaller difference between liquidus temperature and glass transition 

temperature, and therefore a lesser latent heat from crystallisation (Kelman et al., 

2002). The apparent reduction in accumulation of meltwater is also, however, probably 

an artefact of the prevalence of andesitic eruptions at steep-sided volcanoes, capped 

by thin glaciers (Lescinsky and Fink, 2000). At South Cirque, the 50-100 m thick basal 

hyaloclastite (H) implies that a substantial volume of water was able to accumulate 

and reside beneath the ice for a significant length of time. This suggests that melting 

of thick ice and formation of a cavity, filled partially or fully with meltwater, may have 
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begun prior to eruption, probably due to heat sourced from shallow-level magma 

intrusion. This, along with a similarly diffuse vent array as is currently present, would 

have created the accommodation space and meltwater volume required to deposit 

hyaloclastite on eruption. The most common type of glaciovolcanic interaction 

inferred for South Cirque is emplacement of lava and eruption-fed flow deposits 

within emergent or subglacial channels. These have been reported from other andesitic 

settings (e.g. Lescinsky and Fink, 2000; Loughlin, 2002), despite the inefficient energy 

transfer between andesitic lavas and ice (Kelman et al., 2002). Such channels are widely 

accepted to form by thermo-mechanical erosion where hot meltwater carves pathways 

within the ice that are subsequently filled by lava (Kelman et al., 2002; Oddsson et al., 

2016a). This meltwater may also have been formed prior to eruption, but began to 

drain rather than accumulate as the ice thinned and topography steepened with edifice 

growth. 

 

2.7.2 Waterlain deposits vs dry or damp PDCs and surges 

The origin of bedded volcaniclastic deposits can often be difficult to determine 

because there are many modes of deposition that share common features. This is 

particularly an issue in distinguishing subaerial surge deposits from eruption-fed 

turbidites (White, 1996; Kano, 2003; Doronzo and Dellino, 2013; Russell et al., 2013; 

Moorhouse and White, 2016). Here, a new interpretation for the bedded deposits of 

South Cirque (LTa-d), previously attributed to PDCs and surges (Nairn, 1996; Hobden, 

1997; Nairn, 1997), is suggested by showing that transport and deposition occurred in 

water. They are unlike the deposits of typical, dry PDCs and surges because they cap 

the ridge and, at least the uppermost deposits, are sub-horizontally bedded. Usually, 

PDC deposits thicken into topographic depressions (e.g. Wright et al., 1980), so the 

preservation of these deposits, perched on high topography, bordering South Cirque 

with ridge-parallel flow directions, suggests a different mechanism and environment 

of emplacement. The main evidence that distinguishes these units from dry flow and 

surge deposits is in their granulometry and bedding characteristics. These lithofacies 
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are fines-poor, suggesting flowing water has flushed fine material downstream (Kano, 

2003; Loughlin, 2002; Stevenson et al., 2009). This lack of fine ash is not an artefact of 

inefficient fragmentation because discrete lenses of trapped fines are found with the 

lapilli tuffs, where they are inferred to have been emplaced by percolation of tailing 

ash through the deposit. Typical features of a wet surge deposit, such as accretionary 

or armoured lapilli, and fine ash-draping beds formed from the co-ignimbrite ash 

cloud (Cas and Wright, 1987; Russell et al., 2013; Moorhouse and White, 2016) are not 

present in these units. The absence of impact sags associated with bombs is also 

consistent with subaqueous transport and deposition (White, 1996; Russell et al., 2013; 

Moorhouse and White, 2016). In addition, the distinctly coarse population of particles 

that maintain delicate, fluidal shapes also suggests transportation in water-supported 

flows, which can carry larger particles further than dry flows with reduced particle-

particle collisions that would lead to abrasion and rounding (Cattell et al., 2014). The 

observed traction structures, such as lenticular bedding, low-angle cross bedding, 

grading, scour and grainsize sorting also indicate the presence of water (Smellie et al., 

1993; Kano, 2003; Soriano et al., 2012; Russell et al., 2013). Other features consistent 

with deposition in water include soft-sediment deformation such as corkscrew 

structures, flame structures and load casts, along with slumped beds associated with 

fractures. Vertical pillar structures indicate post-emplacement dewatering. 

 

2.7.3 Glaciovolcanic evolution of South Cirque 

    The characteristics of the majority of the cirque-exposed units indicate that 

ubiquitous water was present during their eruption and emplacement and, for 

hyaloclastite formation, water was retained near the vent. Without evidence for 

topography that could have held a crater lake, or adequate evidence for the destruction 

of one, the most probable source for abundant ponded water at these elevations is 

within a sub- or englacial lake formed by volcanogenic melting of a glacier infilling or 

capping South Cirque. Another common feature which favours the interpretation of 

glaciovolcanic interaction over solely subaqueous volcanism is the presence of over-
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thickened and impounded volcanic material indicating confinement by a body that no 

longer exists (Hickson, 2000). Here a step-by-step model for the glaciovolcanic 

evolution of South Cirque is presented, illustrated in Figure 2.17. The events listed 

below are in inferred chronological order, based on relative age relationships where 

contacts were observed and a new absolute 40Ar/39Ar age for the ice-dammed flow (dL; 

Appendix 2.2). 

 

2.7.3.1 Early subglacial lake 

Unit H is inferred to have formed in ponded meltwater (Section 2.6.1.2). 

Meltwater accumulation depends on the thickness and permeability of enclosing ice 

(Smellie and Skilling, 1994; Smellie, 2002), ice-surface slope (Gudmundsson et al., 2004) 

and substrate slope if steep (Magnússon et al., 2012). Thick (>150 m) or impermeable 

ice facilitates ponding of meltwater, while ice ≤ 150 m thick will usually be unable to 

seal meltwater, and it will continuously drain away, limiting the effects of water-

magma interaction (Smellie and Skilling, 1994; Loughlin, 2002). A crude estimate can 

therefore be made for the thickness of the ice at the time of eruption as > 150 m. There 

is no adequate field information regarding the pre-existing topography in this area. 

However, considering the diffuse array of cones that comprise the broad edifice of 

Tongariro volcano, a similar paleo-configuration, which included a basin between two 

cones or ridges, enabling meltwater to pond, and a thick hyaloclastite unit to form, is 

suggested. In terms of unit architecture, a hyaloclastite mound, similar to those 

described for tuya formation elsewhere (Jones, 1969; Allen, 1980; Russell et al., 2014) is 

proposed for unit H, emplaced largely beneath a glacial roof (Fig. 2.17A). The unit is 

widespread around the footprint of South Cirque and so may have formed an 

extensive sheet beneath the ice; it is only preserved where overlain by more-resistant 

lavas. The age of this unit is unknown, but it must be older than the ice-dammed lava 

that overlies it, dated at ~81 ka ± 5. This implies that relatively thick ice was present on 

the volcano prior to the onset of the last glacial period (MIS 4). The climate of MIS 5  
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Figure 2.17: Schematic diagram of stages in evolutionary model, arrows are directed from possible vent sources 
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and show direction of transport. See text for explanation of eruptive events. 

was variable and generally colder than the current interglacial period so it is not 

considered a true interglacial after MIS 5e (Williams et al., 2015). This hyaloclastite 

may have been emplaced within the cooler episodes of MIS 5b and d (Williams et al., 

2015) or during earlier glacial periods (e.g. MIS 6). In addition, the volcano has been 

down-thrown by the Taupo Rift since the evolution of the cirque (Villamor and 

Berryman, 2006). By averaging geological slip rates bounding the Tongariro graben 

(Gómez-Vasconcelos et al., 2017) a slip rate of 3.45 mm/yr is obtained to roughly 

estimate elevation loss of 262-297 m since the emplacement of dL lava flow (81 ± 5 ka), 

inferred as the penultimate lithofacies to have been emplaced, prior to LTa-d (Section 

2.7.3.3-4). Greater elevation during cirque formation may therefore have allowed for 

greater ice accumulation, especially if vents were similarly dispersed as they are today, 

and thick ice was able to accumulate between them. It is therefore reasonable for a 

significant mountain glacier or ice cap to have resided at Tongariro volcano prior to 

building of the cirque. 

 

2.7.3.2 Ridge building, emergence and ice-marginal emplacement and wet-sediment 

or subglacial intrusion 

Emplacement of continuous, planar, lavas (cL) on the western rim of the cirque, 

which show little evidence for water-magma interaction, suggests that following 

formation of the hyaloclastite, the relative thickness of overlying ice had reduced, 

either due to edifice growth, to ablation of ice, or both. This would have allowed 

meltwater to drain away from the vent area, possibly thermally eroding a channel 

which the lava could follow (Lescinsky and Fink, 2000) (Fig. 2.17B). The narrow, ridge-

capping flows do, however, indicate that the lava was confined and kept out of the 

basin by ice that remained at lower elevations (Fig. 2.17C). The number of lava flows 

in this succession implies several pulses of effusive eruptive activity, interrupted by at 

least one explosive event that gave rise to the intercalated lapilli tuff deposit. On the 

eastern side of the cirque, a similar relative timing and emplacement mechanism is 

suggested for the intercalated succession of lavas (ERc), hyaloclastites (ERh) and lapilli 
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tuffs (ERltb) (Fig. 2.17C). This ridge-building is inferred to mark the early stages of 

cirque-shaping which was largely constructive and confined by ice, rather than 

destructive glacial scouring into conventional glacial cirque form (e.g. Conway et al., 

2015). Following the formation of the eastern ridge, the pinnacle lapilli tuff (PLT) and 

lobate intrusive lava (iL) were emplaced alongside and beneath the ice, respectively 

(Fig. 2.17D). The ice is inferred to have been of similar volume for the formation of  

these units (cL, ERh, ERc, ERltb, PLT, iL) and to have evolved from capping the vent 

to acting as a buttress for erupted products as the edifice emerged through the ice (Fig. 

2.17B-D).  

 

2.7.3.3 Glacial waning 

The tillite smeared to the side of South Cirque indicates melting of the glacier 

after most of the slope-forming units had been emplaced. The removal of ice from the 

upper slopes of the edifice may have caused destabilisation and collapse of any poorly 

consolidated units in this area, as seen in collapse deposits within the Pinnacle lapilli 

tuff (PLT). Ice withdrawal is consistent with the ice-dammed lava flow (dL) on the 

northern wall of South Cirque which post-dates most of the slope-forming deposits 

and indicates emplacement against a lower-lying body of ice in the amphitheatre. The 

elevation of the flow front at ~1780 m a.s.l. is inferred to have been the minimum 

surface elevation of ice at least at the northern headwall of the cirque, where it became 

impeded (Fig. 2.17E). It follows, therefore, that either (1) the volume or thickness of ice 

may have decreased so that it lay lower than the vent, or (2) the edifice built up and 

breached the ice surface prior to eruption of this lava. The former hypothesis is 

consistent with the age of the lava within the Otamangakau Interglacial (MIS 5a), a 

period of warmth within the variable MIS 5 (Fig. 2.1C; Williams et al., 2015). There is 

no evidence for ponded water here and the lava remained intact, rather than 

fragmenting to hyaloclastite. Therefore, either the ice was thin and the topography 

steep enough to allow meltwater to drain away, or less meltwater was formed as a 

result of low thermal efficiency associated with more-silicic lavas in melting the ice 



Chapter 2: Tongariro glaciovolcanism 
 

69 

 

(Kelman et al., 2002; Stevenson et al., 2006). Enough meltwater was produced in order 

to give rise to kubbaberg jointing, but the exterior of the lava may have rapidly formed 

an insulating crust, preventing further melting of the glacier and causing the lava to 

be dammed. The age of this lava, and therefore the approximate minimum date of 

glacier waning is ~81 ka ± 5. This period of glacial waning may have also caused 

erosion of the basal hyaloclastite mound, except where it is overlain by more resistant 

lavas, and have given rise to the steep-sided amphitheatre morphology that is present 

today. The position of units T, PLT and dL, all draping the inside wall of the cirque, 

indicate that the current shape of the cirque was well-developed by this point. 

 

2.7.3.4 Glacial advance – draining meltwater or an englacial lake? 

The waterlain, current-deposited, clastic deposits at the top of the cirque rim in 

the northeast corner are interpreted as the youngest preserved deposits that formed 

South Cirque, but no dateable material is present and absolute ages are not known. 

These juvenile-rich units suggest a late stage of hydromagmatic explosive activity 

above ground, but within a subglacial or englacial cavity (Fig. 2.17F). Currents that 

deposited these units involved meltwater produced during eruption, which entrained 

the erupting pyroclasts and drained this mixture away from the eruption site. This 

scenario could have two main origins: (1) as water-supported flows through englacial 

tunnels or ice canyons open to the sky, carved by heated water (Smellie and Skilling, 

1994); or (2) as deposition by eruption-fed density currents into an englacial lake 

(White, 2000). While the deposits from these processes can look similar, they have 

different implications for the thickness of the ice and glacial hydrology. For sufficient 

standing water to be contained on the steep topography of the upper levels of South 

Cirque, ice thickness must be substantially greater than 150 m, which is improbable on 

steep slopes (Smellie and Skilling, 1994; Magnússon et al., 2012). Drainage of tephra-

laden meltwater requires ice as the water source, but not as a barrier to flow. The 

stratification pattern of the deposits suggests that draining meltwater was the 

mechanism of deposition, as does the absence of draping ash beds that would be 
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expected from suspension fallout during lacustrine deposition. Whether the vent site 

and the meltwater channels were subglacial or englacial at Tongariro volcano, the 

surface elevation of the ice must have been at least the elevation of these deposits. 

Therefore, following the deposition of tillite, the volume and thickness of ice must have 

increased again to fill the cirque, and possibly even cap the edifice. This may have 

occurred during MIS 4, the period of New Zealand’s largest glacial advance (Williams 

et al., 2015) and the maximum extent of the Mangatepopo Glacier (Eaves et al., 2016b). 

However, the ice above the vent site was thin enough to allow the drainage of 

meltwater, and so the ice over the ridge is crudely estimated to have been less than 150 

m thick (Fig. 2.17F) (Loughlin, 2002). This may explain why field flow indicators 

suggest along-ridge flow where ice was thinnest, rather than flow downslope into the 

cirque. Soft sediment deformation features indicate gravitational failure of a wet, 

unconsolidated deposit, possibly triggered by seismicity or by removal of supporting 

ice during deglaciation (Loughlin, 2002). The shape of the cirque is interpreted to have 

developed early in the evolutionary process, during the last interglacial and early 

glacial periods. The cirque would have acted as an accumulation centre for subsequent 

glaciers during the LGM, which may have trimmed fragile cooling joint blocks from 

the inferred ice-bounded lavas (ERc and cL), but did not contribute to the general 

morphology of the cirque. 

 

2.7.4 Two vents? 

Hobden (1997) implied that two vent areas may have contributed to the 

deposits exposed in South Cirque, one to the north of the cirque, and the other on the 

eastern rim. Based on field relationships described and mapped in this study, either 

two possible vent sources can be inferred, or flows from the same source were re-

routed, giving rise to non-radial flow directions. The morphology of the lobate 

intrusive lava (iL) protruding from the eastern rim of South Cirque suggests it was fed 

from a source to the east (Fig. 2.17D). Similar inference can be made for the 

hydrothermally altered Pinnacle group lithofacies (PLT/PCB) and the intercalated 
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lithofacies (ERh/ERc/ERltb), both of which dip away from this area. The ice-dammed 

lava flow (dL), layered lavas (cL) and upper vitriclastic lapilli tuffs (LTa-d) seem to be 

sourced from the north, based on flow directions observed in the field. Projection of 

all flows back toward source, however, leads to a point lying in mid-air above the 

cirque, and there is no clear surface manifestation of vents in these areas. If they did 

exist, they have either been buried beneath the younger cones or collapsed (e.g. Te 

Whaiau Formation; Lecointre et al., 2002). Alternatively, these south and west dipping 

deposits may be disconnected from their source (blind) and have been fed by a proto-

North Crater (Fig. 2.17C). In this scenario, these flows may have travelled over, and 

then been re-routed by, ice surrounding the vent, resulting in their blind 

configurations. A long-lived northern vent in the vicinity of the current North Crater 

is supported by 140-85 ka age lava flows from that area (Stipp, 1968; Hobden et al., 

1996; L.R. Pure, unpublished data; Fig. 2.1C).  If two vents did source the units exposed 

in the cirque they were active at the same time and erupted alternately. 

 

2.7.5 Comparison with previous work 

New interpretations are presented for the formation of the proximal deposits 

found in South Cirque, previously described by Hobden (1997) and Nairn (1996; 1997), 

and for some others not formerly recognised. The main difference between the 

previous studies and the model present here is the recognition of the role of glaciation 

and the relative timing of volcanism. Where Hobden (1997) advocated subaerial cone-

building events punctuated by glacial erosion, this study suggests the edifice was 

constructed variably beneath and alongside a glacier (or glaciers). The ice played an 

active role in the formation and emplacement of erupted material by the production 

of meltwater, giving rise to quenching, fragmentation and redistribution of 

volcaniclastic debris, and by the glacier’s ability to confine these deposits. Along the 

South Cirque-Central Crater ridge, Hobden (1997) interpreted deposits as representing 

tuff cones and PDC and surge sequences. Based on extensive evidence for waterlain 

flow deposits on high topography (Sections 5.8-5.9), emplacement of eruption-fed 
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subaqueous flow deposits along meltwater channels (LTa-d), and a sequence of 

subglacial to emergent hyaloclastite (ERh), lava (ERc) and current-emplaced 

volcaniclastic deposits (ERltb), are instead proposed. A unit interpreted by Hobden 

(1997) as a vent breccia, due to its hydrothermal alteration, is observed to have 

recognisable bedding and grading (PLT). It is, therefore, interpreted it as a bedded 

deposit, initially supported by cirque-filling ice, but collapsed during deglaciation, and 

that the vent source was further east. The alteration in this unit is probably associated 

with the long-lived geothermal system at Tongariro volcano, rather than this being the 

specific site of an old vent. Finally, the new 40Ar/39Ar age presented here for the ice-

dammed lava flow (dL) at ~81 ka ± 5 (2σ) is consistent with Hobden’s (1997) minimum 

K/Ar age of ~64 ka ± 22 (2σ) for the cirque, but only at the upper limit of uncertainty. 

As dL overlies the layered lava flows (cL) from which the 64 ka date was determined, 

and is therefore younger, cirque-formation must have occurred earlier than previously 

thought. Although ice played an active role in the emplacement mechanisms for the 

majority of the cirque-forming units, the geomorphology of the cirque is, 

unconventionally, predominantly primary and a result of constructive processes, 

rather than destructive glacial erosion. These reinterpretations have significantly 

increased our understanding of both the volcanic evolution of Tongariro and also the 

environment into which it erupted. 

The deposits in South Cirque indicate emplacement processes akin to those inferred 

for other volcanoes documented globally through the basaltic-rhyolitic compositional 

range, hosting temperate, wet-based glaciers (e.g. Tuffen et al., 2001; Loughlin, 2002; 

Stevenson et al., 2009). The basal hyaloclastite (H) is inferred to have a similar origin 

as hyaloclastite mounds within tuya sequences reported from the ‘standard’ basaltic 

model of glaciovolcanism beneath relatively thick ice (Jones, 1969; Skilling, 1994; 

Russell et al., 2014). Passage zone sequences with subglacial to emergent lithofacies 

similar to ERh, ERc and ERltb are also common at subglacial basaltic volcanoes (Jones, 

1969; Russell et al., 2013). At andesitic centres, ice-confined lavas such as dL, iL and cL 

are the common form of glaciovolcanic product (e.g. Mt Rainier, Lescinsky and Sisson, 

1998). However, the dominance of clastic deposits exposed in South Cirque, 



Chapter 2: Tongariro glaciovolcanism 
 

73 

 

particularly the eruption-fed, waterlain lapilli tuffs (LTa-d) is an unusual feature of 

documented andesitic glaciovolcanism. This has been related to low preservation 

potential and/or reduced meltwater retention on steep slopes (Kelman et al., 2002; 

Lachowycz et al., 2015). A few studies have reported similar intermediate fragmental 

units from ice-clad volcanoes in Iceland (Stevenson et al., 2009) and Chile (Lachowycz 

et al., 2015), but the global catalogue for such deposits is sparse and these authors 

attribute fragmentation to abundant accumulated meltwater sealed by thick ice. At 

Tongariro volcano, however, the shifting locus of activity and dispersed vent array 

may be a key factor in the preservation and exposure of such deposits. Eruption-fed, 

clastic deposits of this nature may also be more common than originally speculated at 

andesitic volcanoes that have been episodically host to temperate glaciers, but remain 

unrecognised. 

 

2.8 Conclusions 

  At least 9 discrete glaciovolcanic lithofacies in South Cirque are defined, their 

eruption mechanisms interpreted, and the paleoenvironment surrounding deposition 

inferred. The number of vents contributing to the deposits and their location(s) 

remains equivocal, but these were either buried or have collapsed, or the deposits were 

sourced from proto-vents beneath present-day, post-glacial cones. The construction 

and shaping of South Cirque took place in the following stages: 

1) Formation of a subglacial lake below a summit glacier or ice cap, probably thicker 

than 150 m, into which lava flows erupted and fragmented to form a thick 

hyaloclastite deposit. 

2)  Thinning of the ice above the growing hyaloclastite mound allowed for drainage of 

meltwater and the formation of subglacial-emergent channels. Lavas and 

volcaniclastic material flowed along these channels, forming steep-sided, narrow 

ridges in the west and east. 
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3) Emplacement by currents of a waterlain lapilli tuff deposit on the eastern rim, 

intruded by lava which continued to flow and melt into the glacier that filled the 

cirque. 

4) Glacial retreat soon after this resulted in the collapse of this lapilli tuff while 

unconsolidated. The flowing glacier may have also begun to cut into the friable 

hyaloclastite mound with its retreat, leaving behind the present-day amphitheatre-

like morphology at the base of the cirque. Following glacial retreat, a lava flowing 

down the northern slope was impeded by, and cooled against, ice that was at a 

lower level within the cirque. 

5) The uppermost units include vitriclastic deposits emplaced by currents, and 

indicate several episodes of eruption into meltwater and drainage of tephra-laden 

water, probably within channels carved into the base of the ice. This indicates a later 

period of glacial advance for the final stage of glaciovolcanic interaction recognised 

within South Cirque, with ice thickness at least to the top of the ridge, and probably 

overlying it up to a thickness of 150 m. 

 

 The new absolute age for the ice-dammed lava flow (dL) and associated field 

relationships indicate that the majority of the cirque was constructed prior to 81 ka ± 5 

and that a substantial ice cap was present on the volcano for part of the variably cool 

MIS 5. 

 

Most field studies and lithofacies analysis of glaciovolcanic deposits have 

addressed basaltic and rhyolitic centres (e.g. Smellie and Skilling, 1994, Tuffen et al., 

2001). Studies focussed on successions with intermediate magma compositions have, 

with few exceptions (e.g. Stevenson et al., 2009; Lachowycz et al., 2015), addressed only 

effusive volcanism. This has led to a common assumption that fragmental lithofacies 

are rarely formed at glaciated andesitic volcanoes. Here, another case study volcano is 

contributed at which clastic deposits are a dominant glaciovolcanic product, providing 

a new perspective on the evolution of Tongariro volcano during the transition through 

the last interglacial and glacial periods.   
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Tables 

Table 2.1: Detailed observational data of lithofacies constituents 

Lithofacies 

association 

Constituent Primary volcanic componentry 

and textures of clasts/coherent 

units 

Grainsize and shape 

(clastic)/ Crystal size 

(coherent) 

Structures Alteration 

Altered basal 

hyaloclastite 

and lava 

tendrils (H)  

Hyaloclastite Monomictic non-to-poorly 
vesicular, porphyritic clasts 
with 10-30% phenocrysts. Free 
plagioclase and pyroxene 
crystals in matrix.  

Silt-grade <200 μm to small 
blocks (8-10 cm). Fines-poor 
in upper, bedded section. 
Angular, fluidal and 
crenulated. 

Poorly sorted, massive at base to 
irregular, lenticular bedding in 
upper section. Beds are 4-20 cm 
thick and dip SW into cirque. 
Jigsaw-fit fracturing within 
clasts with quenched rinds. 

Blue-grey to bright white, 
yellow, orange and red in 
colour. Devitrified 
groundmass and replaced 
phenocrysts. Vesicles are 
rimmed or infilled with 
alteration minerals. Thin 
alunite-filled fractures with 
preferred orientation. Bright 
yellow nodules of elemental 
sulphur. 

Lava tendrils 
 

100 μm - 1.5 mm. Subhedral Flow bands. Fanning, polygonal 
column-bounding cooling joints, 
10-30 cm spaced in a coherent 
lobe. 

Orange/brown surfaces. 
Replaced phenocrysts. 

Layered lavas 

(cL) 

Lava and 
agglutinate 
flows 

Non-to-poorly vesicular, 
porphyritic with 25% 
plagioclase and pyroxene 
phenocrysts. 

250 μm - 2 mm. Subhedral Flow banded with wide-spaced 
(50 cm) blocky joints. Sub-
vertical platy joints near flow 
terminations. 

Bright orange surfaces and 
pervasive fine fracture 
networks infilled with white 
alunite. 

Lapilli tuff Poorly vesicular, porphyritic 
clasts with 25% plagioclase and 
pyroxene phenocrysts and free 
crystals.  

Coarse tuff to lapilli (up to 6 
cm); Fluidal to angular. 

Faint bedding. Buff coloured - 
palagonitised? 
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Intercalated 

hyaloclastite 

(ERh), lavas 

(ERc) and 

lapilli tuff 

breccias 

(ERltb) 

Basal 
hyaloclastite 
lapilli tuff 
breccia 

Monomictic, non-to-poorly 
vesicular (20%), porphyritic 
clasts with up to 30% 
plagioclase and pyroxene 
phenocrysts. 

Coarse tuff 500 μm - 2mm. 
Lapilli and blocks 16 mm – 
10 cm but up to 50 cm. 
Rounded, fluidal and 
angular. 

Poorly sorted, crude bedding. 
Jigsaw-fit fracturing between 
clasts. 

  

Breccias, 
coarse lapilli 
tuffs and 
coarse tuffs 

Monomictic, non-to-poorly 
vesicular (30%), porphyritic 
clasts with 10-20% plagioclase 
and pyroxene. Subordinate, tan 
coloured pumiceous clasts and 
free plagioclase and pyroxene 
crystals. 

Medium-coarse tuff (250 μm-
2 mm) to lapilli (2 mm - 5 
cm); ~5-10% blocks 8-30 cm. 
Fines poor. Angular to 
fluidal. 

Alternating moderately-well 
sorted, thin beds defined by 
grainsize variation (2 mm - 10 
cm thick), lenticular and 
undulating with scoured bases 
and soft-sediment deformation, 
with poorly sorted, massive, 
thick lapilli breccia beds (50 cm 
thick). All beds dip moderately 
to the SE. Radial, polyhedral 
joints within some clasts.  

 

Coherent 
bodies 

Poorly vesicular (up to 30%), 
porphyritic with 20% 
plagioclase and pyroxene 
phenocrysts. Cryptocrystalline 
groundmass. Angular, white 
xenoliths, 1-10 cm in size. 

400 μm - 2 mm, Subhedral-
anhedral 

Widely spaced, vertical joints. 
Flow banded. Rubbly surface 
with autobrecciated base. 

 

Upper 
hyaloclastite 
lapilli breccia 

Monomictic, non-to-poorly 
vesicular, porphyritic fragments 
with up to 30% plagioclase and 
pyroxene phenocrysts and free 
crystals, 5-10% pore space. 

Medium-coarse tuff (400-750 
μm) lapilli, blocks and 
bombs (5 mm - 30 cm; av. 2.5 
cm). Angular to fluidal with 
crenulated outlines. 

Massive. Jigsaw-fit fracturing in 
some clasts. Large blocks have 
radiating polyhedral joints. 

Orange tuffaceous matrix  
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Intrusive 

lava (iL) 

Coherent Non-vesicular, porphyritic with 
20% plagioclase, pyroxene, and 
opaque phenocrysts. 
Cryptocrystalline groundmass. 
Minor quartzofeldspathic 
xenoliths. 

200 μm - 1.5 mm. Subhedral. Fluidal contact with PLT. Flow 
banded. Over-thickened knuckle 
~10 m tall cut by two orthogonal 
sets of extremely closely spaced 
platy joints. Rectangular, 
column-bounding joints and 
curved platy joints at the toe. 

Marginal fractures infilled 
with white clay, locally 
coloured red. 

Hyaloclastite Monomictic, non-to-poorly 
vesicular, porphyritic clasts 
with 20% plagioclase, pyroxene 
and opaque phenocrysts. Pore 
space.  

Lapilli and block-sized clasts 
(8 mm to 50 cm, average ~ 2-
8 cm); Fines-poor. Rounded 
to angular 

Massive and poorly sorted. Devitrified clasts with clay-
altered rims, infilled vesicles 
and replaced phenocrysts. 

Pinnacles 

Lithofacies 

Association 

(Lapilli Tuff 

(PLT) with 

autobreccia 

and Coherent 

Bodies 

(PCB)) 

Coherent 
body 

Non-vesicular, porphyritic with 
20% plagioclase, pyroxene, and 
opaque phenocrysts. 
Cryptocrystalline groundmass. 
Minor quartzofeldspathic 
xenoliths. 

100 μm - 1.5 mm. Subhedral Flow banded   

Autobreccia Clasts are non-vesicular, 
aphanitic to porphyritic with up 
to 20% plagioclase, pyroxene 
and opaque phenocrysts. 
Cryptocrystalline groundmass. 
Minor quartzofeldspathic 
xenoliths. 

Blocks are abundant near the 
coherent body (50-70%), but 
reduce to 5% downslope. 15 
mm - 1 m. Angular. 

Clasts are flow banded. Orange, white, red and pink 
authigenic clay cement coats 
clasts. The framework clasts 
are devitrified, phenocrysts 
and free crystals replaced by 
clay minerals. 

Lapilli tuff Clasts are non-to-poorly 
vesicular and porphyritic with 
20-40% plagioclase and 
pyroxene phenocrysts. Free 
crystals. Vesicular matrix (50% 
bubbles). 

Minor medium-coarse ash 
200 μm-2 mm; Fine lapilli: (1-
2 cm; 20-50%); Blocks: (5-50 
cm in size; 5-10%). Vesicular, 
fluidal, juvenile bombs and 
non-vesicular, angular 
blocks. 

Mostly massive and poorly 
sorted with localised well-
sorted, lenticular bedding 20-25 
cm thick. Blocks are associated 
with scour and are aligned 
parallel to bedding. Juvenile 

Clasts are devitrified and 
phenocrysts have been 
replaced. 
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grains show jigsaw fit and/or 
radial fracturing. 

Till (T) 

  Polymict: 1) Non-to-moderately 
vesicular (0-50%), porphyritic 
vitric clasts, similar to coherent 
bodies and juvenile clasts of the 
cirque-forming lithologies; 2) 
Porphyritic devitrified clasts 3) 
Phaneritic lava lithics with flow 
banding, some altered red or 
pale grey; 4) Large angular 
blocks of bedded or massive 
lapilli tuff 

4 mm to 80 cm. Blocky to 
rounded. Some 
vitric/devitrified lapilli are 
fluidal and cuspate in shape. 

Mostly massive and poorly 
sorted. 

  

Ice-dammed 

flow (dL) 

  Non-vesicular, porphyritic with 
20% plagioclase, pyroxene, and 
opaque phenocrysts. 
Cryptocrystalline groundmass. 
Minor quartzofeldspathic 
xenoliths. 

100 μm - 2 mm. Anhedral-
subhedral 

Closely-spaced subvertical platy 
joints and kubbaberg joints 
orientated perpendicular to the 
margin at the flow front. 

  

Vitric lapilli 

tuffs and 

coarse tuffs 

(Lta-d) 

A: 
Heterolithic 
Lapilli Tuff 
(Lta) 

Polymict: 1) Friable, orange 
pumiceous clasts dominate; 2) 
grey, non-to-poorly vesicular, 
porphyritic juvenile clasts with 
white-altered halos varying 
from a few mm thickness to 
penetrating to the interior of the 
clast; 3) non-vesicular, altered 

Medium to coarse ash (200 
μm – 1 mm); lapilli (2-64 
mm) and blocks from 10-15 
cm. Blocky, rounded. 

Poorly sorted with some crude, 
thick bedding (20-50 cm thick) 
but it is discontinuous and 
diffuse. Juvenile blocks have 
glassy rims cut by radial, 
polyhedral joints.  

Devitrified grains bound 
within clay-rich authigenic 
cement. Phenocrysts and free 
crystals are replaced. Pock-
marked surface of outcrop 
may be weathered out, 
friable orange pumiceous 
clasts. 
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white-pink lithic clasts; 5-10% 
pore space. 

A: Coherent 
Bodies with 
Autobreccia 
(Lta) 

Non-vesicular, porphyritic with 
30% plagioclase and pyroxene 
phenocrysts. Cryptocrystalline 
groundmass. Minor 
quartzofeldspathic xenoliths. 

100 μm - 1.2 mm. Anhedral-
subhedral 

Flow banded. Agglutinated. 
 

A: Reworked 
Coarse 
Lapilli Tuff 
(rLTa) 

Polymict non-vesicular clasts, 
dark to pale grey with 
orange/brown clay coating. No 
juveniles 

Lapilli tuff: 300 μm – 7 mm; 
av. 1-2 mm; Blocks up to 2 m. 
Blocky with abraded edges.  

Bedding (4 mm-10 cm thick), 
alternating between poorly and 
moderately-well sorted. 
Lenticular, with normal, double 
and inverse grading. Highly 
contorted with corkscrew 
structures wrapped around 
angular, flow banded or 
agglutinate blocks. 

All clasts are devitrified. 

B: Lapilli 
Tuff bearing 
fluidal block-
sized clasts 
(LTb) 

Dominantly non-to-poorly 
vesicular (up to 30%) vitric, 
porphyritic juvenile clasts, but 
also devitrified recycled 
juvenile clasts and minor lava 
lithics and free crystals; ~20% 
pore space.  

Lapilli tuff: 250 μm – 2 mm 
to 2.5-16 mm; Bombs up to 20 
cm. Upper tuff beds: 500-700 
μm. Fines-poor. Blocky to 
fluidal. 

Lenticular, well-sorted, 
inversely graded bedding with 
erosional surfaces. Planar and 
low-angle x bedding with 
shallow-moderate dip to SW. 
Bombs aligned parallel to 
bedding, have non-vesicular, 
quenched rinds and radial or 
jigsaw-fit fractures. Soft 
sediment deformation. 

Clay minerals coat the 
juvenile clasts and infills the 
vesicles and interstitial pore 
space. 
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C: Lapilli 
Tuff (LTc) 

Dominantly non-to-poorly 
vesicular (up to 30%) vitric, 
porphyritic juvenile clasts, 
devitrified recycled juvenile 
clasts and minor lava lithics and 
free crystals; ~15% pore space.  

Medium-coarse tuff: 200 μm 
- 2 mm; 10-20% lapilli and 5-
10% bombs up to 30 cm. 
Angular to fluidal. 

Flame structures and load casts 
define contact with LTb. Beds 
varying from massive and 
poorly sorted to graded and 
moderately-well sorted. Scoured 
bombs with radial or jigsaw-fit 
fracturing. Soft sediment 
deformation. 

Bright orange alteration 
colours. Clay minerals coat 
the juvenile clasts and infills 
the vesicles and interstitial 
pore space. 

D: Lapilli 
Tuff (LTd) 

Dominantly non-to-poorly 
vesicular (up to 30%) vitric, 
porphyritic juvenile clasts, 
devitrified recycled juvenile 
clasts and minor lava lithics and 
free crystals. Pore space up to 
25%. 

Bedded:  medium-coarse ash 
(200 μm – 1 mm) and lapilli 
(2 cm); Massive section: 
clasts up to 15 cm. Blocky to 
fluidal, some with very 
delicate outlines 

Subhorizontal, lenticular, 
scoured beds alternate abruptly 
between coarse, thick (10-50 cm) 
beds with pore space, to thinner 
(10 cm) beds containing 
interstitial clay cement. Bombs 
contain radial or jigsaw-fit 
fracturing, are aligned parallel 
to bedding, and have imbricated 
lapilli tails. Stratified lenses of 
fines, soft sediment deformation 
and channel scour. 

Devitrified clasts. Clay 
cement coats grains and 
infills vesicles. 
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CHAPTER 3 
 

Paleomagnetic evidence for cold emplacement of subaqueous 

pyroclastic flow deposits beneath an ancient summit glacier, 

Tongariro volcano, New Zealand 
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3.1 Abstract 

 Temperature determinations of volcanic clasts using paleomagnetic data can 

help to understand the flow dynamics and emplacement processes of volcaniclastic 

deposits. The post-emplacement equilibrium temperatures of two proximal 

pyroclastic deposits exposed in succession at the summit area of Tongariro volcano, 

New Zealand, were < 150 °C, determined by paleothermometry of lithic and juvenile 

block-sized clasts. In the two deposits, three clast types were identified based on the 

number of components of magnetisation and style of demagnetisation, with no 

relationship found between the magnetic behaviour and whether the clast was a lava 

lithic or juvenile. The directions of magnetisation for all clasts sampled from both 

deposits were randomly orientated. The lithic clasts are interpreted to have been 

rotated within the flow, but not heated, while possible juvenile clasts were either 

quenched immediately on eruption and rotated along with the lithics, or recycled from 

an earlier phase of eruption. Uniform directions from the margin to the interior of each 

clast indicate complete and rapid cooling. The demagnetisation style and additional 

thermomagnetic, hysteresis and isothermal remanent magnetisation tests indicate that 

the principal carrier of magnetic remanence was magnetite, and that magnetisation 

directions are a result of physical transport processes, not post-depositional chemical 

remanent magnetisations. Previously interpreted as deposits of pyroclastic flows and 

surges, the paleomagnetic data and relatively cool deposit temperatures are consistent 

with new field evidence for deposition from waterlain currents. The deposit-forming 

eruptions took place beneath a summit glacier and the freshly erupted tephra mixed 

with meltwater, before draining along meltwater channels beneath the ice. This is the 

first study in which paleomagnetic data have been used to determine the equilibrium 

temperatures for subglacial pyroclastic deposits and is an example of how 

paleomagnetism may be utilised for improving our understanding of eruptive 

environment. In addition, as the thermodynamics of andesite lava-ice interaction has 

received little quantitative attention, and fragmental andesitic glaciovolcanic deposits 

are only sparsely documented, paleomagnetic data such as those presented here 
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contribute to our understanding of the eruption dynamics of andesite in association 

with ice. 

3.2 Introduction 

Emplacement temperatures of pyroclastic deposits depend on the dynamics of 

the currents, the cooling history of particles and the eruptive environment. Such 

information can also improve our understanding of eruption styles and the interaction 

between volcanoes and their environment (White, 2000). Paleomagnetic techniques are 

commonly used to determine the emplacement temperature of ancient pyroclastic 

deposits (paleothermometry; Brown and Andrews, 2015). Paleothermometry has been 

used for elucidating phreatomagmatic behaviour during an eruption: Porreca et al. 

(2008) found that the Peperino Albano ignimbrite from Colli Albani volcano (Italy) 

was emplaced at 240-350 °C due to pre-eruptive magma-water interaction. 

Entrainment of water and gas during transport can cool particles by hundreds of 

degrees before deposition, to below the Curie temperature (Tc) for the primary 

magnetic minerals (Cioni et al., 2004; Porreca et al., 2006; Porreca et al., 2008; Nakaoka 

and Suzuki-Kamata, 2015; Zanella et al., 2015). Zanella et al. (2015) showed that the 

deposit temperatures from eruptions at Somma-Vesuvius (Italy) over the last 22 kyr 

have been between 250 and 370 °C, due mainly to ambient air entrainment during 

transport. Cooling was enhanced for more turbulent and longer lasting currents 

(Zanella et al., 2015). By contrast, the deposit temperature of the 1.8 ka Taupo 

ignimbrite (New Zealand) was shown, by paleomagnetic evidence, to have been 

higher further from source, increasing from 150-300 °C to 400-500 °C, interpreted to 

result from the incorporation of a greater number of cold lithic clasts at proximal 

locations (McClelland et al., 2004). For subaqueous deposits, paleomagnetic data have 

helped to show that pyroclastic density currents may be emplaced hot, without 

significant cooling by water (Mandeville et al., 1994; White, 2000). Here, new 

paleomagnetic data are presented to support field evidence for the subaqueous 

eruption and cool, waterlain emplacement of pyroclastic deposits at Tongariro 
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volcano, New Zealand beneath a thin, summit glacier during the last glacial period 

(Chapter 2; Cole et al., 2018). 

 

3.2.1 Deposit temperature determination 

Paleomagnetic determinations of emplacement temperature rely on a stable 

magnetisation with resolvable magnetic components (McClelland and Erwin, 2003). 

Due to the time taken for all clasts to reach thermal equilibrium once they have been 

emplaced (Cioni et al., 2004), the deposit temperatures (Tdep) estimated in this study 

are, more accurately, post-emplacement equilibrium temperatures. 

Paleothermometric analyses of volcaniclastic deposits most commonly utilise lithic 

clasts, which are rock fragments that were not created during the eruption of interest, 

but were broken from part of the vent walls or were entrained from the volcanic slopes. 

When a lithic clast becomes incorporated within a pyroclastic density current (PDC), 

depending on its size and location within the PDC, it can be heated and eventually 

reach thermal equilibrium with the hot current (Cioni et al., 2004). If the clast is not 

heated to ≥ Tc for its ferromagnetic grains (e.g. the Tc of magnetite is ~580 °C), the 

reheating process within the flow will only remove part of the existing natural 

remanent magnetisation (NRM) up to the temperature of the clast, and can therefore 

indicate the post-emplacement equilibrium temperature of the deposit (Tdep). As the 

clast cools along with the deposit in the Earth’s magnetic field, it will acquire a partial 

thermal remanent magnetisation (pTRM) for the component of the NRM that was 

erased. This low-temperature magnetic remanence is aligned parallel to the direction 

of the Earth’s magnetic field at the time of cooling (Bardot and McClelland, 2000; Cioni 

et al., 2004; Sulpizio et al., 2015). After progressive thermal demagnetisation in the 

laboratory, at least two components of magnetisation should be evident: a high-

temperature component that was acquired during rock formation, with a random 

direction (i.e., no alignment between clasts or with the Earth’s ambient field direction 

for the region), and a low-temperature pTRM. The blocking temperature (Tb) for a 

magnetic grain is the temperature at which the grain ceases to retain a stable magnetic 
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remanence and becomes superparamagnetic (i.e. does not retain magnetic remanence 

on removal of a magnetic field) (Butler, 1992). The low-temperature component is 

carried by grains with Tb < Tdep, while the high-temperature component is composed 

of grains with Tb > Tdep. The Tb is dependent on grain composition, size and shape 

(Butler, 1992; Bardot, 2000; Lanza and Meloni, 2006). The Tdep is estimated from the 

breakpoint value of blocking temperatures between two components (Bardot and 

McClelland, 2000; Sulpizio et al., 2015). 

Juvenile clasts, which are fragments derived from magma, have been deemed 

unreliable for Tdep estimation because they may carry a Chemical Remanent 

Magnetisation (CRM), which cannot not be distinguished from a Thermal Remanent 

Magnetisation (TRM) (McClelland et al., 2004). Nevertheless, Nakaoka and Suzuki-

Kamata (2015) used juvenile fragments along with lithic fragments to show that the 

Habushiura PDC of Niijima Island, Japan was emplaced at temperatures from < 150 

°C and up to 380 °C. Those authors showed that a TRM could be resolved from juvenile 

fragments after performing experiments in which juvenile fragments were split into 

two populations then heated and then left to cool in the Earth’s magnetic field, with 

one population at rest and the other being tumbled. The fragments at rest acquired 

single-component magnetisations parallel to the Earth’s field, while the fragments that 

tumbled acquired a similar chaotic NRM to the natural juvenile particles interpreted 

to have cooled while rotating within the flow (Nakoaka and Suzuki-Kamata, 2015). 

Therefore, if a deposit is emplaced cool or cold, each juvenile fragment, if not 

chemically altered subsequently, is predicted to display an individual chaotic NRM as 

a result of rotation during transport as they cooled below the blocking temperature. 

Lithic clasts, on the other hand, should have randomly orientated remanence 

magnetisations within their population, which differ from the ambient field, if they 

were deposited cold (Mandeville et al., 1994; Bardot and McClelland, 2000). 
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3.2.2 Stability tests 

Despite its advantages, results of paleomagnetic analysis may be misleading if 

other types of magnetic remanence (e.g. a viscous remanent magnetisation (VRM) or 

CRM)) are interpreted as TRMs (Bardot and McClelland, 2000). VRMs are acquired 

over time when exposed to a weak magnetic field, or during sampling, drilling and 

transportation (Bardot and McClelland, 2000; Porreca et al., 2008). Removal of a 

possible VRM is straightforward if the age of the deposit is known and is between 100 

yrs and 1 Myr because the acquisition time has a simple logarithmic relationship to the 

blocking temperature, as determined by Bardot and McClelland (2000). VRMs 

normally comprise a portion of the low-temperature component and cannot be 

distinguished from a TRM, so should be systematically removed, resulting in a 

minimum detection limit for the Tdep of a deposit (Porreca et al., 2008). Additional tests 

must be conducted to characterise the magnetic minerals present and exclude chemical 

overprinting by growth of secondary, typically diagenetic or hydrothermal, magnetic 

minerals (Porreca et al., 2008). CRMs may be orientated parallel to the ambient 

magnetic field and so may appear similar to a low-temperature TRM acquired during 

cooling in the Earth’s field, but the CRM blocking temperature will be dependent on 

the Tc of the newly grown alteration minerals, not the Tdep. Mistaking a CRM for a TRM 

can result in over-estimation of a deposit’s temperature (Bardot, 2000; Bardot and 

McClelland, 2000; Porreca et al., 2008). If the blocking temperature of a CRM is greater 

than the Tdep, it is represented on a Zijderveld diagram as curvature between the low- 

and high-temperature TRM components (Bardot and McClelland, 2000; Porreca et al., 

2008). In these cases, an estimate of the Tdep can be made as the range of blocking 

temperatures bounding the curvature (Cioni et al., 2004). Alternatively, alteration may 

completely overprint the low-temperature component, in which case the Tdep cannot 

be determined. The surest way to identify whether Tdep determinations are derived 

from TRMs, and are reliable, is to ensure that temperatures at which the magnetic 

susceptibility changes are not coincident with the breakpoint temperatures between 

two magnetic components (McClelland et al., 2004; Porreca et al., 2008). In addition, 
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the mineral that carries the magnetisation and its magnetic properties can be 

determined from hysteresis and isothermal remanent magnetisation (IRM) analyses. 

