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Abstract  
 

The Taupō Volcanic Zone (TVZ) is a volcanic arc associated with the continental intra-arc rift, the Taupō 

Rift, located in the North Island of New Zealand. The Central TVZ is characterised by voluminous rhyolitic 

volcanism that has produced large, caldera-forming eruptions. This study investigates the impact that the caldera-

forming Taupō 232 ± 10 CE eruption had on faulting, and thus rifting, in nearby regions of the Taupō Rift. After 

the 232 CE eruption Lake Taupō’s water level rose then fell, leaving behind paleoshoreline terraces that can be 

mapped in the present day to constrain the nature of deformation around the lake over the last 1800 years. At 

Whakaipō Bay on the north shore of Lake Taupō and surrounding bays to the northeast, normal faults and 

paleoshorelines were mapped using a LiDAR digital elevation model (DEM) and field techniques. Two faults were 

the main focus in this study, the West Whakaipō Fault and Whakaipō Fault. These faults hold significance as 

they are proximal to the Taupō caldera and displace the 232 CE Taupō ignimbrite and associated 

paleoshoreline deposits, which act as critical time markers that provide constraints on the timing and 

rates of fault displacements. Based on the vertical displacements obtained on the Taupō ignimbrite and 

paleoshoreline deposits, and an examination of paleoshoreline morphologies around the observable 

faults, this study reveals the history of faulting at Whakaipō Bay for the ~20 year period immediately after 

the 232 CE eruption, and also up to the present day. Since the Taupō 232 CE eruption, it is estimated that 

the Whakaipō Fault has accrued a total vertical displacement of 12.8 ± 0.44 m; however, ~75% of this 

displacement accumulated in the 20 year time period immediately after the 232 CE eruption. The close 

temporal association between large-scale faulting and the 232 CE eruption highlights the significant 

affect that large-scale volcanic eruptions can have on surrounding extensional fault systems, suggesting 

that silicic volcanism may trigger continental rifting events in the Taupō Volcanic Zone. 
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Chapter 1: Introduction 
 

Rhyolitic volcanoes can produce large, explosive eruptions that can drastically alter a landscape through 

pyroclastic flows and caldera collapse (Barker et al., 2021; Lowe and Pittari, 2021). These silicic (i.e., 

dacite or rhyolitic) calderas impose a massive hazard with widespread ashfall and pyroclastic flows 

(Barker et al., 2021). Silicic calderas are often found in extensional tectonic settings (i.e., continental 

rifts) and are often situated in regional structures such as fault zones or grabens (Hughes and Mahood, 

2011). The faulting that accompanies magmatic or eruptive events at these volcanoes increases the level 

of risk. Therefore, it is critical to understand the effects that volcanism can have on rifting. 

Rift systems accommodate extension through both magmatic and tectonic process, either through 

mechanical stretching of the lithosphere, magma injection from the mantle or crustal magma chambers, 

or a combination of the two (Wright et al., 2006; Rowland et al., 2010; Muirhead et al., 2016; Gómez-

Vasconcelos et al., 2017). Pre-existing rift structures can influence where magma moves and 

accumulates, and magma emplacement can alter the crustal stress state (Hughes and Mahood, 2011; Allan 

et al., 2012; Gómez-Vasconcelos et al., 2017). Although the interactions between magmatism, 

volcanism, and tectonics are not always clear, the movement and accumulation of magma can sometimes 

provoke a rifting event, which can involve shallow crustal dike intrusion, associated faulting, and 

eruption (Rowland et al., 2010; Gómez-Vasconcelos et al., 2017). In the absence of direct observation 

of active rifting events, paleoseismic studies can provide insights to fault rupture timing relative to 

previous magmatic and volcanic events, which aid in resolving some of the mechanisms in rifting events 

(e.g.: Berryman et al., 2008; Gómez-Vasconcelos et al., 2017; Villamor et al., 2011; 2022; Stahl et al., 

2020; Muirhead et al., 2022). However, subsequent burial from later eruptions can make this difficult, 

especially on timescales of 103 to 104 years (Wilson et al., 2009). 

 

 This thesis focuses on the Taupō Rift, which coincides with the Taupō Volcanic Zone (TVZ) in 

New Zealand (Figure 1.1). Within this study, paleoshorelines on the northern shore of Lake Taupō will 

be used as deformation makers to assess the timing and displacement of fault ruptures associated with 
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the Taupō 232 ± 10 CE eruption from the Taupō caldera complex. This eruption happens to be the second 

largest eruption from Taupō volcano, as well as the latest, meaning deposits have not been buried by 

subsequent eruptions (Barker et al., 2021).  

1.1 Research objectives 

The ultimate objective of this research is to understand the impact that large, caldera-forming, 

eruptions have on faulting. Analysing how deformation manifests in the vicinity of a caldera complex 

can be informative of how much extension can occur in a single rifting event in the vicinity of these 

volcanoes, and also in response to large silicic eruptions. With this in mind, three key objectives have 

been designed for this study: 

1) Observe deformation around Lake Taupō by measuring paleoshoreline elevations to constrain 

vertical fault displacements occurring since 232 ± 10 CE.  

2) Examine the formation of previously dated eruptive deposits and paleoshorelines to attain 

temporal constraints on different fault rupture events following the 232 CE eruption, as well 

as syn- and post-eruptive deformation of the Taupō 232 CE eruption.   

3) From the analysis of vertical fault displacements, estimate the amount of extension associated 

with large-scale silicic eruptive events, to gain a better understanding of the magma-tectonic 

interactions occurring in the vicinity of Lake Taupō. 

 

1.1.1 Thesis structure 

 

Chapter 1 introduces the aims of this thesis and background on magma-associated faulting and 

rifting, as well as the study site. Chapter 2 is the background geology of the Taupō Volcanic Zone and 

Taupō Rift, including its evolution, faulting history, and volcanic history. This chapter has a particular 

emphasis of Taupō volcano, and the latest large-scale silicic eruption, the Taupō 232 ± 10 CE eruption 

(Barker et al., 2021). Chapter 3 summarises the methods conducted in this research, as well as their 

limitations. Chapter 4 contains the results from this study. Chapter 5 then analyses and interprets the 

results described in Chapter 4 to unravel the volcanic, tectonic, and geomorphic processes that unfolded 
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after the Taupō 232 CE eruption, while constraining the deformation history in the vicinity of the Taupō 

caldera since the 232 ± 10 CE eruption. Chapter 6 then concludes this research with final remarks. 

 

1.2 Rift systems 

Rift systems worldwide (e.g.; Afar, Ethiopia; Krafla, Iceland; and Taupō, New Zealand) are 

characterised by segments in which tectonics and volcanism vary, especially in the context of how they 

control rifting events (Figure 1.2) (Ebinger, 2005; Keir et al., 2006; Agostini et al., 2011; Muirhead et 

al., 2016; Villamor et al., 2017). Rifts evolve as extension, initially controlled by plate tectonics and 

mechanical stretching, becomes increasingly influenced by magmatism until the system develops into a 

seafloor spreading ridge (Ziegler and Cloetingh, 2004; Ebinger, 2005; Keir et al., 2006; Agostini et al., 

2011; Muirhead et al., 2016; Villamor et al., 2017). The evolution of continental rifts is thus often 

distinguished by the transformation of tectonic rifting to magma-tectonic rifting, which also results in rift 

narrowing and the lateral migration of the rift axis, or the rift as a whole (Figure 1.2) (Ebinger et al., 

2000; Corti, 2009; Villamor et al., 2017). Rift evolution can be typically divided into three main stages, 

which have been summarised by Ebinger (2005) as birth (or initiation), adolescence, and maturity.   

Plate driving forces are the key controls on the rift initiation stage, where during these early stages 

extension is predominantly manifested as normal faulting in cold, strong, and brittle crust (Ziegler and 

Cloetingh, 2004; Ebinger, 2005; Agostini et al., 2011). Localization of strain is strongly influenced by 

pre-existing shear zones and planes of weakness that are either obliquely or orthogonally aligned with 

the principal stress directions (Figure 1.2) (Ziegler and Cloetingh, 2004; Ebinger, 2005; Corti, 2009; 

Zwaan et al., 2016). Half-graben structures often form early in obliquely extending asymmetric rifts, 

where basin subsidence occurs with flexure on the downthrown blocks (Ziegler and Cloetingh, 2004; 

Corti et al., 2013). The large border faults that bound these grabens form as normal faults, whose 

dimensions define the length-scale of the different rift segments (Ebinger, 2005). On these border faults, 

>1 km of displacement accrues along fault traces that can range from ~30 to 120 km in length (Muirhead 

et al., 2016). Brittle strain is focused on these border faults at early rifting stages, although through 
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continued extension, smaller normal faults that are favourably oriented will open towards the basin centre 

in the subsiding graben (Figure 1.2) (Ebinger, 2005; Corti, 2009; Muirhead et al., 2016). In intra-arc rifts 

(e.g., Taupō Volcanic Zone), volcanism is often coeval with faulting, and it may manifest at intersections 

of the discrete border fault systems (Keir et al., 2006). However, in this early stage of rifting, magmatism 

is yet to heavily influence rifting events (Ziegler and Cloetingh, 2004).  

During the adolescence stage, continued rifting has resulted in extensive crustal thinning, allowing 

magma-tectonic processes to start controlling rifting events. However, the timing and controls on this 

transition from the initiation to adolescence stage are debated (Ebinger, 2005; Corti et al., 2013; 

Muirhead et al., 2016). During the adolescence stage, the rift becomes narrower, and the locus of strain 

migrates to the central axis of the rift (Ebinger et al., 2000; Villamor et al., 2017). Fault activity migrates 

towards the rift valley centre as the favourable younger intra-rift faults partition the majority of strain 

(Figure 1.2) (Ebinger, 2005; Corti., 2009; Muirhead et al., 2016). Border faults are abandoned on one or 

both sides of the rift as inward faulting progresses (Ebinger, 2005; Keir et al., 2006; Corti, 2009; Agostini 

et al., 2011; Muirhead et al., 2016). Thinning of the lithosphere allows for increased magmatism in rift 

segments as magma upwells into discrete magma chambers (Figure 1.2) (Keir et al., 2006; Corti et al., 

2013; Muirhead et al., 2016). This increased heat flux from magma convection and upwelling further 

weakens the thinning lithosphere, and seismic activity is often paired with volcanism or favourably 

oriented dike injection at deeper levels in central rift segments (Keir et al., 2006).  

The final stage in rift evolution, maturity, is the switch to magma-dominated rifting. During this stage, 

mafic magma accumulates before replacing felsic crust in a proto ridge or seafloor spreading ridge 

(Ebinger, 2005; Keir et al., 2006; Muirhead et al., 2016).  
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1.2.1 Taupō Volcanic Zone  

The TVZ (Figure 1.1) provides an excellent case study for magmatic-tectonic interactions, as it is 

actively rifting with densely-packed rift-aligned normal faults accompanied by both rhyolitic and 

andesitic volcanism (Wilson et al., 1995;2009; Cole and Spinks, 2009). The TVZ is one of the most 

productive rhyolitic systems in the world (Wilson et al., 1995; 2009). Past studies of its volcanic history 

and faulting have shown that there is a variable interplay in which magma and tectonics work 

interchangeably in tandem (Rowland et al., 2010; Gómez-Vasconcelos et al., 2017; Villamor et al., 

2022). Extension is driven through a combination of tectonics and magmatism, which varies throughout 

the region (Rowland et al., 2010). For instance, there are areas outside the caldera margins that exhibit 

pure tectonic faulting (e.g., Beanland et al., 1989; Villamor and Berryman, 2001; Nicol et al., 2006) and 

areas proximal to volcanic centres that experience extension through dike injection (Benson et al., 2021; 

Illsley-Kemp et al., 2021). Then there are faults that accommodate both pure tectonic strain, and rupture 

in response to volcanic eruptions (e.g., Gravely et al., 2007; Berryman et al., 2008; Villamor et al., 2011; 

2022).  

1.2.2 Whakaipō Bay 

Whakaipō Bay is situated on the north side of Lake Taupō (Figure 1.1) in the centre of the Taupō 

Volcanic Zone (TVZ). This bay is extremely close to the Taupō caldera structure (<2.5 km) and , as 

interpreted by Rowland and Sibson (2001), is also truncated by the Taupō Rift axis. Due to its spatial 

relationship with both the silicic volcanism and tectonic rifting, this area provides the perfect study site 

for understanding the magmatic-tectonic interactions of the Taupō Rift.  

Whakaipō Bay contains rift-aligned faults (NNE-SSW) that are perpendicular to paleoshorelines of 

a known age (Rowland and Sibson, 2001; Langridge et al., 2016; Manville et al., 1999; 2009). These 

paleoshorelines are the results of the rise, and subsequent fall, of Lake Taupō in the aftermath of the 

Taupō 232 CE ± 10 eruption that blanketed a large portion of the TVZ and resulted in caldera collapse 

(Manville et al., 1999; 2009; Barker et al., 2021; Lowe and Pittari, 2021). The spatial and geometric 



6 
 

relationship between faulting and paleoshorelines provides ideal conditions for observing the amount of 

fault rupture and its timing within the vicinity of the Taupō caldera.  

Useful terms  

For clarification within this study, a few terms should be defined for context. The Taupō Rift will 

be used to describe the densely faulted segment spanning the entire length of the rift system (see also 

Chapter 2). The Taupō Volcanic Zone will be used when referencing to the volcanic arc, which also 

happens to cover the modern rift system’s area as a whole (Figure 1.1). Both of these will be described 

in greater detail in the next chapter. The term ‘aftermath’ is to describe the multiple decades after the 

Taupō 232 CE eruption, which encompass the time during which the lake-level of Lake Taupō rose in 

response to the damming of the Waikato River, before it dropped again when the dam to the river 

catastrophically degraded (discussed in Chapter 2). The terms ‘throw’ and ‘vertical displacement’ will 

be used interchangeably and will be purely describing the vertical component of fault slip, these are 

shown in Figure 1.3. Extension will be used to describe the horizontal extensional component of faulting 

(i.e., heave), as well as the extension from active rifting (Figure 1.3). Slip rate in the context of this 

research will refer to only the vertical component of fault slip over a given period of time (Figure 1.3). 

When discussing the paleoshorelines, the term ‘paleoshorelines’ will be referring to relict, no longer 

active shorelines; however, if they are referred to as shorelines it is in reference to their once active state.  
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Figure 1.1: Maps showing the extent of the TVZ (inset map) and the location of Whakaipō Bay  

 

 

Whakaipō Bay 
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Figure 1.2: Simplified illustration of rift configuration modified from Corti (2009). Border faults (black) 

will form from pre-existing crustal weakens, and as the rift evolves, younger faults (red) will migrate 

inwards with thinning lithosphere. Initially, border faults may be oblique to the principal stress directions, 

and then the younger faults will extend perpendicular to the least principal stress (σ3). Upwelling 

magmatic segments will form and orientate themselves perpendicular to σ3. 

 

 

Figure 1.3: Schematic diagram showing the relationship of fault throw (vertical displacement) and 

extension. Stress orientations are that of an extensional stress regime  
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Chapter 2: Background Geology 
 

2.1 Tectonic setting of the Taupō Volcanic Zone 

 

Overlapping with the NNE-SSW trending Taupō Volcanic Zone (TVZ) is the Taupō Rift, a southern 

continental continuation of the Lau-Havre Trough (Rowland and Sibson, 2001; Stern and Stratford, 2006; 

Villamor et al., 2017; Caratori Tontini et al., 2019). At its southern flank, the Lau-Havre Trough 

transitions from a back-arc extensional basin into the continental Taupō intra-arc rift (Figure 2.1) 

(Villamor et al., 2017; Caratori Tontini et al., 2019). Extension in the Taupō Rift is associated with the 

Hikurangi subduction margin off of New Zealand’s east coast, where the Australian and Pacific plates 

continue to converge along the 3000 km long Kermadec-Tonga subduction zone. This subduction 

continues south-southwest towards the Tasman Sea, where there is a change in plate configuration 

(Figure 2.1) (Rowland and Sibson, 2000; Stratford and Stern, 2006; Wallace et al., 2009b; Villamor et 

al., 2017). 

Convergence of the Australian and Pacific plates is ~ 60 mm/yr in the northern Hikurangi Trough 

and decreases to about 20 mm/yr in the south towards the Chatham Rise (Figure 2.1) (Wallace et al., 

2004, 2009a; 2009b). Along with slab rollback, Wallace et al. (2009a) proposed that driving extension 

is a collisional induced block rotation in which the forearc rotates clockwise. This rotation has also been 

suggested to have had a drastic increase between 2 and 4 Ma (Wallace et al., 2009a). 
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Figure 2.1: Map of the Hikurangi subduction zone where vectors show the direction and rate of 

convergence; derived from Wallace et al. (2009b) 
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2.2 Taupō Volcanic Zone 

The Taupō Volcanic Zone (TVZ) spans the central North Island of New Zealand , comprising a 60 

km wide and 300 km long volcanic arc segment that stretches from Ohakune in the south to Whakaari 

(White Island) in the north (Figure 2.2). The TVZ is heavily segmented in its volcanism with variations 

in volcanic style and composition (Wilson et al., 1995). 

2.2.1 Volcanism 

Volcanism in the TVZ is primarily andesitic, dacitic and rhyolitic with minor basalt eruptions 

(Wilson et al., 1995). The TVZ displays a regional segmentation in which andesitic volcanism is 

dominant in the northeast Whakatane Graben and Bay of Plenty (Figure 2.2) and the southwest in the 

Tongariro volcanic centre of the Southern TVZ (Figure 2.2) (Wilson et al., 1995; Cole and Spinks, 

2009). Between these andesitic volcanic regions is a 60 km-wide and 125 km-long segment of rhyolitic 

dominated volcanism (Figure 2.2) from Ōkataina through to Lake Taupō (also termed the Central TVZ 

by Wilson et al., 1995). However, these volcanic segments are not exclusive of each other (Wilson et al., 

1995; 2009).  

Andesitic volcanism has manifested as composite cones in the northern and southern extremities 

of the TVZ, as well as regionally dispersed pyroclastic deposits from strombolian to plinian eruptive 

styles (Wilson et al., 1995). The northern sector starts from Mount Edgecumbe (Figure 2.2), where there 

is no rhyolitic volcanism, and continues to north of Whakaari beyond to the Kermadec arc (Cole, 1990; 

Wilson and Rowland, 2016). Volcanism ranges from andesitic to dacitic and  is expressed on either side 

of the Whakatane graben. This manifests as subdued dacitic cones that line the east side of the northern 

sector and continue southward towards Rotorua into the central sector. Towards the west side, andesitic 

cones are buried by subsequent rhyolitic deposits (Cole, 1990; Wilson et al., 1995). In the southwest 

sector, the Tongariro volcanic centre, includes Tongariro, Ngauruhoe, and Ruapehu volcanoes (Figure 

2.2) and numerous eroded cones and satellite vents (Cole, 1990; Barker et al., 2021).  
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The central TVZ, a 15 km by 125 km long area, has been a locus for Quaternary rhyolitic 

volcanism and contains the world’s most productive silicic volcanoes, Taupō and Ōkataina (Wilson et 

al., 2009; Rowland et al., 2010; Wilson and Rowland, 2016).  For the past 1.6 Ma, rhyolitic volcanism 

has manifested in the form of effusive dome building as well explosive eruptions that have led to caldera 

collapse (Barker et al., 2021). The central TVZ contains at least eight different identified past and present 

caldera structures as well as numerous dacitic to rhyolitic domes as shown in Figure 2.2 (Wilson et al., 

1995; Barker et al., 2021). The calderas include, in order of age, the Mangakino, Kapaenga, Whakamaru, 

Rotorua, Ohakuri, Ōkataina, Reporoa, and Taupō calderas (Wilson et al., 2009; Cole and Spinks, 2009; 

Barker et al., 2021). Three of these are active rhyolitic centres, two of which are caldera complexes, 

Ōkataina and Taupō, and the third is the non-explosive, dome building Maroa volcanic centre (Barker et 

al., 2021; Villamor et al., 2017). Though, the Maroa volcanic centre last saw activity ~ 45 ka (Barker et 

al., 2021).  
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Figure 2.2: Map depicting the volcanic (blue segments) and tectonic (domains) segmentation of the TVZ 

and Taupō Rift, respectively; MVC is the Maroa volcanic centre, 1 is Mount Ruapehu, 2 is Mount 

Ngauruhoe and Mount Tongariro, and 3 is Mount Edgecumbe (Wilson et al., 1995; Rowland and Sibson, 

2001; Langridge et al., 2016)  
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2.2.2 Rift Architecture 

The Taupō Rift, as observed today has an axis that is 15-20 km offset to central volcanic segment 

axis (Wilson and Rowland, 2016). Within the Taupō Rift, WNW-ESE geodetic rates of extension vary 

along-strike, where in the Bay of Plenty it is approximately 18 mm/yr, the central TVZ it is approximately 

8 mm/yr, and extension rates continuously and uniformly decrease southward to essentially zero towards 

near Whanganui (Wilson et al., 1995; Rowland and Sibson, 2001; 2004).  