For hysteresis loops, a variable external magnetic field (H) is applied to a crushed 

sample, causing the intensity of magnetisation to increase until the magnetisation 

saturation for the sample is reached (Ms) (Lanza and Meloni, 2006). As the field 

intensity decreases, some magnetic grains return to their original state, but others 

retain a magnetisation which is orientated parallel to the external field and carry a 

saturation remanence (Mr). Applying the external field in the reverse direction allows 

the magnetisation intensity to return to 0, and the coercivity of the sample (Hc) is the 

strength of field required for M to return to 0, which is dependent on mineralogy 

(Lanza and Meloni, 2006). IRM data are also used to determine the magnetic field at 

which magnetic saturation occurs, remanent saturation magnetisation, and the 

coercivities of the magnetic minerals (Butler, 1992). Chemical alteration affecting the 

primary Fe-Ti oxides must be considered in volcanic settings where high-temperature 

oxidation and hydrothermal alteration are common and may overprint a mineral’s 

primary magnetic remanence. Here, thermomagnetic experiments were performed on 

all samples in order to determine the primary carrier of magnetic remanence by Tc, and 

to ensure that secondary magnetic minerals are not present or created during thermal 

demagnetisation, which could contribute to misleading temperature determinations. 

In addition, investigation of the coercivity and magnetic saturation of a sample by 

hysteresis loops and IRM curves is carried out to provide another constraint on 

determining the dominant magnetic mineral. Finally, at the deposit-scale, the 

relationship between the orientations of magnetisation of the clasts is assessed for 

randomness qualitatively using the conglomerate test (Butler, 1992; Tauxe et al., 2016), 

and quantitatively by Watson’s test for randomness (Watson, 1956). 

 

3.2.3 Geological setting and deposit characteristics 

 Tongariro is a volcanic complex of andesitic composition, situated in the central 

North Island of New Zealand (Fig. 3.1). The ambient Earth’s normal polarity magnetic 
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field for this area is D = 000°; I = -58°, and has not changed significantly since the 

emplacement of these deposits (Cox, 1969; Pillans and Wright, 1990; Turner et al., 

2015). The modern edifice dates from ~275 ka and is composed primarily of lava, with 

minor intercalated pyroclastic deposits and tillite (Hobden, 1997). The summit area 

forms a cirque-like morphology and was constructed while the volcano was host to 

glacial ice from 110 ± 12 ka to 64 ± 22 ka, during the transition between Marine Isotope 

Stages 4 and 5 (Chapter 2; Hobden et al., 1996; Cole et al., 2018; Townsend et al., 2017). 

Following Cole et al. (2018), the cirque-like feature is called “South Cirque”. The 

majority of the lithofacies exposed there were formed in the presence of ice and 

meltwater, culminating in a succession of pyroclastic deposits that are perched at the 

rim of South Cirque and are younger than 81 ka (LTa-d of Cole et al., 2018) (Fig. 3.1Ab). 

This study is focused on deposits LTb and LTd, which are juvenile-rich, bomb-bearing, 

coarse lapilli tuffs. Quench structures of the juvenile particles, good deposit sorting 

and traction structures indicate eruption and emplacement in water. These deposits 

were formed from explosive eruptions that took place in a transient accumulation of 

meltwater beneath a thin ice cap or summit glacier. The erupted particles mixed with 

the meltwater and drained along subglacial channels or ice-bounded trenches as 

eruption-fed pyroclastic density currents (Chapter 2; Cole et al., 2018). 

Here, the post-emplacement temperature of deposits LTb and LTd are 

determined in order to investigate further the eruptive and emplacement processes, 

the transition between eruption and transport, and the thermodynamics associated 

with explosive eruptions and glacial meltwater. Although these deposits are 

interpreted as eruption-fed, the hypothesis that the juvenile pyroclastic cargo was 

cooled immediately following contact with meltwater, the lithic clasts were not 

reheated and that the density current deposits were emplaced cold, is tested. 
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Figure 3.1: A: Digital elevation model of Tongariro volcanic centre. Location of deposits LTb and LTd 

are shown by blue star. Inset a: map showing the location of Tongariro in the North Island. Inset b: 

simplified geological map of the deposits and their intercalated units (not sampled), following Cole et 

al., (2018). B, C: Photograph of deposit LTb and LTd, respectively, showing the structural characteristics 

and position of the type of blocks and bombs sampled in this study. Bombs shown in B are ~30 cm in 

diameter; Mt Ngauruhoe in background. 
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3.3 Methods 

3.3.1 Field sampling and analysis of magnetisation directions 

Orientated lithic blocks and possible juvenile bombs were sampled from 

different locations within deposits LTb and LTd on the rim of South Cirque (Fig. 3.1). 

Lithic blocks are characterised by their angular shape and non-vesicular, flow-banded 

textures. They are considered to be blocks of older lava that were entrained along the 

path of the flow. Juvenile clasts were characterised by Cole et al. (2018) as poorly-

vesicular, fluidal bombs with quench features. True juvenile clasts (White and 

Houghton, 2006) are harder to confidently identify because similar looking juvenile 

clasts may be recycled from earlier events (now considered a lithic clast); nevertheless, 

the apparent juvenile origin of bombs was considered while interpreting the 

paleomagnetic data. All subsequent sample preparation, measurement and analyses 

were undertaken at the Otago Paleomagnetic Research Facility at the University of 

Otago. Five orientated block samples were taken from each of LTb and LTd. Cores of 

25 mm-diameter were drilled through the entire diameter of the block samples, and 

then cut into 2 cm-thick cylindrical specimens (n = 96). The specimens were left to relax 

in the magnetically shielded lab for 48 hours prior to measuring. A measurement cycle 

was set up whereby magnetic moment was measured with a 2G Enterprises cryogenic 

magnetometer, followed by stepwise thermal demagnetisation conducted in a 

magnetically-shielded ASC Thermal demagnetiser. The specimens were heated at ~25 

°C steps from ~50 to 275 °C for 30-35 minutes, and from 300 to 580 °C for 40-50 mins 

to allow the core to equilibrate. Thermal alteration of the magnetic minerals due to 

heating during the experiments was monitored by making magnetic susceptibility 

measurements using an inline Bartington susceptibility meter. Magnetisation 

directions were determined by Principal Component Analysis (PCA) (Kirschvink, 

1980) of the magnetic moment measurements, and was carried out using PuffinPlot 

(Lurcock and Wilson, 2012). The VRM correction was applied as follows, defined by 

Bardot and McClelland, (2000): 
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Tb = 75 + 15log(acquisition time (yrs)) (equation 1) 

 

For the deposits LTb and LTd, which are < 81 ka (Cole et al., 2018), this equates to a Tb 

of no more than 149 °C. Therefore, all data obtained below the 150 °C thermal 

demagnetisation step were discarded before conducting PCA to remove any possible 

VRM and a minimum detection limit of 150 °C for Tdep is imposed. 

 

3.3.2 Magnetic minerals 

In order to determine the properties of the ferromagnetic minerals and to 

identify the primary magnetic minerals, hysteresis and IRM were measured using a 

Princeton Measurements Corporation Vibrating Sample Magnetometer 2900 on c. 0.2 

g samples. In order to exclude a CRM, thermomagnetic measurements were made 

using an Agico Kappabridge with a CS3 furnace. For each sample, 0.25 cm3 of crushed 

powder was heated in air to 710 °C and then cooled to room temperature. Magnetic 

susceptibility was measured every 4-7 °C during heating and cooling. 

 

3.4 Results  

3.4.1 Magnetisation directions and style of demagnetisation 

 Representative Zijderveld diagrams depicting the direction of magnetic 

remanence in the horizontal (black squares) and N-S vertical (white squares) planes 

are shown in Figure 3.2 for deposit LTb and Figure 3.3 for deposit LTd, with 

demagnetisation plots. Data for all samples are provided in Appendix 3.1. The samples 

are grouped into the following three types based on their style of demagnetisation and 

the number of components of magnetic remanence: 

1) Type 1 clasts have a single component of magnetisation, shown by both the 

Zijderveld diagram and the single point displayed in the equal area stereoplot. The 

direction of magnetisation differs for each clast, and from the regional ambient 

magnetic field. Type 1 clasts are distinguished from type 2 clasts by their continuous 
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demagnetisation spectra, giving rise to a simple, linear vector plot from 152 °C to 526-

582 °C, where the intensity of magnetisation is < 5% that of the NRM. 

2) Type 2 clasts did not begin to demagnetise until temperatures reached between 

250 and 490 °C, depending on the sample (Table 3.1). When demagnetisation does 

not occur, the magnetisation directions determined after each heating step are 

clustered and the demagnetisation spectrum is flat, as shown in Figures 3.2 and 3.3. 

From the point at which demagnetisation began, the specimens were demagnetised 

over a narrow range to < 5% of the NRM intensity by 526-582 °C, and a single, high-

temperature component was revealed. The direction of magnetisation for this 

component differs for each clast measured and also from the regional ambient 

magnetic field. 

3) One clast of type 3 behaviour is characterised by 2 components of remanence, 

separated by a curve on the Zijderveld diagram between 350 and 399 °C. The multi-

component system is also evidenced by the great circle shown on the stereoplot. 

This indicates that the magnetic direction changes with demagnetisation (Butler, 

1992; Cioni et al., 2004; Lanza and Meloni, 2006). Neither the high- or low-

temperature components are orientated parallel to the regional ambient magnetic 

field. The demagnetisation spectrum for the type 3 clast is steep before 250 °C, 

where the slope shallows and < 5% of the NRM intensity remains by 548 °C (Figure 

3.3).  
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Figure 3.2: Representative Zijderveld diagrams, mixed hemisphere equal area projection stereoplots 

and demagnetisation plots for type 1 and type 2 clasts in deposit LTb. Maximum angular deviation 

(MAD3) is calculated following Principal Component Analysis (PCA) of the demagnetisation steps for 

each component, which is shown by the blue lines and values for declination and inclination. 

 

Of the sampled clasts from deposit LTb, 4 are type 2 and 1 is type 1 (Table 3.1). 

In deposit LTd, there is only one clast each of type 2 and 3 magnetisation. The 

remaining 3 clasts are type 1. There is no apparent relationship between magnetisation 

type and whether the clast is lithic or juvenile. The directions of magnetisation for the 

single-component type 1 and type 2 clasts and the low-temperature component of the 

type 3 clast are shown in Figure 3.4. Each cluster on the stereoplot represents the group 

of magnetisation directions determined each clast sample. The maximum angular 

deviation (MAD3), which is a measure of the precision of the magnetisation direction 

determined by PCA (Butler, 1992), is ≤ 4° for 85% of the specimens. The remaining 15% 

have a MAD3 from 4.1° to 10.9°, but all are within the acceptable range (< 15°) (Butler, 

1992). The mean direction and Fisher statistics (95% confidence angle (α95) and 

dispersion parameter (k); (Butler, 1992; Lanza and Meloni, 2006)) show good clustering 

of PCA directions for each sample (Table 3.1; Fig. 3.4). Visual assessment of the 

stereoplot in Figure 3.4 suggests that the clusters of specimens are scattered and pass 

the conglomerate test (Butler, 1992; Tauxe et al., 2016). Additionally, in Watson’s test 

for randomness, a set of directions is considered random if the resultant vector (R) is 

less than the parameter Ro, defined by Watson (1956). Following Tauxe et al (2016), Ro 

was calculated thus:  

 

Ro = √(7.815∙n/3)     (equation 2) 

 

where the number of samples (n) = 5, Ro is equal to 3.609. R was found for each deposit 

by summing the mean vectors of each clast in Cartesian coordinates (Tauxe et al., 2016). 

For deposit LTd, R = 2.110 and passes the test for randomness. Deposit LTb, on the 

other hand, fails the test for randomness with R = 3.658. Watson’s test is biased for 
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values of n < 10, however (Tauxe et al., 2016), so these R values should be treated with 

caution. Values of k for the mean directions of LTb and LTd are 1.7 and 1.4, 

respectively, indicating high dispersion. Regardless of whether the clasts show 

complete randomness in their magnetisation directions, they are scattered for each 

deposit, and none align in the regional geomagnetic field. 

 

Table 3.1: Mean directions of magnetism for each clast (D = declination; I = inclination), with the number 

of specimens (n), 95% confidence limit (α95) and the dispersion parameter (k). Clast type is based on 

behaviour shown in the Zijderveld diagrams (e.g., Figs. 2 and 3), clast temperature (Tclast) determinations 

are explained in text, and Tc was determined by extrapolating the steepest section of the thermomagnetic 

curves (Fig. 3.5) following McClelland et al., (2004). Clast lithology was determined in the field; juvenile 

clasts may be primary or recycled. 

Sample 
Clast 

lithology 
Deposit n D I α95 k 

Clast 

type 
Tclast (°C) Tc (°C) 

TB1 Juvenile? LTb 10 131.4 49.1 1.7 806.3 Type 2 <250 590 

TB3 Lava lithic LTb 20 95.3 17.9 1.8 340.2 Type 2 <400 600 

TB4 Juvenile? LTb 7 286.1 -65.2 1.8 1112.6 Type 1 <150 620 

TB5 Juvenile? LTb 6 46.9 35.2 1.8 1391.5 Type 2 <325 610 

TB6 Juvenile? LTb 8 45.8 50.4 2.9 372.7 Type 2 <490 580 

TA1 Lava lithic LTd 10 352.2 45.8 1.4 1261.7 Type 3 <150 620 

TA2 Lava lithic LTd 14 157.3 -5.8 5.8 47.5 Type 1 <150 560 

TA6 Lava lithic LTd 9 130.5 16 1.8 864.5 Type 1 <150 590 

TA7 Lava lithic LTd 6 153.6 10.2 5.8 132.8 Type 1 <150 490 

TA8 Lava lithic LTd 6 323.6 33.1 7.2 88.2 Type 2 <280 620 
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Figure 3.3: Representative Zijderveld diagrams, mixed hemisphere equal area projection stereoplots 

and demagnetisation plots for all clasts types in deposit LTd  
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Figure 3.4: Mixed hemisphere projection equal area stereoplot of directions of magnetisation for each of 

the 10 samples (96 specimens). Open symbols are up, closed symbols are down; 95% confidence ellipses 

are shown for each sample. 

 

 

3.4.2 Rock magnetism 

Representative thermomagnetic curves for clasts from each deposit are 

presented in Figure 3.5 (all sample data in Appendix 3.2). The cooling curve is higher 

than the heating curve for all samples from deposit LTb, while curves from all samples 

from deposit LTd show a higher heating curve than cooling curve. The Tc for most 

samples is demonstrated by a steep drop in magnetic susceptibility between ~490 and 

~620 °C (Fig. 3.5; Table 3.1). One clast from deposit LTb shows a more gradual decrease 

in magnetic susceptibility from 238-602 °C (Fig. 3.5B). In addition, a negligible change 

in magnetic susceptibility was recorded during the thermal demagnetisation 
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experiments. Hysteresis loops for clasts from both deposits are shown in Figure 3.6, 

with paramagnetic and mass corrections applied (all sample data in Appendix 3.3). 

For all samples, the coercivity is low (10-40 mT). Finally, the IRM curves (Fig. 3.7; 

Appendix 3.4 for all samples) show that for all samples, magnetic saturation was 

reached between 0.2 and 0.4 T and most samples exhibited a low coercivity of 

remanence of between 30 and 100 mT. 

 

 

Figure 3.5: Representative thermomagnetic curves for clasts from deposits LTb (A and B) and LTd (C 

and D). Heating curves are red and accompanied by arrows pointing to higher temperatures, and 

cooling curves are blue with arrows pointing to low temperatures. The dashed lines extrapolate the 

steepest part of the heating curve, from which the Tc is determined. 
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Figure 3.6: Representative hysteresis loops for clasts from deposits LTb (A and B) and LTd (C and D). 

 
Figure 3.7: Representative IRM curves for clasts from deposits LTb (A) and LTd (B). 
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3.5 Discussion 

 In the following discussion the rock magnetic data are examined in order to 

identify the magnetic carrier mineral(s) and to ensure that the assessed magnetisation 

directions are related to a physical process during deposition, rather than chemical 

alteration following deposition. Thereafter, the magnetic acquisition process for each 

clast type are interpreted and the Tdep for the Tongariro deposits are determined. 

 

3.5.1 Rock magnetism 

 The decrease in magnetic intensity to < 5% between 523 and 582°C for all 

samples is a first order indication that magnetite is the principal carrier of magnetic 

remanence. These results are corroborated by the thermomagnetic curves obtained for 

each sample. In all samples, magnetic susceptibility drops to ~0 between 505 and 622 

°C, indicating that magnetite (Fe3O4) is the dominant carrier of magnetic remanence, 

with some low-Ti titanomagnetite (Fe3-xTixO4) and maghemite (γFe2O3) (Bardot and 

McClelland, 2000; McClelland et al., 2004; Porreca et al., 2008; Lanza and Meloni, 2006; 

Tauxe et al., 2016). The thermomagnetic curves for some samples show minor 

inflections at lower temperatures, but a reduction of magnetic susceptibility to zero is 

needed to confirm the presence of a mineral (McClelland et al., 2004), because the 

ferromagnetic mineral becomes paramagnetic with further increase in T (Lanza and 

Meloni, 2006). None of the Tcs determined from the thermomagnetic curves coincide 

with a blocking temperature for a component of magnetic remanence determined from 

the Tongariro samples, indicating that the remanences are not CRMs (Porreca et al., 

2008). The cooling curves, which show higher susceptibility than do the heating curves 

for deposit LTb, show that new magnetic minerals were created when these samples 

were heated during the analysis (Butler, 1992). Thermal demagnetisation, however, 

took place in a magnetically shielded oven and all measurements were conducted in a 

magnetically shielded laboratory. No overprinting magnetisations should have been 

acquired by the new minerals during thermal demagnetisation within the laboratory, 

so the measured magnetisations should be from the time they were magnetised, and 
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the magnetisation directions can be treated as having been acquired by physical 

processes.  

Because the Tc of some magnetic minerals overlap, the coercivity and field 

values for magnetic saturation are also needed to confirm that magnetite and low-Ti 

titanomagnetite are the principal magnetic minerals present (Butler, 1992). The 

hysteresis data for all samples demonstrate low coercivities and are within the range 

for magnetite and low-titanium magnetite (10’s mT; Nagata, 1961; Tauxe et al., 2016). 

Magnetic saturation, as demonstrated by the IRM curves, is also reached within the 

limit of magnetite and titanomagnetite (Lanza and Meloni, 2006; Alva-Valdivia et al., 

2017). The magnetic directions can be interpreted as a result of physical processes, 

rather than secondary chemical alteration. The randomness of the magnetic directions 

provides additional evidence that they are not CRMs, which would be uniform and 

aligned parallel to the ambient field if wholesale alteration occurred after emplacement 

(Mandeville et al., 1994). 

 

3.5.2 Magnetic acquisition and deposit temperatures 

 The three types of magnetisation resolved from the clasts of the two deposits 

demonstrate three different histories for acquisition of measured magnetic properties: 

1. Type 1 clasts acquired their magnetic direction in the simplest way. The single 

component of random direction, which differs from the ambient magnetic field, 

indicates that the magnetisation of these clasts predated the formation of the deposits 

containing them, and that the clasts were entrained and rotated within the flows that 

deposited them, but not heated. The demagnetisation spectra for type 1 clasts show 

that the magnetisation was progressively unblocked during thermal demagnetisation 

due to a heterogeneous population of magnetic grains (Lanza and Meloni, 2006). 

Therefore, the temperature of type 1 clasts at the time of deposition can be estimated 

at < 150 °C. 

2. In contrast, type 2 clasts did not demagnetise until medium to high 

temperatures were reached during the analysis. This suggests that the magnetic 
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grains all have a similar Tb and are of similar size, shape or composition (Lanza and 

Meloni, 2006), such that there are no grains present with a Tb of below 250 °C in some 

clasts, and up to 490 °C for others (Table 3.1). This is not a function of the deposit or 

clast temperature, but of the magnetic mineralogy of individual clasts. Thus, 

demagnetisation only occurs above these temperatures, and any thermal event of 

lower temperature would not be recorded in the clasts’ magnetisations. Lithic clasts 

exhibiting a similar magnetic behaviour were discovered in the 1.8-ka Taupo 

ignimbrite (McClelland et al., 2004). Sulpizio et al., (2015) found clasts that did not 

demagnetise until medium to high temperatures in the 1982 pyroclastic deposit of El 

Chichón, Mexico, interpreting the behaviour as a low-temperature component of 

magnetisation. This approach is difficult to accept, however, because the samples 

were not demagnetised. Type 2 clasts are not analogous with the juvenile clasts 

studied by Nakaoka and Suzuki-Kamata (2015) which began to demagnetise at the 

beginning of thermal demagnetisation. For the type 2 clasts at Tongariro volcano, the 

estimate Tdep, therefore, is limited by the start of demagnetisation (shown for each 

clast in Table 3.1). The random directions of the high-temperature components in 

type 2 clasts represent either an existing magnetisation of a multi-component 

magnetisation, the breakpoint(s) of which is not recorded, or these clasts are 

analogous to type 1 clasts with single-component magnetisation of random 

orientation. If the latter is true, the clast was rotated during transport, and emplaced 

cold. 

3. The directions of both components in the type 3 clasts also indicate that the clast 

was not heated during or after the emplacement of deposit LTd. The low-temperature 

component is probably an overprint from an earlier heating event in which the clast 

was heated to between 350 and 399 °C. The magnetic minerals probably underwent 

some chemical alteration, giving rise to the curvature between the components 

(Butler, 1992; Cioni et al., 2004), but the low-temperature component itself is not a 

CRM because no coincident Tc for a new mineral was detected during the 

thermomagnetic analyses. The magnetisation directions indicate that this remanence 
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was obtained prior to the eruption and that this clast was rotated, but not heated 

above 150 °C during or after emplacement of deposit LTd. 

 

Temperature estimates for single clasts can be used to infer the whole-deposit 

temperature if it is assumed that thermal equilibrium was reached. The temperature 

of a pyroclastic deposit is heterogeneous due, in part, to the variety of clast lithologies 

and sizes that are carried, with different thermal properties. Lithic clasts may be 

entrained cold or hot depending on whether they were plucked from the surface or 

from the walls of a sustained conduit, and their initial temperatures will affect the 

degree to which they can be heated during transport, and subsequently the rate at 

which they cool the bulk deposit (Cioni et al., 2004). Tdep determinations may therefore 

yield misleading results because of inhomogeneous thermal conditions in the deposit. 

In addition, thermal gradients may exist between a deposit’s interior and its margins, 

and so the apparent deposit temperature may depend on sample location. An attempt 

has been made to minimise this uncertainty here by sampling from different locations 

across the deposit and by sampling clasts of different rock types (from dense to 

vesicular). No relationship is found between clast lithology and the style or direction 

of magnetisation. In addition, a change was not observed in magnetic behaviour 

between specimens taken from the interior of the clast sample and from the exterior of 

the sample. Thermal gradients have been observed elsewhere in large lithic clasts 

because the clasts did not reach thermal equilibrium (Porreca et al., 2008), and so the 

uniformity observed here may be taken as further evidence that the clasts were not 

heated. 

Overall, the clasts from the Tongariro deposits have randomly orientated 

magnetisations. Temperature determinations from four of the five clasts from deposit 

LTd yield a deposit temperature of < 150 °C, while the remaining type 2 clast can only 

be estimated at < 280 °C due to delayed demagnetisation of this clast until ~ 280 °C.  A 

wider variety of deposit temperature estimations are yielded from deposit LTb 

because it contains a greater number of type 2 clasts, all with individual temperatures 



Chapter 3: Tongariro Paleomagnetism 
 

105 

 

from which demagnetisation began (Table 3.1). The presence of type 1 and type 3 

clasts, however, constrain the equilibrium temperatures of both deposits to < 150 °C, 

the maximum temperature of a possible VRM (Bardot and McClelland, 2000). It is 

therefore probable that the actual deposit temperatures were close to ambient. The Tdep 

of < 150 °C for randomly orientated clasts in a proximal pyroclastic deposit, compared 

to typical PDC temperature of 300-700 °C (Dufek et al., 2015), strongly suggests 

involvement of water in early clast cooling, and is consistent with emplacement from 

a waterlain current. The clasts were entrained and mobilised within a cold mixture of 

tephra and meltwater that was draining beneath a summit glacier (Fig. 3.8), consistent 

with field observations (Chapter 2; Cole et al., 2018). There is also no relationship 

between the types of demagnetisation and whether a clast is lithic or a potential 

juvenile. This may be because the juvenile clasts were recycled from earlier eruptions, 

or because they were quenched immediately upon eruption. The latter is consistent 

with field evidence for rapid quenching of the juvenile clasts; in either case the 

magnetic characteristics are more like those of a cold lithic clast. In addition, the lack 

of a CRM may be a result of impeded oxidation due to rapid quenching and wet 

emplacement. 

 

A paleomagnetic study to determine the Tdep of a famous, large subaqueous pyroclastic 

deposit in a marine environment yielded contrasting results to those presented here. 

Mandeville et al., (1994) found that pyroclastic density currents that entered the sea 

following the 1883 Krakatau eruption were emplaced between 475 and 550 °C. The 

emplacement model given by those authors called for water exclusion from the deposit 

by an insulating steam film, allowing it to retain its heat. Further evidence for a lack of 

interaction with water lies in the structural characteristics of the Krakatau deposit (e.g. 

massive and poorly sorted with trapped fines, welding, and columnar jointing 

(Mandeville et al., 1994)). Such density currents may also form subaqueously with high 

eruption rates (Kokelaar and Busby, 1992; White, 2000). The deposits at Tongariro 

volcano are well sorted, lack fine material and bomb sags, and contain traction 
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structures and wet-sediment deformation features (Cole et al., 2018). The field 

evidence and the paleomagnetic data presented here strongly suggest efficient mixing 

with water. These paleomagnetic characteristics indicate low rates of eruption or 

intermittent eruptions (White, 2000) for the Tongariro deposits. 

 

Figure 3.8: A) Schematic diagram showing subglacial eruption into a meltwater-filled cavity following 

Cole et al. (2018) and the juvenile clasts being quenched below the blocking temperature and acquiring 

magnetic orientations in the ambient field prior to rotation during transport. Lithic clasts also shown on 

slope with pre-existing magnetisation. B) Final deposit showing random magnetisation directions of all 

clasts which are also different from the ambient Earth’s magnetic field. 

 

Additionally, volcaniclastic flows such as debris avalanches and lahars may 

occur outside of eruptive events and paleomagnetic investigations on these deposits 

have yielded cold emplacement temperatures. The Murimotu Formation of Ruapehu 

volcano is a sector collapse deposit comprised of several facies containing clasts of the 

same magnetic behaviour described here from the Tongariro deposits (McClelland 
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and Erwin, 2003). The inferred cold emplacement suggested that volcanic activity did 

not contribute much to the sector collapse (McClelland and Erwin, 2003). Despite the 

similarities in the paleomagnetic data between the Murimotu Formation and the 

Tongariro deposits, their textural and structural characteristics are very different. The 

Murimotu Formation contains heterolithic clast types within a sandy mud matrix, and 

while it was emplaced between 5,430 and 10,500 years BP, it contains material from 

the earliest eruptive phase of Ruapehu, the Te Herenga Formation, suggesting it is an 

avalanche deposit containing reworked material (McClelland and Erwin, 2003). The 

differences presented here emphasise the importance of combining field evidence with 

paleomagnetic temperature determinations in elucidating the causes and dynamics of 

volcaniclastic flows. 

 

3.6 Conclusions 

The directions of magnetisation in lithic and possible juvenile clasts from two 

pyroclastic deposits preserved at the summit area of Tongariro volcano are scattered 

and differ significantly from the Earth’s ambient field for the region. The clasts are 

interpreted as having been cooled, then rotated during emplacement from eruption-

fed density currents, and not (re-)heated. The erupted clasts were efficiently mixed 

with glacial meltwater, causing the eruption-fed currents to cool rapidly to near-

ambient temperature, such that any entrained lithics were not reheated above blocking 

temperatures for magnetic carrier minerals, and that juvenile and lithic fragments 

were emplaced cold. This interpretation supports field evidence for rapid quenching 

of the juvenile clasts and deposition of tephra from waterlain currents that were 

draining from beneath a summit glacier. Additional thermomagnetic data and 

investigation of the magnetic properties of the clasts show that magnetisation 

directions reflect clast rotations during emplacement, and were not acquired by 

natural or laboratory-induced chemical alteration. This is the first application of 

paleomagnetic techniques to subglacially emplaced pyroclastic deposits. The 

emplacement temperature of these deposits provides information about flow 
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processes which are dependent on the eruptive dynamics and environment, and 

meltwater availability (White, 2000). Further work on primary pyroclastic material 

produced beneath ice at other volcanoes would provide greater insight into the 

variability of deposit emplacement temperatures in these settings, and the 

thermodynamics associated with volcano-ice interaction. 
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CHAPTER 4 

 

Subglacial emplacement of an intermediate hydroclastic breccia-

lava lobe complex during the penultimate glacial period, Ruapehu 

volcano, New Zealand 
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4.1 Abstract 

 A hydroclastic breccia deposit that is at least 150 m thick and 1 km wide is 

exposed in the upper reaches of a deep glacial valley at Ruapehu volcano, New 

Zealand. The breccia is composed of monolithologic clasts varying in grainsize from 

coarse ash to 2 m-sized blocks, and is intruded by basaltic-andesite to andesitic lava 

lobes with a mixture of fluidal and brecciated margins. Ubiquitous quench textures 

and jigsaw-fit fracturing indicate effusive eruption and non-explosive fragmentation 

in standing water, followed by intrusion of the lava lobes while the breccia deposit 

was wet and unconsolidated. The tectonic setting and elevation of Ruapehu (2797 m 

a.s.l.), combined with extensive glacial evidence suggest that the eruption took place 

within a meltwater-filled, subglacial cavity. Age data from overlying lava flows and 

correlation with a well-constrained geochemical stratigraphy indicate that the 

hydroclastic breccia-lava lobe complex was emplaced during the penultimate glacial 

period (marine isotope stage 6). The deposit is analogous to submarine hyaloclastite-

lobe complexes or subglacial deposits reported from areas covered by thick ice. Field 

relationships indicate that the glacier at Ruapehu was ≥ 150 m thick. Such interaction 

is, however, apparently rare at intermediate composition volcanoes where typically 

steep topography hinders the accumulation of water and the deposition of voluminous 

clastic material. The composite morphology of Ruapehu was established early in the 

volcano’s history, allowing thick ice to locally accumulate and meltwater to be 

trapped. Fragmentation may also have been aided by the lavas relatively high viscosity 

due to outgassing of andesitic-dacitic melt resulting in a fully microcrystalline 

groundmass. Such results exemplify the way in which glaciovolcanic deposits can act 

as indicators for paleoenvironment and vent configuration. 

 

4.2 Introduction 

Ice-bounded lava flows are the most common deposits that result from the 

emplacement of andesitic lava against glacial ice (e.g. Lescinsky and Sisson, 1998; 

Lescinsky and Fink, 2000; Kelman et al., 2002; Mee et al., 2006; Conway et al., 2015). 
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The lavas are commonly over-thickened due to confinement by flank or valley-filling 

glaciers, and fine-scale fracture networks at their margins indicate enhanced cooling 

rates at the lava-ice interface (Lescinsky and Fink, 2000; Kelman et al., 2002; Conway 

et al., 2015). These deposits are dominant because intermediate-composition lavas are 

considered to have a low efficiency of heat exchange with ice, so that less meltwater is 

produced than in basaltic systems (Kelman et al., 2002). In addition, many andesitic 

volcanoes are steep-sided cones that host thin and fractured alpine glaciers, promoting 

drainage of meltwater from the interaction site. As a consequence, fragmentation 

resulting from lava-water interaction, whether explosive or by thermal granulation, 

and clastic deposition are minimal (Lescinsky and Fink, 2000; Kelman et al., 2002). 

Furthermore, if clastic deposits are produced, preservation in these environments is 

also limited by erosion. The few clastic andesitic glaciovolcanic deposits documented 

were apparently emplaced from meltwater that was trapped beneath thick ice or 

within a summit caldera (Stevenson et al., 2009; Lachowycz et al., 2015; Wilson et al., 

2016; Wilson and Russell, 2018). The products of glaciovolcanism can therefore serve 

as useful indicators for paleoenvironment and the past configuration of a volcano. 

 

At Ruapehu volcano, New Zealand, ice-bounded lava flows represent a major 

fraction of erupted products throughout much of the last glacial period (Marine 

Isotope Stages (MISs) 2-4), when substantial valley glaciers resided on the volcano 

(McArthur and Shepherd, 1990; Spörli and Rowland, 2006; Conway et al., 2015; 

Conway et al., 2016; Cowlyn, 2016; Eaves et al., 2016a; Eaves et al., 2016b; Townsend 

et al., 2017). In contrast, within the older volcanic units erupted during the penultimate 

glacial period (MIS 6), voluminous breccia deposits are documented (e.g., Conway et 

al., 2016). Here, the physical processes and conditions that controlled the nature of the 

interaction between lava and ice, and ultimately led to the formation and preservation 

of andesitic, fragmental deposits on Ruapehu, are investigated. A model for subglacial 

eruption and emplacement of a > 150 m thick and 1 km wide hydroclastic breccia 

deposit, containing coherent, lobate intrusions that is exposed near the summit area of 

Ruapehu, is presented. The monolithologic breccia, dominated by in-situ 
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fragmentation features, represents an unusual type of glaciovolcanic interaction at 

intermediate-composition arc volcanoes (Kelman et al., 2002; Lachowycz et al., 2015). 

Brittle fragmentation was probably a combined result of a relatively high melt 

viscosity and eruption into a subaqueous environment. Water was sourced from 

melting of a thick summit ice cap and confined to a subglacial lake above the eruption 

site. The hydroclastic breccia-lava lobe complex has not been dated directly, but it is 

older than 154 ± 12 ka (2 σ) (Gamble et al., 2003). Overlying the breccia deposit is a 

stack of lava flows, representing a transition in emplacement processes and 

environmental conditions. The emplacement mechanisms of the breccia and inferred 

eruptive environment indicates that water can accumulate at ice-clad, andesitic 

volcanoes, which has implications for assessment of hazard at other, similar volcanoes 

that have large population centres and infrastructure in their immediate vicinity. The 

model also has implications for the local paleoenvironment and paleo-vent 

configuration of Ruapehu during the penultimate glacial period. Finally, this study 

highlights the combined effects of lava composition and rheology, eruptive 

environment and vent morphology for determining the eruptive style and beyond-

vent behaviour of the lava, which is relevant for understanding glaciovolcanic 

interactions at volcanoes erupting lava of intermediate compositions worldwide. 

 

4.3 Geological setting 

4.3.1 Volcanic, glacial and structural history of Ruapehu 

Ruapehu is the southern-most volcano of the Taupo Volcanic Zone (TVZ), a 

rifting section of the arc associated with the subduction of the Pacific plate beneath the 

Australian plate (Fig. 4.1; Cole, 1978). Dating of lavas on the current edifice using the 

40Ar/39Ar method indicate an eruptive history of at least 200 kyr (Conway et al., 2016), 

but volcanism may have endured since 340 ka (Gamble et al., 2003). The edifice is 

constructed primarily from lava flows with minor intercalated volcaniclastic flow 

deposits and till (Hackett and Houghton, 1989; Conway et al., 2015; Conway et al., 

2016; Townsend et al., 2017), while the ring plain is the site for deposition from 
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pyroclastic density currents, tephra fall, lahars and debris flows (e.g. Donoghue and 

Neall, 2001; Tost and Cronin, 2015). Ring plain deposits constitute a volume of erupted 

products equivalent to that of edifice-forming facies (Hackett and Houghton, 1989). 

Despite being dominantly andesitic in composition, Ruapehu’s lavas have ranged 

from basaltic-andesite to dacite, and many lavas were emplaced as dacitic to rhyolitic 

melts carrying mafic crystal cargoes (Price et al., 2012; Conway, 2016; Conway et al., 

2016; Conway et al., 2018). Ruapehu’s eruption history and associated products were 

originally divided into four main formations (Hackett, 1985; Hackett and Houghton, 

1989) based on location on the edifice, petrographic variation and degree of erosion. 

Subsequent mapping, radiometric dating and geochemical analysis has provided 

further spatial, temporal and chemical constraints that refine these formations and 

their constituent members (Conway et al., 2016; Townsend et al., 2017). The older two 

formations are the Te Herenga Formation (200-150 ka) and the Wahianoa Formation 

(166-80 ka) (Conway et al., 2016). The breccia deposit that is the focus of this study was 

probably emplaced early during the deposition of the Wahianoa Formation (see 

below) and, like the bulk of deposits from this formation, occupies the south-eastern 

flank of Ruapehu volcano. Minor Wahianoa Formation lavas are, however, 

widespread across the current edifice, indicating that the size of the edifice during the 

Wahianoa Formation eruptive episode was similar to the present one (Conway et al., 

2016; Townsend et al., 2017). Eruptive products of two younger formations, the 

Mangawhero Formation and Whakapapa Formation, are superimposed on both older 

formations. 

 

Ruapehu’s volcanic history spans at least two global glacial periods (MIS 2-4 

and 6) and a complex interglacial period (MIS 5) with cooler phases (MIS 5b and d), 

which have been determined primarily from the Northern hemisphere marine 

sediment record (Lisiecki and Raymo, 2005).  Emplacement of the Te Herenga and 

Wahianoa formations occurred within the penultimate glacial period (MIS 6) (Lisiecki 

and Raymo, 2005). Glacial records from the South Island suggest that cooling and ice 

extent during the penultimate glacial period were equivalent to those during the last 
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glacial period (MIS 2-4) (Suggate, 1990; Newnham et al., 2007). Thick (> 150 m) 

hydroclastic breccias exposed on Pinnacle Ridge and the Whangaehu valley (Fig. 4.1) 

indicate considerable volumes of glacially-derived meltwater resided on the volcano 

during MIS 6 (Conway et al., 2016). The Mangawhero Formation is characterised on 

the mid-to-upper edifice by ice-contact lava flows, indicating effusive eruption onto 

an ice-clad volcano from 50-15 ka, within the last glacial period (Conway et al., 2015; 

Conway et al., 2016). Lava flows were confined to the upper slopes and along the 

apices of ridgelines by major, valley-filling, flank glaciers, or they broke free of the ice 

to form flows lower on the ring plain (Conway et al., 2015; Townsend et al., 2017). 

Whakapapa Formation lava flows are generally considered to be ‘post-glacial’ (15 ka 

to present), as they are present mainly within once-glaciated valleys or form small 

cones on the upper edifice. The lavas exhibit features of only minor lava-ice interaction, 

probably from contact with snow or small glaciers (Conway et al., 2015; Townsend et 

al., 2017). Independent geomorphological evidence for widespread glaciation 

throughout the volcanic history of Ruapehu, and neighbouring Tongariro volcano, is 

abundant across the edifices. Deep glacial valleys radiate from the current summit 

areas, and compound lateral moraines and end moraines indicate two major glacial 

advances during the last glacial period, descending to 1200 m a.s.l. during the Last 

Glacial Maximum (McArthur and Shepherd, 1990; Conway et al., 2015; Eaves et al., 

2016a.; Eaves et al., 2016b; Townsend et al., 2017). Prolonged rifting of the TVZ has also 

contributed to a dynamic landscape, of which Ruapehu volcano is a part. Northwest-

southeast orientated extension, with a vertical subsidence rate of 4.1 mm/yr within the 

Mt Ruapehu graben, has resulted in as much as 820 m of elevation loss since 200 ka 

(Villamor and Berryman, 2006). 

 

4.3.2 Whangaehu and Wahianoa study sites 

This study is focused on a single, but voluminous, hydroclastic breccia-lava lobe 

complex, exposed just below the uppermost reaches of the Whangaehu valley (site 1), 

on the southeast flank of Ruapehu (Fig. 4.1). A smaller exposure of breccia is also 

mapped and described in the adjacent Wahianoa valley (site 3). A steep-sided, narrow 
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planèze comprising an intercalated succession of continuous, planar lavas and clastic 

deposits, mapped as Wahianoa Formation, divides the Whangaehu and Wahianoa 

valleys (Fig. 4.1). 40Ar/39Ar dating of the lavas has yielded an age range of 119 ± 12 to 

154 ± 12 ka (2 σ) for rocks forming this planèze (Gamble et al., 2003). The breccia 

complex described in this paper is unconformably overlain by these lavas, thus 

constraining its minimum age (Conway et al., 2016; Townsend et al., 2017). The deep 

glacial valleys have previously been considered to have formed by erosion (Gamble et 

al., 2003). Here, however, recent findings are supported that suggest that the planèze 

formed by the stacking of ice-bounded flow deposits, which were kept out of the 

Whangaehu and Wahianoa valleys by two glaciers, and that the topography was 

mainly shaped by the construction of the ridgeline, rather than predominantly by 

erosion (Townsend et al., 2017). Similar models have been presented for other ice-clad 

stratovolcanoes such as Mt Rainier, USA (Lescinsky and Sisson, 1998). In addition to 

edifice-building by lava effusion, Ruapehu volcano has undergone several major 

sector collapses, leading to large debris avalanche deposits emplaced on the ring plain 

(Hackett and Houghton, 1989; Donoghue and Neall, 2001; Keigler et al., 2011; Tost and 

Cronin, 2015; Conway et al., 2016; Tost and Cronin, 2016). Some or all of these events 

were probably a result of deglaciation and subsequent collapse of the hydrothermally 

altered summit areas, periodically destroying parts of the older edifice (e.g. Conway 

et al., 2016; Tost and Cronin, 2016). Notable, large debris avalanche deposits are the 

Mangaio Formation (5.2 ± 0.3 ka) that was emplaced following collapse of the Turoa 

Cone down the Whangaehu valley (Donoghue and Neall, 2001; Townsend et al., 2017) 

and the Whangaehu Formation, with much greater age uncertainty from 180-45 ka 

(Keigler et al., 2011). Within this context, detailed descriptions and maps of the 

petrographical, textural and structural characteristics of the hydroclastic breccia-lava 

lobe complex are presented, followed by an interpretation of the eruption mechanisms 

and discussion of the implications for the contemporary eruptive environment and 

volcanic configuration. 
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Figure 4.1: A: Hill-shaded, digital elevation model of Ruapehu volcano, showing the principal field 

locations (blue stars) in the Whangaehu and Wahianoa valleys, and prominent topographic features 

(position of Alpine Club Hut featured in Fig. 4.2A). Numbers label field sites referred to in text and 

black outline of site 1 bounds the geological map in B. Inset: Map showing the location of Ruapehu 

volcano in the central North Island of New Zealand. B: Geological map of site 1 with stereonet showing 

the orientation of shear zones (solid) and the dyke (dotted). Field locations and sample sites are given 

in Appendix 4.1. 

 

4.4 Methods 

4.4.1 Field mapping and textural analysis 

Fieldwork was carried out in 2016-2017 with an aim to map the complex in 

detail, focussing on its internal textural characteristics and geometrical relationship 

with other units. The primary field site was the thickest exposure of the breccia-lava 

lobe complex at the head of the Whangaehu gorge (site 1; Figs. 4.1 and 4.2). Field 

investigations were also made within the deep gorge (site 2) and in the adjacent 

Wahianoa valley (site 3) in order to trace the extent of the breccia and determine lateral 

variation. Samples from the matrix, clasts and lava lobes from all sites were examined 

by optical petrography for mineralogical and textural relationships between the rock 

types and field locations. Rock descriptions given in subsequent sections are from both 

field observations and thin section analysis. The term ‘hydroclastite’ is defined as a 

non-glassy version of hyaloclastite: an effusively-erupted and non-explosively, quench-

fragmented, clastic material following Honnorez and Kirst (1975) and White and 

Houghton (2006). It does not here include explosively-formed fragments, for which 

the term has been used (e.g. Furnes et al., 1980; Schopka et al., 2006). Grainsize terms 

are taken from White and Houghton (2006). 

 

4.4.2 Whole-rock major and trace elements and groundmass major elements 

Four samples from the Whangaehu lava lobe intrusions (site 1; Fig. 4.1) and one 

from the Wahianoa lobes (site 2; Fig. 4.1) were crushed to powders using an agate mill 

at the University of Otago, and then analysed by X-ray fluorescence (XRF) for major 
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and trace element concentrations at the University of Waikato, New Zealand. This was 

done in order to: (i) confirm whether the geochemistry fits within the established 

constraints of the Wahianoa Formation, and (ii) to test for possible geochemical 

correlation between the exposures from the Whangaehu and Wahianoa valleys. 

Groundmass chemistry from polished thin sections of the Whangaehu and Wahianoa 

lava lobes was obtained by quantitative energy dispersive X-ray spectroscopy (EDS) 

using a Zeiss Sigma VP Field-Emission-Gun Scanning Electron Microscope (SEM) at 

the Otago Centre for Electron Microscopy. The analysis was performed using an 

electron beam aperture of 120 µm and accelerating voltage of 15 kV, at a working 

distance of 8.5 mm. The EDS maps were located at representative portions of the felted, 

microcrystalline groundmass to determine its bulk composition, which represents the 

melt component of the lava. The EDS data were collected and processed using the 

Aztec software (Oxford Instruments). 
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Figure 4.2: A: A natural section-view of the stratigraphy of the planèze bounding the true right of the 

Whangaehu valley showing the position of the breccia and lobate intrusions at the base of the 

succession. An intercalated stack of lava and volcaniclastic flow deposits unconformably overlies, cross-

cut by an andesitic dyke (outline dashed). The lowermost dated lava flow in the overlying succession is 

154 ± 12 ka (Gamble et al., 2003). Photo: Dougal Townsend B: View of the massive breccia and intruding 

lava lobes. Anastomosing shear zones and some crude bedding have apparent trends parallel to the 

lava lobes. C: Laterally, the bedding is more distinct, but remains crude and thick, and parallel to the 

lava lobes. Two sets of shear zones are visible: one is steeply-dipping and cuts the bedding, while the 

other is apparently parallel to the bedding. Any offsets are minor and shear sense is undeterminable. 