 The rift has been divided into different structural domains (~20-40 km-long) by Rowland and Sibson 

(2001) that are kinematically linked via soft-linked accommodation zones. These are defined by where 

displacement between rift segments is transferred along interlocking faults and there is principal stress 

field heterogeneity. These domains have discrete rift axis and resulting extension directions and fault 

dips. The general trend of the rift varies from 040° to 045°, although where the rift meets major volcanic 

centres (e.g Taupō and Ōkataina), it becomes less defined (Rowland and Sibson, 2001). There are six 

domains which, from north to south, are the Whakatane, Ōkataina, Central, Taupō, and Tongariro 

Domains (Figure 2.2) (Rowland and Sibson, 2001; 2004). 

East and parallel to the Central Domain, is the Taupō-Reporoa Basin, a region of normal faulting and 

subsidence that is delineated on the west and east by the Paeroa and Kaingaroa Faults, respectively 

(Figures 2.2 and 2.4). The Ōkataina and Taupō caldera complexes define the northern and southern 

extents of this basin, respectively (Rowland and Sibson, 2004; Wilson and Rowland, 2016). 

Heat flux 

The total heat output of TVZ is estimated to be 4200 ± 500 MW, where the central TVZ’s average 

heat flux is 700 mW/m3, with higher heat flux apparently concentrated along the easter margin (Figure 

2.3) (Bibby et al., 1995). This concentration in heat does not coincide with volcanism and is parallel to 

the Taupō-Reporoa Basin (Figure 2.4). This basin has low topographic relief with exceptional heat flow 

(2000 MW), particularly compared to its western equivalent, the densely faulted Taupō Rift (Wilson and 

Rowland, 2016).  
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Subsurface architecture 

 Crustal thickness varies throughout the TVZ, as does the depth of the seismogenic crust, between 

the northern, central, and southern segments. On the northern and southern extremities, seismic survey 

P-wave velocities show that crustal thickness is 35-40 km, typical of continental crust (Rowland et al., 

2010). This is also observed immediately east of the rift (Wilson and Rowland, 2016). However, near the 

central rhyolitic centres, this thickness decreases to ~16 km, with the depth of the seismogenic zone 

varying from 6 to 8 km (Harrison and White, 2004; 2006; Stratford and Stern, 2004; 2006; Rowland et 

al., 2010). Harrison and White (2004; 2006) analysed P-wave velocities across the central TVZ north of 

Taupō and suggested a model in which this shallow seismogenic zone is the result of high crustal 

temperature due to a rising Moho. They proposed the Moho sits around 25 km depth and shallows to ~16 

km depth coinciding with the rift axis. Here, new igneous material ascends through the Moho to intrude 

and extend the crust (Harrison and White, 2004; 2006). Alternatively for the central TVZ, Stratford and 

Sterns (2004; 2006) proposed the Moho is at 25-30 km depth, with the lower crust heavily intruded by 

mafic material below the rift axis. Both models share a consistency with significant volumes of magma 

at depths >15 km (Rowland et al., 2010).  

 These two models may have been resolved by Stern and Benson (2011) through a study of seismic 

wide-angle reflection and refraction profiling just north of Lake Taupō. As shown in Figure 2.3, they 

proposed a rift pillow, defined by partially molten rock fed by an intrusive mafic body between 15-25 

km depth sitting within the Moho. This is underplated by the mantle, which has been interpreted to be at 

25 ± 2 km depth. This rift pillow has variation in cooling, where heat and magma are supplied from the 

subduction to the east and cools more towards the west. Overlying this pillow is 5-15 km of greywacke 

schist being heated into rhyolitic products (Stern and Benson, 2011).  
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Figure 2.3: Diagram of the subsurface architecture of the central TVZ modified from Stern and Benson’s 

(2011) model which proposes a rift pillow of partially molten rock being supplied magma from a pool of 

basalt that appears as a reflector. This diagram also includes the proposed mechanism for andesitic 

volcanism observed in the northern and southern flanks and geothermal fields and eastern heat flux. Rates 

of plate convergence Wallace et al. (2009b) and extension from and Wallace et al. (2004)  



17 
 

2.3 Evolution of Taupō Volcanic Zone and Taupō Rift 

The TVZ is the latest instalment of the NNE-SSW trending arc and has migrated in SSE is its 

initiation at ~2 Ma (Wilson and Rowland, 2016). Lithospheric thinning associated with the Taupō Rift 

over the past 2 Ma has transpired rapidly when compared to other intra-arc rifts, and different stages of 

volcanism and rift evolution can be observed spatially and temporally throughout the TVZ (Villamor et 

al., 2017; Wilson et al., 1995; more). Evolution of the system has involved an inward migration of 

faulting and volcanism, as well as rift narrowing and southward propagation (Figure 2.4) (Villamor et 

al., 2017). Volcanism has been divided into three phases by Wilson et al. (1995); the old TVZ, young 

TVZ and modern TVZ based on eruptive histories of active to inactive calderas of the past 2 Ma (Wilson 

and Rowland, 2016). Similarly, the evolution of the Taupō Rift has been divided by Villamor et al. (2017) 

into various stages based on a compilation of studies of faulted ignimbrites of known ages, to allow 

examination of how the timing and location of faulting has changed through. These stage of the Taupō 

Rift overlap with the TVZ phases. However, they are not coeval nor are these rift stages though to drive 

the changes in volcanism. The different stages of the Taupō Rift are defined as the old Taupō Rift, young 

Taupō Rift, and modern Taupō Rift (Villamor et al., 2017). In the following sections, each of the different 

volcanic and rift stages are discussed.  

2.3.1 Old TVZ 

The old TVZ represents volcanism from 2 Ma to 350 ka (Wilson et al., 1995; Wilson and 

Rowland, 2016; Villamor et al., 2017). The initiation of the old TVZ is determined by the onset of 

andesitic volcanism, where andesites older than 1.85 Ma overly basement greywacke throughout the 

TVZ. The onset of explosive rhyolitic volcanism started approximately 1.6 Ma; however, the exact 

source vent is unknown (Wilson et al., 1995; 2009). During the old TVZ, there were several rhyolitic 

caldera forming eruptions from the Mangakino volcanic centre from 1.55 Ma to 0.95 Ma, which have 

since been obscured by Whakamaru Group (Wilson et al., 1995; Wilson et al., 2009).  

The spatial extent of the old TVZ has been difficult to constrain due to subsequent deposit burial 

from faulting, rift subsidence, volcanic resurfacing, and caldera collapses. The northwest boundary is 
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somewhere in the lower Coromandel; though, it lacks a clearly defined limit. The southwest border can 

be defined by the western edge of the Mangakino caldera structure (Figure 2.4) where andesites along 

the Hauhungaroa Ranges (just west of Lake Taupō) contain arc related compositions and date around 2 

Ma to 1.85 Ma., (Wilson et al., 1995; 2009; Wilson and Rowland, 2016). The old TVZ’s eastern boundary 

coincides with the young TVZ, however this is partly obscured by burial from subsequent eruptions 

(Wilson et al., 1995). The end of the old TVZ is marked by the emplacement of the Whakamaru Group 

ignimbrites dated 350 ka (Wilson et al., 1995; Wilson and Rowland, 2016). 

2.3.2 Young TVZ 

The young TVZ is representative of temporal and spatial clusters of volcanic activity dated from 

350 to 61 ka, which are delineated by the Whakamaru and Rotoiti eruptions, respectively (Wilson et al., 

2009; Wilson and Rowland, 2016). The volcanic activity consisted of seven caldera forming events which 

resulted in a 90 × 40 km area of total caldera collapse (Wilson and Rowland, 2016). These major 

eruptions were punctuated by many minor smaller eruptions dispersing a total of over 3000 km3 dense 

rock equivalent (DRE) of magma, with >2000 km3 DRE coming from the Whakamaru Group 

ignimbrites, (Downs et al., 2014; Wilson and Rowland, 2016).  

During the young TVZ period, rhyolitic volcanism started to localise to the centre of the TVZ, 

and andesitic volcanism intensified in the north and south TVZ (Wilson et al., 2009; Villamor et al., 

2017). The western boundary of the young TVZ is delineated by rift-aligned domes, the Western Dome 

Belt, and the eastern boundary is characterised by isolated domes with no apparent single volcanic centre 

(Wilson and Rowland, 2016). This boundary also encompasses the currently inactive Whakamaru caldera 

structure (Figure 2.4) (Villamor et al., 2017).  

2.3.3 Modern TVZ 

The modern TVZ encompasses basaltic to rhyolitic volcanism for the past 61 ka to present in a 

central narrow segment approximately ~20 km wide and over 200 km long (Figure 2.4) (Wilson et al., 

2009). Sixty eight eruptions have occurred over the past 61 ka, dispersing 782 km3 of erupted material, 

in which 82% of that volume is from three rhyolitic caldera forming events that helped establish the 
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present day Ōkataina and Taupō caldera structures (Wilson et al., 2009). The 61 ka Rotoiti eruption from 

the Ōkataina caldera erupted 80 km3 of silicious magma and represents the starting point of the modern 

TVZ (Wilson et al., 2009; Barker et al., 2021). The next large silicic eruption was the 25.5 ka Ōruanui 

eruption, which dispersed 530 km3 DRE of siliceous magma and is the largest phreatomagmatic eruption, 

globally (Barker et al., 2021).  The third caldera forming event was the 1.8 Taupō eruption with 35 km3 

DRE of siliceous magma dispersed from the Taupō source caldera (Barker et al., 2021). The remaining 

eruptions included three basaltic, seven dacitic and 58 rhyolitic (Wilson et al., 2009).   

2.3.4 Old Taupō Rift 

The old Taupō Rift comprised an ~80 km wide area. Although, it currently only encompasses the 

northwest edge of the TVZ and is approximately 20 km wide and ~160 km long (Figure 2.4) (Wilson et 

al., 1995; Villamor et al., 2017). The old Taupō Rift trends northeast and is bounded by the border 

Waipapa and Hauhungaroa Faults. These faults displaced 1.21 to 1.68 Ma ignimbrites, whereas 350 ka 

ignimbrites overlying these faults remain unfaulted, suggesting a cessation of faulting prior their 

emplacement. The eastern boundary is delineated by the offshore White Island Fault to the north and the 

onshore Edgecumbe and Kaingaroa Faults to the south (Figure 2.4). These faults have remained active 

since ~230 ka, suggesting an eastward shift in faulting (Villamor et al., 2017).  

2.3.5 Young Taupō Rift 

          The young Taupō Rift comprises a 50 km wide region (Figure 2.4) of faulting which has been 

observed to displace deposits between 350-230 ka and 25.5 ka, delineated post-Whakamaru and pre-

Ōruanui eruptions, respectively (Villamor et al., 2017; Barker et al., 2021). Its western boundary is 

approximately 20 km eastward from the previous western boundary of the old Taupō Rift and it shares 

its east boundary with the old TVZ (Villamor et al., 2017). The southern margin of the young Taupō Rift 

contains the Ruapehu graben where the rift terminates just south of this graben (east bounded by Rangipo 

Fault; Figure 2.5). Faulting in this southern region has been determined to have initiated approximately 

400 ka. However, in terms of the Taupō Rift, rift related faulting coincides with the central region’s super 

eruptions 350 ka onward (Villamor and Berryman, 2006).  
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2.3.6 Modern Taupō Rift  

 

The modern Taupō Rift has spatial dimensions representative of inward narrowing and lengthening 

(Figure 2.4) that has resulted in a 15 km wide region in the north that widens to a 40 km region in the 

southern andesite sector (Villamor et al., 2017). Faults within the modern Taupō Rift are typically spaced 

~100 m to 3 km apart (Rowland and Sibson, 2001).  Fault spacing in the southern andesite flank ranges 

from 5-10 km, where graben structures that accommodate stress in thick seismogenic crust suggest 

typical initial stages of rifting, and that the rift has a southward propagation (Villamor and Berryman, 

2006; Villamor et al., 2017). The active faults within this region have since displaced Ōruanui 25.5 ka 

ignimbrite and subsequent deposits, coincident with the timing of the modern Taupō Rift (Villamor et 

al., 2017).  
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Figure 2.4: Evolution map of the TVZ and Taupō Rift. MVC: Maroa Volcanic centre. Labelled faults 

represent boundaries of rift evolution, and calderas represent the spatial boundaries for the TVZ. 

Modified from Villamor et al. (2017) and active faults sourced from Langridge et al. (2016)  
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2.4 Magma-Tectonic coupling  

In extensional terranes normal faulting and dikes work together depending on magma supply to 

accommodate rifting strain (Parsons and Thompson, 1991). The movement of magma (intrusion, 

deflation, or inflation) in conjunction with fault slip alter the stress state of the crust (Biggs et al., 2013). 

Since volcanoes and faults do not coincide together everywhere in the TVZ, there is variation in dominant 

controls on rifting, and strain is accommodated through combinations of magmatic and tectonic processes 

(Villamor et al., 2022). Therefore, it is important to distinguish pure tectonic faulting from magmatic 

assisted faulting (diking or eruptions).   

2.4.1 Tectonic faulting 

Pure tectonic faulting is typically associated with earthquakes that are MW > 6 as a result of 

mechanical stretching (Villamor et al., 2011; 2022). These large tectonic events accrue maximum throw 

on long faults (>20 km). There is a lack of volcanism in these tectonic dominated areas (e.g., Whakatane 

Domain) where partial melt is at depths of 10 km or more, where elsewhere in TVZ (e.g., Taupō) it is 5-

8 km (Villamor et al., 2011; Illsley-Kemp et al., 2021). Typically, grabens seen throughout the TVZ are 

produced through tectonic means and some are remnant structures of tectonic rifting (e.g., the Whakatane 

Graben); however, it is important to note this is not always the case (Villamor et al., 2011; 2017; Gómez-

Vasconcelos et al., 2017). Geophysical surveys have also shown that high resistivity indicates a cold, 

brittle crust that favours inelastic deformation was found beyond the modern Taupō Rift and areas outside 

the Ōkataina and Tongariro volcanic centres (Villamor et al., 2011).  

The Edgecumbe 1987 earthquake is an example of pure tectonic normal faulting in the northern TVZ 

(Beanland et al., 1989; Rowland et al., 2010). The 1987 Edgecumbe earthquake was a MW 6.6 and 

ruptured the pre-existing Edgecumbe Fault (Figure 2.5) along with numerous other linked faults with 

several new surface breaks in the Rangitaiki Plains in the Whakatane Graben (Beanland et al., 1989; 

Villamor et al., 2022). Fissures, warping and propagation cracks in the soft wet sediments of the 

Rangitaiki Plains alluvium accompanied this rupture that produced a maximum of 2.5 m of vertical offset 

and 1.8 m of extension (Beanland et al., 1989). The deformation that transpired in this event is typical 
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and reflective of tectonic extensional setting of the TVZ, however this does not rule out tectonic-

magmatic interaction in this region (Beanland et al., 1989; Villamor et al., 2011).  

2.4.2 Magmatic faulting  

Magmatic faulting can be either from dike intrusion, crustal adjustment to magma, and volcanic 

unrest or eruption (Rowland et al., 2016; Villamor et al., 2022). The first key indicator of magmatic 

induced faulting is if there is the proximity of magma sources (Gómez-Vasconcelos et al., 2017). The 

faulting associated with dike events are Mw < 5 and are manifested as parallel, coeval ruptured cracks 

from the source, as well as fissures and monoclines from vertical dike propagation. Deformation stays 

local to the dike and is not usually as widespread as tectonic deformation whereas with tectonic faulting 

there is deep seated fault displacement (Villamor et al., 2011). When propagating dikes are arrested and 

cannot reach the surface, faulting may occur in the crust above the dike tip as normal faults and 

extensional fissures (Mastin and Pollard, 1988; Gómez-Vasconcelos et al., 2017). However, the scaling 

relationship between fault length and magnitude is not the direct relationship as it is with tectonic faulting. 

In the case of dike induced fault rupture, shorter faults can experience larger amounts of throw and is 

commonly seen in the Afar Depression, Ethiopia, with Mb 4.7 earthquakes producing 1.5 m of throw, or 

in Krafla, Iceland, with 2 m of throw during the 1975-84 dike swarms (Buck et al., 2006: Wright et al., 

2012; Gómez-Vasconcelos et al., 2017). Although, the depth of the arrested dike controls the width of 

any resulting graben structures; therefore, deeper dikes result in a wider extent for faulting (Gómez-

Vasconcelos et al., 2017; Mastin and Pollard, 1988). If the dike is arrested deep enough and, normal 

faulting is triggered at the dike tip, the geomorphic expression is similar to that of purely tectonic 

triggered faults (Gómez-Vasconcelos et al., 2017). Thus, the difference between the two types of faulting 

is not always clear, especially when looking at paleoseismic events (Villamor et al., 2011). 

When interpreting magmatic or dike induced faulting, even in recent surveys (see section 2.5.3), the 

active extension of the Taupō Rift makes deciphering the cause of deformation difficult (Illsley-Kemp et 

al., 2021). In the case of volcanic eruption induced faulting, the relationship between magmatism and 

tectonics is clearer; however, the exact mode can still be ambiguous (see discussion; Villamor et al., 



24 
 

2011; 2022). To understand tectonic-magmatic interactions, it takes an analysis of the fault rupture timing 

relative to the eruption timing, because faulting can trigger and be triggered by eruptions (Rowland et 

al., 2010; Villamor et al., 2011; Biggs et al., 2016; Gómez-Vasconcelos et al., 2017). This can be done 

by observing the temporal relationship between faults and how they interact with tephra or ignimbrite 

horizons. Villamor et al. (2011) described four temporal relationships of faults and tephra interactions: 

1) During the fall deposits where the fault and displacement is within the tephra unit  

2) Pre-tephra emplacement is where deformation is preserved without erosion, and the tephra 

blankets the paleo-scarp 

3) Immediate post-tephra emplacement is where the tephra is displaced before any paleosol forms 

4) Unrelated and post-tephra manifests as displaced tephra and overlying paleosol 

 

2.5 Fault Magma Interactions recorded in the TVZ 

2.5.1 Rates of Faulting  

Individually, fault displacements and rates of fault slip vary across the TVZ; however, when viewed 

as an entire kinematically linked system on geologic timescales, earthquake histories appear 

interdependent with near constant faulting rates for each TVZ segment (Nicol et al., 2006). The amount 

of displacement appears to correlate with fault length, where larger faults have accrued more slip 

(Villamor and Berryman, 2001; Nicol et al., 2006; Villamor et al., 2007). Outlined below are examples 

of larger faults and their vertical slip rates in the Taupō Rift.  

In the north TVZ in the Whakatane Domain, the extension rate is estimated to be 13 ± 6 mm/yr at 

seismogenic depths (6-10 km) across the offshore Whakatane Graben (Figure 2.5) (Lamarche et al., 

2006). Summed vertical displacements over the past ~20 ka of the Rangitaiki Fault system (within the 

Whakatane Graben) yields a maximum vertical displacement rate of 3.4 ± 0.2 mm/yr (Taylor et al., 

2004). This ~20 km fault and its linkages, accommodate approximately ~25% of extension in the 

Whakatane Graben (Lamarche et al., 2006).  
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Across the northern Central TVZ, vertical slip rates are ~7.4 ± 0.4 mm/yr (Villamor and Berryman, 

2001; Nicol et al., 2006). From 10 ka to 64 ka, Villamor and Berryman (2001) estimated the extension 

rate to be 2.4 ± 0.15 mm/yr across the Ngakuru Graben (central rift axis) based on the observed surface 

expression of extension. At seismogenic depth, this is inferred to increase to 6.4 mm/yr. The three largest 

faults they analysed from west to east are the Ngakuru, Maleme and Paeroa Faults that had displacements 

of 30 to 100 m (Figure 2.5). The Ngakuru Fault, the west boundary to the modern Taupō Rift (Figure 

2.4), had a 30 ± 2.4 m displacement with a 0.47 ± 0.05 mm/yr slip rate. This rate was obtained from 

displaced 64 ± 4 ka lake sediments. The Maleme Fault (Ngakuru graben axis; Figure 2.5) had a total 

displacement of 71 ± 5.8 m with a slip rate of 3.54 ± 0.3 mm/yr in ~20 ka lake sediments. The Paeroa 

Fault for the 10 to 64 ka period had a total displacement in Earthquake Flat pyroclastics (64 ± 4 ka) of 

100 ± 10 m, with a slip rate of 1.56 ± 0.15 mm/yr. This fault accommodates 21% of slip in the central 

region (Villamor and Berryman, 2001).   

For the Southern TVZ, in the Tongariro Domain across the 70 faults, extension at seismogenic depth 

is 7 ± 1.2 mm/yr with a vertical summed slip rate of 6.2 ± 0.6 mm/yr for the past 20 ka (Gómez-

Vasconcelos et al., 2017). The east bounding Rangipo Fault accommodates a substantial amount of this 

extension with a 1.5 mm/yr slip rate over the past 65 ka (Figure 2.5). However, rate of fault slip has not 

been constant on 104 year timescales, and it has been inferred that it was 0.2 mm/yr for the past 13.8 ka, 

and 1.4 mm/yr between 17.6-26.5 ka (Villamor et al., 2007).  

2.5.2 Fault Slip Clustering 

It was proposed by Bibby et al. (1995) for pure tectonic faulting to accommodate the 5-20 mm/yr 

(south to north) of geodetically observed rifting in the TVZ, large earthquakes (Mw >6) would likely have 

to occur every 5-30 years. However, what is observed in the TVZ is that faulting may in part be driven 

by volcano-tectonic interaction in which the timing of faulting shows an apparent relationship to the 

timing of volcanism (Villamor et al., 2022). Paleoseismic trenches of faults reveal that rupture events are 

clustered in time, rather than exhibiting consistent time intervals between fault ruptures (Nicol et al., 

2006; Berryman et al., 2008). 
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Across 50 fault exposures in the north Central TVZ and Whakatane Domain, in a compilation of 

paleoseismic trench data, ground penetrating radar and drill cores, Villamor et al. (2022) found that 30% 

of fault ruptures in the last 25.4 ka occurred in association with Ōkataina Volcanic Centre eruptions. 

Faults that have ruptured coevally with Ōkataina volcanic eruptions and are not in close proximity (< 5 

km) do not display any spatial systematic correlation, and faults both across and along trend with 

Ōkataina volcanic centre ruptured (Villamor et al., 2011). Similarly, in the Central TVZ north of Taupō, 

Berryman et al. (2008) found through trenching across Paeroa Fault strands (Figure 2.5) that 9 out of 22 

(40%) rupture events were pre-, co-, or post- eruptive. The average rupture recurrence interval was 4 to 

8 kyr for individual faults. However, when assessing all of the fault trenches a whole, it was found that 

successive recurrence between co-eruptive events ranged from months to years but increased to >7000 

years between successive tectonic or between the next co-eruptive events (Berryman et al., 2008).  

2.5.3 Distribution of deformation  

Seismic surveys show earthquakes have been distributed in a narrowband through the central and 

eastern margin of the Modern TVZ (Bryan et al., 1999). Fault traces are denser in the Whakatane and 

Central domains compared to the Ōkataina, Taupō, and Tongariro Domains (Figure 2.2) (Rowland and 

Sibson, 2001). Over the duration of the Modern TVZ (61 ka to present), fault activity has centralised and 

migrated inwards, with the exception of the eastern border faults, such as Edgecumbe (1987) and Paeroa 

Fault (Beanland et al., 1989; Berryman et al., 2008).  

In the context of magmatic related deformation, near Tarawera in the southern andesite segment 

of the TVZ (Figure 2.2), a swarm of earthquakes were detected using InSAR geodesy in March 2019. 

This consisted of 64 earthquakes at depths of 8-10 km (brittle curst) that propagated from the northeast 

south towards the Tarawera volcano. The swarm was inferred to be driven by tectonic stress guiding 

basaltic magma (Benson et al., 2021).  

Similarly, for the central TVZ, seismometers show what is likely magma movement in the vicinity 

of Lake Taupō (Illsely-Kemp et al., 2021). In 2019, >7000 earthquakes were recorded surrounding the 

Horomatangi Reefs (Figure 2.6) with one ML 5.3 earthquake. These were analysed by Illsley-Kemp et 
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al. (2021) and were divided into seven spatially distinct clusters (Swarms A-G) with variation in 

recurrence rates. The first swarm, swarm A, had normal moment tensors and earthquakes rift aligned 

near the southern edge of Lake Taupō. It was interpreted to represent extensional faulting at depths of 8-

9 km, the brittle-ductile transition. Swarm B occurred on ENE-WSW structures at 7.5 km depth and 

showed lateral movement. It was interpreted to be the result of fluid movement and was similar to 

previous clusters caused from geothermal fluids or magma ascent along pre-exiting structures. Swarms 

C-G were similar in that earthquakes occurred primarily between Karangahape Cliffs and Motutaiko 

Island, which are coincident with the Ōruanui collapse structure, as well as a few earthquakes occurring 

northeast of Taupō caldera (Figure 2.6). With these swarms, however, there was no evidence of the 

regional tectonic influence. They were instead interpreted to be a result of magma inflation based on the 

locations surrounding the caldera inferred magma chamber, as well the 7-9 km and 11-14 km depths. 

Some moment tensors were reverse, which means that reverse reactivation that occurred on normal faults 

could not be a result of tectonic stress, but were likely magmatic (Illsley-Kemp et al., 2021).  
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Figure 2.5: Map showing key structures described in the text, where red faults indicate specific described 

faults with slip rates. NIFB; North Island Fault Belt; MFZ; Maleme Fault Zone. White box indicates 

seismogenic extension rate for each area; blue is vertical sip rate (Whakatane slip rates: Tayler et al., 

2004; Lamarche et al., 2006; Central slip rates: Villamor and Berryman, 2001; Southern slip rates; 

Gómez-Vasconcelos et al., 2017; Faults: Langridge et al., 2016)   
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2.6 Taupō Volcano 

Towards the southern end of the central rhyolitic segment of the TVZ is the Taupō volcanic centre, 

which is essentially encompassed by Lake Taupō, as seen in Figure 2.6. Surrounding the Taupō volcanic 

centre are previous pyroclastic deposits as well as rhyolitic to rhyodacitic domes aged between 100-340 

ka (Barker et al., 2021). An underlying large silicious magma chamber has been inferred to be 5-8 km 

below Lake Taupō, specifically the Horomatangi Reefs (Figure 2.6), that is supplied heat through the 

mafic intrusions at 15-16 km depth (Harrison and White, 2004; 2006; Stratford and Stern, 2004;2006; 

Illsley-Kemp et al., 2021) This has been inferred from petrological studies on crystal poor Holocene 

rhyolites, that in short time spans (decades to hundreds of years), assembled as melt dominant bodies 

prior to eruption, as well as dike induced seismicity on the south side of the lake surrounding the volcano 

(Barker et al., 2021; Illsley-Kemp et al., 2021). 

 

 

2.6.1 Eruptions of Taupō Volcano 

Eruptions from the Taupō volcanic centre postdate the Whakamaru (350-340 ka) super eruptions, 

but due to younger eruptions burying past sequences, early Taupō volcanic history prior to Rotoiti 

(Ōkataina volcanic centre to the north) is ambiguous (Barker et al., 2021). In the modern TVZ, there 

have been 28 eruptions from the TVC post Rotoiti (Table 2.1), one of which was a super eruption (the 

25.5 ± 0.26 ka Ōruanui), accompanied by caldera collapse. The next largest was the 232 CE ± 10 CE 

Taupō eruption, also accompanied by caldera collapse (Wilson et al., 2009). The remaining 26 were 

much smaller, about 5-fold less volume than 232 CE ± 10 CE Taupō eruption (called the “Taupō 232 CE 

eruption” herein), although some were still quite explosive (Barker et al., 2021). 
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Table 2.1: Summary of Taupō eruptions post Ōruanui modified from Barker et al. (2021) 

Eruption Tephra Age (years BP) Volume (km3 DRE) 

Y Taupō  1,718 ± 10 14C 35 

X Mapara 2,059 ± 118 14C 0.4 

W - 2,750 0.023 

V Whakaipō 2,800 ± 60 14C 0.4 

U - 2,850 0.1 

T - 3,200 0.05 

S Waimihia 3,550 7.5 

R Hinemaiaia  4,450 0.05 

Q Hinemaiaia 4,322 ± 112 14C 0.15 

P Hinemaiaia 4,750 0.05 

O Hinemaiaia 4,800 0.05 

N Hinemaiaia 4,850 0.15 

M Hinemaiaia 5,250 0.2 

L Hinemaiaia 5,300 0.07 

K Hinemaiaia 5,350 0.35 

J Hinemaiaia 5,370 0.015 

I Hinemaiaia 5,950 0.02 

H Motutere 6,050 0.08 

G Motutere  6,650 0.2 

F - 7,050 0.07 

E Opepe 9,906 ± 246 14C 2 

D - 11,380 0.1 

C Poronui 11,400 0.3 

B Karapiti 11,800 0.5 

Puketarata - 16,000* 0.14 

A - 17,000* 0.004 

Omega - 18,800* 0.05 

Psi - 20,500* 0.02 

Ōruanui  Kawakawa 25,580 ± 258 14C 530  

*Inferred ages with >1000 year uncertainty  
Other ages are inferred from field observations and 14C calibrations 
 14C denote wiggle matching 14C ages of kauri logs  
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2.6.2 Caldera Structures  

Lake Taupō is the largest freshwater lake in Australasia, a product of the Ōruanui and Taupō 

super eruptions that led to caldera collapse (Lowe and Pittari, 2021). Figure 2.6 shows the caldera 

structures and collapse collars.  

The caldera collapse associated with the 25.5 ka Ōruanui eruption formed Lake Taupō, which 

conceals much of the Young TVZ’s Whakamaru caldera structures. The lake also obscures the former 

Lake Huka, a body of water inferred to have occupied the basin prior to the Ōruanui eruption and 

formation of Lake Taupō (Barker et al., 2021). The structure of the caldera collapse is an east-west 

trending ovoid shape that has formed the central north half of Lake Taupō (Figure 2.6) (Lowe and Pittari, 

2021).  Surrounding this structure is a collapse collar that comprises the northern edge of Lake Taupō, 

and its southern edge represents syn-eruptive volcanic-tectonic subsidence associated with eruption 

(Wilson and Walker, 1985; Barker et al., 2021).  

The caldera collapse associated with the Taupō eruption occupies the northeast corner of the 

current lake (Figure 2.6). The collapse with this event did not have the same impact on Lake Taupō as 

that associated with the Ōruanui eruption, and the caldera collapse structure lies within the Ōruanui 

collapse collar (Barker et al., 2021).  

2.6.3 Taupō 232 CE Eruption  

The Taupō 232 CE ± 10 CE eruption was one of the largest, most explosive events globally in 

the past 5000 years, emitting a total volume of ~35 km3 DRE of material and devastating an area of 

~20,000 km2 during seven different eruptive phases (Wilson and Walker, 1985; Houghton et al., 2003; 

Barker et al., 2021). The eruption can be classified as both plinian and phreatoplinion, as it is 

characterised by different phases with distinct units (Units Y1-Y7) representing switches from dry to 

phreatomagmatic styles, as well as different eruption column heights related to vent widening (Wilson, 

1993; Houghton et al., 2003; Lowe and Pittari, 2021).  
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Phase 1 

 The initial phase of the eruption had a duration of a few hours and dispersed 0.5 km3 (bulk 

volume) of phreatomagmatic fine ash from a ~10 km high column (Wilson and Walker, 1985; Wilson, 

1993). The fine ash is fairly localized, dispersing up to a 15 km from their inferred vent source (Houghton 

et al., 2003; Lowe and Pittari, 2021).   

Phase 2 

  Also known as the Hatepe plinian deposit, Phase 2 represents a change to largely magmatic and 

dry activity (Wilson and Walker, 1985; Lowe and Pittari, 2021). The sustained eruption column reached 

a height of ~30 km shooting airborne pyroclasts over large distances and had an estimated duration of 

10-30 hours (Wilson and Walker, 1985; Houghton et al., 2003). Pyroclastic density currents accompanied 

this phase, and lapilli pumice fall deposits appear crypto bedded (Houghton et al., 2003). Approximately 

2.5 km3 of loose, pyroclastic material was erupted in this phase (Wilson, 1993).  

Phase 3 

 The third phase, or the Hatepe phreatoplinian ash, represents a phase where the widened vent was 

inundated with water marking a switch back to phreatomagmatic activity (Wilson and Walker, 1985). As 

the external water interacted with the uprising magma, condensed steam led to a sticky, fine grained 

muddy ash containing highly vesicular pumice clasts (Lowe and Pittari, 2021).  This phase had two 

breaks, one in which erosion occurred and deposits were eroded into gullies and rills. The second break 

was a switch to a dry plinian phase that lasted a few to tens of hours (Wilson and Walker, 1985; Wilson, 

1993). The total erupted volume from this phase is approximately 1.9 km3 (bulk volume) of loose material 

(Wilson, 1993) 

Phase 4 

The fourth phase, another phreatoplinian eruption deposited the Rotangaio ash, which is a dark 

grey, obsidian rich ash. This ash deposited into eroded rills and gullies from the previous phase (Lowe 

and Pittari, 2021). Syn-eruptive erosion also occurred during this phase during which 1.1 km3 DRE of 

material was deposited (Wilson, 1993; Lowe and Pittari, 2021).  
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Phase 5 

 The fifth phase, named Taupō plinian and referred to as ‘ultraplinain’ by Wilson and Walker 

(1985) marks a switch back to a dry eruption. This phase was magmatically driven and extremely 

powerful as it produced a 30-40 km high column, dispersing magma at a rate of 80,000 to 240,000 m3/yr 

(Wilson and Walker, 1985; Houghton et al., 2003). The vesicular pumices discharged from this blast are 

found over a wide area. Coeval pyroclastic density currents erupted are observed to be one meter thick 

in proximal regions and distally decimetres thick (Lowe and Pittari, 2021).  

Phase 6 

The sixth and most violent phase of the eruption is delineated by the Taupō ignimbrite, which is 

associated with catastrophic collapse of the plinian column (Lowe and Pittari, 2021). The ignimbrite is 

the product of a very hot (700° C) and fast moving pyroclastic density current that bulldozed the ground 

at 200-300 m s-1 (Barker et al., 2021). During this phase, the vent widened further to about 1 km across, 

followed by ground subsidence, and the second caldera collapse of the Taupō volcanic centre (Lowe and 

Pittari, 2021).  

The Taupō ignimbrite is entirely unwelded with boulders of pumice and rhyolite. It can be further 

subdivided into layers 1 and 2 (Wilson and Walker, 1985; Manville et al., 2009; Lowe and Pittari, 2021). 

Layer 1 consists of coarser and denser material and is a primary deposit. The overlying layer 2 represents 

a significant portion of material that as this latter phase of the eruption slowed down, pyroclastic material 

was mobilised by other means such as colluvium or aeolian. It appears as crypto bedded pumice and ash, 

containing other lithics and crystals (Wilson and Walker, 1985; Manville, 2002; Manville et al., 2009).  

Phase 7 

This final phase occurred several years, to potentially decades, after the violent emplacement of 

the Taupō ignimbrite. It consisted of approximately 0.28 km3 DRE of dome building rhyolitic lava 

extruding out on the lake floor (not included in total 35 km3 DRE) (Wilson and Walker, 1985; Barker et 

al., 2021; Lowe and Pittari, 2021). This reshaped Lake Taupō’s bathymetry and resulted in the formation 

of the Horomatangi Reefs (Figure 2.6) (Wilson and Walker, 1985; Lowe and Pittari, 2021). 
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2.6.4 Faulting 

The faults that surround the TVC are a part of the Whakamaru and Taupō Domains, which are 

differentiated in the definition of the rift axis. In the Whakamaru Domain, Rowland and Sibson (2001) 

define the rift axis striking 045° on the east side of the Ngangiho Fault on the west end of Whakaipō Bay, 

where faults on the west side dip southeast, and faults on the east side dip northwest. Into the Taupō 

Domain, there is no clearly defined rift axis. The Taupō caldera and its surrounding lake margin truncates 

the faults that lead from the southern edge of the Whakamaru Domain into the Taupō Domain (Rowland 

and Sibson, 2001). These include from west to east the Ngangiho, Whakaipō and Kaiapo Faults shown 

in Figure 2.5 (Langridge et al., 2016).  

2.6.5 Paleoshorelines  

 After a large scale eruption, the landscape response is dramatic with syn- and post-eruptive 

sedimentation and erosion at a maximum after the emplacement of vast amounts of pyroclastic material 

and ignimbrite (Manville et al., 2009). Four stages of landscape response (0-III) are described by 

Manville et al. (2009) during and immediately after the Taupō eruption. Stage 0 is the final stages of the 

eruption, when the lake water was expelled and the Taupō ignimbrite had choked drainage networks and 

completely resurfaced the landscape (Manville et al., 2009; Lowe and Pittari, 2021). 

Stage I is on the timescale of hours to a couple of months during and after the eruption, while also 

overlapping with the first stage (Manville et al., 2009). It is the immediate aftermath of the eruption, 

where major rivers were choked and the recently deposited volcaniclastics are remobilised by water, 

wind, and gravity (Lowe and Pittari, 2021). Lake Taupō’s outlet to the Waikato River was dammed with 

ignimbrite, and essentially acted as plug, which initiated the lake level rise. Frequent rainstorms led to 

intense erosion, which in turn led to the formation of numerous rills and gullies into the poorly 

consolidated ignimbrite that covered the landscape. With continuous mass flows and floods, downstream 

aggradation of debris ensued (Manville, 2002; Manville et al., 2009).  

During Stage II, which is on the timescale of months to years post 232 CE eruption, lake level 

continued to rise. Fluvial reestablishment occurred where rills became more stable, gullies deepened and 
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ephermal lakes formed (Manville, 2002; Manville et al., 2009). The final stage, Stage III, likely lasted 

up to 20 years post eruption. During the early portion of this stage, Lake Taupō’s drainage outlet to the 

Waikato River dammed by the Taupō ignimbrite resulted in a ~34 m lake level rise from its current level, 

to approximately 390 m ASL (Manville et al., 1999; 2009). This lake refill has been estimated to occur 

over 15-20 years based on catchment and runoff calculations (Wilson et al., 1997; Manville et al., 2009). 

However, there are numerous factors such as what the lake level actually was prior to refilling; if the lake 

was empty (130 m plus the additional 34 m), or if it was partially full. Other factors include evaporation 

off hot surfaces, what actual runoff rate would be from a barren landscape, and the time to fully saturated 

the pumice and establish streams (Riggs et al., 2001). After Lake Taupō reached its 232 CE highstand 

(maximum lake level after the 232 CE eruption) level of ~390 m ASL, it was active for approximately 5 

years (Figure 2.6). About 20 years after the 232 CE eruption, erosion accrued on the now partially 

damned outlet until it was fully breached. A catastrophic break out flood followed with an estimated 

duration of one to four weeks, with remobilisation of eruptive material ensuing for decades (Manville, 

2002). Lake level fell due to the release of 20 km3 of water, leaving behind a sequence of wave cut 

terraces with two distinct paleoshoreline notches with relatively known ages (Manville et al., 1999; 

Manville, 2002). One marks the lake highstand at ~390 m ASL, the other marks a low-stand of 

approximately 5 m above current lake level at ~360 m ASL (Manville, 2002). Today, the post-232 CE 

highstand paleoshoreline notch elevation varies around the lake, ranging from ~28-42 m above the 

current level, with variations likely result of faulting, or other surface deformation events occurring since 

232 CE (Manville and Wilson, 2003; Riggs et al., 2001).     
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Figure 2.6: Geology map of Lake Taupō; circled numbers are (1) Ngangiho Fault; (2) Whakaipō Fault; 

(3) Kaiapo Fault (Leonard et al., 2010; Langridge et al., 2016)  
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Chapter 3: Methods 
 

The paleoshorelines around Lake Taupō associated with the 232 CE eruption can be used as topographic 

isochronal markers for subsequent deformation (Manville and Wilson, 2003). To measure how the 

paleoshoreline elevations around Lake Taupō have changed since the Taupō 232 CE eruption, this study 

uses a mixture of field and remote sensing of faults, paleoshorelines, and volcaniclastic deposits at 

Whakaipō Bay and surrounding bays northeast of Lake Taupō. By mapping the features, and then 

measuring paleoshorelines and fault scarps, the fault movement and deformation around Lake Taupō 

could be measured. The paleoshorelines were formed at approximately the same level around the lake, 

allowing for the current elevations to be used as a deformation markers following the Taupo 232 CE 

eruption.  