 

4.5 Results 

4.5.1 Lithofacies architecture, extent and relationships 

 

At the head of the Whangaehu gorge, the breccia is the lowermost unit and is 

at least 150 m thick. This is a minimum thickness because the base is not exposed and 

the upper boundary is an unconformable surface (Fig. 4.2A). The breccia is intruded 

by many coherent, lenticular lava lobes with surface expressions of ~ 10 m2. Based on 

their fluidal shapes and mutual proximity, the lava lobes are likely to have irregular 

geometries and be interconnected, forming elliptical and finger-like protrusions from 
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a common source (Fig. 4.3). The dark grey lobes are surrounded by altered red halos 

of breccia (Figs. 4.2 and 4.3). In areas where the lobes are not exposed, the breccia is 

grey in colour, but thin sections show that clay alteration is pervasive. The breccia units 

shown in Figure 4.1 are, however, the same, primary breccia deposit. Both the breccia 

and lobes can be traced from near the headwaters of the valley at 2060 m a.s.l. (site 1) 

for nearly 1 km ESE along the side of the gorge, where the breccia exposure thins to 

less than 20 m thick (site 2). Another texturally similar breccia-lava lobe deposit 

outcrops at the headwaters of the adjacent Wahianoa valley (site 3), 2 km south from 

site 1. The Wahianoa exposure of breccia is at 1600 m a.s.l. and has a minimum 

thickness of 8 m. 

 

Figure 4.3: Section of a much larger lava lobe in planèze wall, viewed from across the gorge. Margin 

with surrounding breccia is very fluidal and well defined. White arrow points to where the lobe thins 

to a small sill-like tail, which connects this lobe to another lobe along the planèze. 
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4.5.2 Deposit structure, texture and petrography 

 

In both exposures, the breccia appears massive when standing in close 

proximity, but shows some thick, crude, discontinuous, lenticular bedding when 

viewed from a distance (Fig. 4.2B-C). The bedding is internally massive and defined 

by variations in grainsize. The apparent trend of the long axes of the lenticular lobes is 

subparallel to the apparent bedding of the breccia, dipping to the southeast. Two sets 

of shear zones are also present in the breccia, defined by continuous, anastomosing 

zones of a finer grainsize, fragmented, angular shards of free crystals, accentuated by 

a paler grey alteration colour. One set dips steeply to the southwest and strikes parallel 

to the apparent trend of lava lobes (Figs. 4.1B, 4.2B-C). The other set of shear zones is 

moderately- to steeply-dipping to the northwest (Fig. 4.2C). Shear sense could not be 

deduced for either set and there are no clear offset markers. The breccia is poorly 

sorted with clasts ranging from a coarse ash to blocks hosted in an interstitial clay 

cement. Large clasts, from 50 cm to 2 m in size, compose ~5-10% of the breccia. 

Following the classification scheme of White and Houghton (2006), this deposit is a 

lapilli tuff breccia, but hereafter is referred to simply as a breccia. Clasts are angular, 

sub-rounded to fluidal in shape and blocks typically show polygonal or jigsaw-fit 

fracturing (Fig. 4.4), or radially jointed rinds. Detailed petrographic characteristics of 

the clasts are presented in Table 4.1A. At sites 2 and 3, the sorting in the breccia remains 

poor, but there are more sub-rounded to rounded clasts and fewer jigsaw-fit fractured 

clasts than at site 1. At site 1, both blocks and lava lobes are fragmented with fractures 

opening spaces up to 16 cm wide that are infilled with the same lapilli tuff-grade 

material of the breccia (Fig. 4.5). In other parts of the same lobe, the contact with the 

breccia can be very fluidal, characterising a varied, but close relationship between the 

two units. The largest lobes contain polygonal, curviplanar joints oriented 

perpendicular to the lobe margins. Clasts of all grainsizes within the Whangaehu and 

Wahianoa breccias are monolithologic and have the same mineral assemblages as their 

respective lava lobes. Lobes and clasts from both areas are porphyritic with a 

cryptocrystalline groundmass. The abundances of phenocrystal minerals, however, 

varies distinctly between the Whangaehu and Wahianoa samples (Table 4.1B). The 
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Whangaehu lava lobes and clasts contain 15-20% plagioclase, 10% pyroxene 

(dominantly clinopyroxene) and < 2% opaque minerals. The Wahianoa lava lobes and 

clasts contain significantly less pyroxene (2%) and so the phenocryst populations are 

dominated by plagioclase (20%). The size of pyroxene phenocrysts also varies 

considerably between the two deposits from 100 µm to 1 mm in the Wahianoa samples, 

to 250 µm to 2 mm in the Whangaehu samples. In addition, the cryptocrystalline 

groundmass is coarser in the Wahianoa samples, and there are more free crystals in 

the lapilli tuff matrix of the breccia. From all field sites, clast groundmasses are 

devitrified and are cemented by authigenic clay minerals. No textural difference 

between the margins and interiors of the lobes was observed, except for a small change 

in vesicularity from non-vesicular in the interiors to 5-10% at the margins (Table 4.1B). 

 

Figure 4.4: A: Monolithologic clasts from the Wahianoa breccia with jigsaw-fit fracture textures. B and 

C: Jigsaw-fit fracturing in breccia blocks from the Whangaehu breccia, surrounded by altered coarse 

lapilli tuff matrix. D: Optical photomicrograph in plane-polarised light, showing jigsaw-fit fracture 

textures in the lapilli-ash-sized matrix, dark fragments are the porphyritic, cryptocrystalline juvenile 

clasts with altered, clay-rich interstitial material  
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Sample 

ID 

Field location Type Matrix Clast 

groundmasses 

Clast phenocrysts Clast 

Vesicularity 

Pore 

space 

Structural 

features 

RPC032B Site 1 Bulk matrix Clay rich, altered Devitrified Porphyritic: 10-20% 

plagioclase, pyroxene and 

opaques 

0-10% 

- 

Jigsaw-fit 

fracturing. 

Spalled clasts 

RPC165B Site 2 Bulk matrix Clay rich, altered Devitrified Porphyritic: 10-20% 

plagioclase, pyroxene and 

opaques 

 
15% 

 

RPC183B Site 1 Bulk matrix Clay rich, altered Devitrified Porphyritic: 20-30% 

plagioclase, pyroxene, 

opaques 

10-20% 

isolated and 

fluidal 

- 

 

RPC197A Site 3 Bulk matrix Crystal rich Devitrified Porphyritic: 5-10% 

plagioclase, pyroxene, 

opaques 

10% 0.5-5 

mm; infilled 

with clay 

minerals 

5% Jigsaw-fit 

fracturing 

RPC197B Site 3 Clast only 

- 

Devitrified Porphyritic: 20% 

plagioclase, pyroxene, 

opaques 

10% 0.5-5 

mm; infilled 

with clay 

minerals 

- 

  

Table 4.1A: Petrographic observations of breccia samples 

 

Sample 

ID 

Field 

location 

Type Groundmass Plagioclase Pyroxene Opaques Vesicularity % 

Abundance % size (mm) Abundance % size (mm) Abundance %  size (mm) 

RPC 198 Site 3 Lobe interior Cryptocrystalline 20 0.1-1 2% 0.1-1 < 2% 0.1-0.2 0 

RPC199 Site 1 Lobe interior Cryptocrystalline 15-20 0.25-0.8 5-10 0.2-1.5 < 2% 0.1-0.2 0 

RPC192A Site 1 Lobe margin Cryptocrystalline 15-20 0.25-0.8 5-10 0.2-1.5 < 2% 0.1-0.2 5-10 

RPC192B Site 1 Lobe interior Cryptocrystalline 15-20 0.25-2 10 0.25-2 < 2% 0.1-0.2 0 

RPC168 Site 1 Lobe interior Cryptocrystalline 20 0.3-1 10 0.2-1.5 < 1% 0.1-0.2 0 

 

Table 4.1B: Comparison of petrographic characteristics of lava lobes from sites 1 and 3 
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Figure 4.5: Fracture in lava lobe infilled with breccia. Sketch shown in Lobe B (Figure 4.6). 

 

4.5.3 Lava lobe-breccia relationship 

 

Sketch maps of three lava lobes in the Whangaehu breccia (site 1; Fig. 4.6), show 

the variety of contact relationships they share with the host breccia. Lobe A is a section 

from a margin of a larger lava lobe. The lava lobe margin has been fragmented into 

angular, jigsaw-fit blocks, 3 m in size, with fractured blocks, angular lapilli fragments 

and coarse tuff infilling the wide fractures formed between the blocks. The large blocks 

and many of the interstitial blocks have radial polygonal joints oriented perpendicular 

to their margins. Distinction of fragments derived directly from the lava lobe, versus 

those that are fragments of previously emplaced breccia host, can be difficult due to 

their similar petrography. The larger blocks and associated lapilli clusters, however, 

commonly show a jigsaw-fit relationship with the larger lobe. While brittle structures 

dominate this margin, localised fluidal sections of the lobe margin form centimetre- to 

decimetre-scale apophyses that protrude into the clastic host.  
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Figure 4.6: Sketch maps of three example lobes showing their relationships with the surrounding 

hydroclastic breccia and the structural and textural characteristics of the contacts. Lobe A is a section of 

the margin of a larger intrusion. Lobes B and C are the whole surface expressions of two intrusions with 

surrounding breccia. Note the presence of both brittle and fluidal structures, in-situ and clast-rotated 

fragments and fractures infilled with clastic material. 
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The margin of Lobe B also shows significant variations: at its northern end, there 

is a 20 cm-wide, sharp fracture, similar to the type observed in Lobe A, with coarse 

lapilli tuff infilling the fracture. Conversely, the southern margin is defined by a more 

diffuse contact with baked clastic host rock over a zone of fragmented lapilli. In other 

areas of Lobe B, radial polygonal joints are orientated perpendicular to the lobe’s sharp 

margins.  

Throughout the deposit, many lava lobes are cut by curviplanar joints parallel 

to the exposed length of the lobe, forming stepped ledges. The dominant characteristic 

of Lobe C is the presence of thin breccia that is observed to drape the joints that cut the 

lobe, and partially spread laterally along the joint-formed steps, as shown in Figure 

4.6.  As observed at other lava lobes, the margin of Lobe C shows a variably brittle and 

fluidal contact with clustered fragments of lapilli and small blocks surrounding the 

lobe, likely derived from the same lobe, and a baked, altered breccia margin. At the 

larger, deposit-wide scale, the lava lobes show overall fluidal outlines. 

In the Wahianoa valley, the lava lobes have similar characteristics and contact 

relationships with the breccia host, except that in some areas they appear to have 

emerged from the clastic host and show more continuous, flow-like, tabular 

morphologies and rubbly, autobrecciated bases (Fig. 4.7). 

 

Figure 4.7: A lava lobe in the Wahianoa breccia exposure that possibly became emergent. Photograph 

A shows intrusive contacts of the lava with the encasing breccia, while B (taken downflow) appears as 

a lava flowing over a breccia substrate. The younger volcaniclastic deposits shown in A overlie the lava 

shown in B. 
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4.5.4 Geochemistry of lava lobes 

 

Results from whole-rock XRF analysis on the lava lobe samples from this study 

are shown in Figures 4.8 and 4.9, with full data tables in Appendix 4.2. The Whangaehu 

and Wahianoa breccias are basaltic-andesite and andesite, respectively. In comparison 

with previously published geochemical data for lava flows of the Te Herenga and 

Wahianoa formations (Conway et al., 2016), the Whangaehu lava lobe samples cluster 

within the compositional overlap between the two formations. The lava lobe sample 

from the Wahianoa breccia lies within the geochemical range for the Wahianoa 

Formation (Fig. 4.8; Conway et al., 2016). For SiO2 vs K2O, which shows a general 

increase in K2O with decreasing age (Conway et al., 2016), all compositions are 

consistent with Wahianoa Formation (Fig. 4.9A). Along with the petrographic 

differences between the breccia-lava lobe lithofacies exposed in the Whangaehu and 

Wahianoa valleys, the Total Alkali-Silica (TAS) diagram (Fig. 4.8) and bivariate plots 

for major and trace elements (Fig. 4.9) show that the lava lobes of the two locations are 

geochemically distinct, although still within the Wahianoa Formation. The Wahianoa 

valley lobe is enriched in Na2O and Al2O3 (Fig. 4.9B and C) with respect to the 

Whangaehu lobes, but depleted in MgO, Cr and Ni (Fig. 4.9D-F). This is consistent 

with the relatively high proportions of plagioclase over pyroxene, already described 

in these samples (Table 4.1B; Graham and Hackett, 1987). The EDS analysis of the 

groundmass of each lava lobe (Fig. 4.10; Appendix 4.3) shows andesitic to dacitic 

compositions. Since the groundmasses of the lava lobes and clasts are cryptocrystalline 

with no glass, the groundmass compositions are interpreted as the erupted melt 

composition. The groundmasses are more evolved with respect to the whole-rock, 

indicating that the source magma was a composite of a relatively silicic melt with a 

crystal cargo that contained minerals derived from mafic sources. 
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Figure 4.8: Whole-rock total alkali-silica plot (after Le Bas et al., 1992) for Whangaehu and Wahianoa 

lava lobes, compared to analyses of Te Herenga and Wahianoa Formation lavas from Conway et al., 

2016. 

 

Figure 4.9: Bivariate plots of whole-rock major and trace elements with data from Conway et al., 2016. 

Symbology is the same as in Figure 4.8. 
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Figure 4.10: Groundmass total alkali-silica plot (after Le Bas et al., 1992) for Whangaehu and Wahianoa 

lava lobes, compared to whole-rock analyses. 

 

4.6 Discussion 

In the following discussion, the two exposures of breccia are placed within 

Ruapehu volcano’s stratigraphy and volcanic evolution. An emplacement model for 

the breccia-lava lobe complex is then presented, followed by a set of conditions which 

may favour the fragmental behaviour of andesite in the subglacial environment. 

Finally, the implications for the paleoenvironment and the volcanic configuration of 

Ruapehu that may have contributed to the eruption style and preservation of breccia 

are discussed. 

 

4.6.1 Position in volcanic stratigraphy and spatial extent of deposit  

The Whangaehu valley breccia lies beneath a 300 m thick succession of 

Wahianoa Formation lavas and pyroclastic deposits, the oldest being ~154 ± 12 ka, 

indicating its age is greater than 142 ka (Hackett, 1985; Gamble et al., 2003; Conway et 

al., 2016; Townsend et al., 2017). Despite the base being unexposed and the upper 

contact between the breccia and overlying dated lava flows being unconformable, 

indicating it could be much older, it is most probable that the breccia-lava lobe 

complex belongs to the early Wahianoa Formation, rather than being a product of Te 

Herenga volcanism (200-150 ka). This reasoning is based on the location of the breccia 
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in the southeast quadrant, which is dominated by Wahianoa Formation lavas and ~ 2-

3 km from the probable vent area of Te Herenga Formation products, and the 

geochemical correlation of the lava lobes with Wahianoa Formation compositions, 

particularly K2O and Na2O (Fig. 4.9; Conway et al., 2016). The lava lobes were used for 

geochemical analysis because a greater volume of unaltered material could be 

sampled, but the textural evidence suggests that the lobes were emplaced at the same 

time or very shortly after the breccia (see section 4.6.2.2). In addition, the phenocrystal 

abundances and mineral assemblages of the lobes and the breccia clasts are similar, so 

they are considered to represent the same eruption phase. The timing of emplacement 

of the breccia likely coincided with MIS 6 (Lisiecki and Raymo, 2005; Conway et al., 

2016; Townsend et al., 2017).  

 

The position and chemistry of the Wahianoa valley exposure also indicates 

emplacement within the Wahianoa Formation, although no dateable material was 

found to corroborate this. This breccia could be another exposure of the same breccia 

exposed in the Whangaehu valley, formed from a chemically evolving magma or, 

alternatively, it may be a separate breccia-lava lobe complex that was formed by 

similar mechanisms. An implication of the first possibility is that a single breccia-lava 

lobe complex forms an extensive core beneath the southeast quadrant of Ruapehu. A 

limitation of the data is that only three lobes were sampled from the Whangaehu 

exposure and they were all sampled from the same height within the breccia due to 

access constraints. Only one lobe was sampled from the Wahianoa breccia due to the 

thinness of the exposure. More widespread sampling of lobes for geochemical analysis 

throughout the entire thickness of the breccias could reveal if there is more diversity 

in the magma compositions that fed the breccia, favouring either two chemically 

distinct deposits or a single deposit formed from an evolving magma. 
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4.6.2 Eruption, fragmentation and emplacement mechanisms 

Based on the textural features and field relationships described above, a multi-

stage emplacement model for the breccia-lava lobe complex is presented here and 

illustrated in Figure 4.10. 

 

4.6.2.1 Effusive eruption and fragmentation 

The coarse, blocky, monolithologic lapilli tuff breccia with brittle fragmentation 

textures is interpreted as a hydroclastic deposit formed by both in-situ, non-explosive, 

cooling contraction granulation and dynamic stressing (Kokelaar, 1986), following 

effusive eruption and contact with external water. Commonly, for effusive eruptions 

in subaqueous settings, hyaloclastite generation is subordinate to basaltic lava flow or 

rhyolitic dome formation (White et al., 2015; Ikegami et al., 2018). Here, however, 

brittle fragmentation dominated. The significant thickness of the breccia, and lack of a 

coherent lava core indicate exogenous growth of the hydroclastic breccia pile from 

pulsatory eruptions. The crust of each lava pulse was quenched and spalled, and 

disintegration was aided by deformation from the still-mobile interior. These 

processes account for the mixture of in-situ and disrupted fragmentation textures. In 

addition, water infiltrating the initial cooling cracks may have contributed to 

continued fragmentation of the lava (Porreca et al., 2014). The hydroclastic breccia is a 

primary, subaqueous, eruption-fed deposit, emplaced in standing water. The 

elevation, geographic setting and extensive evidence for a glacial environment 

(McArthur and Shepherd, 1990; Conway et al., 2015; Conway et al., 2016; Eaves et al., 

2016a; Eaves et al., 2016b; Townsend et al., 2017) indicate that water was sourced from 

a summit ice cap and that ice surrounded the vent, allowing meltwater to be trapped 

at the eruption site (Fig. 4.11A). There is no evidence for a contemporaneous subaerial 

crater lake. Meltwater production and accommodation space for the growing 

hydroclastic breccia pile was sustained by the continued basal melting of the overlying 

ice by volcanogenic heating. 
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4.6.2.2 Intrusion of lava lobes 

The lobate intrusions were emplaced while the hydroclastic breccia was wet 

and unconsolidated, which is evidenced by the lobes’ fluidal outlines and alteration 

contacts with the breccia (Fig. 4.3; Fig. 4.11B). Intrusion may have been favoured over 

eruption due to: (i) the lava’s high density compared to the hydroclastic breccia, (ii) 

the behaviour of the wet hydroclastic breccia as a viscous fluid and/or (iii) quenching 

of the lobes before they were able to extrude (Hanson, 1991; White et al., 2015). 

Radial fracturing and columnar jointing in the lava lobes, and in-situ 

fragmentation textures at the lobe margins (Fig. 4.6) indicate further disintegration and 

generation of brecciated clasts from thermal stress developed during emplacement 

within the wet hydroclastic breccia (Fig. 4.11C). This secondary form of hydroclast was 

generated in the same way as intrusive hyaloclastite is produced from lava intrusion 

into wet sediment and on the margins of cryptodomes (Busby-Spera and White, 1987; 

Hanson, 1991; Páez et al., 2018). The dominance of poorly dispersed blocks 

surrounding the lobes is further evidence that fragmentation was non-explosive, but 

less efficient than fragmentation of the bulk hydroclastic breccia, probably due to the 

insulating effect of the same breccia from immediate contact with water (Fig. 4.11C; 

Hanson, 1991; DeRita et al., 2001; Schipper et al., 2011). Dynamic stressing is also likely 

to have contributed to fragmentation of the lava lobes as they continued to be fed and 

flowed through the wet hydroclastic breccia, disrupting the quenching crust (Busby-

Spera and White, 1987; Goto and McPhie, 1996) and resulting in an additional, 

randomly distributed population of angular clasts at the lobe margins. The 

unconsolidated, surrounding breccia was injected into the dm-wide fractures between 

large clasts and within the lobes (Figs. 4.5 and 4.6; Kokelaar, 1982). Liquefied 

hydroclastic breccia penetrating the lobes is particularly evident at Lobe C, where the 

clastic material seems to have followed a fracture sub-parallel to the eroded outcrop 

face (Fig. 4.6). Injection of hydroclastic breccia along fractures can occur as a result of 

the negative pressure gradient generated at the tip of an opening fracture (Kokelaar, 

1982; Busby-Spera and White, 1987), and is further evidence that the breccia was 
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unconsolidated (Skilling et al., 2002). Angular fragments with jigsaw-fit relationships 

inside the wide fractures indicate continued, non-explosive disintegration of the lava 

lobes (Hanson, 1991), perhaps due to the influx of wet hydroclastic breccia (Kokelaar, 

1982). 

 

The mixture of fluidal and brittle textures along the margins of the lava lobes 

(Fig. 4.6) implies that local variations in the thermal and mechanical regimes existed 

along the lava-breccia interface (Skilling et al., 2002). These changes may be attributed 

to: (i) modifications of lava viscosity by variable cooling or volatile loss/retention 

(Yamagishi and Dimroth, 1985; Hanson, 1991; Skilling et al., 2002; Vezzoli et al., 2009), 

and/or (ii) localised heterogeneities in the properties of the host hydroclastic breccia 

(e.g. porosity, grainsize, distribution of pore fluid) and its ability to maintain an 

insulating vapour film at the lava-wet breccia interface (Busby-Spera and White, 1987; 

Goto and McPhie, 1996; Doyle, 2000; Skilling et al., 2002; Vezzoli et al., 2009; Páez et 

al., 2018). Fine-grained host sediments are more capable of sustaining a vapour film as 

finer grains can be entrained along the lava-sediment interface, favouring fluidal 

behaviour in the lava (Busby-Spera and White, 1987; Hanson and Hargrove, 1999). On 

the other hand, quench fragmentation will result from the breakdown of the vapour 

film, enabling rapid heat transfer from the lava to the wet breccia and producing 

blocky peperite (Busby-Spera and White, 1987; Doyle, 2000; Skilling et al., 2002). The 

textural diversity observed within this hydroclastic breccia-lava lobe complex is not 

uncommon in zones of peperite, where lava mixes with wet sediment (Kano, 1989; 

Goto and McPhie, 1996; Hanson and Hargrove, 1999; Doyle, 2000). Heterogeneity in 

both the lava and the host sediment, as well as multiple phases of fluidal and brittle 

fragmentation give rise to an assortment of grainsizes and shapes (Doyle, 2000; Skilling 

et al., 2002). Similar mixing between the lava and wet breccia, to produce hydroclastic 

peperite and subordinate fluidal peperite is proposed (cf. Busby-Spera and White, 

1987). 
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4.6.2.3 Destabilisation of hydroclastic breccia and reworking 

The indistinct, thick, lenticular bedding and subordinate population of sub-

rounded lapilli and blocks imply some minimal transport and reworking, possibly due 

to destabilisation of the growing pile and remobilisation of clasts by grainflows (Figs. 

4.2 and 4.10D; DeRita et al., 2001). This movement would have occurred between each 

new eruptive pulse to form the domainal bedding. The lobes have a subparallel trend 

to the bedding horizons, indicating a mutual transport direction, which might have 

resulted in additional, localised movement and rotation of the fragments (Fig. 4.2; Fig. 

4.11D). The overall poor sorting, dominantly angular particle shapes and the 

preservation of jigsaw-fit fracturing, however, suggest short transport distances and 

proximal emplacement. The shear zones that are orientated parallel to the apparent 

orientation of the lava lobes may have formed by compressional stress imposed by the 

lava lobes as they moved through an incipiently cemented, rigid hydroclastic breccia. 

The perpendicular set, on the other hand, may have formed due to tensile stresses 

during settling of the thick pile. 

 

4.6.2.4 Emplacement of upper planèze sequence of lavas and volcaniclastic deposits 

The erosional upper surface of the hydroclastic breccia indicates that it was 

exposed subaerially for an unknown period of time. Subsequently, the overlying, 

intercalated stack of ice-bounded lavas and volcaniclastic flow deposits was emplaced 

on top of it to form the narrow, upper section of the planèze between the Whangaehu 

and Wahianoa valley glaciers from 154 ± 12 ka to 121 ± 4 ka (2 σ) (Gamble et al., 2003; 

Conway et al., 2016). This suggests that either a long-lived glacier system or repeated 

glacial advances with ice thickness to at least the height of the planèze persisted on the 

southeastern flank of Ruapehu from ~ 166 – 117 ka. 
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Figure 4.11: A: Effusive eruption into standing water followed by quench fragmentation, dynamic 

stressing and spalling formed a hydroclastic breccia pile. Prolonged and possibly pulsatory eruptions, 

caused exogenous growth of the breccia pile in accumulated meltwater within an ice cavity at the base 

of the glacier. Fresh pulses of lava were erupted into the lake and fragmented by quenching on contact 

with external water. See text (section 4.6.4) for discussion of pre-existing topography. B: Continued 

magma supply resulted in branching, lenticular lobes in the hydroclastic breccia (H). These intrusions 

probably occurred soon after or during the emplacement of the hydroclastic breccia and while the 

breccia was still unconsolidated, giving rise to the overall fluidal morphology of the lava lobes. Lateral 

spreading due to dense lava moving through unconsolidated hydroclastic breccia, followed by 

quenching, resulted in intrusion rather than eruption (Hanson, 1991). C: Quench fragmentation at the 

lobe margins in contact with wet breccia produced clasts with in-situ fracture textures, and dynamic 

stressing produced rotated clasts. Larger fractures that penetrate into the lava lobe or create blocks at 

the lobe margins were infilled with hydroclasts. Variable fluidal and brittle margins of lava lobes are 

discussed in section 4.6.2.2. D: Limited mass wasting of the hydroclastic breccia by 1) gravitational 

collapse (cf. Hanson, 1991; DeRita et al., 2001) and/or 2) remobilisation due to bulldozing by the 

intrusions resulted in the minor, crude and discontinuous bedding and lateral increase in rounded and 

rotated clasts. 

 

4.6.3 Fragmentation of andesite 

Clastic glaciovolcanic deposits have been documented in proximal locations 

and in such volume at only a few intermediate-composition volcanoes, at which 

coherent lava domes or lobes, and ice-bounded flows are more commonly found 

(Kelman et al., 2002). The general paucity of clastic material in this setting is attributed 
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to a combination of moderate lava temperature and viscosity, the availability of water, 

and effects of pre-eruptive topography (Kelman et al., 2002). Compared to basaltic 

volcanoes, andesitic volcanoes are considered to be inherently poor at producing and 

trapping meltwater from overlying ice caps because of the lower eruption 

temperatures, which causes less ice to melt. In addition, the higher viscosity of 

andesitic lavas results in steeper-sided volcanoes on which thick ice and meltwater 

cannot reside, except in valleys (Kelman et al., 2002; Lachowycz et al., 2015). Efficient 

drainage of meltwater impedes efficient fragmentation and deposition (Kelman et al., 

2002). These conditions favour well-drained vent areas and coherent eruptive 

products, whose morphologies are controlled by the distribution and thickness of ice 

(e.g. Lescinsky and Fink, 2000; Conway et al., 2015). The unusual dominance of 

primary fragmental material formed from effusively erupted intermediate 

composition magma at Ruapehu may be the combined result of several factors: (i) a 

subaqueous eruption environment that was facilitated by a favourable vent and glacier 

configuration, (ii) exogenous growth of the breccia pile, and (iii) a highly viscous lava 

rheology that favoured fragmentation. These factors are discussed in more detail 

below. 

 

4.6.3.1 Eruption into a water-filled, subglacial cavity surrounded by thick ice 

Hydroclasts are not generated by subaerial volcanism; they are products of 

effusive eruption, rapid cooling, and non-explosive fragmentation that occurs 

subaqueously (marine or lacustrine), subglacially, or by intrusion into wet sediment 

(e.g. Yamagishi, 1987; Yamagishi, 1991; Hanson, 1991; DeRita et al., 2001; White et al., 

2015). The principal fragmentation mechanisms are by cooling-contraction granulation 

and dynamic stressing (Hanson, 1991; Goto and Tsuchiya, 2004; White et al., 2015). 

Although hydroclastic breccia is a rare product of subglacial andesitic volcanism, the 

deposit at Ruapehu is texturally very similar to subaqueous andesitic hyaloclastite and 

lava lobes documented from ancient deposits in southwest Hokkaido, Japan 

(Yamagishi, 1987; Yamagishi, 1991) and the Sierra Nevada, USA (Hanson, 1991). Since 
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comparable deposits are known from subaqueous environments only, the Ruapehu 

hydroclastic breccia is inferred to have been erupted into standing water. The lack of 

sorting or well-defined bedding, and the abundance of in-situ fragmentation textures 

indicate that the breccia is proximal, and that water surrounded the vent, but was not 

draining from the eruption site. Water was sourced from melting of enclosing ice and 

the deposit was emplaced into a subglacial cavity. The thickness of the deposit, 

grainsize and textural features of the hydroclasts indicate that quench fragmentation 

was efficient and sustained, implying that either the eruption took place in a large 

volume of water (at least a depth equating to the ≥ 150 m thick deposit), or that water 

was continuously supplied (and space for the deposit made) by melting ice as the 

breccia pile grew. The latter is more likely because meltwater would be constantly 

formed by volcanic heating of ice. No evidence has been observed that supports the 

hypothesis that a 150 m deep body of water was trapped on the edifice throughout the 

eruption and large, unsupported subglacial cavities are unlikely to form above 

intermediate composition lavas as their eruption temperatures are low compared to 

basalts (Kelman et al., 2002; McGarvie et al., 2007). Small ice cavities may, however, 

form beneath a retreating ice roof, ahead of an incrementally growing breccia pile. In 

either scenario, a critical condition for the formation and emplacement of these types 

of deposit is the retention of meltwater and poor drainage (McGarvie et al., 2007). 

Meltwater accumulation at a subglacial eruption site occurs when the ice at the base 

of a glacier melts and the overlying ice subsides into the gap created by the volume 

deficit between ice and water. The reduction in overpressure relative to that exerted 

by the surrounding glacier draws water in towards the cavity while the surrounding, 

thicker ice forms a hydrological seal (Gudmundsson et al., 2004). Subsidence of an ice 

roof in a crevassed glacier at Ruapehu is consistent with apparent outgassing, 

evidenced by the non-vesicular and fully microcrystalline groundmasses in the lava 

lobes and breccia clasts. As the hydroclastic breccia is inferred to have been confined 

at its sides by ice, the ice thickness must have been at least equal to the thickness of the 

deposit (a minimum of 150 m). The presence of stable ice that was ≥ 150 m thick has 
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interesting implications for the topography of Ruapehu at the time of eruption, and 

the paleoenvironment; these are discussed further below (section 4.6.4).  

 

4.6.3.2 Exogenous dome growth 

The eruptive mechanisms that produce hyaloclastite-lava lobe complexes are 

comparable to those of submarine lava domes. Typically, extrusive lava domes and 

cryptodomes grow endogenously by inflation and are characterised by a concentric 

facies change from a coherent core to a surrounding, autobrecciated carapace (Goto 

and Tsuchiya, 2004; Stewart and McPhie, 2006; Soriano et al., 2012). In the subaqueous 

environment, the high heat capacity of water causes rapid cooling at the dome margin 

resulting in quench fragmentation and formation of an extensive hyaloclastite rim 

(Németh et al., 2008; Porreca et al., 2014; White et al., 2015; Páez et al., 2018). The lack 

of a coherent core at the Ruapehu exposures, however, and the significant proportion 

of coarse ash and lapilli grainsizes, indicates energetic fragmentation, suggesting that 

exogenous growth of the hydroclastic breccia pile was more probable (e.g. Goto and 

Tsuchiya, 2004; Németh et al., 2008). The hydroclastic breccia likely accreted from a 

series of small lava pulses, fed from a central conduit, that erupted and fragmented 

effectively on the surface of breccia from the previous pulse, aided by dynamic 

stressing which caused the break-up of quenched lava crusts (cf. DeRita et al., 2001; 

Németh et al., 2008). Complete fragmentation is more probable for smaller volumes of 

lava, where heat transfer would be more efficient. 

 

4.6.3.3 Lava rheology 

Glaciovolcanic interactions involving intermediate composition lavas have 

been considered to behave most like their basaltic counterparts (McGarvie, 2009). The 

dominant products of effusive basaltic eruptions beneath water are coherent rocks 

such as pillow, sheet and lobate lava flows, with volumetrically minor hyaloclastite 

forming from fragmentation of the chilled pillow rinds. Submarine rhyolitic eruptions 

also produce coherent lavas and domes with only subordinate hyaloclastite (White et 
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al., 2015; Ikegami et al., 2018) but, more commonly than during basaltic eruptions, 

felsic magmas form hyaloclastite-lava lobe complexes and thick hyaloclastite 

sequences (Yamagishi, 1987; Yamagishi, 1991; DeRita et al., 2001; Porreca et al., 2014; 

Páez et al., 2018). Hyaloclastite-lava lobe complexes are considered to be the rhyolitic 

equivalent of basaltic pillow breccias (McGarvie et al., 2007; White et al., 2015). The 

difference between the eruption and fragmentation behaviour of basaltic versus 

rhyolitic lavas is generally a result of the difference in lava viscosity (White et al., 2015; 

Páez et al., 2018). Viscosity is controlled, at least in part, by melt composition and 

crystal content. Silicic lavas have a higher viscosity and lower mechanical strength 

than lavas of other compositions (Austin-Erickson et al., 2008), and tend to fragment 

in a brittle fashion, while low-viscosity basalt tends to remain coherent and show only 

minor fragmentation. Intermediate-composition lavas are less understood, but it is 

likely that their behaviour and associated products will be intermediate between their 

basaltic and rhyolitic counterparts, and that the type of interaction will depend on a 

combination of eruption variables (e.g. rate of effusion) and environmental variables 

(e.g. substrate slope, water availability). Despite having basaltic-andesite bulk 

composition, the volume, thickness, dominance of fragmental material and structural 

characteristics of the Ruapehu hydroclastic breccia is similar to the submarine-

emplaced (since uplifted) trachyte hyaloclastite-lava pile at Ponza, Italy (DeRita et al., 

2001) and the base of the subglacial rhyolite tuya at Prestahnúkur, Iceland (McGarvie 

et al., 2007). The rheological response of the lava may have been a result of a viscous 

melt (the groundmass) that ultimately controlled the physical behaviour of the lava. 

Table 4.2 shows the calculated viscosity for Ruapehu andesite melt, based on the 

groundmass geochemistry of the lava lobes (Appendix 4.3), in comparison to basaltic 

and rhyolitic examples. Melt with the groundmass composition of the Ruapehu lava 

has a viscosity closer to that of rhyolite than basalt. Additionally, the cryptocrystalline 

groundmass and lack of vesicles in the hydroclasts and lava lobes at Ruapehu suggest 

that the deposit outgassed during emplacement which may have raised the viscosity 

sufficiently to cause brittle fragmentation. Complete outgassing is favoured over 
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inhibited volatile exsolution beneath thick ice for two reasons: 1) the pressure under 

even thick glaciers is insufficient to supress all exsolution; 2) even thick glacier may be 

penetrated by cracks (crevasses) opening escape paths for outgassing volatiles (Tuffen 

et al., 2007). The viscosity of effusively erupted basalt was increased in this way on 

King George Island, Antarctica, resulting in voluminous, hydroclastic breccia (Smellie 

et al., 1998). 

 

Composition, location (eruption) Temperature (°C) Viscosity (Pa s) 

Basalt, Mauna Loa, Hawaii (1984) 1140 ± 3a,b 102 - 2 x103 a.b 

Basalt, Etna, Italy (1991-93) 1070-1090a,c 8-10 x 103a,c 

Andesitic-dacitic groundmass, 

Ruapehu, New Zealand 
910-1080d 105-108 

Rhyolite, Newberry, Oregon 600-1300e 107-1013a,e 

Rhyolite, Badlands, Idaho 830f 3.5 x 109 - 1.2 x 1010a,f 

 

a Harris and Rowland, 2015; b Moore, 1987; c Calvari et al., 1994; d Kilgour et al., 2013; e Murase and 

McBirney, 1973; f Manley, 1996 

 

Table 4.2: Comparison of the viscosities of basaltic and rhyolitic melts with Ruapehu andesite at a range 

of temperatures. The Ruapehu andesite melt viscosities are based on the groundmass compositions 

(Appendix 4.3) and calculated following Giordano et al. (2008) and the temperatures are estimates of 

magmatic temperatures from historic eruptions, given by Kilgour et al. (2013). 

 

4.6.4 Early volcano configuration and paleoenvironment 

Hyaloclastite-lava lobe complexes have been considered by McGarvie et al., 

(2007) as the felsic equivalent of basaltic pillows in a subglacial tuya sequence. Both 

types of deposit require meltwater retention and a volcano-ice configuration that 

prevents drainage (e.g. subdued topography or a topographic barrier, and/or 

thick/impermeable ice). The few documented examples of intermediate-composition, 

fragmental deposits are found within summit calderas, where thick ice and meltwater 

may accumulate (Lescinsky and Fink, 2000; Lachowycz et al., 2015), or in areas that 

were covered by thick ice sheets (up to 2 km) (Edwards et al., 2002). Ancient deposits 

of similar volume and architecture, which are currently found in areas too steep to 
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accumulate sufficient water, have been used to infer relatively flat paleotopography 

(McGarvie et al., 2007), but the evidence and interpretation presented here suggest that 

this is not always so: Ruapehu’s vent system has given rise to localised steep 

topography. In order to host thick ice and a subglacial meltwater cavity, the edifice at 

Ruapehu must have either already consisted of multiple vents with irregular summit 

topography, or been covered by a particularly thick or well-sealed ice cap. The 

estimates of ice thickness being at least 150 m and probably greater is consistent with 

models for ice thickness at Ruapehu during the last glacial period, but only in glacial 

valleys (Eaves et al., 2016a). It is probable, therefore, that the Ruapehu vent system has 

been complex for at least 160 ka, and may have allowed ice to accumulate in the area 

where the breccia is exposed. Wahianoa Formation volcanism was probably mainly 

focussed at a southern vent, separate from the more northerly sourced products of Te 

Herenga Formation volcanism. The proximal nature of the hydroclastic breccia 

suggests that the Wahianoa source was not the currently active, southern Crater Lake 

vent, 2 km up-valley and close to the present summit, but that the arrangement of 

vents would have been different from today. The vent from which this hydroclastic 

deposit erupted was probably close to or beneath the deposit exposure, near the 

headwaters of the Whangaehu and Wahianoa valleys, which are long-lived glacial 

valleys, divided by the planèze that was built at a bifurcation downslope of a central 

glacier. Glaciation, sector collapses (Conway et al., 2016; Townsend et al., 2017) and 

long-lived regional rifting make it difficult to fully reconstruct the paleotopography of 

Ruapehu. The Mt Ruapehu graben within the Taupo Rift has been subsiding at 4.1 

mm/yr (Villamor and Berryman, 2006). Subsequently, Mangawhero Formation and 

Whakapapa Formation lavas have been emplaced above, from different vent loci, 

burying any vent morphology that may have existed during emplacement of the 

Wahianoa Formation. The hydroclastic breccia may therefore represent the core of the 

down-faulted and buried Wahianoa-age Ruapehu volcano. In addition, while the 

majority of erupted products of Wahianoa age are preserved on the southeast flank of 

the volcano, tracing all lavas as far back to source as possible using updated geological 
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maps (Townsend et al., 2017) indicates a wide, multi-vent volcano. Whakapapa 

Formation lavas (<15 ka) have been erupted from at least 5 vents (Graham and Hackett, 

1987) and so it is possible that Wahianoa eruptive packages may also have been 

sourced from multiple vents over the ~ 80 kyr known duration of the formation 

(Conway et al., 2016). 

Although ice of the last glacial period was as extensive as during the 

penultimate glacial period (Suggate, 1990; Newnham et al., 2007), there was a drastic 

change in volcano-ice interaction at Ruapehu. The younger preserved glaciovolcanic 

deposits of the Mangawhero Formation are dominated by coherent ice-bounded, or 

ice-dammed lava flows (Conway et al., 2015), while voluminous hydroclastic breccias 

are restricted to the older portions of the edifice. This evolution is inferred to represent 

a change, from meltwater accumulation to meltwater drainage, which may have been 

a consequence of a change in the summit ice configuration that favoured drainage in 

more recent times. 

 

4.7 Conclusions 

As glaciovolcanic deposits are being newly mapped on andesitic volcanoes 

globally, our knowledge of andesitic lava-ice interaction is expanding. With this 

expansion, there is new insight into the role that fragmentation of lava plays, leading 

to production of mixed clastic and coherent glaciovolcanic deposits. The degree of 

fragmentation and preservation of clastic deposits is primarily a function of the 

availability of meltwater, lava rheology, and effusion/eruption rate. The availability of 

water is typically controlled by the subglacial topography and ice structure, while all 

variables are also functions of the composition and thermal properties of the lava. This 

range of influences can potentially result in a wide variety of glaciovolcanic products 

in different volcanic settings. The occurrence of a voluminous hydroclastic breccia at 

Ruapehu indicates that a subglacial lake was confined within a substantial summit 

glacier > 154 ± 12 ka, during MIS 6. Effusive eruption and fragmentation by quenching 

and dynamic stressing exogenously built a pile of hydroclastic breccia within the 
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growing subglacial cavity. The eruption then transitioned into intrusion of lava lobes 

into the still wet and unconsolidated breccia pile. Continued fragmentation occurred 

at the margins of the lobes by quenching on contact with the wet breccia and by 

dynamic stressing within the moving lobe. It is probable that Ruapehu has had a 

complex vent system since at least the time of the Wahianoa Formation and that 

irregular summit topography facilitated the accumulation of thick ice and trapping of 

meltwater. Comparable deposits known from ancient rhyolitic submarine volcanoes 

(e.g., DeRita et al., 2001) indicates higher than typical viscosity for the basaltic-

andesitic lava, probably due to an outgassed, microcrystalline groundmass and an 

andesitic-dacitic melt composition. 
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CHAPTER 5 

 

Experimental insights into the thermal behaviour and 

fragmentation mechanisms of effusive, subglacial andesitic 

lava 
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5.1 Abstract 

 The eruption style of subglacial volcanoes and behaviour of meltwater at the 

eruption site is partially dependent on the heat transfer rate from magma to ice and 

the rate of ice melting. For ice-clad, andesitic volcanoes, coherent lavas are most 

commonly documented, with the lack of fragmentation attributed to minimal lava-

water interaction assumed to result from a lower thermal efficiency and heat capacity 

in intermediate composition lavas, compared to basalt. Very little experimental or 

observational data exists to support this, however, and fragmental glaciovolcanic 

deposits that are interpreted to have been deposited in accumulated meltwater, have 

been more recently mapped from a number of intermediate-composition volcanoes 

worldwide. Here, the hypothesis that andesitic melt is less efficient at melting ice and 

contributing to meltwater retention is tested using andesitic lava collected from 

Ruapehu volcano, New Zealand. Novel calorimetric experiments were designed and 

performed in order to quantify the thermal properties of andesite and the heat flux, 

thermal efficiency and meltwater production rate associated with the dynamic 

interaction of andesite melt and ice. The dynamic element of the experiments has not 

been considered before, but may have a significant influence in the transfer of heat 

from a flowing or inflating lava flow. The specific heat capacity of the Ruapehu 

andesite was determined between 861 and 1133 J kg-1 K-1, while the thermal diffusivity 

was 4.62-4.66 x10-7 m2 s-1 and the thermal conductivity was 0.9-1.1 W m-1 K-1. Despite 

these values, which are slightly lower than those published for basaltic lavas, the 

calculated thermal efficiency for ice melting by andesite was 33-69%. The average heat 

flux from molten andesite to ice was determined between 138 and 178 kW m-2, but 

transient increases in heat flux and meltwater production, by up to an order of 

magnitude, are correlated with increases in applied force during the dynamic molten 

andesite-ice experiments. These data contribute to a previously limited range of 

studies and quantitative data on the thermodynamics of lava-ice interaction, and may 

be useful for future modelling of subglacial eruptions, meltwater behaviour and the 

evolution of the subglacial hydrology at andesitic centres. 
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5.2 Introduction 

 Heat transfer mechanisms at glaciated volcanoes control ice melting and the 

development of subglacial cavities, thereby influencing the volume and dispersal 

paths of meltwater and mediating how eruptions evolve (Tuffen et al., 2002b; 

Gudmundsson, 2003; Gudmundsson et al., 2004; Tuffen et al., 2007; Oddsson et al., 

2016b). The interaction between rising magma and accumulated meltwater may result 

in explosive eruptions, while the sudden release of meltwater accumulated above an 

eruption site causes catastrophic flooding beyond the glacier (Tuffen et al., 2002b). 

Glacial outburst floods and lahars present a major hazard associated with lava-

ice/snow interaction, and have been widespread at circum-Pacific volcanic centres, 

where many andesitic stratovolcanoes and other composite cones are ice-clad (Major 

and Newhall, 1989), as well as at intermediate volcanoes in Antarctica (Smellie, 2002). 

Convection and advection of heat at the magma-ice interfaces and by heated meltwater 

flowing along subglacial channels are important drivers of continued ice melting and 

influence the subglacial hydrology (Oddsson et al., 2016a; Oddsson et al., 2016b). 

Understanding the mechanisms and rates of heat transfer and ice melting is critical for 

determining the hazards associated with glaciovolcanic eruptions, and the 

characteristics likely to be seen in erupted products (Björnsson, 2002; Tuffen et al., 

2002b; Edwards et al., 2013; Edwards et al., 2014). 

Coherent lava flows emplaced within subglacial channels, or perched upon 

high topography, are the most common products of interactions between ice and lavas 

of intermediate composition (Lescinsky and Sisson, 1998; Lescinsky and Fink, 2000; 

Kelman et al., 2002; Conway et al., 2015). Ice-bounded lava flows have been considered 

to dominate among intermediate glaciovolcanic products due to evolved lavas having 

a low efficiency of heat transfer from magma to ice, hence limiting the ice melting rate 

(Höskuldsson and Sparks, 1997). Additionally, meltwater drainage is generally 

favoured at steep-sided andesitic edifices (Kelman et al., 2002). The lack of meltwater 

expected to be produced or retained at the eruption site is considered to limit 

fragmentation by quenching and phreatomagmatic explosions (Kelman et al., 2002). 



Dynamic andesite-ice experiments 
 

148 

 

The andesitic glaciovolcanic deposits presented in this thesis (see Chapters 2 and 4), 

however, all involved interaction with water, which influenced their emplacement 

processes and physical characteristics. In particular, the hydroclastic breccia deposit 

exposed on Ruapehu volcano shows evidence for emplacement in accumulated 

meltwater on a steep edifice (Chapter 4). This could be a result of either a specific 

volcano-ice configuration that favours meltwater accumulation, aided by the ice 

thickness, structure and bedrock topography, or it may be that previous models have 

overestimated the compositional control on thermal efficiency and heat flux for 

evolved magmas. Very little quantitative data exists to support the thermal influence 

of lava in melting ice. In addition, previous models have not included the dynamic 

effect of lava-ice interaction, which is relevant for considering a flowing or inflating 

lava body that is moving against a glacier, and may be an important mechanism for 

heat advection to the lava-ice interface. 

To test the influence of the thermal properties, heat flux and thermal efficiency 

of andesite lava in melting ice, experiments to reproduce the interaction have been 

performed. A novel experimental setup was developed, building on static experiments 

by Oddsson et al., (2016b), to observe and measure the production of meltwater when 

molten andesite was deformed against ice, simulating the dynamic stressing of an 

effusive lava flow and inflation against a glacier. The experiments also test the 

hypothesis that andesitic hyaloclastite is formed from enhanced cooling and dynamic 

stressing. The experiments were designed and carried out with four purposes in mind: 

1) To quantify the thermal properties of Ruapehu andesite, including specific heat 

capacity, thermal conductivity and thermal diffusivity;  

2) To investigate the effect of lava deformation on the heat flux, the meltwater 

production rate and thermal efficiency of heat transfer from andesite melt to ice; 

3) To determine the relative influences of quenching and dynamic stressing for non-

explosive fragmentation of andesite; 

4) To investigate the cause and controlling factors behind near-complete 

fragmentation of effusively erupted, subglacial andesite.  
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For reference, additional static and dynamic experiments were carried out in 

which the molten andesite was cooled in air and water to investigate any textural 

variation resulting from differences in cooling rates under different environmental 

conditions. A small set-up was chosen, compared to large-scale basaltic lava-ice 

experiments (e.g. Edwards et al., 2013), due to the higher viscosity of molten andesite, 

making it less easy to pour in large quantities. The small size also simplified 

quantitative measurements of changes in mass, heat and applied pressure. 

 

5.3 Methods 

5.3.1 Starting material and sample preparation 

 A fresh, cryptocrystalline lava, exhibiting cooling fractures suggestive of 

contact with water and ice, was sampled from the Whangaehu valley, Ruapehu 

volcano, New Zealand (Fig. 5.1a). X-ray Fluorescence (XRF) analysis, undertaken at 

the University of Waikato, established that the whole-rock composition of the lava is 

andesite (Fig. 5.1b). The starting material was granulated to ~ 1 cm-sized pieces and 

the pieces mixed together thoroughly. The experiments were carried out at the 

Physical Volcanology Laboratory, University of Würzburg, Germany. For each 

experiment, 60-100 g of the starting material was melted in a crucible heated to 1250 

°C by an induction furnace. The crushed andesite was heated to a temperature higher 

than expected for erupting andesite (T ≈ 1000 °C; Harris and Rowland, 2015) to 

overcome the increase in viscosity resulting from outgassing of the natural lava since 

emplacement (Zimanowski et al., 1991). The viscous melt was extracted from the 

crucible with ceramic rods. 
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Figure 5.1: A: Field appearance of the lava sampled from the Whangaehu valley, Ruapehu volcano and 

used in the experiments. The fine, hackly jointing suggest emplacement beneath ice or snow. B: Total 

Alkali-Silica diagram (following Le Bas et al., 1992) showing the andesitic composition of the lava. 
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5.3.2 Experimental setup 

 A calorimeter was set up consisting of an insulated, stainless steel tank 

containing ~3 litres of distilled water (Fig. 5.2). The tank was positioned on a balance 

and contained eight K-type thermocouples, calibrated with a precision of 0.3 K and a 

response rate of 4 Hz, placed symmetrically below the water level. A stirrer forced 

convection in the water so that temperature changes were recorded by all 

thermocouples. All experimental runs were filmed from above and from the side. In 

order to synchronise the data logger that recorded the water temperature and mass 

with the data logger for the load cells, the rim of the calorimeter was manually tapped 

before the beginning of each experiment to produce a mass spike, and a blinking LED 

light was used to indicate the start of logging from the load cells (see below). Both of 

these indicators were caught in the videos. All experiments were carried out at room 

temperature, and the ambient pressure was measured. 

 

 For the molten andesite-ice experiments, the ice was made from a mixture of 

crushed ice and 0 °C water, which was frozen in a silicone mould. In order for 

deformation to occur, a squeeze apparatus was designed and manufactured at the 

University of Otago. The apparatus was based on a set of tongs and consisted of two 

paddles attached to scissored arms, such that the paddles were brought together when 

the opposing arms were squeezed inwards (Fig. 5.2). The paddles and lower sections 

of the arms were made of wood, which has a negligible thermal conductivity. One 

paddle was frozen onto the ice block with a wooden dowel, and the dowel was frozen-

in to help secure the ice to the wood. Prior to each experiment, the remaining wood 

was soaked in water so that the opposite paddle that pushed the melt sample into the 

ice block was wet. A strain gauge (RS Pro Wire Lead®) and a load cell (Straight Bar®) 

were fixed to an arm of the tongs to measure the pressure applied during squeezing. 
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Figure 5.2: Diagrams showing the setup for each experimental run. Melt sample is coloured red. 
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5.3.3 Thermal properties of Ruapehu andesite  

 In order to investigate heat flux, the basic thermal properties of Ruapehu 

andesite, including specific heat capacity (cL), thermal diffusivity (κ) and thermal 

conductivity (k), were determined experimentally by calorimetry. The energy transfer 

determinations and subsequent calculations of the thermal properties follow the 

procedure given by Oddsson et al. (2016b). Remelted andesite was dropped into the 

calorimeter containing room-temperature water and the temperature change of the 

water was measured every 0.25 seconds (Fig. 5.2c). The experiment continued until no 

further increase in water temperature was measured, and the water and melt 

(solidified to glass) were assumed to have attained thermal equilibrium. The energy 

used to heat the water (Ew) was found by 

�� = ����∆��    (equation 1) 

where mw is the mass of the water (kg), cw is the specific heat capacity of water (4187 J 

kg-1 K-1) and ΔTw is the overall temperature change of the water due to heating by the 

andesite. No visible steam was produced; steam produced at the melt-water interface 

condensed quickly in the water and heat transfer is assumed to have taken place within 

a closed system (Oddsson et al., 2016b). The energy transferred to heat the water can, 

therefore, be assumed as equal to the initial heat content of the melt (Em): 

�� =	�	      (equation 2) 

Thus, this andesite’s specific heat capacity (cL) can be calculated by rearranging 

equation 1 such that: 

�
 = ��
		∆�

      (equation 3) 

where mL is the mass of the melt (kg) and ΔT is the overall temperature change of the 

andesite during cooling in the water. The maximum initial temperature of the melt 

was ~ 1250 °C, but an unknown amount of cooling occurred in the seconds during 

which the melt was extracted from the crucible and transferred to the calorimeter. To 

account for this, a minimum temperature of 950 °C for the andesite is also considered 

and both temperatures are used in further calculations, giving the estimates for the 

thermal properties as a range. The latent heat of crystallisation was not considered 
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here, or in any further calculations, because only glass was formed by the rapid cooling 

of the melt (Gudmundsson et al., 1997; Oddsson et al., 2016b). The start of the 

experiment was defined as the moment that the melt was dropped into the water and 

it is assumed that all of the energy transferred was in the form of heat. 

 A time series of Em was determined in order to calculate the time-progressive 

heat flux (q) by: 

� = �
� �

��
���      (equation 4) 

where A is the surface area of the melt (m2), and t is time (s). The cumulative heat flux 

(Q) was then calculated to determine the thermal diffusivity (κ) of the Ruapehu 

andesite, following Oddsson et al. (2016b), thus: 

� = 	 �
�(��∆�)�

��     (equation 5) 

where ρ is the density of the melt, determined from the wet and dry masses of each 

sample (Houghton and Wilson, 1989), and α is the initial gradient of Q when plotted 

against √!.  
Finally, the thermal conductivity (k), could be found as a simple function of the 

heat capacity and thermal diffusivity: 

" = 	#�
�     (equation 6) 

 

5.3.4 Molten andesite-ice deformation experiments 

A series of melt-ice deformation experiments were performed to investigate the 

heat flux and meltwater production associated with andesite melt that moves against 

a glacier. After extraction from the crucible, the melt was squeezed between the ice 

block and a wet wooden paddle (Fig. 5.2f). Meltwater was collected in the calorimeter 

so that the mass (mm) was recorded. The ice block was also weighed before and after 

each experiment to provide a further measure on the overall volume of meltwater 

produced by the interaction. The temperature of the meltwater (Tm) was determined 

by  

�	 =	 �$	$%	�$&'	$&'
	�

     (equation 7) 
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where Tx and mx are the temperature and mass of the meltwater, respectively, in the 

calorimeter for each time step, while x-1 denotes the previous time step. The rate of 

thermal energy transfer was then calculated by: 

��
�� =	

�	
�� (�(∆�( + *( + ��∆�	)    (equation 8) 

where dm/dt is equal to the rate of change in meltwater mass, ci is the specific heat 

capacity of ice (2108 J kg-1 K-1), ΔTi is the temperature difference between the ice at the 

start of the experiment, and its melting point, and Li is the specific latent heat of 

melting of ice (334 kJ kg-1) (Oddsson et al., 2016b). The heat flux throughout the 

experiment was then calculated by equation 4. In addition to the time-series, the 

overall meltwater production and heat flux were also calculated. 

The molten andesite squeezed well against the ice until it had melted a cavity 

into the ice, and was no longer being pushed or deformed by the opposing paddle. At 

this point, the paddle was retracted and the melt dropped into the calorimeter, where 

it’s remaining thermal energy caused a rapid temperature rise in the water. The 

thermal energy transferred to the water could be calculated using equation 1, and 

again assumed to equal the thermal energy released by the melt after deformation 

against ice (Emf). Therefore, the temperature to which the melt cooled while being 

deformed against the ice (Tlava) could be calculated by rearranging equation 3, thus: 

�+,-, =	
��.
	�

− �,	0     (equation 9) 

where Tamb is ambient temperature, and where ΔT in equation 3 is equal to Tlava – Tamb. 

This allows the overall temperature loss of the melt from contact with ice to be 

estimated, since it could not be measured by inserting a thermocouple into the melt 

due to the influence of pressure on thermocouple readings. Assuming an initial melt 

temperature of 1250-950 °C, the range of thermal energy extracted from the melt 

during the experiment (Emi) could be determined. In addition, the thermal energy used 

to melt the ice (Ei) was calculated by the same energy equation: 

�( =	�((�(∆�( + *()     (equation 10) 
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where mi is the mass of ice melted, measured as the mass of meltwater collected (kg). 

The efficiency of heat transferred (fe) from the andesite to melt the ice, was determined 

by: 

12 =	 �3��3
     (equation 11) 

Note that this equation only considers the energy used in melting the ice and is not the 

total efficiency of heat transferred from the melt to its surroundings, for example to 

heat the meltwater produced or heat loss to the air. 

 

An additional set of experiments was carried out using a small bowl containing 

400-600 ml of water. The smaller calorimeter could be placed on a balance of higher 

sensitivity so that small changes in the mass of the accumulating meltwater could be 

measured with greater precision. One K-type thermocouple was placed in the water 

at the base of the bowl. 

Further experiments were also carried out to investigate textural variation 

between static and deformed molten andesite samples in subaerial, subaqueous and 

ice-contact settings. Two experimental runs were performed in which the melt was 

cooled in air, one at rest (Fig. 5.2a) and the other squeezed between two wooden 

paddles (Fig. 5.2b). Another experiment was carried out in which the melt was 

squeezed between two wooden paddles beneath water (Fig. 5.2d), to compare with 

runs 3-6 in which non-deformed melt samples were dropped into water (Fig. 5.2c). 

Finally, two more experimental runs were performed in which melt samples were 

placed on top of an ice block, one resting under gravity only, and the other being 

pushed into the ice (Fig. 5.2e). Meltwater was collected in a container placed on a 

balance beneath the ice so that the volume of meltwater could be measured for the 

latter two experiments and compared to runs 10-16. The surfaces and thin sections of 

the interiors of the cooled glass samples from all types of experiments were examined 

for fracture patterns and any quench crystal microtextures. 
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5.4 Results 

5.4.1 Subaqueous experiments 

 The static, subaqueous melt samples formed a dark crust around their exterior 

immediately on contact with water. Some minor spalling occurred, producing ash- to 

fine lapilli-sized fragments from the surface of the solidifying melt, but the samples 

did not granulate. These experiments were used to determine the basic thermal 

properties of the Ruapehu andesite, which are presented in Table 5.1. The temperature 

rise of the water and the cumulative thermal flux (Q), from which the thermal 

properties were calculated, are shown in Figure 5.3 for each run. During all of these 

runs, the initial temperature rise in the water is rapid, heating by ~5-7 °C within 20-50 

seconds, before the andesite cooled and reached thermal equilibrium with the water. 

The thermal flux rose rapidly after the first second, before steadily decreasing with 

time. Of the four experiments, run 6 was the most successful because the melt was 

easily extracted from the crucible and quickly transferred from the crucible to the 

calorimeter. In addition, no visible steam was produced so that a closed system within 

the calorimeter can be assumed. Therefore, the thermal properties obtained from run 

6 (Table 5.1) are considered as characteristic of Ruapehu andesite, and these values are 

used in subsequent thermal calculations for the ice-contact experiments. 

 The melt sample that was squeezed subaqueously (run 7), was cooled and 

became rigid immediately after contact with the water. No ductile deformation took 

place and the sample did not granulate. 



Dynamic andesite-ice experiments 
 

158 

 

Table 5.1: Measured variables and calculated thermal properties for Ruapehu andesite samples, determined by the static, subaqueous experiments. The range 

of values for the thermal properties are based on the initial temperature range from 950-1250 °C. Run 6 was the most successful, producing the most reliable 

results. Raw data collected are available in Appendix 5.1. 

Experimental 

run 

Andesite mass 

(kg) ± 10 -6 

Andesite 

surface 

area (m2) 

Andesite density 

(kg m-3) 

Water mass 

(kg) ± 10-4 

Specific heat 

capacity (J kg-1 K-1) 

Thermal diffusivity 

(m2 s-1) 

Thermal conductivity 

(W m-1 K-1) 

3 6.343 x10-2 120 x10-4 2220 ± 9 3.001 668-879 ± 84 2.04-2.06 ± 0.40 x10-7 0.3-0.4 ± 0.08 

4 7.605 x10-2 136 x10-4 2450 ± 11 3.002 825-1085 ± 35 2.22-2.24 ± 0.16 x10-8 0.04-0.06 ± 0.006 

5 6.789 x10-2 80 x10-4 2150 ± 3 3.005 915-1204 ± 40 1.84-1.85 ± 0.12 x10-7 0.4-0.5 ± 0.04 

6 7.855 x10-2 96 x10-4 2170 ± 2 3.000 861-1133 ± 68 4.62-4.66 ± 0.55 x10-7 0.9-1.1 ± 0.2 

 

Figure 5.3:  A: Change in calorimeter water temperature following immersion of andesite sample. B: Cumulative thermal flux against the square root of time 

curve, the initial gradient of which was used in the thermal diffusivity calculations.
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5.4.2 Ice-contact experiments 

Observations 

 During the ice-contact experiments, the molten andesite was easily squeezed 

against the ice. The andesite melted a cavity within the ice and continued to burrow 

until the opposing wooden paddle closed against the ice surface and the melt was no 

longer being pressed. The ice cavity was generally wider than the melt sample, but 

comparable in shape. The surface of the melt that interacted with the ice was convex, 

while the opposite side that was pressed by the wood was flat. The side of the melt 

that was in direct contact with the ice cooled more rapidly than the side that was in 

contact with the wood, shown by a widening dark crust progressing across the 

solidifying melt sample from ice to wood. During the experiment, meltwater drained 

down from the andesite-ice interface in a near continuous stream at the beginning, and 

then slowed to a drip. After the paddles were released following run 15, a sudden 

release of meltwater was observed, simultaneously with the solidifying melt being 

dropped into the water. Minor fragmentation was observed, but none of the andesite 

samples were completely granulated. After runs 14-16, steam was produced and 

bubbles formed vigorously on the sample surface, either from boiling of water on the 

andesite surface or from expulsion of steam through cracks formed in the sample. 

Evidence to favour the latter mechanism was ‘singing’ heard from the andesite and 

the occasional propulsion of a fragment that was initially sitting close to the solidified 

glass, to the other side of the bowl. No steam was produced during runs 10-13, in 

which the melt was dropped into the large calorimeter containing more water.  

During runs 8 and 9, when molten andesite-ice contact was in the vertical 

configuration, the melt was cooled from the base up and a darkening crust could be 

seen rising up the sample. They both formed a cavity immediately after contact, 

partially filled with meltwater which boiled and produced steam, accompanied with 

a singing noise. The melt sample of run 8, which was at rest on the ice, continued to 

slowly subside into the ice for nearly 5 minutes after the crust had formed around the 

entire sample. When a force was applied to the melt in run 9, the meltwater continued 
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to boil and spit for over a minute, despite a crust having formed, and the final cavity 

was deeper. Similar to the other ice-deformation experiments, the cavities created 

during both runs were a complementary shape to the final glass. The warm meltwater 

that was produced formed a channel which breached the edge of the ice block, seconds 

after the start of the experiment, forming a vertical chute along which the meltwater 

cascaded down into the container. The meltwater drained in a steady stream as it was 

produced, but then slowed to a drip, with some meltwater refreezing to the ice as it 

travelled across the ice surface. The steady stream was maintained for longer during 

run 9 (63 seconds) compared to run 8 (40 seconds). No granulation occurred in the 

andesite at rest, but the andesite that was pressed into the ice fragmented into coarse, 

polygonal pieces. 

 

Meltwater production and heat transfer 

Tables 5.2a and b show the measured and calculated values, respectively, 

concerning the overall meltwater production rates, temperature, energy transfer, 

thermal efficiency for ice melting and overall heat flux during each ice-contact 

experiment. The difference in meltwater production rate between runs 8 and 9 is also 

shown in Figure 5.4. These data for runs 8 and 9 show that meltwater is produced more 

rapidly and in greater total volume if the melt is forcibly pressed against ice, than if 

melt is in contact with ice but not squeezed. The meltwater produced during runs 10-

16 was 18-40 °C. The andesite melt of run 11 had cooled in the air for several more 

seconds before interaction with ice, accounting for a cooler meltwater temperature of 

4 °C. The thermal efficiency in melting ice during the andesite deformation 

experiments is between 0.33 and 0.69. There is a small increase in thermal efficiency in 

run 9, compared to run 8. The heat flux varies from ~ 138-178 kWm-2 for most 

experiments, and is ~280 kWm-2 for run 13, which lasted only 5 s before the andesite 

melted through the bottom of ice and dropped into the calorimeter. The total heat flux 

is, therefore, apparently higher because it represents the very initial contact. 
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Figure 5.4: Plot of meltwater accumulation as a result of static and deformed andesite melt-ice contact. 
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Table 5.2: a) Measured values during the andesite melt-ice deformation experiments (top); b) Overall results of each andesite melt-ice deformation experiment, 

calculated as explained in text (bottom). The water temperature was not measured for runs 8 and 9 and so the melt temperature and heat flux (q) could not be 

determined. The differences in uncertainty between runs 10-13 and runs 14-16 are discussed below. Raw data collected are available in Appendix 5.2. 

Experimental 

run 

Temperature 

of ice (° C) 

Mass loss of 

ice (kg)  
Total mass of 

meltwater (kg) 

Mass of 

melt (kg) 

Melt-ice interface 

surface area (m2) 

Initial mass 

of water (kg) 

8 

9 

10 

-28 

-28 

-28 

- 

- 

0.039 

0.089 

0.113 

0.030 

0.07969 

0.09035 

0.10068 

33 x10-4 

28 x10-4 

42 x10-4 

- 

- 

3.002 

11 -8 0.011 0.012 0.02404 13 x10-4 3.033 

12 -28 0.023 0.022 0.05884 23 x10-4 3.009 

13 -28 0.015 0.012 0.06622 38 x10-4 3.053 

14 -5 0.047 0.036 0.06495 35 x10-4 0.415 

15 -28 0.053 0.047 0.09154 55 x10-4 0.604 

16 -28 0.044 0.037 0.1033 48 x10-4 0.603 

 

Experiment 
Overall meltwater 

production rate (kg/s) 

Average meltwater 

temperature (°C) 

Final Temperature 

of melt (°C) 
Em (J) Ei (J) fe q (kWm-2) 

8 

9 

10 

5.07 x10-4 ± 10-4 

8.04 x10-4 ± 10-4 

1.50 x10-3 ± 10-4 

- - 

- 

726-949 ± 87 

8.58 x104 

9.72 x104 

2.61 x104 

3.50 x104 

4.44 x104 

1.18 x104 

0.41 ± 0.03 

0.46 ± 0.03 

0.45-0.46 ± 0.18 

- 

- 

140 ± 95 

- 

38 

11 0.52 x10-3   ± 10-4 4 691-903 ± 306 7.80 x103 4.21 x103 0.59-0.60 ± 0.63 138 ± 267 

12 1.00 x10-3  ± 10-4 40 761-995 ± 162 1.29 x104 8.65 x103 0.67-0.69 ± 0.52 171 ± 173 

13 2.67 x10-3  ± 10-4 35 816-1067 ± 110 1.05 x104 4.72 x103 0.45-0.47 ± 0.36 280 ± 176 

14 1.81 x10-3  ± 10-6 19 447-582 ± 79 3.74 x104 1.24 x104 0.33-0.34 ± 0.06 178 ± 5 

15 2.26 x10-3  ± 10-6 18 611-798 ± 93 3.57 x104 1.84 x104 0.52 ± 0.10 162 ± 4 

16 1.69 x10-3  ± 10-6 25 625-816 ± 89 3.86 x104 1.46 x104 0.38 ± 0.10 138 ± 3 
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Figure 5.5: Meltwater accumulation during Runs 10-16.  

 

Figure 5.6: Changes in temperature of the water in the calorimeter due to meltwater input during 

Runs 10, 12 and 13. 

 

The accumulation of meltwater produced through time during the deformation 

of molten andesite against ice (runs 10-16) is shown in Figure 5.5. Generally, the mass 

increased fairly rapidly for ~4-5 seconds, before the accumulation rate of meltwater 
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decreased, and the curve shallows. The addition of meltwater to the calorimeter is 

accompanied by an overall increase in the temperature of the calorimeter water by 

0.05-0.2 °C for most runs, and a slight decrease in temperature for run 11 because the 

meltwater was only ~ 4 °C (Fig. 5.6). The mass of meltwater produced at each time step 

for the representative runs 11 and 14 are shown in Figure 5.7 with the relative force 

applied during deformation. There is a good, but offset, relationship in time between 

the increases in force and increases in meltwater production, with meltwater mass 

responding a few seconds after a change in force. During run 14, up to 2 g of meltwater 

was recorded each second at the start of the experiment, decreasing to < 0.5 g each 

second at the end of the interaction. Deviations from this trend are observed, however, 

following increases in force applied at 3, 4, 8 and 13 s. The strongest increase in force 

was at 8 s and resulted in nearly 4 g of meltwater entering the calorimeter. Similarly, 

several peaks in applied force occurred during run 11 and were followed by additions 

of meltwater by 0.5-1 g, depending on the pressure applied. This relationship is also 

observed between changes in applied force and changes in heat flux (Fig. 5.7). During 

run 14, the heat flux fluctuated around 200-300 kWm-2 for the majority of the 

experiment, but increased sharply and transiently to 975 kWm-2 after the increase in 

force applied between the melt and ice at ~8 s, and then released. As observed in the 

variations of meltwater mass, smaller increases in heat flux are also observed up to 650 

kWm-2 with coincident increases in force applied at 3, 4 and 13 s (Figure 5.8). Again, 

during run 11, several increases in applied force were followed by corresponding 

increases in heat flux from the melt to the ice of between 1000 and 2000 kW m-2. During 

run 12 the heat flux is initially relatively high at ~950 kW m-2, corresponding to an 

increase in applied force at the start of the experiment. Subsequent increases in force 

coincide with further rises in heat flux to ~400 kW m-2. 
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Figure 5.7: Relationship in time between meltwater production and the force applied during squeezing. 

The applied force is given in arbitrary units (a.u.; see section 5.5.5). 
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Figure 5.8: Relationship in time between heat flux and the force applied during squeezing. The 

applied force is given in arbitrary units (a.u.; see section 5.5.5). 
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5.4.3 Textural characteristics of samples 

 The samples from all runs were glassy with no new crystals formed, or textural 

variation observed, between experiment types. Crystals that can be observed in thin 

sections are remnant crystals from the natural samples prior to melting and do not 

hold new information about the cooling processes during the experiments. Despite the 

lack of granulation, samples from all experiments show polygonal fractures in thin 

section and across the glass surface that resemble quench fracture surfaces that 

typically bound hydroclasts. There is not a very distinct relationship between fracture 

characteristics or density, and whether the sample was deformed or static, but 

qualitatively the glass samples cooled in air have the lowest fracture density, while the 

samples cooled and squeezed in water or against ice have the highest fracture density. 

 

Figure 5.9: Photomicrographs of glass samples from representative experimental runs. White arrows 

point to fractures formed in the glass. 

 

5.5 Discussion 

The first data for a new experimental method to investigate the 

thermodynamics associated with the initial interaction between deforming molten 
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andesite and ice are presented in this Chapter. The observational and thermal data are 

evaluated and compared to observations from historic subglacial eruptions and 

existing experimental and theoretical models. In addition, the experimental 

observations are integrated with field observations from ancient glaciovolcanic 

deposits at Ruapehu and some implications for the behaviour of andesitic melt when 

it interacts with ice are discussed. Finally, the experimental procedure is reflected 

upon, focusing on several limitations that became apparent during the course of the 

experiments, and that should be considered in planning for future experiments. 

 

5.5.1 Andesite melt-ice interaction observations, sample characteristics and comparison to 

Ruapehu deposits 

During all molten andesite-ice experiments, melting of the ice was localised and 

only occurred where the ice was in direct contact with the andesite or meltwater. The 

andesite melted a cavity into the ice reflecting the shape of the melt, which had a 

slightly flattened, lobate margin. This implies that, although the andesite was able to 

rapidly melt a hollow in the ice, the ice determined the overall shape of the solid glass. 

While the meltwater that was produced was able to drain away from the interaction 

site, a sudden release of water that was observed during run 15 when the tongs were 

retracted suggest that some meltwater was trapped at the interface. The width of the 

ice cavity tended to have a slightly larger radius than the andesite, indicating that some 

ice melting occurred by thermal convection in the trapped meltwater lens. During 

experimental runs 8 and 9, where the configuration was such that the meltwater was 

required to drain across the ice surface, channels were carved into the ice by the flow 

of meltwater, supporting the inference that convective or advective heat transfer is a 

primary mechanism for melting ice during the interaction (Oddsson et al., 2016b). The 

observations from runs 10-16 are consistent with those from real eruptions (Edwards 

et al., 2012), other experiments (Edwards et al., 2013), and the typical deposits 

produced by andesite melt-ice interaction (e.g. Lescinsky and Sisson, 1989; Lescinsky 

and Fink, 2000; Kelman et al., 2002; Conway et al., 2015), whereby coherent lava flows 
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and domes were emplaced into meltwater channels and cavities formed by 

thermomechanical erosion of the glacier, and take the shape of the ice cavity. The 

meltwater from runs 10-16 drained efficiently from the interaction site so that the melt 

cooled relatively slowly while deforming in a ductile fashion, or “flowing” against the 

ice, and remained coherent. A contrasting glaciovolcanic deposit type found on 

Ruapehu, presented in Chapter 4, is characterised by non-explosive, fragmented rock. 

Based on field observations, this is interpreted as a hydroclastic deposit, formed by the 

interaction of deforming lava with ponded meltwater. The principal fragmentation 

mechanisms were cooling contraction granulation and spalling by dynamic stressing. 

The experimental runs that simulated this kind of interaction most closely were run 7, 

where deformation took place beneath water, and run 9, where the configuration of 

the ice enabled more meltwater to reside in the cavity before it drained. The samples 

from run 7 show a greater degree of fracturing than the runs with only ice and draining 

meltwater, or the melt cooled in air (Fig. 5.9). During run 9, coarse granulation 

occurred, producing angular, polygonal fragments of the type observed in the field. 

Fragmentation is, therefore, predicted to be facilitated by a combination of enhanced 

cooling and dynamic stressing, dependent on the availability of meltwater and a force 

exerted by flowing or inflating lava, respectively. Additionally, minor spalling of 

fragments was observed after melt samples were immersed in water, apparently aided 

by jetting of steam or hot water that propelled fragments across the calorimeter. 

During runs 14-16, ‘singing’ and ‘hissing’ sounds along with bubble formation at the 

surface of the glass, indicated the passage of steam through the contraction cracks. 

Such a process, whereby water is drawn into contraction cracks, heated and expanded, 

and released as a jet, has been observed experimentally (White et al., 2011). Although 

this effect was minor in producing fragments experimentally, it may have been an 

additional mechanism that occurred at Ruapehu to distribute and rotate small 

fragments within the deposit. 
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5.5.2 Thermal properties 

 The specific heat capacity, thermal diffusivity and thermal conductivity 

for Ruapehu andesite are slightly lower than those of intermediate and basaltic lavas 

determined elsewhere (Table 5.3; Gudmundsson et al., 1997; Gudmundsson, 2003; 

Oddsson et al., 2016b; Smellie and Edwards, 2016). Felsic rocks have a lower heat 

capacity than basalt (Gudmundsson, 2003), and so the difference in heat capacity 

between Ruapehu andesite and published values for basalt is expected. The thermal 

diffusivity and thermal conductivity are a function of the lava density and temperature 

(equations 5 and 6; Turcotte and Schubert, 2002; Oddsson et al., 2016b). Diffusivity and 

conductivity decrease for greater lava density and temperature difference. The density 

and temperature difference of the Ruapehu andesite were higher than those of the 

benmoreite lava samples from Eyjafjallajökull, used in the experiments of Oddsson et 

al. (2016b), which may explain the discrepancies in thermal properties, along with the 

less alkalic composition.  

 

Table 5.3: Thermal properties of Ruapehu andesite from run 6, compared to published values for 

intermediate and basaltic lavas. a Oddsson et al., 2016b; b Gudmundsson et al., 1997; c Smellie and 

Edwards, 2016; d Gudmundsson, 2003 

 

The lower eruption temperature and heat capacity of intermediate lavas have 

been called on to suggest that intermediate-composition lavas have a lower ice-melting 

potential than basaltic lavas, accounting for minimal lava-meltwater interaction at ice-

clad, intermediate edifices (Kelman et al., 2002). The thermal properties determined 

from Ruapehu andesite here, however, and those of intermediate lava from 

Eyjafjallajökull (Oddsson et al., 2016b), are not so significantly different from 

published values for basalt to support a lower ice-melting potential caused by lava 

Rock type 
Specific heat 

capacity (J kg-1 K-1) 

Thermal conductivity 

(W m-1 K-1) 

Thermal 

diffusivity (m2 s-1) 

Ruapehu andesite 861-1133 0.9-1.1 4.6 x10-7 

Eyjafjallajökull benmoreitea 1000 1.2-1.7 9.0 x10-7 

Basalt 1100b 1.1-2.8a 10-6 - 10-7 c,d 
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composition alone. The calculated thermal efficiencies for ice melting from these 

experiments (33-69%) do, in fact, indicate that Ruapehu andesite has a reasonable ice-

melting potential. The efficiency data could also be considered as the minimum 

thermal efficiencies for melting ice for each experiment due to the configuration of the 

experiments, which allowed heat loss to the atmosphere. In addition, compared to a 

natural lava flow, the volume of melt used in the experiments was small and lava (and 

therefore heat) was not replenished by continued feeding from the vent, which would 

increase the thermal efficiency for ice melting (e.g. Oddsson et al., 2016a). These 

preliminary data therefore imply that the thermal properties of andesitic melt do not 

substantially affect its ability to melt ice and so cannot account for the minimal 

evidence of lava-water interaction at andesitic edifices, compared to basaltic eruptions. 

In fact, the results of runs 8 and 9 imply that dynamic interaction of melt and ice, such 

as would occur between andesitic lavas flowing along glacial channels, raises the 

thermal efficiency of heat transfer compared to static interaction. An inability for 

meltwater to be retained at the eruption site is more likely to control the interaction 

behaviour (e.g. due to topography and ice structure) rather than an inability to 

produce a significant volume of meltwater. 

 

 

5.5.3 Heat flux, meltwater production and melt deformation 

 The overall heat fluxes calculated from the data obtained from the 

molten andesite-ice deformation experiments range from 138 kW m-2 to 178 kW m-2, 

consistent with published observational and experimental values obtained for 

intermediate lava from Eyjafjallajökull, Iceland (Oddsson et al., 2016a; Oddsson et al., 

2016b) and basaltic lava effusions (Allen, 1980; Höskuldsson and Sparks, 1997; 

Edwards et al., 2013). The heat flux of 280 kW m-2 determined from run 13 is within 

the published range, but it should be noted that the interaction time for this experiment 

was only 5 s, compared to ~20 s for other runs, and therefore represents the very initial 

average heat flux (Fig. 5.10). The overall heat fluxes in these experiments are lower 

than the 500-600 kW m-2 estimated from fragmented basalt erupted at Gjálp 
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(Gudmundsson, 2003), and an order of magnitude lower than the 1-4 MW m-2 

determined from ice melting during the explosive phase of the 2010 Eyjafjallajökull 

eruption (Magnússon et al., 2012). This is not surprising as lava flows are generally 

expected to be less effective at melting ice than pyroclasts with much greater surface 

area:volume ratio (Major and Newhall, 1989; Gudmundsson, 2003).  

The large but transient increases in heat flux during the dynamic molten 

andesite-ice experiments are interpreted as a direct result of the preceding, transient 

increases in applied force, and the cause of a temporary surge in meltwater production. 

Heat is transferred from lava to ice/meltwater by convection as water flows across the 

lava surface and into cooling cracks, and by conduction where the lava is in direct 

contact with the ice (Höskuldsson and Sparks, 1997; Oddsson et al., 2016a). The 

observed rises in heat flux and meltwater production from deforming melt were 

probably a result of advection of heat to the melt-ice interface, an increased interface 

area from lateral spreading, and the opening and widening of cracks in the solidifying 

andesite due to the applied force. The new surfaces may have enhanced heat flow by 

both convection and conduction in a similar way to eruptions that are dominated by 

fragmentation (Gudmundsson, 2003; Gudmundsson et al., 2004). The offset in time of 

a few seconds between increases in applied force and increases in meltwater 

production are expected, and probably due to the time taken for ice melting, the fall of 

the meltwater into the calorimeter and the delay in mass recording due to inertia of 

the balance. 

 

5.5.5 Development of the method 

 The experiments performed here were novel and included newly designed and 

manufactured apparatus. While the procedure was successful and produced 

significant results, some aspects of the experiments can be improved upon. The main 

sources of error and measurement noise came from the meltwater mass 

measurements. Runs 10-13 were conducted using a balance with 0.001 kg 

measurement error. This, and the adjustment time of the balance, meant that small 
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quantities of meltwater (< 1 g) were not recorded with good temporal resolution. As 

the meltwater mass is the most influential parameter in the heat transfer equation 

(equation 8), the delay in measurement recording greatly affected the heat flux curves. 

In addition, the error bar plots in Figure 5.10 clearly show the difference in errors for 

the overall calculated thermal properties obtained from runs 10-13 and runs 14-16, 

which were conducted using a balance with a 0.00001 kg measurement error and a 

rapid adjustment time. The errors in heat flux and thermal efficiency for runs 14-16 are 

significantly smaller than for runs 10-13. A moving average was applied to the raw 

meltwater mass data of runs 10-13 to remove noise oscillations and account for a delay 

in mass recording. Figures 5.5-5.7, therefore, present the average increase in mass over 

1 s for runs 10-13, rather than the absolute increase every 0.25 s shown for runs 14-16. 

A more sensitive balance would be preferable in future experiments dealing with small 

meltwater quantities. In addition, the temperature of the meltwater, calculated using 

equation 7, depends on changes in recorded mass, otherwise infinitely large 

temperatures are derived. Although meltwater temperatures were calculated from the 

experimental data, and are consistent with published estimates and measurements of 

volcanogenic glacial meltwater (Gudmundsson et al., 1997; Höskuldsson and Sparks, 

1997; Edwards et al., 2013; Edwards et al., 2015), it would be advantageous to 

physically measure the temperature of the meltwater, if possible.  

 

 

Figure 5.10: Thermal parameters and error bars from runs 10-16, showing the effect of mass in the error 

calculations and assuming an initial melt temperature of 1250 °C. The error bars for the heat flux and 

thermal efficiency are considerably lower for the runs using the smaller calorimeter with the more 

sensitive balance (heat flux error bars are smaller than the plot symbol for runs 14-16). 



Dynamic andesite-ice experiments 
 

174 

 

 

 While melt deformation was easy to perform, and produced some interesting 

results, problems were experienced when using the RS Pro Wire Lead® strain gauge 

to measure the pressure applied during deformation. The more robust bar load cell 

produced better results and is probably more suitable for this type of experiment. The 

calibration with a digital scale indicated that the peaks in applied force were 

equivalent to ~ 4 kg, but the values recorded during the experiments differed 

considerably between the two types of pressure sensor, and so the applied force is 

presented on an arbitrary scale (Figs. 5.7-5.8).  

An unexpected result of the ice-contact and subaqueous experiments was the 

lack of granulation by simple quenching, or by quenching during dynamic application 

of stress. Thin sections and the surfaces of the cooled glass samples from runs 10-16 

show that some fracturing did occur, but the fractures are often small and isolated, and 

do not form the pervasive interlinked fracture networks required for complete 

granulation. Andesitic hyaloclastite is known from field studies, so the lack of 

fragmentation in these experiments probably resulted from the brevity of the 

experiments and the small volume of melt used. For the andesite melt-ice deformation 

experiments, fracturing was probably limited by a cooling rate that was slow relative 

to deformation, so that deformation was accommodated in a ductile manner and stress 

was removed before granulation may have occurred. Water is a more efficient coolant 

than ice, and during the subaqueous runs the melt cooled to a rigid solid (glass) even 

at its interior, before any major fragmentation and spalling could take place. In a real 

eruption, a large lava flow would have a mobile interior, maintained by the insulating, 

but relatively thin, crust. Internal stresses developed by continued flow and inflation 

cause the crust to break apart by dynamic stressing (Kokelaar, 1986). Despite 

experimentally stressing the melt in these experiments, the interior of the small 

experimental melt samples did not remain sufficiently mobile for strong deformation 

to take place. To overcome these issues the experimental configuration could be 

adjusted so that the melt may be pressed into the ice without any lateral hindrance 

from the opposing paddle, e.g. a drill-press-like mechanism. 
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5.6 Conclusions 

 A novel experimental setup is presented, which had the aim of observing the 

physical processes and quantitatively investigating the thermodynamics behind 

andesite melt-ice interaction. While certain procedures need refinement, useful data 

was obtained from the experiments.  

The experimental observations are most consistent with typical glaciovolcanic 

deposits at Ruapehu, namely coherent, ice-bounded lava flows. Non-explosive 

fragmentation of andesite is a combined result of quenching and dynamic stressing, 

and is probably most likely to occur in accumulated meltwater.  

The specific heat capacity of the Ruapehu andesite used in the experiments is 

861-1133 ± 68 J kg-1 K-1, the thermal diffusivity is 4.62-4.66 ± 0.55 x10-7 m2 s-1 and the 

thermal conductivity is 0.9-1.1 ± 0.2 W m-1 K-1. Overall heat fluxes of 138-280 kW m-2 

are consistent with previous experimental and observational values for intermediate 

and basaltic lava effusions. The heat flux from andesite melt to ice, rate of meltwater 

production and thermal efficiency of ice melting increased with applied force and were 

higher than for static melt.  

The thermal behaviour of lava is just one of many properties that can influence 

the style of subglacial eruptions and glacial response, but a compositional dependency 

on heat transfer is not supported by experimental data. Heat advection and formation 

of cracks due to lava flow and inflation may increase heat flow and meltwater 

production, but the volcano-ice configuration and subglacial hydrology is probably 

the most important factor governing meltwater behaviour, eruption style and deposit 

characteristics. 
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CHAPTER 6 

 

SYNTHESIS 
 

6.1 Summary of contributions 

 A significant focus of this thesis has been the investigation of a variety of 

apparently unusual fragmental glaciovolcanic deposits of andesitic composition, and 

a discussion of their implications for local paleoenvironment, as well as the physical 

mechanisms and controls that govern their formation, deposition and preservation. 

The contribution includes: 

1) A new, detailed geological map of the summit area of Tongariro volcano and a 

glaciovolcanic evolution model to describe the eruption and emplacement of 

nine distinct lithofacies and lithofacies associations, offering a reinterpretation 

of the volcanic and glacial processes that shaped that part of the edifice; 

2) New paleomagnetic evidence to support cool emplacement of subaqueous 

pyroclastic deposits interpreted to have been emplaced within meltwater 

currents that drained beneath Tongariro’s ancient summit glacier; 

3) A detailed investigation of a hydroclastic breccia-lava lobe complex exposed 

near the present summit of Ruapehu volcano and its implications for past vent 

configuration and paleoenvironment; 

4) The development of a new experimental technique to obtain the first 

quantitative heat flux and thermal property data for andesite melts that deform 

against an ice barrier and an investigation into the physical controls that govern 

meltwater production and fragmentation of andesite in contact with ice. 

 

Here, the key findings are summarised within the context of the volcanic and 

glacial history of Tongariro and Ruapehu volcanoes and general contributions to our 

understanding of andesitic glaciovolcanism. 

 

 



Chapter 6: Synthesis 
 

178 

 

6.2 Glaciovolcanism and paleoenvironment at Tongariro and Ruapehu volcanoes 

6.2.1 Tongariro volcano 

 Following the recognition that during the last glacial period there was lava-ice 

interaction at Ruapehu (Spörli and Rowland, 2006; Conway et al., 2015; Townsend et 

al., 2017), it became apparent that Tongariro volcano, which has had a synchronous 

history of growth, should also display evidence for volcanic eruptions in association 

with ice. The preservation of unusual clastic deposits in a vent-proximal location and 

with evidence for subaqueous emplacement (Nairn, 1996; Nairn, 1997) motivated the 

detailed mapping of the present summit area, which revealed a complex evolution of 

Tongariro in a long-lived, glaciated environment. A basal hyaloclastite deposit 

exposed in South Cirque (also known as South Crater) is interpreted to have formed 

in standing water beneath thick ice (> 150 m). With edifice growth during eruption, the 

thickness of the summit ice cap decreased, enabling meltwater drainage, which in turn 

resulted in a variety of clastic deposits and coherent lava flows being emplaced along 

meltwater drainage channels. The textural and structural characteristics of the 

majority of cirque-exposed units indicate that ubiquitous water was present during 

their eruption and emplacement and, as indicated by formation of hyaloclastite, water 

was retained near the vent. The accumulation of water at the edifice, without evidence 

for impounding topography that could hold a subaerial lake, and the morphologies of 

lava flows that are perched on high topography, suggest that a summit glacier was 

responsible for interaction with water and the confinement of deposits. The new map, 

presented in Chapter 2, led to a reinterpretation of the evolution of Tongariro’s summit 

area, which has contributed to our understanding of the volcano’s eruptive history, as 

well as a new terrestrial proxy for paleoenvironment during the time of cirque 

formation (110 ± 12 ka to 64 ± 22 ka (Hobden et al., 1996)). The inferred emplacement 

mechanisms enabled estimates to be made of the changing extent and thickness of ice 

during the formation of the cirque, which appears to have been periodically capped 

by ice during the latter stages of MIS 5, a known complex interglacial period with 

cooler substages (MISs 5b and 5d) (Williams et al., 2015) and into the MIS 4 glacial 

period. The majority of the cirque-forming units are older than 81 ± 5 ka, the age of the 
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lava flow that is the penultimate lithofacies to have been emplaced, indicating that ice 

with variable thickness up to 150 m was present on the edifice prior to the onset of the 

MIS 4 glacial period. The edifice may have become emergent for a period, evidenced 

by possible subaerial, ice-bounded lavas and collapse structures in ridge-forming 

clastic deposits, which may have been formed in response to removal of a supporting 

ice wall. The lava flow with an age of 81 ± 5 ka shows evidence of having been impeded 

from flowing to the cirque floor, indicating that at this time, ice was present but 

relatively thin, and only occupied the base of the cirque. Waterlain lapilli tuff beds are 

the youngest preserved deposit, exposed at the top of the cirque-bounding ridgeline. 