3.1 Paleoshoreline Mapping 

The one meter resolution LiDAR DEM inhabits the area between the -38.609768 and -38.768479 

latitudes, and 176.131029 and 175.896876 longitudes (Figure 3.1). Spatially, this encompasses the 

northeast side of Lake Taupō from Kinloch (northeast of Whakaipō Bay) to Taupō town (southwest of 

Whakaipō Bay), and extended northwest ~20 km from the active shoreline. Using this DEM with an 

applied hill shade, the paleoshorelines that formed after the Taupō 232 ± 10 CE eruption were mapped 

around Lake Taupō (Manville et al., 1999; 2009).  

This study adopted an approach to paleoshoreline identification similar to Bowles and Cowgill 

(2012), Chen and Maloof (2017) and Jara- Muñoz et al. (2019). Firstly, paleoshorelines are identified in 

DEMs by surface roughness changes, which in the scope of this work, and Chen and Maloof’s (2017) 

study, was done by visually observing the DEM. For example, the highest elevation terrace (identified 

as Terrace 1 in Chapter 4) was significantly rougher than lower elevation terraces, with increased rills 

and tributaries from syn- and post-eruptive erosion of the Taupō ignimbrite (Lowe and Pittari, 2021). 

Where this terrace met its shoreline, most of the tributaries ceased with very few well developed channels 

and gullies continuing down into the next terrace, Terrace 2. To confirm that a surface roughness change 
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was in fact a shoreline, cross sections using the DEM were taken to verify consistency along the feature. 

Similarly, for the low-stand shoreline, channels cease altogether at the paleoshoreline notch into Terrace 

3, which is a smoother surface from the low-stand notch to the active, current shoreline.  

After the paleoshorelines were identified in the desktop study, field work consisted of 

stratigraphic logging at Whakaipō Bay to ground truth the composition of the paleoshoreline terraces. 

The aim within this part of the study was to identify the non-welded Taupō ignimbrite (Y6) as described 

by Wilson and Walker, (1985), Manville et al. (2009) and Lowe and Pittari, (2021), as well as shoreline 

and lacustrine deposits. When observing the shorelines, the key identifiers were signs of reworking such 

as cross bedding and how the sorting and rounding of the Taupō 232 CE. There was emphasis on how 

the shoreline deposits spatially interacted with in situ Taupō ignimbrite. These observations then aided 

in producing a geologic map of Whakaipō Bay. 

3.1.1 Paleoshoreline notch elevation 

 The paleoshoreline notches around Lake Taupō are defined by the point at which lake level eroded 

into the land’s surface and is characterised by the point in which the terrace riser meets its lower terrace 

which is representative of the relict wave cut platform (Figure 3.2). However, due to slope and alluvial 

processes on the terraces, this notch is subjected to a degree of reworking and is not always clearly 

defined. To identify the elevations of the paleoshoreline notches quantitatively and objectively to a high 

precision in meters above sea level (m ASL), ~50 m long cross sections were made using the Spatial 

Analysis tool in ArcMap with the LiDAR DEM. A cross section was taken approximately every 20 to 50 

m, depending on the presence of gullies, over each of the paleoshorelines (terraces and notch) around the 

northeast side of Lake Taupō (Figure 3.1).  These were then analysed in Microsoft Excel by plotting 

linear regression lines through points that defined the terrace riser and lower terrace, or where the slope 

flattened out (Figure 3.2). By taking the equations of each line, (Equation 1) and setting them equal 

them to each other, the intersection of these two lines was obtained. The y value of this intersection is 

considered to be the best representation of the paleoshoreline notch elevation (m ASL) in this study, and 

thus where the previous shoreline had cut into a surface.  
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3.1.2 Terrace riser heights  

To clarify if there was variation in the height of the terrace risers across Whakaipō Bay, the same 

paleoshoreline DEM cross sections were utilised to find the riser height. This was done by taking the 

difference in elevations (m ASL), of the top of the riser and identified paleoshoreline notch (Figure 3.2). 

Similar to the shoreline notches (as seen in Figure 3.3), the riser heights (m) were plotted against distance 

(m) across Whakaipō Bay.  

 

Figure 3.1: LiDAR DEM of the northeast side of Lake Taupō situated between 38.609768, 176.131029 

and -38.768479, 175.896876. Labelled bays are where paleoshorelines were analysed, faults from 

(Langridge et al., 2016) 
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Figure 3.2: (a) Example of an elevation profile taken from the DEM crossing a paleoshoreline at 

Whakaipō Bay, Lake Taupō. Red square encompasses the data points presented in (b); (b) elevation data 

for a terrace riser slope and wave cut platform, coloured blue, and orange, respectively. Also shown are 

the lines of best fit lines (and their equations) through the elevation points for the terrace riser slope and 

wavecut platform, and where they intersect (i.e., the wave cut notch).  
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3.2 Fault displacements  

Fault traces sourced from the New Zealand Active Fault Database were added to the LiDAR 

DEM (Langridge et al., 2016). Fault vertical displacements were then obtained using the elevation points 

of the DEM in two different methods. The first method was analysing how paleoshoreline notch 

elevations were affected as they encountered the faults, and the second method was using a Python code 

to create fault profiles along the faults as Whakaipō Bay and surrounding bays (labelled bays in Figure 

3.1). After obtaining the vertical displacement on faults in known aged units, slip rates could then be 

calculated.  

3.2.1 Notch elevations across the faults  

For all analysed paleoshorelines, notch point elevations (m ASL) were plotted with distance (m) 

from west to east (Figure 3.3). The distance between each profile point was obtained from the 

coordinates and the DEM, which also enabled locating exactly where the paleoshorelines intersected the 

mapped faults. This intersection of the paleoshorelines and faults is where the vertical displacement was 

calculated. To obtain the vertical offset within the paleoshoreline deposits, linear regression lines were 

plotted through the paleoshoreline notch elevation points on either side of the fault (i.e., in the footwall 

and hanging wall). Then, by taking the horizontal distance for the hanging wall and footwall, the x in the 

linear equations (slope intercept form; Equation 1) can be substituted for the horizontal distance values, 

and the y value can then be obtained for that distance. The difference in those obtained y values (notch 

elevations) at the scarp represents the vertical displacement of faults within the paleoshoreline deposits. 

 Errors associated with the vertical displacements were calculated by taking the residual values of 

the linear regression lines. These residual values are the difference between the regression line’s y values 

for each point and the y values obtained from the paleoshoreline notches for each point. The standard 

deviation for these residual values from either side of the fault were calculated and then propagated 

(Equation 2) to yield an error value (± m) with the Microsoft Excel standard deviation functions.  
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Table 3.1: Equations used to calculate displacement and associated error  

Equation 1 Slope intercept form 𝑦 =  𝑚𝑥 +  𝑐 

Equation 2 Error propagation √𝑎2 + 𝑏2 + … 𝑛2 

m = slope; c = y intercept; a, b = standard error values  

 

 

Figure 3.3: Diagram of shoreline notch elevations across the West Whakaipō Fault from west to east. 

The two linear regression lines and equations are for the hanging wall and footwall. The vertical distance 

between the two lines was taken at the fault scarp from the labelled points. The y values used for this 

calculation are from substituting x with the distances of each point  

 

3.2.2 Fault scarp throw profiles 

The fault scarp throw profile method in this study is similar to that of by Thompson et al. (2002), 

Wolfe et al. (2020), and Stahl et al. (2020) where DEM sourced topographic profiles are used to calculate 

vertical slip motion on faults (Figure 1.3). Throw profiles were obtained using a combination of the 

DEM and a ‘fault profile tool’ Python code. This open-sourced code measures the vertical separation of 

faults from topographic data. The input required for the code was the DEM as a TIFF file, a fault trace 

(polyline produced in ArcMap; Figures 3.1 and 3.4a), and points (ArcMap) along the fault. The points 

represent the location of topographic profiles perpendicular to the fault scarp; these were carefully 

selected along the fault trace to avoid topographical irregularities such as numerous rills or gullies that 

would impact the fault scarp. Topographic data points from the DEM were collected for 150 to 300 m 

on either side of the fault trace to assemble a profile (Figure 3.4c). Each profile was assessed individually 
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to identify the hanging wall, footwall, and scarp, as well as to omit any elevation points that were streams 

or gullies (Figure 3.4b and 3.4c). The aim of this was to have linear regression lines representative of 

faulted surfaces (hanging wall and footwall) without too much influence of surface processes (Figure 

3.4c). Uncertainties associated with these vertical offsets were calculated using the Monte Carlo 

simulation method which considered linear regression standard error (slope and y-intercept), fault dip 

measurements and fault location across the scarp (Figure 3.4d) (Thompson et al., 2002; Wolfe et al., 

2020). This was done with a 95% confidence limit (Thompson et al., 2002; Wolfe et al., 2020; Stahl et 

al., 2020).  
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Figure 3.4: Annotated screenshot of the fault profile tool; (a) the star shows the location of the profile 

along the fault trace; (b) shows the regions where elevation data points were omitted (blue) on the DEM 

hill shade.  These are regions where the profile crosses the fault scarp and also a stream incision. (c) An 

annotated fault profile where the central dotted line aligns with the fault scarp and linear regression lines 

are on either side of the fault scarp; (d) display panel of offsets, error, and line slopes, as well as analysis 

tools to adjust the profile perpendicular to the scarp if needed and to remove data points (topographical 

irregularities and scarp).  

  



45 
 

Chapter 4: Results 

Outlined in this chapter are observations of the geomorphology and geology at Whakaipō Bay, with a 

focus on paleoshoreline terraces and their spatial pattern. Similar observations are outlined for 

neighbouring bays on the north side of Lake Taupō. These descriptions are accompanied by analysis of 

the West Whakaipō and Whakaipō Faults at Whakaipō Bay, as well as the surrounding major faults of 

the Taupō Rift, including the Kaiapo Fault, Whangamata Fault, and Ngangiho Fault.  

4.1 Geomorphology of Whakaipō Bay 

Whakaipō Bay is semi-enclosed with two distinct paleoshoreline notches, a highstand and a low-

stand, which delineate three terraces with exhibit distinct geomorphic patterns and surface roughness. 

Trending normal to these paleoshorelines are two NE-trending and NW-dipping fault scarps, which align 

with the previously mapped Whakaipō and West Whakaipō Faults. Figure 4.1 is a map that shows the 

geology obtained from field observations and geology map, as well as the observed geomorphology and 

terraces (Leonard et al., 2010).  

4.1.2 Terrace morphologies 

The furthest inland terrace, Terrace 1 (Figure 4.1 and 4.2a), sits above a shoreline notch that is found 

about 390 m to 420 m north of the current shoreline and has been interpreted to have formed during the 

232 CE highstand (Manville et al., 1999; 2009). Terrace 1 is characterised by a series of rills and feeder 

channels that have incised into larger channels perpendicular to the terrace notch. The terrace riser at the 

south delineating the southern edge Terrace 1 is relatively steep before smoothing out into Terrace 2. 

Erosive channelling of Terrace 1 continues through the terrace riser (Figure 4.2a).   

Crossing the 232 CE highstand notch southward into Terrace 2, the number of incised channels 

reduces from dozens of small channels observed on Terrace 1 to only 10 channels. Terrace 2 and its 

southern edge riser (between Terrace 2 and 3) displays typical terrace bench-like morphology (Figure 

4.2b). This terrace riser shares the same steepness observed at the 232 CE highstand; however, fewer 
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channels have incised into the riser, and where there are channel incisions, alluvial gravel and boulders 

are observed (see section 4.2).  

Continuing southward onto Terrace 3, the channels observed incising Terrace 2 terminate abruptly at 

the 232 CE low-stand paleoshoreline notch. Where the channels terminate remnant alluvial fans can be 

observed in the LiDAR DEM (Figure 4.1). There is a relict channel, which has since become a gully, 

that is up to 30 m deep that cuts from northeast of Whakaipō Bay south through the three terraces to the 

lake. This gully closely hugs the west side of the Whakaipō Fault.   

4.1.3 Morphology of the 232 CE Highstand Paleoshoreline 

As illustrated in Figure 4.3, the 232 CE highstand notch is carved into non-welded Taupō ignimbrite 

deposits (see also Figure 4.4). The paleoshoreline notch and terrace riser that developed in the Taupō 

ignimbrite exhibits far greater preservation than the equivalent low-stand paleoshoreline features, which 

were carved into comparatively less-competent Taupō lake beach deposits (e.g., Figure 4.4 and 4.5). As 

such, the analysis of the geometries, elevations, and positions of the 232 CE paleoshorelines throughout 

this section will largely focus on the highstand features. 

When observed in map view, the 232 CE highstand paleoshoreline exhibits lateral shifts in places 

where the paleoshoreline crosses the Whakaipō and West Whakaipō faults (Figure 4.3a). On the eastern 

side of the bay, where the highstand paleoshoreline crosses the Whakaipō Fault, there is a lateral north-

eastern shift of approximately 180 m on the immediate west side of the fault. This shift is relative to the 

paleoshoreline trace on the east side of the fault. This shoreline shift is emphasized by the 30 m deep 

gully described in section 4.1.2. Similarly, on the west side of the bay proximal to the West Whakaipō 

Fault, the highstand shoreline on the immediate west side of the fault also exhibits a north-eastern lateral 

shift. This shift is approximately 90 m relative to the shoreline on the east side of the fault  

Terrace riser heights were measured along the 232 CE highstand paleoshoreline, and also exhibit 

abrupt changes in their heights as they cross faults in Whakaipō Bay (Figure 4.3). West of the West 

Whakaipō Fault for approximately 400 m along the paleoshoreline, terrace riser heights had an average 

of 5.11 ± 1.83 m in a range between 1.95 to 8.37 m, with a mild west to east height decrease. Immediately 
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west of the west Whakaipō Fault, the riser height was 4.83 m. Crossing the fault to its immediate east 

side, the terrace riser height was 7.5 m. For another 400 m along the shoreline, riser heights had an 

average of 7.00 ± 2.12 m from a range between 3.46 and 11.04 m, also with a mild west to east height 

decrease (Figure 4.3b and c).  

Continuing east along the highstand shoreline at Whakaipō Bay, terrace riser heights for 

approximately 400 m on the west side of the Whakaipō Fault had an average of 4.09 ± 1.33 m in a range 

between 2.06 and 6.10 m, with no apparent trend in height fluctuations. The riser height immediately 

west of the fault was 5.89 m. Crossing the fault to its immediate east side, the riser height was 7.57 m. 

For another ~200 m, the terrace risers had an average height of 10.58 ± 2.61 m in a range between 7.57 

and 10.64 m (Figure 4.3b and c).  
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Figure 4.1: Geology and geomorphology map of Whakaipō Bay compiled from field observations, 

geology map (Leonard et al., 2010) and fault database (Langridge et al., 2016). The highstand 

paleoshoreline notch delineates Terraces 1 and 2, and the low-stand shoreline notch delineates Terraces 

2 and 3. Site localities are stratigraphical locations and discussed in section 4.2  
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Figure 4.2: (a) Photo of 232 CE highstand terrace riser towards the western half at Whakaipō Bay on 

the west side of the West Whakaipō Fault (38°40'48.85"S, 175°57'38.57"E). Erosive channels have 

created an undulated, rough surface of Terrace 1 and sliced the riser perpendicular to the shore; (b) Photo 

of the 232 CE low-stand terrace riser taken one the eastern side of the West Whakaipō Fault 

(38°41'7.63"S, 175°58'2.45"E). The morphology is smooth compared to Terrace 1 and its riser 
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Figure 4.3 (a) Map of Whakaipō Bay where the red and green points represent points of riser height 

measurement and the arrows represent where the lateral shoreline shifts occurred; (b) cross-section view 

of measurement points of riser heights, where the values show the average riser height for each side of 

both faults (Langridge et al., 2016). Each point is also where the shoreline notch elevations were 

measured (see section 4.3) 
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Figure 4.3 (cont.) (c) colour coded histogram of riser height ranges for the footwalls and hanging walls 

of both Whakaipō Faults, where 1 is 0-1 m, 2 is 1-2 m etc. 

 

4.2 Geology of Whakaipō Bay 

Geological deposits at Whakaipō Bay were logged and mapped in the field with focus on 

characterising the deposit characteristics for each terrace. Geology was mapped based on the field logs, 

landscape geomorphology observed in the DEM, existing geologic maps (Leonard et al., 2010) and the 

New Zealand Active Fault Database (Langridge et al., 2016). Figure 4.1 shows the geology of Whakaipō 

Bay and the 10 localities where the stratigraphic logs were made. Table 4.1 summarises the details of 

the lithofacies observed at each site and Figure 4.4 is a composition of all ten logs.  The logs are arranged 

based on their position relative to the nearest paleoshoreline, and are subdivided into near-highstand, 

mid-terrace, or near-low-stand localities.  
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4.2.1 Near-highstand localities 

Near the 232 CE highstand terrace are sites 1 to 3 and these are numbered in accordance with 

distance from the paleoshoreline, starting with most proximal (yellow localities in Figure 4.4). In situ 

non-welded ignimbrite was observed at Site 1 through 3. Site 1 can be characterised by a 70 cm exposure 

of crypto bedded ignimbrite (lithofacies Ig-2; Table 4.1) made of fine-to-medium pumiceous sand with 

rounded pumice pebbles throughout, and <5% other lithics. Granules and pebbles are tightly packed. 

This is topped with a developing pumiceous soil of 50 cm (lithofacies Ts; Table 4.1). About 340 m east 

along the terrace and over the West Whakaipō Fault is Site 2. The crypto bedded ignimbrite (Ig-2) was 

observed as a 150 cm-thick unit overlying 60 cm ignimbrite (lithofacies Ig; Table 4.1) characterised by 

a larger, more angular faction composed of pumice and rhyolite boulders (20-30 cm). This was topped 

with 50 cm of a developing soil (Ts). Figure 4.5b shows the in situ ignimbrite observed at this second 

site. Further east about 600 m and 50 m north into the highest terrace is Site 3. Observed here was 2.5 m 

of ignimbrite (Ig) containing pumice boulders.  

4.2.2 Mid-terrace localities  

These localities are observed anywhere between 60 to 150 m of the nearest paleoshoreline (either 

the 232 CE highstand or low-stand shorelines) and are the white localities in Figure 4.4. Sites 4 and 6 

are situated 64 m and 132 m from the 232 CE highstand terrace riser, respectively. These contain 

alternating layers of pumiceous sands (Sp) to fine gravels (Gp) and laminated multi lithic sand layers 

(Ms) (Figure 4.4; Table 4.1). All of the largest clasts are sub to well-rounded pumice, that often reverse 

grades. A sharp contact to the pumiceous soil (Ts) tops both of these sites. Over to the west side of the 

bay and 84 m south of the riser is Site 5, which contains alternating units of Sp and Gp. Near the top are 

bands containing organic material, before diffusing to the developing pumiceous soil (Ts).  

The remaining two mid terrace sites, Sites 7 and 8, are exposures at the top of a gully wall on the 

east side of the bay. Site 7 is approximately 240 m south of the 232 CE highstand terrace and 146 m north 

of the low-stand terrace. Site 7 has a basal exposure of the non-welded in situ ignimbrite (Ig). The 1.6 m 

basal exposure is well-graded sand to angular 20-30 cm boulders of pumice, rhyolite, and obsidian. 
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Topping this is a sharp contact to a multi lithic sand (Ms) that coarsens to 1 mm angular granules (Zp), 

with 5-10 cm pebbles throughout. Within an overhang directly above, there is a 1 m unit of alternating 

packages of laminated pumiceous sand and Zp that fines upward, then repeats. Cross-bedding was 

observed near the top in the finer grain faction before it coarsens up to 2 cm pumice pebbles (Gp). Figure 

4.5c and 4.5d contain photos taken in the field of this exposure. 