They were formed by subaqueous, explosive eruptions. The emplacement of these 

deposits in flowing water and deposition at the top of a ridge indicate that ice had re-

advanced to cap the edifice, possibly at the culmination of MIS 4. Inferred meltwater 

drainage indicates that the ice above the ridge was relatively thin (< 150 m), but it 

would have been thicker in the cirque, preventing meltwater and eruption-fed 

pyroclastic material from flowing away from the edifice, redirecting it so that lapilli 

tuffs were instead deposited along the ridge. 

Paleomagnetic evidence for cool emplacement of the upper ridgeline lapilli tuff 

deposits (Chapter 3) support transport in and deposition from a subaqueous current. 

Deposit temperatures are estimated at < 150 °C, but this maximum temperature is 

imposed due to the systematic removal of possible viscous remanent magnetisations. 

They were likely to have been close to meltwater temperatures if thermal equilibrium 

is assumed between the clasts and meltwater, which is virtually certain for a fragment 

with the size and mass of a lapillus. Meltwater temperatures determined from the 

experiments in Chapter 5 were 18-40 °C, consistent with previously published and 

measured values (Gudmundsson et al., 1997; Edwards et al., 2013; Edwards et al., 

2015). It is probable that the efficient mixing of tephra and meltwater inferred for these 

deposits resulted in similarly low emplacement temperatures. In comparison to typical 

PDC deposit temperatures of 300-700 °C (Dufek et al., 2015), the low temperatures 

determined for the Tongariro deposits are consistent with field evidence for 

subaqueous emplacement and exemplify how paleomagnetism can be used to 
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understand the eruptive environment and flow dynamics of a deposit, particularly 

where field evidence is ambiguous. 

 

6.2.2 Ruapehu volcano 

 A voluminous hydroclastic breccia deposit exposed near the summit area of 

Ruapehu volcano is interpreted to have formed in standing water that had 

accumulated beneath a glacier at least 150 m thick. The age of the breccia is greater 

than 154 ± 12 ka and so it was probably emplaced during the penultimate glacial period 

(MIS 6); it indicates that a thick glacier resided on the volcano during this period. 

Overlying the breccia is a stack of ice-bounded lava flows that range in age from 154 ± 

12 ka to 121 ± 4 ka (Gamble et al., 2003), indicating that either a long-lived glacier or 

repeated glacial advances of ice with thicknesses that equalled the height of the 

planèze persisted at Ruapehu from ~ 166-117 ka. The hydroclastic breccia deposit 

contrasts with the ice-bounded lava flows that are more typical of lava-ice interaction 

at Ruapehu during the later stages of the last glacial period (MIS 3-2) (Conway et al., 

2015). The apparent transition in interaction style represents a change from conditions 

favouring meltwater accumulation to those which favour meltwater drainage, perhaps 

as a result of edifice growth and steepening and/or a change in summit ice 

configuration. Glacial evidence from the Southern Alps indicates that ice advance 

during the penultimate glacial period was similar in magnitude to that of the last 

glacial period, but that within the last glacial period, ice extent in New Zealand was 

greater during MIS 4 than MIS 2, which is recognised as the global Last Glacial 

Maximum (Newnham et al., 2007; Williams et al., 2015). Thicker ice during MISs 6 and 

4 may therefore explain the production of fragmental products at both Ruapehu and 

Tongariro, respectively, while a lesser extent of ice on Ruapehu during MIS 3-2 may 

account for the transition to coherent ice-bounded lava flows. To date, MIS 2-age lava 

flows have not been documented at Tongariro, but the lower elevation of Tongariro 

makes it less likely to have supported comparably sized glaciers in the late last glacial 

period (Eaves et al., 2016a). 
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6.2.3 Edifice morphology and vent configurations at Tongariro and Ruapehu 

 The deposits from Tongariro and Ruapehu, described in this thesis, contribute 

to a somewhat sparse global catalogue of primary, subaqueously emplaced fragmental 

glaciovolcanic deposits of andesitic composition. The preservation of such deposits is 

rare at the summit areas of steep, andesitic volcanoes and so they are inferred to have 

been favoured, at both Tongariro and Ruapehu, by specific vent configurations. At 

Tongariro, a broad edifice consisting of a diffuse array of vents, similar to the present-

day vent distribution, is inferred to have existed during the formation of South Cirque 

(MIS 5-4), enabling thick ice to accumulate within depressions formed by the irregular 

topography. This topography would also have favoured the deposition of the bedded 

volcaniclastic material and limited its erosion, while deposits from younger vents have 

not buried the South Cirque deposits. It is possible that two vents, active alternately, 

fed erupted material from different directions and contributed to the formation of the 

deposits enclosing the cirque; evidence for this comes from tracing individual units 

back to their apparent source areas. Given the ability of ice to impede and re-route 

volcanic material and meltwater, however, the number of contemporaneously active 

vents remains uncertain. 

Ruapehu has a more centralised vent system giving rise to a taller and steeper 

edifice, yet it is still a volcanic complex. The inferred minimum of 150 m of ice for the 

subglacial eruption of the hydroclastic breccia is consistent with valley ice thicknesses 

modelled for Ruapehu during the late last glacial period (Eaves et al., 2016a). In order 

for such a thickness of ice to accumulate and for meltwater to remain trapped at the 

eruption site, the edifice must have already formed a complex during MIS 6. The 

location of the vent-proximal breccia deposit suggests that the arrangement of vents 

differed from the present configuration, but the irregular topography would have 

enabled thick ice to accumulate above the present sites of the breccia exposures. 

Previous models for the formation and preservation of intermediate 

composition fragmental deposits that are formed in standing water have called for 

either eruptions beneath thick continental ice sheets, or ice that has accumulated in a 

summit caldera, or low-lying topography (Edwards et al., 2002; McGarvie et al., 2007; 
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Stevenson et al., 2009; Lachowycz et al., 2015). The field evidence presented here 

indicates that standing water may be retained at an eruption site on a steep-flanked 

volcano, given favourable vent-ice configurations. Subsidence along the Taupo Rift-

bounding faults has also resulted in elevation loss of several hundreds of metres at 

Tongariro and Ruapehu since the formation of the fragmental deposits (Villamor and 

Berryman, 2006; Gómez-Vasconcelos et al., 2017). A combination of a multi-vent 

edifice, and higher elevation than present, could have enabled the accumulation of 

thick ice during both glacial and interglacial periods. 

The recognition that there was lava-ice interaction during edifice building at 

Tongariro and Ruapehu volcanoes has changed our perception of the way in which 

these volcanoes and the surrounding landscape have evolved. The model of edifice 

growth by volcanic cone building punctuated by periods of glacial erosion (Hobden, 

1997; Gamble et al, 2003) has been reviewed in the light of evidence for the role of ice 

in determining the distribution, shape and thickness of volcanic products (Conway et 

al., 2015; Conway et al., 2016; Townsend et al., 2017). Edifice construction in the 

presence of ice is supported by the models for cirque formation by ridge growth at 

Tongariro (Chapter 2) and planèze-building at Ruapehu (Chapter 4). Despite South 

Cirque being an accumulation area for the Mangatepopo Glacier, and the Whangaehu 

and Wahianoa valleys being glacial valleys, their bounding ridges were not primarily 

carved by erosion, but built by emplacement and accumulation of volcanic products 

within or alongside the glaciers.  

 

6.3 Style of andesite-lava ice interaction 

The variety of glaciovolcanic deposits described in Chapter 2 exemplifies the 

diversity of volcano-ice interaction styles that are possible at one edifice, and the 

complexity of interactions that can take place over the course of edifice growth. Two 

of the most important factors that influence lava-ice interaction and the variety of 

deposits produced are the eruption style and the quantity and behaviour of meltwater 

at the eruption site. The ways in which these controls contributed to the fragmentation 

behaviour, or lack of it, and to the characteristics and emplacement mechanisms of 
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deposits at Tongariro and Ruapehu, are demonstrated by the deposit types addressed 

below and illustrated in Figures 6.1 and 6.2. 

Hyalo-/hydroclastite: At Tongariro and Ruapehu, thick hydroclastic deposits 

are interpreted to have formed by effusive eruptions into standing water, leading to 

non-explosive fragmentation by both quenching (facilitated by water accumulation) 

and dynamic stressing (facilitated by the mobility of the lava). In-situ quench textures 

and the lack of bedding in the deposits indicate the presence of water that was not 

flowing and draining. Observations from the experiments (Chapter 5) also indicate 

that non-explosive fragmentation is a result of dynamic stressing and enhanced 

cooling in abundant meltwater. A greater degree of fracturing was observed in 

samples that were deformed subaqueously or with a lava-ice configuration that 

allowed ponding of meltwater. The experimental runs which enabled meltwater 

drainage immediately on production resulted in little fragmentation. These 

conclusions could be beneficially tested with further experiments that enable longer-

lasting deformation in meltwater. 

Eruption-fed, water-lain, current-emplaced volcaniclastic deposits: These 

deposits were formed by explosive eruption into meltwater which quenched the outer 

rims of fluidal bombs. In contrast to the hyalo-/hydroclastites, these deposits are 

characterised by mostly fluidal clasts (interpreted as indicating explosive 

fragmentation of fluidal magma), good sorting, and traction structures indicating 

emplacement from flowing meltwater that was draining from beneath the glacier. 

Coherent, ice-confined lava: The shape and distribution of many coherent lavas 

indicate confinement by ice of effusively-erupted lava along subglacial channels or 

within cavities at Tongariro and Ruapehu (Conway et al., 2015). These lava flows 

exhibit numerous fracture types that form by enhanced cooling at the lava margins by 

water, but there is no evidence for meltwater ponding. It is probable that meltwater 

drainage occurred along the channels prior to flow of lava, leading to minimal lava-

water interaction where the lava was in contact with the ice wall. 
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Figure 6.2: Flow chart showing the main variables discussed in this thesis that control volcano-ice 

interaction. 

 

6.4 Thermodynamics of andesitic glaciovolcanism 

 In previous theoretical models, evolved lavas are inferred to have a lower 

potential for melting ice due to a lower thermal efficiency and heat capacity compared 

with basaltic lavas, giving rise to minimal water-lava interaction (Höskuldsson and 

Sparks, 1997; Kelman et al., 2002). No observational or experimental data existed, 

however, to support this for andesitic lavas, and numerous lithofacies have been 

identified at Tongariro and Ruapehu volcanoes that indicate the presence of water 
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during eruption and emplacement, perhaps in abundance. The variety of deposits 

preserved at both edifices, which indicate varying degrees of lava-meltwater 

interaction, presumably with similar composition-dependent thermal efficiencies, also 

indicate that composition did not strongly control ice-melting rates or retention. The 

novel experiments developed and conducted (Chapter 5) provide preliminary 

quantitative data for the heat flux, meltwater production rate, and hence thermal 

efficiency of Ruapehu andesite in dynamic contact with ice. The dynamic effect on heat 

transfer and ice-melting rates during lava ice interaction, relevant for flowing or 

inflating lavas, has not been considered in previous studies, but may have an influence 

on heat transfer by advection. The specific heat capacity of the andesite was 861-113 ± 

68 J kg-1 K-1; the thermal diffusivity ranged between 4.62-4.66 ± 0.55 x10-7 m2 s-1; and the 

thermal conductivity was 0.9-1.1 ± 0.2 W m-1 K-1. These values for thermal properties 

are lower than those published for basaltic lavas. Despite this, the calculated thermal 

efficiencies ranged from 33 to 69%, indicating that the thermal properties of andesite 

do not significantly reduce its ability to melt ice. It is not a compositional control, but 

andesite’s eruption at steep-sided volcanoes into thin, permeable glaciers that is 

probably the greater control on limiting meltwater availability, and which may explain 

why andesitic glaciovolcanism at stratovolcanoes is more commonly associated with 

coherent, ice-bounded lava flows. 

 The average heat fluxes for the dynamic andesite-ice experiments ranged from 

138-178 kW m-2, but transiently increased by almost an order of magnitude when 

applied force was increased, resulting in a transient rise in meltwater production. Such 

an increase in heat flux is interpreted to result from an increase in heat advection to 

the lava-ice interface, and an increase in the interface area by spreading of the lava and 

the formation and widening in it of cracks. The results from these experiments show 

the importance of including the dynamic effect of lava-ice interaction in models for the 

production and behaviour of meltwater. Further experiments would, however, benefit 

from a number of refinements to the experimental apparatus. These include a balance 

with greater sensitivity for time-series measurements and the ability to directly 
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measure lava and meltwater temperatures with a device that is not affected by 

pressure. 

 

6.5 Further research 

The hyaloclastites and waterlain lapilli tuff deposits described in this thesis 

appear to be rare examples of andesitic glaciovolcanism compared to the many 

coherent lavas that have been documented globally (e.g. Lescinsky and Sisson, 1998; 

Lescinsky and Fink, 2000; Kelman et al., 2002). These deposits had either not before 

been described at Tongariro and Ruapehu, or they had been mapped but their 

emplacement in association with ice and meltwater had not been recognised (Nairn, 

1996; Hobden, 1997; Nairn, 1997). The new interpretations given here contribute to our 

understanding of the eruptive history of the volcanoes, the paleoenvironment, and 

also the way in which the landscape has been shaped by volcanism and glaciation. The 

apparent rarity of the fragmental deposits like those at Tongariro and Ruapehu may 

be a result of unique topographic and climatic conditions here. It is more likely, 

however, that with glaciovolcanism being a relatively young field of study, there may 

be many other volcanoes in similar environments with as-yet unrecognised evidence 

for similar interaction styles. New or updated mapping of volcanoes at temperate 

latitudes around the Pacific Rim, for example, may produce new evidence for 

eruptions alongside glaciers, and allow better assessment of how rare such fragmental 

deposits are. 

 

The need for refinement of the experimental methods of Chapter 5 has been 

discussed in that chapter and this Synthesis. In addition, our understanding of the 

dynamics of glaciovolcanic interaction would benefit from further experiments or 

modelling studies that consider each of the parameters that contribute to the eruption 

style and meltwater availability at subglacial volcanoes. These include subglacial 

hydraulic connectivity, ice thickness and structure, bedrock topography, eruption rate 

and magma viscosity, and magma volatile content. Previous models have focussed on 

single eruption styles or controls (e.g. Höskuldsson and Sparks, 1997; Wilson and 
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Head, 2002; Gudmundsson, 2003; Tuffen et al., 2007) with little consistency between 

studies and no direct comparisons made among lavas of different compositions or 

physical magmatic and glacial conditions. The combination of these parameters make 

for a complex and dynamic system that can evolve during an eruption. Improved 

understanding of their influence on the production and behaviour of meltwater, the 

structural response of the glacier and the fragmentation behaviour of magma and lava 

would be useful for reconstructing emplacement processes and for making predictions 

of hazard from subglacial or ice-clad volcanoes. 
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Appendix 2.1

Lithofacies code Field locality name Grid Reference

RPC080

RPC084

RPC104

cL RPC151

ERh RPC121

ERltb, c RPC122

PLT RPC068

RPC070

RPC077

T RPC081

dL RPC110

RPC044

RPC047

LTb RPC035

LTc RPC034

LTd RPC028

1827768 5665314

H

1828339 5665112

1827870 5665090

1828036 5665019

1827777 5664997

1828609 5664813

1828708 5664933

1828629 5665180

iL
1828602 5665097

1828144 5664759

1828318 5665515

1828203 5665318

Lta
1828537 5665294

1828490 5665310

1828448 5665414

1828424 5665481



Field sample 

number
NZTM Coordinates Map code Description

RPC028A 1828318 5665515 LTd Bedded matrix

RPC028B 1828318 5665515 LTd Massive matrix

RPC028C 1828318 5665515 LTd Massive unit clast

RPC028E 1828318 5665515 LTd Tuff lens

RPC028F 1828318 5665515 LTd LTd massive unit clast

RPC031A 1828310 5665508 LTd Fluidal, jointed bomb

RPC034A 1828424 5665481 LTc Clast and matrix

RPC034B 1828424 5665481 LTc Lapilli tuff matrix lower bed

RPC034C 1828424 5665481 LTc Lapilli tuff matrix upper bed

RPC034D 1828424 5665481 LTc Bedded tuff

RPC034E 1828424 5665481 LTc Tuff vein

RPC035A 1828448 5665414 LTb Bomb

RPC035B 1828448 5665414 LTb Matrix

RPC035D 1828448 5665414 LTb Matrix

RPC042 1828519 5665343 LTa Matrix

RPC043B 1828517 5665333 LTac Flow banded

RPC043C 1828517 5665333 LTac Agglutinate

RPC044 1828537 5665294 LTa Matrix

RPC045 1828523 5665290 LTa Jointed bomb

RPC047B 1828490 5665310 rLTa Coherent lava

RPC047C 1828490 5665310 rLTa Matrix

RPC059A 1828614 5665256 PLT Block

RPC059B 1828614 5665256 PLT Purple matrix

RPC059C 1828614 5665256 PLT Pink matrix

RPC059D 1828614 5665256 PLT Yellow matrix

RPC059F 1828614 5665256 PLT Bedded matrix

RPC062 1828658 5665263 PLT

RPC063 1828676 5665202 PCB

RPC065 1828621 5665240 PLT

RPC068A 1828629 5665180 PLT Bomb

RPC068B 1828629 5665180 PLT Red breccia matrix

RPC068C 1828629 5665180 PLT Purple breccia matrix

RPC068D 1828629 5665180 PLT

RPC068E 1828629 5665180 PLT Fresher matrix

RPC068F 1828629 5665180 PLT Lithic bomb

RPC070 1828602 5665097 iL

RPC076B 1828509 5665099 PLT Block from iL

RPC076C 1828509 5665099 iL At contact with PLT

RPC077 1828144 5664759 iL Joint block

RPC078 1828216 5664767 iL Joint block

RPC079A 1828223 5664996 iLh Matrix

RPC079B 1828223 5664996 iLh Clast

RPC079C 1828223 5664996 iLh Clast

RPC080A 1828339 5665112 H Veined lava lobe 

RPC080B 1828339 5665112 H Lava lobe columnar block

RPC080C 1828339 5665112 H Bomb

RPC080D 1828339 5665112 H Silty matrix

RPC080E 1828339 5665112 H Orange/tan matrix



RPC081A 1827768 5665314 T Tillite matrix

RPC081B 1827768 5665314 T Tillite clast

RPC081C 1827768 5665314 T Tillite clast

RPC081D 1827768 5665314 T Tillite clast

RPC084A 1827870 5665090 H Tuff

RPC084B 1827870 5665090 H Grey silt

RPC084C 1827870 5665090 H Lava lobe

RPC084D 1827870 5665090 H Blue/grey silt

RPC085A 1827853 5665004 H Vesicular bomb

RPC085B 1827853 5665004 H Dense block

RPC085D 1827853 5665004 H Rim of vesicular bomb

RPC086 1827907 5664988 H Lava tendril

RPC087A 1827890 5664999 H Lava lobe with rind

RPC087B 1827890 5664999 H Chalky' vein

RPC088A 1827866 5664987 H Clast

RPC088B 1827866 5664987 H Vesicular altered lava

RPC088C 1827866 5664987 cL Lava

RPC090 1828203 5665318 dL

RPC092 1827895 5664529 H Matrix

RPC093 1827867 5664534 H White, 'chalky' matrix

RPC094A 1827894 5664536 H Altered lava rim

RPC094B 1827894 5664536 H Matrix and fluidal clasts

RPC095A 1827844 5664495 cL Lava

RPC095B 1827844 5664495 cL Autobreccia

RPC100A 1828128 5664860 H Grey/blue silt

RPC100B 1828128 5664860 H Fluidal clast

RPC100C 1828128 5664860 H Orange silt

RPC104A 1828036 5665019 H Fluidal bomb

RPC104B 1828036 5665019 H Dense block

RPC105A 1828665 5665033 ERc

RPC105B 1828665 5665033 ERh

RPC107A 1828790 5664467 ERltb

RPC107B 1828790 5664467 ERc

RPC108A 1828778 5664422 H Breccia with fluidal clasts

RPC108B 1828778 5664422 H Blue/grey silt

RPC108C 1828778 5664422 H Orange silt

RPC110 1828203 5665318 dL Dated sample

RPC114A 1827935 5665303 LTo Matrix and clasts

RPC114B 1827935 5665303 LTo Fluidal bomb

RPC114C 1827935 5665303 LTo White clastic vein

RPC116A 1828329 5665312 H Altered breccia

RPC116B 1828329 5665312 H Block

RPC117A 1828670 5664997 ERh

RPC117B 1828670 5664997 ERc

RPC118A 1828528 5664899 ERltb Matrix and clasts

RPC118B 1828528 5664899 ERltb Block

RPC118C 1828528 5664899 ERc

RPC120A 1828562 5664843 ERltb

RPC120B 1828562 5664843 ERh

RPC122A 1828708 5664933 ERltb



RPC122B 1828708 5664933 ERltb Fluidal block

RPC122C 1828708 5664933 ERltb Angular block

RPC122D 1828708 5664933 ERc

RPC176 1827860 5664286 cL Andesite lava
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2.2 40Ar/39Ar dating supplementary material 

Methods 

The sample was taken from an in-situ dense, crystalline lava flow. The flow had (a) suitable highly 

micro-crystalline groundmass (i.e. with <10 % glass) and (b) groundmass feldspar crystals >10 µm 

wide (cf. Fleck et al., 2014). Groundmass was separated for 40Ar/39Ar dating to avoid inherited 

(“excess”) argon and to optimize the K content.  

The sample was crushed to <10 mm using a Boyd crusher, then further crushed to <1 mm fragments 

after visible xenoliths were removed by hand picking. It was then dry sieved to 350-500 µm. 

Phenocrysts and any phenocryst-groundmass aggregates were removed using a LB-1 Barrier-type 

Frantz Magnetic Separator, targeting the moderately magnetic grains because olivine, pyroxene and 

feldspar phenocrysts occur amongst either the least- or most-magnetic grains. Any altered or adhering 

material was removed by washing in water for up to 20 hours in an ultrasonic bath, and regularly 

decanting the water as it became cloudy. The separate was then washed first in acetone, to remove 

any hydrocarbons from grain surfaces, and then in deionized water. The final separate was hand-

picked under a binocular microscope to remove any remaining fragments containing phenocrysts, 

xenocrysts or areas of glass. 

An encapsulated packet of ca. 200 mg of groundmass material was irradiated for 1 hour in the central 

thimble of the USGS-TRIGA reactor in Denver, Colorado (Dalrymple et al., 1981). It was shielded 

from thermal neutrons using 0.5 mm Cd foil, and neutron flux was measured using Taylor Creek 

Rhyolite sanidine (TCR-2) fluence monitors with an assigned age of 28.35 Ma, equivalent (R = 

1.00881 ± 0.00046) to the widely used Fish Canyon sanidine at 28.10 Ma (Spell and McDougall, 

2003). The reactor vessel was rotated continuously during irradiation to avoid lateral neutron flux 

gradients. Fluence monitors were analyzed using a continuous laser system and a MAP 216 mass 

spectrometer described by Dalrymple (1989). Corrections for reactor-derived isotopes used in this 
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study were: 40Ar/39ArK = 1.003E-3 ± 3.79E-4; 39Ar/37ArCa = 7.10E-4 ± 4.96E-5; 36Ar/37ArCa = 

2.81E-4 ± 6.21E-6. 

 Argon was extracted from the groundmass separate held in a Mo crucible in a Staudacher-type 

custom resistance furnace attached to the MAP 216 mass spectrometer. Heating temperatures were 

monitored with an optical fiber thermometer and controlled with a LabView PID controller. Gas was 

purified continuously during extraction using two SAES ST-172 getters, one operated at 4A (ca. 

250°C) and the other without current (ca. 20°C).  

The step-heating experiment yielded a simple plateau age spectra and isochron age with regression 

intercepts within error of atmosphere. The sample was degassed at 500°C until contaminant gases 

(principally water, nitrogen and hydrocarbons as determined with a Granville-Phillips 835 VQM) 

were reduced to acceptable levels.  Gas was then analyzed from heating steps between 550° and 

1250°C. Mass spectrometer discrimination and system blanks were determined using the techniques 

of Calvert and Lanphere (2006). 

 

Analytical details 

All ages are reported in Table 1 with 1σ errors, including errors in neutron flux. The error on the 

isochron regression intercept is given to 2σ for comparison with present day atmosphere.  The Nier 

(1950) atmospheric value of 40Ar/36Ar = 295.5 was used for this study.  Recalculating to the more 

recently determined Lee et al. (2006) value of 298.56 ± 0.31 would not affect our results as all isotopes 

measured are normalized to air values using an atmospheric argon standard pipette system (Renne et 

al., 2008). Plateau and isochron diagrams are given in Figure 1. Additional experimental details are 

given below. We interpret the Weighted Mean Plateau Age (WMPA) value, calculated from the step 

heating age spectrum, as the best estimate of the eruption age. As many contiguous temperature steps 

as possible were included in the WMPA as long as the Mean Square of the Weighted Deviates 

(MSWD) for the WMPA indicated an acceptable fit using the methods of Mahon (1996).  By this 

criterion the WMPA included several mid-temperature steps. Excluded old or young steps were at 
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the highest or lowest temperature ends of the experiment, and are interpreted to reflect degassing of 

non-target fractions of the sample (glass, minerals other than feldspar, or inclusions in grains) and 

39Ar and 37Ar recoil in the reactor.  Argon recoil redistributes argon at the micron scale and can thus 

potentially affect results for the fine groundmass feldspar in the fraction used here (Turner and 

Cadogen, 1974; Fleck et al., 2014).  

 

Data quality 

In our data the 40Ar/36Ar isochron intercept overlaps the atmospheric value, there is a large proportion 

of 39Ar release (64% of 39Ar released) that can be included in acceptable WMPA, and there are 

relatively small errors on individual steps (<10 kyr on WMPA-contributing steps). These features are 

present despite the relatively low radiogenic yields. The quality of the results is attributed to selection 

of a fresh non-vesicular non-glassy sample from the lava flow interior, separation and use of only 

groundmass material, and ten-increment furnace step-heating of a large (200 mg) sample.  
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40Ar/39Ar result (in ka). The interpreted age is given in bold; this is the Weighted Mean Plateau Age (WMPA). 

      40Ar/39Ar Weighted mean plateau age   40Ar/39Ar Isochron age 
40Ar/39Ar 

total gas 

Age (ka) Volcano Experiment Steps Age (ka, ± 1s.d.) % 39Ar 
[ #steps: 

temperaure 

range(°C)] 
MSWD 

  
Age (ka, 1 s.d.) % 39Ar 

[ #steps, 

temperaure 

range(°C)] 
MSWD 40Ar/36Ar 

  

South Cirque 16Z0291 11 80.6±2.4 63.6 4: 800 - 1000 0.98  74.8±7.6 63.6 4, 800 - 1000 1.13 304.0±15.7 82.9±3.0 

 

 

Sample 

RPC110  

– South Cirque            

Step (°C) Age (ka) 
% 40Ar* 

K/Ca K/Cl moles 40Ar* Σ
39Ar 40Ar 39Ar 38Ar 37Ar 36Ar 

550 228.1±78.9 16.82 0.3 -1031 7.46E-16 0.01 0.029971±0.000173 0.009313±0.000028 0.000100±0.000024 0.016125±0.000081 0.000088±0.000006 

625 119.3±26.8 12.54 0.36 -895 1.57E-15 0.04 0.084652±0.000555 0.037471±0.000069 0.000360±0.000024 0.054223±0.000347 0.000263±0.000008 

700 109.5±8.9 18.49 0.4 -2635 4.70E-15 0.13 0.171926±0.000437 0.122245±0.000111 0.001499±0.000026 0.161828±0.000735 0.000515±0.000008 

750 96.4±5.9 22.93 0.49 -3162 5.65E-15 0.27 0.166579±0.000240 0.166737±0.000128 0.002049±0.000043 0.179547±0.000697 0.000480±0.000008 

800 81.2±4.6 23.45 0.59 -3140 6.25E-15 0.44 0.180411±0.000216 0.219191±0.000125 0.002672±0.000052 0.196313±0.000937 0.000517±0.000008 

850 75.0±4.2 22.67 0.58 -3941 5.96E-15 0.62 0.177978±0.000162 0.226281±0.000144 0.002818±0.000034 0.205746±0.000895 0.000518±0.000007 

925 84.9±4.3 20.94 0.45 -6297 7.26E-15 0.81 0.234444±0.000292 0.243396±0.000157 0.003155±0.000049 0.285707±0.000739 0.000700±0.000008 

1000 84.4±8.6 10.9 0.31 -6234 3.34E-15 0.9 0.206825±0.000393 0.112575±0.000090 0.001522±0.000033 0.192088±0.000523 0.000671±0.000007 

1075 10.2±27.4 0.22 0.28 -3130 1.60E-16 0.94 0.492120±0.000340 0.044758±0.000060 0.000836±0.000041 0.082955±0.000287 0.001668±0.000010 

1150 69.6±62.2 0.6 0.19 -18955 6.51E-16 0.96 0.728349±0.000280 0.026643±0.000049 0.000799±0.000017 0.073698±0.000316 0.002445±0.000013 

1250 23.9±33.7 0.33 0.11 849 4.33E-16 1 0.888124±0.000247 0.051698±0.000067 0.001500±0.000027 0.236178±0.000908 0.003031±0.000014 

 

Packet IRR356-RZ, Experiment #16Z0291 D E BKGs Foreward, 0.2029 g  Basalt , all errors ±1 sigma 

J = 

0.000233339623±0.000000364711 10/20/2016 

40Ar* is radiogenic argon, isotopes in volts (1.48e-13 moles/volt), corrected for blank, background, discrimination, and decay 

Calculated bulk K/Ca = 0.392 ± 0.135, Calculated K2O = 1.52%wt., Calculated CaO = 4.73%wt., Calculated Cl = -0.4ppm 

   

Total Gas Age = 82.9 ± 3.0 ka 
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Jstr = 0.000233339623 ± 

0.000000364711 10/20/2016 

J = 2.3334e-4 ± 3.6471e-7 

bulk K/Ca = 0.3922 ± 0.1349 , bulkKCl = -3852.2345 

%K20 = 1.5155 

, %CaO 

= 4.7304 , ppmCl = -0.3908 

Total mol 39k = 1.8635e-13 , TGA = 82.9472 
 

  

10 iterations  
Weighted Mean Plateau Age = 80.6 ± 2.4 ka (±1 sigma, including ±J), 63.6% 39Ar released 

Weighted Mean Plateau Age = 80.6 ± 2.4 ka (A priori, including ±J), 63.6% 39Ar released 

Weighted Mean Plateau Age = 80.6 ± 5.4 ka (95% confidence, including ±J) 

MSWD = 0.98 (Good fit, MSWD < 3.12) 

Steps 4 of 11 (800,850,925,1000°C) 
 

  

Isochron Age = 74.8 ± 7.6  ka (±1 sigma, including ±J) 

Isochron Age = 74.8 ± 7.2  ka (A Priori Errors, including ±J) 

Isochron Age = 74.8 ± 17.5  ka (95% confidence, including ±J) 

MSWD = 1.13 (Good fit, MSWD < 3.69) 

40Ar/36Ar intercept = 304.0 ± 6.8 (±1 sigma) 

40Ar/36Ar intercept = 304.0 ± 6.4 (A Priori) 

40Ar/36Ar intercept = 304.0 ± 15.7 (95% confidence) 

Steps 4 of 11 (800,850,925,1000°C) 
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2.3 Whole rock chemical composition data 

Sample and 

lithofacies code 
RPC070 (iL) RPC077 (iL) RPC078 (iL) RPC088C (cL) RPC090 (dL) 

Major elements (wt.%) 

SiO2 59.94 58.84 59.50 61.24 58.14 

Al2O3 17.30 17.15 17.47 17.55 17.00 

TiO2 0.77 0.85 0.88 0.85 0.68 

MnO 0.103 0.114 0.105 0.061 0.118 

Fe2O3 7.00 7.66 7.34 5.56 6.82 

Na2O 3.43 3.45 3.44 3.59 3.03 

MgO 2.68 3.15 3.06 1.70 4.62 

K2O 1.78 1.35 1.36 1.88 1.19 

CaO 5.94 6.73 6.47 5.12 7.19 

P2O5 0.17 0.17 0.17 0.18 0.13 

S 0.000 0.000 0.005 0.003 0.847 

F 0.010 0.010 0.019 0.048 0.017 

Cl 0.019 0.012 0.007 0.007 0.007 

LOI 0.760 0.560 1.190 2.050 1.450 

Total 99.90 100.05 101.01 99.84 101.24 

      

Trace elements (ppm) 

Sc 20 20 23 20 25 

V 155 251 261 183 197 

Cr 3 0 0 0 58 

Co 16 22 21 11 26 

Ni 7 7 6 4 32 

Cu 7 16 14 7 49 

Zn 131 94 91 109 88 

Ga 21 19 20 22 17 

As 6 5 6 5 5 

Rb 71 48 45 74 41 

Sr 256 271 260 268 225 

Y 28 23 25 28 22 

Zr 140 133 123 156 103 

Nb 6 5 4 6 4 

Mo 4 4 4 4 4 

Sn 2 2 1 3 0 

Sb 0 2 0 2 0 

Cs 4 7 7 6 8 

Ba 349 291 298 380 245 

La 10 4 7 11 5 

Ce 41 68 32 50 27 

Nd 24 15 20 27 17 

Tl 0 0 0 0 1 

Pb 9 8 5 9 4 

Th 6 7 5 9 5 

U 3 3 3 3 3 
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2.4 Alteration mineral assemblages and provenance 

 

XRD results 

  The representative spectra shown below are from the basal hyaloclastite lithofacies (H) and the 

Pinnacle Lapilli Tuff (PLT) in varying states of alteration. These were deemed to be the most altered 

units from field investigation. The eruption-fed, bedded lapilli tuff (LTd), which was inferred to be 

relatively fresh in the field, was also analysed for comparison. Spectra that show low, noisy and broad 

peaks are inferred to contain amorphous material such as glass or represent the breakdown of 

crystalline structures as a result of alteration. Sharp, clear peaks indicate primary volcanic minerals 

or fully formed crystal structures in alteration minerals. 
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Spectra: A, C-E: blue/grey hyaloclastite (H); B: orange altered exterior of hyaloclastite (H); F: white, altered hyaloclastite 

(H); G: red altered lapilli tuff (PLT); H: buff-coloured lapilli tuff (PLT); I: eruption-fed, bedded lapilli tuff (LTd). Key 

to abbreviations: Ferrosaponite (Fsp); Zeolite (Zeo); Orthopyroxene (Opx); Clinopyroxene (Cpx); Plagioclase (Plag); 

Pyrite (Pyr); Alunite (Al); Orthoclase (Or); Cristobalite (Cr); Montmorillonite (Mnt); Nontronite (Nnt); Saponite (Sap); 

Goethite (Gth); Hematite (Hem); Halloysite (Hal); Natroalunite (Nal); Tridymite (Tri); Rutile (Rut); Dickite (Di). 
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Discussion 

  Palagonitisation commonly affects glaciovolcanic deposits, particularly for basaltic products 

(Smellie et al., 1993; Skilling, 1994; Loughlin, 2002), but has also been reported at andesitic edifices 

(Stevenson et al., 2009; Lachowycz et al., 2015). In their review Stroncik and Schmincke (2002) 

define palagonite as a combination of clay minerals (smectites and kaolinites), zeolites and oxides 

formed by the alteration of volcanic glass. Tongariro’s magmas were andesitic rather than basaltic, 

so the term ‘palagonite’ is not strictly appropriate to describe some of the alteration assemblages seen. 

Alteration of glass affected many of the rocks, which have been coloured orange-tan-brown by 

smectite alteration (Skilling, 1994) and commonly contain a mixture of clay minerals and Fe or Ti 

oxides, indicating degradation of primary volcanic glass. Therefore we interpret these assemblages, 

if found in combination, as representing a type of, or the andesitic equivalent to, palagonitisation. 

Palagonite can exist in both crystalline and amorphous forms (Stroncik and Schmincke, 2002; Warner 

and Farmer, 2010), and so the noisy XRD spectra common from these samples may indicate the 

presence of an amorphous palagonite-variant. These palagonite minerals are found in the lithofacies 

interpreted as having been emplaced beneath the glacier and so palagonitisation, a low temperature 

(<120 °C), post-depositional process in the presence of water (Stroncik and Schmincke, 2002; Warner 

and Farmer, 2010), is inferred to have resulted from fluxing of hot meltwater (Loughlin, 2002), 

produced from subsequent eruptions into or through the ice, through these deposits. Heat and 

meltwater may have also been present outside of eruption events, due to the thermal potential of the 

volcanic system (Paque et al., 2016). The pervasiveness and depth of this ‘intermediate 

palagonitisation’ in the basal units of South Cirque are attributed to long residence times of this 

deposit beneath a glacier filling the cirque and extensive exposure to heat and water, and the probable 

fine grainsize of the precursor hyaloclastite (now devitrified silt) which is more susceptible to 

alteration (Paque et al., 2016). 

  Widespread hydrothermal alteration assemblages such as alunite, cristobalite, Fe oxides, sulphates 

and native sulphur all across South Cirque are interpreted as products of alteration due to the 
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underlying, extensive, and long-lived hydrothermal system (Lecointre et al., 2002; John et al., 2008; 

Warner and Farmer, 2010; Cas et al., 2011; Miller and Williams-Jones, 2016). The pinnacle-like 

structures with red/orange alteration colours are most likely to have been preserved due to this 

hydrothermal alteration. Prominent minerals are smectites and hematite, suggesting possible 

additional palagonitisation. Fluids rich in Fe, S and Si are interpreted to have percolated through many 

of the porous units that form South Cirque, particularly the basal hyaloclastite and lapilli tuffs. 

Lecointre et al., (2002) described similar deposits in a debris flow they inferred to be sourced from 

South Cirque, suggesting that the mechanism for hydrothermal alteration was acid-sulphate leaching 

associated with the geothermal system and water derived from snow or ice. This is consistent with 

our interpretations for hydrothermal alteration and other evidence for syn-eruptive snow and ice 

presented in this study. 

 

  The primary mineral assemblages of both pyroclasts and coherent bodies are dominated by 

plagioclase and two-pyroxenes. Glassy groundmasses and phenocrysts are in varying stages of 

alteration to clay minerals similar to those observed at Mt Rainier (John et al., 2008). Fe- and S- 

bearing mineral assemblages are also widespread, as suggested by red and yellow alteration colours 

seen in the field and thin section, and are expected in this volcanically and hydrothermally active 

environment. In addition to mineral alteration, brecciation is also likely to have occurred across some 

of the units in South Cirque during development of the hydrothermal system. Veins of alunite are 

seen extensively across the cirque, and are often preferentially oriented like those described by Cas 

et al., (2011). The veins are interpreted as a fracture system formed by hydraulic brecciation after 

emplacement of these units because they overprint primary fragmentation features. 
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20 349.2  43.7 1.77e+00 3.5e+02
50 347.1  43.9 1.72e+00 3.5e+02
85 347.3  44.0 1.50e+00 3.6e+02

108 347.6  45.9 1.36e+00 3.7e+02
128 347.0  49.6 1.12e+00 3.7e+02
158 345.0  51.9 9.64e-01 3.8e+02
180 342.3  51.3 8.14e-01 3.8e+02
201 340.7  55.0 7.18e-01 3.7e+02
235 336.4  58.5 5.45e-01 3.7e+02
251 331.9  61.4 4.73e-01 3.7e+02
277 326.4  63.8 3.92e-01 3.7e+02
300 311.0  66.5 3.18e-01 3.7e+02
323 300.5  67.4 2.75e-01 3.7e+02
350 287.2  68.3 2.30e-01 3.8e+02
373 272.2  67.2 2.04e-01 3.8e+02
399 267.4  67.6 1.81e-01 3.9e+02
425 251.6  64.5 1.59e-01 4.0e+02
449 242.4  62.4 1.36e-01 4.1e+02
472 233.7  62.4 1.20e-01 4.1e+02
499 233.5  60.7 1.05e-01 4.2e+02
523 226.4  53.3 8.98e-02 4.1e+02
548 206.2  33.4 7.63e-02 4.0e+02
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Sample: TA1.1.2 vertical
horizontal

Units: A/m ×101



15
E,N

15
S,D

5
W,S

15
N,U

0.5

1

1.5

2

2.5

M
ag

ne
tiz

at
io

n 
(A

/m
)

100 200 300 400 500 600
Temperature (°C)

100

200

300

400

500

M
ag

. s
us

. (
S

.I.
)

temp. dec. inc. int. m.s.
20 351.5  45.3 2.11e+00 3.8e+02
50 347.9  43.3 2.05e+00 3.8e+02
85 349.1  43.8 1.76e+00 3.9e+02

108 349.5  46.9 1.59e+00 4.0e+02
128 346.2  49.8 1.35e+00 4.2e+02
158 347.3  50.3 1.14e+00 4.1e+02
180 342.4  52.0 9.81e-01 4.1e+02
201 342.3  53.5 8.74e-01 4.1e+02
235 337.1  57.2 6.40e-01 4.1e+02
251 334.7  58.3 5.57e-01 4.0e+02
277 324.5  65.4 4.62e-01 4.2e+02
300 317.6  67.1 3.77e-01 4.2e+02
323 313.6  67.9 3.36e-01 4.2e+02
350 296.0  70.5 2.76e-01 4.2e+02
373 287.8  69.4 2.47e-01 4.2e+02
399 279.0  71.3 2.18e-01 4.4e+02
425 262.1  69.5 1.88e-01 4.5e+02
449 253.3  67.2 1.56e-01 4.5e+02
472 245.1  66.9 1.34e-01 4.5e+02
499 238.0  63.7 1.13e-01 4.5e+02
523 220.9  57.3 9.09e-02 4.5e+02
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Sample: TA1.1.3 vertical
horizontal

Units: A/m ×101
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Sample: TA1.2.2 vertical
horizontal

Units: A/m ×101
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201 342.2  55.2 9.47e-01 4.9e+02
235 333.6  61.3 7.40e-01 5.0e+02
251 334.6  62.1 6.65e-01 4.9e+02
277 325.3  64.7 5.56e-01 4.9e+02
300 325.2  66.3 4.74e-01 4.9e+02
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15
E,N

15
S,D

5
W,S

15
N,U

0.5

1

1.5

2

M
ag

ne
tiz

at
io

n 
(A

/m
)

100 200 300 400 500 600
Temperature (°C)

100

200

300

400

500

600

M
ag

. s
us

. (
S

.I.
)

temp. dec. inc. int. m.s.
20 351.6  44.2 1.91e+00 4.5e+02
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277 310.3  68.8 4.03e-01 4.7e+02
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85 346.4  43.6 1.32e+00 3.3e+02

108 345.1  47.0 1.10e+00 3.6e+02
128 340.2  47.5 9.20e-01 3.4e+02
158 340.4  51.8 7.81e-01 3.7e+02
180 337.6  53.9 6.79e-01 3.7e+02
201 335.4  54.7 6.01e-01 3.6e+02
235 322.6  58.9 4.71e-01 3.7e+02
251 317.6  60.5 3.93e-01 3.6e+02
277 310.9  61.9 3.37e-01 3.6e+02
300 295.6  63.5 2.86e-01 3.6e+02
323 281.7  63.4 2.29e-01 3.5e+02
350 272.1  61.2 2.02e-01 3.5e+02
373 263.6  62.0 1.79e-01 3.6e+02
399 257.8  60.0 1.53e-01 3.4e+02
425 243.7  57.4 1.38e-01 3.8e+02
449 242.3  55.0 1.18e-01 3.8e+02
472 239.4  52.6 1.05e-01 3.8e+02
499 235.9  53.0 9.18e-02 3.8e+02
523 232.3  46.7 7.66e-02 3.7e+02
548 206.3  12.4 6.42e-02 3.4e+02
579 216.2 -11.1 8.88e-03 2.3e+02

Sample: TA1.3.3 vertical
horizontal

Units: A/m ×101
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20 351.0  43.5 2.37e+00 5.0e+02
50 350.3  45.7 2.29e+00 5.1e+02
85 350.4  45.8 2.16e+00 5.1e+02

108 349.6  48.1 1.81e+00 5.3e+02
128 350.2  50.0 1.52e+00 5.4e+02
158 348.2  53.0 1.25e+00 5.5e+02
180 344.3  52.9 1.07e+00 5.3e+02
201 344.2  55.8 9.57e-01 5.3e+02
235 342.1  60.6 7.54e-01 5.3e+02
251 336.9  62.2 6.41e-01 5.2e+02
277 331.4  64.4 5.43e-01 5.2e+02
300 326.9  66.8 4.48e-01 5.1e+02
323 304.4  71.3 3.41e-01 5.0e+02
350 301.0  70.5 2.94e-01 4.9e+02
373 284.5  72.2 2.51e-01 5.0e+02
399 271.6  72.2 2.12e-01 5.0e+02
425 259.6  71.3 1.84e-01 5.2e+02
449 252.1  70.8 1.58e-01 5.4e+02
472 239.0  68.8 1.35e-01 5.5e+02
499 235.1  65.5 1.13e-01 5.4e+02
523 226.8  61.4 9.66e-02 5.4e+02
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Sample: TA1.4.2 vertical
horizontal

Units: A/m ×101
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20 349.2  46.5 2.95e+00 6.0e+02
50 348.6  45.3 2.83e+00 6.0e+02
85 344.3  45.3 2.74e+00 6.0e+02

108 348.1  47.9 2.31e+00 6.3e+02
128 346.2  51.2 1.96e+00 6.4e+02
158 342.6  52.5 1.63e+00 6.4e+02
180 341.6  53.8 1.44e+00 6.4e+02
201 342.6  55.0 1.29e+00 6.3e+02
235 336.5  60.7 1.03e+00 6.4e+02
251 335.5  61.1 8.84e-01 6.2e+02
277 326.0  64.0 7.52e-01 6.2e+02
300 319.4  66.1 6.21e-01 6.1e+02
323 304.6  73.1 4.59e-01 6.0e+02
350 295.2  72.4 4.01e-01 5.8e+02
373 279.2  72.0 3.41e-01 5.6e+02
399 262.7  72.8 2.97e-01 5.8e+02
425 245.3  69.9 2.57e-01 6.0e+02
449 235.4  67.7 2.18e-01 6.1e+02
472 229.2  66.2 1.86e-01 6.2e+02
499 226.8  61.0 1.59e-01 6.2e+02
523 212.9  55.7 1.38e-01 6.2e+02
548 201.9  33.5 1.10e-01 5.8e+02
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Sample: TA1.4.3 vertical
horizontal