Site 8 lies 300 m south of the 232 CE highstand and 77 m north of the low-stand terrace. Site 8 

contains a finely laminated multi lithic sand (Ms) that has a sharp undulating contact to a sandy 

pumiceous 1 mm granules unit (Sp; Figure 4.5e) that fines upwards, diffusing to a silty pumice unit (Zp). 

This diffuses to a medium multi lithic sand (Ms) that coarsens to fine gravel (Gp). Clasts in this unit are 

up to 1 cm, are sub angular, and are comprised of obsidian, rhyolite, and pumice. Overlying this is a 

lithologically sharp contact as the clasts become sub rounded pumice. A thin multi lithic sand (Ms) unit 

separates this to a pumiceous gravel unit of 1 mm to 5 cm (Gp). This is topped by a pumiceous silt (Zp) 

with 10 cm pumice cobbles followed by a pumice sand to 5 cm gravels (Gp). A developed pumiceous 

soil (Ts) tops this unit. 

4.2.3 Near-low-stand localities 

Sites 9 and 10 are 3 m and 17 m from the low-stand terrace, respectively (blue localities in Figure 

4.4). Site 9 is on the east side of the bay and approximately 376 m south of the highstand. This exposure 

is 1.7 m of varying remobilised pumiceous units. The bottom unit is a laminated pumiceous fine sand to 

1 mm granules (Sp). Topping this is a unit of poorly sorted pumiceous fine sand to 10 cm sub angular 

cobbles that have an apparent bedding (Cp). Topping this is a laminated pumiceous sand unit (Sp) with 

pebbles that is followed by another pumice cobble unit (Cp). This fines upward to pumice granules (Zp) 

before a sharp contact to pumiceous soil (Ts).  

To the west of Site 9 about 1.2 km is Site 10 (Figure 4.4 and 4.5), which on this end of the bay is 

approximately 255 m south of the highstand. The exposure at this site contains alternating units of a 

pumiceous sand (Sp) with lenses of 1 mm granules. It is finely laminated and cross bedded  (Figure 4.5a). 

In between these are units of 1 to 5 cm rounded pumice pebbles (Gp). The second to the top unit has a 

diffused and undulating basal contact and is characterised by well-rounded pumice cobbles of about 10 
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cm that are slope aligned (Cf). These cobbles are packed into a very fine sand matrix (Figure 4.5f). This 

has a sharp contact to an overlying pumiceous soil (Ts).  
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Table 4.1: Lithofacies and their descriptions observed in 10 exposures at Whakaipō Bay  
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Figure 4.4 (previous page): Composition of the 10 field stratigraphic logs spatially arranged by distance 

from the 232 CE highstand terrace. Within the map inset, yellow localities represent near highstand logs 

(discussed in section 4.2.1), white represents mid-terrace (Terrace 2) localities in section 4.2.2 and blue 

represents near shoreline logs in section 4.2.3 

 

Figure 4.5: (a) Site 10: cross bedded pumiceous sand (Sp) interbedded with silty pumiceous granules 

(Zp) in the bottom observed unit (17 m north the low stand paleoshoreline notch; 38°40'53.72"S, 

175°57'24.67"E); (b) Site 2: ignimbrite layers (Ig and Ig-2) diffusing into pumiceous soil (Ts) 

(38°40'55.13"S, 175°57'46.43"E) (c) Site 7: remobilised and laminated pumiceous sands (Sp) and fine 

gravels (Zp) overlying ignimbrite (Ig) (38°41'12.12"S, 175°58'4.87"E); (d) close up image of alternating 

Sp and Zp overlying Ig at Site 7 (red box in (c)); (e) Site 8: low observed unit of multilith sand (Ms) with 

a sharp undulating contact to Sp and Zp with pumiceous pebbles (38°41'13.57"S, 175°58'2.93"E); (f) 

Site 10: Alluvial (Cf) pumice boulders overlying a sequence of pumiceous gravels (Gp) and sand (Sp) 

(38°40'53.72"S, 175°57'24.67"E)  
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4.3 Paleoshoreline elevation patterns at North Lake Taupō    

Shoreline notch elevations were measured using a 1 m LiDAR DEM at both Whakaipō Bay and 

across northern Lake Taupō. These can be utilized to investigate any potential vertical fault offsets, and 

other signals of time-average surface deformation, across Whakaipō Bay and northern Lake Taupō since 

the retreat of Taupō in the decades after the 232 CE eruption. 

4.3.1 Whakaipō Bay paleoshoreline elevations 

Paleoshoreline notch elevations, both the highstand and low-stand, vary across Whakaipō Bay, 

especially when the shorelines encounter the West Whakaipō and Whakaipō Faults.  

4.3.2 232 CE Highstand notch elevations  

Along the 232 CE highstand shoreline, 69 profile points were measured across Whakaipō Bay 

(Figure 4.6a). Highstand paleoshorelines across the bay are between 389.02 and 397.48 m ASL with an 

average of 392.09 ± 1.82 m ASL. There is an apparent trend of increasing elevation from west to east.  

Hanging wall of West Whakaipō Fault 

Notch elevations points were measured ~400 m immediately to the west of the West Whakaipō Fault 

on its hanging wall were between 389.63 and 391.09 m ASL with a higher frequency in the 390 to 391 

m ASL range (Figure 4.6b and 4.7). The average was 390.14 ± 0.38 m ASL (Figure 4.6b). 

Footwall of West Whakaipō Fault 

Immediately east of the West Whakaipō Fault on its footwall, for ~400 m along the highstand, 

paleoshoreline notch elevations were between 391.00 and 394.02 m ASL with a higher frequency 

between 391 and 393 m ASL (Figure 4,6b and 4.7). The average shoreline notch elevation for this length 

was 391.96 ± 0.68 m ASL (Figure 4.6b).  

Continuing east towards the Whakaipō Fault, shoreline notch elevations on ~500 m of the 

Whakaipō Fault’s west side (and hanging wall), were between 389.02 and 391.9 m, with a higher 

frequency in the 391 to 392 m ASL range (Figure 4.6c and 4.7). The average shoreline notch elevation 

was 391.35 ± 0.69 m ASL (Figure 4.6c) 
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Footwall of Whakaipō Fault  

East of the Whakaipō Fault’s on its footwall, for along ~200 m (this is shorter due to gullying), 

highstand shoreline notch elevations were between 393.94 and 394.62 m ASL, with an average of 394.25 

± 0.24 m ASL (Figure 4.6c and 4.7).  

4.3.3 232 CE Low-stand notch elevations  

Along the 232 CE low-stand paleoshoreline, 65 elevation points of the shoreline notch were measured 

around Whakaipō Bay (Figure 4.6a). Elevations of the paleoshoreline notch ranged from 359.69 to 

365.98 m, with an apparent increase from west to east. The average low-stand notch elevation was 362.59 

± 1.77 m ASL.  

Hanging wall of West Whakaipō Fault 

For the 232 CE low-stand shoreline, for ~400 m along the shoreline on the west side of West 

Whakaipō Fault and its hanging wall, low-stand shoreline notch elevations were between 361.32 to 

364.65 m ASL with a higher frequency in the 361 to 362 m ASL (Figure 4.6e and 4.7).  The average 

was 361.14 ± 1.2 m ASL.  

Footwall of West Whakaipō Fault 

Immediately east of the West Whakaipō Fault, for ~450 m along its footwall, low-stand notch 

elevations were between 361.32 and 364.65 m ASL with a higher frequency in the 363 to 364 m ASL 

range (Figure 4.6e and 4.7). The average along this section was 362.7 ± 0.99 m ASL m (Figure 4.6e).   

Continuing east towards the Whakaipō Fault, ~400 m immediately west of its fault trace and on the 

hanging wall, low-stand notch elevations were between 361.42 and 365.98 m ASL, with the majority in 

the 363 to 364 m ASL range (Figure 4.6f and 4.7). The average for this length along the notch was 

363.65 ± 1.69 m ASL (Figure 4.6f).  
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Footwall of Whakaipō Fault  

Along the Whakaipō Fault’s footwall on the east end of Whakaipō Bay, low-stand shoreline notch 

elevations were between 363.89 and 365.85 m ASL, with the highest frequency in the 365 to 366 m ASL 

range (Figure 4.6f and 4.7). The average along the Whakaipō Fault footwall was 364.73 ± 0.64 m ASL 

(Figure 4.6a).  
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Figure 4.6: (a) Map of Whakaipō Bay where the coloured points represent localities where shoreline 

notch elevations were measured across the West Whakaipō and Whakaipō Faults (Langridge et al., 

2016); (b-g) corresponding cross sections to the coloured mapped points of shoreline notch elevation 

across the bay, where the shown values are the vertical offsets calculated from each shoreline notch 

elevation change over the faults  
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Figure 4.7: (a) Histogram of notch elevation frequencies for the 232 CE highstand; (b) low-stand 

(bottom) where the colours coordinate with points measured in Figure 4.6  
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4.4 Paleoshoreline notches around Lake Taupō   

The detailed geomorphic and geologic investigation of the 232 CE paleoshorelines at Whakaipō 

provided the framework from which the 232 CE paleoshorelines can be identified and analysed around 

northern Lake Taupō. As such, the 232 CE highstand and low-stand paleoshorelines were identified and 

mapped which is shown in Figure 4.8. As done for Whakaipō Bay, notch elevations were calculated for 

each visible shoreline around the northeast side of the lake including from west to east, Kaiapo Bay, Te 

Raeotepapa Bay, Tapuaeharuru Bay and Five Mile Bay (Figure 4.9) 

Kaiapo Bay 

 At Kaiapo Bay, surface roughness was a key indicator in differentiating the highstand and low-

stand shoreline terraces. Abundant channels and gullies incised into lava domes and ignimbrite, and 

where these channels cease is the inferred 232 CE highstand shoreline which can be seen in Figure 4.8b 

(Leonard et al., 2010). The highstand shoreline notch elevations range between 395.126 to 401.12 m 

ASL with an average elevation of 396.5 ± 1.5 m ASL. About 150 m from the inferred highstand south 

towards the current shoreline, the number of channels decreases to nine distinct channels. These channels 

then cease at what appears to be another paleoshoreline notch. This paleoshoreline notch has elevations 

ranging from 366.97 to 370.93 m ASL, with an average of 369.39 ± 1.4 m ASL. Another 85 to 150 m 

south, there is another apparent shoreline with notch elevations between 356.38 to 361.55 m ASL, with 

an average of 358.42 ± 2.1 m ASL. This shoreline however pinches out to the current active shoreline on 

the east side of the bay.  

Te Raeotepapa Bay 

 The top terrace is defined by an abundance of incised channels into lava domes and ignimbrite 

(Leonard et al., 2010). These channels cease at a boundary of the inferred 232 CE highstand 

paleoshoreline notch (Figure 4.8d). Elevation of this notch range from 389.37 to 400.2 m ASL with a 

mean of 396.86 ± 2.7 m. A second terrace is characterised by fewer channels and is delineated by a steep 

slope inferred to be the 232 CE low-stand notch. Notch elevations from the low-stand range between 
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355.95 to 364 m ASL, with an average of 357.33 ± 2.26 m ASL. The low-stand another lower terrace 

then extends from the low-stand notch ~50 m to the active shoreline on the east side of the bay. 

Tapuaeharuru Bay 

 This bay is where the city of Taupō resides, where land usage has created ambiguity in analysis 

of the shorelines. There is, however, some remnant evidence of the shorelines through faintly visible 

terrace risers in the DEM, as well as the signature surface roughness change observed around northern 

Lake Taupō. This was enough to identify the shoreline locations, where abundant channels define the 

highstand terrace and cease at the highstand terrace riser, and fewer deep channels define the low-stand 

terrace and cease at the low-stand terrace riser. There is a short distance from the low-stand to the active 

shoreline of about 50 m (Figure 4.8c).  

The paleoshoreline notch elevation for the 232 CE highstand here ranges from 390.58 to 392.79 

m ASL with an average at 391.48 ± 0.76 m ASL, on the northwest half of the bay, and 390.06 to 395.44 

m ASL, with an average of 392.16 ± 2.12 m, on the southeast side of the bay. Similarly, for the 232 CE 

low-stand notch, elevations range frequent between 356.02 and 359.48 m ASL, with an average of 356.74 

± 1.35 m ASL, on the northwest side, and 356.19 to 359.72 m ASL, with an average of 357.91 ± 1.5 m 

ASL, on the southeast side.  

Five Mile Bay 

 The general morphology of Five Mile Bay is relatively flat in the sense that there are no distinct 

lava domes. This bay is proximal to an airport and State Highway 1, so land usage created some 

ambiguity in shoreline identification, especially for the 232 CE low-stand. However, surface roughness 

patterns are similar to those observed around Lake Taupō, where the 232 CE highstand terrace is defined 

by numerous channels that cease at the terrace riser, and fewer channels are observed on terrace that 

meets the 232 CE low-stand riser. The terrace between the highstand and low-stand shorelines is the 

widest observed in this study, and distance between the low-stand and highstand notches range from 530 

m to just over one kilometre. The distance from the low-stand terrace riser to the current shoreline ranges 

from about 280 m to 60 m (Figure 4.8e).  At Five Mile Bay, paleoshoreline notch elevations for the 232 
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CE highstand range between 388.66 and 391.62 m ASL, with an average of 390.34 ± 0.98 m ASL. For 

the 232 CE low-stand, shoreline notch elevations range between 358.54 and 362.83 m ASL, with an 

average of 360.62 ± 1.57 m ASL.  

Variations in paleoshoreline elevation patterns across Lake Taupō 

Overall, the 232 CE highstand shoreline notch observed around northern Lake Taupō displays up to 

~7 m of variation in elevation (Figures 4.9 and 4.10). The highest notch elevations are observed at Te 

Raeotepapa Bay, followed by Kaiapo Bay and the east side of Whakaipō Bay. Elevation at Whakaipō 

Bay, Kaiapo Bay and Te Raeotepapa Bay, considerably exceed those in bays to the east, Tapuaeharuru 

Bay and Five Mile Bay. Importantly, these three localities are delineated by the mapped normal faults of 

the Taupō Fault Belt, specifically the West Whakaipō Fault, Whakaipō Fault and Kaiapo Fault. Figure 

4.11 shows the eastward increase of shoreline elevations across Whakaipō Bay, Kaiapo Bay and Te 

Raeotepapa Bay, and how this variation coincides with the shorelines encountering the faults. The 

difference in shoreline elevation between Whakaipō Bay and Kaiapo Bay is 1.82 ± 1.02 m, and between 

Kaiapo Bay and Te Raeotepapa Bay, it is 4.08 ± 2.53 m.  
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Figure 4.8: (a) LiDAR map of the north shore of Lake Taupō where each coloured box shows the 

geomorphology of each of the bays analysed and the dashed lines represent observed shorelines; (b-e) 

Kaiapo Bay, Tapuaeharuru Bay, Te Raeotepapa Bay, and Five Mile Bay. Faults sourced from Langridge 

et al. (2016) 
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Figure 4.9: (a) Map of highstand shoreline notch elevation points around Lake Taupō with the most 

frequent notch elevation ranges for each bay (m ASL); (b-f) corresponding cross sections of notch 

elevations to the mapped points (except for Whakaipō Bay; see Figure 4.6a). Fault traces sourced from 

Langridge et al. (2016) 
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Figure 4.10: Histogram of notch elevation frequencies for each bay around northern Lake Taupō  
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Figure 4.11: (a) Map showing elevation points of the 232 CE highstand shoreline notch from northwest 

to southeast at Whakaipō Bay, Kaiapo Bay and Te Raeotepapa Bay; (b) Plot showing the shoreline notch 

elevations as they cross the West Whakaipō, Whakaipō and Kaiapo Faults (Langridge et al., 2016). There 

is an increase in elevations heading towards the east over the faults and their footwalls. The difference in 

shoreline elevation between Kaiapo Bay and Te Raeotepapa Bay is 4.08 ± 2.53 m.  
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4.5 Fault offset data in northern Lake Taupō 

Fault offset data for the West Whakaipō, Whakaipō, and Kaiapo Faults were obtained using shoreline 

notch elevation differences across the faults, as well as scarp displacement data from the DEM. For the 

Whangamata and Ngangiho Faults, only scarp heights could be measured. 

4.5.1 Vertical offsets on paleoshoreline notches 

To obtain vertical offsets within the paleoshoreline notches across West Whakaipō and Whakaipō 

Faults, regression lines were fitted through the elevation notches on either sides of each fault at Whakaipō 

Bay. The error margin was calculated via regression line residual values and propagation (See Chapter 

3). At each fault, the difference between the regression line elevations yielded the vertical displacement. 

Shown in Figure 4.6a is a map of the localities of paleoshoreline profiles, as well as both highstand and 

low-stand paleoshoreline elevations across the bay (4.6b-f) and how they are vertically offset either side 

of the West Whakaipō and Whakaipō Faults 

Highstand paleoshoreline offsets 

The regression line through the shoreline elevation points hanging wall of the West Whakaipō Fault 

is nearly flat with a low slope of 0.006° very slightly dipping west and has an error value of ±0.38 m. 

From this best fit regression line, the paleoshoreline notch on the hanging wall side intersects the West 

Whakaipō Fault at 390.15 m ASL. The regression line on the footwall of the West Whakaipō Fault has 

a gentle slope of 0.045° towards the east, with an error value of ± 0.67 m. From this best fit regression 

line, the paleoshoreline notch on the footwall side intersects the West Whakaipō Fault at 392.08 m ASL. 

The vertical offset of the 232 CE highstand paleoshoreline across the West Whakaipō Fault scarp is 

estimated to be 1.92 ± 0.75 m, by calculating the difference between these two elevation points (Figure 

4.6b). 

The regression line on the hanging wall of the Whakaipō Fault has a very low slope of 0.011° dipping 

west, and an error margin of ± 0.29 m. At the Whakaipō Fault scarp, the regression line’s elevation is 

391.42 m ASL. Crossing the fault to its footwall, regression line has a very low west dipping slope of 
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0.03° with an error margin of ± 0.25 m. The regressions line’s elevation is 394.19 m ASL at the scarp. 

The difference between both elevations at the Whakaipō Fault scarp is 2.76 ± 0.38 m.  

Low-stand paleoshoreline offsets 

For the West Whakaipō Fault, an offset of 2.38 ± 1.48 m was obtained as difference in regression 

line elevations (Figure 4,6d). The hanging wall regression line had an east dipping slope of 0.12° and 

error margin of ± 1.24 m. The footwall of the West Whakaipō Fault also had an east dipping slope which 

was 0.28° with an error margin of ± 0.8 m. For the Whakaipō Fault, however, no offset can be 

distinguished (Figure 4.6f). Near the Whakaipō Fault, although, paleoshoreline features such as terraces 

risers are highly eroded with their preservation and the position of shoreline notches impacted by surface 

processes. This could be due to the weaker nature of the deposits carved by the 232 CE low-stand (i.e., 

Taupō beach deposits) or local land use changes creating artificial variations in the shore profiles. The 

error margin associated with the 232 CE low-stand notch elevation is also far greater compared to the 

232 CE highstand notch, which occurs in more competent Taupō ignimbrite. Therefore the 232 CE low-

stand shoreline notches will not be further analysed at Whakaipō Bay, as the highstand notch is 

considered a better preserved and more reliable marker. 

4.5.2 Scarp heights of Whakaipō Bay faults 

Whakaipō Fault  

The Whakaipō Fault trends NNE-SSW along a trace of approximately 10.5 km with numerous 

segment linkages along its length. This fault displaces a range of both the Taupō 232 CE ignimbrite and 

Ōruanui 25.5 ka as shown in Figures 4.14a and 4.15a (Leonard et al., 2010). Coinciding with the 

different aged lithologies, the fault scarp varies along the fault with an increase in throw from south to 

north. The lowest scarp displacements are on the younger paleoshoreline, followed by then the Taupō 

ignimbrite and then Ōruanui ignimbrite which contains the highest accrued displacements. The fault 

scarp is fairly distinct through all the lithologies, however, into the Ōruanui ignimbrite, surface processes 

(channelling and gullying) have made the scarp difficult to distinguish, and  some areas there is no clear 
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scarp at all. The points shown in Figure 4.14a show where the scarp is distinct enough to yield a vertical 

offset, and many of these are quite variable, yielding a fluctuating profile (Figures 4.14b and 4.15b).    

 Scarp heights show distinct variations in younger units (i.e., <2 ka) in the Whakaipō Bay region. 

Vertical offsets on Terraces 2 range from 1.36 ± 0.61 m to 4.98 ± 1.74 m, with a mean value of 3.25 ± 

0.32 m (Figure 4.12b). A few strands are also observed on the Whakaipō Fault at Whakaipō Bay on 

Terrace 2 (Figure 4.12a). The scarp height of the Whakaipō Fault at these locations represents the 

cumulative values summed across all three splays of the fault, and form south to north are 2.8 ± 0.88 m; 

3.06 ± 1.04 m; 4.93 ± 1.53 m (shown in Table 4.2 and Figure 4.12b). The vertical offset obtained from 

the fault scarp through Terrace 2 is within the margin of the paleoshoreline vertical offset of 2.76 ± 0.38 

m (Figure 4.6c). Immediately north of the 232 CE highstand terrace riser in the Taupō ignimbrite for 

~1000 m, the Whakaipō Fault exhibits scarps ranging from 7.58 ± 1.65 m to 16.87 ± 1.72 m (Table 4.2 

and Figures 4.12b and 4.13), with a mean of 12.8 ± 0.44 m. These analyses reveal distinct contrast in 

fault offsets on critical markers along the Whakaipō Fault. Approximately ~1200 m north of 232 CE 

highstand terrace riser for along ~3860 m of the fault scarp, the mean scarp height within the Ōruanui 

ignimbrite increases to 30.46 ± 2.96 m (Figure 4.14b) out of a range of 20.55 ± 9.5 m to 37.89 ± 8.05 

m, which is significantly greater than the vertical offsets of the post Taupō 232 CE eruptive deposits.  

West Whakaipō Fault 

The West Whakaipō Fault has a trace length of approximately 1.1 km. It trends NNE and dips to the 

northwest (Langridge et al., 2016). It displaces known aged units, the Taupō ignimbrite and  shoreline 

deposits (Leonard et al., 2010). The vertical offset of the West Whakaipō Fault is 1.92 ± 0.75 m calculated 

from the difference of 232 CE highstand paleoshoreline notch elevations across the fault. This is low 

when compared with the throw profiles along Terrace 2 where the fault scarp heights range from 3.26 ± 

0.96 m to 4.95 ± 1.32 m, with a mean value of 4.29 ± 0.15 m (Table 4.2 and Figures 4.12 and 4.13). 

Since there are more data points along the scarp for the profile tool method, the 4.29 ± 0.15 m value will 

be used from herein. Few fault profiles were obtained north of the 232 CE highstand paleoshoreline 

notch, as the fault scarp here cuts a steep-sided slope of a rhyolite lava dome, which masks the 
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geomorphic expression of the fault. The throw values that were obtained within the Taupō 232 CE 

ignimbrite were 5.66 ± 0.79 to 8.85 ± 1.72 with an average of 7.08 ± 0.51 m.  
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Figure 4.12: (a) Map of throw profiles along the faults (Langridge et al., 2016) observed at Whakaipō 

Bay; (b) Whakaipō Fault and its linkages (red and purple) and; (c) throw profiles along West Whakaipō 

Fault. Numbers indicate transects in which fault displacements that were summed across the linkages; 

2.8 ± 0.88 m; 3.06 ± 1.04 m; 4.93 ± 1.53 m (1 through 3) 
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Figure 4.13: Histogram of vertical offset frequencies of the Whakaipō Fault (top) and the West 

Whakaipō Fault (bottom) which represents displaced shoreline deposits  
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Table 4.2: Fault displacement values along the Whakaipō and West Whakaipō Faults.  
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Offset (m) ± m 

3.96 0.92 4.94 1.32 

3.99 0.8 3.26 0.96 

2.28 1.29 4.05 0.99 

2.81 0.96 4.09 0.98 

2.28 0.78 4.45 1.01 

1.36 0.61 4.67 0.86 

1.67 0.77 4.09 1.00 

2.59 1.04 4.24 1.16 

3.9 1.28 4.65 0.88 

4.6 1.25 4.48 1.13 

4.98 1.74 4.94 1.32 

4.53 2.39 6.1 0.97 

7.58 1.65 5.66 0.79 

13.71 2.91 8.28 3.36 

10.59 2.26 8.85 2.74 

12.01 2.02 6.6 1.93 

14.53 2.28  

16.87 1.72 

16.82 1.36 

16.61 1.55 

14.24 1.55 

12.58 1.94 

13.38 1.93 

10.12 1.91 

8.35 2.06 

Points go from south to north along each fault. Grey shaded area is ignimbrite and gold numbers 
are the offsets of the main fault trace that were summed across the linkages 2.8 ± 0.88 m; 3.06 ± 

1.04 m; 4.93 ± 1.53 m 
See appendix for complete table  
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4.5.3 Other Taupō Rift faults 

Kaiapo Fault 

The Kaiapo Fault trends NNE-SSW, dips to the west and has a fault trace of about 16 km 

(Langridge et al., 2016). To get displacements values, where the scarp was clearly defined, throw profiles 

were obtained along about 10 km of the 16 km fault (Figure 4.14 and 4.15).  Displacements along the 

Kaiapo Fault ranged from 48.64 ± 9.59 m and 183.44 ± 10.61 m, with a mean throw value of 101.44 ± 

8.59 m. Out of the total vertical displacement values, the highstand paleoshoreline differences from 

Kaiapo Bay and Te Raeotepapa Bay suggest a mean throw of 4.08 ± 2.53 m. It is important to note the 

different lithological units that outcrop on both sides of the fault, as well as surface process that can 

emphasize (or minimise) the displacement. As shown in Figures 4.14a and 4.15a, the immediate east of 

the Kaiapo Fault scarp on its footwall, there are ~1-2 long km outcrop areas of late Pleistocene Taupō 

rhyolites and older middle Pleistocene basalts, that appear to have been uplifted and lens through the 25.5 

ka Ōruanui ignimbrite and alluvium (Leonard et al., 2010). Crossing west to its hanging wall, the Taupō 

ignimbrite is the primary lithology with lenses of Ōruanui ignimbrite (Leonard et al., 2010).  

Whangamata Fault 

 The Whangamata Fault trends NNE-SSW and dips to the east for approximately 7 km. The 

number of measurements made were limited and restricted by the extent of the LiDAR coverage, which 

can be observed in Figure 4.15a. Fault throw profiles were conducted along two splaying fault segments, 

each about 1.7 km and 1.9 km long as shown in Figure 4.15a and 4.15e (Langridge et al., 2016). The 

fault displacements along both traces were between 5.03 ± 1.53 m and 15.61 ± 3.29 m with an average 

of 9.76 ± 1.2 m. This displacement accrued in 232 CE Taupō ignimbrite, where channelling has eroded 

into the fault scarp (Leonard et al., 2010). North of the Taupō 232 CE ignimbrite along the Whangamata 

Fault trace, the faulting occurs in Taupō Group rhyolite, however this is beyond the extent of the LiDAR 

data.  
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Ngangiho Fault  

The Ngangiho Fault borders the west side of Whakaipō Bay and trends NNE-SSW. The fault dips to 

the east and has a trace length of 9.7 km (Langridge et al., 2016). This fault displaces a late Pleistocene 

Taupō Group rhyolite dome, and on its northern end of its trace, down throws Ōruanui ignimbrite to the 

east while uplifting the late Pleistocene rhyolite to the west (Leonard et al., 2010). Throw values along 

(Figure 4.15d) range between 34.39 ± 11.46 and 78.91 ± 8.07 m, with a mean value of 57.38 ± 5.69 m 

(Figure 4.15a and d). 
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Figure 4.14: (a) Geology map (Leonard et al., 2010) of Whakaipō and Kaiapo Faults (Langridge et al., 

2016) beyond the scope of Whakaipō Bay; (b-c) fault throw profiles of Whakaipō and Kaiapo Faults  
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Figure 4.15: (a) Geology map (Leonard et al., 2010) of major faults (>2 km; Langridge et al., 2016) 

surrounding Whakaipō Bay; (b-e) throw profiles of the Whakaipō, Kaiapo, Ngangiho and Whangamata 

Faults corresponding to the coloured map points (points are tabled in appendix) 



81 
 

4.6 Rates of faulting in the central Taupō Rift  

Table 4.3 summarises the faults discussed in this chapter and their displacements over different 

lithologies. Faulting rates have been inferred from the known aged, faulted deposits of the past ~1790 

years (POST 232 CE) and 25.5 ka (Leonard et al., 2010). Table 4.4 summarises the displacements of 

Taupō 232 CE ignimbrite (1.8 ka) as well as the Ōruanui ignimbrite (25.5 ka) of the West Whakaipō, 

Whakaipō, and Whangamata Faults.  

The Whakaipō Fault has a vertical slip rate of 1.8 ± 0.2 mm/yr within the shoreline deposits, 7.11 ± 

0.24 mm /yr within the Taupō 232 CE ignimbrite, and 1.2 ± 0.28 mm/yr within the Ōruanui ignimbrite. 

The West Whakaipō Fault has a slip rate of 2.38 ± 0.08 mm/yr within the shoreline deposits, and 3.93 ± 

0.28 mm/yr for the Taupō 232 CE ignimbrite. The Whangamata Fault has a rate of 5.42 ± 2.32 mm/yr 

along its southern termination in the Taupō 232 CE ignimbrite.  Further timing constraints on fault 

ruptures will be discussed in Chapter 5 (section 5.2) for the Whakaipō Bay shorelines. 

 

 

Table 4.3 Summary of the major faults (from west to east) and their total throw values across different lithologies 

Fault: Post 232 CE 

shoreline 

deposits 

232 CE Taupō 

ignimbrite 

25.5 ka 

Ōruanui 

ignimbrite 

Other 

Whangamata Max throw: __ 15.61 ± 3.3 m __ __ 

Average throw:  9.75 ± 1.2 m __ __ 

Ngangiho  
Max throw: __ __ __ 78.91 ± 8.07 m 

Average throw: __ __ __ 57.38 ± 5.7 m 

West 

Whakaipō  

Max throw: 4.95 ± 1.32 m 8.85 ± 2.74 m __ __ 

Average throw: 
1.92 ± 0.75 m* 

4.29 ± 0.15 m 
7.08 ± 0.51 m __ __ 

Whakaipō  
Max throw: 4.98 ± 1.74 m 16.87 ± 1.72 m 37.89 ± 8.05 m __ 

Average throw: 
2.76 ± 0.38 m* 

3.25 ± 0.35 m 
12.8 ± 0.44 m 30.47 ± 2.96 m __ 

Kaiapo  Max throw: __ __ __ 183.4 ± 10.6 m 

Average throw: __ __ __ 101.44 ± 8.6 m 

*Indicates displacement calculated from shoreline notch elevations 
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Table 4.4: Summary of estimated slip rates from faulted, known aged deposits 

Fault: Post 232 CE shoreline 

deposits 

232 CE Taupō 

ignimbrite 

25.5 ka Ōruanui 

ignimbrite 

West Whakaipō Fault 1.06 ± 0.42 mm/yr 3.93 ± 0.28 mm/yr __ 

Whakaipō Fault 1.8 ± 0.2 mm/yr 7.11 ± 0.24 mm /yr 1.2 ± 0.28 mm/yr 

Whangamata Fault __ 5.42 ± 2.32 mm/yr __ 
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Chapter 5: Discussion 
 

In this chapter, the observations made at Whakaipō Bay are analysed to unfold the faulting events that 

occurred within the Taupō 232 CE eruption aftermath. With a sequence of events established, the faulting 

at Whakaipō Bay can be temporally constrained to estimate the amount of slip, and rate thereof , 

immediately after the Taupō 232 CE eruption, during the post-eruption highstand phase, and the time 

since the lake retreated to its present level. This can then be compared to other tectonic and magma-

tectonic events throughout the TVZ, and the time-averaged deformation signals can be compared with 

present-day active deformation around Lake Taupō. The implications of these analyses can yield insights 

to how deformation manifests in the vicinity of the Taupō caldera complex and how fault behaviour is 

impacted by large silicic eruptions.  

5.1 Possible fault shoreline interactions at Whakaipō Bay   

Outlined below are three possible scenarios for fault rupture timing at Whakaipō Bay, relative to 

the timing of Taupō 232 CE ignimbrite emplacement, development of the 232 CE highstand 

paleoshoreline notch, and retreat of the lake shoreline to its present position. The main purpose is to 

consider how the different faulting scenarios would impact the present geomorphic expression of the 

paleoshoreline notches and risers. This will allow for an interpretation of the sequence of events at 

Whakaipō Bay, as well as an estimate of the amount of fault slip accrued on the faults in the immediate 

aftermath of the Taupō 232 CE eruption. 

The Taupō 232 CE eruption brought immediate and drastic landscape response with the 

emplacement of the Taupō ignimbrite (Manville and Wilson, 2003; Manville et al., 2009; Lowe and 

Pittari, 2021). The landscape essentially reset where depressions were filled, the drainage network choked 

and Lake Taupō’s outlet to the Waikato River became dammed with the Taupō ignimbrite (Manville et 

al., 2009; Lowe and Pittari, 2021). The lake level infilled and rose to the highstand position for ~20 years 

immediately after the 232 CE eruption, before the lake water breached the dammed Waikato River outlet, 

resulting in a catastrophic flood and shoreline retreat (Manville et al., 1999; 2009). This retreat left behind 
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three terraces, separated by two well-developed paleoshoreline notches and terrace risers. Discussed 

below are the expected fault displacements and geomorphic characteristics for these notches and risers if 

fault slip occurred either (1) after, (2) during, or (3) both during and after the 232 CE highstand phase. 

Scenario 1 – all fault slip is accrued after the 232 CE highstand up to the present day 

The first faulting scenario (Figure 5.1) to consider at Whakaipō Bay is that all fault rupturing 

occurred after the 232 CE highstand notch had formed and the shoreline had retreated to its current 

position. In this scenario, no faulting would have occurred during highstand. Therefore, the position of 

the shoreline and while it was actively eroding into the Taupō ignimbrite at this time would not have 

been displaced as it developed. A non-faulted, undisturbed shoreline notch would have remained once 

the lake-level had retreated to its present elevation, and a fault scarp would not yet have begun to develop 

in the Taupō ignimbrite until after lake level retreat. 

Dip-slip normal motions are expected on the faults oriented orthogonal to the general extension 

direction in the TVZ (Rowland and Sibson, 2001; Villamor and Berryman, 2001; Seebeck et al., 2014), 

which coincidentally roughly matches the general NW-SE trend of the paleoshoreline notch. This style 

of faulting will produce only noticeable vertical offsets on the paleoshoreline notches, and the 

paleoshoreline notch is expected to hold its apparent lateral position either side of the fault (i.e., there 

will be no apparent lateral offsets; Figure 5.1a). Critically, in this scenario where all faulting occurs after 

the lake had retreated to its present level, the measured vertical offsets on the paleoshoreline notches 

should also be equal to the observed vertical offsets on the Taupō 232 CE ignimbrite on Terrace 1  (Figure 

5.1c). The terrace risers should also maintain a similar height on either side of the faults (Figure 5.1b).   
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Figure 5:1: Faulting scenario 1 where al faulting occurred after the 232 CE highstand shoreline retreated 

and left behind terraces. (a) Map view illustration of the geometry of the shoreline notch and faults where 

the notch holds it lateral position; (b) cross section view of the terrace riser and water level in which 

controls the riser height; (c) diagram showing what the end result would look like after faulting where 

the shoreline deposits and ignimbrite have the same vertical displacements    
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Scenario 2 - all fault slip is accrued during 232 CE highstand 

 The second scenario (Figure 5.2) considered for Whakaipō Bay is one where the faults only 

ruptured in the immediate aftermath of the 232 CE eruption (i.e., the time during which both lake level 

rose and also while the highstand was an active shoreline). There are numerous estimates for the time for 

lake refilling, and these range from a few years to 40 years (Manville et al., 1999; Manville, 2001; Riggs 

et al., 2001). Estimates are based on runoff calculations, but there are numerous variables like 

evaporation off hot surfaces, the amount of water in the lake prior to refilling, as well as the timing to 

fully saturate pumice and re-establish drainage networks (Riggs et al., 2001). Current runoff rates would 

refill the lake in 11 years, and additional 4 would be required to raise it the 34 m (Riggs et al., 2001; 

Manville, 2001). Based on estimate that it took approximately 15 years for the lake to refill and rise to 

the highstand after the 232 CE eruption (Wilson et al., 1997; Riggs et al., 2001; Manville, 2001). From 

there, the lake highstand is estimated to have lasted another 5 years, for a total of ~20 years lasting from 

the time of the 232 CE eruption to the catastrophic break flood resulting lake level to drop (Wilson et al., 

1997; Manville, 2002; Manville et al., 1999;2009). 

  Unlike Scenario 1, where only an inactive paleoshoreline was displaced, in Scenario 2, faulting 

occurs while the 232 CE highstand notch is actively developing, and thus the shoreline notch responds 

to landscape adjustments associated with fault movements (Figure 5.2a). For example, as the hanging 

wall subsides the shoreline on the hanging wall side of the fault should transgress (Figure 5.2b). 

Consequently, a new shoreline notch develops inland within the Taupō 232 CE ignimbrite, while the 

previous shoreline notch and riser (now submerged by the lake) is progressively buried by nearshore 

deposits. By contrast, as the footwall uplifts, the shoreline on this side of fault regresses. Consequently, 

the previous shoreline notch on the footwall side of the fault exhibits an apparent landward movement 

and a new shoreline notch develops shoreward of the previous (Figure 5.2b). This new shoreline notch 

should also develop within highly erodible beach deposits, and thus this new shoreline has the potential 

to retreat quickly toward the previous shoreline notch developed within comparatively more competent 

Taupō ignimbrite. 



87 
 

The terrace risers would also display evidence of fault rupture through variations in their heights 

across the faults. Specifically, an increase in riser heights would be expected as highstand paleoshoreline 

crosses from the fault hanging wall to the footwall (Figure 5.2b-d). Riser height variation would be 

another consequence of shoreline transgression and regression of hanging walls and  footwalls, where the 

water level is lowered or raised with respect to the vertically moving riser either side of the fault. Given 

the NW dip direction of both the Whakaipō and West Whakaipō Faults, the shortest riser heights would 

be expected to be found on the western side of each fault in their hanging walls, where the lowered fault 

block experiences the highest incision into the terrace. Towards the east across both the Whakaipō and 

West Whakaipō Faults into their footwalls, the riser heights would increase slightly. As this side of the 

fault is lifted exposing beach deposits, the terrace height would be substantially higher. These exposed 

beach deposits are easily eroded, and the shoreline will quickly erode these exposed d eposits and 

transgress towards the previous shoreline notch in the Taupō ignimbrite.  

The remanent vertical fault slip on these faults in this scenario will only be observed on the Taupō 

ignimbrite in the upper terrace (Terrace 1). There would be a lack of  vertical offset observed on the 

paleoshoreline notches either side of these faults, and given enough time, continued erosion and 

development of the notch after each slip event erases the position of the previous shoreline. The fault 

scarp would appear to terminate at the highstand paleoshoreline notch, and likely not be observed on the 

lower terraces (Terrace 2 and 3). This is because lacustrine and wave processes and near-shore 

sedimentation would obscure any fault slip that occurred below the lake surface. 
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Figure 5.2: Faulting scenario 2 where all faulting occurs during the active 232 CE highstand . (a) Map 

view illustration of the geometry of the shoreline notch and faults where the notch has an apparent offset 

at the faults; (b) illustration facing the terrace riser with faulting an active shoreline depicting the 

shoreline transgression and regression on the hanging wall and footwall respectively; (c) cross section 

views of the terrace riser experiencing shoreline transgression resulting in decreased riser height; (d) 

cross section views of the terrace riser experiencing shoreline regression resulting in increased riser 

height   
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Scenario 3 - fault slip is accrued during 232 CE highstand and after the highstand retreated 

The third possible scenario (Figure 5.3) is one where faulting occurred immediately after the 232 

CE eruption on the freshy emplaced Taupō ignimbrite and during the active post 232 CE highstand 

shoreline phase, and then also after the lake level retreated to its current position.  

Many of the same processes described in Scenario 2 apply to this scenario. Fault movements 

occurring while 232 CE highstand shoreline was active would produce the same patterns of shoreline 

transgression and regression, which would result in an apparent lateral shift in the paleoshoreline position 

either side of the faults. The shoreline then retreats after the catastrophic flood at ~20 years after the 232 

CE eruption (Wilson et al., 1997; Manville et al., 2009), and faulting continues to the present day 

displacing the shoreline notches after the highstand retreat; therefore, some vertical offsets will also be 

expected on the shoreline notches either side of the fault. However, this later faulting will have a lower 

cumulative throw compared to the throws observed on scarps in the Taupō ignimbrite, which were also 

developing during the 20 year period between the emplacement of the Taupō ignimbrite and final retreat 

of the highstand lake level.  