Units: A/m ×101
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20 353.2  44.3 2.29e+00 4.6e+02
50 351.1  45.4 2.22e+00 4.7e+02
85 350.9  44.2 2.20e+00 4.7e+02

108 351.5  45.7 1.92e+00 4.8e+02
128 349.7  46.8 1.64e+00 5.0e+02
158 348.1  52.1 1.40e+00 5.2e+02
180 344.7  52.7 1.27e+00 5.1e+02
201 345.2  51.4 1.16e+00 5.0e+02
235 343.8  53.9 9.80e-01 5.0e+02
251 341.9  55.2 8.42e-01 4.9e+02
277 338.0  58.6 7.03e-01 5.0e+02
300 333.2  60.7 5.55e-01 4.9e+02
323 312.2  67.1 3.97e-01 4.9e+02
350 311.3  69.1 3.47e-01 4.8e+02
373 297.6  70.6 2.93e-01 4.8e+02
399 284.2  71.0 2.52e-01 4.9e+02
425 276.0  71.6 2.15e-01 5.0e+02
449 261.2  68.3 1.76e-01 5.1e+02
472 254.1  70.4 1.46e-01 5.2e+02
499 253.0  66.2 1.18e-01 5.1e+02
523 245.6  66.3 9.88e-02 5.2e+02
548 209.9  39.8 7.18e-02 5.1e+02
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Sample: TA1.4.4 vertical
horizontal

Units: A/m ×101
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20 70.8 -46.0 6.71e-01 9.5e+01
50 70.7 -46.4 6.49e-01 9.5e+01
89 93.8 -47.0 4.03e-01 9.7e+01

116 120.7 -34.3 2.85e-01 9.9e+01
134 143.0 -19.9 2.44e-01 1.0e+02
162 149.4 -16.6 2.36e-01 1.0e+02
178 154.3 -11.2 2.37e-01 9.9e+01
201 158.1 -5.6 2.38e-01 9.9e+01
227 159.3 -8.7 2.33e-01 9.9e+01
252 158.6 -5.2 2.19e-01 9.7e+01
273 160.9 -2.3 2.11e-01 9.6e+01
298 159.7 -5.5 1.98e-01 9.7e+01
327 160.5 -3.3 1.83e-01 9.5e+01
347 160.7 -1.9 1.77e-01 9.5e+01
376 160.6 -3.3 1.69e-01 9.6e+01
399 161.9  0.5 1.57e-01 9.1e+01
425 161.7 -0.9 1.50e-01 8.8e+01
447 160.3 -3.2 1.29e-01 8.0e+01
475 157.7 -3.3 9.82e-02 7.6e+01
498 160.8 -0.8 6.35e-02 7.4e+01
526 163.7 -15.2 1.14e-02 7.5e+01
553 173.6 -13.0 7.26e-03 7.3e+01
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Sample: TA2.1.2 vertical
horizontal

Units: A/m ×101
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temp. dec. inc. int. m.s.
20 148.1 -19.1 8.42e-01 7.4e+01
50 151.3 -16.1 8.39e-01 7.5e+01
89 157.5 -7.1 8.49e-01 7.4e+01

116 158.9 -6.1 8.66e-01 7.6e+01
134 161.4 -5.0 8.76e-01 7.8e+01
162 161.5 -2.4 8.76e-01 7.9e+01
178 162.1  1.4 8.64e-01 7.5e+01
201 163.1 -0.8 8.49e-01 7.3e+01
227 164.0  1.9 8.50e-01 7.4e+01
252 164.9  1.4 8.39e-01 7.6e+01
273 165.3  2.4 8.27e-01 7.5e+01
298 163.4 -1.3 8.09e-01 7.6e+01
327 164.2  4.7 7.75e-01 7.2e+01
347 163.4 -2.6 7.61e-01 7.3e+01
376 162.3  0.2 7.29e-01 7.2e+01
399 164.3  4.6 7.02e-01 6.7e+01
425 166.5 -0.2 6.85e-01 6.7e+01
447 164.7  0.2 6.53e-01 6.4e+01
475 167.6  1.9 5.32e-01 6.2e+01
498 165.9  0.7 3.33e-01 6.0e+01
526 165.5 -5.1 8.10e-02 6.2e+01
553 166.0 -11.8 1.50e-02 5.8e+01
581 139.8 -11.9 7.94e-03 5.7e+01

Sample: TA2.1.3 vertical
horizontal

Units: A/m ×101



30
E,N

30
S,D

30
W,S

35
N,U

1

2

3

4

5

M
ag

ne
tiz

at
io

n 
(A

/m
) 

×
10

1

100 200 300 400 500 600
Temperature (°C)

20

40

60

80

100

M
ag

. s
us

. (
S

.I.
)

temp. dec. inc. int. m.s.
20 111.3 -44.8 4.28e-01 8.8e+01
50 114.5 -37.6 3.82e-01 9.0e+01
89 139.1 -25.2 3.00e-01 9.0e+01

116 150.8 -13.8 2.85e-01 8.9e+01
134 155.1 -10.4 2.91e-01 9.1e+01
162 159.3 -3.7 2.87e-01 9.3e+01
178 159.5 -4.9 2.86e-01 9.3e+01
201 161.5 -4.5 2.79e-01 9.2e+01
227 162.1 -2.3 2.68e-01 9.0e+01
252 163.9 -1.8 2.56e-01 9.2e+01
273 162.2 -2.4 2.44e-01 9.0e+01
298 163.6 -1.7 2.34e-01 9.3e+01
327 164.8  1.2 2.21e-01 9.3e+01
347 163.8  2.5 2.09e-01 8.9e+01
376 164.7  2.0 1.98e-01 8.8e+01
399 165.1  2.5 1.88e-01 8.8e+01
425 162.8  1.5 1.71e-01 8.3e+01
447 163.7 -0.0 1.48e-01 8.0e+01
475 163.8  1.8 1.01e-01 7.8e+01
498 160.5 -1.6 4.06e-02 7.7e+01
526 164.3 -14.5 9.99e-03 7.8e+01
553 173.3 -12.9 5.00e-03 7.4e+01
581 141.1 -14.4 3.38e-03 7.1e+01

Sample: TA2.1.4 vertical
horizontal

Units: A/m ×102



5
E,N

3
S,D

3
W,S

4
N,U

1

2

3

4

5

6

M
ag

ne
tiz

at
io

n 
(A

/m
) 

×
10

1

100 200 300 400 500 600
Temperature (°C)

20

40

60

80

100

120

M
ag

. s
us

. (
S

.I.
)

temp. dec. inc. int. m.s.
20 78.3 -35.4 5.81e-01 1.0e+02
50 80.4 -40.3 5.21e-01 1.0e+02
89 113.3 -35.0 3.22e-01 1.0e+02

116 135.3 -22.4 2.73e-01 1.1e+02
134 141.8 -17.4 2.68e-01 1.1e+02
162 155.7 -3.9 2.73e-01 1.1e+02
178 158.5 -4.5 2.75e-01 1.1e+02
201 158.2 -0.7 2.77e-01 1.1e+02
227 160.8 -4.0 2.71e-01 1.1e+02
252 163.9  2.6 2.60e-01 1.1e+02
273 161.0  3.9 2.47e-01 1.1e+02
298 159.2  4.4 2.34e-01 1.0e+02
327 163.8  3.9 2.20e-01 1.0e+02
347 161.7  0.6 2.08e-01 1.0e+02
376 163.6  0.9 1.97e-01 1.0e+02
399 161.7  1.4 1.85e-01 9.6e+01
425 160.5  1.6 1.67e-01 9.1e+01
447 158.5  3.2 1.40e-01 8.3e+01
475 159.3  3.6 9.45e-02 8.1e+01
498 156.7 -2.7 3.24e-02 8.3e+01
526 150.9 -16.0 8.59e-03 8.3e+01
553 161.7 -32.5 5.09e-03 7.9e+01
581 146.7 -24.7 3.86e-03 7.6e+01

Sample: TA2.2.2 vertical
horizontal

Units: A/m ×101



4
E,N

5
S,D

5
W,S

3
N,U

1

2

3

4

5

M
ag

ne
tiz

at
io

n 
(A

/m
) 

×
10

1

100 200 300 400 500 600
Temperature (°C)

20

40

60

80

100

M
ag

. s
us

. (
S

.I.
)

temp. dec. inc. int. m.s.
20 131.2 -29.3 4.79e-01 8.0e+01
50 134.0 -23.9 4.68e-01 8.4e+01
89 153.4 -12.7 4.50e-01 8.3e+01

116 159.2 -5.3 4.66e-01 8.6e+01
134 162.6 -5.7 4.65e-01 8.5e+01
162 164.2  0.7 4.73e-01 8.4e+01
178 165.1  1.1 4.74e-01 8.5e+01
201 162.7  0.4 4.68e-01 8.4e+01
227 164.4  3.3 4.53e-01 8.1e+01
252 168.7  3.0 4.43e-01 8.3e+01
273 167.3  5.6 4.32e-01 8.3e+01
298 167.1  3.1 4.16e-01 8.2e+01
327 167.5  2.3 3.99e-01 8.1e+01
347 169.6  3.7 3.77e-01 8.0e+01
376 165.2  2.9 3.52e-01 8.0e+01
399 169.2  5.5 3.35e-01 7.7e+01
425 170.3  2.6 3.19e-01 7.4e+01
447 168.9  5.4 2.95e-01 7.0e+01
475 169.8  5.4 2.28e-01 6.6e+01
498 170.3  5.4 9.47e-02 6.6e+01
526 167.1 -3.9 1.99e-02 6.4e+01
553 165.4 -15.8 6.65e-03 6.3e+01
581 165.7  1.5 3.77e-03 6.1e+01

Sample: TA2.2.3 vertical
horizontal

Units: A/m ×101



5
E,N

5
S,D

5
W,S

4
N,U

1

2

3

4

5

6

M
ag

ne
tiz

at
io

n 
(A

/m
) 

×
10

1

100 200 300 400 500 600
Temperature (°C)

50

100

150

M
ag

. s
us

. (
S

.I.
)

temp. dec. inc. int. m.s.
20 123.2 -34.7 5.82e-01 1.2e+02
50 125.8 -30.9 5.50e-01 1.2e+02
89 146.7 -16.1 4.75e-01 1.2e+02

116 155.1 -12.1 4.69e-01 1.2e+02
134 154.3 -10.3 4.70e-01 1.2e+02
162 160.6 -2.7 4.61e-01 1.2e+02
178 162.0 -2.9 4.59e-01 1.2e+02
201 162.8 -0.1 4.49e-01 1.2e+02
227 164.6 -1.2 4.36e-01 1.2e+02
252 165.6  2.8 4.16e-01 1.2e+02
273 164.1  0.2 3.96e-01 1.2e+02
298 167.0  1.7 3.74e-01 1.2e+02
327 166.3  1.8 3.51e-01 1.2e+02
347 165.3  0.9 3.24e-01 1.2e+02
376 166.4  2.3 2.93e-01 1.2e+02
399 166.1  2.4 2.69e-01 1.2e+02
425 167.4  2.1 2.43e-01 1.2e+02
447 165.5  2.8 2.10e-01 1.0e+02
475 162.7  0.3 1.46e-01 1.1e+02
498 157.4 -9.7 3.85e-02 1.1e+02
526 165.1 -6.6 1.26e-02 1.1e+02
553 173.5 -15.9 7.56e-03 1.1e+02
581 163.6 -19.5 2.59e-03 1.0e+02

Sample: TA2.2.4 vertical
horizontal

Units: A/m ×101



35
E,N

30
S,D

30
W,S

35
N,U

1

2

3

4

5

M
ag

ne
tiz

at
io

n 
(A

/m
) 

×
10

1

100 200 300 400 500 600
Temperature (°C)

20

40

60

80

100

120

M
ag

. s
us

. (
S

.I.
)

temp. dec. inc. int. m.s.
20 86.5 -47.9 4.69e-01 9.6e+01
50 92.2 -48.0 4.21e-01 9.8e+01
85 126.8 -35.0 2.97e-01 1.0e+02

108 142.2 -26.8 2.70e-01 1.0e+02
128 152.9 -16.2 2.77e-01 1.0e+02
158 158.8 -7.2 2.86e-01 1.0e+02
180 159.5 -6.1 2.91e-01 1.0e+02
201 161.3 -4.4 2.98e-01 1.0e+02
235 162.3 -0.0 2.90e-01 1.0e+02
251 163.8  0.8 2.78e-01 1.0e+02
277 161.9 -2.9 2.67e-01 1.0e+02
300 164.5 -1.6 2.48e-01 1.0e+02
323 163.1  0.9 2.32e-01 1.0e+02
350 164.7  1.6 2.16e-01 9.9e+01
373 161.5  1.8 2.00e-01 9.6e+01
399 164.4 -0.7 1.89e-01 9.1e+01
425 164.1 -0.3 1.73e-01 9.0e+01
449 161.9 -0.8 1.47e-01 8.5e+01
472 162.0  2.0 1.08e-01 7.9e+01
499 159.9 -2.8 3.75e-02 8.0e+01
523 162.8 -12.0 1.16e-02 8.2e+01
548 147.8 -5.8 7.83e-03 7.7e+01
579 183.6 -37.5 4.09e-03 7.5e+01

Sample: TA2.3.2 vertical
horizontal

Units: A/m ×102



4
E,N

5
S,D

5
W,S

4
N,U

1

2

3

4

5

6

M
ag

ne
tiz

at
io

n 
(A

/m
) 

×
10

1

100 200 300 400 500 600
Temperature (°C)

50

100

150

M
ag

. s
us

. (
S

.I.
)

temp. dec. inc. int. m.s.
20 118.2 -42.3 5.04e-01 1.2e+02
50 121.7 -34.6 4.95e-01 1.2e+02
85 140.4 -27.8 4.34e-01 1.2e+02

108 150.5 -18.3 4.24e-01 1.2e+02
128 154.5 -12.1 4.36e-01 1.2e+02
158 159.4 -9.5 4.40e-01 1.2e+02
180 160.7 -3.8 4.35e-01 1.2e+02
201 160.9 -4.4 4.30e-01 1.2e+02
235 160.5 -1.3 4.08e-01 1.2e+02
251 162.2 -0.6 3.90e-01 1.2e+02
277 163.2 -0.4 3.68e-01 1.2e+02
300 163.6 -0.7 3.48e-01 1.2e+02
323 163.3 -0.3 3.20e-01 1.2e+02
350 163.9 -1.6 2.89e-01 1.2e+02
373 162.5  0.2 2.64e-01 1.2e+02
399 162.9 -2.0 2.44e-01 1.2e+02
425 163.4 -2.8 2.23e-01 1.1e+02
449 161.6 -0.4 1.88e-01 1.1e+02
472 162.2 -2.4 1.36e-01 1.1e+02
499 159.4 -6.3 4.46e-02 1.1e+02
523 153.8 -15.0 1.66e-02 1.1e+02
548 152.7 -18.8 8.79e-03 1.1e+02
579 176.8  5.4 2.17e-03 1.0e+02

Sample: TA2.3.3 vertical
horizontal

Units: A/m ×101



8
E,N

4
S,D

4
W,S

8
N,U

0.2

0.4

0.6

0.8

1

M
ag

ne
tiz

at
io

n 
(A

/m
)

100 200 300 400 500 600
Temperature (°C)

50

100

150

200

M
ag

. s
us

. (
S

.I.
)

temp. dec. inc. int. m.s.
20 67.8 -43.1 9.12e-01 1.6e+02
50 69.9 -42.2 8.85e-01 1.6e+02
85 80.2 -43.1 6.18e-01 1.7e+02

108 95.6 -39.1 4.70e-01 1.7e+02
128 114.3 -36.3 3.58e-01 1.7e+02
158 128.8 -25.1 3.12e-01 1.7e+02
180 136.4 -20.2 2.95e-01 1.6e+02
201 141.4 -18.0 2.89e-01 1.6e+02
235 146.2 -14.1 2.74e-01 1.6e+02
251 146.6 -11.9 2.57e-01 1.6e+02
277 147.3 -11.7 2.43e-01 1.6e+02
300 149.2 -8.9 2.26e-01 1.6e+02
323 148.0 -8.3 2.02e-01 1.6e+02
350 148.3 -8.6 1.90e-01 1.6e+02
373 149.2 -9.5 1.76e-01 1.6e+02
399 150.7 -10.3 1.65e-01 1.6e+02
425 149.8 -7.5 1.51e-01 1.5e+02
449 147.5 -8.1 1.28e-01 1.5e+02
472 144.6 -9.1 9.57e-02 1.4e+02
499 134.6 -21.0 4.56e-02 1.4e+02
523 122.6 -28.4 2.00e-02 1.4e+02
548 146.4 -26.4 1.25e-02 1.3e+02
579 171.7 -19.5 5.67e-03 1.3e+02

Sample: TA2.4.2 vertical
horizontal

Units: A/m ×101



10
E,N
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6
W,S

8
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0.2

0.4

0.6

0.8
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M
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n 
(A

/m
)

100 200 300 400 500 600
Temperature (°C)

50

100

150

200

250

300

350

400

M
ag

. s
us

. (
S

.I.
)

temp. dec. inc. int. m.s.
20 98.0 -39.9 1.12e+00 3.5e+02
50 99.2 -42.1 1.06e+00 3.5e+02
85 109.3 -41.7 9.20e-01 3.5e+02

108 121.6 -33.4 8.10e-01 3.5e+02
128 133.5 -25.2 7.38e-01 3.6e+02
158 143.1 -16.3 6.91e-01 3.6e+02
180 146.8 -15.5 6.81e-01 3.6e+02
201 148.2 -16.5 6.66e-01 3.5e+02
235 149.7 -15.0 6.30e-01 3.5e+02
251 151.6 -13.1 5.98e-01 3.5e+02
277 154.5 -7.0 5.67e-01 3.5e+02
300 153.7 -10.0 5.32e-01 3.5e+02
323 156.3 -8.6 4.86e-01 3.5e+02
350 156.7 -8.6 4.48e-01 3.5e+02
373 154.6 -5.4 3.94e-01 3.5e+02
399 155.5 -10.3 3.74e-01 3.4e+02
425 153.9 -6.6 3.48e-01 3.4e+02
449 157.2 -7.6 3.18e-01 3.4e+02
472 156.0 -7.0 2.58e-01 3.3e+02
499 150.2 -8.9 1.30e-01 3.3e+02
523 141.4 -30.2 5.40e-02 3.4e+02
548 150.8 -26.4 2.94e-02 3.4e+02
579 164.1 -15.0 1.31e-02 3.3e+02

Sample: TA2.4.3 vertical
horizontal

Units: A/m ×101



10
E,N

4
S,D

4
W,S

10
N,U

0.5

1

1.5

M
ag

ne
tiz

at
io

n 
(A

/m
)

100 200 300 400 500 600
Temperature (°C)

50

100

150

200

250

300

350

400

M
ag

. s
us

. (
S

.I.
)

temp. dec. inc. int. m.s.
20 85.3 -43.6 1.38e+00 3.6e+02
50 84.9 -45.0 1.28e+00 3.6e+02
85 91.8 -46.5 1.11e+00 3.6e+02

108 103.6 -41.4 9.29e-01 3.6e+02
128 116.6 -38.5 7.57e-01 3.5e+02
158 126.4 -30.1 6.53e-01 3.8e+02
180 134.3 -27.8 5.96e-01 3.6e+02
201 136.9 -26.4 5.63e-01 3.6e+02
235 142.3 -19.5 5.15e-01 3.6e+02
251 142.7 -20.3 4.81e-01 3.6e+02
277 143.7 -19.1 4.53e-01 3.7e+02
300 145.3 -19.3 4.21e-01 3.7e+02
323 145.1 -19.6 3.73e-01 3.7e+02
350 145.2 -17.3 3.47e-01 3.6e+02
373 143.1 -20.4 3.16e-01 3.6e+02
399 146.7 -16.4 2.95e-01 3.6e+02
425 145.6 -15.1 2.74e-01 3.6e+02
449 146.8 -16.2 2.45e-01 3.6e+02
472 145.9 -16.0 1.96e-01 3.5e+02
499 137.0 -21.7 1.11e-01 3.4e+02
523 130.4 -28.0 5.82e-02 3.5e+02
548 147.6 -15.1 3.71e-02 3.4e+02
579 161.4 -5.8 1.66e-02 3.3e+02

Sample: TA2.4.4 vertical
horizontal

Units: A/m ×101



4
E,N

5
S,D

5
W,S

4
N,U

1

2

3

4

5

6

M
ag

ne
tiz

at
io

n 
(A

/m
) 

×
10

1

100 200 300 400 500 600
Temperature (°C)

20

40

60

80

100

M
ag

. s
us

. (
S

.I.
)

temp. dec. inc. int. m.s.
20 111.7 -40.6 5.08e-01 9.0e+01
50 121.2 -33.6 4.69e-01 9.3e+01
85 128.1 -34.5 4.52e-01 9.1e+01

108 140.4 -24.7 4.28e-01 9.2e+01
128 151.3 -15.1 4.33e-01 9.3e+01
158 155.7 -9.1 4.53e-01 9.4e+01
180 158.0 -5.9 4.61e-01 9.5e+01
201 158.8 -6.1 4.67e-01 9.4e+01
235 160.7 -3.8 4.73e-01 9.5e+01
251 159.8 -3.5 4.69e-01 9.4e+01
277 161.8 -3.3 4.60e-01 9.4e+01
300 162.3 -4.6 4.47e-01 9.4e+01
323 161.4 -1.6 4.25e-01 9.3e+01
350 162.8 -0.2 4.09e-01 9.3e+01
373 161.0 -0.5 3.73e-01 9.1e+01
399 161.5 -0.7 3.45e-01 8.9e+01
425 161.1  0.1 3.25e-01 8.5e+01
449 161.0  2.0 3.03e-01 8.0e+01
472 161.3  2.1 2.65e-01 7.2e+01
499 160.2 -0.6 1.50e-01 7.0e+01
523 162.5 -6.1 3.33e-02 6.7e+01
548 163.6 -21.2 8.70e-03 6.4e+01
579 158.5 -58.8 2.50e-03 6.0e+01

Sample: TA2.5.2 vertical
horizontal

Units: A/m ×101



5
E,N

6
S,D

6
W,S

4
N,U

2
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6

8

M
ag
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n 
(A

/m
) 

×
10

1

100 200 300 400 500 600
Temperature (°C)

50

100

150

200

M
ag

. s
us

. (
S

.I.
)

temp. dec. inc. int. m.s.
20 124.2 -32.7 6.41e-01 1.5e+02
50 127.8 -26.8 6.13e-01 1.5e+02
85 129.0 -27.6 6.06e-01 1.5e+02

108 135.8 -20.0 5.83e-01 1.5e+02
128 145.4 -14.2 5.67e-01 1.5e+02
158 153.6 -7.6 5.75e-01 1.5e+02
180 155.7 -3.7 5.85e-01 1.5e+02
201 159.2 -3.6 5.87e-01 1.5e+02
235 157.2  2.1 5.85e-01 1.5e+02
251 161.2  1.5 5.71e-01 1.5e+02
277 158.4  0.2 5.55e-01 1.5e+02
300 160.8  0.9 5.21e-01 1.5e+02
323 163.4  2.0 4.88e-01 1.5e+02
350 163.4  2.7 4.66e-01 1.5e+02
373 160.7  0.9 4.14e-01 1.5e+02
399 162.0  3.4 3.67e-01 1.5e+02
425 161.1  0.6 3.38e-01 1.4e+02
449 162.5  1.7 3.21e-01 1.4e+02
472 163.2  2.1 2.94e-01 1.4e+02
499 163.8  3.1 1.92e-01 1.3e+02
523 155.2 -0.3 5.78e-02 1.3e+02
548 140.2 -16.1 1.79e-02 1.3e+02
579 148.0 -18.4 7.45e-03 1.2e+02

Sample: TA2.5.3 vertical
horizontal

Units: A/m ×101



6
E,N

3
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3
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(A

/m
) 

×
10

1

100 200 300 400 500 600
Temperature (°C)

50

100

150

200

M
ag

. s
us

. (
S

.I.
)

temp. dec. inc. int. m.s.
20 89.2 -41.9 7.55e-01 1.5e+02
50 92.1 -40.5 6.65e-01 1.4e+02
85 109.0 -41.3 4.88e-01 1.4e+02

108 109.3 -39.9 4.94e-01 1.5e+02
128 113.6 -38.9 4.62e-01 1.4e+02
158 130.1 -33.8 3.95e-01 1.5e+02
180 137.8 -20.9 3.61e-01 1.5e+02
201 144.0 -20.9 3.58e-01 1.5e+02
235 147.0 -19.3 3.27e-01 1.5e+02
251 151.7 -15.0 3.00e-01 1.5e+02
277 153.9 -10.1 2.79e-01 1.5e+02
300 153.2 -14.6 2.52e-01 1.5e+02
323 153.3 -11.7 2.28e-01 1.6e+02
350 152.7 -11.3 1.62e-01 1.4e+02
373 153.6 -10.1 1.61e-01 1.4e+02
399 150.7 -12.7 1.49e-01 1.5e+02
425 152.9 -10.6 1.29e-01 1.4e+02
449 153.1 -12.8 1.19e-01 1.4e+02
472 152.3 -11.4 1.10e-01 1.3e+02
499 155.7 -13.4 8.20e-02 1.3e+02
523 145.9 -23.8 3.68e-02 1.2e+02
548 150.2 -31.3 1.90e-02 1.2e+02
579 184.4 -21.7 4.59e-03 1.1e+02

Sample: TA2.5.4 vertical
horizontal

Units: A/m ×101
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temp. dec. inc. int. m.s.
25 131.0  15.5 1.42e+00 8.8e+01
63 131.5  17.2 1.41e+00 8.6e+01
83 131.1  16.0 1.42e+00 9.0e+01

106 130.4  16.3 1.41e+00 8.8e+01
137 132.7  17.3 1.40e+00 8.9e+01
152 129.6  15.8 1.41e+00 9.0e+01
178 130.8  13.7 1.41e+00 9.2e+01
202 130.9  17.0 1.38e+00 9.1e+01
228 132.0  17.3 1.36e+00 9.3e+01
254 130.4  16.6 1.34e+00 9.4e+01
277 132.4  19.3 1.31e+00 9.0e+01
301 128.8  16.0 1.27e+00 9.3e+01
326 131.2  17.0 1.23e+00 9.2e+01
354 129.3  16.1 1.19e+00 9.5e+01
378 132.8  16.4 1.15e+00 9.3e+01
401 129.6  15.5 1.11e+00 9.3e+01
429 131.0  16.8 1.08e+00 9.4e+01
449 129.1  14.6 1.05e+00 -
449 129.1  14.6 1.05e+00 9.4e+01
476 128.9  14.8 1.01e+00 9.5e+01
499 129.2  15.0 9.57e-01 9.2e+01
526 130.1  15.7 7.03e-01 8.7e+01
551 131.6  17.8 2.46e-01 8.1e+01
582 125.9  12.9 4.44e-02 6.9e+01

Sample: TA6.1.1 vertical
horizontal

Units: A/m ×101
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temp. dec. inc. int. m.s.
25 130.4  13.0 1.44e+00 7.4e+01
63 131.2  15.9 1.44e+00 7.4e+01
83 131.7  15.8 1.44e+00 7.7e+01

106 130.1  13.2 1.43e+00 7.7e+01
137 129.7  15.7 1.43e+00 7.1e+01
152 130.3  14.3 1.43e+00 7.8e+01
178 132.9  15.8 1.42e+00 7.8e+01
202 131.3  14.5 1.40e+00 8.0e+01
228 132.1  15.4 1.39e+00 7.9e+01
254 129.7  14.0 1.37e+00 8.0e+01
277 127.2  12.8 1.34e+00 8.0e+01
301 129.3  12.7 1.30e+00 8.1e+01
326 129.9  14.2 1.26e+00 8.0e+01
354 129.6  13.1 1.21e+00 8.2e+01
378 128.5  11.1 1.18e+00 7.9e+01
401 130.9  14.9 1.15e+00 8.0e+01
429 130.3  13.5 1.12e+00 8.1e+01
449 130.5  14.3 1.10e+00 -
449 130.5  14.3 1.10e+00 8.1e+01
476 131.5  14.7 1.05e+00 8.0e+01
499 130.9  13.2 1.01e+00 7.9e+01
526 130.3  13.0 7.67e-01 7.7e+01
551 132.5  15.4 2.66e-01 7.0e+01
582 129.1  12.4 9.52e-02 6.3e+01

Sample: TA6.1.2 vertical
horizontal

Units: A/m ×101
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temp. dec. inc. int. m.s.
25 130.3  14.7 1.64e+00 9.9e+01
63 130.5  15.2 1.63e+00 9.9e+01
83 129.7  15.1 1.62e+00 1.0e+02

106 128.6  11.8 1.62e+00 1.0e+02
137 129.9  14.0 1.61e+00 1.0e+02
152 129.6  15.5 1.61e+00 1.0e+02
178 130.4  15.7 1.60e+00 1.0e+02
202 128.7  12.8 1.57e+00 1.0e+02
228 130.0  14.2 1.55e+00 1.0e+02
254 129.7  12.4 1.53e+00 1.0e+02
277 127.9  13.6 1.51e+00 1.0e+02
301 126.3  13.7 1.47e+00 1.0e+02
326 129.1  14.4 1.44e+00 1.0e+02
354 131.0  14.0 1.39e+00 1.1e+02
378 129.9  15.2 1.36e+00 1.0e+02
401 130.2  15.1 1.32e+00 1.0e+02
429 128.6  13.4 1.28e+00 1.0e+02
449 129.1  13.5 1.25e+00 -
449 129.2  13.4 1.25e+00 1.0e+02
476 129.4  14.0 1.19e+00 1.0e+02
499 128.9  13.9 1.08e+00 1.0e+02
526 130.2  14.5 7.72e-01 9.8e+01
551 129.2  12.7 2.14e-01 9.4e+01
582 127.8  13.2 9.27e-02 8.7e+01

Sample: TA6.1.3 vertical
horizontal

Units: A/m ×101
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temp. dec. inc. int. m.s.
25 130.8  14.2 1.15e+00 7.9e+01
63 131.2  13.9 1.14e+00 8.0e+01
83 131.1  14.9 1.14e+00 8.0e+01

106 130.5  15.2 1.14e+00 7.9e+01
137 132.9  14.8 1.13e+00 8.2e+01
152 130.3  13.7 1.13e+00 8.1e+01
178 132.4  15.5 1.12e+00 8.1e+01
202 130.6  13.8 1.10e+00 8.3e+01
228 131.1  14.5 1.08e+00 8.3e+01
254 132.7  15.0 1.06e+00 8.3e+01
277 129.3  15.5 1.04e+00 8.4e+01
301 130.4  15.1 9.91e-01 8.4e+01
326 129.8  14.8 9.54e-01 8.3e+01
354 130.7  15.5 9.12e-01 8.5e+01
378 130.4  16.2 8.84e-01 8.0e+01
401 132.2  17.0 8.59e-01 8.3e+01
429 130.6  16.4 8.28e-01 8.2e+01
449 132.9  15.2 8.03e-01 -
449 133.0  15.1 8.03e-01 8.2e+01
476 132.2  14.6 7.58e-01 8.3e+01
499 130.4  14.4 6.60e-01 8.0e+01
526 131.7  15.6 4.28e-01 7.6e+01
551 129.4  15.2 1.33e-01 6.9e+01
582 129.8  13.5 7.34e-02 6.2e+01

Sample: TA6.2.1 vertical
horizontal

Units: A/m ×101
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temp. dec. inc. int. m.s.
25 129.1  11.9 1.41e+00 9.6e+01
63 128.9  12.7 1.40e+00 9.8e+01
83 129.5  12.4 1.40e+00 9.9e+01

106 130.4  12.8 1.39e+00 9.9e+01
137 131.4  14.6 1.38e+00 1.0e+02
152 128.6  10.3 1.38e+00 1.0e+02
178 131.4  14.1 1.36e+00 1.0e+02
202 129.3  12.8 1.34e+00 1.0e+02
228 129.1  13.0 1.32e+00 1.0e+02
254 129.4  12.8 1.28e+00 1.0e+02
277 128.8  13.1 1.24e+00 1.0e+02
301 127.9  11.4 1.18e+00 1.0e+02
326 127.7  12.7 1.12e+00 1.1e+02
354 128.0  11.8 1.07e+00 1.1e+02
378 128.3  12.2 1.04e+00 1.0e+02
401 129.4  11.9 1.01e+00 1.0e+02
429 127.5  10.9 9.77e-01 1.0e+02
449 127.6  11.1 9.44e-01 -
449 127.6  11.0 9.44e-01 1.0e+02
476 127.8  10.5 8.92e-01 1.0e+02
499 126.7  9.7 7.68e-01 9.9e+01
526 126.4  11.0 4.78e-01 9.6e+01
551 127.4  11.7 1.56e-01 8.8e+01
582 127.1  10.7 8.48e-02 7.9e+01

Sample: TA6.2.2 vertical
horizontal

Units: A/m ×101
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temp. dec. inc. int. m.s.
25 129.0  17.0 1.54e+00 1.2e+02
63 129.5  15.7 1.53e+00 1.2e+02
83 128.9  16.9 1.52e+00 1.2e+02

106 129.0  15.2 1.51e+00 1.2e+02
137 130.3  16.9 1.51e+00 1.2e+02
152 128.9  15.6 1.49e+00 1.2e+02
178 129.8  17.5 1.47e+00 1.2e+02
202 131.8  18.4 1.45e+00 1.2e+02
228 129.9  16.1 1.43e+00 1.2e+02
254 129.2  15.9 1.40e+00 1.2e+02
277 132.2  19.1 1.37e+00 1.2e+02
301 129.1  16.6 1.32e+00 1.2e+02
326 128.9  15.2 1.28e+00 1.2e+02
354 129.1  16.6 1.24e+00 1.2e+02
378 129.3  14.1 1.20e+00 1.2e+02
401 130.8  18.7 1.16e+00 1.2e+02
429 129.8  14.1 1.12e+00 1.2e+02
449 127.8  14.9 1.08e+00 1.2e+02
476 129.5  14.5 1.02e+00 1.2e+02
499 130.2  16.3 8.87e-01 1.2e+02
526 131.5  18.2 5.05e-01 1.1e+02
551 128.1  15.6 1.49e-01 1.1e+02
582 129.9  15.5 6.06e-02 1.0e+02

Sample: TA6.2.3 vertical
horizontal

Units: A/m ×101
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temp. dec. inc. int. m.s.
25 133.5  19.6 1.44e+00 1.2e+02
63 133.9  20.9 1.44e+00 1.2e+02
83 133.8  20.2 1.43e+00 1.2e+02

106 132.8  19.2 1.42e+00 1.2e+02
137 128.3  18.3 1.42e+00 1.2e+02
152 131.1  20.4 1.40e+00 1.2e+02
178 131.1  20.5 1.39e+00 1.2e+02
202 134.6  19.4 1.38e+00 1.2e+02
228 132.5  19.7 1.35e+00 1.2e+02
254 132.2  19.9 1.31e+00 1.2e+02
277 134.1  22.0 1.27e+00 1.2e+02
301 130.7  18.2 1.22e+00 1.2e+02
326 130.5  19.2 1.15e+00 1.2e+02
354 132.2  18.8 1.11e+00 1.2e+02
378 132.7  18.9 1.08e+00 1.2e+02
401 133.1  19.8 1.04e+00 1.2e+02
429 132.0  17.1 1.01e+00 1.2e+02
449 132.6  18.5 9.67e-01 1.2e+02
476 131.8  18.0 9.22e-01 1.2e+02
499 130.3  17.4 8.15e-01 1.2e+02
526 134.0  20.5 4.62e-01 1.1e+02
551 133.4  19.7 1.67e-01 1.1e+02
582 131.7  18.4 6.14e-02 9.6e+01

Sample: TA6.3.1 vertical
horizontal

Units: A/m ×101
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temp. dec. inc. int. m.s.
25 131.8  19.1 1.48e+00 1.2e+02
63 130.2  19.2 1.47e+00 1.2e+02
83 131.1  18.1 1.47e+00 1.2e+02

106 129.8  17.3 1.47e+00 1.2e+02
137 131.0  20.4 1.46e+00 1.2e+02
152 130.3  19.8 1.45e+00 1.2e+02
178 129.2  18.6 1.43e+00 1.2e+02
202 134.0  20.6 1.42e+00 1.2e+02
228 134.3  21.9 1.39e+00 1.2e+02
254 131.9  19.6 1.36e+00 1.2e+02
277 132.4  21.9 1.31e+00 1.2e+02
301 131.4  19.2 1.26e+00 1.2e+02
326 132.5  20.8 1.19e+00 1.2e+02
354 132.1  21.3 1.14e+00 1.2e+02
378 133.4  18.8 1.12e+00 1.2e+02
401 131.5  18.8 1.08e+00 1.2e+02
429 130.1  18.5 1.04e+00 1.2e+02
449 131.1  17.7 1.01e+00 1.2e+02
476 132.2  20.4 9.63e-01 1.2e+02
499 130.5  18.4 8.82e-01 1.2e+02
526 130.0  19.0 5.17e-01 1.1e+02
551 129.4  17.0 1.89e-01 1.1e+02
582 132.2  18.7 6.53e-02 9.7e+01

Sample: TA6.3.2 vertical
horizontal

Units: A/m ×101
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temp. dec. inc. int. m.s.
25 127.1  13.2 1.51e+00 1.0e+02
63 130.8  17.5 1.49e+00 1.0e+02
83 129.6  15.8 1.50e+00 1.0e+02

106 130.9  16.3 1.49e+00 1.0e+02
137 129.8  15.9 1.49e+00 1.1e+02
152 128.0  14.9 1.47e+00 1.1e+02
178 131.4  16.7 1.46e+00 1.1e+02
202 131.4  17.7 1.45e+00 1.1e+02
228 131.1  17.8 1.43e+00 1.1e+02
254 130.4  18.0 1.41e+00 1.1e+02
277 129.7  17.1 1.39e+00 1.0e+02
301 130.2  16.6 1.35e+00 1.1e+02
326 130.6  15.5 1.32e+00 1.1e+02
354 130.3  16.4 1.28e+00 1.1e+02
378 131.2  16.5 1.26e+00 1.1e+02
401 129.2  15.6 1.22e+00 1.1e+02
429 130.4  15.0 1.18e+00 1.1e+02
449 130.8  15.1 1.15e+00 1.1e+02
476 129.5  14.0 1.11e+00 1.1e+02
499 129.7  13.3 1.04e+00 1.0e+02
526 130.7  15.3 7.00e-01 1.0e+02
551 128.8  15.0 1.87e-01 9.8e+01
582 129.6  14.8 5.05e-02 9.2e+01

Sample: TA6.3.3 vertical
horizontal

Units: A/m ×101
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temp. dec. inc. int. m.s.
25 135.2 -4.0 7.66e-01 2.4e+02
63 138.3 -4.3 7.67e-01 2.4e+02
83 142.5 -2.5 7.66e-01 2.5e+02

106 146.3  2.3 7.64e-01 2.5e+02
137 148.1  2.3 7.51e-01 2.6e+02
152 149.3  4.9 7.52e-01 2.5e+02
178 152.6  8.3 7.37e-01 2.5e+02
202 154.9  10.0 7.09e-01 2.5e+02
228 158.9  13.3 6.18e-01 2.5e+02
254 159.5  10.9 5.02e-01 2.5e+02
277 159.9  17.4 3.99e-01 2.5e+02
301 158.2  14.4 3.40e-01 2.5e+02
326 161.7  18.7 2.94e-01 2.5e+02
354 160.2  16.2 2.64e-01 2.6e+02
378 157.6  17.0 2.29e-01 2.6e+02
401 158.1  17.8 1.42e-01 2.5e+02
429 155.7  14.9 8.97e-02 2.4e+02
449 156.4  9.3 8.71e-02 2.3e+02
476 151.0  24.0 5.25e-02 2.4e+02
499 147.2  6.0 5.58e-02 2.7e+02
526 157.0  14.9 5.29e-02 3.5e+02
551 156.4  19.3 4.17e-02 3.8e+02
582 152.2 -7.2 4.65e-03 3.9e+02

Sample: TA7.1.1 vertical
horizontal

Units: A/m ×101
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temp. dec. inc. int. m.s.
25 140.3 -2.1 1.08e+00 3.2e+02
63 144.7  1.2 1.07e+00 3.2e+02
83 146.4 -6.1 1.08e+00 3.3e+02

106 147.6 -5.3 1.07e+00 3.4e+02
137 148.7 -1.3 1.06e+00 3.5e+02
152 149.8  6.5 1.05e+00 3.5e+02
178 152.1  2.1 1.02e+00 3.5e+02
202 155.2  8.8 1.00e+00 3.4e+02
228 157.3  12.4 8.91e-01 3.4e+02
254 154.4  12.0 7.27e-01 3.4e+02
277 157.3  11.9 5.92e-01 3.3e+02
301 156.6  13.9 5.01e-01 3.3e+02
326 158.8  16.4 4.38e-01 3.4e+02
354 161.8  15.5 3.83e-01 3.5e+02
378 159.6  19.2 3.34e-01 3.4e+02
401 156.7  12.4 2.18e-01 3.3e+02
429 157.2  18.9 1.02e-01 3.2e+02
449 160.5  16.8 1.02e-01 3.1e+02
476 149.2  11.9 7.45e-02 3.2e+02
499 149.4  16.3 8.14e-02 3.5e+02
526 155.2  18.6 6.54e-02 4.5e+02
551 160.1  20.8 4.94e-02 5.1e+02
582 157.3 -9.9 1.15e-02 5.2e+02

Sample: TA7.1.2 vertical
horizontal

Units: A/m ×101
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25 138.9  5.2 1.10e+00 3.7e+02
63 142.0  6.0 1.12e+00 3.8e+02
83 143.5  6.9 1.10e+00 3.8e+02

106 144.9  8.8 1.09e+00 3.9e+02
137 147.3  13.6 1.11e+00 4.0e+02
152 148.3  13.7 1.07e+00 4.0e+02
178 147.8  11.6 1.02e+00 4.0e+02
202 151.2  16.9 1.00e+00 4.0e+02
228 151.6  20.4 8.82e-01 3.9e+02
254 152.1  18.1 7.18e-01 3.8e+02
277 161.2  22.1 5.99e-01 3.8e+02
301 158.3  27.7 5.06e-01 3.8e+02
326 161.8  26.7 4.58e-01 3.9e+02
354 163.7  22.9 4.01e-01 4.0e+02
378 159.8  24.5 3.52e-01 3.9e+02
401 158.3  24.8 2.67e-01 3.8e+02
429 154.2  25.7 1.32e-01 3.6e+02
449 149.2  12.3 1.04e-01 3.5e+02
476 162.2  28.1 7.70e-02 3.5e+02
499 146.8  13.1 7.92e-02 3.7e+02
526 153.4  16.1 7.22e-02 4.7e+02
551 157.4  21.6 5.68e-02 5.2e+02
582 179.3 -44.7 3.36e-03 5.4e+02

Sample: TA7.2.1 vertical
horizontal

Units: A/m ×101
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temp. dec. inc. int. m.s.
25 139.5 -1.3 1.13e+00 3.6e+02
63 142.0  0.0 1.12e+00 3.6e+02
83 141.5  0.0 1.13e+00 3.7e+02

106 142.6  2.0 1.12e+00 3.7e+02
137 146.3  2.9 1.09e+00 3.9e+02
152 147.8  10.3 1.05e+00 3.9e+02
178 149.6  16.8 1.01e+00 3.8e+02
202 150.0  16.5 1.05e+00 3.8e+02
228 150.7  13.4 9.44e-01 3.8e+02
254 152.0  16.1 8.00e-01 3.7e+02
277 155.1  8.0 6.72e-01 3.6e+02
301 155.2  9.2 5.46e-01 3.7e+02
326 164.2  17.8 5.40e-01 3.8e+02
354 157.9  20.2 4.80e-01 3.7e+02
378 161.7  11.3 3.75e-01 3.8e+02
401 161.3  10.9 2.97e-01 3.7e+02
429 168.0 -3.1 1.46e-01 3.5e+02
449 157.9  13.5 8.04e-02 -
449 158.0  13.7 8.06e-02 3.4e+02
476 122.2 -5.9 1.27e-01 3.3e+02
499 130.4  3.1 7.70e-02 3.5e+02
526 140.9  15.1 6.60e-02 4.3e+02
551 160.6  18.7 5.75e-02 4.9e+02
582 154.6 -9.9 1.11e-02 5.3e+02

Sample: TA7.2.2 vertical
horizontal

Units: A/m ×101
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temp. dec. inc. int. m.s.
25 135.8 -9.6 7.92e-01 3.3e+02
63 137.4 -15.1 7.91e-01 3.3e+02
83 136.8 -7.2 7.96e-01 3.4e+02

106 139.3 -3.5 7.73e-01 3.3e+02
137 142.5  1.4 7.97e-01 3.5e+02
152 144.2 -4.0 7.68e-01 3.5e+02
178 144.8  1.1 7.44e-01 3.5e+02
202 147.1  1.3 7.30e-01 3.5e+02
228 149.1  9.2 6.82e-01 3.5e+02
254 152.3  10.3 6.01e-01 3.3e+02
277 153.2  13.0 4.93e-01 3.2e+02
301 155.5  17.1 4.03e-01 3.2e+02
326 161.4  4.7 3.73e-01 3.3e+02
354 157.2  5.0 2.98e-01 3.4e+02
378 168.0  12.8 2.66e-01 3.5e+02
401 165.2  20.2 2.33e-01 3.5e+02
429 171.1  18.1 1.57e-01 3.3e+02
449 145.5  40.0 7.80e-02 -
449 145.8  40.1 7.81e-02 3.1e+02
476 187.8 -7.4 1.26e-01 3.1e+02
499 154.9  27.1 6.36e-02 3.1e+02
526 167.4  13.7 6.22e-02 3.9e+02
551 157.9  14.3 4.65e-02 4.6e+02
582 281.6 -61.4 5.69e-03 5.0e+02