Evidence of faulting during the 232 CE highstand would be recorded by the shoreline’s lateral 

position and the terrace riser heights proximal to each fault (Figure 5.3). Similar to Scenario 2, there 

would be a shorelines transgression on the hanging wall sides of the faults and shoreline regression on 

the footwall sides of the faults (if subsequent shoreline retreat did not occur in the unconsolidated beach 

deposits; Figure 5.2b). Riser heights would also increase as they cross from the hanging wall to the 

footwall of each fault (Figure 5.3a and 5.2c-d). Evidence for faulting after 232 CE highstand includes 

observed vertical offsets on the paleoshoreline notch either side of the faults. If these vertical offsets are 

significantly less than the throw on the fault scarp observed on the upper ignimbrite terrace (Terrace 1), 

then it is likely that faulting occurred both during and after the 232 CE highstand. Finally, subtracting 

the vertical offset observed on the Terrace 1 scarp from the vertical offsets on the paleoshoreline notch 

provides an estimate of the total slip accrued on the fault during the lake highstand phase. 
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Figure 5.3: Faulting scenario 3 where faulting occurs during the active 232 CE highstand and after 

shoreline retreat; (a) Map view illustration of the geometry of the shoreline notch and faults where the 

notch has an apparent offset at the faults; (b) illustration facing the terrace riser with faulting an active 

shoreline depicting the shoreline transgression and regression on the hanging wall and footwall 

respectively (see Figure 5.2 c-d) for cross section of risers; (c) view facing the terrace risers after 

shoreline retreat and subsequent faulting   
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5.1.1 Sequence of events at Whakaipō Bay  

After consideration of possible fault rupture timing and the impact on paleoshoreline formation, 

Scenario 3 is preferred for what ensued in the Taupō 232 CE aftermath to present. This is based on the 

following pieces of evidence: 

(a) The 232 CE highstand paleoshoreline notches exhibit >50 m apparent lateral offset (Figure 4.3 and 

5.3). As these are normal faults that exhibit expected dip-slip motions (Seebeck et al., 2014), these 

lateral offsets cannot be explained strike-slip motions of this magnitude, which would be extremely 

uncharacteristic of faults in the TVZ (Rowland and Sibson, 2001; Seebeck et al., 2014). Instead, 

these lateral offsets are best explained by hanging wall transgression and footwall regression 

resulting from fault slip while the 232 CE highstand shoreline was active. 

(b) Terrace risers exhibit abrupt increases in height (~5 m) as the cross from the fault hanging walls to 

their footwalls (Figure 4.3). This is best explained by sudden changes in riser elevations while the 

shoreline was active, with these elevation changes driven by fault slip. 

Fault throws measured on fault scarps in the Taupō ignimbrite greatly exceed the observed 

vertical offset on the 232 CE highstand paleoshoreline notch. This is particularly the case of the 

Whakaipō Fault, which exhibits a vertical offset of 2.76 ± 0.38 m on the 232 CE highstand paleoshoreline 

notch (Figure 4.6; Table 4.3), compared to the mean throw of 12.80 ± 0.44 m on the Taupō ignimbrite 

on the upper terrace. In all, this data suggests that 9.55 ± 0.56 of throw accumulated on the Whakaipō 

Fault during 232 CE highstand phase (see also Section 5.2.1). Collectively, these observations 

demonstrate that faulting was occurring immediately after the Taupo ignimbrite was emplaced. There is 

evidence of syn-eruptive earthquakes around the lake, including dilated fractures immediately infilled 

with Taupō ignimbrite, and fault displacement patterns immediately east of Acacia Bay also support fault 

activity during and perhaps immediately after the 232 CE eruption (cf. Muirhead et al., 2022). Data and 

observations presented here also show a close kinship between magmatic and tectonic activity in the area, 

revealing that additional fault slip events continued to accrue 12.80 ± 0.44 m throw on the Whakaipō 
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Fault, during a short phase in the immediate aftermath of the eruptions, encompassing the period over 

which the lake level likely rose to 232 CE highstand elevation and then retreated. 

All these observations allow for a revised sequence of events at Whakaipō Bay that have occurred 

since the Taupō 232 ± 10 CE eruption to the present-day. Figures 5.4 and 5.5 visually conceptualise this 

sequence which are as follows: 

1. Emplacement of the Taupō 232 CE ignimbrite (Barker et al., 2021). The emplacement of this thick 

deposit resets the landscape (Figure 5.5a), while also damming the outlet into the Waikato River 

and choking the drainage system (Manville et al., 1999; 2009; Lowe and Pittori, 2021).   

2. Channels and rills started incising into the ignimbrite as the landscape starts to adjust after the 232 

CE eruption (Manville et al., 1999; 2009; Lowe and Pittori, 2021) (Figure 5.5b). Lake Taupō 

starts to refill and rise ~ 34 m over the next ~15 years (Manville et al., 1999; 2009). Some fault 

slip events potentially occur, which rupture the Taupō ignimbrite and start accruing throw on the 

fault scarps on Terrace 1 (Figure 5.5c). Rills start to stabilize as channels and feed into the lake 

once it reaches its highstand position (Manville et al., 2009; Lowe and Pittori, 2021).  

3. Faulting occurred while this highstand shoreline was active and is evident by the present lateral 

position of the paleoshoreline near the faults and changes in terrace riser heights (Figures 5.5d).  

4. Approximately 20 years after the 232 CE eruption, the ignimbrite blocking the Waikato River 

outlet was breached and destabilised resulting in a catastrophic breakout flood, after which lake 

level started to fall exposing Terrace 2 (Wilson et al., 1997; Manville et al., 2009) (Figure 5.5e).  

5. Lake level retreated to its ~360 m ASL low-stand position (Figure 5.5f). Few deeper channels 

incised into the saturated pumiceous deposits (White et al., 2001) instead of the numerous rills 

observed on Terrace 1, creating as stark surface roughness contrast on Terrace 3 compared to the 

upper two terraces.  

6. Lake level continued to retreat down to its current level (Figure 5.5g), leaving behind two distinct 

paleoshoreline notches separating three terraces (Figure 5.5h). 
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7. From ~252 ± 10 CE to present, the Whakaipō Fault and West Whakaipō Faults continue to accrue 

throw, likely during a number of discrete slip events. These accrue an additional 2.76 ± 0.38 m 

and the 1.92 ± 0.75 m of throw, respectively, since the retreat of the 232 CE highstand shoreline 

(Figure 5.5i).  
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Figure 5.4: Map of Whakaipō Bay where each number correlates to an event (described in section 5.1.1), 

and where evidence of that event can be observed  
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Figure 5.5: Block diagram depicting the sequence of events described in section 5.1.1  



96 
 

5.2 Rates of faulting at Lake Taupō  

 The sequence of events outlined in Section 5.1, and the quantification of vertical displacements 

during different time periods, allow estimation of the time-averaged rates of vertical slip and extension 

at Whakaipō Bay related to the 232 CE Taupō eruption and the years since. These rates can then be 

compared with other fault data throughout the TVZ to gauge a better understanding of the temporal scale 

of rifting events.  

5.2.1 Faulted units  

 

Highstand paleoshoreline notch 

The 232 CE highstand paleoshoreline notch represents the most well-formed paleoshoreline notch 

in Whakaipō Bay. It formed within a much more competent lithology (Taupō ignimbrite) than the 232 

CE low-stand notch (nearshore lacustrine sediments), resulting in comparatively consistent notch 

elevations and consequently significantly lower uncertainties in observed vertical offsets (i.e., 14-39% 

uncertainty for the highstand, compared to 63% for low-stand; Figures 4.6 and 4.7). Our analysis of 

time-averaged fault slip will thus focus on analyses on the 232 CE highstand paleoshoreline notch. 

As discussed in Section 5.1, faulting that results in observable vertical offsets on the 

paleoshoreline notch in the present day, must have occurred sometime after the lake level fell from its 

highstand elevation at ~390 m ASL (Figure 5.5h). Vertical offsets observed on the 232 CE highstand 

are 1.92 ± 0.75 m and 2.76 ± 0.38 m for the Whakaipō and West Whakaipō Faults, respectively (Figure 

4.6 and Table 4.3).  Since the individual vertical displacements and the exact number of events are 

unknown, only a time-averaged slip rate can be estimated by taking the total vertical offset accrued since 

252 ± 10 CE. For the Whakaipō and West Whakaipō Faults, this is 1.56 ± 0.22 mm/yr and 1.09 ± 0.43 

mm/yr, respectively. It is reasonable to assume that these estimates fairly represent the long-term vertical 

slips on these faults, as they are consistent with long-term, time-averaged vertical slip rates through the 

TVZ (i.e., Villamor and Berryman, 2001; Downs et al., 2014; Muirhead et al., 2022). For example, the 

Paeroa Fault has a vertical slip rate of 1.56 ± 0.15 mm/yr (Villamor and Berryman, 2001). It is important 

to note however, that the cumulative throw on the Paeroa Fault is 100 ± 10 m, and the rate is calculated 
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over ~64 ka, much longer than the ~1790 year period since the 232 CE eruption (Villamor and Berryman, 

2001). However, the rates are also consistent with long-term vertical slips rates on normal faults in 

extensional settings globally, such as the central Apennines (Italy) and southern Kenya Rift (Kenya) 

(Wilkinson et al., 2014; Muirhead et al., 2016; Muirhead and Kattenhorn, 2018). 

Taupō ignimbrite  

The Taupō 232 CE eruption was the most recent large silicious eruption in the study region, and 

no other tephra is observed mantling the Taupō ignimbrite locally in the field area (Barker et al., 2021). 

The only processes acting on the fault scarps in Taupō ignimbrite are surface and soil processes, which 

make the relationship between unit and faulting relatively simple to interpret (Villamor et al., 2011). 

Observed displacements and associated fault scarps in Taupō ignimbrite provide a distinct maximum age 

for faulting of 232 ± 10 CE. However, when analysed in conjunction with the paleoshoreline 

morphologies and notch elevations, further timing constraints can be placed on the fault rupture sequence 

in the aftermath of the Taupō 232 CE eruption.  

After the 232 CE eruption, it has been estimated that it took 15 years for lake level to refill and 

rise 34 m above its current level (Riggs et al., 2001). Then five years later (~20 years post-eruption) the 

lake level dropped after breaching of the ignimbrite-dammed Waikato River outlet, allowing the lake 

shoreline to retreat, leaving the distinct paleoshoreline notches (Wilson et al., 1997; Manville, 2001; 

Manville et al., 1999; 2009). As discussed in section 5.1, any observed vertical displacements recorded 

on fault scarps on Terrace 1 (comprised of Taupō 232 CE ignimbrite) that are not equivalently observed 

on the paleoshoreline notches would have to be accrued within those 20 years. As such, the difference in 

vertical offsets observed on scarps from the Taupō ignimbrite and paleoshoreline notches would 

represent the amount vertically displaced prior to shoreline retreat. Calculated from the fault throw 

profiles (Figure 4.12 and Table 4.3), Whakaipō Fault has mean vertical displacement of 12.80 ± 0.44 m 

in the Taupō ignimbrite and vertical offset of 2.76 ± 0.38 m recorded on the paleoshoreline notch, 

corresponding to a throw difference of 9.55 ± 0.56 m, which is expected to have accumulated over the 

20 year time period occurring from the end of the 232 CE eruption and retreat of the lake ~390 m 
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highstand shoreline. This phase of faulting represents a comparatively accelerated phase of fault and 

earthquake activity, where time-averaged vertical fault slip accrued at a remarkable rate of 477 ± 28 

mm/yr, although most likely accrued during a number of discrete large slip events. Similarly, for the 

West Whakaipō Fault, the average fault scarp height within the Taupō ignimbrite unit is 7.08 ± 0.51 m 

with 1.92 ± 0.75 m of throw observed on the 232 CE paleoshoreline notch. Subtracting these values 

results in an estimated 5.16 ± 0.91 m of throw accumulated over 20 years since end of the 232 CE eruption 

and retreat of the lake ~390 m highstand shoreline. Although these values come with associated 

uncertainties, this data suggest a mean time-averaged vertical fault slip rate of 258 ± 45 mm/yr during 

this 20 period although this displacement could feasibly accumulate in a single normal faut slip event 

(Wells and Coppersmith, 1994).  

This data shows that Whakaipō Bay experienced a significant number of fault ruptures within the 

immediate aftermath of the Taupō 232 CE eruption and while the highstand paleoshoreline was still 

active. These short-term vertical slip rates far exceed the longer term rates seen elsewhere in the TVZ, 

and therefore are not representative of long term. They do however suggest a considerable amount of 

strain accommodation can occur in this region of the of the Taupō Rift during the aftermath of large 

eruptions, consistent with silicic centres elsewhere in the TVZ (i.e., Ōkataina volcanic centre; Berryman 

et al., 2008).   

5.2.2 Rates of extension at Lake Taupō   

Using Villamor and Berryman’s (2001) formula (Figure 5.6), surface horizontal extension can 

be calculated across both faults at Whakaipō Bay by assuming a fault dip 60°. To calculate the extension 

that accumulated in the shoreline deposits, the vertical slip observed on the West Whakaipō, and 

Whakaipō Faults were used, along with the vertical slip observed from the Kaiapo Fault which vertically 

offset 4.08 ± 2.53 m of shoreline notch elevations between Kaiapo and Te Raeotepapa Bays (Figure 

4.11). For a 60° dip, the estimated extension is 5.06 ± 2.66 m. Over the past 1766 years, this yields a rate 

of 2.8 ± 1.48 mm/yr, which agrees with the 2.4 ± 0.15 mm/yr calculated from observable fault 

displacements across the Ngakuru Graben (central TVZ rift axis) by Villamor and Berryman (2001), and 
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also the 2.7 ± 0.15 mm/yr for faults of the Taupō Fault Belt dissecting the 26.5 ka Ōruanui surface ~10 

km north of Whakaipō Bay (Muirhead et al., 2022). Of note, this analysis of rift fault extension does not 

include the Whangamata and Ngangiho Faults, which may have also accommodated significant extension 

since the retreat of the highstand shoreline ~252 ± CE. 

By comparison, analysis of fault scarp heights on the Taupō ignimbrite suggest significantly 

elevated rates of rift extension for the ~20 year time period after the 232 CE eruption. Extension 

accumulated on Terrace 1 within the Taupō ignimbrite, based on the fault scarp heights across both the 

West Whakaipō and Whakaipō Faults (sum value of 19.88 ± 0.67 m), relates to an estimated total surface 

extension of 11.47 ± 0.67 m since the emplacement of the Taupō ignimbrite. Subtracting a cumulative 

extension value of 2.71 ± 0.49 m, based on the cumulative vertical offset of 4.68 ± 0.84 m observed on 

the 232 CE high paleoshoreline notch, results in an estimated 8.76 ± 0.83 m of rift extension accrued on 

the West Whakaipō and Whakaipō Faults and for the 20 year time period after the 232 CE eruption, 

equivalent to remarkable 438 ± 41 mm/yr time-averaged extension rate, which again was likely accrued 

over a series of discrete faulting events. However, this extension rate does not show the long term 

behaviour of these rift faults, but perhaps their behaviour in response to voluminous silicic eruptions. As 

such, this amount of extension highlights the importance of volcanic-assisted rifting to promote fault 

ruptures in the region. It also raises the question of the role of these caldera-forming eruptions in the 

subsequent evolution of the Taupō Rift and development of its faulted rift basins (i.e., Downs et al., 2014; 

Muirhead et al., 2022).  
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Figure 5.6: Illustration showing the relationship between horizontal and vertical displacement, and the 

equation used to calculate horizontal extension assuming an angle of 60°; modified from Villamor and 

Berryman (2001) 

 

 

5.2.3 How normal is the normal fault slip at Whakaipō Bay? 

Within the context of the ~20 year time period during Taupō 232 CE eruption aftermath, the 

cumulative vertical displacement across both Whakaipō Bay faults exceeds that of other single faulting 

events throughout the TVZ. When comparing the fault slip observed in this study to fault slip data from 

other studies throughout the TVZ, there are a few considerations. The first is how the faulting occurred, 

whether it was through tectonic or magmatic means. The second consideration is whether the total throw 

accumulated on single or multiple fault strands for each event. 

For example, looking at the 1987 Edgecumbe earthquake, the maximum vertical displacement 

recorded was ~2.5 m with an extension of 1.8 m from the MW 6.6 earthquake (Beanland et al., 1989; 

Villamor et al., 2022). The throw of the Taupō ignimbrite at Whakaipō Bay far exceeds this at 12.80 ± 
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0.44 m, as does the estimate vertical offset accrued during the aftermath period (9.55 ± 0.56 m). Whether 

the faulting at Whakaipō Bay was tectonic or not (see section 5.4), this amount of slip is exorbitant for 

the expected surface rupture from single normal fault event, which is typically less than 1 m and only 

rare occasions reaching 2-3 m (Stein and Barrientos, 1985; Beanland et al., 1989; Wells and 

Coppersmith, 1994). It therefore is more likely that the throw accumulated from a series of ruptures. 

However, it is difficult to distinguish the amount of vertical slip from each individual rupture following 

the 232 CE eruption without visually observing the displaced units across the fault plane, which would 

require processes such as fault trenching (e.g., Berryman et al., 2008).  

Other studies of volcanic-related faulting involving trench data throughout the central and 

northern TVZ can give insight to the amount of vertical slip that accumulates in fault rupture clusters 

(e.g., Berryman et al., 2008; Villamor et al., 2011; 2022). Surrounding volcanic ruptures from the 

Ōkataina volcanic centre, Villamor et al. (2022) found single faults had vertical displacements of 0.2 to 

1.75 m in the northern TVZ. Similarly for the central TVZ, Berryman et al. (2008) found ruptures were 

0.55-2.5 m for single fault strands of the Paeroa Fault. Two major ruptures were recorded in response to 

the Waiohau and Rotoma eruptions, approximately ~17 km from the Ōkataina volcanic centre (Berryman 

et al., 2008; Cole et al., 2014). The 13.8 ka Waiohau eruption dispersed 4 km3 DRE from Tarawera in 

the Ōkataina volcanic centre (Speed et al., 2002). Prior to the eruption, four single faults strands of the 

Paeroa Fault ruptured a cumulative displacement of ~1.4 m across the four strands, then coevally ruptured 

with a maximum cumulative displacement of ~1.2 m (Berryman et al., 2008).  Similarly, for the Rotoma 

eruption (9.5 ka), 8 km3 DRE was erupted from Haroharo vents in the Ōkataina volcanic centre (Cole et 

al., 2014; Villamor et al., 2022). Summed across the same four fault strands was ~0.16 m of displacement 

(dip-slip) that accumulated co- and post-eruption (Berryman et al., 2008; Cole et al., 2014; Villamor et 

al., 2022). 

The coincidence of large co-eruptive fault slip events at the Ōkataina volcanic centre mirrors 

observations here for the Whakaipō Fault, which supports post-eruptive faulting and extensional strain 

accommodation in the vicinity of a caldera. In all, 75% of the observed 12.80 ± 0.44 m of vertical offset 
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recorded on the Whakaipō Fault since 232 CE likely accrued within 20 years of the Taupō 232 CE 

eruption. Based on the typical offsets of single fault rupture events in the Ōkataina volcanic centre (0.55-

2.5 m; Berryman et al., 2008), it is possible that anywhere from 4 to 17 individual discrete earthquake 

ruptures have occurred on this fault since 232 CE, suggesting a spike in earthquake frequencies in the 

aftermath of silicic eruptions at Taupō volcano. However, with these studies, it is important to note that 

these trenched faults also accumulate pure tectonic throw (Berryman et al., 2008; Villamor et al., 2022), 

and that some of the recorded displacement may not relate to volcanic processes occurring at Lake Taupō. 

In Berryman et al. (2008), 40% of fault ruptures observed were magma related, and in Villamor et al. 

(2022), 30% were magma induced. Section 5.3.3 considers faulting in closer proximity (<5 km) to 

calderas, to better contextualise the observations at Taupō and Whakaipō Bay. 