Sample: TA7.3.1 vertical
horizontal

Units: A/m ×101
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temp. dec. inc. int. m.s.
25 135.4 -15.2 9.30e-01 3.4e+02
63 136.3 -19.2 9.23e-01 3.4e+02
83 138.9 -11.2 9.21e-01 3.5e+02

106 140.5 -10.7 8.93e-01 3.5e+02
137 140.0 -9.3 9.01e-01 3.5e+02
152 141.0 -8.3 8.78e-01 3.6e+02
178 146.4 -1.6 8.42e-01 3.7e+02
202 153.3 -1.6 7.72e-01 3.6e+02
228 151.1 -4.1 7.68e-01 3.6e+02
254 152.7 -0.5 7.57e-01 3.6e+02
277 153.6 -2.9 6.54e-01 3.5e+02
301 154.1 -2.1 5.44e-01 3.4e+02
326 157.1  5.4 5.15e-01 3.5e+02
354 163.7  5.7 3.65e-01 3.7e+02
378 165.2  5.8 3.04e-01 3.6e+02
401 165.6  1.4 2.50e-01 3.5e+02
429 177.8  1.7 1.36e-01 3.4e+02
449 185.4  1.0 1.08e-01 -
449 185.4  1.2 1.08e-01 3.2e+02
476 179.1  3.8 8.12e-02 3.3e+02
499 175.6  12.4 6.93e-02 3.4e+02
526 172.0  14.8 5.91e-02 4.1e+02
551 187.4  6.0 5.44e-02 4.6e+02
582 139.8 -17.4 1.48e-02 5.0e+02

Sample: TA7.4.1 vertical
horizontal

Units: A/m ×101
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temp. dec. inc. int. m.s.
25 337.6  41.4 1.58e+01 2.5e+02
63 340.0  38.8 1.63e+01 2.6e+02
83 336.2  40.7 1.56e+01 2.5e+02

106 342.2  36.5 1.58e+01 2.6e+02
137 339.7  37.1 1.59e+01 2.6e+02
152 339.2  38.5 1.61e+01 2.6e+02
178 336.7  38.6 1.60e+01 2.6e+02
202 337.2  38.1 1.62e+01 2.6e+02
228 336.2  38.5 1.56e+01 2.6e+02
254 335.3  39.0 1.52e+01 2.6e+02
277 337.7  36.2 1.47e+01 2.6e+02
301 335.5  37.4 1.38e+01 2.7e+02
326 336.7  36.9 1.29e+01 2.7e+02
354 335.7  33.4 1.16e+01 2.8e+02
378 333.6  34.9 1.06e+01 2.7e+02
401 335.4  34.3 9.48e+00 2.8e+02
429 336.6  39.2 8.19e+00 2.8e+02
449 336.1  35.8 7.13e+00 2.7e+02
476 331.5  29.6 5.98e+00 2.7e+02
499 331.3  33.1 3.47e+00 2.6e+02
526 332.7  31.5 6.55e-01 2.4e+02
551 329.5  32.0 2.47e-01 2.3e+02
582 336.5  13.9 1.17e-02 2.0e+02

Sample: TA8.1.1 vertical
horizontal

Units: A/m ×100
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temp. dec. inc. int. m.s.
25 333.0  42.0 1.66e+01 3.9e+02
63 331.9  38.5 1.80e+01 3.9e+02
83 333.5  42.7 1.64e+01 3.9e+02

106 329.4  40.7 1.78e+01 4.0e+02
137 331.6  38.2 1.68e+01 4.0e+02
152 331.9  38.3 1.73e+01 4.0e+02
178 331.4  38.7 1.73e+01 4.0e+02
202 330.4  39.1 1.77e+01 3.9e+02
228 330.4  37.6 1.65e+01 4.0e+02
254 330.3  38.9 1.67e+01 4.0e+02
277 330.4  33.8 1.64e+01 4.0e+02
301 329.2  35.2 1.60e+01 4.1e+02
326 330.7  34.6 1.52e+01 4.0e+02
354 327.4  35.7 1.37e+01 4.1e+02
378 326.5  32.0 1.19e+01 4.3e+02
401 327.9  29.8 1.20e+01 4.3e+02
429 334.1  34.2 9.82e+00 4.3e+02
449 332.3  36.1 8.26e+00 4.1e+02
476 329.6  30.9 5.72e+00 4.1e+02
499 330.6  26.7 3.94e+00 4.0e+02
526 326.7  27.2 8.14e-01 3.7e+02
551 328.2  25.7 2.79e-01 3.4e+02
582 327.1  16.5 5.28e-03 3.0e+02

Sample: TA8.1.2 vertical
horizontal

Units: A/m ×100
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temp. dec. inc. int. m.s.
25 326.8  42.7 1.89e+01 3.8e+02
63 325.3  38.8 2.03e+01 3.8e+02
83 326.2  42.3 1.92e+01 3.8e+02

106 323.7  41.1 2.02e+01 3.8e+02
137 326.9  40.1 1.93e+01 3.9e+02
152 323.9  40.6 2.05e+01 3.9e+02
178 324.7  41.2 1.97e+01 3.9e+02
202 325.7  38.3 2.01e+01 3.9e+02
228 322.6  38.5 1.87e+01 3.9e+02
254 321.6  38.7 1.84e+01 3.9e+02
277 326.0  33.8 1.88e+01 4.0e+02
301 326.3  34.8 1.81e+01 4.1e+02
326 326.7  35.6 1.82e+01 4.2e+02
354 321.4  34.5 1.54e+01 4.4e+02
378 320.3  31.6 1.27e+01 4.5e+02
401 321.4  29.9 1.07e+01 4.5e+02
429 326.4  35.7 8.19e+00 4.4e+02
449 327.2  32.4 8.45e+00 4.4e+02
476 328.8  33.6 5.36e+00 4.3e+02
499 327.7  32.6 2.99e+00 4.2e+02
526 329.6  31.6 1.06e+00 3.9e+02
551 327.0  31.6 3.09e-01 3.4e+02
582 317.9  13.2 9.00e-03 3.0e+02

Sample: TA8.1.3 vertical
horizontal

Units: A/m ×100
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temp. dec. inc. int. m.s.
25 305.2  35.8 1.95e+01 4.4e+02
63 309.9  35.0 2.08e+01 4.4e+02
83 304.9  36.0 1.98e+01 4.4e+02

106 304.6  33.3 2.13e+01 4.5e+02
137 307.8  35.4 2.00e+01 4.5e+02
152 309.0  31.8 1.98e+01 4.4e+02
178 308.1  32.9 2.00e+01 4.5e+02
202 307.0  31.7 2.16e+01 4.5e+02
228 305.9  31.5 1.90e+01 4.5e+02
254 306.4  32.5 1.81e+01 4.5e+02
277 312.5  29.0 2.00e+01 4.5e+02
301 314.4  27.7 1.86e+01 4.6e+02
326 312.1  28.5 1.91e+01 4.7e+02
354 309.4  26.6 1.63e+01 4.8e+02
378 302.3  23.3 1.42e+01 4.8e+02
401 310.0  22.3 1.36e+01 4.9e+02
429 314.8  24.2 9.60e+00 4.8e+02
449 318.1  25.4 9.52e+00 4.7e+02
476 317.8  25.4 6.39e+00 4.7e+02
499 316.2  28.1 4.19e+00 4.6e+02
526 315.3  26.3 1.46e+00 4.3e+02
551 316.4  24.4 5.36e-01 3.8e+02
582 307.6  47.0 3.41e-03 3.3e+02

Sample: TA8.2.1 vertical
horizontal

Units: A/m ×100
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temp. dec. inc. int. m.s.
25 320.0  35.4 1.93e+01 4.6e+02
63 323.0  36.6 1.87e+01 4.6e+02
83 322.8  43.4 1.38e+01 4.6e+02

106 320.7  42.4 1.48e+01 4.6e+02
137 322.4  38.2 1.41e+01 4.6e+02
152 320.7  34.1 1.92e+01 4.6e+02
178 320.1  35.9 1.94e+01 4.7e+02
202 314.9  28.7 1.88e+01 4.7e+02
228 320.4  30.9 1.81e+01 4.8e+02
254 320.1  29.3 1.82e+01 4.8e+02
277 320.9  31.0 1.78e+01 4.9e+02
301 322.1  34.4 1.44e+01 4.9e+02
326 320.0  29.2 1.68e+01 5.1e+02
354 317.0  30.1 1.52e+01 5.3e+02
378 318.7  26.0 1.36e+01 5.3e+02
401 320.8  27.2 1.12e+01 5.2e+02
429 315.3  28.2 8.64e+00 5.1e+02
449 319.7  21.5 7.65e+00 5.0e+02
476 318.3  23.4 4.25e+00 5.0e+02
499 318.0  24.2 3.02e+00 4.8e+02
526 320.2  19.3 1.19e+00 4.5e+02
551 319.2  23.1 4.39e-01 4.0e+02
582 317.3  23.0 3.30e-01 3.8e+02

Sample: TA8.2.2 vertical
horizontal

Units: A/m ×100
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temp. dec. inc. int. m.s.
25 325.0  28.8 2.50e+01 4.4e+02
63 325.1  31.3 2.30e+01 4.5e+02
83 327.8  36.8 2.05e+01 4.4e+02

106 323.2  33.9 2.11e+01 4.5e+02
137 325.2  31.9 2.06e+01 4.5e+02
152 324.5  30.4 2.58e+01 4.5e+02
178 324.1  30.7 2.46e+01 4.6e+02
202 323.6  27.6 2.35e+01 4.6e+02
228 326.2  29.5 2.06e+01 4.7e+02
254 323.5  27.1 2.15e+01 4.7e+02
277 323.5  31.3 2.01e+01 4.7e+02
301 325.9  30.0 1.73e+01 4.9e+02
326 324.0  24.6 1.84e+01 5.0e+02
354 324.6  25.2 1.54e+01 5.2e+02
378 322.7  25.4 1.35e+01 5.2e+02
401 318.3  28.3 9.93e+00 5.1e+02
429 320.9  22.5 8.37e+00 5.0e+02
449 322.0  17.3 7.75e+00 4.9e+02
476 320.4  21.5 3.16e+00 4.7e+02
499 318.9  24.8 1.88e+00 4.6e+02
526 318.9  22.0 6.85e-01 4.2e+02
551 318.9  22.8 3.24e-01 3.8e+02
582 316.6  23.7 5.04e-02 3.5e+02

Sample: TA8.2.3 vertical
horizontal

Units: A/m ×100
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temp. dec. inc. int. m.s.
20 129.6  46.0 1.10e+00 1.3e+01
63 130.5  47.1 1.10e+00 1.6e+01
83 126.8  48.1 1.11e+00 1.5e+01

101 130.8  47.0 1.11e+00 1.5e+01
123 134.3  47.9 1.11e+00 1.4e+01
147 131.4  48.4 1.13e+00 1.6e+01
174 129.3  46.7 1.13e+00 1.4e+01
197 128.9  46.8 1.13e+00 1.3e+01
221 130.7  47.5 1.12e+00 1.6e+01
245 133.9  47.8 1.11e+00 1.8e+01
269 134.4  48.2 1.09e+00 2.0e+01
295 134.3  49.3 1.07e+00 -
295 134.2  49.1 1.07e+00 -
295 134.2  49.2 1.07e+00 2.3e+01
318 134.6  48.4 1.02e+00 2.5e+01
348 132.7  47.4 9.70e-01 2.5e+01
374 133.3  46.6 9.42e-01 2.6e+01
397 134.6  47.0 8.99e-01 2.5e+01
424 131.8  47.2 8.27e-01 2.5e+01
448 134.6  49.0 7.60e-01 2.2e+01
474 132.3  48.0 6.90e-01 2.4e+01
499 132.7  48.2 6.05e-01 2.3e+01
524 134.1  48.7 3.59e-01 2.7e+01
548 132.3  49.5 1.01e-01 3.3e+01
573 128.5  51.0 3.20e-02 3.2e+01
584 136.4  53.2 1.87e-02 3.7e+01

Sample: TB1.1.1 vertical
horizontal

Units: A/m ×101
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20 127.7  41.8 1.01e+00 2.0e+01
63 128.9  41.6 1.00e+00 2.3e+01
83 126.5  42.8 1.03e+00 2.2e+01

101 129.4  44.0 1.01e+00 2.1e+01
123 128.4  43.3 1.04e+00 2.3e+01
147 129.2  42.8 1.04e+00 2.3e+01
174 129.0  43.1 1.04e+00 2.1e+01
197 130.2  44.7 1.04e+00 2.1e+01
221 131.3  44.3 1.04e+00 2.6e+01
245 130.6  45.2 1.01e+00 2.8e+01
269 131.4  44.1 9.77e-01 3.0e+01
295 130.9  43.3 9.36e-01 -
295 131.1  42.9 9.34e-01 -
295 131.1  42.9 9.34e-01 3.2e+01
318 132.3  42.0 8.72e-01 3.5e+01
348 134.7  47.4 8.41e-01 3.7e+01
374 132.5  43.3 7.80e-01 3.4e+01
397 132.3  43.9 7.44e-01 3.5e+01
424 131.6  44.7 6.86e-01 3.4e+01
448 133.1  43.3 6.02e-01 3.2e+01
474 133.6  44.4 5.20e-01 3.4e+01
499 135.2  44.9 3.68e-01 3.6e+01
524 132.7  46.1 1.53e-01 3.9e+01
548 134.4  46.5 4.39e-02 4.5e+01
573 130.8  42.3 2.15e-02 4.6e+01
584 130.1  42.7 1.25e-02 5.0e+01

Sample: TB1.1.2 vertical
horizontal

Units: A/m ×101
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20 127.3  40.8 1.01e+00 1.8e+01
63 129.9  46.0 1.02e+00 2.3e+01
83 129.5  43.3 1.03e+00 2.0e+01

101 129.8  46.5 1.02e+00 2.1e+01
123 128.8  44.2 1.03e+00 2.1e+01
147 130.2  46.8 1.05e+00 2.3e+01
174 130.8  45.8 1.04e+00 2.0e+01
197 130.2  46.3 1.04e+00 2.1e+01
221 131.8  45.6 1.03e+00 2.5e+01
245 128.8  45.3 1.00e+00 2.6e+01
269 131.2  47.2 9.61e-01 2.9e+01
295 132.7  47.6 9.13e-01 -
295 132.8  47.4 9.12e-01 -
295 132.8  47.4 9.12e-01 3.0e+01
318 130.0  44.8 8.69e-01 3.3e+01
348 131.4  48.0 8.28e-01 3.3e+01
374 132.8  45.5 7.81e-01 3.2e+01
397 133.3  46.6 7.44e-01 3.1e+01
424 130.1  47.6 7.01e-01 3.2e+01
448 131.8  47.0 6.34e-01 3.0e+01
474 130.9  48.0 5.39e-01 3.2e+01
499 131.9  48.9 3.38e-01 3.3e+01
524 130.8  44.0 1.20e-01 3.5e+01
548 132.4  46.4 4.16e-02 4.1e+01
573 125.4  43.9 1.72e-02 4.2e+01
584 137.2  46.7 9.55e-03 4.6e+01

Sample: TB1.1.3 vertical
horizontal

Units: A/m ×101
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20 123.3  45.0 1.42e+00 2.5e+01
63 128.6  45.4 1.42e+00 2.8e+01
83 128.1  46.9 1.44e+00 2.6e+01

101 124.5  46.0 1.44e+00 2.7e+01
123 127.9  46.8 1.44e+00 2.6e+01
147 129.6  47.6 1.45e+00 2.7e+01
174 126.5  47.3 1.44e+00 2.7e+01
197 127.8  49.0 1.44e+00 2.8e+01
221 127.7  49.1 1.42e+00 3.1e+01
245 128.7  48.9 1.39e+00 3.3e+01
269 127.2  47.3 1.34e+00 3.7e+01
295 132.0  48.7 1.25e+00 -
295 132.2  48.5 1.25e+00 -
295 132.3  48.4 1.25e+00 3.8e+01
318 128.7  46.8 1.19e+00 4.2e+01
348 132.1  49.4 1.12e+00 4.2e+01
374 127.3  48.0 1.08e+00 4.2e+01
397 129.8  48.5 1.03e+00 4.0e+01
424 130.0  47.6 9.79e-01 4.0e+01
448 128.5  48.1 9.03e-01 4.0e+01
474 127.6  51.4 7.79e-01 4.3e+01
499 128.9  50.3 4.65e-01 4.3e+01
524 124.7  48.6 1.30e-01 4.5e+01
548 126.0  44.0 4.61e-02 4.8e+01
573 136.1  45.2 1.60e-02 5.1e+01
584 126.4  40.3 9.81e-03 5.2e+01

Sample: TB1.1.4 vertical
horizontal

Units: A/m ×101
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temp. dec. inc. int. m.s.
20 122.5  56.2 1.17e+00 2.3e+01
63 127.5  51.5 1.16e+00 2.5e+01
83 127.9  51.0 1.16e+00 2.4e+01

101 126.7  49.4 1.16e+00 2.4e+01
123 128.6  50.5 1.17e+00 2.4e+01
147 127.9  53.3 1.17e+00 2.5e+01
174 129.9  51.5 1.17e+00 2.5e+01
197 130.3  52.6 1.16e+00 2.6e+01
221 131.3  54.6 1.15e+00 2.9e+01
245 128.4  50.8 1.12e+00 3.1e+01
269 126.6  51.5 1.06e+00 3.3e+01
295 132.7  53.6 9.85e-01 -
295 133.0  53.4 9.84e-01 -
295 133.0  53.4 9.85e-01 3.6e+01
318 127.3  51.2 9.29e-01 3.7e+01
348 131.4  52.5 8.79e-01 3.7e+01
374 129.7  52.8 8.52e-01 3.7e+01
397 128.9  53.5 8.21e-01 3.5e+01
424 131.9  54.0 7.79e-01 3.5e+01
448 132.9  53.7 7.23e-01 3.5e+01
474 128.7  53.3 6.11e-01 3.8e+01
499 128.5  52.3 3.30e-01 3.8e+01
524 129.6  53.1 1.15e-01 3.9e+01
548 136.0  51.8 3.69e-02 4.1e+01
573 128.1  44.7 1.24e-02 4.1e+01
584 147.8  46.3 5.13e-03 4.3e+01

Sample: TB1.2.1 vertical
horizontal

Units: A/m ×101
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temp. dec. inc. int. m.s.
20 124.8  50.3 1.55e+00 3.2e+01
63 123.9  51.5 1.56e+00 3.3e+01
83 127.6  49.8 1.55e+00 3.2e+01

101 130.1  51.0 1.55e+00 3.3e+01
123 129.8  52.4 1.55e+00 3.2e+01
147 129.3  51.6 1.56e+00 3.3e+01
174 129.1  52.2 1.55e+00 3.4e+01
197 129.9  50.8 1.52e+00 3.5e+01
221 130.0  52.3 1.49e+00 3.8e+01
245 128.1  52.1 1.43e+00 4.1e+01
269 128.7  51.0 1.35e+00 4.5e+01
295 131.6  52.3 1.20e+00 -
295 132.1  51.9 1.20e+00 -
295 132.0  51.9 1.20e+00 4.9e+01
318 132.2  52.7 1.09e+00 5.0e+01
348 133.5  53.9 9.82e-01 5.1e+01
374 130.3  53.3 9.42e-01 5.1e+01
397 131.3  52.6 9.06e-01 5.1e+01
424 128.7  53.1 8.67e-01 4.9e+01
448 129.9  53.1 8.12e-01 5.0e+01
474 129.9  53.8 6.92e-01 5.2e+01
499 130.7  53.6 3.76e-01 5.3e+01
524 130.6  52.6 1.27e-01 5.4e+01
548 131.5  51.7 4.73e-02 5.5e+01
573 136.8  48.6 1.48e-02 5.6e+01
584 128.2  37.4 7.51e-03 5.7e+01

Sample: TB1.2.2 vertical
horizontal

Units: A/m ×101
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temp. dec. inc. int. m.s.
20 129.5  48.9 1.32e+00 2.9e+01
63 133.1  44.6 1.28e+00 2.9e+01
83 134.8  47.3 1.31e+00 3.1e+01

101 133.8  46.5 1.30e+00 3.0e+01
123 131.8  48.6 1.31e+00 2.9e+01
147 132.2  47.3 1.30e+00 3.0e+01
174 135.2  46.8 1.31e+00 3.0e+01
197 135.7  47.8 1.30e+00 3.1e+01
221 133.8  46.9 1.27e+00 3.3e+01
245 135.6  48.5 1.26e+00 3.6e+01
269 131.7  45.8 1.19e+00 3.8e+01
295 131.9  48.0 1.12e+00 4.1e+01
318 132.3  47.2 1.05e+00 4.1e+01
318 135.2  49.0 1.04e+00 4.2e+01
348 133.6  47.2 9.52e-01 4.2e+01
374 131.5  48.6 9.37e-01 4.4e+01
397 133.2  49.6 9.02e-01 4.3e+01
424 133.9  48.7 8.56e-01 4.3e+01
448 130.9  48.9 8.03e-01 4.3e+01
474 133.4  48.3 6.80e-01 4.4e+01
499 135.3  47.0 3.42e-01 4.5e+01
524 133.0  47.7 1.10e-01 4.6e+01
548 137.3  45.8 3.78e-02 4.8e+01
573 134.9  41.7 1.28e-02 5.0e+01
584 157.1  38.4 4.72e-03 5.3e+01

Sample: TB1.2.3 vertical
horizontal

Units: A/m ×101
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temp. dec. inc. int. m.s.
20 132.3  43.0 1.12e+00 2.6e+01
63 132.6  48.5 1.11e+00 2.6e+01
83 130.6  49.2 1.12e+00 2.8e+01

101 130.7  50.8 1.14e+00 2.8e+01
123 129.3  48.5 1.13e+00 2.7e+01
147 129.3  48.7 1.13e+00 2.8e+01
174 127.8  49.0 1.14e+00 2.8e+01
197 130.2  50.0 1.13e+00 2.9e+01
221 131.8  50.4 1.12e+00 3.1e+01
245 129.6  49.8 1.11e+00 3.3e+01
269 130.2  50.2 1.08e+00 3.5e+01
295 129.3  47.8 9.84e-01 3.7e+01
318 131.4  47.3 9.26e-01 3.0e+01
348 131.4  48.1 8.75e-01 3.8e+01
374 130.9  48.5 8.47e-01 3.9e+01
397 132.5  50.5 8.31e-01 3.9e+01
424 133.4  49.3 7.83e-01 3.8e+01
448 130.4  51.5 7.48e-01 3.9e+01
474 131.5  49.6 6.55e-01 3.8e+01
499 131.4  49.7 3.55e-01 4.0e+01
524 134.8  47.5 1.16e-01 4.1e+01
548 134.7  47.4 3.53e-02 4.2e+01
573 136.0  46.6 1.04e-02 4.4e+01
584 130.6  33.5 5.30e-03 4.4e+01

Sample: TB1.3.1 vertical
horizontal

Units: A/m ×101
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temp. dec. inc. int. m.s.
20 129.5  48.0 1.48e+00 3.6e+01
63 130.4  50.9 1.49e+00 3.8e+01
83 128.3  50.2 1.51e+00 3.8e+01

101 132.9  49.7 1.50e+00 3.8e+01
123 132.6  47.9 1.49e+00 3.7e+01
147 131.0  48.9 1.50e+00 3.8e+01
174 133.2  50.1 1.49e+00 3.8e+01
197 132.0  51.4 1.49e+00 4.0e+01
221 130.9  51.1 1.46e+00 4.2e+01
245 132.8  49.7 1.41e+00 4.4e+01
269 131.3  50.7 1.38e+00 4.7e+01
295 132.3  49.4 1.21e+00 5.2e+01
318 135.3  49.3 1.10e+00 5.2e+01
348 129.9  49.8 9.95e-01 5.6e+01
374 132.2  50.4 9.30e-01 5.5e+01
397 134.3  50.9 9.00e-01 5.6e+01
424 132.4  51.6 8.68e-01 5.5e+01
448 134.2  51.0 8.23e-01 5.5e+01
474 133.2  50.2 7.40e-01 5.4e+01
499 132.3  49.2 4.58e-01 5.5e+01
524 129.3  49.8 1.59e-01 5.8e+01
548 126.7  45.3 5.10e-02 5.8e+01
573 130.3  45.9 1.65e-02 5.9e+01
584 133.8  37.0 7.67e-03 6.0e+01

Sample: TB1.3.2 vertical
horizontal

Units: A/m ×101
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temp. dec. inc. int. m.s.
20 128.0  48.6 1.10e+00 2.5e+01
63 127.0  48.9 1.10e+00 2.6e+01
83 130.2  50.5 1.10e+00 2.6e+01

101 129.0  50.5 1.12e+00 2.6e+01
123 131.7  49.0 1.10e+00 2.5e+01
147 131.5  49.8 1.12e+00 2.6e+01
174 130.6  52.0 1.13e+00 2.6e+01
197 131.7  51.2 1.12e+00 2.7e+01
221 132.8  52.1 1.12e+00 2.8e+01
245 132.3  51.1 1.11e+00 3.0e+01
269 132.4  49.9 1.08e+00 3.0e+01
295 132.3  50.9 1.02e+00 3.4e+01
318 132.2  52.0 9.94e-01 3.6e+01
348 133.3  52.1 9.51e-01 3.6e+01
374 132.5  50.1 9.16e-01 3.7e+01
397 132.4  52.3 8.95e-01 3.7e+01
424 129.3  52.9 8.65e-01 3.7e+01
448 132.2  53.5 8.24e-01 3.6e+01
474 130.7  50.6 7.35e-01 3.6e+01
499 130.3  49.9 4.62e-01 3.9e+01
524 131.1  51.5 1.59e-01 4.0e+01
548 130.9  50.5 5.11e-02 4.1e+01
573 134.9  48.0 1.80e-02 4.2e+01
584 121.9  41.7 8.28e-03 4.4e+01

Sample: TB1.3.3 vertical
horizontal

Units: A/m ×101
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temp. dec. inc. int. m.s.
20 93.8  6.8 2.87e-01 3.6e+00
50 94.8  5.1 2.87e-01 3.6e+00
89 93.4  10.0 2.85e-01 5.0e+00

116 94.2  18.9 2.84e-01 3.3e+00
134 93.4  14.5 2.87e-01 3.6e+00
162 90.8  15.0 2.88e-01 4.3e+00
178 98.4  14.9 2.90e-01 4.3e+00
201 96.3  18.9 2.88e-01 3.6e+00
227 98.7  18.5 2.90e-01 2.6e+00
252 97.4  19.4 2.88e-01 4.6e+00
273 98.9  19.0 2.88e-01 3.6e+00
298 94.7  19.1 2.87e-01 3.6e+00
327 98.1  17.3 2.86e-01 3.3e+00
347 99.5  15.3 2.86e-01 4.6e+00
376 97.1  17.2 2.77e-01 2.6e+00
399 101.3  18.2 2.71e-01 2.6e+00
425 99.2  18.3 2.63e-01 3.6e+00
447 99.8  17.9 2.55e-01 4.3e+00
475 101.2  15.2 2.44e-01 4.3e+00
498 101.3  16.7 2.25e-01 3.3e+00
526 98.9  16.2 1.73e-01 3.3e+00
553 97.8  17.2 9.36e-02 3.6e+00
581 101.1  8.5 4.47e-02 3.6e+00

Sample: TB3.1.1 vertical
horizontal

Units: A/m ×102
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temp. dec. inc. int. m.s.
20 92.5  11.8 3.49e-01 1.5e+01
50 90.7  12.4 3.49e-01 1.5e+01
89 89.2  14.8 3.48e-01 1.7e+01

116 92.2  14.9 3.50e-01 1.4e+01
134 93.8  14.9 3.50e-01 1.5e+01
162 90.8  15.5 3.49e-01 1.5e+01
178 93.7  15.8 3.50e-01 1.6e+01
201 91.9  17.3 3.53e-01 1.7e+01
227 91.4  17.2 3.51e-01 1.6e+01
252 93.5  20.4 3.51e-01 1.7e+01
273 95.5  18.5 3.50e-01 1.6e+01
298 94.3  17.8 3.48e-01 1.6e+01
327 95.3  19.0 3.42e-01 1.5e+01
347 95.5  18.6 3.40e-01 1.6e+01
376 92.0  18.3 3.34e-01 1.7e+01
399 94.2  18.0 3.29e-01 1.9e+01
425 92.2  18.8 3.17e-01 2.2e+01
447 96.0  19.0 3.09e-01 2.4e+01
475 96.2  18.7 2.93e-01 2.5e+01
498 92.6  18.4 2.71e-01 2.4e+01
526 91.5  18.0 2.11e-01 2.3e+01
553 94.2  16.1 1.09e-01 2.3e+01
581 95.5  16.9 4.51e-02 2.0e+01

Sample: TB3.1.2 vertical
horizontal

Units: A/m ×102
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temp. dec. inc. int. m.s.
20 92.3  14.6 5.62e-01 -
20 95.0  12.6 5.58e-01 2.3e+01
50 93.2  9.8 5.62e-01 2.3e+01
89 91.0  12.8 5.61e-01 2.5e+01

116 91.9  12.6 5.62e-01 2.5e+01
134 90.9  12.9 5.62e-01 2.4e+01
162 94.0  14.2 5.64e-01 2.4e+01
178 94.1  13.6 5.63e-01 2.5e+01
201 93.4  14.9 5.66e-01 2.4e+01
227 93.7  16.7 5.68e-01 2.4e+01
252 93.8  15.8 5.66e-01 2.5e+01
273 94.9  16.6 5.65e-01 2.5e+01
298 94.4  15.8 5.62e-01 2.6e+01
327 93.8  16.3 5.57e-01 2.4e+01
347 92.4  16.2 5.54e-01 2.6e+01
376 94.1  16.0 5.47e-01 2.6e+01
399 93.8  16.0 5.38e-01 3.3e+01
425 94.2  15.4 5.23e-01 4.6e+01
447 96.3  17.2 5.12e-01 5.9e+01
475 93.0  16.0 4.84e-01 8.8e+01
498 96.6  16.1 4.50e-01 1.0e+02
526 94.6  16.6 3.46e-01 1.0e+02
553 93.7  15.6 1.39e-01 8.2e+01
581 94.7  15.2 5.90e-02 6.0e+01

Sample: TB3.1.3 vertical
horizontal

Units: A/m ×101
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temp. dec. inc. int. m.s.
20 87.1  11.0 6.85e-01 1.8e+01
50 76.7  11.1 6.85e-01 1.8e+01
85 77.5  10.0 6.84e-01 1.9e+01

108 83.0  13.7 6.85e-01 1.8e+01
128 82.1  11.6 6.85e-01 1.9e+01
158 79.3  13.4 6.87e-01 1.8e+01
180 80.9  14.8 6.90e-01 2.0e+01
201 81.0  12.3 6.90e-01 1.8e+01
235 77.4  15.4 6.95e-01 1.8e+01
251 84.4  13.2 6.99e-01 2.0e+01
277 83.6  15.6 6.97e-01 1.9e+01
300 85.8  16.1 6.96e-01 1.8e+01
323 85.4  16.3 6.92e-01 1.8e+01
350 85.9  17.1 6.86e-01 2.0e+01
373 85.1  16.7 6.79e-01 2.0e+01
399 83.4  14.4 6.67e-01 1.8e+01
425 84.1  15.5 6.54e-01 2.0e+01
449 87.0  14.7 6.32e-01 2.1e+01
472 85.5  16.1 6.14e-01 2.2e+01
499 81.9  17.6 5.77e-01 2.1e+01
523 86.3  16.3 4.98e-01 2.2e+01
548 88.6  16.5 2.44e-01 2.1e+01
579 84.9  15.6 7.98e-02 2.0e+01

Sample: TB3.2.1 vertical
horizontal

Units: A/m ×101
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temp. dec. inc. int. m.s.
20 82.9  15.0 1.03e+00 5.1e+01
50 82.2  14.7 1.04e+00 5.2e+01
85 82.7  15.1 1.04e+00 5.1e+01

108 82.7  16.0 1.03e+00 5.3e+01
128 83.7  15.6 1.04e+00 5.1e+01
158 82.8  16.3 1.04e+00 5.2e+01
180 81.1  17.1 1.04e+00 5.2e+01
201 84.7  16.1 1.04e+00 5.3e+01
235 81.2  16.3 1.04e+00 5.3e+01
251 82.7  16.9 1.04e+00 5.2e+01
277 84.3  15.7 1.05e+00 5.3e+01
300 82.1  18.4 1.04e+00 5.4e+01
323 83.7  18.4 1.04e+00 5.3e+01
350 83.8  18.7 1.03e+00 5.4e+01
373 84.1  17.5 1.02e+00 5.4e+01
399 86.9  17.6 1.01e+00 5.4e+01
425 86.2  18.3 9.93e-01 5.9e+01
449 85.6  17.6 9.66e-01 6.9e+01
472 85.4  18.1 9.40e-01 7.9e+01
499 86.3  17.8 8.85e-01 9.6e+01
523 85.7  18.4 7.58e-01 9.6e+01
548 85.9  17.5 3.46e-01 9.0e+01
579 81.6  15.9 8.20e-02 7.2e+01

Sample: TB3.2.2 vertical
horizontal

Units: A/m ×101
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0.5

1

1.5

2

2.5

3

3.5

4

M
ag

. s
us

. (
S

.I.
)

temp. dec. inc. int. m.s.
20 97.4  14.7 2.41e-01 2.6e+00
50 89.1  7.2 2.40e-01 2.6e+00
85 91.4  16.0 2.39e-01 3.0e+00

108 94.4  9.1 2.44e-01 2.6e+00
128 94.8  6.9 2.48e-01 3.0e+00
158 92.9  14.1 2.43e-01 2.6e+00
180 96.4  20.7 2.41e-01 2.4e+00
201 95.4  13.2 2.45e-01 3.6e+00
235 96.1  17.3 2.45e-01 2.6e+00
251 96.7  15.8 2.45e-01 3.0e+00
277 94.9  23.4 2.42e-01 3.3e+00
300 97.5  21.9 2.43e-01 2.6e+00
323 96.0  22.3 2.45e-01 2.6e+00
350 96.6  18.1 2.46e-01 2.0e+00
373 99.7  20.1 2.44e-01 3.6e+00
399 97.3  19.1 2.38e-01 2.6e+00
425 99.9  17.8 2.38e-01 2.0e+00
449 97.7  21.4 2.30e-01 3.3e+00
472 100.7  16.3 2.24e-01 3.0e+00
499 99.9  22.5 2.11e-01 2.6e+00
523 101.3  21.2 1.95e-01 3.0e+00
548 102.8  20.4 1.49e-01 1.6e+00
579 93.8  21.0 4.06e-02 2.6e+00

Sample: TB3.3.1 vertical
horizontal

Units: A/m ×102
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Temperature (°C)
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temp. dec. inc. int. m.s.
20 93.7  17.4 3.83e-01 1.7e+01
50 89.9  16.8 3.85e-01 1.9e+01
85 92.6  17.1 3.86e-01 1.7e+01

108 91.5  16.8 3.84e-01 1.9e+01
128 92.6  16.7 3.88e-01 1.8e+01
158 90.2  17.2 3.89e-01 1.9e+01
180 92.0  18.0 3.88e-01 1.7e+01
201 93.6  18.6 3.88e-01 1.9e+01
235 93.5  19.3 3.90e-01 1.8e+01
251 91.8  19.3 3.91e-01 1.8e+01
277 94.9  20.2 3.89e-01 1.9e+01
300 94.4  19.6 3.89e-01 1.8e+01
323 93.9  20.9 3.85e-01 1.7e+01
350 92.7  20.8 3.82e-01 1.8e+01
373 96.6  20.6 3.73e-01 1.8e+01
399 94.8  20.3 3.70e-01 2.0e+01
425 97.0  19.9 3.62e-01 2.8e+01
449 95.6  20.0 3.52e-01 3.2e+01
472 94.7  20.6 3.37e-01 4.0e+01
499 96.9  21.0 3.17e-01 3.6e+01
523 95.0  21.0 2.72e-01 3.7e+01
548 95.2  20.1 1.56e-01 3.7e+01
579 92.3  19.2 6.83e-02 3.6e+01

Sample: TB3.3.2 vertical
horizontal

Units: A/m ×102
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temp. dec. inc. int. m.s.
20 92.0  12.7 8.02e-01 3.4e+01
50 95.5  13.9 8.08e-01 3.5e+01
85 92.8  13.6 8.06e-01 3.6e+01

108 95.1  14.3 8.00e-01 3.4e+01
128 95.7  15.1 8.08e-01 3.4e+01
158 95.2  14.1 8.09e-01 3.5e+01
180 93.6  14.2 8.09e-01 3.4e+01
201 94.8  14.4 8.15e-01 3.6e+01
235 86.0  15.7 8.17e-01 3.7e+01
251 95.0  16.5 8.14e-01 3.4e+01
277 96.2  17.4 8.15e-01 3.7e+01
300 94.2  17.7 8.12e-01 3.6e+01
323 92.5  16.8 8.06e-01 3.7e+01
350 94.8  16.0 7.96e-01 3.6e+01
373 94.6  17.4 7.96e-01 3.7e+01
399 95.5  16.0 7.79e-01 3.8e+01
425 95.9  17.1 7.67e-01 4.5e+01
449 96.4  16.4 7.48e-01 5.5e+01
472 95.7  18.4 7.32e-01 7.6e+01
499 96.4  18.9 6.99e-01 1.0e+02
523 99.1  16.9 5.90e-01 1.2e+02
548 97.8  17.1 2.94e-01 1.1e+02
579 96.1  17.9 8.63e-02 8.7e+01

Sample: TB3.3.3 vertical
horizontal

Units: A/m ×101
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temp. dec. inc. int. m.s.
20 95.0  11.7 3.79e-01 -
20 97.1  11.4 3.55e-01 2.3e+00
50 96.1  5.9 3.50e-01 2.3e+00
89 90.4  16.0 3.50e-01 3.1e+00

116 87.8  11.9 3.53e-01 3.1e+00
134 92.8  12.8 3.52e-01 3.2e+00
162 97.4  12.4 3.53e-01 2.3e+00
178 95.1  13.7 3.57e-01 4.1e+00
201 98.9  16.9 3.59e-01 2.3e+00
227 96.0  16.9 3.58e-01 1.4e+00
252 96.9  17.8 3.55e-01 3.3e+00
273 93.7  18.0 3.58e-01 4.1e+00
298 101.4  19.8 3.54e-01 4.0e+00
327 100.6  17.4 3.49e-01 2.3e+00
347 96.2  21.0 3.46e-01 3.1e+00
376 100.5  16.0 3.40e-01 3.1e+00
399 94.1  16.9 3.32e-01 3.3e+00
425 95.6  17.2 3.23e-01 3.1e+00
447 98.2  16.7 3.13e-01 2.4e+00
475 98.2  17.8 2.98e-01 2.4e+00
498 95.8  15.6 2.75e-01 4.5e-01
526 92.7  15.5 2.20e-01 5.9e-01
553 99.6  16.2 1.30e-01 2.3e+00
581 96.2  19.9 5.52e-02 2.3e+00

Sample: TB3.4.1 vertical
horizontal

Units: A/m ×102
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temp. dec. inc. int. m.s.
20 102.7  17.3 4.26e-01 -
20 93.9  15.5 4.26e-01 1.9e+01
50 97.2  17.0 4.27e-01 1.9e+01
89 91.2  14.7 4.27e-01 2.0e+01

116 93.2  16.3 4.28e-01 2.0e+01
134 92.7  16.6 4.28e-01 2.0e+01
162 93.4  16.1 4.29e-01 1.9e+01
178 94.5  16.8 4.29e-01 2.1e+01
201 95.9  17.1 4.30e-01 1.9e+01
227 94.4  17.5 4.31e-01 1.9e+01
252 95.1  19.8 4.31e-01 2.0e+01
273 97.0  19.1 4.29e-01 2.1e+01
298 97.3  21.0 4.28e-01 2.1e+01
327 97.6  20.3 4.24e-01 2.0e+01
347 96.3  20.5 4.20e-01 2.0e+01
376 96.8  19.0 4.14e-01 2.0e+01
399 100.5  19.3 4.07e-01 2.1e+01
425 101.1  19.5 3.95e-01 2.7e+01
447 99.0  19.6 3.86e-01 2.8e+01
475 99.1  19.7 3.68e-01 3.2e+01
498 99.9  20.0 3.41e-01 3.0e+01
526 97.0  19.3 2.70e-01 2.9e+01
553 99.2  16.9 1.19e-01 2.7e+01
581 98.0  17.6 5.38e-02 2.4e+01

Sample: TB3.4.2 vertical
horizontal

Units: A/m ×101
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temp. dec. inc. int. m.s.
20 94.6  14.2 5.80e-01 -
20 96.9  12.2 5.75e-01 2.5e+01
50 96.3  15.1 5.79e-01 2.7e+01
89 94.9  13.7 5.79e-01 2.8e+01

116 94.5  12.9 5.76e-01 2.6e+01
134 94.5  13.3 5.78e-01 2.6e+01
162 95.6  14.7 5.81e-01 2.8e+01
178 93.8  14.9 5.81e-01 2.9e+01
201 96.0  14.9 5.80e-01 2.7e+01
227 95.7  15.4 5.80e-01 2.6e+01
252 96.4  15.0 5.84e-01 2.8e+01
273 95.4  15.9 5.85e-01 2.8e+01
298 96.3  15.3 5.80e-01 2.8e+01
327 96.1  15.9 5.76e-01 2.8e+01
347 98.4  15.6 5.66e-01 2.7e+01
376 97.5  15.4 5.62e-01 2.7e+01
399 98.1  15.9 5.50e-01 3.1e+01
425 99.2  16.3 5.36e-01 4.4e+01
447 99.5  17.2 5.24e-01 5.0e+01
475 97.1  16.6 5.00e-01 6.6e+01
498 96.9  16.8 4.62e-01 6.1e+01
526 100.6  15.5 3.65e-01 5.4e+01
553 99.5  16.3 1.43e-01 5.1e+01
581 97.2  15.7 6.14e-02 4.1e+01

Sample: TB3.4.3 vertical
horizontal

Units: A/m ×101
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temp. dec. inc. int. m.s.
20 93.5  12.2 3.22e-01 -
20 95.0  11.7 3.20e-01 7.9e+00
50 96.6  12.1 3.22e-01 7.9e+00
89 96.1  12.4 3.22e-01 8.4e+00

116 91.2  12.7 3.21e-01 8.4e+00
134 95.1  12.7 3.19e-01 7.4e+00
162 94.4  16.1 3.23e-01 7.9e+00
178 91.5  12.5 3.23e-01 9.4e+00
201 95.5  13.0 3.24e-01 7.9e+00
227 94.0  12.5 3.23e-01 7.3e+00
252 95.6  14.5 3.25e-01 8.9e+00
273 99.3  15.2 3.24e-01 8.4e+00
298 96.1  15.6 3.24e-01 8.0e+00
327 96.8  18.8 3.24e-01 8.9e+00
347 94.1  16.6 3.20e-01 8.4e+00
376 98.9  16.8 3.09e-01 8.4e+00
399 96.4  17.4 3.09e-01 8.9e+00
425 98.1  18.4 3.00e-01 9.4e+00
447 96.8  17.7 2.93e-01 9.3e+00
475 95.3  16.5 2.80e-01 1.0e+01
498 98.8  17.3 2.60e-01 9.3e+00
526 95.4  16.6 2.11e-01 9.8e+00
553 97.2  15.9 1.02e-01 9.9e+00
581 94.9  18.3 4.79e-02 8.9e+00

Sample: TB3.5.1 vertical
horizontal

Units: A/m ×102
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Temperature (°C)
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temp. dec. inc. int. m.s.
20 102.8  17.0 3.87e-01 -
20 95.5  15.0 3.87e-01 1.8e+01
50 95.0  16.5 3.87e-01 1.8e+01
89 97.1  17.3 3.87e-01 2.0e+01

116 95.2  17.0 3.88e-01 1.8e+01
134 93.7  17.5 3.89e-01 1.9e+01
162 94.6  16.9 3.89e-01 1.8e+01
178 95.5  17.0 3.89e-01 2.0e+01
201 92.5  16.8 3.90e-01 1.8e+01
227 94.2  17.1 3.91e-01 1.9e+01
252 99.6  19.0 3.92e-01 1.8e+01
273 101.7  18.8 3.92e-01 1.9e+01
298 98.1  19.5 3.93e-01 1.9e+01
327 100.9  20.4 3.89e-01 1.9e+01
347 99.2  21.1 3.89e-01 2.0e+01
376 97.3  19.1 3.83e-01 1.9e+01
399 98.0  20.2 3.78e-01 1.9e+01
425 97.5  20.4 3.65e-01 3.3e+01
447 98.2  19.9 3.61e-01 3.9e+01
475 99.5  19.9 3.44e-01 6.4e+01
498 101.1  19.2 3.21e-01 1.0e+02
526 98.5  18.9 2.76e-01 1.1e+02
553 97.5  18.8 1.37e-01 9.0e+01
581 94.8  17.0 5.26e-02 5.8e+01

Sample: TB3.5.2 vertical
horizontal

Units: A/m ×102
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temp. dec. inc. int. m.s.
20 97.5  15.1 7.02e-01 -
20 93.6  14.4 7.02e-01 3.6e+01
50 94.3  15.9 7.02e-01 3.5e+01
89 95.6  16.5 7.02e-01 3.6e+01

116 94.9  17.4 7.02e-01 3.7e+01
134 95.2  18.3 7.04e-01 3.7e+01
162 94.1  15.1 7.06e-01 3.6e+01
178 96.4  16.4 7.09e-01 3.8e+01
201 95.7  16.8 7.11e-01 3.6e+01
227 94.9  17.0 7.11e-01 3.6e+01
252 97.7  18.9 7.10e-01 3.7e+01
273 97.8  17.9 7.09e-01 3.7e+01
298 95.7  18.8 7.06e-01 3.7e+01
327 96.8  18.8 6.99e-01 3.7e+01
347 99.2  19.7 6.92e-01 3.8e+01
376 94.8  18.8 6.84e-01 3.7e+01
399 99.3  20.0 6.74e-01 3.9e+01
425 99.4  20.1 6.62e-01 4.7e+01
447 100.2  20.9 6.45e-01 5.8e+01
475 99.1  19.8 6.20e-01 8.7e+01
498 98.2  19.8 5.93e-01 1.0e+02
526 97.8  18.4 5.11e-01 1.2e+02
553 96.6  20.6 2.40e-01 1.3e+02
581 96.8  18.3 7.00e-02 9.5e+01