5.3 Deformation at Lake Taupō 

5.3.1 Patterns of uplift and subsidence around Lake Taupō  

 Lake Taupō has been able to be utilized as a giant spirit level monitoring deformation around the 

lake at fixed points where height has been measured since 1979 (Otway et al., 2002). In March 1983, a 

major deformation event began where an uplift rate of >5 mm per month ensued until an earthquake 

swarm in June 1983 that ruptured the Kaiapo Fault (Otway et al., 2002; Muirhead et al., 2022). Since 

this rupture, the west side (hanging wall) of Kaiapo Fault’s has been subsiding at a maximum rate of ~4 

mm/yr (Muirhead et al., 2022). Conversely, on the Kaiapo Fault’s footwall side, there has been uplift 

since June 2000. However, there are protracted periods when regions may temporally switch from 

subsidence to uplift or vice versa such as the widespread uplift in 2001 on both sides of the Kaiapo Fault 

coincident with an earthquake swarm (Muirhead et al., 2022). This uplift then reversed back to 

subsidence west of the Kaiapo Fault, but the east of the fault uplift continues, possible suggesting an 

inflation of magma below the vent area (Horomatangi Reefs; Figure 2.6) associated with 232 CE Taupō 

eruption (Muirhead et al., 2022). Figure 5.7 shows the time-average uplift and subsidence patterns at 

different lake-levelling stations in the region of interest for this study (data from Muirhead et al., 2022). 
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This data shows that the current uplift coincides with the NNE aligned vents that comprise the 

Horomatangi Reefs.  

 An interesting phenomenon to note is that when comparing subsidence and uplift rates, the 

elevations of the highstand paleoshoreline notches from this study do not agree. Specifically, 

paleoshoreline notches are 5-6 m higher in the Kaiapo and Te Raeotepapa Bays compared to bays in the 

east of the lake (Five Mile and Tapuaeharuru Bay) (Figure 4.9). However, modern uplift rates show that 

these regions surrounding the Horomatangi Reefs are uplifting together in unison. These discrepancies 

were also noted by Manville and Wilson (2003) on both the post Ōruanui highstand and post Taupō 232 

CE highstand. The Ōruanui highstand markers around Lake Taupō are observed at ~500 m ASL or ~140 

m above current lake level; however, they are 515 m ASL at Whangamata Bay (east of Whakaipō Bay). 

Similarly, the Taupō 232 CE highstand notches are 6-8 m too high around the northern part of the lake 

where it has a maximum elevation at 398 m ASL (as observed in this study at Whakaipō Bay, Kaiapo 

Bay and Te Raeotepapa Bay). Elsewhere around the lake towards the southern edge, shoreline notches 

hover around 385 m ASL. On timescales of 100 to 101 years lake level data shows patterns of rapid 

subsidence and uplift within 10 km around the Taupō caldera (Figure 5.7), but not over 103 to 104 

timescales (Manville and Wilson, 2003). The likely explanation for this lack of rift subsidence on 103 to 

104 timescales is that it is being counteracted by uplift from magma emplacement in the crust (Manville 

and Wilson, 2003; Muirhead et al., 2022). 

 5.3.2 Faulting associated with caldera subsidence  

Many large, explosive eruptions have caldera fault slip associated with collapse as a result of 

sudden vertical stress decrease and the evacuation of significant volumes of crustal material 

(Gudmundsson, 1998). With the Taupō 232 CE eruption, early phases erupted from NNE (rift) aligned 

vents on the east side of the now Lake Taupō (Cole et al., 1998). The later and more climatic phase 

erupted the Taupō ignimbrite from a northeast vent and resulted in caldera collapse of this northeast area 

(Wilson and Walker, 1985; Cole et al., 1998). Pre-existing faults from the rift or Ōruanui collapse, along 

with the depth, size and shape of the magma chamber had a significant influence the collapse area 
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morphology (Cole et al., 2005, Buck et al., 2006). Deflation after the eruption could have resulted in the 

observed lower paleoshoreline notches on the east side of the lake (Figure 4.9), especially if there was 

prolonged ground subsidence during the 232 CE aftermath. Prolonged subsidence has occurred in other 

caldera systems over decadal timescales in the TVZ (e.g., Rotorua 15.8 ka; Gravely et al., 2007).  

 

5.3.3 Fault slip near the Taupō caldera  

A substantial amount of vertical displacement and extension quickly accrued in a short period of 

time that is considerably higher than the typical 1-2 m of throw (both tectonic and magmatic events) 

observed for individual surface ruptures on other faults (e.g., Paeroa, Edgecumbe Faults; Villamor et al., 

2001; 2011; 2022; Berryman et al., 2008) (see also Section 5.2.3). Whether this deformation occurred as 

a single large magnitude event, or a series of ruptures, ~75% of extension during the 20 year time period 

immediately after the 232 CE eruption, all occurring <2.5 km from the edge of the caldera collapse 

structure, suggesting that magmatic processes play a critical role in driving this faulting.  

Magma-induced surface faulting will often occur proximal to the magma source, which can be 

above a magma chamber (Simakin and Ghassemi, 2010) or above an intruding dike (Rubin and Pollard, 

1988; Villamor et al. 2011). Within close proximity the Rotorua eruption at 15.8 ka, there was 4.9 m of 

cumulative throw accrued during multiple rupture events on the Opawhero Fault within less than 4 km 

from the caldera. This has been interpreted to be a direct result of magma chamber emptying (Villamor 

et al., 2011). In terms of erupted magma, which was <1 km3 DRE, this eruption was significantly smaller 

than the Taupō 232 CE, which erupted 35 km3 DRE (Smith et al., 2005; Barker et al., 2021). Thus, it is 

plausible that significant fault slip recorded on the Whakaipō Fault is a product of the evacuated crustal 

volumes associated with this caldera-forming eruption. This observation also highlights that immediately 

outside a caldera margin of Taupō volcano, changes in crustal volume on a range of sizes can be 

accompanied by considerable surface deformation (Rowland et al., 2010), and on faults outside of the 

immediate caldera system.  
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Figure 5.7: Map of deformation rates around northeast Lake Taupō where rates were calculated from 

1985 to 2021 (Muirhead et al., 2022) where purple outline boxes are uplift and red outlines are 

subsidence; vents from Barker et al. (2021); magma chamber inferred from Illsley-kemp et al. (2021), 

and faults Langridge et al. (2016)   
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5.4 Magma promoted faulting 

Alternatively, the accelerated rates of faulting observed on the Whakaipō Fault may be related to 

magmatic rift extension and associated diking. In magma-assisted rift systems (i.e., Afar Depression 

(Ethiopia) or Krafla (Iceland)), dike intrusions accommodate extension in rifting events, whether they 

erupt or not (Ebinger and Casey, 2001; Rowland et al., 2010; Wright et al., 2012). Typical structural 

features associated with paleo-diking events are the formation of narrow grabens above the intrusion, as 

opposed to larger border faults that accommodate much of the tectonic extension in the absence of 

magmatic rifting (Chadwick and Embley, 1998; Muirhead et al., 2016; Villamor et al., 2017; Gómez-

Vasconcelos et al., 2017). However, these typical dike related features have not been observed in this 

study and are challenging to identify in other areas of the TVZ, although magma-assisted faulting is 

likely a frequent event (i.e., Rowland et al., 2010). Nonetheless, this does not negate the existence of 

dikes nor their likelihood in promoting faulting, where recent diking has been interpreted from seismicity 

patterns in both the Lake Taupō and Ōkataina regions by Benson et al. (2021) and Illsely-Kemp et al. 

(2021). Overall, the possible high frequency of diking and lack of surface expression raises the question 

of how much past extension has been accommodated in the TVZ through magma-assisted rifting 

(Villamor et al., 2011; 2022).  

Similarly, faulting record at Whakaipō Bay could be the product of rift diking. Crustal magma 

movements will alter the stress state of the crust, in both magnitude and stress directions (Rubin and 

Pollard, 1988; Biggs et al., 2012). Indeed, Villamor et al. (2011) proposed that stress transfer from 

magma through the brittle crust is the likely cause for many magma-tectonic related events in the TVZ 

and also provide several scenarios for how this occurs. Three of these proposed scenarios are possible 

explanations for the substantial amount of faulting at Whakaipō Bay after the 232 CE eruption and are 

described below along with their likelihood.  

The first scenario (Figure 5.8a) is where faults rupture during or immediately after a rhyolitic 

eruption. This faulting is considered tectonic, in that it accommodates tectonic extension, but it occurs as 

a result of magmatic processes. These magmatic processes could be dike intrusions (Rowland et al., 

2007), or magma chamber inflation that induces stress changes in the brittle crust surrounding the 
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volcanic centre (Simakin and Ghassemi, 2010). The changes in stress, perhaps from fluid migration 

increasing fluid pressure, would create favourable conditions for fault rupture (Villamor et al., 2011).  

It is also important to note that after the emplacement of the Taupō ignimbrite, there was 

continued effusive rhyolite dome building (Y7) in which formed the Horomatangi Reefs (Wilson and 

Walker, 1985; Lowe and Pittari, 2021). This unit was slower and less voluminous (~103 kg/s and 0.28 

km3
 DRE) than the climatic Taupō ignimbrite and is estimated to occur over several years to decades 

(Houghton et al., 2010; Barker et al., 2021; Lowe and Pittari, 2021). Perhaps, the continued effusion of 

rhyolite drove stress perturbations sufficient enough to induce further normal faulting at Whakaipō Bay.  

The second scenario (Figure 5.8b) of magma induced faulting is a result of unrest from deep 

basaltic magma that triggers both fault rupture and a rhyolitic eruption. Similar to the first scenario, stress 

perturbations from the eruption would provoke faulting, and surface deformation would be 

indistinguishable from the first scenario. Although, instead of stress transfer through a brittle crust, 

viscoelastic relaxation of the brittle-ductile crust post-eruption can trigger faulting in the brittle crust 

(Villamor et al., 2011). This would continue as the eruption fizzled out into the final dome building unit, 

Y7 (Wilson and Walker, 1985; Lowe and Pittori, 2021), and thus, still manifest on the surface of the 

Taupō ignimbrite. However, there is no clear evidence of the Taupō eruption being triggered by a mafic 

diking into the magma system; only andesite lithics are found in the Taupō ignimbrite, which are likely 

residual from the Ōruanui 25.5 ka eruption (Cole et al., 1998; Barker et al., 2021). 

The third scenario (Figure 5.8c) is nontectonic faulting induced by the evacuation of a shallow 

rhyolite magma body, or faulting above an intruding dike (Villamor et al., 2011). Dikes emplaced in 

shallow subsurface, or viscoelastic relaxation processes underneath can increase the deviatoric stress and 

result in brittle failure. This scenario typically occurs within ~5 km from the volcanic centre where 

magma can migrate beyond the extents of the caldera (Rowland et al., 2010; Villamor et al., 2011). The 

key difference in this scenario and the first, is the proximity of the faults and dike.  

For the Tarawera 1886 AD and Kaharoa 1314 AD eruptions, the dikes that fed these extended ~5 

km from the eruptive site (Nairn et al., 2004; Villamor et al., 2011). In the case of the Taupō 232 CE 

eruption, there potentially could have been another intrusion or magma chamber inflation that did not 
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erupt and laterally injected into areas surrounding the caldera margins.  A laterally propagating sill would 

be a result of a compressional stress regime, induced by magma pressure against the walls causing the 

horizontal stress to be greater than the vertical stress (Mastin and Pollard, 1988). This also aligns with 

the observations of Illsley-Kemp et al. (2021) where reverse faulting moment tensors were observed at 

~10 km depths. Tectonic extension could then be great enough to guide the dike vertically and increase 

the deviatoric stress to induce normal faulting, and arrest when the driving pressure decreased (Mastin 

and Pollard, 1988). Typically, graben subsidence occurs above injecting dikes, which can occur by two 

mechanisms. Either faults intersect the dike tip, and the hanging wall slips into the dike cavity, or the 

faults slip ahead of the dike and then are laterally cut off  (Rubin and Pollard, 1988). However, the 

paleoshoreline notches suggest that subsidence may not have occurred (or did so after faulting), and 

instead perhaps point to relative uplift in Whakaipō Bay region since the Taupō 232 CE eruption (Figure 

4.9). Ebinger and Casey (2001) discuss how diking with minor faulting can produce a surface inflation 

without graben subsidence. Magma chambers laterally feeding dikes are driven by magma overpressure 

and tectonic extension. The tectonic stress will then orient the intrusion perpendicular to the regional 

extensional direction (NW-SE). The strong brittle crust can arrest the dike, but lower in the ductile region, 

the dike can deform through horizontal extension and vertical shortening (Figure 5.8c) (Ebinger and 

Casey, 2001). This ductile deformation may then impact the brittle crust through stress perturbation and 

promote faulting (Rowland et al., 2010). In the context of Whakaipō Bay, if the faulting was 

magmatically induced, then it is possible that it could have resulted in some of the larger vertical 

displacements observed. Dike-rifting events from 2005-2010 in Afar (Ethiopia) and 1975-1984 in Krafla 

(Iceland) were accommodated up to 8 m of rift extension over a 10 year time period (Wright et al., 2012), 

with individual vertical fault ruptures reaching a remarkable 3-5 m (Rowland et al., 2007). It is therefore 

possible that a series of larger magnitude fault ruptures (~2 m throw) associated with dike-rifting at Lake 

Taupō could have accumulated the 9.55 ± 0.56 m of throw on Whakaipō Fault estimated in the 20 years 

after the 232 CE eruption. 
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Figure 5.8: Magmatic faulting scenarios derived from Villamor et al. (2011) where σ1 is vertical and σ3 

is horizontal; (a) faulting as a result of stress transfer from magma through the crust, that would create 

favourable conditions for normal faulting (i.e., increase the deviatoric stress, σ1 - σ3); (b) faulting as a 

result of deeper mafic intrusions, such as viscoelastic relaxation and stress transfer from this would 

induce faulting; (c) dike induced faulting where the faulting at Whakaipō Bay is a direct result of magma 

intrusion below that was arrested in the crust (likely due to decrease in magma driving  pressure). In this 

scenario the fault plane could have dipped into the tip of the propagating dike where tensile stress is 

concentrated, at greater depths, compression is concentrated on the sides of the dikes (Mastin and Pollard, 

1988; Rubin and Pollard, 1988) 
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Chapter 6: Conclusion 
 

This thesis investigates the impact that large, caldera-forming, eruptions have on faulting in the 

Taupō Volcanic Zone (TVZ) of New Zealand. Faults and paleoshorelines were mapped at Whakaipō Bay 

as well as the northeast region of Lake Taupō using remote-sensing (e.g., mapping from airborne LiDAR 

data) and field techniques. These faults are significant due to their close proximity (<2.5 km) to the Taupō 

caldera, and their perpendicular cross-cutting relationship with the paleoshorelines. The vertical fault 

displacements obtained through the LiDAR DEM were estimated on features of known ages; the Taupō 

232 CE ignimbrite and post 232 CE shoreline deposits. The various vertical displacements observed on 

these different features and deposits, in conjunction with the analysed paleoshoreline morphologies, 

provided constraints on fault displacements accrued over ~20 years at Whakaipō Bay immediately 

following the 232 CE eruption.  

In the immediate Taupō 232 CE aftermath, the Whakaipō Fault displaced the Taupō ignimbrite. 

The total vertical displacement that accumulated within the Taupō ignimbrite was 12.8 ± 0.44 m, with 

9.55 ± 0.56 m of that amassing before the highstand shoreline formed and while the shoreline was active. 

This vertical displacement is substantially higher than the 1-2 m single event displacements that are 

observed throughout the TVZ. This suggests that fault throw at Whakaipō Bay likely accrued over 

multiple rupture events, which is an agreement with other volcanic-tectonic events in the TVZ. Fault 

rupture events near Taupō volcano, and near other calderas in TVZ, appear to be clustered in time and 

often associated with silicic eruptions (Berryman et al., 2008; Villamor et al., 2022). The exact 

displacement per fault rupture is unknown; however, 75% of the throw accrued on the Whakaipō Fault 

over the last ~1790 years occurred immediately after the voluminous Taupō 232 CE eruption. This 

implies that a substantial amount of extension, estimated to be a total of 7.12 ± 0.76 m, is accommodated 

immediately after a large silicic eruption. This highlights the role of magma-tectonic interactions for 

driving continental rift processes, and how silicic eruptive events may be critical drivers of rifting in the 

TVZ, while possibly playing a key role in the Taupō Rift’s evolution.   
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Appendix  
 

Complete tables of fault scarp profile data and associated error  
Complete list of scarp throws  

Whakaipō Fault 

Distance (m) Throw (m) ± m 

0 3.96 0.92 

22.36 3.99 0.8 
44.72 2.28 1.29 

67.08 2.81 0.96 

95.37 2.28 0.78 

117.73 1.36 0.61 

140.09 1.67 0.77 

170.09 2.59 1.04 

192.45 3.9 1.28 
220.73 4.6 1.25 

243.09 4.98 1.74 

273.09 4.53 2.39 

488.47 7.58 1.65 

524.53 13.71 2.91 

560.58 10.59 2.26 

596.64 12.01 2.02 

632.70 14.53 2.28 
660.98 16.87 1.72 

692.60 16.82 1.36 

720.89 16.61 1.55 

749.17 14.24 1.55 

780.79 12.58 1.94 

812.42 13.38 1.93 

848.47 10.12 1.91 
884.53 8.35 2.06 

916.15 10.42 1.85 

1014.64 13.21 3.26 

1059.36 13.76 1.83 

1100.59 14.44 1.82 

1136.65 15.06 2.02 

1177.88 13.69 1.45 

1209.50 13.55 1.26 
1231.86 12.16 1.77 

1260.15 11.54 2.39 

1296.20 10.61 2.62 

1327.82 14.96 2.97 

1350.18 14.28 4.16 

1378.47 13.19 1.64 

1414.52 13.91 1.91 
1442.81 11.71 3.22 

1478.86 8.95 2.79 

1507.66 11.27 2.08 

2237.92 34.99 4.97 

2799.59 37.89 8.05 

3233.49 24.44 8.42 

3443.59 27.74 9.05 

3746.75 37.2 9.34 
4216.15 20.55 9.5 

White = shoreline deposits; grey = 
Taupō ignimbrite; green = Ōruanui 
ignimbrite; distance along fault S to N  

 
West Whakaipō Fault 

Distance (m) Throw (m) ± m 

0 4.94 1.32 

22.36 3.26 0.96 

36.50 4.05 0.99 

58.86 4.09 0.98 

87.15 4.45 1.01 

109.51 4.67 0.86 

137.79 4.09 1.00 

151.93 4.24 1.16 

180.22 4.65 0.88 

194.36 4.48 1.13 

216.72 6.1 0.97 

239.08 5.66 0.79 

259.08 18.79 3.87 

273.22 20.39 2.81 

889.42 20.92 3.37 

925.48 7.01 2.09 

1205.05 8.28 3.36 

1233.33 8.85 2.74 

1276.83 6.6 1.93 

White = shoreline deposits; grey = Taupō 
ignimbrite; pink = ignimbrite 
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Whanagamta Fault  

Distance (m) Throw (m) ± m 

0 8.86 2.47 

295.74 5.77 0.95 

815.5 15.61 3.29 

955.65 5.85 3.33 

1196.15 5.04 1.036 

1407.31 13.05 4.2 

   

0 5.97 2.26 

335.3 5.03 1.53 

919.24 14.59 1.9 

1133.34 12.49 0.95 

1489.48 14.74 0.91 

1769.08 10.06 1.11 

Kaiapo Fault 

Distance (m) Throw (m) ± m 

0 163.76 24.21 

552.27 171.56 7.26 

962.63 183.44 10.61 

1402.75 145.29 8.41 

2208.04 117.19 4.7 

3896.00 126.52 6.35 

4346.00 72.4 5.24 

4810.00 77.33 7.89 

5944.35 100.15 6.46 

6187.86 97.4 8.52 

6649.60 75.3 3.96 

6832.08 93.08 10.45 

7142.24 97.95 4.07 

7398.56 66.74 3.19 

7559.81 99.12 4.38 

7690.19 84.22 5.29 

7873.77 74.78 7.04 

8334.20 74.02 5.71 

9127.30 59.84 6.76 

9753.60 48.64 9.59 

Ngangiho Fault 

Distance (m) Throw (m) ± m 

0 40.32 8.15 

1209.17 78.91 8.07 

2245.03 56.26 9.27 

3307.20 43.42 18.35 

3607.36 70.44 12.54 

4457.78 77.1 9.84 

5193.17 58.22 12.47 

5837.22 34.39 11.46 

7048.04 140.44 13.18 

 