Sample: TB3.5.3 vertical
horizontal

Units: A/m ×101



6
E,N

2
S,D

1
W,S

N,U

1

2

3

4

5

6

M
ag

ne
tiz

at
io

n 
(A

/m
) 

×
10

1

100 200 300 400 500 600
Temperature (°C)
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temp. dec. inc. int. m.s.
20 93.5  11.8 5.48e-01 1.2e+01
50 93.9  15.1 5.54e-01 1.3e+01
85 92.8  14.1 5.55e-01 1.3e+01

108 95.8  14.0 5.47e-01 1.1e+01
128 94.7  15.2 5.57e-01 1.2e+01
158 95.8  15.4 5.57e-01 1.4e+01
180 96.1  16.4 5.56e-01 1.1e+01
201 93.5  15.8 5.60e-01 1.3e+01
235 96.8  18.8 5.64e-01 1.3e+01
251 95.5  18.2 5.63e-01 1.1e+01
277 95.2  17.5 5.54e-01 1.2e+01
300 98.7  17.9 5.51e-01 1.2e+01
323 92.3  19.9 5.55e-01 1.3e+01
350 97.7  18.4 5.46e-01 1.2e+01
373 100.0  18.2 5.44e-01 1.3e+01
399 98.7  14.6 5.25e-01 1.2e+01
425 99.6  18.8 5.18e-01 1.5e+01
449 100.5  18.8 5.04e-01 1.7e+01
472 100.8  19.6 4.91e-01 2.0e+01
499 98.7  21.0 4.67e-01 1.8e+01
523 97.8  19.7 4.00e-01 1.8e+01
548 101.8  19.1 2.47e-01 1.6e+01
579 99.7  17.1 1.06e-01 1.5e+01

Sample: TB3.6.1 vertical
horizontal

Units: A/m ×101
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temp. dec. inc. int. m.s.
20 93.6  15.3 6.63e-01 3.0e+01
50 91.5  15.1 6.66e-01 3.1e+01
85 92.3  15.2 6.68e-01 3.2e+01

108 92.2  13.3 6.69e-01 3.1e+01
128 92.8  14.0 6.68e-01 3.2e+01
158 91.9  15.3 6.70e-01 3.2e+01
180 92.9  15.8 6.71e-01 3.2e+01
201 94.3  16.5 6.74e-01 3.2e+01
235 94.8  18.9 6.77e-01 3.4e+01
251 94.8  19.1 6.77e-01 3.2e+01
277 95.0  18.3 6.72e-01 3.3e+01
300 95.3  18.8 6.69e-01 3.2e+01
323 97.9  17.5 6.63e-01 3.3e+01
350 96.3  18.6 6.59e-01 3.4e+01
373 97.6  17.8 6.50e-01 3.3e+01
399 97.4  18.7 6.42e-01 3.8e+01
425 94.5  17.7 6.25e-01 4.4e+01
449 97.7  19.1 6.09e-01 5.5e+01
472 97.4  18.2 5.88e-01 6.5e+01
499 95.6  19.2 5.59e-01 7.6e+01
523 94.5  19.2 4.57e-01 7.4e+01
548 96.2  17.1 2.24e-01 6.2e+01
579 95.9  17.0 8.37e-02 5.0e+01

Sample: TB3.6.2 vertical
horizontal

Units: A/m ×101
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20 99.7  13.7 5.90e-01 6.7e+00
50 95.2  13.7 5.90e-01 6.7e+00
85 98.8  13.9 6.03e-01 7.4e+00

108 95.1  17.7 5.90e-01 7.7e+00
128 95.1  10.6 5.95e-01 6.0e+00
158 97.0  13.7 5.96e-01 7.3e+00
180 95.7  12.0 5.92e-01 5.7e+00
201 97.2  12.5 6.01e-01 7.3e+00
235 100.3  23.5 6.00e-01 8.4e+00
251 102.9  22.8 6.01e-01 5.0e+00
277 98.2  19.0 5.99e-01 7.3e+00
300 95.2  19.2 5.96e-01 6.7e+00
323 102.8  19.8 5.90e-01 7.3e+00
350 98.3  17.5 5.84e-01 7.3e+00
373 102.0  16.7 5.77e-01 7.3e+00
399 94.4  18.0 5.67e-01 7.3e+00
425 96.9  17.0 5.54e-01 7.0e+00
449 96.1  19.4 5.41e-01 7.0e+00
472 96.8  18.3 5.27e-01 6.4e+00
499 97.1  17.2 4.98e-01 6.0e+00
523 95.7  18.8 4.10e-01 6.0e+00
548 99.4  16.9 2.06e-01 5.1e+00
579 95.2  19.1 8.21e-02 5.7e+00

Sample: TB3.7.1 vertical
horizontal

Units: A/m ×101
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20 100.0  14.3 4.92e-01 2.0e+01
50 97.6  14.0 4.91e-01 2.0e+01
85 97.8  13.6 4.92e-01 2.0e+01

108 98.7  16.3 4.92e-01 2.1e+01
128 98.7  15.5 4.93e-01 2.0e+01
158 97.8  15.1 4.91e-01 2.0e+01
180 99.6  16.8 4.95e-01 2.1e+01
201 97.7  16.6 4.98e-01 2.0e+01
235 101.4  17.7 4.96e-01 2.1e+01
251 100.3  18.1 4.98e-01 2.0e+01
277 98.6  18.5 4.95e-01 2.1e+01
300 97.7  18.4 4.91e-01 2.1e+01
323 100.1  18.8 4.89e-01 2.2e+01
350 100.6  19.5 4.83e-01 2.1e+01
373 102.7  18.4 4.73e-01 2.1e+01
399 100.7  19.4 4.68e-01 3.0e+01
425 100.5  19.9 4.56e-01 4.4e+01
449 101.5  19.4 4.42e-01 6.4e+01
472 99.2  19.4 4.25e-01 9.2e+01
499 101.3  18.5 3.97e-01 1.1e+02
523 101.1  20.2 3.09e-01 1.1e+02
548 100.2  19.0 1.50e-01 9.2e+01
579 97.4  18.1 6.12e-02 6.5e+01

Sample: TB3.7.2 vertical
horizontal

Units: A/m ×101
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20 94.6  12.8 3.18e-01 8.1e+00
50 91.1  12.0 3.19e-01 1.0e+01
85 93.5  12.8 3.20e-01 9.6e+00

108 97.0  14.5 3.21e-01 1.0e+01
128 97.4  13.6 3.21e-01 8.6e+00
158 93.7  15.4 3.22e-01 8.5e+00
180 95.4  15.0 3.24e-01 9.1e+00
201 96.3  18.4 3.25e-01 9.5e+00
235 95.6  17.1 3.25e-01 8.5e+00
251 98.2  18.4 3.26e-01 8.6e+00
277 99.6  20.6 3.25e-01 9.5e+00
300 98.2  18.0 3.22e-01 9.1e+00
323 102.0  21.4 3.19e-01 9.5e+00
350 100.4  20.5 3.16e-01 9.5e+00
373 97.1  21.0 3.11e-01 9.5e+00
399 96.9  21.7 3.06e-01 9.5e+00
425 98.3  16.4 2.96e-01 9.6e+00
449 96.6  18.2 2.88e-01 9.6e+00
472 97.4  19.8 2.79e-01 9.2e+00
499 97.8  21.7 2.59e-01 7.6e+00
523 96.9  19.8 2.10e-01 7.6e+00
548 98.3  19.9 1.29e-01 7.6e+00
579 98.8  18.3 4.49e-02 8.1e+00

Sample: TB3.8.1 vertical
horizontal

Units: A/m ×102
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temp. dec. inc. int. m.s.
20 97.5  18.8 4.42e-01 2.7e+01
50 94.8  18.4 4.42e-01 2.8e+01
85 93.2  19.3 4.45e-01 2.9e+01

108 91.9  19.5 4.45e-01 2.9e+01
128 94.2  19.8 4.46e-01 2.9e+01
158 93.2  20.7 4.48e-01 2.9e+01
180 98.1  21.6 4.48e-01 2.8e+01
201 97.6  21.1 4.51e-01 2.9e+01
235 93.9  21.9 4.50e-01 3.0e+01
251 97.6  22.7 4.48e-01 2.7e+01
277 92.9  23.0 4.45e-01 2.9e+01
300 96.2  21.8 4.43e-01 2.9e+01
323 95.8  23.5 4.37e-01 3.0e+01
350 98.4  23.4 4.30e-01 2.9e+01
373 100.4  22.6 4.24e-01 3.0e+01
399 98.7  23.5 4.16e-01 3.7e+01
425 95.2  23.1 4.07e-01 4.5e+01
449 97.5  23.9 3.94e-01 5.7e+01
472 98.1  23.9 3.80e-01 7.0e+01
499 99.9  24.2 3.53e-01 7.6e+01
523 99.3  24.3 2.87e-01 7.1e+01
548 97.4  25.1 1.70e-01 5.7e+01
579 100.2  19.6 4.00e-02 4.2e+01

Sample: TB3.8.2 vertical
horizontal

Units: A/m ×101
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25 304.4 -64.2 1.27e+00 1.2e+02
63 301.7 -65.5 1.27e+00 1.2e+02
83 302.4 -64.1 1.26e+00 1.2e+02

106 300.7 -62.9 1.23e+00 1.2e+02
137 300.4 -63.1 1.21e+00 1.2e+02
152 294.2 -66.7 1.22e+00 1.2e+02
178 296.4 -65.7 1.16e+00 1.2e+02
202 290.9 -64.4 1.17e+00 1.2e+02
228 293.2 -65.6 1.12e+00 1.3e+02
254 291.8 -62.0 1.08e+00 1.3e+02
277 289.7 -64.8 1.05e+00 1.4e+02
301 290.0 -65.3 9.45e-01 1.4e+02
326 292.6 -65.4 8.80e-01 1.5e+02
354 290.5 -62.6 7.70e-01 1.5e+02
378 290.3 -62.5 6.65e-01 1.5e+02
401 287.2 -61.5 5.85e-01 1.5e+02
429 286.9 -68.6 4.73e-01 1.5e+02
449 291.2 -64.3 3.71e-01 1.4e+02
476 289.3 -65.4 2.61e-01 1.4e+02
499 285.6 -62.2 2.01e-01 1.5e+02
526 284.9 -64.7 1.56e-01 1.5e+02
551 292.1 -64.5 1.01e-01 1.6e+02
582 280.4 -62.0 3.42e-02 1.6e+02

Sample: TB4.1.1 vertical
horizontal

Units: A/m ×101
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temp. dec. inc. int. m.s.
25 291.2 -66.7 1.54e+00 1.2e+02
63 290.3 -67.2 1.52e+00 1.2e+02
83 291.0 -66.3 1.49e+00 1.1e+02

106 291.0 -65.2 1.49e+00 1.2e+02
137 290.8 -64.0 1.46e+00 1.1e+02
152 288.3 -63.7 1.47e+00 1.2e+02
178 284.3 -66.0 1.44e+00 1.2e+02
202 282.2 -70.2 1.42e+00 1.2e+02
228 283.2 -66.8 1.37e+00 1.2e+02
254 286.2 -64.0 1.33e+00 1.3e+02
277 286.2 -64.5 1.32e+00 1.3e+02
301 282.6 -68.7 1.26e+00 1.4e+02
326 284.3 -65.1 1.24e+00 1.4e+02
354 283.9 -65.8 1.17e+00 1.4e+02
378 281.6 -67.4 1.09e+00 1.4e+02
401 281.0 -67.0 9.84e-01 1.4e+02
429 281.2 -70.9 8.38e-01 1.4e+02
449 279.4 -68.7 7.16e-01 1.4e+02
476 281.2 -66.8 5.10e-01 1.3e+02
499 278.5 -67.7 3.58e-01 1.3e+02
526 277.5 -69.4 2.68e-01 1.4e+02
551 278.7 -65.4 1.83e-01 1.5e+02
582 273.5 -69.3 7.08e-02 1.5e+02

Sample: TB4.1.2 vertical
horizontal

Units: A/m ×101
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temp. dec. inc. int. m.s.
25 285.3 -67.5 2.11e+00 1.2e+02
63 284.8 -68.6 2.09e+00 1.2e+02
83 283.2 -68.7 2.08e+00 1.2e+02

106 283.1 -69.6 2.06e+00 1.2e+02
137 283.8 -70.2 2.04e+00 1.2e+02
152 280.9 -66.8 2.05e+00 1.2e+02
178 279.9 -65.5 2.01e+00 1.2e+02
202 278.6 -72.2 1.96e+00 1.2e+02
228 278.3 -70.5 1.94e+00 1.2e+02
254 278.4 -69.3 1.92e+00 1.3e+02
277 282.1 -65.2 1.90e+00 1.3e+02
301 279.3 -66.2 1.87e+00 1.4e+02
326 280.2 -69.0 1.85e+00 1.4e+02
354 281.6 -66.0 1.82e+00 1.4e+02
378 276.5 -68.7 1.76e+00 1.4e+02
401 279.1 -66.7 1.67e+00 1.4e+02
429 274.8 -68.8 1.53e+00 1.4e+02
449 276.7 -67.4 1.41e+00 1.4e+02
476 277.1 -67.6 1.16e+00 1.3e+02
499 278.1 -66.7 9.02e-01 1.3e+02
526 273.8 -68.5 5.53e-01 1.4e+02
551 274.0 -67.1 3.03e-01 1.5e+02
582 275.9 -62.6 1.12e-01 1.5e+02

Sample: TB4.1.3 vertical
horizontal

Units: A/m ×101
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temp. dec. inc. int. m.s.
25 294.0 -64.2 1.71e+00 1.2e+02
63 293.0 -64.4 1.68e+00 1.2e+02
83 295.4 -64.0 1.66e+00 1.2e+02

106 288.0 -67.3 1.66e+00 1.3e+02
137 291.1 -65.4 1.62e+00 1.3e+02
152 286.2 -63.3 1.62e+00 1.3e+02
178 284.9 -64.5 1.52e+00 1.3e+02
202 287.6 -61.2 1.50e+00 1.3e+02
228 285.9 -61.1 1.44e+00 1.4e+02
254 285.2 -61.8 1.38e+00 1.4e+02
277 286.2 -62.6 1.36e+00 1.5e+02
301 286.9 -61.7 1.31e+00 1.5e+02
326 289.5 -61.9 1.28e+00 1.5e+02
354 285.7 -67.1 1.23e+00 1.5e+02
378 288.1 -63.3 1.16e+00 1.5e+02
401 288.0 -62.7 1.04e+00 1.5e+02
429 284.7 -64.5 8.85e-01 1.5e+02
449 288.4 -64.0 7.40e-01 1.4e+02
476 281.5 -65.0 5.18e-01 1.5e+02
499 283.1 -65.4 4.06e-01 1.5e+02
526 281.9 -65.1 3.27e-01 1.5e+02
551 279.9 -64.0 2.09e-01 1.6e+02
582 275.2 -67.0 7.60e-02 1.7e+02

Sample: TB4.2.1 vertical
horizontal

Units: A/m ×101
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temp. dec. inc. int. m.s.
25 297.9 -62.5 2.14e+00 1.3e+02
63 294.8 -63.3 2.14e+00 1.4e+02
83 294.7 -60.9 2.12e+00 1.4e+02

106 292.8 -61.1 2.10e+00 1.4e+02
137 291.4 -62.6 2.09e+00 1.4e+02
152 292.9 -61.6 2.06e+00 1.4e+02
178 289.9 -65.0 1.99e+00 1.4e+02
202 288.6 -62.7 1.94e+00 1.5e+02
228 292.2 -63.7 1.87e+00 1.5e+02
254 288.7 -63.6 1.84e+00 1.6e+02
277 290.8 -64.7 1.79e+00 1.6e+02
301 290.6 -63.5 1.74e+00 1.7e+02
326 290.9 -63.2 1.69e+00 1.7e+02
354 292.3 -65.2 1.62e+00 1.7e+02
378 290.0 -64.3 1.53e+00 1.7e+02
401 291.2 -64.6 1.38e+00 1.6e+02
429 286.3 -65.0 1.14e+00 1.6e+02
449 286.7 -65.4 9.35e-01 1.6e+02
476 285.7 -64.1 6.54e-01 1.6e+02
499 286.8 -64.9 5.03e-01 1.6e+02
526 282.9 -68.0 3.68e-01 1.7e+02
551 283.6 -68.4 2.36e-01 1.7e+02
582 277.3 -63.5 6.82e-02 1.8e+02

Sample: TB4.2.2 vertical
horizontal

Units: A/m ×101
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temp. dec. inc. int. m.s.
25 295.6 -61.6 2.55e+00 1.3e+02
63 296.6 -64.6 2.55e+00 1.3e+02
83 291.7 -67.8 2.52e+00 1.3e+02

106 290.3 -68.2 2.48e+00 1.3e+02
137 294.0 -60.6 2.46e+00 1.3e+02
152 291.3 -62.8 2.45e+00 1.3e+02
178 289.3 -65.9 2.40e+00 1.3e+02
202 287.8 -64.6 2.33e+00 1.4e+02
228 287.8 -64.1 2.29e+00 1.4e+02
254 292.7 -63.2 2.22e+00 1.5e+02
277 285.3 -64.7 2.22e+00 1.5e+02
301 287.8 -62.3 2.18e+00 1.6e+02
326 286.9 -63.7 2.14e+00 1.6e+02
354 287.4 -64.7 2.10e+00 1.6e+02
378 287.5 -64.4 2.04e+00 1.6e+02
401 284.3 -69.6 1.93e+00 1.6e+02
429 286.4 -67.0 1.69e+00 1.5e+02
449 283.6 -66.0 1.41e+00 1.5e+02
476 284.7 -64.2 9.90e-01 1.5e+02
499 284.5 -65.8 7.49e-01 1.5e+02
526 279.6 -66.8 4.44e-01 1.6e+02
551 277.7 -66.1 2.30e-01 1.6e+02
582 262.4 -70.2 3.61e-02 1.7e+02

Sample: TB4.2.3 vertical
horizontal

Units: A/m ×101
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temp. dec. inc. int. m.s.
25 294.4 -62.7 1.48e+00 1.4e+02
63 291.8 -65.7 1.46e+00 1.4e+02
83 289.1 -65.3 1.45e+00 1.4e+02

106 289.8 -66.0 1.42e+00 1.4e+02
137 288.0 -63.3 1.41e+00 1.4e+02
152 288.6 -61.7 1.40e+00 1.4e+02
178 288.9 -63.2 1.35e+00 1.4e+02
202 281.8 -66.2 1.31e+00 1.5e+02
228 282.0 -66.2 1.28e+00 1.5e+02
254 282.3 -61.8 1.24e+00 1.6e+02
277 281.3 -65.4 1.19e+00 1.6e+02
301 286.4 -64.1 1.12e+00 1.7e+02
326 283.7 -65.6 1.04e+00 1.7e+02
354 284.1 -65.7 9.59e-01 1.7e+02
378 283.4 -64.1 8.57e-01 1.7e+02
401 284.1 -65.4 7.10e-01 1.7e+02
429 282.4 -65.7 5.41e-01 1.6e+02
449 284.0 -69.0 3.91e-01 1.6e+02
476 278.5 -65.9 2.72e-01 1.6e+02
499 287.8 -66.4 2.29e-01 1.7e+02
526 280.0 -66.5 1.61e-01 1.8e+02
551 278.5 -66.7 9.31e-02 1.9e+02
582 256.8 -68.9 1.59e-02 2.0e+02

Sample: TB4.3.1 vertical
horizontal

Units: A/m ×101





10
E,N

10
S,D

W,S

10
N,U

0.5

1

1.5

2

M
ag

ne
tiz

at
io

n 
(A

/m
)

100 200 300 400 500 600
Temperature (°C)

5

10

15

20

25

30

35

M
ag

. s
us

. (
S

.I.
)
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25 48.0  36.1 1.56e+00 1.9e+01
63 47.9  30.5 1.55e+00 1.8e+01
83 49.0  38.2 1.56e+00 2.0e+01

106 48.2  35.1 1.56e+00 1.9e+01
137 47.6  32.3 1.56e+00 1.9e+01
152 47.3  35.0 1.57e+00 1.9e+01
178 47.5  34.7 1.57e+00 2.0e+01
202 47.9  33.2 1.56e+00 1.9e+01
228 46.6  36.9 1.55e+00 2.1e+01
254 46.2  40.1 1.52e+00 2.2e+01
277 46.1  31.1 1.49e+00 2.3e+01
301 47.5  33.2 1.45e+00 2.4e+01
326 47.1  26.8 1.41e+00 2.4e+01
354 46.6  28.0 1.36e+00 2.6e+01
378 46.0  29.5 1.31e+00 2.5e+01
401 46.3  32.9 1.23e+00 2.5e+01
429 45.7  28.2 1.09e+00 2.4e+01
449 46.5  27.5 8.78e-01 2.3e+01
476 46.3  27.9 5.96e-01 2.4e+01
499 46.4  34.0 3.88e-01 2.4e+01
526 46.3  28.9 1.28e-01 2.6e+01
551 46.5  31.4 5.87e-02 3.0e+01
582 44.7  27.4 1.02e-02 3.1e+01

Sample: TB5.1.1 vertical
horizontal

Units: A/m ×101
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25 45.5  39.1 1.33e+00 1.8e+01
63 46.6  39.3 1.33e+00 1.7e+01
83 44.3  39.1 1.32e+00 1.7e+01

106 43.6  34.2 1.33e+00 1.6e+01
137 45.4  44.2 1.34e+00 1.7e+01
152 46.2  37.9 1.34e+00 1.9e+01
178 44.8  37.2 1.30e+00 1.8e+01
202 45.9  36.2 1.33e+00 1.9e+01
228 45.8  35.2 1.30e+00 1.9e+01
254 43.7  36.7 1.29e+00 2.0e+01
277 45.8  36.4 1.28e+00 2.0e+01
301 44.2  34.8 1.25e+00 2.1e+01
326 46.9  32.1 1.22e+00 2.3e+01
354 45.6  28.7 1.16e+00 2.1e+01
378 44.7  33.1 1.12e+00 2.3e+01
401 47.2  35.8 1.06e+00 2.2e+01
429 48.1  35.8 9.42e-01 2.3e+01
449 46.2  39.0 7.71e-01 2.2e+01
476 45.8  32.1 5.39e-01 2.1e+01
499 49.1  30.8 3.63e-01 2.2e+01
526 47.1  38.7 1.20e-01 2.4e+01
551 47.9  28.8 5.43e-02 2.7e+01
582 48.3  25.4 9.43e-03 2.8e+01

Sample: TB5.1.2 vertical
horizontal

Units: A/m ×101
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25 46.9  35.0 1.74e+00 2.1e+01
63 47.1  33.2 1.74e+00 2.2e+01
83 45.9  32.1 1.74e+00 2.2e+01

106 44.3  33.8 1.73e+00 2.2e+01
137 45.8  43.8 1.74e+00 2.2e+01
152 47.1  36.5 1.73e+00 2.3e+01
178 46.3  34.5 1.72e+00 2.3e+01
202 46.1  37.3 1.72e+00 2.3e+01
228 46.3  35.9 1.70e+00 2.4e+01
254 46.3  32.3 1.65e+00 2.6e+01
277 47.4  35.1 1.60e+00 2.7e+01
301 46.8  32.8 1.53e+00 2.9e+01
326 48.4  33.0 1.47e+00 3.1e+01
354 48.5  34.3 1.39e+00 3.0e+01
378 49.6  34.3 1.37e+00 3.1e+01
401 50.2  35.6 1.29e+00 3.0e+01
429 50.3  33.1 1.21e+00 3.1e+01
449 49.9  34.8 1.05e+00 3.0e+01
476 48.3  30.6 7.64e-01 2.9e+01
499 49.3  30.0 5.26e-01 3.0e+01
526 49.6  30.8 1.51e-01 3.1e+01
551 49.1  32.2 6.31e-02 3.5e+01
582 43.4  30.4 8.38e-03 3.3e+01

Sample: TB5.2.1 vertical
horizontal

Units: A/m ×101
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25 47.4  34.5 1.93e+00 2.7e+01
63 46.8  35.2 1.93e+00 2.8e+01
83 48.5  29.1 1.94e+00 2.8e+01

106 46.4  38.6 1.92e+00 2.8e+01
137 46.1  42.9 1.93e+00 2.7e+01
152 46.2  40.4 1.94e+00 2.9e+01
178 46.6  39.5 1.93e+00 2.9e+01
202 47.0  33.5 1.92e+00 2.8e+01
228 46.5  31.0 1.91e+00 2.8e+01
254 46.5  34.7 1.87e+00 3.1e+01
277 47.5  36.0 1.85e+00 3.2e+01
301 49.1  35.0 1.77e+00 3.5e+01
326 49.0  33.0 1.69e+00 3.6e+01
354 46.8  39.0 1.60e+00 3.7e+01
378 48.8  30.0 1.56e+00 3.8e+01
401 48.2  38.6 1.48e+00 3.8e+01
429 47.1  31.5 1.39e+00 3.8e+01
449 48.8  32.2 1.23e+00 3.5e+01
476 48.2  32.5 9.09e-01 3.5e+01
499 47.7  33.8 6.38e-01 3.6e+01
526 47.3  33.6 1.70e-01 3.7e+01
551 48.5  31.4 7.09e-02 4.2e+01
582 48.9  17.0 1.28e-02 4.4e+01

Sample: TB5.2.2 vertical
horizontal

Units: A/m ×101
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25 47.2  41.8 1.33e+00 1.9e+01
63 49.7  41.9 1.32e+00 1.8e+01
83 49.6  35.4 1.31e+00 1.8e+01

106 49.2  37.3 1.32e+00 1.8e+01
137 48.0  43.0 1.31e+00 1.7e+01
152 46.8  42.2 1.32e+00 2.0e+01
178 46.6  37.7 1.31e+00 1.9e+01
202 48.0  39.0 1.31e+00 1.9e+01
228 47.9  36.3 1.29e+00 1.8e+01
254 46.9  38.7 1.28e+00 1.9e+01
277 47.4  38.7 1.27e+00 1.9e+01
301 47.3  40.0 1.24e+00 2.2e+01
326 48.5  41.5 1.21e+00 2.3e+01
354 49.5  38.6 1.19e+00 2.4e+01
378 49.2  38.0 1.15e+00 2.5e+01
401 50.3  34.6 1.10e+00 2.4e+01
429 48.5  35.5 1.05e+00 2.5e+01
449 48.6  39.9 9.72e-01 2.4e+01
476 50.5  35.0 7.61e-01 2.3e+01
499 50.2  35.5 5.67e-01 2.4e+01
526 47.1  33.7 2.06e-01 2.4e+01
551 48.1  38.8 8.12e-02 2.8e+01
582 49.4  32.6 1.56e-02 2.9e+01

Sample: TB5.3.1 vertical
horizontal

Units: A/m ×101
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25 44.0  36.7 1.43e+00 2.6e+01
63 43.0  38.0 1.42e+00 2.6e+01
83 43.5  38.3 1.43e+00 2.6e+01

106 45.5  36.7 1.44e+00 2.5e+01
137 43.5  39.0 1.42e+00 2.6e+01
152 45.7  39.0 1.44e+00 2.7e+01
178 45.0  33.4 1.43e+00 2.8e+01
202 44.9  33.9 1.43e+00 2.7e+01
228 45.2  37.5 1.41e+00 2.7e+01
254 44.8  37.9 1.39e+00 2.8e+01
277 44.8  37.2 1.33e+00 2.9e+01
301 43.8  38.4 1.22e+00 3.2e+01
326 47.3  40.4 1.14e+00 3.4e+01
354 47.4  35.0 9.98e-01 3.6e+01
378 48.6  34.0 9.69e-01 3.8e+01
401 45.0  40.4 9.09e-01 3.7e+01
429 47.1  36.2 8.25e-01 3.8e+01
449 47.0  38.9 7.76e-01 3.6e+01
476 47.3  36.7 6.57e-01 3.5e+01
499 48.1  36.2 5.29e-01 3.5e+01
526 47.1  32.4 1.53e-01 3.6e+01
551 47.0  33.6 6.61e-02 4.0e+01
582 44.2  15.7 9.07e-03 4.0e+01

Sample: TB5.4.1 vertical
horizontal

Units: A/m ×101
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25 45.3  50.7 1.94e+00 2.5e+01
63 43.8  53.8 1.93e+00 2.5e+01
83 48.0  49.6 1.93e+00 2.4e+01

106 47.3  49.7 1.94e+00 2.5e+01
137 47.3  52.6 1.94e+00 2.4e+01
152 44.4  52.7 1.94e+00 2.6e+01
178 47.6  49.1 1.94e+00 2.6e+01
202 44.8  53.5 1.94e+00 2.6e+01
228 45.9  52.2 1.94e+00 2.5e+01
254 43.8  54.4 1.93e+00 2.6e+01
277 49.3  51.8 1.92e+00 2.6e+01
301 48.0  49.7 1.89e+00 2.7e+01
326 47.8  50.5 1.86e+00 2.8e+01
354 48.1  51.7 1.83e+00 2.8e+01
378 49.3  48.7 1.81e+00 2.8e+01
401 47.8  52.5 1.78e+00 2.8e+01
429 46.2  50.9 1.74e+00 2.9e+01
449 48.7  52.7 1.73e+00 2.8e+01
476 48.0  51.3 1.67e+00 2.8e+01
499 47.9  50.2 1.56e+00 2.8e+01
526 49.6  49.9 1.24e+00 2.7e+01
551 50.2  50.6 4.03e-01 2.9e+01
582 46.5  62.0 2.68e-02 2.7e+01

Sample: TB6.1.1 vertical
horizontal

Units: A/m ×101
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25 43.6  54.1 2.06e+00 2.8e+01
63 48.9  50.7 2.08e+00 2.7e+01
83 47.3  51.5 2.08e+00 2.7e+01

106 46.8  53.1 2.08e+00 2.6e+01
137 46.3  56.4 2.08e+00 2.6e+01
152 49.0  51.0 2.08e+00 2.8e+01
178 46.3  54.1 2.08e+00 2.8e+01
202 46.5  53.8 2.08e+00 2.8e+01
228 48.4  52.1 2.09e+00 2.7e+01
254 46.1  54.3 2.09e+00 2.9e+01
277 48.1  52.1 2.07e+00 2.9e+01
301 46.7  51.5 2.03e+00 3.0e+01
326 43.8  53.9 2.01e+00 3.0e+01
354 46.3  50.6 1.98e+00 3.0e+01
378 47.7  47.9 1.95e+00 3.0e+01
401 44.2  51.7 1.92e+00 3.0e+01
429 47.0  48.5 1.90e+00 3.2e+01
449 48.4  50.2 1.86e+00 3.0e+01
476 47.5  50.2 1.81e+00 3.1e+01
499 48.4  50.1 1.71e+00 3.1e+01
526 48.3  51.3 1.44e+00 3.0e+01
551 49.7  48.7 5.40e-01 3.1e+01
582 46.5  49.3 9.31e-02 2.9e+01

Sample: TB6.1.2 vertical
horizontal

Units: A/m ×101
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25 42.4  53.9 1.88e+00 2.5e+01
63 46.9  48.6 1.88e+00 2.5e+01
83 47.2  51.2 1.88e+00 2.4e+01

106 46.0  52.7 1.88e+00 2.3e+01
137 48.2  50.6 1.89e+00 2.3e+01
152 49.2  50.5 1.89e+00 2.5e+01
178 47.7  52.0 1.89e+00 2.5e+01
202 46.7  52.1 1.89e+00 2.5e+01
228 46.4  54.9 1.89e+00 2.5e+01
254 46.6  51.3 1.88e+00 2.7e+01
277 49.1  51.6 1.87e+00 2.0e+00
301 48.3  51.4 1.83e+00 2.6e+01
326 45.6  51.0 1.81e+00 2.7e+01
354 45.5  52.2 1.79e+00 2.6e+01
378 50.5  49.0 1.76e+00 2.8e+01
401 45.7  53.9 1.74e+00 2.8e+01
429 49.7  47.1 1.71e+00 2.8e+01
449 47.4  50.6 1.69e+00 2.7e+01
476 47.9  49.6 1.63e+00 2.7e+01
499 46.5  50.2 1.55e+00 2.7e+01
526 47.5  49.3 1.29e+00 2.7e+01
551 49.6  50.2 4.63e-01 2.8e+01
582 48.6  49.9 1.08e-01 2.6e+01

Sample: TB6.1.3 vertical
horizontal

Units: A/m ×101
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25 35.9  54.8 1.68e+00 2.3e+01
63 37.7  54.5 1.69e+00 2.3e+01
83 37.0  53.4 1.69e+00 2.3e+01

106 38.1  56.7 1.72e+00 2.4e+01
137 37.0  57.5 1.73e+00 2.3e+01
152 38.7  54.2 1.70e+00 2.3e+01
178 38.6  52.4 1.68e+00 2.3e+01
202 40.0  52.7 1.70e+00 2.5e+01
228 39.2  52.7 1.69e+00 2.6e+01
254 37.5  49.9 1.64e+00 2.6e+01
277 39.3  51.8 1.65e+00 2.6e+01
301 38.5  50.6 1.61e+00 2.5e+01
326 40.3  53.5 1.61e+00 2.6e+01
354 41.0  54.0 1.59e+00 2.6e+01
378 41.5  52.6 1.55e+00 2.6e+01
401 42.7  52.8 1.55e+00 2.7e+01
429 40.8  52.3 1.51e+00 2.8e+01
449 44.2  52.3 1.49e+00 2.7e+01
476 38.0  55.9 1.40e+00 2.7e+01
499 38.3  55.1 1.26e+00 2.6e+01
526 41.9  53.2 9.24e-01 2.8e+01
551 41.6  53.2 2.87e-01 2.7e+01
582 43.3  52.4 1.08e-01 2.7e+01

Sample: TB6.2.1 vertical
horizontal

Units: A/m ×101
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25 41.2  53.4 1.57e+00 2.1e+01
63 37.6  54.0 1.56e+00 2.1e+01
83 35.2  57.0 1.57e+00 2.1e+01

106 40.1  51.2 1.56e+00 2.0e+01
137 37.3  54.9 1.58e+00 2.0e+01
152 35.0  57.5 1.56e+00 2.1e+01
178 40.1  52.3 1.57e+00 2.1e+01
202 42.5  51.4 1.57e+00 2.2e+01
228 38.3  52.7 1.56e+00 2.3e+01
254 38.9  50.2 1.54e+00 2.3e+01
277 37.7  54.7 1.52e+00 2.4e+01
301 41.0  51.5 1.49e+00 2.3e+01
326 39.0  52.1 1.46e+00 2.3e+01
354 43.7  50.3 1.44e+00 2.3e+01
378 45.2  49.3 1.43e+00 2.4e+01
401 42.1  50.6 1.40e+00 2.4e+01
429 42.6  53.5 1.37e+00 2.5e+01
449 46.6  50.7 1.33e+00 2.2e+01
476 42.6  53.9 1.24e+00 2.5e+01
499 43.7  53.2 1.09e+00 2.7e+01
526 45.2  49.9 7.28e-01 2.9e+01
551 42.5  51.4 2.29e-01 2.9e+01
582 45.4  48.2 9.78e-02 3.3e+01

Sample: TB6.2.2 vertical
horizontal

Units: A/m ×101
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25 39.9  54.1 1.86e+00 2.6e+01
63 41.4  54.3 1.87e+00 2.7e+01
83 40.5  55.0 1.87e+00 2.6e+01

106 41.4  53.7 1.87e+00 2.6e+01
137 40.3  58.2 1.88e+00 2.6e+01
152 39.5  56.8 1.88e+00 2.7e+01
178 44.3  53.7 1.86e+00 2.7e+01
202 43.9  54.0 1.89e+00 2.8e+01
228 41.7  54.8 1.87e+00 2.8e+01
254 41.8  51.9 1.85e+00 3.0e+01
277 41.7  55.3 1.82e+00 3.0e+01
301 41.0  52.0 1.76e+00 2.8e+01
326 38.9  58.1 1.75e+00 2.9e+01
354 43.9  55.8 1.73e+00 3.0e+01
378 48.2  50.7 1.70e+00 3.1e+01
401 44.0  56.4 1.66e+00 3.0e+01
429 43.9  56.0 1.60e+00 3.2e+01
449 44.1  54.6 1.52e+00 3.0e+01
476 45.8  53.1 1.45e+00 3.2e+01
499 47.2  54.4 1.24e+00 3.3e+01
526 44.4  53.9 6.89e-01 3.4e+01
551 47.7  53.9 2.15e-01 3.4e+01
582 46.8  54.9 8.86e-02 3.6e+01

Sample: TB6.2.3 vertical
horizontal

Units: A/m ×101
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25 45.4  47.1 1.31e+00 1.7e+01
63 46.0  46.2 1.32e+00 1.7e+01
83 48.5  48.7 1.32e+00 1.7e+01

106 47.4  45.2 1.31e+00 1.7e+01
137 46.6  50.6 1.33e+00 1.7e+01
152 46.2  44.6 1.32e+00 1.6e+01
178 50.6  44.7 1.33e+00 1.8e+01
202 49.4  47.1 1.34e+00 1.8e+01
228 48.6  46.7 1.32e+00 1.9e+01
254 47.8  44.0 1.30e+00 1.9e+01
277 47.5  47.6 1.28e+00 1.8e+01
301 50.0  43.2 1.27e+00 1.8e+01
326 51.1  43.9 1.26e+00 1.8e+01
354 52.6  42.5 1.24e+00 1.9e+01
378 50.8  40.6 1.22e+00 1.9e+01
401 49.1  45.6 1.20e+00 1.9e+01
429 50.4  43.3 1.17e+00 2.0e+01
449 50.5  42.0 1.15e+00 1.9e+01
476 52.1  43.8 1.09e+00 2.0e+01
499 51.0  43.4 9.81e-01 1.9e+01
526 51.5  41.3 6.02e-01 1.9e+01
551 52.4  41.2 2.09e-01 1.8e+01
582 51.9  38.4 6.34e-02 1.8e+01

Sample: TB6.3.1 vertical
horizontal

Units: A/m ×101
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25 47.1  51.7 1.70e+00 2.1e+01
63 47.3  48.2 1.70e+00 2.0e+01
83 47.5  49.3 1.70e+00 2.2e+01

106 47.1  48.3 1.70e+00 2.1e+01
137 46.3  49.1 1.71e+00 2.1e+01
152 48.7  45.2 1.71e+00 2.1e+01
178 46.8  48.2 1.71e+00 2.2e+01
202 48.7  46.8 1.70e+00 2.3e+01
228 45.8  49.0 1.70e+00 2.3e+01
254 48.6  43.1 1.68e+00 2.3e+01
277 47.1  47.7 1.66e+00 2.3e+01
301 46.8  45.4 1.63e+00 2.3e+01
326 49.5  43.3 1.62e+00 2.4e+01
354 47.9  48.0 1.59e+00 2.4e+01
378 49.9  43.0 1.57e+00 2.4e+01
401 51.3  45.1 1.54e+00 2.4e+01
429 50.2  43.9 1.51e+00 2.5e+01
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476 50.6  44.6 1.38e+00 2.4e+01
499 49.9  42.2 1.27e+00 2.4e+01
526 48.8  42.2 7.52e-01 2.4e+01
551 50.5  46.9 2.79e-01 2.3e+01
582 48.8  44.2 6.57e-02 2.3e+01

Sample: TB6.3.2 vertical
horizontal

Units: A/m ×101
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Appendix 4.1

Field sample 

number
Field location NZTM Coordinates Description/map code

RPC006A Site 1, Whangaehu valley, Ruapehu 1822873 5648498 Breccia matrix

RPC006B Site 1, Whangaehu valley, Ruapehu 1822873 5648498 Breccia clast

RPC006C Site 1, Whangaehu valley, Ruapehu 1822873 5648498 Intrusion margin

RPC006D Site 1, Whangaehu valley, Ruapehu 1822873 5648498 Intrusion interior

RPC007 Site 1, Whangaehu valley, Ruapehu 1822984 5648387 Breccia clast

RPC032B Site 1, Whangaehu valley, Ruapehu 1822912 5648488 Breccia

RPC033 Site 1, Whangaehu valley, Ruapehu 1822873 5648522 Grey breccia

RPC146B Site 1, Whangaehu valley, Ruapehu 1822916 5648442 Overlying lapilli tuff

RPC165A Site 2, Whangaehu valley, Ruapehu 1823757 5648180 Breccia clasts

RPC165B Site 2, Whangaehu valley, Ruapehu 1823757 5648180 Breccia matrix

RPC167A Site 1, Whangaehu valley, Ruapehu 1822869 5648412 Andesite dyke

RPC168 Site 1, Whangaehu valley, Ruapehu 1822918 5648468 Lobate intrusion

RPC169 Site 1, Whangaehu valley, Ruapehu 1822874 5648524 Grey breccia

RPC170 Site 1, Whangaehu valley, Ruapehu 1822853 5648558 Breccia clast

RPC182B Site 1, Whangaehu valley, Ruapehu 1822870 5648521 Breccia

RPC183B Site 1, Whangaehu valley, Ruapehu 1823002 5648400 Breccia

RPC183C Site 1, Whangaehu valley, Ruapehu 1823002 5648400 Fracture fill

RPC192A Site 1, Whangaehu valley, Ruapehu 1822883 5648529 Lobate intrusion margin

RPC192B Site 1, Whangaehu valley, Ruapehu 1822883 5648529 Lobate intrusion interior

RPC197A Site 3, Wahianoa valley, Ruapehu 1823772 5646712 Breccia matrix

RPC197B Site 3, Wahianoa valley, Ruapehu 1823772 5646712 Breccia clasts

RPC198 Site 3, Wahianoa valley, Ruapehu 1823679 5646945 Lobate intrusion

RPC199 Site 1, Whangaehu valley, Ruapehu 1822882 5648520 Lobate intrusion



Appendix 4.2

Whole rock XRF of intrusive lobes

Sample Name Location Major elements (wt%)

SiO2 Al2O3 TiO2 MnO Fe2O3 MgO CaO Na2O K2O P2O5 SO3 Sr Ba LOI Sum

RPC 168 Site 1 56.45 16.88 0.75 0.150 8.38 5.35 7.81 3.03 1.00 0.13 0.020 0.024 0.0237 0.30 99.99

RPC 192A Site 1 56.80 16.95 0.75 0.122 8.35 5.52 7.55 2.89 0.86 0.13 0.041 0.023 0.0225 1.03 99.99

RPC 192B Site 1 56.87 16.96 0.75 0.117 7.98 5.50 7.67 2.98 0.96 0.13 0.030 0.023 0.0234 0.65 99.99

RPC 198 Site 3 58.66 19.30 0.76 0.098 6.65 2.28 6.91 3.80 1.32 0.16 0.010 0.027 0.0267 0.11 99.99

RPC 199 Site 1 57.16 17.59 0.77 0.112 7.46 5.05 7.40 3.12 1.11 0.13 0.030 0.024 0.0244 0.49 99.99

Sample Name Trace elements (ppm)

Sc V Cr Co Ni Cu Zn Ga As Rb Sr Y Zr Nb Mo Sn Sb Cs Ba La Ce Nd Tl Pb Th U

RPC 168 Site 1 29 306 77 55 27 34 86 19 5 34 248 21 83 4 4 2 1 3 265 4 22 14 0 4 4 3

RPC 192A Site 1 31 254 93 48 28 33 68 20 6 36 238 19 81 3 4 2 1 3 267 7 22 10 0 4 4 3

RPC 192B Site 1 31 268 92 43 28 26 72 18 5 35 243 18 82 4 4 2 1 3 270 6 22 13 0 4 4 3

RPC 198 Site 3 20 195 0 45 14 48 68 20 5 45 266 21 104 4 4 3 4 3 325 4 29 14 0 5 4 3

RPC 199 Site 1 31 254 59 44 24 46 100 19 7 40 253 22 86 4 4 2 3 2 282 5 22 18 0 3 4 3

Site Locations NZTM Coordinates

Site 1 1822918 5648468

Site 2 1823757 5648180*

Site 3 1823609 5647023

* accuracy may be affected by poor signal in gorge



Appendix 4.3

EDS Major element analyses of intrusive lobe groundmasses

Oxide wt%

Sample name Location Na Mg Al Si K Ca Ti Mn Fe Total

RPC 198 Site 3 4.50 1.50 17.65 64.30 1.90 5.27 0.82 0.07 5.14 101.15

4.21 1.92 17.17 62.04 1.81 5.83 1.02 0.00 6.53 100.53

4.48 1.74 17.78 63.08 1.67 5.51 0.88 0.11 5.78 101.02

4.46 1.47 18.29 63.22 1.88 5.56 0.67 0.09 4.51 100.13

4.55 0.00 17.84 62.51 1.95 5.28 0.75 0.09 5.08 98.06

RPC 199 Site 1 4.19 1.81 17.00 64.08 2.02 4.77 0.90 0.08 4.30 99.16

4.40 1.76 17.59 64.41 1.70 5.24 0.69 0.08 3.91 99.77

4.01 2.02 16.54 64.28 2.44 4.65 0.84 0.00 4.21 99.00

4.15 1.94 17.27 64.04 2.32 5.03 0.77 0.00 4.17 99.69

4.01 2.13 16.73 62.98 2.31 5.10 0.99 0.1 4.99 99.34



Appendices 5.1 and 5.2 available electronically 

Appendix 5.3

Natural lava sample Location NZTM Coordinates Description

RPC185 Whangaehu valley 1823141 5648537 Andesite lava

Experimental run Sample name

Run 14 RCdef5

Run 15 RCdef6

Run 16 RCdef7

Run 10 BisDef1

Run 11 BisDef2

Run 12 BisDef3

Run 13 BisDef5

Run 3 R1gran

Run 4 R2gran

Run 5 R3gran

Run 6 R4gran

Run 7 FishSqueeze2

Run 1` AirCool1

Run 2 AirCool2

Run 8 PolarBear1

Run 9 PolarBear2


